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Abstract

Velocities are measured using LDA within the bottom boundary layer for 10
oscillatory flow tunnel experiments involving regular and amplitude modulated
oscillatory flows over a gravel-rough bed and a sand-rough bed. Corresponding
regular and modulated flows were equivalent in terms of rms velocity, oscillatory
flow period, skewness and asymmetry. The experimental results are compared
with predictions based on a 1DV RANS model with k& — ¢ turbulence closure.
The effects of modulation on the hydrodynamics of individual flow half-cycles
and on the time-averaged hydrodynamics are analysed. Turbulence is carried
over from one half-cycle to the following half-cycle but the main hydrodynamic
properties within a half-cycle (boundary layer thickness, peak turbulent kinetic
energy, peak turbulent stress) show little or no dependence on prior half-cycle
flow conditions. Turbulence propagation from the bed and vertical profiles of
skewness, asymmetry, time-averaged turbulent kinetic energy and time-averaged
turbulent stress show remarkably little effect of modulation. Modulation does
not affect the shape of the time-averaged velocity profile generated by the non-
symmetric flows, but it does reduce the magnitude. The RANS model shows
generally good agreement with the measured hydrodynamics above about one
grain diameter from the bed, but, because of its assumption of rough turbulent

flow, poorly predicts the hydrodynamics of the low-velocity half-cycles of the
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modulated flows over the sand-rough bed.
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1. Introduction

Understanding and predicting how the seabed responds to waves requires
knowledge of the hydrodynamics within the wave bottom boundary layer. Present
knowledge is largely based on experiments conducted in flow tunnels, in which
oscillatory flows are generated over fixed beds of different roughness, and ve-
locities are measured at elevations extending from the bed to the free-stream.
In such experiments, the hydraulic conditions are defined by the flow Reynolds
number, Re = ua/v, and the bed relative roughness, a/ks, (u is horizontal
velocity amplitude, a is horizontal water particle displacement amplitude, v is
the water kinematic viscosity and ks is the bed roughness). In large tunnels,
field-scale hydraulic conditions can be realised with Re reaching 107. The most
notable large-scale oscillatory flow tunnel studies include the sinusoidal flow
experiments of [Jonsson| [1963], |Jonsson and Carlsen| |[1976], [Sleath| [1987] and
Jensen et al.| [1989] and, more recently, the velocity-asymmetric and velocity-
skewed experiments of van der A et al|[2011] and [Yuan and Madsen| [2014]
involving various bed roughness. For the latter two studies, the velocities were
measured using PIV and results were obtained for turbulent kinetic energy and
turbulent stress. van der A et al[[2018] used LDA to measure higher-order tur-
bulence statistics for velocity-asymmetric flows over a smooth bed and obtained
good agreement with corresponding results from DNS.

The combined previous research has yielded comprehensive knowledge of
phase- and time-averaged velocities and turbulence through the oscillatory bot-
tom boundary layer for regular flows. However, real sea wave conditions are
irregular, which means the bottom boundary layer hydrodynamics vary wave
to wave, giving rise to the possibility of history effects, by which the hydrody-

namics under an individual wave may be influenced by the hydrodynamics of
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the preceeding wave(s). In addition, the irregularity may influence the time-
averaged flow such that the time-averaged hydrodynamics under “equivalent”
regular and irregular waves are not the same.

History effects in irregular oscillatory flows were studied in experiments re-
ported by [Yuan and Dash| [2017] in which two types of irregular flow were
generated in a flow tunnel. The first type was produced by amplitude mod-
ulating skewed or asymmetric regular flows. The second type was produced
by randomly re-sequencing the individual flow cycles from the modulated flow
group; the modulated sequence and the random sequence therefore contained
the same flow cycles but in different order. To examine the effects of irregular-
ity, 'Yuan and Dash [2017] compared the measured hydrodynamics of selected
corresponding flow cycles from the two sequences. Their main conclusion was
that history effects are noticeable at the early stage of a new flow cycle and are
stronger when the preceding flow cycle has large amplitude. Turbulence from
the preceding flow cycle dominates the boundary layer at this early stage, but
becomes subsumed by the developing turbulence of the new flow cycle as the
flow accelerates, and ultimately has little influence on the main boundary layer
properties of the new cycle.

The present paper reports on experiments that complement [Yuan and Dash
[2017]. The experiments were conducted in a large oscillatory flow tunnel and
involved “equivalent” regular and modulated oscillatory flows over two beds of
different roughness, where equivalence here means corresponding regular and
modulated flows having the same flow-cycle period, root-mean-square velocity,
velocity skewness and velocity asymmetry. The range of regular and modulated
flow conditions enables assessment of history effects on the hydrodynamics of
individual flow cycles, similar to [Yuan and Dash| [2017]. In addition, the equiv-
alence in terms of period, root-mean-square velocity, skewness and asymmetry
enables isolation and measurement of the effects of velocity amplitude variability
on the time-averaged boundary layer hydrodynamics.

Many previous studies have shown the ability of two-equation 1DV RANS

models, with various refinements, to predict reasonably well the intra-period
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and time-averaged boundary layer hydrodynamics for regular oscillatory flows
(e.g. |Justesen, 1991} |[Sana and Tanakal [2000; [Foti and Scandural [2004; [Sana
et al.l 2009; |Cavallaro et al., |2011). [Holmedal et al.| [2003] used a 1DV model
to study the rough turbulent bottom boundary layer under random waves, with
and without a superimposed mean current. They present results for the pre-
dicted velocity and turbulence structure within the bottom boundary layer, but
without comparison to experimental data. In the present paper we apply a high-
Re 1DV RANS model with k — e turbulence closure, similar to that of Holmedal
et al.[[2003], to the experimental conditions and compare model predictions to
measurements of time-varying and time-averaged velocities, turbulent kinetic
energy and turbulent stress. To the authors’ knowledge, this is the first time
that this type of model has been tested against detailed measurements for full-
scale non-regular oscillatory flow conditions.

The experimental set-up, test conditions and measurements, including deter-
mination of the bed roughness for the two bed types, are described in Section 2.
The numerical model and its application to the experimental cases are outlined
in Section 3. The experimental and model results for boundary layer velocities,
turbulent kinetic energy and turbulent stress are presented and compared in

Section 4. The main conclusions are presented in Section 5.

2. Experimental set-up and test conditions

2.1. Ezxperimental facility

The experiments were conducted in the Aberdeen Oscillatory Flow Tunnel
(AOFT). The facility has a U-tube configuration, with an overall length of 16 m,
10m of which comprises a glass-sided rectangular test section that is 0.75m
high and 0.3m wide. The present experiments follow a similar set-up to that
described by van der A et al. [2011], having a 7m-long, 0.25m-high false floor
built into the test section with 1:4 ramps at each end connecting the false bed
to the tunnel floor. Horizontally-uniform oscillatory flows are generated by an

electro-hydraulically-controlled 1 m-diameter piston located at one end of the
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tunnel. With the false floor in place, oscillatory flows with water displacement

amplitude up to 1.5 m can be generated in the test section.

2.2. Ezperimental conditions

The experiments involved velocity measurements over two fixed beds of dif-
ferent roughness: a sand-rough bed comprising well-sorted sand with dsg =
0.46 mm and a gravel-rough bed comprising 5.65 mm (d5) gravel. For the sand-
rough bed, a thin sheet of adhesive-backed plastic was first bonded to the PVC
panels of the false floor; the plastic was then coated with marine varnish and
the sand sprinkled on top. On completion of the sand-rough experiments, the
sediment was removed by peeling the sediment-laden plastic off the PVC panels
and the panels were then used for the gravel-rough experiments. For the gravel-
rough bed, a 2mm-thick stainless steel sheet was fixed to the PVC panels and
the gravel was bonded to the sheets using marine varnish. Figure [I| shows the

two beds.
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Figure 1: Photograph of (left) the sand-rough bed and (right) the gravel-rough bed; the

numbers on the scales are mm.

Ten experiments in total were carried out, comprising 8 oscillatory flows over
the sand-rough bed and 2 oscillatory flows over the gravel-rough bed (Table
. The regular flows were sinusoidal, skewed or asymmetric, synthesised using

(Abreu et all |2010)

sin(wt) + —Sne
u(t) = U1 — 1?2 ( Lbvlor ) (1)

1 —rcos(wt + @)
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where U = 0.5 (Ur,max — Ur,min) 1S velocity amplitude, w is radian frequency, r
is a non-linearity parameter and ¢ is a shape parameter. The flow is sinusoidal

when r = 0, purely velocity-skewed when r # 0 and ¢ = and purely

™
-z
velocity-asymmetric (acceleration-skewed) when r # 0 and ¢ = 0; other (r, ¢)
combinations lead to mixed skewed-asymmetric flows. Velocity skewness and

asymmetry are calculated from

w3 H(u)®

— Uney = —
(urms)?)’ w (urms)3

(2)

Usk =

where g is the root-mean-square value of u(t), H(u) is the Hilbert transform
of u(t) and the overline denotes time-average.
The modulated flows are produced by applying modulation functions to

uy(t). The flow is symmetrically modulated using
1 27t
m(t) = ———= 14+ Msin — | u,(t 3
() — (1w )ty Q

where n is the number of flow periods contained within a modulated group and
M is the strength of the modulation; the denominator 4/1 + MTz makes the rms
value of uy(t) equal to the rms of u,(t). The modulation can be made “front-
leaning” (higher flows occurring early in the group) or “back-leaning” (higher
flows occurring late in the group) using the sawtooth function of Malarkey and

Davies| [2012]:

bsin 27t
nT
1 arctan 1—bcos 2%t

Un(t) = ——= 1+ M =T uy(t) (4)

[1 4 M2 arctan (b(1 — b2))—0-5
2

b > 0 and b < 0 result in a front-leaning and a back-leaning modulation re-

spectively. The skewness and asymmetry of u,, (t) are close to the skewness and

asymmetry of the corresponding u,(t) and can be made equal by slight tuning
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of r and ¢. In this way we generated corresponding regular and modulated

oscillatory flows that have closely similar values of T, Urms, Usk and Uasy-

Table 1: Experimental conditions

id. dso T | Ty | Uoorms | Uoo,max | Uoo,min | Uoo,sk | Uso,asy
(mm) | (s) | (s) | (m/s) | (m/s) | (m/s) | () )
CSSR | 0.46 6 - 0.69 0.94 -0.96 | -0.04 0.05
CSSS 0.46 6 | 60 0.69 1.53 -1.58 | -0.05 0.06
CSVR | 0.46 6 - 0.56 0.96 -0.61 0.42 0.10
CSVS | 0.46 6 | 60 0.57 1.41 -0.98 0.43 0.12
CSVF | 0.46 6 | 60 0.56 1.40 -0.99 0.44 0.12
CSVB | 0.46 6 | 60 0.57 1.41 -0.99 0.43 0.11
CSAR | 0.46 6 - 0.56 0.78 -0.78 | -0.02 0.41
CSAS | 0.46 6 | 60 0.56 1.29 -1.29 0.00 0.42
GVVR | 5.65 6 - 0.56 0.96 -0.61 0.42 0.10
GVVS | 5.65 6 | 60 0.58 1.44 -0.99 0.45 0.11

The test conditions are summarised in Table[ll The following four-character
i.d. code is used: the first two characters indicate the bed type: “CS” = sand-
rough, “GV” = gravel-rough; the third character denotes flow shape: “S” =

sinusoidal, “V” = skewed,“A” = asymmetric; the fourth character denotes the
modulation type: “R” = no modulation (i.e. regular flow), “S” = symmetric
modulation, “F” = front-leaning modulation and “B” = back-leaning modula-

tion. The flow period was set at T' = 6 s and modulations contained n = 10 flow
periods, giving a group period Ty = nT" = 60s. b was set at 0.7 and -0.7 to give
a strong degree of leaning in the front-leaning and back-leaning modulations
respectively. Figure [2[ shows the free-stream velocities, u(t), for the 5 mod-
ulated flows measured at 250 mm above the sand-rough bed. The free-stream
flow parameters Uoo rms, Uoo,maxs Uoo,mins Uoo,sk ANd Uss asy Teported in Table
were obtained from the measured velocities, phase-averaged over 50 flow peri-

ods in the case of the regular flows and over 50 flow groups in the case of the
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modulated flows.
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Figure 2: Measured uos(t) for (a) CSSS, (b) CSVS, (c) CSVF, (d) CSVB, (e) CSAS.

Figure [3| places the present experiments in Re — a/k; space. For the modu-
lated flow experiments in which a and u vary with each half-cycle, we calculate
Re and a/ks for each half-cycle using the half-cycle peak velocity, upy, for u
and half-cycle a calculated from a = upk/w; ks is determined as described in
Section 2.4. The dashed lines in Figure [3[ show the Re — a/ks space covered by
the flow half-cycles with upx > 0.1m/s for the two bed types. For the gravel-
rough experiments, the hydraulic conditions extend from rough turbulent for
the high-velocity flow half-cycles to very rough turbulent for the lower-velocity
half-cycles; for the sand-rough experiments, the hydraulic conditions are tran-
sitional for the low-velocity half-cycles, become smooth turbulent at the higher

velocities and are close to rough turbulent at the very highest velocities.
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Figure 3: Hydraulic regime for present CS and GV experiments. Legend:
|2014], van der A et al. [2011], Jonsson and Carlsen| [1976], [Sleath| [1987], |Jensen et al.| [1989],

|Ranasoma and Sleath| [1992], |Dixen et al.|[2008]

2.8. Velocity measurement

Simultaneous horizontal and vertical velocities were measured using a Dantec
FiberFlow 2-Component LDA system, comprising a 300 mW Argon-ion laser
and a F60 Burst Spectrum Analyser. The probe was mounted on a computer-
controlled traverse with 0.6 m range of motion in the z, y and z directions and

a positioning accuracy of 10 ym (confirmed in a previous study using a confocal

chromatic displacement sensor (van der A et al., 2018). The LDA probe was

fitted with a 500 mm focal length lens resulting in an ellipsoidal measurement
volume that is 76 ym in diameter and approximately 1.4mm long (i.e. 1.4mm
in the y direction, transverse to the main flow direction). The seeding was
5 pm PA-12 polyamide nylon particles with specific gravity 1.01. Data capture

rates up to 800 Hz were achieved in the free-stream, while close to the bed,
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where velocities are lower, data rates were typically in the range 50 to 150 Hz,
depending mainly on flow phase.

The velocity measurements were made at a position on the tunnel’s longitu-
dinal centreline. The traverse was used to find an = position at which the laser
was able to touch the top of the grain at that position without being blocked
by protruding grains located between the tunnel side-wall and the measurement
point. This resulted in the measurement position being at the location of a
grain whose top surface is slightly higher than the surrounding grains. Using
the traverse, the laser was incrementally lowered to the bed in 12.5 ym steps
until it touched the grain (detected by a high-noise signal): this position corre-
sponds to zy, = 0 for the measurements. The first measurement position above
the grain was obtained by incrementally raising the laser above the grain until
a good signal was obtained.

For the sand-rough bed, velocities were measured at approximately 40 eleva-
tions along a single vertical line (i.e. fixed z position), with the lowest measure-
ment at z;, = 40 or 50 um (depending on flow condition) above the grain crest
and the highest measurement well into the free-stream at z, = 250 mm. The
measurement positions were logarithmically spaced, with a vertical separation
of 0.01 or 0.02mm between the lowest two positions and a vertical separa-
tion of 35 to 50 mm between the two highest positions; 11 to 15 measurements
were made within 1 mm of the grain crest. For the gravel-rough bed, measure-
ments were again made at approximately 40 elevations above the bed, between
Zm = 70 pm and z;,, = 209 mm. The bottom two measurement elevations had a
vertical separation of 30 um and the highest two elevations had a separation of
34.23 mm (for GVVR) or 28.6 mm (for GVVS); there were 8 measurement ele-
vations within 1 mm of the grain crest. To account for spatial non-homogeneity
in the flow in the near-bed region due to the large grains, measurements were
made at several x positions for elevations close to the gravel-rough bed. The
x positions were spaced 1 mm apart and the number reduced with increasing
height above the bed: for GVVR, there were 15 = positions at the lowest 4

elevations (z,, = 70, 100, 140, 200 um), gradually reducing to one z position

10
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for zy, > 100 mm; for GVVS, there were 5 x positions at the lowest 9 elevations
(0.05mm < z;, < 1.166 mm), decreasing to one z position for zy, > 32.23 mm.
Following a period longer than about 200 flow cycles to fully establish the
hydrodynamics within the tunnel (and to evacuate air bubbles and disperse seed-
ing), velocity measurements were made over 50 flow periods (507) in the case
of the regular flows and over 50 flow groups (50T) in the case of the modulated
flows. Velocity measurements were phase-locked by synchronously recording a
once-per-cycle pulse from the piston control with the velocity measurements.
Phase averaging was carried out using a temporal bin size At = 1/15s. Data
values outside £6 standard deviations from the mean of the data in the bin were
identified as spikes and discarded; the average velocity for the bin was taken as
the weighted average of the de-spiked data, with the weighting based on seeding
particle transit time across the measurement volume. Averaging over multiple
flow cycles, and, in the case of the gravel-rough bed, across multiple x positions,

the phase-averaged horizontal velocity is obtained from

P N M
>y Z:: Um (Tp, 2,0+ (n — V)Tt (xp, 2,0 + (n — 1)T)

=1m=1

Il
_
3

(a)(z,t) =2 0<t<T

P N M

p;l o 2 ttm(Tp, 2,6+ (n—1)T7)

n=1m=1

(5)

where T = T for the regular flows and T" = T, for the modulated flows, ¢ is
the phase bin t < ¢ < (¢t + At), M is the number of measurements of v within
a phase bin, ¢t is seeding residence time (measured by the LDA), N = 50 is
the number of flow cycles and P is the number of x measurement locations for
given z (P = 1 for the sand-rough experiments and P = 1 to 15, depending
on z, for the gravel-rough experiments); angle brackets and circumflex denote

phase-average and spatial-average respectively.

11
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Mean square turbulent fluctuations in u are calculated from

— 1

(w)(z,1) = =

n=1lm

P N M
X 2 X (um(p, 2, ¢+ (n = DI —(@)(2, 1)) ttm (25, 2, + (0 = DT)

>3

p=1n=

ttm (Tp, 2,0 + (n — 1)T7)
1

NE

—

(6)
Similar equations to Equationsand@can be written for ()(z,t) and (ﬁ) (2,1).
The phase-averaged turbulent (Reynolds) kinematic stress, <u/’1;’ )(z,t) (simply
called turbulent stress in what follows) is calculated using Equation |§| with
(um (Tp, 2,9 + (n — 1)T" — (4)(z,t)))? replaced by um(xp,z,¢ + (n — 1)T" —
(@) (2, )W (zp, 2,6+ (n—1)T" — (W)(2,t)). For the remainder of the paper: we
write u(z,t) and w(z,t) (or simply u and w) for the phase-averaged velocities
() (z,t) and ()(z,t) respectively; u., .(z,t) and w] (z,t) are the root-mean-
square turbulent fluctuations (17’\2> and (;’\2> respectively; and we write
uw'w’(z,t) for the phase-averaged turbulent stress (17’13’)(2, t).

The 2-d LDA measurements yield the u!, . and w., . contributions to the to-

/
rms

(Soulsbyl, {1983} |Svendsen),

tal turbulent kinetic energy per unit mass, k. The v/, contribution is expected

!

!
ms and w

rms

to lie approximately mid-way between u
1987 |Justesen, |1991). Here we use the component ratios from [Soulsby| [1983]

to estimate k:
1

The wider collection of data from |Soulsby| [1983] suggests the scaling ratio lies
between 1.4 and 1.5, which provides an uncertainty estimate of —5% to 1% on

k calculated from Equation [7]

2.4. Hydraulic roughness

Bed roughness for the sand-rough bed was determined by fitting a logarith-

mic profile for rough turbulent flow to vertical profiles of u for selected times in

12
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the flow. With velocities measured at heights z,,, the log-profile referenced to

displacement d’ below this height (Figure |4) is

Zm + d
20

1

Z1n 8
- (%)
where u = u(zm, t) is the phase-averaged velocity at selected time ¢ and mea-
surement height zy,, u. is the instantaneous shear velocity (u. = /70/p, 70 =

bed shear stress, p = water density), £ = 0.4 is von Kdrmdn’s constant and zg

is the vertical position of zero (mean) velocity.

Zy z

Figure 4: Definition sketch for z, zm, 20 and d’

According to Jacksonl [1981], d’ is correctly interpreted as the height at
which the average drag on the surface appears to act. In other words, d’ is
more than a fitting parameter used to optimise log-profile fits. The zero (mean)
velocity level can be no higher than the grain tips, which means d’ must be
greater than zg ~ ds0/12. Based on Jackson’s Table 1 for sand and gravel, d’
should be less than 0.35d59, implying the zero velocity level must be less than
0.35d50 — ds0/12 = 0.27d50 below the grain tips. For the present fitting, we
constrain d’ to lie in the range (0.15 — 0.35)d50 and, following |Davies| |[1986],
we fit a straight line to (u,In(zy, + d’)) data in the region 0.2k < zy, < 0.24,
where 0 is distance from the grain tips to the peak in the velocity profile (the
velocity overshoot) and kg is initially estimated to be 2.5ds9. The upper limit
Zm = 0.26 is slightly higher than the upper limit of the log region suggested by
Davies| [1986], but is significantly lower than that taken in other studies (e.g.

13
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van der A et al.,|2011)). The slope of the straight line, m, gives the shear velocity

ux = k/m, and the line’s intercept with u = 0, ¢, gives the roughness height
zp = e°; the equivalent Nikuradse roughness is then ks = 302z.

Two vertical profiles of u were analysed for each of the eight sand-rough
experiments, one profile corresponding to the phase of maximum positive free-
stream velocity, oo max, the other corresponding to the phase of maximum
negative free-stream velocity too min. For each profile, the log-fit analysis was
carried out for five values of d'/dsq (0.15, 0.2, 0.25, 0.3, 0.35), giving 80 fits in
total (8 flows x 2 profiles x 5 d'/dsq). Example fits are shown in Figure
There were approximately 10 data points in each fit and the normalised mean

square error almost always exceeded 0.95.
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Figure 5: Example log-profile fitting for CS experiments: the velocity profiles correspond to

Uoo,max; data points included in fit are shown in red; grey lines are fits with d’ = 0.25d50.

Figure |§| shows the values of ky/dso obtained from the 80 fits. There is
wide variation in the 16 values obtained at each d'/dsg, the highest ks/dsg
being approximately 3 times the lowest value. While the highest value of ks /d5
at each d'/dso happens to come from the experiment with the highest of the

14
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16 velocity magnitudes (CSSS, Figure 7 close analysis showed no systematic
dependence of ks/dsy on velocity magnitude (or Re). ks/dso increases with
increasing d’'/dso: for each flow, the highest ks/d50, which occurs for d'/dsg =
0.35, is approximately 1.6 times the lowest kg/dso, which occurs for d'/dsy =
0.15. The average of all estimates of ks/ds0 is 1.3, indicated by the dashed line
in Figure @ Based on this analysis, we take ks = 1.3d59 with d’ = 0.25d5¢ as
the best estimate of the CS bed roughness.

4 T T T T T

3.5+ o Uoo,max .
x Uoo,min
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Figure 6: ks/dso dependence on d'/dso from log-fitting to CS velocity profiles at phase of
maximum positive (o) and maximum negative (x) free-stream velocity; dashed line: ks/dso =

1.3

Based on particle image velocimetry measurements in velocity-asymmetric

oscillatory flows, [van der A et al| [2011] estimated ks = 2.38d5¢ for a similar

sand-rough bed to that used in the present study. The large difference between

the [van der A et al| estimate and ks = 1.3d5¢ from the present experiments
is explained by the different methods used in the log profile fitting.
[2011] fitted to vertical profiles of the amplitude of the first harmonic

of measured velocity, whereas in the present study we more correctly fit to the

vertical profiles of instantaneous velocity. Applying the [van der A et al.| [2011]

approach to the CS flows of the present study, for five values of d'/dsg, gives

an average ks = 2.7dsp, which is reasonably close to the value.
Similar to the results shown in Figure [f] fitting to the profiles of velocity first

15
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harmonic amplitude also shows ks/d5o increasing with increasing d’/dso and a
factor ~ 3 difference between the highest and lowest ks for each d’/dsg.

The GV experiments have significantly lower a/ks than the CS experiments,
which means the log-layer is contained within a tighter range of z,,/ks (Davies|
1986). The flow region 0.2ks < zy < 0.20 for GVVR and GVVS contains
only one or two data points, which means we cannot apply log-profile fitting
to determine kg. For this reason we pragmatically assume that the ks = 1.3d50
obtained from the CS experiments applies also to the GV experiments. There is
some support for this approach: the estimate is close to the ks = 1.4d5q reported
by [Fuhrman et al.[[2010] from steady flow experiments over a fixed bed of 7 mm

pebbles.

3. RANS model

The experimental data are compared with predictions from a 1DV Reynolds-
averaged Navier Stokes (RANS) model with k — e turbulence closure. The
momentum equation for high-Re, wave-current flow in the x direction, with

zero vertical wave velocity, is

o por o 9)

- "oz

ou 10p 0 ( 8u>

where p is the fluid density and v; is the eddy viscosity. % is the horizontal
pressure gradient given by % = % — pag—g", where p is the mean pressure

(associated with any steady current that is present).

The balance equation for turbulent kinetic energy, k, is
ok 0 (v ok o\’
AL s — ] - 10
ot 0z (ak 82)+Vt(8z> ¢ (10)

where terms on the right hand side denote turbulence diffusion, production and

dissipation respectively, and o is a turbulence closure constant.
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The equation for turbulent kinetic energy dissipation rate, € is
9 _ 0 (1 e Lo, Ou 270 ¢ (11)
ot 0z \o. 0z Tk \ oz 2

where v; = Cukg/e and the values for the constants C},, Ce¢1, Ce2, 0c and oy are
0.09, 1.44, 1.92, 1.00 and 1.3 respectively, as given by [Rodi| [1993].

Equation [J is subject to the no-slip boundary condition at the bottom,

Ou(h,t) __
.~ = 0.

u(zp,t) = 0, and a no-shear condition on the upper boundary,
In the near-bed region the Reynolds stresses are nearly constant, convection
and diffusion of k are negligible, and, therefore, k production is balanced by k&
dissipation. It follows from Equations [10| and [L1| that k(zo,t) = u2/,/C,, and
€(z0,t) = u3/(k29). At the upper boundary, % =0 and % =0.
Asymmetry in turbulence intensity and, therefore, in eddy viscosity between
successive half-cycles of non-symmetric oscillatory flow gives rise to a time-
averaged forcing term in the equation of motion. This acts in an analogous
way to a steady horizontal pressure gradient and has the effect of generating
a steady current. However, unlike a pressure gradient term that is normally

assumed to have the same effect at all heights within the boundary layer, this

additional forcing term is strongly height-dependent. If the horizontal velocity,

1 9p

eddy viscosity and pressure forcing term, P, = — % o5 are expressed as the sum

of a time-averaged component (overbar) and a periodic component (tilde),

U=U+u vi=1+1 Px:ﬁw—I—pw (12)

then the following time-averaged equation of motion is obtained from Equation

{8

- 0 ou 0 ot
=P+ — (= — | = 1
0 +82 (Vt8z>+8z(yt8z) (13)
The three terms on the right-hand side of Equation [I3] represent, respectively,
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any steady pressure forcing that may be present, diffusion of the cycle-mean
momentum and a forcing whose magnitude depends on the phase relationship
between the periodic components of the eddy viscosity and velocity gradient.
Only if these terms are in quadrature will this term be zero at a given height. In
skewed and asymmetric flows, the extra forcing term is found from the model to
be negative near the bed, to decrease in magnitude away from the bed and, as
expected, to tend to zero at the edge of the oscillatory boundary layer. In the
absence of a steady pressure gradient (i.e. P, = 0, as assumed for symmetric
flows), this implies that the second term on the right-hand side of Equation
[[3] involving time-averaged quantities, is positive near the bed and decreases
upwards. This results in the generation of a residual current in the negative x
direction at all levels, satisfying the bottom boundary condition & = 0 at z = zg
and reaching a constant negative value above the oscillatory boundary layer. A
negative flow at all levels cannot, of course, occur in a flow tunnel with a rigid
lid at the top and walls on either side. If a mean negative current is generated
in the bottom boundary layer, a compensating positive return flow must exist
higher up from the bed. The question arises how best to represent this residual
current in the model. Following Davies and Li| [1997], the procedure adopted
here is to apply an opposing, positive mean pressure force term P, in the model,
having a magnitude that causes the predicted residual current to be zero at the
same height within the boundary layer where the measured residual current is
zero. Above this height the measured residual is influenced by tunnel effects
and the model simply allows the residual to increase towards a maximum value
at the upper boundary z = h. The model-experiment comparisons that follow
are therefore only meaningful in the near-bed region.

Equations [9} [I0] and [T1] were solved subject to the specified boundary con-
ditions on a log-linear vertical grid comprising 65 vertical levels between z = zj
and z = h, with an assumed water depth h = 1m (i.e. about twice the actual
water depth in the AOFT). Based on the hydraulic roughness analysis (Sec-
tion 2.4), the roughness height is taken to be zp = ks/30 = 1.3d50/30, giving
zo = 0.02mm for CS and zy = 0.245 mm for GV. Each simulation involved 180
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time steps per 6-second flow period and calculations were carried out for 200
flow periods to ensure convergence. For each flow case, the model was forced
by applying at z = h the time-varying pressure gradients derived from the os-
cillatory component of the phase-averaged measured free-stream velocity plus a
mean pressure force that results in the residual current being zero at the same z
where the measured residual is zero, as described above. For model-experiment
comparisons, model z corresponds to zy, + d’, where d’ is 0.25d5¢9 = 0.115mm

for CS and 1.412 mm for GV.

4. Results

Experimental and model results are presented in three main sections: phase-
averaged velocities; turbulent kinetic energy; turbulent stress and bed shear

stress.

4.1. Phase-averaged velocities

Figure[7]shows vertical profiles of phase-averaged u corresponding to the time
of maximum positive free-stream velocity for the 10 experiments; the figure also
shows the corresponding model-predicted profiles. Approaching the bed from
the free-stream, the profiles show an overshoot region where velocities exceed the
free-stream velocity, followed by decreasing velocity as the bed is approached.
For CS the peak overshoot velocity occurs at between 10 and 20 mm from the
bed, depending on the flow case, while for GV the peak overshoot is higher
at between 20 and 30mm. The CSVS, CSVF and CSVB profiles, which have
similar %o, max and similar flow shape, overlap each other well, indicating that
the profile is not affected by the positioning of the flow half-cycle containing
Uoo,max Telative to the other flow half-cycles within the modulated flow group.
The model-predicted profiles show good agreement with the measurements in
terms of profile shape and magnitude of peak overshoot velocity. The predicted
peak overshoot z positions and velocities within the boundary layer are in better

agreement with the measurements for GV than for CS. In the case of CS, the

19



40!

411

41

42

5

0

5

S

model tends to predict slightly higher z for the overshoot peak and generally
lower velocities within the boundary layer compared with the measurements, the
difference between model and measured being greater in the case of the regular
flow profiles, which have lower s max and are less turbulent than e, max of the
modulated flows. The better agreement between model and measured for GV
than for CS, and for higher velocities in CS, is likely due to the assumption of
rough turbulent flow inherent in the model. In reality, the flow is rough turbulent
for GV but is not quite rough turbulent for CS, even under the highest velocities

of the modulated flows.

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

Figure 7: u(z) at phase corresponding to %eo,max for the CS (a-c) and GV (d) experiments;
corresponding model-predicted u(z) are shown in blue; in panel (b), the model results for

CSVS, CSVF and CSVB overlie one another.

Boundary layer thickness

The height of the peak overshoot velocity at the phase of maximum free-
stream velocity, d, is often used as a measure of oscillatory flow boundary layer
thickness. Measures of § were obtained for flow half-cycles having upx > 0.5
m/s. This gave 2 measures of § from each of the regular flow experiments (one
corresponding to peak positive velocity and one corresponding to peak negative

velocity) and between 10 and 12 measures from each of the modulated flow
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experiments. The experimental results are presented in Figure a)7 showing
0/ks plotted against a/ks. Here a is calculated for each flow half-cycle taking
account of flow shape, i.e. a = 4tprupk/(27), where t,k is the time from flow
reversal to the time when u, = upk. The corresponding model-predicted ¢ are

presented in Figure b). The results in Figure |8 are shown with reference to

[Fredsge and Deigaard| [1992)’s formula for rough-turbulent §, slightly modified
by [van der A et al.|[2011]:

10° 102 10° 104 10’ 102 10° 10*
a/ks a/ks

Figure 8: §/ks versus a/ks for flow half-cycles with up > 0.5 m/s. (a): experimental results
for positive (black) and negative (red) flow half-cycles; (b) model predictions for positive
(blue) and negative (grey) flow half-cycles. Solid line is Equation and dashed lines are
+25% of Equation 14.

Figure a) shows generally good agreement between the CS experimental

data and the [van der A et al.| [2011] formula. The few results that show poor

agreement correspond to a/ks < 103, for which the flow is not fully turbulent
(Figure |3). For GV there is also generally good agreement between the exper-
imental data and the formula, although the formula tends to underestimate §

somewhat for the negative flow half-cycles in these cases. Note that the general
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good agreement between the experimental results and the van der A et al.[[2011]
formula seen in Figure [§f(a) cannot be taken as validation of the ks estimated
from the log-profile fitting because § is weakly dependent on ks (6 o kU-18).
Figure b) shows d from the model-predicted velocity profiles. The tendency
seen in Figure [7] for the model to give higher § than the experiments is evident
by comparing Figure [§(b) with Figure [8(a). The over-prediction is typically
~ 35%.

Phase lead

Velocity within the boundary layer increasingly leads the free-stream velocity
as the bed is approached from the free-stream. We estimate the phase lead, ¢, at
each z through the boundary layer by calculating the phase difference between
the first harmonic of u(z,t) and us(t). The results from the 10 experiments
are shown in Figure @(a). Here z is normalised by a “representative” §, d,,
calculated using Equation with a based on the root-mean-square value of

Uso(t), 1.€.

5 a 0.82
ki =0.075 < k“) (15)

S S

where apms = \/Euoo,rms Jw. (The values of a;ms and 4, for the 10 experiments
are given in Table J]) Figure [0a) shows good agreement in ¢(z) magnitude
and profile shape across all CS experiments, at least for z/d, >~ 0.05, which is
above approximately two grain diameters from the bed. ¢(z) is slightly negative
for z/6, between ~ 5 and ~ 2 because velocity amplitude is slightly higher than
the free-stream velocity amplitude in this region. Moving downwards, velocity
amplitude decreases through the boundary layer, which means the flow responds
sooner to the change in pressure gradient and ¢(z) becomes increasingly positive,
reaching a maximum value of between 15° and 18° at 2/, = 0.05 (approximately
0.8 mm above the bed). Below this level, the regular flow cases (CSSR, CSVR
and CSAR) show a decrease in ¢ as the bed is approached, while the modulated
flows tend to hold the value of ¢ reached at z/d, ~ 0.05 because of their higher
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velocities. The GV results show similar profile characteristics to CS, but the
maximum value reached is significantly higher because of the thicker boundary
layer and lower velocities compared to CS, reaching ~ 27° close to the bed.
The model results for ¢(z) are in general good agreement with the experimental
results both in terms of profile shape and magnitude, for both CS and GV.
For the model, ¢ increases all the way to z = zg but reaches about 95% of its

maximum value by z/4, =~ 0.05.

50
(b)

451

Qrms / ks

Figure 9: Experimental and model-predicted (a) ¢(z) and (b) ¢o; symbols are the same as
previous figures; solid/dashed blue lines in (a) are model results for regular/modulated flows;
solid line in (b) is Equation [16| and dashed lines are +25% of ¢ from Equation |16} model

(blue) results in (b) are magnified for clarity.

Figure @(b) shows the experimental and model values of maximum phase
lead, ¢¢, occurring at or very near the bed, plotted as a function of ayms/ks.
The results are shown with reference to the formula for phase lead of bed shear
stress attributed to Humbyrd| [2012], as reported in [Yuan and Madsen| [2014].

Here, we write the formula in terms of a,ys:

180 s —0.16
¢ = — (0.649 (aks) +0.118 (16)

™ s
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The experimental results are generally lower than the formula at high a,ms/ks
(the CS cases) and slightly higher than the formula at lower a,ms/ks (the GV
cases), but the maximum difference between experiment and formula is only 3°.

Values of ¢ from the model are also in good agreement with the formula.

Skewness and asymmetry

For non-symmetric oscillatory boundary layer flow, flow shape is known to
change between free-stream and the bed (e.g. [Henderson et al., 2004, Berni
et al [2013). Figure [10| shows vertical profiles of the skewness and asymmetry
of u from the experiments and the model. The experimental profiles show some
spurious behaviour for z/d, <~ 0.025 for the CS cases and z/d, <~ 0.23 for the
GV cases, i.e. within one grain diameter above the bed for each bed type. This
is likely due to the combined effect of low flow velocities and local influence of
the bed on the flow this close to the bed.

As already seen in Table 1, the symmetric flow cases CSSR and CSSS (Fig-
ure [I0}(a) and (e)) are not exactly symmetric (the piston does not produce a
perfectly sinusoidal flow): they have slight negative skewness and slight posi-
tive asymmetry. These low values barely change from free-stream through the
boundary layer, except close to the bed (z/d, <~ 0.1) where the asymmetry
increases as the bed is approached. The model results for CSSR and CSSS show
essentially no change in skewness and asymmetry through the boundary layer.
Consider now the skewness-dominant cases CSVR, CSVS, CSVF, CSVB (Figure
[10[b) and (f)) and GVVR, GVVS (Figure [10[d) and (h)). For these cases the
skewness decreases slightly for z/d, between ~ 5 and ~ 2, before regaining its
free-stream value at z/d, &~ 1, and more-or-less maintaining this value through
the rest of the boundary layer. These flows have very low asymmetry, which
decreases to zero through the boundary layer and, in the GV cases, becomes
slightly negative very close to the bed. The trends in the skewness and asymme-
try profiles for these skewness-dominant flows are generally well predicted by the
model. Consider next the asymmetry-dominant CSAR and CSAS cases (Figure
110(c) and (g)). For these, the high value of free-stream asymmetry is maintained
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Figure 10: ugk(z) (a-d) and wasy (z) (e-h) for the 10 cases; columns and symbols are the same
as in Figure m model predictions for regular/modulated flows are shown by solid/dashed blue

lines.

through the boundary layer and increases close to the bed (z/6, <~ 0.09), sim-
ilar to behaviour seen in Figure [L0e). At the same time, the skewness, which is
close to zero in the free-stream, starts to increase high in the boundary layer at
z/0; = 1.5, and reaches a maximum value of approximately 0.1 at z/d, ~ 0.2,
which it more-or-less maintains through the remainder of the boundary layer.
Again, the model does well generally in predicting the skewness and asymmetry
profiles, although the increase in asymmetry close to the bed seen in the exper-
iments is not predicted by the model. The boundary layer skewness induced by

free-stream asymmetry observed here is consistent with observations made by
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van der A et al.|[2011] and Berni et al.| [2013]. A significant result in the context
of the present paper is that we see good agreement in skewness and asymmetry

profiles between corresponding regular and modulated flows.

Time-averaged velocity

As described in Section 3, asymmetry in turbulence intensity between suc-
cessive flow half-cycles, caused by asymmetry in the free-stream flow, leads to
a non-zero time-averaged velocity, u, within the boundary layer. Measurements
and model predictions of the vertical profiles of 4 are presented in Figure
(note different @ range for each sub-plot). Consider first the flow profiles above
one grain diameter from the bed, i.e. z/0;, >~ 0.025 for CS and 2/, >~ 0.23
for GV. For reasons given previously, the model results for @ are only mean-
ingful below the z/J, where the measured @ and the matched model @ are zero
(2/d; = 2—3). As expected the (almost) symmetric flow cases CSSR and CSSS
(Figure |11j(a)) show near-zero @ through the boundary layer (although the ex-
perimental data show slight positive @ within one grain above the bed). The
skewness-dominant cases (Figure [[1[b) for CS and Figure [[1}d) for GV) show
negative # within the boundary layer. Profile shapes are similar for regular
and corresponding modulated flows, but the magnitude of @ is greater for the
regular flows. The negative peak occurs in the region 0.4 < z/4, < 0.8 and is
approximately 50% greater in the case of the regular flow compared with the
corresponding modulated flows. Profiles of @ for CSVS, CSVF and CSVB are
very similar, implying modulation shape has no effect on 4. The asymmetric-
dominant cases CSAR and CSAS (Figure [11|(c)) also show negative @ in the
boundary layer, but the magnitude is lower than for the skewness-dominant
cases and, again, u is approximately 50% higher for the regular flow compared
with the modulated flow. The model does well overall in predicting profile shape
and magnitude for all cases, including predicting higher u for the regular flows
compared with the modulated flows, albeit with lower difference than the ~ 50%
difference seen in the experimental results.

The experimental results show small positive u very close to the bed for all
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Figure 11: @(z) for the 10 cases; columns and symbols are the same as in Figure |7} model

predictions for regular/modulated flows are shown by solid/dashed blue lines.

cases. It occurs below about one grain diameter (z/d§, <~ 0.025) in the CS
experiments and below about one-half a grain diameter (z/d, <~ 0.12) in the
case of GV. This very near-bed positive @ is not predicted by the model because
of the no-slip boundary condition at z = zy. The cause of this streaming in the
experiments is not certain, but may be due to flow behaviour local to individual
grains on the bed, whereby vortices are formed more vigorously during one half-
cycle than during the other, causing a change in the mean drift, as suggested

by |Sleath| [1987].

4.2. Turbulent kinetic energy

Figure [12| shows measured turbulent kinetic energy, k(z,t), for an example
experiment, CSVF. Turbulence is higher under the positive flow half-cycles than
under the neighbouring negative flow half-cycles, echoing the skewness in the
free-stream flow. The turbulence is generated at the bed, then propagates and

decays upwards with time. It decays during flow deceleration in each half-cycle,
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but, as will be demonstrated more clearly below, k& does not decay fully to
zero by the end of the half-cycle when u., is zero. Note there is little sign
of turbulence in the early few half-cycles of the group, even though velocity

amplitude reaches almost 0.8 m/s.
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t/T

Figure 12: k(z,t) (cm?/s?) for experiment CSVF.

Turbulence propagation

We analyse the upward propagation of k using cross-correlation to determine
the lag in k(z = zi, + d',t) relative to k(z = zm1 + d',t), where z,; is the
lowest measurement position. The k(z,t) data are smoothed with a Gaussian-
weighted moving-average filter with 5 data points in the window prior to the
cross-correlation. The upward propagation speed, ¢y, is obtained from the slope
of the straight line through (Az, At) data points, where Az is the elevation
difference and At is the time lag from the cross-correlation. An example of the
analysis is presented in Figure showing GVVS;, for which ¢x = 21 mm/s.

Results for ¢ for the 10 experiments are presented in Table[2] ¢ is remark-

ably consistent across all CS experiments, with values between 13 and 15 mm/s;
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Figure 13: Upward propagation of k£ for GVVS: ¢y = 21 mm/s in this case.

cx is higher for the GV experiments, with, again, quite close agreement be-
tween ¢k for GVVR (19mm/s) and GVVS (21 mm/s). Based on the timing of
peaks in ul . and wl, . at different z, [Sleath|[1987] estimated turbulence upward
propagation speed for a range of sinusoidal oscillatory flows over four different
fixed beds of sediment, namely 0.2mm sand, 1.63mm sand, 8.12mm gravel
and 30 mm pebbles. [Sleath| reports an average propagation speed of ¢ (mm/s)
= wd/2.27, where Sleath]s ¢ is boundary layer thickness measured upwards from
the grain crests to the elevation where the amplitude of the defect velocity is 5%
of the amplitude of u.,. Applying this average propagation speed to the (w,d)
values for the highest-velocity flow case for each bed type in [Sleath’s Table 1,
gives ¢ estimates of 9, 14, 21 and 29mm/s for the 0.2, 1.63, 8.12 and 30 mm
beds respectively. These values are reasonably consistent with the ~ 14 mm/s
and ~ 20mm/s estimated for the 0.46 and 5.65 mm beds used in the present
experiments.

We calculate a non-dimensional propagation speed by scaling z with ¢, and
scaling the lag time by the oscillatory flow period, T, i.e. ¢f = T/d6;. The
results for ¢f are given in Table [2l They range 4.1 < ¢ff < 5.7, with an average

value of 5.0, and with no clear dependence on flow or bed roughness. The
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Table 2: Upward propagation of turbulent kinetic energy

id. Cx Qrms Or ¢k | Ck,model

(mm/s) | (mm) | (mm) | () | (mm/s)
CSSR 13 929 18.8 | 4.1 16
CSSS 14 926 185 | 4.5 16
CSVR 14 758 15.7 | 5.3 13
CSVS 14 765 15.8 | 5.3 14
CSVF 15 763 15.8 | 5.7 14
CSVB 14 766 158 | 5.3 14
CSAR 14 755 15.7 | 5.3 12
CSAS 13 763 15.8 | 4.9 14
GVVR 19 754 24.6 | 4.6 20
GVVS 21 778 25.2 | 5.0 21

corresponding value from [Sleath| [1987] is 2.77 (= 27/2.27). However, this lower
value (than 5.0) is mostly due to |Sleaths 0 being larger than J,. Replacing
Sleath/s § with J, calculated using Equation with values of %o max, 1" and
a/ks taken from [Sleath’s Table 1, the estimated ¢ from [Sleath’s experiments
become 4.5, 4.2, 5.3 and 5.1 for the four bed types respectively, which are similar
to the ¢f obtained from the present experiments reported in Table

Table 2] also contains ¢y obtained by applying the same cross-correlation
analysis to the model-predicted k(z,t) for the 10 cases. The model results
for ¢ are in good agreement with the experimental results, echoing the good

agreement seen between model and experimental ¢(z).

Half-cycle turbulence carry-over

Figureshows example measured and predicted time-series:k(z,t) at z/d, ~
0.2 for experiments CSSS, CSVS and CSAS. The k time-series echo the free-
stream behaviour, with higher half-cycle us resulting in higher half-cycle k& and

the shape of k(t) reflecting the shape of uo(t). As seen in the experiments of

30



610

615

620

625

630

635

Yuan and Dash|[2017] and the model predictions of [Holmedal et al.| [2003], there
is carry-over of k at the end of each half-cycle. For our experiments, the mag-
nitude of the carry-over depends on the peak turbulence produced within the
previous half-cycle and on the half-cycle flow shape. For the skewed flow case
CSVS, the carry-over from a negative flow half-cycle is greater than that from a
positive flow half-cycle with similar half-cycle peak k (or half-cycle u,). This is
due to the longer duration of the negative half-cycle compared with the positive
half-cycle for skewed flow. For the asymmetric flow case CSAS, there is again
higher carry-over of k from a negative flow half-cycle than from a positive flow
half-cycle with similar half-cycle peak k; in this case, the greater carry-over is
due to the shorter time to flow reversal following peak & in the half-cycle, result-
ing in less time for k to dissipate before flow reversal. The model-predicted k(t)
show good agreement with the experimental k(¢) in terms of carry-over depen-
dence on flow shape and carry-over magnitude, although the model carry-over
tends to be slightly lower than the experimental results. A further observation
from Figure[14]is the somewhat delayed appearance of turbulence at the start of
the group, even though free-stream velocities are relatively high at these early
stages. This delay is not seen in the model, which displays a more symmetric
behaviour in k(t) between the beginning and end of the group.

Analysis of the half-cycle carry-over turbulent kinetic energy, ko, is pre-
sented in Figure [I5] which shows k., plotted against the half-cycle peak turbu-
lent kinetic energy, kpk, for z/6, ~ 0.1, 0.3 and 0.57 for the 10 experiments (re-
sults are based on k(t) smoothed using a Gaussian window with 15 data points).
kco increases with increasing ki as expected, but the rate of increase depends
on flow shape. For experiments CSSR and CSSS (Figure [15(a),(e),(i)), kco is
similar for positive and negative flow half-cycles with similar ki, because of the
symmetry in flow shape between the positive and negative flow half-cycles. For
the reasons already given, the skewed-flow experiments CSVR, CSVS, CSVF,
CSVB (Figure [I5{(b),(f),(j)) and GVVR, GVVS (Figure [15(d),(h),(1)), and the
asymmetric flow experiments CSAR and CSAS (Figure [15(¢c),(g),(k)), all show

higher k., from negative half-cycles than from positive half-cycles with similar
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Figure 14: Measured (black) and model-predicted (blue) k(¢) at z/6, =~ 0.2 for CSSS, CSVS,

CSAS. Dashed-grey line: free-stream uo (t) (not to scale).

kpk. Figure also shows that, except for the few half-cycles at the start of
a flow group, the k., does not depend on the positioning of the flow half-cycle
relative to other half-cycles, i.e. for given bed type, the carry-over is determined
by kpk and the half-cycle flow shape, and does not depend on when the half-
cycle occurs relative to other flow half-cycles in the group. This is evidenced by
the overlap of results for CSVR, CSVS, CSVF and CSVB, and indeed by the
overlap of results from other corresponding regular and modulated flows.
Figure [16| shows the model results corresponding to the experimental results
presented in Figure The model results show good agreement with the exper-
imental results in terms of exhibiting the effects of flow shape on the carry-over.
However, the tendency seen in Figure [14] for the model to predict slightly lower
carry-over than the experiments for the same kpk is seen more clearly in the

comparison of Figure [I5] with Figure [T6]
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Figure 15: Experimental half-cycle carry-over turbulent kinetic energy, kco, dependence on
half-cycle peak turbulent kinetic energy, kpi; columns and symbols are the same as in Figure
results are shown for z/d; ~ 0.1 (a-d), ~ 0.3 (e-h), ~ 0.57 (i-1); colour is used to distinguish
positive (black) and negative (red) flow half-cycles.

Half-cycle peak turbulence

Figure@plots kpk against free-stream half-cycle peak velocity, upk, for the
same three elevations as Figure and for all 10 cases. For these results ex-
perimental and model k(t) were smoothed using a Gaussian window with 15

data points. In this figure we superimpose the experimental and model results
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Figure 16: Model results for kco corresponding to the experimental results shown in Figure

15} colour is used to distinguish positive (blue) and negative (grey) flow half-cycles.

and use the same colours as before to distinguish the experimental and model

results and to distinguish positive and negative flow half-cycles. Consider first

the experimental results (black and red for positive and negative flow half-cycles

respectively). With the exception of a few results showing near-zero kpy for rel-

atively high velocity, (these correspond to half-cycles occurring at the beginning

of the modulated flow groups), kpx increases with increasing upk as expected.

kpk is lower for higher z/d, because turbulence is produced at the bed and de-
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cays upwards. For the symmetric flow experiments CSSR and CSSS (Figure
[[7(a),(e),(i)), positive and negative half-cycles give similar k. for similar up
(black and red results overlap), again as expected. The same is true for the
asymmetric-flow experiments CSAR and CSAS (Figure [17(c),(g),(k)) and for
the skewed-flow experiments CSVR, CSVS, CSVF, CSVB (Figure[I7(b),(f),(j)).
Similar to the results presented in Figure we see no dependence of ki on
half-cycle position within a flow group (except for the few half-cycles at the
start of a group). For CS therefore, half-cycle kpi is determined by the half-
cycle upy, with little influence of flow shape or flow history. This conclusion also
largely applies to GVVR and GVVS (Figure[17(d),(h),(1)), except that, close to
the bed (z/6, =~ 0.1, Figure (d)) negative half-cycle kpi is noticeably higher
than positive half-cycle kpy for similar upk, implying a flow shape dependency
of near-bed kpy for the rough-turbulent GV cases.

The model predictions in Figure [17] (blue and grey for positive and negative
flow half-cycles respectively) are in general good agreement with the experi-
ments: a quadratic dependence of kpx on upk (also seen in the model results
of Holmedal et al., [2003), decreasing kpx with increasing z and no apparent
dependence of kpx on half-cycle position in the group. However, the model does
not predict the higher negative half-cycle kpx than positive half-cycle kpy for
similar upx observed close to the bed in the case of the GV experiments, i.e.
the model does not show the flow shape dependency of near-bed kpi seen in the
GV experiments.

The combined results presented in Figures [15] to show that, while there
may be significant carry-over of turbulence from one half-cycle to the next half-
cycle, the carry-over becomes subsumed by the developing turbulence of the
new half-cycle and does not influence the peak turbulence of the new half-cycle.

This result is consistent with the experimental results of [Yuan and Dash| [2017].

Time-averaged turbulent kinetic energy
Figure[18| presents vertical profiles of time-averaged turbulent kinetic energy,

k(z), for the 10 experiments. Moving towards the bed from the free-stream, k
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Figure 17: Experiment and model half-cycle peak turbulent kinetic energy, kpk, dependence
on free-stream half-cycle peak velocity, upy; columns and symbols are the same as in Figure

m black/red (experiment) and blue/grey (model) indicate +ve/-ve flow half-cycles.

starts to increase at z/6, ~ 3. For the experimental results, k reaches a maxi-
mum very close to the bed and decreases slightly with further proximity to the
bed. k is about a factor two greater for GV than for CS. For the CS exper-
iments, maximum k occurs at z/8, between 0.02 and 0.03, i.e. at about one
grain diameter from the bed; for GV, maximum k occurs at z/d, ~ 0.12, which

is about one half a grain diameter from the bed. The experimental results show

36



700

705

710

remarkable agreement between corresponding regular and modulated flow pro-
files, and indeed between different flow shapes (compare FigurdI§(a),(b) and
(c)). These results imply that k is determined by the bed roughness and mean-
square free-stream velocity, with flow shape or modulation having little or no
influence. Model-predicted k(z) show good agreement with the experimental re-
sults, except in the very near-bed region where model k monotonically increases
as z approaches z = z5. The model tends to slightly under-predict peak k and,
for CS, over-predict k in the region 0.1 < z/6, < 1. Regular flow k is slightly
higher than modulated flow % in the lower region of the boundary layer and is
slightly higher than modulated k at higher elevations; this feature is also seen

to some extent in the experimental data.
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Figure 18: E(z) for the 10 cases; columns and symbols are the same as in Figure [7} model

predictions for regular/modulated flows are shown by solid/dashed blue lines.

4.8. Turbulent stress and bed shear stress

Figure[I9]shows measured and model-predicted time-series of turbulent stress,
—u'w’'(t), at example elevation z/d, = 0.2, for experiments CSSS, CSVS, CSAS
and GVVS. With the exception of the first few half-cycles of the flow group when
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the turbulent stress is slow to respond, the measured —u'w’(t) echoes us(t) in
terms of general shape and magnitude. However, in the CS cases, measured
—u/w’'(t) tends to flatten at the flow reversals and is slow to increase as the flow
accelerates following flow reversal, which leads to relatively narrow crests and
troughs in —u'w’(t) compared with u(t). These effects are especially apparent
in the crests of —u'w’(t) for CSVS; the effects are much less apparent in the
results for the rougher bed GVVS.

While Figure [19| shows reasonable overall agreement between measured and
model-predicted —u'w’(t), there are some significant differences. The flattening
at flow reversal and narrowing of crests and troughs seen in the experimental
results for CS are not apparent in the model CS results. In addition, half-
cycle peak —u’w’ tends to be higher in the model than in the experiment, and
the model does not reproduce the sluggish response in —u'w’ to the initial
few flow half-cycles seen in the CS (but not GV) experimental results. The
differences between the experimental and model —u'w’ results for CS are due
to the underlying assumption of rough turbulent flow in the model, whereas in
reality for CS the flow is only rough turbulent under the highest-amplitude flow
half-cycles.

Near-bed turbulent shear stress

Figure [20] shows example time-series of experimental and model-predicted
turbulent stress at (or very near) bed level for the same four experiments as
in Figure The model results are for z/6, = z9/d;; the experimental results
are for z corresponding to the peak in the vertical profile of the time-averaged
turbulent kinetic energy: z/6, ~ 0.02 — 0.03 for CS and z/§, ~ 0.12 for GV
(Figure . Observations made in relation to Figure apply here also: flat-
tening of measured (—u'w’)o(¢) around flow reversal and narrowing of crests and
troughs in the experimental CS, not seen in the model results for CS; generally
higher peaks in the model compared with the experiment; and sluggishness of
the measured CS (—u/w’)o(¢) in responding to the first few flow cycles of the

group, again not seen in the model CS results.
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Figure 19: Measured (black) and model-predicted (blue) —u/w’(t) at z/8; = 0.2 for CSSS,
CSVS, CSAS, GVVS. Dashed-grey line: free-stream uoo(t) (not to scale).
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Figure 20: Measured (black) and model-predicted (blue) near-bed —u’w’(t) for CSSS, CSVS,
CSAS, GVVS. Dashed-grey line: free-stream uco(t) (not to scale).
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For practical applications, the main interest generally lies in the peak shear
stress. Figure [21| presents for all cases the measured and model-predicted near-
bed half-cycle peak turbulent stress, (—uw'w’)opk, plotted against the corre-
sponding half-cycle peak free-stream velocity, upk; separate graphs are shown for
CS and GV, with colour used to distinguish positive and negative flow half-cycles
as previously. For these results, measured and model-predicted (—u'w’)o pk(t)
were smoothed using a Gaussian window with 7 data points prior to the peaks
analysis. Consider first the results for CS. The experimental CS results show
significant scatter at lower upk (upk <~ 0.7m/s), corresponding to the relatively
low-amplitude flow half-cycles at the beginning and end of the modulated flow
groups. The scatter is due to differences in turbulent stress between half-cycles
of similar velocity at the two ends of the group. At higher velocities, the mea-
sured (—u'w)g pk from the different experiments collapse reasonably well onto a
common curve, indicating that (—u'w)g pk is mainly determined by upk. There
is no apparent dependence on the half-cycle position within the flow group,
i.e. on flow history, and effects of flow shape are not discernible in these results.
There is also good agreement between positive half-cycle and negative half-cycle
|(—w'w)o,pk| for the same upk, again indicating little dependence on flow shape.
Similarly, the model predictions for CS collapse well onto a common curve, again
showing no dependence of (—u'w")g px on flow history or flow shape. The model
results are consistently higher than the corresponding measured values, but the
difference decreases with increasing upk (for upx = 1.5m/s, model |(—u'w)g pk|
exceeds measured |(—u'w’)o pk| by approximately 10 to 15 %). The large differ-
ence at low upk, and reducing difference as upy increases, relates to the model’s
assumption of rough turbulent flow for all upk, while, for CS, the experimental
conditions are turbulent for higher upy only.

The experimental results for GV (Figure 2I|(b)) follow a consistent depen-
dence of (—u'w')opk on upk across the full range of upk, reflecting the fact
that for GV, unlike for CS, significant bed shear stress is generated under the
low-velocity half-cycles at the beginning and end of the flow group. There is

good agreement between the stress measured under the regular flow and that
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measured under the half-cycle of the modulated flow having similar upk, an
indication again that there is no history effect on (—w'w’)g pk, at least for rel-
atively high-velocity flow half-cycles. In contrast to CS, the measured results
for GV show a significant difference in (—u'w’)o px between positive and neg-
ative flow half-cycles, with |(—u'w’)o pk| being higher for negative half-cycles
than positive half-cycles with the same uk. The difference is seen across a wide
range of upk, increases with increasing upk (for upk = 1m/s, negative half-cycle
[(—u'w)o pk| is about 60% higher than the corresponding positive half-cycle
value), and echoes the difference in half-cycle peak turbulent kinetic energy ob-
served at low 2/, for GV in Figure The difference is not likely to be due
to the difference in flow shape between the half-cycles because we do not see
a corresponding difference between the positive and negative half-cycle stresses
for the velocity-skewed flows in the case of CS. We conclude that the measure-
ment of near-bed —u/w’ for GV is locally influenced by the bed, despite the
measurement being based on multiple z positions. The half-cycle asymmetry in
[(—uw'w’)o pk| is not seen in the model results, which show good agreement with
the measured values for negative flow half-cycles but are significantly higher
than the measured values for the positive half-cycles.

The near-bed turbulent stress estimates presented in Figure are non-
dimensionalised to give the corresponding friction factors defined by f, =
2|(w'w")o,pi| /uz). Figure [22| presents the experimental and model f,, plotted
against half-cycle a/ks, where a is calculated for each half-cycle taking account
of flow shape (as done earlier for the results presented in Figure . GV and CS
results fall in the region a/ks < 200 and a/ks > 200 respectively. Also shown in
Figure 22| are |Swart[s empirical equation for f,, for turbulent conditions (Swart,
1974) and [Fredsge and Deigaard’s numerically-based fy, for rough beds with
a/ks > 50 (Fredspe and Deigaard) [1992)). Note that, while the experimental
fw is based on the measured near-bed turbulent shear stress, f,, from [Swartl|
Fredsge and Deigaard| and the present model are based on maximum total bed
shear stress, fu = 2|70,max|/(puZy). For oscillatory flow over a rough bed, the

total oscillatory bed shear stress is the summation of the turbulent stress and ad-

41



805

810

815

820

150

100 .

501 .

-50

(—ww!)opr (cm?/s?)

-1001

-150

-100 . .
12 14 16 0

02 04 06 08 1 12 14 16
[upk| (m/s)

0 02 04 06 038 1
[upx| (m/s)

Figure 21: Experimental and model half-cycle (—u'w’)g pk dependence on half-cycle upy for
(a) CS and (b) GV; the symbols are the same as in previous figures and colour is used to
distinguish +ve/-ve flow half-cycles for the experimental (black/red) and model (blue/grey)

results; note different scale for (—u'w’)g pk between (a) and (b).

ditional stresses due to convective transfer of momentum, correlations between

vertical and horizontal periodic velocities, and form-induced pressure (Nielsen)

11992; van der A et al., 2011), and these additional stresses are more significant

for GV than for CS. We expect therefore that experimental f,, based only on

the near-bed turbulent stress to be less than f,, based on total bed shear stress

from [Swart|, [Fredsge and Deigaard| and the present model, especially for GV.
The experimental f,, for GV in Figure [22] are indeed lower than but

are generally within 25% of [Fredspe and Deigaard| the positive/negative half-

cycle values being lower/higher than [Fredsge and Deigaard. The model fy

for GV agree with the experimental values for negative flow half-cycles, but are
~ 50% higher than the experimental values for the positive half-cycles, reflecting

the asymmetry in |(—w'w)o pk| seen in Figure b). For a/ks > 103, the CS

experimental fy follow [Fredsge and Deigaard reasonably well, but are typically
25% lower than the model predictions and 40% lower than The lower
experimental f,, relative to the model and to may be due to the hydraulic

regime in the experiments being more smooth- than rough-turbulent (Figure|3)).
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Figure 22: fyw from experiments (o, black/red for +ve/-ve flow half-cycles) and from model

(x, blue/grey for +ve/-ve flow half-cycles).

The CS experimental f,, for 200 < a/ks < 10® show scatter and are lower than
fw for higher a/ks. These fy, correspond to the low-velocity half-cycles at the
start and end of the flow groups when the flow is not fully turbulent and f,

depends on Reynolds number, a/ks and on whether the half-cycle occurs at

the start or end of the flow group. Neither |Swart| nor [Fredsge and Deigaard|

are applicable to these half-cycles and the rough turbulent RANS model poorly

describes their turbulence and shear stresses.

Time-averaged turbulent stress

Figure shows the experimental and model-predicted vertical profiles of
the time-averaged turbulent stress, —u/w’, for the 10 cases. —u/w’ has small
magnitude, two orders of magnitude lower than the instantaneous stress (Fig-
ures and , which makes it difficult to measure accurately. Nevertheless,
the measured profiles in Figure [23| show consistent behaviour for corresponding
regular and modulated flows for z/d, > 0.04 in the case of CS (~ 2 grain diam-
eters above the bed) and z/0, > 0.4 in the case of GV (~ 3 — 4 grain diameters
above the bed), indicating the modulation has no effect on the time-averaged

stress. We note that the profiles are inconsistent with the measured @(z) pre-
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sented in Figure in that: —u/w’(2) is slightly negative for the symmetric flows
CSSR/CSSS, when we expect it to be close to zero; —u/w’(z) is slightly nega-
tive for CSAR/CSAS, when we expect it to be slightly positive; and —u/w’(2) is
marginally positive for CSVR/VS/VF/VB when we expect it to be more pos-
itive. The measured profiles are therefore slightly negatively shifted, which we
expect is the result of a small error in the angular (rotational) positioning of the
LDA. Below z/6, = 0.04 and 0.4, the measurements show scatter, partly because
of the difficulty in accurately measuring —u/w’ and partly because of the bed
influence. The model predictions of —u’w’(z) in Figure 23| are consistent with
the predicted u(z) presented in Figure and, like the experimental results,

show little effect of flow modulation on the time-averaged turbulent stress.
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Figure 23: Experimental and model vertical profiles of —u/w’; columns and symbols are the
same as in Figure model predictions for regular/modulated flows are shown by solid /dashed

blue lines.

5. Conclusions

Detailed boundary layer velocity measurements have been obtained from 10

experiments involving regular and modulated oscillatory flows of various shape
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over two bed types: a gravel-rough bed, for which the hydraulic regime is rough
turbulent, and a sand-rough bed, for which the hydraulic regime ranges from
transitional to close to rough turbulent as the velocity amplitude varies over the
modulated flow group.

Turbulence is carried over from one flow half-cycle to the following flow half-
cycle, the magnitude of which depends on the preceding half-cycle flow shape
and the level of turbulence generated within that half-cycle. The carry-over can
be relatively large, but is quickly subsumed by the turbulence that develops as
the flow accelerates during the new half-cycle, with the result that the carry-
over has little or no effect on the main hydrodynamic properties of the new
half-cycle. This means that boundary layer thickness, peak turbulent kinetic
energy and peak turbulent stress within a half-cycle are mostly determined
by the magnitude and shape of the half-cycle free-stream velocity, with little
or no dependence on prior conditions. These results are consistent with the
observations of [Yuan and Dash| [2017]. History effects are not completely absent
however: for the sand-rough experiments, turbulence under the low-velocity
half-cycles of a modulated flow is lower or higher depending on whether the
half-cycles precede or follow the group.

The experiments were designed such that corresponding regular and modu-
lated flows were equivalent in terms of rms velocity, flow period, skewness and
asymmetry. This has enabled the effects of flow amplitude modulation on the
integrated and time-averaged hydrodynamics to be isolated and measured. The
results show remarkably little effect of modulation on the vertical profiles of
velocity skewness, velocity asymmetry, time-averaged turbulent kinetic energy
and time-averaged turbulent stress. Similarly, non-dimensional upward propa-
gation speed of turbulent kinetic energy shows no dependence on modulation, is
similar for all flows and the two bed types, and is consistent with [Sleath| [1987].
Modulation does not affect the shape of the vertical profile of time-averaged
velocity generated by non-symmetric flows, but it does reduce the magnitude,
with peak time-averaged velocity under regular flow being up to 50% higher

than that under the corresponding modulated flow.
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The study includes comparison of the experimental results with predictions
based on a 1DV RANS model with k — e turbulence closure. Overall, the model
shows reasonably good agreement with the measured time-varying and time-
averaged hydrodynamics for both the regular and modulated flows above about
one grain diameter from the bed. This includes good agreement in terms of the
intra-cycle turbulence kinetic energy, the turbulence carry-over between half-
cycles and the upward propagation of turbulence from the bed. For fully turbu-
lent half-cycles, predicted peak bed shear stresses tend to exceed the measured
values by about 20% on average. The model’s inherent assumption of rough
turbulent flow means that turbulent kinetic energy and turbulent shear stresses
are poorly predicted for the relatively low-velocity half-cycles within modulated

flows over the sand-rough bed.

Data access

The phase-averaged experimental data and the output from the RANS model
are available via https://dx.doi.org/10.5281/zenodo.5085959.
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