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LIFT AND DRAG FORCES ON A SUBMARINE PIPELINE IN STEADY F~ 

Nicolaas J. Kok 
February 1988 11 Sir David Baird Drive 

7441 BLOUBERGSTRAND 
SOUTH AFRICA 

ABSTRACT 

This thesis describes an experimental investigation into the hydrodynamic 

forces induced on a cylinder placed transversely to a steady stream. Various 

cylinder locations near the bed of a water flume were considered. The work 

relates to pipeline design. The various flow phenomena around a cylinder are 

theoretically analysed and an explanation of the phenomenon of lift provided. 

A thorough literature review was undertaken regarding the classical theory, 

as well as experimental and theoretical studies carried out on the subject. 

This revealed that theoretical studies are virtually non-existent. 

Measurements have been done in intermediate water depths with both srrooth and 

rough beds. Two different methods, comprising very simple yet novel techni­

ques, were utilised in a water flume 18 m long x 600 mm wide x 450 mm deep. 

The methods involved a unique pressure determination method as well as the 

direct measurement of hydrodynamic forces, using a "weighing" method. Very 
' 

accurate flow velocities were measured using a unique differential manometer. 

Experiments were performed in the Reynolds number range 6 000 to 26 000, 

using 30 and 50 mm diameter cylinders. comprehensive tests on cylinder 

roughening were carried out in a flow region which had not been well 

researched regarding this aspect. Cylinder locations were varied from a 

gap-to-cylinder diameter ratio of zero to 2,67. 

Results revealed that the force coefficients are not appreciably affected by 

bed roughness. Cylinder roughening produced somewhat contradicting results 

for the two different cylinders used. The influence on the lift coefficient 

was inconclusive, but the "rougher" 30 mm cylinder produced a slightly higher 

drag coefficient. 

Although the lift force was predominantly away from the bed, a downward lift 

force was measured on a few occasions with the cylinder situated further than 

one cylinder dianeter away from the bed. A possible explanation is offered . 

for this and other unexpected results. 

Flow visualisation tests were perf orned to confirm certain features of the 

flow around the cylinder. These as well as all the other results have been 

related to published work. 

\~ 
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a, 

a2 
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9 
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k 
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m ( 8) 

p 

Po 
r 

s 

Sc 

Sp 

u 

u s 

~ 
v ( 8) 

w 

w.e 
x 

y 

Y1 
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distance from bed to cylinder centre (mm) 

depth parameter (= (H - D)/H) 

depth parameter (= D/H) 

centre of vortex 

subscript, denotes downstream side of separation point inside 

wake region 

vortex shedding frequency cs-~ 

gravitational acceleration (m/s2) 

height difference of water column in flow velocity recorder; 

depth of immersion measured at the cylinder centre (mm, an) 

imaginary number (= .;::f> 

surface roughness height 

mass readings (gram) 

source distribution 

pressure at a point (N/m2) 

pressure upstream from the cylinder (N/m2) 

radius of the cylinder (mm, an); polar co-ordinate 
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upstream side of separation point outside wake region 

distance from bed to stagnating streamline far upstream of 
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velocity (m/s); boundary layer displacement effect 

tangential velocity on circle due to source distribution 

friction or shear velocity at the bed (m/s) 

normal velocity (see Section 9.4.1) 

subscript, denotes downstream side of separation point outside 
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distance from cylinder centre, in downstream direction 

(horizontal co-ordinate) 

elevation above specified point (mm); vertical co-ordinate 
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complex co-ordinate 
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A constant; projected area of a body perpendicular to the flow 

direction 

B 

cP 
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c pm 
c 

po 

cps 

en 
en 
G. 
D 

F 

Fr 

Fn 

FDT 

FL 

G 

H 

K 

K-C 

L 

Pstat 

Pe 
Q 

5 

T 

u 

constant 

pressure coefficient 

base pressure coefficient 

minimum pressure coefficient 

front centre pressure poef f icient 

pressure coefficient at separation point 

drag coefficient 

measured drag coefficient 

lift coefficient 

cylinder diameter (rran, cm or m) 

force (N) 

Froude number ( = U/;gh) 

drag force per unit length (N/m) 

total drag force (N) 

lift· force per unit length (N/m) 

cylinder-to-bed clearance (rran); velocity due to unit source and 

unit vortex elements (see Section 9.4.1.2) 

total pressure head (N/m2); total water depth (rran, cm) 

Karman constant: a constant 

Keulegan-Carpenter period parameter (= Urnax T/D) 

cylinder length (rran); significant dimension of the body (rran) 

static pressure taken at·a reference point (N/m2) 

pressure at angle a frqIB _front cylinder centre 

flow rate of fluid {rn3 /s}; wake influence function 

Reynolds number based on cylinder diameter.(= UD/ v } , or on 

significant body dimension L · (= UL/ v ) 

Strauhal number (= fD/U) 

period of oscillation (s) 

flow velocity of fluid (rn/s); ·non-dimensional tangential 

velocity (Section 9.4.1) 

u0 free stream velocity (rn/s); far field velocity in shear-free 

flow (m/s) 
u· 

T velocity fluctuation (m/s); velocity at elevation Yi above bed 

(m/s) 

lli,ottom velocity at bottom of cylinder (m/s) 
ue tangential velocity, outside boundary layer region 



Univ
ers

ity
of 

Cap
e Tow

n 
0 

o* 
y(8) 

µ 

v 
p 

e 

(xi) 

amplitude of harmonically changing velocity (m/s) 

far field velocity at elevation s from bed in shear flow (m/s) 

velocity at top of cylinder (m/s) 

velocity at front cylinder centre (m/s) 

average velocity from bed to stagnating streamline, distance sc 

from bed (m/s) 

velocity of uniform flow field (m/s) 

effective velocity used as reference velocity for calculation of 
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angle subtended at cylinder centre, . 8 = 0° at front cylinder 

centre; angle of cylinder to stream velocity; angle measured 

from rear stagnation point in polar co-ordinates (only used in , 

Section 9.4.1) 

minimum pressure location from front cylinder centre 

separation angle (section 9.4) 
separation angle, measured from front qylinder centre 

awroximate angle to beginning of wake region 

shear stress in fluid (N/m2) 
shear stress in water, evaluated at the bed (N/m2) 

angle of cyl~nder to approach flow 

complex potential 

Summa.ry of dimensionless constants used 

depth parameter 

depth parameter 

k/D surface roughness ratio 

H-D 
H 

D 
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. CHAPI'ER 1 - INTROIXJCI'IOO 

The effective design of off-shore pipelines, has alv.eys been regarded 

as very imp:>rtant. It is essential that the pipeline designer has a 

clear understanding of the various factors likely to influence the 

stability of the. structure. Much research has therefore been 

conducted to detennine the hydrodynamic forces exerted on pipelines, 

as well as oo methods to improve the pipeline's stability. 

In spite of much capital being spent on research work, the effect of 

hydrodynamic forces is oft~n rx:>t ex>rrpletely appreciated. The result 

is that pipelines might be underdesigned. Zdravkovich ( 1985) referred 

to "It miles of a subsea pipeline found floating off the oorth-ea.st 

coast of Scotland in 1976". On investigation, it v.es revealed that 

the pipeline lost its concrete lining as a result of current-induced 

forces. Fractured pipelines carrying crude oil, sev.erage and other 

noxious substances oould result in a najor environmental fOliution 

problem; even a catastroftle. On the other hand, sulxnarine pipelines 

might be gross! y overdesigned. This oould result in huge · unnecessary 

expenditure. 

A m.mber of experimental studies have been undertaken oo the flow past 

a cylinder placed near a lx>undary, essentially to determine the 

hydrodynamic forces indu::ed. Hov.ever, flow .i=nencmena such as 

separation and the UpNard lift force induced on a cylinder situated 

near a bed in steady and oscillatory flows, have intrigued researchers 

to this day; sane aspects are still oot cxxrpletely understood. 

The pul:IX)se of this study, was to determine the lift and drag forces 

exerted on a cylinder at various locations near a lx>undary, in the 
tw'.-bulent boundary layer of a steady flow, in a subcritical Reyoolds 

nurrber region which had only been researched to a limited degree. 

Further, the aspect of cylinder roughening required thorough 

investigation. In the process, various flow phencrnena were 

investigated to obtain a better oonception of the various flow 
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characteristics, to explain ho.v the flON is influenced by bourxiary 

proximity. 

In fonnulating the objectives of the present study, much time was 

devoted to the developnent of a simple but unique method. The method 

was required to measure time-averaged pressures and flow velocities, 

of an order of accuracy, sufficient to explain the notion of fluid 

particles around and the phenanenon of lift on a submarine pipeline in 

steady flow conditions. Further, the nod.el had to relate to various 

field conditions. 

Few researchers chose water as the fluid medium; the vast majority 

perfonned tests in air. The Reynolds nurrber range of 6 000 to 26 000, 

in the subcritical flow region chosen for this study, had hardly been 

investigated. 'Ib the author's knowledge, the only other experiments 

undertaken in the range of Reynolds nurrbers concerned, were carried 

out by Fredsoe et al ( 1985) , in the Reynolds mmber range 20 000 to 

30 000, and Roshko et al (1975) at a Reynolds nurrber of 20 000, in 

water and air respectively. Fredsoe et al's (1985) lift force 

measurements were perfonned on SIOCX)th cylinders in water. They used a 

method by which the vertical displacanent of a system of springs, fran 

which the cylinder was suspended, was related to the lift force. The 

method was sensitive to vibrations, and only clearance-to-diameter 

ratios G/D up to 0,3 were investigated; refer to Section 2.6.2.3 

(p.2-40) for further details. In the present study, tests were 

perfonned up to G/D ratios of 2,67. Wind tunnel tests are generally 

regarded as being analogous to water flume experiments. .Ebwever, it 

is interesting to note that Beattie et al (1971) sha.-Jed, that mainly 

due to variations in free stream turbulence, there are considerable 

differences when wind tunnel and water flume test results are 

canpared. 

The influence of cylinder roughening on the force coefficients of a 

cylinder located near a boundary, has oot been researched thoroughly 

in the subcri tical Reynolds mmber region. The author believes that 

the canprehensive tests on cylinder roughening reported in this 

thesis, make a useful contribution to extend knowledge on the subject 

field concerned. 
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To simulate the field conditions, a water flume 18 m long and 600 mm 

wide, with either a srrooth bed or a rough bed was used. The rough bed 

was composed of 5 nm pebbles closely packed in a single layer on 

·removable mats. The testing area in the flume was chosen a sufficient 

distance downstream from the inlet end, for a turbulent boundary layer 

to develop fully along the bed of the flume. 

Two smooth aluminium cylinders of 30 mn and 50 mn diameter 

respectively were chosen to replicate a submarine pipeline. Roughness 

on the cylinders was achieved by glueing sand grains of uniform size 

to the cylinders. Due to practical limitations in the laboratory 

arrangement, maximum flow velocities of only about 0,5 m/sec could be 

attained. This in turn represents a maximum Reynolds number (based on 

cylinder diameter) of about 26 000. A free stream velocity of 0,07 

m/s was measured in the Severn Estuary (Littlejohns, 1974), which 

generates a Reynolds number of approximately 27 000 for a 300 mm 

diameter pipeline. The Reynolds number range used in the experiments 

perforned for this study, is therefore related to real situations in 

practice. Further, the tests reported in this thesis were carried out 

in the Reynolds number range 6 000 to 26 000, where the Strouhal 

number s, which is directly related to the vortex shedding frequency, 

is independent of the Reynolds number. 

A "weighing" method was also developed to measure the time-averaged 

lift and drag forces directly. This method was essentially used to 

compare, qualitatively and quantitatively, the generated force 

coefficients with corresponding values, determined from pressure 

distributions. A similar and simpler direct force measuring method, 

has not been encountered before. 

A theoretical explanation of the flow mechanism causing the phenomenon 

of lift, upwards and downwards, is also given in this thesis. It is 

believed that this explanation could result in a better understanding 
of the ~low features generated, when a cylinder is situated in close 

proximity of a boundary. 
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When writing this thesis, the general pri.losophy was adopted to 

describe novel or p:x:>rly documented a:>ncepts in a fair arrount of 

detail; cnncepts_Which have been well documented previously, are cnly 

broadly outlined. The nanenclature nost cx:mt0nly used was adopted. 

This has led to sane duplication of tenns and these cases are clearly 

noted. 

The author believes that the study rep;:>rted in this thesis, has rrade a 

useful a:>ntribution to extend the available knowledge en the flow past 

a cylinder, placed in a steady flow near a lx>undary. 
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CHAPTER 2 - LITERATURE RE.VIEW 

2.1 Introduction 

A review of published work has been undertaken to present the 

available experimental and theoretical research on the hydro­

dynamic forces induced when a cylinder, remote from and near a 

boundary, is subjected to the steady flow of a fluid. 

Nrnnerous studies have examined the flow around a cylinder immersed 

in a uniform steady transverse flow, particularly the symmetrical 

flow case. Much research is still currently being undertaken on 

the topic. The flow around a cylinder is rather complicated and 

to date not fully understood, both in steady and unsteady flow. 

The phenomenon of vortex shedding from blunt bodies such as 

cylinders, •has always been one of the most intriguing problems of 

fluid dynamics• (Buresti, 1983) and is to date only partly solved 

by researchers. 

The research undertaken on cylinders in steady flow, has developed 

from investigations in symmetrical flow, remote from a boundary, 

to those in close proximity of a boundary. In the discussion that 

foll<Ms, the boundary layers along the bed of a flume and along 

the surface of a cylinder are briefly examined, followed by a 

swmnary of some of the research work on hydrodynamic forces in 

steady flow conditions. Inviscid (non-viscous) and viscous flows 

are discussed, remote from and near a plane boundary. The 

discussion below relates to the experimental component of the 

present study which is described from Chapter 3 to Chapter 8. 

2.2 Boundary Layers on a Solid Surface 

If the bed of a river or a water flrnne in a laboratory is 

considered to be a very smooth flat plate, the flow of fluid 
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over the plate exhibits interesting properties due to its 

viscosity. 

The viscosity causes the velocity of the fluid to be zero at every 

point on the surface of the plate. If there is no separation of 

the flow.at the leading edge of the plate, a thin shear layer 

develops. This thin layer of fluid is called the ootmdary layer. 

The ooundary layer Which fonns over the surface of the plate, 

contains a velocity gradient. The thickness of the oonndary layer 

is denoted by cS ; the velocity of the flow above it is the 

undisturbed velocity V (see Fig. 2 .1) or the free stream velocity. 

Turbulent 
T111nsition 

Laminar 

----
Figure 2.1 Boundary layers on a flat plate 

Viscous action begins at the leading edge of the plate. The layer 

thus starts fran no thickness and increases its thickness in a 

downstream direetion as the increasing viscous action, due to the 

increasing plate area, extends into the flow. The fluid elements 

inside the ooundary layer decelerate, and in their downstream 

notion they reduce the velocity of rrore and rrore fluid elenents 

and thus extend the ooundary layer region by entrairunent. This 

leads to the "growth" of the ooundary layer, or increase in 

boundary layer thickness downstream fran the leading edge of the 

plate. 

Where the ooundary is thin near the leading edge of the plate, 

and small quantities of fluid are a:>ntained, the ooundary layer is 

laminar. However, as the layer "grows" by beC'CJiling thicker and 
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includes more fluid elements, the flow inside the layer becomes 

turbulent. When this unstable situation arises, the greater 

velocity fluctuations of the fluid elements inside the boundary 

layer region result in more pronounced extension of the boundary 

layer region. 

The change from a laminar to a turbulent boundary layer occurs 

with an intermediate transition region. In the transition region 

both viscous and turbulent action are present. Once turbulence 

effects replace those due to velocity, the boundary layer becomes 

completely turbulent, with the exception of a thin laminar 

sub-layer. 

2.2.1 Velocity Profiles 

In steady flow, the boundary layer on a granular river bed as well 

as on the bed of the laboratory flume, some distance d<MJlstream 

from its inlet end, is turbulent. Three regions within the 

turbulent boundary layer can be distinguished (Hinze, 1959, and 

Schlichting, 1979): 
- a thin viscous sub-layer or inner layer 

- a buff er zone 

- the outer layer 

( i ) Viscous sub-layer : 

A steep velocity gradient exists in this layer. From the 

relationship between the shear stress and the velocity 
gradient, the following expression for the velocity profile 

can be deduced: 

(2.1) 
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where u = mean water velocity at a height y above the bed, 

v = kinematic viscosity of the water 

u* = friction or shear velocity at the bed 

= /T';,; T being the shear stress in the water, I -g-- o 
P evaluated at the bed. 

(ii) Buffer zone: 

In this region, the velocity profiles for smooth and rough 

walls are respectively given by 

~* = K £n <f) + B 

where k = surface roughness height 

K = KArrnAn constant 

A and B = constants 

(iii)Outer layer: 

(2.2) 

(2.2a) 

Jones (1970 and 1971) did a thorough investigation on the 

turbulent velocity profile in the boundary layer, and 
suggested the following expression, which was originally 
proposed by Harna (1954): 

= 9,6 (1 - Y) 2 

0 

where u = free stream velocity 
0 

(2.3) 

According to Jones, Equation (2.3) fits the experimental data of 

Harna and other investigators very well, for both smooth and rough 

beds, in the outer region as defined by o > y > 0,15o ~ Further, 

if the viscous sublayer, of which the thickness is only of the 

order of 0,001 8 to 0,01 o, is neglected, Equation (2.3) 
represents the entire boundary layer. 
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Jones (1971) qootes several investigators who had measured the 

velocity profile close to a rough bed in a tidal current. They 

all found their data to fit a logarithmic velocity profile of the 

fonn of Equation (2.2a). The same data also fell on the paralx:>lic 

profile presented by Equation (2.3). 

The following relationship is a:xmonly used to approxinate the 

velocity profile in the lx>undary layer (Hinze,1959): 

u = (X.) 1 /7 u 0 
0 (2.4) 

Equation (2.4) does not give an exact indication of the velocity 

profile for the 10 % of the lx>undary layer nearest the bed. For a 

knOlrlrl velocity value u1 at a reference height of ~· fran the bed, 

Equation (2.4) becanes · 

u1 

u 
0 

= 

(2.5) 

The lx>undary layer thickness 0 is eliminated, and an.equation 

relating velocity U at the height y to the known velocity U1 at 

the reference height Y, is established when Equation (2.4) is 

divided by Equation (2.5): 

u 
u1 

= 

2.2.2 Pressure Distribution 

(2.6) 

dv ·· It is clear that the shear stress T (= µ dy , where µ is the 

dynamic viscosity and :; the tra.nSverse velocity gradient) is 

caused by the internal friction of the fluid and acts parallel to 
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the flow. The influence of the shear stresses perpendicular to the 
wall (or bed) -is therefore small; the acceleration in this 

direction would then also be small. In addition to shear stress, 
the only other contributor to acceleration is a longitudinal 

pressure gradient. It is evident that the pressure gradient 

perpendicular to the wal~.ap/ay.would be small and Goldstein 
(1950, Rll8) shows that it is proportional to. 6 • FUrther, the 
pressure distribution across the boundary layer is very nearly 

constant, and almost equal to its value just above the region. 

If the wall is curved, similar results are found. HCMever, a 
pressure gradient perpendicular to the wall, is required in th~ 

decelerated layer to balance the centrifugal force. This means 

that the pressure is not as constant as the case for a straight 
wall. Although the pressure gradient at right angles to the wall 

is larger, it is still small because the total change of pressure 
-

takes place over a distance of order a·. Therefore the pressure 
may still be regarded-as being approximately constant over any 

section of the boundary layer, if° the wail is curved. 

The situation above can obviously only occur in a laminar boundary 
layer, i.e. the mentioned very thin inner layer or sub-layer of 
almost negligible thickness where the viscous effects dominate 
(Rouse, 1946). 

2.3 Symmetrical Flow past a Circular eylinder in Steaay Flow 

2.3.1 The Mechanism of Separation 

consider tqe flow of a fluid along a boundary which curves in such 
a way as to produce a general increase in velocity, sha.¥n by the 
convergence of the streamlines, and a corresponding decrease in 

' pressure. In this case' the previou~ly mentioned tendency of the 
boundary layer thickness to increase with distance in the flow 
direction, is restricted by the convergence of the streamlines as 
well as by the acceleration of the flow in general. 

------............. -~~-~ ------· ·---------
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well as upon the Reynolds number R of the flow (R = UD /\! , where 
e e 

u =flow velocity and D =diameter of the cylinder; for 

symmetrical flow past a cylinder). The separation point will only 

remain fixed.in position if the boundary is angular in form or has 

sharp edges. When the boundary has an easy curvature, such as a 

cylinder, the separation zone will move upstream as the Reynolds 

number is increased. It suddenly shifts downstream when the 

boundary layer becomes turbulent; the lateral mixing of the 

turbulent fluid results in a more uniform velocity distribution 

which reduces the tendency towards separation. Roughening of the 

boundary leads to an early commencement of turbulence and 

therefore separation occurs further downstream. , 

2.3.2 Drag Force 

Due to the existence of the wake, the flow field behind the 

cylinder changes radically in comparison to non-viscous flow •. 

Separation of the main flow takes place from either side of the 

cylinder's surface. The flow does not meet directly behind the 

cylinder, but leaves a region of discontinuity or a "dead zone•. 

Iri this zone, the pressure is almost constant on the boundary and 

very close to its value at the point of separation s. The 

pressure is always less than that at the foremost point -at the 

front of the cylinder, the front stagnation point. 
' 

A large net force will thus act on the cylinder in the downstream 

direction, due to the pressure differences along its boundary. 

This force is called "form drag• or •pressure drag•. 

Form drag is strongly linked with the phenomenon of separation. 

The subsequent generation of eddies increases the energy loss of 

the flow. Separation therefore leads to an increase in resistance 

to motion as well as the rate of energy dissipation due to 

turbulence and viscous shear. It is clear that a large wake will 
result in a larger form drag.' 
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UD 
v 

(for a cylinder) - -

'lbe drag coefficient can therefore be expressed in tenns of the 

drag force per unit length, FD , and ! p u2, the pressure at the 

front stagnation p:>int. Al though not indicated here, the drag 

coefficient is also dependent on other factors such as roughness, 

vibration, turbulence and proximity of other bodies or boundaries. 

2.3.3 Relationship bet-ween Drag Cbefficient and Reynolds Nlm1ber 

It is rep:>rted by Schlichting (1979} and Roshko (1961} that 

already in 1921 Wieselsberger measured the drag coefficient of 

circular cylinders immersed in syrranetrical steady (air} flow. 

Wieselsberger used circular cylinders of diameters varying fran 

0,05 to 300 nun; the generated values fall on a single curve. 

Fig. 2.3 shows the very familiar relationship between CD and Re. 
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Drag coefficient versus Reynolds number for a sroc>0th 
circular cylinder in steady flow (from Schlichting 
(1979), p. 17). The plot is also true for a negligible 
degree of turbulence intensity. 
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some of the characteristics of the drag roefficient curve (Fig. 

2.3) are explained in various texts (e.g. Le Mehaute, 1976, and 

Vennard and Street, 1976). At very low Reynolds numbers, up to 

approximately 0,1 (according to Vennard and Street), all the drag 

is due to viscous effects and rn separation of the flow occurs. 

With a faster flow, separation takes place at a Reynolds number of 

about 10 and a fully developed wake is rx:>ticed at a Reynolds 

number of approximately 1 000. The total drag row consists of 
' both friction drag and fonn drag, but the friction drag is 

estimated at only approximately 5 % of the total drag. 

Hemann (fran Schlichting, 1979) took P'lotographs of the stream­

lines about circular cylinders in oil in 1936. ·'lhese are 

reproduced in Fig. 2.4. 

Figure 2.4 

R = 55 e 

R = 71 e 

R = 161 e 

·-· . -. .,_ ··- . 
~ 

...... . . ~-

. ~ ·'§ - .. 
. "''. . '--· _,,. 

R = 281 e 

Flow visualisation photographs taken by Homann 

(from Schlichting (1979) p.18) 



Univ
ers

ity
of

Cap
e Tow

n

2-12 

The changes in the flow field at various Reynolds nurrbers are 

indicated. Fran the laminar wake at srrall Reynolds nunbers, very 

regular vortex patterns are funned at increasing Reynolds 

numbers. These patterns are known as Kannfill' s vortex 

street. The regular pattern of vortices alternatively shed fran 

the top and l::x:>ttan of the cylinder, noves clockwise and cx.>unter 

clockwise respectively. The vortex patterns becxxne irregular and 

turbulent at Reynolds mmbers higher than about 5 000. 

At a Reynolds nunber of about 2 x 105 , the l::x:>undary layer on the 

cylinder becanes turbulent and the separation .IX>ints shift further 

downstream, the width of the wake is redu::ed and the drag 

coefficient suddenly decreases to reach a minimum value near 

Re = 5 x 105• This Phenanenon may be explained by examining the 
.. 

energy properties of the laminar and turbulent l::x:>undary layers 

(refer to Fig. 2. 5). Let the laminar and turbulent layers have 

the same thickness· 6 ·and the same undisturbed velocity v. Fran 

the velocity curve it is clear that the turbulent layer will 

fOSsess nore kinetic energy than the laminar layer. 

Figure 2.5 

f 
a 

l 
/ 

Laminar Turbulent 

Velocity profiles in laminar and turbulent boundary 

layers 

The transition to a turbulent l::x:>undary layer leads to strong 

mixing of the flow, Whereby the fluid elements near the body 

surface gain sufficient kinetic energy to withstand the adverse 

pressure gradient better. 
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The flow consequently continues further around the cylinder before 

the local surface velocity is reduced to zero, separation occurs 

arrl the width of the wake is reduced. The result is a reduction 

of the drag coefficient. 

Roshko (1961) classified four flow regimes based on the Reynolds 

nurcber. Due tO sane arri:>igui ty in the description of these 

regimes, only the tenninology used by Sarpkaya and Isaacson (1981) 

will be quoted: 

Re~olds Number Flo.v Regime Boundary layer 

< 2 x iOS A. Subcritical laminar . . 
2 x 10

5 5 
to 5 x 10 B. Critical transition 

5 x 10
5 

to 3 x lrl' c. Supercritical turbulent 

> 3 x w6 D. Post-supercritical turbulent 

The four flow regimes are also indicated in Fig. 2.3 as A, B, C, 

arrl D. The boundary layer in the subcritical flow regime is 

laminar. As mentioned earlier, the boundary layer beccmes 

tur'bulent at a Reynolds nurrber of about 5 x icr after passing 

through a transitional stage. In the present study the Reynolds 

mmi:>er range 6 000 to 26 000 was selected; reasons for selecting 

this particular range are given in Chapter 1 (pp. 1-1 and 1-3) and 

Section 2. 8 (p. 2-44) • 

The increase in the drag coefficient beyond a Reynolds nurrber of 
5 . 

5 x 10 , may probably be attributed to excessive turbulence. 

Although a regular vortex street does not exist in the critical 

flovv regime, Roshko (1961) found that such a regular street does 
. ·106 

re-appear at a very high Reynolds nurrber of about 4 x • 

The pressure drag or fonn drag, which is the daninating cauponent 

of drag at high Reynolds mmbers ( > ia5 ) can be reduced by 

streamlining the body, e.g. an elliptical shaped profile such as 

an aerofoil. The boundary layer will be attached over rrost of the 

body's surface; separation will be delayed and the width Qf the 

wake decreased, resulting in a dramatic reduction in drag. 
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2.3.4 Pressure Distributions: Ideal Fluid 'lheory and Cbservations 

Cbnsider a two-dimensional steady, frictionless flow (i.e. a 

perfect fluid) past a circular cylinder (refer to Fig. 2.6). The 

streamlines represent the actual paths of the fluid particles. 

The crO#.tling together of the streamlines at points B and D 

indicates a greater velocity, than the upstream velocity U. The 

points A and C are stagnation points where the velocity is zero. 

Mathematically, the velocity at any p:>int P on the cylinder 

surface is 2 U sine, where 8 is the angle subtended by arc AP at 

the cylinder centre. 

Figure 2.6 

u 

Steady, inviscid (non-viscous) flow·past a circular 

cylinder (from Goldstein ( 1950)·, p .23) 
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Figure 2.7 : Pressure distributions around a circular cylinder in steady 

flow (from Goldstein (1950), p.24) 

. Fbr. an ideal fluid the total pressure head H is a oonstant and is 

equal top +:·ipu2, Where p is the pressure and u the velocity. 

Goldstein (1950) shov.ed that at a general p:>int P, on a cylinder 

placed in an ideal fluid, the rx:m-di.nensional pressure 

ooef f icient 

c 
p 

= 

= 

2 
(p - p ,) I ( ~ pU ) 

0 2 
- 4 sin e (2.10) 

Synbol p
0 

represents the pressure upstream fran the cylinder. The 

pressure is at its maximLJn at.the two stagnation p:>ints A and c, 
and a minimum at Band D. The theoretical dimensionless pressure 

! 

ooefficient is plotted against angle' 8 in Fig. 2. 7. '!he pressure 
' 

distribution is symnetrical about the transverse dianeter. The 
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fluid acquires sufficient nanentum and energy When noving down the 

pressure gradient fran A to B, to carry it up the pressure 

gradient to C: naturally in the absence of frictioo. It is 

evident that the i;:otential theory considered, generates rn net 

drag. 

'I\vo pressure distributions, measured by Flachsbart in 1932, in 

air, are also indicated in Fig. 2.7. The one distribution 

(R = 1,9 x 105) is in the subcritical flow regime, while the 
e 

other falls in the supercritical regime. At the front of the 

cylinder there is fair agreement between the measured 

distributions and the theoretical result, particularly for the 

larger Reynolds number curve. The discrepancy between the actual 

and theoretical results becx::xnes large in the rear of the cylinder, 

due to the large drag of a circular cylinder. 

The pressure distribution for the lower (subcritical) Reynolds 

number curve differs rrost fran the p:>tential theory plot. 

Separation takes place at 90° and 270° , while it occurs at alx>ut 

125 ° and 235 ° for the larger Reynolds number curve. Further, fran 

the larger negative pressure coefficient of the lower Reynolds 

number curve, it is evident that a larger drag exists in the 

subcritical flow regime. 

2.4 Vortex Shedding Frequency 

A relationship between vortex shedding frequency, the cylinder 

diameter and the ani:>ient flow velocity was discovered by Strouhal 

in 1878. The relationship is denoted by the dimensionless 

Strouhal number S: 

fD S= u (2 .11) 

Where f is.the vortex shedding frequency. The Strouhal number is 

a useful parameter for detennining the vortex shedding frequency 

in steady flow. Measurements show that it only depends on the 



Univ
ers

ity
of

Cap
e Tow

n

2.s 
2.s.1 

2-17 

Reynolds nurrber (refer to Fig. 2.8) in the range Where the regular 

Mnna'n vortex street is d:>served: fran about 60 to 5 000 and 
6 

beyond 4 x 10 In the subcri tical flow regi.Jre above Re = 500, 

the Strouhal nurriber remains approximately oonstant around 0,20. 

0.30 

I fD a.is s = -u 0.26 

Figure 2.8 
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Strouhal number' versus Reynolds number, for the 

flow past a circular cylinder (from Schlichting 

(1979)·p.32) 

The vortex shedding phenanenon behind a cylinder, by which 

vortices are alternately shed fran q:posite sides, gives rise to 

an oscillating side thrust that acts in a direction away fran the 

last detached vortex. Therefore unless the cylinder is rigidly 

supported~ it will tend to oscillate fran one side to the other. 

'lbe oscillation is arcplified When the natural period of vibration 

of the cylinder is in resonance with the vortex shedding frequency 

(Blevins, 1977). 

A nurcber of investigations on vortex shedding by cylinders near a 

boundary had been perfonned; Beannan and Zdravkovich (1978), 

Sarpkaya and Isaacson (1981) and Grass et al (1984) are useful 

references. 

Lift Forces 

Syrnnetrical Flow Field 

When a circular cylinder is placed in the infinite, steady, 

parallel flow field of an ideal fluid (see Fig. 2.6), the pattern 
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of streamlines is perfectly symnetrical. Mention was already made 

that the pressure distribution is symnetrical about points B and D 

in Fig. 2.6, resulting in no net drag. Due to the synmetry of the 

pressure distribution (Fig. 2.7), there is also no net transverse 

or lift force on the cylinder. 

When, however, the ideal (non-viscous) fluid is replaced by a real 

fluid, transverse or lift force may be induced due to vortex 

shedding or rotation of the cylinder. In the previous 

Section (2.4) it was mentioned that vortex shedding results in an 

oscillating side thrust always directed away fI"Clll the last shed 

vortex. This fluctuating side thrust or lift force exists at a 

wide range of Reynolds mmbers, below 2 x let and beyond 4 x. uf:' • 

One of the methods devised for the artificial prevention of 

separation, has led to a large lift being induced on a circular 

cylinder. Schlichting (1979) mentions that Prandtl s~ that 

the simplest method to prevent separation on a cylinder {and 

reduce energy losses), is to rotate the cylinder: the cylinder 

wall is rroved with the flow stream to reduce the velocity 

difference and therefore the cause of boundary layer formation is 

raroved. Although the wall and the stream rrove in opposite 

directions on the other side of the cylinder, only slight 

separation occurs. An asymnetrical pattern of streamlines is 

created l:;>y this method of flow circulatio.n, resulting in a large 

transverse or lift force, perpendicular to the direction of flow; 

this is referred to as the Magnus effect. A mathematical 

expression for this lift force in the case of an inviscid fluid, 

was deduced by Goldstein ( 1950) • 

2.5.2 Steady Flow near a Boundary {Wall) 

When the cylinder is placed in the steady flow of an ideal 

{rr>n-viscous) fluid, near a boundary, transverse forces will be 

experienced. A steady lift force acting on the cylinder is due to 

flow asymnetry around the cylinder. 
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MQller (1929) and Yamamoto et al (1974) showed that for the 

cylinder placed on the bed, the potential flow theory yields a 

positive (upward) lift coefficient value of 4,49. With a gap 

between the cylinder and the wall, the lift force reversed its 

direction and was directed tCMards the wall, reducing in magnitude 

as the gap was increased. The potential flow theory approach is 

further discussed in Chapter 9 of this dissertation. 

Figure 2.9 Circular cylinder in the steady flow of a real fluid, 

near a boundary 

When boundary proximity with a real fluid is considered, a totally 

different situation arises (Fig. 2.9). Apart from the vertical 

steady lift force, a· steady drag force (due to viscous effects) is 

induced and unsteady lift forces are likely to occur as a result 

of flow separation. 

The transverse or lift forces referred to in this dissertation 
exclude the force of buoyancy. Therefore, the lift or transverse 

forces refer only to the hydrodynamic force components. 

The proximity of the cylinder to the wall, where a lower energy 

wall-boundary-layer flow exists, results in the deceleration of 

the fluid particles closer to the wall,compared to those further 
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away, due to viscous effects. The flow velocity will therefore be 

greater over the top of the cylinder, and the cylinder will be 

subjected to lower pressure on the upper surf ace than on the lower 

surface. A resultant steady u:pNard lift force, away from the 
horizontal wall, will thus be exerted on the cylinder. 

Lift forces do not only act vertically l.lpN'aI"ds. In the case of a 

vertical pile ircmersed in a synmetrical, steady, viscous flow, 

horizontal transverse or lift forces, Which are unsteady, are 

induced due to vortex shedding. Near a vertical boundary, the 

pile will also experience a horizontal unsteady lift force away 

fran the boundary. 

Similar to the expression for the steady drag force 

(E.quation (2.9)), the steady lift force is expressed in tenns of 

the stagnation pressure at the forenost point en the cylinder 

directed to the approach flow. 'Ihe expression for the steady lift 

force per unit length of the cylinder, FL, is 

(2.12) 

where CL = lift ooefficient. 

In this study a steady lift force will be regarded as positive 

when it is directed away fran a solid flat wall; a negative value 

will be t.ov.erds the wall. 

2.6 Experimental Studies 

. 
It is evident that for the syrrmetrical flow case the roochanism by 

Which forces on the cylinder are developed in steady, viscous flow 

is nore cx:mplex than in steady, non-viscous flow. With the 

cylinder near a wall (bed), the boundary layer on the cylinder 
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· interacts with that of the wall and the situation is further 

complicated. various variables such as the cylinder clearance, 

boundary layer thickness, cylinder and bed roughnesses, and 

approach velocity also have to be considered. 

The mathematical analysis of the situation is difficult. It is 

therefore not surprising that many of the investigators opted for 

an experimental approach in analysing the situation. 

The review of the experimental studies previously undertaken, has 

been divided into two sections. The first section deals with 

cylinders placed in a syrrmetrical flow field. Although the 

greater portion of this research work was undertaken in wind 

tunnels for aeronautical purposes, it is analogous to hydro­

dynamical problems encountered with pipelines. The section is 

concerned with time-averaged drag (but no nett lift), and the 

fluctuation in the lift and drag ( refer to Fig. 2.10 for 

definition sketch); vortex shedding is also dealt.with. 

The second section deals with cylinders in contact with and close 

to a boundary or solid plane. It is directly related to the topic 

of the present study and contains information on the various 

parameters affecting the force coefficients. 

All lift and drag forces or coefficients ref erred to in this 

dissertation are time-averaged values, unless otherwise stated. 

2.6.1 Cylinders in Symmetrical Flow 

Considerable research had been done on cylinders suspended in a 

symmetrical, steady flow field. Measurements have been reported 

by inter alia Goldstein (1950), Roshko (1961), Gerrard (1961), 
Bishop and Hassan (1964), Grove et al (1964), 

Acrivos et al (1968), Achenbach (1968 and 1971), Batham (1973), 
Tanida et al (1973), Kacker et al (1974), Coutanceau and 
Bouard (1977), Murphy and Rose (1978) and Savkar et al (1980). 
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2.6.1.1 Smooth Horizontal Cylinders in Steady Cross Flow 

Littlejohns (1972) summarised the experimental research work done 

until roughly 1970. The vast majority of all research work on the 

steady, synmetrical, fluid flow around cylinders, had been done in 

an air medium. Many of the measurements of the drag, to the early 

1970's, were done by indirect methods such as measuring the 

pressure distribution around the cylinder. 

Roshko (1961) performed tests, in a wind tunnel, at very high 

Reynolds numbers from 106 to 107. He measured the pressures every 

10° around a cylinder; pressure orifices were located over half 

the circumference at the middle section. The pressure measuring 

system consisted of pressure transducers which were very sensitive 

at the highest dynamic pressures encountered. A hot wire 

anemometer, mounted downstream of the cylinder, was fed to a 

spectral analyser to identify vortex shedding peaks in the scanned 

frequency spectrum. Roshko found that changes in the drag 

coefficient relate to changes in the base pressure coefficient 

Cpb' the pressure coefficient on the back of the cylinder. 

pressure distribution curve (Re = 8,4 x 106) in the post-

The 

sui;>ercritical flow regime was similar to that in the subcritical 

regime, except that separation occurred later (i.e. a larger 

separation angle). Roshko only observed vortex shedding to 
6 6 7 

commence at a Reynolds number of 3,5 x 10 (in the 10 to 10 

Reynolds number region investigated). 

-An interesting technique was used by Gerrard (1961) for 

investigating the oscillating lift and drag forces on a circular 

cylinder in steady ~low, in a wind tunnel: the fluctuating 

pressures on the cylinder surface was measured by means of 

condenser microphones, which had to be calibrated carefully. 

Integration of the pressures were possible due to the fact that 

the pressures on one side of the cylinder were out of phase with 

those on the other side of the cylinder; the lift force could 
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therefore be calculated. Gerrard found that the root-mean-square 

(r.m.s.) lift coefficient changed alnost linearly fran 0,01 at a 

Reynolds nurriber of 4 000, to reach a maximun of 0,8 at a Reynolds 

nurriber of 70 000 (see Fig. 2.11). In the Reynolds nurri>er range 

4 000 to 20 000, Gerrard's experiments indicated that the r.m.s. 

lift coefficient was prop:>rtional to R1•7 • The variation in the 
e 

drag coefficient about the mean was detennined for Reynolds 

nurribers beyond 20 000 and found to be between 10 and 13 times less 

that the r.m.s. lift coefficient (refer to Fig. 2.12). 

Distributions of pressure and skin friction were neasured by 

Achenbach (1968) on a srcooth cylinder in an air rredium in the 

Reynolds nurriber range 6 x 10 4 to 5 x 10 
6 

Achenbach' s w::>rk was 

directed at getting a deeper insight into heat transfer and flow 

mechanisms around the critical flow regi.ne; the final objective 

being the design of heat exchangers. Pressures were nea.sured at 

intervals of 5° around the cylinders by means of single nounted 

pressure tapping; the cylinder oould be rotated. Pressures were 
5 

reoorded by means of a Betz mananeter (up to Re = 3 x 10 ·) and 

electronic pressure transdu:::ers. The skin friction distribution 

was reoorded simultaneously with the pressure measurements~ by 

means of a skin friction probe ooupled to a precision pressure 

gauge. '!he pressure and skin friction distributions very clearly 

indicated that the beginning and end of the constant pressure zone 

(wake zone) behind the cylinder, coincides with the zero skin 

friction locations. These locations are where the boundary layer 

separates fran the cylinder surface. This enabled Achenbach to 

establish a graphical relationship between the separation angle 

and the Reynolds number fran the subcritical to the p:>st­

supercritical flow regimes. The total drag could also be 

detennined fran the sum of the fonn (or pressure) drag and the 

skin friction drag, and the percentage skin friction drag 

graphically represented as a function of Reynolds nurri>er. 
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Murphy and lbse (1978) also measured pressure and skin friction 

distributions an a cylinder in a wind tunnel, but at intervals of 

3° • Sets of buried-wire-gauges were installed on the cylinder 

surf ace for the measurement of vortex shedding frequencies and 

skin friction distributions. Al though displayed as a function of 

Mach number, the results were in general agreement with existing 

literature at the ti.Ire, for low Mach numbers. 

Although flows around a cylinder, inmersed in oil, were only 

investigated at relatively low Reynolds numbers (up to 177) by 

Grove et al (1964) and Acrivos et al (1968), interesting features 

regarding the wake region, various pressure locations and the 

separation angle were disclosed. Both groups used the same 

experimental arrangement. Pressure distributions were measured by 

a sirrple mananeter technique. A single pressure tapping was 

located on a rotatable cylinder. The pressure was accurately read 

(to the nearest 0,05 nm) on an oil mananeter by means of a 

cathetaneter. 

The hyperbolic expression (experimentally detennined by Grove 

et al ( 1964) ) for the pressure cnefficient q, at the front 

stagnation point ( e = ~) . ~s given by 

c 
p = 1 + 8/R 

e (2 .13) 

and confirmed the result deduced in a different manner by Homann 

in 1936. Grove et al also experimentally determined a 

relationship 

CD = 0,62 + 12,6/R~ (2.14) 

between the fonn drag cnefficient CD and Reynolds number, for the 

Reynolds number range of 25 to 177. They further found the 

pressure .cnefficient CP at the rear of the cylinder { 8 = 180 °) to 

be constant. 
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Apart from measuring pressures, Acrivos et al (1968) also measured 

local,shear stress along the surface of the cylinder. The shear 

stress was indirectly measured using the heated surface probe 

technique (refer to Rotem, 1967). The shear stress curve (for 

R ·values of 64 to 150) compared extremely well with two 
e 

theoretical curves which were computed from an approximate 

solution of the laminar boundary-layer equations. The results of 

Acrivos et al were in agreement with the prediction of the 

theoretical model earlier proposed by Acrivos et al (1965). The 

model which among other things, also predicted pressure 

distributions (up to about R- = 180) around a cylinder, was based 
e 

on the estimated shape of the wwake bubblew boundary. The •wake 

bubble" boundary forms the perimeter of the relatively stagnant 

fluid behind the cylinder. 

Since the 1960's a nWllber of researchers used strain gauge 

transducers, whereby the forces exerted on a cylinder are measured 

from the strains induced. Usually an active cylinder section is 

placed between two dummy cylinder sections mounted on side beams; 

the central active section ensures the elimination of end effects 

on the recorded results. Bishop and Hassan (1964) measured the 

fluctuations in the lift and drag forces in a water channel using 

strain gauge transducers, in the Reynolds nWllber range 3 600 to 

11 000. The steady average drag force was measured by means of a 

galvanometer. A common tendency was .found between the r.m.s. lift 

and drag coefficients: they rose and fell at approximately the 

same Reynolds nWllbers. Further, they also confirmed the similar 

shapes between the curves for the time-averaged drag coefficient 

and l/S, the reciprocal of the Strouhal number. 

Both the direct and indirect force measuring methods were employed 

by Racker et al (1974) to measure the r.m.s. lift and drag forces 

on a cylinder in a wind tunnel, in the Reynolds nurrber range ifi+ 
. 5 --

to 2,5 x 10 • The direct-force-measuring system comprised two 

load transducers which had to be calibrated meticulously. The 

oscillating lift and drag forces were also measured indirectly by 
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obtaining the fluctuating pressure distribution around the 

cylinder, as an independent check on the force-measuring system. 

Fluctuating pressures were measured using pressure transducers. 

Coefficients at a cylinder length to diameter ratio approaching 
zero, showed good agreement with those of other investigato.rs in 

the range 4 x 104 < Re < io
5

• 

2.6.1.2 Cylinder Roughness and.Stream TUrbulence 

Achenbach (1971) investigated the influence of cylinder roughness 

on the flow around a cylinder in the Reynolds number range 4 x ia4 
6 

to 3 x 10 , using a high-pressure wind tunnel. Pressure and skin 

friction distributions were measured; the total drag coefficient, 

percentage skin friction related to Reynolds number and the 

relative roughness k/O(where kis the surface roughness.height), 

and the location of the separation point could therefore be 

detennined. Achenbach found that the drag coefficient depen:ls 

also on the roughness ratio. Larger roughness results in a higher 

skin friction, therefore greater retardation of the boundary layer 

and earlier separation which leads to a larger drag coefficient. 

The critical drag coefficients for higher k/D values occurred at 

lCYWer Reynolds m.mbers. Further, in the subcri tical flOIN regiroe 

the drag coefficient 1 s magnitude was rot influenced by surface 

roughness, but in the other three flow regimes (refer to Section 

2.3.3) the drag coefficient increased with roughness. 

Measurements were made on sm:>oth and rough cylinders in both 
.laminar and turbulent streams, in a wind tunnel, by Batham (1973) 
regarding the time-averaged and fluctuating pressure 
distributions. One of Batham's objectives was to simulate the 

7 8 
pressure distributions at high Reynolds numbers of 10 to 10 , by 

roughening the cylinder surface: the experimental set-up 
5 

concerned was only capable of Reynolds numbers of order 10 • 
Batham found that the introduction of turbulence stabilised 
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( v) At large Reynolds m.mbers, the pressure rise to tne point of 

separation, C,pb - C , is essentially a function of the 
. pm 

surface roughness. 

In later studies by Guven et al (1977 and 1980), their 

experimental findings indicated in conclusion (ii) above, were 

well supported by analytical considerations. They used an 

extension of the Stratford-Townsend theory (Stratford, 1959, and 

Townsend, 1962), which confinned the dependence of (~P!' - cpm) ·on 

.· relative roughness. 

In an investigation on the flaw around roughened cylinders in 

transitional regimes, Euresti (1983) confinned that a link exists 

arrong the drag coefficient, the pressure distribution and the 

vortex shedding frequency in the wake of the cylinder. 

Fluctuating lift and drag forces on a cylinder were measured by 

Savkar et al ( 1980) in a turbulent flaw in a water tunnel. They 

showed that turbulence results in lower r.rn.s. lift and 

time-averaged drag coefficients and that these values occur at 

smaller Reynolds nurrbers, i.e. the critical Reynolds nurrbers are 

lowered.. 

2.6.1.3 Vertical Cylinder in a Water Flume 

The steady drag force was measured by Masch and M:lore ( 1960) by 

placing a cylinder vertically in a water flume; the flaw having 

a free surface. Coefficients were detennined fran pressure 

measurements in the subcritical Reynolds nurrber range of 18 500 to 

22 500. They found that the local drag coefficient was altered at 

various locations along the cylinder when the cylinder was 

ai;:proached by a vertical velocity gradient in the flaw. 

Tanida et al (1973) also undertook tests with a vertical cylinder 

mounted. in a water flume. They measured the steady drag and 

r.rn.s. lift and drag coefficients using the strain gauge method 
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from a Reynolds number of 40 to 104 • Ex?ept for the r.m.s. drag 

coefficient, which was too small to measure accurately, their 

values showed general agreement with those of other investigators, 

such as Tritton (1959) and Gerrard (1961). 

2.6.1.4 Flow Visualisation 

A novel experimental technique was used by Coutanceau and Bouard 

(1977) to study the main features of the flow past a circular 

cylinder. They employed a very interesting method to photograph 

flow patterns around a cylinder immersed in oil at Reynolds 

numbers of up to 52. Velocity distributions and other features 

such as the separation angle, wake length and wake boundary were 

measured from the visualisation photographs. Good comparison was 

found with known numerical calculations. Further, their results 

covered more different features of the steady flow around a 

cylinder than any other investigation in the Reynolds number range 

concerned. 

2.6.1.5 Some Novel Experiments in Unsteady Flow 

Although unsteady flow situations are not directly applicable to 

this study, some interesting experimental methods in unsteady flow 

conditions are briefly described below. 

The vast majority of experimental studies in unsteady approach 

flow have been concerned with the strain gauge method. Dalton and 

Chantranuvatana (1980) investigated the flow field around a 

vertical cylinder which oscillated transversely in a water tank, 

by means of the average pressure distributions at specific 

velocities. The cylinder could be rotated about its vertical 

axis. Two pairs of pressure transducers (each pair consisting of 

an active and a durrany or reference transducer) were mounted inside 

the hollow cylinder at different locations to serve as a control. 
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The pressure signal was transmitted fran an opening· in the 

cylinder surface to rerrote signal amplifiers and a recorder. A 

pressure distribution (at naximum velocity) did not closely match 

the steady flow pressure distribution at appro~imately the same 

Reynolds m.nnber; unfortunately the oscillatory periodic time was 

too short. Further, the wake vortices present at flow reversal 

also affected the pressure distribution. 

The fluctuation of the drag force, induced on a cylinder suspended 

in oscillatory water in a large vertical U-tube, was investigated 

by Shedden and Lin (1983) using a laser-cantilever force 

transducer. The one end of the cylinder was nounted on a hinge 

fixed to the vertical wall of the tube while the other was 

suspended by an inelastic thread, ex>nnected to the free end of a 

cantilever beam nounted above the U-tube. The r.rn.s. drag force 

on the cylinder resulted in small displacements of the cantilever 

beam. The displacements were projected by a laser beam onto a 

mirror. The reflected beam was then awropriately magnified via a 

system of mirrors onto· a graph screen., By means of this method, 

drag forces .ex>uld be neasured which were too small to be 

detennined by standard methods such as strain gauges. 

2.6.2 Cylinder oo and near a Boundary or Wall, in Steady Flow 

The experimental studies revie~ in this section are directly 

related to the experimental CC111fOnent of this dissertation. The 

review includes neasurernents reported by inter alia Dean and 

Harleman (1966), Brown (1967), Jones (1970 and 1971), Beattie et 
' 

al (1971), Thanschke (1971), Wilson and Caldwell (1971), 

Littlejohns (1972 and 1974), Bagnold (1974), Beannan and 

Zdravkovich (1978), Zdravkovich (1985) · and Fredsoe et al (1985). 
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2.6.2.1 Initial Investigations on Smooth Cylinders 

Littlejohns (1972 and 1974) referred to investigations undertaken 

by the Hydraulics Research Station at Wallingford (in the United 

Kingdom), in 1961, in a towing tank on 1/3 scale models to 

determine the lift and drag coefficients for a smooth cylinder 

resting on a flat plate. The cylinder was fixed to a boundary 

plate and towed through still water. Measurements were made in 

the Reynolds number range 5 x 10
4 

to 10
6 • For subcritical 

Reynolds numbers, the drag coefficient values of approximately 1,1 

were about 25 % lower than corresponding wind tunnel values 

recorded. The steady lift coefficient hovered around 1,0 in the 

same flow region. 

One of the first attempts to determine the hydrodynamic forces on 

a large pipe in contact with the bed of a water channel was 

reported by Brown (1967). He measured pressure distributions, by 

means of water manometers, on pipes having diameters of 150 and 

.250 mm. The water depth was 460 mm, the maximum flow velocity, 

1,8 m/s and the Reynolds number varied between 6 x 10
4 and 

3 x 105• The drag coefficient varied from 0,9 to 0,55 and the 

lift coefficient from 1,3 to 0,8; no graphs were, however, 

presented by Brown. \ 

According to Wilson and Reid (1963), experiments performed by 
Dernentiev in the u.s.s.R. in 1934 on a cylinder in conta·ct with a 

wall, presumably in the subcritical flow zone, generated lift and 

drag coefficients of 0,78 and 1,03 respectively. 

In discussing Brown's work, Font (1967) and sutko (1967) both 

pointed out that the shallow submergence of the pipe, and the 

surface waves at the pipe location, could have affected the 

magnitude of the hydrodynamic forces concerned. Larock (1967) 
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stated that the Froude nurrber·Fr e.iual to about 0,8 was appro­

priate to use in describing shallo.v submergent flONS, while the 

Reynolds nunber became imp:lrtant with deep submergent flow situa­

tions; he felt that Bro.rm's prototype situation was ill-defined. 

In investigating the scour characteristics, and the drag and lift 

forces exerted on a pipe lying on the bed of a water flume, 

Townsend and Farley (1973) found that the drag and lift forces are 

functions of the Froude nurril:>er. lb-wever, fran their report it 

appears that they only considered shallow flows. 

2.6.2.2 Reference Velocities for calculating Lift and Drag Coefficients 

An interesting investigation was undertaken by Jones (1970 

and 1971) into the forces exerted on cylinders near a boundary in 

a prototype installation. Jones neasured the time-averaged lift 

and drag forces directly by maans of a strain gauge method in the 

range of Reynolds mmbers fran about 3 x 10
4 

to 5 x ur . As a 

sutxnarine pipeline, in a steady current, is usually partially or 

wholly irrmersed in a turbulent boundary layer, he did a very 

useful analysis of the near bed velocity profile. His 

measurements indicated that turbulent flow existed in the test 

channel. 

D..le to the shape of the velocity profile in the channel's boundary 

layer, it is evident that the free stream velocity will not 

generate realistic force coefficient values for a cylinder close 

to the bed. He subsequently dedt.£ed an expression for the 

effective velocity, Veff, which he used as reference velocity. 

This expression as Vt'ell as other relevant aspects of the reference 

velocity are discussed in Olapter 5. Jones reccmnended that; in 

the absence of accurate field neastµ"ements, the l/7th poY.er law 

should be used for approximating the boundary-layer velocity 

profile. 
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2.6.2.3 Fbrce Coefficients at Various Cylinder to Bed Clearances 

Dean and H:irleman (1966) reported an tests, carried out by 

·Krioblock and Troller, at the Glggenheim Airship Institute, an a 

cylinder nounted at various clearances fran a wind tunnel floor. 

Measurements were apparently perfonned fran a Reynolds number of 
5 5 

1,5 x 10 to 3,5 x 10 • Dean and H:rrleman only referred to values 

obtained for the lift coefficient, c , Which is indicated in 
L 

Fig. 2.13. 
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Figure 2.13: Influence of wall proximity and Reynolds number on 

the lift. coefficient (Dean and Harleman, 1966) 

Knoblock and Troller's plots indicate a drama.tic redu:tian in the 

lift coefficient as the cylinder-to-bed clearance, G, increases 

fran the an-bed position. At a gap-to-diamater ratio, G/D, of 

approximately 0,25 in the subcritical flow regime (Fig. 2.13 (a)), 

the slope of the CL versus G/D curve approached zero and the C 

value became zero at a G/D ratio of approximately 1, 2. It is 

interesting to note that the lift coefficients were negative, i.e. 

the lift forces were directed t.ov.e.rds the wall for sane G/D values 
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in the critical range of Reynolds nurci>ers (refer Fig. 2.13 (b)). 

Dean and Harleman (1966) referred to an interpretation for this 

tendency whereby "the boundary layer remains laminar on the wall 

side of the cylinder for higher Reynolds nurribers than on the 
' unbounded side". This would then result in an asynmetrical wake 

region behind·the cylinder, leading to a downward lift force. 

Measurements to determine the mean lift and drag coefficients on a 

cylinder, placed at various G/D values, were also carried out in a 

wind tunnel by Wilson and caldwell (1971). They used a strain 

gauge method to measure the time-averaged forces exerted. The 

cylinder of 40 nm diameter W3.S located in relation to a 600 nm 

long base plate and only two approach flows, generating Reynolds 

nunt>ers of 33 200 and 56 600, were used. The drag coefficient 

versus G/D plots were virtually constant for each of the two 

approach flows, at S, values of 1,6 and 1,1 respectively. The <;. 
versus G/D curves sh™ed g:xxi agreement with Knoblock and 

Troller's results. The main objective of Wilson and caldwell 's 

test programne was, however, to investigate the lift and drag 

forces on single and double cylinders at different angular 

orientations wi:th respect to the approach flow. 

Investigations regarding hydrodynamic forces on cylinders, located 

at various clearances fran a boundary in a water flume, were 

undertaken by Jones .(1970 and 1971), Thanschke (1971) and 

1:-ittlejahns (1974). Although the drag coefficient values a::mpared 

favourably with corresponding wind tunnel values, the lift 

coefficient values were generally nruch higher in a water medium. 

The tests condu::=ted by Jones in a prototype installation are 

considered to be very reliable, although he did not experiment 

with a free water surface above the cylinder location. He placed 

a large sheet of plywood to float on the water surface over the 
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test cylinder, to avoid the 11standing wave" observed by BrC1n'n 

(1967). Jones used a 280 mn diameter cylinder in his prototype 

installation which oanprised a 2 netre deep water flume ca}?able of 

achieving water velocities of 2,6 rn/s. 

Thanschke's (1971) investigations into the lift and drag on 

spheres and cylinders, in close proximity to a wall, were 

primarily ained at the identification of the influence of the gap 

ratio G/D en the force ex::>efficients en and CL • Pressure 

measurements were carrieQ. out an a 110 mn diameter cylinder in a 

water flune at critical region Reynolds nunil::>ers of 9,2 x 10
4 

and 
5 2,1x10 • Both the Co and Ci.. versus G/D curves exhibit turning 

p:>ints at G/D values of about 0, 1 and 0, 2 respectively. These 

curves are briefly discussed in Olapter 8 and the curves concerned 

are indicated in Figs. 8.9 and 8.10. 

A very interesting field investigation into the hydrodynamic 

forces an a sut.marine pipeline, in the turbulent l::x:mndary layer of 

a steady flow which varied gradually, was reported by Littlejohns 

(1974). The investigation was carried out by the Wallingford 

Hydraulics Research Station (HRS) in the Severn Estuary. Three 

standard cylinders of diameter 305 mn, 610 mn and 915 mn were 

chosen for tests conducted in the range of Reynolds nunil::>ers fran 3 

x 104 to 106• Apart fran the cylinder to bed clearance G, 

parameters such as cylinder roughness, angular orientation to the 

flow and depth of burial (of the cylinder) v.ere also considered. 

As the investigators had to cope with a gradually increasing or 

decreasing flow, of varying depth, which depended on the tidal 

cycle, instantaneous measurements of the forces induced and the 

flow velocity had to be taken. A strain gauge method was 

therefore employed for the measurement of forces and an electronic 

current reter for the flow velocities. 
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To compensate for the varying depth, Littlejohns (1974) introduced 

a depth parameter, a
1 

= H - D , where His the depth of the 
H 

water. The lift and drag coefficients were then expressed in 

terms of CD/ a
1 

and CL/ a1 To avoid the possibility of the 

formation of standing waves, the force measurements for each test 

were recorded in a water depth of at least five cylinder 

diameters. The l/7th power law was used to approximate the 

boundary-layer velocity profile, for near-bed locations of the 

small cylinder. The reference velocity, for force coefficient 

computations, were taken as the velocity at the cylinder centre; 

however, an effective velocity was used for the small cylinder. 

As these matters are intimately related to the experimental work 

of the present study, the depth parameter a1 and the reference 

velocity are further discussed in Chapter 5. 

Littlejohns defined the variation of turbulence as ~ 
where u is the mean velocity and u , the velocity fluctuation. 

. 1 

The turbulence was at a higher level during the current's decele-

rating phase. The field tests perfonned by the HRS, indicated a 

maximum variation of turbulence intensity of 15 %. Consequently 

it was decided to investigate the magnitude of the average forces 

on and the flow around the 305 mm diameter cylinder in low 

turbulence flow in a large water channel, 2 m deep, 3,66 m wide 

and flow range capability from 0,5 m/s to 2 m/s. Littlejohns 

reported that, at the critical Reynolds number, the force 

coefficients CD/~ and CL/a1 for the field tests, were 
respectively 0,55 and 0,7; these values were 0,2 higher for each 

of the coefficients in the case of the large water channel. The 

field test coefficients agreed favourably with corresponding 

values obtained by Jones (1971); this also applied to near-bed 

locations. 

Bagnold (1974) performed novel experiments in a small flume, 
910 mm long and 100 :rrrn deep, using glycerol/water mixtures. He 

evaluated the lift and drag forces on a sphere and a cylinder 

using an instrument consisting of two interlinked mechanical 

balances. The device facilitated investigations with the sphere 
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or the cylinder as well as various body to bed clearances. 

Another interesting feature of the apparatus was the noving bed of 

the flume; srrooth and rough surfaced noving-belt beds were used. 

The noving-bed channel nade it possible to study steady fl0'.\7 

effects in nore viscous liquids (such as glycerol) Which oould 

only be nade available in small quantities. Bagnold found the 

flow over the noving bed to be "remarkably steady". 

Fbr an increasing gap ratio, G/D, Bagnold found the drag 

coefficient for a srrooth cylinder to decrease fran 1,2 to a 

constant value of l·,0 at G/D = 0,25; it increased again close to 

the water surface. The cylinder diameter was 16 nm, the water. 

depth about 70 nm and Reynolds number approxinately 3 000. As 

expected, the lift ooefficient decreased fran 0,57 with increasing 

G/D. Negative (oownward) lift ooefficients were recorded with the 

cylinder located above a G/D value of 3, 5. The lift ooefficient 

with the cylinder just surfacing, was -0, 92. With reference to 

the theory for a transverse cylinder examined by Jeffreys (1929), 

Bagnold explained that the free surf ace behaves in a similar way 

as the lower solid boundary. With the body close to the bed, 

there is a decrease in rn:::inenttnn flux, relative to the upper side 

of the body, resulting in an excess dynamic pressure in the fluid 

near the bed. A transverse force is oonsequently exerted on the 

body away fran the boundary. Bagnold was of the opinion that the 

free surface boundary is defonned by the stagnation pressure with 

the cylinder in close proximity. Acoording to Bagnold the 

downward force exerted on the cylinder is equal to the "local 

excess head of liquid". 

Very interesting results were generated by an investigation 

undertaken by Zdravkovich (1985) into the influence of the gap G, 

between the cylinder and ·the wall, and the thickness of the 

turbulent boundary layer, 0 , on the force ooefficients. 



Univ
ers

ity
of

Cap
e Tow

n

2-38 

Tests were conducted in a wind tunnel on 35 nm and 65 nm diameter 
4 

cylinders. The Reynolds number was varied fran 4,8 x 10 to 

3 x uf' I G/D fran 0 to 2 and the. OID ratio fran 0, 12 to 0, 97. The 

time-averaged lift and drag forces were measured on a 

six-cx:mp:>nent strain gauge balance. The wall boundary layers were 

artificially thickened by attaching 3 nm tripping wire or fixing a 

nat of coarse mesh wire, made of inten.oven 4 nm wire, to a 

horizontal partition plate which represented the wall. 

Zdravkovich's results revealed tendencies which were not 

encountered before. The plots of the drag coefficient Co versus 

the gap ratio G/D, for the two cylinders, indicated about the same 

drag coefficient of 1,0 at the location Where the cylinders 

reached the edge of the wall boundary layer, i.e. at G/c = 1. It 

is noteworthy that BearnlCln and Zdravkovich (1978) found that the 

base pressure coefficient Cpbstarted to decrease for a gap ratio 

G/D < 0,8; this location coincided with G/c = 1. The c0 versus 

G/D curve of R::>shko et al (1975) shov.ed a similar tendency to 

Zdravkovich's curve for the large cylinder (of 65 nm diameter). 

In the case under discussion, the G/ o = 1 locations occurred at 

G/D values of 0,97 and 0,52 for the small and large cylinders 

respectively. Due to the ap.i;:arent dependence of the drag 

coefficient en the gap to boundary layer thickness G/ o, 
Zdravkovich cons~ently represented the relationship between 1l 
and G/6 graphically (refer to Fig. 2.14). Good correlation for 

both cylinders is shONn by the graphical presentation in Fig.2.14. 

The boundary layer, thickened by mesh wire, also had a narked 

influence on Zdravkovich's lift coefficient CL versus G/D curves. 

A negative lift coefficient was d:>served in the G/D range 0,2 to 

0, 6 (Fig. 2 .15) • This meant that the fluid velocity en the gap 

side of the cylinder was greater than over the top of the 

cylinder, and the lov.er pressure below the cylinder then 
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resulted in a downward transverse (or lift) force. 'lhe influence 

of boundary layer thickening was less significant for the small 

cylinder of 35 m:n diameter, on which measurements were essentially 
done in a lower subcri ti cal Reynolds number range. A cx:nparison 

is nade in Chapter 8 between Zdravkovich's results, where 

applicable, and those of the present study. 

Co MESH WIRE 

Figure 2 .. 14 
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Interesting lift for~ measurements were done by Fredsoe et al 

( 1985) in a 2 metre wide water flume, in the Reynolds nunber range 

20 000 to 30 000. They used an unusual nethod by which the 89 nm 

SJTOOth test cylinder was suspended by a systan of springs. \men 

the water was allo\\ed to flow past the cylinder, the vertical 

displacerrent of the springs was rceasured by neans of a 

potentioneter. The displaC'ernent was related to the lift force 

induced on the cylinder. The rcethod was very sensitive to 

vibrations, particularly close to the bed, and tests were C11ly 

perfonned up to G/D ratios of 0,3. 

Fredsoe et al (1985) found that the lift coefficient was 

approximately 0,7 at G/D = 0 and dropped to a minimum of 0,16 at 

G/D = 0, 3 (Fig. 9. 6) • The results exhibited the same trend as 

those by Thanschke (1971). Fredsoe et al' s results are compared 

to those of the present study in Fig. 8.10. 

2.6.2.4 Pressure Distributions 

Although a few investigators, such as Brown (1967) and Beattie et 

al (1971}, utilised the pressure distribution nethod to detennine 

force coefficients, they did not present any pressure distribution 

diagrams for near-bed locations of the cylinder in their 

publications known to the author. 

Beanrian and Zdravkovich (1978) measured the pressure distribution 

around a 19 nm diameter cylinder in a wind tunnel in a steady 

flow, at G/D values varying fran 0 to 2. Measurements were taken 

at a Reynolds nurri:>er of 4, 8 x 10 
4 

• Pressure distribution diagrams 

for G/D equal to 0 and 0, 1 are shown in Fig. 8 .1. Beanrian and 

Zdravkovich found that the naximl.111 pressure p:>int on the front 

side of the cylinder, is not necessarily at the traditional: e = rt' 
position at the front cylinder centre, but displaced t.ov.erds the 

bed as the cylinder noved closer to the boundary. They also found 

that the pressure distributions were alnost synmetrical about the 

front stagnation p:>int · ( e = li:f} at G/D = 0, 4. .Fbr all values of 
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G/D, Beannan and Zdravkovich 1 s pressure distributions were in 

general agreement with the measurements carried out by OOktun 

(1975). 

2.6.2.5 Cylinder and Bed Roughness, and 'I\lrbulence 

The influence of roughness on the force ooefficients were 

investigated by inter alia Beattie et al (1971), Jones (1971), 

Littlejohns (1974) ·and Bagnold (1974) •. All these tests were 

performed in a water medium and, except for Bagnold's, the 

rneasuranents were cbne on large cylinders around the critical 

Reynolds number, from approxllna.tely iJ to 106• 

Experiments by all the nentioned researchers, indicated that 

roughening of the cylinder, for G/D = 0, caused the drag 

coefficient to increase in the transitional and supercritical 

flow regimes. 

According to Littlejohns, this was probably due to the increase in 

the surface resistance and the retardation of the l::oundary layer. 

Cylinder roughening also resulted in increased drag ooefficients 

at higher G/D values. Regarding the effect of roughness, the 

_ subcritical region was rx:>t thoroughly examined. H::::h.ever, Bagnold 

observed an increase in the drag ooefficient When a cylirrler was 

placed on the bed. 

The lift ooefficient was extremely sensitive to surface roughness, 

particularly in the supercritical flow regime. The investigators 

mentioned above, Who experimented in the transitional Reynolds 

nurriber range, all found that the lift coefficient decreased as 1 

the roughness ratio k/D was increased. At increasing cylinder 

clearances fran the bed, the lift ooefficient decreased; 

similarly to srrooth cylinders. Bagnold observed an increase in 

the lift ooefficient for the on-bed p:>sition of the cylirrler. 

Further away from the bed he rx:>ticed very little difference 

between C values for rough and srn:x>th cylinders; he took 
L 

measurements at a Reynolds mmber of approxirrately 3 000. 
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Jones (1971) produced lift and drag coefficient curves around the 

critical Reynolds nurci:>er which he reccmnended for the design 

of submarine pipelines. · He also undertook a parametric study 

(Jones, 1978) regarding the si.lhnerged weight and design velocity 

to ensure oo-bottan pipeline stability. His corrected Co and CL 

design curves, extracted from the latter publicatioo, are 

indicated in Figs. 2.16 and 2.17. The force coefficient values 

obtained by Beattie et al (1971), Jones (1971) and Li.ttlejohns 

(1974) are cx:mprred to those of the present study in Giapter 8. 

The ooundary-layer velocity profile has an influence oo the forces 

exerted on a cylinder lying on the bed in a steady flow. Further, 

the shape of the velocity profile is a function of the bed 

roughness, and changes in roughness will indirectly affect the 

forces oo the cylinder. Jones (1970 and 1971) shov.ed that, for 

the same free stream velocity, the lift and drag forces oo a 

cylinder located on the bed, are less for a rough bed than for a 

snooth bed. However, he found that the lift and drag coefficients 

cnncerned were the same for ooth rough and snooth beds, provided 

these coefficients were calculated by means of the effective 

velocity Veff. The effective velocity is given in Equation (5.8), 

in Chapter 5 of this dissertation. 

When Li.ttlejohns' (1974) field and water channel test results are 

cx:rnpared, it is cbserved that an ID.crease in the variatioo in free 

stream turbulence intensity, , fut /U (up to 15 % in the estuary and 

less than 2,5 % in the water channel) leads to an increase in ooth 

the lift and drag coefficients in the transitional Reynolds mmber 

region. This is essentially due to the earlier occurr~e of the 

critical Reynolds nurrber in the case of estuarial flow. Ibwever, 

this tendency is lX1t necessarily applicable to the complete range 

of Reynolds nurrbers. 

2.6.2.6 FlCM Visualisation 

Very feN · flo.N visualisation studies have been undertaken. The 

studies of Taneda ( 1965) , and Beannan and Zdravkovich ( 1978) 

revealed interesting features about the vortices fonned behind a 

cylinder, near to a wall, in steady flON. 
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Taneda examined the vortex streets behind a cylinder noving 

parallel to a plane wall, in water. He used aluminium dust and 

condensed milk to visualise the notioo of water. Taneda presented 

flow visualisation ,Fhotographs taken at gap ratios G/D of 0,1 and 

0, 6; the Reynolds nurriber was 170. A strong vortex street was 

noticed at G/D = 0, 6. At G/D = 0, 1 ooly a single row of vortices 

was cbserved. The wavelength of this single row increased 

downstream fran the cylinder, but usually became unstable after a 

few wavelengths and dispersed. 

The flow visualisation experiments on the flow around a cylinder, 

carried out by Beanrian and Zdravkovich (1978), were performed in a 
4 

· wind tunnel at a Reynolds nurriber of 2, 5 x 10 . Parallel snoke · 

filaments were used to visualise the streamlines of the flOW', 

while snoke was also ejected into the wake through a small slot 

running along the back of the cylinder. Flow visualisation 

photographs were taken at various G/D values fran 0 to 2, to 

reveal the flow pattern around the wake region, as well as the 

vortex characteristics. It was d:>served that the wake flow 

patterns for G/D equal to zero (wall contact) and 0, 2 were 

similar, even although flow between the cylinder and the wall 

existed in the latter case. One snoke filament, after having 

passed through the cylinder-wall-gap, was seen to be entrained 

into the wake. Irregular vortices were presumably only shed fran 

behind the upper side of the cylinder, i.e. one row of vortices, 

for G/D values up to alrcost 0,4. According to Beannan and 

Zdravkovich, their measurements of the vortex shedding frequency 

indicated that regular vortex shedding was suppressed at G/D 

values less than 0,3. 

Beaman and Zdravkovich's flOW' visualisation photographs for 

G/D > 0,4, showed that regular vortex shedding occurred behind the 
' 

cylinder. The presence of the wall appeared to have little ef feet 

on the flow at these G/D values, and the flow was alnost 

canpletely synmetrical. Unfortunately, the flow visualisation 
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experiments were perfonned with a relatively short cylinder having 

a length to diameter ratio of only one. Bearman and Zdravkovich 

cxmnented that, in spite of this short.caning, the experiments 

presented a qualitative picture of the flaw around a cylinder in 

close proximity to a plane wall. 

2.7 Theoretical Studies 

Few theoretical investigations have been done on the unsteady flaw 

around a cylinder near a boundary. Since the 1970's the anfhasis 

with theoretical studies shifted to numerical calculation 

methods; the phernnenal developnent of the canp.lter industry has 

strongly influenced this trend. 

Theoretical studies on the steady flo.v case, regarding wall 

proximity effects, are abrost non-existent. A literature review 

on theoretical studies, carried out on cylinders placed in 

unsteady and steady flo.,.;s close to a boundary, is given in Chapter 

9 of this dissertation. 

2.8 The Present Study 

This Chapter sho.,.;s that, for "wall cylinders" (i.e. cylinders in 

close proximity to a boundary), the subcritical flow region had 

not been -well researched, particularly regarding the influence of 

cylinder roughening on the force coefficients. 

In the present study canprehensive exf>erimental tests were 

undertaken to explain the various flCM phenanena in the 

subcri tical region· near a boundary. The Reynolds mmber range of 

6 000 to 26 000 was essentially dictated by the practical 

limitations in the laboratory arrangement, where maxinn.mi flaw 

velocities up to only about 0, 5 m/s could be achieved; this 

represents a maxinn.mi Reynolds nurrber of approximately 26 000. 

However, the range selected is related to real situations in 

practice (refer to page 1-3). 
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Experimental investigations were performed, in a water flume 18 m 

long and 600 mn wide, with srrooth or rough beds. A srrooth or 

rough cylinder (diameter 30 or 50 mn) was tran~versely placed in 

the flU'Tle. Unique experimental methods were developed to measure 

time-averaged pressures and flow velocities very accurately. The 

hydrodynamic forces were also measured by means of a novel 

"weighing" technique. The experimental arrangements are discussed 

in detail in Chapter 3. 

The results of the experimental prograrnne are fully discussed and 

theoretically_ analysed in Chapter 10. 
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CHAPTER 3 - EXPERIMENTAL ~ 

3.1 Introduction 

The objectives of the experimental section of this study were 

achieved by using two experimental rigs. The first, the "pressure 

rig", is shown in Figure 3.1. The rig consisted of a hollow 

aluminitnn cylinder, which consisted of two longitudinal half 

sections, nounted horizontally in a water flume such that the 

approach flow would always be perpendicular to the cylinder axis. 

The second rig, the "force rig", was ronstructed of an alllilinitnn 

frame resting freely on a sensitive balance while supp::>rting an 

aluminitnn cylinder sul::merged in water. The "force rig" is shown in 

Fig. 3.2. 

The uniqueness of the experimental work centred arotmd the choice 

of the measuring instruments. Very sensitive non-deflecting 

Mettler balances were chosen. The use of these balances resulted 

in the achieving of very accurate pressure values around the 

cylinder as :vell as excellent velocity readings for the approach 

flow in the flume. 

Side effect influences on the approach flow due to internal 

rotatable notmtings inside the flune, were taken care of by 

replacing the glass panels, in the experimental area of the flume, 

with identical perspex panels. Before notmting the perspex panels, 

openings were machined at appropriate p::>sitions in the.panels to 

accamodate the various cylinders. 

The perspex panels rould acc:x:rrnodate cylinders of different 

dianeters ranging fran 30 to 00 nm. However, due to practical 

considerations, a maximtnn cylinder· diameter of 50 nm was chosen. 

Further, the -set-up was designed such that the horizontal p::>sition 

of the cylinder in the flume rould be adjusted externally, without 

interrupting the flow of water in the flume. 
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FIG. 3 .2: OVERALL VIEW OF THE FORCE RIG . 
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Measurements were taken with various curbinations of the variables: 

pipe roughness, bed roughness, height of cylinder above bottan, 

cylinder diameter and water approach velocity. A micro cunputer 

was subsequently used to calculate pressure values and eventually 

the drag and lift forces and coefficients applicable for every 

carbination of variables. 

3.2 Selection of water as the fluid 

The use of water as the fluid was C"'hosen as this had definite 

advantages over the alternative of using air. '!he reasons are as 

follows: 

Although the kinematic viscosity of air is sane ten times 

greater than that of water, moch larger flow velocities could 

be aC"'hieved with air soch that the critical Reynolds nurrber of 

2 x 10.
5 

would be approached. Other investigators SUC"'h as 

Beaman and Zdravkovich (1978) did very useful work on 

cylinders in an air nedium. Ibv.ever, it is virtually 

i.mf.ossible to simulate a free surface in an air nedium. 'lb 

simulate the flow of a fluid over a submarine pipeline in 

steady flow conditions, e.g. estuarial flow, a free surface is 

essential. 

3.3 Testing Area and the Water Flune 

The testing area was the main hydraulics laboratory of the 

DepartJrent of Civil Engineering at the University of cape 'Ibwn. 

'lhe water flurre, 18 m long and 600 nm wide, was used for the 

performing of the experimental \>.Ork (Fig. 3.3). 
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The flume was supplied with water from a constant head water tower 

of approximately 15 metres height. The water supply was limited to 

0,1 m 3;sec. With steady flow achieved in the flume, a maximum 

average flo.v velocity of only 0,5 metres per second could be 

obtained, at a depth of 90 mn. 

The supply pipe from the tower was equipped with a venturi section, 

connected in turn to a differential mercury manometer from which 

the head could be read. The formula Q = 0,019/fi. (with H in inches 

mercury) was developed to convert head readings to flow in 
3 

m /sec. A control valve at the end of the supply pipe made 

inflo.v adjustments possible. 

The level of the water flume could be mechanically adjusted. As 

the whole flume was mounted on a solid steel beam, this adjustment 

could be systematically performed with relatively little effort. 

A control gate at the downstream end of the flLUne, made it possible 

to vary the velocity as well as the depth of the water in the 

flume. The outflow was directed (via. sub-flCX>r channels) to a 

basin from where it was pumped back to the water tower. 

3.4 Pressure Rig 

The •pressure rig• was the main instrument used to perform the 

experimental work. The layout of the rig is shown in Figs. 3.1, 

3.3, and 3.4. It consisted basically of the following components: 

cylinder; 

- cylinder mountings to water flume with height adjuster; 

calibrated handwheel to rotate cylinder; 

- housing with Mettler balance and perspex beaker. 
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Although minor elements of the apparatus were similar to that used 

by Achenbach ( 1968), such as the central pressure tawing in the 

cylinder, the main elements of the "pressure rig" were original and 

unique in nany respects. 

3. 4. 1 Accuracy of Measurements 

One of the main oojectives with the experimental section of the 

present thesis, was to ootain very accurate pressure and velocity 

measurements. It was therefore decided to utilise micro manctreters 

based on the principle of weighing a column of water. 

The weighing was done by extremely sensitive electronic balances 

(trade :nane: Mettler). These digital balances were of a 

non-deflecting type, except When subjected to sudden impact loads. 

Further, the balances also had the following useful features: 

(i) The balances oould be zeroed even When loaded; 

(ii) Bodies to be weighed oould either be placed in the pan on 

top of the balance or suspended f ran a hook under the 

balance. 

(iii) Once loaded and zeroed, mass oould be tared off, for example 

a p::>\\der or a liquid; a negative reading would imnediately 

be indicated in the balance's digital screen, provided no 

nore than the original mass is tared off. 

Further technical characteristics of the Mettler balances chosen 

for the "pressure rig" measurements are indicated in Table 3.1. 

Mettler 
balance 

Accuracy 

Range 

Type 
PE 3000 

0, 1 gram 

3 000 g 

Type 
PE 300 

0,01 gram 

300 g 

Table 3.1: Technical characteristics of Mettler relances 
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'!he accuracy of the Mettler PE 300 h:llance was checked by 

suspending a clean glass beaker fran the hcx:>k under the balance. 

The beaker was subsequently filled with clear water, using a 5 

crn
3 

pipette and the reading on the Mettler's digital screen 

recorded. Readings were recorded for every 5 an 
3 

water up to 90 
3 

cm • The results are indicated in Table 3.2. and graphically 

represented in Fig. 3.5. 

Water volume in pipette 

(cm3) 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 

Mettler balance (PE 300) reading 
(g) 

5,00 
10,01 
15,01 
19,98 
24,99 
29,99 
34,99 
39,98 
44,98 
49,98 
54,98 
59,98 
64,96 
69,96 
74,98 
80,00 
84,96 
89,98 

Table 3 • 2: Checking accuracy of Mettler PE 300 ta.lance 

If i:ossible errors with the pipette volune readings are neglected, 

the above readings indicate a high degree of accuracy of the 

Mettler balances. .fvbre details regarding the utilisation of the 

balances are given below in Sections 3.4.6 and 3.5. 

3.4.2 Cylinder a:>nstrl.rtion 

'!he actual testing area, where the test specimen was nounted 

harizcntally in the 18 rretres long flune and perpendicular to the 
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approach flow, was chosen a distance of 8 metres fran the tail gate 

end of the flune. 'Ihis location was oot affected by the turbulence 

at the inlet end of the flune oor the drav.tlown, and resulting 

redoction in depth, at the tail gate end. 

'Ihe design of the test specimen of the "pressure rig", was 

essentially governed by the decision to redoce all p:>ssible fonns 

of cbstruction, to the approach flow in the water flume. 

Cylinder supp:>rts or protruding nountings inside the flune cnuld 

adversely influence the approach flow such, that three dinensional 

flow over the specimen might occur. To acccmrodate the redoction 

of side effect influence, the two vertical glass panels of the 

flume in the chosen testing area, had to be replaced by identical 

perspex panels. 

At the outset it was decided to use tv.io cylinders with different 

diameters. Due to practical experimental problems, ease of 

workshop machining and availability of naterials, hollow pipe in 

aluminium was chosen as the test specimen. To avoid the fonnation 

of surface waves (as experienced by Brown (1967)) due to the 

blockage of the specimen, the diameter of the larger cylinder was 

rncrle 50 nm. The ronstroction of the cylinder was such, that it had 

to acccmrodate a 10 nm hollow metal tube extending through one side 

panel; for nanufacturing purposes it was evident that the diameter 

of the smaller cylinder a:>uld not be less than 30 nm (refer to Fig. 

3.4). 

An unusual feature of the test specimen, was the fact that it was 

split longitudinally. 'Ihis technique was used to nount the single 

pressure tapping at the centre of the cylinder with ease, and 

assemble the test cylinder a:::mfortably inside the flume. 

To split and nount the two halves of a cylinder, the following 

procedure was followed: 

( i) '!\.Jo identical hollow aluminium pipes, of length 615 nm, were 

selected (for example, approxinately 51 nm outside diameter 

for the 50 nm diameter cylinder); 
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(ii) Each pipe was then milled longitudinally exactly at its 

centre to produce one set of halves that would fit 

perfectly: 

(iii) The two halves were subsequently clamped together and 

machined down to the required diameter. 

Circular end blocks of aluminium were machined to act as supports 

for the cylinder halves, as well as mountings to the rotating 

perspex discs (refer to Figure 3.4 and Section 3.4.3 below). Fine 

holes of 1,3 mm were drilled at the centres (along the axes) of the 

two cylinders, to accommodate the thin steel tube which acted as 

the single pressure tapping of each cylinder: the openings in the 

ta~ings were 1 mm in diameter. 

Plastic tubing of 4,5 mm diameter was attached to the thin steel 

tube. This tubing led through the wall of the flume (via a hollow 

brass tube and further plastic tubing, both of 10 mm diameter) to 

the micro manometer. Holes were drilled centrally and along the 

axes of the aluminium end blocks, to accommodate the mentioned 

hollow brass tubes. Grub screws were ta~d into the end blocks to 

secure the brass tube and ensure simultaneous rotational motion of 

the cylinder and the plastic tubing inside it: in this manner 

twisting of the internal plastic tubing was therefore not possible. 

Two aluminium support blocks were also provided for each of the 

cylinders at a~roximately one third and two thirds their lengths 

(Figure 3.6). These blocks proved to be essential for a perfect 

closure along the longitudinal joints of the cylinders. Brass 

screws were used to fix the aluminium halves (of 2,5 mm and 2 mm 

thickness for the 50 mm and 30 mm diameter cylinders respectively) 

to the end and support blocks. The screws were filed down and 

filled with plasticine such that the cylinders would be completely 

smooth circumferentially: any secondary disturbance to the 

approach flow was therefore eliminated. 
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'Ihe oonstruction of the cylinders was o:rnpleted by milling each end 

down, such that there would be 0,5 rnn clearance between the 

cylinders and the side panels when all the ccmp::>nents were 

assaribled. 

3.4.3 Cylinder tvblllltings to Water Flune 

'Ihe cylinder nol.llltings served a multilateral purp::>se: 

(i) '!he tubing leading fran the pressure tapping to the micro 

rnananeter had to be acccmrodated; 

(ii) The nountings had to rotate in unison with the cylinder, to 

facilitate the reading of pressure around the cylinder; 

(iii) The nountings had to provide various height locations of the 

cylinder, as the intention was to take rreasurements with the 

cylinder located on the bed of the flume, as well as in 

proximity of the lx>ttan. 

Requirement (iii), height adjustm:mt, was essential to avoid 

dismantling and re-assenbling of the cylinder for various 

clearances above the flune bed. It was therefore decided to renove 

the two vertical glass panels, approximately 750 nm long, 500 nm 

high and 9,5 nm thick, of the flume at the testing area and 

substitute them with identical perspex panels. Before being 

nounted, openings had to be machined into the panels for the 

cylinder nountings and the force rig (Fig. 3.7 and Section 3.7.1). 

Height adjusbrent, outside the flune, was achieved by using 

circular perspex discs of 110 nm diameter. 'Ihe dianeter chosen 

1W0uld allow clearances of 60 rnn and 80 rnn for the 50 rnn and 30 rnn 

cylinders respectively, for smx>th cylinders and a snooth flume 

bed. '!he maximum clearance had to be limited to avoid the 

formation of surface waves as experienced by Brown (1967). A 

collar of 3 rnn by 3 rnn was machined into the outer circunference 
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of the perspex discs; the collar ensured that the water inside the 

flume 'pushed' the disc tight with the vertical side panels (Figure 

3.4). 

Openings identical to the dimensions of the perspex discs, were 

machined into the perspex side panels. Grooves were subsequently 

machined into the circumference of the discs to accorrmodate 

O-rings; due to the 0-rings, a waterproof fit between the discs and 

the panels was achieved. 

The perspex discs were calibrated by embedding transparent 

protractors of 100 nm diameter, marked in r• intervals up to 

360" , into their outer flat surfaces. various height locations 

of the specimen cylinder could be calculated in degrees and the 

discs then turned to the required position. 

To obtain the previously mentioned maximwn clearance of 80 and 60 

rnm (for the 30 and 50 nm diameter sm:>oth cylinders respectively) as 

well as zero clearance, two different pairs of discs had to be made 

for the two cylinders. Holes had therefore to be drilled at 

eccentricities of 40 nm and 30 nm (for the 30 and 50 nm diameter 

cylinders) from the disc centre on two separate pairs of discs. 

Each pair of discs had a solid brass stub (diameter 10 nm) mounted 

to the one disc and a hollow brass tube passing through the second 

disc (Figure 3.4); the cylinder concerned was supported at its 

ends by the stub and the hollow brass tube. 

To provide vertical support for and lock the discs, a flat brass 

bar, 150 mm long, 30 nm wide and 6 nm thick, was fixed to each disc 

at one end, while the other end was screwed to the perspex panels 

of the flume (Fig. 3.4). The disc fixture was located at the 

centre of each disc by means of a threaded brass rod ta~ into 

the disc; however, free rotation of the disc about its centre was 

still possible. 

The disc attachments were rounded off by securing brass handles to 

the outer edge of each of the discs. The handles were necessary to 
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turn the discs, and naturally also the cylinder concerned, to 

whichever height lo?ation required within the possible range; 

virtually an unlimited number of locations was possible. 

Apart from the openings for the support disc, an opening was also 

machined into each of the two perspex panels (for the flume) to 

accommodate the •force rig•, of which the details are explained 

later in this chapter - refer to Figure 3.7 for the locations of 

the openings in the panels. 

3.4.4 Handwheel to Rotate Cylinder 

Before all the components explained thus far could be asserrbled, a 

handwheel was required outside the flume to rotate the cylinder. 

To enable one to rotate the cylinder a degree at a time if 

required, a transparent protractor of 150 rnn diarreter was fixed 

tightly to the brass tube passing through the one perspex disc 

(Figures 3.4 and 3.8). A handwheel of 90 rnn diarreter was 

subsequently secured to the protractor and the brass tube, with the 

latter passing through it. A reference mark was placed on the 

brass handle visible behind the larger protractor; the angle of 

rotation of the cylinder's central pressure tapping, cx:>uld 

therefore be determined with ease. 

Finally, the length of the brass tube outside the flume, was 

limited by rreans of a rretal ring, secured with grub screws to the 

tube. A minimum length of brass tubing was necessary to avoid 

obstruction from the mountings for the flume's frarrework. 
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3.4.5 Assembling of the Pressure Rig 

The fitting of the two vertical perspex side panels, proved to be a 

cwnbersome operation before a proper watertight sealing around the 

edges, making contact with the aluminium supports of the flume, 

could be obtained. 

Due to its design (Figure 3.4), the test cylinder had to be 

assembled inside the flume. The assembling procedure was as 

follows: 

(i) The perspex discs were pushed into the corresponding 

openings in the side panels and secured by means of the 

brass bars to the panels; 

(ii) The hollow brass tube, with the handwheel and larger 

protractor fixture, could now be pushed through the one 

disc; 

(iii) The aluminium end blocks were subsequently fitted to the 

brass tube and the brass stub respectively; 

(iv) The plastic tubing, leading from the central pressure 

tapping, was tightly fitted to the hollow brass tube; 

(v) The two cylinder halves were screwed to the aluminium end 

blocks and intermediate support pieces. The cylinder was 

now ready for testing. 

3.4.6 Hcxising for Pressure Data Acquisition 

Pressure .readings were read by means of a Mettler PE 3 000 balance 

(with an accuracy of 0,1 gram) on which a water column was weighed 

(Figure 3.9). 
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The water was contained in a perspex beaker. It was ex_pect.ed that 

the water level in the beaker would fluctuate above and below the 

water level in the flune, when pressure readings around the 

cylinder were taken. It was therefore essential to nount the 

balance and the "water colunn" on the side of the flune; close 

proximity of all the rreasuring instruments and the test cylinder 

was also necessary for practical control purp:>ses. 

'lb support a housing for the Mettler balance, a very rigid steel 

frame was designed (Figure 3 .10) • The framework was well founded 

on the heavy metal beam carrying the whole flune. The framework 

was further ool ted to the vertical side supp::>rts of the flume 

(Figure 3 • 9 ) • 

A rectangular waxien oox, dimensions 415 nm high, 270 nm wide and 

420 nm deep, served as housing for the Mettler balance. Grcx:>ves 

were cut into the waxi to accarodate a sliding panel nade of 

perspex, for the front of the oox facing the person recording 

measurements. This perspex panel was used to exclude draughts 

present in the laboratory; Mettler balances are susceptible to 

draughts. A perspex panel was fixed to the rear of the oox to 

provide clear visibility of the water in the flune (Figure 3.9). 

Adjusting screws were also provided in the oottan of the oousing 

for the levelling of the balance. 

Holes were drilled through the side and top of the housing for the 

plastic tubing, attached to the test specimen. A waxien rod was 

inserted in the top of the oousing to supp::>rt the plastic tubing. 

The housing was rigidly oolted to the frarney,ork. The Mettler 

balance was placed inside the housing and coupled to an electric 

fXJWer p::>int. The perspex beaker, used to contain the water, was 

mcrle of an unifonn perspex pipe of 44,7 nm internal diameter and a 

length of 250 nm. A thin perspex disc (thickness 5 mn) "'6.S glued 

to the pipe, using chlorofonn, to fonn a beaker. 
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The "pressure rig" was a:xnpleted by suspending a plastic tubing of 

10 nm diameter into the perspex beaker. To the em of the tubing 

was attached a perspex pipe of equivalent diameter, to avoid 

bending or twisting of the end ~en sul::rnerged in water. The other 

end of the plastic tubing was fixed to the brass tube, protruding 

fran the hand~eel nounted to the specimen cylinder (Figure 3.8). 

The principle on Which the pressure micro mananeter operates is 

illustrated in Figure 3.11. It is briefly explained as follows: 

( i) The perspex beaker is placed on the ba.lance; 

(ii) The plastic tubing, connected to the cylinder, is primed and 

water allov.ed. to flow into the beaker While the tubing is 

hanging in the water coll.ITU1 inside the beaker - the tubing 

should not touch the sides of the beaker; 

(iii) When the water in the flune is stationary, the water levels 

in the beaker and in the flume will corresfOnd - no pressure 

(zero gauge pressure) is therefore recorded; 

(iv) Qlce the water in the fl une starts flowing, the level in the 

beaker will rise or fall depending on the circunferential 

fOSition of the pressure tapping, in relation to the 

awroach flow and the proximity of the cylinder to the bed 

of the flume. 

The mass reading on the ba.lance is converted to water head in cm, 
. . . th ded 1 . ( 3 l 3 

by di v.iding e recor va ue in grams or an , as an 

weighs l gram) by the cross sectional area of the beaker. 

3.5 Device for velocity neasurerrent 

The device designed for the rreasurerrent of flow velocities, was 

even nore unique than that developed for the measurement of 

pressures. 

I 
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The apparatus consisted of the following two main components: 

- a pitot tube; 

- housing for velocity recording. 

These components are briefly described below. 

3.5.1 Pitot Tube 

A pitot tube, in an L-shape and with two inlets was used. As usual the 

main inlet, directed to the ar:proach flow, formed a stagnation point in 

the flow. The second inlet was on the side of the tube, perpendicular 

to the flow; its purpose was to record the static head (or water level) 

of the flow. 

The pitot tube's vertical section was about one metre long and fixed to 

a mounting which accorranodated a linear vernier scale; vertical 

displacements could be determined accurately to the nearest 0,1 nm. 

The pitot tube and its mounting were supported horizontally on a rigid 

frame made of two steel bars, which could slide on the rails above the 

flume, upstream or downstream. Marks were made on the horizontal 

support such that displacements of the pitot tube along the width of the 

flume could be measured to the nearest millimetre. 

Before coupling the pitot tube to a micro manometer by means of two 

plastic tubes, all joints of the pitot tube that appeared to be 

vulnerable to leakage, were properly sealed with a quick setting putty. 

3.5.2 Housing for Velocity Recording 

Analogous to the reading of pressures, the recording of flow velocities 

was done by means of a Mettler balance. However, a Mettler PE 300 with 
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an accuracy of 0,01 gram was used and the principle of operation was 

that of a differential micro manometer. 

The total head and static head water columns were provided by the pitot 

tube. The objective of the •velocity recorder• was to register the 

difference between the total head and the static head directly. 

The principle of operation of the differential micro manometer under 

discussion is explained with reference to Figure 3.12: 

(i) A container, for example a transparent beaker, is suspended from 

the hook under the Mettler balance; 

(ii) Simultaneously, the container in (i) is hanging in a second much 

larger transparent container; · 

(iii) Water from the static head inlet of the pitot tube, is fed to the 

larger container, while water from the total head inlet 

(stagnation point) flows into the smaller container. 

(iv) When the water in the flume is stationary, the flume's water 

level will be at the same elevation as the water levels in the 

two containers, that is, no head difference or a zero velocity 

reading is registered; 

(v) When the water in the flume flows, the level in the inside 

container rises and the mass of the water above the static water 

level is recorded on the sensitive non-deflecting balance. 

The mass registered on the balance is easily converted to height h by 

dividing the mass in grams by the internal cross sectional area (in 
2 

cm ) of the inside container. From the formula 

v = fi9h (3.1) 
the velocity of the flow is then calculated. 
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The housing for the "velocity recorder" was mounted on the side of 

the flume, adjacent to the housing for pressure measurement. The 

housing was almost identical to the one built for the "pressure 

recorder", explained in Section 3.4.6 above. However, the Mettler 

PE 300 balance had to be supported on top of the wooden box of 

dimensions 350 mm high, 250 rnn wide and 420 rnn deep, as the 

weighing operation occurred below the balance. Holes had to be 

drilled into the top and the sides of the box, to accommodate the 

vertical support for the "inner" beaker and the plastic tubing 

attached to the pitot tube respectively (Figure 3.13). 

The inner container, was a uniform glass beaker of internal 

diameter 52,3 rnn. It was supported around its rim by a collar made 

of perspex, to which a brass wire cage was fixed with a hook at its 

uppermost end. various lengths of brass wire, with hooks at both 

ends, were cut such that flow velocities could be measured at 

different water depths in the flume. Similarly, different lengths 

of glass tubing had to be provided for the inflow section to the 

inner beaker. Obviously the glass tubing was not to touch the 

sides or the bottom of the glass beaker. The glass tubing was bent 

in an L-shape and fixed to the top panel of the housing 

(Figure 3 .13). 

The larger outer container was made of an uniform perspex pipe of 

about 100 mm in diameter and 300 rnn long. A thin perspex pipe was 

glued into the side of the completed larger beaker, close to its 

bottom, to act as inlet for the "static head connection". 

A draught cover was placed over the Mettler balance on top of the 

housing, to exclude draughts in the testing area. As with the 

housing for the "pressure recorder", perspex panels were fixed to 

the back of the housing and acted as a draught shield at the front. 

The housing was bolted to a rigid steel frame on the side of the 

flume. Although the framework was virtually the same as that 

indicated in Figure 3.10, the housing was mounted at a higher 

elevation due to the difference in weighing procedure (from below 
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instead fran above) and the fact that the water level in the flume 

had to be approxinately 250 mn above the flume's oottan; that is, a 

water depth of approximately five times the cylinder diameter, (the 

maximum diameter equals 50 mn in this case) is required to avoid 

standing w:i.ves (Littlejohns, 1974). 

3.6 Bed and Cylinder IC>ughness 

Cylinders were tested with two oonditions of the bed: srrooth and a 

pebble stcne oottan. Except for the srrooth cylinders, tests were 

also perfonned after applying surface roughness to the cylinders. 

The srrooth oondition of the bed was due to the glass and aluminium 

panels nounted in the rottcm of the flume. A machined and sanded 

(using fine waterpaper) aluminium surface, provided the srrooth 

conditicn of the test cylinders. 

Fbr the bed roughness, hard rubber mats, 10 mn thick, were used. 

'lb the rut.her mats, 6 mn stcne pebbles were glued (Figure 3.14). 

'!he pebbles provided an ideal rough bed. '!he mats oould be placed 

with ease in and renoved fran the flume. 

A fairly coarse sand was used to roughen the cylinders. '!he sand 

was thoroughly sieved to cbtain virtually unifonn ,Particles of 

0, 9 mn in size. After experimenting with various adhesives for the 

sand, it w:i.s decided to use household varnish. A good ooating of 

varnish was applied to the cylinders, and the sieved sand ,Particles 

sprinkled evenly over the varnish. '!he varnish ooating was allowed 

to dry overnight. The roughened 30 mn diameter cylinder is shown 

in Figure 3.14. 

3.7 Fbrce Rig 

The "force rig" was essentially a light ItEtal franEw:::>rk, designed 

to ItEasure the lift and drag forces exerted by a steady flow en the 
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test cylinder directly. As mentioned in Chapter 1, it was found 

necessary to develop a direct rrethod to o:rnpare the force values 

with those detennined indirectly by rreans of the "pressure rig". 

'!he layout of the force rig is shown in Figure 3.2. It consisted 

of the following two main C".OlllfOnents: 

framework (fixed to the test cylinder), suspended above the 

fll.Ilne; 

- h::::>using with flow vel~ity reC'.Order. 

3.7.1 Frarnev.ork 

Soon it was evident that the framework had to be light and rigid 

to eliminate deflections of its relatively long nanbers. 'Ib avoid 

the _IX)ssibility of resonance (Blevins, 1977), aluminium was chosen 

as the material; its Bulk rrodulus of 75 GN/m2 and its Young's 
2 

rrodulus of 71 GN/m generated a natural frequency, Whi<"'h was 

re.rroved sufficiently fran the vortex shedding frequency. A sketch 

outlining the design of the frame attached to a test cylinder, is 

indicated in Figure 3.15. 

'!he rrechani<"'.al principle on Whi<"'h the 11 force rig" is based, is 

illustrated in Figure 3.16. It was of utrrost im}X)rtance that the 

verti<"'.al nanbers were plurrb, and that the horizontal members were 

level throughout a testing session. 

All the members of the frame were made of rectangular aluminium 

tlibing, 18 nm by 12 nm in cross section with a wall thickness of 

1,5 nm. The members were welded together as shown in Figure 3.15. 

A hollow aluminium cylinder of diameter 50 nm was used as test 

cylinder. Solid aluminium cylinders of length 50 nm were press 

forced airtight into the ends of the test cylinder. The ends of 

the cylinder were slibsequently ma<"'hined to the required length of 

604 nm. Holes were tapped into the solid end pieces of the 

cylinder to acccmrodate solid brass shafts of diameter 10 nm -

refer to the sketch in Figure 3.17. 

Holes were drilled through the two vertical limbs of the framework 

at their ends, such that the limbs could be screwed to the brass 
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shafts of the test cylinder. Holes were also provided at distances 

of 30 nun and 60 mm from the first holes, to enable the cylinder to 

be positioned at these elevations from the bed of the flume. The 

frame and cylinder weighed 2,8 kg together. 

To measure the forces directly, the following Mettler balances were 

utilised: 

(i) Lift force - Mettler PE 6 000 (range: 0 to 6 000 grams), 

accurate to 0,1 gram; 

(ii) Drag force - Mettler PE 3 000 (range: 0 to 3 000 grams), 

also accurate to 0,1 gram. 

A wooden platform was placed firmly on the railings above the ~ 

flume. The platform supported the mentioned two Mettler balances. ~ 

length of 400 mm rectangular aluminium tubing, (as used for the 

frame) was rigidly fixed to the weighing platform of the Mettler PE 

6 000 balance, by means of adjustable steel hooks. Dents were now 

made in the aluminium tubing close to its ends (Figure 3.15). The 

vertical section of the frame was supported on the Mettler PE 6 000 

balance as follows: 

two sharpened screw-in-spindles were fixed to the bottom 

horizontal member; 

the two sharp spindles were placed in the dents on the 

aluminium tubing, fixed to the top of the balance and 

functioned as frictionless pivots. 

The horizontal section of the frame, above the wooden platform, was 

allowed to be supported by the second Mettler balance, the PE 3 000, 

such that the frame's horizontal members would be absolutely level 

at all times. Half round steel bars were strai:ped to the horizontal 

member, making contact with this second balance; this ensured 

uniformly distributed loading on the balance as well as a narrow 

point type contact. 
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The brass shafts of the test cylinder passed through the holes 

provided in the perspex panels of the flume. Although this meant 

that the influence of side effects was reduced inside the flume 

when testing, the leakage of water through the holes in the side 

panels had to be taken care of. Perspex cages using 7 nm sheeting, 

were made (Figure 3.17) to shroud each of the two vertical limbs of 

the frame. Holes were drilled through the flanges of the cages, 

such that they could be screwed to the perspex panels of the 

flume. Rubber gaskets were made to obtain a waterproof seal 

between the cages and the flume's side panels. 

3.7.2 Asserrbling of the Frame before Testing 

Although it might aEPear logical from the above section, the 

asserrbling procedure for the frame and cylinder before testing, was 

briefly as follows: 

(i) The cylinder, without its brass shafts, was placed inside 

the flume opposite the openings in the side panels; 

(ii) The brass shafts were now screwed into the cylinder; 

(iii) The platform and the two balances were placed over the 

testing area (rails were previously fixed to the bottom of 

the platform, such that it could be pushed away from the 

testing area); 

(iv) The frame was lifted onto the aluminium support fixed to the 

Mettler PE 6 000 balance; 

(v) The two vertical limbs of the frame were now screwed to the 

brass shafts of the cylinder; 

(vi) The procedure was concluded by covering the limbs with the 

perspex cages, before fixing them watertight (using the 

rubber gaskets) to the side panels of the flume. 
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During preliminary tests performed with the force rig, it was found 

necessary to dampen the vibrations of the frame. The vibrations 

were not physically visible, but made rea~ng of the balances very 

di ff icul t. Fbur dash}:X>ts were therefore placed on the v.a::>den 

platfonn to "sup.J:X>rt" the frame (Figure 3.18): the vibrations were 

limited to such a degree that the digital screens of the balances 

oould be read cunfortably. The dash}:X>tS cunsisted of perspex 

beakers and circular perspex discs, fixed at one end to thin brass 

rods: the other ends of the brass rods were rigidly fixed to the 

t'WO horizontal rnaril::>ers of the frame as indicated in Figure 3.18. 

Transmission oil (SAE 90) was used as the fluid in the dash.J:X>ts. 

3.7.3 H:>using with Flow Velocity Recorder 

The same housing and differential micro mananeter (refer to Section 3.5.2 

above) as used with the "pressure rig", was utilised again with the "force 

rig". However, the velocity profile, along the width of the flume, was 

also required in this ~ase, specifically for the determination of the 

effective length of the cylinder. Flow velocity measurements had 

therefore to be taken at different horizontal and vertical J:X>Sitions of 

the pitot tube. 
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CHAP1'ER 4 - EXPERIMENTAL PROCEDURE 

4.1 Preliminary Preparation 

Except for the determination of flow velocities, the experimental 

procedures for both rigs were completely different. Before 

describing these ·procedures, certain preliminary preparation work 

had to be Undertaken. 

4 .1.1 Mercury Manometer 

A differential mercury manometer was connected to the venturi 

section, inserted in t~e supply pipe for the flume's tank; the 

manometer was mounted on the side of the tank. As the manometer 

contained some air and no mercury was visible, it had to be 

refilled with mercury. The manometer was subsequently primed, to 

remove the air before being ready for use: the supply flow to the 

tank was indirectly read in inches mercury and converted to 

m3/sec.by means of a conversion formula. The average velocity 

values subsequently deduced, provided a useful check. 

4.1.2 Reducing Turbulence at Upstream End 

A reasonable degree of turbulence was observed in the flume at the 

upstream end, when water was flowing along the flume. To reduce 

the turbulence, a frame with vertical wire mesh mats fixed to it, 

was lowered into the flume at the end concerned. The wire mesh 

mats were placed along the length of the flume and spanned the 
width of the flume. 
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4.1.3 Steady Flow 

Once water was allowed to flow along the flune, the <Dwnstream 

control gate had to be raised or lowered, until the v.ater depths, 

five metres upstream and <Dwnstrearn of the test cylinder, were 

equal. The level of the flune was also slightly adjusted, but did 

not result in achieving a steady state sooner. Fbr virtually all 

the runs, the level of the flune was set at 12 in 1 000 •. 

4.2 Pressure Rig 

4.2.1 Pressure Distributions 

The primary d::>jective with the pressure rig, was to measure the 

pressure distribution around the test cylinder, While an accurate 

velocity profile of the approach flow was simultaneously reoorded 

at a point 2,65 metres upstream fran the cylinder. 

As mentioned earlier, srrooth cylinders with diameters of 30 nm and 

50 nm were used as test specimens. The height of the test cylinder 

above the flune bed was varied. Tests were also perfonned with 

roughened cylinders and srrooth and rough flune beds; the flune bed 

was srrooth in its "undisturbed" state. Fbr each cnnbination of 

parameters, of Which there v.rere 28 cnnbinations, tests -were 

perfonned with approximately five different approach flows. Each 

of the runs took alnost three hours to perfonn. Table 4.1 on the 

following page, gives a surmary of the various cnnbinations of 

tests perfonned. 

Pressure readings were taken at intervals of 1.0° around the 

cylinder, starting fran the front cylinder centre. By means of the 

handWheel, fixed to the cylinder, the single pressure tapping oould 

be rotated ocmfortably and set accurately to 1° on the protractor 

concerned. Before every series of readings, taken at the same 
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height above flume bed, the 90~ position of the tapping was very 

carefully determined by means of a sensitive plumb level and a 

vernier scale. This position was noted on the protractor, and the 

cylinder rotated back to its zero position at the front centre of 

the cylinder. 

cylinder 

Diameter 

(mm) 

Cylinder 

surface: 

Smooth/ 

Rough 

Flume 

Bottom: 

Sroooth/ 

Rough 

Clearance 

between cylinder 

and bottom 

(mm) 

Number 

of Runs 

50 

52 

50 

52 

30 

31,8 

30 

31,8 

Smooth Sroooth 0: 2,73: 5; 10; 30; 60 26 

Rough Sroooth 0: 10; 28,8; 59 24 

Smooth Rough O; 10; 45,5 15 

Rough Rough O; 10; 42,2 15 

Smooth Smooth 0: 10; 80 12 

Rough Smooth O; 10; 79 12 

Smooth Rough O; 10: 65,7 15 

Rough Rough 0: 10: 64,4 15 

Total 134 

Table 4.1: Summary of Various Combinations Tested 

Before pressure readings could be taken, the tubing leading to the 

pressure manometer had to be primed; this could obviously only be 

done with the water stationary in the flume. and the test cylinder 

completely covered with water. When priming the tubing, care was 

taken in not spilling water on the balance and wetting the sides 

of the perspex beaker when filling it. The rationale of the 

pressure determination method is described in Figure 3.11. 
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The water depths of the various approach flows were seldom the same. The 

zero •pressure• reading (in grams) on the balance, was therefore simply 

established (before the daily continuous series of tests) as follows: 

(i) With the perspex end of the tubing submerged under the 

water in the beaker, the beaker with its contents was 

raised above the platform of the balance; 

(ii) The balance was zeroed and the beaker lowered onto the 

platform. 

The pressure manometer was now operational. The zero reading was 

checked, after each set of pressure readings taken from cylinder 

positions o0 to 360°. 

The readings on the Mettler balances took a long period of time 

(between 10 and 15 minutes in some cases) to settle; this 

resulted in some runs taking as long as three hours or longer to 

perform. 

4.2.2 Static Water Pressure Checks 

A reference pressure was required for every set of pressure 

readings, to establish how the •1ive• pressure tapping readings 

related to the static water pressure for the run concerned. 

After every continuous series of tests, a static water pressure 

check had to be done. With the •pressure• balance still 

operational, the downstream control gate was raised and the · 

approach flow valve closed. The water level inside the flume was 

allowed to stabilise (it usually took at least ten minutes) and 

the pressure reading on the balance noted as well as the 

corresponding water depth, of the flume, using a vernier depth 

gauge. The water level in the flume was raised or lowered and at 

least three similar pairs of "static water• readings recorded. An 
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example of static water pressure readings is graphically 

represented in Figure 4.1. 

Reference static water pressures .for every run, could be read from 

the graph concerned or interpolated from a set of water depth and 

pressure readings. 

4.2.3 Velocity Distributions • 

Velocity readings were taken exactly along the longitudinal axis 

of the flume and 2,65 metres upstream from the cylinder. The 

velocity measurements were not influenced by the cylinder; a 

check one metre upstream from the cylinder, generated equivalent 

velocity readings. The velocity measurements can therefore be 

taken as the velocity that would exist near the bed, if the 

cylinder was not present. Velocity profiles were recorded for 

each test run. 

Although the principle on which the differential •velocity• micro 

mananeter functioned, is explained in Section 3.5.2 and Figure 

3.12, its priming and zeroing were of utmost importance. The 

latter procedure is therefore fully described here, with reference 

to the sketch in Figure 4.2: 

(i) Tubes b and d (total and static pressure tubes respec­

tively) from the pitot tube are primed and the flow stopped 

by means of laboratory clamps; 

(ii) The inner glass beaker suspended from the balance, is 

vertically positioned at the water level of the flow along 

the flume; 

(iii) The two beakers are filled with water from a container 

placed above the housing, via tubes a and c; 
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(iv) The outflow from the beakers are prevented by means of two 

further laboratory clamps; 

(v) Once a steady flow state is achieved in the flume, the 

tubes a, c and d are joined using a three way connector: 

(vi) The system is now left a period of time until the water 

levels in the two beakers are exactly the same, when the 

balance is zeroed: 

(vii) Tube c is carefully connected to tube d, and tube a to 

tube b - care has to be taken to avoid entrapped air in the 

system. 

The system is now operational and •velocity• readings will be 

recorded on the digital screen of the balance. 

4.2.4 Other Measurements 

I 

For each run the water temperature was recorded (as it affected 

the kinematic viscosity of water) and the water depths at various 

positions along the length of the flume. 

The various roughness conditions of the test cylinders and the 

flume bottoms, as mentioned in Section 3.6., were: 

(i) 0,9 mm sand p·articles glued to the cylinder surfaces 
-2 -2 

(k/D = 2 x 10 and 3 x 10 for the 50 and 30 mm 

cylinders): 

(ii) 6 mm stone pebbles fixed to rubber mats to serve as rough 

bottom. 

The various heights above the flume, at which tests were 

performed, are indicated in the Table 4.1. The perspex discs, 
with embedded protractors, functioned extremely well as height 

adjusters. 
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4.3 Force Rig 

Before the force rig was set up, the openings in the side panels 

for .the pressure rig were closed by means of circular perspex 

discs, which had O-rings embedded along their perimeter edges. 

4.3.1 Zeroing of "Force" Balances 

To zero the "force" balances described in Section 3.7.1, the water 

in the flume had to be completely stationary at a convenient water 

depth, approximately at the operational depth, that is, 

5 x cylinder diameter. Both balances ·were now zeroed and the 

water depth measured with a vernier depth gauge. "Lift" balance 

readings and water depth measurements were subsequently taken at 

at least two stationary water levels, above and below the original 

"zero• level. For higher water levels the "lift" balance recorded 

negative readings and positive readings for lower levels: this 

was due to an apparent loss of weight, as the vertical limbs of 

the frame were further submerged under water as the water level 

rose in the flume and the perspex cages. No change was recorded 

on the "drag• balance. 

'lbe apparent loss of or gain in weight (of the frame) versus the 

water depth, is represented graphically in Figure 4.3. The 

centimetre change in water leve]I was equivalent to 3,9317 gram­

force loss/gain of weight. 

4.3.2 Force Readings 

The system was now ready for testing. Due to the susceptibility 
> 

of the system to vibrations, the zeroing procedure was repeated 

for every set of force readings, with each different approach 

'" 
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flow. The four dashi:ots "cushioning" the framework on the 

platfonn, dampened the vibrations to a large degree. care was 

also taken to ensure that the vertical limbs of the frame were not 

touching the sides of the flume, and that the cylinder was free to 

nove inside the openings in the side panels. 

Once the zeroing procedure was ccmpleted, the stationary water in 

the flume was allov.ed to flow along the flume, until a steady flow 

state was aC"hieved. The average readings on the "lift" and the 

"drag" balances were taken separately. Initially the readings 

fluctuated continuously on the "lift" balance over a range of as 
' 

much as 30 grams, while the "drag" balance readings were alnost 

constant. The apparent instability of the frame was solved by 

loading the frame, directly above the two vertical limbs, by means 

of 500 gram weights on eaC"h side. This reduced the range of the 

"lift" readings to about one gram, representing a 0,42% deviation. 

In calculating the lift force appliC".able, the gain in or loss of 

(frame) weight was taken into account. 

Twenty-one sets of force readings were taken for a srrooth cylinder 

(diameter 50 nm) and a srrooth flume bed for the following height 

above 'tottan values: 

(i) 0 nm 

(ii) *10 nm 

(iii) *30 nm 

(iv) *60 nm 

(on 'tottorn) 

Nl.mlber of runs (sets) 

5 

5 

6 

5 

'lbtal 21 

(* Heights were varied by rreans of wcxxlen blocks and thin metal 

plates placed under the balances on the platfonns, without 

renoving the perspex C".ages fixed to the side panels). 

In cormon with the pressure rig tests, the temperature of the 

water, the water depths at various locations in the flume, and the 

average flow velocity were also maasured. 
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4.3.3 Velocity Distribution 

The velocity readings were similar to those done with the pressure 

rig, except that a velocity profile along the width of the flume 

at the centre of the cylinder, was now required. As a check a 

number of velocity readings were also taken at other elevations. 

The horizontal velocity profile was necessary to determine the 

effective length of the cylinder. 

4.4 Murky Water 

The murkiness of the water made it almost impossible to observe 

the test cylinder, particularly the centre tapping when performing 

tests with the pressure rig. The cause of the murkiness was 

essentially,due to tests performed with sand and clay particles in 

a nearby experimental project, using the sane water supply. 

Although the recirculated water was filtered, it did not succeed 

in reducing the turbidity of the water substantially. 
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CBAPl'ER 5 - RE'SULTS OF PRESSURE RIG TFSI'S 

5.1 Introduction 

The experimental results included in this chapter, ronstitute the 

major C'Offi!X>nent of the entire experimental prograrmne. 

Experiments were ronducted at various approaC'h flow velocities, 

which generated Reynolds numbers in the range 6 000 to 26 000 for 

the two cylinders (diameters 30 nm and 50 nm) used. These Reynolds 

numbers are within the range where the drag coefficient and the 

Strouhal number of a circular cylinder are relatively independent of 

the Reynolds number. The Strouhal number, S = 0, 21 for the range of 

Reynolds numbers mentioned above _(Le Mehaute, 1976). 

Pressure and velocity .measurements were C'arried out at the various 

o::xribinations of the variables, indiC'ated in Table 4.1: cylinder 

size, clearance (between cylinder and bed), cylinder roughness, bed 

roughness and approaC'h velocity. The original data of whiC'h Table 

5.1 (o:xnplete set of readings for Run 50) is a typiC'al example, is 

available from the writer. 

5.1.l Three-dimensional Effects 

One of the main objectives with the design of the pressure rig was 

to eliminate three-dimensional effects as far as 1=0ssible. Except 

for the test cylinder, no other obstruction was therefore placed in 

the water flume. 

No influences on pressure and velocity readings, due to 

three-dimensional effects, were detected. This showed that the 

single central pressure tapping and the pitot tube, were placed in 

an essentially two-dimensional flow. 

5.1.2 Free-surface Effects 

Since the tests were perfonned in a fll.lllle with a free surface, it 

was necessary to observe the effect of the free surface on the 
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PRESSlRE DISTRIBUTION 

/ 

Clearance G = 10 mm 
Cyllnder: Rough ; Diameter= 52 mm 
Bottom : Smooth <Roughness k = 1,0 mm; 

Static head= 269,2 g <Level of flume= 0) 

===========-=================~=========-===================== 

e Mettler <g> e Mettler ( g) 

RUN NO. = 50 
DATE = 26/9/85 
TEM" = 19,2 C 
H = 30,1 Inches 
Q • 0,0191 {H = 0,1048 m3/s 
Elevation surf• 41,81 cm. 
Bottom = 8,00 cm 
Depth = 33,81 cm 
Average vel. = 0,5097 m/s 

~--~~~+-~~~--~~--i--~~--o+-~~--~~~~~~============================= 

0 287,2 190 
10 283,7 200 
20 276,4 210 
30 267,8 220 
40 256,6 230 
50 246,8 240 
60 241,7 250 
70 243,6 260 

. 80 250,5 270 
90 251,5 280 

100 252,9 290 
110 253,9 300 
120 254, 1 310 
130 254, 1 320 
140 254, 1 330 
150 254,2 340 
160 254,0 350 
170 253,9 360 
180 253,7 

253,6 
253, 1 
253, 1 
252,9 
252,6 
252,2 
250,2 
249,6 
250,7 
254,6 
259, 1 
266,9 
274,7 
279,7 
282,3 
286,1 
287,4 
287,2 

VELOCITY DISTRIBUTION 

Elevation 
(cm) 

5,25<=0,84 cm 
5,6 above 
6 bed) 
6,5 
7 
7,5 
8 

8,5 
9 
9,5 

10 
11 
12 
14 

Mettler PE300 
<grams> 

17, 1 grams 
19,4 
20,3 
21,8 
22,5 
23,6 
24,4 
25, 1 
25,4 
26,1 
26,3 
26,9 
27, 1 
27,8 

===========: =================:=========•=====================17 28,4 

Dia= 44,7 mm 
(perspex 
beaker> 

REMARKS: 

The static head ls the reference 
static pressure, ·as measured on 
the flune bed directly below the 
cylinder• It Is expressed In 
grams to relate to the pressure 
distribution. 

STATIC WATER 
zero = 8,00 cm 

22 
130 

28,0 
28,5 

Mettler Depth 
(g) gauge 

<cm> 

Depth ===============-============== 
Dia= 52,3 mm 

(cm> <glass beaker> 

288,2 43,05 35,05 

186,6 36,43 28,43 
========: ======-======· 

TABLE 5.1 ! EXNf>LE OF SET OF MEASlREMENTS <PRESSURE RIG> 
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results, as the cylinder may generate surface waves. Such surface 

waves p::>ssess energy Which is carried away; this causes the test 

specimen to experience a wave resistance (Bishop and Hassan, 1964). 

'lhe rnaximun wave resistance is dependent upoh the Froude nunt>er, F r 
and occurs When 

= u = (5. 1) . 
lgh 

Where h is the depth of irrmersion measured to the centre of the 

cylinder, and Uthe velocity of the free stream. In the tests 

reported here, the wave resistance was kept very small by carefully 

choosing the depth. and velocity range. The maximum Froude nurrber 

was 0, 443 (Run 54) • Measurements in the present study revealed a 

maximum dra\\tiown of 3 nm, of the water flowing over the cylinder, at 

the cylinder location. 

5.1.3 Blockage Effect 

'lhe length-to-diameter ratios of the two test cylinders, were 12 and 

20 respectively. Although the flume had a finite width of 600 nm, 

the length-to-diameter ratios in excess of 10, suggest that the 

sizes of the test cylinders were of reasonable dizrensions, without 

the flow being affected IIU.1Ch by the presence of the walls of the 

fltm1e. Jones (1970) perfonned tests with length-to-diameter ratios 

of 5,5 to 11 and Zdravkovich .(1985) with ratios of 13,5 and 25. 

'lbe traditional bl~king ratio, equal to the ratio of cylinder 

diameter to total depth, was between 0,15 and 0,30 for the 50 nm 

cylinder (but nostly about 0,20) and between 0,10 and 0,21 for the 

30 nm cylinder. Bl~king ratios were calculated for all tests, but 

·~ bl~kage n:>rrection was applied to the plots of the pressure 

distributions, Which are included at the end of this <"'hapter. 

~ified bl~king ratio adjustments (explained in Section 5.2.2) 

were, however, made to canpare the results with those of other 

investigators in Chapter 8. 
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5.2 Experimental Data Reduction 

s.2.1 Li.ft and Drag Fbrces 

As stated in Chapter 2, only time-averaged pressures were ireasured. 

The measured pressures were integrated around the surface of the 

cylinder cx:>ncerned, to provide the drag force as the horizontal 

canp::ment and the lift force as the vertical corrq;onent, after 

multiplying by a oonstant Which included the area between two 

adjacent pressure tapping p:>sitions. The effective pressure was 

therefore taken as the arithmetic mean of the two pressures on 

adjacent taps, \\hi.ch were p:>sitioned every lif by rotation. 

With reference to the elemental section in Figure 5.1 below, the 

ded~tion of the effective force is as follows: 

Force, F = Pressure 1 x Area 1 e em e em 
= pgh x r~e for one metre length of cylinder 

The horizontal component, 

Total Drag Force, FD = TI
1
g
8
r x 103 r h cos 8 (N/m} (5.2} 

Similarly, the vertical component, 

Total Lift Force 1 FL = 'IT
1
98Y x 103 r h sin 8 (N/m} (5.3} 

where h = 4m 
(m} 

and m = mass readings in grams 

D
1 

= · beaker diameter in centimetres. 
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p 
elem Pelem = pressure on 

elemental section 

D = 2r 

Figure 5. 1 Pressure on an elemental section of a cylinder 

A CDIIpJter program was written to process the pressure readings for 

the 134 test runs. Details of the program are incltrled in 

Appendix 1. An example of the calculated forces, indicating the 

various angles of rotation and the pressure readings, is shown in 

Table s.2. 

s.2.2 Li~ and Drag Coefficients 

Fbr a cylinder within the l:x>undary layer, the lift and drag forces 

depend on the same quantities, as When the cylinder is in a free 

stream. These variables are: 

. D, cylinder diameter 

k, surface roughness height 

G, gap between bed and cylinder 

¢ 1 angle of cylinder to stream velocity (= 90° for this study) 

H, depth of water 

u, approach velocity 

v, kinematic viscosity 

p, water density 

and turbulence intensity 

.. 



Univ
ers

ity
of

Cap
e Tow

n

PRESSURE DISTRIBUTION (Run 50) 

Cylinder Diameter = 52 cm; Clearance= 10 mm; Beaker dia. = 44,7 mm 

Cylinder = Rough: Bottom = Smooth; R .= 24 492 e 

Static Head= 269,2 g; Water depth= 33,81 cm; Ave. vel. = 0,509 m/s 

=======-==============-==============-====?===========-================= 
ANGLE 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 

MASS 
(g) 

287.200 
283.700 
276.400 
267.800 
256.600 
246.800 
241.700 
243.600 
250.500 
251.500 
252.900 
253.900 
254.100 
254.100 
254.100 
254.200 
254.000 
253.900 
253.700 
253.600 
253.100 
253.100 
252.900 
252.600 
252.200 
250.200 
249.600 
250.700 
254.600 
·259 .100 
266.900 
274.700 
279.700 
282.300 
286.100 
287.400 

LIFT FORCE: -2.152 N/m 
DRAG FORCE: 6.194 N/m 

HEAD h 
(cm) 

18.301 
18.078 
17.613 
17.065 
16.351 
15.727 
15.402 
15.523 
15.963 
16.026 
16.116 
16.179 
16.192 
16.192 
16.192 
16.198 
16.186 
16.179 
16.166 
16.160 
16.128 
16.128 
16.116 
16.096 
16.071 
15.943 
15.905 
15.975 
16.224 
16.511 
17.008 
17.505 
17.823 
17.989 
18.231 
18.400 

TOTALS: 

h·SIN e 
! • 

I ----------------
0.000 
3.139 
6.024 
8.532 

10.510 
12.047 
13.338 
14.587 
15.720 
16.026 
15.871 
15.204 
14.023 
12.404. 
10.408 
8.099 
5.536 
2.809 
0.000 

-2.806 
-5.516 
-8.064 

-10.359 
-12.331 
-13.918 
-14.982 
-15.664 
-15.975 
-15.977 
-15.515 
-14.729 
-13.409 
-11. 457 
-8.994 
-6.235 
-3.180 

-4.834 

. h cos e 

18.301 
17.804 
16.551 
14.779 
12.526 
10.109 

7 .1701 
5.309 
2.772 
0.000 

-2.798 
-5.534 
-8.096 

-10.408 
-12.404 
-14.028 
-15.209 
-15.933 
-16.166 
-15.915 
-15.156 
-13.967 
-12.345 
-10.347 
- 8.035 
- 5.453 
- 2.762 

0.000 
2.817 
5.647 
8.504 

11.252 
13.653 
15.579 
17.132 
18.036 

13.913 

TABLE 5.2: yalculation of Drag and Lift Forces, by Pressure Integration 
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It is well known (see e.g., Littlejohns, 1974) that the 

non-dimensional parameters between the above variables can be 

written in the form: 

and similarly 

(~ G ~ H-D 
f 2 D ' D ' 'l' ' H 

R ) 
e 

where R = Reynolds number; 
e 

FD = Drag force (in N/m}; 

FL = Lift force (in N/m}; 

en = Drag coefficient; 

CL = Lift coefficient. 

(5.4) 

(5.5) 

For all cases in this study, the cylinder was perpendicular to the 

approach flow. Further, for the cylinder positioned at a specific 

elevation (i.e. G/D value} and for a given surface roughness k/D, 

the drag coefficient . Cn can be written: 

C = f (H-D R ) 
D 1 H ' e 

In studies on the flow past bluff bodies, Shaw (1971) showed that 

there exists a linear relationship between Cn and the blocking 

ratio D/H, for the range of blocking ratios (0,15 to 0,25) 

considered in this study. This was confirmed by Rarnarnurthy and Ng 

(1973), admittedly only for cylinders placed in a symmetrical flow. 

It therefore follows that 

CD 
f 1 (Re) = 

al 
(5. 6) 

where 
H-D 

a1 = li 

Littlejohns' (1974) results for wall cylinders, using Eq. (5.6), 

produced very little scatter. He also assumed the relationship 
CL 
- = (5. 7) 

with very satisfactory results. 
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According to Littlejohns (1974), standing waves form, due to 

cylinder obstruction at cylinder depths of less than 5D, i.e. at 

Froude nurrbers less than about 0,8. As mentioned earlier, the 

magnitude of the forces acting on a cylinder in Contact with the 

bed, will be affected by surface waves. It is evident that the 

force coefficients are related to the water depth. The parameter a, 
enables one to make a direct comparison with tests performed 

earlier. As it was impossible to keep the water depth constant for 

different approach flows, the parameter a
1 

was calculated for each 

test run in the present study. 

Smith (1969) investigated the influence of the variation of the 

water depth en the lift and drag cx:>ef ficient of a body en or near 

the lx>ttan of a stream. He showed that the shallow-water drag 

coefficient c:x:>uld be predicted, within an accuracy of 10 % , if the 

deep-water cx:>ef ficient is known. The same rrethod generates a 

deep-water drag c:x:>efficient if the shallow water c:x:>efficient is 

given or detennined fran tests. No variation was however observed 

in the lift c:x:>efficient under similar circumstances. Smith (1971) 

also found that the drag force is influenced by the proximity of the 

free water surface. As tests were perfonned in intertrieliate water 

depths in the present study, Smith's rrethod was not used; the 

parameter. a
1 
(refer Littlejohns, 1974), as indicated above, was 

applied to c:x:>mpensate for the varying water depth in successive test 

runs. 

Jones (1970 and 1971) also identified two further dirrensionless 

groups which are related to Co and er.,. These two groups are 

where o is the boundary layer thickness, 

u* is known as the friction velocity 

(u* = ~ • with To= shear stress in the fluid, 
P evaluated at the bed), 

U
0 

is the free stream velocity. 
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Jones' work is valuable, regarding the effective velocity expe­

rienced by the test cylinder in the boundary layer. 'lhe velocities 

used in the calculation of Co and Cr, are explained in the next 

section. 

'!he values of Co generated by the pressure integration process, do 

not acn:>unt for the skin friction COTqX>nent, and Co can therefore 

only be regarded as the fonn drag coefficient or pressure drag 

coefficient. According to Achenbach (1968), the friction 

coefficient for a circular cylinder, rerrote from a boundary, 

acn:>unts for no rrore than 2 % of the total drag coefficient in the 

subcritical region. '!he friction coefficient for free cylinders can 

be assumed to be applicable to wall cylinders regarding the order of 

magnitude. 

5.2.3 Reference Velocities 

'!he velocity profile in the boundary layer is affected by bottom 

roughness. Velocity profiles were recorded for each test run. '!he 

velocity measurements were taken at a location 2,65 metres upstream 

from the cylinder; identical velocity values were also measured one 

metre upstream from the cylinder. '!he velocities upstream from the 

cylinder were therefore not influenced by the presence of the 

cylinder. 

For all the on-bottom positions of the cylinders, the boundary layer 

thickness was in excess of the cylinder diameter. At clearances of 

one diameter or rrore, the test cylinder was generally in the free 

stream velocity region. However, an analysis of the test data was 

done with the reference velocity u
012 

taken at the elevation of the 

cylinder centre. In a further analysis, account was taken of the 

depth parameter a
1

, in calculations of CJ) and Cr, (Table 5.3). 



University of Cape Town

C
o

•p
u

te
d

 
F

o
rc

e
s
 

a
n

d
 
L

if
t 

a
n

d
 

D
ra

g
 
c
o

e
f
f
ic

ie
n

ts
, 

fro
m

 
P

re
s
s
u

re
 
D

is
trib

u
tio

n
s
 

•
•
•
•
s
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
~
=
•
•
m
•
•
•
•
•
•
•
•
S
•
•
•
•
•
•
•
•
s
•
•
•
•
•
•
•
•
•
•
•
e
•
•
•
=
9
•
=
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
s
•
a
s
•
•
•
•
•
=
~
8
•
•
•
•
•
•
•
•
•
•
•
•
•
s
•
•
•
•
 

S
•o

o
th

 
b

e
d

: 
R

u
n

s 
1 

to
 

7
4

; 
R

o
u

g
h

 
b

e
d

: 
R

u
n

s 
7

5
 

to
 

1
3

4
 

C* 
5 =

 sm
o

o
th

; 
R

 =
 ro

u
g

h
) 

=
=

=
s
• 

:
:
=

s
=

s
:
:
 
=
=
=
~
=
 

=
=

=
=

=
=

 
:
:
:
=

=
=

•
=

=
=

=
=

=
=

=
:
:
:
:
:
:
:
 
:
:
:
:
:
:
a
:
J
a
:
:
:
:
:
:
~
:
:
:
:
:
:
:
:
~
=
=
=
=
=
=
:
:
:
:
:
:
:
:
-
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
p
:
:
=
•
=
=
=
 ==·======·=====s 

R
un 

*
D

ia
 

o
f 

G
ap 

G
/D

 
T

em
p 

V
e
lo

c
lty

C
m

/s>
 

F
lo

w
 

W
a
te

r 
R

e
y

n
o

ld
s 

F
o

rc
e
s
 

C
o

e
ff lc

le
n

ts
 

D
e
p

th
 

C
o

e
ffic

ie
n

t 
N

o
. 

C
y 11 n

-
G

 
(~ c

) 
Q

 
D

e
p

th
 

N
o

. 
1l a

ra
-

cm
31s>

 
. 

p 

m
e
te

r 
d

e
r 

Cm
m

> 
A

v
e
ra

g
e
 

UD/. 
H

 
FD 

FL 
~
 

CT. 
C

D
/ 

C
L

/ 
D

 
( m

/s) 
2 

C
 cm

> 
(N

/rn) 
(N

/rn) 
a
l 

a
l 

a
l 

(m
m

) 
C

m
/ s >

 

1 
5

0
5

 
0 

0 
1

9
, 1 

-
0

,2
1

9
 

0
,2

1
5

 
0

,0
3

1
1

 
2

3
, 31 

1 0 
.7

5
0

 
1 , 2

8
2

 
0

,7
7

0
 

1
,1

0
9

 
0

,6
6

6
 

0
,7

8
5

 
1 , 4 1 

0
,8

4
8

 
1 2 

5
0

5
 

1
9

 
0

,2
1

9
 

0
,1

9
4

 
0

. 0
2

7
3

 
2

0
,5

1
 

9 
7

0
0

 
1

, 5
0

6
 

0
,9

1
7

 
1

,6
0

1
 

0
,9

7
4

 
0

,7
5

6
 

2
, 1 2 

1
. 2

9
 

13 
5

0
5

 
1

9
,2

 
0

,3
2

3
 

0
,3

3
7

 
0

,0
4

9
 

2
5

. 1
3

 
1

6
 

8
5

0
 

3
,2

2
6

 
2

,1
7

4
 

1 • 1
3

6
 

0
,7

6
6

 
0

,8
0

1
 

1
, 4

2
 

0
,9

6
 

1
4

 
5

0
5

 
1

9
,5

 
0

,3
7

6
 

0
,3

7
 

0
,0

6
0

2
 

2
6

,3
4

 
1

8
 

5
0

0
 

4
,0

7
5

 
3

,0
6

1
 

1
, 1 9

0
 

0
,8

9
4

 
0

,8
1

0
· 

1
,4

7
 

1 • 1 0 
15 

5
0

5
 

1
9

,5
 

0
,4

0
1

 
0

,3
9

7
 

0
,0

6
0

2
 

2
4

,6
6

 
1

9
 

8
5

0
 

4
,9

8
6

 
3

,7
6

2
 

1
. 2

6
5

 
0

,.9
5

5
 

0
,7

9
7

 
1

,5
9

 
1

. 2
0

 
2 

5
0

5
 

6
0

 
1

. 2 
1

9
,5

 
0

,2
4

 
0

,2
5

1
 

0
,0

3
3

 
2

2
,6

4
 

1
2

 
5

5
0

 
1

. 8
0

5
 

-0
,5

4
7

 
1 • 1 4

6
 

-0
,3

4
7

 
0

,7
7

9
 

1
,4

7
 

-0
,4

5
 

3 
5

0
5

 
1

9
 

0
,2

8
 

0
,2

7
4

 
0

,0
3

8
4

 
2

2
,3

0
 

1
3

 
7

0
0

 
3

,0
8

1
 

-0
,0

4
1

 
1

,6
4

2
 

-0
,0

2
1

 
0

,7
7

6
 

2
, 1 2 

-0
,0

3
 

4 
5

0
5

 
~
 

1
9

,2
 

0
,3

1
8

 
0

,3
4

7
 

0
,0

4
5

 
2

3
,3

 
1

7
 

3
5

0
 

3
,9

6
1

 
-0

,1
7

9
 

1 , 3
1

6
 

-0
,0

5
9

 
0

,7
8

5
 

1 , 6
8

 
-0

,0
8

 
5 

5
0

5
 

1
9

,4
 

0
,3

4
1

 
0

,3
5

8
 

0
,0

4
5

 
21 , 7 

1
7

 
9

0
0

 
4

,6
6

5
 

-0
,3

4
3

 
1

. 4
5

6
 

-0
,1

0
7

 
0

,7
7

0
 

1
,8

9
 

-0
,1

4
 

6 
5

0
5

 
1 9

, 7 
0

,3
8

6
 

0
,4

1
8

 
0

,0
5

3
5

 
2

2
,8

 
2

0
 

9
0

0
 

6
,1

4
3

 
-0

,0
9

1
 

1
, 4

0
6

 
-0

,0
2

1
 

0
,7

8
1

 
1

, 8
0

 
-0

,0
3

 
7 

5
0

5
 

3
0

 
0

,6
 

1
9

 
0

,3
0

 
0

,3
2

 
0

,0
4

2
3

 
2

3
,2

1
 

1
6

 
0

0
0

 
3

,5
8

6
 

0
,0

5
0

 
1 , 401 

0
,0

2
0

 
0

,7
8

5
 

1 , 7
8

 
0

,0
3

 
8 

5
0

5
 

1
9

 
0

,3
9

1
 

0
,4

0
5

 
0

,0
5

0
5

 
2

1
,2

2
 

2
0

 
2

5
0

 
6

,5
4

1
 

0
,1

1
3

 
1

, 5
9

5
 

0
,0

2
8

 
0

,7
6

4
 

2
,0

9
 

0
,0

4
 

9 
5

0
5

 
1

9
,5

 
0

,4
4

3
 

0
,4

7
1

 
0

,0
6

1
 

2
2

, 6
5

 
2

3
 

5
5

0
 

8
,1

7
8

 
0

,1
5

8
 

1 • 4 7 5 
0

,0
2

8
 

0
,7

7
9

 
1 • 8

9
 

0
,0

4
 

1
0

 
5

0
5

 
1

9
,5

 
0

,4
6

1
 

0
,4

9
1

 
0

,0
6

4
9

 
2

3
,1

4
 

2
4

 
5

5
0

 
9

,1
3

6
 

0
,0

0
5

 
1

, 5
1

6
 

0
,0

0
1

 
0

,7
8

4
 

1 • 9
3

 
0

,0
0

1
 

11 
5

0
5

 
1

9
,8

 
0

,4
3

9
 

0
,4

5
4

 
0

,0
6

4
8

 
2

4
,2

7
 

2
2

 
7

0
0

 
7

,7
8

1
 

0
,2

5
1

 
1 , 51 0 

0
,0

4
9

 
0

,7
9

4
 

1 , 9
0

 
0

,0
6

 
1

6
 

5
0

5
 

2
,7

3
 

0
,0

5
5

 
1

8
,9

 
0

,2
8

 
0

,2
4

6
 

0
,0

3
5

7
 

2
0

,9
6

 
1

2
 

3
0

0
 

2
,3

9
5

 
0

,7
2

0
 

1
,5

8
3

 
0

,4
7

6
 

0
,7

6
1

 
2

,0
8

 
0

,6
3

 
1

7
 

5
0

5
 

5 
0

,1
 

1
9

 
0

,3
3

6
 

0
,3

2
2

 
0

,0
4

4
 

2
1

. 5
3

 
1

6
 

1
0

0
 

3
,8

2
5

 
0

, 7
3

0
 

1
. 4 7

6
 

0
,2

8
2

 
0

,7
6

8
 

1 • 9
2

 
0

,3
7

 
1

8
 

5
0

5
 

1
9

,4
 

0
,4

0
9

 
0

,4
 

0
,0

5
6

3
 

2
2

,6
7

 
2

0
 

0
0

0
 

5
,5

0
2

 
1

,3
4

2
 

1
. 3 7

6
 

0
,3

3
6

 
0

,7
7

9
 

1 • 7
7

 
0

,4
3

 
1

9
 

5
0

5
 

1
9

,7
 

0
,4

3
5

 
0

,4
8

1
 

0
,0

6
3

6
 

2
4

. 0
7

 
2

4
 

0
5

0
 

5
,8

6
6

 
1 • 5

2
0

 
1

,0
1

4
 

0
,2

6
3

 
0

,7
9

2
 

1 , 2
8

 
0

,3
3

 
2

0
 

5
0

5
 

2
0

 
0

,4
1

6
 

0
,4

0
4

 
0

,0
5

9
8

 
2

3
,6

2
 

2
0

 
2

0
0

 
5

,3
4

3
 

1
. 5 3

9
 

1
. 3

0
9

 
0

,3
7

7
 

0
,7

8
8

 
1 , 6

6
 

0
,4

8
 

21 
5

0
5

 
1

8
,8

 
0

,3
0

6
 

0
,2

9
6

 
0

,0
3

8
 

2
0

,4
3

 
1

4
 

8
0

0
 

3
,2

0
1

 
0

,8
3

2
 

1
,4

6
1

 
0

,3
8

0
 

0
,7

5
5

 
1 • 9

4
 

0
,5

0
 

2
2

 
5

0
5

 
1

0
 

0
,2

 
1

9
,8

 
0

,3
2

8
 

0
,3

2
1

 
0

,0
3

5
7

 
1

7
,9

3
 

1
6

 
0

5
0

 
4

,2
8

4
 

0
,7

6
9

 
1

, 6
6

3
 

0
,2

9
9

 
0

,7
2

1
 

2
,3

1
 

0
,4

1
 

2
3

 
5

0
5

 
2

0
,2

 
0

,3
5

 
0

,3
5

6
 

0
,0

4
6

2
 

2
1

. 6
9

 
1

7
 

8
0

0
 

4
, 1

2
0

 
0

,6
2

0
 

1
, 3

0
0

 
0

,1
9

6
 

0
,7

6
9

 
1

, 6
9

 
0

,2
5

 
2

4
 

5
0

5
 

2
0

,8
 

0
,3

8
5

 
0

,3
9

 
0

,0
5

2
5

 
2

2
,4

2
 

1
9

 
5

0
0

 
4

,6
9

0
 

0
,7

7
1

 
1

,2
3

3
 

0
,2

0
3

 
O

, 7
1

7
 

1
, 5

9
 

0
,2

6
 

2
5

 
5

0
5

 
2

0
,7

 
0

,4
0

9
 

0
,4

1
7

 
0

,0
5

9
 

2
3

, 71 
2

0
 

8
5

0
 

5
,1

4
0

 
0

,8
4

8
 

1 , 1
8

2
 

0
,1

9
5

 
.0

,7
8

9
 

1 , 5
0

 
0

,2
5

 
2

6
 

5
0

5
 

21 , 5 
0

,4
2

1
 

0
,4

3
7

 
0

,0
6

3
9

 
2

4
,9

7
 

21 
8

5
0

 
5

,3
0

 
0

,8
9

3
 

1 , 11 0 
0

,1
8

7
 

0
,8

0
 

1
, 3

9
 

0
,2

3
 

2
7

 
52R

 
5

9
 

1 , 1 3
5

 
2

0
,3

 
0

,2
6

9
 

0
,2

8
1

 
0

,0
3

3
 

• 
2

0
,0

4
 

1
4

 
6

1
2

 
3

.5
0

6
 

0
.1

0
3

 
1 • 7

0
8

 
0

.0
5

0
 

0
. 741 

2
. 31 

0
.0

6
7

 

TABLE 
5

.3
: 

C
o

•p
u

te
d

 
F

o
rc

e
s
 

a
n

d
 
L

if
t 

a
n

d
 

D
ra

g
 
c
o

e
f
f
ic

ie
n

ts
, 

fro
m

 
p

re
s
s
u

re
 
D

is
trib

u
tio

n
s
 



University of Cape Town

C
0

9
p

u
ted

 
F

o
rc

e
s 

an
d

 
L

ift 
an

d
 

D
rag

 
c
o

e
ffic

ie
n

ts
, 

fro
m

 
P

re
s
s
u

re
 
D

is
trib

u
tio

n
s
 

================================================================================================================================= 
S

•o
o

th
 

b
e
d

: 
R

u
n

s 
1 

to
 7

4
; 

R
ough 

b
ed

: 
R

u
n

s 
75 

to
 

1
3

4
 

<* 
5 

• 
sm

o
o

th
; 

R
 

=
 

ro
u

g
h

>
 

=
=
=
=
=
=
m
=
•
s
:
e
:
=
=
=
•
=
•
=
=
=
=
•
•
=
•
=
•
=
=
s
e
=
=
=
=
=
•
=
=
n
•
9
~
=
s
=
s
•
=
=
s
•
=
=
=
•
•
=
=
•
=
=
•
=
•
=
•
•
=
•
•
m
=
•
=
•
•
•
=
•
=
=
•
=
•
•
•
•
s
•
s
=
=
m
e
s
•
•
•
s
•
•
m
m
•
•
s
•
=
s
•
•
•
•
=
•
s
•
•
•
•
•
•
•
•
•
s
 

R
un 

N
o. 

*
D

ia 
o

f 
C

y 11 n
­

d
er 

D
 <m

m
) 

G
ap 

G
 

<m
m

> 

G
/D

 
T

em
p 

('? c
) 

V
e
lo

c
lty

C
m

/s) 

A
v

erag
e 

(m
/s) 

U
D

fi 

(m
/s) 

F
lo

w
 

0 
<~ /s

) 

W
ater 

D
ep

th
 

H
 

(cm
) 

R
e
y

n
o

ld
stF

o
rc

e
s 

N
o. 

-
-
-
-
-
-
-

FD 
(N

/rn) 

FL 
(N

/rn) 

C
o

e
ffic

ie
n

ts
 

CD
 

f 
<i 

D
ep

th
 

p
a
ra

­
m

e
te

r 
a
l 

C
o

e
ffic

ie
n

t 

C
D

/ a
l 

<i;a 1 

-------·------·-------·-------·--------·-------·--------·-------·-------·-------·-------·-------·-------
2

8
 

29 
3

0
 

31 
4

7
 

32 
3

3
 

34 
35 
3

6
 

4
8

 
4

9
 

37 
3

8
 

3
9

 
4

0
 

41 
4

6
 

4
2

 
4

3
 

4
4

 
45 
50 
51 
52 
53 
54 
5

5
 

5
6

 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

52R
 

3
0

5
 

3
0

5
 

3
0

5
 

3
0

5
 

3
0

5
 

3
0

5
 

5
9

 0 

2
8

,8
 

10 

8
0

 0 

1 , 1 35 

0 0
,5

5
4

 

0
,1

9
2

 

2
,6

7
 

0 

T
A

B
L

E
.5

.J 
(c

o
n

tin
u

e
d

>
 

2
0

,6
 

2
0

,7
 

21 
21 
2

0
,2

 
2

0
,3

 
2

0
,3

 
2

0
,5

 
2

0
,6

 
2

0
,7

 
2

0
,5

 
19 
1

9
,7

 
2

0
,2

 
1

9
 

1
9

, 7 
20 
1

9
,7

 
1

9
,5

 
1

9
,7

 
2

0
,2

 
1

9
,5

 
1

9
,2

 
2

2
 

22 
2

2
,5

 
2

3
 

2
3

,5
 

2
3

,7
 

0
,3

2
5

 
0

,3
7

2
 

0
,4

0
 

0
,4

2
5

 
0

,4
8

6
 

0
,2

2
4

 
0

,4
1

3
 

0
, 331 

0
,2

9
 

0
,4

3
 

0
,4

8
8

 
0

,5
0

9
 

0
,3

0
3

 
0

,3
9

2
 

0
,4

4
3

 
0

,3
7

4
 

0
,4

4
8

 
0

,4
8

9
 

0
,3

3
2

 
0

,3
8

9
 

0
,4

2
 

0
,4

8
9

 
0

,5
0

9
 

0
,2

9
6

 
0

,3
8

 
0

,4
6

 
0

,5
9

2
 

O
, 4

7
4

 
0

,5
9

 

0
,3

6
 

0
,4

0
5

 
0

,4
2

9
 

0
,4

5
8

 
0

,4
8

7
 

0
,2

1
8

 
0

,4
0

5
 

0
,3

2
2

 
0

,2
6

7
 

0
,4

1
5

 
0

,4
3

5
 

0
,4

5
5

 
0

,3
2

7
 

0
,4

1
9

 
0

,4
7

1
 

0
,4

4
0

 
0

,4
3

2
 

0
,4

7
4

 
0

,3
0

3
 

0
,3

5
4

 
0

,3
8

2
 

0
,4

5
8

 
0

,4
7

1
 

0
,3

0
1

 
0

,3
9

9
 

0
,4

7
7

 
o, 5

9
0

 
0

,4
0

9
 

0
,5

0
6

 

0
,0

4
2

5
 

0
,0

5
0

7
 

0
,0

5
7

3
 

0
,0

6
4

2
 

0
,0

8
6

 
0

, 0
3

1
1

 
0

,0
6

0
2

 
0

,0
4

9
3

 
0

,0
4

1
2

 
0

,0
6

3
3

 
0

,0
8

5
9

 
0

,1
0

4
7

 
0

,0
4

2
1

 
0

,0
5

0
4

 
0

,0
6

0
8

 
0

,0
6

4
2

 
0

,0
6

6
6

 
0

,0
8

4
7

 
0

,0
3

6
 

0
,0

5
2

5
 

0
,0

6
4

1
 

0
,0

8
6

5
 

0
,1

0
4

8
 

0
,0

4
0

1
 

0
,0

5
5

4
 

0
,0

7
6

 
0

,0
9

9
3

 
0

,0
7

6
4

 
0

,1
0

1
8

 

21 , 5 
2

2
,4

2
 

2
3

,7
 

2
4

, 85 
2

9
,0

7
 

2
2

,8
6

 
2

3
,9

7
 

2
4

,4
8

 
2

3
,3

5
 

2
4

,4
3

 
2

8
,9

5
 

3
3

, 81 
2

2
,8

8
 

21 , 14 
2

2
,5

5
 

2
2

,7
6

 
2

4
,4

3
 

2
9

,0
7

 
1

7
,8

4
 

2
2

, 19 
2

5
,0

6
 

2
9

,0
7

 
3

3
,8

1
 

2
2

,2
8

 
2

4
,0

4
 

2
7

,2
7

 
2

8
,2

1
 

2
6

, 51 
2

8
,3

4
 

18 
7

2
0

 
21 

0
6

0
 

2
2

 
3

0
8

 
2

3
 

8
1

6
 

2
5

 
3

2
4

 
11 

3
3

6
 

21 
0

6
0

 
1

6
 

7
4

4
 

1
3

 
8

8
4

 
21 

5
8

0
 

2
2

 
6

2
0

 
2

3
 

6
6

0
 

17 
0

0
4

 
21 

7
8

8
 

24 
4

9
2

 
2

2
 

8
8

0
 

22 
4

6
4

 
2

4
 

6
4

8
 

1
5

 
7

5
6

 
1

8
 

4
0

8
 

1
9

 
8

6
4

 
2

3
 

8
1

6
 

2
4

 
4

9
2

 
9 

3
0

9
 

1
2

 
3

4
0

 
1

4
 

9
0

6
 

1
8

 
6

3
2

 
1

3
 

0
5

3
 

1
6

 
2

3
5

 

4
,8

3
9

 
6

,0
5

7
 

7
,5

5
0

 
7

,2
1

3
 

7
,0

4
7

 
1 , 51 2 
4

,5
1

8
 

3
,2

3
5

 
2

,7
7

0
 

4
,9

5
4

 
5

,7
6

1
 

5
,5

2
3

 
3

,6
4

8
 

6
,2

9
6

 
7

,8
1

2
 

7
,6

3
5

 
7

,0
2

3
 

6
,9

2
6

 
4

,1
8

3
 

4
,7

7
0

 
4

,9
6

8
 

6
,4

4
9

 
6

,1
9

4
 

1 , 91 7 
3

,0
9

8
 

4
,4

7
6

 
6

,6
9

8
 

2
,4

9
3

 
4

,2
4

7
 

0
,3

5
7

 
0

,3
0

5
 

0
,5

2
6

 
0

,5
3

4
 

0
,9

2
6

 
1 , 0

5
9

 
4

,1
3

7
 

2
, 7

2
7

 
1

,9
9

1
 

4
, 1

6
9

 
4

,9
6

6
 

5
,2

3
5

 
0

,5
3

2
 

1 , 01 0 
0

,9
6

5
 

0
, 9

7
4

 
0

,5
9

8
 

1
,1

3
4

 
1

, 0
8

3
 

1 , 5
4

5
 

1
, 5

0
0

 
2

, 11 8 
2

,1
5

2
 

-0
,0

0
6

 
-0

,0
9

7
 

-0
,0

8
4

 
-0

,0
5

0
 

1 , 1
0

0
 

2
,4

0
6

 

1
, 4

3
6

 
1

, 4
2

0
 

1
, 5 7

8
 

1
,3

2
3

 
1 , 1

4
3

 
1

, 2
2

4
 

1
, 0

5
9

 
1

, 2
0

0
 

1
,4

9
4

 
1 , 1 0

6
 

1 , 1 7 1 
1

, 0
2

6
 

1 , 31 2 
1

, 3
7

9
 

1
, 3

5
4

 
1 , 51 7 
1

,4
4

7
 

1
,1

8
6

 
1

, 7
5

2
 

1
, 4

6
4

 
1

, 3
0

9
 

1 , 1
8

2
 

1
, 0

7
4

 
1 , 411 
1

, 2
9

7
 

1 , 311 
1

, 2
8

3
 

0
,9

9
4

 
1 , 1 0

6
 

0
,1

0
6

 
0

,0
7

2
 

0
,1

1
0

 
0

,0
9

8
 

0
,1

5
0

 
0

,8
5

7
 

0
,9

7
0

 
1

,0
1

2
 

1 , 0
7

4
 

0
,9

3
1

 
1

, 0
0

9
 

0
,9

7
3

 
0

, 191 
0

. 221 
0

,1
6

7
 

0
,1

9
3

 
0

,1
2

3
 

0
,2

3
1

 
0

,4
5

4
 

0
,4

7
4

 
0

,3
0

9
 

0
,3

8
8

 
0

,3
7

3
 

-0
,0

0
4

 
-0

,0
4

1
 

-0
,0

2
5

 
-0

,0
1

0
 

0
,6

7
8

 
0

,6
2

6
 

0
,7

5
8

 
0

,7
6

8
 

0
,7

8
1

 
0

,7
9

1
 

0
,8

2
1

 
0

, 7
7

3
 

0
,7

8
3

 
0

,7
8

8
 

0
,7

7
7

 
0

,7
8

7
 

0
,8

2
 

0
,8

4
6

 
0

,7
7

3
 

0
,7

5
4

 
0

,7
6

9
 

0
,7

7
2

 
0

,7
8

7
 

0
,8

2
1

 
0

,7
0

9
 

0
,7

6
6

 
0

,7
9

2
 

0
,8

2
1

 
0

,8
4

6
 

0
,8

6
5

 
0

,8
7

5
 

0
,8

9
0

 
0

,8
9

4
 

0
,8

8
7

 
0

,8
9

4
 

1
,8

7
 

1
, 85 

2
,0

2
 

1
, 6

7
 

1
, 3

9
 

1 , 5
8

 
1 , 35 
1 , 52 
1

, 9
2

 
1 , 41 
1

,4
3

 
1 , 21 
1

,7
0

 
1

,8
3

 
1

,7
6

 
1 , 97 
1

,8
4

 
1 , 44 
2

,4
7

 
1 , 91 
1 • 6

5
 

1 • 44 
1 , 27 
1 • 6

3
 

1 • 4
8

 
1 , 4

1
 

1 • 4 4 
1 , 1 2 

1 , 2 4 

0
,1

4
 

0
,0

9
 

0
,1

4
 

0
, 1 2 

0
,1

8
 

1 • 11 
1 , 2

4
 

1
. 2

8
 

1
,3

8
 

1
. 28 

1 • 2 3 
1 • 1 5 
0

,2
5

 
0

,2
9

 
0

,2
2

 
0

,2
5

 
0

. 1
6

 
0

,2
8

 
0

,6
4

 
0

,6
2

 
0

,5
0

 
0

,4
7

 
0

,4
4

 
-0

,0
0

5
 

-0
,0

5
 

-0
,0

3
 

-0
,0

1
 

0
,7

6
 

0
,1

0
 



University of Cape Town

C
o

•p
u

te
d

 
F

o
rc

e
s
 

a
n

d
 
L

if
t 

a
n

d
 

D
ra

g
 
c
o

e
f
f
ic

ie
n

ts
, 

fro
m

 
P

re
s
s
u

re
 
D

is
trib

u
tio

n
s
 

••z
m

•a
•=

=
••••=

=
•s=

=
•=

•=
s•=

=
m

=
••m

•=
•••a

•a
a

ss=
a

m
=

••=
=

•a
a

sm
••••=

sz
a

:m
m

m
=

=
=

•=
=

•=
=

=
=

•=
=

=
=

•=
=

=
=

=
•a

sm
=

=
=

•=
=

=
=

=
•••=

•m
=

=
=

=
=

•=
=

=
•••••=

=
=

=
=

s 
S

•
o

o
th

 
b

e
d

: 
R

u
n

s 
1 

to
 
7

4
; 

R
o

u
g

h
 

b
e
d

: 
R

u
n

s 
7

5
 
to

 1
3

4
 

(*
 

5 
•s

m
o

o
th

; 
R

 
• 

ro
u

g
h

>
 

·
=
=
=
·
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
·
=
=
=
=
·
=
=
=
=
=
=
·
=
·
=
~
=
=
=
=
=
=
=
=
=
·
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
·
=
·
=
·
=
=
=
·
=
=
=
=
=
=
=
=
=
·
=
=
=
=
=
=
·
·
=
=
=
=
=
·
=
=
·
·
·
·
·
·
=
·
·
 

R
un 

N
o

. 

5
7

 
5B

 
5

9
 

6
0

 
61 
6

2
 

6
3

 
6

4
 

6
5

 
6

6
 

6
7

 
6B

 
6

9
 

7
0

 
71 
72 
7

3
 

7
4

 
7

5
 

7
6

 
7

7
 

7B
 

7
9

 
BO 
B1 
B

2 
B

3 
B

4 

*
D

ia
 

o
f 

C
y I In

­
d

e
r 

D
 (m

m
) 

3
0

5
 

3
0

5
 

3
0

5
 

3
0

5
 

3
0

5
 

3
0

5
 

3
1

, BR 
31 , BR 
3

1
,B

R
 

3
1

, BR 
3

1
, BR 

3
1

, BR 
3

1
, BR 

31 , BR 
3

1
,B

R
 

3
1

, BR 
3

1
,B

R
 

3
1

, BR 
52R

 

52R
 

G
ap

 
G

 
<m

m
> 

0 

1
0

 

7
9

 

1
0

 

0 

4
2

,2
 

1
0

 

G
/D

 

0 0
,3

3
3

 

2
,4

B
4

 

0
,3

1
4

 

0 O
,B

1
2

 

0
,1

9
2

 

T
A

B
L

E
 
5

.J
 

(c
o

n
tin

u
e
d

>
 

T
em

p 
( 0 c

) 

2
4

 
2

4
,2

 
2

4
,4

 
2

4
,2

 
2

4
,3

 
2

4
,5

 
2

4
,B

 
2

4
,5

 
2

4
,B

 
2

5
 

2
5

,2
 

2
5

,5
 

2
5

,6
 

2
5

,2
 

2
5

,4
 

2
5

,7
 

2
5

,9
 

2
6

 
1

9
 

2
0

 
2

0
 

1
7

 
1

7
 

1 B
 

1B
 

2
0

 
2

0
 

2
0

 

V
e
lo

c
lty

lm
/s

) 

A
v

e
ra

g
e
 

(m
/s) 

U
D

/2 

(m
/s) 

F
lo

w
 

Q
 

c,;,3/s> 

W
a
te

r 
D

e
p

th
 

H
 

<
cm

) 

R
e
y

n
o

ld
s
tF

o
rc

e
s
 

N
o

. 
-
-
-
-
-
-
-

FD
 

(N
/rn) 

FL 
(N

/rn) 

C
o

e
ffic

ie
n

ts
 

C
D

 
f 

S
, 

D
e
p

th
 

p
a
ra

­
m

e
te

r 

a
l 

C
o

e
ffic

ie
n

t 

<
;;a 1 

S.; a
l 

-------·-------·--------·-------·--------·-------·-------·-------·-------·-------·-------·------
0

,4
1

 
0

,3
3

 
0

,3
1

 
0

,4
3

 
0

,5
2

 
0

,5
5

 
0

,3
4

 
0

,4
3

 
0

,5
1

 
0

,5
7

 
0

,5
B

 
0

,5
2

 
0

,4
6

 
0

,3
5

 
0

,3
3

 
0

,4
3

 
0

,5
4

 
0

,5
B

 
0

,2
2

6
 

0
,5

1
B

 
0

,4
4

 
0

,3
6

3
 

0
,2

9
7

 
0

,4
5

3
 

0
,5

4
1

 
0

,3
B

B
 

0
,3

1
7

 
0

,2
9

7
 

0
,3

5
1

 
0

,2
7

0
 

0
,2

7
4

 
0

,3
9

4
 

0
,4

7
0

 
0

,5
0

2
 

0
,3

4
1

 
0

,4
3

B
 

0
,5

2
9

 
0

,5
B

1
 

0
,5

2
7

 
0

,4
6

B
 

0
,4

1
0

 
0

,2
B

2
 

0
,2

7
9

 
0

,3
7

9
 

0
,4

5
6

 
0

,4
9

4
 

0
,2

2
 

0
,4

5
 

0
,3

B
 

0
, 31 

0
,2

6
 

0
,3

6
 

0
,4

1
 

0
, 31 

0
,2

6
 

0
,2

7
 

0
,0

5
5

2
 

0
,0

3
B

2
 

0
,0

3
7

7
 

0
,0

5
5

4
 

0
,0

7
6

B
 

0
,0

9
B

7
 

0
,0

3
B

9
 

0
,0

5
5

7
 

0
,0

7
5

9
 

0
,1

0
0

7
 

0
,1

0
0

9
 

0
,0

7
5

9
 

0
,0

5
5

7
 

0
,0

3
B

7
 

0
,0

3
8

2
 

0
,0

5
4

7
 

0
,0

7
6

6
 

0
,1

0
1

2
 

0
,0

2
7

 
0

,1
0

5
 

0
, 075. 

0
,0

5
4

 
0

,0
4

1
 

0
,0

7
7

 
0

,1
0

5
 

0
,0

5
4

 
0

,0
4

1
 

0
,0

2
9

 

2
2

,2
 

1
9

,2
2

 
1

9
,8

9
 

21 • 11 
2

4
,3

1
 

2
9

,1
2

 
1

B
,9

4
 

2
1

. 4
3

 
2

1
. 4

8
 

2
9

,3
 

2
B

,8
6

 
2

4
,2

1
 

1
9

,9
B

 
1

B
,2

 
1

8
,7

8
 

2
0

,7
 

2
3

,4
2

 
2

8
,7

6
 

1
9

. 4 
3

3
,2

4
 

2
7

,9
2

 
2

4
,4

7
 

2
2

,4
2

 
2

7
,B

2
 

31 • B
 1 

2
3

,0
2

 
2

1
. 2

6
 

1
7

,0
6

 

11 
4

4
6

 
8 

9
0

1
 

9 
1

3
3

 
1

3
 

0
6

1
 

1
5

 
6

6
7

 
1

6
 

7
3

3
 

1
2

 
0

5
0

 
1

5
 

4
7

6
 

1
8

 
6

9
1

 
2

0
 

7
6

0
 

1B
 

B
30 

1
6

 
8

1
6

 
1

4
 

7
3

2
 

1
0

 
0

7
6

 
9 

9
9

1
 

1
3

 
6

6
4

 
1

6
 

4
7

B
 

1
7

 
8

5
1

 
11 

4
4

0
 

2
3

 
4

0
0

 
1

9
 

7
6

0
 

1
5

 
0

6
5

 
1

2
 

6
3

6
 

1
7

 
B

29 
2

0
 

3
0

5
 

1
6

 
1

2
0

 
1

3
 

5
2

0
 

1
4

 
0

4
0

 

2
,2

7
2

 
1

. 5
2

6
 

1
. 6

6
3

 
3

,0
3

7
 

4
,3

8
3

 
3

,4
8

8
 

3
,1

4
9

 
4

,5
6

4
 

6
,0

7
5

 
7

,3
6

0
 

5
. 6

9
1

 
5

,0
9

4
 

4
,4

8
0

 
2

,5
5

7
 

1 • 9
4

1
 

3
.0

1
2

 
4

,4
9

1
 

4
,6

3
7

 
2

,2
 

7
,2

6
 

5
,4

6
 

4
,3

0
 

2
,9

9
 

4
,5

3
 

6
. l1

 
3

,9
4

 
3

, 12 
3

, 1
2

 

1
,3

5
5

 
0

,9
1

2
 

0
,2

2
1

 
0

,2
6

2
 

0
,4

3
7

 
0

,3
3

0
 

-0
,0

8
1

 
-o

. 1B
1 

-0
,2

7
8

 
-0

,4
3

2
 

0
,5

7
4

 
0

,4
1

6
 

0
,4

0
4

 
0

,2
5

4
 

1
. 0

2
2

 
1 • 491 
2

, 1
9

0
 

2
,1

2
6

 
-0

,3
 

1
. 4

2
 

1 , 1
7

 
0

,4
B

 
0

,2
3

 
1

,8
7

 
2

,3
B

 
1 • 4 7 
0

,9
5

 
0

,7
9

 

1
, 2

2
9

 
1 • 3

9
6

 
1

,4
7

7
 

1
,3

0
4

 
1

, 3
2

3
 

0
,9

2
3

 
1 , 7

0
3

 
1 • 4

9
6

 
1

, 3
6

5
 

1 • 3 71 
1

,2
8

8
 

1 • 4
6

3
 

1
. 6 7

6
 

2
,0

2
2

 
1

, 56B
 

1 • 3
1

9
 

1
. 3

5
8

 
1

,1
9

5
 

1 • 7
5

 
1

. 3
7

9
 

1 • 4
5

 
1

,7
2

 
1 • 7

0
 

1
, 3

4
3

 
1

, 4
0

 
1

. 5
7

6
 

1
,7

7
5

 
1

. 6
4

5
 

0
, 7

3
3

 
O

,B
3

4
 

0
,1

9
6

 
0

, 1 1 3 
0

, 1
3

2
 

0
,8

9
7

 
-0

,0
0

4
 

-0
,0

5
9

 
-0

,0
6

2
 

-0
,0

8
0

 
0

,1
3

0
 

0
. 11 9 

0
,1

5
1

 
0

. 201 
0

,8
2

6
 

0
,6

5
3

 
0

,6
6

2
 

0
,5

4
8

 
-0

,2
3

B
 

0
,2

7
0

 
0

,3
1

7
 

0
,1

9
0

 
0

,1
3

2
 

0
,5

5
6

 
0

,5
4

4
 

0
,5

9
0

 
0

,5
4

1
 

0
,4

1
6

4
 

0
,8

6
5

 
0

,8
4

4
 

0
,8

4
9

 
0

,8
5

8
 

0
,8

7
7

 
0

,8
9

7
 

0
,8

3
2

 
0

,8
5

2
 

0
,8

7
0

 
0

. 891 
0

,8
9

0
 

O
,B

6
9

 
O

,B
4

1
 

0
,8

2
5

 
0

,8
3

1
 

0
,8

4
6

 
0

,8
6

4
 

O
,B

B
9

 
0

,7
3

2
 

0
,8

4
4

 
0

,8
1

4
 

0
,7

B
7

 
0

,7
6

8
 

0
,8

1
3

 
0

,8
3

7
 

0
,7

7
4

 
0

,7
5

5
 

0
,6

9
5

 

1
,4

2
 

1
. 6

5
 

1
,7

4
 

1
,5

4
 

1 • 51 
1

. 0
3

 
2

,0
4

7
 

1
. 7

5
6

 
1

. 5
6

9
 

1
.,5

3
9

 
1

. 4
4

 7 
1 • 6

8
 

1 • 9
9

 
2

,4
5

 
1 • 8

9
 

1
. 5

6
 

1 • 5
7

 
1 • 3

4
 

2
,3

9
 

1
. 6

4
 

1 • 7
8

 
2

. 1
9

 
2

,2
1

 
1 • 6

5
 

1
,6

7
 

2
,0

4
 

2
,3

5
 

2
,3

7
 

O
,B

5
 

0
,9

9
 

0
,2

3
 

0
. 1 3 

0
,1

5
 

0
. 1

0
 

-0
,0

0
5

 
-0

,0
6

9
 

-0
,0

7
1

 
-0

,0
9

 
0

,1
4

6
 

0
. 14 

0
. 1

8
 

0
,2

4
 

0
,9

9
 

0
,7

7
 

0
,7

7
 

0
,6

2
 

-0
,3

3
 

0
. 3

2
 

0
,3

9
 

0
,2

4
 

0
,1

7
 

0
,6

6
 

0
,6

5
 

0
,7

6
 

0
,7

2
 

0
,6

0
 



University of Cape Town

C
o

•p
u

te
d

 
F

o
rc

e
s 

an
d

 
L

ift 
an

d
 

D
rag

 
c
o

e
ffic

ie
n

ts
. 

fro
m

 
P

re
ssu

re
 
D

is
trib

u
tio

n
s
 

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
s
•
•
•
•
•
•
•
s
•
•
a
•
•
=
•
a
•
s
•
•
•
•
•
•
•
•
•
•
•
•
•
s
m
s
m
s
•
•
•
•
=
s
~
•
•
•
•
•
~
=
=
•
•
•
•
•
•
s
s
a
 

S
•o

o
th

 
b

e
d

: 
R

u
n

s 
1 

to
 

7
4

; 
R

ough 
b

e
d

: 
R

u
n

s 
75 

to
 134 

C* 
s 

• 
sm

o
o

th
; 

R
 • 

ro
u

g
h

>
 

•=
•=

=
•••••=

=
=

=
=

=
=

=
=

=
=

=
=

=
•=

=
=

=
=

=
=

=
•s=

=
=

=
=

=
=

=
=

=
=

=
=

=
•=

=
=

=
•=

=
•=

=
=

=
=

=
=

=
=

•=
=

=
=

=
=

s=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

=
=

•=
=

=
=

=
=

=
=

 
R

un 
N

o. 
*

O
la 

o
f 

C
y 11 n

­
d

e
r 

0 Cm
m

) 

G
ap 

G
 

(m
m

) 

G
/D

 
T

em
p 

(?
 c) 

V
e
lo

c
lty

C
m

/s) 

A
v

erag
et 

U
 

C
m

/s) 
D

/2 

(m
/s) 

F
lo

w
 

Q
 

Cm 3 Is) 

W
ater 

D
ep

th
 

H
 

C
 cm

) 

R
e
y

n
o

ld
slF

o
rc

e
s 

N
o. 

•
-
-
-
-
-
-

FD 
(N

/m
) 

C
o

e
ffic

ie
n

ts
 

F
L

 
1 en 

t 
c
L

 
(N

/m
) 

D
ep

th
 

p
a
ra

­
m

e
te

r 

a
l 

C
o

e
ffic

ie
n

t 

C
D

/ a
l 

S
,;a 1 

-------·------·-------·------·-------~--------------·-------·--------·------·------·-------~--------·-------·------~-------
8

5
 

8
6

 
8

7
 

8
8

 
8

9
 

9
0

 
91 
9

2
 

9
3

 
9

4
 

9
5

 
9

6
 

9
7

 
9

8
 

9
9

 
1

0
0

 
101 
1

0
2

 
1

0
3

 
1

0
4

 
1 0

5
 

1
0

6
 

1
0

7
 

1
0

8
 

1
0

9
 

11 0 
11 1 
11 2 

52R
 

5
0

S
 

5
0

S
 

5
0

S
 

3
0

S
 

3
0

S
 

0 

4
5

,5
 

1
0

 0 

6
5

,7
 

1
0

 

TA
B

LE 
5

.3
 

<
co

n
tin

u
ed

>
 0 0

, 91 

0
,2

0
 

0 2
,1

9
 

0
,3

3
3

 

2
0

 
2

0
 

2
0

 
2

0
 

21 
21 
22 
22 
22 
21 , 5 
2

1
, 5 

21 , 5 
21 
21 
21 
2

0
,5

 
2

0
,5

 
22 
2

2
 

22 
22 
22 
22 
22 
2

3
 

2
3

 
2

3
 

22 

0
,2

7
4

 
0

,3
7

9
 

0
,3

9
1

 
0

,4
5

8
 

0
,5

5
2

 
0

,5
5

9
 

0
,4

7
 

0
,3

8
8

 
0

,3
2

7
 

0
,2

5
7

 
0

,2
8

9
 

0
,3

2
7

 
o, 3

7
3

 
0

,4
7

3
 

0
,5

7
2

 
0

,5
3

7
 

0
,4

2
8

 
0

,3
5

3
 

0
,3

2
 

0
,2

5
7

 
0

,5
0

9
 

0
,6

1
6

 
0

,4
0

6
 

0
,3

4
5

 
0

,2
7

7
 

0
,3

8
8

 
0

,4
5

1
 

0
,5

2
9

 

0
,2

5
 

0
,2

6
 

0
,3

0
 

0
,3

3
 

0
,4

2
 

0
,5

2
 

0
,4

2
 

0
,3

5
 

0
,3

2
 

0
,2

7
 

0
,2

8
 

0
,2

8
 

0
,3

2
 

0
,3

8
 

0
,4

7
 

0
,3

8
 

0
,3

2
 

0
,2

6
 

0
,2

5
 

0
,2

3
 

0
,4

7
 

0
,5

5
 

0
,4

 
0

,3
6

 
0

,3
 

0
,3

4
 

0
,3

6
 

0
,4

 

0
,0

2
8

 
0

,0
4

1
 

0
,0

5
4

 
0

,0
7

7
 

0
,1

0
5

 
0

,1
0

5
 

0
,0

7
6

 
0

,0
5

5
 

0
,0

4
1

 
0

,0
3

 
0

,0
3

 
0

,0
4

1
 

0
,0

5
5

 
0

,0
7

7
 

0
,1

0
5

 
0

,1
0

5
 

0
,0

7
6

 
0

,0
5

5
 

0
,0

4
1

 
0

,0
2

8
 

0
,0

1
1

 
0

,1
0

5
 

0
,0

5
4

 
0

,0
4

1
 

0
,0

2
9

 
0

,0
4

1
 

0
,0

5
5

 
0

,0
7

7
 

1
6

,9
9

 
2

0
,7

1
 

2
2

,8
6

 
2

7
,5

2
 

3
1

, 3
9

 
3

0
,9

9
 

2
6

,5
9

 
2

3
,3

4
 

2
0

,3
9

 
1

8
,9

5
 

1 7
, 21 

2
0

,6
0

 
2

4
,2

8
 

2
6

,6
4

 
3

0
,0

8
 

3
2

, 1
0

 
2

9
,3

4
 

2
5

, 61 
21 , 5

4
 

1
8

,1
3

 
2

4
,7

7
 

2
8

,0
9

 
2

2
,0

 
1

9
,3

0
 

1
7

,2
1

 
1

7
,3

7
 

1
9

,9
5

 
2

3
,8

3
 

1
3

 
0

0
0

 
1

3
 

5
2

0
 

1
5

 
6

0
0

 
1

7
 

1
6

0
 

21 
8

4
0

 
2

6
 

0
0

0
 

21 
0

0
0

 
1

7
 

5
0

0
 

1
6

 
0

0
0

 
1

3
 

5
0

0
 

1
4

 
0

0
0

 
1

4
 

0
0

0
 

1
6

 
0

0
0

 
1

9
 

0
0

0
 

2
3

 
5

0
0

 
1

9
 

0
0

0
 

1
6

 
0

0
0

 
1

3
 

2
6

5
 

1
2

 
7

5
5

 
11 

7 35 
1.4 

3
8

8
 

1
6

 
8

3
7

 
1

2
 

2
4

9
 

11 
0

2
0

 
9 

3
7

5
 

1
0

 
6

2
5

 
11 

2
5

0
 

1
2

 
245 

3
,2

1
 

3
,1

4
 

3
,6

2
 

4
, 51 

5
,8

5
 

8
,9

8
 

6
,7

8
 

5
,2

6
 

4
,1

5
 

2
,6

2
 

3
,0

7
 

3
,0

9
 

3
,4

1
 

5
, 61 

6
,8

7
 

5
, 31 

3
,8

6
 

2
,8

4
 

2
,8

8
 

2
, 1

4
 

4
,8

3
 

6
,6

5
 

3
,3

2
 

2
,5

6
 

1 /8
5

 
2

,2
5

 
2

,6
4

 
3

,0
9

 

1 , 4 2 
1

,6
3

 
1

,9
3

 
2

,4
4

 
3

,3
7

 
0

,2
7

 
0

,1
7

 
0

,0
8

 
-0

,0
1

 
-0

,0
6

 
0

,4
6

 
0

,5
3

 
0

,5
4

 
1 , 24 
1

,8
3

 
3

,8
2

 
1

, 44 
0

,7
8

 
0

,8
7

 
0

,9
9

 
-0

,1
7

 
-0

,2
9

 
-0

,2
1

 
-0

,3
0

 
-0

,1
8

 
0 0

,0
6

 
0

,2
0

 

1
, 9

7
8

 
1 , 7

8
4

 
1

, 5
4

9
 

1
, 5

9
4

 
1

, 2 7
6

 
1 , 3

2
9

 
1

,5
3

8
 

1 , 71 8 
1 , 6

2
 

1 , 4
3

8
 

1
,5

6
5

 
1 , 5

7
9

 
1

,3
3

 
1 , 4

2
9

 
1

, 2
4

4
 

1 , 4 7 

1 • 5
0

9
 

1
, 6

7
8

 
1

, 8
4

6
 

1 , 6
1

9
 

1
, 4 5

9
 

1 , 4
6

5
 

1
,3

8
5

 
1 , 31 5 
1

, 3 7
3

 
1

, 2
9

9
 

1
. 3

5
7

 
1

, 2
8

5
 

0
,8

7
5

 
0

,9
2

7
5

 
0

,8
2

5
 

0
,8

6
2

 
o

,7
3

6
 

0
,0

4
0

2
 

0
,0

3
7

4
 

0
,0

2
5

4
 

-0
,0

0
2

5
 

-0
,0

3
5

3
 

0
,2

3
4

 
0

,2
6

9
 

0
,2

0
9

9
 

0
,3

4
2

7
 

0
,3

3
1

1
 

1
, 0

5
9

 
0

,5
6

4
 

0
,4

6
3

 
0

,5
5

4
 

0
, 7

5
1

3
 

-0
,0

5
0

 
-0

,0
6

3
1

 
-0

,0
8

8
6

 
-0

,1
5

4
 

-o
, 1 3

3
 

-0
,0

0
1

 
0

,0
3

3
2

 
0

,0
8

4
3

 

0
,6

9
4

 
0

, 7
4

9
 

0
,7

7
3

 
0

, 81 1 
0

,8
3

4
 

0
,8

3
9

 
0

,8
1

2
 

0
,7

8
6

 
0

,7
5

5
 

0
,7

3
6

 
0

,7
0

9
 

0
. 7

5
7

 
0

,7
9

4
 

0
,8

1
2

 
0

,8
3

4
 

0
,8

4
4

 
0

,8
3

 
0

,8
0

5
 

0
,7

6
8

 

0
. 7

2
4

 
0

,8
7

9
 

0
,8

9
3

 
0

,8
6

4
 

0
,8

4
5

 
0

,8
2

6
 

0
,8

2
7

 
0

,8
5

 
0

,8
7

4
 

2
,8

5
 

2
,3

8
 

2
,0

0
 

1 i 9
7

 
1

i5
 3 

1 i 5
8

 
1 i 8

9
 

2
. 1

9
 

2
,1

5
 

1 , 9
5

 
2

, 21 
2

,0
9

 
1 , 6

8
 

1 , 7
6

 
1

, 4
9

 
1 , 7 4 
1

,8
2

 
2

,0
8

 
2

,4
0

 
2

,2
4

 
1

. 6
6

 
1 , 6

4
 

1
, 6

0
 

1 • 5
6

 
1

, 6
6

 
1 , 5 7 
1 , 6 
1

,4
7

 

1 , 0
0

 
1 , 2

4
 

1
, 0

7
 

1
, 0

6
 

0
,8

8
 

0
,0

5
 

0
,0

5
 

0
,0

3
 

-0
,0

0
3

 
-0

,0
5

 
0

,3
3

 
0

,3
6

 
0

,2
6

 
0

,4
2

 
0

,4
0

 
1 , 2

5
 

0
,6

8
 

0
,5

8
 

0
,7

2
 

1 • 0
4

 
-0

,0
1

5
 

-0
,0

7
 

-o
, 1

0
 

-0
,1

8
 

-0
,1

6
 

-0
,0

0
1

 
0

,0
4

 
0

. 1
0

 



University of Cape Town

C
o

•p
u

i"ed
 

F
o

rc
e
s 

a
n

d
 
L

ift 
a
n

d
 

D
rag

 
c
o

e
ffic

ie
n

ts
, 

fro
m

 
P

re
s
s
u

re
 

D
ls

trlb
u

i"
lo

n
s
 

====·====···===·================·==========·===•=======••=.============·=================·======================================= 
S

•o
o

i"h
 

b
e
d

: 
R

u
n

s 
1 

to
 

7
4

; 
R

o
u

g
h

 
b

e
d

: 
R

u
n

s 
7

5
 
to

 
1

3
4

 <* 
S 

=
 

sm
o

o
th

; 
R

 
=

 
ro

u
g

h
) 

====m
====••=•===============•=======•============•==•====•==============================•================•===============s=•==== 

R
un 

N
o. 

*
D

lti 
o

f 
C

y 11 n
­

d
e
r 

D
 Cm

m
) 

G
ap 

G
 

tm
m

> 

G
/D

 
T

em
p 

('? c) 
V

e
lo

c
lty

(m
/s

) 

A
v

e
ra

g
e
 

(m
/s) 

U
D

/. 2 
(m

/s) 

F
lo

w
 

0 
crn31s> 

W
a
te

r 
D

e
p

th
 

H
 

C
 cm

> 

R
e
y

n
o

ld
s
tF

o
rc

e
s
 

N
o. 

-
-
-
-
-
-

F
 

F
 

D
 

L 
(N

/m
) 

(N
/m

) 

C
o

e
ffic

ie
n

ts
 

c 
1 c 

D
 

L
 

D
e
p

th
 

p
a
ra

­
m

e
te

r 

a
l 

C
o

e
ffic

ie
n

t 

C
D

/ a
l 

S..;a 1 

--·-----·------·-------·------·----------------------·-------·--------·------·------·-------·--------·-------·------·-------
1

1
3

 
1

1
4

 
11 5 
1

1
6

 
11 7 
11 B

 
1

1
9

 
1

2
0

 
1 21 
1

2
2

 
1

2
3

 
1

2
4

 
1

2
5

 
1

2
6

 
1

2
7

 
12B

 
1

2
9

 
1

3
0

 
1 31 
1

3
2

 
1

3
3

 
1

3
4

 

3
0

$
 

31 , BR 

3
1

, BR 

31 , BR 

0 

6
4

,4
 

10 0 

0 2
,0

2
5

 

0
,3

1
4

 

0 

22 
22 
21 
21 
21 
21 
22 
21 • 5 
21 • 5 
21 • 5 
2

0
 

2
0

 
21 
21 
21 
21 • 5 
21 • 5 
21 • 5 
21 • 5 
21 
21 
22 

0
,6

2
5

 
0

,2
7

9
 

0
,2

B
4

 
0

,3
6

6
 

0
,4

1
B

 
0

,4
9

B
 

0
,5

B
1

 
0

,4
9

1
 

0
,4

0
1

 
0

,3
3

 
0

,2
1

2
 

0
,5

9
7

 
0

,6
1

9
 

0
,5

3
4

 
0

,4
2

2
 

0
,3

6
7

 
0

,2
9

5
 

0
,2

B
9

. 
0

,3
5

7
 

o, 4
1

3
 

0
,4

9
B

 
0

,5
7

B
 

0
,4

5
 

0
,2

5
 

0
,2

3
 

0
,2

B
 

0
. 3.0 

0
,3

3
 

0
,4

0
 

0
,0

5
 

0
,3

7
 

0
. 31 

0
,2

7
 

0
,5

4
 

0
,4

6
 

0
,4

0
 

0
,3

3
 

0
. 31 

0
,2

7
 

0
,2

2
 

0
,2

B
 

0
,3

0
 

0
,3

5
 

0
,4

 

0
,1

0
5

 
0

,0
2

7
 

0
,0

2
7

 
0

,0
4

1
 

0
,0

5
5

 
0

,0
7

6
 

0
,1

0
5

 
0

,0
7

6
 

0
,0

5
4

 
0

,0
4

1
 

0
,0

2
7

 
0

,1
0

5
 

0
,1

0
5

 
0

,0
7

6
 

0
,0

5
4

 
0

,0
4

1
 

0
,0

2
B

 
0

,0
2

7
 

0
,0

4
1

 
0

,0
5

4
 

0
,0

7
7

 
0

,1
0

5
 

2
7

,5
4

 
1

5
,9

5
 

1
5

,6
4

 
1

B
.4

2
 

21 • 5 3 
2

5
,2

4
 

2
9

,6
4

 
2

5
,5

2
 

2
2

,1
B

 
2

0
,4

4
 

1 7
. 4

5
 

2
B

,B
2

 
2

7
,7

9
 

2
3

,5
2

 
2

1
. 0

4
 

1
B

.1
4

 
1

5
,4

3
 

1
5

,3
7

 
1

B
,6

5
 

21 • 5
0

 
2

5
,3

2
 

2
9

. 77 

1
3

 
7

6
0

 
7 

6
5

3
 

6 
9

0
0

 
B

 
4

0
0

 
9 

0
0

0
 

9 
9

0
0

 
1

2
 

2
4

5
 

1
4

 
6

3
6

 
1

2
 

0
3

4
 

1
0

 
O

B
3 

B
 

6
9

4
 

1
7

 
3B

B
 

14 
B

12 
1

2
 

BBO
 

1
0

 
6

2
6

 
1

0
 

O
B

3 
B

 
7B

2 
7 

1
5

6
 

9 
1

0
7

 
9 

6
6

0
 

11 
2

7
0

 
1

3
 

1
4

3
 

4
,2

2
 

1 • 1 7 
1 • 21 
1 • 5

4
 

1 • 7
3

 
2

. 31 
2

,6
6

 
4

,6
4

 
3

,3
4

 
2

,3
2

 
1

. 6
3

 
6

. 35 
4

,2
9

 
3

,4
4

 
2

,5
6

 
2

. 11 
1 • 6

2
 

1
. 35 

1
. B

9 
_ 2

. 12 
2

,4
0

 
3

,0
9

 

0
,3

2
 

-o
. 04 

0
,2

1
 

0
,3

7
 

1
,0

0
 

1 • 2
0

 
1 • 41 
0

,2
0

 
-0

,0
2

 
0

,0
2

 
0

,1
0

 
0

. 15 
0

,5
5

 
0

,3
0

 
0

,1
6

 
0

, 13 
0

. 12 
0

,3
7

 
0

,6
5

 
0

,6
7

 
1 • 4

2
 

1 • 2
0

 

1
,3

B
9

 
1 • 24B

 
1

. 52B
 

1
. 3

0
9

 
1

,2
B

3
 

1 • 41 2 
1

,1
0

9
3

 
1

, 4
2

4
 

1 • 5 1 5 
1 • 5 0 

1
. 3B

5 
1 • 3

5
3

 
1

, 2
5

9
 

1
. 3

3
7

 
1

. 4
6

2
 

1 • 3
6

3
 

1
,3

B
 

1
. 7

2
6

 
1

,4
9

5
 

1 • 4
6

4
 

1 , 21 B
 

1 • 201 

0
,1

0
5

4
 

-0
,0

4
6

 
0

,2
6

5
 

0
,3

1
7

 
0

,7
3

9
 

0
,7

3
7

 
0

,5
B

9
 

0
,0

6
1

7
 

-0
,0

1
1

2
 

0
,0

1
0

4
 

O
,O

B
64 

0
,0

3
1

3
 

0
,1

6
1

 
0

, 11 5 
0

,0
9

2
5

 
O

,O
B

2
2

 
0

, 101 
0

,4
6

9
 

0
,5

1
B

 
0

,4
6

2
5

 
0

,7
2

2
5

 
0

,4
6

5
B

 

. O
,B

91 
O

,B
1

2
 

O
,B

O
B

 
O

,B
3

7
 

O
,B

61 
O

,B
B

1 
O

,B
9

9
 

O
,B

7
5

 
O

,B
5

7
 

O
,B

4
4

 
O

,B
1B

 
O

,B
9

0
 

O
,B

B
6 

O
,B

6
5

 
O

,B
4

9
 

O
,B

2
5

 
0

,7
9

4
 

0
,7

9
3

 
O

,B
2

9
 

0
, B

52 
O

,B
7

4
 

O
,B

9
3

 

1
,5

6
 

1 , 54 
1

, B
9 

1 , 5
6

 
1

, 4
9

 
1 • 6

0
 

1 , 2 3 
1

,6
3

 
1

,7
7

 
1 • 7B

 
1

,6
9

 
1 , 52 
1

,B
O

 
1 , 5

5
 

1
,7

2
 

1 , 65 
1

,7
4

 
2

, 1 B
 

1
. BO

 
1 , 7

2
 

1 • 3
9

 
1 , 35 

0
,1

2
 

0
,0

6
 

0
,3

3
 

0
,3

B
 

O
,B

6
 

0
,8

4
 

0
,6

6
 

0
,0

7
 

-o
 ,0

1
 

0
,0

1
2

 
0

, 11 
0

,0
4

 
0

,1
B

 
0

, 1
3

 
0

. 11 
0

, 1
0

 
0

,1
3

 
0

,5
9

 
0

,6
3

 
0

,5
4

 
0

,8
3

 
0

,5
2

 
=
=
=
=
~
=
=
=
=
=
=
=
~
=
=
=
=
=
=
~
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
~
=
=
=
=
=
=
=
~
=
=
=
=
=
=
=
~
=
=
=
=
=
=
=
=
~
=
=
=
=
=
=
~
=
=
=
=
=
=
~
=
=
=
=
=
=
=
~
=
=
=
=
=
=
=
=
e
=
=
=
=
=
=
=
*
=
=
=
=
=
=
~
=
=
=
=
=
=
=
 

T
A

B
L

E
 

5
.3

 
(c

o
n

i"ln
u

e
d

) 



Univ
ers

ity
of

Cap
e Tow

n

-------------- ------- =======-=======-========-======-============= ====== 
Run Cyl. UD/ veff R en S, CU; a S.1 dia e 2 

(m/s) al (mm) (m/s) 1 

------- ------- ======= -------- ====== ------ ------ --------- ------- ------- -------- ------ ------ ------
1 50s 0,215 0,209 10 470 1,17 0,70 1,49 0,90 

12 0,194 0,189 9 447 1,69 1,03 2,24 1,36 

13 0,337 0,328 16 411 1,20 0,81 1,50 1,01 

14 0,37 0,36 18 018 1,25 0,94 1,55 1,17 

15 0,397 0,386 19 333 1,33 1,01 1,68 1,26 

55 30S 0,474 0,462 12 713 1,04 0,71 1,18 0,80 

56 0,59 0,575 15 812 1,17 0,66 1,31 0,74 

57 0,41 0,40 11 148 1,30 0,77 1,50 0,90 

58 0,33 0,32 8 670 1,47 0,88 1 7:4 
I . 1,04 

32 52R 0,218 0,212 11 040 1,29 0,90 1,67 1,17 

33 0,405 0,394 20 511 1,08 1,02 1,42 1,31 

34 0,322 0,314 16 308 1,27 1,07 1,60 1,35 

35 0,267 0,26 13 522 1,57 1,13 2,02 1,45 

36 0,415 0,404 21 018 1,17 0,98 1,49 1,35 

48 0,435 0,424 22 031 1,23 1,06 1,51 1,30 

49 0,455 0,443 23 044 1,08 1,03 1,28 1,21 

71 31,8R 0,279 0,272 9 731 1,65 0,87 1,99 1,04 

72 0,379 0,369 13 308 1,39 0,69 1,64 0,81 

73 0,456 0,444 16 050 1,43 0,70 1,66 0,81 

74 0,494 0,481 17 400 1,26 0,58 1,41 0,65 
===-=======-=======-=======-========-====== ======·======-====== 
G/D = 0: Smooth bed oo1y 

(S = smooth: R = rough) 

TABLE S.4(a): LIFT AND DRAG COEFFICIENTS, USING 
EQUATION (5.9) - VALUES CORRECTED FOR VARYING DEPTH 
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=====-======-========-=========-========= ========-========== 
Run 

----------
100 

101 

102 

103 

104 

115 

116 

117 

118 

119 

85 

86 

87 

88 

89 

130 \ 

131 

132 

133 

134 

Cyl •. 
dia 
(nun) 

====== 
50S 

30S 

52R 

31,SR 

UD/ 
2 

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

0,38 

0,32 

0,26 

0,25 

0,23 

0,23 

0,28 

0,30 

0,33 

0,40 

0,25 

0,26 

0,30 

0,33 

0,42 

0,22 

0,28 

0,30 

0,35 

0,40 

veff 
(m/s) 

========= 
0,37 

0,312 

0,253 

0,243 

0,224 

0,224 

0,273 

0,292 

0,321 

0,39 

0,243 

0,253 

0,292 

0,321 

0,409 

0,214 

0,273 

0,292 

0,341 

0,39 

--------- -------- ------------------- -------- ----------
18 505 1,83 1,32 

15 583 1,92 0,72 

12 919 2, 19 I 0,61 

12 423 2,53 0,76 

11 429 2,36 1,10 

6 720 1,99 0,35 

8 181 1,64 0,40 

8 766 1,57 0,91 

9 642 1,69 0,89 

11 926 1,30 0,70 

12 661 3,00 1,05 

13 168 2,51 1,31 

15 194 2,11 1,13 

16 713 2,08 1,12 

21 271 1,61 0,93 

6 970 2,30 0,62 

8 870 1,90 0,66 

9 408 1,81 0,57 

10 976 1,47 0,87 

12 801 1,42 0,52 
=====-======-========-=========-==========-========-========= 
G/D = 0: Rough bed only 

(S = smooth: R = rough) 

TABLE 5.4 (b): LIFT AND DRAG COEFFICIENTS, USING 
EQUATION (5.9) - VALUES CORRECTED FOR VARYING DEPTH 
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Berl Run C'ylinder Gap G/D UD/ veff R CD/ cl/ condi- dia G e 2 Cm/s) al al ti on D (nm) Cm/s) 
(nm) 

s 22 50S 10 0,2 0,321 0,316 15 802 2,38 0,42 
23 0,356 0,351 17 525 1,74 0,26 
24 0,39 0,384 19 200 1,64 0,27 
25 0,417 0,411 20 528 1,55 0,26 
26 0,437 0,430 21 513 1,43 0,24 
42 52R 10 0,192 0,303 0,298 15 513 2,55 0,66 
43 0,354 0,439 18 124 1,97 0,64 
44 0,382 0,376 19 557 1,70 0,52 
45 0,458 0,451 23 448 1,49 0,48 
50 0,471 0,464 24 114 1,31 0,45 
59 30S 10 0,333 0,274 0,271 9 042 1,78 0,23 
60 0,394 0,39 12 930 1,57 0,13 
61 0,470 0,465 15 510 1,54 0,15 
62 0,502 0,497 16 566 1,05 0,10 
67 31,8R 10 0,314 0,527 0,522 18 642 1,48 0,15 
68 0,468 0,463 16 648 1,71 0,14 
69 0,410 0,406 14 585 2,03 0,18 
70 0,282 0,279 9 975 2,50 0,24 

7 50S 30 0,6 0,32 0,319 15 952 1,79 0,03 
8 0,405 0,404 20 189 2,10 0,04 
9 0,471 0,47 23 479 1,90 I 0,04 

10 0,491 0,49 24 476 1,94 0,001 
11 0,454 0,453 22 632 1,91 0,06 
37 52R 28,8 0,554 0,327 0,326 16 953 1, 71 0,25 
38 0,419 0,418 21 723 1,84 0,29 
39 0,471 0,47 24 419 1,77 0,22 
40 0,44 0,439 22 811 1,98 0,25 
41 0,432 0,431 22 397 1,85 0,16 
46 0,474 0,473 24 574 1,44 0,28 

R 80 52R 10 0,192 . 0,36 0,354 17 554 1,70 0,70 
81 0,41 0,394 19 991 1,72 0,67 
82 0,31 0,305 15 871 2,10 0,78 
83 0,26 0,256 13 311 2,42 0,74 
84 0,27 0,266 13 823 2,44 0,62 
95 50S 10 0,20 0,28 0,276 .13 783 2,28 0,34 
96 0,28 0,276 13 783 2,16 0,37 
97 0,32 0,315 15 753 1,73 0,27 
98 0,38 0,374 18 707 . 1,82 0,43 
99 0,47 0,463 23 137 1,54 0,41 

110 30S 10 0,333 0,34 0,337 10 519 1,60 ~.001 

111 0,36 0,356 11 138 1,63 0,04 
112 0,4 0,396 12 123 1,50 0,10 
113 0,45 0,446 13 622 1,59 0,12 
114 0,_25 0,248 7 576 1,57 0,06 
125 31,8R 10 0,314 0,46 0,455 14 664 1,84 0,18 
126 0,40 0,396 12 751 1,58 0,13 
127 0,33 0,327 10 520 1,75 0,11 
128 0,31 0,307 9 982 1,68 0,10 
129 0,27 0,267 8 694 1,78 0,13 

TABIE 5.4(C): LIFl' AND DRAG CX>EFFICIENrS, US~ REFERENCE VELOCITY ~ CE 
IUlATIOO (5.13) - values corrected for varyiIKJ depth 

( 
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Jones (1971) fotmd that his experimental results were correlated 

best, by using the effective velocityVeff' as the reference 

velocity in calculating the lift and drag ooeff icients. He defined 

the effective velocity as 

1 D 2 

v~ff = n f o [u (y~ dy (5.8) 

where U(y) is the velocity that VJOuld exist in the lx>undary 

layer, if the cylinder was not present. To calculate the 

effective velocity, Jones suggested one of the following 

procedures: 

(i) If the velocity profile has been measured, equation 

(5.8} can be applied. It implies that the area under 
2 . 

the U versus y curve between y = o and y = D has to 

be obtained. This area divided by D generates 
2 

veff" 

(ii} The velocity profile in the boundary layer of the flume 

can be approximated by using the !/7th power law. The 

following expression for the effective velocity for a 

cylinder resting on the flume bed was derived: 

2 2 
veff = 0,778 u1 

(~ ) 0,286 
Y1 

where u1 is the measured at the height y1 above the bed. 

(5.9) 

An analysis of lx>th procedures suggested by Jones was· Cbne for a 

few situations . Very gcxx1 correlation was found between the two 

methods, with the graphical met.hods being very tine consuming. The 

results are indicated in Tables 5.4 (a) and (b). 
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The variation in p:>sition of the front stagnation p:>int, due to 

shear flow over a pipe was investigated by Fredsoe and H:msen 

(1984). They explained that the lift acting on pipelines with a 

small gap, is caused by the fact, that the front stagnation p:>int 

noves towards the b:>ttan. They further stated that the lift force 

must be based on Us, the far field velocl ty at distance s fran the 

bed in sh~<ir flow; refer to Figure 5. 2 below. 

0 

/// 

e 

Fig. 5.2: (a) Flow around cylinder; (b) Pressure distribution on 

cylinder (Fredsoe and H:msen, 1984). 

They oonse:iuently dedu:::ed the following expression for S'c, the 

distance fran the bed to the stagnating streamline far upstream of 

the cylinder: 

u 
S, = top G 

c v 
(5 .10) 

where Ut 'is the velocity at the top of the cylinder, with op 
the cylinder in place; V is the average velocity frcin the 

bed to the stagnating streamline, distance.Sc fran the bed. 

Values for iSc were calculated for seine of the present test runs. 

Lift and drag ooefficients could then be detennined, using the 

me:tsured velocities Us fran the recorded velocity profiles (Table 

s.s). 
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Roshko (1961) corrected velocities and drag coefficients for 

bl~kage effects by making use of the formulae of Allen and 

Vincenti: 

C t d C C, [ 1 - _21 CD' (-HD) - 2 ,5 (-HD)1] orrec e D = D 

where CD = measured drag coefficient 

UD/2 = measured velocity 

(5 .11) 

(5. 12) 

However, he investigated syrrmetrical flow around a cylinder in air. 

Equations (5.11) and {5.12) enabled lbshko to correct for wall 

interference effects. 'lb facilitate conpariscn with other methods, 

these equations were applied to sane situations (refer to Table 

s. 5). 

5.2.4 Kinematic Viscosity due to 'l'errperature Changes 

The following known values for the kinematic viscosity of water, v, 
were used to calculate Reynolds number: 
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Temperature (°C) Kinene.tic viscosity (m2/s) 

(x 10-6) 

14 1,172 

15 1,141 

16 1, 112 

17 1,084 

18 1,057 

19 1,032 

20 1,007 

21 0,983 

22 0,960 

23 0,938 

24 0,917 

25 0, 897 

26 0, 877 

27 0,858 

Kinematic visa:>sities for intennediate temperatures were detennined 

by interpolation.· 

All the calculated results, including Re~ Fo, FL, CD, Cr.., a 1 
and the reference velocities, are indicated in Tables 5.3 and 5.4. 

5. 3 Pressure Distributions · . 

Pressure distribution profiles for ea.di of 26 different cx:xri:>inations 

of variables, are shown in Figs. 5. 4 to 5. 29. The various sets of 

pressure readings are not included in this dissertation, but are 

available fran the author. 
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Various flow velocities generated similar pressure distributions for 

the same conbination of variables. 'nlree plots, respectively of 

velocities Uo/2 of 0,35 m/s, 0,42 nifs and 0,52 nifs, are shown in 

Fig. 5.3 for a 50 nm SITT:X)th cylinder, at a clearance distance of 

45, 5 nm fran a rough bed. Due to this similarity, only plots of 

different cx:xri:>inations are indicated (Figs. 5.4 to 5.29). Pressure 

values on the plots are indicated in centimetres water, and the 

value of the static water pressure is shown as a horizontal line in 

each case. All the plots are grouped together at the end of the 

chapter, for easy reference. 

A sumnary of the 26 different testing cx:xri:>inaticos mentioned above, 

is given in Table 5. 6: approx.i.na.te locations of the front 

stagnation and separation points, are also indicated in the table. 

Ccmnents on various characteristics of the plots are given below • 

. The press':lr'e ooefficients of various cylinder to bed locations are 

discussed in Section 5.6. 

5.3.1 Front Stagnation Ibint 

The front stagnation point is CX>nsidered the location at the front 

of the cylinder, Where the maximum f05itive pressure reading 

occurs. These locations, as measured and represented graPhically, 

are indicated in Table 5.6. 

(i) Clearance = 0: 

When the cylinder was positioned on the bed, an alrcost 

constant naximum pressure was measured in the region 280P 

to 36~ {i.e. the zone fran the front centre point 

tov.ards·the bed), for the srn:x>th 50 nm diarreter cylinder. 
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With'a rough bed, the naximum pressure with the same 

cylinder, was recorded at 36f! • 

The pressures at W° and 350° indicate that the naximum 

pressure occurs between 35~ and 360° : the pressure at 

350° , is higher than that meastired at 10° • The location 

of the stagnation p:>int ooncerned, is therefore indicated as 

360- in Table 5. 6. The same principle was applied when 

detennining the stagnation points for the other cxnbinations 

of variables, and is indicated as such in Table 5.6. 

The smaller cylinder (srrooth), experienced naximun pressures 

in the region 290° to 360° (sm:x:>th bed) and 360 .... (rough 

bed). 

With the roughened 50 nm cylinder, placed on the bed, the 

locations of the naximum pressure point were at alnost 

identical locations in ccmparison to the srrooth 50 nm 

. cylinder. 

(ii) Clearances of 10 nm to 30 nm (0,2 ~ G/D ~ 0,6): 

Fran all the pressure distributions measured at these 

clearances, there is a clear indication that the stagnation 

point is located betv.ieen 350·0 and 360°, i.e., slightly 

tov.erds the bed fran the centre point at the front of the 

cylinder. The pressure distributions at· clearances beyond 10 

nm (G/D > 0, 2), are virtually synmetrical around the zero 

point: the pressure at 350·0 exceeds that at 10° by a 

small margin {Figs. 5.12, 5.13 and 5.22 to 5.25). 
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(iii) Clearances beyond 30 mm (G/D > 0,6): 

The pressure distributions indicate that the stagnation point 

is indeed at 0° or 360°, the front centre point of the 

cylinder. In some cases (with G/D > 1.2) the front 

stagnation point appears to be located slightly above the 

front cylinder centre, i.e. displaced towards the 10° 

pressure recording location. These cases are indicated as 

360+ in Table 5.6. The location of the front stagnation 

point possibly resulted in a net downward force on the 

cylinder. 

The above observations are in accordance with the findings of 

Fredsoe and Hansen (1984): As the gap, between cylinder and bed, 

becomes very small, the front stagnation point moves towards the 

bed. 

5.3.2 Separation Point 

The flow follows the shape of the cylinder, until it separates from 

its wall at the point where the ski~ friction vanishes. 

Geometrically, this separation point of the boundary layer coincides 

with the point (e.g. point A in Fig. 5.3) where the pressure 

profile's linearly increasing gradient (beyond the maximum negative 

turning point) suddenly drops to become zero in the wake region 

behind the cylinder. The pressure value at the separation point is 

therefore approximately equal to the base pressure, i.e. the average 

pressure in the wake zone. Depending on the clearance between the 

cylinder and the bed, a similar second separation point could occur 

near the bottom of the cylinder: refer to point B in Fig. 5.3. 

With all the cylinders on the bed, only one separation point was 

geometrically identified, except with the smooth and rough 50 mm 

diameter cylinders on a rough bed. A second separation point at 
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ait>roxirnately 240° occurred as a result of "leakage" through the 

cylinder-rough-bed interface. · 

'lbe p:>Sition of the separation point was experinentally detennined 

by Achenbach ( 1968), when he ci>tained pressure and skin friction 

distributions around a cylinder in symnetrical flow, in air. Fran 

his results, one can gather that in the subcritical region 

(R < 3 x 105 ), the position of the separation point was 
e 

(i) int seriously influenced by the span-diameter ratio of 

various test cylinders; 

(ii) indepeiident of the Reynolds mmt>er, except at Re'= 1, 5 x 105 

where there was a sudden rise in the separation angle, 

indicating the beginning of the decreasing trend of the total 

drag coefficient en. 

From the pressure plots (Figs. 5.4 to 5.29), it is evident that the 

span-diameter ratio (12 and 20 for the 50 nm and 30 nm cylinders 

respectively), <Des int affect the shape of the pressure profiles 

or the location of the separation points. Dedt£tion (ii) above, 

regarding the separation point being independent of Re, is also 

ai:plicable to the Reynolds ntmber range of the present study. 

Further, Fig. 5.3. shows that a change in Reynolds ntmber (or 

different flow velocities for the same cylinder arrangenent) does 

not influence the shape of the prE75sure profile; the separation 

angle is therefore oot affected. 

'!he relationship between the separation angle and G/o (gap­

diameter ratio), is graprically indicated in Fig.5.30 for a snooth 

bed only. Fran the gra,Ph it is clear that for roughened 

cylinders the roundary layer separates fran the cylinder at a later 

stage, than is the case with sno:>th cylinders. Except for the one 
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separation p::>int, when the cylinder is en the bed, two separation 

points occur at all clearances and generally at corresponding 

angular positions (also refer to Table 5.6). 

5. 3. 3 Minilm..m Pressure Fbint 

The rel;ationship between the minimum pressure angle and G/D, is 

graphically indicated in Fig. 5.31 for a srrooth bed. All the 

minimum pressure locations for the 74 SIIOOth bed runs are shown in 

Table 5. 8. As with the separation angle, these locations are 

independent of Reynolds number and are essentially detennined by the 

G/D ratio. 

The minimum pressure locations e min for both srrooth and rough 

cylinders occur at approximately the same angles on the upper side 

Of the cylinders, i.e. fran 60° to 70° I with 0mm for the rough 

cylinder at a slightly larger angle up to q/D = 0,5 and beyond 1,4. 

At the lower side of the cylinder, all the minimum pressure p::>ints 

(or maximun velocity p::>ints) for rough cylinders were located 

further fran the front centre .i:oint of the cylinder, in cx::mp:trison 

to'srrooth cylinders. 

5.3.4 Shape of Pressure Profiles 

General carments en the shapes of the pressure plots at various 

clearances are as follows: 

(i) Clearance = 0: 

The roughened cylinders (on a sm:x>th bed) experienced a fair 

increase in pressure at the rear of the cylinder, in the wake 

zone (Figs. 5.4 to 5. 7). 'Ihe same situation, although not as 
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pronounced, was observed with the cylinders on a rough bed 

(Figs. 5.18 to 5.21). However, the shapes of the pressure 

profiles are similar for all snooth bed C".ases; rough bed 

profiles are also similar. As expected, the snooth bed 

situations showed a very sudden increase at 27ri' , the 

contact p::>int with the bed. 

(ii) Clearance= 10 nm; 50 nm cylinder (G/D = 0,2): 

Roughening of the cylinder again generated an increase in the 

alnost C".Onstant wake zone pressure, behind the cylinder. The 

same phenanenon was observed for snooth and rough bed tests. · 

(Figs. 5.8, 5.9, 5.22, 5.23). 

(iii) Clearance = 10 nm; 30 nm cylinder (G/D = approx 0, 3): 

The same situation, as observed in (ii) above, is noted here 

(Figs. 5.10, 5.11, 5.24, 5.25). Further, it is noticed fran 

the pressure profiles that a synmetrical flow situation is 

starting to develop. 

(iv) Clearance= 30 nm; 50 nm cylinder (G/D = approx 0,6): 

Except for a hump in the wake zone of the snooth cylinder, 

the trend of the pressure profile was similar to what is 

reported in (iii) above (Figs. 5.12 and 5.13). 

Gap-diameter ratios of 0,81 and 0,91, with the same cylinder 

. produced similar plots (Figs. 5. 26 and 5. 27) • Gap-diameter ratios 

beyond 1,1 (Figs. 5.14 to 5.17, 5.28 and 5.29), indicated further 
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development of the pressure distributions towards.the approaC'hing of 

symnetrical flow. In all situations, roughening of the cylinders 

resulted in a larger increase in the pressure behind the cylinder. 

5.4 Velocity Profiles 

A total of 134 velocity profiles for the flume was plotted. '!he 

velocities at the centre of the cylinder were measured directly, by 

means of the differential micro ma.naneter, as well as read fran the 

velocity profiles as a C'heck; the values corresp::>nded in all 

cases. The velocity values at the cylinder centre, ~D/2 ;: are 

indicated in Table 5.3. 

A selection of sane velocity profiles is included as Figs. 5.32 to 

5.36. Plots of various flaws and cylinder arrangements are shown in 

Figs 5. 32 to 5. 34 for a snooth bed. The Reynolds mm:>ers indicated 

on the figures, are based on the velocity at the centre of the 

cylinder. It is evident that the velocity measurements were not 

influenced by the cylinder, due to 

(i) 

(ii) 

the shapes of the velocity profiles being similar; 

the thickness of the boundary layer o in the flume, is 
l 

approximately equal to 90 nm for the various test runs in the 

C'.ase of the snooth bed (refer Fig. 5.32). 

Fran the above it is clear that the velocity measurements C'.an also 

be taken as the velocities that would exist near the bed if the 

cylinder was not in place. 
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Similar velocity profiles were plotted for a rough bed (Fig. 5.35). 

Due to turbulence, the boundary layer was too thick to neasure. 

The velocity profiles with a srrooth and a rough bed, for the same 

free stream velocity, were also ccmpared (test runs 15 and 101 in 

Fig. 5. 36). The difference in bolllldary layer thickness is clearly 

illustrated by the plot. The drag and lift forces, for a srcooth 50 

nm diameter cylinder on bottan, were calculated fran pressure 

distributions for the snooth bed (Rllll 15) and the rough bed (Rllll 

101) respectively; the force values are indicated in Table 5.3: 

The lift and drag forces are less for a rough bed than for a snooth 

bed, for the same free stream velocity. The same result was 

obtained by Jones (1971). 

5.5 Lift and Drag Coefficients 

Li.ft and drag coefficients were ocmp.lted for every test rllll, using 

equations (5.4) and (5.5); the velocity measured upstream, (and 

fran the velocity profiles) at the elevation of the cylinder centre, 

was applied. The results are indicated in Table 5.3. 

It was evident that the varying depth of the different approach 

flows, in cases where all the other variables were kept ex>nstant, 

caused an irre;:Jular pattern of c0 and CL values. ,The_ depth 

parameter a 1 was therefore taken into account and CD/a
1

. and 

c1/al values calculated (refer to Table 5.3). Nevertheless, 

there was still a degree of scattering in the data, which a:>uld 

possibly be attributed to the following factors: 

(i) The bottan glass panel of the flune, in the testing area, was 

not sufficiently unifonn to prevent leakage under the 
' cylinder, when G/D = O. The panel "sagged" about 1 nun near 

the centre of the flume, resulting in an estimated •flow• 

error of less than 0,5%} 



Univ
ers

ity
of

Cap
e Tow

n 

5-20 

(ii) very slight fluctuations occurred in the micro manometer 

readings, due to the pulsating a~roach flow; 

(iii} Fbr a few test runs, with the 50 mn cylinder, very slight 

dra\\tiown of the water surface of approximately 3 mn was 

measured over the test cylinder. 

It was interesting to IX)te that corresponding ooefficients were 

higher for the 50 nm diameter cylinder in oatp:lrison to the 30 mn 

cylinder. As mentioned before, the span-diameter ratios v.iere 12 and 

20 respectively. Further, the "vertical" blocking ratio, D/H, was 

on average 0, 2 and 0, 15 for the two cylinders conce:i;ned. en the 

whole, the 50 nm cylinder caused nore blockage. It is therefore not 

surprising that the results for the 30 mn cylinder, v.iere nore 

consistent. 

Alnost all the lift and drag ooefficients, illustrated in various 

graphs for this study, were divided by the depth parameter a
1 

, to 

take care of the varying depths for different test runs. 

5.5.1 Coefficients c:x:nplted, using various Velocities 

The correct choice of the reference velocity proved to be extremely 

:inµ>rtant. ·A small error in the velocity represents a larger 

percentage error in the lift and drag ooefficients, which are 

inversely proportional to the square of the velocity. 

(i} Jones' method: 

Coefficient cxxrp.ltations, by means of Jones ' equation 

(eq. (5. 9}), produced values exhibiting the same trend and an 

increase of 5 % in magnitude, in oatp:lrison to calculations 

based on U0/21 the velocity at the cylinder centre. '!his 

was essentially due to the velocity Veff being equal to 

0,974 times U0/2. Ccmp.lted ooefficients are indicated in 

Tables 5.4 (a) and (b). 
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Fran the detennination of the front stagnation p:>int oo the 

test cylinder (Section 5.3.1 and '!able 5.6), at small 

bed-cylinder clearances, it is evident thcit the maxinrum 

.pressure p:>int is oot at the front oentre of the cylinder. 

This result and the fact that the cylinders were cx:mpletely 

covered in the flume's lx>lll'ldary layer, indicate that the 

reference velocity should oot be taken as the upstream 

velocity, irea.sured at the centre of the cylinder, for these 

particular situations. Further, the degree of consistency of 

coefficients generated by irea.ns of equation (5.9) (fran 

Jones, 1971), derived for oo-bed locations in the lx>lll'ldary 

layer, leaves no cbubt regarding its applicability in this 

study. 

(ii) Fredsoe and H:msen' s method: 

Velocities, using equation (5.10), generated coefficients 

which were 9 % to 50 % higher cxxrp:rred to c:arp.ltations with 

U.D/2 __ {Table 5.5). As these values were too inconsistent, 

mainly due to insufficient information oo the velocities 

measured directly above the cylinder When in place, they were 

not used in this study. 

(iii) R:>shko's correction: 

"Blockage corrections" using Eq. (5.12) resulted in an alnost 

40 % reduction in the drag coefficient in sarre C'.ases (Table 

5. 5) • '!he equation was intended for a stream of infinite 

Width, flowing syrrrnetrically over a cylinder. Further, only 

drag coefficient and velocity rorrections are taken into 

accolll'lt. As tx:>th Roshko' s correction and the correction 

deduced by Shaw (1971) were applicable to a syrrmetriC'.al flow 

situation, they were not utilised in the present study. 

(iv) Reference velocity finally applied: 

As the cylinders were partly or Wholly inmersed in the 

flume's l:x:>lll'ldary layer for all clearances up to 30 nm, the 

reference velocity based on Jones' method was applied to 
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these cases. Fbr the oo-bed location, equation (5.9) Wis 

·directly applied. An adapted graphical version Wis used to 

detennine the effective velocity at the other clearances 

concerned. 'Ihe following expression Wis used: 

(5.13) 

'Ihe integral refers to the area lll'lder the , U
2 

versus y curve 
. I 

between· y = G (the gap between bed and cylinder) and y = G+D, 

i.e. over the projected diameter of the cylinder. 

Fbr all clearances beyond 30 nm, the velocity at the cylinder 

centre, Uo/2, Wis used to calculate all lift and drag 

coefficients. 

'!he calculated lift and drag coefficients finally used in this 

study, can be folll'ld in the various tables indicated in the schedule 

below. 

CYLINDER Gap 
DIAMEI'ER G GI REFERENCE VEUX:ITY APPLIED 

(nm) (nm) D (% of u0/ 2 ) 

5.4 (a) & (b) 30 & 50 0 0 *97,4 

5.4 (c) 50 10 0,2 *98,46 

5.4 (c) 30 10 0, 33 *99,0 

5.4 (c) 50 30 0,6 *99,7 % 

5.3 30 & 50 >30 >0,6 100 

(* as detennined graphically and mathematically by neans of equations 

(5.8), (5.9) and (S.13) fran a selection of test rlll'lS.) 
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5.5.2 ,Cylinders Resting on the Bed 

Fig. 5.37 indicates plots for drag coefficients en and Cn/a
1

, 

and Fig. 5.40 for lift coefficients Cr, and Cr)a, • All other 

figures up to Fig. 5.42, illustrate values for either Q)/a1 , or 

CL/a
1 

• The downtrends of all these drag coefficient plots are 

possibly an indication of the start of the critical region. 

A linear relationship between the force coefficients and ReYf1olds 

number was assumed. Linear regression lines were therefore 

determined for all such relationships. The equations of the 

various regression lines are included in Appendix 2. 

As mentioned earlier in Section 5.5 (see pp. 5-19 and 5-20), 

factors such as the pulsating ai::proach flow presumably caused some 

scattering in the calculated force coefficients; refer Fig. 5.37. 

The smooth 50 rrnn cylinder produced curvilinear,relationships for 

the drag and lift coefficients with a smooth bed (Figs. 5.38 and 

5.41), and the lift coefficient with a rough bed (Fig. 5.42). 

Although the on-bed location of this cylinder probably caused more 

flow blockage than the other test combinations, a thorough analysis 

of the experimental data revealed the existence of at least one 

deviating value in each of the cases mentioned. These deviating 

values were generated by test run 12 (Re= 9 447; a1 = 0,756) in 

Figs. 5.38 and 5.41, and test run 104 (Re= 11 429; a1 = 0,724) 

in Fig. 5.42. It is interesting to note that in both these test 

runs, the water depth was less than four cylinder diameters and 

about 3 nm drawdown of the water surface occurred visibly over the 

cylinder. A total of eight such cases were identified for G/D ~ 

0,2 (see Table 5.3). It is estimated that a slightly larger 

drawdown (about 3 nm) of the water surface, which is characteristic 

of relatively shallower water in the flume, could influence the 

force coefficients by as much as 10%. 

The drawdown of the water over the cylinder, results in a reduction 

in pressure at the top of the cylinder; i.e. a smaller minimum 

pressure value and wake region pressure. With reference to 

Fig. 10.l(b) and the calculations in Section 10.5, it is evident 
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that a smaller minimum pressure results in an increase in the lift 

coefficient, while a smaller wake pressure is associated with a 

higher drag coefficient. In the plots concerned, both linear and 

curvilinear interpretations are given (refer Figs. 5 .. 38, 5.41, 5.42 

and 5.44). Due to the abovementioned conclusion, only the linear 

interpretations were however considered. 

The least-squares straight-line analysis of the sets of lift and 

drag coefficients, generated for both 30 and 50 mm cylinders 

(smooth and rough on a srrooth bed), revealed very interesting 

information. When srrooth and rough cylinders of similar dimensions 

were compared, the slopes of the linear regression lines were the 

same for each pair compared, with the roughened cylinders' 

coefficient slightly higher in most cases. Figures 5.37, 5.38, 

5.40 and 5.41 illustrate this situation for a srrooth bed. 

The same situation only applied to the drag coefficient plots for a 

rough bed (Figs. 5.39) up to Re = 16 000. Due to the similarity 

between corresponding situations and the fact that the Reynolds 

number range was essentially from 10 000 to 20 000, average values 

of Cr>/a1 and Cr./a1 were calculated for each combination of 

variables. These average results, indicated in Table 5.7, 

facilitate relative comparisons between various situations with the 

same cylinder. 

In the srrooth bed case, it was not practical to seal the very small 
( 

gap (due to the non-uniformity of the bottom panel) under the 

cylinder, as the cylinder with the single pressure tapping had to 

be rotated. This aspect (i.e. a very small gap) did not seem to 

have any narked influence on the results; 0, 5% error estimated. 

Comparisons between the drag coefficient plots for srrooth and rough 

beds (Fig. 5.38 compared to Fig. 5.39), revealed conflicting 

results for the 30 and 50 mm cylinders. Regarding the lift 

coefficient, no conclusive results were produced, as the 

corresponding plots (Figs. 5.41 and 5.42) for the smooth and rough 
beds intersect. 
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'Ihe lift coefficient for l:x>th the snooth and rough 30 nm cylinders, 

on a snooth bed, revealed an interesting .i;:henanenon: with an 

increase in Reynolds ntmi:>er, the lift coefficient decreased by 

roughly 30 %, over the Reynolds nurrber range 9 000 to 17 000 (Table 

5. 3 and Fig. 5. 40) • 'Ihe rough bed generated a less pronounced 

decreasing tendency in the lift coefficient. 

5.5.3. Cylinders Near the Bed 

When oonsidering various bed conditions separately, the drag 

coefficient did not appear to be substantially influenced by an 

increase in the gap under the cylinder. A graphical representation 

of the drag coefficients of the rough 30 nm cylinder, at various. 

clearances, is shown in Fig. 5.43. 

'Ihe tests perfonned with the sm::x:>th 50 nm cylinder, with a snooth 

bed, were nore cx:rnprehensive than those with any of the other 

cylinders. It was interesting to rx:>te that the average CO/a1 

value for this cylinder increased slightly fran 1,71to1,93, When 

G /D was red~ed fran 1, 2 to 0, 6. With further reductions in 

G/o, the average drag coefficient CO/a1 decreased to 1,55. 

R:>shko et al (1975), GCSktun (1975) and Haffen (1975) folllld a 

similar trer;id; R:>shko et al carried out experinents in air at a 

Reynolds nurcber of 20 000. According to R:>shko et al the decrease 

closer to the lx:>ttan, could be attributed to the cylinder being 

canpletely inmersed in the lo\\er energy l:x>undary layer of the bed, 

and the interference of the bed with vortex shedding. 

The lift coefficient was very dependent on the G/o ratio. With a 

gap of 5 nm (G/o = 0, l), the cr,/a1 value for the sm::x:>th 50 nm 

cylinder decreased fran approxi.nately 1,1 at G/o = 0 to 0,44. 

Further away fran the l:x:>ttan, the lift coefficient approached 

zero. Lift coefficient curves are sham in Figs. 5.44 and 5.45. 
\ 

Some test runs (at G/D > 1.0) produced negative lift coefficients; 

the front stagnation p:>ints for these runs were located slightly 

above the front centre of the cylinder (refer Table 5.6). 

Zdravkovich (1985) also cbtained negative lift coefficients, for 

G/Dvalues between 0,3 and 1,5 in the subcritical Reynolds nlllli:>er 

region. 
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5.5.4 Graphs of Average Lift and Drag Coefficients versus G/D 

From the average coefficients summarised in Table 5.7, graphs were 

plotted with the coefficient concerned and G/D as the primary 

variables. on the sane diagram, plots with paraneters such as 

cylinder size, cylinder roughness and bed roughness were shown. 

Plots of the average drag coefficient versus G/D are shown in 

Figs. 5.46 and 5.47. The coefficients for the larger cylinder were 

somewhat higher. Bed roughness produced inconsistent comparisons 

between corresponding force coefficients. Except for the larger 

cylinder on a srrooth bed, cylinder roughening al:l>arently led to 

higher drag coefficients. 

various plots of the average lift coefficient versus G/D are 

shown in Figs. 5.48 to 5.51. various combinations of the 50 mm 

cylinders are illustrated in Fig. 5.48, while similar combinations 

for the smaller cylinders are shown in Fig. 5.49. All the smooth 

bed combinations are plotted in Fig. 5.50 and the all rough bed 

situations in Fig. 5.51. 

Virtually all the average lift coefficient versus G/o-curves 
' 

approach zero (symmetrical flow), at a G/D value of al:l>roximately 

1,5. only the curves for the 50 mm cylinder (Fig. 5.48) indicated 

that cylinder roughening causes a higher lift coefficient: the 

smaller 30 mm cylinder produced conflicting results (Fig. 5.49). 

The lift curves for a srrooth bed, reveal that except for the rough 

50 mm cylinder, lift coefficient values almost coincide (Fig. 

5.50). Although not as pronounced, a similar tendency is 

noticeable in the plots for the rough bed below G/D < 0,3 

(Fig. 5.51). 

If the lift coefficient results for the larger cylinder are 

ignored, due to its higher blocking ratio, it is evident that 

cylinder roughening and a rough bed do not have any marked 
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Srroo th Bed Rough Bed 

Cylinder 
dia 

(mm) 

50S 

52R 

30S 

31,8R 

0,1 

0,2 

0,6 

1,2 

0 

0,192 

0,554 

1,135 

0 

0,333 
-

2,667 

0 

0,314 

2,484 

1,55 

1,78 

1,75 

1,93 

1,71 

1,57 

1,81 

1,76 

1,855 

1,43 

1,49 

l,~l 

1,68' 

1,93 

1,73 

1,14 

0,44 

0,29 

+0,03 

-0,07 

1,31 

0,55 

0,24 

0,11 

0,87 

0,15 

-0,02 

0,83 

0,18 

-0,06 

Cylinder 
dia 
(mm) 

50S 

52R 

30S 

31,8R 

0 

0,2 

0,910 

0 

0,192 

0,812 

0 

0,333 

2,19 

0 

0,314 

2,025 

2,17 0,90 

1,91 0,36 

1,95 0,02 

2,26 1,11 

2,08 0,70 

2,04 0,16 

1,63 0,64 

1,58 0,04 

1,62 -0,11 

1,78 0,65 

1,72 0,13 

1,68 0,04 
========~=======-=======-=======-==========-========-======-======= 

TABLE 5.7 AVERAGE LIFT AND· DRAG COEFFICIENTS vs. G/D 
(corrected for varying depth and b1ockage) 
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influence oo the lift ooefficient in the Reynolds number range 

concerned. 

5.6 Pressure Coefficients 

Pressure ooef ficients were calculated for all the srrooth bed test 

nms for the front centre ,EX>int, the minimum pressure ,EX>int and the 

average wake pressure zone. These ooefficients are respectively 

indicated by the symbols C t C and cpb t and are given in Table 
po pm 

5.8. The pressure coefficients were calclilated using 

(5.14) 

' where p 
0 

= pressure . at angle e fran the front centre of the 

cylinder 

Pstat= static pressure neasured on the flune bed directly 

below the cylinder (this was detennined for every run) 

Yeff = effective flow velocity at the elevation of the front 

stagnation ix>int, detennined according to the 

method outlined in Section 5.5.1 (iv) above; 

calculated Yeff values are indicated in Table 5.8. 

Graphical representations of C 1 , c- , C and ( C b - C ) versus 
, po pm p b . P_ . pm 

Reynolds nurcber, at various G/D ratios, are shown in Figs. 5.52 to 

best lines through the points plotted. The deviating values 

generated by test run 12 are not included in the plots. 

5.6.1 Front centre pressure ex>efficient c 
. po 

P_lots indicating the variation of c with Reynolds number are shown 
. po , 

in Fig. 5.52. It is interesting that the G/D = O line for the 30 mm 

cylinder, has lower Cpo values than the other lines. This is due to 

the maximum pressure point concerned, being displaced further 

towards the bed. 
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5.6.2 Minimum pressure coefficient t 
pm 

'!be c plots (Fig. 5.53) show a similar tendency to the c plots. 
pm po 

However, the gradient of the G/D = 0 line for the 50 mm cylinder, 

differs from the other G/D lines. As also indicated in Fig. 5.52, 

only plots for SITKX>th cylinders are shown. 

5.6.3 Base pressure coefficient cpb . 

Base pressure coefficient plots for sITK>Oth cylinders are indicated 

in Fig. 5.54. Except for the gradient of the G/D = 0 line for the 

50 mm cylinder, all the Cb lines display an increasing slope; this 
p . 

latter tendency was expected. 

A comparison between the base pressure coefficient plots for sriooth 

and rough cylinders, provided interesting information about the 50 

and 30 mm cylinders (Figs. 5.55 and 5.56); surface roughness ratios 
-2 -2 

were 2 x 10 and 3 x Hl respectively. The "smooth" and 

"rough" plots for the 50 mn cylinder (Fig: 5.55), intersect for 

corresponding G/D values, and therefore give no clear indication 

about the influence of roughness. However, regarding the 30 mm 

cylinder (Fig. 5.56), the "rough" plots consistently have somewhat 

smaller.cpb values, which imply a higher drag coefficient. 

The variation of the base pressure coefficient cpb with the gap 

ratio G/D, at a Reynolds nurrber of approximately 20 000, is shown in 

Fig. 5.57 for both SITKX>th and rough cylinders. For virtually all 

G/D values up to 2,5, the curve for the rough cylinder has a higher 

cpb value than the sITKX>th cylinder. Although the curves shown in 

Fig. 5.57 are essentially based on cpb values for the 50 mn 

cylinder, some values for the 30 mm cylinder were also accorrnnodated; 

i.e. length to diameter ratios L/D of 12 and 20 respectively. It is 

therefore evident that the base pressure coefficient is not 

appreciably influenced by the L/D ratio. 
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5. 6. 4 Difference between C Pb and C pm 

Plots of (C b - C ) versus Reynolds mmi:>er (Fig. 5.58) show a 
. p pm 

substantial difference between the G/D = 0 lines (on bed locations) 

for the rough and snooth 50 nm cylinders. 'Ihe much higher 

(C b - Cpm) values for the rough cylinder, imply a smaller drag 
p_ . 

coefficient for roughened cylinders. The "syrrmetrical" flow lines 

(G/D equal to alx>ut 1,2) for the snooth and rough cylinders 

virtually coincide. A careful analysis of the ( C b - c ) ' values 
p pm 

far the 30 nm cylinder, sho.-.ed little difference between corres-

ponding "rough" and 11 srrooth11 c::x::aIDinations; the slight degree of 

scatter confinned the fact that it was difficult to find Cpn 

exactly. 

5.7 Drag Coefficient variation with G/o 

The boundary layer thickness (refer to Fig. 5.34 for definition) was 

geometrically determined for all the srcooth bed test runs from the 

velocity profiles obtained. In a few cases the bound~ry layer was 

too thick to measure due to a degree of free stream turbulence being 

present; for the same reason no boundary layer measurements were 

possible for the rough bed test runs. Boundary layer thicknesses as 

well as the gap to boundary layer thickness ratios GI o for the 

various test runs are indicated in Table 5.8. 

The variation of the drag coefficient CD/a
1 

.with G/o for sm:x:>th 

cylinders is sh<JINll in Fig. 5.59, and for both srrooth and rough 

cylinders in Fig. 5. 60. The CD I a 
1 

values were calculated using 

Veff (refer Table 5.8) as the reference velocity. The scatter of 

the ~!a 1 values, particularly for a rough bed, is essentially due 

to free stream turbulence. A least-squares straight-line analysis 

for the 17 points plotted up to G/D = 0,4 (Fig. 5.59), revealed an 

iocreasing tendency in CD/ a
1 

as G/c)'progressed; a further three 

possible nea.surements indicated a decreasing trend beyond G/D = 0,4. 
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Zdravkovich (1985) perfonned similar tests in air near the critical 

Reynolds mmber (refer to Fig. 2 .14) and fowd that the dependence 

of the drag Cbef ficient Co en GI 6 was a 11nore relevant parameter" 

than the gap to diameter ratio G/D. Ccmparisons between the various 

CD/a, versus G/D and c0/a1 versus G/6 _plots shown in this 

Olapter, indicated that the latter relationship is nore oonsistent 

at near-bed locations of the cylinder. 

5.8 General Caments 

'!he results d::>tained by means of the unique methoos, described in 

Chapters 3 and 4, were very satisfactory. The apparatus responded 

well and the pressure and velocity measuranents were fairly 

accurate. 

'!he following measures are, hc7.vever, reccmnended for similar tests 

perfonned in future: 

(i) The average approach velocity should be limited to 0,4 m/s, 

to m.inimi.se flu::tuations innananeter readings, caused by 

very slight changes in the flume's water level; 

(ii) The water in the flume should be at least five cylinder 

diameters deep, to redu::e the blocking ratio of the test 

cylinder. 
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6-1 

CliAPI'ER 6 - RESULTS OF FORCE RIG TESTS 

6.1 Intrcxluction 

The mrin oojective with the tests undertaken with the force rig 

( experinental details in Olapters 3 and 4), was to detennine the 

drag arid lift ooefficients by means of an alternative nEthod, in 

the same water flune and under similar oonditions, to serve as a 

ccmparison and to gauge the reliability of the two experinental 

methods utilised. 

Tests were only undertaken with a snooth 50 nm diameter cylinder. 

Only a srrooth bed was oonsidered for the 21 test runs, perfonned at 

four G/D locations. 

Although the force neasurernents were relatively quick to perfonn, 

the velocity readings tcok at least tYJO hours per test run. One 

set of readings (Run 16) , is shown as an example in Table 6 .1. The 

calculations of the applicable lift and drag forces were 

straightforv.e.rd; ·a brief calculation is also indicated in 

Table 6.1. 

Comp..ltations of velocities, and lift and drag ooefficients, were 

similar to those presented in Chapter 5. 

The following reference velocities were applied in calculating 

Reynolds number, and the lift and drag ooefficients: 

CI.EARANCE, G 
(nm) 

0 

30 

60 

G/D 

0 

0,2 

0,6 

1,2 

DEI'ERMINATIOO OF APPROXIMATE 
REFERENCE REFERENCE VELOCITY 
VELOCITY (% OF ,UD/Z} 

Fran eq. (5. 9) 97,4 

Fran eq. (5.13) 98,5 

Fran eq • (5.13) 99,7 

. uD/2 

UD/2 = velocity at the elevation of the centre of the cylinder. 
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A surrmary of nea.suranents and cx::mp.ltatians is given in Table 6.2. 

'lb make realistic cx::mparisons with oorresp:mding tests perfonned 

with the pressure rig, acoount was also taken of the depth 

parameter a1 in calculating lift and drag coefficients. 

6.2 Velocity Profiles along the Flume Width 

Ap:lrt fran 11vertical 11 velocity profiles, velocity distributions 

were measured along the width of the flune, at the elevation of the 

cylinder centre. Selected plots at an elevation of 25 rnn, are 

shown in Fig. 6 .1 and at an elevation of 85 rnn in Fig. 6. 2. The 

Reynolds nunt>ers indicated, are based on the velocity at the 

elevation ooncerned and a cylinder diameter of 50 rnn. 

For each test run, the velocity curve was meticulously plotted an 

graph paper by hand, and the effective length of the cylinder 

detennined graphically. Due to the size of the pi tot tube, the 

closest the velocity oould be measured to the side wall, was 

12 rnn; closer locations would have been preferred, as the velocity 

changed rapidly in the region ooncerned. The effective lengths of 

the cylinder are indicated in Table 6.2. 

In the region 60 to 140 rnn fran the side walls, the velocity curves 

exhibited a hump, particularly at higher velocities. 'lhe hump was 

probably due to a three dimensional flow effect, caused by 

interference of the wall. 

6.3 Drag Coefficient 

The drag coefficients Cn/a
1 

were plotted for each of the four 

G/o values. en the same diagrams, the drag cx>efficients 

detennined by pressure integration were indicated. The diagrams 
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are shown in Figs. 6.3 to 6.6. 'Ihe downtrends of particularly 

Figs. 6.3 and 6.4 rould indicate the start of the C"ritiC".al region. 

Average drag coefficients for various G/D were C"alculated as was 

done in Chapter 5. A C".CXtp3Xison with values derived by means of 

pressure integration is indicated in Fig. 6.7. A true C".CXtp3Xison 

of average values is not realistic, as the force rig tests were 

done at lower Reynolds ntmibers. 

The deviating force coefficients generated by test run 12 with the 

pressure integration rnethcxl (and discussed in Section 5.5.2), are 

responsible for the curvilinear relationships shown in Figs. 6.3 

and 6.8. A least squares analysis (for a straight line), showed 

that the force rig coefficients were generally higher. Higher 

values were expected, as the direct force measurement also included 

the skin friction o:mp::>nent of the total drag. 

The drag coefficients (force rig rnethcxl) fall in the region of 

2,0. '!his value is slightly higher than expected. The following 

factors possibly o::>ntributed to a slightly higher value, as well as 

the scattering of the results with faster flows: 

(i) Three dimensional effects closer to the side panels; 

(ii) Vibration of the cylinder, as indicated by slight 

fluctuations in readings on the "lift" and "drag" balances. 

(Aco::>rding to Blevins (1977, p.19) "cylinder vibration, at 

or near the vortex shedding frequency, c.an increase the drag 

force."). 

6.4 Lift Coefficient 

The lift coefficient showed a substantial decrease, as the G/D 

ratio increased. 

Lift coefficients Cr.,/a
1 

cunpared fairly well with values 

detennined by means of the pressure rig methcxl, for o::>rresponding 

test runs. A cunparison of these values is graphically represented 

in Fig. 6.8. The reason for the curvilinear relationship for 

G/D = 0, with the indirect methcxl, is discussed in Section 5.5.2. 
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Average lift roefficients are also cnnpared in Fig. 6 .• 9. Although 

the force rig values VJere obtained with slower flows, the 

rorrelation is fairly good. 

'Ihe "lift" balance was nore difficult to read than the "drag" 

balance at faster flows, due to rontinuous fluctuation of the 

readings. '!he maximum range of "lift" balance readings was about 

one gram, or a deviation of 0,42~, WhiC"h is regarded as 

satisfactory. 

6. 5 General Conments 

Although the drag roefficients generated by the force rig method, 

were generally higher than anticipated, the results cunpared VJell 

to the pressure rig values, ronsidering the influence of vibrations 

and three dimensional flow near the side walls. Further, the 

murkiness of and the suspended particles in the water, were nore 

noticeable than When the pressure rig tests VJere performed. 

To minimise vibrations of the rig and subsequent fluctuations in 

readings, the following measures had to be taken: 

(i) '!he water in the flume had to be at least five cylinder 

diameters deep, to limit cylinder blockage. It was 

estimated that a drawdown of 3 rnn rould influence the force 

roef ficients by as rm..r.h as 10%. 

(ii) The velocity measured at the elevation of the cylinder 

centre, had to be limited to approximately 0, 3 m/s 

(Re = 15 000) - the rig started to vibrate visibly beyond 

this flow velocity, Which in turn resulted in rontinoous 

fluctuations of the readings. 

(iii) '!he aluminium frame had to be stabilised by loading it very 

C"arefully, directly above the two vertiC"al anns. 
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Procedure (iii) required much patience to perfonn, as even the 

slightest contact with the rig or the flume affected the readings 

on the balances. 

6.6 Cbnclusions 

(i) 'Ihe force rig methcxi indicated that the methcxi, as described 

and applied here, is based an a simple yet :oovel technique. 

(ii) The various neasures taken and adjustments nade 

(particularly stabilising the frame) to get the apparatus 

ready for live readings, was of pararrount imfortance for the 

successful operation of the experirrental set-up. It had to 

be d::>ne for every test run and took al.rrost as long as the 

test run to perfonn. 

(iii) Should the factors which possibly could have influenced the 

results and the lov.er Reynolds numbers be taken into 

account, the results generated by the force rig methcxi 

(direct neasurement) a:rnpare favourably with those cbtained 

fran the pressure rig methcxi (pressure integration). 

Further, a conparison between the two methcxis revealed the 

reliability of particularly the pressure rig readings. 
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OIAPI'ER 7 - FIDW VISUALISATICN 

Flow visualisation experi.merits were perfonned to investigate the flow 

around the cylinder, particularly the identification of the separation 

.J?Oints and the vortex shedding effect. 

7.1 Experimental Procedure 

The pressure rig arrangement, described in Olapter 3, was utilised 

for the flow visualisation experiments. The srcooth 50 nm diarreter 

cylinder was asserrbled in the flume. The hollow brass rod, passing 

through the perspex wall panel of the flume, was ooupled to a 

beaker using plastic tubing. The beaker was supported on top of 

the flume and filled with dye. The dye was ejected fran the single 

pressure tapping of the cylinder, by means of gravitation• The 

flow of dye was regulated by means of a laboratory clamp. 

The turbidity of the water, supplied by the water tower, did not 

pennit photography through water. As filtering of the water was 

not successful, the only alternative was to use the municipal 

drinking water supply, available in the laboratory. Unfortunately 

the maximum flow attainable with this supply, was only 0,005 

m3/sec. With a water depth of 22, 5 an in the flume, this flow 

oorres.J?Onded to a Reynolds m11ti>e~ of 2 000. At higher velocities, 

free stream turbulence prevented flow visualisation. 

Trial runs were done with .J?Otassium pennanganate, as the dye. 

Although very oolourful, the purple dye stream diffused fairly 

quickly behind the cylinder. It was therefore decided to use 

Process Black artists' ink (.Manufacturer: Winsor and Newton, 

London) as dye. It proved to be very successful. 

The opposite perspex panel of the flume, was oovered with White 

drawing paper on the outside. The paper was illuminated fran 

behind with a single 200 W photographic lamp. A second 200 W lamp 
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provided diffused illunination of the region behind the cylinder, 

from above the water. The dye streams were fhotographed, using 

35 nm still photography (1/30 second, ASA 400). 

Tests with five cylinder p::>sitions, in relation to the bed, were 

undertaken: (i) G/D = 0 (on oottan); (ii) G/D = 0,1 (5 nm 

clearanc:e); (iii) G/D = 0,2 (10 nm clearance); (iv) G/D = 
0,6 (30 nm clearance); (v) G/D = 1,2 (60 nm clearance) 

7.2 Results and Discussion 

A J;.hotographic record of the flow around the cylinder is provided 

from Figs. 7 .1 to 7. 5. As far as could be ascertained, the only 

previous flow visualisations with a cylinder close to a 1:x:>undary, 

were Cbne by Taneda (1965), Littlejohns (1974), Beannan and 

Zdravkovich (1978) and Grass et al (1984). Taneda' s work was very 

useful, but was unfortunately carried out at a Reynolds of only 

170. Littlejohns only considered G/D = 0 cases and used a water 
5 6 

channel in the Reynolds nurrrer range 5 x 10 to 5 x 10 , While 

Beannan and Zdravkovich used a srroke tunnel at a Reynolds nurrrer of 

25 000 and a span-diameter ratio (L/D) of only 1. Grass et al 

visualised the flow field around a cylinder in a water fltnne, in 

the Reynolds nurrt>er range 2 000 to 4 000, using a hydrogen bubble 

flow tracer method. 

7.2.1 Cylinder Resting on Bottan (G/D = 0) 

Fran a photographic viev.point, flows generating a Reynolds nurrrer 

of 1 850 (velocity at cylinder centre = 0,037 m/s) gave the best 

results. Beyond this value, the vortices diminished in size and 

fonned, as well as dispersed, very rapidly indeed. 

The separation p::>int was d:>served as being located just beyond the 

shoulder of the cylinder (Fig. 7 .1 (a) ) , approximately at 100·0 

from the front centre p::>int. This conpares very well with the 

rne:tsurem:mts fran the pressure profiles, indicated in Table 5.6. 
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The shedding of vortices, in different stages of developnent, is 

illustrated in Figs. 7.l(b) and (c). In Fig. 7.l(b) it is fX)ticed 

hCJN the distance between shed vortices increase as they nove 

dONl'lStream. Unfortunately the dye diffused at a distance of 

approxinately three cylinder diameters Cbwnstream of the cylinder. 

Fig. 7.l(d) illustrates a faster flow (Re = 2 100) and four 

vortices can be seen. They were rapidly shed and disappeared as 

quickly. 

7.2.2 G/D = 0,1 (clearance= 5 mn) 

Very interesting tests were undertaken at Re = 1 900. Fran 

Fig. 7.2(a) it appears as if the upper separation p?int is located 

just beyond the top of the cylinder ( e > 9f:f ) • 

No vortex fonnation close to the bed, behind the cylinder, can be 

observed in Fig. 7. 2 (b) • The dye stream is drawn into the wake 

zcne and disperses in the vortex shedding region, behind the upper 

shoulder of the cylinder. Taneda (1965) also cbserved only a 

single row of vortices at G/D = 0,1 (but a Reynolds nurriber of 

170). 

It was however interesting to l'X)tice that vortices were in fact 

shed in the region close to the bed, at a Reynolds nurriber of 2 500 

(Fig. 7. 2 ( c) ) • At yet faster flo\VS, the dye stream dispersed too 

soon to cbserve anything rreaningful. 

7.2.3 G/D = 0,2 (clearance= 10 mn) 

Tests were perfonned at Re = 1 900. The upper separation p?int 

of the boundary layer, along the cylinder surface, is clearly 

visible in Fig. 7.3(a); it is located at the cylinder shoulder 

(separation angle = 90°). Fran Fig. 7. 3(b) it is clear that the 

separation closer to the flune bed, occurs slightly downstream fran 
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the lower shoulder. These results are also equivalent to those 

obtained fran pressure profile rooasurements (Table 5.6). 

The vortices shed fran the lower side of the cylinder are smaller 

than those fonned on the upper side. This is due to the proximity 

of the bed, which .imp:>ses spatially oonstrained oonditions on the · 

flow, resulting in limited vortex growth in the lower wake zone. 

The downstream effect on a vortex shed fran the upper side of the 

cylinder, is illustrated in Fig 7.3(c). The result is due to the 

rotational notion of the vortex. Soon after the photograph was 

taken, the vortex dispersed. 

7.2.4 G/D = 0,6 (clearance= 30 nm) 

Experiments were undertaken at Re = 2 000. The upper and lower 

separation p:>ints (Figs. 7.4(a) and (b)) -were located at the 

respective cylinder shoulders. 

The developnent of vortices closer to the bed is very clearly 

illustrated in Fig. 7 .4(b). The fonnation of alternating vortices, 

· fran the upper and lower regions behind the cylinder, is shO'Wl'l in 

Fig. 7.4(c). This phencmenon was obtained by ejecting dye into the 

approaching stream, close to the two separation points. 

· 7. 2. 5 G /D = 1, 2 (clearance = 60 nm) 

Tests were performed at Re = 2 000. Fran the various 

illustrations (Figs. 7.S(a) to (d)) it is clear that the flow 

situation alrrost replicates synmetrical flow. 

As in the previous three cases above,-the upper and lower 

separation angles oorrespond to previous geanetrical measurements 

fran pressure profiles. In this case, the separation angles are 

90°· and 270° (Figs. 7.S(a) and (b)). Vortex fonnation and 

novanent do'WnStream are illustrated in Figs. 7.S(b) to (d). 
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7.2.6 vortex Shedding and Development 

From the flow visualisation tests it was clear that irranediately 

downstream of the cylinder there; ,is a formation region where 

vortices are shed. The vortices then develop a regular pattern. 

At a distance of three to four cylinder diameters downstream of the 

cylinder, for G/o = O, the vortices become unstable and disperse 

due to turbulence. Further away from the bottom, at G/o = 0,6 

and 1,2, the stable region aJ:Peared to be slightly broader. 

7.3 conclusions 

Considerable time was spent on observing various flow phenomena 

during the flow visualisation tests. The photographic record only 

represents a sample of these observations. The main conclusions 

are mentioned below. 

(i) The experimental technique employed proved to be very 

effective. 

(ii) The separation points identified from the photographic 

records, are equivalent to those obtained from geometrical 

means. 

(iii) Although flow visualisation tests at a Reynolds number of 

about 2 000 could only be performed, the results were in 

agreement with tests undertaken at other Reynolds numbers in 

the subcritical regime, viz. 170 (Taneda, 1965), 2 000 to 

4 000 (Grass et al (1984)), and 25 000 (Bearman and 
Zdravkovich, 1978). 
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FIG. 7 . 1: FI£M VISUALISATION i G/D = 0 ; Re= l 850 
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FIG. 7 .1: FLCW VISUALISATION; G/ D = 0 
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FIG . 7 . 2: Fiffi VISUALISATI ON ; G/ D = 0, 1 

(a) 

R = 1 900 e 

(b) 

R = 1 900 e 

(c) 

R = 2 500 e 
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(a) 

(b) 

(c) 

FIG. 7. 4: FI.J:M VISUALISATION; G/ D = 0, 6; Re = 2 000 
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FIG. 7 . 5: FLCM VISUALISATION; G/ D = 1 , 2; Re = 2 CXJJ 
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FI G. 7.5 : FLCMT VISUALISATION; G/
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= l , 2 ; Re = 2 ()()'.) 



Univ
ers

ity
of

Cap
e Tow

n 

8-1 

CllAPl'ER 8 - CD1PARISCN WITH arHER EXPERIMENI'AL RF.sFARCH W':>RK 

8.1 Introduction 

A nurril::>er of measurements oo lift and drag forces had previously 

been done on cylinders placed near a boundary. Most of this work 

was by means of direct ireasurernent, using strain gauges. Very few 

investigators used the pressure integration nethod: Beattie et al 

(1971) ~re anongst the few researchers Who utilised a water 

medium. All the investigators worked either in a different 

Reynolds mmi:>er range, or used another experinental technique. 

Further, :rrost of the published work, relates to tests in an.air 

medium. 

8.2 Pressure Distributions 

Beattie et al ( 1971) provide no infornation oo the pressure 

distributions en Which they ba.sed their force calculations. 

Beaman and Zdravkovich (1978) used a wind tunnel and measured 

distributions of irean pressure around a cylinder, at a Reynolds 

nurril::>er of 48 · 000. Pressures ~re presented non-dimensionally in 

the fonn of the pressure coefficient C P , Where 

c 
p = 

Pe - Pstatic 

I p u2 

. p e is the pressure at angle e fran the front centre of the 

. cylinder I ; p t. ".t. • i is the Static pressure taken at a reference 
' S a 1C. 

point and U the reference velocity. Pressure distributions 

(8.1) 

measured by them for two G/o ratios, are indicated in Fig. 8.1: 
pressure coefficients along the base of the wind tunnel are also 

shown. 
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Figure 8.1: Pressure distributions around a cylinder. 

a) G/D = 0 b) G/D = 0, 1 (Bearman and Zdravkovich, 1978) 

The above mentioned two pressure distributions (Beantlail and 

Zdravkovich, 1978) are graphically cnnpared to results (test runs 

15 and 20 respectively) obtained in the present investigation in 

Figs. 8.2 and 8.3. Fbr the present study, the pressure 

coefficients were calculated using Eq. (5.14), i.e. with Veff as 

the reference velocity. 

Although pressure distributions at different Reynolds nurribers, viz 

48 000 (Beanrian and Zdravkovich) and 20 000 in air and water 

mailums respectively are canpared, similar results are observed 

regarding the locations of the minimum pressure points and the wake 
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zrne pressures. ·Near the l:x:>ttan, i.e. at small G/o ratios, the 

pressure distributions showed a displacement of the front 

stagnation point, t.oNards the l:x:>ttan (refer to Table 5.6}. 

CClnparisons,between further results of Beannan and Zdravkovich and 

those obtained fran the present work also in::il.cate that a 

syrcmetrical flow situation, characterised by the pressure 

distribution asslmling a symmetrical shape about the front centre of 

the cylinder, is approached at G/D ratios beyond one. 

The variation of the ba.se pressure coefficient cpb with the gap 

ratio G/D1 is compared to results obtained by Beannan and 

Zdravkovich (1978} in Fig. 8.4: The correlation is fairly gc:xxl. 

8.3 Fbrce Coefficients ba.sed on D:pth Parameter a
2 

Littlejohns (1974}, in investigating the depen::iency of the force 

coefficients on the depth of water H, defined a second correlation 

factor 'a2 as follows: 

D = H (8.2} 

Fbrce coefficient values ba.sed on a2. were calculated for the 30 
. -

and 50 mn cylinders, both snooth on a snooth bed, and are comprred 

to those of Littlejohns (Who neasured forces directly} in Table 8.1 

below, and Figs. 8.5 and 8.6. 
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Littlejohns (1974) Present W::>rk 

R Coefficients D Re Para- Coefficients e (nm) meter 

. CD/ a2 CL/a2 a2 . CD/ a2 CL/a2 

100 000 8,0 10,2 50 9 447 0,244 6,917 4,208 

115 000 

130 000 

Table 8.1: 

8,5 10,8 10 470 0,215 5,438 3,266 

8,8 11,3 16 411 0,199 6,018 4,058 

18 018 0,190 6,602 4,960 

19 333 0,203 6,570 4,959 

30 8 670 0,135 9,597 5,724 

11 148 0,156 9,434 5,636 

12 713 0,113 9,273 6,325 

15 812 0,106 11,000 6,226 

Fbrce ex>efficients ba.sed on depth parameter a 2; cxmparison 
between results of Littlejohns (1974) and the present study. 

Both Figs. 8.5 ana' 8.6 do not correlate _particularly well with 

Littl~johns' force coefficients, should his results be 

extrapolated. The values for the 30 nm cylinder are obviously 

higher than those for the 50 nm cylinder, due to a smaller blocking 

ratio. '!he arrount of SC"'atter, particularly in the drag 

coefficients is exaggerated with the introduction of the depth 

parameter a2.• However, the graphiC"'al plots show that the lift 

and drag roeff icients are influenced by the depth of water over the 

cylinder. 

8.4 Drag and Lift Coefficients 

All drag and lift coefficients dealt with here, include the depth 
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parameter a1 and are indiC"ated as CD/a
1 

and CL/a
1 

respectively. 

Drag and lift ooef f icients are o:xnpared to measurements by Beattie 

et al (1971), Jones (1970, 1971) and Littlejohns (1974), in Figs. 

8. 7 and 8. 8. They all \\Orked in a water rnediLun, perfonning tests 

in the field (Littlejohns) or in large scale installations. Only 

Littlejohns undertook measurements with a free water surface, over 

the cylinder. The mentioned researchers recnrded measurements fran 

a Reynolds number of approximately 30 000 to 500 000, but 

essentially over the C"ritical Reynolds nurriber zone. 

Drag ooefficients for a cylinder resting on the bed, are shown in 

ccrnparison to results of the abovementioned investigators in Fig. 

8.7. The large scale tests generated higher values. Littlejohns 

also indicated a plot of tests done at the Wallingford Hydraulics 

Research Station in 1961, on 1/3 scale rrodels in a towing tank. 

These extrapolated results are also indicated in Fig. 8.7, and 

although at totally different Reynolds numbers, show fair 

correlation with the present study. 

Lift ooefficient values of the present work and the researC"hers 

above, are o::>rnpared in Fig. 8.8. The results of Beattie et al, 

whiC"h were also based on the pressure integration method, indicate 

sane cnrrelation with those generated by the 50 and 30 nm 

cylinders. The downtrends of the latter results is possibly 

indicative of the start of the critiC"al region. 

8.4.1 Force Coefficients at various G/o ratios 

Average drag and lift ooef f icient at various G/D ratios are 

cnrnpared to those obtained by ThOOlSC"hke (1971), Wilson and Caldwell 
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(1971), Bagnold (1974), Roshko et al (1975), Fredsoe et al (1985) 

and Zdravkovich (1985) in Figs. 8.9 and 8.10. Thanschke, Bagnold 

and Fredsoe et al worked in a water medium, and all the other 

investigators in air • While the results of the present study are 

given for the Reynolds nurrber range 10 000 to 25 000, the other 

investigators worked at Reynolds nurribers of 3 000 (Bagnold),20 000 

(Roshko et al), 20 000 to 30 000 (Fredsoe et al), 33 200 (Wilson 

and caldwell), 61 000 (Zdravkovich) and 92 000 (Thanschke). 

The average drag coefficient versus G/D plots of the present study 

(srrooth 30 and 50 nm cylinders) lie approximately midway between 

those obtained by Hilson and caldwell (1971) and lbshko et al 

(1975); refer to Fig. 8.9. The plots of Roshko et al (1975) and 

Thanschke (1971) are characterised by maximum p::>ints at G/D = 0,6 

and 0,1 respectively, \\hi.ch corresp::>nd to the present study to sane 

degree. G6ktun (1975) and Haffen (1975) also found a similar 

tendency. 

The average li~ coefficients versus G/D plot of the present study 

is cnmpared to those of the other investigators in Fig. 8.10. The 

correlation is excellent. At srrall G/D values, near the bottan, 

the lift coefficients approach those obtained by Wilson and 

caldwell (1971) and lbshko et al (1975) v.hile the results alnost 

coincide with Thanschke's (1971) and Bagnold's (1974) curves beyond 

G/D = 0,3. 

At G/D > 1,0 a few test runs produced negative li~ coeffic~ents 

(refer Figs. 5.48 to 5.51). In all these cases the maximum 

pressure p::>ints were located slightly above the front centre of the 

cylinder (Tables 5.3 and 5.6), p::>ssibly resulting in a net downward 

force on the cylinder. Zdravkovich (1985) also measured negative 

lift coefficients, with a praninent minimum turning p::>int (Fig. 

2.15). l.Dwer in the subcritical region, Zdravkovich cbtained a 

less pronounced peak, in the G/D range 0, 3 to 1, 5. A p::>ssible 

explanation for the negative li~ coefficient is given in 

Chapter 10 of this thesis. 
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8.4.2 Variation of Drag Cbefficient with G/o 

The variation of the drag coefficient CD/a
1 

with the gap to 

boundary layer thickness ratio G/o is canpared to the results 

obtained by Zdravkovich (1985) in Fig. 8.11. Although the drag 

coefficients are equal to nore than ck>uble Zdravkovich's results at 

srrall G/o values, both plots indicate an increasing tendency. 

Zdravkovich found that the drag coefficient was alnost oonstant for 

. G/o > 1, and only started to decrease when the test cylinder was 

imnersed in the lx>undary layer. The lx>undary layer thicknesses 

measured in the present study were all in excess of 1,5 cylinder 

dianeters, resulting in a maximun G/o ratio of 0,755; it was 

therefore mt p:>ssible to d::>tain the variation of the drag 

coefficient beyond G / o = 1, 0. 

8.4.3 Bed and Cylinder Roughness 

Bed roughness did not appear to influence the force coefficients; 

contradictory results were produced. This corresp:>nds to results 

obtained by Jones (1970) and Littlejohns (1974), at higher Reynolds 

numbers near the critical flow regime. 

Cylinder roughening resulted in a ~lightly higher drag coefficient 

for the "rougher" smaller cylinder, with a srrooth bed flume. 

Should a rough bed also be considered, this tendency prevails up to 

a Reynolds nurrber of approximately 14 000. All the investigators 

mentioned earlier in Section 8.4, found a similar result near the 

critical flow regime. The same researchers found that cylinder 

roughening, caused a decrease in the lift coefficient. Should 

their values be extrap:>lated to the subcritical region of the 

present study, their "srrooth" and "rough" curves either merge or 

intersect. 
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The present research indicated that, except for the 50 nun cylinder 
which caused more flow blockage, cylinder roughening did not have 

any marked influence on the lift coefficient in the Reynolds number 

range concerned. Bagnold (1974) performed tests at a Reynolds 

number of 3 000, and found a very slight increase in the lift 
coefficient, close to the bed, associated with cylinder roughening. 
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CHAPl'ER 9 - REVIEW OF 'l'HIOCEETICAL S1VDIES UNPERTAKBN 

9.1 Introduction 

As indicated in Chapter 2 of this dissertation (Section 2. 7) , 

theoretical studies on a cylinder.placed. in·a steady flow close to 

a boundary, are almost non-existent. A number of theoretical 

studies was however, undertaken on syometrical flow pa.st 

cylinders. The majority of these studies concentrate on nunerical 

calculation methods. 

In the discussion that follows, the influence of boundary or wall 

proximity on wave-induced forces as well as the potential flow are 

briefly examined. Theoretical models, capable , of generating 

pressure distributions around a circular cylinder located in steady 

synmetrical flow, are then discussed, followed by an analytical 

explanation of the uprard lift force induced when a cylinder is 

placed in a steady flow near a boundary. 

9.2 Wave-induced Forces 

The influence of a nearby plane boundary on the wave-induced forces 

on a circular cylinder, was theoretically analysed by Yamamoto et 

al (1974). The cylinder's axis was located parallel to the plane 

boundary and perpendicular to the wave direction. Ckll.y cylinders 

far from the free water surface were considered. They also carried 

out experiments to compare with their theoretical results. 

Yamamoto et al f o\.Dld the drag force effect negligible in their test 

program, and consequently ani tted m-ag ooeff icients from their 

study. In discussing their work, Grace (1975) indicated that the 

Keulegan-carpenter period parameter, K-C, of less than 2 was not 

tYJ>ical of real-life situations. (The Keulegan-c&.rpenter period 

parameter K-C or "wake parameter", as it was referred to by 

Yamamoto et al (1976) is represented by 
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K-C = 
U T max 

D 

9-2 

where U amplitude of the harmonically changing velocity max 
T = period of oscillation 

D = diameter of the cylinder, 

is closely related to the }iienomenon of wake formation. It can 

also be shown that K-C is a measure of the relative displacement of 

water particles. ) • 

Schrecker ( 1978) reported. on experiments performed by Keulegan and 

Carpenter (1958) on cylinders and plates to examine the flow 

patterns at various K-C values. 'Ibey found that no flow separation 

occurred for K-C ~ 15. For K-C beyond 15, separation was observed, 

vortices f onned ard the drag increased considerably. Sarpkaya and 

Isaacson ( 1981) identified the following ranges of the K-C values 

over which the various force components, in oscillatory or lDlSteady 

flow, become predominant: 

K-C value Predcainant force component 

larger than about 15 

smaller than about 10 inertia 

larger than about 5 lift 

In Chapter 2 it was mentioned that the Strouhal nunber S is related 

to the vortex shedding frequency in steady flow cond.i tions. The 

Keulegan-carpenter period parameter on the other hand, is clearly 

important in oscillatory flow situations. 
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9.3 Potential Flow TheorY 

In their abovementioned analysis, Yamamoto et al (1974) closely 

investigated lift forces 8nd the effect of varying cylinder 

clearance G on the lift coefficient. Attention was only devoted to 

the lift resUl.ting from the asynmetrica.l flow ca.used by the nearby 

plane boundary. Their calculations based on potential flow theory 

generated a lift coefficient, ~ = 4,49 for the cylinder making 

contact with the boundary; this flow condition corresponds to 

miifonn, steady inviscid flow without separation. For the same 

flow _situation and cylinder location, Wilson and Reid (1963) fOl.Uld 

a c1 value of 4,48. This lift force is directed away fl'Oll the wall 

when the cylinder touches the boundary. 

A lift coefficient value, c1 = n(n2 + 3)/9 = 4.49 was already 

derived by l'l.iller in 1929 for potential flow and with G = O. '!be 

case of G = 0 (with no flow under the cylinder) C8llllot be obtained 

ma.thematically fran the case where G - 0 and by letting G approach 

zero. Yamamoto et al ( 1976) reported that they mathematically 

calculated c
1 
~ - • for G ~ +o. 

The potential flow theory yields a large net lift force towards the 

boundary (i.e. negative lift force) even if a very SDBll gap exists 

between the cylinder and the boundary. With further separation 

between cylinder and boundary, the lift force towards the botmdary 

decreases Wltil it approaches zero at a gap ratio G/D of 

approximately 1 (refer to Fig. 9.1). Owing to the effective 

"compression" of the streamlines, the flow in the gap between the 

cylinder and the boundary has a higher velocity than at the top of 

the cylinder. According to the Bernouilli equation, the pressure 

at the top of the cylinder is higher than at the bottan thereof; a 

net downward force is therefore exerted on the cylinder. 1his 

result demonstrates the inability of the potential theory to deal 

with the consequence of flow separation. -
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Experimental results of Yamamoto et al ( 197 4) and Wright and 

Yamamoto (1979), showed good agreement with the CL versus G/D plot 

based on the potential flow theory (refer to Fig. 9.1). Also 

$arpmya ( 1976) obtained lift coefficient values at small K-C 

nunbers, and G = O, which compared well, regarding the order of 

magnitude, with r-tiller's (1929) CL value of 4,49 for potential 

flow. However, Grace (1975) questioned the practical importance of 

negative lift ooefficients to the pipeline designer, as downward 

forces resulted in greater stability. Yamamoto et al's (1976) 

response was that additional experimental results at larger K-C 

numl:::>ers, showed that a large negative (downward) lift occurred when 

wake formation was small and a large positive (upward) lift when 

wake formation became larger; this reversal happened within half a 

wave cycle. 

From the above, it is evident that the theoretical analysis by 

Yamamoto et al (1974) using potential flow, is related to pire wave 

action at small Keulegan-ca.rpenter period parameters, where the 

wake l:::>ehind the cylinder is not yet fully developed. 

9.4 SYJDl)etrical Flow Past Cy1inders Calculation Hethcxis 

During the pest two decades, considerable advances were made in the 

numerical solution of the Navier-Stokes equations (derived in 

Schlichting, 1979) for fluid flow past bluff bodies, such as 

circular cylinders. Unfortunately, the results are restricted to 

laminar flow situations, remote from a botmdary, at low Reynolds 

numl:::>ers. _ This is mainly due to the cost involved and the severe 

numerical problems encotmtered when considering higher Reynolds 

numl:::>ers • 

Should turbulent flow situations 1:::>e considered, the nunerical 

solutions of the Reynolds-averaged Navier-Stokes equations not only 

involve excessive comp.rting times, but are also influenced by 

tmCertainties in the modelling parameters; these uncertainties are 

mainly in the region of separated flow. 
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According to C-eli.k et al (1985) a practical and quicker solution is 

obtained when an inviscid model, representing the most important 

features of the real flow, is developed. However, free parameters 

such as the location of flow separation and the base pressure have 

to be known, and therefore be determined fran alternative methods, 

for the model to generate realistic results. 

C-elik et al (1985) identified models which assume steady flow to be 

one of three categories, namely ( i ) free-streamline llOdels, using 

confonnal mapping techniques, (ii) surface-singularity models and 

(iii) free-streamline models with surface and wake singularities. 

In all these models the flow field consists of the boundary layer 

on the body, the wake and the flow region outside the boundary 

layer and wake. 

The free-streamline models with surface and wake singularities 

(ref er to category (iii) above) , are based upon the assunption 

"that the vorticity in the wake region is concentrated in 

" relatively thin shear layers (C-elik et al, 1985). 1he vorticity is 

a vector quantity, of the same nature as angular velocity. 

According to Lugt (1983) vorticity is the angular velocity of a 

fluid at a point in space. 

C-elik et al ref erred to a model developed by Dvorak et al ( 1979) . 

This two-parameter model involved the wake.cbubble length and the 

base pressure coefficient. The wake bubble length is the distance 

between the body and its image. Dvorak et al' s model produced 

satisfactory results for flat plates, regarding streamline· 

patterns. However, applications of the model , adapted for the 

circular cylinder, indicated the dependence of the results on the 

wake fineness ratio; the latter defines the wake length which is a 

free parameter for which a value has to be prescribed. 

Dvorak et al's model assLUDes the vorticity on the streamlines to be 

constant and equal to its value at the point of separation. 1be 
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position of the separating streamlines is deterained. by an 

iterative procedure. Briefly the method is as follows: 

An initial shape of the vortex sheets is assl.IDed, and the vorticity 

distribution satisfying the required velocity condition on the body 

and the position of the new streamline (corresponding to the 

previous singularity distribution) is determined; the procedure is 

iterated 'lmtil a satisfactory position for the streamlines is 

obtained. Dvorak et al (1979) did not provide details of a 

convergence criterion or the nunerical method used in their report. 

Celik et al (1985) cited examples of a few irrotational-flow 

models, analogous to the above model of Dvorak et al. All these 

models involve some free parameters of which the values have to be 

determined beforehand, either from experimental investigations or 

other means. To minimise empirical inputs and reduce the ntlilber of 

free parameters, Celik et al utilised boundary layer theocy in a 

model they developed, which was similar in some respects to the 

Dvorak et al model. The Celik et al model generates pressure 

distributions around a cylinder placed in .various symnetrical 

flows. 

9.4.1 The model of Celik et al (1985) 

9.4.1.1 ~~ti~~ 

To simulate the real separated flow past a circular 

cylinder to an approximate degree, the model was based on 

the following assunptions (refer Fig. 9.2): 

(.i ) The flow field is steady. . 

(ii) ·The bmmdary layer on the cylinder and the free 

shear layers are sufficiently thin, such that they 

can be represented by vortex sheets. (According to 

Goldstein (1950), vortex sheets "may be regarded as 

an idealization, for inviscid fluids, of thin 

layers of vorticity in a fluid whose viscosity is 

small but not zero"). Further, it is asstned that 

the vorticity in the shear layer and in the 
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boundary layer, is concentrated on the free 

streamline appearing beyond the point of separation 

and along the contour of the cylinder. 

The wake bubble, behind the cylinder, has 

negligible vorticity. 

(iv) In the near wake region, the vorticity strength on 

the free streamline is constant. 

(v) Stagnation points are located on the cylinder, just 

downstream of the points of separation. 

(vi) The boWldary layer's influence, prior to the 

occurrence of separation, is represented by a 

source distribution such that the nonnal velocity 

is given by 

v(e) d * = de (2 ue 6 /D) (9.1) 

where e = angle measured from the rear stagnation 

point, 

* boundary-layer displacement thickness, 6 = 
u = tangential velocity (outside the e 

·boundary layer region) , 

D = cylinder diameter 

It is also assumed that v( 9) is negligible beyond 

the point of separation. 

9.4.1.2 ~~!!~~-~~-~~!~!!~~ 
The assumptions and boundary cond.i tions mentioned above, 

lead to a so-called Neumann problem. The solution .of such 

a problem, lies in the construction of a system of 

singularity distributions comprising a source distribution 

m(9) and a vortex sheet .,(9) (on the circle), a vortex 

sheet of constant strength ., on the shear layers, and a 
w 

WJ.if orm flow field having a velocity V = 1. The source 
0 

distribution satisfies the boundary condition v = v, while r 
the vortex distribution can be found to satisfy the 

following conditions: 
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(a) 'Ihe nonnal velocity on the circle (see Fig. 9.2(b)) 

is zero. 

(b) 'Ihe vorticity is conserved at the point of 

separation, i.e • ., = ., + .,d; s and w refer to 
8 w 

the upstream and downstream sides of the separation 

point on the exterior and d refers to the 

downstream side in the interior. 

( c) 'Ihe tangential velocity at a position 8 d, due to 

the vortex distribution is equal and opposite to 

that ca.used by the source distrirution (according 

to assllllption (v) of the previous Section 9.4.1.1. ). 

With reference to Fig. 9.2(b), the velocity in the 

r-direction at point t due to a lD'lit source element and in 

the s-direction at point p due to a unit vortex element, is 

given by the following expression, in terms of polar 

co-ordinates: 

'Ihe source distribution m(st), on the circle, "1ich 

satisfies the boundary condition in Eq. (9.1) is given by 

211 

11 m (et) + J m (sq) G (q,t) d sq = v(st) 

0 

(9.3) 

According to condi tfon (a) above, the fluid within the 

circle is asstmed to be at rest. This condition generates 

the following equation for the vortex sheets on the circle 

and the free streamlines: 
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q 
l 

- n ., < t > + J ., < q > [o ( q, t > - o · ( q ' , t >] d e q 

q 
0 

p 
a 

+ J -r(p) (o(p,t) - G(p' ,t)] d sp - sin 't = .o 
p 

0 

.mere G(p• ,t) = G(r , - e ,t) p p 
s = arc length at point p. 

p 

(9.4) 

1be required outflow v(e) at the circle is not disturbed by 

this vortex distribution. 1be source distribution does, 

however, contribute to the tangential velocity on the 

circle. 

Celik et al ( 1985) subsequently showed that the total 

tangential velocity U is given by 

U = -sin e + u + 11'1 + ., Q w 

= 2sin 8 + u + 
(u - 2sin 8 )Q s 8 

(n - Q ) 
s 

where u = tangential velocity on the circle due 
s 

to the source distribution 

Q = a wake influence f lUlCtion 

Qs = the wake influence function at e = 8 s 
u = boundary-layer displacement effect 

(9.5) 

'lhe first and third terms on the right-hand side of 

F.q. (9.5) are the velocity due to the unifonn stream, and 

the combined effect of the boundary la,.er and the wake 

respectively. 
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9.4.1.3 ~~~-~-~ter 

As the streamlines which arise fran the separation points 

are not lmown initially, the canputations must ocmmence 

with a guess; the locations of the vortex sheets must 

therefore be determined by an iterative J>rooedure. 

Celik et al's constant-vorticity model requires that a wake 

length parameter wt be introduced.. 'Dlis parameter can be 

regarded as the effective wake length which represents the 

influence of the whole wake on the pressure distrib.ltion 

around the cylinder. 'lhis model thus involves. the two 

parameters 8 s and wt • The separation angle 8 s can be 

detennined from boundary-layer calculations using the 

method described by Celik and Patel (1982), which in turn 

utilises the m.nerical scheme and turb.llence model of 

Cebeci and Bradshaw ( 1977) • . 'Ihe wake length parameter wt 

is determined by a trial-arld-error procedure such that the 

calculated value of the m:iniDn.m pressure cc>efficient CPD 

matches its experimental value. 

9.4.1.4 Base Pressure Coefficient 

'Ihe base pressure coefficient cpb is given by 

cpb = 1 - U2 + Ml 

where U = non-dimensional tangential velocity 

&I·= mean value of the non-dimensional total 

pressure head jtop 

= 4 11' ., · (11' ., - U ) ; · U being the non-
e B 0 0 

dimensional tangential velocity an the 

exterior side of the vortex sheet. 

9.4.2 Pressure Distributions 

(9.6) 

A comparison of the results (in the critical regime) 

obtained from the Celik et al model, with and without 
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displacement effects, and the model of Parkinson and 

Jandali (1970) is shown in Fig. 9.3; the application of 

the model of Parkinson and Jandali is briefly discussed 

below in Section 9. 4. 3. Al though both models assume the 

same separation position, the Celik et al model uses the 

miniDltDD pressure coefficient C , while the model of 
pn 

Parkinson and Jandali uses the base pressure coefficient 

C ,_; C exhibited less experimental scatter than C ,_. 
pu pn pu 

In the vicinity of the separation point, the method Ulder 

discussion exhibits a small kink; this is due to the fact 

that a constant total head difference ruI is asstDDed across 

the vortex sheet. The same tendency is observed in the 

subcritical regime. 

The model of Celik et al (1985) shows good comparison with 

experimental results regarding pressure distributions. 

However, the results suffer from uncertainties as the 

calculations use the experimental values of the minimum 

pressure coefficient C • 
pn 

9.4.3 Flow pa.st rough-walled cylinders Application of the Model 

of Parkinson and Jandali (1970) 

Guven et al (1977) developed an analytical model for the 

steady flow pa.st a circular cylinder at very large Reynolds 

m.unbers. The model was required to accoomodate 

rough-walled cylinders and was based on the wake-source 

potential-flow model of Parkinson and Jandali (1970). 

According to the latter model, , the pressure distribution 

can be calculated provided the pressure coefficient at 

sepll'B.tion C and the angle of sepll'B.tion 9 are given. 
~ s 

The wake-flow details are not considered and it is assumed 

that cpb = c~ 
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As consideration of the developnent and separation of the 

boundary layer as well as the comp8tibili ty of the wake 

flow with the external potential flow is essential to 

generate the C ib , e (approximate angle of beginning of 
p w 

the wake region defined in Fig. 9. 4 (a) ) , and the pressure 

distribution, an extension of the Stratford-Townsend theory 
.. 

for turbulent boundary-layer separation was used (Guven et 

al ( 1977) • 'Ibis theory makes provision for .l"OUlh-walled 

cylinders due to the fact that (Cpb - CPD) is a function of 

the surface roughness ratio k/D, the Reynolds m.nber, the 

free stream turbulence and the pressure distribution (up to 

the minimum pressure point e . ) • 
lll1ll 

.. 
Guven et al ( 1977) unf orttmately did not indicate any 

gra}iiical pressure distributions, based on the extension of 

the Stratford-Townsend theory. However, their caaparisons 

of the Parkinson and Jandali theory with experiment for 

both smooth and rough cylinders are respectively shOHD in 

Figs. 9.4(a) and (b). 'Ihese comparisons oorrelate fairly 

well, particularly up to the mininun pressure points. 

9.5 Steady Flow Near a BoµndAIT : Explanation of Vm@rd Lift Force 

Fredsoe and Hansen (1984) introduced a modified description.oft.he 

potential flow around the upstream part of a cylinder, in close 

proximity to a boundary. 'Ihe purpose of their analysis was to 

explain why a. cylinder, in a steady flow, experiences an upward 

lift force when placed in contact wi t.h or close to a plane 

boundary. 

9.5.1 Velocities Above and Below t.he Cylinder 

To investigate the influence of t.he wake, aft of a 

cylinder, they carried out a series of flow velocity 

measurements. 'Ihe flow velocity above and below a 89 BIB 

diameter cylinder, placed in 450 DID deep water in a 2 metre 
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Fig. 9.4: Comparison of the theory of Parkinson and Jandali 
with experiment {from GUven et al, 1977) 



Univ
ers

ity
of

Cap
e Tow

n 

9-13 -

wide 1"later flume, was measured using a small (6 an 

diameter) propeller. Measurements were taken with the 

cylinder towed through still 1"lB.ter (non-shear flow) and in 

steady flow conditions with the cylinder at rest (shear 

flow). '!be experimental details which also involved the 

ineasurement of lift forces experienced by the cylinder 

suspended on springs, are given by Fredsoe et al (1985). 

The velocity measurements were compared with the velocity 

obtained from the potential flow -theory, as described by 

MUller ( 1929) • For comparison pirposes the velocities were 

normalised with values predicted from potential theory at a 

depth equivalent to four cylinder diameters, i.e. 

_ sufficiently remote from the solid boundary. 

The shear flow velocities just slightly above and below the 

cylinder, Utop and lloott.Om respectively, were approximately 

equivalent at each G/D ratio for the shear flow case. '!be 

potential flow theory predicted a ubottan value larger than 

Utop; from an extremely large difference at G = 0 

(cylinder-wall contact), the velocity 1\ottom decreased. 

swiftly to approach Utop at approximately G/D = 1 (refer to 

Fig. 9.5). With a gap tmder the cylinder, in shear flow, 

separation occurs at location8 of about 90° and 270° from 

the front cylinder centre (refer to Chapter 5 of this 

stuiy, particularly Table - 5. 6) for smooth cylinders. The 

Wake pressure in the 90° to 270° region is roughly 

constant. No wake is present upstream of the cylinder, 

which makes the Bernouilli equation valid for the upstream 

section of the cylinder. As the streamlines experience a 

constant curvature along the cylinder up to separation, it 

is evident that the velocities at the two separation points 

must be virtually equal. 
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Re = 25 000 (from Fredsoe and Hansen, 1984) 
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9.5.2 Displacement of Front Stagnation POint 

The fact that utop virtually equals ubottom' means that the 

top and bottom pressures also becane almost equal. These 

pressures can therefore not contribute to the transverse 

lift force on the. cylinder. However, when the cylinder 

DK>ves closer to the bolU1dary and the gap is reduced, the 

front stagnation point (i.e. the point lodlere the maximum 

pressure occurs) moves from the cylinder centre line 

towards the wall, due to the reduction in the cross section 

available to flow lD'lder the cylinder. The displacement of 

the front stagnation point was recorded in .the experimental 

component of the present study (ref er to Table 5. 6) and 

also observed by Beannan and Zdravkovich ( 1978) • Further, 

this displacement results in a positive (upward) lift force 

exerted on the cylinder. 

9.5.3 Modified Potential Theory 

To estimate the magnitme of the lift force, Fredsoe and 

Hansen (1984) adjusted the flow description of the 

potential theory in frorit of the cylinder, such that the 

velocity U top was equal to Ubottom. They consequently 

superimposed on the flow, described according to MUller's 

(1929) potential flow derivation, a vortex body arotmd. the 

cylinder. The direction of rotation of the vortex body was 
I 

clockwise, when the non-viscous approach flow was directed 

from left to right (refer to Fig. 5.2). 

The potential flow· description of MUller, as used by 

Fredsoe and Hansen is as follows: 

The complex potential w being a fllllCtiori of z, the complex 

coordinate where z = x + iy and x and y defined as in Fig. 

5.2, is given by the expression 

00 

2 ( 
m. 

= u z J - o - (z-z .) 
j:O J 

+ 
m. ) J . 

(z - z. 
J 

.(9.7) 
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where 

oz 
m = U -

0 0 4 

= m. 
J 4(2a-Y.) 2 

J 

·D 
=a - .,...,..,....---~ 2(2a-Y.) 

J 

z. = i y. 
J ' J 

Y = a (See Fig. 5.2) 
0 

U = far field velocity in shear-free flow 
0 

a = distance from the bed to the cylinder centre 

D = cylinder diameter 

The complex potential w1 describes the flow, with velocity 

U , ar0tmd a cylinder placed a gap distance of (a - D/2) 
·O 

from the boundary. 

To compensate for the influence of the wall on the 

circulation around the cylinder, Fredsoe and Hansen (1984) 

applied the following modified potential flow description 

of the vortex. They obtained the vortex by the composition 

of two vortex l:xxlies with their centres in 

ct = ( 0; J a 2 - D2 I 4)-' and c 2 = ca . the complex conjugate. The 

vortex bodies had equal strengths and opposite rotational 

directions. This caused the wall to "automatically becane 

a streamline". The complex potential became 

w2 = K (i tn (z - c 1 ) - i tn (z - c 2 )] (9.8) 

where 

K = a constant. 

Fredsoe and Hansen proved, using geometry, that a circle 

coinciding with the cylinder becomes a streamline, i.e. 
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Eq.(9.8) fulfilled the requirement of a vortex body. The 

strength of the vortex, characterised by Eq. (9.8) lolBB 

subsequently adjusted for different gap ratios such that 

the total complex potential 

(9.9) 

would meet the requirement of Utop being equal to 'lloottom• 

9.5~4 Detennination of Lift Force 

The pressures on the upstream face, between 9 = 270° and 

90°, was now simply detennined by means of the Bernouilli 

equation. On the rear side of the cylinder the constant 

wake pressure was not considered as it did not contribute 

to the lift force. The vertical component of the pressures 

on the front face of the cylinder was integrated to 

generate a positive (upward) lift force at all gap ratios. 

The lift coefficient calculated, decreased with increasing 

gap ratios, i.e. as the front stagnation point (where the 

pressure is a maxi.nn:an) moved upward towards the front 

centre point of the cylinder. 

Fredsoe and Hansen obtained experimental values for the 

lift coefficient in shear-free flow by towing a cylinder, 

fixed to a carriage, through still water; lift 

coefficients in shear flow (i.e. with a stationary cylinder 

in steady flow) were also determined. 'lhe experimental CL 

values at various G/D ratios, compared favourably 

(particularly for shear-free flow) with the corresponding 

values predicted by the modified potential flow description 

(refer to Fig. 9.6). 

9.5.5 Comparison to Potential Flow Theocy 

From the above it is clear that while Fredsoe and Hansen's 

( 1984) analysis and measurements (ref er Fredsoe et al, 

1985) indicate that the flow velocities at the top and 

bottom of a cylinder, placed in a steady flow near a 
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boundary are the same, the potential theory predicts a 

larger velocity at the bottom than at the top of the 

cylinder. This contradictory prediction of the potential 

flow theory results in a downward lift force when the 

cylinder is located close to a boundary, which is certainly 

not possible (refer to the exper im en tal results of the 

present study, summarised in Chapter 5). 

Although the qualitative analysis of Fredsoe and Hansen 

(1984) does not describe the detailed variation of the lift 

coefficient CL exactly for shear flow, their experimental 

results exhibit the same trend as the results obtained by 

Bagnold (1974) and Thomschke (1971) close to the wall. 

9. 6 Steady State solution: state of Affairs 

Already in 1967 Schubert mathematically analysed the influence of 

fluid flowing over a cylinder lying on a wall. Unfortunately 

only slow flows of Reynolds numbers up to values of only one were 

considered. Solutions were obtained when the motion far from the 

cylinder was of uniform shear. According to Schubert (1967), the 

transverse force exerted by the fluid on the cylinder is zero. 

Be stated that neither the pressure forces nor the viscous forces 

can exert a net lift on the cylinder. He explained that this was 

possibly due to the slow motion of the fluid. 

Since the unsatisfactory attempt made by Schubert, not much 

progress was made regarding the steady state solution. Earlier 

in this Chapter (Section 9.3) it was shown that the potential 

flow theory does not yield realistic results when a very small 

gap exists between the cylinder and the boundary, due to a large 

net lift force being generated towards the latter. A major 

shortcoming of the potential theory is the fact that it does not 

accommodate flow separation, a flow phenomenon which should be 

considered in real flow situations. Further, ,the simplistic 
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potential theory does not cater for turbulence. In moderate. 

fluid flows the boundary layer close to the wall is turbulent. 

It is therefore evident that any steady state solution should 

relate to turbulent approaching flows. 

When discussing calculation methods in symmetrical flow in 

Section 9.4, reference was made to the numerical solutions 

achieved by means of the Reynolds-averaged Navier-Stokes 

equations. In turbulent flow situations the solutions of the 

Navier-Stokes equations are adversely influenced by uncertainties 

in the modelling parameters, particularly in the separated flow 

regions. When a cylinder is located in close proximity to a 

boundary, these uncertainties would be further accentuated. 

Further, the inviscid flow model which Celik et al (1985) 

developed to represent steady symmetrical flow does not generate 

important characteristics such as the location of flow separation 

and the base pressure directly. These free parameters have to be 

determined from alternative methods. An iterative procedure is 

then used to generate inter alia the pressure distributions 

around a cylinder placed in various symmetrical flows. It is 

clear that this model cannot be readily adapted to meet the 

requirements for wall cylinders. 

In the foregoing it was also reported that Giiven et al (1977) 

applied the model of Parkinson and Jandali (1970) to rough-walled 

cylinders in symmetrical flow. They used an extension of the 

Stratford-Townsend theory for turbulent boundary-layer 

separation. However, the pressure distribution can only be 

calculated provided the pressure coefficient at separation and 

the angle of separation are given. Although Gilven et al's 

application is an improvement on the Celik et al ( 19 8 5) model, it 

is as limited regarding its adaptability to simulate real fluid 

flows past wall cylinders. 

Predsoe and Hansen's (19 84) modified potential theory provides an 

useful description of the fluid flow around the upstream part of 
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a cylinder placed close to a boundary. Their analysis (Section 

9.5) results in an acceptable explanation of the upward lift 

force experienced by a cylinder placed in contact or near a plane 

boundary, in a steady flow. Although their method generated lift 

coefficients which compared favourably with experimental values, 

it does not accommodate flow separation and turbulence. 

In summary, it is evident that flow turbulence is the main 

problem to be addressed before an acceptable steady state . 
solution for wall cylinders will be realised. Various attempts 

by the author have indicated that a realistic numerical analysis 

of the steady flow past wall cylinders warrants a study in its 

own right. 



Univ
ers

ity
 of

Cap
e T

ow
n

10-1 

CliAPI'ER 10 - DISCUSSIOO AND THEDRETICAL ANALYSIS 

10.l Introduction 

It is mentioned in Chapter 1 that one of the object.ives set for this 

study, was to obtain a better conception of the various 

C"haracteristics of the fluid flow around a circular cylinder, placed 

in a steady transverse flow near a boundary; only the subcritiC".al 

Reynolds number region is considered, due to the limitations of the 

experimental arrangement to aC"hieve higher Reynolds numbers. 

However, the downtrends of the drag coefficient plots, could 

indiC".ate the start of the critical region. Unfortunately the 

influence of cylinder roughness and turbulence .intensity on the 

critiC".al Reynolds number could not be ascertained. 

An attempt is made in this.Chapter, to explain how the flow arrl 

force coefficients are influenced by boundary proximity. The 

explanation is based on an interpretation of the various experi­

mental results generated (Chapter 5) and the flow visualization 

tests undertaken (Chapter 7); the lift phenanenon is also 

explained. The discussion is therefore largely related to the 

pressure distribution diagrams, obtained for various C".Cftlbinations of 

the following variables: cylinder size, gap to diameter ratio 

(G/D), cylinder roughness, bed roughness and approaC"h velocity. 

Although it is not the intention with this dissertation to prop;:>se a 

mathernatiC".al m:xlel for steady flow past a cylinder near a wall, sane 

simple calculations are provided. These C".alculated values are 

ccmpared to those produced fran experimental observations. 

10.2 Cylinder at various G/D locations 

The main features of the pressure distributions, viz. the front 

stagnation i:oint,. the minimum pressure i:oint, the separation i:oint 

and the wake zone, are discussed. Special reference is made to flow 

separation, WhiC"h is regarded as a key phenanenon in explaining the 

flow past a circular cylinde,r. 
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10.2.1 G/D > 1,1 

At these locations, the pressure distribution diagrams (see e.g., 

Figs. 5.14 and 5.26 for the srcooth cylinder) awroa.ch the 

synrnetrical flow situations, as graphically represented by 

Flachsbart's (1932) measuranents in Fig. 2.7. 

'Ille p:>ints Where the flow separates fran the cylinder surfaces, 

were detennined to be located exactly at the upper and lower 

shoulders of the cylinder, i.e. at 9ef' and 270° respectively fran 

the front cylinder centre (Tables 5.3 and 5.8). The front 

stagnation p:>int (maxi.nn.Jrn pressure location) was generally 

located at the front cylinder centre. 

Although the lift coefficient approached zero, the experimental 

ooservations for sane test runs prodoced a slightly negative 

value (refer Table 5.3). It oould rvt be ascertained accurately 

What the exact location of the separation p:>int was for these 

cases; measurements taken, indicated approximate locations of 90° 
and 270°. However, fran the pressure distribution diagrams it 

was clear that the front stagnation p:>ints, for the test runs 

that generated negative lift coefficients, were displaced 

slightly above the front cylinder centre. A nore detailed 

~planation of the phenanervn of lift, is offered later in this 

Olapter. 

'Ille variation of drag coefficient with Reynolds ntmber plots 

(Fig. 5.43), shov.ed that the drag coefficient is only slightly 

influenced by faster approach flows and cylinder size; it 

displayed a downward tendency at increasing Reynolds ntmbers. 

calculations of the average base pressure coefficient, revealed 

that the pressure in the wake zone (see plots in Figs. 5.54 to 

5.56) increased with Reynolds ntmber. O::mparisons between values 

in Tables 5.3 and 5.8 showed that if Ci±> increases, the drag 

CXJefficient decreases. '!his inplies that there is indeed a 

slight decrease in the drag coefficient.with increasing Reynolds 

numbers, for this situation Where syrrmetrical flow is approached. 
Further, this is possibly the start of the critical region. 
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Bed roughness did not influence the force coefficients such that 

a logical conclusion could be reached; the plots in Fig. 5.47 
~ ... 

produ:::e rontradictory results, regarding the drag coefficients 

for snooth and rough cylinders, while the lift coefficient plots 

in Figs. 5.48 and 5.49 ck> rx:>t provide corresfX>nding deductions 

when cani;:ared. 

Cylinder roughening resulted in the earlier corrmencement of 

turbulence in the ooundary layer of the cylinder. This led to 

the nobile separation fX)ints being displaced d:>wnstream, to be 

located at 110° and 250° fran the front cylinder centre (Table 

5.8). The difference in the base and minimum pressure coef-

ficients, C b - C calculated for snooth and rough cylinders at 
p pm 

G/D > 1,1 for corresfX>nding Reynolds numbers (Fig. 5.58), is 

virtually equivalent. This implies that the drag coefficient is 

not :rm.lch affected by cylinder roughening; Fig. 5.46 illustrates 

that "snooth" and "rough" plots for the 50 rrm diameter cylinder, 

alnost coincide. 

Hov.ever, When the 30 nm diameter cylinder is considered, 

( C b - C ) values at oorresfX>nding Reynolds numbers are sma.ller 
p pm 

for the rough cylinder (refer Table 5.8). According to G'.iven et 

al (1975), their surface roughness tests en cylinders, performed 

in syrnnetrical flow beyond the "critical regime", indicated that 

l~r (C b - C ) values are linked to thicker and retarded 
p pm 

boundary layers. Such ooundary layers are caused by larger wall 

shear stresses and lead to E?1r1-ier flow separation and an 

increase in the total drag coefficient. All the tests done for 

the present study, were executed in the subcritical flow regime 

and prod~ed delayed flow separation for rough cylinders in 

near-bed locations. The average snooth bed drag coefficients for 

the 30 nm cylinder, (Fig. 5.47), shov.ed that cylinder roughening 
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resulted in a higher drag coefficient. Should the results for 

the larger cylinder be ignored, due to its blocking ratio being 

higher, it is evident that cylinder roughening leads to a higher 

drag coefficient, in the subcri tical flow regi.m:? ex>ncerned. A 

p::>ssible explanation of the flow mechanism causing the increase 

in the drag coefficient, is given in Section 10.3. 

Although cylinder roughening resulted in a saneWhat higher lift 

coefficient for the 50 nm cylinder, virtually oo change was 

recorded with the smaller cylinder (Fig. 5.50); the results for 

the 50 nm cylinder can therefore not be regarded as ronclusive. 

Flow visualisation tests perfonned at G/D = 1,2 ronfinned that a 

synmetrical fla.Y situation was approached. Regular vortex 

fonnation took place Whereby vortices were alternately shed fran 

the region inmediately downstream fran the separation p::>ints, on 

the upper and lower shoulders of the cylinder. 

10.2.2 Near-bed locations: 0 < G/D < 1,1 

Very interesting observations -were made as the cylinder was rroved 

closer to the bed of the flume, i.e. as the cylinder was partly 

or Wholly imnersed in the thick boundary layer along the bottan 

of the flume. 

Due to the boundary interfering with the flow around the 

cylinder, as the cylinder approaches the boundary, the 

syrnnetrical shape of the pressure distribution diagram is 

somev.hat distorted (see e.g., Figs. 5.22 and 5.23): The centre 

of the wake zone rroved l.lpNci.rds fran 180° to 175° (Fig 5.8) with 

respect to the front cylinder centre, and the minimum pressure 

peak under the cylinder diminished rapidly. Further, both the 

upper and lov.er separation p::>ints rroved downstream. The location 

of the lower minimum pressure peak was also displaced dov.nstream, 

While the p::>sition of the upper peak was alrrost unaffected. 
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Fran a careful analys~_s of the pressure distribution data and the 

oorresp:mding graphical plots,_ it is evident that the front 

stagnation p::>int is displaced to....ards the boundary as the 

clearance between the cylinder and the boundary is redoced. 

Below G/D = 0,5 the base pressure ooefficient increased rapidly; 

the plots in Fig. 5.57 represent the variation in base pressure 

ooefficient at a Reynolds nurril:::>er of approximately 20 000. 'Ihe 

higher base pressure ooefficient at smaller clearances, suggest a 

smaller or flatter curvature for the streamlines adjacent to the 

unstable wake region, behind the cylinder. The flow 

visualisation photographs (Fig. 7.~3(a) and 7 .4 (a)), oonfinn the 

fact that the downstream streamlines are less curved. 

As the cylinder-to-boundary gap G was reduced, the vortex 

shedding action was suppressed at the boundary side of the 

cylinder (refer Fig. 7.2 (c) for the G/D = 0,1 location of the 

cylinder). This was evidently due to the bed interfering with 

vortex shedding in the lower energy boundary layer along the bed 

of the flume. 

Al.though little change was observed in the drag ooefficient, the 

li~ ooefficient increased dramatically, particularly close to 

the boundary. 

At all the near-bed locations the drag ooefficient exhibited a 

slight decrease as the Reynolds nurril:::>er increased. The average 

drag ooefficient versus G/D plots, indicate peak values at 

G/D = 0,3 for the 30 nm cylinder and between G/D = 0,1 and 0,2 

for the larger cylinder (Figs. 5.46 and 5.47); drag ooefficients 

for the rough bed show- a reversed tendency. 

The relationship between the drag ooef ficient and the gap to 

boundary layer thickness ratio (Fig. 5.59) facilitated the 
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possibility of accommodating both the 30 nm and SO nm c}rlinder on 

the saxre plot. '!he plot shows that the drag coefficient , 

decreases a little, as the cylinder approaches the boundary. It 

therefore appears that the lower energy in the lx>undary layer 

closer to the lx>undary, results in a smaller drag coefficient; a 

value of 1,45 was recorded When the cylinder touched the lx>undary 

(Fig. 5.59). 

Although there was a slight increase in the drag coefficient due 

to bed rouglmess, at G/D = 0,1, it could not be established 

beyond all doubt Whether bed rouglmess had any influence oo the 

force coefficients. ~ver, cylinder roughening apparently had 

sane effect oo the drag coefficient. '!he 30 mn cylinder's 
-2·- -2 

surface rouglmess ratio k/D was 3 x 10 canpared to 2 x 10 for 

the 50 mn cylinder. It is therefore not surprising that the 

results for the 30 mn cylinder were nore conclusive, for both 

srrooth and rough beds: cylinder roughening caused an increase in 

the drag coefficient up to a Reynolds nurrber of about 14 000. 

Although cylinder roughening produced higher lift coefficients 

for the 50 mn cylinder at G/D values beyond 0,3, no change was 

ooserved for the smaller cylinder. 

10. 2. 3 01-bed location: G/D = 0 

'!be en-bed position of the cylinder generated the nost 

interesting results of the entire experimantal program. 

As the flow under the cylirxier was oostructed, separation could 

only occur on the upper side of the cylinder. Fbr all the srrooth 

bed situations, separation was recorded at an angle of ws° fran 

the front cylinder centre; the separation locations with a rough 

bed were naturally inconsistent, due to flow "leakage" under the 

larger cylinder (refer Table 5.6). 
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Should one only ronsider the snooth bed .situations, it is 

observed that the separation point was displaced slightly 

downstream for the snooth cylinder and slightly upstream.for the 

rough cylinder, in ccrnparison to near-bed lOC'.ations of the 

cylinder. 

'Ille lOC'.ation of the separation point for a snooth bed, was 

ronfinned by flow visualisation tests (Fig. 7 .1 (a)). Although 

not shown by the photographic reoord, an alnost "dead" zone was 

observed .inmediately in front of the cylinder on the boundary; 

little recirculation took place, as suspended particles acc1.m1u­

lated there during test runs. 

The snooth bed pressure distributions shov.ed a sharp rise between 

the 260° and 27'2f pressure tapping locations. A dramatic 

pressure rise was only expected at 270°. The error resulting 

fran the minor flow leakage Which occurred under the cylinder due 

to bed irregularities, was estimated as less than 0,5% (based on 

total depth); too small an error to have any influence on the 

pressure distributions. No displacement of the minirn1.m1 pressure 

ooint roncerned (located at 70' ) , was observed in C".Oinparison tp 

cylinder lOC'.ations close to the boundary. 

'Ille drag roef f icient showed a downward tendency at increasing 

Reynolds mmlbers. A similar trend was n:>ticeable in the lift 

roefficient versus Reynolds nurriber plots for the smaller 

cylinder. As pointed out before, the lift roeffic;ient was a 

maxinrum when the cylinder was placed an the bed of the flure. 

Except for the 50 nm srrooth cylinder, all the pressure o:>effi­

cient plots, viz. Cpo , Cpm. and Cpb' exhibited a slightly up.-rcrrd 

trend at increasing Reynolds nurribers (Fig. 5.52 to 5.56). ·The 

C and c plots for the snooth 30 nm cylinder at G/D = 0 
po ·pm . . 

(Figs. 5.52 and 5.53), indicate very consistent results. 

Further, the values are respectively lower and higher than those 

for the other plots. This is evidently due to the 30 nm cylinder 

being located in the l<JWer energy boundary.layer along the bed of 

the flune. The fluid particles in the cylinder's boundary layer 

-------------- -------------- -·---------- - ---- - - -

,, 
I : 
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However, with a sIOC>Oth bed flume, it appears that cylinder 

roughening resulted in a smaller drag coefficient in the G/D range 

0,5 to 0,9 (Figs. 5.46 and 5.57 compared). From geometrical 

measurements it was estimated that in virtually all cases, surface 

roughness caused separation to occur further downstream (Table 5.8). 

This is probably due to the turbulenpe produced by the rough 

surface, imparting energy to the cylinder's boundary layer from the 

surrounding flow. The boundary layer is consequently further 

accelerated, such that it remains adjacent to the cylinder's surface 

over a larger distance. It can therefore withstand the adverse 

pressure gradient better, leading to the separation :POint shifting 

downstream. The base pressure in the wake region is recovered, 

leading to a reduction of the drag coefficient. This recovery in 

base pressure is noticeable when the pressure distributions of the 

50 mm cylinder, where G/D equals about 0,6, are compared for $IOC>Oth 

and rough cylinders (Figs. 5.12 and 5.13). 

However, cylinder roughening did result in some increase in the drag 

coefficient of the smaller (30 mm) cylinder. Up to a Reynolds 

number of approximately 14 000, this change applied to all locations 

of the 30 mm cylinder where tests were executed; sIOC>Oth as well as 

rough beds. At a Reynolds number of about 20 000 and a G/D value 

beyond 2,0, •sIOC>Oth• and •rough• cpb values were almost equivalent 

(Fig. 5.57). 

Measurerrents with a SIOC>Oth bed, indicated that the smaller cylinder 

was immersed in a relatively thicker boundary layer. When compared 

to the larger cylinder, a boundary layer thickness of 3 to 5 

cylinder diarreters were measured compared to 1,5 to 3 cylinder 

diameters for the larger cylinder. It is believed that the flume's 

boundary layer therefore had a greater influence on the flow past 

the 30 mm cylinder. Although estimates indicated that (except for 

the on-bed location) cylinder roughening caused separation to occur 

further downstream, implying a smaller drag coefficient, the 



Univ
ers

ity
 of

Cap
e T

ow
n

10-10 

C _pb values (refer Fig. 5.56) reflect a slightly higher drag 

coefficient, Which was in fact measured; this \'.es nore evident 

closer to the l:x:>undary. 

At very snall clearances between the cylinder and the ooundary, the 

drag ooef f icient is not essentially determined by the width of the 

wake but partly also by the rnagnitude_of the.pressure in the 270° to 

360 ° region. The rough 30 nm cylinder was imnersed in a thinner 

bourxla.ry layer along the flume's bed (Test run 74 a:xnpared to runs 

55 and 56, Table 5. 8) • MJre energy \\lOuld therefore be available to 

exert pressure an the cylinder in the 270° to 360° region, leading 

to a higher drag coefficient. Alternatively, at the same clearance 

a thinner boundary layer results in a larger G/0 ratio, such as test 

run 67 a:xnpared to run 62; -this implies a higher drag coefficient 

(refer Fig. 5.59). 

10. 4 The Phenom:mon of Lift Explained 

In Chapter 2 of this thesis, p::>tential flow past a cylinder was 

discussed. It was fX)inted out that for synmetrical flow, the 

theoretical pressure distribution is given by the following 

relationship ( fran Eq. ( 2 .10) ) : 

p = p + lpU2 (1-4 sin28) 
0 

The front and rear stagnation fX>ints occur at B = 0° and 180°, where 

the pressures are a rnaximun. It is evident that this synmetrical 

pressure distribution does not cause any net drag and lift forces an 

the cylinder. 

In a real fluid, flow separation will occ\lr leading to a wake reqian 

being forned. The drastic reduction in the pressure behind the 

cylinder, results in a total fluid force for drag· force) ·acting on 

the cylinder in the direction of flow. However, the pressure 

~---~. ~--·-·-·--" 
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distribution is still synmetrical about the front or rear cylinder 

centres, and the position of the front stagnation point is 

unaffected; no net transverse or lift force is therefore possible. 

In the present study, the latter situation was approached by all 

cylinder locations Where G/D > 1, 1. It is interesting to note, that 

although the lift coefficient approached zero in nany cases, a 

negative value was recorded for a few test runs; for sane rough bed 

situations at a G/D value of as lOV/ as 0, 91. In these cases of 

negative lift coefficients, the boundary layer thickness was at 

lea.st equal to two cylinder diameters. Further, the front 

stagnation point was located just above the front cylinder centre, 

While separation was estirrated to have occurred virtually at the 

upper and lower shoulders of the cylinder at e = 90° and 27rl'. '!he 

sketch in Fig. 10.l(a} gives a relative indication of the locations 

of the front stagnation point A and the separation points S and S 2 • ' 1 

As the cylinder approaches a boundary, an asynmetrical fl~ pattern 

develops (refer Fig. 2.9), due to the obstruction caused by the 

boundary. 'Ihe pressure distribution around the cylinder becx:IIes 

distorted (Figs 5.22 and 5.23), and a vertical force carp:>nent (the 

lift force} acting away fran the boundary, is indu::ed. In the 

present study it was shovm that the front stagnation point was 

displaced t.c:Mards the boundary, as the boundary was approached. 

Both the upper and lower separation points -were displaced 

downstream. At the an-bed location of the cylinder, separation 

naturally atl.y occurred on the upper side at e = 105°, for both 

snooth and rough cylinders en a snooth bed (Fig. 10.l(b)}. In 

surrmary, When a sm::x>th cylinder approaches a boundary, the upper 

separation point is displaced downstream, and the front stagnation 

point t.c:Mards the boundary; their displacements are therefore in 

opposite directions. 
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(a): G/D 1,1 

e 

(b): G/D = 0 

P.elative indication of pressure distributions, and 
front stagnation and separation points 
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10.4.1 Cylinder Resting on· the Bed 

In the light of the foregoing and with reference to Fig. 10.l(b), 

the following explanation for the lift force Which is induced 

When a cylinder rests on a plane boundary in steady fla.v, is 

offered: 

(i) A region of stagnant fluid (a "separation bubble"} is 

created in front of the cylinder, due to the blocking of the 

fluid between the body and the boundary. "This region is 

characterised by an alnost oonstant positive pressure up to 

the front cylinder centre (Fig. 5.6). 

(ii} The fluid particles are accelerated to the point of minimun 

pressure (estimated at 7flf' in the present study}, and then 

decelerated to the point of separation. 

{iii) It is believed that.the fluid particles Which are diverted 

around the stagnant fluid region, are faster than the 

surrounding flow. They therefore transfer nore energy to 

the boundary layer of the cylinder, enabling it to overccme 

the increasing pressure up to the wake zone to sane 

degree. The result is, separation (discussed in nore 

detail in Section 2.3.1} is delayed further downstream, in 

a:niparison t6 syrrmetrical flow past the cylinder. 

(iv} The negative pressure in the wake region remains constant, 

virtually fran the separation point to the cylinder-bed 

contact point, at 9 = 270° (Fig. 10.l(b)). It is therefore 

clear that the wake pressure cannot influence or contribute 

to any possible vertical transverse force on the cylinder. 
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(v) Measurements showed that the front stagnation (maximum 

pressure) point is located slightly below the front cylinder 

centre. It is also evident from Fig. 10.l(b) that there is 

a net upward force exerted on the cylinder. Apart from the 

constant positive pressure in the 270° to 36cf region in 

front of the cylinder, the negative pressure around the 

minimum pressure point (estimated at e = 70° ), su:i::ports the 

upward net force even further. 

From the relative pressure distribution in Fig. 10.l(b), it is 

observed that the location of the separation point could be an 

indication of the magnitude of the lift force; separation 

further downstream denotes an increase in the lift force. 

10.4.2 Cylinder Near the Bed 

When a small gap is c~eated between the cylinder and the 

boundary, fluid particles are partially channelled through the 

gap. This results in the rapid diminishing of the separation 

bubble in front of the cylinder and the subsequent reduction in 

the pressure in that region. The total upward force is 

drastically reduced. In the present study, the lift coefficient 

decreased by about 30 % when the gap ratio G/D increased from 

zero to 0,055 (Run 16, Table 5.3). 

At larger clearances the separation bubble disappears and the 

flow velocities at the bottom and the top of the cylinder, are 

virtually equivalent (according to neasurenents carried out by 

Fredsoe and Hansen, 1984). The latter finding is contrary to the 

potential flow theory, which predicts a larger •bottom" flow 

velocity at small gaps. It was confirmed by flow visualisation 
tests (Chapter 7), that vortex shedding already occurs at the 

lower side of the cylinder at a gap ratio G/D of 0,1. At 
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G/D = 0,2 the locations of the separation p::>int were estimated as 

9ef' and 260° for the srrooth cylinder (Table 5.6). 

As the gap further increases, an alroost synrnetrical pressure 

distribution develops around the cylinder (refer to Fig. 5.10, 

G/D = 0, 333) • .Ebwever, a slightly higher pressure region is 

still in existence in front of the cylinder between 8 = 27~ and 

360°; this results in a net tJ.PNa.rd lift force prevailing. 

As nentioned earlier, a few test runs at G/D ~ 1,2 locations 

prod~ed negative lift roefficients. A careful analysis of the 

pressure distribution diagrams concerned (Figs. 5.14, 5.16, 5.17 

and 5.28), revealed a larger negative pressure under the cylinder 

than over its top. Obviously this irrplies a downward force, or 

negative lift, on the cylinder. Further, the velocity at the 

bottan of the cylinder was apparently very slightly higher than 

over its top; measurements by Fredsoe and Hansen ( 1984) indi­

cated that l\ottan was just greater than Uitop at G/D = 1, 26. 

This can p::>ssibly be attributed to the higher energy in the 

turbulent boundary layer (along the bed of the flume), directly 

below the cylinder cnnpared to its upper side. 'Ihe upper side was 

virtually located in the nore stable free stream velocity region 

of the flume; the boundary layer thickness concerned (refer 

Table 5.8) substantiates this theory. The flume's boundary layer 

was also sufficiently thick, to have virtually attained a velocity 

equal to that of the free stream, at a point located at the 

bottan of the cylinder. .t-bre energy was consequently impa,_rted to 

the cylinder's boundary layer on the l~ cylinder surface, 

resulting in a higher velocity at the lov..er minimum pressure 

p::>int. With the srrooth cylinder, separation occurred at the 

upper and lov..er shoulders of the cylinder. 

Further, for all these "negative lift" situations, the front 

stagnation p::>int was located slightly above the front cylinder 

centre. 
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·10.4.3 IDCation of Front Stagnation Point 

From the above, it. is clear that the location of the front 

stagnation point can be regarded as a useful indicator of the 

direction in which the transverse lift force acts on the 

cylinder •. 

When the cylinder is resting on the bed in a boundary layer of 

moderate thickness, an upward lift force is recorded and the 
front stagnation point is displaced towards the boundary. As the 

cylinder is rooved away from the bed, the maximum pressure point 

moves in phase with it. When a symmetrical flow situation is 
reached reroote from a boundary, there will be no net lift force 

and the cylinder will be located exactly at the front cylinder 
centre.· 

However, should the cylinder be immersed in a boundary laye·r of 

at least two cylinder dianeters thick, there are G/D > 1,0 
locations at which a downward force (negative lift) acts on the 

cylinder. In such cases, the front stagnation point.is located 

slightly above the front cylinder centre. 

Therefore, when the front stagnation point is located below the 
front cylinder centre, the lift force acts upwards and when 
located above the centre point, there is a downward lift force. 

10.5 Semi-errpirical calculations 

In Chapter 9 it is dem:>nstrated that the mathematical modelling of 
synmetrical flow past a cylinder, can be fairly intricate should 
separation and vortex shedding be involved. Near a boundary the 
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(i) The front stagnation point is located at the front cylinder 

centre, at e = 0°. The pressure at that point is equal 
2 

to ~ P VD12 • 

(ii) The shear flow pressure distribution around the cylinder is 

roughly sketched in Fig. 10.l(b). The miln pressure 

contributions towrrds the lift force are considered to be 

the 270° to 360° pressure region and the negative pressure 

zooe around the negative peak at 70° (Table 5. 8) • The 

average negative pressure in this "peak" region is assumed 

to be double the maximum pressure at e = 0; essentially 

the 60° to 80° region (refer to Fig. 5.6). The wake 

region is not considered to contribute tc:Ma.rds the lift 

.force at all. 

The total predicted lift force per unit length of cylinder FL, 

can then be derived as follows: 

FL 
(predicted) 

= 

= 

= 

= 

E Pressure p x Area 1 dA x sine e em 

(refer to Fig. 5.1) 

where !pUD/2 (assumption (i) above) 

and p2 = 2p
1 

360° 80° 
= !pUD/2 D/2 \u sine ae - 2 J sine de) I 

270° 60° 

360° 
!pUD/2 D/2 (cos8 I 

270° 

80° 
- 2cos8 I ) 

60° 
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= !PUD/2 D/2 (1 + 0,653) 

The actual lift force F = i c p D v2 

L ~ L eff 

= ! Cl, p D(0,974)2 UD/ 2 fran the 

Table on page 5-22 

(10.l) 

Therefore, the predicted lift cx:>efficient <;, can be found fran 

F . 
L(actual) 

= 

FL(predicted) 

0,826 
(0,974) 2 

0,87 

The observed and predicted lift cx:>efficients canp:i.re fairly well: 

*Observed<;,: 0,76 (30 nm cylinder) 

0,90 (50 nm cylinder) _ 

Predicted<;,: 0,87 

(*average values fran Table 5.4(c)) 
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10.5.2 Drag Cbefficient 

'IWo different methods were used to calculate the drag 

coefficient. The first method is directly related to the wake 

width and the second based on similar assumptions as those 

outlined in Section 10.5.1 above. 

10.5.2.1 Drag related to wake width 

This method is based on the fact that the drag coefficient does 

not change appreciably fran the on-bed location to a fOSition 

rerrote fran the boundary, i.e. symnetrical flow. Roshko (1961) 

approximated the drag coefficient.in symnetrical flow as 

follows: 

- . C (Wake width · 
CD = pb Cylinder diameter) 

Flow -- wake width ~ 2r sin 10~ 
= 2r sin 8Cf 

Fig. 10. 2: calculation of wake width 

(10.2) 
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If it is ncM assumed that the wake spans the region 100° to 260° 

behind the cylinder, then fran Fig. 10.2: 

Wake width = 2r sin 80° 

= 0,985 D 

aha co = - Ci:t> o,~85D 

= - 0,985 (-1,510) 

= 1,487 

10.5.2.2 Drag related to pressure distribution 

(CJ;D = -1,51 for 

30 nm cylinder 

at G/D = 2,67) 

This method is based on similar asstnnptions as set out in 

Section 10. 5 .1. Fran Fig. 10 .1 (b) it is clear that the regions 

in the pressure distribution diagram contributing mainly to the 

drag force, are the wake zone (stretching fran 90° to 270° ) and 

the 270° to 360° region in front of the cylinder. The minimum 

peak region (60° to 90°) \\Ould "reduce" the drag. Except for 

the wake region where a pressure equal to 1,5 times the 

stagnation point pressure is assumed, the pressures in the other 

regions are as before. 

The drag force per unit length of cylinder, can be derived in a 

similar way as for the lift force in Section 10.5.1: 

360° 90° 
FD = !pUD/2 D/2 (f case de ... 2 J case de 

270° 60° 
180° 

- 1,5 x 2 J case de) 
90° 

·= ~pUD/2 D/2 (1 - 0,268 + 3) 

= ~pD UD/2 x 1,866 
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The drag coefficient can row be calculated: 

= 

= 

= 

FL predicted 
F L actual 

!PD UD/2 x 1,866 

! pD V~ff 

1'866 
(0, 974) 2 

1,97 

veff = 0,974 uD/ 2 

The calculated and measured drag coefficients cx:rnpare as follows: 

calculated values Measured values (G/D = 0) 

1,49 (wake width method) 1,25 (30 nm cylinder) 

1,97 (pressure distr.) 1,33 (50 nm cylinder) 

Apart fran the calculated values being slightly higher, the 

correlation is fair. Fbr the 50 nm cylinder the naxi.rrnJrn drag 

coefficient was 1,54 at G/D = 0,6. 

Al though the above calculations cx:>Uld be regarded as rather 

simplistic, the results do give a fair indication of the order 

of rragnitude of the force coefficient concerned. 
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CHAPTER 11 - CXNCUJSIOOS 

11.1 Lift and drag forces have been neasured ai statiaiary cylinders 

placed in the turbulent boundary layer of a steady flow, in an 

open flune. The author believes that the rnvel experim:mtal 

techniques utilised, produced accurate pressure distributiais and 

velocity profiles. The two nethcxis used, were respectively based 

on pressure integration and direct force mea.surenents; velocity 

measurements were taken simultaneously. The simple yet rnvel 

experim:mtal teclmiques employed, generated substantially similar 

results under c:arparable flow and boundary proximity ex>nditiais. 

rue to the sensitivity of the ap_paratus to vibrations, very 

careful experinental procedures had to be followed. H:Jwever, the 

results proved to be fairly accurate. 

11. 2 'lb cx:mpare the force ooefficients at different flow oondi tions, a 

depth parameter a
1 

was introduced to cx:mpensate for the varying 

water depth with a free water surface. Al though the larger 

cylinder generat~ slightly higher force ooefficients, its 

maxinum average values (estinated at 80 % of c
1

/a
1 

and CD/a
1 
), 

are recx:mnended for the subcritical flOlrl region cnncerned 

1(R I= 6 000 to 26 000): 
e 

Lift ooefficient c1 . (at G/D = 0) = 0, 90 

Drag ooefficient c (at G/D = 0, 6) = 1, 54 
D . 

1be semi-enpirical calculations in Section 10.S compare 

favourably to these values. 

11.3 A thorough analysis was undertaken before deciding on the 

reference velocity to be used in detennining the force 

cnefficients. The nethod developed by Jones (1970, 1971) is 

recx::mnended for a turbulent lx>undary layer. This nethcxi is based 

on the l/7th power law for awroxinating the velocity profile in 

the lx>undary layer (refer to Eqs. (5.8), (5.9) and (5.13)). 
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11.4 Bed roughness did not have any appreciable influence on the force 

coefficients. The rough bed results therefore followed a similar 

trend as the smooth bed values. 

11.5 Comprehensive tests were performed, regarding the influence of 

cylinder roughening. The lift coefficient was virtually 

unaffected, particularly at near-bed locati~ns. The drag 

coefficients for the two cylinders yielded dissimilar results. 

The roughened 50 mm cylinder produced a slightly lower drag 

coefficient in the G/D range 0,5 to 0,9; the geometrically 

estimated displacement of the separation point downstream, led to 

a smaller wake. The "rougher" 30 mm cylinder produced a higher 

drag coefficient, particularly closer to the boundary. This was 

attributed to the influence of the boundary layer along the bed 

. of the flume. 

11.6 The project led to a better understanding of the various flow 

phenomena around a cylinder. The approximate measurements of the 

locations of the minimum pressure, stagnation and separation 

points, made it possible to provide an explanation for the 

phenomenon of lift as well as other flow features (refer Chapter 

10}. It was also shown that the locations of the front 

stagnation and separation points, provide an indication of the 

direction of the lift force. 

11.7 The limited flow visualisation tests undertaken at a Reynolds 

number of 2 000, confirmed the estimated position of the 

separation points, as well as the suppression of vortex shedding 

close to the boundary. 

11.8 l'he lift coefficient was a maximum at the on-bed location of the 

cylinder and reduced rapidly to approach zero at G/D > 1,1. The 

measurement of the boundary layer thickness along the flume's 

bed, proved to be very useful in explaining the few cases, all at 

G/D ~ 1,2, where a downward lift force was measured (refer 
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Section 10.4.2) 

11.9 Plots of the force c:oefficients against Reynolds nurri:>er exhibited 

a slightly Cbwnward trend as the Reynolds nunber increased. 'Ibis 

tendency oorresp::mded with the base pressure c:oefficient plots, 

~ch showed an expected up.vard trend. 

11.10 

11.11 

Plots of the variatioo of the drag c:oefficient with the 

gap-to-diamater ratio G/D, indicated a minimun drag c:oefficient 

at G/D = 0 and maximl..lll p::>ints at G/D values of 0, 1 and 0, 6. The 

plots of the drag c:oef ficient against the gap to l:oundary layer 

thickness ratio G/o, shov.ed a steadily increasing trend fran 

G = 0. The latter relationship is recx:mnended as a useful 

paramater for studies related to flows past bluff l:xxlies placed 

near a l:oundary. 

'Ihe various coefficients c:btained in the present study, cx:mp:ired 

favourably with previously p.lblished values, although the latter 

values were essentially c:btained at higher Reynolds nunbers near 

the critical flow regime. The downtrends of the force coeffi­

cients at increasing Reynolds numbers are indicative of the start 

of the critical region. 
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CHAPl'ER 12 - FUIURE IDRK 

The work reported in this "thesis relates to rondi tions experienced 

with a pipeline in a river estuary. Unfortunately the velocities 

attained with the experimental arrangements were generally lower than 

those experienced in nonnal estuarial flow. Further, it would be 

worthWhile to extend the work of this thesis, by investigating the 

turbulent boundary layer along the flume's bed, with a cylinder in 

place, in nore detail. 

Rig inprovements, additional experiments and mathematical nodelling 

that might supplement the work, are mentioned below. 

12.1 Inproverrents to Present Apparatus 

(a) Fbrce Rig 

The force rig provided relatively quick and accurate results, but 

was very sensitive to vibrations. A better rrethod of stabilising 

the aluminiUlT\ frarre during test runs, or an alternative design, 

should be ronsidered. Obviously a shorter frame would be nore 

rigid, but unfortunately the height of the flune nountings dictate 

the height of the frame. 

(.b) Pressure Rig 

Very accurate pressure readings were dJtained with the pressure rig 

arrangement. A notorised rotating device fixed to the test cylinder 

and set to stop for a predetennined period of time at.specific 

locations, would assist the experimenter a great deal. Even nore 

essential is the developnent of a data logging system coupled to the 
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· "pressure" balance, SUC'h that for every position of the pressure 

tapping, time-averaged pressures rould be logged after a set time 

period. '!he data logging systems that currently can be roupled to 

Mettler balances, only rerord fllr.tuating pressures. Consideration 

rould also be given to a system by Which a range of pressure 

tappings are simultaneously sampled. It \\Ould however be difficult 

to fit a nlllril:>er of tappings to a test cylinder. 

(c) Water Supply 

Velocities up to only 0,5 m/s were possible with the current water 

supply in the laboratory. Faster flows are required to achieve 

higher Reynolds nlllril:>ers such that investigations closer to the 

cri ti.C"al Reynolds· nurti:ler rould be undertaken. 'lb obtain faster 

flows an additional reservoir and punping system \\Ould have to be 

utilised. 

12. 2 Additional Experiments 

(a) Larger experimental arrangement 

A larger experimental arrangement \\Ould make it possible to extend 

the Reynolds mmt>er range to approximately 80 000. 'Ihe Reynolds 

nurct>er region up to about 80 000 has IX>t been investigated 

thoroughly, regarding the influence of cylinder roughening on the 

force roefficients. 

(b) BoUl'xlary layer investigation 

Interesting results SUC'h as a negative lift force, were obtained in 

the present experimental investigations. It is believed that the 

interaction of the flume's boundary layer with the cylinder and 

possibly its ooundary layer, led to the downward lift force as well 

as the minimun drag roefficient at G/D = 0. A thorough 

investigation of both these boundary layers, is required to gain a 

better understanding about these mentioned phencrnena. 
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(c) Blockage ratios 

It is desirable that a thorough investigation be undertaken on the 

influence of bl~kage ratios on the force cuefficients of wall 

cylinders, \\hen a wide range of blOC"kage ratios are C'.Onsidered. To 

date the only studies on this subject were done for free cylinders. 

The effect of the drawdown of the water surface in intermediate 

water depths should also be investigated further. 

(d) Flow visualisation 

Few flow visualisation tests had been perfonned in water at 

subcr'iti0.al Reynolds numbers beyond 2 000. The te0hnique anployed 

in the present study to eject dye from the single pressure tapping 
' in the tes~ cylinder, was very effective. It would be very 

interesting to observe flow phenanena at faster flows, at various 

G/D settings, to gauge the influence on separation and the wake 

region. Tests with roughened cylinders C'.Ould also reveal 

interesting features. Due to turbulence, video reC'.Ording would 

probably have to be utilised. 

12.3 Mathematical m:>delling 

As far as C'.Ould be ascertained, no realistic mathemati0.al nodelling 

regarding the steady flow of visC'.Ous fluid past a cylinder near a 

boundary, had been undertaken to date; essentially due to all the 

flow canplexities involved. A realistic prediction of the pressure 

distribution, the minimum and separation _EX)ints arxl the wake region 

would assist pipeline designers a great deal. It is hoped that such 

a study would be undertaken in the not too distant future. 
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APPENDIX 1 - COMPUTER PRCX3RAMS 

'lb calculate the lift and drag forces generated, as well as all the actual 

flow velocity values, for each of the 134 test runs, relatively simple 

canp..lter programs were written in BASIC. 'Ihe programs are shown in Tables 

Al. 1 and Al. 2. A Tektronix 4052 micro cx:trp.Jter was utilised to execute 

the programs. 

A pressure integration method was applied to cx:mpute the drag and lift 

forces; 36 pressure readings had to be keyed in per test run. A sample 

solution is indicated in Table 5.2. 

The simple flow velocity program was necessary to produce flow velocity 

distribution profiles for the various approach flaws in the flume; sane 

velocity profiles are shown in Figs. 5.32 to 5.36. 
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100 !NIT 
110 SET DEGREE'.:: 
120 PAGE 
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510 Sl=Sl+A(I)/B*SIN<C> 
520 S2=S2+ACI)/B*COS<C> 
530 REM PLOT GRAPH 
540 DRAW @l:<I-l>*::::tACI>/B*::::-
550 NEXT I 
560 PRINT @41: 
570 PRINT @41: USING 5:::0:"TOTAL::: "tS1tS2. 
580 IMAGE 15Tt9 A12C/.:.D.3D)· 
590 PRINT @41: 
600 PRINT @41: 
610 D=2.6*PI*9.81/180 
620 PRINT @41: USING /.:.40: 11 LIFT FORCE : II ;:::l*D 

: 630 PRINT @41: u::;I NG tA0: 11 DRAG FORCE "; s2*D 
!640 IMAGE 15At4D.3D 
l t 050 END . 
I 

TABLE Al .1: COME>UI'ER PROGRAM FDR DEI'ERMINATIOO OF LIFT AND DRAG FORCES 
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APPENDIX 2 - DETAILS OF LINEAR REX;RESSION LINE ANALYSIS 

To draw the best line through the points plotted for a number of the 

relationships represented graphically in Chapters 5,6 and 8, linear 

regression line (least squares straight-line) analyses were carried out. 

A Lotus 1-2-3 software package (Version 2, 1985) was used. The equation 

of the regression line is y = mx + c, where rn is the gradient coefficient 

and c the y-intercept constant. The various rn and c values calculated are 

indicated below. Details on the standard errors of estimate are available 

from the author. 

Figure Line 

5.37 CD/a1 sm::x:>th cyl • 

:rough cyl. 

CD sm::x:>th cyl • 

:rough cyl. 

5.38 50 nm cyl.: sm::x:>th 

rough 

30 nm cyl.: sm::x:>th 

rough 

5.39 50 nm cyl.: sm:pth 

:rough 

30 nm cyl.: sm::x:>th 

rough 

5.40 CL/a1 sm::x:>th cyl • 

:rough cyl. 

CL sm::x:>th cyl. 

:rough cyl. 

5.41 snooth cyl • 

:rough cyl. 

Gradient 

coefficient m 

- 0,000 064 44 

- 0,000 065 46 

- 0,000 045 78 

- 0,000 043 33 

- 0,000 035 6 

- 0,000 039 67 

- 0,000 064 44 

- 0,000 065 46 

- 0,000 091 189 

-.0,000 104 3 

- 0,000 117 145 

- 0,000 156 532 

;... 0,000 042 39 

- 0,000044 6 

- 0,000 030 69 

- 0,000 032 89 

0,000 003 617 7 

- 0,000 001 075 9 

Cbnstant 

c 

2,2112 

2,5994 

1,7983 

2,0443 

2,2166 

2,2925 

2,2112 

2,5994 

3,4583 

3,808 

2,69782 

3,3151 

1,3823 

1,4573 

1,1259 

1,1745 

1,0866 

1,3253 
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Figure Line 

5.42 srcooth cyl. 

rough cyl. 

5.43 G/D = 0,314; snooth bed 

= 2,484; srrooth bed 

= 0,314; rough bed 

= 2,025; rough bed 

5.44 G/D = 0 

= 0,2 

= 0,6 

5.45 G/D = 0 

= 0,314 

= 2,484 

5.52 G/D = 0 (50 mn cyl.) 

= 0,1 

= 0,333 

= 1,2 

= 2,67 

=0 (30 nm cyl.) 

5.53 G/D = 0 (50 mn cyl.) 

= 0,1 

= 0,2 

= 0,333 

= 1,2 

= 2,67 

=0 (30 mn cyl.) 

A-3 

Gradient 

ooef ficient 

m 

0,000 049 379 

- 0,000 027 67 

- 0, 000 118 54 

- 0,000 059 72 

0,000 003 229 

- 0,000 024 70 

0,000 003 618 

- 0,000 025 978 

- 0,000 000 913 6 

- 0,000 044 6 

0,000 010 03 

0,000 007 672 

- 0,000 023 466 2 

0,000 057 889 8 

0,000 062 692 9 

0,,000 072 557 

0,000 103 492 9 

0,000 027 233 6 

- 0,000 068 557 9 

0,000 097 293 1 

0,000 093 529 6 

0,000 005 894 

0,000 079 312 3 

0,000 090 851 4 

0,000 057 692 5 

Constant 

c 

0,2022 

1,5452 

3,7036 

2, 7277 

1,6894 

1, 9884 

1,0866 

0,7813 

0,0537 

1,4573 

0,0112 

- 0,1422 

1,0721 

- 0,0649 

- 0,2395 

- 0,4944 

- 0,7898 

0,00936 

- 0,0711 

"'." 3,2251 

- 3,1835 

- 1,6426 

- 3,2155 

- 2,8662 

- 1,6313 
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Figure 

5.54 

5.55 

5.56 

5.58 

5.59 

6.3 

Line 

G/D = 0 (30 nm cyl.) 

= 0 (50 nm cyl.) 

= 0,1 

= 0,2 

= 1,2 

= 2,67 

G/D = 0; srrooth cyl. 

= 0; rough cyl. 

= 1,2; srrooth cyl. 

= 1,135; rough cyl. 

G/D = 0; srrooth cyl. 

= 0; rough cyl. 

= 2,67; snooth cyl. 

= 2,484; rough cyl. 

G/D = 0; srrooth cyl. 

= 0; rough cyl. 

= 1, 2; srcooth cyL. -

= 1,135; rough cyl 

CD/a, vs. G/o 
(up to G/D = 0,4) 

A-4 

: direct measurement 

pressure integration 

CD/a 1 : direct measurement 

pressure integration 

Gradient 

coefficient 

rn 

0,000 055 287 

-0,000 033 351 2 

0,000 090 443 

0,000 173 219 4 

0,000 093 673 

0,000 097 413 5 

- 0,000 033 351 2 

0,000 025 130 2 

0,000 093 673 

0,000 035 449 5 

0,000 055 281 

0,000 077 733 7 

0,000 097 413 5 

0,000 099 403 3 

0,000 035 061 1 

0,000 018 732 5 

0,000 014 274 3 

0,000 030 367 2 

1,544 857 5 

- 0,000 027 855 

- 0,000 021 04 

- 0,000 341 % 

- 0,000 035 6 

O:>nstant 

c 

- 1,4863 

- 0,3834 

- 2,8645 

- 4,5666 

- 3,341 

- 2,8539 

- 0,3834 

- 1,3999 

- 3,3409 

- 2,1074 

- 1,48636 

- 2,3725 

- 2,8539 

- 3,1839 

- 0,30827 

+ 0,36462 

- 0,12384 

- 0,43507 

1,4571 

1,8733 

1,638 

2,3173 

2,2166 
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Figure Line 

6.4 direct measurement 

pressure integration 

6.5 direct measurement 

pressure integration 

6.6 direct measurement 

pressure integration 

6.7 direct measurement 

pressure integraticn 

6.8 Direct: G/D = 0 

= 0,2 

= 0,6 

Indirect: G/D = 0 

= 0,2 

= 0,6 

8.5 50 nm cylinder 

30 nm cylinder 

8.6 50 nm cylinder 

30 nm cylinder 

8.7 30 and 50 nm cylinder 

8.8 50 nm cylinder 

30 nm cylinder 

'~ S JAN 1989 

Gradient 

coefficient 

m 

- 0,000 025 84 

- 0,000 075 33 

- 0,000 004 663 

0,000 010 77 

- 0,000 080 18 

0,000 009 469 5 

- 0,046 42 

+ 0,105 952 

- 0,000 011 722 1 

- 0,000 009 840 6 

- 0,000 004 642 5 

0,000 003 617 7 

- 0,000 004 618 1 

- 0,000 000 913 6 

0,000 026 878 

0,000 193 011· 

0,000 119 

0,000 086 

- 0,000 000 114 2 

- 0,000 016 98 

- 0,000 042 39 

Constant 

c 

2,2355 

3,0734 

2,1623 

1,6981 

2,6861 

1,6359 

2,0357 

1,6795 

1,2311 

0,3962 

0,1938 

1,0866 

0,3484 

0,0537 

5,912 

7,493 

2,525 

4,928 

1,4953 

1,468 

1,382 




