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SUMMARY
Whole-field kinematic measurements are presented of steep, steady waves travelling
on strongly sheared currents, concentrating on the region between trough and crest
level. For slab currents, the crest kinematics and wave parameters were found to be
correctly obtained by using Doppler shifting and standard wave theories. When the
current was sheared, the crest kinematics were found to be well predicted by adding
the results of an irrotational model to the stretched current profile. The average shear
was found to be reduced, in the presence of waves, from the undisturbed value, in
agreement with the findings and predictions of other authors. The wavelength, in all
cases, could be adequately determined using the other wave parameters and Doppler
shifting, given the surface value of the current.

6

Chapter 1

1. Introduction
1.1 The Importance of Wave/Current Interactions
Knowledge of representative wave kinematics is crucial in the design of offshore
structures, as loadings depend heavily on the local velocities and accelerations in the
water [Prathofer, 1990, Morison, 1950]. Most waves are generated by the wind, and
there is some limited evidence for a strongly sheared, wind-driven current near the
surface, during storms [Griffiths, 1990, Richman, 1987]. As high winds and high
sea states invariably coincide, it is important to study the combined kinematics of
such cases.
The present study is concerned with laboratory measurements of regular waves on
strongly sheared currents, with parameters representative of those which might be
found in the real sea.
1.2 Work to Date
The combined kinematics of waves and currents have been approached theoretically,
numerically and experimentally. A good review of recent work is contained in [1]. A
complete treatment for regular waves travelling on uniform currents in contained in
[Fenton, 1985].
Recently, numerical and analytical approaches have accommodated non-uniform
current to varying degrees. Uniform vorticity (constant shear) has been include in
fully-nonlinear time-stepping models [Teles Da Silva, 1988]. The combination of
steady waves with linear and bi-linear currents has been tackled numerically
[Dalrymple, 1989, Eastwood, 1989]. Steady wave computations have been extended
to include currents of arbitrary profile [Chaplin, 1990] [Thomas, 1990].
Experimental studies have been few and limited, with notable exceptions [Swan,
1990]. In that study, measurements were made of the combined kinematics of
medium amplitude waves on extremely sheared currents. The measurements were
made using Laser Doppler Anemometry (LDA), extending up to the trough level
only. The range of velocities due to the current was one or two times that due to the
wave kinematics, in all cases, and fair agreement was obtained with the predictions
from Chaplin's model.
Other experimental work includes [Thomas, 1990] , where good agreement was
obtained between laboratory measurements and numerical predictions for weakly
sheared currents. Good experimental measurements have been reported [Kemp,
1983] on the interaction of waves and non-uniform current. In that study, which
concentrated on the effects near the bed, it was noted that the mean shear in the wave
zone was reduced in the opposite direction from the wave propagation. Particle
Image Velocimetry (PIV) has previously been used to measure the combined
kinematics of small waves and currents [Grant, 1989], but the PIV measurements
were disappointing compared with those obtained with LDA, and the study
inconclusive.
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1.3 Existing Design Practice
The Department of Energy has produced Guidance Notes on the ways of including
currents into design [2]. This document gives methods for obtaining the best
estimates for different currents in a variety of circumstances. At present, all current
combinations are simplified to bi-linear profiles, whose parameters are given by
empirical rules.
The present recommendation for obtaining the combined kinematics [2], is to
estimate the bi-linear current, then to use a suitable, complete wave/current theory to
calculate the kinematics. Alternatively, a method of stretching the current to the free
surface is given, which is then added to the kinematics generated by an irrotational
model.
1.4 Layout of the Report
In order to aid the reading of the report to different levels of detail, it has been layed
out as follows.
Chapter 1 gives a brief introduction to the subject of the experimental study and
attempts to put the current work into context. Chapter 2 contains the conclusions
and recommendations emanating from the study in a concise form. Chapter 3
presents the main results without delving into experimental details. The report
should be read to this point if only the main results and conclusions are required.
Chapters 4 and 5 describe the experiments and the analysis of the experimental data.
They directly support the main results presented in Chapter 3, so have been included
as chapters, but can be regarded as Appendices if the experimental details are not of
interest to the reader.
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Chapter 2

2. Work Scope and Conclusions
2.1 Work Scope
The aims of the experimental study and the work carried out to achieve these aims
are summarised by the following items
a) Confirm Doppler Shifting for Uniform Currents
It is known, initially from acoustics, that the dispersion relationship is only satisfied
if a wave is observed from a frame of reference moving with the bulk velocity of the
medium. It follows that the wave kinematics should be evaluated in that frame of
reference, then added to the current velocity to obtain the kinematics required for
loading estimations.
In this section of the study, parametric quantities and kinematics were measured for a
slab current profile.
b) Measure the Parameters of Regular Waves
The correct Doppler shift for a sheared current is not known, therefore the change in
parameters is not obvious. In this section wave elevation, period and length were
measured for sheared current profiles.
c) Measure the Kinematics for a subset of Steep, Regular Waves on Strongly
Sheared Currents
Unlike the case of Doppler shifting for slab currents, the best method for calculating
the combined effect of wave and sheared current kinematics is not known.
Measurements were made of the combined wave and current profiles for a number of
key wave heights and periods.
d) Compare kinematics with predictions using existing design practice.
The results of combining irrotational numerical predictions with the stretched current
profile were compared with the experimental kinematics.
e) Make recommendations about future research
The recommendations for further study in this field are summarised in section 2.3.
2.2 Conclusions
The following conclusions were drawn from the experimental study, and apply to the
range of wave/current conditions investigated in the project.
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a) Doppler Shifting
Ÿ

Doppler shifting correctly predicted the wavelengths measured on
the slab currents.

Ÿ

Standard wave theories in the frame of reference of the current
correctly predicted the kinematics under the crest.

b) Wave parameters on sheared currents
Ÿ

It was found that, even for a strongly sheared current profile, the
wavelength was determined adequately by assuming Doppler shifting
with the current value at the surface.

c) Kinematics on sheared currents
Ÿ

The current profile obtained by averaging over the whole wave cycle
is less sheared than the undisturbed current profile, towards the same
source.

Ÿ

The underlying current has approximately the same profile at each
phase of the wave.

d) Comparisons with prediction
Ÿ

Using an irrotational, high-order, numerical model, for waves with
the same height and wavelength, combined with the stretched current
profile, adequately predicted the crest kinematics for the test cases
covered (strong shear, steep waves, intermediate water depth).

Ÿ

There is some evidence that it is wrong to
mass-conservation when stretching the current profile.

applying

2.3 Recommendations
The following items are recommended for future research studies
a) Irregular wave tests
It has been shown in other studies [Sutherland, 1990] that groupiness affects the
limiting height and kinematics of waves. It is probable that a combination of
groupiness and current will severly limit the height at which breaking occurs.
However, the limit is set by the kinematics at the crest and these may be higher than
linear theory and stretching would allow. Two possible investigations could be
undertaken: firstly, a strictly controlled experiment with wavegroups and currents,
and secondly, a random sea test with current superimposed.
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b) Field measurements
There is very little evidence for the shape of the current profile at the surface from
field data. There is none at all for the extreme shears predicted to exist by some
authors and modelled by others. Given the dominant effect of surface current on the
wavelength determination, it is very important that this issue be resolved by
measurement offshore.
c) 3-D wave/current interaction
If a suitable facility can be found it is desirable that measurements be made of 3D
waves on sheared currents which are not necessarily co-linear. Note that the shear
may not be co-linear with the mean current direction. This introduces a large number
of variables and it is recommended that this should not be attempted until the effects
of 2D randomness have been resolved.
d) Numerical studies
A numerical models have been developed which can accommodate sheared currents.
A useful study would consist of the comparison of the available methods, along with
an engineering assessment of the merits of the current stretching approaches
compared to the full numerical treatments.
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Chapter 3

3. Main Results of the Experimental Study
3.1 Summary
Experimental results are presented which show how the combined velocity fields
obtained when steep waves travel on strongly sheared currents differ from
irrotational predictions. This is shown via a number of stages.
Initially, experimentally obtained kinematics of steep waves, in the absence of a
current, are checked for consistency against a high-order steady wave model. Then
the kinematics measured with waves riding on a uniform current are compared with
numerical predictions after suitable shifting of the frequency. Next the combined
kinematics of steep waves and strongly sheared currents are plotted along with the
results of adding the predictions from the irrotational model to the stretched current
profile. Such comparisons are present under the crest in all cases, and under the
whole wave in a case which was studied in more detail. Finally, average current
profiles obtained from the combined kinematics are compared with the undisturbed
current profile, for a few cases.
3.2 Checking of the Kinetic Measurements with an Irrotational
Numerical Model
While it would be possible to conduct an entirely experimental study of the difference
between waves in the absence and in the presence of sheared currents, in practice it is
more convenient to make use of a suitable numerical model. The main reasoning
here is that, until the later stages of analysis, the parameters of the irrotational wave
to be compared to the sheared case are not known. It is generally much easier to
rerun a numerical model with new parameters, than to undertake further experimental
measurements.
Checking the experimental measurements of steep, steady waves, in the absence of
current, against a numerical model has an additional major benefit. If the two
approaches are found to be consistent then some confidence in the quality of the
experiments and the correctness of the assumptions in applying the model is gained.
In the tests, care was taken to ensure that the measurements were accurate, and that
the waves were steady and free from reflection. An overall assessment of these
effects is obtained by checking against a suitable numerical model.
Kinematic measurements were conducted, in the absence of current, for six waves
with similar parameters, of height and wavelength, to those used in the tests with
currents.
The main parameters of the waves are summarised in dimensionless form in table
3.1. The irrotational numerical model used for comparison was developed by
Klopman [Klopman, 1991], based on the theory of Rienecker & Fenton [Rienecker,
1981] and was used to generate velocity profiles for the waves, in the frame of
reference where there is no overall mass flux.
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The experimental measurements of the horizontal velocity component under the crest
are plotted in figure 3.1 for the wave cases in the absence of current, along with the
numerical predictions. The plots for cases 0 to 3 are the average of two repeats of
the same wave cycle in the wavetrain. The variation between the repeats is smaller
than the symbols marking the data points. The position of the wave crests in the
respective wavetrains can be found by referring to figure 4.7, in chapter 4. Of the
cases for which measurements were also made later in the wavetrain the agreement
for case 3 was better, and for case 0 worse, probably due to reflection.
The discrepancies ranges from about 1% for the central wave case, to about 4% in
the worst case, with these errors being defined from the differences and absolute
velocities near the crest. These discrepancies should be borne in mind when
assessing the later comparisons.
Along with the horizontal velocity profiles, the wavelengths of these irrotational
waves were measured. The discrepancy between the measurements and that expected
from theory ranged from less than .1% to 3%, being greatest at the lowest and
highest frequencies. The measured wavelengths and their differences from prediction
are covered in table 5.1.
3.3 The Use of Doppler Shifting
3.3.1 Doppler Theory
If waves travel on a uniform current, or if waves on otherwise still water are viewed
by a moving observer, then their frequency is modified according to Doppler theory
[Doppler, 1842].
Consider a steady wave with wavelength P . If this wave has frequency ƒ1 when
observed in a given frame of reference S1, then an observer in a second frame of
reference S2, moving with velocity u, measured in the direction of wave propagation
and relative to S1, will measure an apparent frequency ƒ2, given by the Doppler
formula

ƒ2 = ƒ1 -

u
P

(3.1)

In the frame of reference where there is no underlying flow, the frequency and
wavelength are related by the dispersion relationship. For small wave heights, that
relationship is

z2 = gk tanh kh
where p = angular frequency

(3.2)
= 2oƒ
=

2o
P

k

= wave number

g

= acceleration due to gravity

h

= water depth
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3.3.2 The Checking of Doppler Shifting on a Uniform Current
Experiments were performed on currents whose profiles were approximately uniform
in the top half of the water depth. Horizontal velocity profiles beneath the crest are
plotted for the reverse current cases in figure 3.2 and the forward current cases in
figure 3.3. Each plot shows the experimental measurements, the almost uniform
current profiles and velocity profiles generated numerically by Doppler shifting the
frequency to the frame of reference moving with the current. Also shown is the
combined profile obtained by adding the numerical values to the (stretched) current
profile.
The horizontal lines in the plots represent the scatter found between repeats of the
same cycle of the wave in each wavetrain and between earlier and later cycles. Refer
to figure 4.8 for the number of repeats and the timing of the photographs within the
wave packet.
It can be seen that the crest kinematics are well predicted within the value of the
experimental errors, for the reversing current. The agreement is less good for the
forward current case, particularly above the trough level. This may be due to
interaction between the wave and current generation being advected down to the
measurement zone, or may be due to the turbulence present in the current.
3.4 Waves on Sheared Currents
Tests were conducted with lightly sheared and strongly sheared currents, over similar
ranges of wave frequency and wave steepness to those used in the earlier, shear-free
cases. The dimensionless parameters of the wave/current cases studied are
summarised in table 3.1.
3.4.1 Effect of Sheared Currents on Velocity Profiles Under the Crest
The experimentally measured velocity profiles under the crest for lightly sheared and
strongly sheared current conditions are plotted in figures 3.4 and 3.5, along with
numerical predictions. Each graph contains the undisturbed current profile, the
velocity profile under the crest for the combined flow1, a numerically generated
profile for an irrotational wave with the same height and wavelength, and the
numerical data combined with the stretched current profile.
The experimental values were obtained by averaging over repeats of the same waves
in the train, at each of two different cycles in the progression. This is described fully
in chapter 5, along with other details of the data manipulation, and the number of
repeats for each plot can be discovered from figures 4.9 and 4.10. The horizontal
lines in each plot represent the experimental scatter.
The numerically generated velocity data was for waves with the same height and
wavelength as those measured experimentally. This approach is slightly different
from that adopted for the cases in the absence of current and on uniform currents,
where the current velocity was used to obtain the appropriate wave parameters, given
the wave frequency and height in the laboratory frame of reference. The approach
differs because the velocity value which should be used for the Doppler shift on a
sheared current is not known. A treatment using the value of the current at the
1

all of the experimental data has been shifted by a constant amount, see chapter 5.
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surface for the Doppler shifting was attempted for the sheared current cases, yielding
plots which are almost identical to those shown in figures 3.4 and 3.5.
The current profile under the crest was obtained by linearly stretching the
undisturbed current profile to the surface. The current value at a given height above
the bed was moved to a new location by multiplying the distance from the bed by the
factor (1+CN/h), in accordance with [2]. The crest elevation, CN, was obtained
numerically and the water depth, h, is known. No modification to conserve mass has
been applied.
A slightly less arbitrary scheme for stretching the current profile, based on the water
orbital excursions at each level was attempted, but the difference from the linear
stretching was negligible.
In the graphs there is good agreement in all cases, with the predicted values for the
combined wave and current velocities lying within the experimental scatter.
3.4.2

Effect of Sheared Currents on Velocity Profiles Under the
Whole Wave

While the horizontal velocities near the crest lead to the highest loadings and are
therefore the most important for design purposes, the velocity field throughout a
complete wave cycle or wavelength is also of interest. For the more central
wave/current cases, the wave kinematics were analysed in greater detail, and
composite velocity fields constructed over a complete wavelength. Velocity data was
then generated with an irrotational numerical model [Chaplain, 1980], with the same
wave height and wavelength as those measured experimentally. This numerical data
was then subtracted, point by point, from the experimental values to yield the
underlying current.
In order to check the sensitivity of this method, the procedure was first tried for one
of the waves in the absence of current (case 2), where the underlying current should
be zero. The residual current obtained after subtracking the numerical data is plotted
in figure 3.6 at various positions within the wave. In this case experimental data was
only available over three-quarters of a wavelength, but since this includes both
trough and crest, and the wave is expected to be symmetric, there is no loss of
information.
The agreement between the experimental and numerical velocity data in this
irrotational case is remarkably good. The maximum velocity in the crest is plotted
for comparison with the small discrepancies.
Figure 3.7 shows the results for a similar treatment to one of the wave cases on the
strongly sheared current (number 17). Again the numerical data has been subtracted
to leave the residual current, which is plotted by averaging bands within the
wavelength. For comparison, the stretched current profile is also plotted at each
position.
In the whole of the crest region, the estimated residual current matches the stretched
current profile, as expected from the crest profiles shown earlier. However, in the
trough, stretching predicts an increase in shear, which is not supported by these
experimental results. If anything, the shear is reduced in the trough compared to the
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value in the undisturbed current. Similar trends were found for the wave/current
cases with similar steepness at higher and lower frequency. In addition, the residual
current estimate from the vorticity field in chapter 5 is very consistent with the trends
shown in figure 3.7.
The success of current stretching in the crest seems a little fortuitous. No
combination of current profile stretching and mass conservation can predict the
experimental values satisfactorily over the whole wave, although the good agreement
near the crest may be adequate for design purposes. The behaviour presented
through the wave cycle should be predictable by the full numerical treatments.
3.4.3 Averages from the Whole Wave
Complete vector maps under the waves were produced for wave/current cases 15, 17
and 19. From each of these velocity fields the mean eulerian velocity was estimated
by summing the vectors over the complete wavelength, including the crest, and over
the full depth. The mean velocities obtained in this way differed from those present
in the undisturbed current by .01ms-1 to .02ms-1. These discrepancies are quite small
and are most likely to be accounted for by the missing vectors in the area under the
crest and near the surface.
For each case where velocity data was available over the full wavelength, averages of
the horizontal velocity component were obtained at each level, by averaging the
vectors over the complete wave. The mean horizontal velocities obtained in this way
are plotted in figure 3.8 along with the undisturbed current profiles for comparison.
The estimated mean eulerian velocity due to the wave has been subtracted from all
the experimental data, in order that the true residual mean current should be revealed.
In each of the graphs the same trend can be seen - the shear found by averaging over
a complete wave is less than that present in the undisturbed current, the reduction
being in the opposite direction to the wave propagation. This effect has been
measured by Kemp and Simons [Kemp, 1983] and is predicted by Klopman
[Klopman, 1991].
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Top shear
Case

Current

¹u
¹z

P
g

h/ P

H/ P

h
gT 2

%age of
limiting
steepness

0.2970
0.4741
0.4615
0.4467
0.6471
0.6198

0.0825
0.0563
0.0823
0.1064
0.0800
0.1018

0.0489
0.0764
0.0765
0.0764
0.1101
0.1101

58.8%
34.9%
52.4%
70.0%
51.0%
67.7%

0
1
2
3
4
5

No current
No current
No current
No current
No current
No current

6

Uniform, reverse

(0.094)

0.4213

0.0752

0.0703

48.6%

7
8

Uniform, forward
Uniform, forward

(0.028)
(0.022)

0.3178
0.4839

0.0569
0.0574

0.0474
0.0738

37.2%
33.7%

9
10
11
12
13
14

Weak shear
Weak shear
Weak shear
Weak shear
Weak shear
Weak shear

0.053
0.044
0.045
0.046
0.038
0.039

0.3138
0.4545
0.4438
0.4190
0.6250
0.5952

0.0870
0.0536
0.0794
0.0989
0.0779
0.0984

0.0503
0.0732
0.0731
0.0705
0.1040
0.1018

59.7%
33.3%
50.4%
64.4%
48.7%
63.3%

15
16
17
18
19
20

Strong shear
Strong shear
Strong shear
Strong shear
Strong shear
Strong shear

0.226
0.175
0.183
0.184
0.159
0.156

0.2717
0.4518
0.4121
0.4098
0.5515
0.5725

0.0751
0.0535
0.0729
0.0976
0.0686
0.0929

0.0419
0.0728
0.0671
0.0687
0.0906
0.0970

53.7%
33.2%
46.4%
63.6%
42.8%
59.4%

Table 3.1: Non-dimentionalised wave parameters. Note thatT has been obtained
from H and P using irrotational theory.
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18

19

20

21

22

23
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Chapter 4

4. Experimental Procedures
4.1 Summary
A new wave flume capable of producing deep water waves combined with forward or
reverse currents with various profiles is described. The present study concentrated
on sheared currents corresponding to those driven by the wind, and these were
generated experimentally by introducing a flow opposed to the waves along the
bottom half of the flume, followed in the analysis by a shift of reference frame.
Experimental measurements of the combined wave/current kinematics were made
with the wholefield technique, Particle Image Velocimetry (PIV). In the experiments,
measurements were made once the waves were steady and before reflections came
back. Experimental errors and other limitations of the tests are assessed.
4.2 The Experimental Facility
4.2.1 The Wave Tank
The use of PIV in the experiments necessitated the construction of a new wave flume,
which was designed, built and commissioned during the project. The tank was design
to be suitable for experiments with deep-water waves, and had to fit within the
available laboratory. These considerations led to the flume having depth .750m,
length 9.770m and width .400m.

Figure 4.1: Wave flume used for the kinematic experiments
The wave flume is sketched in figure 4.1. Waves travel from right to left and are
normally absorbed by a mesh beach, although this was not used in the present study.
Current can be injected below the wave-maker, or from the end of the tank. The tank
has glass walls and a glass bed, necessary for the kinematic measurements, which
can be made in either second or third bays.
4.2.2 Wave Generation
Waves are generated under computer control by a wave paddle of the hinged type
[Salter, 1982]. The force on the paddle is specified, through a high-gain feed-back
loop, by the wave-generating computer and has excellent repeatability. The paddle
has an additional control term, produced by filtering the velocity of the paddle, which
leads to reflected waves being absorbed to a large degree.
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The computer which generates the wavefields can also sample analogue input
channels and trigger other measurement devices, such as a camera. All these
processes can be synchronised together and are available in a software library.
Programs are easily produced which automatically sweep through a set of
experimental tests, for example, a range of wave frequencies and steepnesses.
4.2.3 Current Injection
The overall flow rate and the direction of current is controlled by four valves in a
piping network which joins the wave flume to a centrifugal pump. The pump was
chosen to be able to deliver up to 85 litre/s, which corresponds to a bulk flow in the
tank of around .28m/s, but the presence of the valves in the network restricted this
maximum flow rate to about .25m/s. The pipework connects to the flume at two
places  beneath the wavemaker and at the far end of the tank  and by setting the
appropriate valves the direction of the flow is selected.
When the flow is introduced beneath the wavemaker it first encounters a volume
filled with plasticised chicken wire, which breaks up the large scale turbulence. The
current then diffuses through a 2m long porous lid which is positioned flush with the
bed of the flume, and immediately in front of the wavemaker.
In most of the tests the current entered the tank at the end away from the wavemaker.
Here, the inlet is arranged so that the flow enters a settling chamber vertically, at the
bed level of the rest of the tank. Due to space constraints, the settling chamber could
not be very large and having a contraction, while desirable, was impractical. As well
as reducing the overall level of turbulence of the current, the chamber needed to
shape the current profile.
The elements in the settling chamber are shown in figure 4.2. On entry to the
chamber the flow first encounters a number of levels of thick plastic mesh (skeletal
foam, 10 pores/inch) held horizontally by a rigid frame at five levels up to the water
surface. These have the effect of breaking up the flow and forcing it to become
horizontal in the direction of the wave generator. Next in that direction, there is
another mesh, 50mm thick, held vertically and reaching from the bed to above the
water surface. There follows a 90mm gap, then a final vertical mesh. Before the
final mesh, baffles can be placed to shape the current profiles.
4.3 The Particle Image Velocimetry Measurement Technique
In Particle Image Velocimetry (PIV), small seeding particles are introduced into the
flow being studied. Multiple images of these particles are recorded onto film by
successive illumination of a measurement plane within the flow. The photograph is
then developed and the separations of the individual images of the same particles
discovered. With a knowledge of the illumination interval and photographic
magnification, the instantaneous flow-field over the whole measurement area is then
determined. PIV has been previously used by the authors to make accurate
measurements of the flow fields present in breaking waves [Skyner, 1990].
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Figure 4.2 Settling chamber used to reduce turbulence and to shape the current
profiles
4.3.1 The PIV Illumination System
The wave flume is equipped with a scanning beam illumination system [Gray, 1991]
which allows PIV measurements to be made in the plane of the orbital motions of the
waves. Photographs of the flow are taken through the side wall of the tank. The
illuminated plane extends from the bed to the water surface, is 1 metre wide, and
about 2mm thick. The measurement zone lies half way between the side walls of the
flume and can be positioned anywhere in the second or third bays.
The main components of the scanning beam system are a high-speed rotating mirror
and parabolic recollimating mirror. The high-power laser beam enters the box
housing these components and passes through some beam narrowing optics before
encountering the eight-sided rotating mirror. The beam is thus scanned in 90 degree
arcs. The long parabolic mirror is positioned to direct the beam directly upwards
into the flume, with the result that the beam scans the measurement zone at a rate
which can be set in the range 1-10 ms.
The illumination is provided by a 15W continuous-wave argon-ion laser, which is set
up in an adjoining room. The beam is directed to the scanning beam system by a
succession of steering mirrors and the beam path is totally enclosed.
4.3.2 Acquisition of the PIV Photographs
A Hasselblad 500EL/M camera with an 80mm lens was used for all of the tests.
This was positioned about 1.7m away from the illuminated plane, with the camera's
view centred .2m below the water surface. In this way the whole of the 1m wide
plane was imaged, from the bed to the water surface. In the majority of the tests the
middle of the measurement plane was set up at a position 5m down from the
wavemaker. Small crosses were placed on the glass walls of the flume to allow
accurate registration in the subsequent analysis of the negatives. The exact
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magnification of the photographs was determined by placing a rectangular grid in the
measurement zone, taking a picture, and measuring the grid spacing on the developed
negative. Distortion, due to the camera lens and air-glass-water interface, was not
measured. However, this is thought to be small, as a geometric set-up was similar to
that used by Gray [Gray, 1989] where the net distortion was found to be negligible.
The seeding used in the experiments was conifer pollen. This is almost exactly
neutral buoyant, quite reflective, and, at about 70 µm, small enough to follow the
flows being studied sufficiently accurately. The seeding density has to be sufficient
to yield about ten particle pairs in each interrogation zone of the negative. In
practice, the seeding level is set with a knowledge of how much produced good
results in the last test. Small bubbles were produced by air entrainment through the
pumping system, which scattered light in the measurement zone, and caused some
concern in case they interfered with the measurements. However, their upward drift
was very small, and no adverse effects were found on inspecting the results of the
PIV measurements.
Parameter
Aperture
Shutter speed
Laser power
Film speed

Setting
f4
1/30s
12W
400ASA

Table 4.1: Settings used in the PIV experiments
The optimal settings for the camera where found by a series of focussing and
exposure tests. Given the tiny size of the particles, good focussing is essential. The
exposure of the particle images on to the film depends of factors: the magnification,
the dimensions of the illumination zone, the laser power, the film sensitivity, the
scanning rate and the camera aperture. For the range of velocities covered in these
tests, the optimal settings are summarised in table 4.1, along with other PIV
parameters used in the study.
PIV has a limited dynamic range. If the particle images are too close on the film,
they overlap and cannot be resolved. If they are too far apart, they are difficult to
correlate. In order to make the most of the available dynamic range it is necessary to
estimate the maximum velocity, then calculate the illumination interval required so
the resulting particle image separations are just resolvable.
For each of the wave/current combinations being tested, the maximum combined
velocity and hence the best illumination interval was estimated. In some of the cases,
the estimate was discovered, on analysing the photographs, to be too high. In such
cases, in order to improve the minimum resolvable velocity, the experiments were
redone with the improved knowledge of the maximum velocity.
Small velocities were present in interesting portions of the flow in some of the tests,
due to the reverse current and the wave orbitals producing an instantaneous
stagnation point. The difficulties associated with these zones could have been
avoided with the use of a shifting technique, but a suitable implementation was not
available.
4.3.3 PIV Analysis
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The photographic negatives containing the velocity information were analysed using
the Young's Fringe method [Huntley, 1986]. In the current implementation at
Edinburgh, small portions of the negative, about 1mm in diameter, are interrogated in
turn by a low power laser beam, under the control of a microcomputer. If there are
sufficient exposures of enough particles in the interrogation area (IA), and the
velocity gradients are not too great, then the diffraction patterns formed by the
particle images are fringes whose separation is inversely proportional to the mean
particle displacements and whose orientation gives the direction of fluid flow. The
fringe patterns are captured via a CCD camera and processed to determine the local
velocity. The negative is moved around by two orthogonal translation stages, under
computer control, so that a grid of velocity vectors is built up. Each point takes
about 7 seconds, and a detailed map, containing 50x50 vectors, takes around 5 hours.
Given the time taken to process a complete negative, it was impossible to analyse all
of the pictures taken, about 200, over the full frame. However, the most interesting
part of the combined flow fields is under the crest, so many of the photographs were
analysed over a thin strip in this region. The more important wave/current cases
were analysed over the full field.
Analysis Procedure
All of the negatives obtained in the present study were analysed in the standard
manner on a grid whose spacing was equivalent to 20mm steps in the measurement
zone. Given the photographic magnification of 19.75:1, this corresponded to steps of
just over 1mm on the negatives. This magnification also implies that each velocity
vector obtained was the average over an area in the flow with diameter 20mm. The
absolute positioning of the vector maps was ensured by making use of the
registration marks present on the negative, resulting from the positioning crosses on
the tank.
Having obtained velocity fields from each negative, spurious vectors were eliminated.
This was done by removing vectors whose magnitude was less than a preset
minimum value, whose reliability level was too low, and those which were
inconsistent with their neighbours. The directional sense of each vector was set
making use of an a-priori knowledge of the fluid flow, and by ensuring that
continuity applied through the velocity field.
Figure 4.3 shows an example PIV vector plot of the strongly sheared current in the
absence of waves. Because the velocity gradients are small and the magnitude of all
the velocities is comfortably within the dynamic range, all points within the field have
been accurately recorded. The direction of all the velocity vectors is readily set as it
is known, a-priori, to be towards the wavemaker.
Figure 4.4 shows a vector plot obtained for a wave riding on the strongly sheared
current, whose bulk flow was opposed to the waves. The resulting stagnation zone,
under the crest, can be seen in the centre of the plot. PIV measurements were not
possible here, as the particle images were overlapping. Around the stagnation point,
the direction of the velocity vectors can be seen to change smoothly. The sense of all
the vectors was set by ensuring that this happened, and by knowing the direction of
the velocity under the crest, or near the bed. Other features of this typical plot
include odd missing vectors due to high velocity gradients, low seeding density or
other noise problems.
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4.4 Experimental Parameters and Procedures
The experimental programme was planned to cover a range of current and regular
wave settings. Consideration of the time involved taking and analysing the PIV
negatives, lead to tests being conducted over a limited range of parameters.
4.4.1 Selection of the Current Profiles
The main current cases attempted were:
Ÿ

No current

Ÿ

Uniform, reverse

Ÿ

Uniform, forward

Ÿ

Weak shear, in the wave direction

Ÿ

Strong, shear, in the wave direction

Since the project was concerned primarily with the interaction of top-sheared currents
with wave kinematics, only the top half of the current was assessed when trying to
generate the different current profiles.
In the case of the sheared current, it was hoped to achieve a profile of the same form
as the bilinear ones proposed by the Department of Energy [2]. Such a profile is
shown in figure 4.5, obtained by assuming the wind speed to be 40 ms-1, the storm
surge current to be 0.6 mg-1, and the water depth to be 75m. It was not possible to
obtain a profile in the tank with exactly this form. However, the bulk flow effects
were expected to be described accurately with the use of Doppler shifting, and
therefore the profile which gave the largest shear near the surface was sought.
Obtaining sheared profiles with the desired, overall characteristics was found to be
reasonably straightforward. The current inlet was baffled in different ways, and the
effects noticed by eye. Obtaining a more accurate measure of the profile was more
involved, as the full PIV process had to be used each time. Because the technique
uses photography, requires the tank to be regularly cleaned, and involves a lengthy
analysis, it is not very well suited to the iterative task of obtaining a required profile.
It was found that very strong near-surface shears could be generated close to the
current former, but they weaken as the current travelled down the tank. Because of
the potential problems of reflection if waves were to be measured near the current
former, these currents had to be dropped, despite their promising form.
The four current profiles selected for the kinematic tests are shown in figure 4.6. In
each plot the mean current profile is plotted along with error bars showing the
turbulence level. The mean values were obtained by averaging along each horizontal
level in the 1m wide measurement zone for a number of repeats of each current
condition. The turbulence level is shown as the standard deviation of the
experimental data. The true mean of the current should lie within bounds an order of
magnitude smaller than those shown. Various current statistics are covered in table
4.2.
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The most important current profile, the strongly sheared case, can be seen to have an
approximately linear profile in the top half of the water depth. The weakly sheared
profile is a somewhat less ideally behaved, and similar in form to the uniform reverse
current case. The uniform, forward current has an almost constant profile in the top
half of the flow. In each of the profiles, the boundary layer at the bed can be clearly
seen, but, as all features in the bottom half of the flow are irrelevant to the present
study, should be disregarded.
The strongly sheared profile shown in figure 4.6 is for cases 15, 17, 18 and 20. The
current profile associated with case 16 and 19 is not shown in figure 4.6, but can be
found by referring back to figure 3.8.
4.4.2 Selection of the Wave Parameters
The main wave considered was one with frequency 1Hz, and height corresponding to
60% of limiting steepness. Six other cases were considered in addition to this central
case by varying the frequency to 0.8Hz and 1.2Hz, and by changing the steepness to
40% and 80% of the limiting value. All of the wave conditions aimed for were
selected from those indicated in table 4.3. The actual steepnesses achieved were all
slightly less than those aimed for, as the wavelengths were estimated, at this stage,
with linear theory.
< ux > < uz >
Current
Uniform, reverse
Uniform,
forward
Weak shear
Strong shear I
Strong shear II
Current

Uniform, reverse
Uniform, forward
Weak shear
Strong shear I
Strong shear II

Cases

rvx

rvx

Repeats

6
7,8
9-14
16,19
15,17,18,20

Top shear

3
3
5
7
6

(ms-1)

(ms-1)

(ms-1)

(ms-1)

-.2395
.2695
-.1720
-.2498
-.2421

-.0045
.0030
-.0042
-.0100
-.0079

.0078
.0088
.0087
.0122
.0145

.0064
.0094
.0054
.0106
.0098

Top shear

Turbulence
level
3.3%
3.3%
5.1%
4.9%
6.0%

z m −.14m

z m −.20m

z m −.40m

Top shear

Maximum
velocity

Surface
Current

(s-1)
0.25

(s-1)

(s-1)
0.090

(ms-1)
-0.27
0.345
-0.198
-0.303
-0.304

(ms-1)
-0.219
0.345
-0.142
-0.139
-0.134

0.022
0.276
0.622
0.448

0.108
0.425
0.427

Table 4.2: Current statistics
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40%
60%
80%

0.8Hz

1.0Hz

1.2Hz

ü
ü

ü
ü
ü

ü
ü

Table 4.3: Wave parameters aimed for in the kinematic tests
It was thought desirable to attempt to achieve as closely as possible the same way
conditions for each of the current cases. This leads to an immediate difficulty: to
match the wave conditions correctly, the wave frequency in the appropriate frame of
reference should be the same. In the case of uniform currents the appropriate frame
is the one travelling with the mean current, and the wavemaker frequency necessary
to produce this frequency in the moving frame is given by the Doppler formula
(equation 3.1). For the sheared current cases, the choice of appropriate reference
frame was more difficult, and was guessed. In all cases, there was the additional
problem that the current profile was not know exactly at the time of the experiment
planning.
Obtaining the Combined Wave/Current Conditions in the Flume
Once the wavemaker frequency was decided upon, the wavelength was estimated and
the corresponding wave height determined, given the required steepness. This was
then achieved in the wave flume in an iterative manner: the drive signal to the
wavemaker was estimated using the standard, still-water transfer function, then
modified until the desired wave height was produced.
Since it was found to be impossible to use a conventional beach for the sheared
current case, because it would interfere with the profile, all the testing was carried
out once the wave train had become steady and before reflections had returned from
the end of the tank. The available time window was estimated using the group
velocity of the wave train, taking account of the estimated doppler shifts and current
velocity. It was found that, especially with the steeper waves, the leading wave in the
train would break unless the drive amplitude was gradually ramped up to its steady
value. This was done in software, and taken account of in the estimation of the
available time window. To be on the safe side, the time window was reduced by 1
second at the start, and 2 seconds at the end.
Having gone through the procedure described above the waves were generated in the
tank. The surface elevation timeseries was measured in the centre of the zone where
the PIV pictures were to be taken, with wavegauges of the conductive type. Two
wavegauges were placed across the flume, to reduce the spurious effect of cross
waves, and their signals averaged. The gauges were sampled over the maximum,
whole number of waves which passed during available time window. In order that
the signals might be processed with the Fast Fourier Transform (FFT), the sampling
rate was selected in the range 40Hz to 80Hz, so that the integral number of waves
corresponded to 2N samples.
The average height of the waves in the train was obtained from the sum of the
fundamental, and third and fifth harmonic amplitudes resulting from the FFT. The
phase of the waves relative to the start of sampling was also determined from the
fundamental component, and the phase of the drive signal to the wavemaker adjusted
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accordingly, so that the correct phases could be captured in the subsequent
photography.
The wave height records are shown in figures 4.7, 4.8, 4.9 and 4.10. Each plot
contains the traces of two wavegauges, positioned alongside each other. Any
transverse unsteadiness of the waves shows up as differences between the two traces,
and it can be seen that this is only detectable for the steep waves on the strongly
sheared current (figure 4.10). In the largest current cases a lengthening of the period,
compared to the period at the wavemaker can also be seen. This is apparent in some
of the plots, because the number of waves in the sampling period is not quite integral,
as it was specified to be. This implies that the flow conditions were not steady, and
that there was some time-evolving wave/current interaction.
4.4.3 The Kinematic Measurements Involving PIV
The PIV photographs taken of the wave/current combinations are summarised in
table 4.4.
For each wave/current combination a number of photographs were taken at various
times during the steady period of the wavetrain, in order to obtain measurements of
the crest, trough, and still-water crossings. Measurements concentrated on the crests,
and in all cases it was necessary to repeat the wave conditions a number of times to
achieve the total number of pictures required, since the camera being used had a
wind-on time of about 2 seconds. The times during the steady wave trains that the
PIV photographs were taken are marked with asterisks in figures 4.7, 4.8, 4.9 and
4.10, along with the number of repeats of the photographs at each of these times.
The sequence of tests was carried out under computer control, with a 150 second
settling period programme into the sequence to allow the flume to settle between each
run. The camera was operated in its mirror-cocked mode to avoid unnecessary
vibrations, and was triggered 33ms before the required measurement time, to take
account of the mechanical delays inherent in its operation.
Some manual intervention was required in the tests. The film had to be changed after
every 12 frames, and the scanning rate of the illumination system was set to the
required value for each wave/current combination. Due to the presence of the
current, it was not necessary to periodically stir-up the seeding, just to ensure that the
overall level was satisfactory. The actual scan rate used was measured when
appropriate, and the laser was continually adjusted to ensure high light levels during
the long running period.
4.4.4 Measurement of Wavelength
The wave frequency is readily known with some accuracy, but the wavelength is
more difficult to measure. While a value of the wavelength can be obtained from the
photographic images, it was deemed desirable to obtain another estimate by an
independent means. This was done with the use of wavegauges.
If the wavetrain is steady, of known frequency, with no unbound harmonics and with
no reflections present, then it is possible to obtain a value of the wavelength from the
phase difference between the surface elevation at different places along the tank. An
array of four gauges was constructed, consisting of two pairs separated by 188mm.
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Pairs were used in order to obtain an average value of the wave height across the
tank.
A matrix of tests was conducted for each current case, covering wave frequency
(wavemaker frame) and driving amplitude. In addition, all the wave/current cases
listed in table 4.4 were repeated, and the wavelength discovered in this way. Again,
with the matrix of tests, care was taken to ensure that the waves were steady, and the
drive signal was ramped up to avoid premature breaking. In one case, the set of
wave conditions were randomised in case the heating of the water was causing
systematic errors.
The wavelengths determined in the absence of current are plotted in figure 4.11
against steepness for each frequency. The experimental values are well predicted by
third order theory [Weigel], giving confidence in the experimental method.
Significant discrepancies are only apparent at very low frequency, where it was
suspected that some reflected waves may have return to the measurement position
during the sampling period.
The wavelengths determined in the presence of the strongly sheared current are
plotted in figure 4.12 against frequency. Again, the sets of points are annotated with
the driving frequency of the wavemaker. In this case, on a strongly sheared current,
no theoretical prediction has been attempted.
It was apparent in the tests that, at higher frequencies where the wavemaker could
produce limiting waves, steeper waves were possible in the absence of current, than,
for example, in the presence of the strongly sheared current. This can be seen by
comparing the maximum steepness obtained at the shorter wavelengths in figures
4.11 and 4.12. However, conclusions should be drawn from these observations with
great caution, as a number of factors may lead to the reduction in limiting steepness,
especially the turbulence level.
4.5 Experimental Errors
In all experiments of this type their are a number of sources of error, and a variety of
ways in which the experimental conditions vary from the assumptions usually made
in any mathematical modelling.
4.5.1 Turbulence
The current profiles generated contained some turbulence. For the uniform, reverse
current, this amounted to a rms level of about 3% of the bulk flow. More turbulence
was inevitably produced with the strongly sheared flows, up to 6% for the large shear
case. Note that if the current is viewed from a different frame of reference, for
instance one moving with the maximum velocity, where it represents a wind-sheared
current, then the apparent turbulence calculated in the same manner is higher.
The turbulence was regarded as random noise, on top of any measurements made.
Therefore, in the PIV experiments, tests were repeated to allow subsequent averaging
to reduce the effect of the turbulence.
The turbulent structure present in one of the currents is shown in figure 4.13.
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4.5.2 PIV Errors
PIV is inherently an accurate technique. The sources of errors are well documented
[Gray, 1989], but can be briefly summarised as:
Ÿ

Errors due to the local averaging of the flow

Ÿ

Errors in the photography

Ÿ

Uncertainty in the illumination interval

Ÿ

Errors in the analysis of the photographs

A calibration of the whole analysis system was carried out, by taking test
photographs of computer-generated patterns of dots with known separations. In this
way a calibration factor for the analysis system was found with an accuracy of about
.1%. The illumination intervals were measured with a similar accuracy.
The dominant error was that associated with the local averaging of the flow. In some
of the cases, non-negligible velocity gradients were present, which can be expected to
lead to an increased error [Gray, 1989]. It was estimated that for all of the tests
conducted the error in the maximum measurable velocity was less than 1%.
4.5.3 Reflections and Wave Steadiness
The experimental procedure relied on the waves being steady, with no reflections.
The wave traces plotted in figure 4.7, 4.8, 4.9 and 4.10 show that this was a
reasonable assumption. However, a little unsteadiness is apparent in the steeper
wave cases, manifesting itself by the difference between the two wavegauge signals.
In addition, it can be seen in the strongly sheared cases, particularly, that the period
of the waves is slightly longer than that expected, as the waves do not fit in to the
sampling period an integral number of times. This may be due to an interaction,
evolving with time between the sheared layer and the wave kinematics.
During observation of the tests, some unsteady effects were noticed. Particularly
with the strongly sheared cases and the high frequencies, some unsteadiness across
the tank was noticed. With the higher frequencies, the waveform became a little
distorted later during the sampling window, due to spurious, unbound harmonics
being generated at the wavemaker and travelling along the tank.
Only during the testing of the longest period waves were any effects due to early
reflections suspected.
4.5.4 Repeatability
The inherent repeatability of the wavemaking system is excellent. Breaking wave
profiles can be repeated to within about 10mm at locations half way down the wave
flume. From the PIV photographs of the waves travelling on currents, it was found
that the surface profiles of the waves were repeatable to within about 20mm. This
decrease in system repeatability can probably be ascribed to the turbulence present in
the currents.
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The repeatability of the current after removing, then replacing the profile forming
baffles to a previous configuration, was not good. This is apparent in figure 3.8
where results are presented for different wave cases on the strongly sheared current,
and noticeable differences between the current profiles can be seen. It was
anticipated in the testing that this might be a problem, so all measurement of the
kinematics of the wave/current combinations were interlaced with measurements of
the undisturbed current, without modifying the baffles that period.
4.5.5 Current Steadiness over Space and Time
Most of the current profiles were formed by baffles at the end of the flume. The
current profile will alter as it flows along the tank, with any shear at the surface
reducing, and boundary layers growing from the bed and the walls. In order to
obtain a measure of the spatial evolution of the profile, profiles for the strongly
sheared current were obtained by obtaining averages for the left and right hand side
of the measurement zone.
Figure 4.14 shows the average profile for the strongly sheared current obtained at
two places along the tank, separated by .5m. The variation is very small, and for the
purposes of the present study the spatial variation was assumed to be negligible.
It might be expected that the current profiles would show some variation with time.
The turbulence in the currents contains some coherent structures with length scales
comparable, though smaller, to the size of the 1m wide measurement zone, and
averages over the measurement zone may be subverted by these coherent structures.
Over a period of time, the mean current profiles might also change due to the
build-up of large scale circulations. After running the pump for several hours the
water temperature was found to rise dramatically, which might lead to trends which
varied slowly with time.
Figure 4.15 shows undisturbed current profiles from individual PIV photographs
interspersed with the wave/current measurements. The variation of these mean
profiles is a little larger than would be expected if the turbulence was a truly random,
steady process. However, the variations are not large compared with the overall
shear.
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Case
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Current
No current
No current
No current
No current
No current
No current
Uniform, reverse
Uniform, forward
Uniform, forward
Weak shear
Weak shear
Weak shear
Weak shear
Weak shear
Weak shear
Strong shear
Strong shear
Strong shear
Strong shear
Strong shear
Strong shear

Frequency
[Moving
frame] (Hz)
~ 0.8
~ 1.0
~ 1.0
~ 1.0
~ 1.2
~ 1.2
~ 1.0
~ 0.8
~ 1.0
~ 0.8
~ 1.0
~ 1.0
~ 1.0
~ 1.2
~ 1.2
~ 0.8
~ 1.0
~ 1.0
~ 1.0
~ 1.2
~ 1.2

%age of
limiting
steepness
~ 60%
~ 40%
~ 60%
~ 80%
~ 60%
~ 80%
~ 60%
~ 40%
~ 40%
~ 60%
~ 40%
~ 60%
~ 80%
~ 60%
~ 80%
~ 60%
~ 40%
~60%
~ 80%
~ 60%
~ 80%

Frequency
[Wavemaker]
(Hz)
0.8000
1.0000
1.0000
1.0000
1.2000
1.2000
0.8336
0.9275
1.1929
0.7345
0.8976
0.8976
0.8976
1.0525
1.0525
0.7099
0.8592
0.8592
0.8592
0.9972
0.9972

Height
[gauges]
(m)
0.2083
0.0891
0.1338
0.1787
0.0927
0.1232
0.1339
0.1343
0.0890
0.2080
0.0885
0.1341
0.1771
0.0935
0.1240
0.2074
0.0888
0.1326
0.1787
0.0932
0.1216

Table 4.4: Wave/Current conditions used for the PIV
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Chapter 5

5. Data analysis
5.1 Summary
Details of the methods used to assess and further manipulate the experimental data
are described. The measured wavelengths are summarised and from them the
effective slab current is implied. The spatial information available from the PIV
measurements is discussed and the whole field operations performed on the
experimental data, including averaging, detailed. The use of irrotational numerical
models and current stretching for comparison with the velocity data is covered, and a
method of using vorticity to estimate the sheared current is proposed.
5.2 Wavelength and Implied Current
While the measured period or frequency of a wave depends upon the frame of
reference from which the wave is viewed, the measured wavelength is independent of
any change of reference frame. Moreover, if it is known that the wave is riding on a
uniform current, then the magnitude of the current can be deduced from the
wavelength, waveheight and the associated frequency. If the current is not uniform,
the effective current implied in this way may still have some physical significance.
5.2.1 Implied Current from the Wavelength for Small Amplitude Waves
In the section 4.4.4, tests were described in which the wavelength was measured with
wavegauges over a range of frequencies and steepnesses for each current condition.
The wavelengths obtained in this way, were in good agreement with 3rd order theory
in the current-free case.
For each wave frequency, the small steepness limit of the wavelength was estimated
by fitting a quadratic function of steepness to the data. The constant term was taken
to be the small amplitude limit of the wavelength. From this value the effective
current was estimated by making use of equations 3.1 and 3.2.
The currents deduced in this was are shown for each current condition against
frequency in figure 5.1. Also shown, for each current, is the value of its velocity at
the surface. In the cases where there was no current, the implied current is zero as
expected, within experimental error, except at low frequency, where there may have
been some problems due to reflections. For the uniform currents, forward and
reverse, the agreement is not quite as good as might be expected. In the
sheared-current cases, the deduced slab current values are very close to the surface
values of the current.
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It is perhaps surprising that there is not more variations with frequency for the
strongly sheared current cases, given that the orbital decay with depth is very
dependent on frequency.
5.2.2 Wavelengths Obtained for the PIV Cases
The wavegauge measurements of wavelength described in section 4.4.4 also covered
the 21 wave/current cases selected for kinematic measurement with PIV and
summarised in table 4.4. In addition to the values of wavelength obtained in this
way, various estimates could also be made from the PIV pictures themselves, and
great care was taken to check the consistency of these different estimates and to
select objectively the best value if there was a conflict.
For all PIV cases, an estimate of the wavelength was obtained by enlarging and
tracing the surface profiles present on the photographic negatives. Since each picture
only covers a portion of a wavelength, it was necessary to build up a complete
wavelength by matching together each part of the surface. Apart from cases 15 and
17, the estimates for P obtained in this was differed from those measured with the
wavegauges by between ½% and 5% in all circumstances. It was therefore decided
to use the values obtained with the wavegauges in all cases 15 and 17, which differed
by about 10% and would be investigated further. Since these two wave/current cases
corresponded to medium steepness waves on a strongly sheared current, the most
interesting circumstances, it was important to track down any inconsistencies.
Because they were amongst the more important flows, cases 15 and 17 were
subjected to more PIV analysis than the other wave/current combinations. The
matching of the surface profiles was found to be a not very accurate way of
discovering the wavelength, as quite large changes in the amount of overlap between
neighbouring portions of the surface could still be judged acceptable. However, once
the velocity fields were measured, it was found that the various portions of the wave
could be overlapped by matching up the vector angles, with greater sensitivity than
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the surface profiles. The wavelengths determined in this manner were much closer to
those obtained with the wavegauges and were the ones used.
Table 5.1 contains a summary of the selected wavelength along with the implied
velocity. The implied frequency was obtained from the measured wavelength and
waveheight using code due to Klopman based on the Fourier approximation method
[Rienecker, 1981]. These calculations were carried out in the frame of reference
where there is no overall mass flux, which is the most natural physical frame. The
final column of the table shows the percentage difference between the wave frequency
deduced from the surface current velocity (using Doppler Theory), and that obtained
from the wavelength, given also the wave heights. This difference never amounts to
more than a few percent, and is very small for the central waves in the absence of
current.

Case

Current

Surface
Current
(m/s)

Frequency
[lab] (Hz)

Measured
Waveleng
th (m)

Implied
Frequency
(Hz)

Implied
Current
(m/s)

Frequency
difference

0
1
2
3
4
5

No current
No current
No current
No current
No current
No current

0.000
0.000
0.000
0.000
0.000
0.000

0.8000
1.0000
1.0000
1.0000
1.2000
1.2000

2.525
1.582
1.625
1.679
1.159
1.210

0.7833
1.0016
1.0001
0.9993
1.1889
1.1813

0.042
-0.003
0.000
0.001
0.013
0.023

2.1%
-0.2%
0.0%
0.1%
0.9%
1.6%

6

Uniform, reverse

-0.219

0.8336

1.780

0.95

-0.206

0.9493%

7
8

Uniform, forward
Uniform, forward

0.345
0.345

0.9275
1.1929

2.360
1.550

0.8059
1.0127

0.287
0.279

-2.4%
-3.1%

9
10
11
12
13
14

Weak shear
Weak shear
Weak shear
Weak shear
Weak shear
Weak shear

-0.142
0.142
0.142
0.142
0.142
0.142

0.7345
0.8976
0.8976
0.8976
1.0525
1.0525

2.390
1.650
1.690
1.790
1.200
1.260

0.8111
0.9788
0.9780
0.9602
1.1666
1.1539

-0.183
-0.134
-0.136
-0.112
-0.137
-0.128

-2.5%
0.6%
0.4%
2.0%
0.4%
1.2%

15
16
17
18
19
20

Strong shear
Strong shear
Strong shear
Strong shear
Strong shear
Strong shear

-0.134
-0.139
-0.134
-0.134
-0.139
-0.134

0.7099
0.8592
0.8592
0.8592
0.9972
0.9972

2.760
1.660
1.820
1.830
1.360
1.310

0.7399
0.9757
0.9369
0.9479
1.0886
1.1262

-0.083
-0.193
-0.141
-0.162
-0.124
-0.169

2.7%
-4.1%
-0.5%
-1.9%
1.2%
-2.9%

Table 5.1: Wave patterns on the different currents, along with the implied
current velocity
5.3 Whole Field Velocity Field Data
The PIV method offers data in a form which is somewhat different so that obtained
with earlier velocity measuring techniques. Previously, most methods, such as LDA,
have yielded timeseries at discrete points in the flow, whereas PIV gives spatial
information at a particular time. It is important to take advantage of the additional
spatial information available.
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5.3.1 Spatial Information Available from PIV Measurements

An example of the raw data available from PIV is shown in figure 5.2. This vector
plot is of a wave in the absence of current (case 2). From the continuity of the data,
an idea of the quality of the measurements can be obtained. However, because the
vectors are so small, this assessment is quite superficial.
A more sensitive method of assessing the data quality is to plot one of the
components of each velocity vector against one (or both) of the spatial coordinates.
This is done in figure 5.3 for the horizontal velocity component of case 2. Each line
contains up to 51 velocity measurements and it can be seen from the smoothness of
each curve that the claimed 1% accuracy of the PIV method is possible, if the
calibrations are well measured.
One of the wave/current cases is plotted in figure 5.4 again showing the horizontal
velocity component against horizontal position. In this case (number 15), there is a
noticeable amount of turbulence present, due to the sheared current. The turbulence
shows up much more clearly here than in the vector plot of a similar previously
shown figure in 4.4.

53

Figure 5.3: The horizontal velocity component of a 1.0Hz wave, in the absence of
current, against horizontal position, at various levels.
5.3.2 Averaging to Reduce Turbulence
It is apparent from figure 5.4 that the turbulence level may be significant in
comparing the experimental results with numerical predictions. In order to reduce
the effect of the turbulence, repeats of the same phase of each wave were averaged.
The number of repeats used for each average was variable, and has been indicated in
figures 4.7, 4.8, 4.9 and 4.10. The number of repeats was necessarily limited by the
time it takes for each PIV analysis.
Figure 5.5 shows a vector map of the flow field present under the crest in case 17,
obtained by averaging 6 repeats of the wave. In the averaging process, missing
vectors were rare and any effect on the mean was therefore ignored. Immediately
underneath the crest, it can be seen that the velocity direction is almost horizontal,
whereas further down there is a small vertical component of velocity. This feature is
not expected for steady, irrotational waves, and its presence indicates either a lack of
steadiness or some effect of the strong shear. The same effect was noticed in all of
the wave cases on the strongly sheared current.
Various profiles of the same averaged wavefield are plotted in figures 5.6, 5.7 and
5.8. The velocity profiles plotted against horizontal position contain the most useful
information. For example, the symmetry and form of figure 5.7 indicate that the
steadiness of the wave was good. This was not so apparent in some of the cases
studied, and this criterion was used to select the results to some degree.
Judging from the line of symmetry in figure 5.7, the wave crest can be estimated to
be at around x = .010m. In contrast, the crest position estimated from all vectors in a
column having zero vertical component can be judged from figure 5.8 as being in the
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range x = .040m to x = .070m. This is connected to the effect noted earlier, where
velocity vectors a distances beneath the crest had a vertical component.

Figure 5.4: The horizontal velocity component of a medium amplitude wave (case
17), on the strongly sheared current, against horizontal position, at various levels.
Confirmation of the accuracy of the rotational alignment in the PIV photography and
analysis, along with the neutral buoyancy is also present in figure 5.8, in the form of
the straight line with v y (x) = ~0.0ms −1 .
An alternative way of plotting the horizontal velocity component against both spatial
coordinates shown in figure 5.9.
5.3.3 Combining of the Velocity Fields to Make a Complete Wave
A number of wave/current combinations were analysed in sufficient detail to obtain
reliable velocity data over a whole wavelength. Case 2, from the waves in the
absence of current, and cases 15, 17 and 19, from the waves travelling on the
strongly sheared current, were selected for this treatment. Each of these waves is
moderately steep. As the PIV measurement area is 1m wide, corresponding to about
half a wavelength of all the waves considered, constructing velocity maps to cover
the complete wave requires care if the resulting data is to be free from discontinuities.
Composite velocity maps were constructed for each case by matching up vector maps
from various phases of the waves, ensuring that the total wavelength was consistent
with the values listed in table 5.1. Plots such as figure 5.7 were used to find the
position of the crest and trough.
An example of the composite flow field obtained in this way is shown in figure 5.10.
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5.4 Comparisons with Irrotational Numerical Waves
Numerical models for waves based on irrotational assumptions are widely available
and well verified. By comparing the experimental results with the predictions from
these irrotational numerical models, it is intended to check the suitability of current
design practice based on their use, as well as to gain some understanding of the
physics of wave/current interaction.
5.4.1 Generation of Numerical Data
Numerical models were available from Chaplin and from Klopman, to whom the
authors give their thanks. Chaplin's model is based on stream function theory [Dean,
1965, Chaplin, 1980], and is available commercially as program MSTR56.
Klopman's program is based on the method of Fourier approximation for steady
waves [Rienecker, 1981].
Chaplin's model was used when data was required over the whole wave. The wave
height was set, and the wavelength matched to the appropriate value from table 5.1
by iteration. The waves were calculated to 11th order, and velocity vectors evaluated
on the same 20x20mm grid on which experimental velocity data had been gathered.
The calculations in this model are carried out in the frame of reference where the
mean eulerian velocity is zero. In order to compare with the experimental results,
data is required in the frame of reference where there is zero mass flux, so the
numerical data was moved to this frame by adding the mean eulerian velocity,
calculated with Klopman's program in the frame of reference where there is no mass
flux.
Klopman's program was able to calculate velocity vectors in the frame of reference
where there is no net mass flux, given the wave height and wavelength. There was an
upper limit on the number of points at which velocities could be calculated, so this
program was just used for the crest profiles and wave parameters. For each of the
wave cases, the program was run for the measured wavelength and the wavelength
obtained from Doppler theory using the surface current value.
5.4.2 Use of the Numerical Data
The numerical velocity data was used in two ways for the graphs presented in
Chapter 3. For comparison with the crest kinematics, the results from the irrotational
computations were added to the current profile, which was stretched to the surface.
For comparison with the kinematics over the whole wave, the numerical data was
subtracted from the experimental values, point by point, to yield the underlying
current.
In undertaking these comparisons for the sheared current cases, the frame of
reference from which the waves were viewed was shifted so that the current profile
represented a wind-sheared current. This is justifiable, as the parameters used for the
numerical calculations, P and H , do not change with change of reference frame. In
doing this, there is an implicit assumption that the physics of the flow is the same in
different inertial reference frames. This must be so if the effects of the bed and side
walls can be ignored. The results presented previously in figures 3.4 and 3.5 have
been shifted by .2ms-1 for the weakly sheared current, and by .3ms-1 for the strongly
sheared current.
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5.5 Use of Vorticity Information
It is possible to extract vorticity from the data obtained with PIV, because the
velocity field is known throughout the measurement area. If the vorticity can be
attributed to the current, then the shape of the underlying current can be deduced
from the vorticity obtained from a combined wave/current flow field.
The vorticity was calculated from the averaged velocity field obtained for case 17.
This was done at each point from the four nearest neighbours of each point by
approximating = x u. The resulting vorticity is plotted in figure 5.11. The boundary
layer, near the bed is the most noticeable feature.
From the vorticity, the underlying current was estimated, by integrating the vorticity
from the bed for each column. This assumes that vorticity is entirely due to the
current shear, and assumes that the derived current profiles are consistent between
columns. The data obtained in this way were then averaged into bands beneath
various portions of the wave cycle.
Figure 5.12 shows the estimated underlying current, derived from the vorticity, at
various positions with the wave cycle, for case 17. The trends shown are very
similar to those previously presented in figure 3.7. The large amount of scatter
around the crest region is due to the missing data in this region.
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