FLOW INTERFERENCE BETWEEN GROUPS OF

THREE AND FOUR EQUISPACED CYLINDERS

A THESIS

by

.A.T. SAYERS (BSc. . ey M. 1.Mech . E., C.En

Submitted to the Department of Mechanical Engineering
of the University of Cape Town as a requirement

for the degree of Doctor of Philosophy

1989

Ay

mversn :’ "'”""""-fz::w TN
Tﬂféggnrm (i Sarg e Iﬂmg}ugn
rt" Copyrighs S:ln. while
. g ls he!d by the & author.




The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



ABSTRACT

This the#is is a study of the interference forces acting on
one cylinder comprising a group of three and four cylinders
when situated in a free stream flow. The spacing of the
cylinders was such that the lines joining their axes formed an

equilateral triangle, and a square respectively. The study is
split into two parts,

(a) potentiél flow over the groups of cylinders

(b) real flow over the group§ of cylinders

(a) The potential flow study developed equations for the
complex potential of the flow over the groups of cylinders
based on the method of images for doublets exterior to a
cylinder in a potential flow field. From the complex
potential equations thus formed. the absolute Velocity on the
surface of a cylindér was determined, and thence the pressure
and force coefficients for that cylinder. The equations were
solved numerically by computer programme and !ift and drag

data for one cylinder in the groups of three and four are.

presented and discussed.

(b) The real flow study was carried out in an open jet wind
tunnel test section at a nominal sub criﬁical Reynolds number
of 3x10*. Open Jjet wind tunnel blockage corrections were
first investigated. Drag force data. relating to variable
area ratio bluff bodies, and measured with a strain gauge
balance, enabled blockage correction factors for the open jet

wind tunnel to be determined. These were found to decrease as



(i)

the distance oflthe bodies from the mouth of the wind tunnel
increased.

Base pressurevmeasurements along the span of a single
cylinder spanning the open jet test section confirmed the
existence of three dimensional flow over the cylinder due to
end flow effects at the interface of the wind tunnel Jjet and
surrounding quiescent atmosphere. The fitting of end-plates
to the cylinder within the jet boundaries was found to give 5
spanwise base pressure distribution and circumferential
pressure distribution pertaining to those found in two
dimensional flow over a single cylinder of infinite length.
This experimental arrangement was used to study the flow
interference between the groups of three and four cylinders
since these regimes Tormed a standard experimental base on
which to establish much needed design data.

The 1ift and drag coefficients on one cylinder of the group
were determined from static pressure measurements around the
cylinder at Various angular orientations to the free stream
flow direction, and for cylinder spacings in the range
1.1<5/D<5. The total lift and drag coefficients for, and the
direction of the resultant force acting on the structures as a
whole weré also determined for the various free stream
directions.

Although the main thrust of the thesis is towards steady
state time averaged flow interference, some dynamic effects in
the form of flow visualisation, voftex shedding and‘cylinder
frequency responsé are included as an addendum.

In presenting this thesis the author is claiming the

following contributions to the field of flow interference over
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groups of cylinders:

1.

Lift and drag coefficients in potential flow over groups

of three and four cylinders are calculated for varying
inclination angles, and spacing ratios, of the groups to

the free stream.

2. Blockage correction factors for bluff body flow in an open
jet wind tunnel have been determined experimentally.

3. An experimental base has been established for the formula-
tion of design codes based on zero wind tunnel blockage
and zero end effects.

4. Force coefficients acting on groups of three and four
equjspaced cylinders have been determined experimentally
for the ranges 1.1<{S/D<5 and 0<a<180 degrees, and show
that sudden changes in magnitude and direction occur
randomly as the incident free stream direction is changed.

5. The magnitude and direction of the force coefficients are
highly dependent on the cylinder spacing, a fact supported
by experiment. |

6. Comparisons between the potential and real force
coefficients acting on groups of three and four cylinders
are made.

7. Pressure distributions around the cylinders comprisihg
each group are presented as design code data for immediate
use by designers.

In summary the |lift, drag and pressure coefficient ﬂata
presented in this thesis will prove valuable in the design of

heat exchangers where force coefficients resulting from fluid

flow through tube bhndles are of importance: in the design of

5
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chemical plant where flow around adjacent chimneys and stacks

is of immediate concern;: and in the design of semi-submersible

oil rigs and production platforms, a topic of :increasing

fmportance to South Africa.

That the results of this thesis are of significant
fmportance to the indusfrial aerodynamicist, ts exemplified by
the publication of three papers in the international
literature. These papers are cited at the end of the thesis

and copies may be found attached to the back cover.
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PREFACE

The designer of cylindrical structures lying in close proxi-
mity to each other in a liquid or gas flow field, should be
aware of the aerodynamic forces incident upoﬁ the respective
cylinders comprising the structure. Data relating to the flow
over a single cylinder in a wuniform free stream is well
represented in the literature but when <cylinders are moved
into close proximity to each other, the flow pattern about
each cylinder can differ radically from the single cylinder
‘pattern and this leads to changed force coefficients.

A literature survey reveals that many Investigatorsvhave
experimentally determined, in wind tunnels, the interferencd
force coefficients acting on two cylinders in close proximity.
In most cases, little or no account has been taken of wind
funnel blockage effects and cylinder énd effects, thé
important criteria usually being to solve a particular problem
as qutckly as possible.

The author has therefore identified the requirement for a
standard design data base to be established. this data being
detérmined in terms of two dimensional flow over groups of
three and four infinitely long cylinders, in a rat[onal and
precise way. This thesis deals with a number of aspects

‘relating to the westablishment of analytlcal and experimental
techniques used in achieving the above mentioned flow criteria
and hence the determination of the force coefficients acting

on the cylinders comprising the group.
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CHAPTER 1

{

REVIEW OF PREVIOUS INVESTIGATIONS OF FLOW

INTERFERENCE BETWEEN GROUPS OF CYLINDERS

1.1 INTRODUCTION

Although many eﬁglneerlng structures rely on cylindrical com-
ponents or elements which, when assembled, form the whole, It
is a fact that very little basic data relating to the forces
acting on groups of more than two cylinders actually exists!.
Of the data that does wexist, this appears to have been
obtained in response to a specific iIndustrial requirément with
the result that no standard <code <can be referred to by a
designer as a starting point for a design. Zdravkovich (1977)
{1) stressed this point in stating that investigations of the
flow around groups of <cylinders 1is an example of the
unsystematic and fragmentary research carried out mainly to
solve immediate practical problems.
Some of the varlablesvused.by other authbrs have been

1) Number of cylinders in the group

2) Cylinder spacing

3) Free stream Reynolds number

4) Cylinder aspect ratio

5) Wind tunnel blockage effects

6) Open or closed jet wind tunnel

7) Method of force measurement

In thits chapter, details of previous work on interference



flow between groups of two or more cylinders will be discussed

with reference to the aforementioned variables. It will be
seen that whilst flow interference between two cylinders has
been well documented, albeit in a haphazard way, it does

never—~the-less represent a body of data to which a designer
could turn when carryitng out initial design calculations. In
contrast, for flow interference between groups of more than

two cylinders, experimental data is very scarce and because of

the lack of any standard experimental procedures, could not

readily be included In a standard code.

To provlde an understanding of the interference flow over
groups of more than two cylinders, the author has obtained new
data, <collected wunder standard cond]tlons. which, it is
suggested forms the basis for a library of standard design
codes to which design data that have been obtained under

similar experimental conditlons may be added.

1.2 HISTORICAL BACKGROUND

Applications of flow around cylinders started in the
aeronautical field with the study of flows around twin struts
and support wings and then moved to hydronautical &engineering
in eXahinlng the vibrations of periscopes., snorkels and radar
masts. Civil engineering Jjoined the field with studies of

wind flows around chimney stacks and buildings and latterly of

sea flows around jetties and other offshore structures. In
‘electrical engineering, twin conductor transmission line
vibration stimulated research whilst in mechanical and

chemical engineering, heat exchanger tube vibratfion and pipe

rack forces gave impetus to further studies.



The development of technology 1in historical terms has
caused the study of flows over <cylinders to move from one
cylinder, to two cylinders, to three or more cylinder
coqfigurations. This natural progression makes it ~convenient
to)chronologically review the previous work carried out  first
in terms of two vcylinders and then for multi-cylinder

configurations.
1.3 FLOW OVER TWO CYLINDERS

In the case of two cylinder flow, three configurations of the
cylinders are possible. There is first the tandem arrangement

where the cylinders are arranged one behind the other paralilel

to the direction of the free stream. Secondly, the <cylinders
can be set transversely, i.e. side by side, in a line
perpendicular to the free stream. The third arrangement is

staggered. and applies to any configuration other than the

former two.
Cylinders in tandem

Studies in flow around two <circular cylinders arranged in
tandem, began in aeronautical engfneering in the early era of
biplanes. This was because of the then cﬁmmon practice of
employing cylindrical struts (later superceded by streamlined
struts) to connect the two wings. Pannell, Griffiths and
Coales (1915) [2] reported the results of force measurements
on two parallel circular wires, the centre line distance bet-

ween the wires (S/D) varying from 1 to 6. With both wires

exposed to the wind. the <combined drag force was measured at



inclination angles up to 20 degrees from the fully tandem (one

behind the other) arrangement, the inclination angle being
that between the line joining the centres of the cylinders and
the wind direction. ‘They noted that when the wires were in

contact, (S/D=1), the total drag force amounted to bnly 40
percent of that on a single wire and that this was due to the
streamlining of the overall flow pattern in the latter case.
The wire diameter was 12.5 mm and the Reynolds number
9.72x10%. |

Biermann and Herrnstein (1933) [3] reported on drag force

measurements for each cylinder in a group of two, the cylinder

spacing being extended to nine diameters. They found that for
a cylinder centre line spacing of four diameters or more,
there was practically no interference. For spacings less than

four diameters the interference drag, defined as, the differ-
ence between the drag of the cylindefs in combination and the
sum of the drags of the cylinders measured in isolation, could
be either positive or negative depending on both the Reynolds
number and the cylinder gap.

Spivak (1946) [4]), using a hot-wire anemometer, carried out
a detailed investigation of the predominant frequencies in the
flow field behind a pair of tandem cylinders over a Reynolds
number range from about 1.5xI0' to 9.3x10' and spacing
1<S/D<7. He discovered three fairly distinct regimes of flow.
For cylinder spacings greater than 2 diameters the frequency
of vortex shedding from »ihe upstream or leading cylinder was
the same as that for a §fngle body. wheréas for gaps of less
than 1.5 diameters thé shedding frequency appeared to be

associated with a body of width =equal to twice the cylinder

diameter. At intermediate gap widths the flow was less well



behaved and frequencies associated with a single and double
body could both be detected. These results of Spivak (4] and
later those of Hori (1959) [5), confirmed Biermann and
Herrnstein's [3] findings that the wakes behind the two
cylinders were different for spacings of less than 2
diameters, weven though the geometrical arrangement is
symmetrical with respect to the free stream.

The cylinders used by Spivak [4] were of aspect ratio 12.3
and spanned a closed jet test section wind tunnel. The bldckf
.age. defined as the percentage of the test section cross-

sectional area taken up by the total projected area of the

cylinders (a/A), was 16%.

Pressure distributions around two cylinders in tandem

arrangement were measured by Hori (1959) [5]. The pressure
distributions are shown in polar coordinates in Fig. 1.1, for
three cylinder spacings of 1.2, 2.0 and 3 diameters. It can

be seen that only the rear part of the upstream cylinder was
affected by the presence of the downstream cylinder and as the
cylinder spacing increased.. so the base pressure coefficient
increased and consequently the drag on the upstream cylinder
decreased. They concluded that the decrease of the interfer-
ence drag coefficient was <caused by the drop in the base
pressure only.

On the part of the downstream cylinder facing the gap. low
negative pressures of the same order of magnitude as the up-
stream cylinder base pressure are observed. This indicates
that the flow in the gap is almost stagnant; Also, the nega-

tive gap pressure coeffictent of the downstream cylinder

exceeds that on the base side of the same cylinder 'resulting

in a negative drag force or thrust in the upstream direction.



Two symmetrically positioned maximum pressures are to be
observed at the points "x" in Fig. 1.1 and these correspond to
the reattachment points on the downstream <cylinder. of the
flow which has separated from the upstream cylinder. The
angular distance between the reattachment points decreased as 
the cylinder spacing increased from 2 to 3 diameters.

Time average pressure coefficient distributions around the
downstream cylinder of two <cylinders in tandem at a Reynolds
number of 10°, were determined by Zdravkovich and Stanhope
(1972) [6) and are shown in Fig. 1.2, They found that for
small spacings up to 3.5 diameters the pressure distributions

were similar, and displayed the same features as those found

by Hori (1959) (51. For <cylinder spacings beyond 3.5
diameters, a second similar group of curves, including one for
the pressure distribution around a single .cylinder. are
formed, all of them showing only one maximum pressure at the
stagnation point and no sign of the reattachment peaks. They
conéluded that for small spacing, up to S/D=3.5, there arebtwo

'symmetric peaks, presumably corresponding to the reattachment
points, whilst for greater spacings, there 1is a single peak

corresponding to the stagnation point.

Transverse cylinders

Biermann and Herrnstein (1933) [3] also measured the drag
forces on two cylinders spaced transversely and found ;hat the
interference drag was zero for all spacing ratios greater than
5 but increased as the spacing was reduced to 2.25 diameters.
For smaller spacings the flow pattern became bi-stable,

changing randomly from one flow pattern to another. In these



UPSTREAM CYLINDER ~ DOWNSTREAM CYLINDER

Fig. 1.1 Pressure distribution around two cylinders in tandem [5]
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Fig. 1.2 Pressure distribution around downstream cylinder in various

tandem arrangements [ﬁﬂ ,



tests, the <cylinders spanned an open Jjet wind tunnel with
their ends protfuding through the air stream boundary, and
even allowing for the relatively large aspect ratio of 48, end
flow effects would cause errors in the pressure distribution
around the «cylinder and therefore fn the drag force. The
worst blockage, encountered in the transverse position when
two cylinders are fully exposed to the air stream was 6% which
is not likely to have had any effect on the results.

It is rather unfortunate that a Reynolds number of approx-
imately 10® was chosen. since this is in the transition region
from a laminar to a turbulent boundary layer in flow over a
single cylinder, and whilst the flow pattern might be quite
“stable at the higher <cylinder spacings, instability could 1in
part be responsible for the fluctuating interference drag at
tﬁe smaller spacings.

Using the Schlieren optica] method, Ishigai, et al. (1972)
{71 photographed the flow patterns around two transverse
cylinders and showed that for spacings greater than 2.5 dia-
meters the vortex formation and shedding is coupled and sym-
metric about the axis of the gap. whilst at spacings less than
1.5, the vortex shedding is uncoupled and weak, and the gap

flow biased to one side. This leads to wide and narrow wakes

being formed behind the cylinders, the biased flow in the gap

being bi-stable, and easily changed from one cylinder to

another when a flow disturbance occurs.

Simultaneous measurements by Bearman and Wadcock‘(1973) {81
of the base pressures of both cylinders in the transverse
arrangement revealed that for <cylinder spacings between 1.1

and 2.3 diameters, the base pressure on each cylinder was

different and that it changed from one steady state value to



another or simply fluctuated between the two extremes. They
also found that stopping and starting the tunnel again could
cause the pressure to change over, Their measurements were

carried out in a closed jet tunnel, correction for blockage
being in accordance with Maskell (1965) [(9}. The Reynolds
number of the flow was 2.5x10*, the cylinder aspect ratio 30,

whilst at worst before correction, the blockage amounted to

only 3.8%.

Staggered arrangement

The staggered arrangements may be classified into five regions

of interference force:

1) Negligible lift force‘and reduced drag force.

2) Small lift force (repulsive) and reduced drag force.

3) A lift force (repulsive) and increased drag force.

4) Negligible Iift_force and increased drag. A small
region beyond which the ﬁylinders behave singly.

5) Negative lift force and decreased drag force. A

dominant region for the downstream cylinder.

Regions 1, 2 and 3 apply only to the upstream cylinder
whilst the downstream cylinder can be in all regions.

Hori (1959) (5] carried out syétematic measurements of the

pressure distribution about each <cylinder in staggered
arrangement, and from them <calculated the lift and drag
coefficients. From these coefficients the resultant
interference force <coefficients were <calculated ‘and _are

plotted as arrows in Fig. 1.3, the interference effects being



10

p=Cps // y/p \6L™0

—
— ——

@ ) \\)’/—]J\\\/ o Re = 8x10°
AT
FLOW \/ \
——— e - - ! | X/D
\ 0 -/I 2 3
i ~
N /
<:> -~ ]\~ =— /\ ™~
-— / AN
SN I\ ®
o A
e @ \ R s
g / et -~
€.=0 \\ ® N / O) N “»™Cps
! ~
\ ‘C 0 N
- \ =
“>™ ps \ L

Fig. 1.3 Interference force coefficients for all cylinder positions (5]



11

proportional to the length of the arrows. The inclination of

the arrows show the resultant Interfe(ence effect direction

whilst the position of the arrows relative to the origin

indicates whether It applies to an upstream or downstream cyl-
inder. An arrow to the left would indicate an iInterference
force coefficient less than that for the sfngle cylinder (that
is negative) whilst an arrow to the right indicates a positive
interference force coefficient. 1t is évldent from Fig. 1.3
that small changes in relative position can give rise to large
fluctuations of the force coefficients in both magnitude and
direction.

Zdravkovich and Pridden (1977) {(10) determined the lift and

drag coefficients of the downstream cylinder in a group of two

over a vrange of staggered arrangements from tandem to
transverse. They showed that small <changes tn cylinder
spacing can produce large <changes in the flow pattérn and
resulting llft and drag forces. They also found that there’
are discontinuous changes In the flow pattern around the
downstream cylinder, and' in the forces acting on the
downstream cylinder at some critical spacings. In this case,

two types of flow pattern produce two values of forces. and
both flows Intermittently change over.
In the tandem arrangement, a discontinuity occurred at a

cylinder spacing of about 3.5 diameters for 4.0x10*'<Re<5.1x

10*, when two flow patterns Interchanged. The first showed

almost no flow in the gap., but reattachment of the separated

flow from the surface of the upstream cylinder took place on

the downstream cylinder. The second flow pattern showed an

almost fully developed flow in the gap Iimpinging on the down-

stream cylinder. Drag coefficients for - the downstream
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cylinder were negative for cylinder spacipngs from | to 2.1

diameters, and theﬁeafter positive for all other spacings, the
measurements being taken at a Reynolds number of 6x10*. The
corresponding lift coefficients were zero except for the range

2.6<5/D<4 where they were positive.

Zdravkovich and Pridden (1977) [10] plotted the loci of
lift and drag coefficients for the downstream cylinder in
terms of its transverse and longitudinal position in the flow
field and at a Reynolds number of 6.1x10*. These are shown in
Figs. 1.4 and 1.5, where in addition to the two instabi]itiés
found for the tandem'and‘transverse arrangements, a third
ihstability exists at approximately the position X/D=3 and
Y/D=0.25. In this region, lift coefficients ranging from O to.
~0.8 are to be found and these change Iintermittently and at
random. The forces acting on the downstream cylinder were
measured using a three component mechanical balance in a
closed jet teét section. Cylinder end flow effects were
minimised by leaving an 0.5 mm gap between the ends of the
cylinder and two dummy cylinders attached to the walls of the
test seétion. However; no pressure measurements élong the
length of the cylinder were reported to confirm two dimension-
él flow. Blockage amounted to 9% which the author considers
to be high enough to have a profound effect on the measured
forces.

Dalton and Séabo (1977) [11) also carried out a comprehen-
sive study of.fiow interference around two cylinders. The
cylinders were rotated about an axis placéd mid-way along a
line joining their centres such that the inclination of the
cylinders, to the approaching free stream, could be varied.

They measured |ift and drag coefficients on one of the
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cylihders for inclination angles between O degrees (tandem)
and 90 degrees (transverse),  at cylinder spacing of 1<¢(S/D<5.
over a Reynolds number range of 2.78x10°<Re<7.82x10*. They

concluded that the drag coefficient on the trailing cylinder

is strongly affected by spacing and orientation and weakly

affected by Reynolds number; the drag coefficient becomes
fatrly constant at spacing ratios of 5 or more_diameters: and
that the drag coefficient on the wupstream cylinder is more

dependent on spacing and orientation than on Reynolds number.

All the measurements were carried out in a closed jet wind
tunnel. The cylinders, which had an aspect ratio of 16, were
mounted on a turntable in one wall of the tunne)l and were free

at the other end with the gap between It and the other tunnel
wall betng 6 mm. The drag or 1ift force on an individual
cylinder was measured by calibrated deflection strain gauges
attached to the surface. The worst blockage was 12.3% in the
transverse arrangement and 6.2% in the tandem arrangement, Sut
this blockage was corrected byv the mqthod of Allen and
Vincenti (1944) [12] as amended by Dalton (1971) [131].
However, it is lnteresiing to note that at an Incllnatloh
angle of O degrees (tandem), the measured data correlated very
well with that of Biermann and Herrnstein [3], but at an
inclination anglé of 90 degrees (transverse), the drag
coefficients were about 10 percent Jlower than those of
Biermann and Herrnstein [3]. It would seem therefore that the
blockage correction technique employed by Dalton and Szabo 1is
not very reliable at the higher blockage ratios whilst iﬁ the
tandem arrangement, the low value of blockage did not have any
measurable effect on the results. It is difficult to comment

on the accuracy of the Reymolds number effect since this could
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be masked by cylinder end flow effects caused by the 6 mm

gap.
1.4 FLOW OVER MULTIPLE CYLINDERS

One of the first reports relating to measurements.of the force
acting on a cylinder In a group of more than two was by
Roberts (1966) [14]. In studying the aeroelastic vibrations
of an alternately staggered caspade of closely spaced
cylinders. he determined the drag coefficients from pressure
distribution measurements around the cylinder. The study did
not involve wind direction variations, therefore shielding or
buffeting of a tratling cylinder did not occur.

Mair and Maull (1971) [(15) reported on the wake of two-
dimensional bodies, iemphasizing the properties of the wake
which influence the drag on other bodies placed in it. They
carried out experiments on a group of five cylinders arranged
in two parallel rows of three and two, with their centres
equispaced at 2 diameters. The Reynolds number based on the
diameter was 1.5x10®* and the cylinders were 18 diameters high.
With the three <cylinder row upstream, they determined the

variation of the mean resultant force on one of the «cylinders

in the rear row as the orientation of the flow was varied, and
showed that for a particular orientation, the force <coeffic-

jent could vary from 0.67 to 1.17 for a change in wind direc-

tion of 2 degrees. One of their most pertinent conclusions

was, “"Theoretical work to predict the flow around groups of

structures seems at the moment to present large difficulties.

Theory, however, might give some guidance in planning and

interpreting wind tunnel experiments. There is a danger of ad
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hoc testing leading to a proliferation of undigested and
"uncorrelated data”. No details of the size 6f wind tunnel
used by them were given, and therefore no estimation of the
blockage can be made.

Dalton and Szabo (1977) {11] extended their work to a study

of the flow over three cylinders. The cylinders were

equispaced along a line Jjoining their centres, and were

rotated about the axis of the centre cylinder. The lift and
drag forces on a cylinder were measured, as befors, over the
same inclination, spacing and Reynolds number range. The:

worst blockage in the transverse position increased to 18% due
to the addition of the third cylinder and it is therefore most
likely that the results are subject to serious error
especially at the higher fnclinatlon angles.

Gerhardt and Kramer (1981) {16] acknowledged the scarcity
of code information concerning the static wind loads and wind-
induced vibrations of groups of stacks. They chose to perform
tests at a simulated high Reynoids number of the order 107,
based on diameter and velocity. The cylinders were arranged
transversely in groups of three and four: as an equilateral

triangle at various orientations to the wind: and as a group

of five in the form of a square with a larger diameter
cylinder in the centre, each group once again being set at
various ortentations to the wind. The cylinders stood with

their free ends in the wind stream with aspect ratios of 28.6.
No detaijs of the <cylinder diameter or size of tunnel test
section were given and therefore no estimation of the-blockage'
can be made. Drag coefficients at cylinder spacings up to 5

diameters were determined from pressure distributions but

these are not readily comparable with the results of Dalton



17

and Szabo (1977) [11] because of thq super-critical nature of
the flow. They concluded that the largest static wind loads

for groups of stacks occur for transverse arrangements and

wind directions perpendicular to the plane of the centre line
of the stacks, and that to avoid large static wind loads for
groups of chimneys in transverse arrangements, spacings of.

S/D<1.5 and 2.5¢S/D<3.5 should be avoided.

The need for reljable force data for the fluid elastic
stability of structures was noted by Price and Paidoussis
(1984) [171. They stated that for the range of Reynolds num-
bers in which they were interested, only one paper. by Eastop
and Turner (1982) [18], existed. However, this paper confined
itself to flows over three cylinders in tandem or transverse

arrangement. Price and Paidoussis [17] arranged their cylin-

‘ders such that two were positioned transversely at a fixed

spacing whilst a third downstream cylinder could be moved
parallel or perpendicular to the plane of the front row.
Force measurements wére made on the upstfeam and downstream
cylinders for various positions of the downstream cy!inder in
a Reynolds number range | .7x10*<(Re<8.6x10*. The three cylin-
ders, with an aspect ratio of 24, were mounted as cantilevers
across the height of the tunnel test section leaving a gap of
1 mm befween their ends and the tunnel walls. One cylinder
acted as the measuring cylinder and was clamped at its lower
end to a force balance, which was in turn mounted in the wind
tunnel floor.  Maximum blockage was 8.3% and no correction was
made for it.

They concluded that for the cylinder spacings investigated,
the fluid forces on one cylinder in a group of three when

subject to a <cross flow have many similarities to the fluid
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forces on one in a group of two cylinders and.that for
Reynolds numbers in the range 5.1x10*<Re<5.8x10*, the force
coefficients are not significantly affected by the value of
Reynolds number. This statement lends support to Dalton and
Szabo's [1l1] conclusions, especially so, since the blockage
has been more than halved; Also for their data, Price et al
showed that "to within a reasonable degree of accuracy., the
force vcoef!‘icients on one ofv three cylinders may be
calculated, using a principle of superposition, from.the force
.coefficients on one cylinder in a group of two". The
inclusion of this last statement is for completeness, since
the author doubts its validity, even with regard to the data
from which It is derivedt

In a private communication with Zdravkovich (1985) [191],
Bardowicks (1980) [20], presented lift and drag coefficients
acting on one cylindef in a group 6? three arranged as an
equilateral triangle. The Reynolds number was 2x10°: cylinder
spacing varied between 2 and 5 diameters: and the cylinders.of
aspect ratio 10, had free flow over onerend, the other end
being attached to a floor balance. No further information was
given and hence blqckage effects are unknown. The results
would be useful were it not for the Féct that the choice of
Reynolds number is once again particularly unfortunate as it
is in the transition region. A lack of detail of the cylinder
-end flow and blockage conditions also detract from the
results.

Drag coefficients for cylinders in square clusters at S/D=5
in a simulated high Reynolds number flow were measured by

Pearcey et al (1982) (211]. The clusters were in rows and
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were found for the upstream and downstream cylinders in the
2x2 cluster. However, in the 3x3 cluster, a drag coefficient
occurred in the third row which was less than 1in the second
row and this was at variance with the drag coefficieht measur-
ed -on three (tandem) tubes in the sub critical state. The
overall fluid force coefficients acting on the groups were
found to be almost fhe same firrespective of the number of
cylinders in the group, but the overall drag coefficient for

the group is not representative of any cylinder iﬁ it.
1.5 SUMMARY OF PREVIOUS WORK

The papers reviewed show that the most complete physical

picture of the flow around groups of cylinders has only been

developed for two cylinders in vartious arrangements  Althéugh
in many of the papers cited, wind tunnel blockage was ignored,
it was by default, small enough not to have a significant
effect on the results. In more recent work [lO].[lli.[l?] eﬁd
flow conditions were recognised as being of importance and
care was taken to minimise them. With some exceptions ([14],
most research has been carried out in the sub-critical flow
regime in the Reynolds number range 10‘<Re<10® where it has
been shown [111,[17] that Reynolds number effects are neglig-
ible. Because of the range of values of the variables used by
the different authors, it s impossible to correlate their
results graphically but Table 1.1 summarises the important
experimental conditions pertaining to the various authors.
There is then, for the two <cylinder arr;ngement. a sound
body of data in a stable flow regime to which the designer can

turn for information relating to the interference forces act-
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ing on the cylinders. When gfoups of more than two <cylinders
are considered, only a very limited and unclassified data base
exists and this has been determined in an unsystematic manner.
The basic two cylinder interference flow regime is not suffic-
fent Eo describe the additional interaction of cylinders in
groups of three or more and therefore definitive experimental
data obtained under controlled wind tunnel blockage conditions
and at a stable and representative sub critical Reynolds
number is required for these flow regimes. This data will
enable direct comparisons with the two cylinder flow regime to
be made and will form the 'basis of an as yet non existant

standard data code for designers.

The remainder of this thesis describes a potential flow
solution for flow interference between three and four
cylinders: the establishment of standard experimental flow

conditions whjch minimises the werror caused by blockage and
cylinder end effects: the determination of the force
coefficients acting on a single cylinder in a group of three
and four, and the overall force coefficients for each group as

a whole.
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Reference Year Tunnel AR a/A(X) Rex10°* | Turb(X%)
{3] Biermann, et al 1933 | Open Jet | 48 1.23-1.6 6.5-16.3 ?)
(4] Spivak 1946 | Closed 12.3 | 16.2 8 0.02
{5] Hori 1959 { Closed 120 0.8-1.7 0.8 ?)
{15] Mair, et al 1971 (?) 18.2 (?) 15 (?)
[6]1 Zdravkovich, et al | 1972 | Closed 7 10 10-22 2
(8] Bearman, et al 1973 | Closed | 20 3.8 2.5 0.2
[{10] Zdravkovich, et al 1977 Closed 13.8 | 9 2.5-11 0.1
[11] Dalton, et al 1977 | Closed 16 12.3-18.5 2.8 (?)
[{16] Gerbhardt, et al 1981 | Closed 28.6 | (?) 1000 )
[17] Price, et al 1984 | Closed 24 3.8-8.3 5.1-5.8 0.5
[18] Eastop, et al 1982 | Closed | 14.3 | 14-21 4.5-11.1 | 0.7
[20] Bardowicks 1985 | Closed 10 (?) 100 ?)

Table 1.1 Comparison of aspect rattfo,

Reynolds number and turbulence
for flow over two and multiple cylinders.

blockage factor,
fntensity
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CHAPTER 2

POTENTIAL FLOW THEORY

2.1 INTRODUCTION

In this chapter, two dimensional steady state potentia[ flow
over groups of cylinders is considered and equations for the
lift and drag coefficients for any cylinder without separation
and wake, comprising the group is determined. The complex
potential for flow over a single cylinder is first described,
followed by a discussionyqf the method of images as applied to
a doublet exterior to a bylinder. The method of images is then
applied to three cylinders fn close proximity to each other
and equations for the complex potential of three arbitrarily
"translating cylinders are’derived. The three translating
byiinders are brought to rest by the superposition of a free
stream velocity. Differentiation of this total complex
potential yields the velocity at any point in the flow field.
The pressure distribution in the flow field is obtained
from the Bernoulli equation in terms of the previously deter-
mined velocities, and calculating the pressure distribution
around the surface of the cylinder in particular, enables the

lift and drag coefficients of the cylinders to be predicted.
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2.2 FLOW OVER A SINGLE CYLINDER

The complex potential for two-dimensional steady state flow
over a single cylinder lying in an itnfinite flow field is

given by Milne-Thomson (1938) [22], as the sum of the complex

potentials for rectilinear flow, and a doublet.

w(z) = Uze‘ib + Ua’eib/z (2.1)
The doublet is at the origin of the Cartesian co-ordinate
system shown in Fig. 2.la, with its axis (sink to source) at
angle & to the positive x axis. The free stream velodtty U is

also at angle 5 to the ﬁositive X axis, a is the radius of the
éylinder. whilst the complex <co-ordinate vector, z. of any
point in the flow field is the vector sum of the real and
imaginary parts (x + iy) of wvector 2. Putting b = T, gives
flow over a éylinder situated in an infinite free stream which

is flowing parallel to the x axis from negative to positive x,

and

w(z) = -U(z + a'/2) (2.2)
Since w(z) = ¢ + i, expanding equatlion (2.2) and solving for
the imaginary part leads to the familiar expression for the

stream function of this flow. (Appendix Al)

¢ = -Uy(l - a*/r?)
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If the complex potential w(z) = Uz is now supefimposed on
the flow field represented by equation (2.2), then equation

(2.3) is obtained,
w(z) = -Ua'/z (2.3)

which is the complex potential for a doublet of strength Ua’
with its axis lying in the negative x direction. This fepre—
sents the cylinder moving through the fluid in the negative x
‘direction with velocity U, the fluid itself being at rest at
infinity as shqwn in Fig. 2.lb. Now the complex potential for
the doublet with its axis inclined at angle & to the ©positive

X axis is

Ua®e /2 (2.4)

w(z)

from which it is evident that with 88 = xz, equation (2.3) s
obtained. Thu§ equation (2.4) describes the motion of the
cylinder moving with velocity‘U at an angle & to the x axis,
and is shown in Fig. 2.1lc.

Finally, for a cylinder placed arbitrarily in the flow

field, equation (2.4) becomes

w(z) = Ua'e' %/ (z-2,) (2.5)

where 2z, is the complex <co-ordinate of the centre of the

cylinder as illustrated in Fig. 2.1d.
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2.3 TRANSLATING MULTIPLE CYLINDERS

Fig. 2.2 shows three cylinders moving in an infinite two-
dimensional potential flow field with their respective veloc-
itiés and directions of motion. When far apart, they behave as
if they were single cylinders, their complex potentials for a
moving doublet being given by equation (2.5), As their sepa-
ration decreases, the flow patterns formed b} the moving doub-
lets give rise to normal velocities on the cylindrical stream-
line; representing the surfaces of the cylinders at r = a,
thereby causing these cylindrical streamlines to deform. Each
cylinder will act wupon the others in the group in a similar
way and a mechanism is therefore required which will restore

the deformed <cylinder surfaces to their original circular

shape.
2.4 METHOD OF IMAGES FOR TWO CYLINDERS

Cylinder ! in Fig. 2.3 has 1its centre at z,. Its surface
streamline, at r = a,, iIs distorted by an adjacent cylinder
denqted by the limit of a sink at A and a source at B which
when brought together form a doublet whose axis is at angle B.
If an image of this doublet is now formed in cylinder 1, this
has the effect of restoring the distorted circular streamline
to its original radius a,. However, this first image now
distorts the circular streamline of cylinder 2 and so an image
of the image in cylinder 1, must be creafed in cylinder 2 to
restore its circular streamline, which in turn again distorts
the surface of <cylinder 1, requiring yet another image to

correct it, and so on. This image doublet formation is carried
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on until an infinite number of doublets and their respective

images are formed. The same procedure is followed to correct

the distortion of the streamlines of cylinder 2 caused by the
doublet originally forming cylinder 1.

It is shown by Milne~Thoméon [22] that the image éf a doub-
let of strength g situated a distancg f from the centre of a
cylinder of radius a. and inclined at angle (B-0) to the line

Joining the cylinder centre to the doublet, is a doublet of

strength u' whers

a'= wa'/f? (2.6)
The image doublet is situated at the inverse point, with its
axis inclined at angle (x~(b-0)) as shown in Fig. 2.3. The
inverse point is at a distance f' from the centre of the
cylindef. and is given by

f' = a'/f (2.7)

Thus the complex potential of the image doublet shown in Fig.

2.3 is
w(z) = Ua?(a/if 1) (explilx~(d-a)+0)))/(2-2,) (2.8)
where the vector 2z, denotes the location of the image doublet

and o is the angle subtended by the line connecting the

causing doublet and its image.
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2.5 THREE TRANSLATING CYLINDERS

Consider now Fig. 2.4a where three cylinders of radii a,. a,
and a, arb moving with velocities U,,U,,U, through an infinite
stationary fluid in directions b, ,8,,8; to “the x axis. Each
cylinder interferes with the others to distort the circular
streamlines. To restore the circular streamlines of «cylinders
2 and 3, an image of <cylinder | must be genefated in thém at
the appfopriate inverse points. Similar!y. images of the doub-
lets forming cylindérs 2 and 3 must be generated in cylinders
I and 3, and | and 2 respectively. The succeeding images of

images which then need to be generated are shown in Fig. 2.4b

in branch form, The initial doublets which form the moving
cylinders are numbered 1 to-3. The first order of generated
images are numbered 4 to 9, and each of them generates a
further two images to give a total second order image count

from 10 to 21, each order doubling the number of images.in'the
previous order. The doublets afe referenced by open numbers
whilst the numbers in parenthesis refer to thé cylinder in
which the image doublet is generated.

The <complex potentials for the doublets which form

cylinders 1, 2 and 3 on their own are, from equation (2.5),

w, = Uja,*{exp 1d,)/(z-2,) (a)
Wwe = Ugapg®(exp 18,)/(z-2;) (b) (2.9)

wy = Ugjasg®(exp 18;)/(z~2,) (¢)
The complex potential for thei fmage of cylinder | in c¢cyl-
inder 2. (that is doublet number 4), is designated as follows.

The complex potential of doublet number 4 in cylinder 2 is the
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(a) System of image doublets for three translating cylinders
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/6(2\ /S(X 6(3) 7(1) /\ 9(2)
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1,2,3,4.... doublet number
(1),(2),(3).cylinder number of
doublet 1location

26(2) 27(3) 32(3) 33(1)
() Branching of image doublets

Fig. 2.4 Image doublets in three cylinders
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image of doublet number 1 in cylinder 1. This and the complex

potentials for doublets 5 to 9 are written., according to

equation (2.8), as

we = Uja,"(ag?/12,-2, 1" )(exp i(x-(B,~-0,)+0,))/(z~2,) (a)
ws = Ura®(a,"/12,-2, 1")(exp 1(x~(B,-05)+as))/(2-25) (b)

we = Ugap®(as®/1za-23 1" )(exp 1(x-(By-04)+06))/(z-2,4) (c) (2.10)

wy = Ugag®(a,*/lzy-2,1*)(exp i(x—(B,~-0,)+0,))/(z-2,) (d)
we = Usag®(a,?/lzy-251%)(exp i(x—(By-09)+0s))/(2~2,) (&)
We = Usgas®(a/lzy~2, 1) (exp 1(x-(B,-09)+04))/(2-2,) (F)

Proceeding to the second order images (doublets numbered 10
to 21), doublet number 10 in <c¢ylinder 3 is the image of

doublet number 4 in cylinder 2 and the complex potential is

ﬂ4(a3’/|23"2’ la) .....
coo(exp 1((x~(x-(By -0 )+0q—~0y¢)+0,)))/(2-2,,) (a)

Wi

(2.11)

i

ﬂo(a|'/|2|—29 l’) .....
...(eXp i((l—(l—(B,—(]g)"‘Ug—ag‘)+0,|)))/(2"2,;1) (l)

Wa g

where, from equations (2.10a) and (2.10f)

e = Ujay ¥ (ag®/12y-2.1%) and 4y = Usas(a,?'/12z,-2,1%)

If the p'th doublet in the gq'th cylinder is the image of
the r'th doublet in the s'th cylinder, then for any order of
images, Table 2.1 may be set up showing the unique
relationships that &exists between the doublets and their

images. This enables general equations to be written in place

of the rather long and tedious equations (2.9) to (2.11).
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2.6 GENERAL COMPLEX POTENTIALS FOR IMAGE DOUBLETS

From equations (2.10) and (2.11) a general equation for the

complex potential -of any doublet may be written as
We = U, (exp iA,)/(z~2,) ‘ (2.12)

Using the appropriate values of ©p.,q,r and s in Table 2.1,
these can be substituted in place of the numbered subscripts
in the doublet equations to yield general expressions for u,.
A, and z,, as follows.

For p <& n where n is the number of cylinders, equations

(2.9) becoms

, = Ugag? S (2.13)
A = B, o\ ' (2.14)

2, = 24 (2.15)

For p > n the general expressions are deduced by consider-

ing doublet number 4. From Fig. 2.4,

24 T 29 -~ A (216)

where I0AIl = ',

But from Appendix A2, vector OA can be written in complex

conjugate form as

OA = a'/(z, - 2g)

and shbstituting for A = 2 and B = 1, equation (2.16) becomes
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Ze = 2 - a9°/(2y - 24) (2.17)

From Table 2.1, when p =4, then q = 2 and r = 1,
hence substituting in equation (2.17) for the ‘numbered

subscripts,

2y = 2¢ + aq'/(2, - z4)
Putting ‘ Q, = 2, - 2z, . (2.18)

then Zy = 24 + a.°'/9Q, (2.19)

The strength of the doublet in equation (2.10a) <can likewise

be written as

]

Uy Ura, " (ag?/71Q, 1)

Heag?/1Q, 1° (2.20)

Again, from equations (2.10a) and (2.12), .

Aq x "'(8| - 0‘) + (139}

Ay = 12 - B, + 20, (2.21)
But from Fig. 2.4,

g = tan '(I1(z, - 2z,)/R(z, - z,)]1]

tan " '[I1(z, - z.)/R(z, - z,)1
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and substituting for p,q.r and s for doublet 4,

tan"'{1(z, - z,)/R(z, - z,)1

Q
v
]

tan ' [1(Q,)/R(Q,)] - (2.22)

Using equations (2.12) to (2.22), the complex potential for
any doublet may be determined provided that the unigque
relationship between p,q.r and s in Table 2.1 is upheld.

The <complex potential for the whole field is obtained . by

summing the complex potentials of each doublet., so that

w(z) = S, (2) ' O (2.23)

It is stressed that equation (2.23) is the complex potential
for the three <cylinders moving randomly in an infinite
stationary flow field whereas the problem of interest is that
of flow over stationary cylinders lying in a uniform flow
field. Modifications to achieve this must therefore be made to
equation (2.23) and are addressed ihvthe next section,

The foregoing analysis may be used for any number of cylin-
ders providingbthe line joining any doublet and its image |is
not blocked by another doublet. The accuracy of the analysis
will improve as the number of images increases but it is shown
in section 3.6 for the <cases considered in this thesis, that
after the third or fourth order of images, there is very
little to be gained by considering further orders. Fig. 2.5

shows the cylinders and doublet images for four cylinders

whilst Table 2.2 gives the relationships between p.,q.r and s
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for four cylinders.
2.7 STATIONARY CYLINDERS IN A UNIFORM FLOW FIELD

To model the potential flow field for stationary <cylinders
lying in a uniform flow field, each cylinder is first made to
move in the opposite direction to the free stream. The ffee
stream velocity is then superimposed upon the flow field of
the moving cylinders thereby bringing them to rest whilst the
free stream flows around them.

If the free stream is parallel to the x axis and flows in
the positive x direction, then adding the comblex potential

for the free stream to equation (2.23) gives,

. m .
w(z) = -Uz + 2w, (2) (2.24)
. p=1
where m is the total number of doublets. In equation (2.24),
., B,. B, in the doublet summation term, are put equal to =x.

that is they directly oppose the added free stream velocity.
If the free stream velocity were at some general angle 0.

equation (2.24) would be written as

_ -t3 0 |
w(z) = Uze + 2w, (2) (2.25)
p=1
Now V(z) = -d(w(z))/dz = u - iv

where V(z) is the complex velocity of any point in the flow"

field and u and v are the real and imaginary parts of V(z).

Thus differentiating equation (2.25) gives

_ -i% m '
V(z) = -Ue + 5 (-d(w, (2))/dz)
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-ip ™ i A
= -Ue + 2 (upe ""/(z2 - z,)%) (2.26)
p=1
The absolute wvelocity is found by solving for the real and-
imaginary parts of equation (2.26). then
%
IV(z)|l = (u? + vt ) (2.27)

The static pressure p at any point in the flow field can

now be found from the Bernoulli equation

P - P. = p(U' - IV(2)I1%)/2 (2.28)
where p, is the static pressure in the flow field at infinity.
2.8 LIFT AND DRAG FORCES ACTING ON THE CYLINDER
The force per wunit length F acting on the cylinder shown in

Fig. 2.6 is the integral, around the surface of the <cylinder.

of the force due to the pressure difference in equation

(2.28).
2z
F = J (p - p.)ad®f (2.29)
0
where ad@ is an incremental length along the circumference.
The 1ift and drag components are
2x
L = —J (p - po,)asinfdf C(2.30)
o}
and
21 - ,
D = -J (p - p,)acosfd8 , (2.31)

0
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which two equations are evaluated by numerical integration., in
this case Simpson's Rule. Dividing equations (2.30) and (2.31)
by 0.5pU*D, where D is the cylinder diameter, yields the lift

and drag coefficients

2:‘
C., = ~J (p - poJasinBd8/0.5pU*D (2.32)
0 . _
and o ox
Co = —J (p - po)acosB8d8/0.5pU°D (2.33)
0
Substitution for {p - po) from wequation (2.28) may be made

when determining the theoretical coefficients, but when the

pressure difference is determined experimentally, equations

(2.32) and (2.33) are used directly.
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Fig. 2.6 Forces acting on a

cylinder
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CHAPTER 3

THEORETICAL LIFT AND DRAG COEFFICIENTS

3.1 INTRODUCTION

The solutions of the equations developed 1In chapter 2 were
carried out on a 640K IBM Personal Computer. The programmes to
effect solution are written 1in Fortran 77 using the packages
WATFOR77 and WATFORS87. The former package was used in the
development and editing phases of the programmes whilst the
latter was used to run the final programme on the IBM P.C.
However, the use of Watfor87 requires the P.C. to be fitted
with an 8087 math coprocéssor. If this is not installed, the
time taken to run a group of cylinders with a large number of
spacings at different orientations to the free stream was
prohibitively long making it necessary to run the programme on
a faster (main frame) computer.

The programmes calculate the theoretical pbtantial lift and
drag coefficients on any cylinder in a group of three or four
equispaced cylinders. From the theoretléal results, graphs of
lift and drag boefflclent on a cylinder are plotted for

different orientations of the group to the free stream at

their respective centre spacings.
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3.2 PROGRAMME LISTINGS

The programmes developed for evaluating the potentiail lift and
drag coefficients on a cylinder in a group of three or four
equispaced cylinders are titled:

a) TEMOI.FOR - For-3 cylinders

b) FTEST.FOR - for 4 cylinders

In TEMOI.FOR. the three cylinders are eqdjspaced as shown
in Fig. 3.la. Rotation of the grdup takes place about the
centre of cylinder 1 in steps of 7.5bdegrees from 8 = 30 to
-90 degrees. When B is 30, -30 and -90 degrees., two of the
cylinders are vertically in 1line and the angle of the line
joining the centres of those cylinders is then 90 degrées
‘measured from the positive x axis. The arctangent of 90
degrees required in equation (2.22) returns the value of infi-
nity thereby c¢ausing the programme to terminate. An
adjustment to B of the order of 0.05 degrees is made to offset
the two in line cylinders in these po§itions.:

In FTESf.FOR. the cylinders are arranged in a square form-
ation as in Fig. 3.1b, provision' for the vertically in line
cases being made when B is 45, 0, -45 or -90 degrees.

The complex velocity is calculated at angle 8§ on the sur-
face of each cylinder for a given increment of B. The angle 8
is incremented in 7.5 degree intervals from O to 2z radians.
The 1ift and' drag coefficients are then calculated from the
summation of the velocity components in the appropriate direc-
tions according to equations (2.32) and (2.33).

The structure of each programme follows the flow chart
shown in Fig. 3.2. The programmes are listed in Appendix BIl,

along with explanatory notes on the structure of TEMO!.FOR.
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’ Rotation

(a) Rotation of cylinders 2 and 3 about centre of cylinder 1
in TEMO.FOR

y
A

Rotation

4

(b) Rotation of cylinders 2,3 and 4 about centre of
cylinder 1 in FTEST.FOR

Fig. 3.1 Rotation of cylinder groups in TEMO.FOR and FTEST.FOR
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VARIABLES DEFINED

1

FILES OPENED FOR PRINTING
OUTPUT TO DISC OR PRINTER

CONSTANTS FOR CYLINDERS AND FLUID

CYLINDER -

NEXT

DEFINED. CYLINDER SPACING DEFINED

1

RELATIONSHIPS BETWEEN p.q AND r
IN TABLE 2.1 ARE DEFINED

]
QUTPUT TABLE HEADINGS

]
ANGLE OF THE CYLINDER GROUP TO

INCLINATION
ANGLE

"| THE FREESTREAM 1S DEFINED
1

CYLINDER ANGLES ADJUSTED TO AVOID
INFINTE LENGTHS. VECTOR CO-ORDINATES
OF CYLINDERS 2 AND 3 DETERMINED

NEXT

1

\

CYLINDER

NEXT

SELECT CYLINDER ON WHICH VELOCITIES
ARE TO BE DETERMINED

1
SELECT INCREMENT AROUND CYLINDER

NEXT

INCREMENT ™| AND DETERMINE VECTOR CO-ORDINATES

OF THAT POINT

I

DETERMINE COMPLEX VELOCITY OF
THE FREE STREAM

]
CHOOSE DOUBLET NUMBER AND

DOUBLET

CALCULATE COMPLEX VELOCITY

— |

— B g

SUM THE COMPLEX VELOCITIES OF
THE DOUBLETS AND FREE STREAM.
FIND REAL AND IMAGINARY PARTS OF V(2)

-t i

SUM EVEN, ODD AND EXTREME ORDINATES

OF REAL AND IMAGINARY PARTS OF V(z)

- ) |

— 1

CALCULATE LIFT AND DRAG COEFFICIENTS
USING SIMPSON'S RULE

- )|

i 1
WRITE OR PRINT OUT LIFT AND DRAG

COEFFICIENTS TO PRINTER. MONITOR
OR DISC FILE AS REQUIRED -

I

.
—

Fig. 3.2 Flow chart for computer programme TEMO1.FOR
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3.3 POTENTIAL DRAG ON THREE CYLINDERS

The cylinder spacing was first set at the comparatively large.
value of S/D = 25, when the velocity distribution and force
coefficients for each cylinder were obtained. Tables 3.1 and

3.2 show the results for an inclination angle of 7.5 degrees.
In these tables and the graphs which follow, - the inclination
angle iIs the angle of orientation of the group of cylinders to
the free stream as if the group rotated about the point O in

Fig. 3.1. Thus when B8 is 30 degrees .in the computer programme,

this corresponds to a group inclination angle, @, of zero
degrees, and when B8 is zero (rotating clockwise) the group
inclination angle is 30 degrees. This nomenclature is

reverted to since the experimental cylinder orientation i{s
about the fixed point O. The velocity distriﬁutions around
each cylinder are seen to be the same and were repeated at all
other angles of inclination. The exact solution for the
velocity on the surface of a single cylinder in a potential
flow field is also given in Table 3.1 with which, for selected
values of 8, the velocities obtained by the doublet image
method compare very favourably. In Table 3.2, the drag and
lift coefficients are zero (except for some rounding off) as
would be expected from a numerical solution. It is therefore
concluded that the programme is returning the 06rrect results
and that at large spacings each cylinder in the group is
behaving as a single and isolated one.

The potential drag at three <cylinder spacings. over 180
degfees of rotation, is shown in Fig. 3.3, the corresponding
data being displayed in Appendix B2. At inclination. angles

between 120 and 180 degrees, the force coefficients for
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cylinder 1, say., are the same as those on cylinder 2 for the
range of inclination angles between O and 60 degrees. The
error between .the drag coefficient for cylinder 1 at {20
degrees and cylinder 2 at O degrees is of the order of two
percent which <considering thel numerical techniques wused., is
most satisfabtory. The summation of the dfag coefficients on
the three cyl{nders is seen to be zero to within a one or two
percent margin of error which Is to be expected since the to-

tal drag in the potential flow field should be zero, although

on individual <components within the field, finite values
obtain. At « = 90 degfees, the flow pattern on each side of
the y axis is symmetrical giving zero drag at all spacings.

The effect of <cylinder spacing diminishes rapidly with
increase in the spacing ratio, such that at a cylinder spacing

of only 2.6, the maximum drag coefficient has a value of

0.006.
3.4 POTENTIAL LIFT ON THREE CYLINDERS

The lift coefficients for each cylinder at S/D = 25 are, from
Table 3.2 seen to be zero. thus confirming the single cylinder
flow regime around the cylinders at large spabing ratios.

Fig. 3.4 shows the 1ift coefficients corresponding to the
drag coefficients of Fig. 3.3. This figure charts the varia-
tion in lift coefficient on cylinder | whiist the inclination
angle changes from O to 180 degrees. and indicates that the
lift force is directed inwards towérd the centre of the group,
the 1ift coefficient being zero at the 0 and 180 degree posi-
tions. At these two positions the flow pattern on either side

of the x axis is symmetrical. In Table 3.2, although the
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individual cylinders in the potehtial flow field do experience
a lift coefficient, the summation of those coefficients at any
given inclination angle is seen to be zero. This is. expected
over the whole potential flow field and is further ~corrobara-

tion that the potential flow programme fis ruﬂnlng correctly.
3.5 POTENTIAL LIFT AND DRAG ON FOUR CYLINDERS

The potential drag curves for four equispaced cylinders are
illustrated in Fig. 3.5. They show that at zero inclination,
the two wvertically in line cylinders (2 and 4) have zero’
drag., whilst the horizontally in line upstream and downstream
cylinders (1 and 3), have positive and negative drag coeffi-
cients respectively thereby being attracted towards each other
due to the low pressure region |lying between them. "As the
tnclination angle of the group increases, the drag on cylinder
1 decreases and becomes negative at 37.5 degrees, the drag on
cylinder 3 becomes positive at 217.5 degrees. Minimum and
maximun drags are found at 60 and 120 degrees, the magnituaes
of the drags increasing with decreasing spacing ratio.

The corresponding lift variation for a single cylinder in
the group is shown in Fig. 3.6. Here, the lift coefficient is
zero at inclination angles of O and 180 degrees, as would be

expected due to the symmetry of the flow. At a = 90 degrees a

positive lift coefficient is seen to occuf and the data shows
that the lift coefficient increases with decreasing S/D until
the spacing ratio of 1.2 is reached, when C, decreases. The
increasing lift <coefficient is due to the velocity on the
outer surface of cylinder 2 being, in general, 'higher than

that in the gap between the cylinders, and this difference in
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velocities increases as the cylinders approach each other. At
a spacing ratio of approximately 1.2, the cylinders are so

close that the rate of increase of the gap velodity exceeds

that over the outer surface of cylinder 2, and the 1ift
coefficient starts to decrease. Fig. 3.7a traces the increase
and subsequent decrease in }ift coefficient on cylinder 1 at

the 90 -degree inclination angle, when the spacing ratio is
decreased. Except at spacing ratiasAless than 1.05, cylinders
2 and 4 at an inclination.angle of zero are attracted towards
each o;her. Fig 3.7b describes the lift coefficient variation
on cylinder 1 at the 45 degree inclination angle. Here it s
seen that a negative lift coefficient pertains throughout
with cylinders 1 and 4, and 3 and 2 being attracted towards

each other,
3.6 EFFECT OF DOUBLET NUMBER

The greater the number of doublets used in the numerical §olu—
tionvof equation (2.24), so the smaller should be the error.
[t was also expected that the magnitude of the errors would
increase as the «cylinder spacing became smaller, so that to
maintain a given constant error, (say "that pertaining at an
S/D ratio of 25), the number of doublets employed in the
solution would need to be increased. This notion was investi-
gated by examining the velocjty distribution on the surface of
two adjacent cylinders lying with their centres on the y axis.
The choice of two cylinders was made firstly bepause of the
speed of execution of the modified computer programme for two
cylinder flow, and secondly an exact solution for the velocity

on the surface of a single <cylinder in contact with a solid
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Fig. 3.7 Lift coefficient on cylinder 1 in a group of four at various spacing ratios
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wall was developed from a complex potential given by Milne-
Thomson [22] for that flow regime.. This exact solution
provided a basis with which to compare the values of velocity
calculated in the numerical solution of equation (2.27).
Equation (3.1) gives the exact solution for the magnitude of
the wvelocity on the surface of the cylinder lying on the
horizontal boundary shown inl Fig. 3.8a and is developed in

Appendix B3.
g = IV(z2)I = 1(a*z®U/2®)(1 + cot?(iza/z)) | (3.1)

The twin cylinder coﬁfiguration of Fig. 3.8b will also
solve the same problem since one of tﬁe streamlines between
the two cylinders will be horizontal and may be taken as the
horizontal solid boundary. The velocities generated on the
surfaces of the cylinders wusing the method of doublet images
are compared with those generated from equation (3.1) and are
tabulated in Appendix B4.

Appendix B4 first shows the velocity distribution around
cylinder 2 at S/D = 100, where the values are seen to be the
same as those for the three cylinder grouping at S/D = 25
(Table 3.1). This verified the éorrect running of the modified
three cylinder programme to a two cylinder programme. When the
two cylinders were touching at S/D = 1, and with 24 and 48
doublets respectively. the image doublet method of solution
departs drastically from the exact solution of equation (3.1)
in the range 205.5<8<337.5 degrees, otherwise the numerical
solution returns values that lie within 13 per <cent of the
exact solution, At 8 = 270 degrees, which 1is the point of

contact of the cylinders, extremely high velocities are in
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(a) Cylinder in contact with boundary
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(b) Equivalent two cylinder configuration

Fig. 3.8 Potential flow over a cylinder in contact with a boundary
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evidence which are clearly not feasible. The exact solution
tends'towards zero velocity at the point of contact and also
for a range of angles on elther side of the 270 degree contact
point. Fig. 3.9 summarises the data of Appendix B4, and
clearly shows the excessive error range.

The high velocities near the contact points of the two
cylinders are due -to distortion of the cylinder surfacqs in
"this region. [t must ‘be remembered that although the centre

spacing of the cylinders is set at |, the surface distortion

causes a small gap to exist through which the velocities are
necessari]y high. Increasing the number of doublets from 24
to 48 also increases the velocity, since although an increase

in the number‘of doubliets makes the cylinders more circular,
the width of the gap in the near contact region decreases; An
infinite number of doublets would give rise to an infinite
velocity in the regfon of contact. Corrections were made by
forcing values of zero velocity onto the surfaces of cylinders
1 and 2 in the error band range and these results are shown in
the last column of Appendix B4, where the |lift coefficient has
the value 4.41 compared to 4.49 for the exact solution.

When two cylinders are spaced at S/D = 1.1 with 24 and 48
doublets, the 1ift coefficients for cylinder 2 wefe -3.6 (and
3.6 for cylindet 1) thus indicating that for two cylinders 24
doublets representing 11 orders of images were sufficient to
solve the problem, there being no further gain in accuracy by
increasing the number of doublets. At a spacingvof S/D = 1.5
and using 12 and 48 doublets, Iift-coefficiénts of -0.65 were
obtained on cylinder 2 in each case.

Consider}ng the four cylinder grouping, the number of doub-

lets was reduced to 160 (3 orders of images) and Fig. 3.7
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also shows the data points for this regime. At a spacing

ratio of S/D = 1.1 in Fig. 3.7a, the difference in lift coeff-

ictent is only 5 percent but the error increases rapidly for

smaller spacing ratios. In Fig. 3.7b a 4.5 psrcent error at
S/D = 2 9occurs, The 45 degree and 90 degree inclination
angles represent the limits of the maximum errors, and it is

therefore concluded that the numerical solution requires at

least three orders of image doublets . and may be used with

confidence at spacing ratios greater than 1.2.
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"CHAPTER 4

WIND TUNNEL BLOCKAGE

4.1 INTRODUCTION

When any model is tested in a wind tunnel, blockage &effects,
due to the presence of the model, cause the air velocity in
the vicinity of the model to be different from the air velo-

city in the vicinity of the same model placed in an wunlimited
free air stream, the upstream velocity being the same in both
cases. A velocity correction factor must therefore be app[ied
to the wind tunnel upstream velocity that Is used in the «cal-
culation of lift, drag and pressure coefficients.

In the case of flow past streamlined bodies (aerofoils),
blockage corrections are fairly well established for closed
Jet wind tunnels and are discussed in general terms by
Pankhurst et al (1952) (231 and Pope et al (1966) [24].
However, for flow over bluff or semi-bluff bodies such as
groups of <cylinders, blockage <corrections for streamlined
bodies are not relevant. 'The wind tunnel available to the
author, and in which the cylinder group studies were to be
performed. was of the open jet type, and no information
relating to bluff body blockage correction for this type of
tunnel bould be found in the literature. It was therefore
necessary to study the effects of wind tunnel blockage in the

.open jet wind tunnel so as to account for, or eliminate f¢t,
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and this chapter is devoted to a description of that work.

4.2 THEORY

Maskell (1965) [9) found that for bluff bodies. the blockage
corrections reﬁuired were much larger than for streamlined
bodies, and since they require a detailed understanding of the
wake properties and wake distortion effects. they are also far
more difficult to treat theoretically. Maskell [9] theoretic-
ally considered the bluff body blockage problem for closed jet
tgst sections and found that for low aspect ratio bluff bodies
placed normal to the flow, the <corrected velocity ~could be

expressed in terms of equation (4.1),
Us/7U = 1 + 2.SCo(a/A)]°" (4.1)

He verified this expression by comparison with existing data
for square plates with up to a 4.5% blockage ratio. Subsequen-
tly, Awhi (1972) [25], Fackrell (1975) [26] and Alexander
(1978) 1271 wvalidated Maskell's theory at higher blockags
ratios. |

West et al (1981) (28] specifically studied the blockage
caused by a single <cylinder in a closed test section wind
tunnel. The experiments covered a range of blockage ratios
from 2% to 16%. and of aspect ratios from 4 to 10. They found
that for blockage ratios less than 6%, the effects of blockage
on pressure distribution and the drag coefficient, were small.
For blockage ratios in the range 6-16%, there is considerable
distortion of the flow due to blockage., and the effects are

complex, the pressure distribution around the cy!linder in
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particular being of a different form to that in an wunlimited
free stream. However., conflicting influences resulted in a
blocked drag <coefficient which was not very different from

that at no blockage.

Consider the two cases shown in Fig. 4.1, where a body is

)
placed in an wunlimited (free air) and a limited wind tunnel
flow fiseld. In Fig. 4.la, the correct value of drag coeffi-

cient is given by,
Coe = D,/70.5pU'a (4.2)

where Dy is the measured drag and a is the projected area of

the body.

In Fig. 4.1b, the uncorrected drag coefficient is given by,
Co = Dy/0.5pU%a . ' (4.3)

but whilst the free stream velocity, U, is the same in both
cases, D, and D, are not equal. This is because the velocity
at the body in each case is not the same due to the constrain-
ing effects of the tunnel walls in Fig. 4.1a. Therefore Cp
and Coc are not equal. '

To obtain the correct value for the drag coefficient in
Fig. 4.1a, the value of free stream velocity used in equation

(4.3) must be modified by a velocity correction factor Us/U so

that the correct value of drag coefficient is calculatpd from,
Coe = Dy /70.5p[U(U/7UN1%a (4.4)

Combining equations (4.2) and (4.4) gives (U./U)' = D,/D, and
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Streamlines free to
expand outwards

(a) Unlimited (infinite)

flow field
Streamlines constrained to move into the
space between the boundary and wake
Wake
95U > * D>
7 7

(h) Limited flow field

Fig. 4.1 Flow over a body with sharp edge flow separation
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substituting for D, and D, from equations (4.2) and (4.3)

glives,
0.5
Ue7U = (Cp/Cp¢) ’ A (4.5)

For a bluff body with sharp edge flow separation, the
effect of Reynolds number is expected to be small and there-
fore Coe Is unaffected by changes in the upstream nominal flow
velocity. The value of Coc is determined experimentally by
plotting the drag coefflélents of progressively smaller bluff

bodies against area ratio (a/A)., and then extrapolating the

resultant curve to zero area ratio. This corresponds to the
infinitely wide free stream, when the value of Cyc will be
obtained. Hence for a measured Cp, on the mode! in the wind

tunnel, and knowing Co,c and U, the corrected velocity U may
be determined and used (n equation (4.4) for the calculation

of the corrected drag coefficient.
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CHAPTER §

EXPERIMENTAL APPARATUS AND PROCEDURE FOR THE DETERMINATION

OF OPEN JET WIND TUNNEL BLOCKAGE CORRECTION

5.1 WIND TUNNEL

The wind tunnel that was employed for the flow interference
investigations was of the return circuit open Jjet type shown
in Fig. 5.1.  The open jet test section measured 870 x 580 mm
with bofner fillets at the throat and a working length of 1.6
m. The static pressuré in the test section was atmospheric.
A velocity traverse .across the test section showed a 1%
velocity vartation and a turbulence intensity of 0.4%. The
maximum velocity attainable in the test section was 36 m/s
whilst the area ratio between the settling chamber and test
"section was 10:1. Measurements taken along the horizontal
axis of the empty test section showed a velocity varjation of
2.6% over the 1.6 m jet length. The tunnel was driven by a
twelve biaded variable pitch axial flow fan which was powered

by a two speed 380 V three phase motor.
5.2 WIND TUNNEL BALANCE

Drag and 1ift forces were measured through a T.E.M. three
component strain gauge wind tunnel balance having lift and

drag. force ranges of O to 89 N and O to 36 N respectively. A
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¢

digital voltmeter gave a direct reading of the lift and drag
force accurate to within 0.005 and 0.02 N respectively. The
balance was floor mounted on levelling pads below the open jet
tesi section as illustrated in Fig. 5.2. A collar which was

fitted to the balance support plate enabled a horizontal steel

beam, drilled with locating holes along its length, to be
secured on the balance. The balance and bar were both low
enough to be unaffected by the open Jjet air stream. Calibra-

tion of the balance was checked by loading it with known

horizontal (drag) and vertical (lift) deadweights.
5.3 BLUFF BODIES

The worst blockage occurs when a vertical flat plate is held
in the test section perpendicular to the air stream. When
three or four cylinders are 1likewise held, the worst case of
blockage occurs when the upstream projected area of the cyl-
inders is four cylinder diameters for a given span and thereby
resembling bluff body flow. However, it should be noted that
because of flow through the cylinder gaps. the blockage would
not be expected to be as high as for a flat plate. For the
bluff bodies, 5 mm thick rectangular plywood plates, of the
dimensions given in Table 5.1, were therefore chosen, the area
ratio ranging from 0.005 to 0.3. A 3 mm hole was drilled
through at the centre of weach plate, for mounting the plates
on the balance sting, and later for suspension of the plates
in the air stream. Thé plates were mounted at their geometric
centres on a 'T' bar sting which was bolted to the horizontal

bar on top of the balance. Slfght vertical adjustment of the

horizontal bar was then made to ensure that the centre of each
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Width Wmm { 60 { 105 | 150{ 1951 240 | 2857} 330 375 | 4201465

Heigth H mm | 40 70 1 100 ] 130 [ 160 | 190 | 220} 250 | 280310

Table 5.1 Dimensions of glates. Exact cross sectional area of tumnel
mouth = 0.48 m
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plate coincided with the ldngitudinal axis of the test
section. To facilitate a comparison with the closed wind
tunnelrblockage tests of Maskell {91, a separate sting was
used to mount the plates in the ciosed contracting section of
the wind tunnel jus@ before the start of the free jet.

A rectangular frame 800 x 1100 mm was constructed from flat
rectangular bar. A steel plate 40 x 20 mm was suspended at
the centre of-the frame by four taut wires 0.5 mm in diameter,
the wires being secured at the four corners 6f the frame. The
plywood plates could then be screwed onto the steel plate at
the centre of the frame and hence be positioned centrally in
the test section air stream. With this arrangement it was
possible to remove a plate from its sting, and with the sting
remaining in position, suspend the plate in front of it, but
unattached to it. The arrangément is shown in Fig. 5.2. Thus
the drag on the sting alone (Do) could be determined under the
conditions prevailing when the plate was attached. The frame
size was such that when being uged. it lay outside of the test
section air stream. It was not possible to use this method of
plate suspension in the closed section of the tunnel, but
since the test in that section was for approximate comparative
purposes only, the drag on the sting alone with no plate
attached or suspended in front of it was the only sting drag

measured,
5.4 FREE STREAM VELOCITY MEASUREMENT
Velocity heads were measured with a Prandt] type pitot-static

tube connected to an inclined alcohol manometer which permit-

ted velocities to be determined to within 0.25 m/s.
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Preliminary tésts showed that the flat plates influenced
the free stream velocity for a distance of‘600 mm upstream of
them, and that this distance decreased as the plate area was
.reduced. The nominal free stream velocity, U, was set at .the

proposed plate position in the empty test section by adjusting

the velocity head of the pitot-static tube to the required

value. The pitot-static tube was then moved 700 mm wupstream
from the proposed plate position. When the plate was placed
in the air stream. the wind speed was adjusted until the pre-

viously noted velocity head at the 700 mm upstream position
was again obtained.

The difference between the velocity heads at the plate loc~-
ation and the 700 mm upstream position when measured in the
empty test section, lay within the 2.6% longitudinal wvelocity
variation noted previously. As the plate position moved prog-
;essively upstream towards the beginning of the open jet, and
on into the contraction section, the velocity head at the 700
mm upstream position was substantially below that,at the
proposed plate location. this being due ‘to the larger cross
sectionalA area in the —contraction section. However, by
ensuring that the plate again had no effect on the upstream
pitot-static tube at the 700 mm position, wvelocity head
measurement was not affected by the plate in the contraction
section and the nominal free stream velocity —could be

maintained for all plate positions.
5.5 EXPERIMENTAL METHOD

For a selected axial distance downstream from the mouth of the

test section, each plate and sting assembly was in turn
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mounted on the drag balance, the plate being normal to the air

stream. The free stream velocity 700 mm upstream of the plate

was set at 10 m/s for each of the plates and the drag force

Dy . acting on the sting and plate together was recorded. The
plates were then removed from the sting and suspended
centrally by the four wires of the suspension frame. The

frame was positioned such that, with the sting still mounted
on the drag bafance. the plate was in the same position as
when mounted on the sting but detached from it. The drag
force Do, on the sting alone was now recorded, and the drag
force on the plate D,, was calculated from the difference (D,
- Do) This was repeated for five longitudinal settings of
the plate, one position being in the contracting section of
the tunnel.

At a position 750 mm downstream from the test section
mouth, the procedure was repeated for upstream nominal velo-

cities of S5 and 15 m/s to <check the effects of varying

Reynolds number.
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CHAPTER 6

RESULTS OF INVESTIGATION OF WIND TUNNEL BLOCKAGE

6.1 EXPERIMENTAL RESULTS

The experimental results recorded in chapter 5 are tabulated
in Appendix Cl. Using the measured values U, Do and D,, the
uncorrected drag coefficient Co. was calculated from equation
(5.3) and plotted against the area ratio for each plate posi-
tion as shown in Fig. 6.1. The curve labelled -125 mm refers
to plates situated 125 mm upstream from the tunnel! mouth in
the closed section of the tunnel. Each curve is extrapolatéd

to the vertical axis where (a/A) is zero and at which point

the value of C, tends towards Cpc. the corrected drag
coqfficient. For those plates which were situated in both the
open jet and contraction section of the wind tunnel, Cp, (that
is Cpe)., tended towards 1.1. This value of Cp¢ was used in

“equation (4.5) for the calcul;tion of the velocity ratio U¢/U.
Tﬁis velocity ratio is plotted against area ratio in Fig.
6.2 for all plates tested, along with Alexander's [27]
results. C, was also substituted into Maskell’'s [9] equation
(4.1) and this has been plotted up to an area ratio of 0.3.
The effect of changing the nominal wind speed is sthn in
Fig. 6.3 where C, is plotted against (a/A), some of the data

points falling on top of each other.
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6.2 DISCUSSION

The value of Co. at zero area ratio would be expected to be
the same for both an open and closed jet wind tunnel and the
value of 1.1 compares favourably with Alexander's [27] wvalue
of 1.15, the difference being 4.5 per éent. As the plate was
moved away from the mouth of the tunnel, the drag coefficient
was seen to steadily decrease until at 430 mm downstream from
the tunnel mouth, there was no perceived change in the drag
coefficient with increase in area ratio. Only the curves for
the 120, 430, 750 and 1050 mm positions are shown ranig. 6.1
since the reason for plotting the figure was to determine the
value of Cpc at zero area ratio.

The wvelocity ratios for flat plates in the open jet test
section are compared with those in a closed wind tunel in Fig.
6.2, where it is seen that the corrected velocity Uc. is
always greater than or equal to U. As the plate was moved
away from the tunnel mouth, the velocity ratio decreased to
unity at a distance of 430 mm downstream from the tunnel

mouth, and remained at that value for even greater distances

downstream, indicating that U; does not fall below the fpee
stream velocity of the wind tunnel. Pankhurst et al [23]
expressed the view that the velocity correction would be less

than unity in flow past a streamlined body in an open jet wind
tunnel . Although they agreed that their argument for that
reasoning was not rigorous, these results prove conclusively
that in the case of bluff body flow, the velocity in the
region of the model is always increased.

When the air exits from the mouth of the tunnel and becomes

the open jet, a certain distance is required for the jet
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bounding streaml!ines to adjust to the new boundary conditions
of surrounding atmospheric pressure. If a plate 1is placed
within this adjustment length, the bounding streamlines are
unable to adjust rapidly enough to their natural fully expand-
ed state. The Qeloclty at the plane of the plate between the
bounding streamlines and those forming the edge of the wake at
the separation point on the plate will therefqre‘have a value
between that for the plate in the closed section and that in
the fully adjusted open jet. This intermediate velocity
‘decreases as the plate is moved downstream in the open jet
until the ve]ocity at the plate attains its naturaliy fully
expanded streamline value, when U./U becomes unity. Tﬁe ratio
of distance downstream from the tunnel mouth for no
correction, to the cross-;ectlona] area of the tést section is
the adjustment length ratio. For this particular tunnel the
adjustment length ratio was 0.845.

The velocity ratios for the position 125 mm upstream from
the tunnel mouth are seen to correspond closely to Maskell's
{91 equation but are higher than those of Alexander (271,
particularly at high area ratios where the difference is in
the order of 8.7 per cent at an approximate area ratio of 0.3.
If. for a given area ratio, the drag coefficients of Alexander
were the same as those obtained in this thesis, the difference
of 0.05 in the value of Coc previously noted, would result in
a velocity ratio difference of only 2 per cent, and therefore
no explanation can be attributed to. the relatively large
difference of 8.7 per cent. Although Maskell's curve is based
on an equation derived from results obtained using flat plates
of area ratio up to 0.045, the present results tend to confirm

that Maskell's equation (4.1) may also be used at higher
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blockage ratios.
6.3 CONCLUSIONS

Closed wind tunnel blockage corrections can not be used for
open jet test section flows. The open jet blockage correc-
tions that must be applied to the force <coefficients of a
bluff body decrease in magnitude' the further the body is
placed down§tream of the tunnel mouth. For this particular
tunnel, the adjustment length ratio is 0.845, and provided the
body was placed in the test section with its adjustment length
ratio ggreater than 0.845, then no bIockége correction was
required. "This finding lends confidence to the placement of
the cylin&er groups and the subsequent accuracy of the

measurements described in chapter 7.
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CHAPTER 7

EXPERIMENTAL APPARATUS AND PROCEDURE FOR THE DETERMINATION _OF

THE FORCE COEFFICIENTS ACTING ON GROUPS OF CYLINDERS

7.1 GROUPS OF THREE AND FOUR CYLINDERS

The experimental determination of the force coefficients
acting on groups of thrée and four cylinders was carried out
in the open jet wind tunnel described in section 5.1.

Figs. 7.1, 7.2 and 7.3 illustrate the genefal experimeﬁtal
arrangement. Each cylinder of the group was a I m long hollow
steel tube of 48 mm internal diameter, and 50 mm external dia-
meter, this outer surface being machined to a smooth finish.
One of the tubes was cut in half and a brass ring, 20 mm  wide
with 24 equispaced (15 degree) | mm diameter static pressure
tapping holes drilled through it, was inserted between the two
halves (Fig. 7.4). The wall thickness of the brass ring was 5
mm and into each of the | mm holes was inserted a 19 gauge
hypodermic needle which protruded slightly above the external
surface of the ring. The needles were a push fit into the
holes and were held rigid by epoxy glue on the inside of the
cylinder. This particular cylinder (the measuring cylinder)
was finish machined after insertion of the ring to ensure that
there were no burrs or sharp edges on the surface. A plug
with a centrally located stud was pressed into one end of each

cylinder following which they were screwed vertically into
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their respective holes on ‘a 340 mm diameter wooden turntable
graduated in divisions of 7.5 degrees. The turntable was
clamped to a base plate situated below the open Jjet test sec-
tion, and the whole assembly was located in the test section
at a distance 500 mm downstream from the tunnel throat so as
to eliminate the effects of blockage as discussed fn section
6.2.

The height and lateral position of the platform was ad-
justed until the 24 pressure tappings lay along the horizontal
axis of the test section, while the vertical axis through the
centre of rotation of the platform also intersected the test
section axis. In this position the ends of the cylinders pro-
truded approximately 65 mm outside the wupper and lower jet
boundary.

Flexible tubing was connected to each pressure tapping of
the measuring cylinder and led up through the inside of the
cylinder to a pressure selector switch which permitted each
tapping to be connected in turn to one side of an inclined
alcohol! manometer, the other side of the manometer being
connected to the static pressure tapping of a pitot-static
tube. The pitot-static tube was located at the tunnel throat
for thevmeasurement of free stream velocity. Pressure.differ—
ences were determined to within 0.025 mm of water and free
stréam velocity to within 0.25 m/s.

At al) times, great care was taken to ensure that the
cylinder separation remained éonstant along the span and that
the axes of the <cylinders remained perpendicular to the frée
stream flow. Rotation of the turntable was about the point O.
The angle @8, around the <circumference of the cylinder, at

which the static pressures were recorded, is measured clock-
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wise from the negative x axis. The angle of inclination of
the cylinder group to the free stream is a, and is likewise
incremented clockwise from the negative x axis. The resultant

force acting on the group is inclined at angle v to the posi-

tive x axis.
-7.2 FLOW UNIFORMITY

To check the uniformity ofvflow along the span of a cylinder,
another cylinder was provided with static pressure tappings in
line along the span, at the positions shown in Fig. 7.5. From
pressure readings taken along the span of this single cylinder
with the pressure tappings facing directly downstream, it was
deemed necessary to attach end plates to the cylinders, and
these took the form of 3 mm thick boards 620 mm in diameter
with 50 mm holes drilled at the positions corresponding to the
cylinder spacings. These epd plates were changed depending on
the cylinder spacing under test. The end plates were a tight
push fit over the cylinders, but as a precaution against any
leakage flow through small gaps between the cylinder wall and

the plates, a layer of masking tape was wound over the joint.
7.3 CHECKING FLOW UNIFORMITY

The cylinders were made 1 m long so that they would protrude
well outside the boundaries of the open jet and thus obviate
any end effects which would otherwise occur were the cylinders
of finite length in the free stream. To confirm that wuniform
flow over the cylinders was being achieved in this way, the

single cylinder with the spanwise pressure tappings was first
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placed in the test section with the static pressure holes
facing directly downstream. The base pressure coefficient
Cop. at 8 = 180 degrees, was then measured along the span.
The resulting pressure distribution is shown in Fig. 8.1,

where it is evident that the flow around the cylinder at the
jet boundaries affects the pressure distribution along the
span through the flow being ghree dimensional.

In order to achieve two d{mensional flow over the cylinder,
the 620 mm diameter end plates were attached to the .cylinder
just inside the jet boundaries such that the effective span of
the cylinder was 575 mm. The new spanwise base pressure dist-
;ibution was measured.

The cylinder with the twenty four mid-span pressure tapp-
ings was then placed in the test section.with’one of the tapp-
ings facing directly upstream. and, at a free stream velocity
of‘IO m/s., the twenty four circumferential static pressures
were recorded both with and without the end plates 1in
position. The results of the foregoing experiments confirmed

the need for end plates to be fitted to the cylinders. .

7.4 PRESSURE DISTRIBUTION ARGUND A SINGLE

CYLINDER IN A GROUP OF THREE AND FOUR

Having satisfied the requirement of two dimensional flow over

the single cylinder, three cylinders were located on the turn-

table forming an equilateral triangle at a chosen spacing
ratio. The 620 mm end plates were attached to give an
effective span of 575 mm. The turntable was initially set at
a = 0 degrees, when the measurement cylinder was rotated until

one of the mid-span pressure tappings pointed directly wup-.
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stream. Twenty four static pressure readings were then taken,
via the pressure selector switch, around the circumference of

the cylinder in increments of 15 degrees. Without further

adjustment of the measurement cylinder, the turntable was
incremented from O to 180 degrees in steps of 7.5 degrees,
sets of pressure readings being taken at each increment. The

above procedure was repeated for the range 1.25 < S/D (5 at
the nominal free stream velocity of 10 m/s.
Tests similar to those just described were also repeated

for four cylinders arranged as a square for the spacing ratios

1.1 < S/D <5.
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CHAPTER_8

RESULTS AND DISCUSSION CONCERNING THE PRESSURE DISTRIBUTION

AROUND A SINGLE CYLINDER IN A GROUP OF THREE

8.1 SPANWISE PRESSURE DISTRIBUTION
FOR THE SINGLE CYLINDER

All the experimental results are expressed in terms of dimen-
sionless pressure, drag and lift coefficients. The ©pressure
coefficient is defined as

C, = (p-p,)/0.5pU" (8.1)

The drag coefficient is given by equation (2.33) with the

negative sign removed since 8 is now measured from the nega-
tive x axis whilst the lift Coefficientbis given by equation
(2.32), and remains unchanged. The integrals of the pressure

distributions were carried out using Simpson's rule.

The base pressure distribution along the span of the cylin-
der with and without end plates fitted are shown in Fig. 8.1.
ahen no end plates are fitted, the pressure fncreases grad-
vally towards mid span. When end plates are fitted, a cons-
tant uniform spanwise pressure distribution iIs achieved and it
is noted that the pressures at the jet/atmosphere interface
are the same in each case. Since, upon the removal of the end

plates, the only additional factor affecting the flow is the
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atmosphere bounding the jet, it is concluded that the increase

in pressure towards mid-span is due to intense vortex forma-
tion starting at the jet/atmosphere interface and then joining
with the other shed vortices along the span to form a free
vortex with a central atmospheric core wextending along the
span. The imposition of the end plates effectively prohibits
the ingress of the atmosphere since the plates are themselves
submerged in the Jet} thus severing connection with the atmo-
sphere.

The pressure distribution around the single cylinder at
centre span with the end plates in position is shown in Fig.
8.2 and.is in agreement with well established data [29] for
two dimensional flow over an infinitely long cylinder, as also
is 1he value of drag coefficient of 1.14 at a Reynolds number
of 3x10*. This agreeﬁent vindicates the numerical integration
of the pressure distribution in equation (8.1) usting Simpson's
rule. It was considered most important for this single cylin-
der flow regime to be established since it is the same as the
flow condiiions. pertaining to two dimensional flow over an
infinitely long cylinder, and therefor; forms a baslis for the
determination and comparison of flows over groups of

cylinders.

8.2 DRAG COEFFICIENTS ON A SINGLE

CYLINDER IN A GROUP OF THREE

Figs. 8.3 and 8.4 show the drag and lift coefficients acting
on cylinder number |1 as the group of cylinders is rotated
through 180 degrees about jts axis. It is assumed that sym-

metry of flow occurs for the range 180<a<360 degrees and this
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was verlified by random pressure measurements during the

course of ’experimentatlon. For a given spacing ratio, the
lift and drag coefficients acting on each cylinder of the
group at any inclination may be obtained. For example, in

Figs. 8.3a and 8.4a for an inclination to the free stream of

90 degrees, the drag and lift coefficients of each cylinder

are
Cylinder No. 1 2 3
o (degrees) 90 210 330
Equivalent angle 90 150 30
Co 0.67 -0.18 1.3
C. -0.04 - 0.23 - 0.61
By summing these three values of lift and drag coefficients

taking into account their signs and noting that the projected
cross sectional area of the cylinders is now 3D, the total

lift and drag <coefficients C.« and Cp,: are obtained from

equations (8.2) and (8.3).

/

CLT = (CL1 + CLQ + CL’)/I.SPU'D (8.2)
Cof = (CD' + Cog + Co;)/l.SpU'D (8.3)
These results are shown in Figs. 8.5 and 8.6 where it will be

noted that the total coefficients repeat themselves every 120
degroees. From the total lift and drag coefficients, the
direction of the resultant force acting on the group as a

whole is determined from equation (8.4)

¥y = atan(C,+/Co+ ) (8.4)
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and this variation is shown in Fig. 8.7.

For S/D of 4 and 5 at « = O degrees (Fig. 8.3), cylinder |1
behébes as if it were isolated, the drag coefficients of 1.1
being the same as for the single cylindef. As S/D decreases,
the downstream cylinders 2 and 3 begin to affect the flow over
cylinder 1, its drag coefficient dropping to 0.44 at a spacing
of 1.25D. The reason for the decrease is clearly shown in
Fig. 8.8 where the negative pressure coefficient on the
downstream part of the cylinder becomes positive. while the
front positive pressure coefficient between 30>8>270 degrees
remains virtually unchanged. When the cylinders are rotated,
for S/D of 4 and 5, cylinder 1 exhibits a steadily increasing
drag coefficient rising to 1.4 at about 120 degrees although
there is some evidence‘of fluctuating pressures for S/D of 4.
[t is concluded that the lower cylinder.2 is affecting the
flow around cylinder 1, and is of the proximity type inter-
ference. For S/D be£ween 3 and 1.25, Fig. 8.3 shows the
max imum C, on cylinder 1 occurring at decreasing angles of
inclination, this being due to increasing combined proximity
and wake interference. From the maximum Co attained., all
spacings show a steep drop to a minimum C, at an inclination
of about 150 degrees, when cylinder 1 is directly in line with
cylinder 3 as if in a two cylinder tandem arrangement. At a =
180 degrees., .the drag coefficient returns to the isolated
cylinder value - for the large spacing but is increasingly
affected by proximity and wake interference as the spacing
decreases. The general trend of the drag curves in Fig. 8.3
show similar features to those obtained by Bardowicks (1985)
{20]1. However, nowhere did he obtain negative drag coeffi-

cients at small spacings as obtained in these experiments and
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this is attributed to flow along the spén of the cy!inder

caused by flow over the ends of his finite length cylinders.

8.3 LIFT COEFFICIENTS ON ‘A SINGLE
CYLINDER IN A GROUP OF THREE

In Fig. 8.4, negative 1ift forces are those directed towards
the axis of the test section. At S/D =5, Fig. B8.4g shows
almost zero lift in the range 0<a<120 degrees indicating sym-
metry of flow about the horizontal axis of the cyl!linder. At
127.5 degrees, _éyllnder 1 experiences a sudden inward lift
force due to wake Interferénce from cylinder 3 which is now at
the 7.5 degree position. In effect, the edge of the wake
generated by cyllnder 3 acts as a boundary and prevents the
streamlines on the underside of cylinder | from diverging as
much as they would were the wake not present. This causes an
increase in velocity on the underside of cylinder 1 and a con-
sequent'reductlon in pressure. The situation persists to 135

degrees at which point the pressure starts to recover to give

a positive lift coefficient at a«¢ = 165 degrees when cylinder 3
is lying above cylinder 1, its wake now acting on the opposite
side of <cylinder 1. Cylinder 2 has no effect on the flow

around cylinder 1.

As the spacing decreases, a bias towards a positive 1ift
force develops for a>30 degrees whilst the change to the nega-
tive 1ift force become less severe. There Is also a tendency

~

for the magnitude of the negative lift to increase as also

does the magnitude of the recovery on the positive sids. For

2< S/D <5, maximum and minimum lift occur at more or less the

same inclination angle and the curves in general exhibit the
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same characteristics. In contrast, at S/D = 1.25, rapid
changes in lift force are noted at inclination angles of 7.5,
30 and 82.5 degrees. and it would appear that at S/D = 1.5 a

transient state exists between the two types of flow regimes.
In the case of two cylinders in tandem, Zdravkovich et al

(1977) [10]1 found that for 2.7¢ S/D <4 the lift coefficient on

the downstream cylinder was positive or wvery close to zero.

This is confirmed here by examining the lift at ¢ = 150

degrees since in this position cylinders 3 and | are situated

in tandem with the lift being measured on the effective down-
stream cylinder 1. However, Zdravkovich et al [10) also
inferred a negative lift coefficient in tandem arrangement for

S/D <2.7 but for the three cylinder case at similar spacings,
Figs. 8.4a to B.4c show that the lift is clearly positive
indicating a strong interference from the Jlower cylinder 2.
The upstream cylinder 3 at S/D = 1.25 also shows a high posi-
tive lift at @« = 30 degrees indicating proximity interference
from thé lower cylinder 2.

Cylinders | and 3 are in a transverse arrangement at a = 60
degrees and Figs. 8.4b to 8.4g show positive lift forces the
order of which are in agreement with the results of Zdravko-
vich et al (1977) [(10] for the two <cylinder case. As the
spacing decreases the velocity of the flow in the gap between
the cylinders increas;s. with the interference béing of the

proximity type.
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8.4 TOTAL FORCE COEFFICIENTS ON THE
GROUP OF THREE CYLINDERS

The total lift and drag data points shown in Figs. 8.5 and

8.6. and the angle of the resultant force acting on the group

shown in Fig. 8.7, indicate how rapidly the tofal force com-
ponents can change with relatively small changes in flow
direction. In general, the total drag is greater as the
spacing ratio increases due to each of the individual cylin-
ders behaving more as an isolated one. Conversely, the total
lift coefficient tends towards =zero with increasing S/D but

shows wide positive to negative changes as the cylinders' move
towards each other. Although the magnitude of the resultant
force might be low, rapid changes in its direction could pre-

sent important design problems in situations where the flow

direction is constantly changing.
8.5 CONCLUSIONS

It has been shown that for a standard equispaced group of
three cylinders arranged with centres forming an equilateral
triangle, the angle of orientation of thé group to the free
stream will strongly influence the force <coefficients acting

on any one of the <cylinders. Large reversqls in Jift magni-

.tude and direction occur at inclination angles lying between
120 degrees and 165 degrees for all cyliﬁder spacings tested,
whilst a minimum drag is found at about 150 degrees. At' some
spacings the force coefficients were similar to those for flow
interference between two cylinders. The total force

coefficients for the three cylinder structure as a unit can
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also exhibit large varifiations in magnitude and direction and
care should be taken in the design of such structures

especially when a varfiable direction free stream flow Is

present.,



104

CHAPTER 9

RESULTS AND DISCUSSION CONCERNING THE PRESSURE DISTRIBUTION

AROQUND A SINGLE CYLINDER IN A GROUP OF FOUR

9.1 DRAG COEFFICIENTS ON A SINGLE

CYLINDER IN A GROUP OF FOUR

Equations (8.1), (2.33) and (2.32) rare again used to determine
the pressure, drag and lift coefficients, the latter two being
shown in Figs. 9.1 and 9.2. The total force coefficients are
similarly determined by the summation of the ihdividual drag
and lift coefficients of the‘four cylinders és described be-
low. Considering a spacing ratio of 1.1, from Figs. 9.1la and
9.2a, at an tnclination angle of 15 degrees, the drag and lift

coefficients of each cylinder are

Cylinder No. 1 2 _ 3 4

a (degrees) 15 105 195 285
Equivalent angle 15 . 105 165 75
Co ' . 0.85 0.39 0.09 0.91
C. ' - 0.49  -0.34 0.08  -0.15

The negative sign indicates a lift force directed towards the
axis of the wind tunnel test section. When these coefficients

are summed, noting that the total cross sectional area is now
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4D, the total drag and lift coefficients Cor and C,; are

obtained from equations (9.1) and (9.2).

CDT = (001 + Cpg + Coa + Co.)/sz’D (9.1)

ClT = (CL‘ + Cl'g- + Clg “+ CL.)/2PU’D : (9.2)
The total force <coefficients are shown in Figs. 9.6 and 9.7
where they repeat themselves every 90 degrees. The direction

of the resultant force acting on the group 6f four cylinders
as a whole is ca]culated from equation (8.4), and its wvaria-
tion with inclination angle is displayed in Fig. 9.8.

At a = 0 degrees and spacing ratios of 4 and 5. cylinder |
behaves as a single isolated cylinder in a two dimensional
flow field, the drag coefficient of 1.1 being the same as that
determined for the isolated <cylinder in section 8.1. At a
spacing ratio of 2, the drag coefficient has dropped to 0.82,
but fbr a further decrease in spacing ratio, the drag coeffi-
cient recovers to remain steady at approximately 0;95. This is
due to the presence of the adjacent cylinders affecting the
pressure distribution around cylinder 1. Unlike the three
cylinder case, the negative pressure coefficient does not
become positive on the downstream part of cylinder 1, but as
shown in Fig. 9.3, increases from -1.1 to only ~-0.49 as the
cylinder spacing decreases. Also, the positive pressure co-
efficient acts over a much wider total angle at the smaller
spacings than was the <case for three cylinders, where it
remained virtually unchanged. This spreading of the positive
pressure coefficlient on the wupstream side of <cylinder |

negates the increase in pressure on the downstream side,
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resulting‘in only a small change in drag coefficient.

As the group of cylinders is rotated, between 0 and 180
degrees, the shape of the drag coefficient curves for the
different spacing ratios are similar in form to those for the
three cylinder grouping but the inclination angles for maximum
and minimum C, of cylinder 1 have changed. At spacing ratios
of 1.1 and 1.25, the drag coefficient rises steeply over 7.5
degrees to a maximum value at an inclination angle of 37.5
degrees. For further increases in spacing, the position of
maxXimum C, occurs at increasing inclination. angles altﬁough
its rate of change and magnitude become less severe.

Co drops steeply to ; negative value at an inclination
angle of 127.5 degrees for l.1< S/D <2. A similar trend 'is

observed for the range 3< S/D <5 but the minimum C, occurs

at @ = 135 degrees and it remains positive. For the. latter
spacings, cylinder 1 (at a« = 135 degrees) is directly behind
cylinder 4 (at a = 45 degrees) and flow interference is of the

wake type only since the cylinders are now far enough apart
not to affect the flow appreciably. With the lower spacings,
both broximity and wake interference are of importance, the

adjacent cylinders deflecting the flow and as a result causing

the minimum Cp, to occur when the cylinders | and 4 are not in
line. The changes in C, are closely mirrored by the variation
in base pressure coefficient shown in Fig. 9.4, and it may

therefore be concluded that the drag coefficient is highly
dependent on the base pressure coefficient C,, .

For all spacings, C, recovers from its minimum value and
except for spacings of 1.1 and 1.25, it peaks again at an in-

clination of 157.5 degrees this being due to the displacement
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of the wake from,cylinder 4 (at 67.5 degrees) affecting the
flow around cylinder 1. This effect diminishes as cylinder |
moves out of the wake of cylinder 4 for further increases in
inclination angle. The drag coefficient also gradually decr-
eases to a value of half that for cylinder 3 (at the O degree
position), the flow about cylinder 1 now being strongly
affected by the wake shed from cylinder 3. At spacings of 1.1

and 1.25, proximity and wake interference reduce the drag

coefficient to about zero.

9.2 LIFT COEFFICIENTS ON A SINGLE

CYLINDER IN A GROUP OF FOUR

A}l spacing ratios in Fig. 9.2 show a zero lift coefficient
for cylinder 1 at a = 0 degrees, indicating symmetry of flow
about that cylinder. Considering first the range 2< S/D <5 of
Figs. 9.2(d-g), a bias towards a positive outwardly directed
lift coefficient occurs for 0<a<90 degrees. At a = 90 degrees.
the lift coefficient increases rapidly in the negatlve' direc-
tton (i.e. inwards) where it reaches its maximum negatlive
value at approximately 112.5 degrees, the magnitude of this

value increasing as the <cylinder spacing decreases. With

cylinder 1 at 112.5 degrees, cylitnder 4 ts at an inclination
angle of 22.5 degrees and therefore lies closer to the axis of

symmetry. The edge of the wake of cylinder 4 extends past the
lower side of cylindervl‘thereby creating an effective bound-
ar}. The flow paséing around the lower side of cylinder | has
a reduced cross sectional area 5nd consequently a higher velo-
city and lowervpressure than that on the upper‘slde. This is

clearly shown by the pressure distribution in Fig. 9.5. A
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further increase in a <causes part of the wake of cylinder 4
to stagnate on cylinder 1 and then to partially flow around
it. At a = 135 degrees, the cylinders are in line with re-

spect to the free stream, the flow around <cylinder 4 being

symmetrical! as demonstrated by the zero lift coefficients and
typical pressure distribution shown in Fig. 9.5. Increasing o
still further now moves cylinder 4 above cylinder 1 and the

reverse pressure distribution occurs to give a positive peak-

ing 1lift coefficient at « = 150 degrees. Between 150 and 180

degrees, cylinder 1 becomes increasingly influenced by the
wake of cylinder 2 which is moving towards the a = 0 degrees

position.

In the range 1.1< 8/D <1.5, Figs. 9.2a to 9.2c show that
the 1ift <coefficient increases from zero to peak at a = 30
degrees although there is evidence that this phenomenon |is
already underway at S/D = 2 (Fig. 9.2d). This is due to pro-
ximity interference of the lower cylinder 4 before <cylinders
1 and 4 are in a transverse arrangement, when it might be.
expected that the greatest proximity interference would occur.
However, the close proximity of all cylinders causes intense
interaction of the wakes and makes any conclusions based on

the two cylinder results of Zdravkovich and Pridden (1977)

(103, of ltittle value. At spacing ratios of 1.5 and 1.25,
rapid fluctuations in C, indicate a transitory phase before
stability Is again established at S/D = 1.1. During this

transitory phase, the magnitude of the change from a positive
to negative lift coefficient with changé in inclination angle
becomes greater but less severe whilst the inclination angle

at which maximum negative C, occurs, <changes to 90 degrees

when cylinder | is at its outermost position. This movement
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from the 112.5 degree position at the wide spacing ratios
indicates strong proximity interference as opposed to wake
interference and gives rlise to high velocities in the gaps

between the cylinders and subsequently high negative pressure

coefficients in the range 210<a<315 degrees. Increasing
from 90 to 180 degrees sees a return to an almost zero 1lift
coefficient at a = 135 degrees when cylinder | is in tandem

behind cylinder 4. In the range 135<¢a<180 degrees, the 1ift
coefficient is slightly positive biased and this is due to a

stagnation point occurring at @« = 330 degrees as shown in Fig.

9.5.

9.3 TOTAL FORCE COEFFICIENTS ON

THE GROUP OF FOUR CYLINDERS

In comparing Figs. 9.6 and 9.7 with Figs. 8.5 and 8.6, for the
three cylinder grouping, it is seen that the variation in Co¢
with @ is of the same order, and that at.high spacing ratlos
Cor approaches unity due to the flow about the cylinders
approaching that about a single isolated cylinder. Changes in
Ccr are less extreme than for the three cylinder case but
these changes increase with decreasing spacing ratio whilst
the absolute values of C_.; are lower on either side of =zero
than in the three cylinder case. Fig. 9.8 shows that the
greatest change in 7 occurs for low values of S/D. For
spacing ratios of 4 and 5 the change in 7 is negligible, and
therefore in variable direction flow fields. structures of
this type shoﬁld be designed with cylinder spacings of at

least four diameters.
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9.4 CONCLUSIONS

The 1ift and drag coefficients acting on a single cylinder in
a group of four situated in a uniform free stream flow have
been determined and they show that the forces acting on each
cylinder of the group can wvary widely. The magnitude of the
coefficlients is strongly influenced by the orientation of the
group to the free stream with minimum drags occurring at
inclination angles between 127.5 and 135 degrees. For all
spacing rgtios. rapid reversals in both 1ift and drag occur
but greatest stability is achieved with higher spacing ratios,
when large and rapid changes only take place between inclina-
tion angles of 90 and 180 degrees.

These results may. be regarded as basic force coeffictent

‘data to be included with two and three <cylinder data in a

design code of practice.
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CHAPTER_10

COMPARISON BETWEEN POTENTIAL AND ACTUAL FORCE COEFFICIENTS

10.1 DRAG COEFFICIENTS ON A SINGLE

CYLINDER IN A GROUP OF THREE

¢

For cylinder spacing ratios greater than 1.5, and at all
inclination angles of the group, Fig. 10.1a shows that
cylinder 1 experiences almost no potential drag force. At a =
0O degrees and S/D = 1.5, the potential drag coefficient is
only 0.1 <compared to an actual drag coefficient of 0.76 as
found in Fig. 10.1b. |
When a = 90 degrees, the potential ﬂrag coefficient of
cylinder | is zero at all spacings indicating symmetry of flow
on either side of the cylinder's wvertical axis. Further

increases in a give the same drag coefficiénts in the negative

upstream direction and the general form of this curve is
repeated fdr afl other spaélng ratios. This flow symmetry s
not attained in practice due to <cylinder proximity, spacing
ratio, viscous effects boundary layer formation and
separation. Indeed, as Figs. 10.2 and 8.3 illustrate, in the
real flow situation negative drag coefficients occur only

briefly when a = 150 degrees. When a = 90 degrees the actual

drag coefficients are always positive.
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10.2 LIFT COEFFICIENTS ON A SINGLE

CYLINDER IN A GROUP OF THREE

Fig. 10.3 shows 2zero potentia]AIift coefficients for «cylinder
| at @ = 0 degrees and 180 degfees for all cylinder spacings.
This is so because of the symmetry of the <cylinders and the
consequent streamline flow patterns at tbose orientations, the
cylinder 1 being situated on the cent;al flow axis in each
case. Maximum potential 1ift occurs ati; = 90 degrees and s
directed towards the free stream flow ;%is. but it decreases
rapidly towards zero as the cylinder spa%ing increases.

Witﬁ real flow (Fig. 10.4) in the ran;e 1.5<8/D<5, the lift
coefficient is approximately zero for O0<a<l05 degrees after
which it oscillates between a negatjye and positive lift

coefficient. The rate of change of ﬂift coefficient with

respect to the inclination angle is extrehely high and is due

to wake interference. For §/D<1.5. the combination of wake
and proximity interference gives rise to lift coefficients
which depart totally from the potenfial lift curves.

10.3 TOTAL FORCE COEFFICIENTS

FOR THREE CYLINDERS

When the potential I1ift and drag coefficients for each
cylinder given in Appendix B2 are summed, the resulting total
potential force coefficients are zero. This 1is clearly not so
in the real flow situation (Figs. 10.5 and 10.6) where real

and fluctuating force coefficients exist.



123
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Fig. 10.6 Actual total lift coefficient for the group of three
cylinders versus group inclination angle a
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10.4 FORCE COEFFICIENTS ON A GROUP

OF FOUR CYLINDERS

Similar comparisons bétween Figs. 3.5 and 9.1 and Figs. 3.6

and 9.2 respectively, show that the potential lift and drag
coefficients do not in any way approximate the real flow
situation in respect of absolute wvalues or trends. The
botential total force coefficients are again zero which s

obviously not so in the real flow situation.

10.5 CONCLUSIONS

Whilst the potential flow analysis provided a theoretical
basis on which to predict the force coefficients actfng on a
group of cylinders, the results do not correspond to the force
coefficients in the real flow case. The reasons for the
differences are to be found in the large number of wvariables
involved in the real flow situation, and the author <considers

it doubtful that a satisfactory theoretical analysis will

adequately describe the real flow situation. This makes it
even more important to establish a standard data base of real

flow data for designers as presented in this thesis.
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APPENDIX A

Al STREAM FUNCTION FOR FLOW OVER A CYLINDER

Referring to the flow field of Fig. 2.la, the complex

potential may be written as [(22]

w(z) = U(ZG—ib + a‘'e /2) (i)

Putting 8 =  so that the flow field of Fig. 2.1b is obtained,

equation (i ) becomes

w(z) = -U(z + a?'/z2)
and substituting for 2 = (x + jy), gives
9 w(z) = -Ul(x + iy) + a'(x - iy)/(x + iy)(x - iy)]
= -Ul(x + iy) + a*(x - iy)/(x"* + y*)1
Noting that r® = x* + y', then collecting real and imaginary
parts
w(z) = -Ulx + a*x/r?) + i(y - aty/r?)]

But w(z) = ¢ + i, therefore

$ = -Uy(l - a*/r*)



A2 VECTOR OA IN COMPLEX CONJUGATE FORM

| _ Fig. Al

Conslider a doublet at point B exterjor to a cylinder of radius
a which has a centre at A as in Fig. Al. The image of the

. doublet 1Is situated at the inverse point O, where from

equation (2.7)

IOAl = a'/IABI

———

The vector. OA = a'/A
= a'(cosf + i1sinB)/lza - 24|
. but cos8 = (xa — Xa)/12a — 24|
and sin8 = (ya - ya)/l2za = 24|
therefore OA = a'l((xx - Xe) + 1(ya = yp)1/120 = 251"
= a'(2a — 2a)/1za ~ 24 I*
Now in general, |zl = (z;)%. but (z1 = 12, - 2zl
therefore substituting for lzy - zs '
6;\— = a'(zh - 2.)/(23 - 2.)(2. - z')

= a'/(za - 2s)



Bl Computer programme

NoliosRENNeo W4 |

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X

X X

APPENDIX B

listings for potential lift and drag

FILE: TEMO!.FOR

F€ 7€ 3€ 26 D€ 26 26 2€ 26 26 26 26 26 26 26 26 I€ I 2 I€ 3¢ 26 € 3¢ 26 26 36 26 26 2€ 26 26 26 3¢ 26 2 X

»POTENTIAL FLOW OVER THREE CYLINDERS»

36 7€ 26 36 I€ 26 2 € 3€ 26 26 I 26 I€ 26 36 26 26 I 26 3¢ 7€ 26 3€ € 26 7€ 26 26 26 26 2 3¢ 26 36 2 )¢

THIS PROGRAMME CALCULATES THE LIFT AND DRAG COEFFICIENTS

ON EACH CYLINDER

IN A GROUP OF THREE LYING

IN A POTENTIAL

FLOW FIELD. THE ANGULAR INCLINATION OF THE CYLINDERS IS

VARIED IN THE RANGE 0 TO

INPUT VARIABLES ARE DEFINED

120 DEGREES

ACL) RADIUS OF CYLINDER 1

AC2) RADIUS OF CYLINDER 2

A(3) RADIUS OF CYLINDER 3

DELTA(1) ANGLE OF DOUBLET AXIS FOR CYLINDER 1

DELTA(2) ANGLE OF DOUBLET AXIS FOR CYLINDER 2

DELTA(3) ANGLE OF DOUBLET AXIS FOR CYLINDER 3

ANG ANGLE OF FREE STREAM VELOCITY VECTOR

INC NUMBER OF INCREMENTS AROUND EACH
CYLINDER AT WHICH THE VELOCITIES AND
FORCES ARE CALCULATED

NCYL NUMBER OF CYLINDERS

ND NUMBER OF DOUBLETS

ucn) VELOCITY OF CYLINDER 1 .

uc2) VELOCITY OF CYLINDER 2

ue3) VELOCITY OF CYLINDER 3

uces) FREE STREAM VELOCITY

Z(1) VECTOR CO-ORDINATES OF CYLINDER 1

Z(2) VECTOR CO-ORDINATES OF CYLINDER 2

Z(3) VECTOR CO-ORDINATES OF CYLINDER 3

DEFINE VARIABLES

(m/s)
(m/s)
(m/s)
(radians)
(radians)
(radians)
(radians)

(m/s)
(m/s)
(m/s)
(m/s)
(m)
(m)
(m)

COMPLEX Z(400).ZED.BLAM(400),VZED,VEE(400),ZZ(400),V1,
1VTOT(48) ,SUM,FIRST
REAL A(4),U(5),ANG,DELTA(4) ,THETA(48),.G.H,AMU(400) ,ALAM
1(400),VEL(48) ,C,D,DTHETA(48) ,ANGLE,XVEL(48),YVEL(48),
2DRAG(4) ,ALIFT(4)
INTEGER NCYL,NCHO(4),X(400),Y(400)

OPEN FILES FOR DATA OUTPUT

OPEN(UNIT=1, FILE='(C)PRINTER")
OPEN(UNIT=9, FILE='MANY"')

PUT

DO 505

RO =
INC
ACL)
AC2)

IN CONSTANTS

IR = 11,15

IR/10.0 -

[

48
0.025
0.025



10
11
12
13
14
15
16
17
18
19
20
21

22
23
24

25

26
27
28
29
30
31
32
33

34

35
36

37
38
39
40
41
42
43
44
45
46

47

48
49
50

51

952
53
54

55

.56
57

X X X X X X

X X

100

110

180

190

A(3) = 0.025

u(s) = 10.

ANG = 3.14159

NCYL = 3

DELTA(1) = 3.14159
DELTA(2) = 3.14159
DELTA(3) = 3.14159
ND =381

Z2(1) = (0,0)

ucl) = 10.0

uc2) = 10.0

Uue3) = 10.0

PUT IN DOUBLET AND CYLINDER RELATIONSHIPS

Yo
Y(2)
Y(3) .
TYl = 0.0
DO 100 JY = 4,380,2
TYD = TY1+1

YOJY) = TYI
CONTINUE

TY2 = 0.0

DO 110 JZ = 5,381,2
TY2 = TY2+]

Y(JZ) = TY2
CONTINUE

nmwon
[N eNol
(s ew i ]

SET TABLE HEADINGS

WRITE(1.510)R0O
WRITE(1,520)
WRITE(1.530)
WRITE(9,515)R0O
PRINT x, RO

CALCULATE THE VECTOR CO-ORDINATES OF CYLINDERS 2 AND 3

DO 500 KA = 1,17

IF(KA.EQ.1)GO TO 190

IF(KA.EQ.5)GO TO 195

IF(KA.EQ.9)GO TO 190

IF(KA.EQ.17)G0O TO 196

ANGL1 = (30-(7.5%(KA-1)))%3.142/180.
ANGL2 = (-30-(7.5%(KA-1)))%3.142/180.
DANG1 =(7.5%(KA-1))
WRITE(9,570)DANGI

PRINT », DANGI

S = 0.05%R0O

RS1 = SxCOS(ANGLI1)
RI1 = S%SIN(ANGL1)
RS2 = S»COS(ANGL2)
RI2 = S*SIN(ANGL2)
Z(2) = CMPLX(RSI,RI1)
Z(3) = CMPLX(RS2,RI2)
GO TO 210

ANGL1 = (29.95-(7.5%(KA-1)))%3.142/180.
ANGL2 = (-30.05-(7.5%(KA-1)))%3.142/180.
GO TO 180 '



58
59
60
61
62
63

64
65
66

67
68
69

70

71
72
73

74
75
76
77

78
79
80
81
82
83
84
85
B6
87

88
89
30
91

92

+ 93

94

195 ANGL1
ANGL2
GO TO

196 ANGLI (30.05-(7.5%(KA-1)))%3.142/180.
ANGL2 (-30-(7.5%(KA-1)))%3.142/180.
GO TO 180

(30.05-(7.5%(KA-1)))»3.142/180.
(-30-(7.5%(KA-1)))%3.142/180.
80

woar =

X

CHOOSE CYLINDER ON WHICH VELOCITIES ARE TO BE DETERMINED

X

210 DO 490 IN = 1,NCYL
WRITE(9,560)IN
PRINT %, IN

DETERMINE ANGLE  AROUND CYLINDER AND THE VECTOR CO-ORDINATES
(VZED) OF THAT POINT ON ITS SURFACE AT WHICH THE VELOCITIES
ARE TO BE DETERMINED

X X X X X

DO 450 I = 1.,INC

DTHETACI) = 7.5%(I-1)

THETACL) = 7.5%3.142»([-1)/180.
C = ACIN)*COS(THETAC(I))

D = ACIN)SIN(THETACI))

SUM = CMPLX(C.D)

VZED =(SUM+Z(IN))

b 4

CALCULATE COMPLEX VELOCITY FOR THE FREE STREAM

G COS(ANG)

H SIN(ANG)

ZED = CMPLX(G,H)
FIRST = -U(5)/(ZED)

i u

CALCULATE V(Z) FOR THE DOUBLETS IN THE RANGE P
LESS THAN OR EQUAL TO THE NUMBER OF CYLINDERS

X X X X

250 DO 380 JP = 1,ND
Ja = X{JP)
JR = Y(JP)
IF(JP.GT.NCYL)GO TO 330
AMUCJP) =UC(JA)»*A(JQ) »x2
ALAM(JP) = DELTACJQ)
BLAM(JP) =CMPLX(COS(ALAM(JP)) ,SINCALAM(JIP)))
Z(JP) = Z2(JQ)
VEE(JP) =AMU(JP)*BLAM(JP)/(VZED-Z(JP) ) %x2
GO TO 380

CALCULATE V(Z) FOR THE DOUBLETS IN THE RANGE P
GREATER THAN THE NUMBER OF CYLINDERS

X X X X

330 ZZ(JP) = Z(JRI)-Z(JQ)
335 Z(JP) = Z(JQ)+CONJG(A(JIQ)*%2/(ZZ(JP)))
AMUCJIP) = AMUCGJIR)I®(A(JQ)*%2/ (CABS(ZZ(JP) ) ) x%2)
ALAM(JP) = 3.14159+(2xATANCAIMAG(ZZ(JP))/REAL(ZZ(JP))))
1-ALAMC(JR)
BLAM(JP)= CMPLX(COS(ALAM(JP)) ,SINCALAM(JP)))
VEE(JP) =AMU(JP)»*BLAM(JP)/(VZED-Z(JP) ) »x2
380 CONTINUE
*
* SUM THE V(Z)'S OF THE DIPOLES AND ADD FREE STREAM VELOCITY
* POTENTIAL



95 Vi = (0.,0.)

96 DO 420 J = 1.,ND

97 V1 = VI+VEE(J)

98 420 CONTINUE

99 VTOT(I) = FIRST+VI

100 VEL(I) = CABS(VTOT(I))
101 XVELC(I) REALC(VTOT(I))

||}

102 YVELC(I) -AIMAG(VTOT(I1))
103 PRINT », DANGI1,IN,DTHETACI),VTOT(I) VEL(I) -
104 WRITE(9, 550)DTHETA(I) VTOT(I),VEL(CI)
105 450 CONTINUE
» .
* "FIND ODD EVEN AND EXTREME ORDINATES OF COMPONENT FORCES
* ‘ON CYLINDER AND SUM THEM -
»#
106 SUMED = 0.0
107 SUMEL = 0.0
108 DO 460 J = 2,INC,2
109 TOTED = 4xA(IN)*(VEL(J)»%»%2-U(5)%%2)%COS(THETA(J))
110 TOTEL = 4»ACIN)»*(VEL(J)%%2-U(5)»%2)%SIN(THETA(J))
111 SUMED = SUMED + TOTED
112 SUMEL = SUMEL + TOTEL
113 460 CONTINUE
114 SUMOD = 0.0
115 SUMOL = 0.0
116 DO 470 J = 3,(INC-1),2
117 TOTOD = 2%ACIN)»*(VEL(J)*%2-U(5)%%2)%COS(THETA(J))
118 TOTOL = 2x%ACIN)»(VEL(J)*%2-U(5)»*x2)%SIN(THETA(J))
119 SUMOD = SUMOD+TOTOD
120 SUMOL = SUMOL+TOTOL
121 470 CONTINUE
122 EXTRD = 2xACIN)»(VEL(1)»%2-U(5)%»2)%COS(THETA(1))
123 EXTRL = 2%ACIN)»*(VEL(1)»%2-U(5)%%2)%SIN(THETA(1))
»*
»* CALCULATE DRAG AND LIFT COEFFICIENT USING SIMPSON'S
* RULE
* .
124 DRAG(IN) = (EXTRD+SUMOD+SUMED)%7.5%3.142/180/3/U(5)»x2
1/ACIN) /2
125 ALIFTCIN) = (EXTRL+SUMOL+SUMEL)»7.5%3.142/3/180/U(5)»x2
’ 2/ACIN)/2 : ’

126 490 CONTINUE
WRITE OR PRINT THE LIFT AND DRAG COEFFICIENTS

WRITE(1,540)DANG1 ,DRAG(1) ,ALIFT(1) ,DRAG(2) ,ALIFT(2),

IDRAG(3) ,ALIFT(3)

WRITE(9,580)DRAG(1), ALIFT(l) DRAG(2) ,ALIFT(2) ,DRAG(3),

IALTFT(3)

128 PRINT », DRAG()).ALIFT(l).DRAG(Q).ALIFT(2).DRAG(3).ALIFT(3)

129 500 CONTINUE '

130 505 CONTINUE

131 510 FORMAT(27X,'S/D = ' ,F6.2,/)

132 515 FORMAT(F6.2)

133 520 FORMAT(IX,'INCLINATION ANGLE',.6X.'D1',8X,'L1',8X,'D2"
18X,'L2",8X,'D3"',8X,"'L3")

134 530 FORMAT(6X, 'Degrees")

135 540 FORMAT(6X,F6.2,5X.F10.2,F10.2,F10.2,F10.2,F10.2,F10.2,

1/77777)

127

X X X X X X X
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blockage ratios.
6.3 CONCLUSIONS

Closed wind tunnel blockage corrections can not be used for
open je£ test section flows. The open jet blockage cérrec—
tions that must be. applied to the force coefficients of a
bluff body decresase in magnitude. the further the body is
placed down§tream of the tunnel mouth. For this particular
tunne}} the adjustment length ratio is 0.845, and provided the
body was placed in the test section with its adjustment length
ratio :greater than 0.845, then no blockﬁge correction was
required. "This finding lends confidence to the placement of
the cylinaer groups and the subsequent accuracy 'of the

measurements described in chapter 7.
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X X X X X X X X

josBEN[Re N 0) BN.

FILE: FTEST.FOR

P66 26 7€ 26 2626 26 36 D€ € 36 36 I D€ 26 36 36 36 26 2 36 36 26 26 7€ 3¢ 3¢ X 2 2 2 3 3 2 X

*POTENTIAL FLOW OVER FOUR CYLINDERSx

36 I€ 3 € 2 2 26 I3 2 26 3 € I 26 36 7€ € I 26 36 2 36 26 36 26 I 3¢ 26 26 I 26 X6 2 X ¢

THIS PROGRAMME CALCULATES THE LIFT AND DRAG COFFICIENTS
ON EACH CYLINDER IN A GROUP OF FOUR LYING IN A POTENTIAL
FLOW FIELD. THE ANGULAR INCLINATION OF THE CYLINDERS IS
VARIED IN THE RANGE 0O TO 90 DEGREES. .

INPUT VARIABLES ARE DEFINED

ACD) RADIUS OF CYLINDER 1 (m)
AC2) RADIUS OF CYLINDER 2 (m)
AC3) RADIUS OF CYLINDER 3 (m)
AC4) RADIUS OF CYLINDER 4 (m)
.DELTAC1) ANGLE OF DOUBLET AXIS FOR CYLINDER 1 (radians)

DELTA(2) ANGLE OF DOUBLET AXIS FOR CYLINDER 2 (radians)
DELTA(3) ANGLE OF DOUBLET AXIS FOR CYLINDER 3 (radians)
DELTA(4) ANGLE OF DOUBLET AXIS FOR CYLINDER 4 (radians)
ANG ANGLE OF FREE STREAM VELOCITY VECTOR (radians)
INC NUMBER OF INCREMENTS AROUND EACH

CYLINDER AT WHICH THE VELOCITIES AND

FORCES ARE CALCULATED

NCYL NUMBER OF CYLINDERS

ND NUMBER OF DOUBLETS

udct) VELOCITY OF CYLINDER 1 (m/s)
uc2) VELOCITY OF CYLINDER 2 (m/s)
U(3) VELOCITY OF CYLINDER 3 (m/s)
udc4) - VELOCITY OF CYLINDER 4 (m/s)
uds) FREE STREAM VELOCITY (m/s)
AQY) VECTOR CO-ORDINATES OF CYLINDER 1 (m)
2(2) VECTOR CO-ORDINATES OF CYLINDER 2 (m)
Z(3) : VECTOR CO-ORDINATES OF CYLINDER 3 (m)

Z(4) VECTOR CO-ORDINATES OF CYLINDER 4 (m)

DEFINE VARIABLES

COMPLEX Z(500),ZED,BLAM(500),VZED,VEE(500),ZZ(500) .V,
IVTOT(48) ,SUM,FIRST

REAL A(4),U(S5),ANG.DELTA(4) ,THETA(48),G.H,AMU(500),ALAM
1(500),VEL(48),C,D.DTHETA(48) ,ANGLE,XVEL(48),YVEL(48),
2DRAG(4) ,ALIFT(4) ‘

INTEGER NCYL,NCHO(4) ,X(500),Y(500)

OPEN FILES FOR DATA OUTPUT

OPEN(UNIT=1, FILE='(C)PRINTER")
OPEN(UNIT=9, FILE="FQOUR2")

PUT IN CONSTANTS

DO 505 IR = 20,20

RO = IR/10.
INC = 48
ACl) = 0.025
“A(2) = 0.025



10
11
12
13
14
15
16
17
18
19
20
21

22
23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

43

44
45
46
47
48
49
50
51

52
53
54

X

X X X X X X X

X X X

100

110

P
—_—
—_—

180

A(3) = 0.025

AC4) = 0.025

ues) = 10.

ANG = 3.14159

NCYL = 4

DELTA(1) = 3.14159
DELTA(2) = 3.14159
DELTA(3) = 3.14159
DELTA(4) = 3.141589
ND =484

Z(1) = (0,0)

uclr) = 10.0

ue2) = 10.0

ue3) = 10.0

udc4) = 10.0

PUT IN DOUBLET AND CYLINDER RELATIONSHIPS

Y(1)
Y(2)
Y(3)
Y(4)
TY1l =

[ | |

0

OO O0OO0O

OO0

.

.0

DO 100 JY=5,482,3

TY1 =

Y(JY)

TY1+1

TY1

CONTINUE

TY2 =

0.0

DO 110 JZ = 6,483,3

TY2 =
Y (JZ)

TY2+1

TY2

CONTINUE

TY3 =
DO 111
TY3 =
Y (JX)

0

T

.0

JX = 7,484.,3
Y3+1

TY3

CONTINUE

SET TABLE HEADINGS

WRITE(1,510)R0O
WRITE(1,520)
WRITE(1,530)
WRITE(9,515)R0O
PRINT », RO

CALCULATE THE VECTOR CO-ORDINATES OF CYLINDERS 2.3 AND 4

DO 500 KA = 5,5

IF (KA.
IF (KA.
IF (KA.
ANGL 1
ANGL2
ANGL3
DANG1

E

Q.1)GO TO 190

EQ.7)GO TO 195

EQ.13)G0 TO 196
(45-(7.5%(KA-1)))%3.142/180.
(0.0 -(7.5%(KA-1)))%3.142/180.
(-45-(7.5%(KA-1)))%3.142/180.

hnon

(7.5%(KA-1))

WRITE(9,570)DANGI
S = 0.05%R0O0
S»COS (ANGL 1)
S»*SIN(ANGL1)

RS1
RI1

.



55
56
57
58
59
60
61
62
63
64
65

67
68
69
70
71
72
73
74

75

76

77
78
79
80
81
82
83

84
85
86
87

87
88
89
90
91
92
93
94
85
96

X

X

X X X X X

X X X X

190

195

196

210

250

RS2 = S%1.414%COS(ANGL2)
RI2 = S%].414%SIN(ANGL2)
RS3 = SxCOS(ANGL3)

RI3 = SxSIN(ANGL3)

Z2(2) = CMPLX(RS1,RI1)
Z(3) = CMPLX(RS2,RI2)
Z(4) = CMPLX(RS3,RI13)

GO TO 210

ANGL1 = (45.00-(7.5%(KA-1)))%3.142/180.

ANGL2 = (-00.05-(7.5%(KA-1)))»%3.142/180.
ANGL3 = (-44.95-(7.5%(KA-1)))%3.142/180.
GO TO 180

ANGL1 = (44.95-(7.5%(KA-1)))%3,142/180.
ANGL2 = (-0.0-(7.5%(KA-1)))%3.142/180.
ANGL3 = (-44.95-(7.5%(KA-1)))%3.142/180.
GO TO 180

ANGL1 = (44.95-(7.5%(KA-1)))»3,142/180.
ANGL2 = (-0.05-(7.5%(KA-1)))%3.142/180.
ANGL3 = (-45.0-(7.5%(KA-1)))%3.142/180.
GO TO 180

CHOOSE CYLINDER ON WHICH VELOCITIES ARE TO BE DETERMINED

DO 490 IN = 1,NCYL
WRITE(9,560)IN
PRINT », 1IN

DETERMINE ANGLE AROUND CYLINDER AND THE VECTOR CO-ORDINATES
(VZED) OF THAT POINT ON ITS SURFACE AT WHICH THE VELOCITIES
ARE TO BE DETERMINED

DO 450 I = 1,INC

DTHETACI) = 7.5%(I-1)

THETACI) = 7.5%3.142x%(1~1)/180.
C = ACIN)*COS(THETA(I))

D = ACIN)*SIN(THETA(I1))

SUM = CMPLX(C.,D)

VZED =(SUM+Z(IN))

CALCULATE COMPLEX VELOCITY FOR FREE STREAM

G COS(ANG)

H SIN(ANG)

ZED = CMPLX(G.H)
FIRST = -U(5)/ZED

LI

CALCULATE V(Z) FOR THE DOUBLETS IN THE RANGE P
LESS THAN OR EQUAL TO THE NUMBER OF CYLINDERS

DO 380 JP = 1,ND

JAQ = X(JP)

JR = Y(JP)

IF(JP.GT.NCYL)GO TO 330

AMUCJP) =U(JQ)*A(JQ)»x2

ALAM(JP) = DELTA(JQ) .

BLAM(JP) =CMPLX(COS(ALAM(JP)) . SINC(ALAM(JP)))
Z(JP) = Z(JQ) :
VEE(JP) =AMUCJIP)I=BLAM(JP)/ (VZED-Z(JP) )2
GO TO 380



97
98
99
100

101
102
103

104
105
106
107
108
109
110
111

112

113
114
115

116

117
118
119
120
121
122
123
124
125
126
127
128
129
130

131

132

133

*

*

*
330
335

380

X X X X

420

X X

450

X X X X

460

470

X X X X

490

»
*
»

CALCULATE V(Z) FOR THE DOUBLETS IN THE RANGE P
GREATER THAN THE NUMBER OF CYLINDERS

ZZ(JP) = Z(JR)-Z(JQ)

Z(JP) = Z(JQ)+CONJG(A(JQ)»x2/(ZZ(JP)))

AMUCJIP) = AMUCJR) % (A(JQ)%%2/(CABS(ZZ(JP)))%x2)

ALAM(JP) = 3.14159+(2x%ATANCAIMAG(ZZ (JP))/REAL(ZZ(JP))))
1-ALAM(JR) |

BLAM(JP)= CMPLX(COS(ALAM(JP)),SIN(ALAM(JP)))

VEE(JP) =AMU(JP)*BLAM(JP)/(VZED-Z(JP))xx2

CONTINUE -

SUM THE V(Z)'S OF THE DIPOLES AND ADD FREE STREAM VELOCITY
POTENTIAL

Vi = (0.,0.)

DO 420 J = 1,ND

V1 = VI+VEE(J) -

CONTINUE

VTOT(I1) = FIRST+VI

VEL(I) = CABS(VTOT(I1))

XVEL(I) REAL(VTOT(I))

YVELCI) ~AIMAG(VTOT(I))

PRINT » R,DANG1,IN,DTHETA(1) . VTOT(1),VEL(1)
WRITE(9,550)DTHETA(I) ,VTOT(I),VEL(I)
CONTINUE

i

FIND ODD, EVEN AND EXTREME ORDINATES OF COMPONENT FORCES
ON CYLINDER AND SUM THEM

SUMED 0.0

SUMEL 0.0

DO 460 J = 2,INC,2 ’
AxACIN)*(VEL(J)%%2-U(5)%x2)»%COS(THETA(J))

TOTED =

TOTEL = 4x%ACIN)*(VEL(J)*%2-U(5)%%x2)%SIN(THETA(J))
SUMED = SUMED + TOTED

SUMEL = SUMEL + TOTEL

CONTINUE

SUMOD = 0.0

SUMOL = 0.0

DO 470 J = 3.(INC-1).2

TOTOD = 2%ACIN)»*(VEL(J)*%2-U(5)»%2)%COS(THETA(J))
TOTOL = 2%ACIN)*(VEL(J)*%2-U(5)%%2)%SIN(THETA(J))
SUMOD = SUMOD+TOTOD

SUMOL = SUMOL+TOTOL

CONTINUE

EXTRD = 2%ACIN)*(VEL(1)%%2-U(5)»»2)%COS(THETA(1))
EXTRL = 2*A(IN)*(VEL(1)**2~U(5)*x2)*SIN(THETA(1))

CALCULATE DRAG AND LIFT COEFFICIENT USING SIMPSON'S
RULE

DRAGC(IN) = (EXTRD+SUMOD+SUMED)»7.5%3.142/180/3/U(5)»%2
1/ACIN) /2
ALIFTCIN) = (EXTRL+SUMOL+SUMEL)*7.5%3.142/3/180/U(5)xx2
1/ACIN) /2
CONTINUE

WRITE OR PRINT THE LIFT AND DRAG COEFFICIENTS



RAG(2) .ALIFT(2) ,DRAG(3),

(1
4)

I ) .DRAG(2) .ALIFT(2),

ALITF
LIFT
1),D

.DRAG(1),

I1DRAG(3) .ALIFT(3) .DRAG(4) .A
JALIFT(4)

PRINT » ,DRAG(I1) ,ALIFT(1),DRAG(2) ,ALIFT(2)

WRITE(9.580)DRAG(1) ,ALTFT(
IDRAG(4) ,ALIFT(4)

WRITE(1,540)DANGI
1ALIFT(3) ,DRAG(4)

X X X X

.DRAG(3) ,ALIFT(3),
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DISCUSSION OF PROGRAMME STRUCTURE

Although the following discussion refers to TEMOl.FOR., each
programme has essentially the same form.
Lines 1-3

The complex, real and integer variables are defined along with

the number of values expected in the respective arrays. The
vafiab]es listed here are used later in the programme.
Line 4

The OPEN statements are to open a disc or printer file for the
recording of the output data. For output only to the monitor
screen, each OPEN statement was preceded by én asterisk thus
making it a comment ling. For TEMOIl.FOR, output data is

written to the disc file called MANY.

Lines 5-21
Cylinder centre spacing is set. Constants pertaining to the
fluid and cylinder geometry are defined. The number of cylin-

ders, their diameters, speed and direction . of travel are
stipulated. In this case. each cylinder has a speed of 10 m/s
in the negative X direction: that is the ax}s of the doublet
forming the cylinder ties at 8 (DELTA) = z. The free ‘stream
velocity is 10 m/s at an angle x toxthe positivg x axis : that
is it flows from negative to positive x as depicted in Fig.
2.1b. Five orders of images have been chosen which together
with the threé originating doublets gives a total of 381 doub-
lets. The number of increments around the surface of each
cylinder for the numerical integration of the pressure distri-
bution is set at 48: that is every 7.5 degrees. The centre of -

cylinder 1| is located at the origin of the <co-ordinate axes



and the other cylinders revolve as a fixed body about this
point.

Lines 22-34

The unique relationship between p and r given in Tables 2.1

and 2.2 is established. The —corresponding values of q are
entered via the data statements in lines 139-145.
Lines 34-37

Output table headings may be selected as rgquired by deleting
the appropriate asterisks.

Lines 37-63
Cylinder 1 has been previously located at the origin. The
vector co-ordinates of the remaining cylinders are now calcu-

lated at the different angles of inclination of the group to

the free stream, for the previously <chosen center spacing
ratio. The group is rotated in increments of 7.5 degrees
about the centre of cylinder !. For the three cylinder group,

17 increments are required whilst for the four cylinder group.,
13 increments are required, since after these numbers of
increments the relative positions of the «cylinders are once
again the same. Special provisions are made for cases where
two cylinders are vertically in line with each other. In line
91, the inverse tangent of 90 degrees is required, which being

equal to infinity, causes the programme to terminate. This is

overcome by deliberately offsetting the <cylinders by 0.05

degrees as shown in lines 55-63.
Lines 64-73
The cylinder on which the wvelocities are to be determined is

chosen and the co-ordinates of the increments around the cyl-
inder are calculated, refered to the origin of the co-ordinate

axes in cylinder 1. The total number of increments around



eacH cylinder is 48.

Lines 74-77
Calculation of the compiex velocity of the free stream. This
is the first term in equation (2.26).

Lines 78-94
These lines solve the second term in equation (2.26) for the
first three douﬁlets then for the remaining image doublets.
The p'th doublet is represented by JP. The q'th <cylinder is
represented by JQ, which is,rqad from the data statements,
(lines 140~146), via X(JP), whilst the r'th doublet is repre-
sented by JR which is obtained from lines 28 and 38.

Lines 95-105

The separate complex velocities for the image doublets are
summed to give the total complex velocity of the doublets. In-
line 99, the free stream velocity from line 77 is added to

give VTOT(I), the complex velocity at an increment KA around
cylinder I, where 1 is the <cylinder under consideration.
Lines 101 and 102 select the wvelocity components u and v of
equation (2.27). These are printed to a monitor screen in
line 103 or to a data disc in line 104 if desired.

Lines 106-122

These lines set the ordinates of the component forces at the
48 increments around the <cylinder and sums them. l.ine 108

starts the loop for the even ordinates and line 116 starts the
loop for the odd ordinates, the.x and y components being sepa-
rated out by the SIN and COS terms. Lines 111,112,119 and 120
sum the odd and even ordinates whilst lines 122 and 123 sum
the extreme ordinates.

Lines 124-126

Calcutlation of the drag. and lift coefficients according to



equations (2.32) and (2.33).
Lines 126-139
These lines define the output mode and format statements for

the data output.

Lines 140-146 N
Here are listed the data statements defining the relationship
between p and q in Table 2.1. For example, in line 141, the

fifth doublet (1=5) occurs in the third cylinder, that is
X(5)=3. This correlates with Table 2.1, where., when p=5, then

q=3.



B2 POTENTIAL LIFT AND DRAG ON CYLINDER 1

IN THE GROUP OF THREE

SPACING RATIO S/D-= 1.10
. D1 L1 D2 L2 D3 - L3

0.000 0.784 0.00]1 -0.391 -1.036 -0.396 1.050
7.500 0.779 -0.154 -0.478 -0.950 -0.303 1.118
15.000 0.759 -0.309 -0.556 -0.844 -0.206 1.164
22.500 0.727 -0.459 -0.624 -0.726 -0.106 1.195
30.000 0.683 -0.607 -0.671 -0.582 -0.017 1.198
37.500 0.622 -0.732 -0.724 -0.453 0.097 1.194
45.000 0.552 -0.848 -0.754 -0.304 0.196 1.162
52.500 0.474 -0.952 -0.773 -0.152 0.294 1.115
60.000 0.385 -1.036 -0.777 0.004 0.387 1.045
67.500 0.293 -1.104 -0.769 0.156 0.475 0.962
75.000 0.195 -1.150 -0.748 0.306 0.554 0.858
82.500 0.095 -1.180 -0.716 0.452 0.627 0.742
90.000 -0.007 -1.186 -0.671 0.588 0.688 0.610
97.500 -0.107 -1.176 -0.617 0.717 0.738 0.469
105.000 -0.205 -1.142 -0.552 0.832 0.775 0.316
112.500 -0.300 -1.094 -0.478 0.936 0.798 0.159
120.000 -0.384 -1.027 -0.393 1.026 0.798 -0.003

SPACING RATIO S/D = 1.20
@ DI Ll D2 L2 D3 L3
0.000 0.391 0.001 -0.196 -0.456 -0.198 0.462
7.500 0.388 -0.068 ~-0.239 -0.417 -0.152 0.493
15.000 0.379 -0.136 -0.278 -0.372 -0.103 0.514
22.500 0.362 -0.201 -0.312 -0.319 -0.052 0.528
30.000 0.340 -0.268 -0.336 -0.257 -0.006 0.532
37.500 . 0.311 -0.321 -0.362 -0.200 0.051 0.527
45.000 10.276 -0.373 -0.378 -0.134 0.101 0.514
52.500 0.237 -0.418 -0.387 -0.067 0.150 0.492
60.000 0.194 -0.457 -0.390 0.001 0.197 0.461
67.500 0.148 -0.486 -0.386 0.069 0.240 0.423
75.000 0.099 -0.508 -0.376 0.135 0.279 0.377
82.500 0.049 -0.521 -0.359 0.200 0.314 0.325
90.000 -0.002 -0.524 -0.337 0.261 0.343 0.267
97.500 -0.053 -0.519 -0.309 0.317 0.367 0.204
105.000 -0.102 -0.506 -0.276 0.369 0.384 0.138
112.500 -0.150 -0.483 -0.239 0.414 0.394 0.069
120.000 -0.192 -0.454 -0.197 0.455 0.394 -0.002

SPACING RATIO S/D = 1.50
o DI L1 D2 L2 D3 L3-
0.000 0.096 0.000 -0.049 -0.100 -0.049 0.101
7.500 0.095 -0.015 -0.059 -0.092 -0.037 0.108
15.000 0.093  -0.030 -0.068 -0.082 -0.025 0.113
22.500 0.088 -0.045 -0.076 -0.071 -0.013 0.116
30.000 0.083 -0.060 -0.082 ~-0.057 -0.002 0.117
37.500 0.076 -0.071 -0.089 -0.044 0.012 0.116
45.000 0.067 -0.082 -0.093 -0.030 0.025 0.113
52.500 0.058 -0.092 -0.095 -0.015 0.037 0.108
60.000 0.047 -0.101 -0.096 0.000 0.048 0.101
67.500 0.036 -0.107 -0.095 0.015 0.059 0.093
75.000 0.024 -0.112 -0.093 0.030 0.068 0.083
82.500 0.012 -0.115 -0.089 0.044 0.076 0.071
90.000 -0.001 -0.116 -0.083 0.058 0.083 0.058
97.500 -0.013 -0.115 -0.077 0.071 0.089 0.045
105.000 -0.025 -0.112 -0.068 0.082 0.093 0.030
112.500 -0.037 -0.107 -0.059 0.092 0.095 0.015
120.000 -0.047 -0.101 -0.049 0.102 0.095 -0.001




B3 VELOCITY ON THE SURFACE OF A CYLINDER LYING NEAR TO A SOLID
BOUNDARY

y
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Fig. Bl

The complex potential for flow over a cylinder lying near to a

solid boundary is glvén by [22]) as

-

w(z) = azUcoth(axz/2) (B1)
Putting coth(ax/2) = (cosh(ax/2))/(sinh(ax/2))
and ﬁotlng that cosh(ax/2z) = cos(iax/2)
and sinh(az/2z) = -isin(iaxz/2),

the equation (Bl) becomes .

w(z) = —-(azU/1)(cos(iax/z))/sin(lax/2) (B2)

Differentiating equation (B2) w.r.t.z gives

it

dw(z)/dz = V(2) -(azU/i)((cos(iax/2))(-sin(iax/2))" ' ..
..(cos(lax/z))(-tax/2') + (sin(iax/2))""'..

..(-stn(iax/2))(-1ax/2")]

1

-(azU/1)(-t1tax/2'")[-cot?® (lax/2z) - 1]
= —(a'zx'U/2")(1 + cot'(fax/2))

Velocity q = IV(z)!| = ((a'"z'U/z")(1l + cot®(fax/z)) | (B3)



B4 A COMPARISON OF THE

IMAGE DOUBLET METHOD WITH THE EXACT
SOLUTION OF MILNE-THOMSON [22]) FOR A CYLINDER IN CONTACT

WITH A SOLID BOUNDARY

TWO CYLINDERS

CYL INDER EXACT CYLINDER 2 CYLINDER 2 S/D = |
ANGLE @ SOLUTION S/D = 100
EQU'N (3.1) 24 DOUBLETS ERROR (%) 48 DOUBLETS ERROR (%) CORRECTED
0.00 deg 7.837 m/s 0.00 m/s 7.04 n/s -10.1 7.43 - 5.2 T7.43 u/s
71.50 9.816 2.61 9.1} - 7.2 9.45 - 3.7 9.45
15.00 11.852 5.18 11.22 - 5.3 11.53 - 2.1 11.53
22.50 13.886 7.65 13.3 13.59 13.59
30.00 15.863 “1g¢.00 15.33 - 3.3 15.59% - 1.7 15.59
37.50 17.733 12.18 17.23 17.49 17.48
45.00 19.450 14.14 18.98 - 2.4 19.21 - 1.23 19.21
52.50 20.974 15.87 20.52 20.74 20.74
60.00 22.269 17.32 21.83 - 2.0 22.08 - .12 22.08
67.50 23.307 18.49 22.89 - 23.09 23.09
75.00 24.065 19.32 23.65 - 1.7 23.85 - 0.89 23.85
82.50 24.526 19.83 24.12 24.31 24.31
90.00 24.680 20.00 24.27 - 1.6 2447 - 0.85 24.47
97.50 24.525 19.83 24.12 24.31 : 24.31
105.00 24.063 19.32 23.65 - 1.7 23.85 - 0.89 23.85
112.50 23.304 18.48 22.88 23.09 23.09
120.00 22.266 17.32 21.83 - 2.1 22.04 - 0.99 22.04
127.5¢0 20.9170 15.96 20.52 20.74 20.74
135.00 19.445 14.14 19.97 - 2.3 19.20 - 1.3 19.20
142.50 17.728 12.17 17.23 17.47 17.47
150.00 15.857 9.99 15.32 - 3.1 15.58 - 1.7 15.58
157.50 13.880 71.65 13.30 13.59 13.59
165.00 t1.846 5.17 11.2t - 5.4 11.52 - 2.8 11.52
172.50 9.810 2.60 9.10 9.45 9.45
180.00 7.831 0.0l 7.03 -10.2 7.43 - 5.1 7.43
187.50 5.970 2.62 5.05 5.50 .5.50
195.00 4.289 5.18 3.21 -25.1 .74 -12.8 J.74
202.50 2.84¢6 7.66 1.56 2.19 0.00
210.00 1.692 10.01 0.10 -94.0 0.88 ~48.0 0.00
217.50 0.857 12.18 .18 0.18 0.00
225.00 0.34] 14.15 2.37 -595.0 1.0S 4200.0 0.00
232.50 0.091 15.87 3.74 1.88 0.00
240.00 0.012 17.33 5.86 +48733 3.03 425150 0.00
247.50 0.000 18.489 10.17 5.34 0.00
255.00 0.000 19.32 21.70 11.81 0.00
262.50 0.000 19.83 69.14 44.29 0.00
270.00 0.000 20.00 249.94 4989.52 0.00
277.50 0.000 19.83 67.20 42.713 0.00
285.00 0.000 19.32 21.32 11.59 0.00
292.50 0.001 18.47 10.0S5 5.27 0.00
300.00 0.012 17.31 5.81 3.00 ' 0.00
307.50 0.092 15.86 3.72 +3943 1.87 +1932 0.00
3i5.00 0.344 14.13 2.36 t.04 g.00
322.50 0.864 12.16 .17 +35.4 0.18 -719.0 0.00
330.00 1.701 9.99 0.11 0.88 0.00
337.50 2.858 7.64 1.57 -45 2.20 -23.0 0.00
345.00 4,303 5.16 3.23 3.75 3.75
352.50 5.987 2.59 5.07 -15.3 5.52 - 1.8 5.52
C. 4.494 0.000 -31.59 803 -103.63 2406 4.41
Co 0.000 0.000 0.000 0.000 0.000 0.000 0.000




Cl

APPENDIX C

1

DRAG DATA FOR OPEN JET BLOCKAGE EXPERIMENTS
NOMINAL FREE STREAM VELOCITY 10 m/s.

Distance from Area Ratio Drag Drag Drag Coeff.
Tunnel Mouth " (a/A) D, D. . Co
-125 mm 5.1x10"?* 0.46N 0.38N 1.03
16.1 0.65 0.38 1.11
32.5 0.97 0.38 1.20
55.0 1.49 0.38 1.34
82.2 2.28 0.39 1.52
115.2 3.40 0.40 1.73
156.3 5.23 0.42 2.04
200.8 1.77 0.45 2.41
252.6 11.6 0.49 2.9
308.7 17.3 0.54 3.6
120 mm 5.1x10°? 0.48 0.39 1.21
16.1 0.66 0.39 1.16 .
32.5 0.96 0.39 1.21
55.0 1.39 0.39 1.25
82.2 2.0 ©0.39 1.3
115.2 2.8 0.41 1.4
156.2 4.0 0.46 1.6
200.8 5.5 0.52 1.7
252.6 7.4 0.58 1.9
308.7 10.0 0.66 2.1
430 mm 5.1x10°? 0.47 0.39 1.07
16.1 0.64 .0.39 1.07
32.5 0.91 0.39 1.10
55.0 1.28 0.39 1.12
82.2 1.70 0.39 1.10
115.2 2.20 ‘0.39 1.08
156.2 2.85 0.39 1.09
200.8 3.6 0.39 1.1
252.6 4.5 0.39 1.1
308.7 5.5 0.39 1.1
750 mm 5.1x10°? 0.47 0.39 1.07
16.1 0.64 0.39 1.07
32.5 0.91 0.39 1.10
55.0 1.28 0.39 1.12
82.2 1.7 0.39 1.1
115.2 2.2 0.39 1.1
156.3 2.8 0.39 1.1
200.8 3.4 0.39 1.0
252.6 4.2 0.39 1.0
308.7 5.1 0.39 1.0
1050 mm 5.1x10"?* 0.47 0.39 1.07
16.1 0.64 0.39 1.07
32.5 0.92 0.39 1.12
55.0 1.28 0.39 1.12
82.2 1.75 0.39 1.14
115.1 2.25 0.39 1.11.
156.3 2.9 0.39 1.1
200.8 3.7 0.39 1.1
252.6 4.6 0.39 1.2
308.7 5.6 0.39 1.2




APPENDIX D

DI PRESSURE COEFFICIENT VERSUS ANGLE 8 AROUND CYLINDER 1 IN

THE GROUP OF THREE CYLINDERS AT VARIOUS INCLINATION ANGLES o



Fig. D1.1 Pressure coefficient around cylinder 1 in the group of three
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Fig. D1.1 Pressure coefficient around cylinder 1 in the group of three
for various inclination angles. S/D = 1.25
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Fig. D1.2 Pressure coefficient around cylinder 1 in the group of three
for various inclination angles. S/D = 1.5
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Fig. D1.2 Pressure coefficient around cylinder 1 in the group of three
for various inclination angles. S/D = 1.5
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Fig. D1.3 Pressure codfficient around cylinder 1 in the group of three
for various inclination angles. S/D = 2.
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Fig. D1.3 Pressure coefficient around cylinder 1 in the group of three

for various inclination angles. S/D = 2.
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Fig. D1.4 Pressure coefficient around cylinder 1 in the group of three

for various inclination angles. S/D =2.5,.
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Fig. D1.4 Pressure coefficient around cylinder 1 in the group of three
for various inclination angles. S/D = 2.5.
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Fig. D1.6 Pressure coefficient around cylinder 1 in the group of three
for various inclination angles. S/D = 4.
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Fig. D1.7 Pressure coefficient around cylinder 1 in the group of three
for various inclination angles. S/D = 5.
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Fig. D2.1 Pressure coefficient around cylinder 1 in the group of four
for various inclination angles. S/D = 1.1.
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Fig. D2.3 Pressure coefficient around cylinder 1 in the group of four
for various inclination angles. S/D = 1.5.
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single cylinder and for S/D = 2 are shown in Fig. A3.2. The
natural frequencies of oscillation are 150, 212.5, 237, 612
and 712.5 Hz.

At a nominal free stream velocity of 31 m/s the frequency
of von Karmen vortex shedding is calculated, from equations Al
and A2, to be 386 Hz. Fo; flow over the single cylinder,
vibration occured at all the natural frequenciés. but in the
region of 145 Hz particularly large amplitudes were evident as
shown in Fig. A3.3. In Fig. A3.3b a frequency of vibration at
397 Hz is noted which is probably due to the reaction to the
shed von Karmen vortices. The maximum r.m.s. strain magnitude

recorded is 3.32 micro strain.
Streamwise vibration

For all inclination angles at all spacing ratios, the

principal vibration frequency lay in the region of 190-220 H=z
at an r.m.s. strain magnitude of 2~6 micro strain. Fig. A3.4
illustrates responses at S/D = 5§ and 1.5. However, at S/D =
2.5 the strain magnitude at the principal frequency varied
widely from one inclination angle to the next, signifying a
highly variable flow regime with inc)inatjon at this spacing
ratio. At S/D = 2, the random peaks disappeared. but at
inclinations of 165° and 18B0°, at the principal frequency of
200 Hz, the r.m.s. amplitude of vibration increased to between
12 and 20 micro strain as shown in Fig. A3.5. At S/D = 1.5,

“and inclination angles of 165° and 180°, a similar increase in

streamwise amplitude of vibration occurs.
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Transverse vibration

For 5< S/D <3 the frequency response curve is characterised
by a saddle formation with peak r.m.s. amplitudes at 200 H:z
and 380 Hz, the latter being the reaction to the shed von
Karmen vortices. These peaks are very distinct and examples
are illustrated in Fig. A3.6. At S/D = 2.5, whilst the
magnitude of the 200 Hz vibration remains constant, the 380 Hz
vibration almost disappears. It reappears in the range 75°¢
S/D <105° when cylinder 1 is in a position which most closely
resembles a single cylinder flow regime. For a >105° the
vibration frequencies become random, indicating a wide
variation in flow with inclination angle.

For almost all inclination angles at S/D = 2, only the
natural frequency of 200 Hz is present, reaching relatively
high amplitudes at a« = 165" and 180° as shown in Fig. A3.7.
Thus for S/D <2.5 it may be inferred that von Karmen vortex
shedding is suppressed

At S/D = 1.5, over the range 0°< a« <30°, the principal
vibration freqqency is at 210 Hz. In the range 45°<¢ a <75°
the r.m.s. amplitude doubles at a fregquency of 170 Hz whilst
from‘90°< a <150° the principal frequency returns to 210 Hz
only to révert to 170 Hz for a = 165° and 180° at amplitudes
similar to those for S/D = 2.

From the discussion above, large amplitude vibration takes
place at inclination angles of 165° and 180° when the spacing

ratio is less than 2.5.
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Summary

This paper presents the results of experiments carried out in an open jet wind tunnel on a group
of four equispaced cylinders to determine the lift and drag coefficients for a single cylinder in a
group and for the group as a whole. The spacing ratio of their centres was in the range 1.1<S/
D <5 while the angle of inclination or stagger angle of the group varied over the range 0° << 180°.
In all cases the flow Reynolds number was in the subcritical zone at Re=3 X 10* based on the
" diameter of a single cylinder. The results are compared with those.obtained for flow interference
between a group of three cylinders and it is suggested that these results be included with similarly
determined data to form a basic code of design.

Notation

Cp drag coefficient

C.,  lift coefficient

Cpr total drag coefficient

Crr total lift coefficient

C, pressure coefficient

C,, base pressure coefficient

D  cylinder outside diameter (m)
p  static pressure (Pa)

p, free stream static pressure (Pa)
Re Reynold’s number

r radius of cylinder (m)

S  distance between cylinder centres (m) \
S/D spacing ratio B
U free stream velocity (ms™?!)

Greek symbols
« angle of inclination (deg)
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angle of resultant total force (deg)
density of free stream (kg m~2)
circumferential angle on the cylinder (deg)

D <

1. Introduction

Groups of circular or near-circular structures situated in a flow field with
their axes perpendicular to the flow direction are commonly found in engi-
neering practice. Examples are cooling towers in the power generation indus-
try, chimney stacks in the chemical industry, offshore oil drilling platforms,
heat exchanger tube banks and overhead power transmission cables. The
centreline spacing of the cylinders can range from being very wide to down to
one tube diameter, whilst the centre connections can form a rectangular, tri-
angular or linear array, depending upon how many cylinders are involved.

In general, when flow takes place over a group of two or more cylinders, the
resultant mean time-averaged forces acting on the cylinders will have lift and
drag components perpendicular to and in the direction of the freestream, re-
spectively. The magnitude of the component forces will depend on the number
of cylinders in the group, the spacing between the cylinders, the Reynolds num-
ber of the flow and the orientation of the cylinders to the freestream flow di-
rection. It is extremely important for the designer of such structures to be
aware of the variability of these forces especially in situations where the flow
direction is changing, and therefore the need for suitable design codes is evident.

The establishment of such design codes poses problems when one turns to
the available experimental data. It is found that most of the data has been
determined during research carried out to solve a particular industrial problem
and this has led to a rather fragmented set of data points. Indeed, it is only
fairly recently that any systematic work has been carried out. Zdravkovich [1]
presented a comprehensive review of the studies on flow interference between
two circular cylinders in various arrangements. Gerhardt and Kramer [2] in-
vestigated the interference effects for groups of three or four stacks whilst
Price and Paidoussis [3] found that in certain cases, data for two-cylinder
arrangements could be used to predict the forces occuring on certain three-
cylinder arrangements. In a later paper, Zdravkovich [4] categorised the flow
through pipe clusters and described two basic types of flow interference be-
tween two parallel pipes. These are (i) proximity interference, P, which occurs
when the pipes are close to each other but neither or only one is submerged in
the wake of the other, and (ii) wake interference W, which occurs when one
pipe is close to or submerged in the wake of the other; these phenomena can
act alone or together. He also concluded that the available experimental data
diminished rapidly as the number of pipes increased and that the data for flow
over two cylinders could not be used with sufficient accuracy to describe the
flow over three or more pipes. Sayers [5] determined the lift and drag coeffi-
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cients on one of the cylinders in a group of three equispaced cylinders stressing
the need to ensure that flow over the cylinders was two dimensional and that
wind tunnel blockage effects were eliminated or suitably accounted for when
measurements were being taken.

This paper extends the work of Sayers [5] by describing the determination
of the pressure, lift and drag coefficients acting on one cylinder in a group of
four as the orientation of the group to the freestream is changed. The cylinders
were equispaced forming a regular square and the experiments were conducted
in an open jet wind tunnel to eliminate blockage effects. From the data ob-
tained for the individual cylinder, the total drag and lift coefficients for the
structure as a whole and the direction in which the resultant force acts are
determined.

2. Experimental apparatus

The experiments were carried out in a return circuit open jet wind tunnel
test section of sides 870 mm X 580 mm and length 1.6 m, the area ratio between
settling chamber and test section being 10:1. The maximum velocity in the test
section was 36 m s~1; the velocity variation across the test section was +1%
whilst along its length it was 2.6%. The turbulence intensity was 0.4%. All tests
were carried out at a nominal wind speed of 10 m s~* and a Reynolds number
of 3 10%, that is, just before transition in the case of a single cylinder.

The general experimental arrangement of the apparatus is shown in Figs. 1
and 2 and is similar to that described by Sayers [5] except that four cylinders
are now used. Each cylinder was a 1-m-long hollow steel tube of 44 mm internal
diameter and 50 mm external diameter machined to a smooth finish. One of
the tubes was cut in half and a 20-mm-wide brass ring with 24 equispaced
(15°) 0.7-mm-diameter pressure tapping holes, was inserted between the two
halves. This particular cylinder (the measuring cylinder) was machined smooth
. after insertion of the ring to ensure that there were no burrs or sharp edges on
the surface. At one end of each cylinder a locating screw was secured and the
cylinders were screwed vertically into position to a turntable platform the edge
of which was graduated in 7.5° divisions. The whole assembly was then located
in the wind tunnel test section 500 mm downstream of the tunnel throat, to
eliminate blockage effects [6], and its height adjusted such that the 24 pressure
tappings lay along the axis of the test section jet with the ends of the cylinders
protruding through the jet boundary. Flexible tubing was connected to each
pressure tapping of the measuring cylinder and then led up through the hollow
tube to one side of an inclined alcohol manometer, the other side of the ma-
nometer being connected to the static pressure tapping of a pitot-static tube.
The pitot-static tube was placed at the tunnel throat for measurement of frees-
tream velocity. Pressure differences were determined to within 0.025 mm of
water and freestream velocity to within 0.25 m s~
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Fig. 1. Experimental arrangement in open jet wind tunnel test section.
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Fig. 2. Cylinder spacing and angles.

To check the uniformity of flow along the span of a cylinder, a fifth cylinder
was included with static pressure tappings along its length at §=180°. From
pressure measurements along the span of this single cylinder it was found nec-
essary to attach end-plates to the cylinders. These took the form of 3-mm-
thick boards 760 mm in diameter with 50-mm holes drilled at the positions
corresponding to the cylinder spacings.
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At all times, great care was taken to ensure that the cylinder separation
remained constant across the span and that the axes of the cylinders remained
perpendicular to the freestream flow.

3. Experimental procedure

The need to attach end plates to a single cylinder in order to achieve two
dimensional flow was discussed fully by Sayers [5]. Accordingly, the four cyl-
inders were located on the turntable at a particular spacing ratio with the 760-
mm-diameter end plates positioned to give an effective span of 575 mm. With
« set at 0°, the measurement cylinder (1) was rotated until one of the mid-
span pressure tappings pointed directly upstream when the static pressures at
the 24 mid-span tappings were recorded. The turntable was then incremented
from 0-180° in steps of 15° in the first instance and then in steps of 7.5° where
rapid changes in lift or drag coefficient were evident. The procedure was re-
peated for the range 1.1 <S/D <5 at a nominal freestream velocity of 10 ms™.

4. Results and discussion

The experimental results are expressed in terms of dimensionless pressure
lift and drag coefficients. The pressure coefficient is expressed as

C,=(p—p,)/0.5pU? ' (1)
The drag coefficient is given by

Cp= J (p—p, )rcosfdd/0.5pU"D (2)
0

and the lift coefficient by
- j (p—p, )rsinfd6/0.5pU*D (3)

where the integrals of the pressure distributions of eqns. (2) and (3) were
carried out using Simpson’s rule.

It was shown by Sayers [5] that the fitting of end-plates to the cylinders
gave two dimensional flow between the plates and therefore direct comparison
can be made with the results of Sayers [5] for flow over three cylinders. Figs.
3 and 4 show the drag and lift coefficients for cylinder 1 as the group of four
cylinders is rotated through 180°. It.is assumed that symmetry of flow occurs
for the range 180° < &< 360° and this was verified by random pressure mea-
surements during the experiments.

The lift and drag coefficients acting on each cylinder of the group for a given
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TABLE 1

The lift and drag coefficients acting on each of a group of four cylinders with a spacing ratio of 1.1
- and an inclination angle of 15°

Cylinder Cylinder Equivalent Cp Cy
number angle (deg) angle (deg)

1 15 15 0.85 0.49
2 105 105 0.39 —-0.34°
3 195 165 0.09 0.08
4 285 75 ) 091 —0.152

2The negative sign indicates a lift force directed towards the axis of the wind tunnel test section.

spacing ratio at a specific inclination angle may now be obtained. Considering
a spacing ratio of 1.1 (Figs. 3a and 4a) at an inclination angle of 15°, the drag
and lift coefficients of each cylinder are given in Table 1. When these coeffi-
cients are summed, noting that the total cross sectional area is now 4D, the
total drag and lift coefficients Cpr and Cyr are obtained from eqgns. (4) and

(5).

Cpr = (Cp;1 +Cp2 +Cp3 +Cp, )/2pU*D (4)
Cor=(Cpi +Cr2 +Cp3+Cr,) /2pUD (5)

The total force coefficients are shown in Figs.5 and 6 where it is seen that the
total coefficients repeat themselves every 90°. The direction of resultant force
acting on the group of-four cylinders as aswhole is given by

y=atan(Cpr/Cpr) (6)

and this variation is shown in Fig. 7.
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4.1 Drag coefficient

“At a=0° and spacing ratios of 4 and 5, cylinder 1 behaves as a single isolated
cylinder in a two dimensional flow field, the drag coefficient of 1.1 being the
same as that determined by Sayers [5] for the isolated cylinder. At a spacing
ratio of 2, the drag coefficient drops to 0.82, but for a further decrease in spac-
ing ratio, the drag coefficient recovers to remain steady at ~0.95. This is due
to the presence of the adjacent cylinder affecting the pressure distribution
around cylinder 1. Unlike the three cylinder case [5], the negative pressure’
coefficient (the negative sign indicating a force directed towards the axis of
the wind tunnel test section ) does not become positive on the downstream part
of cylinder 1 but, as shown in Fig. 8, increases from — 1.1 to only —0.49 as the
cylinder spacing decreases. Also, the positive pressure coefficient acts over a
much wider total angle at the smaller spacings than was the case for three
cylinders [5] where it remained virtually unchanged. This spreading of the
positive pressure coefficient on the upstream side of cylinder 1 negates the
increase in pressure on the downstream side, resulting in only a small change
in drag coefficient.

As the group of cylinders is rotated, between 0 and 180°, the shape of the
drag coefficient curves for the different spacing ratios are similar in form to
those for the three cylinder grouping [5] except that the inclination angles for
maximum and minimum Cp, of cylinder 1 have changed. At spacings of 1.1 and
1.25, the drag coefficient rises steeply over 7.5° to a maximum value at an
inclination angle of 37.5°. For further increases in spacing, the position of
maximum Cp, occurs at increasing inclination angles when its rate of change
and magnitude also become less severe.

Cp drops steeply to a negative value at an inclination angle of 127.5° for
1.1<S/D<2. A similar trend is observed for the range 3<S/D <5 but the
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minimum Cp, occurs at & =135° and remains positive. For the latter spacings,
cylinder 1 (at «=135°) is directly behind cylinder 4 (at ®=45°) and flow
interference is of the W type only since the cylinders are now far enough apart
not to affect the flow appreciably. With the lower spacings, both cylinder prox-
imity and wake interference are of importance, the adjacent cylinders deflect-
ing the flow and as a result causing the minimum Cp, to occur when the cylinders
1 and 4 are not in line. The changes in Cp, are closely mirrored by the variation
in the base pressure coefficient shown in Fig. 9, and it may therefore be con-
cluded that the drag coefficient is highly dependent on Cy,.

For all spacings, Cp recovers from its minimum value and, except for spac-
ings of 1.1 and 1.25, it peaks again at an inclination of 157.5°, this being due
to the displacement of the wake from cylinder 4 (at 67.5°) affecting the flow
around cylinder 1. This effect diminishes as cylinder 1 moves out of the wake
of cylinder 4 for further increases in inclination angle. The drag coefficient
also gradually decreases to a value of half that for cylinder 3 (at the 0° posi-
tion), the flow about cylinder 1 now being strongly affected by the wake shed
from cylinder 3. At spacings of 1.1 and 1.25, proximity and wake interference
reduce the drag coefficient to about zero.

4.2 Lift coefficient

All spacing ratios in Fig. 4 give a zero lift coefficient for cylinder 1 at a=0°,
indicating symmetry of flow about that cylinder. Considering first the range
2<S/D <5 of Fig.4d-g, a bias towards a positive outwardly-directed lift coef-
ficient occurs for 0° < a < 90°. At @ =90°, the lift coefficient increases rapidly
in the negative direction (i.e. inwards) where it reaches its maximum negative
value at ~112.5°, the magnitude of this value increasing as the cylinder spac-
ing decreases. With cylinder 1 at 112.5°, cylinder 4 is at an inclination angle
of 22.5° and therefore lies closer to the axis of symmetry. The edge of the wake
of cylinder 4 extends past the lower side of cylinder 1 thereby creating an ef-
fective boundary. The flow passing around the lower side of cylinder 1 has a
reduced cross sectional area and consequently a higher velocity and lower pres-
sure than that on the upper side. This is clearly shown by the pressure distri-
bution in Fig. 10. A further increase in « causes part of the wake of cylinder 4
to stagnate on cylinder 1 and then to partially flow around it. At ®=135°, the
cylinders are in line with respect to the freestream, the flow around cylinder 4
being symmetrical as demonstrated by the zero lift coefficients and typical
pressure distribution shown in Fig. 10. Increasing « still further now moves
cylinder 4 above cylinder 1 and the reverse pressure distribution occurs to give
a positive peaking lift coefficient at &« =150°. Between 150° and 180°, cylinder
1 becomes increasingly influenced by the wake of cylinder 2 which is moving
towards the a =0° position.

In the range 1.1<S/D <1.5, Fig. 4a-c shows that the lift coefficient in-
creases from zero to peak at 30°, although there is evidence that this phenom-
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Fig. 10. Pressure distribution around cylinders at various orientations and spacings.

enon is already underway at S/D=2 (Fig. 4d). This is due to proximity
interference of the lower cylinder 4 before cylinders 1 and 4 are in side by side
arrangement, when it might be expected that the greatest proximity interfer-
ence would occur. However, the close proximity of all cylinders causes intense
interaction of the wakes and makes any conclusions based on the two cylinder
results of Zdravkovich and Pridden [7], of little value. At spacing ratios of 1.5
and 1.25, rapid fluctuations in C;, indicate a transitory phase before stability
is again established at S/D=1.1. During this transitory phase, the magnitude
of the change from a positive to negative lift coefficient with change in incli-
nation angle becomes greater but less severe whilst the inclination angle at
which maximum negative Cy, occurs, changes to 90° when cylinder 1 is at its
outermost position. This movement from the 112.5° position at the wide spac-
ing ratios indicates strong proximity interference as opposed to wake interfer-
ence and gives rise to high velocities in the gaps between the cylinders and
subsequently high negative pressure coefficients in the range 210° <f<315°.
Increasing o from 90° to 180° sees a return to an almost zero lift coefficient
at «=135° when cylinder 1 is in tandem behind cylinder 4. In the range
135° < <180°, the lift coefficient is slightly positive biased and this is due to
a prefered stagnation point occuring at §=330° as shown in Fig. 10.

4.3 Total force coefficients

In comparing Figs. 5 and 6 with the total drag and lift coefficients of Sayers
[5] for the three cylinder grouping, it is seen that the variation in Cpt with «
is of the same order and that at high spacing ratios Cpy approaches 1 due to
the flow about the cylinders approaching that about a single isolated cylinder.
Changes in C;y are less extreme than for the three cylinder case but these
changes increase with decreasing spacing ratio whilst the absolute values of
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Cyr are lower on either side of zero than in the three cylinder case. Fig. 7 shows
that the greatest change in y occurs for low values of S/D. For spacing ratios
of 4 and 5 the change in y is negligible, and therefore in variable direction flow
fields structures of this type should be designed with cylinder spacings of at
least four diameters to guard against possible fatigue failure.

5. Conclusions

The lift and drag coefficients acting on a single cylinder in a group of four
situated in a uniform freestream flow have been determined and they show
that the forces acting on each cylinder of the group can vary widely. The mag-
nitude of the coefficients is strongly influenced by the orientation of the group
to the freestream with minimum drags occurring at inclination angles between
- 127.5and 135°. For all spacing ratios, rapid reversals in both lift and drag occur
but greatest stability is achieved with higher spacing ratios, when large and
rapid changes only take place between inclination angles of 90 and 180°.

These results may be regarded as basic force coefficient data to be included
with two and three cylinder data in a design code of practice. It is recommended
that further data be obtained for groupings of three by three (9) and four by
four (16) equispaced cylinders.
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Summary

The drag and lift coefficients occurring on one cylinder in a group of three lying with their axes
perpendicular to a uniform stream flow have been measured at a flow Reynolds number of 3 X 10*
at various inclination angles to the free stream. The cylinders were arranged with their centres
equidistant from each other (an equilateral triangle), the spacing ratio of their centres being in
the range 1.25 <S/D <35.

From the force coefficients for the individual cylinders, total force coefficients for the group as
a whole and the direction in which the resultant force acts were determined. It was found that at
certain inclination angles the force coefficients were similar to those pertaining to two-cylinder
flow, but that in general the effect of the third cylinder was significant. The results presented
should aid in the establishment of standard design codes for flow interference around groups of
cylinders.

Notation

Cp  dragcoefficient

Cp.  lift coefficient

Cpr total drag coefficient

Cor total lift coefficient

C,  pressure coefficient

C,,  base pressure coefficient
cylinder outside diameter (m)

p static pressure (Pa)

Do free stream static pressure (Pa)

Re Reynold’s number

r radius of cylinder (m)

S distance between cylinder centres (m)
S/D spacing ratio

U free stream velocity (ms—?)

0167-6105/87/$03.50 © 1987 Elsevier Science Publishers B.V.
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Greek letters

o angle of inclination (deg)

y angle of resultant total force (deg)

p density of free stream (kg m~3)

6 circumferential angle on the cylinder (deg)

1. Introduction

Many engineering structures or designs consist of groups of circular or near
circular cylinders situated in a flow field with their axes perpendicular to the
flow direction. Some examples of such structures are: groups of chimney stacks
as found in the chemical industry; groups of cooling towers as those in power
plant cooling water systems; oil drilling platform structural members; banks
of heat exchanger tubes and bundles of overhead power conduction cables. The
distance between the centres of the cylinders can range from very wide spac-
ings to one tube diameter, whilst the centre connections can form a rectangu-
lar, triangular or linear array depending on how many cylinders are involved.

For free stream flow of a fluid over a single cylinder situated with its axis
perpendicular to the flow, the only mean time-averaged force acting on the
cylinder is the drag force in the flow direction. The associated drag coefficients
at different Reynolds numbers for this flow regime are well established [1].
When cylinders are grouped together, if the spacing is wide enough, the wake
behind the upstream cylinder(s) will have time to re-establish itself into a
uniform free stream before flowing over subsequent cylinders. However, for
small spacings, the flow patterns of the individual cylinders interact and the
cylinders can experience not only a drag force, but also a lift force perpendic-
ular to the free stream direction.

It is extremely important that the designer of such structures is able to pre-
dict the forces acting on them and the need for suitable design codes has there-
fore arisen. However, most of the research carried out in this field has been as
a result of the need for a solution to a particular problem and data therefore
tends to be rather fragmented. Only relatively recently has any systematic
work been carried out. Zdravkovich [2] presented a comprehensive review of
the studies on flow interference between two circular cylinders in various
arrangements. Gerhardt and Kramer [ 3] investigated the interference effects
for groups of three or four stacks, whilst Price and Paidoussis [4] found that
in certain cases, data for two-cylinder arrangements could be used to predict
the forces occurring on certain three-cylinder arrangements. In a later paper,
Zdravkovich [5] categorised the flow through pipe clusters and described two
basic types of flow interference between two parallel pipes. These are prox-
imity interference, P, which occurs when the pipes are close to each other but
either none or only one is submerged in the wake of the other, and wake inter-
ference, W, which occurs when one pipe is close to or submerged in the wake
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of the other; they can act alone or together. He also concluded that the avail-
able experimental data diminished rapidly as the number of pipes increased
and that the data for flow over two cylinders could not be used with sufficient
accuracy to describe the flow over three or more pipes. Experimental data for
various standard configurations of pipe clusters is therefore an urgent necessity.

Most of the existing experimental data has been obtained in tests on cylin-
ders situated in closed test-section wind tunnels. In some cases, account has
been taken of blockage effects but in many cases it is not considered. In addi-
tion, various methods of measuring the forces have been used along with dif- -
ferent support mechanisms for the cylinders [3,4,6-8]. In particular
Bardowicks [9] carried out lift and drag measurements on three cylinders
arranged as an equilateral triangle at various centre spacings but whose lengths
were finite in that the length/diameter ratio was ten with free flow over one of
the ends.

In an endeavour to add to the existing basic data, this paper describes a series
of tests carried out to determine the pressure, lift and drag coefficients acting
on one cylinder in a group of three as the orientation of the group to the free
stream is changed. The distance between the centres of adjacent cylinders was
equal thus forming the pattern of an equilateral triangle. To minimise blockage
effects, all tests were carried out in an open jet wind tunnel test section. From
the data obtained for the individual cylinder, the total drag and lift coefficients
for the structure as a whole and the direction in which the resultant force acts
were determined.

2. Experimental apparatus

Figures 1 and 2 illustrate the general experimental arrangement. The tests
were conducted in an open jet return circuit wind tunnel driven by a twelve-
bladed variable pitch axial flow fan. The open jet test section was 870 580
mm at the throat with a working length of 1.6 m. Velocity variation-across the
test section was +1% and the turbulence intensity was 0.4%. The maximum

‘velocity in the test section was 36 m s~' whilst the area ratio between the
settling chamber and test section was 10:1. Pitot-static tube measurements
taken in the empty test section along the horizontal axis of the jet showed a
velocity variation of 2.6% over the 1.6 m jet length. This was small enough to
be considered negligible. All tests were carried out at the nominal wind speed
of 10 m s~ ! and with a Reynolds number of 3 X 10, that is just before transition
in the case of a single cylinder.

Each cylinder of the group was a 1 m long hollow steel tube of 44 mm internal
diameter and 50 min external diameter, machined to a smooth finish. One of
the tubes was cut in half and a brass ring 20 mm wide with 24 equispaced (15°)
0.7 mm diameter pressure tapping holes was inserted between the two halves.
This particular cylinder (measuring cylinder) was machine finished after
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Fig. 1. Experimental arrangement in open jet wind tunnel test section.

insertion of the ring to ensure that there were no burrs or sharp edges on the
surface. At one end of each cylinder a locating screw was secured and the cyl-
inders were screwed vertically into position onto a turntable platform, the edge
of which was graduated in 7.5° divisions. The whole assembly was then located
in the jet at a distance of 500 mm downstream of the tunnel throat and its
height adjusted such that the 24 pressure tappings lay along the axis of the test
section jet with the ends of the cylinders protruding through the jet boundary.
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Fig. 2. Cylinder spacing and angles.
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Fig. 3. Spanwise pressure distribution on an isolated cylinder at Re=3x 10%.

Flexible tubing was connected to each pressure tapping of the measuring cyl-
inder and inserted up through the hollow tube to one side of an inclined alcohol
manometer, the other side of the manometer being connected to the static
pressure tapping of a pitot-static tube. The pitot-static tube was placed at the
tunnel throat for measurement of free stream velocity. Pressure differences
were determined to within 0.025 mm of water and free stream velocity to within
0.25ms~1.

To check the uniformity of flow along the span of a cylinder, a fourth cyl-
inder was included with static pressure tappings along its length at 8 =180°.
From pressure measurements along the span of this single cylinder it was found
necessary to attach end plates to the cylinders which were constructed of 3 mm
thick boards 620 mm in diameter and with 50 mm holes drilled at the positions
corresponding to the cylinder spacings. At all times, great care was taken to
ensure that the cylinder separation remained constant across the span and that
the axes of the cylinders remained perpendicular to the free stream flow.

3. Experimental procedure

The cylinders were purposely made 1 m long so that they would protrude
well outside the open jet and thus obviate any end effects which would other-
wise occur if the cylinders were of finite length in the free stream. To confirm
that uniform flow over the cylinders was being achieved in this way, the single
cylinder with the spanwise pressure tappings was first placed in the test section
with the static pressure holes facing directly downstream. The base pressure
at § =180° was then measured along the span. The resulting pressure distri-
bution is shown in Fig. 3 where it is evident that the flow around the cylinder
at the jet boundaries affects the pressure distribution along the span because
of the flow being three-dimensional. In order to achieve two-dimensional flow
over the cylinder, the 620 mm end plates were attached to the cylinder just
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inside the jet boundaries such that the effective span of the cylinder was 575
mm and the new pressure distribution was again measured. The new improved
spanwise pressure distribution is also shown in Fig. 3. The static pressures at
the 24 tappings at mid-span were recorded both with and without the end plates
in position and the pressure coefficients and the associated drag coefficients
are illustrated in Fig. 4.

Having satisfied the requirement for two-dimensional flow over the single
cylinder, three cylinders were located on the turntable at a particular S/D ratio
with 620 mm end plates again attached to give an effective span of 575 mm.
The turntable was initially set at §=0° and the measurement cylinder was
rotated until one of the mid-span pressure tappings pointed directly upstream.
Twenty four static pressure readings were taken around the circumference of
the cylinder in increments of 15°. Without further adjustment of the measure-
ment cylinder, the turntable was incremented 0-180° in steps of 7.5°, with sets
of pressure readings being taken at each increment. The above procedure was
repeated for the range 1.25 <.S/D <5 at a nominal free stream velocity of 10 m
s~ 1,

4. Results and discussion

All the experimental results are expressed in terms of dimensionless pres-
sure, drag and lift coefficients. The pressure coefficient is expressed as

C,=(p—Dpo)/0.5pU? (1)
The drag coefficient is given by

2n . .
CD=J.(p—po)rc050d0/0.5pU2D (2)
0
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and the lift coefficient by

2n

Cp=— j (p—po) rsin8df/0.5pU2 D (3)

]

where the integrals of the pressure disﬁibutions of eqns. (2) and (3) were
carried out using Simpson’s rule.

4.1. Flow over a single cylinder

The base pressure distribution along the span of the cylinder with no end
plates fitted, shows a gradual pressure increase towards the mid-span indicat-
ing that atmospheric air is funnelling in from the edge of the jet where the
cylinder protrudes through the jet/atmosphere interface. Bearman and Wad-
cock [6], however, found that for flow over a single cylinder spanning a closed
test section, the pressure decreased from the tunnel walls towards mid-span,
this being due to the thickening boundary layers built up on the tunnel walls.
In both cases, two-dimensional flow was established by fitting end plates to
isolate the disturbances.

The pressure distribution around the cylinder at centre-span is shown in
Fig. 4 and is in agreement with well established data [1] for two-dimensional
flow over an infinitely long cylinder as is the value of drag coefficient. It was
considered most important for this flow regime to be established since it may
be used as a reference when considering the flow over groups of cylinders.

4.2. Flow over three cylinders
Figures 6 and 7 show the drag and lift coefficients of cylinder number 1 as
the group of cylinders is rotated through 180° about its axis. It is assumed that
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Fig. 7. Lift coefficients on a single cylinder in a group of three.
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Fig. 8. Total drag coefficients for the group of three cylinders.
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symmetry of flow occurs for the range 180° < &< 360° and this was verified by
random pressure measurements.,

For a given spacing ratio, the lift and drag coefficients acting on each cyl-
inder of the group at any inclination may be obtained. For example, in Figs.
6(a) and 7(a) for an inclination to the free stream of 90°, the drag and lift
coefficients of each cylinder are

Cylinder No. 1 2 3
Cylinder angle (°) 90 210 330
Equivalent angle (°) 90 150 30
Cp 0.67 —0.18 1.3
C, . : —0.04 -0.23 —-0.61

By summing these three values of lift and drag coefficients, taking into
account their signs and noting that the projected cross sectional area of the
cylinders is now 3D, the total lift and drag coefficients Cr and Cp are obtained
from eqns. (4) and (5)

Crr = (Cpy +Cry +Cr3) /1.5pU°D (4)

Cpr = (Cp; +Cpe +CD3)/1-5PU2D (5)

These results are shown in Figs. 8 and 9 where it is noted that the total
coefficients repeat themselves every 120°. From the total lift and drag coeffi-
cients, the direction of the resultant force acting on the group is determined
from

y=atan(Cpr/Cpr) (6)

and this variation is shown in Fig. 10.

For S/D ratios of 4 and 5 at «=0°, cylinder 1 behaves as if it were isolated,
the drag coefficients of 1.1 being the same as for the single cylinder in Fig. 4.
As S/D decreases, the downstream cylinders 2 and 3 begin to affect the flow
over cylinder 1, its drag coefficient dropping to 0.44 at a relative spacing of
1.25. The reason for the decrease is clearly shown in Fig. 5 where the negative
pressure coefficient on the downstream part of the cylinder becomes positive,
while the front positive pressure coefficient of between 30° > § > 270° remains
virtually unchanged. When the cylinders are rotated, for S/D ratios of 4 and
5, cylinder 1 exhibits a steadily increasing drag coefficient rising to 1.4 at about
120°, although there is some evidence of fluctuating pressures for an S/D of 4.
For similar two-cylinder staggered arrangements, Price and Paidoussis [4]
and Zdravkovich [5] showed that there was no interference between the two
cylinders. It is therefore concluded that the lower cylinder 2 is affecting the
flow around cylinder 1, and is of P type interference. For S/D between 3 and
1.25, Fig. 6 shows the maximum Cp, on cylinder 1 occurring at decreasing angles
of inclination, this being due to increasing combined type P and W interfer-
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Fig. 10. Variation of direction of resultant force on the group of three cylinders.

ence. From the maximum Cp, attained, all spacings show a steep drop to a
minimum Cp at an inclination of about 150°. Cylinder 1 is now directly in line
with cylinder 3 as if in a two-cylinder tandem arrangement whilst the Cy, of 0.4
in Fig. 6(g) is comparable with 0.27 by Price and Paidoussis [4]. The differ-
ence can be attributed to the fact that cylinder 2 (now at the 270° position) is
affecting the flow pattern around cylinders 1 and 3 and this is indeed confirmed
by noting that for the 90° inclination angle, Cp, is higher than for the isolated
cylinder value. At o= 180°, the drag coefficient returns to the isolated cylinder
value for the large spacing but is increasingly affected by P and W interference
as the spacing decreases. The general trend of the drag curves in Fig. 6 are
similar to those obtained by Bardowicks [9]. However, nowhere did he obtain
negative drag coefficients at small spacings as obtained in these tests and this
is partly attributed to disturbances caused by flow over the ends of his finite
length cylinders. X

The lift coefficients at the different spacing ratios are shown in Fig. 7 where
negative coefficients represent inwardly directed vertical forces. The S/D=5
spacing ratio curve shows almost zero lift in the range 0° < < 120° indicating
symmetry of flow about the horizontal axis of the cylinder. At 127.5°, cylinder
1 experiences a sudden inward lift force due to wake interference from cylinder
3 which is now at the 7.5° position. In effect, the edge of the wake generated
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by cylinder 3 acts as a boundary and prevents the streamlines on the underside
of cylinder 1 from diverging as much as they would were the wake not present.
This causes an increase in velocity on the underside of cylinder 1 and a con-
sequent reduction in pressure. The situation persists to 135° at which point
the pressure starts to recover to give a positive lift coefficient at « =165° when
cylinder 3 is lying above cylinder 1, its wake now acting on the opposite side of
cylinder 1. Cylinder 2 has no effect on the flow around cylinder 1.

As the spacing decreases a bias towards a positive lift force develops for
a>30° whilst the change to the negative lift force become less severe. There
is also a tendency for the magnitude of the negative lift to increase as does the
magnitude of the recovery on the positive side. For 2 <S/D <5, maximum and
minimum lift occur at more or less the same inclination angle and the curves
in general exhibit the same characteristics. In contrast, at S/D=1.25, rapid
changes in lift force are noted at 7.5, 30 and 82.5° and it would appear that at
S/D=1.5 a transient state exists between the two types of flow regimes. In the
case when two cylinders are in tandem, Zdravkovich [8] found that for
2.7<8/D <4 the lift coefficient on the downstream cylinder was positive or
very close to zero. This is confirmed here by examining the lift at a«=150°,
since in this position cylinders 3 and 1 are situated in tandem with the lift
being measured on the effective downstream cylinder 1. However, Zdravkovich
[8] also inferred a negative lift coefficient in tandem arrangement for S/D < 2.7,
but for the three-cylinder case at similar spacings, Figs. 7(a)-7(c) show that
the lift is clearly positive indicating a strong interference from the lower cyl-
inder 2. The upstream cylinder 3 at S/D=1.25 also shows a high positive lift
at a=30° indicating proximity interference from the lower cylinder 2.

Cylinders 1 and 3 are in side by side arrangement at ¢=60° and Figs.
7(b)-7(g) show positive lift forces, the order of which are in agreement with
the results of Zdravkovich [8] for the two-cylinder case. As the spacing
decreases the velocity of the flow in the gap increases, with the interference
being of P type. At a spacing ratio of 1.25, Bardowicks [9] reported an inward
directed lift at & =40° but no evidence was found of this in these tests. He also
found a positive lift force at a=120° for S/D=5 but once again it was not
detected in this work. Since Bardowicks’s tests were performed on finite length
cylinders, this may again account for these phenomena.

The total lift and drag data points shown in Figs. 8 and 9 and the angle of
the resultant force acting on the group shown in Fig. 10 indicate how rapidly
the total force components can change with relatively small changes in flow
direction. In general, the total drag is greater as the spacing ratio increases due
to each of the individual cylinders behaving more as an isolated cylinder. Con-
versely, the total lift coefficient tends towards zero but shows wide changes as
the cylinders move towards each other. Although the magnitude of the result-
ant force might be low, rapid changes in its direction could present important
fatigue problems in situations where the flow direction is constantly changing.
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5. Conclusions

It has been shown that for a standard three-cylinder cluster, the angle of
orientation to the free stream will strongly influence the force coefficients act-
ing on any one of the cylinders. Large reversals in lift magnitude and direction
occur at inclination angles lying between 120 and 165 ° for all cylinder spacings
tested, whilst a minimum drag is found at about 150°. At some spacings the
force coefficients were similar to those for flow interference between two cyl-
inders but it is recommended that extrapolation of this sort should be used
with caution. The total force coefficients for the three-cylinder structure as a
unit also shows large variations in direction and care should be taken in the
design of such structures especially when a variable direction free stream flow
is present.
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Blockage corrections for rectangular flat
plates mounted in an open jet wind tunnel

A T Sayers, BSc, MSc, CEng. MIMechE and 1) R Ball, BSc

Dcpartment of Mechanical Engineering, University of Cape Town, South Africa

The correction that must be applied to the upstream wind rvelocity, when a rectangular flat plate normal to the flow direction is placed
in an open jet wind tunnel. is determined and is found 10 be at all times equul to or greater than unity. 1t is also found 1o be dependent
upon the distance of the body fram the tunnel outlet, and the projected area of the body. Compurisons with previous wark carried out in
closed wind tunnels are made to confirm the experimentul technigue used.

NOTATION

A wind tunnel mouth cross-sectional arca, m?

D, dragona body in an unlimited flow ficld, N

D, drag on a body in a limited (wind tunncl) flow
field, N

Coc drag coeflicient for blufl body in unlimited flow
ficld

C, drag cocflicient for blull body in limited (wind
tunnel) flow ficid

S pr;)jeclcd arca of blufl body (rectangular plate),
m

S/A area or blockage ratio

1% free stream velocity in limited flow field, m/s

V. corrected free stream velocity in limited (wind
tunnel) flow ficld. m/s

p density of fluid, kg/m?

1 INTRODUCTION

The energy crisis of the last decade has focused atten-
tion on the usc of wind turbines as cnergy producing
devices. The Department of Mechanical Engincering at
the University of Cape Town is currently investigating
the cocfficients of performance of various designs of
rotor blades using a horizontal axis model wind turbine
incorporating a dynamometer (1). In order to obtain
meaningful results, the power output of the modcl
should be as large as possible and this entails maximiz-
ing the turbine swept area in the wind tunnel test
section.

When any model is tested in a wind tunnel, solid and
wake blockage cause the air velocity in the vicinity of
the model in the wind tunnel to be different from the air
velocity in the vicinity of the same model placed in an
unlimited free air strcam, the upstream velocity being
the same in both cases. A velocity correction factor
must therefore be applied to the value of the wind
tunnel upstrcam velocity used in the calculation of per-
formance, torque and thrust cocllicicnts of a model
wind turbine, particularly if the model power output is
very low.

For flow past streamlined bodies blockage correc-
tions are fairly well established and have been discussed
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by Pankhurst and Holder (2) amongst others (3). In
such cases it is usual to express the blockage correction
as the sum of individual components due to solid block-
age, ¢,,and wake blockage, ¢, .such that:

Vo= V(L 4 ¢, +5) (1

For a closed working scclion continuity of mass
demands that velocitics in the vicinity of the body are
greater than they would be for zero blockage and so
Vi.> V. For an open jet wind tunnel the constant
(atmospheric) pressure boundary means that Vo < V. In
addition the coirection is due almost entirely to solid
blockage since ¢ is usually small.

However for wind tunnel tests on wind turbines
blockage corrections for streamlined flows are not really
relevant, whercas blockage corrections for blull body
flows such as rectangular flat plates or discs placed
normal to the stream arc of far greater relevance. Block-
age corrections for such flows are generally much larger
than for strcamlined flows (4), and arc also far more
difficult to treat theoretically since they require a
detailed understanding of the wake properties and wake
distortion cllects. 1t is also difficult to break down the
correction into components in the manner of equation
(1), although one would still expect V. > V for closcd
working scctions and V. < V for open jet wind tunncls,

Maskell (4) considered theoretically the blufl body
blockage problem for closed working scctions. For low
aspect ratio bodics, such as square plates and discs
normal to the flow, his theory gives:

e I N
7= \Aul + Z'SCD(A)] (2)

He verificd this expression by comparison with exist-
ing data for square plates which only cxtended up to 4.5
per cent blockage. Subsequently Alexander (5), Fackrell
(6) and Awbi (7) have validated Maskell's theory for
higher blockage ratios.

The wind tunncl at the University of Cape Town is of
the open jet type, for which the authors are not aware of

" any information in the litcrature relating to blufl body

blockage corrections. 1t is 1o this problem to which the
work dcscribed in this paper is addressed, by making
mecasurements on a serics of rectangular Qlat plates and
extrapolating the results down to zero blockage. In
addition a few mcasurements were made with the plates

Proc Instn Mech Engrs Vol 197C
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mounted in the closed section of the wind tunnel up-
strcam of the open jet. This enabled comparison with
the carlicr work of Maskell (4) and Alexander (8).

2 THEORY

Consider the two cases shown in Figs. 1 and 2 respec-
tively, where a body is placed in an unlimited and
limited flow ficld. From Fig. I, the correct value of drag
cocflicient is given by:

Coc = D,/0.50VS (3)

where D, is the measured drag.

In Fig. 2, the uncorrected drag coeflicient will be
given by:

Cp = D,/0.50V1S ' (4
but whilst the free strcam velocity, ¥, may be the same
in both cascs, D, and D, are not ecqual duc to the
velocity at the body in each case being unequal. There-
fore Cpe and Cpare not equal.

To obtain the correct value for the drag coeflicient for
Fig. 2, the value of the free stream velocity used in
equation (4) must be modified by a velocity correction
factor, V/V, so that the correct value of drag coefficient
is obtained from:

Coc = D,/0.5p[ ¥ (Vc/V)}S (5)

Combining equations (3) and (5) gives (V/V) =
D,/D, and substituting for D, and D, from equations
{(3) and (4) gives:

Vo/V = (Cp/Cud)'? (6)

For a blufl body with sharp edge flow scparation the
effect of Reynolds number is expected to be small and
therefore Cpc is unaffected by changes in upstrcam
nominal flow velocity. The value of Cpe can be dcter-
mined experimentally by plotting the drag cocfficicnts
of progressively smaller bluff bodies against the cross-
scctional area of the body and extrapolating the result-
ant curve to zero cross-sectionat area where the value of

Streamlines free to
expand outwards

Wake

-

I3

<
v
5

Fig. 1 Flow over n body with sharp edge flow scparation in
an unlimited flow field
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Streamlines constrained (o move into the
space between the houndary and wake

VIFDOIIIIINDIINENINEIIIIIF

Wake

oV D,

7.

Fig. 2 Flow over a body with sharp edge flow separation in
a limited flow field

Cpc will be obtained. Hence for a measured Cp, and V,
knowing Cp, the corrected velocity V. may be deter-
mined.

3 EXPERIMENTAL APPARATUS
3.1 Wind tunnel

The wind tunnel used was of the open jet return circuit
type, the surrounding pressure in the open jet section
being atmospheric. It was driven by a twelve-bladed
Woods Varafoil variable pitch axial flow fan which was
powered by a two-speed 380 V three-phase motor. The
open jet test seclion was 875 mm x 583 mm x 1600
mm long with a velocity variation across the jet of +1
per cent and a maximum velocity of 36 m/s. Pitot-static
tube measurcments taken in the empty test scction
along the horizontal axis of the jet showed a velocity
variation of 2.6 per cent over the 16(X) mm jet length.
This was small enough to be considered negligiblc.
Tests were carried out at nomina! wind speeds of 5, 10
and 15 m/s.

3.2 Bluff bodies

The bluff bodies used were flat 5 mm thick rectangular
plywood plates of the dimensions given in Table 1, the
arca ratio ranging from 0.005 to 0.3. The plates were
mounted at their centres on a flat rectangular bar sting
and the sting was bolted to a horizontal beam drilled
with location holes for altering the tongitudinal position
of the plates in the air jet. A rectangular frame 800
mm x 1100 mm was constructed from flat rectangular
bar and wires which were attached to the four corners
of the frame allowed suspension of the rectangular
plates in the centre of the frame. It was therefore pos-
siblc to remove a plate from its sting. and with the sting
remaining in position, suspend the plate from the wirces
in the sume position as if mounted on the sting but
unattached to it, thus the drag on the sting alone could
be determined under the conditions prevailing when the
plate was attached. The frame size was such that only
the support wires and suspended plates were in the air
jet. :

© IMechE December (983
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Table 1 Dimensions of flat plates

Exact cross-sectional area of tunncl = 0.48 m?

X

Width, X.mm 60 105 150 195 240 28S 330
Height, ¥, mm 40 70 100 130 160 190 220 250 280 310

315 420 465 Y[

3.3 Drag balance

A three-component balance employing strain gauges,
cnabled a digital read-out of drag force to be measured
to within 0.02 N.

3.4 Free stream velocity measurement

The velocity head was obtained from a pitot-static tube
with pressure tappings connccted to an inclined alcohol
manometer, the velocity being determided to within
0.25 m/s.

The influence of the plates on the free stieam velocity
extended at the most a distancc of 600 mm upstrcam
from the plates, this distance decreasing for progress-
ively smaller plates. The nominal frec stream velocity
was sct at the proposed plate position in the empty test
scction by adjusting the velocity head of a pitot-static
tube to the required valuc. The pitot-static tube was
then moved 700 mm upstream from the proposed plate
position and the velocity head again noted. When the
plate was now placed in the air strecam the wind speed
was adjusted until the previously noted velocity head at
the 700 mm upstrcam position was again obtained on
the pitot-static tube.

The difference between the two velocity heads when
both were measured in the open jet scction proper lay
within the 2.6 pcr cent longitudinal velocity variation
noted previously. As the plate position moved upstream
towards the start of the open section of the wind tunncl,
the velocity head at the 700 mm upstream position was
now measured in the contraction section and was sub-
stantially below that at the. plate location when the
pliate was not in position. However, by ensuring that the
plate again had no clfect on the upstrcam pitot-static
tube, measurement was not affected by the plate in the
contraction section and the nominal free stream velocity
could be maintained for all plate positions.

4 EXPERIMENTAL METHOD

For a selected axial distance from the wind tunncl
mouth, cach platc and sting asscmbly was in turn
mounted in the drag balance, the plate being normal to
the air strcam as shown in Fig. 3. The tunncl upstrcam
velocity, V, was set at 10 m/s for cach plate and the
drag force on the plate and sting were recorded. The
plate was then removed from the sting and suspended
by the four tie wires of the suspension frame. The frame
was positioned such that, with the sting still mounted in
the drag balance, the plate was in almost the same posi-
tion as when mounted on the sting but completely
scparate from it. The drag force on the sting alonc. was
recorded. The drag force. D, on the plate, was calcu-
lated from the dilterence between the two drag readings.
This was repeated for five positional settings of the
plates rclative to the tunncl mouth, one setting being
inside the closed section of the tunnel.

At a position 430 mm from the tunnel mouth, the

@© 1MechE December 1983

above experiment was repeated for upstream velocities
of 5 m/s and 15 m/s to verify the assumption that Rey-
nolds number effects could be neglected.

5 RESULTS

Using the values of V and D, as calculated from the
experimental measurements, the uncorrected drag cocf-
ficient, C,, was calculated from cquation (4) and plotted
against the arca ratio in Fig. 4 for the different plate
positions. The curve labelled 125 mm refers to the
plate situated 125 mm upstream from the tunnel mouth
in the closed section of the tunnel. Each curve has been
extrapolated to zero S/A4 where the value of Cp (= Cp)
tends towards 1.1 for plates in the open jet test section.
For plates in the closed section, the value of Cy, also
tends to 1.1. These values of Cp were used in equation
(6) for the calculation of the velocity ratio, V/V.

The velocity ratio is shown plotted against area ratio
in Fig. 5 for all plates along with Alexander’s results (5).
The drag cocflicients werc also substituted into
Maskell's equation (1) and this has been plotted up to
an arca ratio of 0.3,

The effect of changing tunncl upstream velocity is
shown in Fig. 6 where Cp, is plotted against S$/A4, some
of the points falling on top of each other.

6 DISCUSSION

The value of Cpe at zero arca ratio would be expecied
to be the same for both a closcd and open jet wind
tunnel and compares favourably with Alexander's value
of 1.15 the difference being 4.5 per cent. As the plate was
moved away from the mouth of the tunnel the drag
cocflicient decreased until at 430 mm from the tunncl
mouth, the drag cocflicient remaincd constant with
change in area ratio. Only the curves for the 120, 430,

; Dwid A
& A N 81

Fig. 3 Plate suspended in front of, but separate from, the
sting
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4 Distance from
tunne! nrouth

- 128 mm
020 mm

s 430 mm

Nmnmnl wind

750 mm [ speed 10 m/s
1050 mm

«e%0>30

0 005 01 015 02 0125 03
S/A
Fig. 4 Drag cocflicient versus area ratio for varying distance
of plate from tunnel mouth

750 and 1050 mm positions are shown in Fig. 4, since
the purpose of plotting Fig. 4 was to delcrminc the
value Cp¢ at zero arca ratio.

The .velocity ratios for flat plates in the open jet
scction are compared with those for the closed wind
tunncl in Fig. 5 where it is seen that the corrected velo-
city, V., is always greater than or cqual 6 ¥V which is
contrary to the statements madé in references (2) and (5)
with respect to open jet wind tunncls. As the body was

2
’(
18] -
o ed
7
9o A~
P - /
1251 N e
. L .
2 L Oistance from tunnel mouth>430 mm
) [}
~
0754
—-o-~~ Authors’ (closed throat)
0:54 = .a=- Alcxander (closed throat)
——o— 120 mm from mouth
“——— Maskell (closed throat) -
0-254
0 00 01 015 02 025 03

S/A
Fig. § Velocity correction comparisons
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v speed
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S7A

Fig. 6 Eilcct of Reynolds number on drag coeflicient at 750
mm from tunnel mouth

moved away from the tunnel mouth, the velocity ratio
deercased to a minimum value of 1 at a distance of 430
mm from the tunncl mouth and remained at that value
for further distances indicating that the corrected vclo-
city ¥ does not drop below the frce stream tunnel velo-
city.

When the air Jeaves the closed <cctmn of the wind
tunncl and becomes the open jet, a distance is required
for the jet bounding strcamlines to adjust to the new
boundary conditions of surrounding atmospheric press-
ure. If a plate is placed within this adjustment length,
the bounding streamlines arc unable to expand quickly
cnough to their naturally fully expanded state. The velo-
city at the plate between the bounding streamlines and
the strcamlines forming the edge of the wake af the
scparation point will thereforc have a valuc between
that for the plate in the closed section and that in the
fully adjusted opcn jet. This intermediate velocity
decreases as the plate is moved away from the closed
section until the velocity at the plate altains its nat-
urally fully expanded strcamlinc value, when ¥ /V
becomes unity.

The velocity ratios for a position 125 mm upstrcam of
the tunnel mouth arc seen to correspond closcly with
Maskell's equation (1) but arc higher than those of
Alcxander particutarly at high area ratios where the dif-
ference is in the order of R.7 per cent al an area ratio of
approximately 0.3. If the mcasured drag cocflicicnts by
Alexander for a given arca ratio were the same as the
authors’, a diffcrence in the Gy valuc of 0.05 would
result in a velocity ratio differcnce of only 2 per cent.
and thercfore no explanation can be given for this high
difference. Although Maskell's curve is based on an
equation derived from resulls obtained using plates of
arci ratio up to only 0.045, the present results tend to
confirm Maskell's cquation at higher arca ratios.

7 CONCLUSIONS

To obtain the corrected wind velocity for a rectangular
flat plate placed normal to the flow direction in an open
jet wind tunnel test scction, the upstrean tunnel velo-
city must be multiplicd by a corrcction factor that will
depend upon the distance of the body from the tunncl
mouth and which is always positive and grcaler than or
cqual ta 1. The correction factor decreases with distance
from the tunne! mouth until a point is reathed where no
correction to the upstrcam velocity nceds to be made.

In the calculation of performance cocflicients of a
model wind turbine, since the cocfTicient of performance
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is inversely proportional to the cube of the wind speed,
a 1 per cent error in wind speed results in a 3 per cent
crror in performance cocflicient. The velocity corree-
tions obtaincd in this investigation will therelore signifi-
cantly increasc the accuracy of calculations made from
wind turbine test results.
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Fig. 4 Drag coefficient versus area ratio for varying distance
of plate from tunne! mouth

750 and 1050 mm positions are shown in Fig. 4, since
the purpose of plotting Fig. 4 was to determine the
value Cy at zcro arca ratio.

The .velocity ratios for flat plates in the open jet
section are compared with those for the closed wind
tunnel in Fig. 5 where it is scen that the corrected velo-
city, Vi, is always greater than or equal to V which is
contrary to the statements made in references (2) and (5)
with respect to open jet wind tunnels. As the body was
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Fig. 5 Velocity correction comparisons
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Fig. 6 Fllcct of Reynolds number on drag coeflicicnt at 750
mm from tunnel mouth

moved away from the tunnel mouth, the velocity ratio
decrcased to a minimum_ value of T at a distance of 430
mm from the tunncl mouth and remained at that valuc
for further distances indicating that the corrected velo-
city V¢ does not drop below the free stream tunnel velo-
city. .

When the air lcaves the closed section of the wind
tunnel and becomes the open jet, a distance is required
for the jet bounding streamlincs to adjust 1o the new
boundary conditions of surrounding atmospheric press-
ure. If a plate is placed within this adjustment length,
the bounding streamlines are unable to expand quickly
enough to their naturally fully cxpanded state. The velo-
city at the plate between the bounding streamlines and
the streanlines forming the cdge of the wake at the
scparation point will thercfore have a valuc between
that lor the plate in the closed section and that in the
fully adjusted open jet. This intermediate velocity
decreases as the plate is moved away from the closed
section until the velocity at the platc attains its nat-
vrally fully expanded strcamline value, when ¥ /V
becomes unity.

The velocity ratios for a position 125 mm upstrcam of
the tunnel mouth are scen to correspond closely with
Muaskcll’'s equation {1} but arc higher than those of
Alexander particularly at high arca ratios where the dif-
ference is in the order of 8.7 per cent at an arca ratio of
approximately 0.3. H the measured drag coefficicnts by
Alexander for a given arca ratio were the same as the
authors’, a difference in the Cy,. value of 0.05 would
result in a velocity ratio difference of only 2 per cent,
and therelore no explanation can be given for this high
difference. Although Maskell’s curve is based on an
equation derived from results obtained using plates of
arca ratio up to only 0.045, the present results tend to
confirm Maskell's cquation at higher arca ratios.

7 CONCLUSIONS

To obtain the corrected wind velocity lor a rectangular
flat plate placed normal to the flow dircction in an open
jet wind tunnel test section, the upstream tunnel velo-
city must be multiplicd by a correction factor that will
depend upon the distance of the body from the tunnct
mouth and which is always positive and greater than or
equal to 1. The correction factor decreases with distance
from the tunnel mouth until a point is reached where no
correction to the upstrcam velocity needs to be made.

In the calculation of performance coefficicnts of a
model wind turbine, since the cocfMicient of performance
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