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ABSTRACT

An experimental investigation of the mean pressure distributions around
lan igsolated and a group of rectangular cylindérs placed in a wuniform cross
flow is prgsented. 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 eachlof the cylinders were ﬁeasured
for angles of attack varying from 0° to 45° in steps of 5° in an open circuit
wind tumnel. Experiment on a group of cylinders of identical side ratio in the
tunnel fest section with one cylinder placed centrally'in the upstream side
and the other tﬁo.placed symmetrically in the downstream side with respect to
the tunnel axis. Pressure distribution around the upstream and downstream
cylinders were measured for various cqmbinations 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—éfficients, lift
co-efficients and +total force co-efficients were calculatéd 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 that
on the same cylinder while it becomes lpart of a group. The rectangular
cylinder with the highest side ratio (H/D=2) experienced minimum drag for all

conditions of spacings.
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CHAPTER 1

INTRODUCTION

I ¥

Recent engineering problems regarding wind 1loads 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 buiidings 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 nét be encountered as a minor criteria for design purpoées.
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, véry
little information is available concerning the flow over staggered rectangular

~ cylinders although this 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 stafic and dynamic effects of wind action. The static effects refer to the
steady(time-average) forces and pressﬁres tending to give the stfucture 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"



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
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 emphasized 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 rggarding 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. Howe?er, the cities are rapidly growing with
emphasis given to the construction of multistoried 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



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-

rtively simple arrangement of bluff bodies by wind tunnel experiments. VWith

this end in view, the present investigation of pressure distributions about
rectangular cylinders with varying side ratios was carriéd out. Rectangular
cylinders ideally represent the general shape of tall buildings. So a study on
groups of rectangular cylinders arranged simply in the staggeréd form would be
helpful in the analysis of wind effects on groups of buildinés.

Apart from wind ldadiﬁg problems, concentfation of high rise buildings
in a locality can preoduce environmental problems like unpleasant wind condi-
tions near ground level (e.g. blowing dust off the gfound), too high wind ioad
on people, too high wind speed in streets and passages 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 expectéd 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 oné 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 fundgmental nature confined to the inves-
tigation of aerodynamic forces and pressure distributioﬁ on the body. The

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



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'
.studylwere:

{1) 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 ratiocs.
The several phases of the entire inveétigation‘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



and the rectangular cylinders used for the study. The experiment was conducted
in 'the wind tunnel for only two dimensional uniform cross flow keepiné the
velocity and turbulence intensity constant.

Chapter 4 presents the analysis concerning the results of the ex-
perimentai 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 glso includes an outline regarding

further research in this field.



CHAPTER 2

REVIEW 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
all over 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 parameters. 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.Nakaﬁura, A.R.Barriga,l.P.Castro,

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

2.1 Literature concefning Single Body

P.W.BEARMAN AND D.M.TRUEMAN[B] investigated the base pressure co-
efficient, drag co-efficient and Strouhal nunber 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 introdﬁcing 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-



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 otﬂer. They further showed that the vortex shedding from a
square brism with d/ﬁ= 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 gut a numerical study of vortex
shedding from rectangular cylinders. They attempted to present numerical solu-
tions for two-dimensional time dependent flow aboﬁt .rectangles in infinite
domains. They invesfigated the initiation and subsequent development éf 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 1in-
fluenced by Reynolds numbér. The computer simulation described in the paper
was carried out on a UNIVAC 1108.

Y.NAKAMURA AND T.MATSUKAWA[31] experimentally 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 énd 0.6. The forced oscilla-

tion . experiments included measurements of the fluctuating lift-force at



amplitudes upto 10% of the length of the long side. They presented the fesults
df 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. They found that the vortex ex-
citation of a rectangular cylinder was strongly dependent on the side ratio.
They concluded that the critical change of the ﬁean 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 TOIand
9x101- 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 regioﬁ, the flow separated at the leading edges, reattached
on either the upper or lower surfaces of the cylinder during a period of ‘vor~
teg shedding. Again for Reynolds number beyond it the flow fully detached it-
self from the cylinder. |

B.E.LEE[ZE] made an elaborate study of the effect of turbulence on the
surface pressure field of a square prism. He presented measuremeﬁts 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



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 (0¢ to
459 ) showed tha£ with increase in turbulence level the minimum drag oécured
at smaller values of angle of attack.

J.A.ROBERSON,C.T.CROWE AND R.TSENG[40] measured pressure 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 4x10% 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 represént
building configurations, tests were made on bodies of square cross section
placed on the floor of the wind tunnel. It was found thatrdecreasing 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[SS] carried out
experiments én circular cylinders, spool shaped bodies, cup-shaped beodies,
square rods and rectangular rods to observe the effect of tprbdlence on the
drag of these bodies. For square rods with their axes parallel to the flow
direction it was found the Cp 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)}



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 Cp 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 incfease in Cp with increased turbulence intensity depending upon
the shape of the body.

A.R.BARRIGA,C.T.CRCWE 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 vroduced; but in the same flow a negative
1lift force was developed at small positive angle of attéck,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 preséure
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 thé 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 boedy. Small-scale turbulence increased
the grqwth rate of thelshear layer, while large-scale turbulen&e enhanced the
roll up of fhe shear layer. The consegquences 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 thercritical (0.6 times the height), the shear-layer-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 équare cylinder. He attempted to estab-
lish a correlation of 1ift along the cylinder and the distribution of fluc-
tuating pressure on a cross-section. It was found that the magnitude of the
fluctuafing 1lift was considerably greater than that for a circﬁlar 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 1.9x10%. 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 h/d less than 0.35.

HIROSHI SAKAMOTO 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 immefsed in a turbulent bound-
ary layer. They tried to investigate the effects of the aspect ratio
{(height/width} of these bodies and the béundary layer characteristics on the
vortex shedding frequency. ﬁeasurements revealea that two t&pes 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.ROBINS[7] describe in their paper the flow around
surfaée mounted cubes in both uniform, irrotational and éheared, 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 reduqed 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 iayer height ratios further revealed that reéttachment 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 tdp edges of
the body.l

A.LANEVILLE,I.S.GARTSHORE AND G.V.PARKINSON[19] explain in their paper
some effects of turbulence on bluff bodies. The bluff bedies 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 1lift on the stationary cylinder normal to

the wind. Also the 1lift 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 freerstanding 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 & part of a group than when it was free standing.

MASANORI HAYASHI,AKTRASAKURAT AND YUJICHYA[14] made an expe}imental 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 width to the plate
width(split ratio) of a row of flat plates was less than about 2, the flows

thrbugh the gaps were biased either upward or downward in a stable way, lead-
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ing to multiple flow patterns fof 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] deécfibeé in their paper an experimental in-
vestigation of the shielding effects of various disks placed co-axially
upstream of an axisymmetric flat faced cylinder. For certain combinations of
the diameter and gap ratios théy chserved a considerable decrease in the drag
of such a system. By flow visualizgtion technigque they showed that for such
optimﬁm 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
méasurements at a Reynolds number of 2.5x10% based on lthe diameter(D) of a
single cylinder, showed the presence of a mean repulsive force bétween the
cylinders. At gaps betﬁeen 0.1D and 1D a marked asymmetry in the flow was ob-
served with the two cyliﬁdérs 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

EXPERIMENTAIL, SET—UP

The objectives of the investigation of wind loading on the rectangular
cylinders have been realized essentiall& with the help of a subsonic wind
tunnel, four sets of rectangular cylinders and an inclined multimanometer.
Mean pressure Aistribution arouna the rectangﬁlar bodies placed normal to the
approaching uniform flowrwas measured with the help of the mulfimanometer. The
following sections desqribe 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 a test
section of 45.72cm x 45.72cm (18in x 18in) cross—séction. Figure 3.1 depicts
rthe wind tunnel used for the experiment. The successive sections 6f 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 upstream
section, test section, diverging section, two qounter rotary axial flow fans,
a flow controlling valve and finally a Silencer.VThe 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 chamber 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.

15

-



The entry nozzle,r made of 18 SWG black sheet,. was 118cm long with a
contraction ratio of 10:3. Wire net with 2 holes/cm was fitted at the enfrance
of the nozzle to act as the ‘primary eddy breaker. A honeycomb 1like 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/cm. This facility produced a more
uniform and stable flow. 7

The diverging seétion of the wind tunnel was 396.24cm long and maﬁe 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 twb-stage
contra-rotating axial flow fan {Woods of Colchester Ltd.,England,Type 38 JTE)
rof cépacity 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 & 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 upstreaﬁ,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 43.8cm, was made
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of wood énd 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 cyvlinders in a plane
normal to the flow. The longitudinal movement (along the flow direction) of
the centraily 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 (figuré 3.3), each of which included
6 holes in order to fix the cylinders for différent transverse spacings. These
plates were made as a part of the vertical perspex side wall and positioned

towards the downstream side.

3.3 The Cylinders

The twelve cylinders of rectangular section were made of pefspex of
which there were four sets of cylinders with three identical ones in each set.
The figure 3.4 shows the constructional details of a cylinder. Each of the
cylinders was constructed identically. The side dimensions of the cylinders in
each set were D= 3cm each and H= 3.75, 4.5; 5.25 and 6.0cm. 4mm thick and
45.72cm long perspex plates with the appropriate side dimensions were Joined
to form the shape of hollow rectangular cylinders. One end was closed by in-
serting a solid wooden block and the other end by inserting another wooden
hollow block with 16mm through hole. On either side of the cylinders there
were 30mm long projected circular portion in order to mount the cylinder as

shown in the figure 3.4. The extreme end of the 13mm diameter projected por-
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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 rectangﬁlar cylinder was tapped on two adjacent sides to measure
pressure distribution. Because of space limitatioﬁ 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 pléced 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
results.] The end tapping points were made at equal distances from the corners
and the interspace between the consecutive tapping points was kept at egqual
distance. In the figure 3.6 tapping points afe 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 comnect 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 0° 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 cother 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 waé 3.45x101. The
turbulence intensity of the tunnel was approximately ©.33%.

Before measuring the pressure distribution the mean velocity was
measured in a vertical plane 60cm upstream from the cyliﬁders 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 4.1lcm from the tunnel surface.

3.4.1 Single Cylinder

The rectangular cylinder of side dimension H= 3.75 was mounted
céntrally in horizontal plane at a distance of 1.45m {57inch) downstream from
the end of the threocat of the entry npzzle. 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 ﬁere 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 50, :It was
assumed that for the prescribed flow condition the recordings of pressure dis-

tribution in this way 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 fhat the 3cm side of each of the cylinders were kept normai to the ap-
proach velocity direction. Initially the cylinde;s were mounted in such a way
that the transverse spacing between the downstream cyiinders and the lon-
gitudinal spacing between the front surface of downstream cylinders and back
surface of the upstream cylinder were 1D. Since the top downstream cylinder (T)
and the bottom downstream cylinder(B) were symmetrically placed, the pressure
distributions were considered on the bottom cylinder only.

The transverse spacings(Lt) for the downstream cylinders were altered
to 1D, 2D and 4D and for each spacing Lt, the longitudinal'spacing(Ll were set
at 1D, 2D, 3D, 5D and 7D. Mean pressure distributions were measured forrthe
above mentioned 15 sets and at zero angle of attack only. Pressures were

measured simultaneously for both the upstream and downstream 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

A
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 madg. Iﬁ
addition, comparative study of the existing research works and the present in-

vestigation are presented.

4.1 Single Rectangular Cylinder

' Distpibution of mean pressure co-efficients and variations of the
aercdynamic 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.

Tt would be relevant to show the approximate flow pattern around a rec-
tangular prism before discussing the resulté | 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 ét 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—efficienﬁs 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 that 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 0o, This
stagnation point is shifted towards the bottom cornef 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
éurface. 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 18. The increase of pressure in the rear corner indicates
thé 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 witﬁ increasing magnitude.

On the leeward side (top surface) of the cylinder as fhe figure 4.2
shows,‘gn almost uniform pressure distribution exists over the whoie length of
the side for each angle of attack. From this figure oné 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 pfessure distributions on the back surface reveal a similar
trend.

In the case of a sharp edged body like 'a rectangular 'cylindgr, the
separation points are fixed at the leading edges and thus the shear layers
originating at the ffont'corner curve outward and there appear the formation
of familiar vortex shedding in the wake regiop behind the body. The free shear
. layers are basically unstable and roil up to fofm 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 sustéin the low back pressure. In fact
the magnitude of the back pressure is determined almost solely by the manner
in which the shear layers leave the body and roll up to form discrete
vortices. Thus a low base pressure is aséociated with vortex foirmation close
to the body while a high base pressure (less negative value) is caused by vor-
tex formation further away. The rise in pfessure 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 fé;mation 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 thg figures 4.3 to 4.5 may be explained iﬁ a similar manner as
in the case of the figure‘4.2.

The effect of side ratios (H/D) on the Cp-distribu£ions for windward
side(bottom surféce) of rectangular cylinders at angies of attack of 0°, 59,
10e, 13° and 30° are shown in the figure 4.6. Itlis clearly seen from the

figure 4.6(a) that there is rise in pressure with the increase in the side
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ratio(H/D) of rectangular cylinders at 0° angle of attack. Due io the increase
of side ratio of the cylinder, the curvature of the shear layer originating
from the front surface'cofner proﬁably decreases which results in the rise of
pressure. From figure 4.6(b) one may observe that there is also rise of pres-
sure as the side ratio value increases. This rise of pressure occurs at a
higher rate towards the rear corner of the surface. Figure 4.6{0} reveals that
reattachment of flow towards the rear corner appear for the cylinder with side
ratio of H/D= 1.75 and 2.0 at 10° angle of attack. Also the location of the
minimum value of Cp shifts towards the front corner with thé increase of side
ratios of the cylinders.. Reattachment of flow towards the rear corner of the
bottom surface is prominent at all siae ratios of the cylindefs for 15° angle
of attack as shown in the figure 4.6{(d). One may observe that the peak Cp
*vélues are shifted towards the front corner with the increase in the 'side
ratio of the rectangular cyliﬁders. At 30° angle of attack it is seen that for
side ratio H/D= 1.75 and 2.0 the peak Cp-value is Almost at the front corner
suggesting separated flow.

The effect of side ratios on Cp-distributions on the back surface of

cylinder at angles of attack of 0°, 10°, 20°, 30° and 45° are shown in the-

figure 4.7. It is seen that at 0° angle of attack {(figure 4.7a) minimum Cp
-values exists for side ratio H/D= 1.25 and it rises with the increase in side
ratic. But with the increase in angle of attack it is seen that ultimately at
45° angle of attack (figure 4.7e) highest Cp—values occur for side ratio H/D=
2.0. However, from figﬁre 4.7(d).it can be observed that at 30° angle of at-
tack the C;—distributions for all side ratios are very close.

The Cp-distribution curves on the windward side of a square cylinder at
various angles of attack obtained by J.M.Robertson{41] for turbulence inten-

sity of 0.33% and free stream velocity of 18m/sec are compared with those ob~-
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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 qylinder 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. 1t is assumed that this cor-
relation would give an approximate idea regarding the proximity of the present
experimental results with the existing one. It 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 Cpfvalues 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(Cp) for different 'side ratios{H/D)
with angles of attack from 0° to 45° is shqwn 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 anglé of attack
8° 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 formation appear closer to the back surface



of +the body méking the back pressure lower which is mainly the reason of
higher drag for the increased value of angle .of attack in the higher range. In
the lower range of angle of attack, as the side ratio of the 'cylinder
_increases, reattachment of the shear layer occurs {owards the rear corner
which probably forces the vortices to form further downstreah thereby creating
higher back pressure and consequently lower drag as the figure 4.9 shows.

Comparison is also made in the figure 4,9 with the experimental results
presented by A.C.Mandal[26] fﬁr a square section cylinder placed in a uniform
flow with a turbulence intensity of 0.4%; The variation of drag co-efficient
for side ratio H/D= 1 follows the general trend already observed in case of
the other cylindefs. However, a good correlation is observed for the cylinders
with side ratios of H/D= 1.25 and 1.0.

The variation of 1lift co-efficient{CiL) with angle of attack for dif-
ferent side ratios{H/D} is shown in the figure 4.10. The general trend in the
variation of lift is similar to that of drag with angle of attack. The varia-~
tion of lift co-efficient presented by A.C.Mandal[26] for side ratio of H/D= 1
shown in this figure also follows a similar trend. The high negative 1lift at
small angle of attack is associated with the formation of large enclosed

. separation bubble on'the bottom surface of the cylinder whichl caused higher
local suctions than those on the top surface. As mentioned earlier the reat;
tachment point on-the bottom surface shifts towards the front corner with in-
crease in the langle of attack thereby reducing the size of the separation
bubble. This‘results in rise of lift co-efficient for further increase in
angle of attack. However, beyond 25° angle of attack no appreciable change in
1lift occurs with increase in angle of attack for all the cylinders.

Figure 4.11 shows the variation of total force CO*effiéients(Cf) with

angle of attack for different side ratios including that presented by
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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 10°, there appear 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 Ratig on Drag

The wvariation of drag co-efficient with side ratios at an angle of at-
tack of 0° 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 sidé ratios of 0.2 to 1.25 while
the results available for the present study is from 6.5 to 2.0, and hence com-
parison of drag beyond H/D 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 thoughlthe 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 Cp found by Bearman and Trueman was about
2.94 when H/D was just over o0.6. The maximum value of Cp 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 decfease in back pressure and 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 forﬁation is not

shifted towards the downstream side; on the contrary due to the increase of
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side ratio the distance between the back surface and the vortex formation be-
come shorter. According to the figure the fall in drag fof further rise in
side ratio is associated with the direct interfgrence of the downstream edgé
with the shear layer causing reattachment and thus the vorfex formation is

delayed further downstream.

4.2 Staggefed 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-sectiens. The effect

of variable side fatios 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
6f H/D= 1.25 for varying longitudinal spacing L1 keeping the transverse spac-
ing constant at Le= 1D is shown in the figure 4,13, It is observed from this
figure that for each longitudinal spacing L1, the pressure ‘distributions on
the top and bottom surfaces are symmetrical. It may be noted that ét Li= 7D,
the pressure on the back, top and bottom surfaces are lowest. As the upstream
cylinder is brought closer to the downstream cylinders the ﬁressures tend to
increase on all these surfaces upto the spacing Li= 1D. However, there is no
change in the distribution of pressures on the front face for all variations
of longitudinal spacing L1 for obvious reasons.

As a result of the interference due to the proximity of the cylinders,
the flow becomes turbulenf. 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 df the upstream c&linder. With the increase in
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distance(L1) this effect is-minimized. At L1= 7D it becomes very small and the
pressure distributions at this distance (L1=7D) approaches to those on an iso-
lated cylinder. _

The figure 4.14 shows the effect of longitudinal spacing(L1)} on mean
pressure co-efficients for upstream cylinder at constant transverse épacing of
Lt= 2D. It can be noticed that pressure for Li= 2D are appreciably higher than
those at Li= 1D and even the pressures for Li= 3D are siightly higher on the
side walls. Fof transverse spacing of Lt= 2D the downstream cylinders probably
interfere véry less with the wake created by the upstream cylinder when Li=
1D. At Li= 2D the interference is'remarkably higher thereby making higher
Ppressure recovery while with further increase of L1 the interference gradually
diminishes.

The Cp-distributions with different longitudinal spacings for constant
transverse spacing{lLt} of 4D are shown in the figure 4.15. It is revealed that
low Cp values exist for spacing of Li= 1D on both the top and bottom walls but
the variations are not marked for greater longifudinal distance. It is ob-
served from the pressure distribution curves on the top and bottom surfaces
that except at Lt= 1D, 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, 1.756 and 2.0 respectively. For.

each side ratio pressure distributions are given with‘three transverse sﬁac—
ings Lt= 1D, 2D and 4D. For transverse spacings of 1D 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 aﬁd 2.0. But for Lit= 4D a marked variation in thé
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

29



downstream corner of the top and bottom surfaces at longitudinal  spacing of
1D. However, similar nature is alse obsgrved at longitudinal spacing of 2D for
cylinders with side ratios of 1.75 and Z.OAonly; Probablf 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 Barrigal[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 1D. 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 prominént. 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.Mandall[26] is also shown in this figure for
transverse spacing Lt= 1D. It is observed from this figure that 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{Cp)} 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 cbserved close to
longitudinal spacing of Li= 2D for the cylinder with side ratio of H/D= 1.256.

_According to this figure nearly uniform drag is observed beyond spacing Li=

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

Figure 4.27 show the variation of drag with longitudinal spacing for
different side ratios of the evlinders at constant transverse spacing Li= 4D.
It is seen from this figure that drag falls to a minimum value close to spac-
ing Li= 2D for all the cylinders. Also, contrary to the previous figures,
highest drag is observed for spacing Li= 1D. However, highest drag is observed
beyond Li= 3D for the cylinder with side ratio of H/D= 1.256. The drag changes
very little beyond longitudinal spacing Li= 3D for all the c¢ylinders. It is
seen from this figure that in case of square section cylinder[27] minimum drag
_occurs close to longitudinal spécing L1= 2D and highest drag is observed
beyond spacing Li= 3D. From figures 4.25 to 4.27 it is "evident phat the
cylindér with side ratio of H/b= 2.0 experiences lowest drag at all combina-

tions of longitudinal and transverse spacings.

4,2,.3 Pressure Distribution on Downstream Cylinder

The Cp—distributions on the bottom downstream cylinder with side ratio
of H/D= 1.25 for varying longitudinal spacing(L1) keeping the transverse spac-
ing constant at Le= 1D is shown in the figure 4.28. It is observed from this
figure that when Li1= 1D the value of Cp rises close to unity on the front sur-
face near the bottom corner. For the spacings of Li= 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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isolated cylinder.

when the downstream cylinder is closer to the upstream one, the front
face of that cylinder remains in the wake region created by the upstream body
which is the cause of negative pressure oﬁ the front face. However, for spac~
ing Li= 1D the bottom corner.of the downstream cylinder does not fall in the
wake region of the upstream cylinder and thus a stagnation poiﬁt is estab-
lished near that corner.

Observing the preésure distribution on the top sﬁrface of the cylinder
it is found that for spacing Li= 2D and 3D nearly uniform distribution of
pfessure occur throughout the surface. However, for spacing Li1= 1D, 5D and 7D
higher negative pressure at the front corner and pressure recovery at the rear
corner is observed. The variation of Cp-distribution on the bottom surface is
quite different. For longitudinal spacing of Li= 1D uniform pressure exists
throughout the surface. While for larger spacings pressure is very low at the
front corner with rapid increase in pressure towards the rear corner indicat-
ing the tendency of reattachment.

The figure 4.28 also reveals that pressure distribution on the back
surface of the cylinder for longitudinal spacing of Li= 1D is low followed by
a rise in pressure for spacings Li= 2D and 3D. However, for higher spacings
again the value of pressure drop. It would be relevant to mention that due to
the symmetry of flow the pressure distributions on the top downstream cylinder
are identical.

The figures 4.29, 4.30 and 4.31 show the variation of Cp-distribution
due to the effect of longitudinal spacings of Li= 1D, 2D, 3D, 5D and 7D fof
downstream cylinder with side ratio(H/D) of 1.5, 1.75 and 2.0 respectively
kéepiﬁg the transverse spacing constant at 1D. One may observe from the

figures 4.28 to 4.31 that for all side ratios from 1.25 to 2.0, nearly similar
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trend of pressure distribution appear. On fhe front surface of all. the
¢ylinders with side ratio of 1.5, 1.75 and 2.0 negati?e Cp-values are observed
for Li= 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:f0r distance Li= 2D and 3D. However, the nature of pressure curve for
spacing L1= 1D is unique to the cylinder with H/D= 1.25. The figures 4.28 to
4,31 also reveal that another deviation from the general +trend of pressure
distribution occur which is uniform on the bottom éurface at Li= 1D for thé
cylinder with side ratio of 1.25.

The vériation of Cp-distributions on the downstream cylinder with lon-
gitudinal spacing(li)} for constant transverse spacing L:= 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 (L1=1D,2D)} and gradually decreaseé for larger spacings. This 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 gpacing is 1increased the front surface is effected by wake but in
small amount.

Pistribution of pressure on the top surface reveals that for lon-
gitudinal spacing of Li= 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 Li= 3D, 5D éna 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 fatio of 1.25 are almost uniform for spacings Li=

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
COTrner.

It can be seen from the figure 4.32 that as the longitudinal
spacing(L1) increases the Cp-values on the back surface rises. At the spacing
Li= 1D the ffont 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
Li1= 1D is nearly similar to that of an isolated cylinder. However, with in-
crease in longitudinal spacing the front face of the bottom cylinder fall in
the wake region and the flow becomelprobably more turbulent and the pressure
atrthe back surface rises gradually.

The pressure distribution around the rectangular cylinders with side
ratios of H./Dz 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 Li= 2D. The pattern of Cp
—-distributions on the front surfaces of the cylinders are gquite 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 Li= 2D. It may be obscrved that at Li=
1D and H/D= 1.25 there is the maximum negative Cp-value.

From the pressure distributions on the bottom surfaces of these
cylinders as the figures 4.33, 4.34 and 4.35 shoﬁs, there exists low pressures
near the front corner and pressure recovery takes pléce towards the rear for
spacings Li= 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 significantly large negative Cp-value
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occurs near the front corner at longitudinal spacing of Li= 2D and at this
spacing uniform pressure distributions are observed in the case of the other
cylinders. Again for the cylinder with side ratic H/D= 1.75 lowest pressure on
the back surface is observed for spacing Liz 2D. However, the nature of pres-
sure distribution curves on the back surfaces of the other cylinders are mére
or less similar to that with H/D= 1.25. The pressure distributions on the
froht 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 Li=
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 infiuence 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 Li= 1D 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 along the length of the bottom surface is ob-
served with increase in longitudinal distance.

The Cp—digtributions 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. The
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.spacing suggesting relatively higher influence of wake prqduced 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 and 2.0. On the bottom\ surface reat-

tachment tendency is observed with higher side ratios. The back surface pres-

35



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 po—efficients with longitudinal spacing(Li) on
downstream cylinder for different side ratios is shown in the figure 4.40 at
constant transverse spacing of Li= 1D. The figure aiso 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
range of 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 longitudinal spacing of Li= 1D followed by a rapid fall in drag with
small rise of Li. 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 wvariation of drag on
square section c¢ylinder 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 Li= 2D. From this figure
it is observed that low drag at lafge spacings{L1) and high drég at small
spacings are developed which is opposite to the nature of drag found for
transverse spacing of Li= 1D. This general 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 4.4l
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shows that the drag for Lt= 2D at any longitudinal spacing is always higher
than that for Li= 1D at the corresponding longitudinal spacing. This behaviour
ofldrag 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 fhe general trend of the drag curves for
the other side ratios., For H/D= 2.0 at Li= 2D drag rather increases slightly.
High drag at spacing Li= 2D is also observed for the cylinder with side ratio
H/D= 1.0.
. The variation of drag co-efficients with 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. Howevef, at Li= 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 sguare 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(Li) on the
downstream recfangular cylinders is shown 1in the figure 4.43 at constant
transverse spacing of Lt= 1D. It is seen from this figure that negative 1lift
exists on each of the cylinders for all longitudinal spacings and side ratios
except for side ratio(H/D) of 1.25 at Li= 1D. 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[256]
showed that square cylinder expefienced 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 1lift is only produced -on the
cylinder with side ratio of H/D= 2.0 at all longitudinal spacings.

The figure 4.44 shows the variétion of lift co-efficients with lon-
éitudinal spacing for constant transverse spacing of Li= 2D. ‘It is noted from
this figure that the . cylinders with side ratios of H/D= 1.25 and 1.5 ex-
perience positive iift'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 Li= 2D
a large positive 1lift is developed on the cylinder with side ratio_of H/D=
1.25 whereas a high negative 1lift 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 bottpm surface at spacing Li= 2b 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 Li= 1D and 2D as
revealea from the figure 4.32. A.C.Mandal|27] in his paper showed that a large
negative lift was developed on square section cylinder fof longitudinal spac-
ings of Li= 1D and 2D which can be seen from this figure:

The figure 4.45 revéals the Yariation of 1lift co-efficient with lon-
- gitudinal spacing at constant transverse spacing of Lt= 4D. It is observed
from this figure that positive lift is developed én all the éylinders at small
spacingsl (L1=1D,2D,3D) whereas negative 1ift is produced at larger spacings.
The reason is easily understandable from the figu;es 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

thch can be cobserved 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 éngle 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). When three cylinders were considered, fluctuations
increaséd appreciably on the downstréam 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 Reynelds number it has been shown by tests
carried over a wide range of Reynolds number that the flow pattern around a

éharp—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 Reyholds nunber flow 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 henceforth 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 rectgngular 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 présence of the body is called solid
blocking. The weake behind a body has a mean velocity lower than the free
stream. According to the law of continuity, thg 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 pr%nciple 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 adjaceht 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 wéke blocking and solid
blocking, blockage correctioﬁs are reqguired 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 iO% of
the tunnel working section area.

The total solid and wﬁke 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
blockége percentage. In the ﬁresent study maximum blockage percentage was
around 13.9% fﬁr the single cylinder with side ratio 2.0 at 45° angle of
attack. The downstream c¢ylinders in the staggered form occupied a blockage

area of 13%. No blockage corrections were made because the correctiocns needed
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are small and also any corrections would make the

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

CONCLIISTONS AND RECOMMENDATIONS
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 attgck 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 phe rear corner towards the front corner of the windward surface
with increase in ahgle of attack.

(3) Flow reattachment commences at smaller angle of attack if the side
ratio is increased.

{(4) At small angle of attack the Cp-value decreases considerably near
Vthe front corner of the windward(bottom) 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
120 angle of attack for all side ratios. Also withiﬁ 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 ratic 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 L:= 4D
and longitudinal spacing Li= 1D.

(8) The Cp-distributions on the front face of the downstream cylinderé
with side ratios of H/D= 1.5, 1.75 and 2.0 are negative for Lt= 1D and Li= 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 cornef of the front
face for Li= 1D, while negative Cp is developed for spacing Li= 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({L1) when transverse spacing'Lt: 1D.

(10)Very high negative pressure is developed on the top surface of the
downstream cylinder for all side ratios at Li= 2D and Liz 1D. The maximum
negative Cp occur at H/D of 1.25 which ié -2.85.

(11)In the staggered form drag is lower on rectangular cylinders with
higher side ratios.

l(lZ)The drag on an isclated cylinder is higher in general than that on

the same cylinder while it becomes part of a group.

5.2 Recommendations

(1) The same experiment can be done with flow visualization technique
to get a better understanding about the formation of wakes and vortex shedding

pattern.

43



(2) Experiment can be performed on surface mounted rectangular
cylinders within the bhoundary layer.

{3} Investigation of flow around staggered rectangular cylinders at
different angles of attack may be done.

(4) The effect of surface roughness on the flow over isoclated and groﬁp
of rectangular cylinders can be investigated.

{5) The effect of Reynolds number on staggered cylinders with varying
side ratios may be investigated.

{6) Building models of various 6ther shapes and sizes can be brought

under this kind of investigation.
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APPENDIX—A

Determination of Ceo-efficients

1. Determination of Lift and Drag co-efficients:

FL

——‘ - AL/2 \ . Al/2

: i
Pih —— Fp
Poh—=—t ' Al /

P3h —=— to

Peh—1

Uo pSh;_.w

N T
Py Pav | Pny

The section of the cyviinder shown in the above T[igure 1s

"divided horizontally into five equal strips of width al with a

tapping point at the mid point of each strip. Similariy it 1s
divided vertically inte n equal strips, where n is the number of
tapping points on the bottom surface of the cylinders of dif-
Fferent side ratioé. Al/2 is the remainder width of the section
from the end corners both in the horizontal and vertical
direction. It 1is 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 1s as-
sumed to be constant over a certain length at each section and

therefore the area under each strip is Al.
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Let Pih, P2hyes+2.4., Psn, and Ply, Pzv, +:4242.5 Pnv Dbe
the preésure difference in meter of manometer liquid between the
opposité surfaces of each strip along the horizontal ana vertical
directions respectively. By trapezoidal rule the total force per

unit length can be taken as:

Fp= Yw XA1[2P1n+Pzh+...+3Psnlcosa + Yuw xAl1/2[P1n+Psn]cosa
+YwxO1[2P1v+P2v+. ..+ iPnv]sina + Ywll/2[P1v+Pnvisina
ceea (1)
and Fr= Yw mﬁl{%P1h+ch+...+%P5h]sina + Yu x al/2[Pin+Pshjsina

+Ywxal[2P1v+P2v+. ..+ 3Pnv]cosa + Yw XAL/Z[P1V+an]cosd
Lol i2)

where the terms for the half width strips are added
algebraicilly. ’
Now,Fp= Tw xal[(P1in + P2h +...+ Psh)cosa + {(P1v + P2v+Pv)sina ]

= Ywal|{aPhcosa + APvsina ]
where aPh= Pih + Pzh + ... + Psh

APv= Piv + P2v + ... + Pnv

Equation (3) may be written in the form,

Fp = Yo &l[ aPp]

whereAPp = APncosa + APvsina

Similarly equation (2) may be feduced to the form,
Fr = Yw al[ aPi]

where PrL = aPpsina + APvcosa

By the definition of drag co-efficient,

Cp Fo/ %ﬂAUoz

Yv aAlaPp/ £P64AlUo2 where, A=6al 7

Yv APp/3 p Uo? : : {(4)

Similarly lift co-efficient is given by,

1§ I

1t

Cr = FuL/3pA'Uo?

= Yw alAPp/3 P (n+1)alUc? where A’ =(n+l1)al _

= Yo AP1/3(n+1)p Uo? | (5)
At zéro angle of incidence, i.e., when a = 0°, 1ift and

drag coefficients are reduced to the forms,
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Co = 4Pn/30Uo? o (6)
CL = &Pv/%(n'Fl)JOUoz {7)

2. Pressure Co-efficient:

Pressure co-efficient is defined as Cp = (P-Pol}/2,PUs"?

3. Total Force Co-efficient:

Total force-co-efficient is defined as Cr= {{(Cp2 + CL2)

4, Calculation of Co-efficients:

Since Uo = 42ghuy

= J(2g Ywhu/ Ya)

where hy 1is lthe heiéht of reference velocity head in the
manometer limb and Y« and Ya are the specific weights of water
and air respectively, we have

1PUc? = Tehu
So that Cp = (P-Po)/%pUo? =(hp - h)/hu (8)
where hp and h are the height of reference pressure head and lo-
cal pressure head respectively in the manometer limb,

When the cyvlinder is oriented at 0° angle of attack-we have
for the front face

Cp = YwaPh/3p6Uo?

and &P h Pin + P2h + ...+P5h

(hi-h1’) + (hz-h2’) + ...+{hs-hs’)

where hi and hi' areé 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 coefficient of pres-

sure on the front surface as
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_ Cp1 = hp~-hi/hu (9)
Cp2 = hp-hz/hu (10)
Cps = hp-hs/hu {13)

and similarly on the back surface pressure coefficients are

Cp1’= hp-h1’/hu (14)
Cpz'= hp-h2’/hu | : (15)
Cps5’= hp-hs’/hu {18)

Now the coefficient of drag can be written as

1

Cp = ZY¥w(hn’-hn)/3pUc?.6

Z (hn'-hn}/6hu (19)

il

From equations {(8) teo (13) and equations (14} to (18) it can
be written in general that

ha .= hp-Cpnhu

hn’= hp-Cpa’hu
and hence from equation (19) the drag coefficient becomes in
terms of pressure coefficient as

Co = £{(hp-Cpn’hu) - (hp-Cpn}]/6hu

L{Cpn-Cpn'}/6 ' ' {(20)

Using equation {8) coefficient of préssure can be calculated
directly from experimental values of pressure head and hence with
the help of eguation (20) coefficient of drag can be calculated

directly from corresponding pressure coefficients.
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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 analysed in the way
Kline and McClintock.

Uncertainity for Pressure Measurement:

If u = flat,a2, ... an)
Then the mean pu = f{a&i, &2,.+..,0dn)
su
and the variance ou? = Z{— }Zoai
Sai

Tn terms of objective coefficients of variance

gu? Su  ai ouai
du? = =585 — . — 32 . ]
Hu? Sai  u ai
n du ai
x5 ( — .— )2 6%ai
i=1  bai pu

suggested by

(1)

(2)

(4)

where &6u is the coefficient of variance and Sai 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 _ (5)
and the absolute static pressure’

P= Pa-Pr ’ - (8)
The recorded pressure is nothing but Ywhw. So that

P =Pa - Yhhw

1t

Pa - Yhw/100 (7)
where hv is in cm of water.
Since the change of density of water is negligiblé, so the uncertainty in sur-

face static pressure measurement 1is

5P 6P

op = [{ — .opa)? + ( — .onw)2}1/2 (8)
6Pa &hw

Now 5P

— =1

5Pa

6P

— = - Vh X 1/100

Shw

gp = [oOpa? + *hz(lfloo)z. ghwt]l/2 . {9)

ap [opa? + Yw2(1/100)2, onw?]l/2

P Pa - hw Y; x1/100

But for a short interval ogpa = O

op [ Yw(1/100)ohw ]
Hence — =
P Pa - hw thl/lOO
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Now P =101325 N/m?
Yw=1000 kg/m3
hw=9.65cm * 0.63cm of H:z20

op/P = 5.166x10-5 1i.e. 0.005166%

Uncertainty in Mean Velocity Measurement:

When air was flowing with a velocity of U cm/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 = 42ghu Y/ Ya (10)

where Yw and Ya are the specific weights of water and air respectively. If the

sensing point of the pitof static tube had a misalignment of 8 from the direc-

tion of flow due to adjustment error then the measured velocity would be

u

J(ZghuYh/Yh}.secBV . : (11)

Using P

H

pérature of air respectively, then velocity u becomes

J{2ghu TWxRT/P)secB

u =
= {2gRYw x 4 (hu.T/P)sech
= CJ(huT/P)sech (12)
Here u = f(T,P,hu,8)

So the uncertainty in velocity measurement can be expressed as

Su &u du &u
gu={—.0p)2 + {(—.01)2 + (—.0Wu)? + {—.00}% (13}).
op 57T Shu 56 ’

Where op, OT, oOhu and oo are uncertainties associated with

27

YaRT where P,'R.and T are pressure, gas constant and absolute tem-

pressure,



temperature,manometer reading and alignment of the probe with the flow

direction.

To get the uncertainties involved in the different variables the
respective partial derivatives are now found out. Again writing eguation (12)

in the form

u = Cf{hu.T/P).sech

The partial derivatives of U are found to be

du
— = CWhuT.secOx(-3P-3/2)
5P
= ~C/2{huT/P3.secB - (14)
du
— = CJ/hu/P.sec8,.3T-%
8T
= C/24hu/TP.sech {15)
Su
— = (JT/P.secH.thu-¥ - {16)
&h '
du : .
and — = C{huT/P.secH.tanb ‘ {17)
&6

Putting these egquations to equation (13) we get

[{-C/24huT/P3.secB.op)? + (C/2secBihu/TP.o7)2 + (C/2/T/Ph.secBon)?

Tu
+ {C/hu/P.secf.tanf.00)2]?

[{C2/4.huT/P3(secB)2,0p2 + C2/4,hu/TP.(sech)2.012

+ C2/4,T/Phu.sec?8 oghu?2 + CZhuT/P.sec?0.tan20 go?lt

C/2 cosB[ (huT/P3)ap? + {hu/TP)or? + (T/Phu)ohu?

+ 4(huT/P)oo?.tan?6}? {18)
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Now dividing equation (18) by egquation {12} the uncertainty in velocity

measurement takes the form

:i =3[ 0p2/P2 + 012/T2 + ghu?/hu? + 4002.tan?f }?

u

The direction is taken for objective uncertainties. There is also sub-
jective uncertainties which is.considered 5%, so the final uncertainties-be
comes | |

Ou

— = % [0p2/P2 + 012/T? + onu?/hu? + 4go2.tan?6 + dZ %
u

Now during an experimental run, the following conditions were observed.

P =76.2cm £ 0.10cm of Hg

T = 820 + 2°F .

hu= 1.91cm * 0,0254cm of water
6 = 00 % 2¢°

The corresponding uncertainty in velocity measurement becomes

ou/u = 0.0138 i.s., 1.38%
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FIGURES

All measurements are in millimeter unless otherwise menticned
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Figure 4.40: Variation of drag co-efficient (Cplwith longitudinal spacing
(L) on downstream cylinder with different_sidé ratios keeping
transverse spacing (Lt ) constant at 1D '
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Figure 4-41:Variation of drag co-efficient (Cp)} with longitudinal spacing
(Ly) on down stream cylinder with different side ratios
keeping transverse spacing (Lt) constant at 2D
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" Figure® 4-42: Variation of drag co-effictent (CD) with longitudinal
spacing (L|) on downstream cylinder with different side
ratios keeping transverse spacing (Lt) constant at 4D
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Figure 443 Variation of lift co-efficient (CL) with longitudinal
' " spacing (L} ) on downstream cylinder with different
side ratios keeping transverse spacing (Lt} constant at 1D
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| Figure 4.44: Variation of lift co-efficient (C) with longitudinal spacing
(Ly) on downstream cylinder with different side ratios
. keeping transverse spacing (Lt) constant at 2D
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Figure 4.45: Variation of lift co-efficient (C1) with longitudinal spacing (L1}
on downstream cylinder with difterent side ratios keeping
transverse spacing (Lt) constant at 4D
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