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and the wall shear stress τ :

τ = ρ
∂u

∂y

∣∣∣
y=0

= − ρU2
o

2
√
Re

e
(iωt+

π

4 )
+ cc. (3.14)

3.3.2. Transitional regime

Batchelor (1967) has shown that for a laminar flow over a smooth planar wall, the
friction coefficient (fw

∗) collapses onto a common line when normalized by cos(ωt−π/4).

f ∗
w = fw

cos(ωt− π/4) =

2τb

ρU2
o

cos(ωt− π/4) (3.15)

The main reason fw in a laminar regime collapses on the line described by equation
(3.15) is because of the bottom shear stress given by equation (3.14) satisfies Batchelor
(1967) equation.

Jensen et al. (1989) showed (presented in Figure 3.3) that the flow depending on the
instantaneous value of the Reynolds number, experiences the laminar, transitional and
the turbulent regimes at different phases of the cycle as Re is increased above a critical
value. Moreover, the transition from the laminar to the turbulent regime is smooth. It
was also observed that ranges of Re where the transitional flow regime exists shifts to
higher values of Re as ωt decreases.

In Figure 3.4, the evolution of both the mean and r.m.s of the bed shear stress are
presented. Additionally, in the left panel of Figure 3.4, DNS results obtained from Spalart
and Baldwin (1987) are plotted over the test cases with broken lines. Only for Re =
3.3 × 104, the broken line represents the laminar solution given by equation (3.14). In
addition, for ease of comparison, the bed shear stress is normalized using the maximum
of the bottom shear stress (τb,max). All experimental and theoretical results compare well
except for case d. Jensen et al. (1989) attributed this variation to a difference in Re
considered for the experimental and theoretical cases.

From both panels of Figure 3.4, as Re increases, the bed shear stress profile deforms
with the first disturbance seen for Re = 1.6×105. Henceforth, turbulence initiates at this
value. Furthermore, from the same case, it can be visualized that initiation of turbulence
occurs prior to the bed shear stress reversal. This is because at this stage the adverse
pressure gradient is relatively strong and the velocity of fluid particles close to the bed is
relatively small and such conditions are favourable for the initiation of turbulence (Jensen
et al., 1989). This disturbances on the bottom shear stress can be visualized in the middle
panel of Figure 3.5, where the time development of the instantaneous free-stream velocity
and bed shear stress for tests cases no. 3, 5 and 9 of (Jensen et al., 1989) are presented.
Cases in order from left to right represent laminar, transitional and turbulent flow regimes
over a smooth wall.

As Re increases, it can be visualized in both panels of Figure 3.4 in subplots c, d and
e that the maximum of the bed shear stress spreads towards lower values of ωt. This
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spreading stops in subplots f, g and h. This is because the spreading of the maximum of
the bottom shear stress reaches small phases that are way further from the point of flow
reversal where the adverse pressure gradient attains its maximum. This explains why in
Figure 3.3 transitioning to a fully turbulent flow regime is delayed and can not be com-
pleted for a vast majority of Re. This delay in transition was also observed in the purely
oscillating flow pipe experiment of Hino et al. (1976) where the authors observed three
turbulent flow regimes, which they termed as weakly, conditionally and fully turbulent
regimes.

In the conditionally turbulent flow regime, flow is laminar during the accelerating
phase and turbulent in the decelerating phase.
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Figure 3.3: Normalized friction coefficients versus Re at different phase values. Smooth bed.
Source of plots (Jensen et al., 1989).

Turbulence first appears at ωt ≈ 135o, prior to flow reversal. Combining this informa-
tion with Figure 3.3, it can be inferred that Recr ≈ 105, is the critical value for turbulence
appearance in an OBL over a smooth wall (Sleath, 1984).

As far as the bed shear stress is concerned, the wave friction factor (fw) is an important
quantity. it is defined by:

fw = 2τb,max

ρUo
2 (3.16)

In Figure 3.6a, the wave friction factor is given as a function of Re and along with
it, available experimental data and theoretical solutions of the laminar, transitional and
turbulent flow regimes are provided. The transitional flow regime solution is from Spalart
and Baldwin (1987) and the turbulent solution is the work of Fredsøe (1984). Figure 3.6b
shows the phase lead of the maximum shear stress over the maximum of the freestream
velocity and it can be seen that in a laminar regime it is 45o, in the transitional regime
and beyond, it decreases with the increase of Re.
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Figure 3.4: Evolution of the bottom shear stress over smooth bed tests 2-10 of Jensen et al.
(1989). In a) the mean of the bed shear stress is given and in b) the r.m.s values of the bed
shear stress are given. Reproduced from Jensen et al. (1989).

Figure 3.5: Sample records for the free-stream velocity and the bed shear stress over smooth
beds. Results presented here, in order they are presented in the figure are, test numbers 3, 5
and 9 from jensen1989. Reproduced from Jensen et al. (1989).
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Figure 3.6: a) Wave friction coefficient versus Re over a smooth wall. (i) Laminar fw = 2/Re1/2;
(ii) Spalart and Baldwin (1987), from a DNS; (iii) theoretical solution from Fredsøe (1984); ◦,
experiments by Jensen et al. (1989); •, experiments by Kamphuis (1975); δ, Hino et al. (1983);
x, Sleath (1987) 0.2 mm sand test where k+

s ≈ 10. (b) The phase lead of the maximum bed
shear stress over the maximum free-stream velocity. (i) Laminar; (ii) theoretical solution from
Fredsøe (1984); ◦, DNS data from Spalart and Baldwin (1987); •, experiments by Jensen et al.
(1989); δ, Hino et al. (1983). Source of plots (Jensen et al., 1989).

3.3.3. Turbulent regime

Figures 3.7, 3.8 and 3.9 are adapted from Jensen et al. (1989) experiment where Re
was 6 × 106. The outer flow of the experiment was progressing as Uo sin(ωt) and the flow
was in a fully developed turbulent regime. Three characteristics can be inferred from the
first two figures. First, as the boundary layer develops in time, turbulence builds up near
the bed and constantly diffuses away from the bed. Second, at ωt = 1400, the near-bed
build-up of turbulence comes to an end. Third, before reaching flow reversal, turbulence
becomes uniformly distributed across the depth.

In Figure 3.9 the mean velocity profiles are given at different phases. The logarithmic
turbulent velocity profile for a steady flow is given by the solid lines. The velocity profile
in the viscous sub-layer is also indicated. The oscillatory flow velocity distributions show
good agreement with the steady flow profiles in the range of ωt between 70o to 110o.
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Figure 3.7: Shear stress distribution. Smooth wall, Re is 6 × 106. Test number 10 from Jensen
et al. (1989). τ̃ = ρu′v′ + µ∂U/∂y, where u′ and v′ are rms. of velocity fluctuations and U is
the mean velocity component in the streamwise direction. Source of plots (Jensen et al., 1989).

The figure also indicates that the logarithmic velocity profile was present throughout the
ωt range, 15o to 160o. The logarithmic layer was not present prior to 15o because, the
boundary layer is not thick enough to house the logarithmic layer in it. Moreover, the
distributions corresponding to the late and early phases of the accelerating and deceler-
ating stages respectively, resemble quite close as the velocity distributions of the steady
boundary layers (Coles, 1956) and (Jensen et al., 1989).

3.4. Oscillatory boundary layer over a rippled bed

The vortices shed twice per cycle play a crucial role in the OBL above ripples. Un-
derstanding of the velocity-local shear stress distribution above ripples is important to
understand sand transport, wave damping and mass transport at the coast (Sato et al.,
1985).

Bagnold (1946) was the first to show that wave induced flow over ripples generate
coherent vortices twice per wave cycle. These vortices contribute significantly to the
spatial inhomogeneity of the wave boundary layer due to their alteration of the pressure
distribution over the ripple surface. This generates a rippled-average form drag which is
often much stronger in magnitude than the skin friction drag. As a result, the presence
of ripples significantly enhances the bottom shear stress. Kajiura (1968) showed that the
presence of ripples increases the local energy dissipation rate and that this is reflected on
the attenuation of surface waves (Yuan and Wang, 2018).

In examining the oscillatory flow over ripples, the bottom shear stress is of primary
importance. Experiments that directly report the total flow resistance are quite a few.
Some of the noticeable ones are; Rankin and Hires (2000); Lofquist (1980); Hare et al.
(2014); Hay et al. (2012); Rodríguez-Abudo and Foster (2017); Yuan and Wang (2018).

The bottom shear stress obtained over ripples has different components when com-
pared to that obtained over a planar smooth wall, see Section 3.3.. This is because in the
case of ripples, the bottom shear stress is a sum of the skin friction drag and a form drag.



29

Figure 3.8: Distribution of r.m.s values of velocity fluctuations u’, v’, w’. Smooth bed, Re is
6 × 106. (a) and (b) are from test number 10 and (c) is from test number 11 of Jensen et al.
(1989). Source of plots Jensen et al. (1989).

It can be described in the flow and vertical directions as:

tx = −pnx + µ

[
2∂u
∂x
nx +

(
∂u

∂y
+ ∂v

∂x

)
ny

]

ty = −pny + µ

[
2∂v
∂y
ny +

(
∂u

∂y
+ ∂v

∂x

)
nx

]
(3.17)

where nx and ny are the two-components of the normal to the ripple profile that points
towards the fluid. The first term on the left hand side of equation (3.17) describes the
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Figure 3.9: Mean velocity distribution in a semi-log plot. Smooth wall, Re is 6 × 106. Source of
plots (Jensen et al., 1989).

pressure contribution (tx(p)) to tx, while the remaining part describes the viscous contri-
bution (tx(v)).

In practical application, which involve the flow over spatial scales much larger than
the ripple length, it is appropriate to consider the x-component of the force per unit bed
area (τx). τx computed for ripples is analogous to τb computed over smooth planar walls.
In the context of this research, τb will be used when referring to smooth planar walls and
τx when referring to rippled surfaces.

τx = 1
L

∫
C
tx(x, y, t)dC (3.18)

where C is the ripple profile defined by equation (2.12).
τx is analogous to τb over a smooth wall. Quantifying τx at the bottom of sea waves

where ripples are present is of primary importance for coastal applications. However, in
hydrodynamic models, ripples are too small and dynamic to be incorporated in the nu-
merical grid. As a result, their influence on the bottom shear stress is often parametrized
with a wave friction factor (fw) which was given earlier by equation (3.16).

Among the widely used empirical equations to compute fw are those by Swart (1974);
Soulsby et al. (1993); Kim (1993); Humbyrd (2012). These formulations use the equiv-
alent roughness size (ks) to represent the influence ripples have on the modification of
the bottom shear stress. Henceforth, whenever equation (3.16) is used a formulation of
ks representative of the ripple shape needs to be determined. Unlike Nikuradse (1933)
experiments with pipes where ks was adapted to be equivalent to the size of the sieve,
finding representative ks for ripples is not a straightforward process (Yuan and Wang,
2018).

Though wave ripples may be described as analogous to sand grain roughness of some
size, their effect on the wave boundary layer will not be modeled using the Nikuradse
(1933) law. As pointed out earlier, this approach is better suited for small roughness
scales (i.e. to estimate the velocity profile close to a flat sandy bed). But when roughness
sizes are large, there is no well-defined logarithmic layer, and ks is no longer well defined.
Instead, it becomes one model parameter to describe the flow dynamics in the wave
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boundary layer whose choice highly depends on which formula is adapted to compute the
bottom wall shear stress (Yuan and Wang, 2018).

The equivalent sand grain roughness can be back-calculated using equation (3.16) for
known τb,max, while ripple dimensions can be directly measured, so a number of predictors
for ks have been calibrated following this way.

In literature attempts can be found where an equivalent sand grain roughness of some
size is used to express wave ripples. Notability, Van Rijn et al. (1993) suggested the
roughness size ranges between one and three ripple heights. This suggestion was supported
by data shown in Nielsen (1992). However, experimental measurements carried out for
low flow intensities indicated that also the shape of the ripples, and in particular their
steepness affects the equivalent roughness size. In literature, it is suggested that ks can
be given values close to Ch2/L, where C is a constant. Nielsen (1992) proposed C = 8
while Grant and Madsen (1982) and Li et al. (1996) proposed C = 28 and Van Rijn et al.
(1993) suggested C = 20. Similarly, for a correlation between ks/a and h/L, Grigoriadis
et al. (2012) using a LES model proposed:

ks

a
= 0.001L

a
exp

(
32h
L

)
(3.19)

Kim (2004) on the basis of results obtained from a RANSE simulation with a mixed
length turbulence closure model proposed that for ripples with a steepness greater than
0.11, ks = 4h. This formulation is similar to that proposed by Wikramanayake and
Madsen (1994) which used laboratory measurements. For ripple steepness above 0.16
Yuan and Wang (2018) using laboratory data recommended a similar relation.

To calibrate a given roughness formulation, such as that in equation (3.19) the max-
imum of the bottom shear stress over a given ripple geometry is needed. In this regard,
τb,max can be obtained from laboratory experiments or from numerical models. In the
latter option, the numerical models used must be able to solve the coherent vortex mo-
tion over ripples. In this regard, Longuet-Higgins (1981) used an inviscid discrete-vortex
method which assumed the flow always to separate at the crest. Although Longuet-Higgins
(1981) suggested that the particular model is suitable at high Reynolds numbers, because
the vortices are shed at finite intervals, turbulence can not be adequately reproduced
(Sleath, 1984). Sleath (1974) adapted a laminar solution of the Navier-Stokes equations
in two-dimensions to obtain the total flow resistance. Fredsøe et al. (1999) solved the
Reynolds averaged Navier-Stokes equations with a κ − ω turbulence model. Barr et al.
(2004) and Grigoriadis et al. (2012) used Large Eddy Simulation (LES). Blondeaux et al.
(2004) adapted DNS for computing the flow field.

3.4.1. Laminar regime

Blondeaux (1990) used DNS to solve the vorticity and Poisson equation with a model
that employed the spectral and the finite-difference method to model the oscillatory flow
generated by surface gravity waves near the sea bottom. The ranges of Reδ considered in
the investigation were between 0.1 and 150. Simulation with lower ranges of the Reynolds
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number were used to validate the accuracy of the numerical solution with an asymptotic
analysis which holds as time t tends to zero. They showed that vortex pairs are shed from
the ripple crest every half oscillation cycle. Whenever a vortex structure moves close to
the bottom, it drags with it an oppositely directed secondary vortex near the ripple profile
which interacts with the primary vortex to push it further away from the bottom. Also,
depending on parameters of the problem, two or more vortex structures are present and
sometimes vortices generated in previous cycles coalesce with the free shear layer shed
from the ripple to generate unique vortex structures.

On a similar investigation, Shum (1988) modeled the flow over a fixed vortex ripple
profile for different ranges of the parameters of the problem. The pressure distribution
along the ripple surface is shown to be similar to that computed by the potential flow
solution over the ripple except when the pressure distribution is over the ripple crests,
where local shear stress is at its highest. It is also shown that the horizontal force on a
ripple length is dependent on the ripple profile chosen for the simulation and that the wave
friction factor depends on parameters of the problem, showing the highest dependency on
a/L.

3.4.2. Transitional regime

Sleath (1974) performed measurements over a rippled bed in an oscillating tray ap-
paratus. During each half cycle, the mean and the r.m.s velocities close to the ripple
surface were sampled and cases with r.m.s velocity fluctuation equal to 5 % of u∞ were
reported as in Figure 3.10. Following the observations, Sleath (1974) recommended an
empirical equation for the limiting condition such that flow over a rippled bed transitions
to turbulence. The empirical equation is:u∞L

ν

(
h

L

)1.16

− 108.2
 a

L

(
h

L

)1.16

− 0.042
 = 0.58 (3.20)

Equation (3.20) applies only to turbulence generated by the ripple profile. It does not
take into account turbulence generated by the individual grains of sand on the bed.

Further measurements carried out to find the critical Reynolds number for which
transition occurred such as that by Li et al. (1954), Manohar et al. (1955), and Kalkanis
(1964) estimated transition to occur when the the Reynolds number satisfies the relation
Re = 640(a/d).

3.4.3. Turbulent regime

Velocity distribution was measured in an oscillatory flow over fixed and active ripple
by Du Toit and Sleath (1981). Figure (3.11) gives the velocity measured over ripple crest
and trough for a turbulent oscillatory flow over an active ripple. The velocity shown is
the phase average over 30 cycles. Two curves are given in each plot for the measured
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Figure 3.10: Limiting condition for which the r.m.s fluctuation in velocity is equal to 0.05u∞.
The figure is reproduced from Sleath (1984)

Figure 3.11: Comparison of measured and predicted ensemble averaged velocities close to an
active bed of ripples. Left panel: velocity above the ripple crest at y

L = 0.54. Right panel:
velocity above the ripple trough at y

L = 0.46. " " measured velocity by Du Toit and Sleath
(1981), " " mirror of measured velocity by Du Toit and Sleath (1981), "o" predicted velocity
by Sleath (1974), "· · · · " prediction by Kalkanis (1964) , "· · " prediction by Kajiura (1968),"
· · · · · · " prediction by Bakker (1975). Figures are reproduced from Du Toit and Sleath (1981).

velocity. While the full curve represents the measured one, the one given by the broken
line is a mirror image of the full curve. Since the pressure gradient generating the flow
was a simple harmonic and the ripple profile was symmetric, the difference between the
full and broken curves could provide an indication of the error in measurement. However,
a second explanation is that such difference occurred because of a difference in strength
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of the vortices generated in the two half cycles. This difference in strength of the vortices
causes a visible dysymmetry in Figure (3.11) even after averaging over many cycles. Of
course, since the full and broken lines are closely different, it shows this effect is small.
The other curves seen on the figure correspond to velocity distribution given by empirical
predictors. Only that provided by Sleath (1974) (represented by circular dotes in the
figure) adapted a laminar solution of the Navier-Stokes equations in two-dimension. Sleath
(1984) attributed the good performance of the model to two reasons. The first is that
the experimental case is not strongly turbulent. The second reason is that, the mixing
provided by the turbulence eddies might be much smaller than the mixing in the fluid
produced by the vortex shed from lee side of the ripple.



Chapter 4
The model

4.1. Introduction

This chapter gives a brief presentation of the mathematical model and of the numerical
procedures used to model a turbulent oscillatory flow over a fixed boundary representing
the equilibrium profile of wave ripples formed at the bottom of sea waves. Section two
briefly discusses the mathematical model. In the same section, a brief discussion of the
turbulence model used in the research is given. Section three gives a detailed discussion
of the numerical model. Furthermore, this section includes a detailed description of
OpenFOAM and of the test cases setup in the framework of the present research.

4.2. The mathematical model

4.2.1. Governing equations of flow over vortex ripples

h

x, u

L

y, vωU0 cos( t)

Figure 4.1: Sketch of the problem

Let us consider the flow field generated by a surface wave, monochromatic and prop-
agating in the x− direction. We focus our attention on the hydrodynamics close to the
bottom and we model the bed profile as a solid wall of assigned shape. The oscillating
pressure gradient that is driving the flow in the wave boundary layer can be described by:

∂p

∂x
= ρU0ω sin (ωt) (4.1)

The bed profile is indicated in Figure 4.1 and it is given by equation (2.12). The
ripple wavelength and height of the equation were computed using equations (2.7) and
(2.10), respectively. A discussion about these equations is given in Section 2.2.4.. Later,
in chapter six, the approach with which a parametric study was conducted to generate
more ripple geometries that are suitable for the numerical investigation carried out in this
research will be discussed in detail.

Since we investigate the flow for large values of the Reynolds number, such that the flow
is turbulent, we decompose the velocity components and the pressure field into an averaged
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part (U, V,W, P ) and a fluctuating part (u′, v′, w′, p′). The average flow is governed by
continuity and Reynolds equations:

∂Ui

∂xi

= 0 (4.2)

ρ

[
∂Ui

∂t
+ Uj

∂Ui

∂xj

]
= −∂P

∂xi

− ρU0ω sin (ωt) + ∂(−ρui
′uj

′)
∂xj

+ µ
∂2Ui

∂xj
2 (4.3)

where i ranges from 1 to 3 and Einstein summation convention is used. The quantity
(−ρui

′uj
′) denotes the ij component of the Reynolds-stress tensor (τij).

The boundary conditions force the no-slip at the ripple surface, while far from the
bottom the velocity of the outer irrotational region should be attained as y is increased.

Ui → (U0 cos (ωt) , 0, 0) as y → ∞

A turbulence model should be introduced to evaluate the Reynolds stress components
in equation (4.3).

4.2.2. Turbulence modelling

In field conditions, oscillatory flows over seabeds are often turbulent. Henceforth,
simulations that use either DNS, LES or RANSE based models are needed to incorporate
the effect of turbulence in the flow field. However, the previous two modeling approaches
are computationally expensive and are not feasible to perform investigations that cover a
wide range of parameters which influence ripple shape and geometry as in the framework
of this research. Henceforth, simulations that adopt a RANSE-based turbulence model
can be used to compute the Reynolds stresses.

However, the use of RANSE turbulence models in an unsteady flow requires great care
as most of the available models were developed to simulate steady or slowly varying flows.
Indeed the oscillatory flow close to a plane bed might recover the laminar regime during
the accelerating phases of the cycle for values of the Reynolds number encountered in the
field.

Blondeaux et al. (2018) modeled the bottom boundary layer close to a plane wall by
using different RANSE models which were proved to perform fairly well under oscillat-
ing conditions both for smooth and rough walls. In particular, Blondeaux et al. (2018),
after comparing the results of the models with experimental and numerical results, con-
cluded that for a smooth wall and for moderate values of the Reynolds number such
that transition to turbulence takes place each half oscillation cycle and is followed by
a relaminarization phase, only the k − ω model derived from Wilcox (1992) adequately
reproduces the time development of the bottom shear stress. For values of the Reynolds
number such that the flow shows turbulent fluctuations throughout the oscillation cycle,
all the models they considered provide physically reasonable and quantitatively similar
results. Díaz-Carrasco et al. (2019) evaluated the performance of the model by Menter
et al. (2003) when a steady current is superposed to the oscillatory flow and concluded
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that, for the case they considered, Menter’s model can be regarded as superior to both
k − ϵ and k − ω models. Accordingly, Menter’s model was used in this investigation.

The Reynolds stress tensor appearing in equation (4.3) is modeled using Boussinesq
(1877) hypothesis:

τij = µt

(
∂Ui

∂xj

+ ∂Uj

∂xi

)
− 2

3ρkδij (4.4)

where k is the turbulence kinetic energy given by 1
2u

′
iu′

i, µt is the eddy viscosity, δij is
the Kronecker delta.

The notion behind Menter’s (1993) k - ω-SST model is to combine the best elements
of the turbulent models k − ω by Wilcox (1998) and k − ϵ by Launder and Spalding
(1983), in the flow domain through a blending function. The model activates the former
turbulence model in near-wall regions and the latter in far-wall regions.

The OpenFOAM implementation of the k − ω-SST model is based on (Menter et al.,
2003). The turbulence kinetic energy (k) and the equation for the specific dissipation (ω)
are given by:

∂k

∂t
+ Uj

∂k

∂xj

= τij
∂Ui

∂xj

− β∗kω + ∂

∂xj

[
(ν + σkνt

∂k

∂xj

]
(4.5)

∂ω

∂t
+ Uj

∂ω

∂xj

= γ

νt

τij
∂Ui

∂xj

− βω2 + ∂

∂xj

[
(ν + σwνt

∂ω

∂xj

]
+ 2(1 − F1)σω2

1
ω

∂k

∂xj

∂ω

∂xj

(4.6)

Let ϕ1 represent any constant in the original k−ω model, Let ϕ2 represent any constant
in the original k − ϵ model and ϕ the corresponding constant of the new model, then the
relation between them is:

ϕ = F1ϕ1 + (1 − F1)ϕ2 (4.7)
Set 1 (ϕ1)(k − ω):

σk1 = 0.85, σω1 = 0.5, β1 = 0.075, γ1 = 5/9, β∗ = 0.09 (4.8)

Set 2 (ϕ2)(k − ϵ):

σk2 = 1.0, σω2 = 0.856, β2 = 0.0858, γ2 = 0.44, β∗ = 0.09 (4.9)

Set 1 corresponds to the original k−ω model and will be used in the near wall region
exclusively. Set 2 corresponds to the transformation of the standard k − ϵ model and its
main area of application is for free shear layers.

The blending function (F1) for k - ω-SST turbulence model is given by:

F1 = tanh(Γ1
4) (4.10)

with
Γ1 = min

(
max

( √
k

β∗ωη
,
500ν
η2ω

)
,

4ρσω2k

CDkωη2

)
(4.11)
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and the cross-diffusion term (CDkω) is expressed as:

CDkω = max(2ρσω2
1
ω

∂k

∂xj

∂ω

∂xj

; 1.0e−20) (4.12)

CDkω helps incorporate the additional term of the specific dissipation rate (ϵ) of the
k − ϵ turbulence model in to ω equation of the k − ω-SST model. (Note that ϵ can be
expressed in terms of ω by the relation Cµkω, where cµ = 0.09).

In equation (4.11), the term
√
k/(β∗ωη) is the turbulent length scale divided by the

wall-distance (η). This ratio is roughly 2.5 in the logarithmic layer and approaches 0 in
the defect layer. The term 500ν/(η2ω) ensures that the particular equation in the viscous
sub-layer is not zero, and the term 4ρσω2k/(CDkωη

2) ensures that F1 behaves correctly
when the freestream ω is very low (Menter, 1993).

In the k − ω-SST model an upper limit is introduced on the turbulence shear stress
produced in the boundary layers in order to avoid excessive shear-stress levels typically
predicted with Bossinesq eddy-viscosity models. This is achieved by defining νt as:

νt = a1
k

max(a1ω, b1F2|Ω|) (4.13)

where a1 = 0.31, b1= 1, |Ω| is absolute value of the vorticity.

F2 is defined similarly to F1:

F2 = tanh(Γ2
4) (4.14)

Γ2 = max

( √
k

β∗ωy
; 500ν
y2ω

)2

(4.15)

The purpose of F2 is for the eddy viscosity formulation in equation (4.13) to take into
account Bradshaw’s (1972) assumption which suggests that the shear stress in the bound-
ary layer is proportional to the turbulent kinetic energy (i.e. τ = ρa1k) and to conversely
use the actual definition of eddy viscosity (i.e. k/ω) in the rest of the computational
domain (Hellsten, 1998).

In Figure 4.2, the right panel depicts F2 while the left panel depicts F1. Because
the eddy viscosity adjustment has the most significant impact in the wake region of the
boundary layer, F2 must extend further out into the boundary layer than F1. On the
other hand, to prevent the model from becoming freestream dependent, F1 must decrease
to zero well within the boundary layer (Menter, 1993).

For k − ω turbulence models, appropriate boundary conditions needs to be imposed.
At the ripple surface k was forced to vanish. A suitable value of ω, that takes in to account
the effect of surface roughness on the flow field, was imposed at the ripple surface. This
boundary value for ω can be obtained following the procedure outlined by Wilcox (1988),
Saffman (1970) and is given as:



39

Figure 4.2: Blending Function F1 and F2 versus y/δ for different velocity profiles obtained from
a numerical simulation of some wall-bounded turbulence flow using the k − ω-SST turbulence
model. Left: Function F1 and Right: Function F2. Source (Menter, 1993).

ω = uτ
2

ν
SR at y = 0 (4.16)

The function SR is defined as:

SR =


( 50
ks

+

)2
ks

+ < 25
100
ks

+ ks
+ ≥ 25

(4.17)

where ks
+ = ksuτ/ν, uτ is the shear velocity given by

√
τb/ρ . Further, by inserting

equation (4.17) into equation (4.16), ω is expressed as:

ω = 2500ν
ks

2 ks
+ < 25 (4.18)

When modeling turbulence over a hydraulically smooth surface using a k − ω derived
turbulence model, Schlichting and Kestin (1979) suggested that an appropriate value of
ω can be selected by considering a ks value in equation (4.18) for which ks

+ is less than
five. Accordingly, a trial and error procedure is outlined in Figure 4.3. First, an arbitrary
ks value equal to the distance from the wall (yw), should be taken. Then ω is computed
with equation (4.18) and imposed at the wall boundary as a Dirichlet boundary condition.
Afterwards, the dimensionless surface roughness value is computed using the maximum
shear velocity obtained from the simulation. If this value is less than five, then the ω
value will be used for the simulation. However, if the computed ks

+ value is greater than
five, another value of ks that is smaller than the one previously considered will be chosen
and a new ω value will be computed till a ks

+ value that is in the hydraulically smooth
regime is obtained.
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Figure 4.3: Trial and error procedure to fix the ω boundary condition for a simulation with a
hydraulically smooth surface.

4.3. Working with OpenFOAM

OpenFOAM stands for Open Source Field Operation and Manipulation. It is a C++ li-
brary that solves ordinary and partial differential equations with the finite volume method,
including but not limited to fluid flow. It uses the message passing interface (MPI) for
parallel computing. The tool features different solvers, turbulence models, pre- and post-
processing utilities. Additionally, the tool posses a native mesher (Open▽FOAM®, 2021).

The main goal of this section is to describe the numerical methods and procedures em-
ployed in OpenFOAM to solve the governing equations using the Finite Volume Method
(FVM). The first subsection briefly describes the FVM used to transform a system of
differential equations into numerically solvable algebraic expressions with which the dis-
tribution of the dependent variable ϕ over an area of interest is computed (Jasak, 1996;
Darwish and Moukalled, 2021). Subsequent subsections will describe the OpenFOAM
model and the test cases produced in the framework of the research.

4.3.1. Finite volume discretization

The main goal behind any discretization procedure is to transform a system of partial
differential equations into an equivalent algebraic expression that can be solved numer-
ically and give the solution of the original equation. The discretization process in the
finite volume method has two components, discretization of the solution domain and of
the governing equations (Hirsch, 1991; Muzaferija, 1994).
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Figure 4.4: Control volumes (CVS) or cells used in the finite volume method. Left: Two cells
sharing an internal face and Right: a boundary face shared by a cell and the domain boundary.
P and N represent centroids of cells, Sf is the face area vector and f represents the value of a
variable at the middle of a cell face.

Discretization of the solution domain gives the computational mesh and its nodes
where the governing equations are solved. The FVM requires the entire computational
domain to be subdivided into a discrete number of control volumes (CVS) or cells that
do not overlap. The control volumes have the underlying properties that basic quantities,
such as mass and momentum are conserved and individual faces of a control volume can
only be shared with a single neighbor cell. Faces of such sort are called internal faces. In
the left panel of Figure 4.4 an internal face that was shared between two cells is shown.
In some instances, faces of a cell could coincide with boundaries of the domain. Faces of
such sort are termed boundary faces. On the right panel of Figure 4.4 a boundary face
shared between a cell and the domain boundary is shown.

For a typical control volume shown in Figure 4.4, the computational node is located
at the cell centroid (xc) such that:

xc =
∫

Vp
x dV
Vp

(4.19)

where x represent any point within the cell and Vp represents the volume of the cell.
The face area of a cell is represented by a vector Sf and all faces of a cell are assigned

one whose magnitude is the face area.
The term "owner" cell is given in the FVM to the cell containing the faces whose face

are vector points outwards. "Neighbour" cell on the other hand is any cell that shares
a common face with the "owner" cell. The face area vector of the internal face of the
"Neighbour" cell will point towards the "owner" cell, see left panel of Figure 4.4 for further
clarifications.

In the discussion to come, whenever variables are assigned the subscripts "P" for the
"Owner" cell and "N" for the "Neighbour" cell, they refer to the value of the variable at
the cell centroids. Also, in some instances they are directly used to indicate cell centroids,
see Figure 4.4.

The mesh plays a crucial role in the discretization of the equation. Information on cell
to cell relation, face to cell relation, geometric information of the surfaces, cell centroid
and volume, face centroid, area and normal direction, etc. are stored and called up on
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while the governing equations are solved algebraically.
Let us consider the transport equation for a scalar field ϕ, given by:

∂ρϕ

∂t︸ ︷︷ ︸
time derivative

+ ∇.(ρuϕ)︸ ︷︷ ︸
Convection term

− ∇.(ρΓϕ∇ϕ)︸ ︷︷ ︸
diffusion term

= Sϕ(ϕ)︸ ︷︷ ︸
Source term

(4.20)

where Γϕ is a diffusion coefficient
Equation (4.20) is integrated in time and volume around the the point P:

∫ t+∆t

t

[
∂

∂t

∫
Vp

ρϕ dV +
∫

Vp

∇.(ρuϕ) dV −
∫

Vp

∇.(ρΓϕ∇ϕ) dV
]
dt

=
∫ t+∆t

t

(∫
Vp

[Sϕ(ϕ) dV
)
dt

(4.21)

The accuracy of the discretization method depends on how ϕ is allowed to vary in
space and time around the centroid P. To achieve a second order accuracy, ϕ should vary
linearly in space and time (Jasak, 1996). Hence :

ϕ(x) = ϕ(xP ) + (x − xP ).∇ϕ(xP ) (4.22)

ϕ(t+ ∆t) = ϕ(t) + ∆tϕ(t)
∂t

(4.23)

Spatial discretization
The generalized form of the Gauss theorem will be used to transform some of the terms
in equation (4.21). In particular, use is made of the following relationships :∫

Vp

∇.a dV =
∮

∂Vp

a.dS (4.24)

∫
Vp

∇ϕ dV =
∮

∂Vp

ϕdS (4.25)

where ∂Vp is the closed surface bounding the volume Vp and S is a vector of modules
equal to the infinitesimal surface element and direction normal to ∂Vp, ϕ and a represent
a scalar and a vector field, respectively.

A series of volume and surface integrals needs to be evaluated. Taking into account
the prescribed variation of ϕ over the control volume P, equation (4.22), it follows:

∫
Vp

ρϕ(x) dV =
∫

Vp

[ϕ(xP ) + (x − xP ).∇ϕ(xP )], dV

= ϕ(xP )
∫

Vp

dV +
[∫

Vp

(x − xP )dV
]
.∇ϕ(xP )

= ρϕ(xp)Vp

(4.26)
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Considering the divergence operator in equation (4.24), since a given cell in the com-
putational domain is bounded by a finite number of faces, it can be transformed to a sum
of integrals over all faces. ∫

Vp

∇.a dV =
∑

f

(∫
f

a.dS
)

(4.27)

where f represents the value of a variable at the middle of a cell face.
The assumption of linear variation of ϕ leads to the following expression for the face

integral in equation (4.27):

∫
f

a.dS =
(∫

f
dS
)
.af +

[∫
f
dS(x − xf )

]
: (∇a)f

= S.af

(4.28)

Combining equation (4.26), (4.27) and (4.28), a second-order accurate discretised form
of the Gauss’ theorem is obtained:∫

Vp

∇.a dV =
∑

f

(∫
f
dS.a

)
=
∑

f

S.af (4.29)

In the current mesh structure, the face area vector Sf point outwards from P only if f
is "owned" by P. For the "neighbouring" faces Sf points inwards, which needs to be taken
into account in the sum in equation (4.29). The sum over the faces is therefore split into
sums over "owned" and "neighbouring" faces:

∑
f

S.af =
∑

f

Sf .af︸ ︷︷ ︸
"Owner" faces

−
∑

f

Sf .af︸ ︷︷ ︸
"Neighbour" faces

(4.30)

This is performed for every summation over faces in the computational domain and
the condition holds for the rest of the mathematical description given herein.
Convective term
Following equation (4.29) the discretization of the convective term in equation (4.20) is
given as: ∫

Vp

∇.(ρuϕ) dV =
∑

f

S.(ρuϕ)f =
∑

f

Fϕf (4.31)

where F = S.(ρu)f is the mass flux through the face and is calculated from the interpo-
lated values of ρ and u over a face. Similarly, the value of ϕf is calculated from its cell
center value. It will be shown next that an interpolation scheme is required to compute
the value of a variables over a face. This is because variables are calculated and stored
at cell centroids in the FVM. Here a discussion will only be given of central difference
schemes.
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Figure 4.5: Face interpolation.

It is to be recalled here for ϕf in equation (4.31) a linear variation of ϕ between P and
N is assumed (see Figure 4.5) and the value of ϕf is computed with:

ϕf = fxϕP + (1 − fx)ϕN (4.32)

with fx

fx = fN

PN
(4.33)

where fN and PN represent displacement vectors between the cell face center (f) and N
and P and N, respectively (see figure 4.5).
Diffusion term
Similar to the convective term, the diffusion term in equation (4.20) is discretized following
equation (4.29): ∫

Vp

∇.(ρΓϕ∇ϕ) dV =
∑

f

(ρΓϕ)f (∇ϕ)f .S (4.34)

Mesh orthogonality plays a role in correctly discretizing the diffusion term. Mesh
orthogonality refers to the orthogonality angle formed between the displacement vector
connecting centroids P and N, (d) and the face area normal vector (S)(see Figure 4.6).
It is given by:

χ = cos−1 d.S
|d||S|

(4.35)

When χ is zero, perfectly orthogonal faces are present between two cells and the term
(∇ϕ)f .S of equation (4.34) can be reduced to the following expression:

(∇ϕ)f .S. =
(
ϕP − ϕN

|d|

)
|S| (4.36)

But when the cell become more skewed and the orthogonality angle increases, it will
be difficult for numerical solvers to obtain stable solutions. Most solvers require χ to
be less than 70o (Open▽FOAM®, 2021; Jasak, 1996). This is because the expression in
equation (4.36) describing (∇ϕ)f no more holds since d and S are not parallel. Under this
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Figure 4.6: Vectors d and S in a non-orthogonal mesh.

condition, equation (4.36) will not yield correct interpolation. Henceforth, the product
(∇ϕ)f .S needs to split into two parts, an orthogonal contribution and a non-orthogonal
contribution:

(∇ϕ)f .S. = ∆.(∇ϕ)f︸ ︷︷ ︸
orthogonal contribution

+ k.(∇ϕ)f︸ ︷︷ ︸
non-orthogonal contribution

(4.37)

where ∆ and k are vectors such that:

S = ∆ + k (4.38)

Vector ∆ is chosen parallel to d. This allows to use equation (4.34) on the orthogonal
contributions, limiting the less accurate method only to the non-orthogonal part which
can not be treated in any other way.

Many possible decompositions exist. Here the minimum correction approach is dis-
cussed. For further reading on available approaches, (Jasak, 1996; Open▽FOAM®, 2021)
are recommended.

In the minimum correction approach, a decomposition is done on S in order to keep the
non-orthogonal contribution part of equation (4.37) as small as possible. This is achieved
by making ∆ and k orthogonal. The procedure is shown in Figure 4.7.

∆ is given by:

∆ = d.S
d.d

d (4.39)

with k calculated from equation (4.38), as the non-orthogonality increases, the contri-
bution from ϕP and ϕN through the orthogonal term in equation (4.37) decreases. Which
in return leads to a dominance of k which may cause issues with solution convergence.

Overall, the finial form of the discretized diffusion term remains the same irrespective
of different approaches being followed to compute the orthogonal and non-orthogonal
contributions. The final equation combining equations (4.36) and (4.37) is given by:
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Figure 4.7: The minimum correction approach to perform orthogonal correction.

S.(∇ϕ)f = |∆|
(
ϕP − ϕN

|d|

)
+ k.(∇ϕ)f (4.40)

Source terms
Terms other than the temporal, convective and diffusion in equation (4.20) will be treated
as source terms. The source term can be a general function of ϕ. The linear form of the
source term is given as:

Sϕ(ϕ) = Su + Spϕ (4.41)
where Su and Sp can also depend on ϕ.

Following equation (4.26) the source term can be transformed as:∫
Vp

Sϕ(ϕ) dV = SuVp + SpVpϕp (4.42)

Temporal discretization
Considering equation (4.31) for the convective term, equation (4.34) for the diffusion
term and equation (4.42) for the source term, equation (4.21) can be reduced to the
semi-discretized form of the transport equation (Hirsch, 1991) :

∫ t+∆t

t
ρ

(∂ϕ
∂t

)
P

Vp +
∑

f

Fϕf −
∑

f

(ρΓϕ)fS.(∇ϕ)f

 dt
=
∫ t+∆t

t
(SuVp + SpVpϕp) dt

(4.43)

the temporal term of equation (4.43) can be computed directly as:(
∂ϕ

∂t

)
P

= (ϕn − ϕo)
2∆t (4.44)

∫ t+∆t

t
ϕ(t) dt = 1

2(ϕo + ϕn)∆t (4.45)
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where ϕn = ϕ(t + ∆t), ϕo = ϕ(t) and the subscript P indicates that the computation is
performed at the centroid of the owner cell. This form of the temporal discretization used
above is the Crank-Nicholson method. It is second order accurate.

(4.43), (4.44), (4.45) would yield:

ρ(ϕP
n − ϕP

o)
∆t Vp + 1

2
∑

f

Fϕf
n − 1

2
∑

f

(ρΓϕ)fS.(∇ϕ)n
f

+1
2
∑

f

Fϕf
o − 1

2
∑

f

(ρΓϕ)fS.(∇ϕ)o
f

= SuVp + 1
2SPVpϕ

n
P + 1

2SPVpϕ
o
P

(4.46)

Face values of ϕ and ∇ϕ will be computed with appropriate interpolation schemes
such as that given by equation (4.22).

The overall aim of equation (4.46) is to compute the new value of ϕn
P depending on

previous values of ϕ in the "Owner" and "Neighbour" cells. Henceforth, equation (4.46)
produces an algebraic equation for every cell in the computational domain which can be
written as:

apϕ
n
P +

∑
N

aNϕ
n
N = RP (4.47)

where aP and aN represent coefficients for variables ϕP and ϕN , respectively. They are
computed from the discretization shown in equation (4.46), RP contains all terms that
are independent of ϕP

n and ϕN
n.

For all cells in the computational mesh, equation (4.47) can be written in the matrix
form:

[A][ϕ] = [R] (4.48)

where [A] is a matrix whose diagonal terms are ap and off-diagonal terms aN , [ϕ] is the
vector of ϕ’s for all control volumes and [R] represents the source terms.
Discretization for the Navier-Stokes system
For the incompressible form of the Navier-Stokes equations:

∇.u = 0 (4.49)

∂u
∂t

+ ∇.(uu) − ∇.(ν∇u) = −1
ρ

∇p (4.50)

The non-linearity of the momentum equation and the pressure-velocity coupling re-
quire a special attention.

The non-linear term in equation (4.50) represents the condition such that the velocity
is being transported by itself. It can be reduced following equation (4.31)
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∇.(uu) =
∑

f

S.(u)f (u)f

=
∑

f

F(u)f

(4.51)

where F = S.(u)f .
The discretized form of the equation would be quadratic in velocity and the resulting

system of algebraic equations would therefore be non-linear. Two possible options are
available in this regard, either use a non-linear solver or linearise the convective term.
Having in mind the complexity of non-linear equation solvers and the computational
effort required, linearisation of the term is preferred. Accordingly,

∇.(uu) = aP uP +
∑
N

aNuN (4.52)

where aP and aN are functions of u.
Derivation of the pressure equation
Here the problem of pressure-velocity coupling is described and the procedure of the PISO
algorithm by Issa (1986) is discussed.

In order to derive the pressure equation, a semi-discretized form of the momentum
equation will be used:

aP uP = H(u) − ∇p (4.53)
Equations (4.53) and (4.47) have similar structures. Indeed, equation (4.53) represents

the momentum equation (4.50) when discretized following the procedures outlined in the
previous subsection. In the discretization, ϕ is replaced by u and the ∇p is incorporated.

The H(u) term consists of two parts: the "transport part", including the matrix
coefficients for all neighbours multiplied by corresponding velocities and the "source part"
including the source part of the transient term and all other source terms apart from the
pressure gradient(in our case, there are no additional source terms):

H(u) = −
∑
N

aNuN + uo

∆t (4.54)

The discretized form of the continuity equation, from equation (4.30) is given by:

∇.u =
∑

f

S.uf = 0 (4.55)

up computed from equation. (4.53):

uP = H(u)
aP

− 1
aP

∇p (4.56)

Velocities at the cell face (uf ) can be given as the face interpolation of equation (4.56):
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uf =
(

H(u)
aP

)
f

−
( 1
aP

)
f

(∇p)f (4.57)

Substituting equation (4.57) in to equation (4.55) the modified pressure equation is
obtained:

∇.
( 1
aP

∇p
)

= ∇.
(

H(u)
aP

)

=
∑

f

S.
(

H(u)
aP

)
f

(4.58)

The discretization of the Laplacian term in the left hand side of equation (4.58) is
similar to the discretization of the diffusion term described in earlier.

The final form of the incompressible Navier-Stokes equation in its discretized form is:

∑
f

S.
[( 1
aP

)
f

(∇p)f

]
=
∑

f

S.
(

H(u)
aP

)
f

(4.59)

The face flux is computed using equation (4.57)

F = Suf − S.

(H(u)
aP

)
f

−
( 1
aP

)
f

(∇p)f

 (4.60)

Pressure-Velocity coupling
A flow chart of the PIMPLE algorithm available in OpenFOAM is reported in Figure 4.8.

The PIMPLE algorithm can be described with three stages: the momentum predictor,
the pressure equation and the momentum corrector.

In the momentum predictor stage, equation (4.53) is solved and an approximation of
the new velocity field is made, but since the pressure field is not known yet at the new
time step, the pressure field from the previous time step will be used.

In the pressure corrector stage, the new velocity field from the previous stage will be
used to compute the first estimates of the pressure field following equation (4.59) and
also at this stage equation (4.60) will be used to compute conservative fluxes that are
consistent with the new pressure field.

In the momentum corrector stage, using the new pressure fields, the velocity field will
be corrected explicitly with equation (4.56). However, the H(u) term in this equation is
dependent on current velocity and because the correction is explicit it requires correction.
This is achieved by performing an "Inner correctors" loops around the pressure equation
and the momentum corrector till the pressure equation converges (Jasak, 1996).

The "Non-orthogonal correctors" loop in Figure 4.8 is turned when the mesh is non-
orthogonal. As the explicit non-orthogonal corrector source term in equation (4.36) needs
to be updated. The correction is made by further iterating the pressure-equation only.
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The under-relaxation terms in Figure 4.8 are required to artificially increase the diag-
onal dominance of an equation and it helps a solution to converge rapidly. It is achieved
by adding a factor (α), that takes values ranging between 0 and 1, to both sides of an
equation. For instance, for equation (4.47) the transformed equation is:

1
α
apϕ

n
P +

∑
N

aNϕ
n
N = RP + 1 − α

α
ap(ϕn

P )old (4.61)

When a solution converges, because (ϕn
P )old = ϕn

P , the added terms cancel out. It can
be seen that as α approaches zero the first term on the left hand side of equation (4.61)
gets larger. This would maintain the dominance of the diagonal terms in the matrix,
leading to a converged solution.

4.3.2. Model setup

The two-dimensional computational domain has a length Lx, in the longitudinal di-
rection and Ly in the vertical direction. Lx is equal to the ripple length while Ly assumes
large values because the position of the upper boundary of the computational domain
should not influence the results. The chosen value for Ly is 2.5Lx. Numerical investiga-
tions has shown this domain height was sufficient enough to house the oscillating turbulent
boundary layer within the the computational domain.

The assumed periodicity of the bottom profile suggests to use periodic boundary condi-
tions at the lateral sides of the domain. Figures 4.9 and 4.10 show that the phase-averaged
velocity, defined by equation (5.1), computed with a computational domain with Lx = 3L
and for values of the parameter U0/(ωL) less than and above unity, respectively, are very
close to that computed with a computational domain with Lx = L. The small differences
which can be observed can be attributed to the limited number of cycles (only 6) used to
compute the phase-averaged velocity. In the following, the results were obtained by using
Lx = L.

The mesh is generated by using the in-built BlockMesh mesher. The cells of the mesh
are rectangles with constant dimension ∆x in the x direction. In the x direction a total
of 100 cells with equal size are used. In order to attain a good resolution of the flow close
to the ripple, the height of the cells (∆y) decreases moving towards the ripple profile.
In particular, in the vertical direction the computational mesh consists of two different
regions (see Figure 4.11). The lower region is located between the surface of the ripple
and a distance from the average wall profile equal to three times the height of the ripple.
The total number of layers in this region is 100. The height of the cells (∆y), changes
linearly from the smallest to the largest values with an expansion factor (ratio between the
largest and smallest ∆y) of O(100). For example, for Re = 8.1 × 104, the lowermost cells
have a size less than about 2 × 10−4L. The upper region has 60 layers with an expansion
factor of O(10). For example, the vertical size of the upper cells, for Re = 8.1 × 104 is
about 0.15 L.

Since the shear stress at the wall depends both on time and on the position, the
size of the cells close to the ripple profile, in wall units and with reference to local and
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Figure 4.8: Flowchart of PIMPLE solution procedure used in OpenFOAM, nOuterCorr is the
number of outer corrector loops; and nNonOrthCorr is the number of non-orthogonal pressure
corrector loops. Source: Guerrero (2021)
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Figure 4.9: Time development of the longitudinal (left panel) and vertical (right panel) velocity
components, phase-averaged over six cycles. The velocity is measured at y= 0.048 L above
ripple crest (red) and ripple trough (blue) for U0/(ωL) = 0.72, h/L= 0.18 and Re = 8.1 × 104.
Solid line: domain with Lx = L, broken line: domain with Lx = 3L.

Figure 4.10: Time development of the longitudinal (left panel) and vertical (right panel) velocity
components, phase-averaged over six cycles. The velocity is measured at y= 0.048 L above ripple
crest (red) and ripple trough (blue) for U0/(ωL) = 1.89, h/L= 0.18 and Re = 8.1 × 104. Solid
line: domain with Lx = L, broken line: domain with Lx = 3L.
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Figure 4.11: Example of the mesh used for the run with Re = 8.1 × 104 and U0
ωL = 1.08. Left

panel: complete mesh. Top right panel: portion of the mesh close to the bed. The thick back
line indicates the border of the lower region. Bottom right panel: variation during a cycle of the
minimum and maximum vertical size of the cell closest to the wall in wall coordinates (∆y+

w ).

instantaneous shear stress, depends on time and space. The panel at the bottom of the
right side of Figure 4.11 shows the time evolution of the maximum and minimum height
of the cells closest to the ripple profile in terms of wall units.

The time step is fixed in such a way that the maximum value of the CFL number is
smaller than 0.8 for all runs.

To accurately solve a give numerical simulation, appropriate boundary and initial
conditions have to be provide for the numerical solver. In this regard, for boundary
conditions at the lower wall, for velocity a no-slip boundary condition was used imposed.
For pressure zero-gradient was considered. For the turbulent kinetic energy (k) term a
value of zero was imposed. For the dissipation term (ω) of the the k − ω-SST turbulence
model a fixed value based on the procedure outlined in Subsection 4.2.2. is provided. For
the eddy viscosity term (νt), a boundary condition which allows the computation of (νt)
based on k and ω terms of the k − ω-SST turbulence model (see equation (4.13)) was
used.

The boundary condition at the upper wall is symmetry for all variables. Symmetry
boundary condition defines a mirror face. Henceforth, when the boundary condition is
called up on, expected flow field pattern of the developed solution are mirrored along that
surface. This condition is ideal for the case considered in this investigation, because the
top boundary is located in the freestream region. Its position from the ripple surface is
selected so that it has no influence on the wave boundary layer. At the lateral sides of the
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computational domain, a periodic boundary condition was prescribed for all variables.
The velocity field is initialized with amplitude of the outer velocity (Uo). This is

because a cycle was defined as Uo cos(ωt) in the investigation. All other terms except (ω)
from zero. ω is not initialized from zero so as to avoid dividing by zero νt) when the νt is
computed in the numerical model.



Chapter 5
Model validation

This chapter describes model performance tests made against oscillating water tank
experiments carried out in a controlled laboratory setting with regular waves, and with
high fidelity numerical simulations. In accordance, two sections are provided that give
detailed explanation of the validation cases when an oscillatory flow passes over a pla-
nar and a non-planar wall, respectively. For both configurations, the focus was on the
performance of the model when the time-dependent and time-averaged flow fields are
considered.

5.1. Oscillatory flow over a planar smooth wall

5.1.1. The laminar regime

The investigation was carried out to understand the numerical model’s performance
when a laminar oscillating boundary layer flow is considered. In Chapter 3, equations
(3.14) and (3.13) give the analytical solutions for the velocity profile and the time de-
velopment of the bottom shear stress, respectively. For Reδ equal to 10, results of the
numerical model and the analytical solutions are shown in the left and the right panels
of Figure 5.1. Accordingly, accurate prediction of both quantities was attained.

5.1.2. Comparison with Jensen et al. (1989)

Jensen et al. (1989) performed a laboratory experiment where a turbulent oscillatory
flow pass over a horizontal smooth wall. The test was carried out in an oscillating water
tunnel (OWT) apparatus. The experiment represented the condition when the sea bottom
is flat such as in stormy conditions. The longitudinal velocity computed by the numerical
model and that measured from the experiment at different phases are presented in Figure
5.2. Similarly, in Figure 5.3, comparisons between the time-dependant bed shear stress
computed from the experiment and that predicted by the numerical model is presented.
Both comparisons show the model’s good performance. Moreover, it is shown that us-
ing either k − ω or k − ω - SST turbulence models does not affect model performance.
This is not surprising because in a previous investigation by Blondeaux et al. (2018), it
was demonstrated that a fair representation of a fully developed oscillatory flow over a
smooth wall can be obtained when either RANSE models are in use. Additionally, it was
demonstrated in Blondeaux et al. (2018) that k − ω turbulence model makes acceptable
predictions when the flow considered is under intermittently turbulent condition. Later
in subsection 5.2.4., it will be demonstrated that this property also extends for k−ω-SST
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Figure 5.1: Numerical and analytical solutions of a laminar oscillatory boundary layer flow over
a smooth planar wall. Reδ = 10. Left panel: horizontal velocity profile, Right panel: time
development of the bottom shear stress. The solid circles represent the analytical solution,
broken lines are the numerical model results and the solid line is the outer velocity.

turbulence model.
Only validations with the k − ω-SST turbulence model are shown in the performance

investigations that follow. A choice of k−ω-SST turbulence model was made for the well
established fact that it performs better in the regions further from the wall (Díaz-Carrasco
et al., 2019).

5.2. Oscillatory flow over a non-planar wall

5.2.1. Comparison with Jonsson and Carlsen (1976)

In an oscillating water tunnel experiment, Jonsson and Carlsen (1976) studied the
turbulent wave boundary layer over a non-planar wall with a bottom configuration con-
sisting of triangular shapes. Here comparison of the streamwise velocity variation with
depth, the time-dependent velocity of certain heights above the mid-distance between
crests of the triangular shapes, the bed shear stress obtained from the experiment and
that predicted by the numerical model, are briefly discussed. The performance evaluation
is focused on Test number 1 of Jonsson and Carlsen (1976). The bed configuration used
in the experiment is shown in Figure 5.4.

The phase averaged velocity (û) used in the comparison is given by:

û (x, y, t) = 1
N

N∑
i=1

u (x, y, t+ (i− 1)T ) (5.1)

where N is the number of periods considered, which with the present case is equal to
eight and T is the period of oscillations.
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Figure 5.2: Comparison among streamwise velocity components of the numerical model with
experiment by Jensen et al. (1989). Reδ = 3464, δ = 0.0019 m, ω = 0.65 s−1 and Uo = 2.0 m/s.

Figure 5.3: The time development of the bottom wall shear stress computed by the numerical
model and that obtained from the experiment by Jensen et al. (1989). Reδ = 3464, δ = 0.0019
m, ω = 0.65 s−1 and Uo = 2.0 m/s. The thin solid line is the modulus of the outer velocity.
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Figure 5.4: Bottom configuration adapted in the Oscillating water tunnel laboratory experiment
of (Jonsson and Carlsen, 1976). Adapted from (Jonsson and Carlsen, 1976).
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Figure 5.5: Comparison of the results obtained by means of the present model (solid lines) with
the measurements by Jonsson and Carlsen (1976), test 1 (symbols). U0= 2.11 m/s, ω =0.75 s−1,
ν=1.4 10−6 m2/s. Left panel: velocity profiles measured at mid-distance between two roughness
elements, at different phases (in degrees) during the wave cycle. Right panel: time development
of û measured at mid-distance between two roughness elements. The distance ŷ is measured
from the top of the roughness elements.
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