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ABSTRACT

Oil, gas and long coastal outfall pipelines laid directly on a sandy seabed can be 

subject to severe under-scour if the local tidal and wave induced currents are 

sufficiently strong. Such scour is of both major engineering concern and interest. 

Free spans, bridging across scour holes, can present local buckling problems and 

can also be subject to large amplitude, resonant vibration induced by vortex 

shedding. On the positive side, the scour process can lead to self-burial of the 

pipelines.

The present research programme was carried out to further investigate the 

mechanics of the self-burial process. Both loose sand beds and rigid flat and scour 

profiled beds were used in the experimental laboratory work. The effects of 

different upstream bed conditions which influence the approach flow boundary 

layer, and different flow reversing times simulating tidal action have been 

evaluated. It was found that the observed sharp increase in scour depth under the 

pipeline is uniquely related to the effects of flow reversal and the associated 

synunetrical pattern of scour development and sediment deposition on either side 

of the pipeline.

The laboratory tests have confirmed that there are three basic mechanisms 

responsible for initiation and development of scour holes under seabed pipelines, 

namely, initial breakthrough, tunnel erosion and lee erosion. Vortex shedding in 

the separated wake flow creates a very wide symmetrical scour hole under 

reversing flow conditions. This generates significant increases in maximum scour 

depth compared with uni directional river type flow. Laser Doppler Anemometer 

measurements have been used to examine scale effects and have shown that the 

relative travel distance of the shed vortices and hence the relative scour width and 

depth increase with decreasing pipeline diameter.



Flow visualisation techniques were also employed to gain further insight into the 

flow regime surrounding the pipeline. In particular the flow pattern inside the 

model scour hole and around the model pipelines including a newly identified bed 

jet flow phenomenon producing a vigorous scouring mechanism which is peculiar 

to reversing flow, have been examined in detail.

In spite of considerable efforts made during the past two decades to understand 

the self-burial mechanism, a comprehensive theoretical model of this complex 

natural phenomenon has yet to be established. Development of models for 

prediction of, for example, maximum length of free spans along pipelines and 

likely self-burial performance, requires detailed knowledge of the three- 

dimensional growth characteristics and geometry of scour holes. In particular, it 

is most important to be able to estimate maximum depths of scour.

In parallel with the laboratory investigation of the pipeline self-burial mechanism, 

a theoretical model for estimating maximum scour depth under seabed pipelines 

has also been developed. Theoretical predictions using this model are in very 

good agreement with measurements obtained from the specially designed 

reversing flow facility at UCL. The model further indicates that sagging of 

pipeline freespans can double maximum scour depths. The findings support the 

hypothesis that reversing flow, either from tidal or very large relative amplitude 

wave action, is a necessary condition for deep self-burial of seabed pipelines.
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CHAPTER ONE 

INTRODUCTION

1.1 GENERAL INTRODUCTION:

Oil, gas and long coastal outfall pipelines laid directly on a sandy seabed can be 

subject to severe under-scour if the local tidal and wave induced currents are 

sufficiently strong. Such scour is of both major engineering concern and interest. 

Free spans, bridging across scour holes, can present local buckling problems and 

can also be subject to large amplitude, resonant vibration induced by vortex 

shedding. On the positive side, the scour process can lead to self-burial of the 

pipelines. This natural phenomenon has been extensively exploited in the Dutch 

sector of the North Sea to effectuate the required burial of oil and gas pipelines. 

Avoiding mechanical trenching and backfill produces significant cost savings 

(Grass et al, 1987).

According to the Dutch Authorities, required soil cover of the seabed pipelines 

may be limited to 0.2 m provided that the probability of pipeline failure due to 

anchoring vessels should not exceed lO' /̂km/year. In the case of natural variations 

in bed level the required soil cover (i.e. 0.2 m) has to be increased in order to 

maintain this cover during the operational lifetime of the pipeline. Self-burial to 

a depth of 0.2 m must be achieved within the first year after installation otherwise 

mechanical burial must be considered.

In spite of exploiting this natural phenomenon since 1977, it is still necessary to 

obtain authority dispensation from mechanical burial. This in turn highlights the 

needs for reliable techniques in order to evaluate the self-burial potential of the 

proposed pipeline. As the mechanics of the self-burial process are in nature very 

complex, up until now such techniques have been based mostly on empirical 

correlation of field data. These empirical approaches have provided useful
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guidance on self-burial behaviour and they could be improved if the limited data 

base was significantly extended, for example by paying sufficient attention to 

post-installation wave records and in particular to the intensity and frequency of 

the storms.

In parallel with studying the general statistical nature of the field data there still 

remains room to improve our knowledge and understanding of the fundamental 

physics of the processes involved in a pipeline self-burial through carefully 

controlled laboratory studies. Such laboratory investigations identify the key 

mechanisms of the self-burial process which have to be recorded in future field 

data gathering. They can also provide a basis for development and establishment 

of the more accurate analytical models.

When a pipeline is laid on the seabed, enhanced flow velocity around the pipeline 

produces a scour hole. Providing the scour hole is sufficiently wide and deep, 

sagging inevitably occurs at the centre of the span and the pipeline is lowered 

below the seabed level. However at any location progress of pipeline self-burial 

is dependent on a large number of independent variables (see figure 2.1), for 

example, variation in the mean velocity of local tidal current, local wave climate, 

water depth, bed sand grain size distribution, pipeline diameter, degree of 

cohesivity in the bed sediment, residual pipe tension after installation ... etc. The 

mutual interaction of all the above mentioned factors highlights the inevitable 

complexity of the process involved and reliable mathematical models at the 

present time appear to be some way off (Hulsbergen 1982, Grass et a l  1992). 

Therefore any engineering approach should be based on laboratory investigations 

and data obtained from both laboratory and field studies.

Laboratory tests (Bijker and Leeuwestein, 1983 and Grass et a l, 1992) have 

shown that there are three basic mechanisms responsible for initiation and 

development of scour holes under seabed pipelines. Initial breakthrough is caused 

either by the original presence of small gaps due to seabed irregularities, or by
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the erosive action of separation eddies upstream and immediately behind the pipe. 

This is followed by the local and rapid ’tunnel erosion’ phase produced by high 

velocity fluid streaming through the narrow gap excavated under the pipeline. 

This mechanism has been most extensively tested in laboratory studies and 

maximum scour depth up to one diameter has been observed. A more slowly 

progressing scouring action is also set up over a wider zone downstream of the 

pipeline, generated by the enhanced turbulence and eventually by vortex shedding 

in the separated wake flow. This phase is called lee erosion and a tunnel flow 

under the pipeline is required to maintain sufficient sediment transport capacity 

to discharge the eroded soil. The lee erosion process generates a scour hole with 

shallow side slope and as a result the flow will not detach itself from the bed 

slope when tidal reversal occurs.

Whilst local scour around vertical circular cylinders under the combined action 

of current and waves has been widely investigated in order to design stable bridge 

piers or oil rig legs for example, it appears that somewhat less consideration has 

been given to research studies concerning scour around horizontal circular 

cylinders. As a result research on this area is much more scarce and even with 

this limited amount of work, earlier study of scour around seabed pipelines has 

concentrated largely on prevention rather than exploitation. There is therefore a 

clear need for research into the multitude of aspects of scour around seabed 

pipeline arising from combined currents and waves and as focused on here, tidal 

flow conditions.

The most obvious feature of the offshore environment which has to date been 

largely ignored in scour research studies, possibly because of the need for non

standard laboratory facilities, is reversing tidal flow. Scour holes generated by 

uni directional flow are highly asymmetrical, with the point of maximum scour 

depth located well downstream of the pipeline axis. In nature, however, 

depending on the pipeline orientation, reversing tidal flow with its reversing wake 

scour, has been observed to produce very wide (greater than 50 pipe diameters)
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and often relatively symmetrical scour holes (Hulsbergen, 1982). The point of 

maximum scour depth is also now located in the optimum position for effective 

self-burial, namely, directly under the pipeline

Data recorded in both the present and an immediately preceding study (Grass et 

al.y 1992) was obtained from model pipeline scour tests using a specially designed 

channel facility, capable of simulating reversing tidal flow. The observations 

confirm that very wide, deep and symmetrical scour trenches are generated by this 

type of flow. Grass et al. (1992) concluded on the basis of these findings, that 

reversing flow, produced either by tidal action or very large amplitude wave 

induced motion at the bed, is probably an essential condition for successful 

pipeline self-burial. Only this type of flow is capable of producing the large scour 

depths necessary to bury pipelines up to depths of 2 or 3 diameters observed in 

the field.

The main aim of the present research study is to improve our knowledge and 

understanding of the fundamental physics of the process involved in a pipeline 

self-burial through both laboratory tests and theoretical predictions.

1.2 THE SCOPE OF THE PRESENT WORK;

The present research programme was carried out to further investigate the 

mechanics of the self-burial process. Both loose sand beds and rigid flat and scour 

profiled beds were used in the experimental laboratory work. The effects of 

different upstream bed conditions which influence the approach flow boundary 

layer, and different flow reversing times simulating tidal action have been 

evaluated. A scour scale parameter has also been verified in detail with particular 

emphasis on the larger sediment transport rates.

Laser Doppler Anemometer measurements have been used to examine scale 

effects on the relative travel distance of the shed vortices and hence on the 

relative scour width and depth. The effect of different pipeline diameters and
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pipeline sagging on the bed shear stress have also been evaluated. Flow 

visualisation techniques were also employed to gain further insight into the flow 

regime surrounding the pipeline. In particular the flow pattern inside the model 

scour hole and around the model pipelines including a newly identified bed jet 

flow phenomenon producing a vigorous scouring mechanism which is peculiar to 

reversing flow, have been examined in detail.

In spite of considerable efforts made during the past two decades to understand 

the self-burial mechanism, a comprehensive theoretical model of this complex 

natural phenomenon has yet to be established. Development of models for 

prediction of, for example, maximum length of free spans along pipelines and 

likely self-burial performance, requires detailed knowledge of the three- 

dimensional growth characteristics and geometry of scour holes. In particular, it 

is most important to be able to estimate maximum depths of scour, a particular 

focus in the present study.

1.3 ORGANISATION OF THE THESIS:

Chapter two reviews the previous research works related to the subject of 

pipeline self-burial and description of the scour process and self-burial mechanism 

is also given. A review of previous work under uni directional flow conditions 

follows. Scour under reversing tidal flow conditions and by wave action are also 

considered. Finally a brief survey of the theoretical treatments of the problem 

concludes the chapter.

Chapter three presents a brief discussion of the viscous flow theory relevant to 

the present study. Sediment transport aspects are considered first including modes 

of sediment transport, initial instability of sediment particles, bed forms, and 

sediment transport rate. Scour time scale along with dimensional analysis of scour 

depth are also introduced. This is followed by discussion of turbulent open 

channel flow, including the relevant boundary layer equations and derivation of 

the logarithmic velocity relationship adopted in this study. Finally a discussion

22



of the flow around a circular cylinder with varying Reynolds number and the 

effect of bed proximity and aspect ratio are also given.

Chapter four contains a full description of a new theoretical model for prediction 

of maximum scour depth. Firstly a relevant theory of inviscid flow which has 

been directly applied in this model including two-dimensional flow, irrotational 

flow, stream function and velocity potential is given. This is followed by a brief 

introduction to . functions of a complex variables, including conformai 

transformation, Milne-Thomson’s circle theorem and the method of images. 

Uniform flow past a circular cylinder without circulation is also discussed. Finally 

a potential flow model, including model basis, potential flow past a circular 

cylinder above a plane boundary and potential flow over a scour trench is also 

presented.

Chapter five introduces the experimental apparatus and measurement techniques. 

First the flow channel and the channel bed are described. Then the sediment bed, 

including the sediment properties and sand bed levelling procedure are discussed. 

The model pipeline and its installation along with a non-intrusive method of scour 

depth measurement are also included. This is followed by detailed description of 

the design and construction of the rigid scour hole model and the rigid flat bed. 

Velocity measurement techniques using mini-propeller meter and Laser Doppler 

Anemometer (LDA) are then presented. Flow visualisation techniques employed 

in this study in order to gain further insight into the flow regime surrounding the 

pipeline, in particular the flow pattern inside the model scour hole and around the 

model pipeline are also described. Finally, a newly identified bed jet flow 

phenomenon producing a vigorous scouring mechanism which is peculiar to 

reversing flow is then discussed.

Chapter six presents the experimental results along with the corresponding 

discussions for the both sand bed and rigid bed tests. In the case of the sand bed 

tests, results of the verification of the time scale parameter, the effect of bed
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levelling and flow reversing time on the maximum scour depth are given. This 

is followed by the results of the model scour hole tests , including development 

of approach flow boundary layer inside the model scour hole, the effect of the 

presence of the model pipeline on the bed shear stress, pipe sagging and a newly 

identified bed jet flow tests. Also presented are the results of the rigid flat bed 

tests using different pipelines diameters showing; the effect of bed proximity (gap 

ratio) on the onset of vortex shedding, the influence of pipelines diameters on the 

relative travel distance of the shed vortices and the influence of the shed vortices 

on the distribution of near the bed velocities. Next comes the discussion of the 

corresponding results and finally comparison between model predictions and 

experimental results has also been made.

Finally chapter seven presents concluding remarks on the present study.
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CHAPTER TWO 

REVIEW OF THE PREVIOUS WORKS

2.1. INTRODUCTION;

This chapter presents the problem of scouring around a pipeline which has been 

investigated by previous researchers. First the scour mechanism and self-burial 

process are discussed, then attention is focused on the scour generated by both 

uni-directional and reversing flow. The effect of wave action on the scour 

development is also introduced and finally previous attempts at theoretical 

modelling are described.

2.2. SCOUR MECHANISM AND SELF-BURIAL PROCESS:

When a pipeline is placed on the seabed, due to disruption in the near bed tidal 

and wave induced currents, the local pattern of the sediment transport in the 

vicinity of the pipeline is changed. The enhanced sediment transport rate, 

produces a scour hole, which grows in depth, width and length with time. When 

a scour hole is developing, the sediment transport capacity of the flow below the 

pipeline, Qp, is greater than that of undisturbed free stream, q,, i.e. Qp > q,. 

However this condition is transitionary and there must exist a time at which the 

scour hole reaches its equilibrium condition when qp = q,. Further changes will 

in general take place in the geometry of the scour hole as the pipeline span sags 

lowering the pipe into the hole and producing a condition qp > q̂  once again.

The key element in the self-burial process is the formation and development of 

local scour holes under the pipeline. Figure 2.1 illustrates the most important 

factors of the scour hole development. Three main types of erosion are 

responsible for formation of a scour hole under the pipeline. Bijker and 

Leeuwestein 1983 describe these types of erosion as initial break through, tunnel
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erosion and lee erosion. These three stages of erosion on an erodible bed in the 

vicinity of the pipeline are shown in figure 2.2.

Local scour develops relatively rapidly at locations where an initial small gap 

exists between the pipeline base and the bed. If there is no such a gap, however, 

the flow will eventually break through under the pipeline due to the erosive action 

of roller vortices formed upstream and downstream of the pipeline and the 

underflow caused by the pressure gradient between upstream and downstream of 

the pipeline. Due to combined action of the vortices and the underflow, a small 

gap is created under the pipeline. This is the initial break through or onset of the 

scour process. Mao (1986), describes these vortices (see figure 2.3) as vortex A 

at the upstream of the pipeline and vortices B and C at the downstream. Vortex 

B, moves sand particles towards the pipeline, while vortices A and C move sand 

particles away from the pipeline. The pressure gradients between upstream and 

downstream of a pipeline have been measured by several investigators. For 

example, Bearman and Zdravkovich (1978), from their wind tunnel study of flow 

around a circular cylinder near a plane boundary, demonstrated that, when there 

is no gap between the pipeline base and the bed, the pressure downstream is 

negative while upstream it is positive (see figure 2.4). Chiew (1990), carried out 

a laboratory test in order to verify the effect of pressure gradients upstream and 

downstream of the pipeline. He placed an impermeable plate at the upstream of 

the pipeline which effectively elongated the streamlines of the seepage flow and 

hence reduced the pressure gradient across the pipeline. Chiew from his findings 

concluded that the onset of scour process can be delayed or even prevented by 

applying an impermeable membrane upstream of the pipeline, he argued that 

without piping effect, vortices created at the upstream and downstream of the 

pipeline alone are unable to initiate initial break through. It is noteworthy to 

mention here that Chiew ignores the fact that by imposing the impermeable 

membrane at the upstream of the pipeline the erosive action of the upstream 

vortex is cancelled.
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The second type of erosion is the tunnel erosion which occurs immediately after 

the initial break through. Tunnel erosion is a direct consequence of the increased 

velocities underneath the pipeline relative to the velocities at a comparable height 

above the undisturbed bed. Bijker (1976), has drawn attention to the fact that, 

inside the scour hole and under the pipeline, the boundary layer does not adjust 

itself to the higher velocities within the relatively short distance of the length of 

the scour hole. Therefore the velocity profile will not be of the normal 

logarithmic form and as a result the shear stress under the pipeline will even be 

higher than in a fully developed flow. As mentioned by Bijker and Leeuwestein 

(1983) and Grass (1983), the tunnel erosion is initially extremely rapid process, 

but the rate of scour decreases very sharply as the gap between the pipeline and 

the bed increases. The maximum scour depth observed for this mechanism in the 

laboratory tests is about one pipeline diameter, however, due to the pipeline 

sagging process the situation is somewhat different for prototypes. An attempt has 

been made to simulate pipeline sagging in the laboratory tests by lowering the 

model pipeline in discrete steps (Grass, 1990). This generated enhanced scour 

depths up to 1.5 pipeline diameters in uni-directional flow.

The third type of erosion, is the lee erosion process, which is the direct 

consequence of the high degree of turbulence in the wake of the pipeline. The lee 

erosion in fact occurs initially by reattachment of the free shear layer, separating 

from the top of the pipeline, to the bed. When a gap is formed under the pipeline 

due to the tunnel erosion process, there exists a particular gap ratio, G/D, beyond 

which vortices start to shed simultaneously from the top and bottom of the 

pipeline. Superposition of vortex shedding on the tunnel erosion makes the 

situation even more complicated. Vortices shed from the bottom of the pipeline, 

wash away sand mounds generated downstream of the pipeline during tunnel 

erosion process. This can produce a very wide and gradually sloping scour hole 

providing the flow velocities are sufficiently large. A maximum scour depth of 

up to 2 pipeline diameters has been suggested for this mechanism (Leeuwestein, 

1985). Lee erosion provides a natural mechanism in reversing flow for generating
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a very wide scour hole, which is a necessary condition for deep self-burial of 

seabed pipeline, discussed in detail in later chapters.

It should be mentioned that the scour development under the pipeline is a three 

dimensional process, therefore the scour development also occu# along the length 

of the pipeline. Grass et a l  (1992), have drawn attention to the three 

dimensionality of the scour hole under the pipeline and postulated that the 

highest rate of erosion occurs close to the two support points at either end of the 

scour hole where the gap between the pipeline and the bed is smallest. The high 

rate of erosion elongates the scour hole relatively rapidly along the length of the 

pipeline, and depending on the pipeline flexural rigidity and residual tension after 

installation, the pipeline progressively sags deeper into the scour hole. As it does 

so, the gap between the pipeline base and the bottom of the scour hole decreases 

and as a result the rate of scour is enhanced, producing deeper scour hole. 

However by continuous sagging of the pipeline when an increasing portion of it 

lies below the me2in bed level, the pipeline now is sheltered from the higher 

velocities in the approach flow boundary layer, and the scour potential of the flow 

below the pipeline is reduced. Another phenomenon which might be responsible 

to cut off the sediment transport under the pipeline is that, during the pipeline 

loweringjthe relative gap, G/D, below the pipe reduces. For G/D values less than 

approximately 0.4 vortex shedding is suppressed ( Grass et al  1984). Sediment 

therefore begins to accumulate in the scour hole and self-burial commences.

2.2.1 UNI DIRECTIONAL FLOW:

Earlier studies of scour around submarine pipeline have been approached largely 

with a view to prevent rather than to exploit the phenomenon in common with 

local scour around vertical piles and piers. Interest in self-burial was recorded in 

the early 1960’s (see for example, Maza et a l ,  1961 and Hydraulic Research 

Station Report No 266, 1965). But current interest originated with experience in 

the Dutch sector of the North sea in the late 1970's. In 1977 natural burial of a 

submarine pipeline on the Dutch continental shelf was observed. A 10 inch

28



pipeline laid in the LIO block buried itself to a cover depth of 2 diameters 

(Hulsbergen, 1984). Since then on the basis of this newly identified phenomenon, 

comprehensive theoretical and experimental research works have been carried out, 

in order to gain further insight into the self-burial process. As has been pointed 

out by Grass and Hosseinzadeh (1995), reversing flow, either from tidal or very 

large amplitude wave action, is a necessary condition for deep self-burial of 

seabed pipelines. However, during the past two decades much research has been 

carried out on the uni-directional flow, probably, because this was the simplest 

flow condition to reproduce in laboratory studies o f the scour process round 

pipelines.

Kjeldsen et al. (1973), conducted flume experiments to investigate local scour 

around seabed pipelines in uni-directional flow. They proposed an empirical 

equation relating the scour hole depth, h, measured from the bottom of the 

pipeline, to the approach flow velocity, U, and the pipeline diameter, D,

h = 0.972 D-V* (2.1)

The Kjeldsen's equation applies to conditions where the pipeline is initially resting 

on the bed level. The equation implies that the scour depth depends on approach 

flow velocity and pipeline diameter, but excludes the effect of other flow 

parameters and sediment characteristics. Using this relationship the maximum 

scour depth obtained was of the order of one pipeline diameter. Kjeldsen, from 

his experimental work, noted the existence of lee erosion process downstream of 

the pipeline, but he did not regard this process as a potential contribution to the 

pipeline self-burial, probably due to the fact that he was employing uni-directional 

flow only.

From their experimental study of scour around seabed pipelines, Ibrahim and 

Nalluri (1986), suggested two equations relating scour hole depth to the flow 

parameters in uni-directional flow. The two equations are.
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+ 0.06 (2.2)

A
D
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-0.3

U '
- 0.16

+ 1.33 (2.3)

where U is the mean velocity of the approach flow and is the critical velocity 

for sediment entrainment. Compared with Kjeldsen’s formula, Ibrahim and 

Nalluri's equations include the influence of flow depth. The equations 2.2 and 2.3 

apply to clear water and sediment laden conditions respectively, the former 

implies that the scour depth is approximately directly proportional to flow 

velocity and inversely proportional to flow depth, whereas the later implies the 

exact opposite. The paradox possibly arose because the equations were derived 

purely from curve fitting technique and no due consideration appeared to have 

been given to the physics describing the scour process. Hulsbergen (1984), 

conducted a laboratory test to stimulate self-burial of seabed pipeline and from 

his study he concluded that in the uni-directional flow, in general the scour depth 

is smaller than the pipeline diameter. It may be concluded from comparison of the 

results that, Hulsbergen's result was compatible with that of Kjeldsen.

A circular cross section has long been recognised as a very efficient section for 

the transport of fluids. However, this does not imply that a circular cross section 

is the most suitable cross section for stimulating self-burial of seabed pipelines. 

It is normal practice that local scour near piers and piles is minimised by limiting 

the size and using streamlined bodies. However to improve the self-burial 

capacity of a seabed pipeline the reverse procedure should be carried out. 

Application of fins or spoilers increases pipeline roughness and wake turbulence, 

resulting in the increase of the scour depth. Although the application of fins or 

spoilers on seabed pipelines to promote scour and self-burial was new, the idea 

of employing fins or spoilers was quite old. Spoilers have already been widely
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investigated mainly in attempts to minimise vortex induced forces on cables, 

piles, etc, (see for example Zdravkovich, 1981). Hulsbergen, 1984 applied a fin 

on the pipeline in uni-directional flow in order to investigate the erosional power 

of the fin. He concluded that erosion below the pipeline is directly proportional 

to the fin size. Hulsbergen's work demonstrated the increased erosional power of 

the fins with an increase of up to five times on the scour depth compared with 

plane pipes both in the tunnel and lee erosion processes. Chiew (1993), conducted 

a laboratory test to investigate the effect of a spoiler on the self-burial potential 

of seabed pipelines. He pointed out that a spoiler attached to a seabed pipeline is 

capable of increasing the rate and extent of erosion. The extent of this increase 

was found to be a function of the orientation of the spoiler. He argued that spoiled 

can affect the scouring process by increasing the blockage ratio of the flow and 

altering the flow pattern around the pipeline. He showed that the protrusion of the 

spoiler above the pipeline also increases the lee erosion, which is important in the 

context of stimulation of the self-burial potential of the pipeline.

Application of spoilers since 1984 on seabed pipelines have demonstrated some 

advantages. The presence of the spoiler stabilises the flow field around seabed 

pipeline and fixes the separation points. This in turn suppresses vortex induced 

vibration, increasing the fatigue life of the pipeline and reduces the risk of 

dangerous vortex shedding (Bijker, 1995). The spoiler changes the hydrodynamic 

flow field around seabed pipeline, hindering the flow over the pipeline top whilst 

increasing the flow velocities under the pipeline. This increased flow velocity 

intensifies the rate of scour under the pipeline and enhances the pipeline sagging 

into the scour hole. Spoilers can also results in changes in the pressure 

distribution around the pipeline in such a way that, the lift force becomes negative 

and acts downwards, increasing stability of the pipeline (Bijker, 1995). However, 

despite considerable effort made during the past decade to understand the full 

mechanism involved in application of spoilers to encourage self-burial potential 

of the seabed pipeline, the practical feasibility of their application in the self

burial process still remains to be established.

31



Sumer et al (1988), carried out a laboratory test to investigate the effect of the 

lee wake on scour below pipelines exposed to currents. They concluded that the 

scour downstream of the pipeline is governed by the action of an organized wake 

flow, which is the agglomeration of vortices shed from the pipeline and steadily 

convected downstream. Sumer et a/.'s experiments were carried out while utilising 

subcritical pipe diameter Reynolds number; however they argued that the picture 

would remain qualitatively unchanged even if the Reynolds number exceeds 

beyond subcritical value;. The argument put forward was that the vortex shedding 

is the governing factor in the lee erosion mechanism and is maintained in such 

situations, and as the Strouhal number undergoes marked changes, the sediment 

bed downstream of the pipeline will be exposed to the action of organized flow 

at a rate which is different from that experienced in the subcritical regime. 

However, in the marine environment the surface of pipelines is covered with 

marine growth to such an extent that it acts as a rough wall, therefore the effect 

of Reynolds number on vortex shedding disappears for all practical purposes. 

Sumer et al  (1988) also applied discrete vortex model to predict the flow 

numerically. They came to the conclusion that using discrete vortex model, 

demonstrated that the time average bed shear stress was not a suitable parameter 

to work with in mathematical- model studies of lee erosion.

Mao (1986), carried out a comprehensive set of uni-directional flow tests in a 

laboratory flume using different sediment transport rates and pipeline diameters. 

Mao drew attention to the factors influencing the equilibrium scour depth, namely 

initial gap, movement of sand waves on the bed and the effect of the wake behind 

the pipeline. Mao investigated the scaling effect and stated that the pipeline 

diameter has some influence on the accuracy of the scour depth results, so that 

the diameter of the pipeline should not be too small compared with the sand 

wave height. Relating to the different sediment transport rates, he emphasized that 

the equilibrium scour depth is a weak function of the bed shear stress (i.e. Shields 

parameter) providing the shear stress exceeds the critical value. Mao also studied 

the effect of pipeline sagging on the final scour profile and concluded that
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pipeline sagging increases the scour depth but reduces the stream wise dimension 

of the scour hole. According to Mao, the pipeline sagging velocity has a 

negligible influence on the scour depth. For a uni-directional flow, the equilibrium 

scour depth below the pipeline (without sagging) reported by Mao was one 

pipeline diameter.

A more recent and comprehensive study of the self-burial process was conducted 

at UCL by Paskin (1993). Paskin used both uni-directional and reversing flow 

tests to investigate self-burial of seabed pipelines. In the uni-directional flow tests 

she used a dimensionless time scale parameter in order to compare maximum 

scour depth for different sediment transport rates and pipeline diameters. Since 

scour depth develops approximately as a logzirithmic function of time (Bijker and 

Leeuwestein., 1983) unlike Mao, Paskin plotted her experimental results on a log- 

linear scale. Paskin's results showed that, in general, the time scale parameter 

(T=D^/qJ performs remarkably well in correlating the scour depth/time data for 

the wide range of sediment transport rate and pipeline diameter employed. 

Compared with Mao, Paskin used longer periods of time to run the tests, therefore 

her results appeeir to be very close to the equilibrium condition. Paskin's study 

revealed that normalised maximum scour depth for smaller diameter pipelines is 

greater than those for larger diameter pipelines.

Another important parameter in studying self-burial o f pipelines is the interaction 

between current or wave induced vibration and scour hole below pipeline. 

Vibration of pipeline spam can result in fatigue damage and jeopardize pipeline 

safety. Laboratory tests have shown that current induced vibration of a pipeline 

increases the scour depth by up to 60% (Kristiansen and Torum, 1989) compared 

with the scour depth generated by fixed pipelines and the rate of development of 

the scour hole increases due to the vibration. There is also a body of evidence, 

indicating that, in the presence of a current induced vibration  ̂the scour span 

length may increase (Kristiansen and Torum, 1989).
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2.2.2 REVERSING FLOW:

Tidal flow and large amplitude wave motion are examples of reversing flow in 

nature. As pointed out by Grass and Hosseinzadeh, (1995), the most obvious 

feature of the offshore environment which has to date been largely ignored in 

scour research studies, possibly because of the need for non-standard laboratory 

facilities, is reversing tidal flow. Therefore few research studies have been carried 

out using reversing tidal flow conditions. Mao (1986), employed a laboratory 

flume to simulate tidal flow and from his study concluded that, in the reversing 

flow condition wake induced erosion plays a significant role in the final profile 

of the scour hole. Scour depth in reversing flow was also observed to be larger 

than that produced by uni-directional flow. Mao's reversing flow tests also 

showed that as in the uni-directional flow tests, the normalised scour depth for 

smaller diameter pipelines appears to be greater than that obtained with larger 

diameter pipeline.

It is noteworthy to mention that scour holes generated by uni-directional flow are 

highly asymmetrical, with the point of maximum scour depth located well 

downstream of the pipeline axis. In nature, however depending on the pipeline 

orientation, reversing tidal flow with its reversing wake scour, has been observed 

to produce very wide and often relatively symmetrical scour hole (Hulsbergen 

1982). Mao's experiments do suffer from lack of symmetry in to positioning of 

the model pipeline inside the test flume which produced an asymmetrical scour 

hole. Effective study of the self-burial process by the action of reversing tidal 

flow requires special facility simulating natural tidal flow condition to produce 

symmetrical scour hole. Paskin's (1993) work is the most intensive study of this 

type conducted to date involving use of a unique, specially designed reversing 

flow channel at UCL, simulating tidal conditions.

Paskin's reversing flow tests examined the effect of different sediment transport 

rates on the final scour depth. This work demonstrated that the final scour depth 

is largely insensitive to the prevailing sediment transport rates, whereas the scour
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hole width is sensitive to the sediment transport rates. In other words higher flow 

rates produce wider scour widths. In relation to pipeline diameter, despite the fact 

that Paskin's tests were actually run to very different dimensionless test times, 

making comparison particularly difficult, close inspection of the data suggests that 

there is a decrease in the final equilibrium scour depth with increasing pipeline 

diameter. However the relative width of the scour hole (W/D) was observed to 

increase with decreasing pipeline diameter. These experimental observations are 

entirely consistent with the present potential flow model predictions which 

indicate that wider scour holes produce larger maximum scour depths (see chapter 

four). Paskin's tests produced very deep scour holes, in some cases greater than 

twice the pipeline diameter.

Owing to the fact that in the field scouring takes place under the pipeline in a 

three dimensional manner, it is necessary to address this aspect of the problem. 

Scour develops along the length of the pipeline and grows with time giving rise 

to free pipeline spans of progressively increasing length. Depending on the 

pipeline stiffness, the pipeline will sag by varying degrees into the scour hole. 

From an engineering point of view the dimensions of the scour hole under the 

pipeline are thus very important. In particular, the maximum scour depth and 

length are of paramount importance. Whilst data is available on the maximum 

scour depth under pipelines  ̂corresponding data for free span length is scarce.

Development of free span length determines the rate of centre span sagging which 

in turn affects the scouring rate and ultimately the scour depth at which the centre 

span point on the pipeline first settles onto the scoured bed. Recent experiments 

have shown that (see for example Grass et al., 1992 and Paskin, 1993) very high 

span length development rates were achieved with corresponding pipeline sagging 

rate increasing exponentially with the total free span length. An attempt was also 

made by Mao (1986), to assess the maximum span length for a pipeline. He 

postulates that when there is no free span under the pipeline, the load on the 

pipeline is balanced by the support of the plane bed. But in the case of a free
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span, provided the length of span is long enough the pipe deflects at the mid span 

as it does in the case of girder. Mao argues that when the span length is long 

enough the pipeline puts larger pressure on the sustaining part of the bed, namely 

the span shoulders. Consequently, it is more difficult for sand particles on the 

shoulder slope to slide down.

It should be noted that pipeline sagging at the span shoulder is closely related to 

the three-dimensional scour. Depending on the pipeline relative weight and sand 

failure, the pipeline may sink into the sand, since as the scour progresses, the load 

due to the weight of the pipeline will be acting on a smaller area of the 

supporting ridge. Sumer and Fredsoe (1994) suggested that when the length of a 

span shoulder is decreased to a critical value («5D), the pipe begins to sink into 

the sand owing to soil failure. They used different density pipeline models 

exposed to steady currents and came to the conclusion that the section of pipeline 

at the span shoulders may sink up to 50-80 % of the pipeline diameter below the 

initial bed level. Bruschi et al. (1986), tried to model the flow field in relation to 

three dimensional scouring below pipelines. They paid due attention to the scour 

induced free span length and reached simiW conclusion as Mao, discussed 

previously. Bruschi et al. concluded that a theoretical model can provide 

approximate information on maximum scour depth and maximum free span 

length, but it is unable to predict the time scale and evolution of the scouring 

phenomenon.

2.2.3 SCOUR BY W AVE ACTION:

Now turning attention to the another aspect of the marine environment, which has 

not to date been given due consideration in the study of pipeline self-burial 

namely, the interaction between waves and currents. In the sea the combined 

action of bottom currents and wave induced velocities can create enhanced 

sediment transport with correspondingly accelerated development of free spans 

and self-burial. As pointed out by Soulsby et al. (1993), in combined waves and 

currents, the prediction of both the time mean bed shear stress and maximum bed
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shear stress are of major importance for sediment transport modelling. From 

pipeline scouring point of view the interaction of waves and currents is clearly 

more relevant within the bottom boundary layer rather than outside it. Interaction 

of currents and waves in the boundary layer at the sea bed is highly non-linear, 

since flow turbulence dominates the stresses acting on the boundary and 

generation of turbulence is a non-linear phenomenon. Unlike laminar shear stress, 

turbulent shear stress is proportional to the square of the near bed velocities, 

therefore turbulence generated by the waves will affect the currents and vice versa 

(Soulsby et a l, 1993).

The scour process central to the self-burial of pipelines under waves and 

combined wave and current conditions is much more complex than in the case of 

uni-directional flow. In the presence of waves due to periodic changes in the 

direction and magnitude of the orbital velocities, various aspects of the erosion 

process will necessarily depend on the characteristics of the oscillatory flow 

generated by surface waves close to the bed. Bijker and Leeuwestein (1983), 

suggested that three interdependent key factors are responsible for the 

establishment of an equilibrium scour hole under wave conditions:

1. Friction is introduced into the flow by the pipe's presence and that of

seabed; its influence is transported through the boundary layer into the main flow. 

In the case of wave generated velocities, the boundary layer cannot fully develop 

and the friction's intrusion into the flow is limited by the period of oscillation.

2. Velocities above the seabed and under the pipeline are relatively less

influenced by friction when the period of oscillation is small.

3. Ignoring secondary influences such as non-sinusoidal waves and bed

ripples, the net sediment transport rate both free stream, q, , and under the 

pipeline, qp, in the oscillating flow will be zero. When the bed load mode of 

transport is dominant, the sediment transport rate under the pipeline, qp, is mainly 

determined by the horizontal orbital velocity under the pipeline and the wave 

period, T.
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The main difference between the scour profile under wave action compared with 

that under a steady current, is the formation of lee erosion due to a wake system 

forming at both sides of the pipeline as in the case of reversing flow discussed 

previously. Sumer and Fredsoe (1990), carried out a laboratory test on scour 

below pipelines in waves and proposed that the formation and length of the wake 

pattern in wave induced oscillatory motion is governed by the Keulegan-Carpenter 

(KC) number,

KC = ^  (2.4)

where a is the oscillation amplitude close to the bed. For very small KC values 

(<5) the wake effect downstream of the pipeline is negligible, whereas larger 

values of KC produce a vortex street on the lee side of the pipeline. The length 

of the vortex street (L) is linearly dependent on KC values (L/D = 0,3 KC). 

Sumer and Frodsoe (1990), argued that scour depth increases significantly as KC 

values increase and there exists a KC value (KC«300) beyond which the scour 

depth becomes independent of KC values. Mao and Sumer (1986) used a U-shape 

oscillating water tunnel in order to simulate the effect of relatively large 

amplitude (KC»1000) wave action on the scour below a model pipeline. Mao and 

Sumer's results also showed that the scour depth below the pipeline under l2irge 

amplitude wave action appears to be relatively larger than that obtained in uni

directional current under equivalent conditions. This contrasts with the situation 

for low amplitude wave action (Bijker and Leeuwestein, 1983) where scour 

depths are less than those obtained in a current. The argument put forward by 

them was that since some sediment settles in the scour hole, the scour depth 

decreases. The scour depth under combined action of wave and current will 

therefore lie between the upper limit, valid for the current and a lower limit, valid 

for the wave only.

As mentioned previously the application of a spoiler to stimulate the self-burial 

potential of seabed pipelines has mainly been investigated using uni-directional 

flows. Cheiw (1993), conducted laboratory tests under pure wave action to
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investigate the effect of spoilers on the maximum scour depth below a pipeline. 

Cheiw's tests revealed that a spoiler can increase both the scour below and 

downstream of the pipeline. The spoiler was found to be most effective in 

increasing the tunnel erosion depth, when it was attached to the pipeline at an 

angle of ± 30° (to the vertical axis of pipeline), whereas in the lee erosion stage 

the most effective angle was within the range of 30° to 70°.

2.2.4 THEORETICAL TREATMENTS;

In parallel with laboratory investigations of the scour Eiround pipelines during the 

past two decades, theoretical models have also been advanced in order to gain 

insight into the problem. Some investigators applied potential flow theory to 

describe the flow field around pipelines. Chao and Hennessy (1972) used 

potential flow theory to determine the velocity and hence the discharge through 

the scour hole. Assuming a plane boundary condition, they utilised a simple 

image method by ignoring the fact that, mathematically, when the cylinder 

approaches the boundary there will be distortion in the simulating doublet shape 

due to the bed proximity. The equilibrium scour depth was assumed to be the 

depth of scour at which the bed shear stress under the pipeline becomes equal to 

the critical shear stress for particle motion. Therefore Chao and Hennessy’s 

method is only relevant to clear water condition where q, is equal to zero. They 

were able to evaluate the shear force inside the scour hole and maximum scour 

depth (ranging from ID to 1.3D) generated.

An attempt has been made by Hansen et al. (1986) to estimate scour below a 

pipeline, using potential flow theory. Hansen et al. introduced a more 

comprehensive model than Chao and Hennessy which enabled them to simulate 

the scour hole geometry and predict scour depth. Using Milne-Thomson's circle 

theorem they applied a series of dipoles along and inside the bed boundary, each 

paired with a corresponding image dipole inside the pipeline cylinder. Due to bed 

proximity potential flow theory predicts higher velocities at the bottom of the 

cylinder than at the top. A negative vortex at the centre of the cylinder was
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imposed in order to make velocities identical at the top and bottom of the 

cylinder, and using this modified potential flow model Hansen et al, predicted the 

maximum depth of scour. The model is scour width dependent and prediction is 

made through solving ’n' by 'n' matrix. At the early stages of scour development, 

when the scour hole width is relatively small, the matrix can be kept to a 

reasonable size and solutions for the flow field are acceptably efficient. However, 

for larger scour widths (say greater than 20D) prediction involves solving a very 

large matrix, which even with high speed computers is time consuming.

Another important factor in studying the self-burial process is pipeline sagging 

inside the scour hole. Sagging at the centre of free spans brings the pipeline 

closer to the bed which further enhances the maximum scour depth whilst 

progressively reducing the equilibrium gap, G, between the pipeline and the bed. 

Bernetti et ah (1990) presented a deterministic model of the scour process, which 

combines a time integration of the sediment transport equation for vertical and 

longitudinal development of scour and takes into account of the pipeline sagging 

process. In Bemetti et al.'s approach only bed load sediment transport has been 

considered, and the bed load was evaluated according to the formulation given 

by Bijker (1971).

Various attempts has been made to solve Navier-Stokes equations in order to 

simulate the flow field and sediment transport around pipelines. Beak et al  (1988) 

used numerical model to solve 2D Navier-Stokes equations from which they 

predicted flow and sediment transport in a vertical plane around a pipeline. Beak 

et a/.'s prediction of maximum scour depth was in agreement with the value 

obtained from Kjeldsen's formula (Kjeldsen et a/., 1973) They also included the 

effect of a spoiler on the development of scour below the pipeline. The resulting 

scour hole predicted by the model was deeper and wider compared with the case 

of a pipeline without the spoiler. However, since they simulated uni-directional 

flow conditions, the predicted scour depth and width were small compared with 

reversing flow condition.
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In order to predict development of scour holes, Hoffmans and Booij (1993) 

developed a theoretical model based on the 2D Navier-Stokes equations. They 

prescribed the bed load sediment transport and the concentration at a reference 

level close to the bed, using a stochastic method to evaluate the instantaneous bed 

shear stress. The stochastic approach of the critical bed shear stress for initial 

instability of sediment particles has already been well explained by Grass (1970). 

Hoffmans and Booij’s model was applied to predict scour in two dimensional flow 

in a scale model as well as under prototype conditions. Their model showed that 

scour in two dimensional flow in a scale model and prototype can be simulated.
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(After Grass et al., 1992).



lee erosion
tunnel erosion

initial break-through erosion

Figure 2.2 Three types o f  erosion 
(After Leeuwestein et al., 1985).

43



Vbrtex BV ortex  A Vertex C

O

e >
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Figure 2.4 Pressure distribution around the cylmder and along the plate (G/D=0) 
(After Bearman and Zdravkovich, 1978).
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CHAPTER THREE 

GENERAL BACKGROUND THEORY

3.1 INTRODUCTION:

This chapter presents a brief discussion of the relevant theories and empirical 

relationships which have been applied in this study. This material is exclusively 

concerned with the behaviour of real fluids (i.e.viscous fluids). Theories based on 

ideal fluid motion (i.e. inviscid fluid) will be given in detail in chapter four. As 

sediment transport is one of the most important aspects of this study programme, 

relevant theories relating to the movement of bed material are discussed first, this 

is followed by a discussion of turbulent boundary layer flow, flow around a 

circular cylinder and vortex shedding phenomenon will be presented.

3.2 SEDIMENT TRANSPORT ASPECTS:

3.2.1 MODES OF SEDIMENT TRANSPORT :

Depending on the size of the bed material and the flow conditions, the transport 

of sediment particles by flowing water may be in the form of bed load and 

suspended load. The suspended load may also contain some wash load, which is 

generally defined as a portion of the suspended load which is governed by the 

upstream supply rate and not by the composition and properties of the bed 

materials. However it should be mentioned that in the case of transport of 

relatively fine sand which is more relevant to this study, this distinction is 

somewhat artificial and arbitrary, since the sediment concentration profile is in 

fact continuous between the bed surface and the outer limits of the suspension 

layer. Experimental observations confirm that (see for example Einstein and 

Chien, 1955) the sediment concentration is relatively high in a thin layer above 

the bed surface, and the sediment particles within this thin layer are frequently 

in contact with the bed and move by a combination of rolling, sliding, saltation 

and intermittent suspension.
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When the value of the bed shear stress just exceeds the critical value for initiation 

of motion, the particles will be rolling and sliding in continuous contact with the 

bed. By increasing the bed shear stress values, the sediment particles will be 

moving along the bed by more or less regular jumps, which are called saltation. 

The increase of bed shear velocity beyond the fall velocity of the particles may 

cause the sediment particles to be lifted to a level at which the upward turbulent 

forces are comparable with or of higher order than the submerged weight of the 

particles, and as a result the particles may go in suspension.

The transport of particles by rolling, sliding and saltating is called the bed load 

transport. According to Bagnold (1973) the bed load transport is the mode of 

transport in which the successive contact of the particles with the bed are strictly 

limited by the gravity effect, while the suspended load transport is defined as a 

mode in which the upward diffusion of turbulence from the boundary maintains 

the particles in suspension against gravity. The turbulence bursts, pressure 

fluctuations and saltation would be involved in entraining the particles from the 

bed. However, Einstein (1950) had a somewhat different approach; he defined the 

bed load transport as the transport of sediment particles in a thin layer of 2 

particle diameters thick just above the bed by sliding, rolling and sometimes by 

jumps with a longitudinal distance of a few particle diameter. In this definition 

saltation of particles is considered to be part of suspension. This is an arbitrary 

definition whereas that by Bagnold has a physical basis.

Depending on the type of the sediment particles, sediments can also be classified 

as a non-cohesive and cohesive sediment. In the former bed materials consist of 

mainly granular non-cohesive particles such as sand, and for which grain size and 

weight are the dominant parameters for sediment movement and transport. As 

non-cohesive sediments have a granular structure they do not stick together to 

form a coherent mass. Cohesive bed materials on the other hand consist of mostly 

very fine particles such as silt and clay. There exists a physico-chemical force of 

attraction between cohesive sediment particles, which is the dominant parameter
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for sediment transport and the size and weight of an individual particle may be 

of little importance. Cohesive sediments form a coherent mass and are transported 

as agglomerated particles rather than in discrete mode.

3.2.2 INITIAL INSTABILITY OF SEDIMENT PARTICLES:

The problem of defining critical flow conditions associated with the initial 

instability and entrainment of bed sediment particles is of fundamental importance 

in the study of sediment transport mechanics. Water flowing over a plane sandy 

bed exerts forces on the sediment particles and if the bed shear stress is 

sufficiently large, then the particles may begin to move. The problem of 

determining the threshold of particle motion has been treated by several scientists. 

The best known treatise was produced by Shields (1936). According to Shields 

analysis the threshold is determined by considering the ratio between agitating 

(i.e. shear) and stabilising forces acting on the grain. The shear force may be 

expressed as = Tq d̂ , where Tq is the bed shear stress and d is a suitable length 

scale of the sediment particles. The stabilising forces which are proportional to 

the submerged weight of the particles can be represented as pg (S-1) d̂ , where 

p is the water density, g is the acceleration of gravity and S, is the specific 

gravity of the sediment. The ratio of these two forces is known as Shields 

parameter (%*) can then be expressed as,

X* !?_________________________________(3.1)
{S-\)pgd {S-\)gd

where = Tq /  p is the bed shear velocity.

Dimensional analysis has shown that the critical value of T*,, which determines 

the initiation of motion is a function of the boundary layer Reynolds number, 

hence the Shields parameter can be given in terms of the following functional 

relationship,

_ _ ! £ _  = (3.2)
( J - l ) p g d
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where is the critical average shear stress, v is kinematic viscosity of the fluid. 

Shields diagram is illustrated in figure 3.1.

According to Grass (1970) there exists no well defined mean flow condition for 

which the bed sediment suddenly becomes unstable and begins to move. Grass 

(1970) in his study of initial instability of fine bed sand concluded that initial 

instability results from the interaction between two statistically distributed random 

variables, namely, the range of shear stresses produced by the turbulent flow at 

a given point on the bed, and the range of critical shear stresses at which grains 

start to move. At the onset of grain motion the most susceptible particles, those 

with the lowest critical shear stresses, are moved by the highest shear stresses 

occurring in the shear stress distribution applied to the bed by the background 

flow. Once the sediment particles begin to move, depending on the flow 

conditions, they may be transported as mentioned previously either as a bed load 

or suspended load.

3.2.3 BED FORMS;

When the value of the shear stress acting on the flow boundary (bed) exceeds the 

threshold value, then sediments are transported and bed forms are developed. If 

the flow is tranquil (i.e. subcritical, Fr < 1) in the case of fine sediment, ripples 

are formed (figure 3.2), and on further increase of the flow velocity or in the case 

of coarser sand, sediment will usually form dunes. Raudkivi (1963) pointed out 

that ripples spread out generally downstream from an initial disturbance caused 

by a chance pilling up of particles. Williams and Kemp (1971) linked the pilling 

up of the sand particles to the streamwise velocity streaks on the sand bed. The 

concept of high and low velocity streaks in the viscous sublayer has been 

introduced by Kline et al. (1967) and Grass (1971), they argued that the flow 

structure in the viscous sublayer is very complex and despite the fact that in this 

thin wall layer the flow motion is dominated by viscosity, there still exist large 

three-dimensional, unsteady velocities within the entire layer. According to 

Grass’s (1971) momentum transfer model, the viscous sublayer partly acts as a
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passive reservoir of low momentum fluid that is ejected into the upper regions of 

the boundary layer generating a velocity defect and an unstable inflection zone 

in the instantaneous velocity profile. This ejection process has more recently been 

shown to result from the action of 3-D vortices of idealized horseshoe 

configuration (Grass et ah, 1991).

Dunes are large and more or less irregular sand waves. Flow separation occurs 

at the crest and reattachment in the trough. Near the reattachment zone, sediment 

particles are moved by turbulence, even when the local shear stress is below its 

threshold value (Raudkivi 1963). When sediments are moved from the upstream 

side of the dune and deposited on the lee side, this continuous process results in 

downstream migration of the dune patterns. Both ripples and dunes make a 

significant contribution to the total flow resistance. The problem is further 

complicated when dune surfaces are covered by ripples due to rapid decrease in 

flow velocity (figure 3.2). Dune behaviour is somewhat different in unsteady flow 

and their geometrical dimensions are not related to the instantaneous hydraulic 

conditions (Engelund and Fredsoe 1982).

When the stream power is further increased the height of dunes starts to decrease 

while their length remains constant and at very low dune height the wave length 

begins to grow. At these very low dune heights increase in bed shear stress gives 

rise to a flat bed, the so-called transition plane bed condition. At higher Froude 

numbers (Fr) the bed configuration changes from the so-called transition plane 

bed to the antidunes. Antidunes are symmetrical in shape and are accompanied 

by deformation of the free surface by waves which are approximately in phase 

with the sand waves. This implies that antidunes cannot occur in closed conduits, 

whereas waves on the free surface can occur if the mobile bed is not present 

(Yalin 1977).

3.2.4 SEDIMENT TRANSPORT RATE:

From the point of view of engineering practice the sediment transport rate is the
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most important characteristic of the two-phase motion. Since the end of the last 

century a vast number of sediment transport formulae have been produced and 

even during the past two decades numerous formulae have been developed which 

rule out a comprehensive description in this section. However to gain selective 

insight to this large body of work, some of the principles utilised to develop these 

formulae are presented. Most of the bed load transport relationships are of the 

form of the Du Boys formula. As pointed out by RaudMvi (1963) Du Boys 

method assumes the bed to move as a series of superimposed layers with 

particular thickness not greater than sediment grain diameter. Du Boys (1879) 

assumes that the velocity varies linearly in these layers and the friction factor 

between successive layers is constant. Du Boys introduced the concept of tractive 

force and expressed the sediment transport rate in terms of the bed shear stress.

Meyer-Peter and Muller (1948) produced their formula after some modification 

made to the Du Boys type formula. They separated the bed resistance into 

resistance due to sediment grain roughness and resistance due to the bed form. 

The Meyer-Peter and Muller formula is developed for the bed load transport on 

a nearly horizontal plane. Due to the simple nature of this formula it has not lost 

much of its popularity and is still commonly used particularly in the central 

European countries since being introduced nearly half a century ago.

In 1942 Einstein departed from the mean tractive force method and introduced 

probability concepts. The argument put forward by Einstein was that in the 

turbulent flow the fluid forces acting on any individual sediment particle vary 

with respect to both time and space. Therefore the movement of any particle 

depends upon the probability of the increase of the applied force to exceed the 

resistance force at a particular point in time and space. For fine grained bed 

sediment producing a hydraulically smooth boundary condition, Grass and Ayoub 

(1982) have advanced the hypothesis that the local instantaneous bed load 

transport rate produced by a particular instantaneous fluctuating bed shear stress 

can be reproduced by the transport rate induced by a steady laminar flow, having
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the same bed shear stress and fluid viscosity.

3.2.5 SCOUR TIME SCALE:

Considering two-dimensional scour around a pipeline in a current, and also the 

case where the bed load is the dominant mode of sediment transport, the time 

development of a scour hole profile is governed by the following volumetric 

sediment transport continuity equation (see figure 3.3),

+ B —  = 0  (3.3)
dx dt

where h is the local scour depth, q is the volumetric sediment transport rate, P is 

the ratio of sand grain volume to total volume, x is the streamwise coordinate and 

t is the time. In order to make equation 3.3 dimensionless, pipeline diameter (D) 

is assumed as a length scale and Tq and qg as a suitable time and sediment 

transport rate scale respectively, hence,

(3.4)
d(xlD) % d(TlT^)

From equation 3.4 it can be concluded that an appropriate scour time scale will 

be of the form Tg = / qg, then substituting into equation 3.4 yields,

È S l + ^ È h l = Q  (3.5)
dx* a r

where * denotes the dimensionless form of the variables in equation 3.3.

Grass et a l  (1992), have drawn attention to the difficulties in selecting a practical 

and appropriate sediment transport rate. By utilising a simple power relationship 

between sediment transport rate over a flat bed, q, and the flow velocity, U, 

namely,

q = A U ^

where A and exponent n are constants for a particular flow depth, sediment size, 

flow velocity range and water temperature, they suggested that the scour time 

scale parameter may be given in the form of,
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or To-
D (3.7)

where q, is the undisturbed sediment transport rate and qp is the sediment 

transport rate below the pipeline. The relevant sediment transport rate for different 

circumstances suggested by Grass et al. (1992) is given in table 3.1.

Sediment 

transport 

rate ( % )

q. Perturbation level

Weak Strong

( G/D large ) ( G/D small )

Appropriate forms of qg

Zero qp (if scouring) qp

Very small q, ov qp qp

Medium/Large qs or qp q, or qp

Table 3.1 Appropriate forms for sediment transport scale (qg) 

in relation to different sediment transport rates and perturbation level.

3.2.6 P IMPNSÏQNAL ANALYSIS;

Dimensional analysis is a method for reducing the number and complexity of 

experimental variables which affect a given physical phenomenon, using a sort 

of compacting technique. The methods of dimensional analysis are of very wide 

application and are particularly valuable in the study of phenomena that are too 

complex for complete theoretical treatment. Such complexity may result from a 

large number of independent variables affecting the phenomenon, or from a 

mathematically complicated form of the expressions relating these variables. As 

a method of analysis it will not provide a complete solution to a problem, but the 

partial solution of the problem will indicate that the individual magnitudes can be 

grouped only in certain ways. Dimensional analysis therefore, enables us to obtain
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maximum information from the minimum number of experiments.

If a phenomenon depends upon ’N’ dimensional variables, dimensional analysis 

will reduce the problem to only 'K' dimensionless variables, where the reduction 

(N-K) is equal to 1, 2, 3 or 4, depending on the complexity of the situation. 

Generally (N-K) equals to the number of different dimensions (sometimes called 

basic or primary or fundamental dimensions) which govern the problem. In fluid 

mechanics, the four basic dimensions are usually taken to be length L, time T, 

mass M, and temperature 0 . The basis of dimensional analysis is the principle of 

dimensional homogeneity which can be stated as follows: Every term in a 

complete physical equation has the same measure formula, in other word, if an 

equation truly expresses a proper relationship between variables in a physical 

process, then each of its additive terms will have the same dimensions. The well 

known method of reducing a number of dimensional variables into a smaller 

number of dimensionless groups is the ’Pi’ theorem which is attributed to 

Buckingham (1914). A full description of the Buckingham Pi theorem can be 

found in the standard fluid mechanics text books, for example, Massey (1971).

As in most experimental fluid mechanics studies of very complex flow situations 

and particularly those involving sediment transport phenomena, it is very helpful 

to carry out a dimensional analysis of the problem, both as an aid to experimental 

design and also, again, to assist in results interpretation. In the present study 

surface wave effects are not considered. Attention is focused on the development 

of a scour hole by the exclusive action of a periodically reversing uni directional 

flow with a thick, turbulent boundary layer, approaching a smooth surfaced 

pipeline over a flat upstream bed. In these circumstances the development of 

scour depth, h, as a function of streamwise position, x, and time, T, can be 

expressed in terms of the following functional relationship between the relevant 

non-dimensional variables.

53



^  P, UD G X  Ud UT^
^  [ ^ | 8 d /  V ’ p  ’ V ’ D ’ D ’ V ’ V

(3.8)

where U is the approach flow velocity, d is the flow depth, g is the gravity 

constant, p , d are the fluid density and kinematic viscosity respectively, p, ,d, are 

the sediment particle density and diameter, and D is the pipeline diameter.

Assuming approach flow velocity U, as the velocity at a fixed height in the wall 

layer of the undisturbed approach flow, then U may be considered to be directly 

proportional to the bed shear velocity, U.̂ , (Grass et al. 1992). Substituting Û . for 

U in the relevant dimensionless groups in equation 3.8 and squaring first group 

and introducing sediment relative density S = p̂  /p into the first group then 

equation 3.8 can be expressed as:

h _ J  U A  M  i ' l l  (3.9)
D ^  ̂ g d ^ { S - \ )  V p  V D D V V

In equation 3.9 the first three groups on the right hand side represent respectively 

the dimensionless bed shear stress x*, introduced by Shields to define the critical 

stage of sediment entrainment ( Shields parameter), the grain Reynolds number 

of the bed sediment. Re*, and the sediment relative density S. Within a relatively 

wide range of overall flow Reynolds number, Ud/v, these three variables (t*. 

Re*, S) uniquely determine the approach flow sediment transport rate, q,. These 

variables also determine the mean velocity profile and the turbulence 

characteristics in the wall region of the approach flow boundary layer in which 

the pipeline is immersed.

The fourth group on the right hand side of equation 3.9, namely the pipeline 

diameter Reynolds number UD/v or UJ)/v, strongly influences the development 

and separation behaviour of the boundary layer formed on the upstream pipe face 

and the subsequent vortex shedding. Modified Reynolds number U ^ /v , can be 

expressed in the form D/{v/\J^). This parameter represents the ratio of the pipeline 

diameter to the smooth wall length scale for the approaching boundary layer, and
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in conjunction with bed gap ratio G/D, is therefore likely to have an important 

influence on the distortion to the near cylinder flow and wake characteristics 

produced by boundary layer velocity gradients and near bed turbulence as 

reported by Grass et al. (1984 and 1992).

3.3 TURBULENT OPEN CHANNEL FLOW:

For turbulent flow, because of the fluctuations, every velocity and pressure term 

is a rapidly varying random function of time and space. If the velocity fluctuation 

(u') is defined as the deviation of the instantaneous velocity (u) from its average 

value (Ü) then,

u  ̂= u - i i  (3.10)

According to Reynolds' Time-Averaging concept, applied to a steady high 

Reynolds number flow, the time mean of a turbulent function u (x,y,z,t) is 

defined by,

T
-  1u = — J  udt (3.11)

r ,

therefore it follows by definition that the velocity fluctuation has zero mean value, 

since,

T

= (u-ii)dt = « -  w = 0 (3.12)
^ 0

However, the mean square of a fluctuation is not zero and is a measure of the 

turbulence intensity.

  T

u'^ = l f u ' ^ d t * 0  (3.13)

Now considering fluid of constant density and viscosity with no thermal 

interaction, the equations to be solved for velocity and pressure are the 

conservation of mass (continuity) and momentum equations.
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du ^ dy  ^ dw _g. 
dx dy dz

(3.14 a)

dV
P - J f "  P f  + PV*F,

where V, is the velocity vector component and operator V is,

dx dy dz

(3.14 b)

(3.15)

Both laminar and turbulent flows satisfy equations 3.14, but for laminar flow 

there are no random fluctuations. Equation 3.14 b is the well known Navier- 

Stokes equations which describe the motion of a Newtonian fluid particle in the 

three coordinate directions.

Reynolds idea was to split each property into mean plus fluctuating variables,

p=p+p^  (3.16)U=Ü + Û w = w  + w

Substituting equations 3.16 into equations 3.14 and taking the time mean of each 

equation, hence the continuity relation reduces to.

(3.17)
dx dy dz

and each component of the momentum equation after time averaging, will contain 

mean values plus three mean products of fluctuating velocities. Thus the 

momentum equation takes the following form for the time averaged velocity 

component u in the streamwise x direction.

d t  dx  dy dZ;

= 98
dx dx  

dû

(3.18)

dy dz
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The bracketed terms in equation 3.18 represent the two components of shear 

stress. They show that the superposition of fluctuations on the mean motion 

gives rise to three additional stresses acting on the elementary surfaces. Within 

the brackets the first term is the viscous stress and the second term is called the 

Reynolds stress of turbulent flow. The viscous stress represents the stress due to 

molecular transfer of momentum across planes parallel to the bed and Reynolds 

stress arises from the transfer of momentum across internal fluid surfaces due to 

the mixing action of the turbulence across the shear layer. A full derivation of 

these equations is given in standard text books, for example, by Schlichting 

(1979).

Considering two-dimensional, uniform, steady open channel flow implies that 

d/dx and d/dz (i.e. streamwise and span wise variations) can be neglected and d/dt 

is also equal to zero. It should be noted that in ducts and boundary layer flows

the Reynolds stress associated with direction y normal to the wall is dominant,

therefore equation 3.18 reduces to,

+ = 0  (3-19)
d y \  dy )

where i is the channel bed slope or energy gradient. The sum of the viscous 

(laminar) stress and the Reynolds stress represents the total shear stress at a 

particular height (y) above the bed, hence,

T = (3.20)
dy

substituting equation 3.20 into equation 3.19, yields,

p^f + - ^  = 0 (3.21)
dy

Integrating equation 3.21 with respect to y over the total flow depth, d, gives,

-pgHd-y)  (3.22)

The maximum shear stress occurs at the bed, y = 0, and is denoted as Tq hence.
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^o = P&W (3.23)

The total shear stress can be expressed as,

x = T o ( l- ^ ]  (3.24)

The bed shear stress, Tq , is a very important factor in the scaling of a turbulent 

flow, it is possible to express the bed shear stress in terms of bed shear velocity,

u ,  = ^Tq/P

Bed shear velocity, , is not a physically real velocity, but represents the 

characteristic velocity scale for the mean flow.

In 1925 Prandtl introduced the concept of a mixing length and his mixing length 

theory. In this simple model lumps' of fluid particles are considered to move 

about in random fashion conserving their original longitudinal momentum over 

path lengths equal to the mixing length, /. In 1930 Karman logically proposed that 

close to the bed, / should be proportional to the boundary distance, i.e. / = k  y. 

In order to further satisfy the free surface constraint ( i.e. mixing length at the 

free surface is equal to zero) the following relationship is assumed.

/ = K y ( l - y / d ) "  (3,26)

Taking n =1/2 gives a reasonably good fit to experimental data. Since except for

a very thin region close to smooth boundaries the viscous stress is dominated by

the Reynolds stress, therefore just above the boundary it is possible to express the 

shear stress in the following form,

i: = pl^(düldy)^ (3.27)

Comparing equation 3.27 with equation 3.24 yields.
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T =Tq(1 -y id )  = pl^idüIdyŸ (3.28)

Substituting equation 3.26 into equation 3.28, gives,

?o/p = r^ y^ idü ldyŸ

Hence,

w, = Ky (dïï/dy) (3.30)

Integrating the equation 3.30 with respect to y, yields,

—  = — In 3̂ + const, (3.31)

By expressing the constant in the form (-1 / k  ) In yg, the equation 3.31 becomes,

Ï  = 1  (3.32)
« , K %

where yg is an appropriate length scale parameter and k is constant irrespective 

of boundary roughness condition and known as Karman's universal constant and 

has a value approximately equal to 0.4.

The expression used by Karman is semi-empirical in that the values of the 

constant terms have to be determined by experiment but the form of the 

expression is derived theoretically. However, the same results may be obtained 

from dimensional analysis and physical reasoning. Considering a steady, fully 

developed flow past a smooth, flat plate, the velocity, U, varies with distance 

from the plate. The independent variables which may be supposed to affect the 

value of U are the density, p, viscosity, p, the boundary layer thickness, 5, the 

distance from the wall, y, roughness height of the boundary, k, and the shear 

stress at the wall, Xg- Application of the principles of dimensional analysis 

suggests the following functional relationship:
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t u .
’ 6 ’ l j

(3.33)

The effect of viscosity on the flow will be appreciable only near the boundary, 

where the velocity gradient is large, and that its effect away from the boundary 

will be negligible. Similarly, although the roughness of the boundary affects the 

value of for a given rate of flow, it has little influence on the flow away from 

the boundary. Consequently, for the flow region outside the boundary influence, 

the 'velocity defect' (U^-U), where is equal to the maximum velocity in the 

free stream and U in the velocity elsewhere, may be supposed to depend on y/5 

only. That is:

u.
(3.34)

This hypothesis has been supported by experimental evidence and therefore 

equation 3.34 may be regarded as a universal relation valid for y/5 =Ai, say. 

Considering a smooth boundary for all values of y/5 equation 3.33 becomes:

V ’ 6j

In particular for y/5 =1, equation 3.35 reduces to:

(3.35)

Adding equations 3.34 and 3.35 (for y/5 >A; ) gives:

( h u .  ] i t u AM "/a T
V V J I V j

(3.36)

= /i
t u . (3.37)

If we now consider a very thin layer of the flow close to the wall, the flow 

velocity near the wall depends on the distance from the wall but not on the 

boundary layer thickness. This hypothesis was put forward by Prandtl and is well 

supported by experimental evidence. For position close to the wall, 0 < y/5 < Aj,
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the function f, (SU  ̂ /v , y/5) in equation 3.35 becomes (5U^ /v x y/5), 

therefore:

0 < | < A , (3.38)

Experimental results suggest that there is a region where the range of validity of 

equations 3.34 and 3.35 overlap, in other words both the law of the wall and the 

velocity defect apply. For this region where A, < y/5 < Aj equations 3.34 and 

3.35 may be added to give:

V
(3.39)

Differentiation of equation 3.39 with respect to 5U  ̂ /v followed by a further 

differentiation with respect to y/5 yields an equation involving only the combined 

variable yU  ̂/v, integrating twice with respect to yU  ̂/v gives:

—  = Ain 
U.

B (3.40)

Equation 3.40 is identical with the previously derived equation 3.31.

In order to use the equation 3.32 it is necessary to be able to predict the flow 

length scale parameter, yg, in terms of the physical characteristics of the boundary 

roughness. A rough boundary generally influences a flow state and gives rise to 

form and pressure drag effect. The ratio of the dimensionless distance (i.e. 

dimensionless viscous parameter), y û  /v, to y/k ( k is the roughness height) is 

the roughness Reynolds number, k û  /v. When k û  /v < 3.5 the boundary flow 

cannot be distinguished from the smooth case and the roughness heights are 

completely submerged in the viscous sublayer. When this condition is fulfilled the 

boundary is said to be hydraulically smooth.

It is experimentally observed that close to smooth boundaries a very thin layer
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exists in which viscous shear stress dominates over the Reynolds stress, hence in 

this layer,

Integrating yields.

—  = - 2 L  (3.42)
v/«.

Equation 3.42 defines a linear velocity profile within the viscous sublayer, and 

the parameter, v/u  ̂ which is used to scale y, has the dimension of length. 

Dimensional reasoning indicates that this is the appropriate length scale for the 

wall region of smooth boundary flow and hence,

% = P— (3.43)

where (3 is the coefficient of proportionality. Substituting the equation 3.43 into 

the equation 3.32 yields,

Â = l l n — 2—  (3.44)
», K Pv/M,

Experiments have shown that the p value is equal to 1/9, therefore, the equation 

3.44 can be written in log base 10, as,

— = 5.75 log ^  +5.5 (3.45)
», V

According to Raven (1977), who carried out an earlier set of sediment transport

tests in the same laboratory channel used by the author, the logarithmic

relationship given by the equation 3.32 gives a good description of the velocity 

profile in the wall region for a wide range of boundary layer flows. Equation 3.45 

was therefore employed in the present research programme since with the size of 

the sand grains used in the present tests the hydraulically smooth boundary 

condition was satisfied.

62



When fully rough boundary conditions prevail, k û  /v >70, the wall shear stress 

is almost entirely transferred by pressure or form drag associated with separation 

behind the individual roughness elements. Nikuradse (1933), conducted a series 

of experiments on boundary roughness using sand lined pipes, and concluded 

that in the case of rough boundary flow, k û  /v >70, the length scale parameter, 

yo, is independent of viscosity (i.e. v/u  ̂) and dependent on the sand diameter. He 

proposed the following relationship for rough boundary flow,

y„ = A  (3.46)
® 33

where k, is the equivalent sand roughness. The equivalent sand roughness for any 

given rough bed is that which produces the same coefficient of resistance. 

Examples of k, values for different roughness configurations are given for 

example by Schlichting (1979).

Between smooth and rough boundary flow there exists a transition zone (i.e. 

3.5>ku^ /v >70) in which the bed shear stress is transferred by a combination of 

direct viscous shear stress and roughness elements form drag. Colebrook (1939) 

by utilising Nikuradse’s data concluded that in the transition zone yo may be 

expressed as,

% = «^3 + Pv/W, (3-47)

Taking a  = 1/33 and p = 1/9, the equation 3.47 takes the form,

y„ = A  + _ ï _  (3.48)
33 9u^

For very small values of k„ equation 3.48 tends to equation 3.43, while with large 

value of ks equation 3.40 becomes identical with the equation 3.46.

3.4 FLOW AROUND A CIRCULAR CYLINDER:

When a circular cylinder is placed into a uniform steady flow field, the flow

behaviour around the circular cylinder undergoes major changes. Experimental
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studies have shown that the main controlling factor in behaviour of the flow 

around circular cylinder is the dimensionless cylinder diameter Reynolds number,

Re = —  (3.49)
V

where U is free stream velocity, D is cylinder diameter and v is the kinematic 

viscosity of the fluid. However the situation becomes more complicated when 

either the aspect ratio, i.e. the ratio of cylinder span length to cylinder diameter, 

L/D, or bed proximity come into the effect. Prior to discussing these complicating 

influences on the flow field around a circular cylinder, first the effect of Reynolds 

number is considered. In a flow field one can have various values of D,U and v, 

but the only dimensionless combination for which one expects the flow pattern 

be the same is when the Reynolds number is the same i.e. when dynamic 

similarity prevails. In other word changes in the Re values will result in changes 

to the flow pattern. The changes in flow regime are however not of a continuous 

nature, they occur relatively suddenly over restricted ranges of Reynolds number.

When Re < 1 the flow shows no unexpected features (see figure 3.3, a), but two 

points are worth noting for comparison with higher values of the Reynolds 

number. Firstly, the flow is quite closely symmetrical upstream and downstream 

of the cylinder and secondly, the presence of the cylinder has an effect over large 

distances, even several diameters to one side the velocity is appreciably different 

from the free stream velocity, U. The distribution of pressure and velocity around 

the cylinder is similar to that predicted by potential flow theory. A full discussion 

of the potential flow theory will be given in chapter four.

As Re is increased the upstream-downstream symmetry disappears. The fluid 

particle paths are displaced by the cylinder for a larger distance downstream than 

upstream. When Re exceeds about 4 fluid particles close to the cylinder surface 

separate from the downstream face before reaching the rear point of symmetry. 

As a result two attached eddies form behind the cylinder (see figure 3.3, b,c). The 

flow field can thus be divided into regions of significant vorticity, the boundary
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layer, wake region and the region of irrotationai flow beyond the boundary layer 

region. The separated shear layers enclose the wake behind the cylinder, which 

consists of two stationary counter rotating vortices. These eddies get bigger with 

increasing Reynolds number up to about 40 just before the next flow development 

takes place ( see figure 3.3, d). For Reynolds number greater than 40, the flow 

becomes unsteady (see figure 3.3, e). As with transition to turbulence in a pipe, 

this unsteadiness arises spontaneously even though all the imposed conditions are 

being held steady.

Although, at Reynolds numbers a little above 40, a vortex street develops from 

an amplifying wake instability, increasing Reynolds number leads to an 

interaction with the flow in the immediate vicinity of the cylinder. When the 

Reynolds number is greater than about 1(X), the attached eddies are periodically 

shed from the cylinder to form the vortices of the street. Whilst the eddy on one 

side is being shed that on the other side is re-forming. This flow pattern or shed 

vortices is known as a Karman vortex street (see figure 3.3, f).

The frequency of shed vortices is usually specified in terms of the non- 

dimensional parameter known as the Strouhal number,

s  (3.50)
' u

where n is frequency of vortex shedding, D is the cylinder diameter and U is the 

free stream velocity. The Strouhal number is a function of Reynolds number and 

experimental measurements indicate that the Strouhal number remains remarkably 

constant at approximately 0.2 throughout the subcritical flow range, 

10^<Re<3xl0^. At about Re=200 the Karman vortex street is well established 

and at Re~3xlO^ a much more dramatic development occurs. The change in the 

flow at Re=3xlO^ results from developments in the boundary layer. Below this 

Reynolds number the boundary layer motion is laminar, but above it the flow 

undergoes transition to turbulence. At first, this transition takes a rather 

complicated form, laminar fluid close to the wall moves away from it as if it were
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entering the attached eddies, transition in the resulting free shear layer then occurs 

very quickly and the turbulent flow reattaches itself to the wall only a small 

distance downstream from the laminar separation point. This produces a wake of 

greatly reduced width, much smaller destruction of momentum and a large drop 

in the drag coefficient known as the drag crisis.

At higher values of Reynolds number 3xlO^<Re<3xlO®, transition occurs in the 

boundary layer itself, thus eliminating the laminar separation and turbulence 

reattachment. Whether or not the flow has previously undergone laminar 

separation and turbulent reattachment, the turbulent boundary layer itself 

separates and the fluid in it moves away from the wall of the cylinder into the 

wake some distance before the rear line of symmetry. As a result the wake is 

narrower for Re>3xlO^ than for Re<3xlO^. When Re>3xlO^, the fluid entering 

the wake is already turbulent and so the transition process immediately behind the 

cylinder is eliminated.

3.4.1 THE EFFECT OF BED PROXIMITY AND ASPECT RATIO:

If a boundary is introduced on one side of the cylinder the flow velocities around 

the cylinder and in particular in the gap between the cylinder and the boundary 

are further enhanced. Since the frequency of vortex shedding is proportional to 

the flow velocity, therefore the increased velocity will imply an increase in vortex 

shedding frequency. If the gap between the cylinder and the boundary decreases 

below a certain value, depending on the cylinder diameter, the frequency of 

vortex shedding increases ( see for example Bearman and Zdravkovich, 1978 and 

Angrilli et al, 1982).

When the gap between the cylinder and the boundary is reduced, the cylinder also 

experiences large velocity gradients across its diameter, due to the presence of the 

boundary layer. In the presence of the boundary, variations in vortex shedding 

Strouhal number may be described by the following functional relationship.
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' U D  G d u  D
V * d ' u  ' yo)

(3.51)

where G is the gap between the bottom of the cylinder and the boundary, dU/U 

is a velocity gradient parameter expressing the difference in approach velocity 

between the top and bottom of the cylinder as a function of axis level velocity, 

U, and D/yo is the ratio of the cylinder diameter to the wall roughness length 

scale. Grass et al. (1984), investigated the influence of boundary layer velocity 

gradients and bed proximity on vortex shedding frequency. They pointed out that, 

under the combined influences of bed proximity and large boundary layer velocity 

gradients, the measured Strouhal number of the vortex shedding frequency shows 

a significant increase compared with the values normally encountered for a 

uniform approach flow.

The effects of cylinder length to diameter ratio on vortex shedding frequency has 

been investigated by several researchers. For example, Szepessy and Bearman 

1992, carried out a research study on the effects of this aspect ratio and end plates 

on the frequency of the vortices shed from a circular cylinder. They found that 

the aspect ratio had a most striking effect on the fluctuating lift and with small 

aspect ratio not only did the fluctuating lift increase but also the vortex shedding 

took place with lower frequency, in other word a lower shedding frequency was 

found to be associated with increased fluctuating lift.
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Figure 3 .1 Typical bed forms in order of increased stream power. 
(After F. Engelund and J. Fredsoe 1982)
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Figure 3.3 The flow around a circular cylinder with varying Reynolds number.
(From Visualised Flow, compiled by Jap. Soc. of Mech. Eng. 1988)
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Figure 3.3 Continued. 
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CHAPTER FOUR

THEORETICAL MODEL FOR PREDICTION OF 
MAXIMUM SCOUR

4.1 INTRODUCTION:

One of the primary aims in studying fluid mechanics is to enable us to predict the 

characteristics of flow for a given set of physical conditions by means of 

analytical methods. To predict the flow field around a seabed pipeline theoretical 

models have been developed during the past two decades with particular attention 

being focused on the self-burial phenomenon. Recent treatments include those of 

Hansen et al. (1986) and F.A. van Beek, R.Bijker (1988) dealing with erosion and 

sedimentation around submarine pipelines and scour depth below a pipeline on 

an erodible bed, exposed to a current.

Development of models for prediction of, for example, maximum length of free 

spans along pipelines and likely self-burial performance requires detailed 

knowledge of the three-dimensional growth characteristics and geometry of scour 

holes. In particular, it is most important to be able to estimate maximum depths 

of scour. The simple potential flow model described in the following section 

addresses this essential need. This chapter consists of two sections covering, 

firstly the relevant background theory and secondly the basis and develpoment of 

the new potential flow model.

4.2 RELEVANT BACKGROUND THEORY:

This section contains a brief description of the classical hydrodynamics, relevant 

to the present study. In the eighteenth century, mathematicians tried to solve the 

motion of fluids by mathematical relations. The mathematical relations could only 

be developed after certain simplifying assumptions were made. The concept of an 

ideal' fluid was introduced in which zero viscosity is assumed to simplify the 

mathematical treatment of fluid flow. In the case of a viscous fluid, molecular
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momentum transport can occur across internal planes giving rise to effective 

internal and boundary shear stresses whereas for an inviscid fluid such shearing 

action cannot take place. Real fluids such as water and many gases have quite 

small viscosities. Over most of the flow field away from solid boundaries and 

outside the so called boundary layer, the viscous effects for such fluids can be 

ignored.

A flow field may be either internal i.e. "bounded" by walls or external i.e. 

"unbounded". Flow in a pipe is an example of internal flow in which the viscous 

dominated wall layer grows with distance along the pipe and eventually permeates 

the entire flow. In the case of external flows, for example on a flat plate or 

around a circular cylinder, the sheared viscous boundary layer can grow 

indefinately being limited only by the length of the surface or body size. Far from 

the body outside the boundary layer, the velocity gradients are small, and so the 

effect of viscosity is negligible, and the flow can be assumed inviscid and 

essentially that of an ideal fluid. It was Ludwig Prandtl (1875-1953), who first in 

1904 suggested that the fluid flow may be considered in two parts, namely, flow 

in the boundary layer and outside the boundary layer. In the boundary layer at the 

surface, the fluid is at rest relative to the body i.e. the "no-slip" condition exists 

and the shear stresses dominate the flow. Beyond the boundary layer the velocity 

gradients are small and so viscous effects are of minor importance and can be 

neglected. Prandtl's concept (1925) of the boundary layer finally bridged the gap 

between the highly theoretical and apparently unrealistic science of classical 

hydrodynamics of inviscid flow with its prediction of zero forces on submerged 

objects, and the very empirical and essentially practical subject of hydraulics.

4.2.1 TWO - DIMENSIONAL FLOW:

Two-dimensional flow is characterised by the fact that streamlines are all parallel 

to a fixed plane and that the velocity at corresponding points in all planes parallel 

to the fixed plane has the same magnitude and direction. Thus in two- 

dimensional flow every physical variable is independent of one coordinate say z.
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The flow past an aerofoil of uniform cross-section and infinite span (width), for 

example, is the same in all planes perpendicular to its span. In practice, where the 

width is not infinite it may be satisfactory to assume two-dimensional flow over 

most of the aerofoil, weir or cylinder, foe example, that is to consider flow in a 

single plane. The results may then be modified by end corrections' accounting for 

the three-dimensional flow at the ends.

The streamline is a curve such that its tangent at each point is in the direction of 

the fluid velocity at the instant considered. In other words a line everywhere 

tangential to the velocity of fluid elements at a certain time, is called a streamline. 

An individual particle of fluid does not necessarily follow a streamline, but traces 

out a path line. In distinction to a streamline, a path line may be linked, not to an 

instantaneous photograph of a procession of particles, but to a time exposure 

showing the direction taken by the same particle at successive instants of time 

(i.e. a streamline is a Eulerian description of flow, and a path line is Lagrangian). 

In experimental work a dye or some other indicator is often injected into the flow, 

and the resulting line (i.e. stream of colour) is known as a streak line or filament 

line. Streamlines, path lines and streak lines do not generally coincide with each 

other, although they all coincide in the case of steady flow.

4.2.2 IRROTATIONAL FLOW;

The concept of an irrotationai flow leads to important simplifications in the 

analytical studies of fluid motion. A flow is said to be irrotationai if all fluid 

elements do not rotate during motion. From the physical point of view, the 

development of rotation in a fluid element which is initially irrotationai can be 

attributed to various physical phenomena, such as viscous shear stress and non 

uniform heating. By definition, the viscous shear stress is equal to the product of 

viscosity and velocity gradient. In regions where the velocity gradient is zero, the 

shear stress will be zero no matter how large the viscosity is, and initially 

irrotationai flow will remain irrotationai. The rotation of a fluid element can be 

represented mathematically by a vorticity vector co which is the curl of the
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velocity vector V at the centre of the element. Thus, in cartesian coordinates 

(x,y,z) with V = ui + vj + wk, and the vector gradient operator V, where,

The vorticity vector is.

Q = curlV = VxK

(4.1)

(4.2)

Û = curl V =

/ J k
±  ±  ±
dx dy dz
u y w

[dy dz) [dz a%r [àx ayj
(4.3)

As long as the vorticity vector Q has a finite value, the flow is characterised as 

rotational. Flows with zero vorticity are therefore called irrotational. Hence in an 

irrotational flow,

Vx K = 0

and in cartesian coordinates.

^ _ d v  ^  ^  dy _ du
dy dz * dz dx * dx dy

Equation 4.4 in the two dimensional flow is simplified to,

dy  ̂ ^  
dx dy

(4.4)

(4.5)

4.2.3 STREAM FUNCTION AND VELOCITY POTENTIAL IN TWO 

DIMENSIONAL FLOW:

In the two dimensional steady flow of an incompressible fluid, the stream 

function can be related to the velocity field in a comparatively simple manner. 

Using Cartesian notation, the stream function \|/(x,y) can be defined as a function
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which has the following relationship with the two velocity components,

w = , v = - ^  (4.6)
dy ax

For irrotational flows, the condition foe irrotationality is,

^ - ^  = 0 (4.7)
dy dx

Substituting equation 4.6 in equation 4.7, yields,

(4.8)
dj  ̂ 6 /

This is the two-dimensional Laplace equation, therefore in two-dimensional 

irrotational flow (potential flow) the stream function is the solution of the Laplace 

equation.

The stream function is constant along a streamline and when the flow is steady, 

the streamline pattern is fixed, but in unsteady flow, the pattern changes from 

instant to instant.

Irrotationality gives rise to a scalar function (([)) similar and complementary to the 

stream function (\|/). The scalar function (]) = (|) (x,y) is called velocity potential, 

which can be used to derive the velocity components,

H = - i i  , (4.9)
dx dy

Lines of constant (]) are called the potential lines of the flow. Velocity potential 

is not a physical quantity which can be directly measured. Its zero position, like 

that of the stream function, may be arbitrarily chosen.

Comparing equation 4.6 with equation 4.9, yields,

u = - i i  = - M  , v = l î  = - ü  (4.10)
dy dx dx dy

The above equations are known as the Cauchy-Riemann equations. The velocity 

potential like the stream function satisfies the Laplace equation, since, if the
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expressions for u and v from equations 4.9 are substituted into the continuity 

relation, we obtain,

^ + ^ = 0  -  (4.11)
dx dy ax* d f

4.2.4 FUNCTIONS OF A COMPLEX VARIABf.R!

Two dimensional potential flow can be most conveniently studied by a powerful 

mathematical technique known as complex variable theory. A large number of 

solutions to the two-dimensional Laplace equations are easily derived using this 

analytical tool. It can be shown that the velocity potential and the stream function 

of every two dimensional potential flow are respectively the real and imaginary 

parts of a function of a complex variable. The complex number z = x + iy, with 

variables x and y is commonly referred to as a complex variable. It consists of 

two seperate terms, namely x as a real part or real number and y as an imaginary 

part, where i is a unit imaginary number and stands for V(-l). These two terms 

cannot be combined any further , since the second term (y) is not a real number. 

The conjugate of a complex number z = x+ iy is defined as z = x - iy. Although 

complex numbers are essentially algebric quantities, they may be given a 

convenient geometric representation called the Argand diagram, shown in 

figure 4.1. Every complex number z = x + iy determines a unique point in the 

Argand plane. The Argand plane in figure 4.1 is called the z-plane. It is often 

convenent to express z in the polar coordinate form or exponential form. From 

figure 4.1, X = r cos0 and y = r sin0, so that,

Z=rco80+lrsin0=r(co80+/sin0)=re*® (4.12)

The identity e'® = cos0 + i sin0 is called De Moivre's theorem and can be 

established by the following series,

. . . .  (4.13)
21 31 41 SI 6!

= +  + / 0 - f + f - f +  " I
21 41 61 [ 31 SI 71 )
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where.

Another variable (O, may be introduced as a function of the complex variable 

z= x+iy, hence,

w = /(z )= /U + (y )=  (4.14)

Clearly, co can also be regarded as a complex variable with a real and imaginary 

part. Just as z = x+iy defines a point on the z-plane for any given x, y pair, so 

0) = (|)+i\)/ defines a point on another Argand plane (i.e. co-plane) which has (j) as 

a real axis and y  as the imaginary axis for a given (|), \|/ pair. If co = f (z), then 

the conjugate of that will be co = f (z) which in general is different from f (z).

The complex variable co = (|)+iY is called a complex potential when ^ and \|f are

respectively the velocity potential and stream function of a two dimensional 

potential flow. The derivative dco/dz then takes on a physical meaning; that is, 

dco/dz is directly related to the velocity components of flow as,

É^=ÈÈ.*lÊ l = -(u-tv)  (4.15)
dz dx dx

The derivative dco/dz is called the complex velocity, and the magnitude of the 

resultant velocity (q) is given by.

d z d z (4.16)
diù
d z

=
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4 2.4.1 CONFORMAL TRANSFORMATION:

Conformai transformation may be used to solve two dimensional potential flow 

problems. The flow field represented in the z-plane is transformed by a suitable 

function co = f (z). As mentioned above, if the complex variables z = x + iy and 

(0=(t)+i\i/ are related by co=f(z), this functional relationship defines a transformation 

or mapping of points in the z-plane into corresponding points in the co-plane, or 

vice versa. In order for the transformation to be applicable, co must be restricted 

to a class of functions known as analytic'. The function co = f(z) is analytic 

within the region of the z-plane if :

1. There is only one corresponding value of co for each value of z.

2. (dco/dz) is single - valued and not equal to zero or infinity, i.e. no

so-called singularities occur.

If (dco/dz) = 0 or oo corresponding singularities exist and at such points the 

function co = f(z) is not analytic, examples of the analytic functions with 

singularities are;

i. CO = l/(z-a), analytic everywhere except at z = a.

ii. CO = In z, analytic everywhere except at z = 0.

iii. CO = l /z \  analytic everywhere except at z = 0.

4.2.4.2 MILNE ■ THOMSON'S CIRCLE THEOREM;

This powerful theorem is due to Milne - Thomson and states that, if co = f (z) is 

a complex potential of an irrotational two dimensional flow of incompressible 

inviscid fluid and there exist no rigid boundaries and no flow sigularities within 

the circle 1 z I = a, then introduction of a circle I z I = a into the flow produces 

a new complex potential given by,

(4.17)

where f is the conjugate of function (f). The introduction of a cylinder I z I = a, 

into the flow field disturbs the field but does not create or destroy singularities
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in the flow ( Milne-Thomson, 1968).

4.2.4.3 THE METHOD OF IMAGES:

In potential flow theory the superposition of different flows leads to the method 

known as the method of images. Flow patterns of sigularities, for example a 

doublet or a source, located near a boundary may be obtained using the image 

method. The flow pattern resulting from superposition of the flow fields generated 

by two identical sigularities results in a straight streamline which may be regarded 

as a boundary. For example, the complex potential of a doublet at a distance h 

from the boundary, is 0)=UaV(z-h), then by imposing the image doublet having 

the complex potential equal to d  =UaV(z+h) at a distance -h, the boundary may 

be regarded as a streamline.

The Milne-Thomson’s circle theorem provides a convenient method for finding 

the image system of a given two dimensional system which lies outside a circular 

cylinder. For example, if the given system is a negative vortex of strength K 

situated at z, outside a circular cylinder where, Izl = a, then the complex potential 

will be,

w =/(^=(fln(M i) (4.18)

By applying the circle theorem, the complex potential of the image vortex is.

=<JClnz-iiCIn
«I

+ const, (4.19)

Thus the resulting complex potential for the combined flow will be.

F(x) =< A-ln (z-zi) +1 A-ln (z) -iKln +const, (4.20)

This corresponds to a vortex of strength -K at z,, a vortex of strength +K at the 

point aVz| inside the circular cylinder, and a vortex of strength -K at the origin.
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4.2.4.4 UNIFORM FLOW PAST A CIRCULAR CYLINDER WITHOUT 

CIRCULATION:

The superposition of a uniform flow and two dimensional doublet flow produces 

a uniform flow past a circular cylinder without circulation. When the uniform 

flow is in the positive x - direction (i.e. co = -Uz) and the doublet is at the origin 

of the z-plane, the complex potential will be:

(ù = -Uz -  ^ 1 (4.21)
2 n z  V 2 îü l/z^

where m is the strength of the doublet. Puting m/27cU equal to the square of a 

D/2, which is the radius of the circular cylinder, yields.

CO = -Uu L m ? ] /
-iU

I
(4.22)

The velocity potential and the stream function of the combined flow are then 

respectively:

4. 3 POTENTIAL FLOW MODEL:

4. 3. 1 MODEL BASIS:

In many respects the highly complex flow past a free pipeline span located over 

a three-dimensional scour hole, is perhaps the most unlikely situation where 

inviscid potential flow theory might be expected to yield predictions of practical 

relevance. This is especially true in the separated wake flow downstream of the 

pipeline. However, owing to the wide symmetrical scour trench peculiar to 

reversing flow, the flow region upstream of the pipeline is free from separation 

effects. In these circumstances, given the relatively flat velocity distribution in the 

turbulent boundary layer of the approach flow, potential flow theory is likely to 

model the general distribution and distortion in the velocity field under and over 

the pipeline relatively well in this zone.
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As mentioned in the section 3.2.5, considering two-dimensional scour around a 

pipeline in a current, and also the case where the bed load is the dominant mode 

of sediment transport, then the time development of a scour hole profile is 

governed by the following volumetric sediment transport continuity equation,

dx dt

where h is the local scour hole depth and q is the local rate of bed load transport. 

Under equilibrium conditions, the rate of change of sediment transport (dq) over 

a fixed distance (dx) is equal to zero, dq/dx = 0, (i.e. q = const.). In the case of 

a scour hole only, the near bed velocity decreases from the approach flow value 

and reaches a minimum at the centre of a scour hole. In other words inside a 

scour hole the local sediment transport rate, qî ,̂,, is less than the approach flow 

magnitude, q,, (q,ocai < q,). The presence of the pipeline across the scour hole 

enhances the local sediment transport rates, particularly the rate, qp, under the 

pipeline, and the equilibrium condition for maximum scour depth is assumed to 

have been reached when qp = q̂ . However at this stage the situation at other 

positions across the scour hole in any particular half flow cycle, is somewhat 

different. In the upstream half of the scour hole, away from the pipeline influence, 

the sediment transport rate, q„, will be smaller than q„ and sediment will be 

deposited. However, across the downstream half of the scour hole, due to the 

action of the shed vortices and high turbulence intensity, the sediment transport 

rate, q̂ , will be greater than q̂  and bed sediment will be eroded. When the flow 

direction reverses in the subsequent half-cycle, this pattern of sediment deposition 

and erosion across the scour hole is also reversed. Assuming that the scour hole 

is in an overall equilibrium state across the entire cross section, that is, the scour 

hole profile averaged over the full reversing flow cycle does not change with 

time, then it follows from considerations of symmetry and continuity that 

(qu+qd)/2=qs at all points across the entire width of the scour hole. Therefore, at 

the point of maximum scour depth under the pipeline qu=qd=tls- Since the local 

sediment transport rate upstream of the pipeline is closely determined by the local 

bed shear stress or bed shear velocity and since the local near-bed flow velocity

82



is proportional to the bed shear velocity, it follows that for equilibrium conditions 

under the pipeline, the local near-bed velocity, Uy, must be close in magnitude to 

the corresponding velocity, U, in the approach flow i.e. Uy =U (figure 4.2, a).

Potential flow theory demonstrates that the local velocities past the sides of a 

circular cylinder such as a pipeline, placed in an infinite, uniform flow field are 

significantly increased relative to the freestream velocity. If a boundary, 

representing the seabed, is now introduced on one side of the pipeline cylinder, 

then the flow velocities in the gap between the cylinder and the bed are further 

enhanced. Considering now the flow across a scour trench with the spanning 

pipeline removed, the magnitude of the near bed velocities in the middle of the 

trench are attenuated relative to the corresponding approach flow velocity. The 

degree of attenuation might be expected to decrease as the trench width to depth 

ratio increases. Equilibrium conditions, with cessation of scour and maximum 

scour depth can be considered to prevail when the velocity enhancement 

generated by the pipeline cylinder exactly balances the corresponding attenuation 

resulting from the presence of the scour trench on the bed i.e. Uy under the 

pipeline = U, the free stream approach velocity ( figure 4.2, b).

This simplistic definition of equilibrium conditions forms the basis of the present 

scour model. Potential flow theory is used to predict the flow pattern and 

attenuated velocities in and across a scour trench of prescribed geometry and 

variable widths and depths. The pipeline cylinder, with its velocity enhancing 

effect, is then introduced into this reduced velocity field and potential flow theory 

again employed to calculate the velocities in the combined flow. For a particular 

fixed scour trench width, iteration is used to determine the maximum scour depth, 

identified when the local bed velocity is equal to the freestream approach flow 

velocity.
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4.3.2. EQTENTIAL FLOW PAST A CIRCULAR CYLINDER ABOVE A 
PLANE BOUNDARY:

Carpenter (1958), showed that the complex potential of inviscid fluid flow past 

a circular cylinder near a plane boundary can be derived as a special case of the 

general complex potential for two parallel cylinders moving in an arbitrary 

manner perpendicular to their axes. This situation is illustrated and the relevant 

notation and coordinate system defined in figure 4.3. The velocity vectors for 

cylinders C, C', can be respectively defined as Ue‘®, Û e‘®. Considering cylinder 

C in the absence of cylinder C', the complex potential cOq = (|)o +iv}/o due to C, is 

that of a doublet with axis in the direction 0 namely cOg,

(4.24)

where z = x̂  +iŷ  is the complex coordinate position. Using the Milne-Thomson’s 

circle theorem, the normal velocities induced on the bounding circle of C' by cOg, 

are cancelled by introducing an image doublet located inside C' on the x̂  axis at 

a distance (f-fj from the centre of the cylinder C, with its axis in direction (ti-0) 

and complex potential cOi,

\2 ( D' ] 2 g (8

/ U / J (4.25)

where f̂  = (D'llfli. The sum cOg+cOj is the expression derived by Milne-Thomson 

(1968) for the complex potential of a doublet in the presence of a cylinder. 

Similarly, the introduction of induces normal velocity components on the 

bounding circle of C which can in turn be cancelled by introduction of a doublet 

(i.e. image of ) inside C with axis direction 0, at a distance Î2  from the centre 

of the cylinder C on the x̂  axis and complex potential CO2, again derived using the 

circle theorem and given by.

iÙ2 = - U
( D ] 2 f 2 D  f
. 2 , l2 ( / - / , ) J

(8

2 -/2
(4.26)
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where Î2  = (D/2)V(f-f]). This process is repeated to form an infinite series of

image doublets 0)i,+œ,+0)2 + .........  + o)„ , of ever decreasing strength as the

contribution of cylinder C to the complex potential of the combined flow field.

A second such series, co/ +co/ +(û2  + ........  + c o j , similarly represents the

corresponding contribution of cylinder If now a velocity, +U, is imposed on 

the entire system in the positive sense of axis ŷ  in figure 4.3 , then the resulting 

complex potential for the combined flow field can be expressed in the form:

w =<!> +(i|r=f %+ E ( +w(,) (4.27)
n-O

If the cylinder diameters and velocity magnitudes are equal i.e. D=D^, U=U  ̂and 

0̂  = K-0 , then the symmetry line AA' midway between the cylinders axes 

becomes a streamline. If we further put 0 = 37t /2, then equation 4.26, represents 

the required complex potential for flow past a stationary cylinder adjacent to a 

plane boundary AÂ . Carpenter showed that the series in equation 4.26 converges 

very rapidly providing the gap G = (f-D)/2 between the cylinder and AA  ̂ is of 

order D/2 or greater. In these circumstances it is only necessary to consider 2 or 

3 terms in the equation 4.27 series to obtain a close approximate solution. 

Summing n from zero to two in equation 4.27 gives the following truncated 

expression for the complex potential co:

w =(%+WQ+ŵ +W2+Wo+Wi+W2 (4.28)

) (I) (I) (̂ ) ̂
UJ z - f  UJU/j i-fi UJ [ w  i2(/-/,)Jz - if -A )

(4.29)

where 0 = 3ti/2, fg= 0, f, = (D/2)Vf and f2 = (DI2f I (f-fj.

The corresponding stream function derived from the complex potential ci), given 

in equation 4.29, takes the following form when expressed in Cartesian 

coordinates.
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(4.30)

Equation 4.30 has been used to plot the streamline pattern shown in figure 4.4 

where KA! (in figure 4.3) is taken as the horizontal bed plane and f  = 2D (i.e. 

G=0.5D). Referring to figure 4.3, it is noteworthy to mention here, the horizontal 

component of the velocity (i.e. u= -3\}//3yO is normal to the line AA! and the 

vertical component of the velocity (i.e. v=3\j//3xO is parallel to AA!. Therefore 

in plotting figures 4.5 to 4.9, x, y values correspond to the ŷ , -yJ values 

respectively in figure 4.3. The presence of the bed plane further increases the 

flow velocities under the pipeline cylinder. For example, the velocity Uy on the 

bed immediately under the cylinder in figure 4.4 is 1.54U compared with a 

velocity of 1.29U at the corresponding point 0.5D above the cylinder. For smaller 

gaps, the velocity vector field, calculated from u-iv = - dco/dz, can be derived 

from equation 4.30 using a progressively larger number of terms in the series or 

by employing a correction term derived by Carpenter (1958) and added to the 

truncated form of the complex potential given in equation 4.29.

The horizontal and vertical components of the velocity using 'n’ terms in the 

series can be obtained from the relationships given below,

• • • X

/«-i)j I

(4.31)
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\^  / \ M?MÎ-
...J p  1

b(f-f.-i) ,

i' ((x'-fŸ+y'^Ÿ
( 4 . 3 2 )

where ’n' corresponds to the number of images inside each cylinder. Figures 4.5 

and 4.6 shows the solution of the theoretical bed velocities below the cylinder for 

different gap ratios, while the theoretical bed velocities upstream of the cylinder 

are shown plotted in figures 4.7 to 4.9, and once again taking line AA' (figure 

4.3) as the horizontal bed plane.

In the case of finite depth flows with a free surface, for example, blockage effect 

due to the presence of the cylinder further enhances the flow velocities. The 

blockage effect can be simulated by introducing an appropriate image system of 

doublets on the upper side of the free surface plane of symmetry. The image 

system of doublets are illustrated in figure 4.10, with the procedure adopted to 

simulate the free surface of symmetry similar to the case of bed proximity. The 

following relationships should be added to the equations 4.31 and 4.32 

respectively as a contribution of the image system of doublets when considering 

finite depth flows with a free surface.

2ix'+j\)y' 2ix'+j-j))y'
(4.33)

/2 \

*x

- y )V V J

2(/ Jn-i)) 1 iix'+jf+y'^Ÿ

(4.34)
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A sample comparison between the enhanced velocities below and on top of a 

circular cylinder for the cases of infinite and finite flow depth along with the bed 

proximity effect is shown in figures 4.11.

4.3.3 POTENTIAL FLOW OVER A SCOUR TRENCH:

Using conformai transformation and coaxal coordinates, Milne-Thomson (1968) 

derived the following expression for the complex potential of inviscid flow over 

a trench consisting of the arc of a circle (figure 4.12):

w = = U cot—
n n

(4.35)
z = Ic cot-| , Ç = Ç+ÏTÎ . 5 = 01-02 * Ti=tog —

where 2c = W = trench width and n, is a real number defined by  ̂ = 0i-02 = 

nn/2 = constant on the circular arc. The complex potential co is transformed from 

the Ç-plane to the z-plane using the relationships determined as :

Z = <CCOt-“ , z = <ccot4
2 2

£ = ||c o t ( |)  -cot(|)

(4.36)

x_  t [ cos(C/2 )sin(C/2)-!>in(C/2)cos(C/2)'| (4 .3 7 )
c 21 sin(C/2)sin({/2> j

where Ç= -̂iT| and 2 sin (Ç / 2) sin (Ç / 2) = cos ir; - cos Ç = coshri - cos thus,

X ^ i 8in((/2-C/2)  ̂ Ism(-lTi) (4 .3g)
c coshT] -cos5 co^Ti -cos5

and similarly the procedure can be repeated for y, therefore,

£ _______   , Î ____ ^ ___  (4.39)
C CÔ T] -C0s5 C CCShT] -cos5

With n=l and n=3, equation 4.35 defines the flows over a semicircular mound
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and a semicircular trench respectively, n=2 corresponds to flow over a plane 

boundary. For n in the range 2 < n < 3 equation 4.35 gives the complex 

potential for flows over trenches with variable width to depth ratio .The velocity 

field across the trench is given by:

= <<C._Wfsln(C/2)V 
<fe dZ' dz B* \M V n ))

d i  B» Uto(C/»)J

substituting equations 4.40 in equations 4.16, yields.

(4.40)

sin(;/2)-311(0/2)̂
,sin(C/n) • sin(Ç/n)̂

(4.41)

since, from trigonometry, sin (Ç / 2 ) sin (Ç / 2) = 1 / 2 ( cos (irj) - cos Ç) and 

cos iT| = cosh T|, equation 4.41 yields,

 f  (4.42)
b‘ \  cosh{2T\/n) - cos(2Ç/n) J

Thus at the bottom of a semicircular trench where T| = 0 , 3n/2 the fluid

velocity from equation 4.42 is reduced to 2U/9. The stream function of the flow 

over a scour trench was determined using equation 4.35, hence,

« = = (4.43)
n \  n ) n \sm(codiii+(cos(8ihhqj

W .  ( sb(2()-(slDh(2n)\ +  (4.44)
n \  2(siii  ̂Ç+sinh*Ti) j

Since the stream function is the imaginary part of the complex potential hence,

Ÿ=ü£f  É i m  ] (4.45)
n 2̂(sin̂  Ç+sinh*Ti)J
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In equation 4.42, as n is progressively reduced from 3 to 2 the trench becomes 

more shallow relative to the width and affords less shelter. The bottom velocity, 

U y, correspondingly increases eventually reaching the free stream value U when 

n=2. These trends are illustrated by the streamline patterns in figures 4.13 a,b 

derived using equation 4.45, for the extreme semicircular trench case (W/h =2 

where h is the maximum trench depth) and for a much shallower trench W/h = 

80/3, for which Uy/U has increased from 0.222 to 0.906. The Uy/U ratio’s for 

trenches with W/h ratios ranging from 2 to are shown in figure 4.14 along with 

the centre line variations in velocity with height above the bed.

Flows of finite depth reduce the velocities in the trench zone. This attenuation 

effect was simulated once again using a series of image trenches symmetrically 

located above and below the free surface plane. The following relationships were 

used to produce the first image trench,

z-2d=x+i(y-2d) = (4.46)

£ ^ _ 8inh_Ti_  ̂  §__ (4.47)
c coshq-cosÇ c coshq-cos(

where, d is the water depth. Distortion in the scour trench due to the image trench 

will then be cancelled by imposing two more images at a distance d + (Wh / d) 

below and above the free surface plane. Figures 4.15 and 4.16 respectively 

illustrate the distortion of the scour trench due to the presence of the image scour 

trench and the streamline pattern for flow of finite depth. In figure 4.15 the flow 

depth is equal to 8 units on the y axsis and scour trench width to depth ratio is, 

W/h =80/3=26.67, whereas in figure 4.16, width to depth ratio is, W/h =18.52. 

Experimental streamlines inside the model scour hole obtained using flow 

visualisation techniques (see figure 4.17 for example) are also presented for 

comparison in figure 4.16. It should be noted that the experimental streamlines 

were obtained for flow over the fixed bed model which had the sinusoidal profile 

indicated by the broken line in figure 4.16.
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z = r cos 0 + i r sinQ = r e 

 ----------------^ z = x + iy

Figure 4.1 Argand diagram (z-plane).
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Figure 4.3 Motion of two parallel circular cylinders 
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Figure 4.11 Effect o f  bed proximity and free surface on the flow  
velocities below  and top o f  a circular cylinder.

102



Figure 4.12 Coaxal coordinate system  used by 
M ilne - Thom son (1968) in derivation 
o f  com plex potential for flow  across 
a trench consisting o f  the arc o f  a circle.
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Figure 4.17 Streamlines inside the model scour hole obtained by 
flow  visualisation using Polystyrene tracer particles.
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Figure 4.17 Continued.
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CHAPTER FIVE

EXPERIMENTAL APPARATUS AND MEASUREMENT
TECHNIQUES

5.1 INTRODUCTION:

This chapter consists of nine sections which describe the experimental apparatus 

and measurement techniques used in the tests. The first two sections describe the 

flow channel and the channel bed, respectively. In order to investigate the fluid 

dynamics inside the scour hole and around the model pipeline, the sand bed 

section of the channel was replaced with a rigid bed having a sine curve profile 

simulating the scour hole. A flat rigid bed was also used to study the effect of 

vortex shedding on the development of the scour hole width.

The following sections describe the flow channel, the channel bed, the sediment 

bed, the model pipeline and its installation, scour depth measurements, the rigid 

beds, the flow velocity measurements and flow visualisation technique.

5.2 THE FLOW CHANNEL:

All experiments were carried out in a specially designed reversing flow channel, 

which had previously been tried and tested in the earlier studies (Paskin 1993). 

The channel was of rectangular section 400 mm high by 254 mm wide and 9.75 

meters in length. It was connected at each end to a tank acting as an inlet or 

outlet, depending on the flow direction. A general photographic view of the flow 

channel is presented in figure 5.1. The side walls of the channel were made of 

toughened glass, and varnished marine plywood forms the original base of the 

channel. The flow system was of the recirculating type with an axial pump lifting 

water from an under - floor sump through a gate valve to a constant head tank 

which fed the channel. A diagram of the flow channel is shown in figure 5.2. The 

constant head tank was employed to eliminate fluctuations in head on the delivery 

side of the pump. A common type of constant head control relies on filling a
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vessel up to a certain level beyond which the flow passes over a fixed weir. 

Considerable variations in input flow rate result in small head variations on 

account of the power law for a rectangular weir over flow. The constant head 

tank installed on the present facility has been previously described in detail by 

Grass (1967) and includes further refinements involving a feed back link between 

a float and the weir crest level with significant improvement in performance.

The flow from the constant head tank into the channel was controlled by a spear 

valve on the centre pipe passing down to a tee joint and along in two directions 

to diaphragm valves G,H. Depending on the flow direction required, the fluid was 

then pumped to either tank D or E by setting the on-off position of the two 

identical diaphragm valves ( figure 5.2 ). To ensure as constant a flow rate as 

possible the diaphragm valves were opened fully. The valves were manually 

opened in a total valve opening time of approximately 55 seconds. This slow 

valve opening time ensured that there was no flow surge along the channel which 

would have affected the early scour hole formation. The velocity build-up during 

valve opening can be seen in figure 5.3. Figure 5.4 shows measured velocities 

during controlled valve closing. In order to achieve a similar flow condition, the 

tee joint was positioned at the exact centre point of the channel length so that the 

flow in the channel was identical for the two flow directions. This was vitally 

important to the development of a symmetrical scour hole under the model 

pipeline, for reversing flow tests. Entry turbulence in the inlet tanks was damped 

out using a perforated tee shape pipe system to distribute water inside the tanks 

in conjunction with a 100 m honeycomb section flow straightener followed by a 

wire mesh settling screen and a 45 m thick sheet of rubberised horse hair matting

5.3 THE CHANNEL BED:

The original false bed used in the previous research programme had warped 

slightly so that for this study programme the original perspex bed was replaced 

with a bed made of Polyvinyl Chloride (PVC). This replacement provided a very 

flat bed condition upstream of the sand bed section. Although the flow channel
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was 9.75 meters long, the actual sand bed was only 2 meters long and 100 m 

deep, positioned at the exact centre of the channel. The sand pit was contained 

between the faired ends of the false bed end plates and is illustrated in figure 5.5.

5.4 THE SEDIMENT BED:

As mentioned above the sand pit was positioned in the centre of the flow channel. 

The dimensions of the sand bed were determined utilising data from the previous 

study (Paskin, 1993). The distance between the sand bed and the end tanks was 

sufficient to avoid problems of sand built up during the tests. However the end 

tanks, water depth inside the channel and flow velocity were continuously 

checked during the experiments to ensure that there was no problem associated 

with sand built up inside the tanks.

5.4.1 THE SEDIMENT PROPERTIES:

The type of sand used in the present study was a fine quartz sand from the 

Mersey Estuary with a mean sieve diameter of 143 microns and relative density 

of 2.65. The grain size distribution of the sand used is shown in table 5.1 and 

figure 5.6.

Sieve interval in 
microns 75/105 105/125 125/150 150/180 180/210 75/210

Original sand in 
sieve interval as a 

percentage
9.5 20 36 23 5.5 94

Mean sieve 
diameter in m 0.090 0.115 0.138 0.165 0.195 0.143

Table 5.1: Physical Properties of fine Mersey Sand

It should be noted here this particular sand was used in an earlier study by Grass 

et al. (1982), from which a relationship between flat bed sediment transport rates 

and bed shear stresses were derived. According to Grass et al. for a turbulent flow
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condition, the relationship is of the form:

(5.1)

where q,* = q, / (U,d(p,-p)), q, is the sediment transport rate, x* is the shields 

parameter and Re  ̂is the sand mean grain diameter Reynolds number. The above 

relationship was directly applied in the present study.

5.4.2 SAND BED LEVELLING:

The sand bed levelling was extremely time consuming owing to the high degree 

of flatness required. Since the Grass-Ayoub sediment transport relationship was 

originally derived for the flat bed case, it was essential to eliminate any surface 

irregularities and ripples which have a drastic effect on the sediment transport 

rate. This required the sand bed to be levelled prior to commencement of each 

test in order to avoid ripple formation on the upstream section of the sand bed 

during each test cycle. Bed re-levelling was a somewhat tedious task, since the 

flow inside the channel had to be stopped and the levelling device positioned at 

the top of the channel on the guide rails. Then the bed had to be re-levelled 

without disturbing the scour hole configuration under the model pipeline. This 

procedure had to be carried at time intervals as short as 2 minutes for most of the 

tests.

The device used for bed re-levelling was a manual sand bed scraper which ran 

along the channel guide rails with the scraper initially set level to the PVC false 

bed. The device is shown in figure 5.7. Although this device was very simple to 

operate, great care had to be taken not to scratch the glass side walls of the 

channel. However some scratching was inevitable and caused by sand getting 

trapped between the scraper blade and the glass walls. These scratches were 

unacceptable as the tests were recorded photographically through the glass walls. 

At a later stage of the present study, when the Laser Doppler Anemometer (LDA) 

had to be employed for velocity and turbulence measurements inside the scour 

hole and around the model pipeline, it was necessary to replace the two glass
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panels either side of the sand bed section of the flow channel.

5.5 THE. MODEL PIPELINE AND ITS INSTALLATION:

Perspex tubing was used to model the pipeline section. One end of the model 

cylinder had an O-iing partially set into a perspex end plug, while the other end 

consisted of an adjustable screw threaded plug enabling the cylinders to be 

clamped inside the channel between the side glass walls. The cylinders had to be 

installed firmly, to resist fluid forces exerted on them during testing and to 

compensate for the slight increase in channel width produced by the increased 

water depth and side wall pressure at commencement of flow. The perspex 

cylinders used in the tests were of 12.5, 25, and 50 m diameter.

Installation of the model pipeline was a time consuming process and delicate 

operation. The cylinders were installed with the channel flooded to avoid any 

filling disturbance to the bed. The cylinders height relative to the bed was 

measured using a point depth gauge and a spirit level was employed to check that 

the cylinders were horizontal. In order to overcome problems associated with the 

time taken for initial breakthrough a lifting device was employed. As can be seen 

from the figure 5.3 the time required for the flow inside the channel to reach its 

final steady velocity is about 30 seconds. The lifting device (figure 5.8) has been 

successfully utilized to lift the model pipeline up by approximately 1 m, as soon 

as the steady flow condition inside the channel was achieved.

5.6 SCOUR DEPTH MEASUREMENT:

In order to measure the scour depth continuously, while the flow was running, a 

non-intrusive method of measurement was of paramount importance. Any 

measuring object entering the flow field would inevitably have altered the flow 

regime and generated local scour. A non-intrusive method was employed, utilising 

a thin light strip from a slide projector and a surveying level instrument. The slide 

projector was mounted above the channel on the channel guide rails. The
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projector beam was initially directed horizontally along the channel. Prior to being 

turned vertically using a surface silvered mirror mounted at 45°. The light beam 

was reduced to a thin strip of light, using a slide masked by two closely spaced 

razor blades. The light strip was then aligned in such a way that it coincided with 

the channel centreline.

A surveying level mounted on a precision vertical traverse and focused on to the 

light strip was employed to monitor the scour depth. The height of the surveying 

level was recorded using a 50 m dial gauge. At the initial stage of the erosion 

process, i.e. "tunnel erosion" when the scouring rate was high, readings were 

taken at particular scour depths and the corresponding times recorded. But at the 

later stage, namely "lee erosion" it was possible for readings to be taken at fixed 

times and corresponding scour depths to be recorded. A full description of this 

non-intrusive system for scour depth measurement is given by Paskin (1993).

5.7 THE RIGID BEDS:

In the present study, the fluid characteristics around the model pipeline and inside 

the scour hole were studied using two different rigid bed conditions, one 

modelling the scour hole and the other a flat bed. The former was utilised to 

study the flow patterns inside the scour hole and around the model pipeline 

quantitatively as well as qualitatively, whilst the later was used to investigate 

scaling effects on the vortex shedding process.

5.7.1 THE RIGID SCOUR HOLE:

The profile for the fixed bed model was based on the sine curve fitted to the 

measured scour hole data produced by the 50 mm diameter model pipeline with 

a flow velocity of Uy =32 cm/s (y = 25 cm) as shown in figure 5.9. The bed of 

the rigid scour hole model had to be designed and constructed in such a way that 

the flow passing over it remains attached. Any small undulation on the surface 

of the model after fabrication, might have caused the flow to separate
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contravening the model requirements of maintaining attached flow on both the 

upstream and downstream slopes.. The material used to fabricate the model was 

PVC which had previously been used to construct the false bed of the flow 

channel. The prepared rigid model was then substituted for the sand bed at the 

centre of the flow channel and utilised to study the general flow field inside the 

scour hole and also for visualisation studies of the strong jet flow which occurs 

after changing flow direction during the early stages of scour hole development 

in reversing flow (discussed fully in chapter 6 ).

5.7.2 THE RIGID FLAT BED:

As mentioned previously in the section 2.2 vortex shedding after initial break 

through is the main cause of the lee erosion process. One of the dominant factor 

controlling the scour hole width is the vortex shedding phenomenon, so that it 

was necessary to investigate how far downstream shed vortices from the model 

pipeline will travel. The false bed was therefore extended along the entire length 

of the channel, in order to investigate this phenomenon.

5.8 THE FLOW VELOCITY MEASUREMENTS:

In the present study programme for all tests involving the sand bed, the mini

propeller meter was used to monitor the flow mean velocities. For detailed 

precision measurement of velocity in the rigid bed tests the Laser Doppler 

Anemometer (LDA) was employed. The LDA facility was installed on a new 

specially designed traversing base which was adjustable both vertically and along 

the channel length to a location accuracy of 0.0254 mm. It was possible to tilt the 

laser by small amounts, in particular when velocity had to be measured in the 

viscous sub layer. When velocities were to be measured on the slopping bed, the 

intersecting beams had to be rotated without significant movement of the position 

of the measured control volume. This was achieved using three specially designed 

rotating units. It should be noted that the velocity profiles were always measured 

normal to the bed, in order to be able to determine the tangential velocity, for
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local wall shear stress determination.

For the flat bed tests the position of the control volume relative to the bed was 

determined utilising a razor blade mounted on a piece of brass resting on the bed. 

The laser beams were then lowered gradually and just as the control volume first 

touched the sharp edge of the blade, the height of the control volume was 

considered to be equal to the previously determined height of the razor blade edge 

above the bed, i.e. 22.94 mm. The dial gauge was then adjusted to the same 

value. The laser beams were then lowered as close as possible to the bed. 

However in this method there will always be an inherent problem associated with 

the exact location of the control volume. Since the control volume has a diameter 

of about 0.4 mm, there will remain some uncertainty about the exact point, within 

the control volume, which relates to the measurement taken. In particular in the 

viscous sub layer, due to the large velocity gradient, there is a possibility that the 

effective position will bias towards the top of the control volume from which the 

measurements to be taken at the top of the control volume, where greater numbers 

of particles passing through the fringe pattern. This problem can be significant in 

determining the near bed velocity gradient in the viscous sublayer. The effect 

would cause the velocity profile to deviate from a straight line. On the slopping 

bed the origin was determined using a pointer gauge located to an accuracy of 

0.1 mm. Figure 5.10 shows example plots of near the bed velocity, inside the 

model scour hole. As can be seen from the figure the profiles fall on straight 

lines, passing through the origin so that error in these cases appears to be small. 

Where straight line velocity profiles are available as in figure 5.10, these lines can 

be extrapolated back to zero velocity and the y intercept used to relocate the 

origin.

5.8.1 THE MINI-PROPELLER METER:

The mean flow velocities at a fixed point in the channel were measured using a 

streamflow mini-propeller current meter. The propeller meter was initially 

calibrated using an LDA installed on another flow channel. The least square
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method was used to fit the best line to the data obtained and the resulting 

relationship took the following form:

C/=0.0062(/)+0.0263 (52)

where U is the mean velocity in m/s and f is frequency reading in Hertz.

The mini-propeller meter was located 30 cm upstream of the model pipeline at 

a fixed height of 25 mm above the sand bed, monitoring the flow mean velocities. 

The bed shear velocity (UJ, was then calculated using the standard logarithmic 

velocity relationship given in equation (3.37). This relationship has been found 

to give a good description of the velocity profile in the wall region for a wide 

range of boundary layer flows. In particular, it was confirmed by Raven (1977) 

for flows in the present channel. Once the bed shear velocity is found the 

sediment transport rate can be calculated using equation 5.1.

5.8.2 LASER DOPPLER ANEMOMETER:

LDA is a advanced non-intrusive method to measure local flow velocity, where 

extremely accurate mean velocity is required. Apart from causing no flow 

disturbance, an important feature of the LDA is the calibration free output 

voltage, which is linearly related to flow velocity. LDA is now a well established 

technique and is well documented in a number of standard texts, an example 

being the work of Durst et al. (1976).

The LDA system used for the present study had previously been used by Raven 

(1977), Simons (1980) and Stuart (1984). The transmission element of the system 

consisted of a Spectra Physics model 120, 5mv Helium-Neon laser (wavelength 

= 632.8x10'^m), combined with a Malvern instrument RF307 beam splitter and 

polarisation unit. The optical arrangement of the system used was the forward- 

scatter, dual-beam mode, since it is insensitive to photodetector positioning and 

is easily aligned. Detailed description of the system's performance was given by 

Raven (1977) and Simons (1980).
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5.9 FLOW VISUALISATION:

Flow visualisation techniques were also employed to gain further insight into the 

flow regime surrounding the pipeline. In particular the flow patterns inside the 

model scour hole and around the model pipelines, including a newly identified 

bed jet flow phenomenon producing a vigorous scouring mechanism which is 

peculiar to reversing flow, have been examined in detail. This method was also 

used in order to compare the streamline patterns inside the model scour hole with 

those predicted by the potential flow model. A qualitative study of the travel 

distance of shed vortices downstream of the model cylinders has also been made. 

This was vitally important in studying the scour width development for the 

different model cylinder diameters.

Of the various flow visualisation methods available suspension method was 

employed. In this technique discrete solid particles are distributed in the fluid as 

a tracer and the state of the flow is revealed by the paths or finite exposure streak 

lines of the tracer particles. The solid particles used as a tracer, were small 

illuminated polystyrene sphere added to the flow at the inlet tank. A Nikon F3 

camera was used to take the photographs. This had shutter speeds ranging from 

1/2000 second to 8  seconds and aperture settings from FI .6  to FI 6 . Shutter 

speeds in the range 1/500 to 1/250 second were found to be suitable for the 

present tests. It was possible to operate the camera either automatically or 

manually. The camera was used in conjunction with an MD-4 Motor Drive, which 

advanced the film at a maximum of 6  frames per second with single or 

continuous mode selection.
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Figure 5 .1 General photographic view  o f  the flow  channel,

120



Constant head tank 
Supply from pump 
Spear valve 
End tank 
End tank 
Gate valve

Diaphragm valve 
Diaphragm valve 
Pump 
Sump

î5Sô?S52Sn?SÔoc

Figure 5.2 Diagram of tlie flow channel.
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Figure 5.9 Fitted sine curve to the experimental data. Reversing flow test, D=50 mm, 
Uy =32 cm/s, (W =1000 mm, =54 mm, y=25 cm).



1.2

1 . 1

1.0

0.9

0.8

0.7

0.6

0.5

0.4
X = -500 mm

0.3
X = -400 mm

0.2 X = -300 mm

0.1

0.0
2400 160 20040 80 120

VELOCITY (mm/s)

Figure 5.10 Typical near the bed velocity distributions for the 
fixed bed model scour profile shown in figure 5.9.

129



CHAPTER SIX 

RESULTS AND DISCUSSIONS

6.1 INTRODUCTION

This chapter presents the results obtained during this investigation along with a 

discussion of their significance. First the results and discussion of the tests with 

a loose sand bed are presented for both uni directional and reversing flow 

conditions. This is followed by the results from the experiments with a rigid bed 

including the fixed bed scour hole tests and the flat bed tests. Finally a 

comparison between the theoretical predictions and the experimental results is 

presented.

6.2 SAND BED TESTS

6.2.1 VERIFICATION OF THE TIME SCALE PARAMETER (T=DVa)

Uni directional flow was used in order to validate the scour time scale parameter. 

Based on the dimensional analysis presented in section 3.2.5, it is to be expected 

that the time taken to produce a particular scour depth will be directly 

proportional to the square of the pipeline diameter ( T «= ). Thus if the pipeline

diameter is doubled the time needed to produce the same relative depth of scour 

is quadrupled. For a fixed pipeline diameter, the time to generate a particular 

depth of scour hole is inversely proportional to the relevant sediment transport 

rate ( T «: q/  ̂ ). As it is not possible to measure the local sediment transport rate 

directly under the pipeline ( qp ) with any degree of accuracy, it is therefore 

necessary to adopt the undisturbed sediment transport rate (q j as a scaling factor. 

Two sets of experiments were carried out to verify the time scale parameter, 

namely test (UF/TS/D) and test (UF/TS/qJ.
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6.2.1.1 TEST (UF/TS/D)

This test was canied out with a fixed sediment transport rate while using four 

different model pipeline diameters namely 12.5, 25, 50 and 75 mm. A summary 

of the test parameters is given in table 6.1. The magnitude of the Shields 

parameter for the flow chosen, is slightly in excess of the value for initial 

sediment motion which is about 0.06, for the sand size used. The results of this 

test, namely the time to generate a particular depth of scour hole for different 

model pipeline diameters are shown plotted in figure 6 .1 .

Test parameters

Velocity measurement height, y (mm) 25

Flow velocity, Uy , (m/s) 0.258

Water temperature, ( ° C ) 17.2

Bed shear velocity, U^., ( m/s) 0.0131

Bed shear stress, Tq , ( N/m  ̂ ) 0.171

Shields Parameter, (t* ) 0.073

Sediment Transport Rate, q„ ( kg/s/m) 1.47x10^

Table 6.1: Parameters for test (UF/TS/D)

(using eqns. 3.45, 3.25 and 5.1 respectively)

As can be seen in figure 6.1 for different h/D values, the slope of the fitted lines 

is in reasonable agreement with the theoretical value given the experimental 

measurement difficulties and the fundamental difficulties previously discussed 

concerning the choice of % and its varying highly non-linear dependence on local 

bed shear stress. Figure 6.1 therefore demonstrates that, scaling works very 

adequately during the middle tunnel erosion process (for example, h/D=0.3 

corresponds to T ). These findings are in close agreement with those

reported by Paskin (1992). However, it should be noted that at the early stage of 

the tunnel erosion (i.e. initial breakthrough, h/D=0.1) and also the late tunnel
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erosion phase (i.e. h/D=0.5 ) the experimental values of the D exponent deviate 

up to approximately 15 percent from the theoretical value. This may be attributed 

to the fact that, at the initial breakthrough the rate of scouring is very high and 

as a result the scouring time is very small, generating considerable uncertainty in 

the measurements. Also q, may not be representative of qp at these high initial 

transport rates as previously discussed in section 3.2.5. Gap ratios h/D=0.4 and 

0.5 coincide with the onset of vortex shedding, as also noted by Bearman and 

Zdravkovich (1978). Vortex shedding in turn enhances the rate of scouring below 

the pipeline. This behaviour is consistent with the results of the studies conducted 

by Mao (1986) and Paskin (1992).

6.2.1.2 TEST (UF/TS/g, )

In order to verify the inverse proportionality of the time scale with the sediment 

transport rate, the test (UF/TS/q, ) was carried out using a fixed model pipeline 

diameter and different flow velocities, ranging from 0.24 to 0.365 m/s. The 25 

mm diameter model pipeline used in the test had a blockage ratio (D/d), ranging 

from 0.1 to 0.15 for the different flow velocities. This low blockage ratio had a 

very limited effect on the results as pointed out for example by Littlejohns (1973), 

who demonstrated that the water depth influence will be small if it is greater than 

three times the diameter of the pipeline (i.e. blockage ratio = 0.33). However 

quantifying the blockage ratio is extremely difficult, since during the test it will 

alter with changing scour depth under the pipeline. A summary of the test 

parameters are tabulated in table 6.2. The time to produce a particular depth of 

scour (h/D) for different values of the sediment transport rate is illustrated in 

figures 6 .2 , a and b.

Table 6.2 shows the magnitudes of the Shields parameter, %*, used in the test 

UF/TS/q„ ranging from 0.064 to 0.136. As the Shields critical value for the initial 

sediment motion for this sand grain size is about 0.05 to 0.06, it is apparent that 

the conditions for the lower sediment transport rates used in the test are very 

close to the so called "clear water" condition. As can be seen in figure 6.2 (a), the
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coefficients of proportionality are somewhat less than the theoretical value which 

equals to -1. However closer inspection of the data in figure 6.2 (a) reveals that 

taking larger values of the sediment transport rates as a sub-set, results in a 

steeper slope for the best fit lines. Data was therefore split up into two series and 

the corresponding lines of the best fit have been drawn in figure 6 .2  (b).

Test Flow No.

parameters 1 2 3 4 5 6 7 8

Uy (m/s) 0.24 0.26 0.28 0.29 0.305 0.326 0.338 0.365

T (°  C ) 17.1 16.8 16.8 17 17.2 17 16.9 18

U^ (m/s) 0.0122 0.0131 0.0141 0.0145 0.0152 0.0161 0.0166 0.0178

To ( N/m^ ) 0.1487 0.170 0.199 0.210 0.229 0.258 0.276 0.315

T* 0.064 0.0734 0.0859 0.091 0.099 0.111 0.119 0.136

Re, 1.6 1.72 1.85 1.90 1.99 2.11 2.18 2.39

q, ( kg/s/m ) 8.5E-6 1.5E-5 2.7E-5 3.5E-5 5E-5 7.9E-5 l.OE-4 1.9E-4

Table 6 .2 : Parameters for test ( UF/TS/q, )

(using eqns. 3.45, 3.25 and 5.1 respectively)

In the first series magnitudes of the Shields parameter have values less than 0.099 

and the corresponding values for the second series are 0.099<t*<0.136. As can 

be seen in figure 6 .2  (b), the larger magnitudes of gradients of T* and % 

demonstrate a close inverse proportionality between scour time and sediment 

transport rate as predicted by theory. The data for small h/D values once again 

deviates from this pattern for the reasons previously discussed in section 6 .2 .1 .

As discussed in section 5.4.1, the sediment transport equation employed in the 

present study was the relationship given by Grass & Ayoub (1982). The argument 

put forward by Grass et al. (1992) is that, for a series of U intervals, the
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relationship between bed load sediment transport rate, q̂ , and flow velocity close 

to the bed, can be approximately represented by a corresponding series of simple 

power relationships, q,=AU", (see section 3.2.5, and also Raudkivi, 1990). In the 

present study the Shields parameter values used, were at the lower range of the 

Shields parameter values which have been utilised by Grass and Ayoub (1982), 

and sediment transport rates for these low bed shear stresses are extremely small 

and very difficult to measure.Therefore at low bed shear stress values beyond the 

range covered by Grass and Ayoub, uncertainty exists in the accuracy of the 

absolute transport magnitudes derived from relevant prediction formulae. Figures

6 .2  (a) and (b) exhibit the fact that the validity of the time scale parameter in 

particular for larger h/D values are more satisfactory than for the smaller values.

6.2.2 EFFECT OF BED LEVELLING ON THE MAXIMUM SCOUR  

DEPTH

It is to be expected that any changes in the bed geometry will in some degree, 

result in the approach flow boundary layer being changed. The flow reversing 

times used in this test were approximately related to the natural 6  hour tidal half 

cycle using the time scale parameter. For example, if a 250 mm diameter pipeline 

is to be modelled and assuming identical sediment transport rate for both field 

and the test conditions, the reversing time for a 25 mm diameter model pipeline 

can be approximately fixed at say 5 minutes.

Three tests were conducted in order to investigate the effect of bed levelling on 

the maximum scour depth. Test one was concerned with a fully levelled bed 

condition, where the bed upstream of the model pipeline was frequently levelled 

in such a way that no ripple was allowed to grow in height to more than 5 mm. 

The second test was carried out by partially levelling the bed. In this test, 

levelling was never extended up to the edge of the scour hole upstream of the 

model pipeline. In particular, when the flow direction was being reversed the 

erosion ’spoil’ mounds generated were kept in place. The third test was carried out 

with no bed levelling intervention, so that after a very short period of time ripples

134



formed naturally on the bed. The parameters of the three tests are shown in table 

6.3.

Test parameters

Water temperature, (° C ) 17

y, (mm) 25

Flow velocity, Uy (m/s) 0.32

Bed shear velocity, Û . (m/s) 0.0159

Bed shear stress, (N/m^ ) 0.251

Shields parameter, t* 0.108

Grain Reynolds No, Rê 2.0817

Sediment transport rate, q, (kg/s/m) 7.017x10^

Dimensionless q̂ , ( q / ) 0.01875

q, / p, (1/s) 4.237x10-^

Table 6.3: Test parameters 
I (using eqns. 3.45, 3.25 and 5.1 respectively)

The time scale parameter ( T = D /̂q, ) can be used to calculate the dimensionless 

test time, T*, as follows:

r*= r  ( - ^ ) (6.1)

where T is the actual test time, q, is the far field sediment transport rate and p, 

is the density of the sediment, which has to be included, making the time 

dimensionless. If the bed geometry has no effect on the maximum scour depth, 

then plots of the dimensionless maximum scour depth (h/D) against non- 

dimensional test time (T*) for all the tests should collapse onto a single curve. 

The results of these tests are shown plotted in figure 6.3. These tests were run for 

a maximum of 480 minutes and involved 96 flow reversals. Bed levelling is an
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extremely demanding and tedious task which inevitably imposes its own 

constraints on the total test duration.

Ripple formation is one of the major difficulties in conducting reversing flow 

tests on the sandy bed. Sand ripples grow in size continuously as the test 

progresses and in particular when the flow velocity is relatively high and the sand 

grains are small. Since in the late stages of scour process, the ripples form even 

inside of the scour hole, it is not possible therefore to remove them without 

changing the mean cross-sectional shape of the scour hole. When a model 

pipeline diameter is relatively small, the height of the ripples formed upstream of 

the model pipeline, can be commensurate with the diameter of the model pipeline. 

This must clearly have a significant effect on the approach flow boundary layer. 

Grass et al. (1992) draw attention to the fact that the thickness of the approach 

flow boundary layer is one of the controlling factors in a scour hole development 

process and proposed that the relative scour depth is additionally a function of 

(D/(v/U^)). This parameter represents the ratio of the pipeline diameter to the 

smooth wall length scale for the approaching boundary layer. It therefore has an 

important influence on the distortion of the near cylinder flow.

For the fully levelled bed test the smooth wall condition for the approach flow 

is fulfilled. At the other extreme, namely no bed levelling, the smooth wall 

condition is no longer valid and ripple wake turbulence has a dominant influence 

on the approaching flow boundary layer. As can be seen in figure 6.3 at the early 

stages of the tests ( T* => 0.04 ) when the ripple height is relatively small, data 

for the three different cases collapses onto a single curve. However, later on 

separation in the data occurs particularly for the case of no bed levelling which 

indicates a 30% reduction in final maximum scour depth. It should be mentioned 

that as shown in figure 6.3, the fully levelled bed test produced nearly a smooth 

curve for the scour depth increase with time. On the other hand the behaviour of 

the partially levelled bed is rather chaotic. This may be attributed to the fact that 

in the case of the partially levelled bed some of data points were being recorded
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while ripples were at the centre of the scour hole. As a result the figure indicates 

occasional decreases in the relative scour depth.

Figure 6.4 demonstrates the correlation of data for different model pipeline 

diameters, namely 25 mm and 50 mm. As can be seen data correlates very well 

up to the second flow reversing time which coincides with dimensionless times 

of 0.026 and 0.0192 for 25 mm and 50 mm model pipeline respectively. Beyond 

these points the data points separate from each other and, as will be discussed in 

detail later on in this chapter, the relative scour depth for the smaller diameter 

model pipeline increases to a greater extent. It was observed during the 

experiments ( no bed levelling and partially levelled bed tests) that, in the early 

scour stages, deposition mounds form upstream and downstream of the pipeline. 

The reversing flow separates over these and interacts with the pipeline to form a 

highly erosive bed jet. Due to erosive action of the bed jet flow the rate of 

scouring increases sharply resulting in deeper scour hole. In the case of the fully 

levelled bed, levelling also tends to produce sharp comers at the edge of the scour 

hole which will promote separation and hence bed jet. This trend can be identified 

in figure 6.4 where gradients of the curves increases around dimensionless time 

of 0.02. As mentioned previously, reversing times of 5 and 15 minutes for the 

25mm and 50mm model pipeline can be made dimensionless using equation 6.1 

yielding dimensionless times of 0.013 and 0.0096 respectively.

In order to correlate data obtained from the present study with those obtained 

from the earlier studies at UCL, the Paskin data (1992) is shown for comparison 

in figure 6.5. It should be noted that due to the locally chaotic nature of the scour 

process reproducibility of the tests is rather difficult. However the figure 

demonstrates a convincing overlap of the data, particularly after the tunnel erosion 

process. As in figure 6.4, closer inspection of figure 6.5 also reveals that there 

exists a sharp increase in the relative scour depth once again around 

dimensionless reversing time of 0.02. Figure 6 .6  illustrates photographic view of 

the fully levelled and partially levelled bed after 7800 and 9600 seconds
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respectively. The time development of the scouring process for the case of no bed 

levelling up to 9600 seconds can be seen in the sequence of photographs 

presented in figure 6.7. Figure 6 .6  (a) shows that the controlled approach flow 

boundary layer produces the larger scour depth and also relatively wider scour 

width. In the case of the no bed levelling as can be seen in figure 6.7 ripples 

form upstream of the pipeline, hence reducing both depth and width of the scour 

hole. In the field where ripples form, a pipeline experiences lower approach flow 

velocities due to ripples sheltering effect, particularly when it sags below the 

initial bed level. The reduced velocities along with bed proximity effects 

eventually suppress the vortex shedding. The bed proximity effects will be 

discussed later on in this chapter.

6.2.3 EFFECT OF FLOW REVERSING TIME ON THE MAXIMUM  

SCOUR DEPTH

Laboratory reversing flow tests are very time consuming due to the essential flow 

reversing procedure between simulated tidal cycles. Considering the extremely 

large time scale in this type of testing, a small reversing time, indeed makes the 

test even more laborious and imposes severe practical constraints as mentioned 

previously. The purpose of this experiment was to investigate any influence of the 

flow reversing time on the maximum scour depth. Three different reversing times 

were utilised namely 5, 10 and 15 minutes, while the model pipeline diameter 

(D= 25 mm ) and the flow velocity ( Uy = 32 cm/s ) were fixed. It should be 

noted that there was no bed levelling during the test period. The results of the 

tests are shown in figure 6 .8 .

Figure 6 .8  shows that data for three different flow reversing time correlates very 

well up to dimensionless time of about 0.013 which corresponds to the 5 minutes 

flow reversing time. It also demonstrates that approximately for each flow 

reversing time, after second flow reversing there exist a sharp increase in the 

relative scour depth. The plausible explanation to this behaviour is that, after the 

first flow reversing, the action of a bed jet flow on the downstream side of the
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scour hole results in rapid erosion of that side, whereas the rate of scouring 

directly below the model pipeline where data was being recorded remains 

relatively unaffected by the bed jet flow. The same violent scouring process 

repeats itself in the opposite direction on the second flow reversing thus 

maintaining the scour hole symmetry. This process leaves a small mound directly 

below the pipeline which then is eroded away by the action of streaming flow 

under the pipeline resulting in a sharp increase in the relative scour depth. Using 

a rigid scour hole model the bed jet flow was visualised and will be discussed 

later on in detail in this chapter.

It should be mentioned that in the case of 15 mins flow reversal time due to the 

prolonged action of the shed vortices the erosion ’spoil' mounds are washed away, 

hence terminating the bed jet effects. Therefore in figure 6 .8  there exists no sharp 

increase in the relative scour depth. Furthermore, figure 6 .8  indicates that the final 

relative scour depth for the three different flow reversing times is nearly the same 

and it may be argued that flow reversing time has little effect on the final 

equilibrium scour depth. As mentioned previously, a small reversing time is one 

of the major constraints in this kind of laboratory tests, therefore adopting larger 

flow reversing time reduces the overall test time.
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6.3 THE RIGID BED TESTS

This section describes all the tests carried out on the rigid bed, using the Laser 

Doppler Anemometer. They are divided into two sections namely the scour hole 

model and the flat bed tests. The results of the scour hole model tests are 

presented first followed by those obtained from the flat bed tests.

6.3.1 THE RIGID SCOUR HOLE TESTS

6.3.1.1 DEVELOPMENT OF APPROACH FLOW BOUNDARY LAYER  

INSIDE THE SCOUR HOLE

A series of streamwise velocity profiles were measured along the centre line of 

the flow channel. The flow depth above the surface of the false bed was 184mm. 

The velocity profiles were taken across the scour hole (x=-500 to 500mm) in 

order to investigate the boundary layer development inside the scour hole. Figure

6.9 shows these velocity measurements upstream half of the scour hole. As can 

be seen in figure 6.9 (a) the velocity profile at the edge of the scour hole ( x = 

-500) is a typical turbulent boundary layer velocity profile over a smooth bed and 

the thickness of the boundary layer is about 100 mm. Due to the adverse pressure 

gradient in the direction of the flow, the shape of the velocity profile changes and 

so does the thickness of the boundary layer. At the centre of the scour hole the 

boundary layer appears to have grown to a thickness of approximately 150mm. 

As the overall mean flow velocity across the scour hole decreases it follows that 

the bed shear stress will also decrease. The plot of the dimensionless (origin 

corrected) velocity, U ,̂ against y  ̂for the upstream half of the model scour hole 

can be seen in figure 6.9 (b). For example, at x=-500, the smooth conditions 

clearly exhibit a viscous layer approximately up to y^=10, where U^=y‘̂ . Figure

6.9 (b) also demonstrates a logarithmic region where a portion of the velocity 

profiles on a semi-log plot follow a straight line.

Near bed velocities across the scour hole are shown plotted in figure 6.10. As can
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be seen the velocity profiles are closely linear inside this thin viscous sublayer 

zone. Using Newton's law of viscosity the magnitudes of the corresponding shear 

stresses were calculated from the corresponding velocity gradients. Figure 6.11 

illustrates the distribution of the shear stresses outside and inside the scour hole 

normalised by the undisturbed channel bed shear stress (To=0.195 N/m^) along 

with variation of the turbulence intensity (root mean square of u', over 

undisturbed local mean velocity ) across the scour hole. As can be seen in figure 

6.11 the relative shear stress outside and at the edge of the scour hole (x=-500) 

is equal to one. Moving towards the centre of the scour hole, the relative shear 

stress reduces and eventually at the centre point the relative shear stress value 

reduces to about 25% of the channel flow shear stress for this particular scour 

hole. Figure 6.11 also demonstrates that turbulence intensity upstream half of the 

scour hole due to the effects of the adverse pressure gradient in the direction of 

the flow is greater than downstream half of the scour hole.

6.3.1.2 THE EFFECT OF THE PRESENCE OF THE MODEL PIPELINE 

ON THE BED SHEAR STRESS

As can be seen in figure 6.11, the shear stress decreases and reaches a minimum 

value at the centre position inside the scour hole. This test was conducted in order 

to study the effect of the presence of model pipeline cylinder on the distribution 

of the shear stress inside the scour hole. Velocity profile measurements with the 

50 mm diameter cylinder in place are shown plotted in figures 6.12 a, b and c. 

As previously mentioned in section 5.7.1 the model scour hole was fabricated 

using a scour profile obtained with a 50 mm model pipeline. Figure 6.12 (c) 

clearly shows that the velocity below the pipeline increases when the 50 mm 

model pipeline is in position. Once again the local bed shear stress values were 

determined from the velocity gradients at the bed. The shear stress values across 

the scour hole for different cases are shown in table 6 .1 .
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T = 19"̂ Scour only Scour 4- D50

x(mm) p(kgm'^s' )̂ du/dy(s) x(N/m") du/dy(i\ x(N/m^)

-500 1.034x10" 188.82 0.195 188.58 0.195

-400 1.034x10" 148.77 0.154 154.74 0.160

-300 1.034x10" 106.47 0 . 1 1 0 110.25 0.114

- 2 0 0 1.034x10" 78.18 0.081 78.34 0.081

- 1 0 0 1.034x10" 63.27 0.065 80.27 0.083

0 1.034x10" 45.26 0.047 226.31 0.234

1 0 0 1.034x10" 78.28 0.081 208.89 0.216

2 0 0 1.034x10" 96.94 0 . 1 0 0 206.00 0.213

300 1.034x10" 129.57 0.134 202.13 0.209

400 1.034x10" 165.76 0.171 200.19 0.207

500 1.034x10" 198.02 0.205 199.23 0.206

Table 6.4* Shear stress values for the different test conditions.
(using X = gdUp /dy as given by eqn. 3.41)

As can be seen from the example plot of near the bed velocities in figure 6.13 (a) 

the velocity gradient at the centre of the scour hole (x=0 ) increases sharply when 

the 50 mm model pipeline is in place. It is to be expected that at the equilibrium 

condition, the bed shear stress at the centre of the scour hole with a model 

pipeline in place should be equal to the free stream bed shear stress. However 

as discussed previously in chapter four, at this stage the situation at other 

positions across the scour hole in any particular half flow cycle, is somewhat 

different. In the upstream half of the scour hole, away from the pipeline influence, 

the sediment transport rate, q̂ , will be smaller than q„ and sediment will be 

deposited. However, across the downstream half of the scour hole, due to the 

action of the shed vortices and high turbulence intensity, the sediment transport 

rate, q̂ , will be greater than q, and bed sediment will be eroded. When the flow 

direction reverses in the subsequent half-cycle, this pattern of sediment deposition 

and erosion across the scour hole is also reversed. These trends are shown in
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figure 6.13 (b).

As can be seen in figure 6.13 (b), the centre shear stress value appears to be 

reasonably close to the value generated by the undisturbed free stream. This 

observation serves to confirm the fact that the original scour hole generated by 

the 50 mm pipeline was close to the equilibrium maximum depth for this 

particular W/D ratio of 20, namely h  ̂ /D = 1.08. It should be noted that the 

higher shear stress values approximately two diameters downstream of the 

pipeline are due to the action of the strong jet flow below the pipeline. This jet 

flow can be clearly identified from the visualisation photographs for example in 

figure 6.26. The figure also demonstrates that turbulence intensity in the 

downstream half of the scour hole increases compared with the values when the 

scour hole is considered without the model pipeline in place. Considering the 

reversing flow conditions this high turbulence intensity along with the effects of 

the vortex shedding downstream of the pipeline generate a very wide scour hole, 

hence producing a scour trench of a significant depth. As discussed previously 

only this type of flow is capable of producing the larger scour depths necessary 

to bury pipeline up to depths of 2 or 3 diameters observed in the field. 

Distribution of the dimensionless shear stresses across the scour hole with the 

model pipeline in place are also shown plotted in figure 6.13 (b). As can be seen 

moving downstream across the scour hole the shape of the distributions deviates 

from the undisturbed one, namely x=-600. At the x=600 position the flow still 

imposes higher shear forces on the bed.

6.3.1.3 THE EFFECT OF PIPE SAGGING ON THE VELOCITY 

BELOW THE PIPELINE

This test was carried out, to investigate the effect of pipe sagging on the 

magnitudes of the velocities below the pipeline. The 25 mm cylinder was used 

as a model pipeline and was lowered in (D/4) steps. The model pipe position was 

at the centre of the scour hole (i.e. x = 0 mm). The velocity profiles for the 

different stages of the sagging process and the near bed velocity profiles are
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shown in figures 6.14 and 6.15 respectively. It is often assumed that scouring is 

radically reduced when the centre of a pipeline span has sagged below the 

surrounding bed level. Figure 6.14 demonstrates that when a pipeline sags 

progressively deeper inside a scour hole, the flow velocities just below the bottom 

of a pipeline decrease, whereas the velocities close to the bed and the bed 

velocity gradients and bed shear stresses increase as indicated in figure 6.15. The 

increased shear stress in turn generates enhanced erosion of the bed below the 

pipeline. This result contradicts the above mentioned assumption and clearly 

shows that, providing the flow remains attached upstream of the pipeline, 

scouring can continue to very large depths. The sagging process was also studied 

qualitatively using flow visualisation. The resulting photographic records can be 

seen in figure 6.16. The figure shows that, as pipeline is lowered the downstream 

wake is also lowered along with the shed vortices. This will tend to increase 

erosion on the downstream bed of the scour hole. When the pipeline approaches 

the bed, S=2D (i.e. G/D=0.16), figure 6.16 also illustrates that the approach flow 

in front of the pipeline separates from the bed, implying that reduced velocities 

in front of the pipeline will result in sediment deposition, which is one of the 

critical elements of the pipeline self-burial phenomenon.

However it should be pointed out that, situations in the field and experiments 

with sand are quite different compared with the rigid model scour hole employed 

in the present study. In the former flow over mounds (see figure 6.24) at the edge 

of a scour hole may separate producing a wake flow behind the mounds while in 

the latter the scour model was designed and fabricated in such a way that flow 

remains attached. In order to simulate the wake behind the mounds, the rigid 

scour hole model was modified as illustrated in figure 6.17. A typical wake flow 

pattern produced by the modified model scour hole can be seen in figure 6.18. 

Three different model pipeline diameters were used to visualise the flow field 

during the sagging process in a separated flow conditions. Figures 6.19, 6.20 and 

6.21 demonstrate the sagging process for the model pipeline diameters of 50, 25 

and 12.5 mm respectively. As can be seen when a model pipeline is at the
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surrounding bed level position (i.e.S=0), there exists a very strong bed jet flow 

attacking the bed. When the pipe sags progressively inside the scour hole, the 

strong bed jet flow attenuates and eventually when S=D the separated flow passes 

over the top of the pipeline and the wake region acts as a shelter. The figures 

clearly illustrate how the bed jet flow provides a highly efficient scouring process 

producing accelerated rates of scouring to significant depths. In the early stages 

of scour hole development when the scour trench width is of the order of a few 

model pipeline diameters. In circumstances where the wake turbulence and vortex 

shedding in weak currents is insufficient to increase the scour hole width and 

allow greater exposure of the pipeline, it is likely that this bed jet action will still 

generate substantial scour depths up to a maximum of say one pipeline diameter.

6.3.1.4 THE.BEP.TETELQW

Since the bed jet flow can be viewed as one of the significant findings of the 

present investigation programme it was considered important to improve 

understanding of its significance in the self-burial of a seabed pipelines. As has 

been shown in figure 6.18 when reversing flow separates from the top of a 

deposited spoil mound, a wake flow extends some distance downstream and 

eventually reattaches to the bed. In the presence of a pipeline, the separated flow 

interacts with the pipeline and the flow is forced to reattach to the bed after quite 

a short distance, forming the highly erosive bed jet flow.

The erosive action of the bed jet flow appears to depend mainly on the mound 

distance from the pipeline shown as (L) in figure 6.17. It is clear that keeping the 

distance (L) as a fixed parameter, a reduction in the model pipeline diameter 

gives rise to an increase in the relative mound distance (i.e. L/D). Now, closer 

inspection of figure 6.21 reveals that in the case of the 12.5 mm diameter pipeline 

the relative mound distance is more than 10 (i.e. L/D>10) and still the erosive 

action of the bed jet flow can be identified. Whereas considering reattachment 

distance in figure 6.18 it may be argued that for the case of a larger diameter
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pipeline (D=50 mm) a relative mound distance of more than 10 implies that the 

mound should be moved further away from the pipeline and hence minimising the 

interaction of a separated flow with the pipeline. Therefore it may be concluded 

from comparison of figures 6.19, 6.20 and 6.21 that in laboratory tests due to this 

pro longed bed jet flow in the case of smaller diameter pipelines the relative 

scour depth (h/D) will be larger than those obtained with larger diameter 

pipelines.

In addition to the qualitative study of the newly identified bed jet flow 

phenomenon, a quantitative investigation was also carried out using LDA 

facilities. Two different model pipeline diameters were used namely 25 mm and 

50 mm, and velocity measurements were taken directly under the model pipelines. 

The results are shown plotted in figures 6.22 a and b. In both cases the maximum 

velocity within the jet flow is greater than that measured in the unseparated wide 

scour hole flow however the angle at which the bed jet flow attacks the bed 

increases with decreasing pipeline diameter. The figures also show that there is 

a corresponding decrease in the near the bed velocities compared with the 

unseparated flow case. As mentioned previously in section 6.2.3, the bed jet flow 

attacks the bed downstream of the pipeline as can be seen in figures 6.19 and 

6.20 for the case of S=0. The section directly below the pipeline where data was 

recorded approximately coincides near the bed with the position of the free shear 

layer formed between the jet and the mound wake flow (figure 6.19). This 

accounts for the reduction in near the bed velocities.

Flow visualisation techniques were once again employed to examine the scale 

effect using three different model pipelines. The model pipelines were placed at 

the initial bed level ( i.e. S=0 ) at the centre of the model scour hole where the 

ratio of half scour width to the pipelines diameter ( W/2D) being 40, 20 and 10 

for three different pipeline diameters namely 12.5, 25 and 50 mm respectively. 

The results of this flow visualisation can be seen in figure 6.26. The figure clearly 

demonstrates that in the case of D=50 mm, travel distance of shed vortices is just
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below lOD. This distance increases as pipeline diameter decreases. As mentioned 

before, vortex shedding is the main factor in producing a very wide scour hole. 

Figure 6.26 confirms therefore the fact that the relative scour width for smaller 

diameter pipelines is larger compared with the case of larger diameter pipelines.

6.3.2 THE RIGID FLAT BED TESTS

As mentioned in section 6.3.1.4 flow visualisation suggests that the relative travel 

distance of the shed vortices and hence the relative scour width and depth 

increase with decreasing pipeline diameter. Quantitative study of scour hole 

development in both the present and an immediately preceding study (Grass et al. 

1992), has also shown that in the later scour stages the scaled data shows 

significant separation with relative scour depth apparently increasing with 

decreasing pipeline diameter. Variations in vortex persistence appears likely to be 

a factor in this behaviour and therefore a more detailed quantitative study was 

undertaken to further investigate this scale effect. The tests were performed on a 

rigid flat bed using the three previously mentioned model pipelines. The tests 

were undertaken at subcritical Reynolds numbers (based on diameter) of 5.2xlO \ 

1.04x10"  ̂ and 2.08x10"  ̂ corresponding to the 12.5, 25 and 50 mm diameter 

pipelines respectively. The flow rate was fixed with a nominal mean velocity of 

430 mm/s. In order to investigate the scale effect two tests were carried out. The 

first test was carried out to investigate the relative travel distance of the vortices 

shed from different model pipeline diameters. In the second test distribution of 

near the bed instantaneous velocities downstream of different model pipeline 

diameters have been studied. The velocity profiles for three different sections of 

the relevant working part of the flow channel are shown plotted in figure 6.27.

6 3.2.1 EFFECT OF DIFFERENT PIPELINES DIAMETERS ON THE 

RELATIVE TRAVEL DISTANCE OF THE SHED VORTICES:

In the present and previous studies of self-burial of seabed pipelines at UCL, it 

has been observed that the relative scour width (W/D) for smaller diameter
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pipelines is greater than that obtained by larger diameter pipelines (figure 6.25). 

From the inspection of the visualisation photographs of vortex shedding (see 

figure 6.26) it was anticipated that vortices shed from a small diameter model 

pipeline persist further downstream of the pipeline than those generated by the 

larger diameter pipelines. In order to investigate this phenomenon quantitatively, 

the three model pipelines were located sequentially at the mid-depth point of the 

test section (x=0 ) where the approach flow was known to be uniform and the well 

established Strouhal number relationship for the vortex shedding frequency could 

therefore be expected to apply. The Laser Doppler Anemometer was used to 

measure the fluctuating velocities induced by the passage of the vortices 

downstream of the model pipeline. The fluctuating velocities were measured far 

away from the rigid flat bed, in the lower wake region just below the level of the 

model pipeline base at the different x/D intervals. At each measurement point the 

signals were recorded over 2 0 0  seconds and the recorded frequency analogue 

signals were fed via an analogue to digital converter into the computer for 

subsequent processing by the software package called WaveView from Amplicon. 

Velocity power spectra were computed using a Fast Fourier Transform (FFT) 

analysis. A full description of this type of analysis appears in standard text books, 

for example Ramirez (1985). The vortex shedding frequency was then obtained 

from the position of the well defined peak in the spectrum and confirms the 

continued presence of shed vortices in the flow.

The power spectrum densities for different x/D values and different pipeline 

diameters are shown plotted in figures 6.28, 6.29 and 6.30. As can be seen in 

figure 6.28 for the case of D=12.5 mm the vortex shedding frequency which 

corresponds to the position of a well defined peak in the spectrum is equal to 

f=6.73 (i.e. Strouhal number = 0.196) and it demonstrates therefore that the model 

pipeline was producing vortex shedding behaviour showing close agreement with 

previous observations and measurements (King et al. 1973). Figure 6.28 shows 

that up to x/D=16 the peak in the spectrum is very well defined but beyond that 

its magnitude decreases sharply. However closer inspection of the spectra in the
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figure reveals that a peak with ever decreasing magnitude can still be identified 

up to x/D=24. It can also be concluded that the magnitude of the peak in the 

spectrum and the associated energy of the induced velocity fluctuations decreases 

with increasing x/D values.

Figure 6.29 corresponds to D=25 mm and as can be seen the shedding frequency 

of the vortices is equal to f=3.4 (i.e. Strouhal number=0.198). Figure 6.29 also 

indicates that the position of the peak for different x/D values remains the same 

and it can be identified up to x/D=16. Furthermore the figure shows that as in the 

case of D=12.5 mm the magnitude of the peak again decreases as the x/D value 

increases. As shown in figure 6.30, the spectra from the 50 mm pipeline also 

exhibit similar characteristics as the two other model pipelines. Now taking the 

relative travel distance of the shed vortices downstream of the pipeline as the 

maximum relative distance x/D in which the peak is detectable, then it is possible 

to compare the relative travel distance for the three different model pipeline. 

Figure 6.31 shows the plot of the maximum x/D values against the pipeline 

diameter. The results clearly demonstrate that the relative travel distance of the 

shed vortices increases with decreasing pipeline diameter.

6.3.2.2 PROBABILITY DISTRIBUTIONS OF NEAR THE BED 

INSTANTANEOUS VELOCITIES:

The test results discussed in the previous section revealed the fact that vortices 

shed from a small diameter pipeline travel further downstream than those 

generated by larger diameter pipelines. The question still remains to be answered, 

however, what is the implication of this phenomenon regarding the shear forces 

acting on the bed. In other words, does the vortex shedding alter the distribution 

of the randomly varying instantaneous bed shear stresses acting on a bed of loose 

non-cohesive granular material. As pointed out by Grass (1970) in a study 

concerning initial bed instability, flow turbulence close to the boundary produces 

randomly varying local instantaneous bed shear stresses. These shear stresses have 

a probability distribution which determines the overall mean rate of bed local
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sediment transport. The bed shear stress is directly proportional to the 

instantaneous velocities in the viscous sublayer very close to a smooth bed. The 

present test was performed to establish the probability distributions of the 

instantaneous velocities and hence shear stresses very close to the bed 

downstream of the three test cylinders fixed with a gap ratio, G/D=0.5, above a 

fixed flat bed. The velocities were measured at a height of 0.5 mm at the different 

x/D values, using the same constant flow rate employed in the earlier tests.

The following standard log-normal, probability density function (p.d.f.) has been 

previously shown to provide a good fit to measured p.d.f.’s of the velocity 

fluctuations in the viscous sublayer under a smooth wall turbulent boundary layer.

f  . ejp {--^Q ogP -v-Ÿ
ay/2^ [ 2 o*

(5.2)

where P is a positive random variable, p and a  are the mean and standard 

deviation of log (?) respectively. A full discussion of the log-normal distribution 

may be found in standard text books on statistics (see for example Lloyd, 1980).

The probability distribution histograms of the instantaneous velocities measured 

in the viscous sublayer at y=0.5mm at three different sections of the channel (see 

figure 6.27) without the model pipelines in place are presented with the fitted log

normal distributions in figure 6.35. In this figure, the instantaneous velocities 

were normalised using the local mean velocity, Uq, (at y=0.5mm) at each section. 

It is to be expected that vortices shed from the pipelines enhance the near the bed 

velocities and hence alter the shape of the probability distribution of the 

instantaneous velocities. The velocity probability distributions for different x/D 

values using a pipeline diameter of 12.5 mm, can be seen in figure 6.33. The 

velocities are once again normalised using the upstream undisturbed mean 

velocity Üq and the upstream p.d.f.'s are shown for comparison. It shows that shed 

vortices elongate the tail of the distributions towards the higher values of U/Ü in
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particular for the smaller x/D values. The shape of the distributions appears to 

become identical with the case of the channel flow alone by moving further 

downstream of the pipeline (figure 6.32). This trend can also be identified using 

both 25 and 50 mm model pipelines and is shown plotted in figures 6.34 and 6.35 

respectively. Exception to this general trend is the case of x/D=2 for the 50 mm 

pipeline. It should be noted that, as mentioned previously, the model pipeline was 

located at the mid-depth point of the test section and therefore separated flow 

from the bottom of the model pipeline interacts with the bed exactly at this 

distance hence producing a higher velocity magnitude.

Comparison of the figures 6.33, 6.34 and 6.35 reveals that distribution of the 

instantaneous velocities for smaller diameter pipeline requires larger x/D values 

in order to become identical with the channel distribution. As can be seen in 

figure 6.36 for the case of D=12.5 mm after the relative distance of x/D=20, the 

probability distribution still demonstrates quite a large difference with the channel 

distribution whereas that of the larger diameter pipeline namely D=50 mm, 

becomes very close to the channel distribution. It can be concluded that figure 

6.36 also supports the argument put forward in section 6.3.1.4 in which scale 

effects exist for this type of the laboratory tests.

6.3.2.3 EFFECT OF BED PROXIMITY ON THE ONSET OF 

VORTEX SHEDDING

It is to be expected that when a pipeline sags inside a scour hole the gap ratio, 

G/D, decreases. This trend is also apparent from the potential flow model 

developed during this study programme (see figure 6.41, a and b). When the bed 

directly below a pipeline is eroded by the action of the enhanced velocities, the 

eroded sand particles are discharged out of the scour hole by the action of the 

shed vortices. Therefore in order for pipelines to bury themselves, the discharging 

capacity of the streaming flow downstream of the pipeline should be gradually 

decreased. When the centre of a pipeline sags gradually below the surrounding 

bed level the enhanced velocities below the pipeline reduce. Vortex shedding
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appears to be one of the most important factors in transporting eroded material 

out of a scour hole. Therefore if sand particles accumulate in front of the pipeline, 

backfill process may begin. It follows that backfill of the sagged pipeline 

commences if the vortex shedding ceases. This test was carried out to investigate 

the effect of gap ratio (G/D) on the commencement of vortex shedding. 

Considering two dimensional flow and a pipeline cylinder of diameter D, with its 

axis perpendicular to the flow, in the range of pipeline diameter Reynolds number 

(2<Re<30), the boundary layer separates symmetrically from the upper and lower 

surfaces of the pipeline cylinder and two eddies, attached to downstream side of 

the cylinder are formed. The position of the separation point remains unchanged 

provided the Reynolds number remains constant. With increase of the Reynolds 

number (40<Re<70), a periodic oscillation of the wake is observed and at a 

certain value of Re (about 90) the eddies break off from each side of the pipeline 

cylinder alternately and are washed away downstream. In the Reynolds number 

range, 10^<Re<2xl0^, the so-called sub-critical range, eddies are continuously 

shed alternately at a predictable frequency from the two sides of the cylinder and 

form two rows of vortices in its wake. This arrangement of vortices is known as 

a vortex street or vortex trail (i.e. the so-called von Karman vortex street).

The Laser Doppler Anemometer once again was used to measure the fluctuating 

velocities induced by the passage of the vortices downstream of the model 

pipeline. The measurements were taken at a height 5 mm above the bed and at 

a distance x=4D downstream of the model pipeline (see figure 6.37). The 

recorded velocities were then analyzed using Fast Fourier Transformation in order 

to obtain the power spectrum density. As mentioned previously, the position of 

the well defined peak in the spectrum corresponds to the frequency at which the 

vortices were being shed. The results of this test are shown plotted in figures 

6.38 a, b and c.

Figure 6.38 shows that the onset of vortex shedding corresponds to gap ratios of 

approximately 0.5, 0.4 and 0.3 for 12.5, 25 and 50 mm pipelines respectively.
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This trend is shown plotted in figure 6.39. It can be concluded from figure 6.39 

that the gap ratio (G/D) for onset of vortex shedding decreases with increasing 

pipeline diameter. As mentioned above sagging reduces the gap between the 

pipeline base and the bed therefore, indicating that cut off of vortex shedding for 

smaller diameter pipelines occurs at larger G/D values. It may be concluded that, 

a probability of a self-burial of small diameter pipelines is higher than that of 

larger diameter pipelines as it is the case in the field.

6.4 COMPARISON BETWEEN MODEL PREDICTIONS AND  

EXPERIMENTAL RESULTS

When the pipeline cylinder is introduced over the centre of the scour trench , the 

reduced velocities at the bottom of the trench are increased. As discussed 

previously in chapter 4, an equilibrium maximum scour depth is assumed to have 

been reached when these two effects exactly cancel each other and the velocity 

at the bottom of the trench assumes the magnitude of the free stream velocity, U 

(see figure 4.2).

The pipeline base, when in position was assumed to coincide with the undisturbed 

bed level and its diameter is taken as one unit on the vertical y scale in figure 

6.40. With the pipeline absent, for each iterated value of trench depth, h, a 

velocity profile similar to those shown in figure 6.40 was computed. The average 

value of these attenuated velocities, generated by the scour trench only, was then 

calculated between the trench bottom and the height of the top of the pipeline 

cylinder when it is in position. As can be seen in figure 6.40, the velocity 

variations across this zone are relatively small for h/D less than say 2. This mean 

velocity, U^, was then taken as a uniform approach velocity, U ,̂ and substituted 

for U in equation 4.32 and Uy computed (note that U^<U). The procedure was 

repeated until Uy= U to obtain the maximum scour depth. Alternative substitutions 

for U in equation 4.32 including the velocities (figure 6.40) at the height of the 

pipe axis (11̂ =11̂ ) and also at the bottom of the scour hole (Uy, figure 6.40, i.e. 

Ua=Uy)produced negligible variations in the equilibrium depths (see figure 6.41,
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a).

Maximum scour depths predicted by the present model are shown plotted as a 

function of trench width,W, in figure 6.42. These predictions are for a relative 

flow depth d/D=8 , corresponding to the experimental conditions for the UCL test 

data also presented in figure 6.42. Substituting an infinite flow depth, produces 

a small increase of approximately 4 percent in the maximum scour depth with 

W/D = 40,for example. Figure 6.43 shows the difference between the normalised 

velocities (Uy /U) for finite and infinite flow depth along with blockage effect. 

A primary assumption of the model is that a central strip of the scour trench bed, 

directly under the pipeline and say 2 to 3 diameters in width, is sufficiently flat 

to ensure approximate local validity of equation 4.27. This implies that the trench 

must be relatively wide compared with both its depth and the pipeline diameter. 

As discussed previously, reversing tidal flow and large amplitude wave flow 

generate very wide scour trenches which ideally match this intuitively perceived 

condition. In spite of these considerations, the present model also appears to yield 

satisfactory results for relatively narrow trenches (W/D of order 5 or less) as 

demonstrated by the close agreement with the Hansen and Mao (1986) predictions 

plotted for comparison in figure 6.42. Hansen and Mao also used a potential flow 

model which included detailed simulation of the two-dimensional bed geometry 

to predict maximum scour depth in relatively narrow trenches (W/D <10) with 

sinusoidal cross-sectional shape. As mentioned in section 2.2.4 Hansen and Mao's 

potential flow model is scour width dependent and predictions are made through 

solving an n' by 'n' matrix. For a very wide scour hole this requires solving an 

extremely large matrix, which is time consuming. These difficulties escalate when 

attempting to simulate pipeline sagging effects due to the need for multiple 

imaging for small G/D values. The comparison with the limited range of results 

from Hansen and Mao's model also serves to confirm that the predictions from 

the present model, which can be applied to the extremely wide trenches under 

consideration, appear to be insensitive to the singularities present at the sharp 

intersection points A and B (figure 4.12), where the theoretical velocity in the
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present model is infinite.

The model predictions presented in figure 6.42 clearly demonstrate the crucial 

influence of reversing flow in generating very wide scour trenches and hence 

extremely large scour depths, essential for pipeline self-burial for example. 

Maximum scour depths of approximately 1.8D are predicted for trenches with 

W/D=100. This is approximately three times the depth expected directly under 

pipelines in uni directional flow where effective W/D values of order 5 might be 

assumed based on typical observed half ' widths of the upstream scour.

Sagging at the centre of free spans brings the pipeline closer to the bed which 

further enhances the maximum scour depth whilst progressively reducing the 

equilibrium gap, G, between the pipeline and the bed. The present model can be 

readily applied to this situation and predicts maximum scour depths of 2D, 3D 

and 4D for sag lowering of ID, 2.5D and 3.6D respectively (see figure 6.41). It 

is often assumed that scouring is radically reduced when the centre of a pipeline 

span has sagged below the surrounding bed level. The above predictions 

contradict this assumption and clearly show that for sufficiently wide trenches, the 

sheltering effect is relatively small and scouring can continue to very large depths. 

As the pipe sags and the gap G reduces, the present model also indicates that 

significant adverse pressure gradients are generated upstream of the pipeline (see 

figure 4.8 for example). In viscous boundary layer flows, these pressure gradients 

will induce local reductions in bed shear stress and eventually flow separation. 

This will result in sediment deposition, cessation of scouring and onset of natural 

trench backfill all critical elements of the pipeline self-burial phenomenon. This 

phenomenon can be seen from the visualised flow in figure 6.16 for the case of 

the turbulent boundary layer flow over a smooth bed. In the study conducted by 

Grass et al. (1984) separation of the flow in the viscous boundary layer in front 

of the model cylinder was clearly visualised and is illustrated in figure 6.44. 

Aside from the constraints imposed by the rate at which a free span grows in 

length and hence the rate of vertical centre span sagging in relation to the rate at

155



which under scour takes place, the present simple model suggests an alternative 

mechanism for ultimate self-limitation of maximum scour and self-burial depth 

for seabed pipeline.

The experimental results obtained from the present study are shown plotted in 

figure 6.42. Flow velocities were such as to produce modest levels of bed load 

transport remote from the pipeline influence. Sand ripples inevitably form under 

these conditions and introduce significant scaling problems since they eventually 

grow to a height commensurate with the diameter of the model test cylinder 

(25mm and 50mm in the present tests). In spite of these conventional difficulties, 

it can be seen that the measured data are in very good agreement with the model 

predictions. This is particularly true when one considers the great simplicity and 

gross assumptions inherent in the potential flow model when compared with the 

enormous complexity and chaotic behaviour of the turbulent separating flow and 

erodible boundaries representing the reality of the scour phenomenon under study.

The extremely long time scales involved in this type of experimentation made it 

impracticable to achieve final equilibrium conditions for the scour hole geometry. 

The figure 6.42 data was therefore obtained on the assumption that a quasi

equilibrium state prevailed between the maximum scour depth and the scour 

width at particular times in the mature stages of the scour hole development. In 

the early scour stages, deposition mounds form upstream and downstream of the 

pipeline. The reversing flow separates over these and interacts with the pipeline 

to form a highly erosive bed jet. This generates large early scour depths which 

are underpredicted by the potential flow model as evidenced by the data points 

at around W/D=20 in figure 6.42. The visualised bed jet flow can be seen in 

figure 6.45 for example.

Experimental data obtained by Mao and Sumer (1986) using wave type reversing 

flow in a oscillatory tunnel at large Keulegan-Carpenter (KC) numbers 

(KC=27ia/D where a, is the oscillation amplitude) is also presented for comparison
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in figure 6.42. It can be seen that the measured scour depths are somewhat larger 

than those measured in the UCL tests and predicted by the model. These 

enhanced scour depths are probably due to the fact that during the relatively short 

oscillation period in wave flow, the wake turbulence and shed vortices are washed 

back and forwards across the scour zone. This greatly increases the local sediment 

transporting capacity of the flow compared with regions remote from the pipeline 

influence. The simple equilibrium criteria based on equality of bed velocities, 

employed in the model as an indicator of equality of sediment transport rates, 

therefore breaks down. Predictions from the potential flow model, relevant to 

reversing tidal flow conditions, can thus be considered as a lower bound for the 

wider data set presented in figure 6.42.

6.4.1 PRACTICAL APPLICATION OF THE POTENTIAL FLOW 
MODEL PREDICTIONS OF MAXIMUM SCOUR DEPTH:

The curves derived from the present model, presented in figure 6.41(b), are of 

immediate practical engineering use in pipeline span assessment. If free spans 

form due to under scour along the length of a seabed pipeline, it is essential to 

be able to estimate the maximum length to which the span is likely to grow and 

also the time it will take to do so. Following installation an offshore pipeline is 

surveyed on the seabed, usually at 1 2  month intervals to assess its general 

condition, any movement, and particularly to establish and record the position and 

dimensions of any spans and the associated scour holes.

The scour hole width is usually comparatively easy to obtain from side scan sonar 

measurements. The relative width W/D can then be calculated and the relevant 

W/D curve selected in figure 6.41(b). Assuming a particular value of gap ratio 

G/D at which scour ceases (this critical value of G/D is by no means reliably 

established and should be priority subject of future research as recommended in 

section 7.3), this value can be entered in figure 6.41(b) and the maximum span 

centre sag determined from the intercept with the selected W/D curve. Having 

established the maximum sag, the associated maximum free span length to 

produce this sag can then be computed using available pipeline deflection 

software (Grass et al 1992, Paskin 1993). This maximum span length is then 

compared with the critical span lengths for static buckling and vortex induced 

vibration. If the maximum span length exceeds either of these critical lengths then 

expensive remedial action involving span correction has to be carried out.
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0 . 0 9 9  < f  < 0 . 1 3 6
T 1 T T m j
3 4 5 6 7 8 9

T—r I TTTq
3 4 5 6 7 8 9

T—I I I T r
3  4 5 6  7 8 9

IE - 6 IE-5 IE-4 IE-3
q  ̂ (kg/s/m )

(T o c
1 / A s )

Fig. 6.2. (b) Scour time dependency on sediment transport 
rate (h=scour depth below pipeline, D=25 mm).

160



3.0
Fully levelled bed. 

Partially levelled bed. 

No bed levelling.

2.5

2 . 0

1.5

1 . 0

0.5

0 . 0
0 .25 0 .3 5 0 .4 50  05 0 15 0.50.3 0.40 . 0 0 . 2

Q

Y*

3.0

Fully levelled bed. 

Partially levelled bed. 

No bed levelling.

2.5

2 . 0

1.5

1 .0

0.5

0 . 0
3 4 5 6 7 8 9

0 . 0 0 0 1 10 . 0 0 1 0 . 0 1 0 .1

T*

Figure. 6.3 Effect o f  bed levelling on the maximum scour depth.
(Reversing flow, Uy=32 cm/s, y=25 cm, D =  25 mm)

161



3.0

D = 25 mm2.5
D = 50 mm

2 . 0

0.5

0 . 0
0 0 5 0 .15 0 .25 0 .3 5 0 .4 5

0 . 0 0.4 0.50.1 0 . 2 0.3
T*

3.0

FULLY LEVELLED BED2.5

2 . 0 D = 25 mm, T*=0.013

D = 50 mm. T*=0.0096

T"=0 013

0.5
T*=0 0096

0 . 0
3  4  5  6 7 8 9

0 .10 . 0 0 0 1 0 . 0 0 1 0 . 0 1 1

T*

(Reversing flow, Uy=32 cm/s, y=  25 cm)

Figure 6.4 Correlation o f  data for different model pipeline diameters.
(Dim ensionless reversing time for 25 mm and 50 mm  
model pipelines is 0.013 and 0.0096 respectively)

162



® —  Test 1 (Fully levelled bed)

Test 2 (Partially levelled bed)

A —  Test 3 (No bed levelling)

0 —  Raskin’s data (Partially levelled bed)

0.5 -

0 . 0
T*=0 013

- 0 —  Test 1 (Fully levelled bed)

— Test 2 (Partially levelled bed)

-A —  Test 3 (No bed levelling)

O  Raskin's data (Partially levelled bed)

-i--1—r I 11 IT'
2 3 4 S 6 7 8 9

-I-----1— t ; ; I I I
2 3 4 5  6 7 8 9

T-*—I 1 I I I I I
2 3  4  5 6 7 8 9 2 3  4  5  6 7 8 9

0 . 0 0 0 1 0 . 0 0 1 0 . 0 1

T*
0 .1

(Reversing flow, Uy =32 cm/s, y= 25 cm, D=25 mm)

Figure 6.5 Comparison of Raskin's data with data obtained from 
the present study.

163



(a)

(b)

Figure 6.6 Scour hole profiles after 9600 seconds (D=25 mm).
a) Fully levelled bed.
b) Partially levelled bed.
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Figure 6.7 Scour hole development forno bed levelling case 
at the different test times.
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Figure 6.7 Continued.
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Figure 6.16 Pipeline sagging process visualised by suspended particles.

181



Figure 6.16 Continued.
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Figure 6.16 Continued
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Figure 6.18 A typical wake flow  at the lee o f  the modified model 
scour hole.
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Figure 6.19 Simulated flow patterns round a sagging pipeline in
the presence of deposited side mounds (D=50mm).

186



Figure 6.19 Continued.
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Figure 6.20 Simulated flow patterns round a sagging pipeline in
the presence of deposited side mounds (D=25mm).

188



Figure 6.21 Simulated flow patterns round a sagging pipeline in
the presence o f deposited side mounds (D= 12.5mm).
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Figure 6.22 (a) Comparison between velocity profiles o f  
flow under the model pipeline with and 
without a bed jet flow  (h /D =2.16).
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Figure 6.22 (b) Comparison between velocity profiles o f  
flow under the model pipeline with and 
without a bed jet flow  (h/D=1.08).
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Figure 6.23 Effect o f  the relative mound height on the 
bed jet tlow.

192



a)

b)

c)

r : ; :■■ -■' ■ z ' •••

Figure 6.24 Mound height at the laboratory tests for different model 
pipeline, a) D=50m m , b) D=25 mm and c) D=12.5 mm.
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Figure 6.26 Visualised travel distance o f  the shed vortices at the lee 
o f  the model pipelines, a) D=12.5mm , b) D=25mm  and 
c) D=50mm.
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Figure 6.37 Diagram showing the position o f  the point 
in which instantaneous velocities were 
measured (y=5 mm, x/D=4).
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Figure 6.45 The visualised bed jet flow generated by separated flow  
a) D=50 mm, b) d=25 mm and c) D=12.5 mm.
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CHAPTER SEVEN 

CONCLUSIONS

7.1 INTRODUCTION:

The main conclusions drawn from the findings of the present an experimental and 

theoretical study of the mechanics of self-burial of seabed pipelines are presented 

in this chapter. The most important results of the loose sand bed tests, relating to 

both uni directional and reversing tidal flow conditions are first summarised. This 

is followed by conclusions drawn from the rigid bed scour hole model and the 

rigid flat bed tests observations. Finally the implications of the potential flow 

model predictions in relation to the process of pipeline self-burial are outlined.

7.2 CONCLUSIONS;

* The scour time scale parameter, T=D^/q, in general performs remarkably 

well in correlating the scour depth data for the different pipeline diameters 

and the wide range of sediment transport rates employed. Difficulties 

mainly arise in selecting an appropriate value of the sediment transport 

rate, %, particularly for near clear water scour conditions when the 

approach flow q, is extremely small compared with the greatly enhanced 

sediment transport rate directly under the pipeline. Sand ripples, scaling 

independently of the model pipeline diameter are also an inherent problem 

in small scale scour experiments.

* The results of the tests examining the effects of different upstream bed 

conditions which influence the approach flow boundary layer, confirm that, 

with careful removal of the bed ripple formation, larger scour depths result 

compared with the partially levelled and the no-bed levelling cases.

* It was observed that for long test durations different flow reversing times
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have negligible effect on the magnitude of the maximum scour depth 

below the pipeline. It was also found that the observed sharp increase in 

scour depth under the pipeline following initial tunnel scour stage is 

uniquely related to the effects of flow reversal and the associated 

symmetrical pattern of scour development and sediment deposition on 

either side of the pipeline. Flow visualisation photographs clearly 

demonstrated that a newly identified bed jet flow phenomenon is a 

vigourous scouring mechanism and peculiar to tidal type reversing flow 

conditions. The bed jet flow results from the downward deflection of the 

strong flow separating from the top of the deposition mounds by the 

pipeline down onto the bottom of the scour hole. LDA measurements 

confirmed that enhanced velocities below the pipeline were further 

increased by the presence of the bed jet flow in the early stages of the 

scour hole formation. This produces correspondingly increased early scour 

depths in reversing flows.

Experimental results showed that sagging at the centre of pipeline 

freespans generates increased shear stresses on the bed under the span. It 

can therefore be concluded that providing the flow upstream of the 

pipeline remains attached, scouring can continue to very large depths. LDA 

measurements have also shown that the relative travel distance of the shed 

vortices and hence the relative scour width and depth increases with 

decreasing pipeline diameter as observed in the flow visualisation and 

scour experiments.

LDA measurements further established that the final equilibrium condition 

for a particular scour hole in the field is essentially a dynamic equilibrium 

state, in which the sediment transport continuity principle is only valid 

when the full tidal cycle is considered. This implies that under equilibrium 

conditions the mean of the sediment transport rates, q̂ , at a particular 

location in the upstream half of the scour hole and the sediment transport
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rate at the corresponding position in the downstream half of the scour 

hole should equal the undisturbed approach flow sediment transport rate, 

q,, i.e. (qu+qd)/2 = q̂ . Therefore at the centre of the scour hole below the 

pipeline qu=qd̂ Qs- This essential condition forms the basis of the theoretical 

model developed during this study programme.

* A theoretical potential flow model has been developed to predict the 

maximum scour depths under seabed pipelines in reversing tidal flow. The 

model predictions are in very good agreement with measurements obtained 

from the specially designed reversing flow facility at UCL. Maximum 

scour depths are shown to increase with increasing width of the scour 

trench reaching magnitudes of 1.5 to 2 pipe diameters at the large W/D 

ratios observed for operational pipelines in the field. The model further 

indicates that sagging of pipeline freespans could double these maximum 

scour depths. The findings support the hypothesis that reversing flow, 

either from tidal or very large relative amplitude wave action, is a 

necessary condition for deep self-burial of seabed pipelines.

7.3 RECOMMENDATIONS FOR FURTHER RESEARCH;

A substantial amount of research has been carried out over the past two decades 

concerning the mechanics of pipeline self-burial. The findings from the present 

investigation has further added to the growing body of knowledge and 

understanding of this highly complex phenomenon. However, in spite of these 

advances, several important aspects of the self-burial process need to be better 

understood before a truly effective design prediction model can be developed.

In particular, very little is known about the physical processes responsible for 

final termination of the scour process under a sagging pipeline span. This 

cessation of scour appears to occur at a finite critical value of the bed gap to 

pipeline diameter ratio. Real viscous flow effects, including possible separation 

of the turbulent boundary layer in the adverse pressure gradient upstream of the
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pipeline and associated discontinuity in the bed sediment, along with disruption of 

vortex shedding and linked reduction in downstream sediment transport leading 

to deposition in the scour hole require detailed investigation in future research. 

Such experiments must avoid ripple formation upstream and within the scour 

hole. These bed features occur at a grossly distorted scale in the model relative 

to prototype conditions and will tend to strongly disrupt the subtle scour 

termination processes under study. Ripples can be eliminated using a less dense 

sediment with larger grain size.

Further work also needs to be carried out to improve understanding and to allow 

prediction of vortex and wake turbulence decay distances downstream of a 

pipeline free span. This decay process essentially determines the scour hole width 

which is governed by the enhanced sediment transport rate sustained by the 

vortex and turbulence action. Prediction of scour hole width is an essential input 

to the potential flow model developed in the present research for estimating the 

maximum scour hole depth and hence the maximum span sag and span length for 

a particular pipeline stiffness.
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Corrigenda

page.29, eqn 2.1 

page.34, Iine.2: 

page.38, line. 13 

page.48, line.2&19 

page.48, line.22 

page.72, line. 19 

page.73, line. 12 

page.74, line.4 

page.74, line.29 

page.76, line.3 

page.77, line. 12 

page.79, line.22 

page.80, line.4&7 

page.81, line.8 

page.8 8 , line.9 

page.90, line.21 

page.lll& 1 1 2  

page.ll4&115 

page. 115, line.24 

page. 116, L.24

( lf /2 g)°  ̂ should read (LP/2 g)®̂ .

"in to" should read "in the".

"Frodsoe" should read "Fredsoe".

"Fig 3.1" should read "Fig 3.2" &"Fig 3.2" should read "Fig 3.1". 

"pilling" should read "piling".

"develpoment" should read "development".

"indefinately" should read "indefinitely".

"foe" should read "for".

"vector ©" should read "vector Q".

"foe" should read "for".

"seperate" should read "separate".

"sigularities" should read "singularities".

"sigularities" should read "singularities".

"puting" should read "putting".

"Ç = 01 - 02" should read = 03 - 0 1"

"axsis" should read "axis".

"m" should read "mm".

"m" should read "mm".

"(y = 25 cm)" should read "(y = 25 mm)".

"slopping" should read "sloping".


