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ABSTRACT

This investigation deals with the numerical prediction of the distribution of

. meanpressure and waIte-velocity around two square cylinders in tandem in a

fluid field of Reynolds number2.87xlO4. Theprediction is based on the Navier-

Strokes equations and the standard k-E:model of turbulence. The numerical

solutions of the governing partial differential equations are obtained using

TEACH-Tcomputer code. The computer code is based on standard finite volume

technique andan algorithm knownas SIMPLE(SemilmplicitMethod for Eressure-

Linked Equations).

The tandem arrangements of the two square cylinders are studied in terms of

twoparameters-the spacing ratio and the size-ratio, defined respectively as

LID and dID, in terms of notations of figure 4.1.

The predictions of the drag-coefficient as well as the distribution of the

mean pressure and the velocity in a two dimensional wake are presented at

various spacing-ratio of the cylinders with three different size-ratio of the

rear cylinder.

Adetail investigation is performed at the critical spacing, whichis four times

the side of the square for equal sized cylillders. Similar analysis is also

performed fOl'the tandemarrangements with twoother sets of size-ratio (e.g.

for d/D=0.7, 0.5) within the range of interspacing 2.0:sLID:s5.0.Velocity field

and stream function contour are also presented here for the clear

understanding of the wakeand vortex shedding phenomenon.
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CHAPTER-I

INTRODUCTION

1.1 General

The subject of bluff body flow is receiving a great deal of attention

[8,9,17,40,44,50,52,53,59,68,77,89] * recently. This is mainly because of its

importance in energy saving, for example, road vehicles must now meet

stringent requirements of fuel-consumption whichtranslates into achieving

reduced aerodynamic drag. Flowpast a bluff body is always associated with

the separation of flow behind the body incurring large energy losses.

Specially, in case of flow past rectangular and square bodies, the separation

occurs at the corners of the front face leading to complex wake formation

behind it.

Recent engineering problems involving windloads on large structures like a

group of skyscrapers, chimney, towers, bridges, oil rigs or marine structures

requiring investigation of flow patterns and aerodynamic characteristics.

Large structures must also be designed so as to avoid potentially disastrous

wind-induced large-amplitude oscillations. The occurrences of certain

disastrous collapse of suspension bridges anddamageof buildings due to wind

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

structures should not be treated as minor criteria for design purposes.

Inspite of the importance of bluff-body flows, relatively little is knownabout

them.

* numbers in parenthesis refer to serial number of references on page 120
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A number of numerical and experimental studies of flow around circular

cylinder [1,9,52.78,82,88], some experimental studies of flow around square

and rectangular cylinders at high Reynolds number

[28,35,45,54,56,57,61,65,67,69,76,83,86], and computer simulation of flow at

low Reynolds number around square or rectangular cyllilders [12,14,66] are

reported in the literature. Recently some works have been conducted for

multiple obstacles of various arrangements

[4,6,26,29,32,33,34,35,37,49,64,80.81,90,91] of which a little number of

experimental studies of flow around tandemarrangements of square cyllilders

are reported [29,49,80,81]. To the authors knowledge,no numerical prediction

is yet reported in the literature on the study of flo'. characteristics around

square cylinders in tandem.

,
1.2 Nature of Wind Loading

The effect of windonbuildings and other structures maybe treated as static

or dynamic loading. Other effects of winds lilte noise, fire hazard,

predestrains' discomfort, etc. are not usually considered in the structural

design.

The static effects refer to the steady (time-average) forces and pressures

tending to give the structure a steady displacement. On the other hand.

dynamiceffect has the tendency to set the structures oscillating. Asteady

windload on buildings and structures is very difficult to achieve because

windloads are always associated with varying speeds and direction of winds.
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Whena buildir.g is very stiff the dynamicresponse of the structure maybe

neglected and only the static loads maybe considered. This is because the

natural frequency of an extremely stiff building is too high to be excited by

wind.

1.3 Relevance of this study .inBangladesh

Bangladesh is a land-hungry country. Theurban population of this country is

increasing at a very fast rate, maltingthe housing problem worse everyday.

Onepossible solution of this housing problem is to construct multistoried

buildings. The need to build in highly windy sites or the need to locate a

number of t.all buildings close together will undoubtedly pose problems not

yet encountered by the architects and town-planners. Hence the knowledge

of windloading on a single or a group of buildings is essential for economic

design. Apart from windloading, concentration of high rise buildings in a

locality may lead to environmental problems like unpleasant feeling of on

people at ground level and stagnant-air, damage to doors and windowsin and

near passages. Hencenow-:!\-daysboth windloading and environmental problem

are considered as important design criteria.

Investigations of real flow around buildings is an impossible task. But the

two-dimensional flow around a square cylinder can be taken to approximate the

flow around a square-shaped building. So, in designing a building, knowledge

of the effect of wind loading on a single building is sufficient. But for a

group of buildings, knowledgeof single building is not sufficient. Because, the

(
1..6':1),"

" ('~~"l~~,
,

i

J
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interference of the neighboring buildings in a group makes the nat'Jre of wind

loadings different from that on an isolated building.

The problems of predicting the flow patterns around scattered bluff bodies

can be coped with by understanding the nature of flow on multiple bluff bodies

in close proximity in windtunnel.

Whilenumerous investigations are made on the flow past single obstacle of

various shapes, only a few studies are reported on the flow around complex

configuration of multiple obstacles. E'orunderstanding windload pattern on

an obstacle in a group of nearby obstacles, the present investigation of

pressure distributions around square cylinders in tandem arrangements with

various spacing-ratios as well as size-ratios is undertaken.

1.4 Importance of Numerical Investigation

Due to development of high speed personal computer with large memory,

recently Engineers and Town Planners have started emphasizing numerical

simulation over experimental investigation. Experiments with either model or

prototype are both costly and time consuming. E'or the present study of

square cylinders in tandem, full-scale exPeriments will not only be complex

and costly but would be extremely di£ficult as it would require monitoring

pressure distributions on the group of building, simultaneously and

instantaneously, because of variation of speed and direction of wind with

time. Thereal flow around buildings is very complex and the formulation of
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mathematical modelto predict the flow is almost impossible. Thus, modelstudy

is a must. Since experimental modelstudy is costly, the present investigation

emphasize on numerical model study.

1.5 Aimof the Study

Themainaimof the study is to observe the surrounding flow in case of more

than one bluff body placed in a uniform flow. It is obvious that the

surrounding flow wouldbe different from the case of single body, because

there wouldbe interference in the flow by one body on the other depending

on the spacings of the bodies.

The present study takes into account the fundamental nature continued to

the investigation of aerodynamic forces and pressure distribution on the

body. The present study is an attempt to give an understanding about the

variation of wind,load pattern imposedon a cylinder due to the change in side

dimension of the downstream cylinder with varying the spacings between the

cylinders. The study is performed with a view to meet the above mentioned

requirements. The prime objectives of the study are:

1. Topredict the pressure distribution around single squal'e cylinder and

compare with the experimental results,

2. To predict the pressure distl'ibution around tandem square cylinders

and observe the effects of transverse spacing of the cylinders and as

well as sizes of the rear cylinder.

r~, I
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3. Tocompare the difference in windeffects for various spacing-ratio and

size-ratio of the square cylinders.

4. To predict the drag coefficient.

5. To study the meanvelocity distribution in the wakebehind the square

cylinders arranged in tandem.

1.6 Scope of Study

The present study covers the numerical investigations of the distributions

of meanpressure around square cylinders, isolated and in tandem with varying

spacings. It also includes the mean velocity profiles in the wake of these

cylinders in isolation and in tandem.

US.1 Order of presentation

Thecontents of this presentation are divided into several chapters. Chapter-

II containing a brief description of the findings of several researchers in the

field of flow around single and multiple bodies. Notable contributions are

those of Bearman[8], Bearman et al [4,6], Lee [45], Nakamuraet al [60,61,62],

Vickery [83], Parkinson et al [68], Barriga et al [7], Igarashi [32,34], Igarashi

et al [33] and Zdravkovich [90,91]. Findings of several other researchers are

also included in this chapter. In chapter-III, mainly an account of the

mathematical modelis presented. It further includes the partial differential

equations ensuing conservation of mass, momentum,turbulence model and

boundary conditions. Acomplete outline of FDM( Einite Difference Method)is
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also presented here. Chapter-IV contents the numerical solution-method of

the present study, including the discretisation procedure, method of

calculation and computational details. In chapter-V, the analysis of the

present prediction and the available experimental results are presented. The

results are presented in graphical form. In few cases the existirig

experimental and numerical results of different researchers are compared

with those of the present study.

Finally, the conclusions drawn from the present investigation are given in

chapter-VI. This chapter also includes suggestions for further research in

this field.



CHAPTER-II

REVIEW OF LITERATURES

2.1General

Withthe increasing importance of bluff body aerodynamics, over the past few

decades, an enormous increase in research~ works concerning laboratory

simulations, full- scale measurements and more recently, numerical

calculations and theoretical prediction for flow over a widevariety of bluff

bodies is observed. It is true that researche:r.'s from all over the world have

contributed greatly to the knowledgeof flow over bluff bodies but the major

part of the reported works are of the fundamental nature involving the flow

over a single body and little about multiple bodies. Anumberof experiments

and numerical simulations were carried out by several researchers and the

effects of flow chacteristics around square, rectangular and circular

cylinders in tandem were investigated. Abrief description of some of the

research works related to the present study is given below.

2.2 Literature concerning single obstacle

BEARMANANDTRUEMAN[4] investigated the base surface pressure coefficient

and drag coefficient of rectangular cylinder with one face normal to the flow.

It was found that the drag co-efficient was maximum(about 2.94) whendlh =
0.62. where d is the section depth and h is section width normal to the wind

direction. Byintroducing a splitter plate into the wakeit was observed that

the increased drag effect was completely eliminated. This finding
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demonstrated that the high drag is associated with the regular shedding of

vortices. It was also observed that the further the vortices away from the

body, the higher the base pressure. It was suggested that for higher values

of dlh (>0.6) the vortices were forced to form further downstream because

of the influence of the trailing edge corners.

BOSTOCKANDMAIR[5] studied the pressure distributions and forces on

rectangular and D-shaped cylinders placed in twodimensional flow at Reynolds

number1.9x105 . It was found that for rectangular cylinders a maximumdrag co-

efficient is obtained for d/h=0.67. Reattachments of the boundary layers on

the sides of the cylinders occurred only for d/h<0.35.

BARRIGA,CROWEANDROBERSON[7] studied the effects of angle of attack,

turbulence intensity and scale on the pressure distribution of a single

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

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

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

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

whichdepended on the turbulence characteristics of the cross flow. It was

suggested that the negative lateral force on the square cylinder oriented

at a smail positive angle of attack was due to the relatively large negative

pressure coefficient in the seperated zone on the windwardside wail. It was

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

pressure near the front corner of the windwardside wail and promote flow

reattachment near the rear, giving rise to very significant increase in



-26-

aerodynamic moment.

DAVISANDMOORE[12Jcarried out a numerical study of vortex shedding from

rectangular cylinders. Numerical solutions for two-dimensional time

dependent flow about rectangles ill infinite domains using QUIKTESTmethod

proposed by Leonard [47J for time dependent-convection dominated flows was

reported. This scheme utilizes quadratic UPWINDdifferencing in one dimension

in a manner similar to the QUICKmethod for two-dimensional steady flows

(Leonard et al [46J). The initiation and subsequent development of the vortex

shedding phenomenawas investigated for Reynolds number varying from 100 to

2800. It was found that the properties of these vortices were strongly

dependent on the Reynolds number. Lift and drag coefficients were also found

to be influenced by Reynolds number. The computer simulation described in the

paper was carried out on a UNIVAC1108.

HUA[24] mademeasurements of fluctuating lift and the oscillating amplitude

on a square cylinder in a wind tunnel test. It was represented that the wind

pressure distributions and the lift force on the stationary cylinder normal

to the windwas proportional to the square of its amplitude.

LEE[45] madean elaborate study of the effect of turbulence on the surface

pressure field of a square prism. Various turbulent intensities were produced

by placing different square mesh grids upstream of the model. The

measurements of the mean and fluctuating pressures on a square cylinder

placed in a two-dimensional uniform and turbulent flow was presented. It was
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observed that the addition of turbulence to the flow raised the base

pressure and reduced the drag of the cylinder. It was suggested that this

phenomenawas attributable to the manner in whichthe increased turbulence

intensity thickens the shear layers, which causes them to reattach

intermittently to the rear of the side faces. The subsequent deflection of the

shear layers cause the vortex formation region to move downstream, thus

raising the base pressure. The strength of the vortex shedding was shownto

be reduced as the intensity of the incident turbulence was increased.

Measurement of drag at various angle of attack (0 to 450 ) showed that with

increase in turbulence level the minimumdrag occurred at smaller values of

angle of attack.

NAKAMURAANDOHYA[60] studied the effects of turbulence on the mean flow

past square rods. Measurements were made on square rods with different

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

effects of turbulence intensity and scale on the meanflow characteristics.

The turbulence intensity varied from 3.5%to 13~~and the length to size ratio

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

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

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

increased the growth rate of the shear layer. while large-scale turbulence

enhanced the roll up of the shear layer. The consequences of these depended

on the shape of the bluff body. For a square plate, both small and large-scale

turbulence reduced the size of the base cavity. As the length of the square

rod was measured beyond the crit.ical (0.6 times the height), the shear layer-
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edge direct interaction controlled the near wake, eventually leading to flow

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

layer direct interaction.

NAKAMURAANDOHYA[61] attempted to study the vortex shedding from square

prisms placed normal to smooth and turbulent approaching flows. Flow

visualization and the measurement of the velocity and pressure for the flow

past prisms of variable length-to-size ratios (i.e., d/h=O.l (square plate).

0.05.1.0 (cube) and 2.0 where h is the siZe of the square cross section and d

is the prism length) with Reynolds numberof Re=(0.5-14.7)x10oin terms of h was

made.It was found that square prisms shed vortices in one of the two fixed

wakeplanes which were parallel with the plate sides. The plane of shedding

was switched irregularly from one to the other. It was further showed that the

vortex shedding from a square prism with d/h= 0.5 and a cube was similar.

while for a square prism with d/h= 2.0, no such vortex shedding was observed.

NAKAMURAAND MATSUKAWA[62] experimentally investigated the vortex

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

modeof lateral translation using free and forced oscillation methods. The

rectangular cylinders had side ratio of 0.2, 0.4 and 0.6. Theforced oscillation

experiments included measurements of the fluctuating lift-force at

amplitudes upto 10~~of the length of the long side. The results of the

measurement of the meanbase pressure, the fluctuating lift-force and the

velocity fluctuation in the near wakewas presented.It was found that the

vortex excitation of a rectangular cylinder was strongly dependent on the
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side ratio. It was concluded that the critical change of the mean base

pressure of an oscillating rectangular cylinder with increasing side ratio

was closely correlated with the vortex excitation characteristics.

OKAJIMA[65] conducted exPeriments in a windtunnel and in a water tank on

the vortex shedding frequencies of various rectangular cylinders. The

results showed howthe strouhal number (St=fd/U, where f is the frequency of

vortex shedding) varied with width to height ratio of the cylinder for

Reynolds number between 70 and 2 X104. It was found that there existed a

certain range of Reynolds number for the cylinders with the width to height

ratios of 2 and 3 where. flow pattern abruptly changed with a sudden

discontirmity in strouhal number. For Reynolds number below this region, the

flow separated at the leading edges., reattached on either the upper or

lower surfaces of the cylinder during a period of vortex shedding. Again for

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

OKA.JIMA[66J carried out numerical simulation of flow around rectangular

cylinders in the range of low Reynolds number of 150 to 800 by a firlite

difference method (FDM)and flows at high Reynolds number by a discrete vortex

method (DVM).The results simulated by FDMsuccessfully indicated the

existence of the critical range of Reynolds number where the value of the

strouhal number changes. accompanied with a drastic change of flow pattern.

At high Reynolds number.the flows around rectangular cylinders with different

side ratios from 0.6 to 8 was computed by DVMand succeeded in a simulation

of the phenomenon that the value of strouhal number abruptly changes when
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the side ratio of a model is 2.8 or 6. as the critical value. The computed

results of the flow pattern, base pressure, drag force and strouhal number

showed a good agreement with the experimental ones.

ROBERSON.LIN ANDRUTHERFORD[74J carried out experiments on circular

cylinders, spool shaped bodies, cup-shaped bodies, square rods and

rectangular rods to observe the effect of turbulence on the drag of these

bodies. For square rods with their axes parallel to the flow direction it was

found that drag co-efficient decreased approximately 25% when the

turbulence intensity increased from 1%to 10%.Tworectangular rods were

used; one had a square cross-section and the other had a length (in the

free stream direction) to breadth ratio to two (LIB = 2). Thedrag was measured

with the axes of the rectangular rods oriented normal to the free stream

direction. It was noted that on the sides of the square rod the pressure

change with a change in turbulence intensity was about the same as for the

rear face; but for the rectangular rod. the change in pressure on the sides

was large. but small on the rear face. It was concluded that bodies whichhave

shapes such that reattachment of the flow is not a factor experience an

increase in drag co-efficient with increased turbulence intensity. On the

other hand bodies for which reattachment or near reattachment of flow

occurs with increased turbulence may experience either a decrease or

increase in drag co-efficient with increased turbulence intensity depending

upon the shape of the body.
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ROBERSON,CROWEANDTSENG [75J measured pressure distribution on

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

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

based on the minimumdimension of the rod was 4 X104 and the turbulence

intensity of the cross flow ranged between 1%and 10%.It was concluded that

the free stream turbulence had a significant effect on the pressure

distribution about bodies of rectangular cross-section. Withsmall angle of

attack these bodies had a significant.1y lower pressure on their windwardside

wall than did the same bodies with zero angle of attack. To study the pressure

distribution on bodies that more nearly represent building configurations,

tests were made on bodies of square cross-section placed on the floor of

the wind tunnel. It was found that decreasing relative height of the body had

an attenuating effect on the negative pressure on the windwardside wall and

it also increased the critical angle of attack.

SAKAMOTOANDARIE[79J collected experimental data on the vortex shedding

frequency behir,d a vertkal rectangular prism and vertical circular cylinder

attached to a plane wall and immersed in a turbulent boundary layer. It was

tried to investigate the effect of aspect ratio (height/width) of these bodies

and boundarylayer charaeteristks on the vortex shedding frequency.

Measurements revealed that two types of vortex were performed behind the

body, depending on the aspect ratio; they were the arch type vortex and the

karman type of vortex. The arch type vortex appeared at an aspect ratio less

than 2.0 and 2.5 for rectangular and circular cylinders respectively. The

karman type of vortex appeared for the aspect ratio greater than the above

/,
,
J
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values. The whole experiment was conducted at a turbulent level of 0.02%and

free stream velocity of 20 m/s. The aspect ratio was varied between 0.5 to 8

VICKERY[83] carried out an experimental investigation of fluctuating lift and

drag on a long square cylinder. It was attempted to establish a correlation

between the lift and the distribution of fluctuating pressure on a cross-

section of the cylinder. It was found that the magnitude of the fluctuating lift

was considerably greater than that for a circular cross -section. It was also

reported that the presence of large scale turbulence in the stream had a

remarkable influence on both the steady and the fluctuating forces. At small

angle of attack (less than 100) turbulence caused a reduction in base pressure

and a decrease in fluctuating lift of about 50%.

2.3 Literature concerning multiple obstacles

BEARMANAND WADCOCK[6] described how the flows around two circular

cylinders, displaced in a plane normal to the free stream, interact as the two

bodies are brought close together. Surface pressure measurements at a

Reynolds number of 2.5x104 based on the diameter (D)of the single cylinder,

showed the presence of mean repulsive force between the cylinders. At gaps

between 0.1 diameter and one diameter a marked asymmetry in the flow was

observed with the two cylinders experiencing different drags and base

pressures. The base pressure was found to change from one steady value to

another or simply fluctuate between the two extremes. It was also showed how

mutual interference influenced the formation of vortex streets from the two
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cylinders.

HAYASHI,SAKURAIANDOHYA[27] made an experimental investigation into the

wake characteristics of a group of flat plates, consisting of two, three or

four plates placed side by side normal to the flow direction. It was found that

when the ratio of the split width to the plate width (split ratio) of a row of

flat plates was less than about 2, the flows tlu"ough the gaps were biased

either upward or downward in a single way, leading to multiple flow patterns

for a single split ratio value. The plates on the biased side showed high drag

and regular vortex shedding, while those on the unbiased side showed the

opposite. It was suggested that the origin of biasing was strongly related to

the vortex shedding of each plates of a row. The experiment was conducted for

Reynolds number of (1.3-1.9)x104.

IGARASHIAND SUZUKI[33] conducted experimental investigation on the

characteristics of the flow around tlu"ee circular cylinders arranged in line.
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There were three cases concerned with the behavior of the shear layers

separated from the first cylinders on the downstream ones, the first was a

case without reattachment, the second was one with reattachment and the

third was one rolling up in the front region of the downstream cylinder.

IGARASHI[34] exPerimental investigation was carried out on the

characteristics of the flow around four circular cylinders arranged in line.

Concerning the behavior of the shear layers separated from the first cylinder

to the downstream ones, the flow patterns were classified according to the

longitudinal spacing between the axis of the cylinders and Reynolds number.

Flowcharacteristics of these pattern was elucidated. The Reynolds numbers

corresponding to the reattachments of the shear layers into the second

cylinder were obtained. The flow characteristics around the downstream

cylinders changed drastically in this transition region. Thereby, a bistable

flow and a hysterisis phenomenon emerged.

KOEINGAND ROSHKO[.39] described an experimental investigation of the

shielding effects of various disks placed co-axially upstream of an

axisymmetric flat faced cylinder. For certain combinations of the diameter and

gap ratios it was observed a considerable decrease in the drag of such a

system. By flow visualization technique it was also showed that for such

optimum shielding the upstream surface which separated from the disk

reattached smoothly onto the front edge on the downstream cylinder.

LEUTHEUSSER[41]madewindtunnel tests of a typical building configurations.
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The experiment was conducted on four models each with different height and

cross-section. It was found that the static wind loadings on each of the

buildings in free standing condition and as a memberof a group of buildings.

It was concluded that the wind loading of a building was less severe when it

formed a part of a group than whenit was free standing.

LUOANDTENG[49] reported on the measurements of aerodynamic forces on a

square cylinder whichwas downstream to an identical cylinder. Theexpe"riment

was carried out for both tandem and staggered arrangements of the cylinders.

It was showed that whenthe two cylinders were:ix,tandem formation a critical

spacing equal to about four times the side length Dof the square cylinder

existed. It was also found that when the two cylinders were in staggered

formation, the lift force that act on the downstream cylinder can be either

positive or negative.

MASANORIANDSAKURAI[58] explained the wakecharacteristics of a group of

normal flat plates. consisting of two, three or four plates placed side by side

with slits in between to the normal flow direction. It was found that whenthe

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

less the flows through the gaps were biased either upward or downward in a

stable way, leading to multiple, stable flow pattern for single slit ratio

value. The plates on the biased side showed high drag and regular vortex

shedding, while these 011 the unbiased side showed the opposite. It was

suggested that the origin of biasing was strongly related to the vortex

shedding of each plate of a row.

r; ,I
.~..
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ZDRAVKOVICH[90] made an experimental investigation with a smoke

visualization technique the laminar wake.behind a group of three cylinders.

Themaincharacteristics of the interaction between the three cylinders was

the appearance of the strong sinesous oscillations somedistance downstream

in the wake, which led to the formation of a new single vortex street. The

mechanismof the formation process of the vortex street and the part played

in it by the sinuous oscillations was demonstrated by the series of

photographs. In an interaction between three fullY developed vortex streets.

Some of the rows of the vortices crossed and there was an extremely
complicated rearrangements of vorticity in the wake. It was also found wakes

some-times whichwere laminar on one side and turbulent on the other.

It is obvious from the above mentioned papers that many researchers have

carried out extensive research works on both for sll.gle cylinder and for

multiple cylinders with different types of flow and have presented many

valuable results in this regards. But numerical study with tandem cylinders

has not been made anywhere to date. So, the present investigation would

definitely contrirnAte to the idea of numerical modeling on tandem square

cylinders
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CHAPTER-III

MATHEMATICAL MODEL OF THE PRESENT STODY

3.1 Governing equations

The general governing equations for conservation of mass and momentum

expressed in cartesian tensor notation are [10], for conservation of mass,

+

and for conservation of momentum,

= 0 ( 3 . 1)

+ 1 aP
= -11 oXi

+
(3
2

where U,P, P are functions of time and defined as [10]

( 3 . 3 )

" ~
Defining U=U+uand P=P+p and neglecting the effect of density fluctuations,

then instantaneous values of U and P maybe splitted into time-averaged ( U,

P) and fluctuating ( u, p ) components. Thus, for steady flows, the partial

differential equations for conservation of mass and momentum,takes the

following form [10]:
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Mass:

Momentum:

(:3.4)

+ (3.5)

For incompressible fluid where both the density p and viscosity coefficient

I~are constant, then the momentumequation (3.5) reduces to

+ (3.6)

where -UjUj is knOIV1l as Reynolds stress

where Ui represent.'3 the mean value of velocity and U.i represents their

fluctuating quantities.

In case of laminar flow, the problemis governed by (3.4) -(3.6) except the term

represent.i..ng the Reynolds stress. But for t.urbulentflow. equations (3.4)-(3.6)

do not form a closed system because these equations contains unknown

Reynolds stresses_pLiTIiJ: this diffusional flux plays a significant role in

determining the flow behavior as the small time-scale effects are expressed
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through them. Againfrom the experiments it was found that in turbulent flows.

the magnitude of the turbulent-diffusion term is substantially greater than

the laminar-diffusion term except in the immediate vicinity of solid surface

[10). Thus. the unknown correlations can not be neglected. The problem

regarding unknown correlations may be solved by representing them as

dependent variables. It mayalso be solved by specifying the correlations as

function of knownquantities, for example, by Prandtl mixinglength for UiUj.

The above procedure of problem solver can be presented as TURBULENT

MODELING.

3.2 Turbulence Model of the Present Study

There are many approaches of turbulence modeling found in the literature

based on different assumptions. Twoof such assumptions are knownas ZERO-

and ONE- equation models where the value of k is specified. But the

assumptions that Reynolds shear stress is directly proportional to the

square of kinetic energy and the gradient of the mean velocity. and inversely

proportional to the dissipation rate is more realistic than a specified value

of k [10). Hence, TWO-equation model is used here. The model used in the

present work is the standard k-E model [42J in which the unknownReynolds

stresses are expressed using "gradient transport hypothesis'[23] which

assumes fluxes are assumed proportional to the gradients of mean flow

properties. The constant of proportionality is ~t, known as turbulent

viscosity.
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According to 'Gradient Transport Hypothesis' [23] Reynolds stresses are:-

( ,3 . 7 )

Ilt turns out to be a function of turbulence energy k and dissipation rate E

where k and E are derived from their owntransport equations.

3.3 The k- and E- equations

The general equation for turbulence energy k is,

Dk
Dt = - e (3.8)

and general equation for energy dissipation rate E is.

De
- co
Dt

c E. (3.9)
.2 k 9)

For steady turbulent flow. these equations becomes

(3.10)
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and

(3.11)

where

G= (3.12)

For two-dimensional plane flow, equation (3.12)can be written as:

+ (au +ay (3.13)

SGcovers additional generation term whose effects are small except for flows

of non-uniform properties. For the present prediction this term is omitted and

SGgiven by [30] is

Where /.le ff = /.It + /.l

and /.It = pCIA k2 IE

The value of the constants use in k-E model [43] are,

Cu =0.9 CEl =1.44 CE2 =1.92 (J"K =1.0 (J"E =1.3

(3.14)
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The above coefficients can be constant in the sense that they are not changed

in anyone calculation and it is to be hoped that they will not vary muchfrom

one flow to another. The values shown are similar to those proposed by [36]

and are those recommendedby [22], and [71]. The value of cu is undoubtedly not

constant. The stress model suggests a value of Cuis 0.15and consistency with

the law of wall requires cu/O"E=0.069.The decay of isotropic turbulence

suggests that CE2 has a value of around 1.8 and near - wall turbulence

dictates that (CE2- CEllis fixed: values of CEIand CE2are given below [10]:

Authors CEI CE2

Hanjalic and L'aunder [25]

.; Wyngaard et al [85]

1.45

1.50 2.0
2.0

Gibson and Launder [21]

3.4 Outline of FDM

1.45 1.9

Flowis assumed to be two-dimensional', steady and incompressible turbulent

flow and has been computed about the primitive variables i.e. velocities (U,V)

and pressure P, by solving the Navier-Strokes equations and conti.nuity

equation respectively.
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3.5 Boundary conditions

At inlet of the computational domain, the assumed profiles are:

U = Uin = Uo

v=O.O

k=kin=IU02

where I= turbulent intensity factor, and in the present study it is assumed

to be 3% .

E = Ein = k3/2inll

where 1= lH and 1 represents length scale factor, and its value is assumed to

be 0.005 .

At the outlet of the computational domain, zero gradient of stream wise

velocity, k and E are employed.

3.6 Wall boundary conditions

Near wall, the local Reynolds number (Ry = y-fl<".;lc,where 1 is length scale

factor, c is the molecular velocity and y is the distance from the wall)

becomes very small and the turbulence model, which is designed for high

Reynolds number, becomes inadequate. Both this fact and the steep variations

of properties near walls, special formula (wall functions) and modifications

are necessary. This low Reynolds number region is not solved in the

computation rather bridged by the wall function. The overall modification of

boundary conditions can be expressed as following.
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3.6.1 The basis of wall boWldary conditions

The universal velocity profile in the region near the wall is shown in figure

3.1. It is clearly indicated that the wall region is madeup of three zones [23]

:the viscous sublayer (O<y+(5),.transition zones or buffer layer (5<y+<30)and

inertial sublayer or turbulent zone (30<y+<400)where the flow is assumed to

be completely turbulent but T'=Tw. and the buffer zone (5<y+<30)of vigorous

turbulence dynamics where the flow is neither completely dominated by viscous

effe,)t nor completely turbulent. our approach, as is indeed done in many

engineerir,g calculations , is to dispose of the "buffer" layer by defining a

point y+ = 11.63(where the linear velocity profiles is the viscous sublayer

meets the logarithmic velocity profile in the inertial sublayer) below which

the flow is' assumed to be purely viscous and above which it is purely

turbulent. According to the above terminology, the boundary conditions can be

used for different equations.

-.,
~

u.

I-

' __ ,.$ 102 1
_1.- aull" laT.r~-"""'- Turltttltnl I~Tt.~

,.'
Fig. 3.1 Universal velocity profile in the region

near the wall
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(a) The momentum equation can be reduced to a particularly simple non

dimensional form as follows: [20]

T = (/J.+)J.t)du/dy

T/Tw = (1+/J,t//J.)dU+/dy+

For y+ :S11-63, IJ.t/)J.«1 , T"'Tw , thus U+= y+

For y+ > 11-63, )J.t/)J.»1 , T"'Tw , and)J.t = PICyUT [23]

Thus

Where

U+ = 1IIC 10ge(Ey+)

U+= U/UT

Tw = PCill/4 k1/2 II: U/[loge(E y+)]

(b) The wall treatment for k- and E- equations are to be formulated on the

basis of local equilibrium condition that the local rate of production of

turbulence is balanced by its dissipation rate E.

(il The turbulence energy equation reduces to a simple form that yields

expression for both the shear stress T"'Tw and the dissipation rate E within

the 'buffer' and viscous sublayer.

production'" dissipation

-.,

I

Thus -uv du/dy = E . yielding
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and Emodilied from the k-balance as

Jv Edv '" Cl-l3j4 k3j2 U+dv/yp, with

U+ = y+ for y+ :s 11.63

U+ = 1/11:loge(Ey+) for y+ ) 11.63

(ti) E- equation reduced to [20]

CEl = CE2 - (1I:2/crECl-llj4)

thus

3.6.2 Incorporation of wall boundary condition

(a) Momentumequations:

(i) Tangential velocity:

Up shown in figure 3.1 from usual momentumbalance but due to usual shear

force ( Fa) expression, suppressed in FDE ( Finite Difference Equation) by

setting

w

I •
I
J
I
1
I
I
I

) 7 ; ; ; ?

~Xew :
I
I

-----... U . .P

~I u:7ITTj 1Yp
Fig. 3.1
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a3=0 : Then the momentum'source' for tangential velocity component adjacent

to the south wall is calculated as

S3 = T3 OXew= - lJ.eff OXew(up - us)/ yp

where OXewis the area of ,cell, yp is the normal distance from cell centre to

the wall and ).leff is the effective viscosity, can be expressed as

lJ.eff = lJ. for y+ :s 11.63

lJ.eff = PC1l1/4 kpw1/2Kyp / loge(E yp+) for y+ > 11.6.3

with

where kpw = (kp +kwl/2

S3 is then linearised as equation

S = Su + Sp 41p

where Sp and Su represent the implicit and explicit contribution respectively

Sp = lJ.effaxew /yp

Su = I.leff Us oxew/yp

(il) Normal velocity: For velocities normal to a wall. no special wall treatment

is necessary.

(b) Turbulence energy, k :

Kp shown in figure 3.2 from usual k-balance but used flux expression

suppressed by setting as =0, with source Sk (= G-pEl evaluated as follows:
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I Xew -I
r------------1
I I
I 1

\ .P IEI Y
~ I P
--------------
/),; )"JI/J,jl)l'

Fig. 3.2

(i) calculation of Galtered by noting [20]

Iv )J."(aUjex+ CNjiJy)2 dv'" Ts (Up- Us) ov/yp

and Ts = )J.eff (Up -Us)/ yp

(ti) calculation of pe:altered by noting [20]

Iv pE dv '" pC).l3/4(kp3/2 - ks3/2 ) u+ ovjyp

U+= y+
U' = 1/11: lOge(Ey+)

for y+ :s 11.63

for y+ > 11.63

-.;
ij

(c) Energy Dissipation rate,E :

In wall-flows, unlike k which falls to zero at the wall, E reaches its highest

value ( muchhigher than in a free stream) at the wall. This makes E- balance

for a cell extending upto a wall very difficult as we are ignorant on how to

modify as iI, such cases, It is due to this shear ignorance that we adopt a

fi.'{ed value for Ep ( irrespective of y+) based on 'equilibrium relations',

('-""' i

\
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(d)Pressure correction, p :

Atboundaries where the normal velocity is prescribed, the finite-difference

equation for local pressure correction must be defined so that this velocity

is not changed i.e. pi is zero. Tlus is done, for example the cell adjacent to

a 'south' wall, by setting as =0.

3.7 Boundaryconditions on cylinders:

Boundaryconditions around the cylinders are simplythat, surface normal and

tangential velocities are zero. Surface shear stress is determined as like as

wall shear stress. Velocity components inside the cylinders are fixed by

insertion of appropriate boundary conditions. Similar treatment is used for

other properties. Since the velocities at the corners of the cylinder are

undefined, the situation in these areas must be treated specially. Davis &

Moore[12Jcalculated the convective flux across the control volumehalf-face

at the front faces shown in figure (3.3) by (i) assuming an average normal

velocity across these half-faces equal to that at the outer edge of the half

face (i.e. using Vpfor the normal velocity across the U-control volume and

vice versa), and (il) assuming that the fluxed quantity ( Us and Vein figure

3.3b, 3.3c) sat.isfies a linear fit a+bx+cythrough the nearest three non-zero

nodal values of the respective velocity component.Theconvective flux across

the rear corner half-faces is accomplished by quadratic upwindingwith the

addition of some linear interpolations to obtained values of the fluxed

quantity at the centre of each of the half-faces. In the present study, the

'.1
"Vl-:_
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convective flux across the half faces of the front and rear corners of the

cylinder is accomplished by insertion of half the total convective flux across

the whole control volume.

,--- ---I
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Fig. 3.3 ;
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CHAPTER-IV

THE NUMERICAL SOLUTIC)N METHC')D

4.1 Introduction

In this chapter the numerical procedure employed for solving the partial

differential equations governing the mass, momentumetc., presented in

chapter-III is discussed. The solution of the above partial differential

equations are obtained by a computer code, name as TEACH-T.The

discretiza tion of momentum transport equation as well as pressure

correction, as used in TEACH-T,are described in APPENDIX-A.The solution

procedure starts by supplying initial guessed values of the velocity and

pressure fields and then computes a converged solution by iteration. The

algorithm of the solution procedure used in TEACH-Tis knownas SI~JPLE(Semi

lmplicit Method for £ressure-Lirtked Equat.ions), developed by Patanker [72]

and described in APPENDIX-B.

4.2 Themethodof discretisation

Anoverview of the discretisation method for the numerical solution of the

fluid flow problems is given by Patanker [72]. In the present study, the finite-

volume approach, as described by Gosmanet al [18] and others, is adopted. In

this apprc:'<K:h,t.hedifferential equations are integrated over a finite-volume

and are then expressed in an algebraic form called discretisation equation.

Thediscretised equa tions thus represent the conserva tion principles for the

selected volume.In accordance with tlus approach. the computational domain
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is here divided into a finite number of discrete volumes or 'cells' using a

computational grid shownin figure 4.2. Followingthe well es ta blis hed pr actice

of 'staggered' arrangement (Patanker [72]), the numerical solution is

accomplished on a variably spaced staggered mesh in which the scalar

quantities (including pressure, density, viscosity, k and E)are defined at the

centers and the normal velocities at cell faces shown in figure 4.3. The

variable spacing is such that the mesh spacings in the x- and y- directions,

Ax and Ay, are only function of x and y, respectively.

4.3 Methodof numerical calculation

The partial differential equations can be expressed in standard form as:

( 4 . 1 )

Where 4» is a variable, S4» is the source term and r4» is their diffusive

transport coefficient. All these terms of equations (4.1)are shownin Table 4.1.

In the present study, the convective and diffusive fluxes are discretised by

UPWINDdifferencing scheme whichis very muchnumerically stable. The source

term (right hand terms of the equation 4.1) are expressed by a linear

relationship shown below:

'f'l
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where band c is generally a function of «!>P.

The discretised equations are s(Jlved simultaneously using the SIMPLE

algorithm of Patanker & Spalding [70] by repeated sweeps of a line-by-line

application of the Iri-lliagonal tiatrix Algorithm (TDt1A)(Patanker [72]).

4.4 Computational details

Grid dependence test was made to determine the ' improved grid size of the

calculation darnall,of the present study. The test was done at Reynolds number

of 2.87:<104for three grid systems; (15xZZ),(Z5x40),(49x79)shownin figure 4.4.

For this test, predicted U-velocity profiles at various axlallocations was

comp,':Iredwit,hexperimental values of EU'is'.,in[29]. Thepredictions wit~h49x79

grid are in. close agreement with the measu.rements and hence the further

calculations are made with this grid. All calculations were carried out in a

personal computer ACER[system 15with INTEL80386 microprocessor] in the

Department of Mechanical Engineering of BUET,Dhaka.

4.4.1 Single cylinder

A50mmsquare cylinder was used and the computational domainwas divided into

a large number of grids by two sets of orthogonallli,es parallel to the axes

x and y shownin fig. 4.2. The grid distribution in the calculation domall,was

non-uniform ill both x and y directions. Computational meshes employed in this

case was 49x79. with the first number being the number of mesh points in the
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y-direction and the second in the x-direction.

4.4.2 Twocylinders in tandem

In the study of two cylinders in tandem, a 50 10msquare front cylinder was

used with three different sizes of the rear cylinder having size-ratio of 1.0,

0.7, 0.5. Thenon-uniform computational meshes employed in this arrangements

was 49x85.

A wind speed of 8.61 lOis with 3% turbulence-intensity was used in this

computations. Referring to the width of the front cylinder, the flow Reynolds

number used in the present prediction was 2.87x104 .

The steady state solution of equations (3.4) to (3.14) is obtained by an

iterative solution procedure. Convergence of the solution was considered
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satisfactory when the normalized residual mass source errors of each

equation, summedover the whole calculation domain, were smaller than 5:<10- 3.

Approximately 2000 iterations were needed for the convergence of the

standard k-E model with under-relaxation factor of 0.2; this corresponds to

approximately 6 hours of CPUtime on INTEL80386 microprocessor using 32 bit

precision. In order to substantiate the behavior of flow, velocity vector and

stream function plots were also obtained.
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CHAF'TER-V

RESULTS AND DISCUSSIONS

5.1General

This chapter is devoted to the analysis of results obtained from the

numerical prediction of flow around a single square cylinder and also around

two cylinder in tandem. For cylinders in tandem, the predictions are obtained

for three different size-ratios in a flow field of Reynolds number of 2.87xlO4.

Effects of inters pacing between the cylinders are observed by changing the

spacing-ratio. In addition, comparative study with the various research works

and the present predictions are presented. Themeanpressure co-efficients,

Gp are calculated by the formula (P-Po)/(O.5pUo2) and the stream function vcan

be obtained by the relation: U::oV/<Jyand V::-oV/ex. The mean drag f.crces

acting on the cylinders at various L/D are calculated by integrating the

pressure distributions on front and rear surfaces only and neglecting the

effect of shear stress on the top and bottom surfaces.

5.2 Single cylinder

The distributions of meanpressure co-efficients, Gp is presented in fig.5.l

and are compared with those of Lee [45]; Pocha [69]; Hossain [29] and Davis &

Moore[12].Thepressure distribution at the front face shows good agreement

with other worl,s. In all the cases a stagnation point is established at the

middle of the front face. All other faces the results deviate considerably.
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The predicted result on rear face only matches with Lee [45] whereas at the

top and bottom surfaces it deviates considerably.

Thepredicted pressure distribution of Davis & Moore[12]shows smaller value

(more negative) in top, bottom and rear faces than the present prediction

although upto 1/5th portion of the bottom and rear faces along the direction

of flow shows similar trend. The result deviates mainly because of (i) the

corresponding Reynolds number for Davis & Moore [12] and the present is 1000

and 2.87x104 respectively (li) Davis & Moore[12] used the standard QUICKEST

scheme in his prediction which is second order accurate and the present

prediction uses standard UPWINDscheme which is first order accurate. The

velocity defect distributions in a two-dimensional wake behind a square

cylinder has been shownin fig. 5.2 to e:{.',minethe self-preserv<l.tion of the

flow. Here the predicted profiles are in close agreement with the theoretical

profile as x/D decreases.

Fig. 5.3 shows the mean velocity distribution in the wake of the square

cylinder. It is seen that the spread of the wake increases as distance from

the body increases and the difference between the velocity in the wake and

that of outside becomes smaller. The similar pattern of mean velocity

distribution was observed in Hossain [29] whichis logical from the view point

of the energy t.ransfer to the wakefrom the surroundings i.e. due to shearing

action of the flowing fluid more and more fluid is entrained into the wal{eand

thereby reduces the velocity defect.
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The comparison of the predicted drag co-efficient,CD is made with other

researchers shownin Table 5.1. It is seen that CDvaries from 1.77 to 2.33 at

various Reynolds number.Thepredicted co-efficient is 1.46whichis lower than

others.

Fig. 5.4(a,b) shows the velocity field and stream function contour for single

cylinder. Twosymmetric vortices are found in fig 5.4(a). In fig 5.4(b)there are

20 stream function contours equally spaced from 0.0 to 1.0. Although two

closed stream function contours are expected, but there is one. This is mainly

because of choice of contour values.

5.3 Cylinders in tandem

5.3.1Cylinders in tandem with size-ratio of 1.0

Fig 5.5 shows the variation of drag coefficients against spacing-ratios.In

general. the present workpredicts considerably lower value of CDboth for

front cylinder and rear cylinder beyond L/D>4.0.Nosharp changes in the value

of CDwas observed while the measurements of Hossain [29], Lue & Teng [49]

and Ohaya et al [67] found a critical spacing at L/D=4.0 where CDchanges

sharply in both the cylinders. For L.ID<4.0the present study predicted higher

value of CDfor rear cylinder and eXists positive drag instead of negative

drag whichis found in Hossain [29]. The explanation of the above observation

is that when L/D<4.0. the boundary layers that separated from the front

cylinder reattached on to the rear cylinder and a region of slow movingfluid
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is formed which is bounded by the shear layers and the two cylinders. The

bounded region is at a pressure that is lower than the wakepressure of the

rear cylinder because of shedding vortices of that cylinder and hence the

latter is subjected to a negative drag force or thrust (Lue & Teng [49J).

Fig 5.6 to 5.10 shows the velocity field and stream function contour for

d/D=1.0. In the velocity field two symmetric vortices are found between the

cylinders and two reverse flows are found beyond rear cylinder but the

present code is unable to predict above such reattachment of the separated

boundary layer:

Fig 5.11and 5.12 shows the mean pressure distribution around two tandem

square cylinders for di£ferent stl'eamwise interspacing and comparison is

made with the measurements of Hossain [29]. Similar trend exists with

stagnation point at the midpoint on the front of the front cylinder as found

by Hossain [29J and no such point is observed on the front of the rear

cylinder. Instead negative pressure is observed on that surface. However.

with increasing the inters pacing, the Cp values on the front of the rear

cylinder becomes less negative. It is observed that on the two lateral sides

and rear side of the front cylinder, the pressure distributions have almost

no effect on interspacing whichis the reverse statement of Hossain [29].

Smaller value (morenegative) of Cp- value prevails over the half portion along

the direction of bottom and rear surfaces whereas uniform but greater value

(less negative) prevails over the whole of the top surface. In the front
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surface of the rear cylinder, the rate of increase (less negative) of Cp- value

for LID<4.0 is muchlower than for L/D>4.0. In other surfaces the Cp- value

becomesmore negative as L/Dincreases.

Figs. 5.13to 5.17showthe meanvelocity distribution in the wakes behind the

cylinders arranged in tandemfor different interspacing. It can be seen from

the figures that the velocity defect is considerably large behind front

cylinder for L/D<4.0 and also there is little change in the half width. However,

for L/D>4.0 the velocity defect behind front cylinder becomes smaller and

gradually deereases with increasing in stream wise distance fromthe cylinder.

Thedistribution of meanvelocity behind the rear cylir,der is similar for all

interspacing.

Fig. 5.19and 5.20shows velocity defect distribution in a two-dimensional wake

behind the cylinders for longitudinal spacing of L/D>4.0 and L/D=3.0 to 5.0

respectively and comparison is madewith theoretical results. It is observed

fromboth the figures that the shape of the velocity profile is similar to that

of a single cylinder.
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5.3.2 Cylinders in tandemwith size-ratio of 0.1

Fig 5.21showsthe variation of drag co-efficient with various interspacing of

the two tandem cylinders for d/D=O.7.It is seen that for the rear cylinder

there exists negative drag for L/D<3.0and positive drag exists whenL/D>3.0.

Fig 5.22 to 5.25 shows the velocity field and stream function contour for

d/D= O.7 for different LID. All cases two reverse flows are found and from

velocity field it is clear that the boundary layer that separated from the

front cylinder are reattached on to the rear cylinder as L/D<3.0 whichcovers

the necessary explanations of causing negative drag force or thrust on the

rear cylinder. Uniformdrag coefficient exists over the whole range of LID

investigated.

Fig. 5.26and 5.27 showpressure distribution around two tandemcylinders for

d/D=O.7 within the range of 2.0$L/D:S5.0.Onthe front cylinder it is clear that

pressure coefficient has little effect on LID except front face and similar

trend is obsei'ved as d/D=l.O. Onthe otherhand. pressure coefficient on the

rear cylinder has significant effect on LID. In the front surface instead of

stagnation point, negative value prevails and Cp value increases (less

negative) as LID increases.

Figs. 5.28 to 5.31showthe meanvelocity distribution in the wakesbehind the

cylinders arranged in tandem for different inters pacing. It. can be seen from

the figures that the velocity defect is considerably large behind the front
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cylinder for L/D::'3,0 and also there is not much change in the half width.

However,for L/D":4.0 the velocity defect behind the front cylinder becomes

smaller and gradually decreases with increase in longitudinal distance. For

the rear cylinder, the half width increases as LID increases although similar

velocity defect exists.

Fig. 5.32 shows the dimensionless velocity defect .distl'ibution in a two-

dimensionalwakebehind the front cylinder for longitudinal spacing L/D=2.0 to

3.0. It can be seen that the width of the velocity profile does not change

upto AU/AUmaxequal 0.6 and after than the velocity profile changes slightly.

Figs. 5.33and5.34 showdimensional velocity distribution in a two-dimensional

wakebehindcylinders for longitudinal spacing of L/D=4.0 to 5.0 and LID=2.0to

5.0 respectively and comparison is made with theoretical results. It, is

observed from both the figures that the shape of the velocity profile is

.similar to that of a single cylinder,

5.3.3 Cylinders in tandem with size-ratio 0.5

Fig 5.35 shows the variation of drag co-efficient with various interspacing

of the two tandemcylinders for d/D=0.5, It is seen that the rear cylinder also

exist negative drag for L/D<3,0 and positive drag exists whenL/D>3.0,

Figs.5.36 to 5.39 show the velocity field and stream function contour for

d/D=O.5 for different LID. In all cases two reverse flows are found and from
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velocity field it is also clear that the boundary layer that separated from

the front cylinder are reattached on to the rear cylinder upto L/D=3.0. The

explanation of the negative drag can be easily understood from above figures.

Uniformdrag coefficient exists over the whole range of LID investigated.

Fig. 5.40 and 5.41showpressure distribution around two tandem cylinders for

d/D=0.5 within the range of 2.0:::L/D:::5.0. Onthe front cylinder it is clear that

pressure coefficient has little effect on LID except front face and similar

trend is observed as d/D=1.0. Onthe otherhand, pressure coefficient on the

cylinder has significant effect on LID. In the front surface instead of

stagnation point. negative value prevails and Gp value increases (less

negative) as LID increases.

Figs. 5.42 to 5.45 show the meanvelocity distribution in the wakes behind

cylinders arranged in tandem for different interspacing. It can be seen from

the figures that the velocity defect is considerably large behind the cylinder

for L/D:::3.0 and also there is not muchchange in the half width. However, for

L/D~4.0 the velocity defect behind the front cylinder becomes smaller and

gradually decreases with increase in longitudinal distance. For the rear

cyllilder, the half width increases as LID increases although similar velocity

defect exists.

Fig. 5.46 shows the dimensionless velocity distribution in a two-dimensional

wakebehind the front cylinder for longitudinal spacing L/D=2.0 to 3.0. It can

be seen that the width of the velocity profile has little effect on LID.
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5.4 Effect of the size of the rear cylinder

Thepresent prediction is mainlyconcerning the effect of the size of the rear

cylinder in the flow field. In this regard three different sizes of the rear

cylinder with their size-ratios of 1.0, 0.7, 0.5 were considered in this

prediction.

Fig.5.49 showsthe comparison of drag coefficient of the two tandemcylinders

for different sizes of the rear cylinder with various streamwise interspacing

investigated 2.0~L/D~8.0.Onthe front cylinder, the size of the rear cylinder

has little effect on drag coefficient throughout the interspacing

.investigated. Onthe otherhand. the rear cylinder has significant effect of

the size of the cylinder itself. There exists negative drag coefficient, for

d/D=0.7and 0.5 as L/D<3.0.Dueto lag of experimental value, no such comments

can be madeabout critical spacing,
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RESULTS AND DISCUSSIONS

5.1General

This chapter is devoted to the analysis of results obtained from the

numerical prediction of flow around a single square cylinder and also around

two cylinder in tandem. For cylinders in tandem, the predictions are obtained

for three different size-ratios in a flowfield of Reynolds numberof 2.87x104.

Effects of inters pacing between the cylinders are observed by changing the

spacing-ratio. In addition, comparative study with the various research works
•and the present predictions are presented. Themeanpressure co-efficients,

Cp are calculated byt.heformula (P-Po)/(O.5pUo2) and the stream function V can

be obtained by the relation: U=oV/o" and V=-oV/ex. The mean drag forces

acting on the cylinders at various L/D are calculated by integrating the

pressure distributions on front and rear surfaces only and neglecting the

effect of shear stress on the top and bottom surfaces.

5.2 Single cylinder

The distributions of meanpressure co-efficients, Cp is presented in fig.5.1

and are comparedwith those of Lee [45]; Pocha [69]; Hossain [29] and Davis &

Moore[12].Thepressure distribution at the front face showsgood agreement

with other wod;s. In all the cases a stagnation point is established at the

middleof the front face. All other faces the results deviate considerably.
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The width of the velocity profiles does not change fo . ~

ratio throughout the length of velocity defect and it ass\~,,-gUlar ..

shape when L/D<4.0 for size-ratio 1.0 and L/D<3.0 for size-ratios 0.7,0.5

and the width of this profile increases as the size-ratio decreases.

8. Half width increases with increase .of axial distance.

9. The formation of the wake and the vortex shedding phenomenon can be

easily understood from velocity and contour plot.

6.3 Recommendations

1. The present study can be repeated using square cylinders with round

corners.

2. Effect of Reynolds numbers on cylinders arranged in tandem may be

investigated.

3. Further research can be carriedout for greater size-ratios.

4. Effect of turbulence intensity on cylinders may be investigated.

5. Further investigation can be carriedout by increase the number of

cylinders in tandem arrangements.

6. Investigation can be improved with a modification of the wall treatment.

7. Investigation of the present study is for isotropic condition. An anisotropic

condition can also be done.

8. The same problem can be solved using the code in which more accurate

scheme like QUICKor QUICKESTcan be used both for steady and unsteady

state.
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APPENDIX - A

DISCRETIZED EQUATIONS

General momentum equations:

The standard control volume for the x-momentum discretizatlon equation is shown

i

--lI -------+------~-----~-
. 5--.
I
!

I
I

-. I~-----~-:~i------I-----~r
I ...~ ....•. l

.. ",
':' " . e'- - .",."-"''''''1 r_ ,.- ....- ...'". '." ,/) L.

.-",:\N

•Y I
i
!
I,~---~•..-

X

in figure (A.l).

Fin, '::1' Controi VOlUmE> for. U

The resulting discretization equation for Ue can be written as

IA.! )

Where the neighbour coefficients anb account for the combined convection

diffusion influence at the control volume faces and the U neighbours Dnh are

shown outside the control volume. The term (P,,-Pr..\Aeis the pressure force acting

on the II control volume, Ae being the area on which the pressure difference acts

i.e. for t.wo dimension, A will be ~yxl.e
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Figure (A.2) shown the control-volume for the V-momentum equation and the

diseretiz;ation equation for Vn can be wri tten as

Where (P,,-PN)An is the appropiate pressure force.

(A.2 )

v

---.-
\:.'

i

Jl.I
i
i

I C

Contr-o l \/c 1un-Ie (or- \/

The momentum equations can be solved only when the pressure field is known

or is somehow estimated. Unless the cO"rrect prf~ssure field is employed, the

resulting velocity field will not satisfy I:h" continuity equations. SlIch an

imperfect velocity field bas"d on a guessed pressu r" field p' will be denot"d by

U"V'. This" starred" velocity field will results from I,he solution of the following

discr.etization equations:

"aeUe" L;(a,'blinh') + b (p '-P')A'" + P - E - e

V
,

'" EltlnbVnb"') + b + (P '-fl"A11n •• P . N .J - II

(A.3)

The lUaUl objf~d:ive tS Lo improve the guesses pressur{-~ p:t: ~uch that the rf~SlJJting

"~;l:.;.l.r['t-!d"velocity fieJd w.ill progrp-ssive.Jy get, cJ.osg(~r to BaLisfying Lhe continuily
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equation. Let thp- corrected pressure P is obtained from the follwing relation:

p = p' + pI (A.5)

where pi is the pressure correction. The corresponding velocity corrections UI,

Vi can be introduced as

u = U. + UI V = V. + Vi (A.6)

Substituting (A.3) from (A.I), we have

aeu/ = E(anbUnb/) + (P/-P/)Ae (A.7)

Dropping the term from the equation (A.7) for computational

convenienee, then the equation (A.7) becomes

aeUel = (p/ - P/)Ae

U I = d (P I - P I)e e. P E

(A.B)

(A.9)

Equation (A.9) is the velocity correetion formula. Hence the corrected velocity

equation becomes

(A.IO)

Similarly we can write

(A,ll)

Again the pressure eorrection equations ean be obtained from the continuity

equation.



-130-

The continuit.y equation is (for steady slate)

(A.12)

The integrated form of equation (A.12) becomes:

(A.13 )

Substituting the velocity components from equation (A.I0)-(A.1l), the

descretization equation becomes for pi :

(A.14

I

I

I E
i

Control volume for contwUl(yeQUatlOn

• ~
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Fig. A. .3
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APPENDIX- B

SOLUTIONPROCEDURE

For the calculation of the flow field, the algorithm used in the entire solution is

SIMPLE(.liemi-lmplicitMethod for. Eressure-!<inked Equations). The important

operations, in the order of their executions are :

(1) Guess the pressure field p'

(2) Solve the momentumequations to obtain if, v*

(3) Solve the pI equation

(4) Calculate P by adding pI to p'

(5) Calculate u, V from their starred values using the velocity-correction

formula

(6) Solve the discretization equation for other variables (such as turbulence

quantities) if they. influence the flow field through fluid properties, source

term etc.

(7) Treat the corrected pressure P as a new. guessd pressure pO, return to

step (2) and repeat the whole procedure until a converged solution is

obtained.
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APPENDIX - C

Structure of the Mathematical foundation

Conservat i on Transport Source
law law law

I
t t t

I
••

I Differential equations
I
I
I
I
I Finite differenceI - equations

Solution algorithm

• .

Computer programme

,• .

Pred ict ions
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APPENDIX - D

The overa 11 structure of TEACH - T

l'1AIN

CONTRO

CALCU
CALCV
CALCP
CALCTE
CALCED

PROMOD

LISOLV
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TABLE 4.1

THE CONSERVATION EQUATIONS

...,~...._-_..~_..._"' ..._._...-
Equations

_ _ .. """" ..•.•......-- _ . ,._ •••••__ •• __ ~__ ••• a •••• ._

\Cofficients
---------- -~-----_._----

Mass 1 o o
.-- _ .._---- -----------------_._._---_ .._----_._-

U - Momentum U )J.

----- .-------- ------------
v - Momentum

Turbulent

kinetic energy

v

k

)J.
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T.ABLE 5.1

Authors Cylinder Turbulent Reynolds Cosize intensity number
Present 50mm x 50mm ~% 2.87x104 1.46prediction

.

Mosharaf 50mm x 50mm 0.17% 6.05x104 2.331991
A.C.Mondal 30mm x 30mm 0.4% 5.46x104 2.101975
B.E.Lee 165mmx165mm 4.4% 1.76x105 1..991975
B.E.Lee 165mmx165mm 12.5% 1.76x105 1.531975
Davis & - 0.05% 250 1.77Moore 1982 1000 2.05

5.1 Variation of drag co-efficient of the present prediction
with other researchers at various Reynolds number with
different turbulent intensity;
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