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ABSTRACT

An experimental investigation of the mean pressure distributions around

an isolated and a group of rectangular cylinders placed in a uniform cross

flow is presented. The rectangular cylinders had side ratios of H/D= 1.25,

1.5, 1.75 and 2.0 where D is section width normal to flow direction and H is

section depth along the flow direction. The flow had a turbulence intensity of

0.33% and a constant free stream velocity of 18.3m/sec(60 fps) was used for

the purpose.

Mean pressure distributions around each of the cylinders were measured

for angles of attack varying from 0° to 45° in steps of 5° in an open circuit

wind turulel. Experiment on a group of cylinders of identical side ratio in the

tunnel test section Ivithone cylinder placed centrally in the upstream side

and "theother two placed symmetrically in the downstream side with respect to

the tunnel axis. Pressure distribution around the upstream and downstream

cylinders were measU1'ed for various combinations of transverse and lon-

gitudinal spacings of the cylinders. Four sets of measurements were taken for

side ratios of H/D= 1.25, 1.5, 1.75 and 2.0. Finally, drag co-efficients, lift

co-efficients and total force co-efficients were calculated by numerical

integration.

The form drag on the rectangular cylinder with its axis normal to the

approaching flow increased with rise of the value of side ratio upto about

0.6, then decreased with the further increase in the side ratio. It was also

observed that the drag on an isolated cylinder was higher in general than tl,at

on the same cylinder while it becomes part of a group. The rectangular

cylinder with the highest side ratio (H/D=2) experienced minimum drag for all

conditions of spacir~s.
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CHAPTER 1
IN'rRC>DUCTION

Recent engineering problems regarding wind loads around a group of

skyscrapers, chimneys, towers and the flow induced vibration of tubes in heat

exchangers, bridges, oil rigs or marine structures need detailed investigation

of flow patters and aerodynamic characteristics on bluff bodies. However, the

problem of wind load on buildings and structures is not a new one. The subject

was considered for study as far back as the 17th century by Galileo and

Newton[41]. But only in the last few decades much attention has been paid to

the study of wind loading in different parts of the world. The occurances of

certain disastrous collapse of suspension bridges and damage to buildings due

to wind effects at different places prove that wind loading on buildings and

structures should not be encountered as a minor criteria for design purposes.

Till now extensive research work has been carried out on isolated bluff bodies

which interfere with each other is a very recent endeavour. Even then, very

little information is available concerning the flow over staggered rectangular

cylinders although tllis is a problem of considerable practical significance.

1.1 Nature of Wind Loading

Wind loadings on buildings and structures as a whole may be treated as

the static and dynamic effects of wind action. The static effects refer to the

steady(time-average) forces and pressures tending to give the structure a

steady displacement. On the other hand dynamic effect has the tendency to set

the structure oscillating. A steady wind load on a building is very difficult

to achieve. In fact always wind loads are of a fluctuating nature because of-
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varying speeds and directions of winds. The type of wind and the stiffness of

the structure determine the nature of loading on a building. When a building

is very stiff the dynamic response of the structure may be neglected and only

the static loads may be considered. This is because the natural frequency of

an extremely stiff building is too high to be excited by wind. In the present

\j,

study the effect of static loading is taken into account due to steady wind.

Since natural winds are continually fluctuating it is generally assumed that

these fluctuations are so irregular and random that the response of a struc-

ture will not differ from that due to a steady wind of the same average speed.

Recently the dynamic response~of buildings has been empl.asized for

study because of the present tendency to build more slender and lighter

structures.

1.2 Motivation for the Study
Designing buildings with the consideration of wind effects is a recent

innovation. Now-a-days the effects of wind regarding both wind loading and en-

vironmental problem is considered as one of the important design criterion in

order to design a tall building both in a free standing condition and as a

part of a group of buildings. In Bangladesh urban environmental problems due

to buildings is not yet recorded. However, the cities are rapidly growing with

emphasis given to the construction of multi storied buildings to cope with the

urban population pressure. The need to build in more windy sites or the need

to locate a number of tall buildings close together will undoubtedly pose

problems not yet encountered by the architects and townplanners of Bangladesh.

The knowledge of wind loading on a single tall building or on a group of tall

buildings is essential for sound planning and design. For designing groups of

tall buildings, knowledge of the effect of wind loading on a single tall

2



building is insufficient because the interference of the neighbouring build-

ings in a group makes the nature of wind loadings different from that on a

free standing building.
One approach to the problem of predicting the. flow around buildings in

close proximity is to develop an understanding of the nature of flows on rela-

tively simple arrangement of bluff bodies by wind tunnel experiments. With

this end in view, the present investigation of pressure distributions about

rectangular cylinders with varying side ratios was carried out. Rectangular

cylinders ideally represent the general shape of tall buildings. So a study on

groups of rectangular cylinders arranged simply in the staggered form would be

helpful in the analysis of wind effects on groups of buildings.

Apart from wind loading problems, concentration of high rise buildings

in a locality can produce environmental problems like unpleasant wind condi-

tions near ground level (e.g. blowing dust off the ground), too high wind load

on people, too high wind speed in streets and 1>assages or stagnation of air in

certain areas causing air pollution. To find acceptable solutions of the above

mentioned problems a more detailed study in this regard is essential.

1.3 Aim of the Study

It is expected that when more then one bluff body is placed in a

uniform flow, the surrounding flow and vortex shedding patterns would be dif-

ferent from the case of a single body, because there would be interference in

the flow by one body on the other depending on the'arrangement or spacings of

the bodies. The present study does not take into account the complexities of

such flows. Rather the study is of a fundamental nature confined to the inves-

tigation of aerodynamic forces and pressure distribution on the body. The

present study is an attempt to give an understanding about the variation of

3
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wind load pattern imposed on a building due to the change in side dimension as

well as the influence of nearby buildings. With a view to meet the above men-

tioned requirements, the study was performed. The prime objectives of the

.study were:
(I) To measure the pressure distribution around single rectangular

cylinder, and to observe the effects of varying angle of attack and side

dimensions of the rectangular bodies.

(2) To measure the pressure distribution around staggered rectangular

cylinders and observe the effects of changing the longitudinal and transverse

spacing of the cylinders.

(3) To compare the difference in wind effects for various spacings and

side dimensions of the rectangular cylinders.

The results were expressed in the form of non-dimensional co-

efficients, i.e. pressure, drag, lift and total force co-efficients.

1.4 Scope of the Thesis
The present research programme covers only the experimental investiga-

tion of pressure distributions around bluff bodies of different side ratios.

The several phases of the entire investigation are described in this thesis.

Chapter 2 provides with the brief description of the findings of several re-

searchers in the field of flow over single and multiple bodies. Notable con-

tributions were mainly made by P.W.Bearman , B.E.Lee, Y.Nakamura , B.J.Vickery,

G.V.Parkinson , A.R.Barriga and J.A.Robertson. Besides these, findings of

several other researchers are also included in this chapter.

In the chapter 3 mainly an account of the experimental arrangement and

procedure adopted for the investigation are presented. It includes the

description of the wind tunnel, the constructional details of the test section

4



and the rectangular cylinders used for the study. The experiment was conducted

in the wind. tunnel for only two dimensional uniform cross flow keeping the

velocity and turbulence intensity constant.

Chapter 4 presents the analysis concerning the results of the ex-

perimental results are presented in the graphical form. In few cases the ex-

isting experimental results of different researchers are correlated with the

present one.

Finally, the conclusions which are drawn from the present investigation

are given in the chapter 5. This chapter also includes an outline regarding

further research in this field.

5
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CHAPTER 2

R.EVTEW' OF LITERATURES

Arising from the increasing practical importance of bluff body

aerodynamics, there have been, over the past few decades, an enormous increase

in research works concerning laboratory simulations, full-scale measurements

and more recently, numerical calculations and theoretical predictions for

flows over a wide variety of bluff bodies. It is true that researchers from

allover the world have contributed greatly to the knowledge of flow over

bluff bodies but the major part of the reported works are of fundamental na-

ture involving the flow over a single body. Most of the researchers have con-

ducted research works on either single cylindrical cylinder or a square sec-

tion cylinder with various flow l>arameters. The following sections give the

brief descriptions of the works presented by selected researchers like

P.W.Bearman, B.E.Lee, B.J.Vickery, Y.Nakamura , A.R.Barriga, I.P.Castro ,

J.A.Roberson, G.V.Parkinson and others.

2.1 Literature concerning Single Body
P.W.BEARMAN AND D.M.TRUEMAN[3] investigated the base pressure co-

efficient, drag co-efficient and Strouhal number of rectangular cylinders with

one face normal to the flow direction. They found that when d/h = 0.62, where

d is section depth and h is section width normal to the wind direction, the

drag co-efficient,was maximum (about 2.94). By introducing a splitter plate

into the wake region 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 vor-

6



tices 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 trail-

ing edge corners.
YASUHARU NAKAMURA AND YUJIOHYA[33] attempted to study vortex shedding

from square prisms placed normal to smooth and turbulent approaching flows.

They made flow visualization and measured the velocity and pressure for the

flow past prisms of variable length with square section. They found that

square prisms shed vortices in one of the two fixed wake planes which were

parallel with the plate sides. The plane of shedding was switched irregularly

from one to the other. They further showed that the vortex shedding from a

square prism with d/h= 0.5 and a cube was similar, while for a square prism

with d/h = 2.0,.no such vortex shedding was observed .
.R.W.DAVIS AND E.F.MOORE[8] carried out a numerical study of vortex

shedding from rectangular cylinders. They attempted to present numerical solu-

tions for two-dimensional time del>endent flow about rectangles in infinite

domains. They investigated the initiation and subsequent development of the

vortex shedding phenomena 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 Strouhal number were also found to be in-

fluenced by Reynolds number. The computer simulation described in the paper

was carried out on a UNIVAC 1108.
Y.NAKAMURA AND T.MATSUl{AWA[31] eX"perimentally investigated the vortex

excitation of rectangular cylinders with a long side normal to the flow in a

mode of lateral translation using free and forced oscillation methods. The

rectangular cylinders had side ratios of 0.2, 0.4 and 0.6. The forced oscilla-

tion experiments included measurements of the fluctuating lift-force at

7



amplitudes upto 10% of the length of the long side. They presented the results

of the measurement of the mean base pressure, the fluctuating lift force and

the velocity fluctuation in the near wake on forced oscillating rectangular

cylinders along with the results concerning the rate of growth of oscillation

on freely oscillating rectangular cylinders. '[heyfound that the vortex ex-

citation of a rectangular cylinder was strongly dependent on the side ratio.

They concluded that the critical change of the mean base pressure of an oscil-

lating rectangular cylinder with increasing side ratio was closely correlated

with the vortex excitation characteristics.
ATSUSHI OKAJIMA[35] conducted experiments in.a wind tunnel and in a

water tank on the vortex shedding frequencies of various rectangular

cylinders. He presented results that showed how Strouhal number varied with

width to height ratio of the cylinders for Reynolds number between 70 and

2x104. He found that there existed a certain range of Reynolds number for the

cylinders with the width to height ratios of 2 and 3 where flow pattern

abruptly changed with a sudden discontinuity in.Strouhal number. For Reynolds

number below this region, the flow separated at the leading edges, reattached

on either the upper or lower surfaces of the cylinder during a period of vor-

tex shedding. Again for Reynolds number beyond it the flow fully detached it-

self from the cylinder.
B.E.LEE[22] made an elaborate study of the effect of turbulence on the

surface pressure field of a square prism. He presented measurements of the

mean and fluctuating pressures on a square cylinder placed in a two-

dimensional uniform and turbulent flow. It was observed that the addition of

turbulence to the flow raised the base pressure and reduced the drag of the

cylinder. He suggested that this phenomena was attributable to the manner in

which the increased turbulence intensity thickened the shear layers, which

8
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caused them to be deflected by the downstream corners of the body and resulted

in the downstream movement of the vortex formation region. The strength of the

vortex shedding was shown to be reduced as the intensity of the incident tur-

bulence was increased. Measurement of drag at various angle of attack (00 to

450 showed that with increase in turbulence level the minimum drag occured

at smaller values of angle of attack.
J.A.ROBERSON,C.T.CROWE AND R.TSENG[40] measured press~e distribution

on rectangular rods placed in a cross flow with the rods oriented at small

angles of attack with respect to the wind direction. The Reynolds number based

on the minimum dimension of the rod was 4x104 and the turbulence intensity of

the cross flow ranged between 1% and 10%. They concluded that the free-stream

turbulence had a significant effect on the pressure distribution about bodies

of rectangular cross-section. With small angle of attack these bodies had a

significantly lower pressure on their windward side wall than did the same

bodies with zero angle of attack.
To study the pressure distribution on bodies that more nearly represent

building configurations, tests were made on bodies of square cross section

placed on the floor of the wind tunnel. It was found that decreasing relative

height of the body had an attenuating effect on the negative pressure on the

windward sidewall and it also increased the critical angle of attack.

J.A.ROBERSON,CHI YU LIN,G.S.RUTHERFORD AND M.D.STINE[39] carried out

experiments on circular cylinders, spool shaped bodies, cup-shaped bodies,

square rods and rectangular rods to observe the effect of turbulence on the

drag of these bodies. For square rods I"ith their axes parallel to the flow

direction it was found the CD decreased approximately 25% when the turbulence

intensity increased from 1% to 10%. Two rectangular rods were used; one had a

square cross section and the other had a length (in the free stream direction)

9
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to breadth ratio of two (L/B=2). The drag was measured with the axes of the

rectangular rods oriented normal to the free stream direction. It was noted

that on the sides of the square rod the pressure change with a change in tur-

bulence intensity was about the same as for the rear face; but for the rectan-

gular rod, the change in pressure on the sides was large, but small on the

rear face. They concluded that bodies which have shapes such that reattachment

of the flow is not a factor, experience an increase in CD with increased tur-

bulence intensity. On the other hand bodies for which reattachment or near

reattachment of flow occurs with increased turbulence may experience either a

decrease or increase in CD with increased turbulence intensity 'depending upon

the shape of the body.
A.R.BARRIGA,C.T.CROWE AND J.A.ROBERSON[3] studied the effects of angle

of attack, turbulence intensity and scale on the pressure distribution of a

single square cylinder placed in a turbulent cross flow. They found that when

the square cylinder was positioned in a cross flow with one face normal to the

flow direction, only drag force was produced; but in the same flow a negative

lift force was developed at small positive angle of attack,the magnitude of

which depended on the turbulence characteristics of the cross flow. It was

suggested that the negative lateral force on the square cylinder oriented at a

small positive angle of attack was due to the relatively large negative pres-

sure co-efficient in the separated zone on the windward sidewall. It was also

concluded that the effect of turbulence intensity was to decrease the pressure

near the front corner of the windward sidewall and promote flow reattachment

near the rear, giving rise to a very significant increase in aerodynamic mome

nt.

Y.NAKAMURA AND,Y.OHYA[32] studied the effects of turbulence on the mean
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flow past square rods. Measurements were made on square rods with different

lengths with their square face normal to the flow to investigate the effects

of turbulence intensity and scale on the mean flow characteristics. The tur-

bulence intensity varied from 3.5% to 13% and the length-to-size ratio of .d/h

of the rods ranged from 0.1 to 2.0 where d was the length of the rod. It was

found out that there were two main effects of turbulence on the mean flow past

a three-dimensional sharp edged bluff body. Small-scale turbulence increased

the growth rate of the shear layer, while large-scale turbulence enhanced the

roll up of the shear layer. The consequences of these depended on the shape of

the bluff body. For a square plate, both small and large-scale turbulence

reduced the size of the base cavity. As the length of the square rod was in-

creased beyond the critical (0.6 times the height), the shear-Iayer-edge

direct interaction controlled the near wake, eventually leading to flow

reattachment. The effect of small-scale turbulence was to promote the shear-

layer direct interaction.
B.J.VICKERY[49] presents in his paper the results of the measurements

of fluctuating lift and drag on a long square cylinder. He attempted to estab-

lish a correlation of lift along the cylinder and the distribution of fluc-

tuating pressure on a cross-section. It was found that the magnitude of the

fluctuating lift was considerably greater than that for a circular cross sec-

tion and the spanwise correlation much stronger. It was also reported that the

presence of large scale turbulence in the stream had a remarkable influence on

both the steady and the fluctuating forces. At small angle of attack (less

than 10° ) turbulence caused a reduction in base suction and a decrease in

fluctuating lift of about 50%.
B.R.BOSTOCK AND W.A.MAIR[6] studied the pressure distributions and

forces on rectangular and D-shaped cylinders placed in two dimensional flow,
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at Reynolds number 1.9x105• It was found that for rectangular cylinders a max-

imum drag co-efficient was obtained when the height h (normal to the stream)

of the section was about 1.5 times the width d. Reattachments on the sides of

the cylinders occured only for hid less than 0.35.
HIRDSHI SAKAMaTO AND MIKIO ARIE[ 42] collected experimental data on the

vortex shedding frequency behind a vertical rectangular prism and a vertical

circular cylinder attached to a plane wall and immersed in a turbulent bound-

ary layer. They tried to investigate the effects of the aspect ratio

(height/width) of these bodies and the boundary layer characteristics on the

vortex shedding frequency. Measurements revealed that two types of vortex were

formed behind the body, depending on the aspect ratio; they were the arch-type

vortex and the karman-type vortex. The arch-type vortex appeared at an aspect

ratio less than 2.0 and 2.5 for rectangular and circular cylinders

respectively. The karman-type vortex appeared for the aspect ratio greater

than the above values.
The whole experiment was conducted at a turbulence level of 0.2% and

free stream velocity of 20m/sec. The aspect ratio was varied between 0.5 to

8.0.

I.P.CASTro AND A.G.RDBINS[7] describe in their paper the flow around

surface mounted cubes in both uniform, irrotational and sheared, turbulent

flows. The shear flow was a simulated atmospheric boundary layer with a height

ten times the body dimension. They presented measurements of body surface

pressures and mean and fluctuating velocities within the wake region. These

measurements reflected the effects of upstream turbulence and shear on the

wake flow. It was found that in the reversed flow region directly behind the

body the addition of upstream turbulence and shear considerably reduced the

size of the cavity zone. Unlike the case of uniform flow the separating shear
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layers reattached to the body surface. Measurements for a variety of cube

size/boundary layer height.ratios further revealed that reattachment occured

even for cube heights larger than the boundary layer height. They found that

in the case of uniform flow approaching the cube at 45°, the near wake and

pressure field were dominated by strong vortices shed from the top edges of

the body.
A.LANEVILLE,I.S.GARTSHORE AND G.V.PARKINSON[19] explain in their paper

some effects of turbulence on bluff bodies. The bluff bodies include square

and rectangular prisms.
C.K.HUA[5] made measurements of fluctuating lift and the oscillating

amplitudes on a square cylinder in a wind tunnel test. He reported that the

wind pressure distributions and the lift on the stationary cylinder normal to

the wind. Also the lift force was proportional to the square of its amplitude.

2.2 Literatures concerning Multiple Bodies

J.LEUTHEUSSER[23] made wind tunnel tests on scale models of typical

building configurations. The experiment was conducted on four models each with

different height and cross section. He found out the static wind loading on

each of the buildings in free standing condition and as a member of a group of

buildings. He concluded that the wind loading of a building was less severe

when it formed Ii. part of a group than when it was free standing.
,

MASANORI HAYASHI,AKIRASAKURAI Al'IDYUJIOHYA[ 14] made an experimental in-

vestigation into the wake characteristics of a group of flat plates, consist-

ing of two, three or four plates placed side by side normal to the flow

direction. They found that when the ratio of the split ,,,idth to the plate

width(split ratio) of a row of flat plates was less than about 2, the flows

through the gaps were biased either upward or downward in a stable way. lead-
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ing to multiple flow patterns for a single split ratio value. The plates on

the biased side showed high drag and regular vortex shedding, while those on

the unbiased side showed the opposite. They suggested that the origin of bias-

ing was strongly related to the vortex shedding of each plate of a row. The

experiment was conducted for Reynolds number of (1.3 - 1.9)x104•

K.KOEING AND A.ROSHKO[18] describes in their paper an eA"erimental in-

vestigation of the shielding effects of various disks placed co-axially

upstream of an tL~isymmetric flat faced cylinder. For certain combinations of
11 the diameter and gap ratios they observed a considerable decrease in the drag

of such a system. By flow visualization technique they showed that for such

optimum shielding the upstream surface which separated from the disk reat-

tached smoothly onto the front edge on the downstream cylinder.

P.W.BEARMAN AND A.J.WADCOCK[5] present in their paper how the flows

around two circular cylinders, displaced in a plane normal to the free stream,

interact as the two .bodies are brought close together. Surface pressure

measurements at a Reynolds number of 2.5x104 based on the diameter(D) of a

single cylinder, showed the presence of a mean repulsive force between the

cylinders. At gaps between O. lD and 1D a marked asymmetry in the flow was ob-

served with the two cylinders experiencing different drags and base pressures.

The base pressure was foUnd to change from one steady value to another or

simply fluctuate between the two extremes. They also showed how mutual inter-

ference influenced the formation of vortex streets from the two cylinders.
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CHAPTER 3

EXPERIMENTAL SET-UP

The objectives of the investigation of wind loading on the rectangular

cylinders have been realized essentially with the help of a subsonic wind

tunnel, four sets of rectangular cylinders and an inclined multimanometer.

Mean pressure distribution around the rectangular bodies placed normal to the

approaching uniform flow was measured with the help of the multimanometer. The

following sections describe in detail regarding the experimental set-up and

techniques adopted for the investigation.

3.1 The Wind Tunnel
The open circuit subsonic wind tunnel was 16.15m(53ft) long with Ii test

section of 45.72cm x 45.72cm (18in x 18in) cross-section. Figure 3.1 depicts

the wind tunnel used for the experiment. The successive sections of the wind

tunnel comprised of a filter-cum settling chamber, a bell mouth entry, an eddy

breaker, a flow straightener, a 152.4cm(30inch) uniform perspex l;lpstream

section, test section, diverging section, two counter rotary axial flow fans,

a flow controlling valve and finally a silencer. The central longitudinal axis

of the wind tunnel was maintained at a constant height from the floor.

The filter-cum settling chamber was incorporated into the system to

prevent foreign ,particles entering the tunnel and maintain uniform flow into

the duct free from outside disturbances. The chmnber was made of a rectangular

wooden frame measuring 254cm x 152.4cm x 213.4cm covered with a layer of

2.54cm thick foam sheets. The exposed surface of the foam chamber was covered

with cloth for extra protection against dust.
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The entry nozzle, made of 18 SWG black sheet,. was 118cm long with a

contraction ratio of 10:3. Wire net with 2 holes/ern was fitted at the entrance

of the nozzle to act as the primary eddy breaker. A honeycomb like flow

straightener made of 15cm long, 2.54cm diameter PVC pipes was stacked at the

15cm long short entry section following the nozzle. Both ends of the honeycomb

section was gaurded by wire net with 2 holes/ern. This facility produced a more

uniform and stable flow.
The diverging section of the wind tunnel was 396.24crn long and made of

15 SWG black sheet. The angle of divergence was 6°, which was done with a view

to minimize expansion loss and reduce the possibility of flow separation. A

foam made isolater 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 induced flow through the wind tunnel was produced by a two-stage

contra-rotating axial flow fan (Woods of Colchester Ltd. ,England ,Type 38 JTE)

of capacity 30,000 cfm at the head of 15.24cm of water and rpm 1475. A but-

terfly valve, actuated by a screw thread mechanism, was placed behind the fan

and used to control the flow. Finally a silencer was fitted at the end of the

tunnel in order to reduce the noise of the system.

3.2 The Test Section
The constructional details of the test section are shown in the figures

3.2 and 3.3. The length of the test section was 1.52m and it was positioned

adjacent to the 76.2cm upstream perspex section. The roof and floor of the

test section was made of plywood. One side wall was made of perspex. The other

side wall was made in such a way as to fulfill the.requirements of the ex-

perimental procedure. The mid portion of this side of length 43.8em, was made

16



of wood and the remaining end portions were made of plywood. The sliding doors

of the wooden vertical side wall as shown in the figure 3.2 were provided with

the facility for transverse movement of the rectangular cylinders in a plane

normal to the flow. The longitudinal movement (along the flow direction) of

the centrally mounted cylinders was made possible by the 3cm wide and 27cm

long slot shown in the same figure 3.2. This figure also shows wooden blocks

of lengths 3cm, 6cm and 12cm and of width 3cm each which were used to fix the

centrally mounted cylinders at different longitudinal positions along the

length of the slot. The corresponding holes of 1.3cm diameter to mount the

cylinders were made on the opposite side perspex wall as shown in figure 3.3.

There were four removable perspex plates (figure 3.3), each of which included

6 holes in order to fix the cylinders for different transverse spacings. These

plates were made as a part of the vertical perspex side wall and positioned

towards the downstream side.
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tion of the cylinder (figure 3.4) was given a rectangular shape and allowed to

pass through the identical rectangular hole of a graduated disc. This provi-

sion was needed to maintain angular orientation of the cylinders.

Each rectangular cylinder was tapped on two adjacent sides to measure

pressure distribution. Because of space limitation it was not possible to ac-

commodate all the tappings in a section perpendicular to the axis of the

cylinder. As shown in figure 3.5 the tappings were placed in an inclined sec-

tional plane within 2cm from the centre of the cylinder. It was assumed that

for two dimensional flow, such placement of tappings would not effect the

resul ts. I The end tapping points were made at equal distances from the corners

and the interspace between the consecutive tapping points was kept at equal

distance. In the figure 3.6 tapping points are shown.

The tappings were made with copper tubes of 1.5mm outer diameter and

10mm length which were press fitted to the tapping holes. Flexible plastic

tubes of 1.6mm outer diameter were used to connect the tappings to the limbs

of a multimanometer. Water was used as the manometric liquid:

3.4 Experimental Procedure

The test was conducted in two phases. In the first phase pressure dis-

tribution on the cylinders with side ratio H/D= 1.25, 1.5, 1.75 and 2.0 were

measured separately for angles of attack varying from 00 to 45". In the second

phase three rectangular cylinders of identical dimension were mounted horizon-

tally in the staggered form with one cylinder placed centrally in the upstream

side and the other two placed symmetrically in the downstream side with

respect to the tunnel axis. Pressure distribution around the cylinders were

measured for various combination of lateral and longitudinal spacings of the

cylinders. Four sets of measurements were taken for side ratios H/D= 1.25,
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1.5, 1.75 and 2.0.
The flow velocity in the test section was kept constant at 18.3m/sec(60

fps). The Reynolds number based on the side dimension D= 3cm was 3.45x104• The

turbulence intensity of the tunnel was approximately 0.33%.

Before measuring the pressure distribution the mean velocity was

measured in a vertical plane 60cm upstream from the cylinders by means of a
pitot static tube connected to an inclined manometer with water as the

manometric fluid. The measured velocity distribution was uniform which can be

seen from the figure 3.8. One may also observe from the figure that, there is

a velocity gradient within 4.1cm from the tunnel slrrface.

3.4.1 Single Cylinder
The rectangular cylinder of side dimension H= 3.75 was mounted

centrally in horizontal plane at a distance of 1.45m (57inch) downstream from

the end of the throat of the entry nozzle. The 3cm face of the cylinder was

oriented normal to the flow direction. For angular orientation of the

cylinders the graduated disc was used. The mean pressure distribution on the

body was recorded by means of an inclined multimanometer. A pitot static tube

for indicating the free stream velocity and pressure was placed centrally and

60cm ahead from the center of the cylinder.
Since pressure tappings were made only on two perpendicular surfaces of

the cylinder, two-fold readings had to be taken for a complete record of pres-

sure distributions on four surfaces by alternately placing the front surface

towards the upstream and downstream direction. Mean pressure distribution was

recorded at angles of attack varying from 0° to 45° with a step of 5°. It was

assumed that for the prescribed flow condition the recordings of pressure dis-

tribution in this ,vay would not differ from the pressure recorded simul-
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taneously on each surface.
Pressure distributions for each of the cylinders with side dimension H=

4.5, 5.25 and 6.0cm were measured in a similar manner.

3.4.2 Cylinders in Group
Three rectangular cylinders, each of side D= 3cm and H= 3.75cm were

placed in the staggered form as shown in the figure 3.7. They were so posi-

tioned that the 3cm side of each of the cylinders were kept normal to the ap-

proach velocity direction. Initially the cylinders were mounted in such a way

that the transverse spacing between the downstremn cylinders and the lon-

gitudinal spacing between the front surface of downstremn cylinders and back

surface of the upstremn cylinder were lD. Since the top downstremn cylinder(Tl

alld the bottom downstremn cylinder(B) were symmetrically placed, the pressure

distributions were considered on the bottom cylinder only.

The transverse spacings(Lt) for the downstremn cylinders were altered

to lD, 2D and 4D alld for each spacing Lt, the longitudinal spacing(Ll were set

at ID, 2D, 3D, 5D and7D. Mean pressure distributions were measured for the

above mentioned 15 sets alld at zero angle of attack only. Pressures were

measured simultaneously for both the upstremn and downstremn cylinders.

Pressure distributions for the cylinders with side ratios of H/D= 1.5,

1.75 and 2.0 were measured in a similar manner.
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter provides with the discussions of the results of experimen-

tal investigation conducted for the flows on rectangular cylinders. The

results of the pressure distribution on a single cylinder at varying angles of

attack and side ratios are analysed first. At zero angle of attack the discus-

sions regarding the results of the pressure distribution on a group of

cylinders for different longitudinal and transverse spacings are made. In

addition, comparative study of the existing research works and the present in-

vestigation are presented.

4.1 Single Rectangular Cylinder
Distribution of mean pressure co-efficients and variations of the

aerodynamic forces on a single rectangular cylinder at varying angle of attack

from 0° to 45° with a step of 5° are analysed in the following sub-sections.

The effects of variable side ratios are also considered for study.

It would be relevant to show the approximate flow pattern around a rec-

tangular prism before discussing the results of the experimental

investigation. One may observe from the figure 4.1(a) the nature of the flow

pattern around a rectangular prism at zero angle of attack. It can be seen

from this figure that, the separation points are fixed at the leading edges

and the shear layers originating from the leading corners curve outwards and a

wake region is formed behind the body. The nature of formation of vortex shed-

ding may also be.seen from the same figure. When oriented at a small angle of

attack to the approach flow the separated shear layer reattaches to the
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windward side of the prism to form a 'separation bubble' as shown in figure

4.1(b). The mean pressure along the side under the bubble is low; near the end

it rises rapidly to peak at or near reattachment.

4.1.1 Pressure Distribution
Figures 4.2 to 4.5 show the effect of angle of attack on mean pressure

co-efficients around the rectangular cylinders for side ratios of H/D= 1.25,

1.5, 1.75 and 2.0 respectively. It is evident from these figures tllat the

overall patterns of the Cp-distribution curves for all the rectangular bodies

on all the four surfaces are similar. The Cp-distributions on the front sur-

face of the cylinder with side ratio of 1.25 (figure 4.2) reveal that a stag-

nation point is established at the midpoint for angle of attack of 0°. This

stagnation point is shifted towards the bottom corner of the surface with in-

crease in angle of attack.
The pressure distribution on the windward side (bottom surface) of the

cylinder at zero degree angle of attack is almost uniform throughout the

surface. As the angle of attack is increased the pressure gradually falls near

the front corner and rises near the rear corner on the bottom surface in com-

parison to that at angle of attack of 0°. This tendency is observed upto the

angle of attack of 1S. The increase of pressure in the rear corner indicates

the appearance of reattachment. The figure 4.2 reveals that as the angle of

attack is increased further, the location of the highest pressure at each

angle gradually shifts towards the front corner with increasing magnitude.

On the leeward side (top surface) of the cylinder as the figure 4.2

shows, an almost uniform pressure distribution exists over the whole length of

the side for each angle of attack. From this figure one may note that as the

angle of attack increases from 0° to 10° the values of Cp increases but with
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further rise of angle of attack value, it starts to decrease. It may be ob-

served that the pressure distributions on the back surface reveal a similar

trend.
In the case of a sharp edged body like a rectangular cylinder, the

separation points are fixed at the leading edges and thus the shear layers

originating at the front corner curve outward and there appear the formation

of familiar vortex shedding in the wake region behind the body. The free shear

layers are basically unstable and roll up to form discrete vortices. The grow-

ing vortices draw in fluid from the base region and it is suggested that it is

this continual entrainment process that sustain the low back pressure. In fact

the magnitude of the back pressure is determined almost solely by the mallller

in which the shear layers leave the body and roll up to form discrete

vortices. Thus a low base pressure is associated with vortex formation close

to the body while a high base pressure (less negative value) is caused by vor-

tex formation further away. The rise in pressure with increase of angle of at-

tack in the lower range at the back surface of the rectangular body as the

figure 4.2 shows, happens due to vortex formation at larger distance from the

back side and the fall in pressure with further increase of angle of attack

occurs due to vortex formation at smaller distance from the back surface.

The nature of the Cp-distribution curves which are presented in the

figures 4.3 to 4.5 are similar to that of the figure 4.2. The patterns of the

curves shown in the figures 4.3 to 4.5 may be explained in a similar manner as

in the case of the figure 4.2.

The effect of side ratios (HID) on the Cp-distributions for windward

side(bottom surface) of rectangular cylinders at angles of attack of 00, 50,

100, 150 and 300 are shown in the figure 4.6. It is clearly seen from the

figure 4.6(a) that there is rise in pressure with the increase in the side
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tained for the rectangular cylinder with side ratio of H/D= 1.25. in the

figure 4.8. Since the experiment was not conducted for the side ratio(H/D) of

1.0, the experimental results on the rectangular cylinder with the closer side

ratio of 1.25 from the present investigation are compared with the existing

experimental results of side ratio(H/D) of 1.0. It is assumed that this cor-

relation would give an approximate idea regarding the proximity of the present

experimental results with the existing one. U is observed from the figure

that the nature of pressure distribution at various angles of attack are quite

similar but the Cp-values of the present experiment are higher for each angle

of attack. It is seen from the trend of the curves in the previous figure 4.6

that in general due to the rise of side ratio the Cp-values rises which ob-

viously justifies the nature of the correlation shown in the figure 4.8.

4.1.2 Aerodynamic Forces
The variation of drag co-efficient(Co) for different side ratios (HID)

with angles of attack from 0° to 45° is shown in the figure 4.9. It can be

seen from this figure that for all side ratios the general trend of drag

variation occur in such a way that with the increase of angle of attack the

drag co-efficient falls and becomes minimum in the region of angle of attack

80 to 12° and subsequently with further increase of angle of attack its value

rises sharply upto the angle of attack of 45°. Furthermore, it can be seen

from this figure that there occur remarkable variation of the drag co-

efficients for the different side ratios of the cylinders. It is already men-

tioned that as the angle of attack increases the vortex formation occurs at

larger distance thereby creating higher back pressure which is mainly the

cause of lower drag with increased value of angle of attack. For further in-

crease of angle of attack vortex fornation appear closer to the back surface
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A.C.Mandal[25] for a square section cylinder. It is observed from this figure

that around the angle of attack of 100, there aP1>ear the minimum value of to-

tal force co-efficient. The trend of the curves in this figure may be ex-

plained from the figures 4.9 and 4.10.

4.1.3 Effect of Side Ratio on Drag
The variation of drag co-efficient with side ratios at an angle of at-

tack of 00 is shown in the figure 4.12. Comparison is also made in this figure

with the experimental results presented by P.W.Bearman and Trueman[4] for tur-

bulence intensity of 0.3% and those by Bostock[6]. The experimental results

provided by P.W.Bearman was for the range of side ratios of 0.2 to 1.25 while

the results available for the present study is from 0.5 to 2.0, and hence com-

parison of drag beyond HID of 1.25 is not included. It can be said that there

is good correlation of the results within the common range of side ratios. It

may be mentioned that the level of turbulence from the results produced by

Bostock is unknown though the correlation is good.
It is seen from the figure 4.12 that drag rises to a maximum value with

increase in side ratio upto about H/D= 0.6 and then it rapidly falls with fur-

ther increase in side ratio. Maximum CD found by Bearman and Trueman was about

2.94 when HID was just over 0.6. The maximum value of CD found in the present

study is 2.85. The rise in drag co-efficient in the range of small side ratios

is probably due to the reduction in the size of the separated wake cavity with

increase in side ratio leading to gradual decrease in back pressure aIld thus

the drag co-efficient is increased. It may be mentioned here that due to the

rise of side ratio in the smaller range, there appear no reattachment on the

side face of the body and hence the distance of the vortex formation is not

shifted towards the downstream side; on the contrary due to the increase of

27



side ratio the distance between the back surface and the vortex formation be-

come shorter. According to the figure the fall in drag for further rise in

side ratio is associated with the direct interference of the downstream edge

with the shear layer causing reattachment and thus the vortex formation is

delayed further downstream.

4.2 Staggered Rectangular Cylinders
The distribution of mean pressure co-efficients and variations of the

aerodynamic forces on the rectangular cylinders arranged in the staggered form

at 0° angle of attack are presented in the following sub-sections. The effect

of variable side ratios are also taken into account for analysis.

4.2.1 Pressure Distribution on Upstream Cylinder
The pressure distribution around the upstream cylinder with side ratio

of H/D= 1.25 for varying longitudinal spacing Ll keeping the transverse spac-

ing constant at Lt= 1D is shown in the figure 4.13. It is observed from this

figure that for each longitudinal spacing Ll, the pressure distributions on

the top and bottom surfaces are symmetrical. It may be noted that at Ll= 7D,

the pressure on the back, top and bottom surfaces are lowest. As the upstream

cylinder is brought closer to the downstream cylinders the pressures tend to

increase on all these surfaces upto the spacing Ll= 1D. However, there is no

change in the distribution of pressures on the front face for all variations

of longitudinal spacing Ll for obvious reasons.

As a result of the interference due to the proximity of the cylinders,

the flow becomes turbulent. This leads to the exchange of momentum between the

fluid particles as a result of which rapid pressure recovery occurs on the

top, bottom and back surfaces of the upstream cylinder. With the increase in
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distance(Ll) this effect is minimized. At Ll= 7D it becomes very small and the

pressure distributions at this distance (Ll=7D) approaches to those on an iso-

lated cylinder.
The figure 4.14 shows the effect of longitudinal spacing(Ll) on mean

pressure co-efficients for upstream cylinder at constant transverse spacing of

Lt= 2D. It can be noticed that pressure for Ll= 2D are appreciably higher than

those at Ll= 1D and even the pressures for Ll= 3D are slightly higher on the

side walls. For transverse spacing of Lt= 2D the downstream cylinders probably

interfere very less with the wake created by the upstream cylinder when Ll=

ID. At Ll= 2D the interference is remarkably higher thereby making higher

pressure recovery while with further increase of Ll the interference gradually

diminishes.
The Cp-distributions with different longitudinal spacings for constant

transverse spacing(Lt) of 4D are shown in the figure 4.15. It is revealed that

low Cp values exist for spacing of Ll= 1D on both the top and bottom walls but

the variations are not marked for greater longitudinal distance. It is ob-

served from the pressure distribution curves on the top and bottom surfaces

that except at Lt= ID, there appear considerable interference in the flow.

The figures 4.16 to 4.18, 4.19 to 4.21 and 4.22 to 4.24 show the Cp

-distributions for the side ratio(H/D) of 1.5, 1.75 and 2.0 respectively. For

each side ratio pressure distributions are given with three transverse spac-

ings Lt= ID, 2D and 4D. For transverse spacings of ID and 2D, more or less

similar pattern of Cp-distributions are observed for the cylinders with side

ratios of 1.25, 1.5, 1.75 and 2.0. But for Lt= 4D a marked variation in the

distribution of pressure is observed among the cylinders. One may notice from

the figures 4.18, 4.21 and 4.24 that there are high negative value Cp near the

upstream corner while there appear substantial pressure recovery towards the
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downstream corner of the top and bottom surfaces at longitudinal spacing of

1D. However, similar nature is also observed at longitudinal spacing of 2D for

cylinders with side ratios of 1.75 and 2.0 only. Probably the turbulence in-

tensity of the flow is increased significantly due to the interference effect

produced by downstream cylinder at Lt of 4D. It may be mentioned that similar

nature of curve was obtained by Barriga[3] with 10% turbulence intensity.

4.2.2 Variation of Drag for Upstream Cylinder
The variation of drag co-efficient with longitudinal spacings on

upstream cylinder for different side ratios is shown in figure 4.25, keeping

the transverse spacing(Lt} constant at lD. The figure reveals that with the

increase of longitudinal spacing the drag co-efficient increases in the lower

range, while in the higher range the change is not prominent. It is also ob-

served from this figure that as the side ratio increases the drag decreases.

The variation of drag co-efficient with longitudinal spacing on square section

upstream cylinder presented by A.C.Mandal[26] is also shown in this figure for

transverse spacing Lt= lD. It is observed from this figure tbat in the higher

range of longitudinal spacing the cylinder with side ratio(H/D) of 1.0 ex-

perience maximum drag. The pattern of the curves in this figure may be ex-

plained from the pressure distribution curves presented in the figures 4.13,

4.16, 4.19 and 4.22.
Figure 4.26 show the variation of drag co-efficient(Co) for constant

transverse spacing Lt= 2D. The trend in drag co-efficient is similar to that

of spacing Lt= 1D except that minimum drag co-efficient is observed close to

longitudinal spacing of Ll= 2D for the cylinder with side ratio of H/D= 1.25.

According to this figure nearly nniform drag is observed beyond spacing Ll=

3D. It is also revealed from this figure that the drag is considerably lower
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at spacing Ll= 1D and 2D compared to those at transverse spacing Lt= 1D

(figure 4.25). It is seen from this figure that the variation of drag co-

efficient with longitudinal spacing for a square section cylinder presented by

A.C.Mandal[27] follows the general trend observed for the cylinders with

higher side ratios.
Figure 4.27 show the variation of drag with longitudinal spacing for

different side ratios of the cylinders at constant transverse spacing Lt= 4D.

It is seen from this figure that drag falls to a minimum value close to spac-

ing Ll= 2D for all the cylinders. Also, contrary to the previous figures,

highest drag is observed for spacing Ll= 1D. However, highest drag is observed

beyond Ll= 3D for the cylinder with side ratio of H/D= 1.25. The drag changes

very little beyond longitudinal spacing Ll= 3D for all the cylinders. It is

seen from this figure that in case of square section cylinder[27] minimum drag

occurs close to longitudinal spacing Ll= 2D and highest drag is observed

beyond spacing Ll= 3D. From figures 4.25 to 4.27 it is evident that the

cylinder with side ratio of H/D= 2.0 eh-periences lowest drag at all combina-

tions of longitudinal and transverse sloacings.

4.2.3 Pressure Distribution on Downstream Cylinder

The Cp-distributions on the bottom do\~~~tream cylinder with side ratio

of H/D= 1.25 for varying longitudinal spacing(Ll) keeping the transverse spac-

ing constant at Lt= 1D is shown in the figure 4.28. It is observed from this

figure that when Ll= 1D the value of Cp rises close to unity on the front sur-

face near the bottom corner. For the spacings of Ll= 2D and 3D the pressures

on the front surface are negative and show a rising tendency towards the bot-

tom corner. For larger longitudinal spacings the pressures on the front. sur-

face are positive but they differ much from those on the front surface of an
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trend of pressure distribution appear. On the front surface of all the

cylinders with side ratio of 1.5, 1.75 and 2.0 negative Cp-values are observed

for L1= 1D and 2D with a rise in pressure towards the bottom corner. While the

same tendency was observed in case of the cylinder with side ratio of H/D=

1.25 for distance L1= 2D and 3D. However, the nature of pressure curve for

spacing LI= 1D is unique to the cylinder with H/D= 1.25. TIlefigures 4.28 to

4.31 also reveal that another deviation from the general trend of pressure

distribution occur which is uniform on the bottom sl~face at L1= 1D for the

cylinder with side ratio of 1.25.
The variation of Cp-distributions on the downstream cylinder with lon-

gitudinal spacing(L1) for constant transverse spacing Lt= 2D is shown in the

figure 4.32. No negative Cp-value is observed on the front surface of this

cylinder at all longitudinal spacings. Pressure on the front face is higher at

small spacings (Ll=1D,2D) and gradually decreases for larger spacings. Tllis is

probably because the downstream cylinders lie outside the influence of wake

produced by the upstream cylinder at small spacings. However, as the lon-

gitudinal spacing is increased the front surface is effected by wake but in

small amount.

Distribution of pressure on the top surface reveals that for lon-

gitudinal spacing of L1= 1D and 2D tremendously high negative Cp exists

towards the front corner with a sharp rise in pressure towards the rear sug-

gesting reattachment. Figure 4.32 further shows that at longitudinal spacing

of L1= 3D, 5D and 7D pressure rises significantly at the front corner and con-

tinues to rise towards the rear.

As shown in the figure 4.32 the pressure curves on the bottom surface

of the cylinder with side ratio of 1.25 are almost uniform for spacings L1=

1D, 2D and 3D. Further increase in the longitudinal spacing causes the pres-
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sure to fall considerably near the front corner and rise towards the rear

corner.

It can be seen from the figure 4.32 that as the longitudinal

spacing(Ll) increases the Cp-values on the back surface rises. At the spacing

Ll= ID the front face of the bottom cylinder remains almost unaffected due to

the wake generated by the upstream cylinder which may also be revealed from

the Cp-distribution curve on the front face of this cylinder. Of course the

top surface is in the wake region. Hence the Cp-values on the back surface at

Ll= lD is nearly similar to that of an isolated cylinder. HOI"ever, with in-

crease in longitudinal sl>acingthe front face of the bottom cylinder fall in

the wake region and the flow become probably more turbulent and the pressure

at the back surface rises gradually.

The pressure distribution around the rectangular cylinders with side

ratios of H/D= 1.5, 1.75 and 2.0 are shown in the figures 4.33, 4.34 and 4.35

respectively for the same transverse distance Lt= 2D. The pattern of Cp

-distributions on the front surfaces of the cylinders are quite similar.

The nature of pressure distributions on the top surfaces with side

ratios 1.5, 1.75 and 2.0 are similar to those with side ratio H/D= 1.25.

However, with side ratio(H/D) of 2.0 there occur a deviation of Cp-curve and

it becomes rather of uniform nature for Ll= 2D. It may be observed that at Ll=

ID and H/D= 1.25 there is the ma.~imumnegative Cp-value.

From the pressure distributions on the bottom surfaces of these

cylinders as the figures 4.33, 4.34 and 4.35 shows, there exists low pressures

near the front corner and pressure recovery takes place towards the rear for

spacings Ll= 3D, 5D and 7D. For small spacings pressure distribution for the

cylinders with side ratios of H/D= 1.25, 1.5 and 2.0 are similar. However, for

the cylinder with side ratio H/D= 1.75 signifiaultly large negative Cp-value
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occurs near the front corner at longitudinal spacing of Ll= 2D and at this

spacing uniform pressure distributions are observed in the case of the other

cylinders. Again for the cylinder. with side ratio H/D= 1.75 lowest pressure on

the back surface is observed for spacing Ll= 2D. However, the nature of pres-

sure distribution curves on the back surfaces of the other cylinders are more

or less similar to that with H/D= 1.25. The pressure distributions on the

front surfaces of each of the cylinders are of similar nature.

The figure 4.36 shows the pressure distributions about the rectangular

cylinder with side ratio of H/D= 1.25 for constant transverse spacing of Lt=

4D. For all longitudinal spacings the Cp-distributions on the front face are

very close to those for the isolated cylinder because the front face is almost

out of the influence of wakes created by the upstream cylinder. The pressures

on the top and bottom surfaces are very low but quite uniform for longitudinal

spacings of Ll= ID and 2D. With the increase in longitudinal distance rapid

rise of pressure takes place near the rear corner on the top surface. However,

little change in Cp-distribution alol<g the length of the bottom surface is ob-

served with increase in longitudinal distance.

The Cp-distributions around the cylinders with side ratios of H/D= 1.5,

1.75 and 2.0 are shown in the figures 4.37, 4.38 and 4.39 respectively. Tile

pressure distributions on the front surfaces are similar but. with the side

ratio of H/D= 2.0 the pressures are comparatively lower for larger lon-

gitudinal sloacing suggesting relatively higher influence of wake produced by

upstream cylinder. On the top surface of each cylinder low pressure exists

near the front corner at all longitudinal spacings. However, rise in pressure

towards the rear corner at all longitudinal spacings is observed only for the

cylinders with side ratio of H/D= 1.75 ffild2.0. 0.1 the bottom surface reat-

tachment tendency is observed with higher side ratios. The back surface pres-
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sure increases with the increase in longitudinal distance in case of all the

cylinders. As mentioned previously this may be due to.increased turbulence

effect.

4.2.4 Drag on Downstream Cylinder
The variation of drag co-efficients with longitudinal spacing(Ll) on

downstream cylinder for different side ratios is shown in the figure 4.40 at

constant transverse spacing of Lt= 1D. The figure also includes the variation

of drag co-efficients with longitudinal spacing on downstream square section

cylinder presented by A.C.Mandal[26] for the same transverse spacing. It is

seen from this figure that for all the cylinders drag is low in the smaller

ra11geof longitudinal spacings while in the larger range it is high. However,

for the cylinder with side ratio of H/D= 1.25 highest drag is observed at the

lowest IOI,gitudinal spacing of Ll= 1D followed by a rapid fall in drag with

small rise of Ll. It would be interesting to note from this figure that as the

side ratio increases the drag value at the lowest longitudinal spacing

decreases. It.can be seen from this figure that the variation of drag on

square section cylinder follows the general trend observed for the cylinders

with higher side ratios. From the nature of the pressure distribution curves

presented in the figures 4.38 to 4.31, the patterns of the drag curves shown

in the figure 4.40 may be explained.

The figure 4.41 show the variation of drag co-efficient with lon-

gitudinal spacing for constant transverse spacing of Lt= 2D. From this figure

it is observed tllatlow drag at large spacings{Ll) and high drag at small

spacings are developed which is opposite to the nature of drag found for

transverse spacing of Lt= 1D. T11isgeneral trend is also observed in the case

of cylinder with side ratio H/D= 1.0 presented by A.C.Mandal[27] which is

shown in the same figure. However, comparison of the figures 4.40 and 4.41
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shows that the drag for Lt= 2D at any longitudinal spacing is always higher

than that for Lt= lD at the corresponding longitudinal spacing. This behaviour

of drag for the side ratios of 1.25, 1.5, 1.75 and 2.0 is easily understand-

able from the nature of pressure distributions on the front and back surfaces

of the cylinders shown in the figures 4.32, 4.33, 4.34 and 4.35 respectively.

From the figure 4.41 one may also notice that for the side ratio of 2.0 the

nature of the drag curve deviate from the general trend of the drag curves for

the other side ratios. For H/D= 2.0 at Ll= 2D drag rather increases slightly.

High drag at spacing Ll= 2D is also observed for the cylinder with side ratio

H/D= 1.0.

The variation of drag co-efficientswith longitudinal spacing for con-

stant transverse spacing of Lt= 4D is shown in the figure 4.42. It is observed

from this figure that the drag in general drops, as the longitudinal spacing

increases. However, at Ll= 2D there occur slight deviation from the general

trend of the curves. It may be noticed from this figure that the variation of

drag on square section cylinder[27] follows the general trend more closely.

An overall observation from the figures 4.40, 4.41 and 4.42 can be made

as that the cylinder with side ratio of H/D= 2.0 experiences minimum drag.

4.2.5 Lift on Downstream Cylinder

The 'variation of lift co-efficient with longitudinal spacing(Ll) on the

downstream rectangular cylinders is shown in the figure 4.43 at constant

transverse spacing of Lt= lD. It is seen from this figure that negative lift

exists on each of the cylinders for all longitudinal spacings and side ratios

except for side ratio(H/D) of 1.25 at Ll= lD. The negative lift is due to the

extremely low pressure region near the front corner ,of the bottom surface of

all the cylinders for all longitudinal spacings as revealed from the figures
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4.28, 4.29, 4.30 and 4.31. In contrast to this development A.C.Mandal[26]

showed that square cylinder experienced a quite uniform positive lift at all

longitudinal spacings which may be seen from this figure as well. However, the

figure 4.43 shows that a uniform but negative lift is only produced on the

cylinder with side ratio of H/D= 2.0 at all longitudinal spacings.

The figure 4.44 shows the variation of lift co-efficients with lon-

gitudinal spacing for constant transverse spacing of Lt= 2D. It is noted from

this figure that the ,cylinders with side ratios of H/D= 1.25 and 1.5 ex-

perience positive lift'in the lower range of longitudinal spacings while for

the same range the cylinders with side ratios of 1.75 and 2.0 develop negative

lift. The figure 4.44 reveals that close to the longitudinal spacing of Ll= 2D

a large positive lift is develol~ on the cylinder with side rati~ of H/D=

1.25 whereas a high negative lift is produced on the cylinder with side ratio

of, H/D= 1.75. The large negative lift developed on the cylinder with side

ratio of H/D= 1.75 is due to the tremendously high suction produced near the

front corner of the bottom surface at spacing Ll= 2D as shown in the figure

4.34. The reverse phenomena is observed on the top surface of the cylinder

with side ratio of H/D= 1.25 at longitudinal spacings of Ll= 1D and 2D as

revealed from the figure 4.32. A.C.Mandal[27] in his paper showed that a large

negative lift was developed on square section cylinder for longitudinal spac-

ings of Ll= 1D and 2D which can be seen from this figure~

The figure 4.45 reveals the variation of lift co-efficient with lon-

gitudinal spacing at constant transverse spacing of Lt= 4D. It is observed

from tl,isfigure that positive lift is developed on all the cylinders at small

spacings (Ll=1D,2D,3D) whereas negative lift is produced at larger spacings.

The reason is easily understandable from the figures 4.36, 4.37, 4.38 and

4.39. Contrary to the present finding A.C.Mandal[27] showed that square sec-
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tion cylinder experienced negative lift for almost all longitudinal spacings

which can be observed from the figure 4.45.

4.3 Observation of Pressure Fluctuations

During recording of the pressure, fluctuation of liquid in the

manometer limbs was always observed. Negligible fluctuation was observed for

the test on a single cylinder oriented at an angle of attack of 0°. While in

the higher range of angle of attack fluctuation of pressure slightly

increased, specially on the windward surface; but the difference between the

maximum and minimum liquid column observed in the manometer limb never

exceeded 0.4cm(0.15inch). IVhenthree cylinders '''ereconsidered, fluctuations

increased appreciably on the downstream cylinder and the maximum fluctuation

observed was of the order of 0.63cm (0.25inch). However, for this test, always

mean pressure was recorded with careful observation.

4.4 Effect of Reynolds Number

Besides .extremely low Re~>lolds number it has been shown by tests

carried over a wide range of Reynolds number that the flow pattern around a

sharp-edged body is relatively insensitive to Reynolds number. This is because

the positions of the flow separations are fixed by the sharp edges.

R.W.Davis[8] showed that for Reynolds number less than 1000 the flow around

rectangular cylinders was strongly dependent on Reynolds number. In case of

extremely low Reynolds number flo,,,reattachment occurs immediately after

separation from the front corner and finally it separates at the trailing

edges. With an increase of Reynolds number flow separation occurs at the lead-

ing edges and 11enceforth flow pattern becomes independent of Reynolds number.

However, in case of reattachment appearing for the change of angle of attack
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and the side ratio of rectangular cylinder, the effect of Reynolds number may

not be ignored.

4.5 Blockage Corrections

The presence of a body in the wind tunnel test section reduces the flow

area and thereby increases the velocity of air as it flows around the body.

This increase of velocity due to the presence of the body is called solid

blocking. The wake behind a body has a mean velocity lower than the free

stream. According to the law of continuity, the velocity outside the wake must

be higher than free stream so that a constant volume of fluid may pass through

the tunnel test section. According to Bernoulli's principle this increase in,

speed is balanced by a decrease in static pressure of the mainstream.

Consequently, since the static pressure within the wake is governed by that of

the steady airstream immediately adjacent to the boundary of the wake, the

static pressure at the back surface of the body tends to be less than it would

be if the airstream were unconfined. Due to this wake blocking and solid

blocking, blockage corrections are required to obtain accurate values of non-

dimensional co-efficients. Investigation of this effect has shown that suffi-

cient accuracy in results are obtained for models occupying less than 10% of

the tunnel working section area.

The total solid and wake blockage corrections are summed to get the

toal blockage corrections. According to Pope and Harper[38] the total blockage

corrections to Cp would be approximately of the order of half times the

blockage percentage. In the present study maximum blockage percentage was

around 13.9% for the single cylinder with side ratio 2.0 at 45° angle of

attack. The downstream cylinders in the staggered form occupied a blockage

area of 13%. No blockage corrections were made because the corrections needed

40



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

conservative( i.e. the value of Cp would be more positive).
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CHAPTER 5

CC>NCLUSIONS AND R.ECOMMENDATIONS

This chapter presents the conclusions drawn from the experimental in-

vestigation of flow around rectangular cylinders. The scope of extension and

development of the present study are also included in this chapter.

5.1 Conclusions
(1) At an angle of attack of 0°, no flow reattachment occurs on the

surfaces of each isolated rectangular cylinder. However, the Cp-values on the

top, bottom and back surfaces rises with the increase in side ratio of the

rectangular cylinders.
(2) Flow reattachment occurs on the windward(bottom) surface of the

rectangular cylinder at small angle of attack and the reattachment location

shifts from the rear corner towards the front corner of the windward surface

with increase in angle of attack.
(3) Flow reattachment commences at sn~ller angle of attack if the side

ratio is increased.
(4) At small angle of attack the Cp-value decreases considerably near

the front corner of the windward(bottoml surface of each cylinder and the

negative peak value of Cp is shifted towards the front edge with increase in

the side ratio.

(5) The minimum drag on the rectangular cylinders occur within 8° and

12° angle of attack for all side ratios. Also within this range of angle of

attack total force developed on the rectangular cylinder is minimum for any

side ratio.
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(6) The drag on a rectangular cylinder oriented at 0° angle of attack

rises with the increase in side ratio upto about 0,6, then decreases with fur-

ther increase in the side ratio.

(7) Higher suction is developed near the frontal region of top and bot-

tom surfaces of the upstream cylinder in a group at transverse spacing Lt= 4D

and longitudinal spacing Ll= ID.

(8) The Cp-distributions on the front face of the downstream cylinders

with side ratios of H/D= 1.5, 1.75 and 2.0 are negative for Lt= 1D and Ll= 1D

and 2D. However,in case of the cylinder with side ratio of H/D= 1.25 and at

Lt= 1D, a stagnation point is established at the bottom corner of the front

face for Ll= 1D, while negative Cp is developed for spacing Ll= 2D and 3D.

(9) The Cp-values are considerably low near the frontal region of the

bottom surface of the downstream cylinders with side ratios of H/D= 1.5, 1.75

and 2.0 for all longitudinal spacings(Ll) when transverse spacing Lt= ID.

(10)Very high negative pressure is developed on the top surface of the

downstream cylinder for all side ratios at Lt= 2D and Ll= 1D. The maximum

negative Cp occur at HID of 1.25 which is -2.85.

(11)In the staggered form drag is lower on rectangular cylinders with

higher side ratios.

(12)The drag on an isolated cylinder is higher in general than that on

the same cylinder while it becomes loart of a group.

5.2 Recommendations

(1) The same experiment can be done with flow visualization technique

to get a better understandi~ about the formation of wakes and vortex shedding

pattern.
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(2) Experiment can be performed on surface mounted

cylinders within the boundary layer.

rectangular

(3) Investigation of flow around staggered rectangular cylinders at

different angles of attack may be done.

i4) The effect of surface roughness on the flow over isolated and group

of rectangular cylinders can be investigated.

(5) The effect of Reynolds number on staggered cylinders with varying

side ratios may be investigated.

i6) Building models of various other shapes and sizes can be brought

under this kind of investigation.
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APPENDIX-A.

Determination of Co-efficients

1, Determination of Lift and Drag co-efficlents:

AI/2
~

=r /FD
AI /

1

-
,-
-
-

I ! !

The section of the cylinder shown in the above i-igure 15

divided horizotltally inlo five equal strips of widttl Al \~itll a

tapping point at the mid point of each strip. Similar!,' it is

divided vertically into n equal strips, where n is lhe number uf

tapping points on the bottom surface of the cylinders of dif-

ferent side ratios. AI/2 is the remainder width of the section

from the end corners botl. in the horizontal and vertical

direction. It is assumed that the pressures at the mid point of

these half-width strips are equal to the pressures at the tap

pings nearest to the corners. The pressure distribution lS as-

sumed to be constant over a certain length at each section and

therefore the area under each strip is AI.
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Let PI h , P 2 h, ••••••• , P 5 h , and PI v, P 2 v, ••••••• , P n v be

the pressure difference in meter of manometer liquid between the

opposite surfaces of each strip along the horizontal and vertical

directions respectively. By trapezoidal rule the total force per

unit length can be taken as:
'(W x6l[iP1h+Pzh+ +iPSh]cosa +

+'fwXc"l[iPlv+Pzv+ + iPnv]sina +
FD= '(W x.c.1/2[P1h+PSh]cosa

~w61/2[Plv+Pnv]sina
.... (1)

and FL= ~w x61[iPlh+Pzh+ +iPSh]sina + ~w x 61/2[Plh+PSh]sina
+'fwxL:>l[iPlv+Pzv+ + iPnv]cosa + '1wxL:>1/2[Plv+Pnv]cosa

•••• (2)

where the terms for the half width strips are added
algebraicilly.
Now,FD= "fwxAl[ (Plh + PZh + ...+ PSh)cosa + (PIv + P2v+Pv)sina ]

= 'fwcl[4Phcosa + APvsina ]
where APh= Plh + PZh + + PSh

APv= Plv + PZv + + Pnv

Equation (3) may be written in the form,
FD = 'fw l;l[ 4P D]

whereAPD = APhcosa + APvsina
Similarly equation (2) may be reduced to the form,

FL = 'fw l;l[ APL]

where PL = APhsina + APvcosa
By the definition of drag co-efficient,
CD = FDI iflAUoz

= 'fwL:>lAPDIi'p6AlUoz where, A=66l
= 'fwAPD/3;o Uoz (4)

given by,

where A' =(n+1)Al

Similarly lift co-efficient is
CL = FL/i!" A 'Uoz

= 'iw Al.o.PL/iP(n+1)6lUoZ
= 'iw L:>P L I i (n+ 1);" U0 Z

At zero angle of incidence, i.e., when a = 00,

( 5 )

lift and
drag coefficients are reduced to the forms,
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CD = LiPh / 3P V 0 Z
C L = LiPv / t(n+1)jO V 0 Z

2. Pressure Co-efficient:
Pressure co-efficient is defined as Cp

( 6 )

( 7 )

3. Total Force Co-efficient:
Total force-eo-efficient is defined as C.= I(CDZ + CLZ)

4. Calculation of Co-efficients:
Since Vo = 12ghu

= /(2g'(whu/Ya)

where hu is the height of reference velocity~ead in the

manometer limb and Y'wand 'faare the specific weights of water

and air respectively, we have

So that Cp = (P-Po)/tpVoz =(hp - h)/hu ( 8)

where hp and h are the height of reference pressure head and 10-

cal pressure head respectively in the manometer limb.

When the cylinder is oriented at 00 angle of attack we have

for the front face

and LiPh = PI h + P Zh + ...+P S h

= (hi-hi') + (hz-hz') + ...+(hs-hs')

where hi and hi' are the local pressure heads on the front and

back surface of the cylinder at tapping point number 1.

Now at tapping point number 1 we have 60efficient of pres-

sure on the front surface as
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Cpl = hp-hl/hu

CpZ = hp-hz/hu

CpS = hp~hs/hu

and similarly on the back surface pressure coefficients are

Cpl'= hp-hl'/hu

Cpz'= hp-hz'/hu

( 9 )

( 10)

( 13 )

(14 )

( 15 )

(18 )

( 19 )

it can

Cps'= hp-hs'/hu

Now the coefficient of drag can be written as

CD = 1:: 'fw ( h n ' - h n ) / tpu 0 z .6

= 1::(hn'-hn)/6hu
From equations (9) to (13) and equationB (14) to (18)

be written in general that

hi> = hp-Cpnhu

hn'= hp-Cpn'hu

and hence from equation (19) the drag coefficient becomes in

terms of pressure coefficient as

CD = 1::[(hp-Cpn'hu)- (hp-Cpn)]/6hu

= 1::(Cpn-Cpn')/6 (20)

Using equation (8) coefficient of pressure can be calculated

directly from experimental values of pressure head and hence with

the help of equation (20) coefficient of drag can be calculated

directly from corresponding pressure coefficients.



.APPENDIX-B

Uncertainty Analysis

Errors are introduced during measurement, due to atmospheric changes,

measuring instruments, probe settings etc. Uncertainties thus may have crept

into the measurements of pressure and it is ar~lysed in the way suggested by

Kline and McClintock.

Uncertainity for Pressure Measurement:

If u = f(al,a2, .•..,an)

Then the mean ~u = f(al, a2, .... ,an)
Bu

and the variance uu2 = Z(-- )2uai
Bai

(1)

(2 )

(3 )

In terms of objective coefficients of variance
uu2 Bu ai aai

au2 = = Z( -- . )2 . (
~u2 Bai ~u ai
n Bu eXi

" Z )2 B2ai (4)
i=l oai ~u

where Bu is the coefficient of variance and oai is the coefficient of variance

of free variables ai.

It may be noted that coefficient of variance is often used as measure of

uncertainties.

The wall static pressures measured from the surface tappings were the

gage pressure below atmospheric pressure. It P be the absolute static pressure

and Pa be the atmospheric pressure, then the recorded pressure be
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Pr = Pa - P

and the absolute static pressure.

P = Pa - Pr

The recorded pressure is nothing but 'fwhw.So that

P = Pa - 'fwhw

= Pa - 'fwhw/100

where hw is in cm of water.

(5 )

(6 )

(7 )

Since the change of density of water is negligible, so the uncertainty in sur-

face static pressure measurement is

BP
Op = [( •Opa) Z

BPa

Now BP
= 1

BPa

IlP

BP
+ ( .Ohw)Z]l/Z

Bhw
(8)

= Vw x 1/100
Ilhw

Op [OpaZ + 'fwZ(l/lOO)Z. OhwZ]l/Z
=

P Pa - hw '(W xl/100

But for a short interval Opa = 0

Op ['(w(l/lOO)ohw]
Hence '"

P Pa - hw 1wxl/100

56

(9)



Now P =101325 N/m2

'(w=1000 kg/m3

hw=9.65cm f 0.63cm of H20

Op/P = 5.166x10-s i.e. 0.005166%

Uncertainty in Mean Velocity Measurement:
When air was flowing with a velocity of U em/sec and a 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 manometer from the relation

u = .{2ghu't/'{a (10)

where 'fwand 'faare the specific weights of water and air respectively. If the

sensing point of the pitot static tube had a misalignment of B from the direc-

tion of flow due to adjustment error then the measured velocity would be

u = .{(2ghu Yw/'fa).secB (11)

Using P = YaRT "here P, Rand l'are pressure, gas constant and absolute tem-

perature of air respectively, then velocity u becomes

u = .{(2ghu'(wxRT/P)secB

= .{2gRYw x .{(hu.T/P)secB

= c{(huT/P)secB

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

(12)

So the uncertainty in velocity measurement can be expressed as

ou
ou=(-.op)2 +op

oU
(-.OT)2
01'

ou
+ (-.Ohu)2 +

ohu
ou
(-.00)2
oB

(13)

Where Op, OT, Ohu and 00 are uncertainties associated with pressure,
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temperature,manometer reading and alignment of the probe with the flow

direction.
To get the uncertainties involved in the different variables the

resl>8ctive partial derivatives are now found out. Again writing equation (12)

in the form

u = C{(hu.T/P).sec6

The partial derivatives of U are found to be

au
= C{huT.secOx(-~p-3/2)

aP

= -C/2{huT/P3.sec6

au
= C{hu/P.sec6.~T-'

aT

= C/Uhu/TP.sec6

au
= C{T/P.sec6.~hu-'

ah

au
and = C{huT/P.sec6.tan6

a6

Putting these equations to equation (13) I<eget

(14\

(15)

(16 j

(17 )

au = [(-C/21huT/P3.sec6.ap)2 + (C/2sec6{hu/TP.aT)2 + (C/2{T/Ph.sec6ah)2

+ (C{hu/P.sec6.tan6.ao)2].

= [C2/4.huT/p3(sec6)2.ap2 + C2/4.hu/TP.(sec6)2.aT2

+ C2/4.T/Phu.sec26 ahu2 + C2huT/P.sec26.tan26 a02].

= C/2 cos6[(huT/p3)ap2 + (hU/TPjaT2 + (T/Phu)ahu2

+ 4(huT/P)a02.tan26]' (18)

•



Now dividing equation (18) by equation (12) the uncertainty in velocity

measurement takes the form

au

u

The direction is taken for objective uncertainties. There is also sub-

jective uncertainties which is considered 5%, so the final uncertainties be

comes

au
02 ]t

u

Now during an experimental run, the following conditions were observed.

P = 76.2cm ! 0.10cm of Hg

T = 82° ! 2"F

hu= 1.91cm ! 0.0254cm of water

8 = 0° ! 2°
The corresponding uncertainty in velocity measurement becomes
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FIGURES

All measurements are in millimeter unless otherwise mentioned
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Figure 4.16: Effect of for 16ngitudinal spacing (Lll on Cp_values for upstream cylinder with
side ratio (H/Dlot1.50, keeping transverse spacing (Ltl constant at lD
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