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Abstract

This thesis presents a detailed investigation into the potential of djnising the
geometric pro les of macroscale grooves, to improve their dragdwcing performance
in internal laminar ow and spatially developing turbulent ow. The investigation ex-
plored whether the asymmetric pro les of naturally occurring sandipples constitute
an optimisation over the simple, symmetrical geometric pro les whiclihave formed
the typical focus for past investigations of macroscale groovds. order to enable this
analysis, the thesis developed and validated methodologies within thpen source code
OpenFOAM, which can overcome the bottlenecks associated withthanodelling com-
plex geometries in large-scale parametric studies, and implementingface geometries
into spatially developing turbulent ows.

The rst stage of the investigation developed a methodology for selving laminar-
turbulent transition in OpenFOAM using large-eddy simulation. To theauthors knowl-
edge, this work represents the rst systematic validation and vecation of resolved
laminar-turbulent transition in OpenFOAM to investigate the combinal e ect of large-
eddy simulation and controlled tripping. The results identify that a puely laminar
boundary layer can be destabilised through imposing a period of psieerandom, time-
dependant uctuations in the wall-normal velocity eld at the wall. If the magnitude of
these uctuations match the maximum wall-normal velocity uctuations in an equiv-
alent boundary layer of equal thickness, then the initially period ofwto-dimensional
instabilities is bypassed, and transition can be induced almost instareously down-
stream of the trip. Under these tripping conditions, the results gpand the typical
design criteria for large-eddy simulation spatial resolution, and stwthat typical de-
sign recommendations can su ciently converge the ow resistancand shape factor

by the start of the fully turbulent regime. Increasing this resolutio by a factor of 2
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achieve this convergence early on in the laminar-turbulent transiti@l regime.

The second stage of the investigation involved an extensive parame study of
highly detailed sand ripple pro les within a periodic laminar channel ow.In all cases,
the presence of both ripples and sinusoidal grooves had a negaiivpact on the ow
resistance, typically due to a reduction in viscous forces being batad out by the
creation of a larger pressure force. The higher order details ofetlygeometric pro les
did not have a signi cant impact on the ow resistance, even when sh details had
a signi cant impact on promoting or delaying ow separation. The dedils of the
geometric pro le only became signi cant for three-dimensional riples, when applied
with a su cient depth and and Reynolds number to manipulate the bulk ow eld
towards the centre of the channel, and direct high velocity ow frm the centre towards
the crests of the ripple pro les.

The nal stage of the investigation applied simpli ed sand ripple pro les into a wall-
resolved spatially developing turbulent boundary layer, through t@ novel incorporation
of a split-hexahedral mesh, through OpenFOAM's snappyHexMestility. Whilst rip-
ples with a depth of 5% of their wavelength had a negligible impact on owesistance,
deeper ripples (15%) produced an increase in ow resistance whichsnndependent of
the growing ratio between boundary layer thickness and ripple demt The local dis-
tribution of turbulent velocity uctuations was consistent with known drag reducing
phenomenon, with ampli ed spanwise velocity uctuations over the Isear stress spike
approaching the crest, and ampli ed streamwise velocity uctuatios accompanying
the free-shear region of ow separation downstream of the ctedt was in this free-
shear region, that the streamwise resolution had the greatest it on the accuracy
of the local wall shear stress. The present approach con rmsetcapabilities of split-
hexahedral meshes to e ciently balance the varying requirementsf spatial resolution

in near-wall and free-stream regions, regardless of the geonwesurface pro le.
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CHAPTERL

Introduction

In the late 20th century, it was observed that shark skin consistef a series of short
staggered blades aligned lengthwise on the shark. Subsequentezipents on simpli ed
replica structures, known as riblets, discovered that these micgeometries can work
to reduce the drag force acting on the body of a swimming shark, ielation to smooth

skin.

Riblets with drag reducing properties require a height and width whiclie on the
same order of magnitude as the smallest length scale of a turbulerdw (the inner
length scale). In addition to the associated manufacturing di culties, these small
length scales signi cantly increase the required spatial resolutiorf numerical anal-
ysis. Fully resolving turbulent ows is itself cost intensive in terms of lhe required

computational power. In internal ows, the computational doman, and hence com-



putational workload, can be signi cantly reduced by assuming steenwise periodicity.
For an external ow, the boundary layer grows along the streamise direction, such
that the in uence of the upstream conditions cannot be ignored. &hce, the computa-
tional workload cannot be reduced in order to accommodate the ar spatial resolutions
required for investigating drag reducing riblets. For this reason,raoverwhelming ma-
jority of numerical investigations into drag reducing surface textres in turbulent ow

focuses on the speci ¢ application of internal channel ow.

Macroscale geometries possess geometric dimensions which lie orsdéimee order of
magnitude as the largest length scale of the ow (the outer lengthcale). Hence, they
may be modelled to a spatial resolution of similar magnitude to a standé smooth
wall ow. As discussed in Chapter 2, macroscale grooves, most abty shallow dim-
ples, have been found to produce a drag reduction of less than 4%tunbulent ows
(Tay et al. 2015). Meanwhile, macroscale grooves have been mostly detrina¢énn
laminar ows (Mohammadi & Floryan 2013b). In each case, the autirs propose the
possibility of an improved performance through the optimisation oftte groove pro le,
expanding beyond simple geometric shapes. E cient optimisation ohis type requires
a means of constructing a numerical mesh around increasingly cdeypgeometries in a
way which simultaneously minimises the rise in the computational workdal, and min-
imises the pre-processing time, su ciently enough to permit cost ective parametric

investigations.

The main aim of this thesis is to develop new numerical methodologies fine
optimisation of macroscale grooves for drag reduction propertie3he thesis focuses
on the application of internal laminar ow and external turbulent ow, where drag
reducing macroscale grooves stand to provide the greatest bésiend novelties in

terms of practical application and fundamental understanding. nl diverging from a
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focus on simple geometric shapes, this thesis looks to the patteaisaturally occurring
sand ripples as a means of anchoring the optimisation procedure. €Be ripples can
form when a bed of loose sediment is submerged in a ow undergoingheit uniform

or oscillating motion.

1.1 Objectives

1. To reverse engineer pro les from naturally occurring macrosesgrooves, through
direct replication of naturally occurring sand ripple bedforms on a sa beach.
To construct smooth, periodic geometric pro les which capture t geometric

features of asymmetric sand ripples to a high detail.

2. To assess the suitability of applying automatically generated splitexhaedral
cells (utilising the snappyHexMesh utility in OpenFOAM) for parametricstudies

of macroscale grooves with arbitrary geometric pro les.

3. To assess the potential of optimising the drag reducing capabilisi®f macroscale
grooves in laminar ow by incorporating the geometric pro les of natrally oc-
curring sand ripples. To determine the conditions which are requirddr the ner
details of surface geometry to have a signi cant impact on the owaesistance in

internal laminar ow.

4. To develop a methodology in OpenFOAM for modelling the laminar, trasitional
and fully turbulent regimes of a spatially developing turbulent boundgy layer
within a single domain. This methodology must be optimised to balancealstic
in ow conditions, numerical accuracy and turbulence resolution wit practical

computational cost.

5. To incorporate periodic grooves into the optimised smooth wall badary layer,
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and assess the suitability of applying local cell re nement and autoatically gen-
erated split-hexahedral cells for improving spatial resolution oveteep periodic

grooves in a spatially developing turbulent boundary layer.

1.2 Thesis Structure

The remainder of the introduction presents fundamental theorgegarding uid ow and
shear layer growth, in preparation for a critical discussion of pubh&d works pertaining
to ow control methods, and advances in numerical analysis, in Cipger 2. Chapter 3
then presents theory pertaining to the modelling of uid ows with the nite volume
approach, with a particular emphasis on the open source code Op&@AM. The con-
tributions of the thesis are divided into four chapters. Chapter 4 y@sents the design,
optimisation and validation of a numerical methodology for utilising OpeFOAM to
model spatially developing turbulent boundary layers with an optimabalance between
physical representation, numerical accuracy, and economic goutational cost. Chap-
ter 5 presents the two-dimensional and three-dimensional prosewhich are reverse
engineered from naturally occurring sand ripples. The suitability of @enFoam's auto-
mated mesh generating utility (snappyHexMesh) is investigated andhlidated; rstly
for replicating published solutions of simple geometric shapes, ancethfor modelling
highly detailed sand ripple proles. Chapter 6 provides a detailed panaetric study
of two-dimensional and three-dimensional sand ripples in controllingw resistance
in laminar ow through an internal channel. Finally, in Chapter 7, simpli ed two-
dimensional pro les, based upon asymmetric sand ripples, are inparated into the
optimised smooth surface boundary layer simulations from Chaptér, using the auto-

mated meshing procedure which was explored in Chapter 5 and Chap6. This pre-
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liminary investigation assesses the capability of split-hexahedral axewall cells in cap-
turing laminar-turbulent transition and resolving the geometric proles of macroscale
grooves in turbulent ow. The thesis concludes with a compilation ofdy ndings and
their implications for further advancement in numerical analysis angdurface optimisa-

tion.

1.3 Mechanism of Laminar and turbulent Flow

1.3.1 Laminar Shear Flow

A boundary layer is a region in a ow in which the velocity of the uid is rediced due
to the presence of a solid body. For a solid planar surface in the abse of a non-
negligible pressure gradient, the boundary layer lies directly adjateto the wall. The
Reynolds number (Equation 1.1) represents the ratio between theertial forces and
the viscous forces of the uid in the ow. There are various de nitimms of the Reynolds
Number which vary in their selected reference properties for thenigth scale [] and
the velocity scale ]. The density and dynamic viscosity of the uid are represented

by and respectively.

[L1[V]

Re = ; (1.2)

The two primary states are referred to as laminar ow and turbuleth ow. In
laminar ow, the ow can exist in parallel layers, with little to no interaction between
adjacent layers. Within a laminar ow at equilibrium, the velocity and pressure at a
point in the ow will not vary with time. Stokes ow describes a ow in which the
viscous forces dominate to the extent that the in uence of inertigs negligible; i.e when

Re << 1.
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1.3.2 Laminar-Turbulent Transition

An initially laminar Poisuille ow between two smooth plates can theoretially remain
stable up to the limit Re, = 3848:1, whereRe, takes the bulk velocity and the half-
height of the channel as the velocity and length scales respectivelyloradi et al.
2017). Surface roughness, Reynolds number and backgroundsaccan all in uence

the susceptibility of a stable ow to destabilising e ects.

Orszag & Kells (1980) produced numerical solutions from direct nuerical simu-
lation to compare the response of an initially stable, laminar Poisuille owo two-
dimensional and three-dimensional disturbances in the velocity eld Their results
found that small-amplitude disturbances signi cantly constricted he laminar regime
(Ren < 666) when acting in three dimensions, compared with larger disturbees which
are uniform in the spanwise directionRe, < 2000). Orszag & Patera (1983) identi ed
a mechanism of transition for which the more unstable three-dimeosal instabilities
could not grow without a strong enough two-dimensional instability;approximately

1% of the maximum streamwise velocity.

The experiments and theoretical predictions of Floryan (2005) anAsai & Flo-
ryan (2006) observed that shallow, large wavelength grooves tueduce the critical
Reynolds number by up to 30% and enable two-dimensional instabilitigs induce
transition below the limit Re, 2667. Saheet al. (2015) made similar observations
in their direct numerical simulations of corrugated pipes. The initially laninar ow
remained stable inside all domains with axisymmetric boundary conditis, despite the

presence of asymmetric disturbances.
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1.3.3 Fundamental Behaviour of Turbulent Flow

Turbulent motions are three-dimensional, chaotic and time-depeadt. For a turbulent
ow in equilibrium, a ow property at a given point will randomly uctuat e around a
steady, mean value. This behaviour is illustrated in Figure 1.1 for an litrary physical

property at a single spatial location in a fully turbulent ow.

777777777777777777777777777777777777777

time (s)

Figure 1.1: An example of the time dependant behaviour of a propertft) at a point
in turbulent uid ow.

The time-dependant variable can be decomposed into two compotgna time-
averaged mean value (Equation 1.3) and a uctuating, time-depeait value (Equation
1.2).

M=+ q; (1.2)

z 1
() dt (1.3)

1
t oo
If the ow eld is averaged over a su ciently large period of time T,,, and the ow

exists in an equilibrium state, the temporal average of the uctuabns will return a

zero value (Equation 1.4).

Z 1
Q) dt=0; (1.4)

o= L
t

0

The root mean square (Equation 1.5) of a time-dependant variablexgresses the
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strength of the instantaneous uctuations relative to the time-&eraged mean value.

0rms = N_t = (t) : (15)

A “coherent structure' refers to an eddy or vortex which existsof long enough
that it can be observed and quanti ed. These coherent struct&s can exist over a wide
range of length scales. If the largest eddies in a turbulent sheanwchave a length scale
Le, and a velocity scaleUe, then the length and velocity scales of the smallest eddies

can be predicted by the relations in Equation (1.6) and Equation (1.7espectively.

L 0:75
le Le eUe ; (1.6)

L.U 0:25
Ue Ue °-e , (17)

When an eddy breaks up due to instability, two smaller eddies are foed which
contain the energy of the previous eddy. Further instability and keak-up causes this
energy to be passed down to eddies of increasingly smaller lengtHesaOnce the size of
an eddy is su ciently small, the increased contribution of viscous fares, relative to the
previously dominant inertial forces, dissipates the energy of theldies. A continuous
exchange of energy is observed as the random formation of largelies is followed by
their disintegration into smaller and smaller structures. The dissipan of the smallest

eddies returns the energy to the ow.

1.3.4 De nition of a Vortex

Connected regions of rotational ow which possess temporal aaence are referred to

as either “coherent structures' or vortices. A ow structure hg temporal coherence if
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its existence is observable over a time period of at least equal maguié to the time-
averaging periods of the ow. The mathematical de nition of a voréx relies on the

second order tensor or velocity gradients (Equation 1.8).
2
@u av aw
@x @x @xX
ruj = E@u @v @w/ ; (1.8)

The tensor can be decomposed into two second order tensors &tipn 1.9). The
symmetrical tensorS; (Equation 1.10), corresponds to the rate-of-strain, and the gs1-

metrical tensor j (Equation 1.11), corresponds to the rotational motions (vorticit)

in the ow.
ruj = Sij + i (19)
!
_1 ou op .
Si =5 ox’ ©x (1.10)
!
1 @u @y |
= 1w op 1.11

Vorticity is a vector of three components, which each relate to anxa which is
parallel to the Cartesian vectors! = (!,;!,;!,). The vorticity of the ow around
an axis is determined from the rotational motions in a two-dimensiomhglane which
is normal to that axis. These motions can be obtained from the vadity tensors, as

shown in Equation (1.12).

2 3 2 3
32 v g
! =§ = Eg; o ; (1.12)
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1.3.5 Outer Length Scale

For internal ow in a smooth channel, the growth of a shear layer isanstrained by
the dimensions of the channel. Once the ow is fully developed, the esfr layers on
opposing walls make contact at the midpoint between them, i.e. the ahnel half-
height, preventing further growth. Hence, the outer length sda of the shear layer,
de ned by the shear layer width, remains xed along the streamwis@irection as a

geometric property of the channel.

For boundary layers which grow along an external boundary, thergwth of the
boundary layer is not constrained. The boundary layer simply displas the uid in
the uniform free-stream and continues to do so as its thickness iieases, as illustrated
in Figure 1.2, where |, and ; denotes the thickness of the laminar boundary layer
and turbulent boundary layer respectively. Hence, even when a lnadary layer has
developed enough to reach an equilibrium state, the outer lengthade continues to
vary along the streamwise direction. Furthermore, the outer lenly scale at a physical
geometric location along the streamwise direction is dependant onetlbehaviour and

structure of the boundary layer upstream.

Laminar i Turbulent i
U, : l U,
> | |
— 5 000,
6, C Q C/ Q I%

P

Figure 1.2: lllustration of a spatially developing boundary layer pasg through
laminar-turbulent transition.

Three di erent de nitions of the boundary thickness are given to epresent the
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outer length scale. The velocity thickness is de ned as the height logv which the ow
velocity is reduced from the initial free-stream velocity by the presce of the solid
surface. The exact region in which this occurs is unclear, hencegtielocity thickness
is taken as the point at which the streamwise velocity is equal to 99%the free-stream
velocity (Equation 1.13).

u(y = 90)=0:9%; ; (1.13)

As the boundary layer grows, the free-stream ow is de ected ay from the wall.
The displacement thickness (Equation 1.14) de nes the wall-normal distance by
which the streamlines of velocityu; are shifted away from the wall, due to the presence
of the boundary layer.

Z,

:i (up  u) dy; (1.14)
up o

The shear stress at the wall acts against the ow and reduces theomentum
within the boundary layer. The momentum thickness (Equation 1.15), is de ned as
the distance that a solid body would have to be moved into the ow toegain this lost
momentum.

u(up u) dy; (1.15)

For laminar and turbulent boundary layers with incompressible ow; Kuation
(1.16) displays the relation between the wall shear stress, the diapement thickness

and the momentum thickness.
0= — uf + U — (1.16)

The second term on the right-hand side of Equation (1.16) accounfor a change

in the free-stream velocity due to the presence of a streamwiseepsure gradient.
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1.3.6 Inner Length Scale

The shear stress at the local point on the wall is directly related tohie wall-normal
gradient of streamwise velocity at that point (i.,e. asy ! 0), as shown in Equation

(1.17).

. Gu
0 @yy=0,

(1.17)
In turbulent ow, the mixing length I,,, describes the length scale of the displace-
ment with which a body of uid moves across the wall-normal directiof the boundary

layer (Schlichting 1978). Equation (1.18) displays Prandtl's mixing-legth hypothesis,

where ; denotes the turbulent shear stress.

(1.18)

@\@

@
@y

1
3m

ey

Equation (1.19) displays the relation between the mixing length, steenwise velocity
uctuations and wall-normal velocity uctuations (Schlichting 1978), for which  u%0

is referred to as the Reynolds shear stress.

ud0= (1.19)

" @ya@y

In a region near to the wall, the sum of the laminar and turbulent compnents of

shear stress is approximately constant along the wall-normal ditgan (Equation 1.20).

@ [ pea_

— f ; 1.20
oy " alay @y ,, Y (1.20)



1.3. MECHANISM OF LAMINAR AND TURBULENT FLOW 13

Von Karman de ned a velocity scale, known as the friction velocity (Fuation 1.21),

to represent the magnitude of the turbulent velocity uctuations

r__
u= - (1.21)

According to the relation |, / vy, the mixing length at the solid surface will be
zero. If the total shear stress at the wall was assumed to be artbulent shear stress,

then the friction velocity at the wall can be de ned by Equation (1.22.

r

for  o! (1.22)

By substituting the velocity gradient based upon the laminar compant of shear
stress at the wall (Equation 1.17), a hypothetical mixing length s¢a can be de ned
based upon the total shear stress in the near-wall region (Equer 1.23). This property
de nes the inner length scale of a turbulent shear ow, and is refezd to referred to
as the viscous length .

| = —; (1.23)

1.3.7 Boundary Layer Structure

A fully developed turbulent boundary layer can be divided into two regns based on
the relevant length scale. Within the inner region of the boundary la&r, the ow
properties scale with the inner length scale, i.e. the viscous lendth The inner-scaled

coordinates for velocity and length are de ned in Equation (1.24) ahEquation (1.25).

y* IX ﬂ; (1.24)
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The inner region lies adjacent to the wall and usually has a width equab ap-
proximately 20% of the boundary layer velocity thicknessgy. The remainder of the
boundary layer makes up the outer region in which the ow properte scale with the
outer length scale g9. Figure 1.3 displays the inner-scaled streamwise velocity pro le

across the inner region and outer region of a turbulent boundaryyler.
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Figure 1.3: Structure of a fully turbulent boundary layer ow, in terms 6 the inner-
scaled velocity pro le. (1) viscous sub-layef2) bu er layer (3) logarithmic layer (4)
outer layen5) free-stream

The inner region can be further divided into two regions; the viscousib-layer and
the logarithmic region, with a bu er region connecting the two. The iscous sub-layer
lies directly adjacent to the wall. In a smooth wall boundary layer, te width of the
viscous sub-layer typically extends between the pointg"™ = 0 and y* = 5. In this
region there is a direct linear relationship between® and y* (Equation 1.26). The
viscous sub-layer is dominated by high velocity gradients, and henceigh viscous

stresses. Turbulence generation is suppressed through rapidsghation.

+ +

u" =y for y* <5 (1.26)
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The limits of the logarithmic region are commonly estimated to lie betweethe
points y* > 30 50 andy= g9 < 0:2 (Bradshaw & Huang 1995). The function of/*
takes the form of the linear relationship in Equation (1.27), known athe 'Log-Law
of the Wall'. The validity of this equation relies on an accurate predictio of the Von

Karman Constant , and the logarithmic constantC.
+ 1 +
u = —-Iln y° + C; (1.27)

The logarithmic region contains the strongest instantaneous uciations in the wall-
normal and spanwise components of the velocity eld. The strongeinstantaneous
uctuations of the streamwise component of velocity lie closer to #hwall, within the
bu er region. Within the bu er region, the streamwise velocity ow eld is charac-

terised by longitudinal streaks of alternating high and low velocity.



CHAPTERZ

Literature Review

2.1 Introduction

Some of the most successful designs for functional texturedfsices have arisen from
observing the fruits of evolution. The process of natural selectiadrives animal and
plant life to adapt for its survival. This review considers three main tges of naturally
occurring surface patterns. Textures from natural shark skifSection 2.2.1) and the
lotus leaf (Section 2.2.2) have been found to produce bene cial draeducing e ects,
although their small length scales limit their applicability. In cases wher surface tex-
tures with larger length scales have proved successful for dragguction, the overall
bene ts have been modest (Section 2.3 and Section 2.4), with theoceurring proposal

that greater potential may be unlocked through optimisation of tle geometric pro le
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beyond simple geometric shapes. Hence, Section 2.5 discusses lteagmenon of nat-
ural bedform formation and the key mechanisms behind the emerge of asymmetric
and three-dimensional patterns. However, the investigation olush surface contains
one crucial bottleneck. Current limitations in computational cost ad capability typ-

ically limit the complexity of both the physical ow scenario and the gemetry of the

surface pro le which can be investigated through numerical methis. For this reason,
the majority of the numerical analysis covers periodic channel osvand simple geo-
metric designs. The nal section (Section 2.6) of this review criticallyiscusses the
ongoing development of numerical methods for modelling spatially ddeping external

ows over both simple smooth surfaces and textured geometries.

2.2 Naturally Occurring Drag Reduction

2.2.1 Shark Skin

The skin of a shark consists of a series of overlapping scales withedimensional
textures containing ridges which are aligned parallel to the length tiie shark, samples
of which are shown in Figure 2.1. In 1983, Walsh (1983) performedp&ximents in
which a replica of this shark skin pattern was placed in a fully turbulenboundary layer,
and compared its performance against the standard smooth, pkEmsurface. These
test surfaces consisted of simpli ed designs of purely two-dimens# ‘riblets' with a
triangular cross-section, oriented parallel to the bulk ow directio. When compared
to a smooth surface, the presence of these triangular riblets texbd the overall ow
resistance by up to 8%. Becheret al. (1997) undertook a comprehensive optimisation
study within an experimental oil channel to compare the ow resistnce over riblets

for a variety of pro le shapes and dimensions. Riblets with thin blade no les, which
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contained the smallest crests and the widest troughs out of all ple shapes considered,
resulted in the greatest drag reduction. They observed a dragdction of 10% for thin
blade riblets of 16 viscous lengths in width and 8 viscous lengths in heiglGarcia-
Mayoral & Jimenez (2011a) proposed an alternative optimisation pameter for drag
reducing riblets. After observing the experimental data of Walsh1©83) and Bechert
et al. (1997), they identi ed that the square root of the cross-sectimal area of the riblet
groove could provide a more accurate indicator for optimisation, witan accuracy of
approximately 10%. For riblets of simple geometric pro les, they proposed an optath

value of 10.7 viscous lengths.

Though successful in turbulent ows, the potential drag redudon for riblets in
purely laminar ows is not as clear. In an early investigation of streamise riblets, Choi
et al. (1991) considered a laminar channel ow with a xed pressure gréht in the
streamwise direction. Implementing triangular riblets (4=ky = 0:2) into the upper and
lower surfaces caused a drag increase in both cases. The numkaigcalysis of Djenidiet
al. (1994) suggested that shallower riblets ¢=k; = 0:8) could produce a drag reduction
of 26% within a spatially developing laminar boundary layer. However, expenental
validations could not con rm these observations as the potentialxperimental error

was reported to be 3%.

Attempts to improve the  10% limit of streamwise riblets and move closer to real
shark skin geometries, have shown limited results. Bechesat al. (2000) experimented
with discontinuous riblet segments, which were geometrically similar tiheir previous
designs (Becherkt al. 1997), in a staggered arrangement. These new designs degraded
the drag reducing e ect by approximately 1:7% of the corresponding smooth surface
drag. The numerical analysis of Martin & Bhushan (2016) con rmedhese observa-

tions for an array of scalloped riblet segments, separated into gnes of threes; each



2.2. NATURALLY OCCURRING DRAG REDUCTION 19

Figure 2.1: Examples of streamwise aligned ridges over the body of a Ehahfter
Bechert & Bartenwerfer (1989)
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Figure 2.2: Diagram of the three-dimensional shark skin denticles an@w domain in-
vestigated by Boomsma & Sotiropoulus (2016). After BoomsngaSotiropoulus (2016)

representing a shark skin scale. The discontinuous riblets proddca similar magnitude
change with a 1:2% fall in drag reduction. Boomsma & Sotiropoulus (2016) produced
a numerical solution for highly resolved, three-dimensional sharkia denticles, with

a natural geometry, as shown in Figure 2.2. For turbulent channebw, the natural
denticles produced a viscous drag increase of up to 25%, with an diddal 25% in-
crease caused by the creation of an additional form drag. Beneph& Breugem (2017)
investigated surfaces of converging and diverging riblets, as shmoim Figure 2.3. Such
a texture is known as a "herringbone' pattern, which can be obser/on bird feathers.
Although the riblet length scales lay within the optimal drag reductionlimits, the re-
sultant spanwise motion of the uid produced a strong secondaryow in the form of

streamwise vortices which could raise the ow resistance by moreah 70%.

Prior to their comprehensive optimisation study in Bechertet al. (1997), Bechert
& Bartenwerfer (1989) had established a theoretical link betweehe riblet height and
the drag reduction. They rst de ned the protrusion height of riblets as the distance
between the crest of the riblets and the virtual origin of an identidaboundary layer
over a reference smooth wall ow. Luchiniet al. (1991) later re ned this de nition

as the di erence between the virtual origin in the spanwise directioand the virtual
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Figure 2.3: Diagram of blade riblets in a herringbone formation. After Bnschop &
Breugem (2017).

origin of the ow in the streamwise direction. By assuming that the riltets are almost
entirely submerged within a region that is dominated by viscosity, i.e.hie laminar sub-
layer, Bechert & Bartenwerfer (1989) predicted that the drageducing riblets require

a protrusion height that is less than or equal to 22% of the spanwispacing.

To identify the ow mechanism behind these drag reducing e ects, irestigations
by Choi & Kim (1993), Goldstein & Tuan (1998) and Chu & Karniadakis (993),
obtained high resolution numerical solutions for turbulent ow thraigh a channel with
one wall of triangular riblets. Each study identi ed a reduction in theviscous ow
resistance of approximately 3% 6%, which occurred when the riblet crests were spaced

23 viscous lengths apart. Furthermore, Choi & Kim (1993) and Go#dein & Tuan
(1998) observed that the drag reducing cases were accompartgda reduction in the
turbulent uctuations of spanwise velocity in the vicinity of the riblets. Choi & Kim
(1993) compared visualisation of the ow eld data for cases of dgareducing and drag
decreasing riblets. They observed an important correlation beter drag reduction

and the near-wall behaviour of small-scale turbulent vortices. Tiyetheorised that
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riblets served to restrict the movement of turbulent vortices in tle near-wall region
and prevent their penetration into the grooves. This would reducthe percentage of
the wetted area which would be exposed to the high velocity uid whiclthe vortices
propel towards the wall. Lee & Lee (2001) performed ow visualisein experiments
for a spatially developing turbulent boundary layer over scalloped riets. Photographs
of the instantaneous ow eld showed similar behaviour to the numecal solution of

Choi & Kim (1993).

The behaviour observed by Choi & Kim (1993) and Lee & Lee (2001pwid become
more apparent for the optimised thin blade riblets of Becherét al. (1997). EI-Sammi
et al. (2007) and Martin & Bhushan (2014) obtained detailed numerical &ations of
the ow elds for turbulent channel ow over thin blade riblets with a range of riblet
dimensions spanning the proposed drag reducing regime. Figure 2idpthys the in-
teraction of streamwise vorticies with scalloped ribets observed artin & Bhushan
(2014) in the drag reducing (Figure 2.4a) and drag increasing (Figair2.4b) regimes.
When the spacing between the riblets was smaller than the vortex dieter, the riblets
shifted the vortex away from the trough. The large spikes in sheatress at the crest
were overwhelmed by the reduction in shear stress within the trobg If the width
was increased beyond the vortex diameter then the vortex deaded into the trough
and exposed this area to the high turbulent shear stresses noiliyiaexperienced by
the smooth wall. There was some disparity concerning the point at wdh this occurs,
where Martin & Bhushan (2014) conclude a limit of 30 viscous lengthsxd EI-Sammi
et al. (2007) concluded a limit of 40 viscous lengths. However, this may b#réouted
to the lower mesh resolution and non-physical representation ofi¢ solid boundary
in the latter case. These simulations predicted drag reduction valsieearly identical

to the experimental ndings of Bechertet al. (1997) and predicted similar values for
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Figure 2.4: The behaviour of near-wall streamwise vortices over streamse aligned
riblets in (a) the drag reducing regime and (b) the drag incasing regime. After Martin
& Bhushan (2016)

optimal riblet spacing; 18 viscous lengths in width and 8-10 viscous fghs in height.

Garcia-Mayoral & Jimenez (2011b) produced a high resolution numeal analysis
to compare the ow eld of blade riblets in a turbulent channel ow, for varying
values of the groove area. They proposed an alternative mechamit account for the
transition from a drag reducing e ect to a drag increasing e ect. th the drag reducing
regime, they observed a low velocity, recirculating vortex within theiblet groove, with
an absence of the restricted small-scale vortices observed in theyous studies of
Choi & Kim (1993), Lee & Lee (2001), EI-Sammet al. (2007). As the riblet area
increased, this vortex became unstable and eventually broke dawsimultaneously,
a large, streamwise oriented recirculating region appeared a shdistance above the
riblet crests, within the regiony™ 20, producing a large increase in Reynolds stresses

in this region.

Krieger et al. (2018) investigated the potential of streamwise riblets for stabilisg
weakly turbulent ows within the transitional regime. A ow through a plane, periodic
channel, with square grooves on one wall, was initiated with a turbulea intensity of

20%. By optimising the initial grooves, they identied a pro le of deeptriangular
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geometries, with a large depth to width ratio of &, which could maintain a steady
shear layer along the lower wall, even in the presence of fully turbuterow across
the bulk of the channel. This produced a resultant drag reductionfanore than 60%

compared to a fully developed turbulent channel ow.

2.2.2 The Lotus Leaf

A second crucial breakthrough lay in the discovery of the lotus leahd its “self cleaning’
mechanism (Barthlott & Neinhuis 1997). The micro-textures on thdeaf of the lotus
plant serve to resist the penetration of water into its grooves an#ieep the liquid
mobile whilst in contact with the surface. In addition to the potentialfor “self cleaning'
surfaces, it was soon realised that similar surfaces which are imnegtsn a bulk ow
could create a continuous region of trapped gas between the uicha@ the surface,
reducing the ow resistance at this point (Rothstein 2010). The gae e ect can occur
for a secondary liquid state in place of trapped gas (Chest al. 2016), provided that
liquid has a higher viscosity than the bulk ow. Further investigationsfound that
for a surface with a periodically occurring free-shear region betre the bulk and
trapped uids, the viscous drag forces could be decreased beglathat of a smooth
surface (Mayneset al. 2007; Ouet al. 2004; Davieset al. 2006; Ouet al. 2004), with a
potential reduction to the pressure loss on the order of 50% . A linwitg factor of these
investigations was the assumption of a at interface between the ligd and the trapped
gas. Curvature of the interface can reduce the drag reductioand create an overall
drag increase if the interface protrudes into the ow (Teo & Khoo @10). The practical
application of these “superhydrophobic' surfaces with large slip lehg is limited by
the instability of large gas pockets (Leet al. 2016), and the required viscosity of the

ow.
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2.3 Practical Drag Reduction in Turbulent Flow

2.3.1 Fundamental Mechanisms

Many investigations have identi ed signi cant drag reduction by introducing span-
wise motions into the ow through mechanical surfaces. The intragttion of spanwise
components into the main ow stream can lead to a drag reduction afp to 40% (Kar-
niadakis & Choi 2003). Duet al. (2002) compared numerical data of ow elds for
turbulent channel ow subject to a body force at the wall, which osillated in the form
of a spanwise travelling wave. They varied the wavelength betweerdland 5.6 times
the channel half-height (or 210 840 viscous lengths) and found a drag reduction that
increased monotonically with the wavelength. Furthermore, theylserved a signi cant
reduction in the intensity of the near-wall velocity streaks. Within aplane channel ow
of Re =180, Canton et al. (2016) demonstrated these mechanisms directly by induc-
ing arti cial, streamwise vortices into the bulk ow through a numerical volume force.
The large-scale structures shifted the distribution of turbulent ow away from the wall
and into the bulk ow, reducing the turbulent stresses at the wall. h practical appli-
cations, these active methods require an energy input to functionNVhen Quadrio &
Ricco (2004) determined the energy requirement to produce a:4% drag reduction
through spanwise oscillations, the potential drag reduction fell tonly 7:3%. Even
with a signi cant drag reduction potential, the costs and complexitis of active meth-
ods demand an improved bene t over passive methods in order toalidy as practical

solutions.

The real potential, and the greatest challenge, for drag reductiothrough span-
wise motions lies, in replicating these motions using passive surfacdsolv require no

energy input. Table 2.1 outlines key numerical and experimental insggations into
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the drag reducing potential of passive surface designs througéngration of large-scale
spanwise motions. Depending on the con guration, each study isramarised by the
Reynolds number range (based on either the channel half-heidit or the boundary
layer thickness o), groove depth (or dimple depth)ky, groove wavelength (or dimple

diameter) 4, and the minimum change in the total drag which was achieved.

Table 2.1: Overview of key numerical and experimental investigatisnof ow over
dimples and oblique grooves.

Publication Scenario,GeometnyRe;, or | kKg= ¢ g=h DR min (%)
Re

Experimental

Lienhart et al. (2008) | channel ow, | 10,000 0:05 0:53 0%
dimples 65,000 1.67

Nesselrooij et al. | spatially develop-| 10000 0:025 0:25 6%

(2016) ing ow, dimples | 40000 0:05 1.5

Tay et al. (2015) channel ow, | 3333 0:015 0:2 3%
dimples 23333 0:05

Tay & Lim (2017) channel ow, | 3333 0:05 0:2 4%
dimples 22667

Numerical

Lienhart et al. (2008) | channel ow, | 10935 0:05 1.67 2%
dimples

Ghebaliet al. (2017) | channel ow, | 6200 0:024 1.7 1.7%
oblique grooves 0:072 2:55 31

Tay et al. (2017) channel ow, | 2000 0:015 0:2 1:5%
dimples 10000 0:05
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2.3.2 Experimental Investigations

Initial numerical and experimental investigations by Lienhartet al. (2008) proved un-
successful for turbulent channel ow. Their dimples, with a depthrequal to 5% of the
diameter, produced a negative e ect on the overall ow resistam; which grew with
ow strength (Re, 1 10%. Further experiments by Tay et al. (2015) investigated
the potential bene ts of dimple induced vortices when applied to fullyurbulent chan-
nel ow. The dimple depth was limited to 5% and 125% of the dimple diameter. In
each case, one or more pairs of counter-rotating streamwise tiwgs formed over each
dimple. For the deeper dimples, a set of four co-rotating vorticescoupied a region
with a spanwise width of 2000 viscous lengths. The overall viscousadrfell as turbu-
lent energy was redistributed towards the larger length scales, é@iheir corresponding
lower frequencies. The accompanying pressure drag initially o sehé viscous drag
reduction, but decreased with falling dimple depth or rising Reynoldsumber. Hence,
by Re, 2 10 both surfaces provided an overall drag reduction of 1% to 3%. Al-
though the ow scenario was similar to that of Lienhartet al. (2008), the surfaces in
Tay et al. (2015) contained a greater texture density with the crests forimg less than
10% of the total surface area, which could account for the impred performance in a

similar manner to optimised riblet designs (Becheret al. 1997).

The experimental investigations of Nesselroogt al. (2016) applied the dimple ge-
ometries of Tayet al. (2015) to a spatially developing turbulent boundary layer with
otherwise similar ow conditions. Their results indicated that exteral ows inverted
the optimisation trends, such that the ow resistance fell with inceasing crest area,
and that a crest area far greater than 10% was necessary forenle cial drag reduction.
However, the relationship between dimple depth and Reynolds numba channel ow

was maintained within the low Reynolds number range. Tay & Lim (201 7hvestigated
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the potential of increasing the drag reducing performance of dlaav dimples applying
asymmetry to the dimple pro le. Their results showed that moving tle minimum point
downstream by a distance equal to 10% of the dimple diameter, coydbvide a modest
improvement to the drag reduction over a wide range of Reynolds mbers. On the
other hand, shifting the minimum point upstream reduced the drageaduction, with a
severe drag increase of more than 10% occurring for an upstreahift of just 20% of

the dimple diameter.

2.3.3 Numerical Investigations

Crucially, the most signi cant drag reducing mechanism of the ow eists at a length
scale which is two orders of magnitude greater than traditional stamwise riblets.
The existence of the large-scale drag reducing vortices which weteserved by Tay
et al. (2017) was conrmed from numerical solutions of a replica ow sceano for
periodic dimples (Tayet al. 2017). Note that the economically e cient detached-eddy
simulation approach was su cient to resolve the large-scale turbule vortices, but
unable to reproduce the small drag reduction bene t to a su cientaccuracy. Figure 2.5
provides an example of a dimple geometry with rounding applied at thelges to limit

ow separation, as applied in the numerical investigations of Tagt al. (2017).

As an alternative to dimples; recent studies have identi ed the potgial of simple,
three-dimensional textures which can recreate the e ects of apwise waves without
the required energy input. Ghebaliet al. (2017) explored the drag reducing potential
of misaligned grooves, rotated approximately 7Go the ow direction. They achieved
an overall drag reduction of 07%. Although minimal, compared to an active surface,
this result was achieved without energy input and with a surface walength more

than 45 times that of an optimised riblet spacing. Over the lee-side, @bali et al.
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Figure 2.5: Rounded dimple geometry, ow domain and mesh in the numerica-
vestigation of Tayet al. (2017). After Tay et al. (2017).

(2017) observed a reduction in the strength of the near-wall velity streaks below
the logarithmic region. Meanwhile the production and dissipation of ttoulent kinetic

energy was ampli ed within the logarithmic region.

2.4 Practical Drag Reduction in Laminar Flow

2.4.1 Drag Reduction Potential

The absence of the key turbulent mechanisms related to ow comt would seem to
remove the bene ts of oblique grooves and shallow dimples from laminaw applica-
tions. Figure 2.6 displays a typical con guration of two-dimensionaginusoidal grooves,
applied to one or more walls of an in nite channel and orientated oblicgly to the ow
direction. As observed in the case of riblets, two-dimensional simidal grooves com-
monly produce a negative impact on the ow resistance for single pb&a laminar ow

(Mohammadi & Floryan 2012) and single phase turbulent ow (Henn &Sykes 1999).
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These losses occur due to the resultant pressure drag which extsethe otherwise
bene cial reduction in viscous drag. However, the need for pracal drag reducing
geometries in laminar ow, drives ongoing research to explore thealy reducing po-
tential of such surfaces through extensive optimisation studies pro le shape, surface

orientation and length scale.

(@) Textured lower wall coupled with a smooth upper wall

(b) Textures applied to both walls of the channel

Figure 2.6: Typical application of sinusoidal wavy surfaces in an in rte channel with
pro les misaligned with the ow direction. After Ghebali et al. (2017).

The spectrally accurate numerical code of Mohammadi & Floryan (22) has formed
the basis for one of the most comprehensive investigations into tdeag reducing po-
tential of practical grooves in laminar ow. They rst considered aseries of shallow,
sinusoidal grooves in laminar Poisuille ow (Mohammadi & Floryan 2013b These

grooves covered a wide range of Reynolds numbers, wavelengthd depths, in ad-
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dition to varying orientation to the ow. Mohammadi & Floryan (2013b) observed
that orientating the grooves to be parallel to the streamwise diréion minimised the
streamwise ow resistance. This lies in contrast to the behaviour inutbulent ow,

in which Ghebali et al. (2017) identi ed both a minimum drag, and an overall drag

reduction, corresponding to an oblique angle of orientation.

For streamwise sinusoidal grooves, the results of Mohammadi & Fan (2013b)
suggested that a drag reduction may be achieved if the groove spay is greater than
times the channel half-height. However, the e ect was marginal, ith an overall
drag reduction of only 0025%. Mohammadi & Floryan (2013b) aimed to improve the
performance of these simple sinusoidal grooves by optimising theogeetric pro le.
They rst explored a systematic optimisation of a universal geomdt pro le (Mo-
hammadi & Floryan 2013a), and then a parametric study of simple,am-sinusoidal
shapes (Mohammadi & Floryan 2015). The response was improveyg dmplifying the
groove depth to length scales to be of equal magnitude to the chret half-height.
Under these constraints, the optimisation process revealed pis improvements by
up to 50% of the drag reduction. Whilst a successful con rmationfadrag reduction
potential, the large length scales of these surface would in practissquire a signif-
icant redesign of the overall ow domain application. Raayai-Ardakai & McKinley
(2017) reported simular success for streamwise sinusoidal greswn a spatially devel-
oping laminar boundary layer and claimed a drag reduction of up to 20%s the depth
ratio approachedky= 4 ! 1. However, this may be the result of the unaccounted

modi cation to the mean ow eld, and the shift in the boundary layer origin.
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2.4.2 Impact of Flow Separation

In turbulent ows, previous investigations have indicated a correl@gon between the
pressure drag in a separated free-shear region, as in the cashaflow dimples, and the
drag reduction or drag increase (Tayet al. 2015). In addition, ow separation is a key
parameter in classifying and predicting the behaviour of naturally @trring bedforms.
However, in the interests of drag reduction for laminar ows, theigni cance of ow

separation remains unclear. The critical limits of ow separation relpn a combination

of groove depth, pro le shape and the contribution of ow inertia.

Mohammadi & Floryan (2013b) observed full attachment for a dep to wavelength
ratio of 0:08 at any laminar Reynolds number in Poisuille ow. However, for deep
grooves with a depth to wavelength ratio of 89, even stokes ow was su cient to
produce a free-shear region which spanned the majority of theotrgh. In addition,
the shear stress distribution did not change between the two eximes of the laminar
regime. Niavarani & Priezjev (2009) concluded a critical depth to awelength ratio of

0:126 for the onset of ow separation in highly viscous stokes ow.

Sahaet al. (2015) produced numerical solutions of spanwise sinusoidal gresv
around the circumference of a pipe. Both laminar ow and turbulentow cases dis-
played identical trends between increasing groove depth and theogith in the signi -
cance of the pressure drag. In addition, whilst the overall ow réstance in the laminar
regime grew with rising Reynolds number, the in uence of the Reynaddnumber fell
with increasing groove depth. However, they observed no behawial correlation be-
tween the weighted contribution of the pressure interaction dragnd ow separation.
Grooves with a maximum surface angle of 3@ould produce a pressure drag which

exceeds the viscous drag, whilst maintaining shear layer attachnten the trough.
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2.4.3 Impact of Spanwise Motions

Finally, the development and optimisation of passive ow control mdtod needs to
consider the potential to induce large-scale motions even in laminaow elds. Tay
et al. (2014) carried out ow visualisation investigations of laminar bounde layer ow
over a pair of dimples with depths ranging from 5% to 50% of the dimpleiameter,
which in turn ranged from 10% to 50% of the boundary layer width. Foa ow strength
within the region ofRe 105, a depth to diameter ratio of 10% was su cient to induce
a stable pair of counter-rotating vortices within the dimples, similar ¢ the hairpin
vortex observed for turbulence transition. This behaviour was fther identi ed by the
steady-state numerical simulations of Xwet al. (2016), where a single vortex existed
at low Re, for a dimple depth equal to 25% of the diameter, then split into two co
rotating vortices when this rose to 50%. However, their investig@in also indicated
that reducing the channel height would produce a similar response that achieved by

varying the dimple depth.

Moradi et al. (2017) investigated the potential of transverse sinusoidal grees to
enhance mixing through the creation of streamwise vortices, with focus on small
amplitudes, with a depth to wavelength ratio of 0:05, for minimal ow resistance.
Although successful, the Reynolds numbers required were extremmany limits lying
far within the turbulent regime, and only rising as the depth to wavelegth ratio fell.
The experimental investigations of Xuet al. (2018) demonstrated the capability of a
herringbone riblet pattern to produce similar streamwise vorticeshtough the alter-
nating upwash and downwash. Further developments have expatthe spectral code
of Mohammadi & Floryan (2012) to deal with three-dimensional s@@ce geometries

(Sakib et al. 2017), with the persistent limitation on periodic ow conditions.
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2.5 Naturally Occurring Bedforms

2.5.1 Overview

The naturally occurring shark skin and lotus leaf patterns have piuced positive
results in ow control. However, these surfaces exist at small lethg scales in the
ow, thus limiting their application potential and cost e ectiveness. As such, ongoing
investigations (as discussed in Section 2.4) have explored the pat&inof producing
drag reducing surfaces at larger length scales through explorgt@ptimisation studies
involving pro les of simple geometric shapes. Such e orts have demsirated either
a negative or marginal success, with suggestions of improvemehtaugh geometric
optimisation (Mohammadi & Floryan 2013b; Tayet al. 2015; Ghebaliet al. 2017).
Designs for riblets and superhydrophobic surfaces have demaastd the bene ts of

anchoring ow control optimisation on naturally forming patterns and textures.

Consider the view of a sand beach during the receding tide. The one# sand
surface reveals an array of various two-dimensional and threevensional periodic
forms, as displayed in Figure 2.7. In a more general sense, a swefatloose particles
may reform into a pattern of periodic structures when submergeith a moving body
of uid. Such patterns can emerge from an oscillating ow createdybwaves travelling
over a free surface, steady ow created by a current, or a comition of the two

(Fredsoeet al. 1999).

The classi cation of bedforms relies on the streamwise pattern walength, where
dunes have a wavelength on the order ofrior higher, whilst ripples have a wavelength
on the order of Tm (Charru et al. 2013). For both dunes and ripples, the crest to

trough depth is typically one order of magnitude lower than the wavength. The
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(@)

Figure 2.7: Bedform patterns formed by a) tidal ow over a sand beach an{l &teady,
shallow ow over coarse sediment.

early experiments of Bagnold (1946) de ned two primary types ofransverse ripples;
rolling grain ripples, for which sand grains move in contact with the st&ce, and vortex
ripples, for which the ow separates from the crest and carriesdienent particles within
it. Meanwhile, the wavelength of a dune is in uenced by the ow depth Due to the
large length scales of dunes, in relation to the bulk ow, dunes are alfacterised by a
cycle of shear layer detachment from the crest, followed by shdayer growth along
the lee-side (Best 2005). The separated free-shear layer mowvis the bulk ow away

from the surface.

2.5.2 Theoretical Predictions

Early stability analysis, though limited to purely viscous ows, demonsated a process
by which two dimensional ripples, as shown in Figure 2.8a, could growofn a small
perturbation in an otherwise at sand bed (Blondeaux 1990). Hower, predicting the
equilibrium amplitude of developing ripples requires consideration of ¢hnon-linear
e ects. Vittori & Blondeaux (1990) achieved this through an additonal assumption
that the ripple amplitude is smaller than the near-wall boundary layerand that the
ow does not separate from the crests, thus keeping the non-lmee ects weak. As

demonstrated by the steady ow model of Charru & Hinch (2006)the inertial e ects
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of the decelerating ow along the lee-side, which destabilises the aand bed, are
counteracted by erosion of sand grains around the point of maximushear stress. In
this way, a migrating bedform at equilibrium maintains a balance betweethe removal
of sand grains from the stoss-side and the deposition of sand gsaion the lee-side.
Despite the observed correlations between grain diameter and rlpgsize, the validity of
discounting the in uence of ow depth remains controversial, with &ernative theoret-
ical models from Colombini & Stocchino (2011) and Bartholdt al. (2015) implying

its relevance for steady current ows.

(a) Two-dimensional ripples (b) Asymmetric ripples
(c) Sinusoidal ripples (d) Brick-pattern ripples

Figure 2.8: Sand ripples of varying topology as predicted by the applioa of linear
and non-linear stability analysis. After Roos & Blondeaux2001) (a,b) and Vittori &
Blondeaux (1992) (c,d).

Blondeauxet al. (2015) considered the impact of combining an oscillating ow eld

with a steady current ow. Whereas a purely oscillating ow producd a symmetrical

ripple pro le, the steady current ow produced an asymmetrical jpo le, with a single
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curved lee-side, and a dual curved stoss-side. At low Reynolds raars, the asymmetry
index, which is de ned as the ratio of the streamwise length of the a$s-side divided by
that of the lee-side, always exceeded one. The asymmetry indeXsfavith increasing
Reynolds number. The trends indicate that as the strength of theteady current
velocity grows, relative to the strength of the oscillating ow, the gaymmetry index
tends towards an asymptotic limit. Whilst these theoretical models ovide a direct
approach to obtaining exact solutions, and they correlate with théighly scattered
experimental observations, the models cannot be expanded toetlanalysis of vortex
ripple behaviour. As stated by Blondeawet al. (2015), a further understanding would

require iterative numerical solutions.

Non-linear stability models which consider the simultaneous growth difoth two-
dimensional and three-dimensional perturbations in an initially at sdiment bed, have
predicted the emergence of three-dimensional ripple patternsiffare 2.8b, Figure 2.8c
and Figure 2.8d) in both oscillating (Vittori & Blondeaux 1992) and stady (Lan-
glois & Valance 2005) viscous ows. The sinusoidal ripples in Figure 2.8orm when
the strength of the three-dimensional instability exceeds that ahe two-dimensional
instability. Devauchelle et al. (2010b) concluded that, unlike sand ripples, such three-
dimensional structures can only form in a highly viscous ow if they lie &low a free
surface. Their model theorised that these bedforms may form ihé absence of a free

surface when inertial e ects become signi cantRe, >> 1).

2.5.3 Experimental Investigations

Table 2.2 provides an overview of key experimental investigationsrm®rning bedform
geometries in unidirectional, laminar and turbulent ows. In each cas the range of the

ow Reynolds number is provided, along with the geometric pattern fothe bedforms.
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The range of streamwise wavelength is scaled by either the ow déypor pipe radius,

depending on the application.

Table 2.2: Overview of key experimental investigations of bedfornegmetries in steady,
unidirectional laminar and turbulent ows.

Publication Scenario Regime Re, Pattern «=h

Coleman & Eling (2000) | open steady 155 440 | 2D ripples 1 2
channel laminar

Devauchelleet al. (2010a) | open steady 10 420 | 3D 1 50
channel laminar rhomboid

Rauenet al. (2008) open steady 10 1¢° 2D ripples Q033
channel turbulent 49 1C¢° 0:6

Edelin et al. (2015) pipe steady < 7500 2D ripples 135

turbulent 118

Venditti (2007) open steady 73 10° 2D and 3D 3

channel turbulent dunes

Though initially believed to be a product of turbulent motions, practi@al experi-
mental investigations have con rmed the formation of both two-@mensional and three-
dimensional bedform patterns in purely laminar ows. The experimda of Coleman &
Eling (2000) displayed clear evidence of small-scale two-dimensionatifiorms forming
within an open channel containing a laminar ow with a unidirectional curent. As
in turbulent ow, the wavelength was dependant on the size of theasid grains, and
was not in uenced by the properties of the ow. Devauchellet al. (2010a) observed
the growth of three-dimensional rhomboid patterns in laminar charel ow. The angle
between the rhomboid edges and the spanwise axis displayed signncacatter in the
lower laminar regime but settled towards an asymptomatic limit of 20 for ows of
Re, > 200. At this point, the bedform patterns possessed a closer red#ance to a

streamwise riblet than to transverse ripples. Similarly, the waveletiy of the pattern
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showed no clear correlation wittRe, towards the lower end of the laminar regime, but

grew to around 10 40 times the ow depth by Re, > 240.

The traditional narrative considers the wavelength of a subaquas ripple to be
determined primarily by the grain size, whilst being independent of theow depth.
Rauen et al. (2008) used acoustic imaging to investigate the transition of the in#l
bedforms (referred to as "wavelets') into vortex ripples on a bed ofe sand grains. The
wavelength of the wavelets remained xed with respect to depth,ral was dependant
on the grain size. Once the wavelength height exceeded a criticalug the wavelets
transitioned into vortex ripples, for which the wavelength varied wit grain diameter,
such that the ratio between the bedform depth and wavelength meained constant.
Edelin et al. (2015) studied the development of bedforms in a ow of suspendear-
ticles. Two-dimensional ripples were observed to form in laminar owhowever, since
the Reynolds number lay close to the limit of transitional ow, the preence of the sand
ripples induced laminar-turbulence transition. The density of sedinm in the ow had
no impact on the bedform geometry, with the wavelength consistéy lying between
200 and 300 times the grain diameter. The ripples displayed a depth wavelength

ratio on the order of Q05, yet in each case the bedforms transitioned into vortex ripples.

Finally, consider the signi cance of the more complex geometric feaes of nat-
ural bedform patterns with three-dimensional variation. The exprimental analysis
of Venditti (2007) compared rigid dunes of two-dimensional pro lg sinusoidal three-
dimensional variation, and irregular three-dimensional variation, adisplayed in Fig-
ure 2.9, in a unidirectional turbulent channel ow. Although the three-dimensional
dunes suppressed the strength of ow separation compared tbet two-dimensional
dune, the overall ow resistance was greater. However, whenehhree-dimensional

variation followed an irregular pattern, the ow resistance droppé to 20% below the
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two-dimensional dune due to a reduction in turbulence intensity in tb region of the

dune.

Figure 2.9: Rigid sand dune geometries which were implemented in the exxpental
investigations of Venditti (2007). After Venditti (2007).

2.5.4 Numerical Investigations

Table 2.3 provides an overview of key numerical investigations congieg bedform ge-
ometries in unidirectional turbulent ows. In each case, the rangef the ow Reynolds
number is provided, along with the geometric pattern of the bedfars. The range
of streamwise wavelength is scaled by either the ow depth or chaanhalf-height,

depending on the application.

Although bedforms can form in the absence of turbulence motiont)e near-wall
turbulent structures may in uence the initial destabilisation of the ow. Furthermore,
the bedform structure can exert a strong in uence on the distribtion of turbulence
throughout the shear layer. Khosronejad & Sotiropoulos (2013pplied nite volume
analysis to produce detailed ow elds over a moveable at bed in an ogn turbulent
channel ow. Initially, the near-wall streaks would sweep towardshe bed and initiate
a series of perturbations which collectively resembled a cross-Hafpattern. These
perturbations would grow into transverse ripples which enhanceché¢ formation of
spanwise vortices. Finally, the ripples would develop a spanwise gedrgevariation,

for which the detached spanwise vortices would form into horse ghstructures as they
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Table 2.3: Overview of key numerical investigations of bedform geeirnes in steady,
unidirectional turbulent ows.

Publication Scenario Rey Pattern «=h
Bhaganagar & Hsu (2009) | closed channel 180 400 | 2D and 3D rip- 2
ples

Grigoriadis et al. (2009) open channel 17500 2D dunes 42
93,000

Lefebvreet al. (2016) open channel 8200 2D bedforms 307

Omidyeganeh & Piomelli| open channel 18900 3D dunes 571

(2013a),0Omidyeganeh & Pi-

omelli (2013b)

Khosronejad & Sotiropou-| open channel 75900 developing 0:26

los (2015) bedforms 3:29

Omidyeganeh & Piomelli| open channel 18900 2D dunes 571

(2011)

Kidanemariam & Uhlmann | open channel 3011 2D ripples 39

(2017) 118

detached from the crest.

The numerical analysis of Kidanemariam & Uhlmann (2017) coupled a oain of
turbulent channel ow over a sediment bed with resolved particle ntn. Bedform
growth required a domain to possess a streamwise length greatean 100 times the
sand grain diameter. The bedform would only exceed this critical vaduwhen the
domain was unable to accommodate an integer number of bedformistlis critical

wavelength.

From a numerical perspective, accounting for particle motion signtantly impacts
the computational workload, and can be crippling when applied in tundence resolving
simulations. In the moveable bed simulations of Khosronejad & Sotpoulos (2015),

the average bedform velocity was recorded as being two ordersmagnitude lower than
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the bulk ow velocity, lending strong support to the assumption of arigid bedform

surface as an accurate simpli cation of moveable bedform problem®midyeganeh &
Piomelli (2011) carried out turbulence resolving simulations for a rigitivo-dimensional
dune in turbulent ow though an open channel. In this case, the gmve depth was equal
to 30% of the ow depth, which, for a fully developed shear layer, pladehe lee-side
length on a greater order of magnitude than the viscous inner regiof the boundary
layer. Hence, the ow separates as it leaves the crests which farra spanwise vortex
over the lee-side with enhanced energy production and dissipatiomhilst a separated
shear layer transports turbulent energy away from the surfacand into the ow. As

the spanwise rollers pass through the accelerating ow over theosis-side they deform
and stretch into structures similar to horse shoe vortices (Grig@dis et al. 2009), as

observed in the moveable bed simulations of Khosronejad & Sotiragos (2015).

Further analysis explored the in uence of incorporating a spanwisariation by ex-
truding this two-dimensional pro le sinusoidal pro le in the spanwisedirection (Omidye-
ganeh & Piomelli 2013a; Omidyeganeh & Piomelli 2013b). The depth dig spanwise
sinusoidal pro le varied between 5% and 20% of the streamwise whamgth. Three-
dimensional variation had a minimal impact on the pressure drag, whilsimultaneously
suppressing the shear layer separation. The redirection of uid wards the lobe gave
rise to a secondary ow of streamwise oriented vortices above thabes and the sad-
dles. When the wavelength of the spanwise pro le was smaller thanghow depth,
these spanwise vortices failed to materialise within the con ned spacThe subsequent
redistribution of ow produced stronger eddy separation from tk lobe and the saddle.
Bhaganagar & Hsu (2009) investigated ripples with a smaller lengthae, and simple
sinusoidal pro les, for which the streamwise wavelength was equal 50% of the ow

depth (channel half-height). For a friction Reynolds number oRe = 180, the three-
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dimensionality of the surface had a negligible impact on the ow resistae, despite
producing a non-negligible reduction in the spanwise and wall-normag¢hocity uctu-

ations near the ripple and away from the wall. ByRe = 400 the three-dimensional
ripples reduced the ow rate by as much as 1%% compared to the two-dimensional

case.

Lefebvreet al. (2016) investigated the ow resistance over rigid ripple pro les with
a lee-side and stoss-side comprised of multiple straight line segmentsluding the
common lee-side slip face. The ripples were shallow with a depth to wiaveth ratio
of 0:036, lying far below the predicted limit of 01 for the onset of vortex ripple growth
(Blondeauxet al. 2015). In all cases produced by Lefebvet al. (2016), ow separation
occurred when the slip face angle exceeded 18lote that this angle lies close to the
maximum lee-side angle of a sinusoidal wave which lies on the supposedt lofivortex
ripple formation (17:4 at a depth to wavelength ratio of 01). The ow resistance
depended primarily on the angle of the lee-side slip face. Increasirgstangle from
6 to 24 raised the ow resistance by up to 73%. Applying a sinusoidal pro led
an initially at stoss-side raised the ow resistance by up to 5%. Thex was a strong
linear relationship between the ow resistance and the mean turbuié kinetic energy;
the latter increasing with the former. Reducing the length of the sliface, by installing
a shallow 4 segment connecting the crest and the slip face, reduced the owsistance

by 15:8%.
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2.6 Computational Limitations and Complexities

2.6.1 Spatially Developing Flows

External ow applications (relevant to an aircraft wing, car body dc.) provide more
complex physical scenarios. Unlike in channel ow, the ow developspatially and
exists over length scales that far exceed the small length scalesteftures such as
riblets. The assumption of streamwise periodicity is typically consided to be valid
for fully developed channel ow where the channel is of su cient legth and width. As
per its fundamental de nition, the ow eld of a spatially developing boundary layer
will vary along the streamwise direction and the assumption of periadity is rendered
invalid. A steady-state, fully laminar ow eld is predictable and easily implemented.
A turbulence ow eld is random and chaotic, and hence, cannot bexactly repro-
duced through theoretical calculation or approximation. This prolem is negated in
periodic channel ow, as the developing instabilities of transitional ows accumulate
through successive passes through the periodic domain, until atmally occurring
state of fully developed turbulence is reached. The in uence of thgstream laminar
and transitional stages are accounted for without directly modello or approximation.
As with channel ow, the simplest case of a spatially developing turbent ow con-
tains a smooth planar wall within a rectangular domain of xed dimensios. Whilst
simulations can di er in the usual parameters of numerical designhe physical ow

scenario can vary depending on the behaviour of the upstream ow

In a turbulent boundary layer, the coherent structures which lie irthe near-wall re-
gion scale against a viscous length derived from the shear stresshatwall (I, = =u ),
whilst the structures away from the wall scale with the shear layehickness. Computa-

tional advancements continually increase the feasibility of direct maerical simulation
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for internal ows with an assumed streamwise periodicity, and its a®ciated reduction
in computational cost. Computing a time-dependant ow eld underdirect numerical
simulation can produce a crippling cost, when combined with the largdreamwise
length of spatially developing ow, as the dierence between the twcscales grows
with Reynolds number. Furthermore, high accuracy, computatically e cient spec-
tral codes, which pioneered fundamental advancements for im@l ows (Moser et al.
1999) and passive ow control (Chu & Karniadakis 1993; Garcia-Maral & Jimenez
2011b), typically require a periodic ow domain to function. One solubn for a zero-
pressure gradient boundary layer, shown in Figure 2.10, adaptsetiperiodic domain of
a spectral code to a spatially developing turbulent boundary layerybarti cially forc-
ing the ow into the steady-state laminar regime in a region leading upa the outlet.
This approach has produced highly detailed solutions of continuoust@nar-turbulent
boundary layer development up to Reynolds numbers as largeRs 8300 (Schlatter

et al. 2009; Schlatteret al. 2010; Eitel-Amor et al. 2014; Matai & Durbin 2019).

\/@6\\ <@ < & &
7 |

Figure 2.10: lllustrations of a ow domain for modelling a spatially devieping bound-
ary layer ow using resolved laminar-turbulent transitionand arti cial streamwise pe-
riodicity.

Recent studies have already revealed the potential of a local applion of ow

control methods to produce bene cial e ects far downstream irspatially developing

ows. Stroh et al. (2016) investigated the downstream e ects induced by common
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drag reduction techniques applied in a local region of a spatially devplog boundary
layer. Methods of uniform blowing and a near-wall damping force pdoiced a local
drag reduction of more than 50% during application. As the ow mowt downstream,
the in uence on the drag fell, with the damping force producing a lod¢alrag increase.
However, within the region ofRe < 2500 the total ow resistance showed a reduc-
tion of more than 5%, due to the strong initial response to the cordl mechanism.
They further suggested that the lingering in uence on the local @ resistance may
be expressed by a simple streamwise translation of the e ective bwlary layer origin.
These observations illustrate that expanding the application of owcontrol mecha-
nisms in turbulent channel ow to spatially developing ows, is a cruciénext step in

the development of drag reduction techniques.

2.6.2 Resolving Transition

The most accurate and realistic numerical solution for spatially del@ping turbulent
boundary layers comes from resolving the laminar-turbulent trafson process in a
single continuous domain. For this process, a steady-state laminlaoundary layer is
destabilised to prematurely induce transition. The means of destdising the boundary
layer is referred to as the “trip'. The trip may consist of a physical dtruction at the
wall, referred to as a ‘geometric trip’, or a perturbation applied direty to the velocity
eld, referred to as a "numerical trip'. Table 2.4 provides details of gviously pub-
lished results and investigations concerning the modelling of laminawrbulent transi-
tion within spatially developing boundary layers over a smooth wall. Th&ble speci es
the classi cation of turbulence resolution (i.e. the turbulence modg the method of
inducing laminar-turbulence transition, the range of momentum Reylds number in-

volved (when provided by the source), and the total cell couri+, rounded to three
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Table 2.4: Overview of key numerical studies of laminar-turbulent &nsition in spatially
developing boundary layers over smooth surfaces.

Publication Model Transition | Re (min) Nt
(min/max) 10°

Durcoset al. (1996) LES Numerical | 386,N/A 0.416

tripping

Schlatter et al. (2009) DNS  Numerical | 180, 2500 237
tripping

Wu & Moin (2009) DNS  Free stream| 80, 940 210
turbulence

Schlatter et al. (2010) | LES Numerical | 180, 4300 606
tripping

Schlatter & Orlu (2012) | DNS  Numerical | 180, 2500 237
Tripping

Eitel-Amor et al. (2014) | LES Numerical | 180, 8300 817
Tripping

signi cant gures.

In 1996, a probing investigation by Durco®t al. (1996) produced a highly coarse so-
lution of laminar-turbulent transition (large-eddy simulation). Cell dimensions equated
to approximately 5% of the near-wall velocity streak length, and 3% of their width.
The smallest cell height was approximately equal to the width of theiscous sub-
slayer. Although the wall shear stress varied from experimentagsults by 25%, and
similar errors were found for the spanwise and wall-normal compane of turbulence,
these e orts indicated that transitional behaviour could be reprduced at low spatial

resolutions.

Sayadi & Moin (2012) used the combined periodic domain and numeridapping
techniques shown in Figure 2.10 to test the performance of variosisb-grid scale mod-
els in large-eddy simulation for accurately replicating the unresolvedub-grid stress

in laminar-turbulence transition. Their results showed that even wén the turbulence
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model can successfully minimise dissipation in the laminar regime, thecessive dissi-
pation in the transitional regime and the fully turbulent regime redues the unresolved
stress, and therefore, underpredicts the wall shear stressadset al. (2018) suggested
that one potential cause lies in an inability to correctly capture the dstabilisation
and break-up of the streamwise velocity streaks close to the wallhiB will be of par-
ticular importance during transition, where the turbulent mechanims will be more
unpredictable than in fully developed ow, and will depend heavily on th type of

transition.

By resolving the complex, time-dependant turbulent motions at all legth scales
to a high spatial and temporal accuracy with direct numerical simutézon (DNS), the
downstream e ect from the tripping conditions can be singled out taptimise the
con guration of the destabilisation mechanism (Schlatter & Orlu 202) with minimal
in uence from numerical uncertainty. To reduce the computatioal cost to more prac-
tical levels, length scales associated with smaller turbulent eddiesnche Itered out
of the ow eld, thereby reducing the required spatial and tempoal resolution of the
simulation. In this case, behaviour associated with the downstreainipping e ects
will be blurred with errors deriving from a combination of the resolvedpatial resolu-
tion and the method used to approximate the energy transfer tdhe unresolved length

scales.

As computational power grew, the laminar-turbulent transition rgion could be
solved with fully resolved turbulence, as seen for periodic channedw. In one such
case, Wu & Moin (2009) simulated the destabilisation of a laminar bousdy layer, us-
ing arti cial free stream turbulence, and resolved the resulting ttbulence development
up to Re  1000. Despite the high resolution, and the indication of a fully turbuls

boundary layer beyondRe 750, the solution overpredicted the shear stress, partic-
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ularly in the outer region, with errors reaching as high as 10%. Thrgh a comparison
of published numerical solutions (up to the year 2010), Schlatter &rlu (2010) identi-
ed repeated discrepancies in integral parameters, the wall shestress and near-wall
velocity uctuations in supposedly identical ows. Further investigation would con rm
that the means of destabilising the initially laminar ow can impact the baundary layer

structure long after laminar-turbulent transition is complete.

The potential impacts of the trip were observed during the early ggerimental stud-
les of Erm & Joubert (1991). Their investigations destabilised a spatly developing
laminar boundary layer using three di erent geometric trips of varing shapes to in-
vestigate the in uence of the trip on the downstream turbulent ow. In this case, with
the trip lying in the range of Re 210 andRe 320, they concluded an upper limit
of Re 3000 beyond which the in uence of the trip becomes negligible. The meo
recent experiments of Marusiet al. (2015) preformed a similar investigation at higher
Reynolds numbers with more extreme tripping conditions. Where Ern& Joubert
(1991) compared geometric trips of similar heights, the heights dfi¢ trips in Marusic
et al. (2015) varied by one order of magnitude. For this excessive size elience they
observed a persistent discrepancy in the ow elds as far&@e 2 10, though this
was con ned to outer layer of the boundary layer. From a detailed RS analysis of
trip con gurations, Schlatter & Orlu (2012) concluded that the baindary layer must
be tripped within Re < 300 to minimise the required development length. Even un-
der optimal conditions, the ow did not reach self-similarity througtout the boundary
layer until Re = 2000. By this point, the outer length scale is more than 600 times

greater than the inner length scale.
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2.6.3 Turbulent In ow Generation

Due to the high computational costs of modelling laminar-turbulentransition, current
e orts into industrial scale applications or detailed exploratory stdlies, typically require
compromises to improve economic e ciency. These compromises coonly take the
form of utilising models with a lower order of accuracy, or operating ithin a nite
domain that is con ned to the fully turbulent region (Boomsma & Sotiopoulos 2015;

Lee & Sung 2011; Leet al. 2012; Arolla & Durbin 2015).

The streamwise length of the computational domain can be limited byigtard-
ing the laminar and transitional regimes and replacing the in ow condibn with a
fully developed turbulent boundary layer (Wu 2017). Whilst it is possilke apply an
approximation of a time-dependant turbulent ow eld (Mare et al. 2006), such an
approach would fail to replicate the fundamental three-dimensi@h coherent struc-
tures. Alternatively, time-dependant in ow conditions can be genated by arti cially
growing a turbulent boundary layer within an axillary periodic domain ugg the ‘recy-
cling/rescaling' technique of Lundet al. (1998). In this method, the ow velocity eld
at the cyclic outlet is rescaled by calculating the boundary layer thickess and compar-
ing this value to the desired thickness speci ed by the user. The ed velocity eld,
with a reduced boundary layer thickness, is fed into the inlet. The ailiary domain
does not need to be a separate domain. It can exist within the main w domain,
as shown in Figure 2.11, by linking the in ow boundary condition at the itet to the
ow eld of a plane which is located shortly upstream of the inlet. Table2.5 provides
details of previous investigations which model spatially developing toulent ow over

a smooth surface, whilst applying a fully turbulent boundary layer athe in ow.

By utilising the recycling/rescaling technique Lee & Sung (2011) coraped a fully
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( 99)max

Figure 2.11: lllustrations of ow domain for modelling a spatially devedping boundary
layer ow using recycling/rescaling over the initial portion of the domain.

Table 2.5: Overview of key numerical studies for spatially developingrbulent bound-
ary layers over smooth surfaces, with turbulent in ow conditions.

Publication Model Transition | Re (min) Nt
(min/max) 1P

Inoue & Pullin (2011) LES  Recycling/ | 10°,10' 12.6
rescaling

Lee & Sung (2011) DNS Recycling/ | 570, 2560 315
rescaling

Sayadi & Moin (2012) LES Numerical | N/AJN/A 1.2
trip

Arolla & Durbin (2015) LES Recycling/ | 1520,N/A  2.87
rescaling

Mukha & Liefvendahl (2017)| LES Varying 835,2400 20.4
in ow
methods

resolved turbulent boundary layer up toRe 2500, with the domain beginning at a
fully turbulent in ow of Re 1410. However, to minimise the in uence of arti cial
periodicity, the domain for the recycling/rescaling in ow generatiorspanned a range of
Re 570toRe 1600 and contained an equal number of cells as the fully turbulent
domain. Furthermore, the in ow location ofRe 1600 lay below the critical limits of
Re 2000 (Schlatter & Orlu 2012), prior to which a practical ow cannotbe assumed

to be independent of its upstream tripping conditions.
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If the structure of the boundary layer and its turbulent behaviow is known to a su -
cient accuracy, then the resolution of turbulence may be restrietl to the outer region of
the boundary layer, whilst ow behaviour in the inner region is approxnated through
a suitable numerical model (Bose & Park 2018). Such approximatisncombined with
the recycling/rescaling techniques for in ow generation, can rede the computational
workload su ciently enough to allow solutions reaching up toRe 1 10* (Inoue
& Pullin 2011). However, such methods rely on the ow maintaining iddapatterns
of behaviour which are known in advance. In the pursuit of bene ciaow control
through near-wall turbulence manipulation, the structure of theinner region cannot
be predicted to any reasonable accuracy. The economic bene e at a cost of an
overprediction of the turbulent kinetic energy in the near-wall reign, and an under-

prediction of the wall shear stress.

The investigations of Arolla & Durbin (2015) and Mukha & Liefvendahl(2017) have
aimed to apply similar methodologies for boundary layer modelling to thepen source
computational code OpenFOAM. Compared with spectral method©penFOAM pos-
sesses greater adaptability at the cost of lower orders of numeali@accuracy. Arolla
(2016) applied a recycling/rescaling method to a single domain for artwlent bound-
ary layer of Re > 1500. Only the streamwise component of the velocity was rescaled
based on the momentum thickness, and a single factor of scaling vegplied to all re-
gions of the boundary layer. In reality, the inner region scales witthe viscous length;
however, as this approach is applied with a low resolution large-eddynsilation, the
direct in uence of this discrepancy is di cult to assess. Mukha & Liefrendahl (2017)
investigated the applicability of supplying the ow eld from a periodic turbulent chan-
nel ow as the in ow to a spatially developing turbulent boundary laye. This approach

was compared to the standard recycling/rescaling approach fonan ow of Re = 835,
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and a reference case of fully resolved laminar-turbulent transitipibveginning at a uni-
form laminar in ow of Re = 0. The periodic channel in ow method had no signi cant
e ect on reducing the required development length compared to érecycling/rescaling
in ow method. Both in ow methods required the boundary layer to cevelop beyond
Re 1400 before the downstream in uence of non-physical behaviour the in ow

was su ciently reduced.

2.6.4 Textured Surface Modelling

The introduction of non-planar surfaces into the computational dmain places addi-
tional burdens on the model, which only raises the computational widoad. The
mechanisms of drag reduction over streamwise riblets takes pladale smallest scales
in the ow, and are often only observable with full DNS resolution. Tle thin crests of
optimised riblets usually require further resolution, which only sengto increase the
detail of the surface, whilst having a negligible bene t to the detail bthe turbulent
ow itself. Table 2.6 outlines key numerical simulations of spatially deveping turbu-
lent boundary layers over streamwise riblets and transverse barfhe maximum and

minimum Reynolds numbers are stated, when provided by the source

Table 2.6: Overview of key numerical studies for spatially developingrbulent bound-
ary layers over surfaces of various textured geometries.

Publication Model Transition | Re (min) Nt Surface
(min,max) 10°

Boomsma & LES Recycling/ | 1200, N/A 124 scalloped

Sotiropoulos (2015) rescaling riblets

Leeet al. (2012) DNS Recycling/ | 300,1100 150 shallow

Ahn et al. (2013) rescaling bars/cubes

Nadeemet al. (2015) | DNS  Recycling/ | 300,1400 150 shallow
rescaling bars/cubes
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Boomsma & Sotiropoulos (2015) investigated scalloped riblets in a $iadly devel-
oping turbulent boundary layer. Each riblet required more than 30 @ar-wall cells to
cover its spanwise width, which varied between 10 and 27 viscous @niilhe resultant
spanwise width of the cells was around 10% of those typically used in@oth surface
DNS (Schlatter & Orlu 2012). To compensate, they supplied an in oweondition from
two auxiliary domains. The rst domain grew a boundary layer toRe = 860 using the
recycling/rescaling technique. The second domain allowed this ow tgrow naturally,
prior to the main simulation, in order to minimise the required developm# length in
the main simulation. Despite this approach, only 50% of the riblets cédibe resolved

at the full spatial resolution.

Leeet al. (2012), Ahnet al. (2013) and Nadeenet al. (2015) conducted numerical
parametric studies for a spatially developing turbulent boundary lagr over 20 di erent
con gurations of two-dimensional and three-dimensional cubic stctures. The ow
domain and a typical geometry are displayed in Figure 2.12. They cdraned their
domain to a range ofRe < 1400 and discarded the laminar and transitional regions
to enforce a fully turbulent inow of Re = 300. The inow was developed from
the recycling/rescaling method. Whilst these methods made this pametric study
economically viable, they produced results of limited practical applit@n, since a
natural boundary layer would have remained dependant on the ugpsam tripping

conditions within Re < 2000 (Schlatter & Orlu 2012).
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Figure 2.12: Flow domain for a spatially developing boundary layer ovemahsverse
bars. After Nadeemet al. (2015)

2.7 Summary

Whilst both laminar and turbulent ows experience shear drag, the @ditional Reynolds
stresses in the latter contribute to a signi cant drag increase. Rsive drag reducing
surfaces aim to reduce the Reynolds stresses by suppressindpwient behaviour close
to the wall. In the case of riblets, a large portion of the wetted ares shielded from
turbulence structures which remain pinned above the crest. Ribke@im to reduce the
Reynolds stresses in the groove by transferring it towards the buow. However, such
riblets operate among the smallest length scales of the ow, in additioto requiring
sharp, narrow crests to achieve a signi cant drag reduction. Tlse features hamper

their manufacturability and durability in practical application.

Introducing additional streamwise vorticity into the ow can suppress the move-
ment of turbulent energy towards the small length scales motionthus reducing tur-
bulent stress in the near-wall region. In turbulent channel owssurfaces of shallow
dimples have been shown to recreate this e ect, whilst requiring nanergy input or
complex mechanical systems in their application, unlike active methed Meanwhile,
macroscale surface textures of simple geometric shapes havevshiimited bene ts for
drag reduction in laminar ows. However, such investigations involvig either lam-

inar to turbulent ow have provided modest evidence which identi esthe potential
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of further improvement through optimisation of the geometric prde. The present
review has considered potential approaches for such an optimisat through investi-
gation of the unique, asymmetric bedforms which frequently fornrdm at sediment
beds submerged in both laminar and turbulent ows. As in the case aimpli ed pe-
riodic groove, these bedforms typically result in a signi cant viscoudrag reduction,
but an overall drag increase due to the inevitable pressure drag.oWever, increasing
the complexity of the representative bedform geometries undernvestigation, in a way
which more closely matched their natural shapes, has revealed lggometric features
which can improve the drag performance of the surface. Based thiese observations,
the present investigation builds upon a hypothesis that asymmetripro les of natu-
rally occurring bedforms represent a natural optimisation of a symetrical geometrical

pro le in relation to drag reduction applications.

In spatially developing ows, localised drag reducing e ects have beebserved to
translate downstream. In practical applications this would reducthe area required for
application of a given method (surface texturing in the present ingtigation), in order
to provide a bene cial drag reduction over a large area in externabw. This is opposed
to internal ow, which requires a continuous application along the fli length of the
channel to maintain a local drag reducing e ect. A reduced area @fpplication would
increase the viability of economically manufacturing practical surtse textures with an
increased geometric complexity. However, numerical analysis ofasplly developing
ows is hindered by the increasing complexity of the ow domain and th required
computational resources, when compared to periodic channelws. Methodologies for
overcoming these di culties, i.e. generating turbulent in ows and relucing spatial
resolution, introduce additional uncertainties which could impact te accuracy and

validity of the numerical solution.



CHAPTER3

Modelling of Laminar and Turbulent Flows: OpenFOAM

3.1 Introduction

This Chapter presents the numerical methodologies which will be alpgr in the present
analysis. The numerical models for the present analysis are built,ged and post
processed using the code OpenFOAM (version 4.0.1). OpenFOAM, fjén Source Field
Operation And Manipulation", is an open source, nite volume solverdr computational
uid problems. First proposed as an object-oriented open soura®de in 1998 (Weller
et al. 1998), which is based on the extensive work of Hrvoje (1996), tkpenFOAM
toolbox has grown to encompass a vast selection of numerical sody@umerical schemes

and pre-processing, and post-processing, utilities.

For the present analysis, OpenFOAM was been selected due its widmge of fea-
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tures, utilities and numerical tools, combined with its high parallelisatin, whilst not
requiring additional licensing costs for large-scale computation whiare commonly
required for commercial codes. Furthermore, the present analy aimed to make use
of OpenFOAM's inbuilt open source, automated meshing softwaren&wn as snap-
pyHexMesh. A key feature of snappyHexMesh is the ability to consict irregular,
unstructured cells along a surface, whilst preserving regular Cadian cells through-
out the bulk of a domain. This tool was highly bene cial for the pararetric studies
in Chapter 5 and Chapter 6 which contain a wide variation of irregularand ripple

pro les, which hold a fairly inform bulk ow away from the wall.

3.2 The Finite Volume Method

OpenFOAM solves ow dynamics systems through the nite volume ntaod. In reality,
a uid consists of particles which are far smaller than the scale of intest moving
through a space. The fundamental aspect of continuum mechagits an assumption
that the empty space and solid particles can be accurately represed by a solid block
of uid, known as a control volume. Figure 3.1 displays a cubic contfavolume with

six faces in a Cartesian coordinate system.

Figure 3.1: Diagram of a cubic cell containing a continuous body of uid.
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Equation (3.1) displays the momentum conservation equations (Ni&r-Stokes equa-
tions) for an incompressible, Newtonian uid. Equation (3.2) displayshe requirements
for the conservation of mass. The streamwise, wall-normal andaspvise components

are denoted byu, v and w respectively.

@u_ @u  @u @u 1@p (@u @u @u)
et "ex '@y "@z ~@x '@ @y e’
@v, @v  @v  @v 1@p @v @v @v, (3.1)
at ‘ex '@y "@: @ ‘@ @y @7’
Qw,  @w,  @w  @w_ 1@p Gw Gw Qw
@ @x @y @z @z '@x @y ez

)i

@u @v @w_ .
@X @y r 0: (3.2)

The uid domain is decomposed into a number of control volumes (cellsOpen-
FOAM is designed to work with polyhedron cells of arbitrary shape ansize, and with
an arbitrary number of faces. Figure 3.2 displays examples of the ¢tayt and nota-
tions for two types of polyhedron meshes. In part (b) the mesh selution has been
reduced through local re nement, resulting in sharp transitions ircell volume between
adjacent regions. In part (a) the cells within the region of a boundg have been cut
and reshaped to conform to the boundary line. A single cell (labelld?)) has a volume
VIP1 and pressure and velocity values located at the poir®. It is surrounded by
an arbitrary number of cellsNg. It is connected to the surrounding cells (superscript
[E] = 1;2;3:::Ng), by an equal number of faces (superscripg] = 1;2;3:::Ng). A
line of vector d”El and length jai"Elj connects pointP and point E and intersects the

connecting face at pointe. The vector St lies perpendicular to the facee.

For a given ow property , each cell contains a single value located at the cell
centre; a setup referred to as a colocated grid. This in contrasb the staggered grid

arrangement, where pressure values are stored at the cell cestand velocity values
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Figure 3.2: Discretisation of a domain by hexahedral cell volumes usiay cut-cell
boundaries in the near-wall region and b) local cell re neme

are stored at the cell faces. By comparison, the colocated grid ioora versatile as it
provides greater stability in cells which deviate from simple, ideal geatrnies (i.e. non-
orthogonal) (Peric et al. 1988). However, the velocity and pressure values in the cell
of a colocated grid are decoupled, such that the pressure valuewebnot in uence the
pressure gradient at that point, which could produce localised, ngohysical pressure
uctuations in the solution. The solution of Rhie & Chow (1983) expreses the mass-
ux through the cell faces from an interpolation between cell cengs, to replicate the

layout of a staggered grid during the solution of the momentum-cgervation equations.

3.3 Structure of OpenFOAM

Each simulation in OpenFOAM consists of a case directory containindhitee main
subdirectories; < time >', "constant' and “system'. All commands for operating Open-
FOAM must be run at the case directory level. Figure 3.3 displays the yaut and
contents of a case directory for OpenFOAM. The expanse of lesdluded in Figure 3.3

encompasses all inputs which are utilised in the present analysis.
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‘ l <case>

constant <time> system
— fvOptions — nut — blockMeshDict
— transportProperties —p - controlDict
— turbulenceProperties | phi . createPatchDict
— phi_0 . decomposeParDict
— polyMesh . pmean — fvSchemes
- pPrime2Mean . fvSolution
~ boundary U | meshQualityDict
N fac.es — U0 . snappyHexMeshDict
— neighbour | Umean | surfaceFeatureExtractDict
- owner L UPrime2Mean . refineMeshDict
~ points | topoSetDict
— triSurface | uniform
<geom1>.stl k fieldAveragingProperties
<geoml>.eMesh — time
<geom2>.stl
<geom2>.eMesh

L extendedFeatureEdgeMesh

<geom1>.extendedFeatureEdgeMesh
<geoml>_edgeMesh.obj
<geom2>.extendedFeatureEdgeMesh
<geom2>_edgeMesh.obj

Figure 3.3: Structure of an OpenFOAM case directory in the present anadis.

The “system' directory de nes the routines, functions and schess for mesh gen-
eration, pre-processing, solution generation and post-process The fvSchemes' and
“fvSolution' les (discussed in Section 3.5 and Section 3.6 respectiyetle ne the nu-
merical methodology for solving the governing equations in the owamain. The “con-

trolDict' le contains the settings for the physical time and time stg for the solver,
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and the settings for outputting the results. The remaining les in tke "system' direc-
tory govern the creation and manipulation of the computational dmain, mesh and
boundary conditions. The contents and applications of these les@adiscussed further

in Section 3.4.

The computational mesh is stored in the “constant' directory, alanwith additional
surface geometries, and directories specifying the physical peofes of the ow. The
‘polyMesh' subdirectory de nes the cells of the computational mbsthrough lists of
vertices (‘points'), faces, and a pair of cells adjoining those facas( "owner' and
‘neighbour’). The boundary le assigns external faces in the mesio groups which
can be used to assign boundary conditions to the external suréscof the ow domain.
When additional surface geometries are required, typically for use mesh genera-
tion/manipulation and post-processing, the les which de ne the stface geometries
are stored in the “triSurface' subdirectory. The surface geonets may possess key
geometric geometric features (such as sharp angles) which must taptured during
the mesh generation process. Information concerning such i@a&s is stored in the
“extendedFeatureEdgeMesh' subdirectory, and also as .eMeshs I the “triSurface'
subdirectory. The “transportProperties’ le contains the information of the physical
properties of the ow, such as the kinematic viscosity of the uid. The “fvOptions'
speci es the parameters of any source terms to be implemented anthe momentum-
conservation equations. The “turbulenceProperties' le speci ethe turbulence model
to be used, and speci es the parameters which are required for ibsplementation. The
turbulent models and parameters which are used in the present dysis are discussed

further in Section 3.7.

Each time directory contains information about the boundary conitions and ow

elds at a given point in physical time. Initial conditions are supplied bya uniform eld
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value for the internal mesh and constraints for the patches on ¢hexternal boundary.
Subsequent time directories are written by the numerical solvernd they specify the
solved ow eld at a given time step as a list of eld values specifying thealue in
each cell. The time directory displayed in Figure 3.3 displays additionalow elds for
the time-averaged values (‘mean’) and root mean square values (PRe2Mean") for a

given property as calculated from the solved ow eld, as discussed Section 3.8.

3.4 Mesh Generation

3.4.1 snappyHexMesh

The snappyHexMesh utility is an automatic mesh generation/maniputéon programme
within OpenFOAM. Starting with a coarse cartesian mesh, snappykt&lesh builds a
re ned mesh which conforms to a new boundary of a surface of arbdrary geometry.
The term 'split-hexahedral' refers to cells which contain more thanisfaces, but which
are produced by the splitting and morphing of hexahedral cells, assplayed in Fig-
ure 3.2. The snappyHexMesh procedure is demonstrated through this section using

the jaggedBoundary.stl geometry supplied in the following location i@penFOAM.

openfoam4/tutorials/foamyQuadMesh/jaggedBoundary/costant/triSurface

/jaggedBoundary.stl

The nal mesh produced by the snappyHexMesh utility is displayed in igure 3.4.

The snappyHexMesh utility requires an initial Cartesian mesh, les dribing the
surface geometry and, in some cases, information of the key getnc features of the

supplied surface geometries.
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Figure 3.4: A split-hexahedral mesh which was generated for the jaggedBdary.stl
surface geometry through utilisation of the snappyHexMestility.

Preparation stages:

Initial Mesh  Creation of an initial computational domain with coarse Cartesian

mesh.

Feature Extraction Extract the geometric features from one or more surface

pro les.

The rst stage constructs a simple Cartesian mesh as de ned in thélockMeshDict'
dictionary. The initial Cartesian mesh should ideally contain cells with amspect ratio
of 1 in the region of the inserted surface geometries. Howeveristlaspect ratio can be
increased beyond 1 when required, as demonstrated in Chapter idaChapter 7. In
the second stage the features of each surface are extractexnf the .stl geometry les
in the “triSurface' subdirectory. Figure 3.5 displays the featuresdges of the jagged
boundary geometry. The extracted features include all open egly and closed edges

at which the two faces meet at an angle smaller than 17%or a user-speci ed value).



3.4. MESH GENERATION 65

Figure 3.5: Feature lines extracted by performing “surfaceFeatureshahe jagged-
Boundary.stl le.

The snappyHexMesh utility operates in three key stages: castellan, snapping
and layer addition. The outputs of each stage is demonstrated in kige 3.6, using the

jaggedBoundary.stl geometry as a test case.

Castellation Insert of the surface pro le into their corresponding location witin

the computational domain.

Snapping Morph the cells in the near-wall region such that the mesh conforms

to surface pro les.

Layers Morph the mesh away from the surface pro le and insert layers bween

the surface and the mesh.

The castellation stage performs local re nement of cells based upthe surface
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Figure 3.6: Three stages of the snappyHexMesh utility in building a meatound a
boundary consisting of a two-dimensional irregular geonmgt
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features and user-speci ed re nement regions. The location aride level of re nement
can be performed to an exact value, or automatically, depending d¢ime local curvature
of the surface and the angle between surface features. Thefaoe geometry forms a
new boundary of the ow domain. All cells for which 50% (or a user-ggi ed value)
of their volumes lies beyond the new domain boundary are removean the domain.
In the example in Figure 3.6a a uniform level of re nement has beeneg ed over the

whole jagged boundary surface, with a minimum of 3 cells between rement levels.

The snapping stage morphs the edges of the re ned and castelldtamesh to align
with the original surface geometries. Each vertex on the new bodary of the domain
is displaced towards the nearest surface face. Then the intermaksh is smoothed to
accommodate this new displacement. The displacement of each earis constrained
by a user-supplied value of tolerance, which de nes the maximum disice that a vertex
can move, given as a fraction of the length of the edges of the localls. The newly
distorted mesh is scaled back until it complies with the user-speci etequirements
of mesh quality as discussed in Section 3.4.2. The method of snappiag e either
implicit or explicit. Implicit snapping identi es features from the surface geometries
which were supplied from the castellation stage. Explicit snapping giweriority to the
feature lines which where extracted using the “surfaceFeatureDidictionary prior to
the castellation stage, as displayed in Figure 3.5. Explicit snapping tigally provides
greater surface conformity at the cost of additional pre-prossing time, as the user can
ensure the acknowledgement and prioritizing of speci ¢ featuresiuch as sharp corners,
which would otherwise be missed by the automated Implicit snapping @cedure. The
mesh in Figure 3.6b has been snapped using explicit features snappipgsed on the
features displayed in Figure 3.5, in order to capture the sharp anglevhich are present

at numerous locations on the jagged boundary surface.
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Figure 3.6¢ displays the output from the nal stage, in which additioal layers are
inserted into the mesh at the solid surface. In this case, three lagehave been added
along the jagged boundary, with the cell widths being speci ed as aattion of the
near-wall cell size. Alternatively, the cell widths can be speci ed inlsolute units, in
order to produce a uniform layer thickness on surfaces which has&lls at varying levels
of octree re nement. Note that in Figure 3.6¢ the snappyHexMestitility has collapsed
the layers around the sharpest corner in order to avoid the craah of poor quality
cells. Unlike the castellation stage and the snapping stage, the addit of layers is
optional in many applications. However, since the added layers grgverpendicular to
the boundary, the addition of layers can provide two crucial benés. Firstly, layers
can signi cantly reduce the near-wall cell size without producing a tge increase in
streamwise and spanwise resolution. Hence, increasing spatiabheson through the
addition of layers will provide greater e ciency than additional octree re nement.
This is particularly important when resolving near-wall ows, where he wall-normal
velocity gradient is typically several orders of magnitude greatehan the streamwise
and spanwise velocity gradients. Secondly, layers will improve the aligent of the
near-wall cells with the ow direction. In the present analysis, the pplication of layers
is utilised in Chapter 7, where a series of layers is applied to a spatiallyvedoping

turbulent boundary layer over a two-dimensional surface.

3.4.2 Mesh Quality

The geometry of each cell greatly in uences both the stability of tb solver and the
accuracy of the nal solution. A cells quality derives from severakiteria which describe
the spatial relation between cell centres and their connecting €. In OpenFOAM, the

"‘meshQuialityDict' dictionary contains the user-de ned settings fothe desired limits
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of mesh quality. The criteria in the "'meshQualityDict’ are used by therappyHexMesh
utility as a guide when morphing the mesh during the snapping and laystages. Two
of the most important criteria; non-orthogonality and skewnessare de ned below, and

the vectors which are required for these de nitions are illustrateéh Figure 3.7.

(a) Skewed face (b) Non-orthogonal cell
d{PE] E E
*———————o
P ffe] .ﬁ/
glel - P glel -

Figure 3.7: Diagrams illustrating the cell geometric properties whiclare used to
calculate face skewness and cell non-orthogonality.

Face skewness (Equation 3.3) represents the distance by whicle hoint of inter-
section between the cell-to-cell vector and the face deviatesrfrdhe centre of area for
that face. The skewness takes the form of a ratio between the gmtude of the o set

vector and the magnitude of the cell-to-cell vector.

kR
face skewness = -; (3.3)
jatP el
Cell non-orthogonality (Equation 3.4) refers to the angle at which aector con-
necting two cell centres intersects the connecting face. Nordoogonality references a
vector which is normal to the face, such that if the cell-to-cell véor is perpendicular

to the face, the non-orthogonality is 0. Similarly, a cell-to-cell vector which is parallel
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to the face, though realistically impossible, would indicate a non-ordgonality of 90.

Slel gPE!]

non-orthogonality = W

(3.4)

Noriegaet al. (2018a) identi ed that the primary error associated with mesh non
orthogonality occurred when non-orthogonal cells lie on the bouady faces with xed
ow properties or xed gradient values. They concluded that peridic boundary con-
ditions could maintain schemes of second order accuracy, even ie {presence of non-
orthogonality along the boundary. Similarly, non-orthogonality hada minimal e ect

far into the ow.

3.4.3 Parallel Processing

For a discretised ow domain, the computational workload can be sined by multiple
processors in order to decrease the workload on a single processa reduce CPU
time. The "decomposePar' command in OpenFOAM divides a single ow dw@in into
multiple segments, whereby each segment can be assigned to an iidldial processor
for computation. The method for splitting the domain is de ned in the decomposeP-
arDict' le. Figure 3.8 displays a simple, two-dimensional domain which d&s been
divided into four segments with divisions along the streamwise axis amdall-normal
axis. Along the boundary of each segment a new boundary conditiformed which

links adjoining boundaries from two processors (processor boan@s).

The decomposition of the domain can be performed in various wayspending on
the geometric complexity of the computational domain. The “simple' ethod and the
“hierarchical' method decomposes the domain into a number of segmsealong each di-

rectional vector. The “hierarchical' method allows user to determénthe order in which
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Figure 3.8: lllustration of a discretised computational domain decongsed across 4
processors.

to prioritise each directional vector. The “scotch' method calculas the area of domain
decomposition automatically whilst prioritising the minimisation of procesor bound-
aries. In the present analysis, all domain discretisation applies thangple' method,
due to the general uniformity of cell distribution throughout the @mputational domain

in each case.

Haddadi et al. (2017) recommends a distribution of no fewer than 100,000 cells
per processor. They suggested that e ciency could be maintainesith no fewer than
50,000 cells per processor, for more basic solvers. Further rearc of the number
of cells per processor, below these limits, is expected to provide a liegitbene t in
reducing the CPU time for the simulation. Further improvements in tle e ciency of
the simulation can be achieved by reducing the bandwidth of the coeient matrix.
The ‘renumberMesh' command can reduce the bandwidth by reanging the placement

of each cell in the matrix to cluster the coe cients around the diagoal of the matrix.

Finally, parallel processing can be used to reduce pre-processiige by applying
the snappyHexMesh utility to a discretised domain across multiple peessors. During

the castellation stage, the mesh is accessed after each re netretap. If the re nement



3.5. NUMERICAL SCHEMES: FVSCHEMES 72

created an uneven distribution of cells between processors, thesh is redistributed to
bring the processors into balance before continuing with further @sh re nement. The
‘reconstructParMesh’ command can then combine the discretiselbmain from each
segment back into a single domain. Similarly the “reconstructPar' camand combines

the segmented ow elds back into a single eld for the combined domia.

3.5 Numerical Schemes: fvSchemes

The transport equation for an incompressible uid is displayed in Equ#n (3.5), where
t denotes the velocity vector. The termB contains all of the relevant source terms,
including the contribution of the pressure gradient in the case of .hmomentum trans-
port (i,e. = uj), whereu; = u;v;w denotes the velocity component along the x-, y-

and z-axis respectively.

@ 2
—+5 ()=B + 5°; 3.5
a5 @) (35)

The standardized approach of discretisation in OpenFOAM is throdgthe Gaussian
Integration Theorem. Gauss's Theorem states that the integrain over the control

volume equals the sum of the ux through each face. Equation (3.GJisplays the

integrated momentum equation over a single control volume.

Z g z z
= avPl=gFl+ 5 (5 )Pl gvP 5 (w)F dvlPl (3.6)
v @t VIP] VIP]
Temporal terms = Source terms + Laplacian terms + Convective terms

The “fvSchemes' le de nes the discretisation schemes used to &pfgquation (3.6)
over the discretised ow domain. In the ‘fvSchemes' le di erent disretisation schemes

can be assigned to each ow variable, such that the stability and oed of accuracy can
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be adjusted for the needs of each individual variable.

3.5.1 Convective Terms: divSchemes

The “divSchemes' entry de nes the discretisation schemes for tltenvective terms.
Applying Gauss integration to the integrated convection term in Eqation (3.6), as
shown in Equation (3.7), simpli es change in a property from conveitin through the
cell a product of two variables; the kinematic velocity ux S +€ | and the value

at a given cell face ¢

Z N Ne

XNe X
5 () dvlPl= sl (g )= sl e 1 (3.7)
Vv IP] 1

The following divergence schemes are either rst-order or seceorter accurate
schemes for determining value at each cell face by extrapolatingetivalues from the

cell centres of the corresponding owner and neighbour cells.

Gauss linear
The Gauss linear scheme applies standard central di erencing, whicletermines
the value of [® from a simple linear interpolation along the cell centre vectait” &l as
shown in Equation (3.8).
| |

CI [« IS U [«
jaP ) jaP )

(£, (3.8)

The Gauss linear scheme is second-order accurate, but remaindaimded from

the value of the surrounding ow elds, and hence, cannot guardee stability.

Gauss upwind

The Gauss upwind scheme (upwind di erencing scheme) determindsetvalue of
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¢l py directly duplicating the value at the cell centre which lies upstreanof the mass

ow through the face, as shown in Equation (3.9).

le] —

8
% Pl for SE d 0

(3.9)
_E [E]

for Sl de < O

The Gauss upwind scheme is highly stable, as the value df! is bounded to the
value of either Pl or [El. However, the scheme can only provide rst-order accuracy.
Therefore, it is typically only useful for converging the early stageof an initially
unstable ow eld in transient problems, before a more accurate, Ut less stable, scheme

is applied to produce the main solution.

Gauss linearUpwind grad(U)

The Gauss linearUpwind scheme provides a compromise between thest-order
accurate Gauss upwind scheme, and the second-order accur@guss linear scheme.
The resultant hybrid scheme, shown in Equation (3.10), maintains #h second-order
accuracy of the Gauss linear scheme and, although the Gauss lingawind scheme

remains unbounded, it possesses an improved stability over the Gaudinear scheme.

8
% Pl il 5 P1 for S d 0

el = (3.10)
_E [E] + ’X[e] 5 [E] for S[e] u[e] < O’

Firstly, the gradient at the upwind cell centre is determined from vaes at the
previous time step. The change in a property between the upwindlceentre and the
connecting face is determined from the calculated gradient, anddtcell-to-face vector
«€. This change is applied as a correction to the upwind di erencing same (Equation

3.9) which reduces dissipation.
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3.5.2 Gradient Terms: gradSchemes

The "gradSchemes' entry de nes the discretisation method for éhgradient terms. The
volume integrated gradient term, and the associated Gaussian igi&tion is shown in
Equation (3.11).
Z X Ne
(5 )[P] dvIPl = glel [E]; (3.11)

vIP] 1

Gauss linear
The Gauss linear scheme, shown in Equation (3.12), applies the stand central
di erencing method, in which the gradient is determined from the vaation between

two cell centres and the magnitude of a vector connecting thosentres.

5 - 3.12
6 )= — (3.12)
As for the corresponding divergence scheme in Equation (3.8), theadient scheme
in Equation (3.12) is second-order accurate but remains unbourdie The validation

studies of Robertsoret al. (2015) suggested that all cases where cell non-orthogonality

exceeds 50may require limiting to ensure stability.

Gauss cellMDLimited < 1>
To improve stability, OpenFOAM provides a variety of gradient schermas which add
additional diusion to the Gauss linear scheme by applying a limiting faar 1, as

shown in Equation (3.8).

(5 )¥=f(y— (3.13)
jaPEy

The degree of limiting is determined as a function of the user-de nedlue of ;,
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which depends on the type of limiting scheme that is selected. The GaucellMDLim-
ited scheme determines the degree of limiting based on the maximumdaminimum
cell centre values for the surrounding cells, and applies limiting to da€artesian vec-
tor component. However, Robertsoret al. (2015) warned that if the maximum cell
non-orthogonality exceeds 65the Gauss linear scheme cannot be relied on to maintain

stability even when limiting is applied.

3.5.3 Laplacian Terms: laplacianSchemes

The “laplacianSchemes' entry de nes the discretisation schemestite Laplacian terms

in Equation (3.6). Equation (3.14) displays the Laplacian term with Gassian integra-
tion.

Z EXNe
P] Pl = le] [e] .
5 (5 )Pl gvlPl= st (5 e, (3.14)
VvIP] 1
In OpenFOAM, each Laplacian scheme contains two keywords; thest keyword
speci es the type of discretisation that is applied to the gradient o5 (i.e. linear for

all schemes presented here), whilst the second keyword specitks treatment of the

face normal vectorSel,

Gauss linear orthogonal

The Gauss linear orthogonal scheme, shown in Equation (3.15), da®t apply any
modi cation to the face normal vector. As such it can only maintain escond-order
accuracy for purely orthogonal cells, for whicts® is parallel to the vector connecting

the adjacent cell centresiPEl

glel (5 )[e] — js[e]j (5 )[e]; (3_15)
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Gauss linear corrected

The Gauss linear corrected scheme, shown in Equation (3.17), aaais for cell non-
orthogonality by splitting the face normal vectorS!®, into two components, as shown
in Equation (3.16) and Equation (3.17). The rst component~£)er]tho, lies parallel to the
line joining the cell centresd’El. The second componenﬁ%n, lies across the plane of
the connecting face (i.e. perpendicular t&).

ortho

slel (5 )[e]= _lel (5 )[e]+~[e] (5 )[e]; (3.17)

ortho non

The rst term on the RHS of Equation (3.17) represents the weighof the orthog-
onal contribution, whilst the second term represents the weightfahe non-orthogonal

contribution.

Gauss linear limited corrected < 5>

As the non-orthogonality of a cell increases, the contribution fra the non-orthogonal
term also increases. On a mesh which contains highly non-orthogbuells, the non-
orthogonality term may become so excessive that the solution ba&ees unstable. The
non-orthogonal contribution can be limited to preserve the stabiljt of the solution.
The Gauss linear limited scheme applies a limiting constant, to the non-orthogonal
term in the corrected scheme (Equation 3.17), as shown in Equati@8.18).

glel (5 )[e]: _lel 5 )[e]+ ) ~le] (5 )[e] ; (3.18)

ortho non

The limiting constant takes a value between, = 0 and , = 1. Unfortunately,

the application of the limiting constant reduces the e ective value oS, and hence,
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rede nes the decomposition in Equation (3.16), as shown in Equatidi3.19).

R (3.19)

ortho 2 "non?

When , =1, Equation (3.18) returns to the unlimited Gauss corrected formlation
in Equation (3.17). Reducing the value of , increases the stability, whilst reducing
accuracy, due to reduction in value of the RHS in Equation (3.19). Hlee, the Gauss
linear limited corrected scheme is only recommended when the maximuwsall non-

orthogonality lies between 70and 80.

3.5.4 Temporal Terms: ddtSchemes

The "ddtSchemes' entry de nes the discretisation schemes foretiemporal terms in
Equation (3.6). Temporal discretisation schemes express the sphintegral of the
time-derivative in terms of the discrete values at the cell centredm one or more ow

elds at di erent time steps.

Z o Z
@™ - @ [P]

VIP] @t B @t VvIPI

dvP®l (3.20)

Temporal schemes can be sub-divided into two main types: explicit @nmplicit.
Explicit schemes produce only one unknown variable for the cell cemtvalue at the
current time step ™Y1, and obtain the values of all other variables from the output of
previous time steps. Therefore, the solver needs only to performnsingle calculation
of the scalar transport equation in each cell. Implicit schemes calctgathe value of

[Pt from the unknown values in the ow eld from the current time step. Hence, the

solver must perform multiple iterations to obtain a converged valuefo P,
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Euler

OpenFOAMs Euler scheme applies an implicit backward Euler method, inhich
the temporal derivative is calculated from two ow elds separatedby a single time
step, as shown in Equation (3.21). The face values in the spatial i8¢ are taken from
the unknown values of the ow eld at the current time step &4 such that both
the spatial and temporal terms must be solved implicitly. Note, thatthe backward
Euler method in the Euler scheme is not to be confused with the backvd scheme in

Equation (3.26).

_@Z Pl qyIPl = E [P;t] [Pt 1] : (3.21)
@t v t
Since the Euler scheme depends on the ow elds from two time stepthe solver
only needs to store a single ow eld corresponding to the previousme step Pt 11,
at any given time. Since the Euler scheme only provides rst-ordercauracy it typi-
cally requires impractically small time steps to produce a su cient terporal accuracy.
However, due it its high stability and boundedness, the Euler schenmeaintains prac-
tical usefulness in transient cases for which the time-dependanelmaviour is not of
interest. This includes the early stages of transient simulations, inhich the initial

ow eld has yet to stabilise, and steady-state ow elds which canrot be stabilised

with steady-state numerical solvers, as discussed in Section 3.6.

CrankNicolson < 5>

The CrankNicolson scheme applies a variant of the second-ordera@k-Nicolson
method. The main feature which separates the Crank-Nicolson nietd from the im-
plicit Euler method is in the treatment of the spatial terms in Equation(3.6). The
Crank-Nicolson scheme determines the face values by blending thkmiown values of

the ow eld in the current time step with the known values from ow eld from the
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previous time step. This blending is shown for the convective terms Equation (3.22)

and the Laplacian terms in Equation (3.23).

0 1
Ne 1 %Ne
Sl 4 E- 1@ ORI
1 2 1
0 1 (3.22)
XN
la Sle el [t UA
2 1
0 1
R a5 e lo R s A
S™(5 = = S™ (5 ’
1 G )" =35 1 (5 )
0 1 (3.23)
1, XN .
+-@ slel(5 et UA -
5 (5 )

1

For the temporal derivative, the Crank-Nicolson method applies amdentical ap-

proach to the backward Euler method as shown in Equation (3.24).

_@Z P1 gyIPl = VP e e : (3.24)
@t v t
The pure Crank-Nicolson method provides second-order accuyawithout requiring
the solver to store the ow eld at more than one time step at any gien time. It can
reliably maintain stability provided that the cell size x, time step t, and local
velocity 4, ful | the condition which is given in Equation (3.25). The LHS of Equaton
(3.25) is referred to as the Courant numbe€o.

Xt
t

2 (3.25)

The CrankNicolson scheme in OpenFOAM applies a variant of the Crari{icolson
method, which combines second-order accurate method of purea@k-Nicolson in
Equation (3.24) with the rst-order accurate backward Euler mehod in Equation

(3.21). The contribution from each scheme is controlled using the ighting factor
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cn- The weighting factor possesses a value betweeg, = 0 and ., = 1. As the
value of ., decreases, the stability of the CrankNicolson scheme increaseshat cost
of decreasing the e ective order of accuracy. For typical engieeng applications, a
value of ., = 0:9 is recommended (Greenshields 2016) to provide su cient balance

between the stability and the e ective order of accuracy.

backward

The backward scheme, shown in Equation (3.26), interpolates owbree-time steps,
including the unknown ow eld of the current time step, and weightseach contribution
with xed constants. The backward scheme achieves full seconttler accuracy in time,

however, it is less stable than the weighted CrankNicolson schemeitais unbounded.

Z P
@ P1 gz VO

@ 3 PU g Pt UL P2 3.26
@t VIP] 2t ( )

As for the rst-order Euler scheme, the backwards schemes @emines the spatial
terms from the unknown values of the ow eld from the current time step, which
requires the spatial terms to be solved implicitly. The formulation oftie temporal term
in Equation (3.26) means that, at any point in time, the backward sobme requires the
solver to store two ow elds for the previous two time steps, with alues of [Pt 1l
and [Pt 2 which increases the computational workload compared with the st-order

Euler scheme.

3.6 Numerical Solvers: fvSolution

The OpenFOAM source code encompasses a vast library of solvensd large variety

of ow scenarios. The present study utilised three di erent OpenBAM solvers; the
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simpleFoam, pimpleFoam and pisoFoam solvers. Each solver is applicatdeincom-
pressible ow in either laminar or turbulent states. All three solversapply a segregated
approach, such that they work by decoupling the pressure ternasd velocity terms, as
described in Section 3.6.1. They produce a converged solution by ailing between

the velocity eld and the pressure eld, and correcting each in turn

3.6.1 Pressure-Velocity Coupling

The discretisation of Equation (3.6) relates the unknown scalar vatuin cell P with
the surrounding scalar values, velocity values and pressure valieshe surrounding
cell in the form of Equation (3.27). The coe cients A"l and AE! are dependant on
the discretisation schemes which are selected for the di usive andrwective parts
of Equation (3.6), whilst the pressure gradient is not yet discretise The term BIP!
represents the source terms of mass ux for cefl, including the temporal terms but

excluding the pressure gradient.

EXNE
WPIAPI = AEIYEl L BPI (5 )Pl (3.27)

For a given cellP the contributions of the surrounding cells, along with the source

terms, are collected into a single ternd®!, as shown in Equation (3.28).

BEx Ne

HP1 = BIPI A[E]Ui[E]; (3.28)

The solver determines the face value!®, through linear interpolation between two
cell centres and the connecting face (Equation 3.29, 3.30, 3.31 &82) in the form of a

weighting factor W€l determined from location of the fact in relation to the cell-to-cell
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vector.
u[e] — W[e]U[E] + 1 W (€] U[P]; (329)
p[e] = wle p[E] 1 w p[P]; (3.30)
Al = WPIAPT L 1 W El AEIL (3.31)
Ll qet e
- le] [e] - :
NG N R AT (3.32)

Momentum predictor:

The rst stage of the solution determines a new velocity eld for timet, using the
previous velocity and pressure elds at timé 1, by solving a conservation equation
of the form in Equation (3.33). The pressure eld for the face valsep®, is taken
from the previous time step and remains constant throughout thanplicit calculation
of Equation (3.33).

0 1
dPi= @t 1 Cso AL ) ut (3.33)

N YN .

The nal value of velocity is produced by weighting the e ective veloity, which is
obtained from the interpolation of momentum ux and point pressue values, against
an exact value taken by simply interpolating the cell centre velocity alues of the
previous time step, . The last term on the RHS, along with the relaxation factor,

u,» Weights the new velocity eld against the initial velocity eld to aid in convergence.

Pressure correction:
Equation (3.34) is derived from the continuity equation and links the pessure

gradient at each face with the updated velocity eld for the neighbar cells collected
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in HIPI.
|
%Ne €] %Ne p * el
Sl 1 5p = ofel HP] ;
L AlP] L AlP]

(3.34)

By discretising the pressure gradient term, as described in Secti8b.2, the pressure
gradient in Equation (3.34) is expressed in term of cell centre valyewhich can be

solved iteratively to produce an updated pressure eld.

Velocity correction:

Equation (3.35) provides the velocity ux through a face, based othe momentum
predictor and the pressure eld. The corrected pressure eld &m Equation (3.34)
is supplied to Equation (3.35) to produce a series of face uxes whidonform more
closely to the corrected pressure eld.

0 I 1
. H[P]' e] 1 [ .
—_ €] .
s y¥=sH @ AT r 6P A, (3.35)

Similarly, the velocity values at each cell centrauPl, are recalculated using the

corrected pressure eld using Equation (3.36).

Pl _ H [P] 1

[P].
= 2w A 6P (3.36)

The correction in Equation (3.36) is performed explicitly, with all veloity terms
on the RHS being taken from the velocity eld from the momentum preictor step in

Equation (3.33).

3.6.2 simpleFoam

The simpleFoam solver solves the discretised equation using the OB&AM variant of

the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations)algorithm, which
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disregards all temporal terms. Hence, the simpleFoam is only applita to steady-
state problems. It can solve incompressible laminar ow problems, dnncompressible
turbulent ow problems with a steady-state mean ow and the appliation of time-
averaged turbulence approximations (i.e. Reynolds-averagedests models). The exact

value of time step t, only serves as a marker for the number of iteration loops.

At the start of each time step the simpleFoam solver calculates a nexglocity eld
by solving the momentum equation in Equation (3.33). The velocity tens in the
momentum equation are solved implicitly, whilst the pressure terms arkept constant;
being taken from the pressure eld at the previous time step. At tis stage, the velocity

eld is relaxed by using an under-relaxation factor of , < 1.

Equation (3.34) is solved after the momentum equation, using the kees of the
updated velocity eld to produce an updated pressure eld. An undr-relaxation factor
of 0< < 1is applied, as shown in Equation (3.37), to limit the contribution of the
error in the pressure correction and aid stability. The value gf P! in Equation (3.37)

denotes the pressure eld obtained from solving Equation (3.34).

p[P;t]= oP Pty 1 0 p[P;t 1 (3.37)

The solver repeats this procedure until the change in the pressureld and velocity
eld between time steps satis es the user-de ned convergenceiteria given in the

“fvSolution' dictionary.
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3.6.3 pisoFoam

The pisoFoam solver is a transient solver for incompressible laminarcaturbulent ows
through the PISO algorithm (Pressure Implicit with Splitting of Operaors). This
solver can also produce solutions for steady-state ow elds, alttugh at a greater
cost than the steady-state simpleFoam solver. As with the steaebtate simpleFoam
solver, the pisoFoam solver begins each time step by solving the maoroen equation
(Equation (3.33)), to produce an initial prediction for the velocity eld based on the
pressure eld from the previous time step. In this case, the ter®P! in Equation (3.28)
will contain the source which is attributed to the non-zero temporaterms. Typically

no relaxation is applied to the velocity eld , such that , = 1.

To ensure that a converged solution is produced within each time gtethe piso-
Foam solver replaces the single pressure correction step from #impleFoam solver
with a pair of corrector loops. Each corrector loop begins by solvifdgquation (3.34)
to produce a corrected pressure eld. Then the velocity eld is coected through im-
plicitly recalculating the face uxes (Equation (3.35)), based on theorrected pressure
eld, and then correcting the cell centre values by explicitly solving guation (3.35).
The weighted ux coe cients of the primary cell, neighbour cells and surce terms;
APl AlEl and BIPI are constant throughout the corrector loops. However, the ser

calculates new parameters dfl P! for each corrector loop.

3.6.4 pimpleFoam

The pimpleFoam solver is a transient solver for incompressible laminand turbulent
ow, which combines the transient PISO algorithm with the steady-tate SIMPLE

algorithm. Multiple steps of the SIMPLE algorithm, referred to as 'oter corrector
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loops', are applied during each time step. A user-speci ed number ‘ainer' corrector
steps determines the number of pressure correctors in each atgon of the SIMPLE
algorithm. The outer corrector loop is repeated until the solution ehieves a desired
tolerance, or the number of outer corrector loops reaches a tsgeeci ed limit, as de ned
in the “fvSolution' dictionary. At this point, one nal iteration loop is a pplied without
relaxation factors, with the output being carried over as the initial ow eld for the

following time step.

Since the pimpleFoam solver produces a converged solution duringleéime step,
it can maintain stability over larger time steps than the standard PI® algorithm.
Hence, the time step is constrained by the requirements of the @igal ow eld as

opposed to those of numerical stability.

3.7 Large-Eddy Simulation

The direct numerical simulation (DNS) approach aims to model the futurbulent
energy cascade, by solving the ow at a spatial and temporal rdation which is suf-
cient to capture all turbulent coherent structures and eddies eross the full range
of length scales. By contrast, 'Reynolds-Averaged Navier-Stake(RANS) methods
reduce computational cost by applying temporal averaging ac®sll length scales to
remove the time-dependant motions of the turbulent eddies. The umence of the unre-
solved eddies is determined by suitable approximation methods. Thugh this, RANS
methods forgo resolving three-key properties of turbulent owghaotic, time-dependant
and three-dimensional motions, and instead apply a numerical mdde approximate
the resulting e ects of these behaviours. Therefore, in additionothaving a reduced

accuracy, RANS models are fundamentally unrepresentative ot turbulent ow be-
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haviour. The large-eddy simulation approach attempts a compron@sbetween these
two primary methodologies by restricting the resolved ow eld to oty those length
scales which contain the majority of the turbulent energy, and appximating the e ect

of the eddies at the smaller length scales.

The capabilities of utilising large-eddy simulation in OpenFOAM have beetlemon-
strated and validated for benchmark cases of ow separation (©0a& Tamura 2016; Ly-
senkoet al. 2013), and a fully developed channel ow . However, the questioemains
as to its performance for modelling laminar-turbulent transition undr comparable

tripping conditions.

3.7.1 Spatial Filtering

The length scale represents a user-de ned limit below which a simulain ceases
to resolve time-dependant turbulent motions. This length scale is fexred to as the
spectral cut-o limit. The time-dependant velocity and pressure elds are spatially
Itered to remove any uctuations which correspond to a length sale smaller than .
The ltering process acts to replace the local velocity at each poinwvith a spatially
averaged value across a region of dimensions. The lter functiots, includes or
excludes surrounding cells in the averaging procedure based up®rit distance in
relation to . Equation (3.38) displays the Itering procedure of a three-dimensional
eld.
L1222

~= G, x%y%z° x%y® 20 dxdydz® (3.38)
Spatially ltered elds are denoted by (e). The top-hat Iter, shown in Equation (3.39),
de nes two outputs of G, , with a discrete limit based on a spherical volume centred

on the ltering point. The top-hat Iter displays good spatial accuracy in preserving
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localised ow behaviour (Meneveau & Katz 2000).

8
_g for % X0 =2;
2

G. %xx% (3.39)

3.
0; for %x X0> =2

The Itered momentum conservation equations for incompressibleow take the form
in Equation (3.40).
@ 6 Q@uy 1@, 6 QGu @

@~ @x ax’ @@x ex (3.40)

The tensor j; represents tensor of sub-grid stresses, as de ned in Equatidh41).
i = QU thth; (3.41)

The strain-rate tensor of the lItered velocity eld is given in Equation (3.42).

|
q

@, @ oo

n
I
NI

3.7.2 Smagorinsky Models

Smagorinsky (1963) developed a simple sub-grid stress model wHizghmed the basis
for a whole class of models in use today. Smagoinsky assumed thatrgls value of
e ective viscosity ¢, is su cient to represent the e ect of the small-scale motions on
the mean ow at each point. This assumption requires an equal owfaenergy into
and out of the unresolved portion of the energy cascade. The "Sypansky' model
proposes that the e ective turbulent viscosity is proportional toan operator that is

related to the velocity gradient tensor of the resolved scales as med in Equation
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(3.43).
(o [
OP.(xt)= S5 Sj; (3.43)

Hence, the viscosity of the unresolved sub-grid stresses is detered by Equation

(3.44), whereCsgys is the user-de ned sub-grid scale constant.

q —
t = ngs OP1 (%;1); (3.44)

Whilst the Smagorinsky model is simple; requiring only a single value ofdhcon-
stant Csys throughout the entire domain, this constant must be able to repsent the
damping e ects in both the laminar region and the turbulent region othe ow. In
reality, the Smagorinsky model produces excessive dissipation iregah ows. This is
particularity problematic when modelling the transition of spatially deeloping bound-
ary layers where an initially laminar ow needs to initiate low turbulence poduction.
In modelling laminar-turbulent transition with a coarse streamwise ath spanwise reso-
lution (equal to 90 and 42 viscous lengths respectively), Sayadi &dih (2012) demon-
strated that the basic Smagorinsky model was too dissipative to inde transition in

the laminar boundary layer.

To reduce arti cial dissipation due to shearing, Germancet al. (1991) proposed
a method of replacing the global, user-de ned value @45 with a variable which is
recalculated locally during each time step. Firstly, they proposed aesond ltering
width s, Which is larger than the standard Iter . The Itering operation is
performed a second time using st as the cut-o length scale, where a second set of

sub-grid stress tensors;; , are produced corresponding to a length scale of.s;.

i = Gy & (3.45)
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Subtracting the stress tensors forj and  leaves a fully resolved stress from length

scales within the test lter.

i = fij; (3.46)
1
g ki T Csgs ? i ; (3.47)
!
N 2
i=2 2 S5 et §§ (3.48)

Lilly (1992) proposed a new de nition of the sub-grid constant showin Equation

(3.49) ]

ngs =

hiy i

—; 3.49
hi i ( )
This approach assumes that the sub-grid scale coe cient is indepéeent of the local

length scale, such that a single value d@sys can be applied for the scales of and

test -

3.7.3 WALE Model

The wall-adapting local eddy-viscosity model was developed by Niab& Ducros (1999)
for the purpose of improving the accuracy of sub-grid scale modedjirn the low tur-
bulence, near-wall region of a turbulent shear layer. As for the stant Smagorinsky
model, the WALE model applied a single global value to the sub-grid deaconstants
at all points in the domain. The behaviour of the WALE model is contribed through
a modi ed con guration of the operator OP; (x;t), which is derived from the velocity
gradient tensor, as shown in Equation (3.50). The symbo} represents the Kronecker
delta function.

1
=i 5w (3.50)

1
Sj =5 5bu5thy+5um 5 i 3
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In an attached shearing ow of purely laminar behaviour the only nomegligible
gradient will be @u=@y 8. In a spatially developing laminar boundary layer, the
streamwise length scales are considered to be far greater thae tall-normal length
scales X >> y ), such that @Qu=@y >> @Qu=@nd @Qu=@y >> @v=@Ix both of
these cases it may be assumed thzﬁ,-jj Si‘jj 0. Hence, Nicoud & Ducros (1999)
produced a new operatoOP, (x;t), shown in Equation (3.51), by scalingSi‘jj Sﬁ" with
the combination of the strain rate tensor.

1.5
s¢ st
OP, (%;1) = 55
S: S + S¥sd

125" (3.51)
The WALE model determines the unresolved sub-grid viscosity thugh the rela-

tionship in Equation (3.52).

t = Csgs ZOPZ(’X;t); (3.52)

The numerator in Equation (3.52) will maintain a positive, non-zero Vae, both in
cases of laminar shear ow and rotational ow. Hence, unlike the dyamic variant of the
Smagorinsky model (Lilly 1992) the WALE model does not require spal averaging to
maintain stability. This is bene cial within ows which do not have a cleary de ned,

or unknown, plane which is statistically homogeneous.

The ndings of Rezaeiravesh & Liefvendahl (2018) provide a goodditation of the
maximum spatial resolution for which the WALE model is suitable. Rezdravesh &
Liefvendahl (2018) compared the in uence of near-wall spatiaksolution in modelling
a periodic turbulent channel ow with WALE models in OpenFOAM. Their solutions
achieved an accurate replication of the inner region, for streamwisnd spanwise res-

olutions of < 17 and< 10 viscous lengths respectively. These requirements lie close
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to the high-resolution which is utilised in modelling spatially developing tusulent
boundary layer to a high spectral accuracy (Schlatteet al. 2010). At this resolution,
the use of the WALE model by Rezaeiravesh & Liefvendahl (2018pt a negligible,
if not detrimental, e ect on the accuracy. The error was derived pmarily from the
spanwise spatial resolution, and its resulting over prediction in théreamwise velocity

uctuation in the region of high-speed and low-speed streaks.

3.8 Post-Processing

Analysis of the turbulent boundary layer simulations in Chapter 4 andChapter 7
require velocity pro les for the mean ow, which can be compared wit the ideal case
of a fully developed, spanwise invariant, boundary layer pro le. Théime-dependant
turbulent ow elds are rst temporally averaged to produce ideally steady-state ow
elds, with the time-dependant turbulent behaviour removed. The, through the use
of bash scripts which were created by the author for the preseanalysis, the velocity
pro les are automatically extracted, spatially-averaged and collaged to produce the

integral boundary layer properties.

3.8.1 Temporal Averaging in OpenFOAM

The temporal averaging procedure is performed by the " eldAvegas' function, which
is con gured in the “controlDict' dictionary. It allows the calculation of both the time-
averaged value of a given property, along with its time-averaged abmean square
value. The user must specify the size of the temporal averaging wow T,,. This
window will contain a number of time steps denoted by, = (1;2;3:::N;). When the

time increment t, is xed, as in the present analysis, the number of time steps in
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the averaging window can simply be taken ad, = T, = t, where the physical time is

denoted byt.

In the LES simulations in Chapter 4 and Chapter 7, a continuous avaging proce-
dure was used. For each cell in the domain, OpenFOAM stores a singlae-averaged
property at each time step, beginning from initial conditions at the rst time step. Dur-
ing the rst averaging period the instantaneous values are added the mean (Equation

3.53) and root mean squared (Equation 3.54) with equal weighting.

(xy;z;t) = tt + s ; (3.53)

o= LU oo v U 2 o (3.54)

rms — rms )
t t

Once the physical time passes the averaging peridd,, the time-averaged elds
and the instantaneous elds are weighted against the averaging noed, as shown in
Equation (3.55) and Equation (3.56). Therefore, the in uence ofhte early transient

states diminishes with time.

t t
xy;z;t)= = + = 3.55
(xy;z;1) T T (3.55)
q _ T t t .
A . R (3.56)

This approach allows for a continuous output of temporal averaginacross all time
steps. If temporal averaging begins early in the initial transient sige, the time-
dependant turbulent pro les can be monitored to assess the minirhaettling time
required for development of the turbulent boundary layer strueire. Thus temporal
averaging is applicable when the required settling time is unknown. HRinermore, it

allows for optimisation of the CPU time required to obtain a fully developd solution.
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3.8.2 Alternative Approach: Continuous Averaging

In many investigations of equilibrium boundary layers, the numericasolution does
not apply temporal averaging procedures, or output time-aveged results, for the
rst series of time steps. Temporal averaging is only applied oncedlboundary layer
reaches a developed state with minimum in uence of the initial conditims or initial

transient behaviour. The time-averaged value at each point can ttned by simply
taking the mean of the ow eld at all time increments within an averagng window
that begins after equilibrium has been achieved, as shown in Equati($57). However,
this approach requires the development time to be pre-known.

Xt

yin= o vizn; 357)

t ng=1

3.8.3 Spanwise Averaging

The nal post-processing stages in Chapter 4 and Chapter 7 usédsh scripts, which
were created by the author for use in the present analysis, to loge boundary layer
structure at discrete points along the streamwise direction of a apally developing

turbulent boundary layer.

The rst script, contained in Appendix A.1, extracts spatially averaged velocity pro-
les from user-speci ed locations along the computational domainFirstly, a planar
slice of the mesh is extracted from the main domain using the ‘topoSeand "sub-
setMesh' commands. This slice is typically one cell thick in the streanse direction.
Each subset of the mesh is placed into the “constant/polyMesh' datry, in place
of the full domain. Finally, the “postChannel' command is performedrothat local

subset on the domain, to produce an averaged pro le at a given samwise location.
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The “postChannel' command is designed for extracting time-avered) data from pla-
nar channels, and as such, it performs the averaging proceduseiothe spanwise and
streamwise directions. However, by extracting a subset of the ste the "‘postChannel’

averaging procedure can be restricted to one cell in the streamevidirection.

Each sample volume spans fa¥, cells in the streamwise direction, andN, cells in
the spanwise direction. For each discrete x-z plane at a distanceybway from the
wall, all cells are collapsed to a single, spatially-averaged point valueing Equation
(3.58).

XNx XNz

SR — 1 s st -
h (y,t)|-— ——KE:—TQE (nX’y!nZat)’ (3'58)

nx=1n;=1

The script in Appendix A.1 produces a set of wall-normal pro les of smwise-
averaged, time-averaged properties at each user-speci edestmwise location. These
properties include pressurdpi, velocity componentshui, hvi and hwi, in addition
to four root mean square components of velocityu%,si, hv%nsi and hwS,si, and
the Reynolds shear stressh uv4. The nal property is the kinetic energy which is
determined from the output of the time-averaged and spanwise«raged components,
as de ned in Equation (3.59).

1 . . .
k = > huSmsi + WOnsi + WO Lsi (3.59)

The nal script in Appendix A.2 cycles through each discrete wall-nonal location,
starting with the cell value adjacent to the wall, to calculate the intgral boundary
layer, including thickness values which are de ned in Equation (1.13Equation (1.14)
and Equation (1.15), in addition to various Reynolds numbers, fregtream conditions

and wall shear stress.
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3.9 Summary

This Chapter has presented a detailed discussion of the capabilitiefstioe open source
code OpenFOAM for modelling uid ows. Given the wide variety of utilities available
within OpenFOAM, primary focus has been given to those which werdilised in the

present analysis.

OpenFOAM operates with the nite volume approach, in which the veloity and
pressure elds are solved over a discretised domain. The steadgts simpleFoam
solver, and the transient pimpleFoam and pisoFoam solvers are all @igable to in-
compressible ows in both the laminar and turbulent regimes. Togetr these three

solvers will be su cient to cover the range of ows in the present aalysis.

All numerical schemes presented are of rst-order to secondder accuracy, and
are applicable to both orthogonal meshes, which were utilised in Chtap 4, and non-
orthogonal meshes, which were utilised in Chapters 5,6 and 7. The jorty of these
non-orthogonal meshes were generated using the snappyHegMaitility. This chap-
ter has demonstrated the capabilities of snappyHexMesh for geatng robust, split-
hexahedral meshes around arbitrary geometries, without a sigeant increase in the
required pre-processing time which is typically associated with increag geometric

complexity.

The capabilities of modelling turbulence through large-eddy simulatiom Open-
FOAM have been discussed. Whilst OpenFOAM has been validated foroaelling
turbulence in fully developed channel ow, the question remains a® its performance
for modelling laminar-turbulent transition in spatially developing boundry layers un-
der comparable tripping conditions. This question was be investigaten detail, as

discussed in Chapter 4.



CHAPTER4

Spatially Developing Turbulent Boundary Layers in OpEhFOA

4.1 Introduction

The present chapter details a process of developing a numericaltheelology for mod-
elling spatially developing laminar-turbulent transition in OpenFOAM, with further
optimisation to balance physical detail and accuracy with economicogency. Firstly,
the ow domain is con gured and approximate solutions are used torpduce a detailed
approximation of the boundary layer properties along the length dhe domain. Sec-
ondly, two simulations compare two di erent con gurations for the numerical trip at
a xed spatial resolution. This stage aims to assess the respondetlee initially lam-
inar boundary layer to the velocity uctuations of the tripping plane, independently

of the spatial resolution. As a minimum, it is desired that the boundar layer must
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reach a state of equilibrium within 25% of the domain length. Assessitige boundary
layers state of development involves both a comparison of the bassv parameters
(shape factor, coe cient of friction) and the local structure ofthe boundary layer,
with particular attention to the outer region (Schlatter & Orlu 2012). The nal stage
of development investigates the direct in uence of the global spat resolution on the
accuracy of the numerical solution. This approach assumes thdtd initial spatial res-
olution is su cient to capture a realistic representation of the physcal behaviour of

the numerical trip and the boundary layer development during theraansitional region.

4.2 Numerical Setup

4.2.1 Flow Domain

The boundary layer simulations which are developed in the present @gsis are de-
signed in the context of an existing open wind tunnel within Liverpooclohn Moores
University. A detailed description of the facility can be found in Wharon (2017).
The wind tunnel consists of a high speed air blower which is capable abgducing a
bulk ow velocity of up to 120m=s. The air blower connects to the inlet of a working
section which is 406hm in length, 200nm in width and 20mm in height. Wharton

(2017) designed and constructed a force balance which can inamgie interchange-
able plates upon the lower wall betweer = 0:07m and x = 0:25m downstream of the
inlet to the working section. This region will be taken as the “point of irgrest’, for
which the smooth surface will be replaced with transverse grooviesChapter 7. The
working section of the wind tunnel is shown in Figure 4.1, whilst the féares of the

force balance are highlighted in Figure 4.1b.
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(@) Side view

Figure 4.1: Image of the open wind tunnel facility; air blower and work@gsection.
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Figure 4.2 displays the ow domain which is taken to represent the windun-
nel working section in the present analysis. The boundary layer diute shown in
Figure 4.2a demonstrates the ideal process of boundary layer gtb in the com-
putational domain. The working uid is air with a constant kinematic viscosity of

=1:568 10 °>m?=sand a constant density of = 1:177%&g=n?. It is assumed that
the ow will enter the working section in a fully laminar state, with a smdl laminar
shear layer having already developed over the lower wall. The origintbe streamwise
Cartesian vectorx is taken to lie at the in ow plane of the working section. The in ow
plane will lie upstream of the location of the e ective ‘leading edge’ fro which the
in owing laminar boundary layer originates. The length parameterx, and x; denotes
the distance between a poink and the location of the e ective “leading edges' of the
laminar boundary layer and turbulent boundary layer respectivelyas illustrated in

Figure 4.2.

For the computational domain, the spanwise width of the working stion is reduced
to a width L., by assuming that the width of the working section is large enough sl
that the solid walls which form the spanwise boundaries have a negligibleuence
on the ow eld towards the centre of the working section. The frot plane and back
plane are speci ed as periodic boundaries by linking the velocity and gssure elds
at both faces through a “cyclic' boundary condition, as illustrated ifrigure 4.2b. The
domain heightL, is restricted to half the height of the working section. Free-strea
boundary conditions are applied at the upper boundary, by assungrthat the thickness
of the boundary layer on the smooth upper wall of the working sdéon has a negligible

in uence on bulk ow through the working section.
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(a) Streamwise and wall-normal plane
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Figure 4.2: Diagram of the ow domain and boundary conditions for the spally
developing boundary layer ow.
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4.2.2 Inow Conditions

Blasius identi ed that, in a spatially developing laminar boundary layer,the velocity
scales withu; and the wall-normal distance scales with the variablg vx;=u; . The
scaled velocity is given by the di erential of a functiong®= u=u, , whereg is a function
of the scaled wall-normal distance, such thaf) = f(yp u; =vx), and g satis es the
relationship in Equation (4.1).

g%+ 2g°°% 0; (4.1)

By substituting the analytical solution for boundary layer thicknes o9 in Equation
(4.3), the wall-normal distancey, and function g, can be rewritten in the formg =
f (By= g9). Although an exact form ofg is unknown, Table 4.1 displays the solutions for
the function g and its derivatives as determined by Howarth (1938) (referencdtbom

Schlichting (1978)).

In reality, no single equation describes the distribution of velocity aoss the full
width of a turbulent boundary layer. Whilst the outer region scales wh the mean ow
properties (i.e. u; , g99), the velocity distribution in the inner region is independent
of these variables. However, when initial predictions are required, is su ciently
accurate to assume that the velocity in the inner region scales withgy, and that the

relation takes the form of the 1/7th power law in Equation (4.2).

i
7

= X7 (4.2)

L
Uy 99
Substituting Equation (4.2) and the discrete laminar solutions (Tablet.1) into the
integral relations in Equations (1.13),(1.14),(1.15) and (1.16) lead® tapproximations
for boundary layer thickness (Equation 4.3), displacements thickss (Equation 4.4),

momentum thickness (Equation 4.5) and wall shear stress (Equatict.6) at a point
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Table 4.1: Solutions to the Blasius Equation for the velocity distributia in a spatially
developing laminar boundary layer (Howarth 1938).

Y=99 | ¢ g% Y=99 | O ¢ g%
0.00 | 0.00000 0.00000 0.33206
0.04 | 0.00664 0.06641 0.33199.92 | 2.88826 0.98260 0.0294
0.08 | 0.02656 0.13277 0.331470.96 | 3.08534 0.98779 0.0218
0.12 | 0.05974 0.19894 0.330081.00 | 3.28329 0.99155 0.015¢
0.16 | 0.10611 0.26471 0.327391.04 | 3.48189 0.99425 0.0113
0.20 | 0.16557 0.32979 0.323011.08 | 3.68094 0.99616 0.007¢
0.24 | 0.23795 0.39378 0.316591.12 | 3.88031 0.99748 0.0054
0.28 | 0.32298 0.45627 0.307871.16 | 4.07990 0.99838 0.0036
0.32 | 0.42032 0.51676 0.296671.20 | 4.27964 0.99898 0.0024
0.36 | 0.52952 0.57477 0.282931.24 | 4.47948 0.99937 0.0015
0.40 | 0.65003 0.62977 0.266751.28 | 4.67938 0.99961 0.0009
0.44 | 0.78120 0.68132 0.248351.32 | 4.87931 0.99977 0.0006
0.48 | 0.92230 0.72899 0.228091.36 | 5.07928 0.99987 0.0003
0.52 | 1.07252 0.77246 0.206461.40 | 5.27926 0.99992 0.0002
0.56 | 1.23099 0.81152 0.184011.44 | 5.47925 0.99996 0.0001
0.60 | 1.39682 0.84605 0.161361.48 | 5.67924 0.99998 0.000C
0.64 | 1.56911 0.87609 0.139131.52 | 5.87924 0.99999 0.000C
0.68 | 1.74696 0.90177 0.117881.56 | 6.07923 1.00000 0.000C
0.72 | 1.92954 0.92333 0.098091.60 | 6.27923 1.00000 0.000C
0.76 | 2.11605 0.94112 0.080131.64 | 6.47923 1.00000 0.000C
0.80 | 2.30578 0.95552 0.064241.68 | 6.67923 1.00000 0.000C
0.84 | 2.49806 0.96696 0.050821.72 | 6.87923 1.00000 0.000C
0.88 | 2.69238 0.97587 0.038971.76 | 7.07923 1.00000 0.000C

OCOOFRPEFPNA~NWNSNPOOOOOUGWWaAENO©

X in a spatially developing laminar or turbulent boundary layer (Schlichtig 1978).
These approximations assume that the boundary layer immediatelyansitions from
a laminar state to a fully developed turbulent state at a pointx = Xyip , Where Xyip

represents the exact point of transition due to either a natural roenforced instability.

Approximation of the boundary layer thickness:

NI

8
% 1
SXf — ; for Xi <Xuip ;
99 ! (4.3)
> 037y — ;o for Xi > Xyip s
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Approximation of the displacement thickness:

8 1
1 2
% 1721} g ; for Xi <Xuip;
. (4.4)
> 0:046%; — ; for Xi>Xuip s
Approximation of the momentum thickness:
8 1
1 2
% 0:664x} L for x <X trip ;
. (4.5)
> 0:036¢; — ; for Xi > Xip s
Approximation of the wall shear stress:
8 1
0:332u ¢ o ; for X <Xuip ;
o L (4.6)
7 4
_E 0:0225uf — ; for X >Xyip;

99

Based upon the recommendations of Schlatter & Orlu (2012), theobndary layer
must be tripped within the limit Re < 300. If the conditions of the trip are suitable
to the ow, the turbulent regime of the boundary layer should becme fully developed
by the point Re  2000. Two reoccurring estimates involve xing either the displace-
ment Reynolds number taRe 450 or the momentum Reynolds number tRe 180
(Eitel-Amor et al. 2014; Schlatter & Orlu 2010; Schlatter & Orlu 2012). For all approx
imations in the present analysis, the Reynolds number of the in ow humdary layer is
taken asRe =180 and it is assumed that acceleration in the free-stream due t@bnd-
ary layer growth is negligible. Since boundary layer growth during lamar-turbulent
transition is di cult to predict, it is assumed that the boundary layer immediately
transitions to a fully developed turbulent state at the tripping point, whilst maintain-

ing the same value of boundary layer thicknessg.
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Figure 4.3: Prediction of Re for di erent values of free-stream velocity at the in ow.

The momentum Reynolds number at a point increases non-linearly withoth the
free-stream velocity and streamwise location. The magnitude ofeHree-stream veloc-
ity must be su cient to ensure that the ow has reached a state offully developed
turbulence by the start of the region of interestx = 0:07m, and that a state of ideal
turbulence; i.e. without signi cant in uence from the tripping conditions, covers a sig-
ni cant portion of this region. For varying values of free-stream glocity at the inlet,
Figure 4.3 displays the predicted values @&@e at three key points along the streamwise
length of the domain. These three points mark the start pointY = 0:07m), midpoint
(x = 0:16m) and end point (x = 0:25m) of the region of interest. It is estimated that
a free-stream velocity ofu; > 40m=sis required for the boundary layer to complete
its transition to turbulence by the point x = 0:07m, however, the ow behaviour will
continue to be in uenced by the trip whilst the ow remains within the limits of incom-
pressibility. The in uence of the trip is predicted to be su ciently dimin ished by the

midpoint (x = 0:16m) when the in ow velocity exceeds 9th=s. Of course, this only
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applies if optimal tripping conditions can be determined. Based uporhése observa-
tions, the in ow free-stream velocity is set tou; = 100m=s (or 110% of the minimum
required value), in order to ensure that a full development existsver half of length of

the region of interest; betweerx = 0:16 andx = 0:25m.

The laminar boundary layer must be tripped withinx < 0:02m, for which Re <
300. If the tripping is optimal, the boundary layer will reach an indepedent state
(Re > 2000) atx > 0:14m. Whilst air with a velocity of 100m=s lies close to the
limit of incompressibility (M = 0:3), for which temperature and density variations
in the uid become signi cant, the ow in the present analysis is assured to remain

incompressible along the full length of the domain.

4.2.3 Tripping Mechanism

Schlatter & Orlu (2012) demonstrated that a steady-state laminaboundary layer can
be destabilised by a wall-normal body force with a temporal variatioand a spanwise
spatial variation. They identi ed that this trip should lie within Re < 300 to ensure

rapid transition.

The present OpenFOAM simulations demonstrate that these wall-mmal motions,
and their destabilising e ects, may be replicated by applying a eld ofynthetic turbu-
lence to the wall-normal velocity components at the no-slip wall. The utbulentinlet'
boundary condition of the OpenFOAM library applies a simple represéation of tur-
bulent behaviour to a uniform in ow, as a eld of time-dependant velaity uctuations
to one or more components of a uniform velocity in ow condition. Theelocity uctu-
ations for a given velocity component are fully random in space, angg@udo-random in

time, at each point on the in ow plane. All points are anchored to a uifiorm value of
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reference velocity Urer ; Vier ; Wref  @nd scale with a user speci ed velocity uctuation
scale ul;v% ;wl, . Equation (4.7) displays the weighted adjustment of instan-
taneous wall-normal velocity on the tripping plane at timet, where G4 represents a

Gaussian random number, and ; represents the weighting factor.

vil =1 DVt U+ v + Vv Gy (4.7)

In this case, the tripping in ow plane lies parallel to the wall aty = Om. It spans
the full spanwise width of the domain and lies betweer = 0:004m and x = 0:006m
along the streamwise direction. The streamwise and spanwise velgottomponents
comply with the no-slip condition of a traditional solid wall;u” = 0 and w* = 0, along
with a zero value Neuman constraint for the pressure variable. Té&b4.2 displays the
settings of each trip con guration which is considered in the presemvestigation. The
wall-normal reference velocity contains a non-zero uniform valuéwes = (uy );, 10 5
to produce a negligible value of bulk mass ow rate through the planeThe velocity
uctuation values are scaled against the theoretical value of fricin velocity for a
turbulent boundary layer at the midpoint of the tripping location assiming that g9y =

soy- This study investigates on two values of tripping velocity;v%, = 0:551 and

Or

Vet = 1:105, which preliminary investigations con rmed were su cient to initiate

transition within the rst 20% of the streamwise domain.

Table 4.2: Con gurations of two numerical trips used in the presergnalysis.

Tip  [V3 (M=9)  Vier (M=) [V
T1 1:817 Q001 01 0:551
T2 3:633 Q001 01 1:105

The distribution of the time-averaged wall-normal velocity and the itmne-averaged
root mean square of the wall-normal velocity is not homogeneousrass the tripping

plane; varying at each face. The maximum and minimum variation fromhie speci ed
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Or

& increased. For the weakest trip ofi%, = 0:551,

value of v, grew as the value of; ot

the variation in v’ . was less than 1% ofv%, , but rose to 10% for the strongest trip

rms ref 1

= 1:105. Notably, two di erent solutions which appliedv®, = 1:105 produced

(¢
of v pf

ref

nearly identical responses in the local variations of’ . and v*. This comparison
suggests that although the exact form of the trip is unknown in a gen case, the
averaging period is su cient to Iter out the random uctuations at each point to

produce a consistent and predictable e ect on the time-averageow eld.

4.2.4 Investigation Con guration

Figure 4.4 displays the layout of the ow domain, and the stages of & spatially
developing boundary layer. The ow enters the domain as a steadyate, laminar
boundary layer with a xed Reynolds number oRe = 180, based upon the momentum
thickness at the inlet ;,, and the free-stream velocityu; . The boundary layer reaches
the out ow plane as a fully turbulent ow of Re  3000. The streamwise and wall-
normal lengths of the computational domain were kept constanbf all simulations.
The streamwise length isLy = 0:27m in real units, or Ly 9566 ,, in relation to
the in ow momentum thickness. The wall-normal height extends fohalf the height
of the corresponding experimental domair;, = 0:01Im (L, 354 ,) or, based upon
initial approximations, 1.77 times the maximum thickness of the bouraty layer in
the domain. All smooth wall simulations contain identical boundary caditions, with
the exception of the numerical tripping plane. A free stream bourdly condition was
applied to the boundary plane ofy = 0:01m by specifying a zero gradient for the
pressure and all three components of velocity. The outlet boundaplane aty =
0:27m was speci ed as a xed, uniform value of pressure, with zero gradievelocity

components. Cyclic boundary conditions were applied to two boundaplanes at
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z=L,=2andz= L,=2. The in ow plane at x = Om contained xed values of zero
for the spanwise and wall-normal velocity components, and a zercadient constraint
on the pressure. The streamwise velocity component was applied asteady-state,
non-uniform eld, which varies across the wall-normal direction in te form of the

Blasius pro le in Table 4.1.
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Figure 4.4: The ow domain for a spatially developing boundary layer cgmising,
laminar, transitional and fully turbulent regimes within asingle domain.

Table 4.3 provides the con gurations of the ve simulation cases in & present
analysis, in terms of the mesh, numerical trip and spanwise domain whd Case M2-
T1-L1 and case M2-T2-L1, investigate the two con gurations ofite numerical trip;
trip T1 and trip T2, given in Table 4.2, with a xed spatial resolution (i.e. mesh
M2). Case M1-T2-L2, case M2-T2-L2 and case M3-T2-L2 investigain uence of
spatial resolution by comparing three di erent meshes with a xed on guration for the
numerical trip. Table 4.4 displays the inner-scaled cell dimensions die three meshes;
M1, M2 and M3. The friction velocity for the inner-scaling of the cell gmensions is
taken from the point x = 0:07m (x= j, = 2480). The spanwise length varied as the
methodology developed. For the rst stage of simulations (case MRL-L1 and case
M2-T2-L1) this width corresponded to over three times the predied boundary layer
thickness;L, =0:012n  2:25 g9max). The resulting solution produced more accurate
predictions of g9max), and hence, for the remaining investigation of varying spatial

resolution (case M1-T2-L2, case M2-T2-L2 and case M3-T2-L2h& computational
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domain was reduced fronb., =0:012n 3 g9 to L, =0:008m 2 49, based on o9 at

X =0:25m.

Table 4.3: Con gurations of tripping velocity, spatial resolution andspanwise width
for the cases of spatially developing ow over a smooth wall.

Case Mesh Trip L,= i Nt 10 t(u; ), =Lx 10°
M2-T1-L1 M2 T1 425 42.4 6.11
M2-T2-L1 M2 T2 425 42.4 6.11
M1-T2-L2 M1 T2 283 12.6 7.96
M2-T2-L2 M2 T2 283 28.3 6.11
M3-T2-L2 M3 T2 283 62.9 4.70

Table 4.4: Inner-scaled cell dimensions for three meshes of varysmatial resolution.

F

Mesh X" yr:wax yr;in Z
M1 549 549 1.30 27.6
M2 422 42.2 1.00 21.2
M3 32.5 325 0.77 16.3

Mesh M2, which is displayed in Figure 4.5, constitutes the base mesh igh is
applied in the investigation of the numerical trip in case M2-T1-L1 andase M2-T2-
L1. For this base mesh, the near-wall cells are uniformly distributeth the streamwise
and spanwise directions with a resolution of x* 422 and z* 212, based upon
u at the start of the fully developed regionx= = 2481 (Re = 1066).The cells have
a wall-normal resolution of y; .- 1 adjacent to the wall and expand uniformly

+

betweeny = Om andy = 0:04m, where the maximum height is y;.., x*.

The sub-grid stress from the unresolved turbulent length scaleseamodelled using
the WALE sub-grid scale turbulence model. A recent validation of Opg=OAM for tur-
bulent channel ow by Rezaeiravesh & Liefvendahl (2018) proded a recommended
resolution of x* 18 and z" 9. However, this resolution rendered the WALE
sub-grid scale either ine ective or detrimental in in uencing the acaracy of the so-
lution. Whilst omitting the WALE model reduced the excessive near-all streamwise
uctuations, it degraded the accuracy of the friction velocity if the spanwise resolution

was not increased. The streamwise and wall-normal resolution in rhdgl2 lies close to
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Figure 4.5: Streamwise and wall-normal mesh distribution for a ow doma with
mesh M2.

that of solution of Arolla (2016), x*; z* 45 12. The spanwise resolution is lower
by a factor of 1.7, which more recent investigations have con rmetb be capable of

supporting a resolved laminar-turbulent transition process (Muka et al. 2019).

Second-order accurate central di erencing schemes are useddpatial discretisation
of the gradient (Equation 3.12) and divergence terms (Equation 3.8Limiting is not
applied to the gradient scheme in Equation (3.12) since all cells are fultlythogonal.
All Laplacian terms are discretised using the Laplacian scheme in Edion (3.18).
The second order accurate backward di erencing scheme (Eqi@t 3.26) is used to

discretise all temporal terms.

The values of time shown in Table 4.3 are normalised by the time takenrfthe
free-stream ow at the inlet to pass through the streamwise lenbtof the domain;
Lx=(u; )in. The time steps correspond to a maximum value of the Courant nureb of
Co < 0:7, which produces a global average Gfo  0:1. The time-averaged value, and
root mean square components;s , of velocity and pressure are averaged continuously
during the period of initial transience and full development. Once # physical time

passes the averaging period, the time-averaged elds and the iastaneous elds are
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weighted against the averaging period, such that the in uence ohe early transient

state diminishes with time.

Spatial averaging, denoted byhi, is applied to the time-averaged velocity values
across the spanwise direction post run time. The wall shear stregdue is then deter-
mined from the near-wall velocity gradient, based on the rst cell athe wall, and the
stationary wall boundary (Equation 4.8).

@Ui h—“ min

hoi = — —_— 4.8

The spanwise averaged wall shear stress is normalised using the lIdiege-stream
velocity to produce the dimensionless coe cient of friction (Equatio 4.9).

2 hoi

C —
f hJ]_ i2

(4.9)

The total run time in each case equalled 20 passes through the domat =
20L4y=(u; )in. The continuous averaging period spanned fdr,, = 10L,=(u; )ir. Ta-
ble 4.5 displays the temporal convergence in each case by compaitimg shape fac-
tor H, and coe cient of friction C;, at physical times oft = 18L,=(u; )i, andt =
20L4=(u; )in, and assessing the shift ird and C; over a period of 2,=(u; )in. Fig-
ure 4.6 and Figure 4.7 illustrate the variation inH and C; over time in relation to the

error associated with spatial resolution.

The temporal convergence is assessed at three points along tbheputational do-
main x = 0:07m, x = 0:16m and x = 0:25m. The shape factor displays the strongest
convergence compared with the coe cient of friction. At all threelocations, the shape
factor does not vary more than 1% betweent = 18L,=(u; )i, andt = 20L,=(u; )in

in each simulation. As the boundary layer moves along the streamwid@ection, the
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Figure 4.6: Temporal convergence of the shape factét, for three levels of spatial

resolution over a smooth wall.



4.2. NUMERICAL SETUP 115

(a) x=0:07m
C 10°3
4.5
M1-T2-L2 +
M2-T2-L2 X
4 * * X * x * * M3-T2-L2 x
i X X X X X X % T
35 + + + + + + +
3 i
2:5 | | |
5 10 15 20 25
t(Ul )in =Ly
(b) x =0:16m
C 10°3
4.5
M1-T2-L2 +
M2-T2-L2 X
4 M3-T2-L2 *
35 | N § § § § § ;K( i
i . + + +
3+ i
2.5 L 1 !
5 10 15 20 25
t(ur ), =Lx
(c) x=0:25m
C 10°3
4.5
M1-T2-L2 +
M2-T2-L2 X
4 M3-T2-L2 *
35+ -
¥ X
3r x in X X ¥ + * .
X
2.5 L 1 !
5 10 15 20 25
t(ur ), =Lx

Figure 4.7: Temporal convergence of the coe cient of frictionCs , for three levels of
spatial resolution over a smooth wall.
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Table 4.5: Temporal variation of shape factor and coe cient of friion in each smooth
wall boundary layer simulation.

Case x(m) t(up),, =Lx | H C; 103 H % Ci %
M2-T1-L1 0:.07 18 1:494 4157
20 1:494 4162 +0:01 +0:11
0:16 18 1:374 3512
20 1:373 3532 0:.04 Q55
0:25 18 1:356 3158
20 1:357 3177 +0:02 +0:61
M2-T2-L1 0:.07 18 1:423 3907
20 1:423 3910 +0:00 +0:07
0:16 18 1:364 3437
20 1:364 3443 +0:03 +0:20
0:25 18 1:354 3124
20 1:355 3136 +0:06 +0:37
M1-T2-L2 0:07 18 1:426 3644
20 1:425 3646 0:03 +0:05
0:16 18 1:352 3279
20 1:352 3289 +0:03 +0:31
0:25 18 1:334 3030
20 1:335 3044 +0:02 +0:48
M2-T2-L2 0:.07 18 1:423 3913
20 1:423 3911 +0:00 0:.04
0:16 18 1:363 3434
20 1:364 3445 +0:03 +0:32
0:25 18 1:354 3119
20 1:355 3133 +0:07 +0:45
M3-T2-L2 0:.07 18 1:432 4131
20 1:432 4136 0:01 +0:12
0:16 18 1:385 3506
20 1:385 3517 +0:04 +0:34
0:25 18 1:381 3135
20 1:382 3151 +0:08 +0:52

variation between the three levels of spatial resolution grows, s$uthat the in uence
of spatial resolution onH exerts an in uence which greatly exceeds that of the error

due to temporal convergence, as shown in Figure 4.6c.

In contrast to the shape factor, the variation in the coe cient of friction between
t =18Ly=(u; )in andt = 20L4=(u; )i, grows along the domain, whilst the in uence of
the spatial resolution decreases. This only become signi cant atehpoint x = 0:25m
(Figure 4.7c¢), where the variation inC; between mesh M2 and mesh M3 is of equal

magnitude to the error due to temporal convergence. At the pdis x = 0:07m and



4.3. TRIP RESPONSE 117

x = 0:16m, the spatial resolution continues to exert a dominant in uence o . Of the
three cases displayed in Figure 4.7, case M3-T2-L2 displayed theaest variation in
Ct of +0:52%. However, running case M3-T2-L2 for a further time daf= 24L,=(u; )in
altered the coe cient of friction by less than +0:1% for Re < 2000 and by +Q03%

towards the end of the domain, when compared to the solution at= 20L,=(u; )in .

4.3 Trip Response

4.3.1 Coherent Structures

Firstly, consider the response of the physical ow in the region ohe trip. Figure 4.8
displays the initiation and growth of coherent turbulent structures downstream of the
trip for tripping velocities of v&, = 0:551 (Figure 4.8a) and/, = 1:102 (Figure 4.8b).
These structures are visualised through the second invariant die velocity gradient
tensor Q. The Q criterion de nes a vortex based on the the strairate tensorS; , and

the asymmetric vorticity tensor ;. The de nitions of S;j and ;j are presented in
Section 1.3.4. A vortex exists where the square of the norm of theyanmetric vorticity

tensor j j,Iis greater than the square of the norm of the symmetric strairate tensor

Sj Sj , such that Q > 0 (Equation 4.10).

i S S (4.10)

O
I
NI

Each boundary layer in Figure 4.8 is divided into two segments to visuadigli erent
length scales. One segment displays the large-scale structuresha buter region with
a criterion of Q > 5 10P1=s (left). The other segment displays small-scale structures

closer to the wall with a criterion ofQ > 5  10%1=s (right).
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(a) Case M2-T1-L1
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Figure 4.8: Development of coherent turbulent structures in the laminand transi-
tional regimes downstream of a numerical trip for two valuesf the tripping velocity.
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Initial testing investigated a tripping velocity equal to 091% of the free stream
velocity at the inlet. The low trip velocity induces large, two-dimensioal disturbances,
with minimal spanwise variation, into the laminar boundary layer, similarto those
visible early on in Figure 4.8a. The collection of small scale structuresish form at
the trip rapidly dissipate downstream. The two-dimensional disturbnces then continue
to propagate downstream and the ow maintains a growth rate foRe which correlates
to the theoretical Blasius solution with an upstream shift in the stramwise boundary

layer origin.

Or
ref

Raising the tripping velocity to v, = 0:551 produces the same large-scale distur-
bances as before, whilst the small-scale, three-dimensional stues rapidly dissipate
beyond the trip. Once the ow reachesx = 0:04m these large-scale disturbances give
way to three-dimensional periodic structures, although the rekdion is not su cient,
even in the highest resolution of mesh M3 (case M3-T2-L2), to cam the existence of

hairpin vortices. This weaker trip does not initiate transition until the ow has reached

the upper limits of the recommended range for the transition pointRe < 300. Dou-

Or
ref

bling the strength of the trip to v... = 1:105 produces a rapid destabilisation of the
laminar ow, in which the point of transition lies rmly within Re < 200. The small-

scale coherent structures which form at the trip continue to proggate downstream.

As a result the weaker trip ofv® . = 0:551 reached a Reynolds number &e =
1000 at a distance ok = 3500 ;, downstream of the inlet. Increasing the strength to
v?gf =1:105 reduces this distance t& = 2480 ,. After Re = 1000, the two boundary
layers continue to grow at similar rates. The lag of the weaker trip at a xed
streamwise location behaves as a simple shift of the boundary layegm. This shift
reduces the e ective domain length by approximately 10% in compaads to a trip of

v® =1:105.

ref
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4.3.2 Free-Stream Constriction

As expected, the growth of the boundary layer within the con nesf the domain
produces a favourable pressure gradient as the e ective freieesm area shrinks down-
stream of the trip. For a spatially developing boundary layer at equilibum, the

Clauser pressure gradient parameter, (Clauser 1956) de ned by Equation (4.11), will
be constant along the streamwise length of the domain.

_ dmpiy
" hoi dx

(4.11)

Downstream from the onset of transition, the time-averaged maastatic pressure
of the free-stream ow falls non-linearly along the domain. The magtude of the
negative pressure gradient parameter increases as the bourydiyer grow along the
streamwise direction. The maximum value, located shortly upstrearof the end of
the domain (x = 7795 i,), lies within the rangej j = 0:038 0:043. The xed
atmospheric conditions at the outlet of the domain produces shorperiodic pressure
distortions along the domain. However, the e ect of these uctuons is limited to
the time-averaged root mean square of the pressure variablegiothe full averaging

window.

4.3.3 Boundary Layer Growth

The shape factor is the ratio of the local displacement thickness tioe local momentum
thicknessH = =, and provides a strong indicator of the local state of boundary lay
development. The value oH falls asymptotically as the scaled free-stream velocity

huij , rises. The prole in Equation (4.12) approximates the distribution 6 H as a
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function of Reynolds number, local variablé,, and the constants and C.

— IU .
Z
1 ! . Ly 2
ly = T hui; houi dy; (4.13)

In a zero-pressure gradient boundary layer at equilibrium, the vaduofl, is ideally
constant along the domain, based upon a collapse of published expental datasets
(Chauhan et al. 2009). The constants take the form of = 0:384 andC = 3:3.
Figure 4.9 displays the evolution of the shape factdt, with the Reynolds number,Re
for two di erent values of tripping velocity (Equation 4.7). The resuts are compared

against the Clauser relations for an ideal zero-pressure gradieotv.

1.7
Hest (Case M2-T2-L1; _—
RS Hest (ZPG) - ----
1:65 - { Hest ( 1% eror) oo i
(Schaltter & Orlu 2012) [e]
Case M2-T1-L1 +
16 | Case M2-T2-L1 X

1:55
1.5 +
1:45
14 +

1:35

1:3 L L I
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Re

Figure 4.9: Evolution of the shape factoH, with the growth ofRe downstream of
the tripping plane.

Given the non-zero value of , and the uncertainty of the downstream in uence of
the trip, new coe cients are determined for Equation (4.12), basg upon the ow eld

of case M2-T2-L1. The best t line foru; as a function oftui; = produces values
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of =0:3052 andC = 1:908. The value ofl, is dependant onRe during transition

and the early turbulent regime, but stabilised atl, = 6:502 0:12 within the region
of Re > 1415. These adjusted constants shift the asymptotic limit for th€lauser
relation whilst maintaining the general pro le shape. ByRe > 1350, the value of
Hest for case M2-T2-L2 lingers below the approximation for a zero-psege-gradient

solution by roughly 5%.

The tripping velocity displays a mild in uence on the shape factor disibution at
low Reynolds numbers. ForRe > 1000 this in uence diminishes as both boundary
layers collapse onto the adjusted shape factor approximations Wi an error bound of

1%, and stays within these bounds along the remainder of the domaiAt this point,
the relation of H in relation to Equation (4.12) is consistent with the 1% variation
for similar zero-pressure gradient DNS solutions resulting from dirences in domain
dimensions and tripping e ects Schlatter & Orlu (2010). However, irtase M2-T1-L2
and case M2-T2-L2 the trend oH is not consistent with H.g; towards the end of the
domain. BeyondRe = 2000 the rate of change oH once again deviates fronH ¢

and H starts to stabilize aroundH 1:35.

Figure 4.10 compares the evolution of the coe cient of frictionC; (Equation 4.9),
downstream of the numerical trip for two di erent values of tripping velocity (Equation
4.7). This distribution is assessed against the Coles-Felnholz (Cole85&) log-law
relation in Equation (4.14), in addition to the results from the numerial solutions
displayed in Figure 4.9.

=2 iInRe +4:127

Cr coe 5384 : (4.14)

The strength of the numerical trip and the numerical spatial redation produce
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6 1
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Figure 4.10: Evolution of the coe cient of friction C;, with the growth ofRe down-
stream of the tripping plane.

their strongest in uence onC; within the transitioning boundary layer. For case M2-
T2-L1, the delay in transition caused by the weaker trip T1, greatlyextends the early
stages of the transitional regime, such that the development & provides no relation
to the log-law relation until Re = 700. Beyond this point, the ow rapidly conforms
to the magnitude and form expected for a fully turbulent ow. For both trip con-

gurations, the downstream boundary layer approaches to withim 3% tolerance of
the log-law relation by Re = 1000. However, it is at this point that the location
of the numerical trip appears to exert its strongest in uence. Ashe boundary layer
grows beyondRe = 1000, all ows tripped within the limit of Re < 300, continue

convergence towards the log-law relation.
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4.3.4 Turbulent Pro les

The time-averaged mean and root mean squared velocity values aa&en as spatial
averages across the full width of the domain, and are scaled agaiasspatially and
temporally averaged friction velocity. Figure 4.11 displays the pro I inner-scaled
mean streamwise velocity pro les for discrete values Bfe . Figure 4.12 and Figure 4.13
display the distribution of the inner-scaled streamwise velocity uatations hu%,si™,
wall-normal velocity uctuations hv%,si*, and Reynolds shear stresh u¥d*, across
the boundary layer for discrete values oRe . For reference, these graphs display
pro les of the at plate OpenFOAM solutions of Arolla (2016) at Re = 1410, and
highly resolved spectral solution of Schlatter & Orlu (2010) foRe up to Re  3030.
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Figure 4.11: Distribution of the inner-scaled, time-averaged streams& velocity. For
clarity, each set of pro les for a given magnitude oRe have been vertically o set in
intervals of 5 viscous units.

For the streamwise velocity, all pro les maintain a strong t to the expected relation

of u* =y* throughout the viscous sub-layer. Within the log-law region, therés a clear

log-law mismatch which improves only marginally beyondRe 1000. The upwards
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Figure 4.12: Comparison of the distribution of turbulent stress componés over a
smooth wall for various tripping velocities.
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Figure 4.13:

Evolution of turbulent stress components over a smooth wdtwnstream

of the optimal numerical trip.
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shift is consistent with an reduction in the ow resistance for drageducing ow control,

or in this case, an underprediction o€ .

For the turbulent shear stresses produced by the current moldéhe direct in uence
of the tripping strength begins to vanish byRe = 1000. Figure 4.12 displays minimal
variation between the weaker and stronger trip in the current moal at Re  1410. In
relation to the reference DNS solution, the current model overedicts the maximum
streamwise velocity uctuations, and underpredicts the wall-norral velocity uctua-
tions, throughout the shear layer. The scale of these discrep@ s remains consistent
along the length of the domain. This includes the region frorRe > 2000, for which
the e ects of the tripping condition are expected have dissipatednd the shape factor
collapses onto the adjusted Clauser relation (Figure 4.10). Notablgilespite having a
smaller streamwise resolution, the pro les of Arolla do not contain s a signi cant
overprediction ofhu%si* across the across the logarithmic region and more than half
the distance of the outer region 5 y* < 300. The improvement inbv%,si" is less
signi cant in the inner region, whilst the larger maximum aty® 100 translates into

excessive wall-normal uctuations throughout the outer region.

As observed in the channel ow of Rezaeiravesh & Liefvendahl (28), recall that
the accuracy of the wall shear stress for large-eddy simulation imp@nFOAM, at least
within the WALE model, depends rst and foremost on the spanwiseeasolution near
the wall. On the other hand, the outer region, which scales with owegpmetry, depends
primarily on the downstream in ow or development conditions. Finally,the Reynolds
shear stressh u&/4* displays the strongest agreement with the DNS solution through
the domain. As forhu%.,si* and hvG,si*, the inner region collapses onto the DNS
solution rst, showing a good, consistent collapse bjRe = 700. The outer region

follows with a gradual collapse aRke grows.
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4.4 In uence of Spatial Resolution

Since the maximum boundary layer thickness resulting fronvﬁ;f = 1:105 is known, the
domain dimensions can be optimised by reducing the spanwise width teetminimum
length that is required to contain two large-scale coherent turbule structures, which
each have a spanwise width of roughly:85 o9 (Schlatter et al. 2010). Reducing the
spanwise domain width to twice the width of the maximum boundary layethickness
(case M2-T2-L1! case M2-T2-L2) altered the value o€C; by less than 0:2% along
the region ofRe > 1000. A comparison of the wall-normal pro les ofu® s i™, WOnsi™
and h ud49* at x = 8858 ;, displayed no visible change at all points across the full

width of the boundary layer.

The accuracy and validity of the current model in solving a spatially desloping,
zero-pressure gradient boundary layer depends on a combinatwmfrthe usual numerical
errors and the lingering e ects of the upstream laminar-turbulenttransitional ow.
To isolate and observe the contribution from the spatial resolutiorerrors case M1-

T2-L2, case M2-T2-L2 and case M1-T2-L2 compare three levelsspfatial resolution

Or

with a xed numerical trip of v

= 1:105. The inuence of spatial resolution on
boundary layer growth is assessed by the shape factor (Figure4).&nd the coe cient
of friction (Figure 4.15). Increasing the spatial resolution to x* =32:5and z* =
16:3 produced a minor delay in the onset of transition. However, dowimsam of the

transition the rate of growth, in terms of Re , appears to accelerate with increasing

spatial resolution.

Under a near-wall cell width of x*; z* =54:9;27:6 in mesh M1 (case M1-T2-L2)
and x*; z" =42:2;21:2 in mesh M2 (case M2-T2-L2), the boundary layer growth

conforms to the general trend of the Coles-Fernholz log-law reilan by Re 300.
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However, whereas case M2-T2-L2 converges onto Equation (4.4¢the boundary layer
grows, case M1-T2-L2 displays an irregular development within theansitional and
early turbulent region of Re < 1000, by diverging from the form of Equation (4.14).
Eventually, the growth follows the trend of Equation (4.14) and rerains outside the 5%
tolerance bounds whilst not showing signs of further convergendeaving a continual
under prediction of more than 5%. Despite a minor delay in transitiorgase M3-T2-L2
displays the fastest convergence towards the Coles-Fernholaten, and reaches the
3% error band as early aRe 400, or a distance ok = 531 ;, downstream of the
inlet. Case M3-T2-L2 showed an improved agreement with both theales-Fernholz

log-law relation in Equation (4.14) and the reference DNS results bmyd Re  2000.

In contrast to the coe cient of friction, the shape factor growth, shown in Fig-
ure 4.14, displays a negligible dependence on the spatial resolutiomotighout the
transitional region. As the boundary layer develops beyon&e = 800, the rate of
convergence, and the apparent asymptotic limit, increase with thgpatial resolution.
The nest resolution brings the shape factor to within 15% of the zero-pressure gra-

dient Clauser relation towards the end of the domainRe 3000.

Figure 4.16, Figure 4.17 and Figure 4.18 display the distribution of stenwise
and wall-normal velocity uctuations, and Reynolds shear stresgcross the boundary
layer, for increasing levels of spatial resolution in cases M1-T2-U42-T2-L2 and M3-
T2-L2 at streamwise locations ox = 0:07m (Re 1000),x = 0:16 (Re 2000)
and x = 0:25m (Re 3000). Additional plots for the distribution of the time-
averaged streamwise velocity and the spanwise velocity uctuatisnare provided in
Appendix B. Re ning the spatial resolution between the three casehad a minimal
impact on the turbulent stress distribution across the outer regimm whilst reducing the

streamwise velocity overshoot in the inner region and scaling the peof hu%,si™
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Figure 4.16: Comparison of the distribution of turbulent stress compones at x =
0:07m along a smooth wall for three levels of spatial resolution.
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Figure 4.17:

Comparison of the distribution of turbulent stress componés at x =
0:16m along a smooth wall for three levels of spatial resolution.
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Figure 4.18: Comparison of the distribution of turbulent stress compongs at x =
0:25m along a smooth wall for three levels of spatial resolution.
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towards the DNS solution within 10< y* < 100. Similarly, the reduction in the
streamwise velocity overshoot accompanies a growth in the undeegdicted wall-normal
and spanwise velocity uctuations near the wall. Such behaviour malge attributed
to the inability of the current spatial resolution to capture the break-up of the high
velocity streaks and low velocity streaks in the near-wall region (et al. 2018). Baeet
al. (2018) compared the resulting e ect with that of small-scale, drageducing riblets,
which suppress the wall-normal and spanwise velocity uctuationsear to the wall.
This e ect is seen in the underprediction ofZ; shown in Figure 4.15, and the improved
agreement as the ow moves from the transitional to the fully turlilent region. For a
spatial resolution of x* =32:5; z" =16:3, an improved resolution of the break-up
cycle may account for the delayed reaction to the trip in case M3-T22, in addition

to the minimisation of arti cial "drag reducing' e ects for Re < 300.

4.5 Summary

A spatially developing boundary layer comprising of laminar, transitioal and fully
turbulent regimes has been modelled using the open source librariésOpenFOAM.
The full boundary layer extends from a steady-state laminar bowtary layer of Re =

180 to a fully turbulent ow of Re = 3000.

A tripping plane of wall-normal velocity uctuations, with pseudo-random tempo-
ral variance and random spatial variance, destabilises a steadgt® laminar boundary
layer. The tripping plane can reproduce time-averaged velocity dgations with a root
mean square values within 10% of the desired strength, provided that the averaging
window is su ciently large. The highest uctuation velocity which was investigated

was comparable to the maximum value of the?. . component in a turbulent boundary
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layer of an identical thickness. For this tripping con guration, theonset of transition
was nearly instantaneous, such that initial period of large-scaleyt-dimensional dis-
turbances was not observable. This reaction suggests that, werdhe current tripping
mechanism, the strength of the wall-normal uctuations in the neawall region of a
turbulent boundary layer represents a critical optimised limit for the rapid initiation

of laminar-turbulent transition.

By Re = 1000 the strength of the numerical trip on the local ow resistace
and turbulent stress pro les diminishes. In the inner region, the w@ations between
pro les of velocity uctuations and the Reynolds shear stress aneegligible, in compar-
ison to the discrepancies produced by spatial numerical error. Litimg the near-wall
streamwise and spanwise spatial resolution tox* 422 and z" 212 brings the
coe cient of friction to within a 3% tolerance of the Coles-Fernholz relation within a
region of 1000< Re < 3000. Re ning this resolutionto x* 325and z* 163
maintains the 3% tolerance limits in the fully turbulence regime, but expands this

tolerance far into the transitional regime; 406 Re < 3000.

The simulations in the present Chapter were initially designed througtheoretical
approximations of ideal boundary layer. To the authors knowledgehis is the rst
study of its kind to produce a systematic veri cation and validation & OpenFOAM
for revolving laminar-turbulent transition with controlled tripping and large-eddy sim-
ulation. The results of the present analysis provide more detailed slgn criteria for
modelling laminar turbulent transition in OpenFOAM, and building future simulations
for the investigation of large-scale textured geometries. The @ent results suggest that
a spatial resolution of x* 422, y...  land z" 212 provides an optimal
starting point for determining the initial spatial resolution, prior to incorporating tex-

tured geometries into the domain. This base resolution should only lrecreased if such
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textures are to be applied within the transitional regime. Whilst the ow contains the
in uence of the trip up to Re 2000, the coe cient of friction and the shape factor
can converge to within the theoretical error bounds by the poinRe  1000. Hence,
when applying LES in OpenFOAM, the design criteria may také&ke < 1000 as a suit-
able approximation of the location of the transitional regime. Theseecommendations
will be carried forward into Chapter 7 to construct simulations of satially developing
ow over two-dimensional periodic ripples. The numerical trip will be aplied with

a tripping velocity of vf’gf = 1:105 to achieveRe 1000 by the time the ow has

reached the textured region, which lies 0.07m downstream of the inle



CHAPTERD

Laminar Channel Flow: Arbitrary Geometry

5.1 Introduction

Chapter 4 validates a method for modelling chaotic turbulent ows osr planar sur-
faces, with high economic e ciency. The current chapter provideand validates a new
methodology for automated modelling of grooved surfaces of amaity geometry and
complexity. This method is rst applied (in isolation from the methodolay in Chap-
ter 4) to a simpler steady-state laminar ow in an in nite channel. The rst section

outlines the procedure which was used for producing digital sampledich replicate
naturally occurring sand ripples from the sediment surface of a natal beach. The nu-
merical methodology outlined in the following sections is developed withese specic

surface pro les in mind. However, the model is designed to accomdate a wide range
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of geometric pro les, features and length scales.

5.2 Natural Pro le Development

Samples of naturally occurring sand ripple pro les were obtained atr8sby Beach,
Merseyside. The ripple bedforms had formed under the action ofe& surface tidal
motions. Once the tide had receded, the emerged bedforms weffé fier two hours to

dry. Two individual locations were identi ed, each corresponding t@ di erent form

of ripple structure; one sample of symmetrical sinusoidal ripples idgure 5.1a) and
one sample of asymmetric vortex ripples (Figure 5.1b). Liquid gypsumlaster was
applied to the sand surface in the sample area and left to solidify witme rigid surface

conforming to a mirror image of the ripple pro le, as shown in Figure 5cl

Figure 5.1: Photographs displaying the sample sand ripple surfacesoden frame
and gypsum plaster.

The geometric pro le of each gypsum plaster cast was measuredngsThe ROMER

Absolute Arm, model RA-7520S1, shown in Figure 5.2. The arm usegasitional laser
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to produce a three-dimensional point cloud eld of a geometric obje The sand ripple
pro les contained a crest-to-crest wavelength on the order ofdihm, and a crest-to-
trough depth on the order of 7 10mm. The ROMER arm provided a stated accuracy
of 0:079mm. The raw point cloud data was Itered until there was a minimum
distance of 0.2mm between adjacent points. Considering that thexact dimensions
only serve as a baseline for designing a suitable geometry, these sueament errors
and ltering limits were considered to be acceptable. The Itered poihcloud data was
triangulated to construct a continuous surface consisting of coacted two-dimensional

triangular planes which was stored in an ".stl' format.

Figure 5.2: Photograph of the Romer Absolute Arm, Model RA-7520S1.

Figure 5.3 displays the nal triangulated digital pro les for the two natural sand
ripple surfaces. These digital pro les capture the complex geomiet pro les with a

streamwise periodicity that remains generally consistent over theea of each sample.
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However, the surfaces also contain random perturbations froneldris embedded within
the sand surface. In addition, the unpredictable ow behaviour h&induced small, but
signi cant, random geometric variations in both the streamwise andpanwise direc-

tions.

Figure 5.3: Three-dimensional digital images of the sand ripple casts.

The numerical methodology aims to reduce the computational wddad by assum-
ing periodicity in one or more ow directions. As such, the nal sand ipple surfaces
require periodicity in both the streamwise and spanwise directions. gfce, the nal
surfaces require a predictable, periodic geometry which correctigplicates only the
key repeating features of the natural surfaces displayed in Figui5.3. Rather than
attempting to achieve ideal periodicity by smoothing the digital proles, periodic pro-
les were created manually. For each surface, sample slices of tleface pro le, from
a plane which lay normal to the spanwise direction, were taken at vevenly spaced
spanwise locations. The approximate coordinates of key geometfe@atures (curves,
straight edges, in ection points etc.) were determined visually by @jecting each slice

onto a grid of streamwise and wall-normal dimensions. Average cdorate values for
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each surface were calculated from the ve spanwise pro les. Frothese coordinates,
a two-dimensional prole was developed by constructing a series ségments, each
consisting of either a single plane or curve and connecting a single pairadjacent
coordinates. Each segment was intended to join with two adjaceségments at as close
to a tangent as possible. The resulting coordinates were shifted bysmall distance,
relative to each other, to minimise the angle between connecting face segments. As
a result, each ripple prole closely resembles a single continuous line kvitinimal
instantaneous variations in the surface direction. Figure 5.4 and Bé& 5.1 de ne the
streamwise widtha;, and wall-normal depthb, of each surface segment, along with the
streamwise crest lengtls;, and trough lengths,, as a scaling of either the streamwise
wavelength , or the groove depthky. For future reference, the nal forms of the

two-dimensional sand ripple pro les are referred to as RN1 and RN2

Table 5.1: Scaled values of the streamwise and wall-normal length afcke pro le
segment, as illustrated in Figure 5.4

RN1 RN2 RN1I RN2
a= . | 0.167 0.08| b=k, | 0.5 0.25
a= . | 0.167 0.073 b=k, | 0.5 05
as= , | 0.331 0.08| b=k, | 0.5 0.25
a= , | 0216 0514 h=k, | 05 1
$= « | 0119 0.119s=,| 0 0.134

The crests of RN1 and RN2 contain a short, at plateau of lengtls,, as opposed
to the more common single point maximum. The scaled groove depkj, as a ratio
between depth and wavelength, disregards the width of the at eist and only considers
the groove wavelength 4, such thatk, = kg= 4. With the exception of its crest, pro le
RN1 closely replicates the geometric pattern which Blondeawst al. (2015) predicted
would occur under the combined action of a uniform current ow andn oscillating
wave induced ow. As in Blondeauxet al. (2015), the lee-side of RN1 consists of a
pair of curves which form a continuous sinusoidal pro le. Howevethe similarity is

most notable in the unique stoss-side pro le, which resembles two egual pairs of
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(a) Prole: RN1, Orientation: ' =0

(b) Prole: RN2, Orientation: ' =0

Figure 5.4: The geometric de nitions of the two-dimensional sand ripplpro les RN1
and RN2.

sinusoidal curves. The two pairs intersect at a tangent, formingnan ection point, the

orientation of which lies parallel to the streamwise axis. Note that th sample surface
contains a depth to wavelength ratio ok,  0:15, which lies beyond the predicted
theoretical limit of ow separation (k, = 0:1), and hence, the range of the stability

analysis in Blondeauxet al. (2015).

Similar to the geometries considered in Lefebvet al. (2016), the lee-side of pro le
RN2 consists of a planar slip face which is connected to the crest atrdugh by a
pair of additional geometric features. However, the additional &ures in RN2 are

rounded such that they intersect the trough and crest close to ngent, forming an
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almost continuous lee-side pro le. The stoss-side of RN2 consisfsacsinusoidal pro le
produced from a pair of continuous curves, similar to the lee-sideRN1, as opposed to
simpler geometries of at, inclined segments. In turbulent ows, Liebvre et al. (2016)
suggested that the former case can produce small, but signi canbenets to ow
resistance when applied alongside an optimised geometrical feataomnecting the lee-
side slip face and the crest (de ned in RN2 by the segment af; ly). Note that their
numerical analysis utilised Reynolds-Averaging to model all turbulérdength scales,
which would suggest that the mechanism responsible for this obsation is not related
to the presence or behaviour of time-dependant coherent turlemt structures. The
nal deviation lies in the trough, which consists of a at plane of lengh s,, which
lies parallel to the streamwise direction, as opposed to a single poinimmum. The

natural pro les of RN2 have a depth to wavelength ratio ok, = kg= 4 0:11

To produce a fully periodic three-dimensional surface, the two-densional pla-
nar pro les in Figure 5.4 are extruded in the spanwise direction along kne in the
streamwise-spanwise plane, as illustrated in Figure 5.5. This extrusi@ro le is peri-
odic along the spanwise direction, with a spanwise wavelength gf, and a streamwise
orientated maximum-to-minimum length ofk,, which is normalised by the spanwise
wavelength k, = k,= ;). It has a sinusoidal spatial variation, as de ned in Equa-
tion (5.1) When k, = 0 the surface geometry is invariant in the spanwise direction
and is referred to as ‘two-dimensional’, whilst a surface & > O is referred to as

“three-dimensional'.
27

k
X = EZ cos 1 ; (5.1)

z
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Figure 5.5: Diagram of the spanwise sinusoidal pro le of a three-dimeimal sand
ripple.

5.3 Numerical Methodology

5.3.1 Overview

The present analysis considers a laminar ow through a three-dimsional channel with
one smooth wall and one textured wall. The domain contains a singlegde ow, which
consists of an incompressible, Newtonian uid. However, the cunemethodology is
designed to be adaptable to multiple ow conditions and surface cogurations. The
following types of surface pro le should be accommodated with similapplications
of the domain con guration, the near-wall mesh and the meshing pcedure between

di erent cases.

The simulation must be capable of incorporating arbitrary pro les in jace of the

lower and/or upper walls.
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The simulation must accommodate groove pro les of either two-dinmsional or

three-dimensional periodic spatial variation.

The simulation must enable free rotation of the surface about the-gxis.

5.3.2 Flow Domain and Boundary Conditions

Figure 5.6 illustrates the layout of the channel domain and its bounds. The channel
is assumed to have a su cient length and width that the ow is fully deweloped, and
that the bulk ow eld does not vary along the streamwise or spanwig directions.
Hence, the channel consists of a three-dimensional section ofiamite domain, with

periodic constraints applied to the streamwise (inlet and outlet) bawdary planes and
the spanwise (front and back) boundary planes. In a practical w the motion of
the uid results from a pressure gradient along the streamwise letigof the channel.
Within a periodic domain, the bulk streamwise pressure gradient is eguto zero. In
its place a body force drives the ow in a streamwise direction to pratte a pre-de ned

value of bulk velocity U,,, along the channel.

The streamwise and spanwise lengths of the domains are denotedliyand L,
respectively. The channel has a full height df, = 2hy, where hy is the unadjusted
channel half-height. The lower wall consists of either a planar sade aty = 0, or a
non-planar surface with crests located on the plane= 0 and a trough which lies within
the regiony < 0. Similarly, the upper wall of the channel may consist of either a plain
surface aty = Ly or a non-planar surface with crests located at = Ly and a trough
which lies within the region ofy > L . The average depth for a textured surfac&,,,
refers to the magnitude of the wall-normal distance between itsests and its centre of

area. The e ective channel half-height becomes=0:5 Ly + (Kav)oner * (Kav)ypper -
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(a) Streamwise and wall-normal directions

: Lx j

| Upper Wall |
1 Body Force 1
Lo | Inlet _y» Outlet || _ |
! Plane Plane !
T 2h | 2ho ‘:’ ’1
%“y L
! X |

<— Cyclic Velocity and Pressure Fields

(b) Wall-normal and spanwise directions
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Figure 5.6: Diagram of the ow domain and boundary conditions for preserchannel
ow simulations, displayed with a textured lower wall and ansooth upper wall.

In this way, the structure of the mesh across the bulk of the chael is independent of

the surface geometry. The ow Reynolds number is de ned bRre, = U, h= .

The upper and lower surfaces are solid boundaries enforced by ashp' constraint
for the velocity components (; v; w = 0), and a zero value Neumann constraint for the

pressure p 5 = 0). The boundaries at the inlet plane and outlet plane, as shown
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in Figure 5.6a, form the inlet boundary y = 0) and the outlet boundary (y = Ly)
along the streamwise direction. The "Cyclic Arbitrary Mesh Interfag'("Cyclic AMI")
boundary condition links the inlet and outlet boundaries on the nalisd mesh to

enforce periodicity.

The boundaries at the front plane and back plane, as shown in Figuge6b, form
the front boundary (z = +0 :5L,) and back boundary ¢ = 0:5L,) along the spanwise
direction. The spanwise boundary conditions are varied depending the stability of
the ow eld. Under the ideal approach, periodicity would be applied b the span-
wise direction using the "Cyclic AMI' boundary conditions. Noriegaet al. (2018b)
identi ed that cell non-orthogonality does not reduce the order baccuracy when ap-
plied to domain boundaries with periodic conditions. More importantly,periodicity
in the spanwise direction is necessary for accommodating arbitrasyrface rotation,
as such surfaces may produce a considerable bulk ow across tparsvise direction
(Mohammadi & Floryan 2013b; Ghebalet al. 2017). However, when surfaces of three-
dimensional ripples were applied in place of the lower wall, the solutionwdd not
maintain stability towards the higher end of the laminar regime Re, > 400) whilst
periodic boundary conditions were enforced in the spanwise diregtioTo maintain sta-
bility in these cases, the cyclic boundary condition at the front planand back plane
was replaced with a symmetry boundary condition enforced by a zevalue Neumann
constraint for the velocity. Note that this phenomenon occurreth test cases for which
the ripple pro les lay parallel to the streamwise direction, which crel@s a geometric
symmetry at the spanwise boundaries. Towards the higher end dfe laminar regime,
the three-dimensional surface geometry manipulates the bulk oveld away from the
wall to create a rotational secondary ow which induces additionastreamwise and

wall-normal motions along the spanwise boundary planes, in the abse of any sig-
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ni cant spanwise velocity component. Hence, whilst the present alysis is limited to

parallel and perpendicular surface orientations, further work wbh expands the model
to a greater range of surface orientations, for which the surflageometry induces strong
spanwise motions through the spanwise boundary planes, is reqdin® enhance the

stability of the solution in the presence of fully periodic spanwise bodary conditions.

The simpler "Cyclic' boundary condition links each face on a boundanafch with
a single face on its neighbour patch, and assigns a single value of armyi@v prop-
erty to the pair. This approach assumes that the shape and decpuwosition of each
patch is identical, such that each face connects with a single facerdbigh a global
transformation of translation and rotation. The "Cyclic AMI' boundary condition may
compensate for any deviation between two patches. After applygna user specied
translation and rotation to a pair of patches, the value of a prop¢y on a given face is
determined from the value of all overlapping faces on the neighbopatch. Each value
from each overlapping face on the neighbour patch is weighted agaction of the area
of its contact with the boundary face and the total area of the bundary face. Although
this method requires the connected faces to be similar in geometnycdadecomposition,

it allows for minor distortion of the boundary cells.

Figure 5.7 illustrates the layout of a channel with a three-dimensiohaand rip-
ple prole forming the lower wall. Steady-state laminar channel ow nay often be
restricted to a single wavelength of the surface geometry. This mxienises economic
e ciency when the structure and stability of the ow eld is predicta ble. In the cur-
rent model, channel dimensions are expanded to cover 6 waveldrgin the streamwise
direction and 2 wavelengths in the spanwise direction. These dimenssolie closer to
the common limits for modelling large-scale motions in turbulent ow. Tle dimen-

sions are selected to ensure a full realisation of secondary ow whimay materialise,
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and to minimize the impact of cell misalignment between connected paiof periodic

boundary patches.

/\
<<

X

y4
Figure 5.7: Layout of the uid domain with a lower wall consisting of a saple

three-dimensional ripple pro le.

5.3.3 Characterisation of Flow Resistance

In a con ned ow, the ow resistance acts against a driving force \Wwich propels the
uid along the streamwise direction. In practical applications, the dving force results
from a change in static pressure along the streamwise direction.rlEonumerical model
which assumes the ow to be periodic, the pressure gradient may beplaced with an
arti cial body force to produce a speci ed ow velocity or mass owrate. Mohammadi
& Floryan (2012) described the pressure loss over grooved sggain a laminar channel
as a decomposition of three main components. The viscous drag pament describes
the e ects of wall shear stress between the uid and the solid sa€e. Two pressure
drag components describe the contribution of the spatial variatioin the bulk pressure

eld, and the contribution of the interaction between the pressug eld and the surface
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pro le.

The unscaled ow resistance is obtained as a spatially averaged driagce over the
full surface area of each wall. It comprises of two viscous forc€s; on the lower wall,
and F,, on the upper wall, and two pressure forcedi,; on the lower wall, andF;
on the upper wall. The dimensionless friction factor represents thew resistance by
a scaling of drag force with a reference surface area and velocitale. The present
analysis assumes a velocity scale of bulk velocity averaged acrogsrtiodi ed channel
Uav. Inthe current analysis, the total friction factor is decomposeato two components
(Equation 5.4). The pressure component of the friction factdr, (Equation 5.3), refers
only to the sum of the contribution from pressure interaction dragn the lower wall
fp1, and upper wallf ;. All remaining drag contributions are expressed in the viscous
drag componentf, (Equation 5.2) as a sum of remaining drag on the lower wall,4,

and upper wallf .

_ . _ H:vli . _ H:v2i .
fV - fVl+ fVZ’ fVl - ma fV2 - ml (52)
hF il hFpoi
fo= Tt foei fo= G = 0 53)
Xz av X=z av
f=fy+fp (5.4)

With a velocity scale of U, and a Reynolds number de ned byU,, and h, the
friction factor in a reference smooth channel is proportional tohie Reynolds number
such that Renf smooth = 6 (Mohammadi & Floryan 2013b). Note that in the presence of
non-planar walls, the value of the channel half-height which deteiimes Re, accounts
for the modi cation to bulk channel opening, based on groove geatny. In such
cases, the value ofRenf )smooth COrresponds to a reference ow between two at walls

located at the centre of area for each textured surface. Fughmore, the friction factor
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compensates for changes in the wetted surface area, with quties of force on a wall
being divided by the area of a reference smooth wdlkL,, as opposed to the total

physical area of the surface.

5.3.4 Automatic Meshing Procedure

The les containing the textured surface geometries were supplied an ".stl' format
which describes the surface as a series of triangular planes. Theunal sand ripple
pro les consists of a series of connected geometric forms whicnicat be described
by a single universal form. In addition, the current investigations xamine a limited
range of pro le shapes, with a focus on length scales and orientatio Therefore, in
the present investigation, the ".stl' les were created manually thnagh the GUI of the

SALOME CAD package.

Firstly, a two-dimensional pro le was created within an x-y orientedplane and ex-
truded along the spanwise direction to create a three-dimensiorsuirface. For a two-
dimensional surface geometry the path of extrusion was a singlentiouous line. For a
three-dimensional surface geometry the path of extrusion wasather two-dimensional
pro le comprised of discrete segments with a length equal to half dfe intended width
of the near-wall cells. Finally, the surface was meshed using two-dinsional quadri-
lateral cells. This mesh was exported as an ".stl' le, in which each twdimensional
quadrilateral cell was split in a pair of triangular planes. The triangulaplanes of the
three-dimensional geometric pro les had a maximum length equal @t least half the
width of the near-wall cells ( Xmin Zmin ) In both the spanwise and streamwise di-
rections. The two-dimensional geometric pro les contained a singfgir of triangular
planes in the spanwise direction, with a streamwise length equal toahused for the

three-dimensional geometric pro les.
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The mesh for each domain and geometry was generated using thapyHexMesh
utility, as outlined in Section 3.4.1. Figure 5.8 displays the streamwise dnvall-normal
distribution of a locally re ned mesh in a smooth wall channel. The regioaround the
centreline contains cubic cells of:B8 10 3h, in width. The cells in the near-wall
re ne have been re ned to 4 octree levels. The cells of the highe& mement levels are
located above the plang/ = Ly 6 Ymin, and below the planey =6  ymin . Figure 5.9
displays the streamwise, wall-normal and spanwise distribution of ltse over surfaces
of a two-dimensional ripple pro le (Figure 5.9a) and a three-dimensnal ripple pro le
(Figure 5.9b). The cells in Figure 5.9a and Figure 5.9b contain spanwisgasings of

z=3:5 xand z= x respectively.

Figure 5.8: Distribution of the locally re ned mesh along the streamwésand wall-
normal directions in a smooth channel.

An initially coarse mesh was re ned near the upper and lower walls usihgcal octree
re nement. Each orthogonal cell (before surface snapping) tiaan equal width in the
streamwise and wall-normal directions; x = y. The spanwise width was varied
depending on the surface prole; z = 3:5 vy for spanwise uniformity k, = 0), and

z = vy for spanwise variation k, > 0). Local mesh re nement in snappyHexMesh
may be speci ed manually, based upon user speci cation, or autorieally, based upon
requirements in the vicinity of ne geometric features. In order tqreserve the form of

the bulk ow, and maintain acceptable levels of non-orthogonality intte bulk ow, the
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(@) RN1, k,=0:15 k,=0,"' =0

(b) RN1, k,=0:15 k, =0:25,' =0

Figure 5.9: The three-dimensional mesh consisting of split-hexahedealls and local
re nement; as shown by images of cell distribution over thewer textured wall and the
boundary planez = 0:5L,.
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mesh was re ned manually in layers de ned by ordered rectangulaegions. Hence, the
boundary of the region for the nest re nement level was de nedby a pair of at x-z
planes, located at a distance of 6y,,, from the upper and lower walls. In this way, a
single cell in the domain was connected to no more than 9 neighboutle Allowing
the local re nement regions to conform to the surface geometgould have potentially
doubled the maximum number of neighbour cells possessed by a singéd m the
domain. Furthermore, the maximum non-orthogonality in the smodt wall channel
(i.e. throughout the bulk ow) lay below 52 . Hence, based on the observations of
Robertsonet al. (2015), the solution in the bulk channel would not require limiting
constraints on the numerical schemes. Each layer of re nemenbrdtained a minimum
of 5 cells and a maximum of 6 cells. The boundary between re nemerggions was

constant in the streamwise and spanwise directions.

5.3.5 Solver Con guration

All investigation cases involving the in nite channel domain sought agmporally steady-
state solution. The Reynolds number and the geometry of the lowerall pro le had a

signi cant impact on the stability of the ow eld. Hence, multiple con gurations of
the ow solver and discretisation schemes were utilised to competesdor these insta-
bilities where necessary. The numerical schemes and algorithms \khéce discussed in
the present section here been presented in Section 3.5 and Sec8dh In general, ow
scenarios may be subdivided into four distinct groups based uponetistability of the

solution;

Two-dimensional surface pro les in low Reynolds number owRe, 50;100).

Three-dimensional surface pro les in low Reynolds number owRe, 50; 100).
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Two-dimensional surface pro les in high Reynolds number owRe, 500 1000).

Three-dimensional surface pro les in high Reynolds number owRe, 500 1000).

Since the solutions in all cases are assumed to be temporally steatbte, the
steady-state simpleFoam solver was the natural choice for prass-velocity coupling.
However, during preliminary testing, this solver could only maintain stbility towards
the lower end of the laminar regime. Based upon observations fromepminary testing,
the ow would become unstable and diverge for ows oRe, > 400, even within a
smooth wall channel. Replacing the periodic spanwise boundaries wiimmetrical
Neuman boundary conditions, and adding limiting terms to the gradidrschemes, failed

to improved stability.

The steady-state SIMPLE algorithm produced solutions for all ow at the lower
end of the laminar regime;Re, 50 and Re;, 100. Each iteration loop solved
the velocity and pressure elds to a relative tolerance of:0, with maximum absolute
tolerances of 1 10 1° and 1 10 2. The correction step used under relaxation
factors of , = 0:1 for the pressure eld and , = 0:7 for the velocity eld. At low
Reynolds numbers the geometric complexity of the surface negaly impacted the
rate of convergence towards a steady-state solution, howevigproduced no noticeable

impact on stability.

Flows at higher Reynolds numbers dRe > 400 required a temporal term to main-
tain stability, but successfully converged to a steady-state soloin through successive
time steps (known as a psuedo-transient solution). This was implented using the
PIMPLE algorithm in the pimpleFoam solver, which, as a hybrid of the SWUPLE and
PISO algorithms can maintain stability at larger time steps than the prely transient

PISO algorithm. To improve the convergence rate, the pseudoatnsient solver took
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the output from a low-Reynolds number, steady-state solution athe initial velocity
and pressure elds. The psuedo-transient model reduced the susity by a factor of
ten, which produced a higher Reynolds number for an identical valwg bulk velocity.
For the more stable cases involving two-dimensional surface gednes, the ow eld
was marched through 200 time steps fde, 500 and 400 time steps foRe,  1000.
The time increment was xed producing a maximum Courant number (Buation 3.25)
of approximately 40. The temporal terms were discretised usingéhrst order accu-
rate Euler scheme in Equation (3.21). Each outer loop iteration coavged the velocity
and pressure elds to a relative tolerance of:0. Once the pressure values varied by
less than 1 10 °, and the three velocity components varied by 1 10 ° between
consecutive outer loops, the solver entered a nal outer loop, wdh converged the ve-
locity and pressure elds to tolerances of 1 10 ° and 1 10 !? respectively. The
pressure correction had an increased relaxation,(= 0:3) compared to that used for

the simpleFoam solver at low Reynolds numbers.

For the pseudo-transient approach, the more complex three-damsional pro les
required ner time steps and a greater accuracy in the temporaletm to maintain
stability. In these cases, the time increment was allowed to vary ateh time step to
ensure a maximum Courant number of 1. For the temporal termshé rst order accu-
rate Euler scheme was replaced by the second order accurate rig&licolson scheme
in Equation (3.24), with a weighting factor of ., = 0:9. The pimpleFoam solver was
modi ed to contain only one outer correction step, as in the fully trasient PISO algo-
rithm. Since these near-wall cells contained a maximum non-orthagality of up to 65
at the lower wall, two non-orthogonal correction steps were incled in each time step.

Furthermore, the nal tolerances for pressure and velocity werraised to 1 10 &,

The gradient terms for pressure and velocity were discretised ugia second-order
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central di erencing scheme (Equation 3.12). The convective velidg terms were dis-
cretised using the second order accurate linear upwind di erencirggheme (Equation
3.10), with interpolation derived from the velocity gradient. When tle maximum non-
orthogonality across all cells in the domain exceeded 53imiting was applied to the
gradient and Laplacian terms. The gradient was limited using a multi-dection cell-
centred scheme. In cases & = 0, for which the maximum non-orthogonality and
skewness did not exceed 5nd 0.8 respectively, limitless gradient terms and full
non-orthogonal correction were applied;; = 0 and , = 0. In cases ofk, 0, the
maximum non-orthogonality and skewness did not exceed 6&nd 1:3 respectively. In
such cases, limiting was applied to the gradient and Laplacian terms Wwitlimiting

factors of ; =0:5and ,=0:5.

5.4 Validation for Simple Geometries

54.1 Overview

Before the model could be applied to detailed geometric pro les, itxeuracy and lim-
itations were veri ed over simpler geometric surface pro les with g-known solutions.
This analysis was limited to test cases involving pressure driven ow @& laminar,
single phase uid. The accurate prediction of the Poisuille numbdRe,f , was assessed
for smooth wall channel ow (Figure 5.10a) and shallow, transveesgrooves of a simple
sinusoidal pro le (Figure 5.10b). The periodic hill in (Figure 5.10c) regesents a classic

benchmark scenario for assessing ow separation and reattackmb
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(a) Plane channel (b) Sinusoidal grooves
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Figure 5.10: Domain con gurations for three geometries with publishedokitions.

5.4.2 Smooth Channel

Firstly, the model was assessed for plain Poisuille ow with numericalokitions for
Re, = 100 with the steady-state approach andRe, = 1000 with the pseudo-transient
approach. The computational domain and mesh were identical to &h displayed in
Figure 5.8. Under the present de nition ofRe,, the theoretical prediction of the
Poisuille number is Renf )smooth = 6 (Mohammadi & Floryan 2013b). In both cases
(Re, = 100 and Re, = 1000), results for the split-hexahedral mesh produced identica
Poisuille numbers ofRe,f, = 5:98; or 9967% of its predicted value, with the error

evenly distributed between the upper and lower walls.

The error in the velocity eld was determined by comparison to the thoretical

velocity distribution for plane Poisuille ow (Equation 5.5) (Mohammadi & Floryan
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2013a).

3U,,
uy) = 55z 2w v* (5.5)

The wall-normal distribution of streamwise velocity was obtained atidcrete points
across the channel, which correspond to the distribution of cell mtees over the wall-
normal direction. At each wall-normal location, a single velocity valuevas obtained
from a spatial average of all cells along the streamwise direction asplanwise direction.
Figure 5.11 compares the streamwise velocity eld from the split-hekedral mesh with
the corresponding approximation from the theoretical solution in uation (5.5) for a

ow of Re, = 1000.

U=Uay
2 m—
Split-hexahedral mesh
Approximate solution o
1.5 + |
1} |
05 + |
0 | | |
0 0:5 15 2

y=h

Figure 5.11: Streamwise velocity pro le across the smooth wall channel.

Within all but the coarsest region f < 0:29 andy > 0:71), the error varied between
0:3% and 0:5% of the local velocity value at each point. The highest errors of0:7%
occurred around the centre of the channel (B9<y < 0:71), where the cell resolution
was at its lowest. The distribution of error between the numericaldution and Equation
5.5 showed negligible change between the steady-state solutionR&, = 100 and the

pseudo-transient solution forRe, = 1000.
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5.4.3 Sinusoidal Grooves

Mohammadi & Floryan (2013b) produced solutions for shallow, sinoglal grooves
which were oriented transverse to the ow direction, with a pro le ¢ ned in Equation
(5.6).

k
9 cos 2 X 1

> ) ; (5.6)

y:

From their results, a groove was selected based upon the greatdspth (kq =
0:05h), and a wavelength that lies close to that of the natural sand rippl@ro les in
the present analysis (x = 0:62&). The ow domain and automatically generated

mesh for the current simulation are displayed in Figure 5.12

(a) Full channel

(b) Lower wall

Figure 5.12: Split-hexahedral mesh in a channel containing a lower walfltbe refer-
ence sinusoidal grooves.

Mohammadi & Floryan (2013b) evaluated the Poisuille number using ghcentreline
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velocity of a reference smooth channel as the the velocity scales @pposed to the
bulk velocity U,,. Here, their ndings are reported in terms ofRe,f by assuming a
relation of umax = 2U,,=3 (Mohammadi & Floryan 2013a) for plane Poisuille ow. At
Re, = 666:6, a groove with a depth ofk, = 0:08 and a wavelength of , = 0:31L,
produced a total Poisuille number ofRe,f 6:075. This amounts to a +0075 drag
increase compared to the smooth wall value of the numerical domgiRe,f = 6). For
the current numerical domain, identical sinusoidal grooves prodad a total Poisuille
number equivalent to a +Q077 increase, compared with the reference plane channel
ow of Re,f = 5:98. This amounts to a 27% error in the total drag increase. For
comparison, Mohammadi & Floryan (2013b) accepted a 10% error the predicted
drag increase when utilising their spectral code, in order to redutke detail of their
geometric surface in Fourier space, and reduce economic cost. iirly, an error in the
region of 27% in the present analysis is considered to be tolerable given the sigrant

reduction in the pre-processing time with the current meshing predure.

Figure 5.13 compares the distribution of normalised shear stresseoihe groove
pro le for the current simulation and the solution of Mohammadi & Flayan (2013b).
The normalised wall shear stress produced by the split-hexahetighows a strong
correlation with Mohammadi & Floryan (2013b) throughout the traugh. The reduced
cell quality along the lee-side produces local distortions in the sheatress pro le.
However, these distortions are small compared to the local magmite of the shear
stress, and hence, has a negligible impact on the overall trend ofetlshear stress
distribution. Furthermore, the split-hexahedral mesh producea mild under prediction
of the normalised wall shear stress at the crest. This would suggéisat the error
observed in the value of the total Poiseuille numbeRe,f , results from errors in either

the interaction of the pressure eld with the lower wall, or the viscos stresses on the
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upper wall. Con rmation of this assumption would require a method o$eparating out
the ow resistance into the pressure interaction and pressurerfa drag components,

as de ned and reported in Mohammadi & Floryan (2013b)

Rep U (;V
7 .
Spl|t-hexahedral mesh
(Mohammadi & Floryan 2013b) o
6 Geometric prole - ]

Q o d
(¢)

Figure 5.13: Pro les of the normalised wall shear stress over the referes sinusoidal
grooves, compared with the reference solution of MohammadiFloryan (2013a).

5.4.4 Periodic Hill

The periodic hill solution is an established benchmark for separateidiernal ows with

streamwise periodicity, operating under steady and unsteady aditions. Breuer et al.
(2009) presented a detailed comparison of experimental and numal results for both
laminar and turbulent ows based upon this geometry. The geomegrfor the current
solutions is shown in Figure 5.10c. The hill has a depth &f, = 0:49L, and a length
of x = Ly =4:42,, whilst the hill crest is located at the pointsx = 0 and y = 0.

The mesh shown in Figure 5.14 contains a maximum non-orthogonality 8.4 and a

maximum skewness of 0.713.

Breuer et al. (2009) de ned the Reynolds number based upon the groove degkl,
and the mean bulk velocityU,,, at the narrowest point of the channel. In the present

analysis, the velocity was speci ed as a bulk velocity which was averd)throughout
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Figure 5.14: Split-hexahedral mesh in a channel containing the periodidl geometry
of Breuer et al. (2009).

the streamwise direction. The resulting Reynolds number, as de deby Breuer et al.
(2009), wasRe = 100:7 in the present case, compared with an ideal value &e =
100 given in the benchmark solution. Under these conditions, the woremained in
the laminar regime with steady-state behaviour. The streamwise diution of the

normalised wall shear stress along the periodic hill is displayed in Figusel5.

Breuer et al. (2009) did not produce a full shear stress pro le for the presemion-
guration. However, Breuer et al. (2009) stated that the ow separated from the
surface at a location ofx=L, = 0:05 and reattached to the surface at a location of
x=Lyx = 0:859. These points have been marked on Figure 5.15b, where theypldyg
strong agreement with the separation and reattachment of theow solution produced
by the split-hexahedral mesh in the current simulation. The normalexd wall shear
stress pro le in Figure 5.15b intersects the limit of ow separation ((=U,, = 0) at
locations ofx=L, = 0:051 andx=L, = 0:861. Therefore, the separation point and the
reattachment point from the split-hexahedral mesh vary from th solution of Breuer
et al. (2009) by an upstream shift of distances equal to:@% ofL, and 0:21% ofL

respectively.
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(@) Full prole
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Figure 5.15: Pro les of the normalised wall shear stress over the periadhill geom-
etry, compared with the reference solution of Breueet al. (2009).

5.5 Near-Wall Resolution for Sand Ripple Pro les

The computational setup was assessed using ripple pro les to detene its accuracy
and e ciency for the parametric study in Chapter 6. Firstly, the impact of the re ne-
ment level for the locally re ned near-wall cells was determined, uginsample surfaces
of two-dimensional and three-dimensional ripples. The solutionsrfa single sample

two-dimensional ripple pro le were compared for both the split-hexhedral mesh with
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local re nement, which was produced by the automated meshing @cedure, and a
hexahedral mesh with gradient re nement, which was built and me&h in the SA-
LOME Mech package. For all cases, the channel had dimensionsLgf = 6:18h and
L, = 2:06h, whilst the lower wall consisted of a ripple geometry with streamwisend

spanwise wavelengths of, = , =1:03.

5.5.1 Near-Wall Spatial Resolution

The in uence of the near-wall spatial resolution on the natural sad ripple pro les was
assessed for three sample cases of sand ripple proles. Thesesa®svered one two-
dimensional pro le at the highest Reynolds number which was consigel in Chapter 6
(Re, 1000), and two cases of a three-dimensional pro le, covering ewowards the
lower end Re, 50) and higher end Re,  500) of the laminar regime. For each
case, solutions were obtained for three di erent levels of near-lWvapatial resolution,
which were varied through local octree re nement. Table 5.2 displaythe layout of
each case con guration, along with the dimensions of the coarsestlls around the
centreline of the channel, and the surface orientation relative tdhé ow ' . Although
the reported value of maximum skewness is high, these cells remain ned to a small
portion of the textured wall. The nest resolution of the three-dinensional ripple
produced a maximum skewness ofd®5 in the domain, with 275% of the near-wall
cells possessing a skewness greater thah, @nd Q02% possessing a skewness greater
than 0:7. A similar resolution of the two-dimensional surface produced similaesults

with 3% of the cells possessing a skewness within the range &f &d Q58.

Table 5.3 provides the individual components of Poisuille number for ¢hvarying
level of mesh re nement in each validation case. The two-dimensidnigple case (LV1),

and the low Reynolds number, three-dimensional ripple case (LV3)isplayed a similar
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Table 5.2: Flow and geometry con gurations for three mesh indepdance validation
cases involving natural ripple pro les.

Case| Prole k k Rey, Xmax _Ymax _Zmax )

z h h h

g

LV1 | RN2 011 O 0 |1024.3|0.118 0.118 0.412
LV2 | RN1 015 05 0 | 516 0.118 0.118 0.118
LV3 | RN1 015 05 O | 5158 | 0.118 0.118 0.118

behaviour in the response to the near-wall re nement level. In bbtcases, re nement
of the near-wall mesh caused the pressure compondenf,, to fall with an equal
magnitude to that by which the lower wall viscous componenRe,f,, increased, such
that f, fy. The change in the total Poisuille number was negligible between
all levels of mesh re nement, with the maximum variation fj = 0:05% lying within

acceptable error limits.

Table 5.3: The total Poisuille and its individual components for the tedscases outlined
in Table 5.2

Case| Xmax= Xmin Renf, Renfyr Renfy, Repf
Lvl | 3 1.115 2.063 3.078 6.256
4 1.133 2.047 3.079 6.258
5 1.140 2.040 3.079 6.259
Lv2 | 3 0.461 2.696 3.071 6.228
4 0.483 2.676 3.072 6.231
5 0.494 2.663 3.072 6.229
Lv3 | 3 0.981 2.948 3.348 7.276
4 1.024 2978 3.373 7.375
5 1.043 2977 3.381 7.401

The mesh resolution exerted a greater in uence on all Poisuille compents for
a combination of high inertial e ects (Rey, 500) and a three-dimensional pro le.
In case LV3, the balance between the errors iRe,f, and Re,f, vanished. Firstly,
increasing the re nement level from 3 to 4 caused the overall vise® and pressure
contributions, Renf, and Reyf,, to rise on the order of 1% oRenf smoon . IN addition,
this re nement exerted a nearly identical in uence on the viscousrdg on the upper
and lower walls. A further increase in the near-wall re nement leveio 5 displayed

a negligible change in the lower wall viscous drag (0:03% of Re,fsmooth), Whilst
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the upper wall component continued to increase by more thanl®. The results in
Chapter 6 show that a three-dimensional surface variation in a laman ow containing
high inertial e ects (Re, 500) produces strong modi cations in the ow eld away
from the wall, including beyond the channel centreline. This behavious absent for all
other con gurations in Chapter 6, which contain either two-dimen®nal ripples or low
Reynolds number laminar ows, and may account for the enhancededendence of the
ow resistance on the upper wall and the near-wall spatial resolign. At a re nement
level of 4, the pressure drag was found to provide the greatesintribution to the error,

with additional re nement producing an increase inRenf, of more than 03%.

5.5.2 Hexahedral Comparison

The results for a sample split-hexahedral mesh were compared to @ternative hexa-
hedral mesh, for a sample two-dimensional ripple pro le. The lowerall consisted of
the two-dimensional pro le RN1 (k, = 0), at a depth of k; = 0:15 and an orientation

of " =0 , as depicted in Figure 5.9a. Two solutions were produced for eachsige

corresponding to ows ofRe, 50 andRe, 500.

Figure 5.16 displays the layout of the split-hexahedral mesh and thHeexahedral
mesh in the near-wall region. The hexahedral mesh contained ideai values of z
at each layer of mesh re nement, and identical values of y for all layers, except
that adjacent to the lower wall. In this region, y was graded in the wall-normal
direction and varied across the ripple pro le to aid in wall conformity. In this region,
the maximum value of y was equal to Yy, for the split-hexahedral mesh. The
hexahedral mesh contained a constant value ofx =  Xni, throughout the domain.
The split-hexahedral mesh contained over 1.633 million cells with a maximm skewness

of 0:715 and a maximum non-orthogonality of 5@ near to the wall. The hexahedral
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mesh contained a over 8.66 million cells with a maximum skewness 0532 and a
maximum non-orthogonality of 424 near to the wall. Applying a hexahedral mesh
reduced the streamwise width of cells within the channel centre by factor of 16.
Whilst the pseudo-transient time step was reduced to compensatie total physical
time required for convergence remained unchanged. The simultans increase in the
total cell count and the required number of time increments raisethe total CPU run

time by a factor of 14.

(a) Split-hexahedral (b) Hexahedral

Figure 5.16: Near-wall cells in the split-hexahedral mesh and hexahédraesh for a
two-dimensional sand ripple pro le.

Table 5.4 displays the components of Poisuille number for the four comations of
mesh type and Reynolds number. For both values &e;,, the mesh type had a minimal
e ect on the ow resistance on the upper wall, with a di erence in themagnitude of

Renf,, = 0:001. This result indicates that, for the current range of two-dimesional
pro les, the coarsening of the streamwise resolution of the cells #te centre of the
channel does not hinder the transfer of pressure or velocity vations (induced by the
lower wall) to the high resolution at the upper wall. This behaviour may b expected,
where Saheet al. (2015) observed that the in uence of sinusoidal grooves, with silar

dimensions to the current pro les, was con ned to the near-wallegion of laminar ow.

For both the steady-state solution and the pseudo-transient kdion, the absolute

variation in Renf,, was equal to the absolute variation inRenf,;, between the split-
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Table 5.4: Poisuille number for the steady-state and pseudo-traast solutions of a
split-hexahedral mesh and a hexahedral mesh over a two-dimemsibsand ripple pro-
le.

Case Re, Renfp, Renfyi Renfyz | Repf

hexahedral 51.6 | 0.673 2.489 3.074| 6.236
515.8| 1.205 2.015 3.102] 6.322

split-hexahedral 51.6 | 0.632 2.530 3.074| 6.236
515.8| 1.173 2.047 3.103]| 6.323

hexahedral mesh and the hexahedral mesh. Relative to the solutjdhe most signif-
icant error occurs when transitioning from a hexahedral mesh tté split-hexahedral
mesh in a ow of Re, = 51:6, for which the value ofRe,f,; shifts by 8:2% of the
viscous drag reduction on the lower wall. In context, even the largeshift in any
component ofRe,f (i.e. 82%) remains within the 10% accuracy range which was
identi ed by Mohammadi & Floryan (2013a) for shallow, misaligned groves, when
employing a minimal resolution of the surface geometry. In the prest analysis, both
simulations were computed in parallel over 22 cores using a 2.20 GHielriKeon CPU
combined with 125Gb RAM memory capacity. With this con guration, the error asso-
ciated with the split-hexahedral cells in the near-wall region, and lat mesh re nement
throughout the bulk of the ow domain, is accompanied by a reductio of 93% in the

required CPU time.

Figure 5.17 and Figure 5.18 compare the distribution of the normalisqaressure
and normalised wall shear stress along the ripple pro le for the splitexahedral and
the hexahedral mesh at two values oRe,. The locally distorted cells on the split-
hexahedral boundary display localised spikes and spatial uctuatis, when compared
to the smooth distribution of the hexahedral boundary. Howeverthese local errors
are most signi cant in the pressure eld, and become masked by tharge, undistorted

pressure gradients at higher Reynolds numbers B, = 515:8.
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(a) Shear stress:Re, =51:6

%
Uay

Split-hexahédral mesh

8 - Hexahedral mesh o E
0= Uazv =U -

Geometric pro le

(b) Pressure: Re, =51:6
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Figure 5.17: Comparison of the distribution of the normalised wall sheatress and
pressure over a sand ripple pro le using a split-hexahedmlesh and a hexahedral mesh
(Re, =51:6).
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(a) Shear stress:Re, = 515:8
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(b) Pressure: Re, =515:8
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Figure 5.18: Comparison of the distribution of the normalised wall sheatress and
pressure over a sand ripple pro le using a split-hexahedmlesh and a hexahedral mesh
(Ren =515:8).
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5.6 Summary

The applied numerical approach is highly adaptable for di erent sudce geometries.
Both walls of the channel can comply with an arbitrary two-dimensioal or three-
dimensional periodic pattern, and this mesh is generated automaaity. Given the
instability issues arising from the union of spanwise motion and spanwigeriodic
boundaries, further development and testing will be required to @and its applicability
to oblique surface alignments. The model was validated against exigt numerical and
theoretical solutions of plane Poisuille ow, shallow grooves and oweparation over
large-scale periodic hills. However, the initial validation in Section 5.4 wtd bene t
from a more direct experimental validation utilising surface pro les ba similar detail

to those presented here

The spatial resolution along all three axis vectors was varied acsothe domain
using local octree re nement to produce a split-hexahedral mesfihis is opposed to a
hexahedral mesh which contains consistent spanwise and streasaspacings through-
out the bulk of the channel. For a simple two-dimensional ripple pro leapplying a
split-hexahedral mesh produced signi cant savings in resourcesgith reductions in the
total cell count and the overall CPU time by 80% and 93% respectiye For this ef-
ciency, the split-hexahedral mesh produced errors in the visceuand pressure drag
components of up to 8% of the viscous drag reduction increase, relative to the solu-
tion obtained using the hexahedral mesh. However, the balancetWween pressure and

wall shear stress was such that the change to ow resistance wasgligible.



CHAPTERD

Natural Sand Ripples in Poisuille Flow

6.1 Introduction

The following investigation comprises a detailed parametric study inlang transverse
grooves in Poisuille ow along an in nite channel, as outlined in Chapter 5 The
parametric study covers a range of ows at varying Reynolds nunglos in the laminar
regime. Two-dimensional and Three-dimensional pro les of natultg occurring sand
ripples are investigated for varying values of groove depth, spaise spatial variation
and surface orientation. The individual impacts and interactions dhese control factors
are assessed to determine their in uence on the ow resistancéesr stress distribution

along the groove and the velocity ow eld.
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6.2 Parametric Con guration

The ow domain contains a single phase uid ow which is incompressiblelaminar
and fully developed. The upper wall of the channel is a smooth, plangurface at the
pointy = L. The lower wall consists of a non-planar surface with its crests Ided at
the point y = 0. The computational domain has a streamwise length df, = 3:084_,,
and a spanwise length of., = 1:029.,. The domain contains six periodic grooves
in the streamwise direction L, = 6 ), and, in the case of spanwise variation, two
wavelengths of the spanwise geometric pro leLg =2 ;). The setup of this domain is

explained and discussed in Section 5.3, and is illustrated in Figure 5.6 aRdure 5.7.

This study considers three geometric pro les for the two-dimensial groove pro le;
two pro les developed from reverse engineering naturally occurgnsand ripples (de-
noted RN1 and RN2), and one pro le of a simple sinusoid (denoted RSJhe pro le
RS, shown in Figure 6.1e, serves as a reference case, repreemtaf a commonly
used geometric pro le, by which to assess the in uence of the hightjetailed geomet-
ric features present in the asymmetric sand ripple proles. The pri@ RS has been
modi ed by adding a at crest between adjacent sinusoidal curvet ensure similarity
with pro les RN1 and RN2, and to allow for a direct comparison of the armalised

ripple depth k, = kg= 4, between surfaces.

For each individual case which contains an asymmetric groove pro ge. RN1
and RN2) two solutions are produced, corresponding to two di erg values of surface
orientation; ' =0 and' =180 . When the surface is oriented at =0 to the ow
direction the steepest slope of the ripple forms the lee-side, aswhoin Figure 6.1a
and Figure 6.1c, whilst the shallower slope forms the stoss-side. Tlmssthe typical

orientation of naturally occurring spanwise bedforms. An orient&n of ' =180 , as
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(@) RN1, k,=0:15"' =0

(b) RN1, kg =0:15 " =180

(c) RN2, kg =0:15 ' =0

(d) RN2, ky=0:15" =180

(e) RS, ky=0:15"' =0

Figure 6.1: Orientation of the two-dimensional grooves, visualised lilie near-wall
mesh distribution.
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shown in Figure 6.1b and Figure 6.1d, sees the placement of these sfopeversed, in
direct contrast to the typical ripple formation. The normalised defth of the streamwise
prole ky = kg= 4, varies over three discrete values of:@75 (denoted KG1), 011
(denoted KG2) and 015 (denoted KG3). The depths of KG2 and KG3 correspond to
the scales of the naturally occurring sand ripples which formed thegles of RN 2
and RN 1 respectively. The shallowest depth of KG1 was selected to lie belohet
generally stated limit for the onset of vortex ripples K, > 0:1) (Vittori & Blondeaux

1990; Blondeauxet al. 2015).

The control factor for ow strength covers xed values of the atio between the bulk
ow velocity and the kinematic viscosity; U,,= . For clarity, these values are converted
into the Reynolds numbers by multiplying this factor by the e ective ©iannel half-
height h. The value ofh will vary depending the average depttk,,, for a given pro le
shape and depth. In some cases, the e ective channel height wi# beduced due to the
“lifting’ of the ow away from the grooves (Mohammadi & Floryan 20Bb). Considering
all cases presented in Tables 6.1 and 6.2 for a given valuelgf= , the value of Re,
between di erent surface pro les varies within 1% about the mean value. When
referring to multiple cases of xed ow strength (i.e. xed U, =), the value of Re,
is stated as an order of magnitude. The precise valuesR&, for each case are given
in Table 6.1 and Table 6.2. The four di erent ows, de ned by the valueof Reynolds
number, correspond to two ows which lie fully within the laminar regime ow F1
(Rey 50) and ow F2 (Re, 100), one ow lying around the boundary of the
laminar and transitional regimes; ow F3 Re, 500) and one ow lying far into the

transitional regime; ow F4 (Re, 1000).

Table 6.1 displays the full range of cases for two-dimensional gresvin Poisuille

ow. A two-dimensional surface geometry is denoted by the settthKZ 0. For the
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two-dimensional natural ripple pro les, the parametric investigaion covers 24 di erent
con gurations (cases) oRey, k, and pro le shape. Two solutions are produced for each
case involving an asymmetric surface pro le; with di erent ow diredions parallel to
the streamwise direction. For comparison, an additional 12 case® anvestigated using

a symmetric sinusoidal pro le.

The second stage involves surface textures with a spanwise sogfaariation. The
two-dimensional groove pro le is extruded along a sinusoidal pro |eas de ned in
Equation (5.1) in Section 5.2, oriented on the streamwise-spanwiskpe. This pro le
has an amplitude of @®k,, a full depth k,, and a wavelength ,. In the present analysis,

the spanwise wavelength is equal to the wavelength of the streame/groove (, = ).

Surfaces with a three-dimensional spatial variation give rise to andrease in the
total cell count by a factor of three, and present an additional antrol factor for in-
vestigation; k,. To o set the increased computational demand, this stages limitshe
number of possible settings for each control factor to two. The &ynolds number is
varied between two magnitudes oRe, 50 (i.e. ow F1) and Re, 500 (i.e. ow
F3). The relative groove depth is varied betweek, = 0:075 (i.e. KG1) andk, = 0:15
(i,e. KG3), whilst the amplitude of the spanwise pro le is varied betwee two dis-
crete non-zero values, which correspond tg = 0:25 (denoted by KG1) andk, = 0:5
(denoted by KG2). The surface pro les are a single asymmetric rifg pro le RN1,
and the reference sinusoidal pro le RS. As before, each case Imimg an axisymmet-
ric ripple pro le produces solutions for two di erent surface orienations of ' = 0
and' = 180 . Table 6.2 displays the con gurations for all cases involving surfasef

three-dimensional grooves.

The mesh decompositions and solver con gurations for the respiee two-dimensional

and three-dimensional surfaces are identical to those describdSection 5.5.1. As
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Table 6.1: Con guration of the control factors for investigating wo-dimensional surface
pro les.

Case Prole k

RN1-KG1-KZ0-F1 | RN1 0.075 O 50.8 0& 180

RN1-KG1-KZ0-F2 101.6 0O & 180
RN1-KG1-KZ0-F3 507.8 0 & 180
RN1-KG1-KZ0-F4 1015.6 0 & 180

RN1-KG2-KZ0-F1 | RN1 0.110 O 51.2 0& 180

RN1-KG2-KZ0-F2 102.3 0 & 180
RN1-KG2-KZ0-F3 5115 0 & 180
RN1-KG2-KZ0-F4 1023.0 0 & 180

RN1-KG3-KZ0-F1 | RN1 0.150 O 51.6 0& 180

RN1-KG3-KZ0-F2 103.2 0 & 180
RN1-KG3-KZ0-F3 515.8 0 & 180
RN1-KG3-KZ0-F4 10315 0 & 180

RN2-KG1-KZ0-F1 | RN2 0.075 O 50.8 0& 180

RN2-KG1-KZ0-F2 101.7 0 & 180
RN2-KG1-KZ0-F3 508.4 0 & 180
RN2-KG1-KZ0-F4 1016.9 0 & 180

RN2-KG2-KZ0-F1 | RN2 0.110 O 51.2 0& 180

RN2-KG2-KZ0-F2 1025 0 & 180
RN2-KG2-KZ0-F3 5125 0 & 180
RN2-KG2-KZ0-F4 1024.9 0 & 180

RN2-KG3-KZ0-F1 | RN2 0.150 O 51.7 0& 180

RN2-KG3-KZ0-F2 1034 0 & 180

RN2-KG3-KZ0-F3 517.1 0 & 180

RN2-KG3-KZ0-F4 1034.1 0 & 180

RS-KG1-KZ0-F1 RS 0.075 O 50.7 0
RS-KG1-KZ0-F2 101.5 0
RS-KG1-KZ0-F3 507.3 0
RS-KG1-KZ0-F4 1014.6 0
RS-KG2-KZ0-F1 RS 0.110 O 51.1 0
RS-KG2-KZ0-F2 102.2 0
RS-KG2-KZ0-F3 510.8 0
RS-KG2-KZ0-F4 1021.6 0
RS-KG3-KZ0-F1 RS 0.150 O 51.5 0
RS-KG3-KZ0-F2 103.0 0
RS-KG3-KZ0-F3 514.8 0
RS-KG3-KZ0-F4 1029.6 0
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Table 6.2: Con guration of the control factors for investigating hree-dimensional sur-
face pro les.

Case Prole Kk k, Ren '

RN1-KG1-KZ1-F1 | RN1 0.075 0.25 50.8 0& 180
RN1-KG1-KZ1-F3 507.8 0 & 180

RN1-KG1-KZ2-F1 | RN1 0.075 050 50.8 0& 180
RN1-KG1-KZ2-F3 507.8 0 & 180

RN1-KG3-KZ1-F1 | RN1 0.150 0.25 51.6 0& 180
RN1-KG3-KZ1-F3 515.8 0 & 180

RN1-KG3-KZ2-F1 | RN1 0.150 050 51.6 0& 180

RN1-KG3-KZ2-F3 515.8 0 & 180
RS-KG1-KZ1-F1 RS 0.075 0.25 50.7 0
RS-KG1-KZ1-F3 507.3 0
RS-KG1-KZ2-F1 RS 0.075 05 50.7 0
RS-KG1-KZ2-F3 507.3 0
RS-KG3-KZ1-F1 RS 0.150 0.25 515 0
RS-KG3-KZ1-F3 514.8 0
RS-KG3-KZ2-F1 RS 0.150 0.5 51.5 0
RS-KG3-KZ2-F3 514.8 0

such, cases dk, =0 and k, > 0 contain approximately 2 1 cells and 6 1 cells
respectively. All cases with a Reynolds number dke, 50 andRe, 100 utilise
the steady-state simpleFoam solver. These particular cases wemsnputed in parallel
across 9 computational cores, with the domain decomposed alotng tstreamwise di-
rection. All remaining cases utilise a psuedo-transient setup of tisoFoam solver.
These psuedo-transient cases were computed in parallel acrddp@cessing cores, with
the domain decomposed once in the wall-normal direction, and 11 tim the stream-
wise direction. Convergence of the steady-state solver requir8800 iteration steps
for k, = 0, and 5000 iteration steps fork, > 0. Convergence of the psuedo-transient
solver required a time period ot  43th=U,, for Re, 500 andt 21%h=U,, for
Re, 1000. The precision of the time-step varied depending on the comptg of the

ow eld. For k, =0, the time-step was xed to produce a maximum Courant number
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(Equation 3.25) of approximately 40. The PIMPLE algorithm maintainel stability
by performing multiple SIMPLE iterations during each time-step. Fork, > O, the
time-step was allowed to vary so that the maximum Courant number as restricted
to 1, whilst the number of SIMPLE iterations in each time-step was limiéd to 1. The
results presented here are taken from the instantaneous owleat the nal time-step.
The full set of results for the ow resistance and shear stress tidution for each case

is presented in Appendix C and Appendix D.

6.3 Two-Dimensional Ripples

6.3.1 Poisuille Number

Figure 6.2 displays values of the pressure contributiof,=f (Figure 6.2b), viscous
component of Poiseuille numbeRe,f, (Figure 6.2c), and the total Poisuille number
Renf (Figure 6.2d), for discrete values of Reynolds number. Only the ndss for an
orientation of ' =180 are shown for surfaces RN1 and RN2, as the small in uence of

" =(0 ;180) would not be clearly observable from these graphs, as will be dissed.

Figure 6.2a displays the balance between the pressure compondrPaisuille num-
ber and the combined viscous component. The lirfRe,f, = 5:98 Re,f, represents
the point at which the viscous drag through a channel falls by an egumagnitude
to the additional drag which arises from the interaction of presserwith the textured
wall. In all cases, the viscous component of the Poiseuille number wasver than
that for the reference smooth channeRe,f, < 5:98, with a maximum reduction of up
to 18:7% for the natural ripple proles and up to 157% for the reference sinusoidal

groove. The variation of pressure along the lower wall gave rise tioet inevitable "pres-
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Figure 6.2. Properties of

outlined in Table 6.1.

Ren

ow resistance for the two-dimensional surfa pro le cases
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sure interaction' drag. For all cases in Table 6.1, the results showadt the additional
pressure drag exceeds the reduction in viscous drag, resulting maverall increase in
the total ow resistance. At a xed Reynolds number, the relatiorship betweenRe,f,
and Renf, generally follows a linear trend for which the shift of best-t lines aass

di erent values of Re, is signi cantly greater than the scatter about each line.

The 24 cases (48 solutions) involving two-dimensional surfaces ob ke RN1 and
RN2 (Table 6.1), are analysed using an Analysis of Variance approaichquantify the
impact of four control factors on the analysis of variance appreoh. Since this analysis
include the factor' it excludes cases which contain the symmetrical pro le &®S. For a
xed pro le shape and groove depth, the total Poisuille number rise non-linearly with
Reynolds number, such that the e ect ofRe, diminishes as the ow moves from the
lower laminar regime to the theoretical limit of laminar-turbulent transition. Whilst
varying the value of ripple depth does not alter the general form dhe Re, Re,f
curve, raising the ripple depth produces two signi cant e ects. Fistly, it increases the
Poisuille number, as represented by an upwards shift in the curvee®@®ndly it ampli es
the dependence that the Poisuille number has on the Reynolds numpas represented
by a positive scaling of the curve. Comparing the variances con rimes non-negligible
interaction between the ripple depth and Reynolds number, which acunts for 12%
of the variation in the Poisuille number across all cases of natural pge pro les. The
Poisuille number is in uenced overwhelmingly by the ripple depth, which @ounts for

835% of the variation, compared with 113% for the Reynolds number.

Figure 6.2b shows that the relations for the pressure contributioratio are similar
those observed for the total Poisuille number. However, the upwas shift and scaling
with ripple depth is smaller in relation to the gradient across the rangef Reynolds

numbers investigated. The variance statistics con rm that the inuence of ripple depth
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and Reynolds number are more balanced, with these parametersaanting for 507%
and 447% of the variation respectively. The interaction between thesedtors becomes
more signi cant; accounting for 29% of the variation. This additional e ect presents
a positive shift in f ,=f ask, increases at higher Reynolds numbers, whilst the reverse
occurs forRe, . 100. At the highest depth and Reynolds number, the pressure ¢on
bution ratio accounted for less than 20% of the total drag over sisoidal grooves, and
25% of the total drag over the natural ripple pro le RN2. Compardghese observations
to the sinusoidal grooves of Sahet al. (2015), which displayed a pressure contribution
ratio of over 55% for an equivalent Reynolds number &e, 750 and a groove depth
of k, = 0:152. In that analysis, sinusoidal grooves covered the full circuenénce of a
circular pipe, whereas in the present analysis the grooves lie on oralwef an in nite
channel. Limiting the pressure ratio to consider the pressure draand total drag on
the lower wall only; f ,3=(f 1 + fp1), suggests an equivalent pressure contribution ratio
of f,=fy1 within the range of 32% and 40%, based upon the Reynolds number of

Re, =514:8 and Re, = 1029:6, for simple sinusoidal grooves dfg =0:15.

For a given combination ofk; and Rey, the prole RN1 produced a larger value
of Re,f, over the lower wall than RN2 in spite of its smaller surface area. Sulist-
ing RN1 for the simple sinusoidal groove raises the lower viscous cament further.
Furthermore, the change inRe,f, between pro les RN1 and RS was smaller than that
between pro les RN2 and RN1, despite the larger reduction in surfa area. The orien-
tation of the ripple pro le ' , exerted the weakest in uence on the total ow resistance.
Varying ' between two discrete limits of 0 and 180 accounted for less than ©2% of
the total variation in ow resistance. This is the case whether cofidering either the
total Poisuille number, or comparing each of its decomposed commoits individually.

Assuming that the in uence of' is non-negligible, and primarily attributable to nu-
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merical error, the present results indicate that a reversed oritgtion * =180 produces
a small reduction in both the total Poisuille number and the pressureontribution ra-
tio. The singular prole RN2 was found to be most sensitive td , with maximum
reductions of Re,f = 8 10 %and ( f,=f)= 0:8%, which were observed for the
largest depth and highest Reynolds number. Such behaviour wouldreelate with past
ndings for the large-scale asymmetric grooves of Osorio-NesmeD&lgado (2017) and
the shallow, asymmetric dimples of Tayet al. (2017). By shifting the surface orienta-
tion from ' =180 to' =0 , the former case observed a 2% reduction in ow rate
for steady-state laminar ow, whilst the latter case observed a 6%rag reduction for
channel ow at the lower end of the turbulent regime. The negligible imence of ' in
the present analysis may result from the combinations of small ripp#imensions and

the laminar ow conditions.

In the present analysis, the value of is restricted to cases where the ripples are
perpendicular to the ow. If the de nition of ripple orientation is expanded to a greater
number of values spanning the range & '< 180 then its in uence may be expected
to grow. In the case of shallow sinusoidal grooves, Mohammadi & Ffan (2013b)
observed that the Poiseuille number could fall by almost 60% from a xiaaum over
transverse grooves'( = 0 ) to a minimum over longitudinal grooves { = 90 ). In
theory, the pressure contribution will reduce to zero wheh = 90 , for which there is

no streamwise variation along the lower wall.

6.3.2 Local Wall Shear Stress

Figure 6.3 displays the normalised streamwise shear stress; a pradaf Reynolds
number and the local friction factor, along a sinusoidal groove &e, = 50, Re,

100,Re, 500 andRe, 1000. The pro les display two phenomenon commonly
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observed in sinusoidal grooves. Firstly, the streamwise shearests distribution within

the groove takes the form of a parabolic curve that lies out of phasvith the geometric
pro le. Secondly, the reduction in shear stress throughout thergove is matched by a
rise in the shear stress near the crests. Although the maximum andnimum values of
Ren( 0= U2,) grow along with the groove depth, the enhanced resistance atettrests
cannot overcome lower resistance over the larger area of theugh. Hence, the overall
viscous ow resistance falls, as shown in Figure 6.2. In the presemadysis, where the
crest is not con ned to a single point, the maximum oRe,( (= U2,) moves from the
stoss-side to the point where the stoss-side meets the at credidere, the maximum
forms a single spike just downstream of the stoss-side, which th&alls to a plateau
over the remainder of the crest. The pressure minimum lies at the waostream edge of

the crest, whilst the pressure maximum forms around the midpointfahe stoss-side.

For all cases ofRe, 50 and Re, 100 in Figure 6.3, the local shear stress
remains positive along the surface for all values &f, which includes maximum lee-
side angles of up to 22 . When the maximum lee-side angle is 1B (k, = 0:11),
and the surface lies in a ow ofRe, 500, the shear stress approaches the limit
of separation; Rey( o=U2,) = 0, towards the minimum of the trough but does not
achieve separation. As case RS-KG2-KZ0-F4 shows, whilst ow segtion is possible
for su ciently high inertial forces (Re, 1000), the point of separation does not occur
until the steepest point of the lee-side is reached, leaving a at, Hity asymmetric
vortex which is compressed by the shallow trough. For deeper gwes ofk, = 0:15, the
separation point moves above the midpoint of the lee-side, increagiboth the length
and depth of the free-shear region, and hence, increasing theathat is available to
the backwash. The length of the free-shear region and the stggh of the backwash

grow more substantially for an increasing groove depth, than thejo for an increasing
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(@) RS, k, =0,Re;, 50,' =0 (b) RS, k, =0, Rey 100 ' =0
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Figure 6.3:  Distribution of the normalised streamwise shear stress avéwo-
dimensional sinusoidal pro les for ows of Re, 50, Rey, 100, Re, 500 and
Re, 1000

Reynolds number.

Now consider the e ects of imposing a naturally occurring asymmetronto a simple
sinusoidal groove. Figure 6.4 displays the distribution of the normaéid shear stress
over the lower wall for two-dimensional geometries of natural sdrripple prole RN1
and RN2 in a ow of Re, 500. As in Figure 6.3, this distribution is assessed against

two key values. The rst value corresponds to the shear stresyvey the reference
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smooth wall; Rey( o=U2,) = 2:99. The second value corresponds to the limit of
ow separation and ow reversal; Re,( = UZ) = 0. For generalised sand ripples
forming under laminar ow conditions, the limits for vortex ripple formation, i.e. ow
separation, is determined by the critical depth ok, = 0:1 (Vittori & Blondeaux 1990;
Blondeauxet al. 2015). This value was determined as the point at which a weakly non-
linear analysis for combined oscillating and steady bulk ow becomes stable. For
asymmetric ripples comprised of at planar section, Lefebvret al. (2016) identi ed a
slip face angle of 18% as the critical limit of ow separation in unidirectioal turbulent
ow. The present results indicate that the the critical limit of k, for the onset of ow
separation over rigid ripple pro le is heavily in uenced by two additiond factors; the
Reynolds number and the geometric features of the lee-side. Altigh, for pro les
which go beyond simple geometric pro les, a critical limit ok fails to represent a key

property of the surface pro le; the steepness of the lee-side.

When considering a combination oRe,, k; and the maximum face angle, Fig-
ure 6.5a displays the rst requirements for the development of ade-shear region.
The pro le of RN2 at the deepest depth with its natural orientationof ' =0 is the
only surface to produce ow separation without approaching the lints of the laminar
regime Re, . 100). For its maximum depth ofk, = 0:15, the slip face angle becomes
422 . The length of the resulting free-shear region is small, within which arsll span-
wise vortex remains pinned between the lee-side and the upstreawmrjon of the at
trough, indicating that for a ow of Re, 100, a slip face angle of 42 lies not far
above the critical limit of ow separation. Based purely upon the maxnum lee-side
angle, a critical limit of 40 would correlate with that observed for sinusoidal grooves
in a purely viscous stokes ow (Niavarani & Priezjev 2009). As forhte prole RN1,

sinusoidal grooves themselves have a single localised point at whick tbe-side slope
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(@) RN1, k, =0, Rey 500, ' =0 (b) RN2, k, =0, Re, 500 ' =0
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Figure 6.4: Distribution of the normalised streamwise shear stress avéwo-
dimensional sand ripple pro les for a ow ofRe, 500

reaches an angle of 40. Separation does not occur for the prole oRN 1 under
identical conditions, for which the maximum steepness on the natairlee-side reaches
432 . Reducing the angle of the slip face in RN2 to 24 (k, = 0:075) raises the
required Reynolds number for ow separation by a factor greateghan 5. Whilst shear
layers remain attached throughout the groove aRe, 500, byRe, 1000 a large

spanwise vortex covers the majority of the at trough.
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(a) Case RN2-KG3-KZ0-F2,' =0

(b) Case RN1-KG3-KZO-F4,' =0

(c) Case RN1-KG3-KZ0-F4,' =180

Figure 6.5: A visualisation of ow trajectory (black lines), and normalsed pressure
eld for three cases in Table 6.1.
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When the lee-side consists of multiple curves/faces, a single valuetttg maximum
slope angle may be insu cient for even a general indication of ow sepation. In
pro le RN1 the steepest point on the natural stoss-side is locateat the highest point
of inection (y = 0:25;). When the natural stoss-side is placed to form the lee-
side ( = 180 ), the ow remains attached to the the upper segment in any casef o
Re, 500, for which it separates below the plane gf = 0:5kg. This is in spite of
the reverse case promoting ow separation with a smaller angle of 3%, = 0:11) at a
similar magnitude ofRe,. When the con guration of the former surface does promote
ow separation, by raising the Reynolds number toRe, 1000, it produces a pair
of co-rotating vortices, as shown in Figure 6.5¢, which form two disict separation
regions, as opposed to the single vortex which is present when theface orientation
is reversed, as shown in Figure 6.5c. At the connecting point the ofarie y reattaches
to lee-side prior to the second free-shear region. As the ow théies adjacent to the
lee-side approaches the second point of in ection gt = 0:5kg, it goes through a
period in which the rate of acceleration/deceleration reduces, loeé rising again. This

behaviour leads to a third localised spike in the shear stress.

For combinations of su ciently deep, asymmetrical grooves combed with Reynolds
numbers in the range oRe, & 500, the direction of the ow plays a signi cant role
in promoting or delaying the onset of ow separation from the lee-se&d This in turn
signi cantly impacts the length of the free-shear region and the stngth of the back-
wash from the spanwise vortex. However, in no case did a revershthe ow direction
produce a non-negligible change to either the ratio of the pressurentribution, or the
individual components of Poisuille number. As Figure 6.4 shows, evermen alternat-
ing the ow orientation determines the existence of a free-sheaggion, the solution for

= 180 already produces a strong reduction in shear stress throughotlite groove
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and lies close to the limit of separation aRe,( o= U2,) = 0. Hence, the negative shear
stress from the backwash only produces a marginal improvementthin the trough.
Furthermore, this reduction in shear stress in the trough is couatacted by higher
shear stress at the crests, and particularly during the initial veloty spike. For simple
sinusoidal grooves, Sahat al. (2015) observed that ow separation over the majority
of the groove, and the formation of large spanwise vortices, aretmecessary for the
pressure drag to match the viscous drag on a corrugated sumiacThis observation
existed in the context of comparing the ow eld within grooves for \arying values of
depth and Reynolds number. In the present analysis, this phenonan is con rmed
when the geometries of the lee-side and stoss-side are altered whkigeping both the

centre of area and the total surface area constant.

6.4 Three-Dimensional Ripples

6.4.1 Poisuille Number

Figure 6.6 compares results for natural sand ripple surfaces farying magnitudes of
spanwise variationk,. For all cases for which the ow lies rmly within laminar regime
(Ren, 50), the spanwise amplitude displays a negligible impact on the total Ruwille
number. In no instance does raising the spanwise amplitude frakn = 0 to k, = 0:5
shift Re,f by more than Q1% of Renf )smooth - The viscous component on the upper
wall displays an equally small response. As observed for two-dimemal ripples, the
lack of response irRe,f may be attributed to the balance between its pressure and
viscous components. A%, increasesRe;f, falls by an equal magnitude to the rise in

Renfy, which reaches up to 1:8% of Renf )smooth fOr the deepest ripples.
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Figure 6.6: Properties of ow resistance for the three-dimensional sfeice pro le cases

outlined in Table 6.2.
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Bringing the Reynolds number towards the upper limits of the laminar e@gime
(Ren  500) strongly ampli es the e ect ofk,. For the shallowest ripples kK, = 0:075),
ask, grows the viscous drag increase begins to grow at a faster ratahthe drop in
the pressure component. The total shift irRe,f betweenk, = 0 and k, = 0:5 lies
below +1:26% of Renf )smooth - AS Seen for the lower Reynolds numbers &e, 50,
the individual components of Poisuille number display a minimal dependee on the
ow orientation. Doubling the groove depth, thus combining these igher Reynolds
numbers ofRe, 500 with the deep ripple pro les ofk, = 0:15, signi cantly ampli es
the in uence ofk,. Applying a spanwise amplitude ok, = 0:25 to this two-dimensional
ripple raises the Poisuille number by more than 7% oREnf )smooth for ' =0 . This
shift is already greater than that observed for the range of anyf ¢he control factors
considered in Section 6.3.1, and rises to +B86 of Renf)smootn at k, = 0:5. In
addition, the ow direction begins to play a signi cant role in determining the ow
resistance. Reversing the ow over the naturally oriented ripple’'( =0 ! 180)
raises the Poisuille number by roughly 5% oRenf )smooth ( 5  0:5%), depending on
the value ofk, in contrast to the small improvement observed whek, = 0. Reversing
the ow direction produced a greater change irRe,f than replacing the ripple pro le

of RN1 at' =0 with a symmetrical sinusoidal groove.

The sharp rise inRe,f with k,, which was observed for cases &e, 500 and
ky = 0:15, may be attributed primarily to the lower wall viscous drag, which ioreases
rapidly enough that by k, = 0:5, the value ofReyf,; alone can exceed the value of
a reference smooth wall. This trend is accompanied by a similar trend the values
of the viscous component on the upper wall, although to a far smalleragnitude. In
comparison, the impact ofk, on the ow resistance from pressure remains negligible

and the drop inf,=f in Figure 6.6a re ects the rapid climb inf. The drop in Reyf, is
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of a small magnitude for all combinations oRe, and kg, such that varying k, within

the current range never reduces the value &e,f, by more than 3%.

6.4.2 Local Wall Shear Stress

The value ofk, only produces a signi cant e ect on the Poisuille number when the
ripple has a depth ofk, = 0:15 and lies within a ow of Re,  500. The changes in the
Poisuille number in this case are dependant primarily on the viscous rgance of the
textured lower wall and, to a lesser degree, the smooth upper walligure 6.7 displays
the distribution of the normalised shear stress over three-dimedogal ripple patterns at
two key spanwise locations; one located over the lobe=, = 0) and the other located
over the saddle £=L, = 0:5). The cases correspond to a ow of strength de, 500
over ripples of depthk, = 0:15 (Figure 6.7a & Figure 6.7b) andk, = 0:075 (Figure 6.7c
& Figure 6.7d). Applying a sinusoidal spanwise variation with an amplitud ofk, =
0:25 to an initially two-dimensional pro le produces a redistribution of he shear stress
along the lower wall, such that the streamwise distribution oRe,( o= U2,) within the

grooves varies in relation to the spanwise location.

First, consider the region of reduced shear stress in the regiomoecting two lobes
(z=L, = 0), as shown in Figure 6.7a and Figure 6.7b. Fok, = 0:25 andk, = 0:5 the
normalised shear stress falls below the the smooth wall referefe,( o= U2,) =2:99
along the full pro le of the groove and the majority of the crest, ad only exceeds this
value during the usual spike upon reaching the crest. The usualroelation between
the shear stress at the crest and in the trough is maintained, whedby, ask, rises, the
fall in the maximum value ofRe,( o= U 2,) is matched by a rise in the minimum value.
However, this marginal rise in shear stress within the trough is negiide compared to

the reduction over the crest. In case RN1-KG3-KZ2-F3Re, 500, k, = 0:15) the
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Figure 6.7: Distribution of the normalise streamwise shear stress oveurfaces of the
three-dimensional ripple pro le RN1 in ows of Re, 500

loss of momentum at the lobe is such that the ow passing over the ls&de of the lobe

fails to separate for either solution of =0 and' =180 .

In cases RN1-KG3-KZ1-F3 and RN1-KG3-KZ2-F3, the reduction ithe shear stress
at the lobe is accompanied by a sharp rise in the shear stress in thegion of the
saddle ¢ = 0.5 ,). This rise is primarily focused on the crests, where the value of

Ren( o= U2) at both the initial localised spike and the remainder of the at crestises
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by more than  80% when compared with the two-dimensional ripple in case RN1-
KG3-KZ0-F3 (Figure 6.4). The rise in shear stress over the stosgle and the crest at
the saddle exceeds the reduction in shear stress over the full vidif the lobe. This
di erence only grows with the increasing amplitude of the spanwise pie. Reducing
the ripple depth by a factor of 0.5 tok, = 0:075 (Figure 6.7d) disproportionately
reduces the shear stress at the crests whilst maintaining a similar gratude of shear
stress over the stoss-side. In addition, Figure 6.7b shows thatettorientation of the
groove atk, = 0:15 andRe, 500 has a signi cant in uence on the shear stress in
over the crest of the lobe. The natural orientation of = 0 produces a reduction in
the shear stress along the whole length of the high shear region aetcrests of the
saddle, in comparison t0 = 180 . The ow mechanism which generates the high
shear stress at the lobes has a non-negligible dependence on trmgtric pro les of

the lee-side and stoss-side.

Over the three-dimensional pro le the ow is characterised by a paof streamwise,
counter-rotating vortex cores which form on either side of eachde. As each pair of
vortices move downstream they grow in size and move away from thall. Half-way
along the ripple pro le the vortices begin to converge before reaithing to the crest
of the downstream lobe. The trajectory of the ow in the streamuse-wall-normal
plane between consecutive lobez (= 0 ;) Is always primarily directed towards
the upper wall. This even applies to the region over the lee-side, wkethe local
channel opening in these two-dimensional planes is increasing wih Although the
slow moving uid from the trough accelerates over the lee-side ofé¢Hobe, its upwards
momentum is rapidly reversed as it feeds into the stronger downwasAt this point
the magnitude of the minimum wall-normal velocity (located within the eéwnwash)

exceeds the maximum positive value (located within the upwash), byfactor of 2.
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@ x=x=0 (b) x= x =0:60

(©) x= x =0:83 (d) Streamwise locations
= ,=0:

Figure 6.8: A visualisation of spanwise vortex formation, based on thew elds over
the reference sinusoidal pro le in case RS-KG3-KZ2-F3. Véors display illustrate the
wall-normal and spanwise velocity component.

Figure 6.9 provides a clear depiction of the main impact of the upwasma down-
wash over the ow eld. In the region over the saddle pointsd = 0.5 ,), within
the bulk of the channel, the ow maintains a constant trajectory bwards the lower
wall. In contrast to that over the lobes ¢ = 0 ) the ow within the trough and
in a small region above the crests, varies in wall-normal trajectgryn relation to the

two-dimensional surface pro le. As the ow passes beyond theest of the saddle, the
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momentum of the downwash feeds the ow directly into the groovayhere it follows the
contour of the lee-side, as in the case kf = 0. Hence, the distribution of stress stress
along the lee-side maintains a similar form, although with signi cant sdimg, with the
corresponding two-dimensional cases; Figure 6.4a and Figure 6.As.the ow moves
towards the trough the shape of the spanwise periodic pro le fuets the ow towards
the enclave force behind the lobe. As the ow stream accelerategeo the stoss-side it
collides with the high velocity ow from the bulk of the channel, which pases through
the downwash between the streamwise vortices. The ow on theasts-side is restricted,

producing a greater rate of acceleration prior to the crest.

The presence of a patterned surface will modify the shape of thieady-state ow
eld, in relation to the planar distribution of a reference smooth chanel. The ultimate
e ect of the spatially alternating upwash and downwash generateby the streamwise
vortices is to redistribute the streamwise velocity across the spaise surface pro le.
Figure 6.11 and Figure 6.10 represent the interaction between theser wall and the
three-dimensional ow eld as the spatial distribution of the streanwise velocity com-
ponent on a streamwise-spanwise plane over the lower wall, for asgetric ripple pro-
les with a depth of k, = 0:15. When the ow lies rmly within the laminar regime, i.e.
Re, 50 (Figure 6.10), and the amplitude of the spanwise variation is equi half of
the streamwise wavelength (, = 2k,), the spanwise deviation in the ow eld remains
the dominant feature at a distance ofy=hy = 0:147. When the spanwise amplitude is
halved ( x = 4k,), the streamwise deviation dominates. Moving into the transitional
regime Re, = 515:8), the streamwise variation rapidly diminishes away from the wall,
and the streamwise ow eld is dominated by a two-dimensional wavy @ le. The
maximum and minimum values lie along a pair of parallel streamwise axis whidie

over the lobe and saddle points of the lower wall. Throughout the buléf the channel,
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(@) RN1-KG3-KZ1-F1

(b) RN1-KG3-KZ1-F3

Figure 6.9: Three-dimensional streamlines of ow trajectory passing\wer the crest of
three-dimensional sand ripple pro les.
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including the region beyond the centreliney > h), the ow eld maintains this dis-
tribution, though the maximum and minimum value of streamwise velocyt degrades

with increasing distance from the lower wall.

(@) RN1-KG3-KZ1-F1 (y=hy = 0:029  (b) RN1-KG3-KZ1-F1 (y=ho = 0:147)

(c) RN1-KG3-KZ2-F3 (y=hy=0:029  (d) RN1-KG3-KZ2-F3 (y=hy =0:147)

Figure 6.10: Surfaces contours of the streamwise component of velocitya ow of
Re, 500for an asymmetric sand ripple pro le with varying spanwiseariation.
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(@) RN1-KG3-KZ0-F3 (y=hy = 0:029  (b) RN1-KG3-KZ0-F3 (y=ho = 0:147)

(c) RN1-KG3-KZ1-F3 (y=hy=0:029  (d) RN1-KG3-KZ1-F3 (y=hy =0:147)

(e) RN1-KG3-KZ2-F3 (y=hy =0:029  (f) RN1-KG3-KZ2-F3 (y=ho = 0:147)

Figure 6.11: Surfaces contours of the streamwise component of velocitya ow of
Re, 500for an asymmetric sand ripple pro les for three levels of spavise variation.
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6.5 Summary

A large-scale parametric study has been completed that investigat the theorised po-
tential for laminar drag reduction of grooved Poisuille ows througtthe application and
optimisation of highly detailed geometric surface features. The twprimary surface
pro les replicate the detailed pro les of bedforms of sand ripples wth form naturally
under tidal motions over a sand beach. The analysis considers theuience of groove
depth, pro le shape, ow direction, Reynolds number and spanwisgeometric variation
on the ow resistance through the channel, in addition to the neawall ow eld and
the shear stress distribution along the surface. The results pezged here contribute
a higher understanding to the existence of critical limits, in regard® surface geom-
etry and ow strength, for which a detailed surface modi cation h& the potential to

manipulate ow resistance.

For all cases involving two-dimensional grooves, the natural samgple pro les had
a negative impact on the overall ow resistance, in comparison to spt ed sinusoidal
grooves. Across the ranges considered here, the groove dgptived to be the primary
factor in determining the total ow resistance, displaying an ovenlvelming in uence
when compared to the Reynolds number. The direction of the ow, inelation to the
surface pro le, displayed a negligible in uence on both the total Poislle number and
its individual components. This in uence remained negligible in casesrfahich the
ow eld was irreversible, and the size and shape of the separatiorubble varied sig-
ni cantly with the ow direction. Where previous investigations have failed to observe
such correlations by comparing the output of varied surface geeines, the current
results demonstrate that such a correlation remain absent whemrmparing identical
domains and ow conditions. These observations do not lend suppdo recent the-

ories (Mohammadi & Floryan 2013b; Saha&t al. 2015) which suggest a potential for
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achieving a drag reduction in single phase laminar ow by reducing thesgaration
length within a groove to reduce the pressure drag, or by encogiag the growth of
a separation bubble to reduce viscous drag on a surface. The euntr results show
that the mechanisms which dominate the pressure drag and viscodsag in single
phase laminar ow exist in opposition to each other, usually in close balae, and that
these mechanisms have, at most, a weak connection to any freea region within the

groove.

Imposing a sinusoidal spanwise variation onto a two-dimensional pe did not
exert any signi cant change in the ow resistance, until applied witha combined groove
depth of kg = 0:15 and a ow of Re;, 500. Under these conditions, the viscous
resistance of the lower wall, and to a lesser degree the upper walkwmrapidly with an
increasing spanwise amplitude, whilst the e ect on the pressure imgction drag was
minimal. This change results from a redistribution of the shear stredetween the lobes
and the saddles. The crests of the lobes are supplied by an upwashow velocity uid
from the troughs. The crests of the saddles are supplied by a céeracting downwash
of high velocity ow from the bulk of the channel. With this high concefration of
shear stress at the saddle, the high geometric details of the leeesigegin to exert a
signi cant in uence on the resulting shear stress at the crest, ahhence, become a
primary source of viscous ow resistance. It is only under such cditions that the

orientation of such transverse grooves can be considered as apontant design factor.

Further investigation is required to increase the precision of the otyol factors,
and hence, improve and understanding of the critical limits of the w phenomenon
observed here. From the current parametric study, the rangef geometric properties
can be expanded to include a larger range of geometric parametarsl pro le shapes.

In addition, the in uence of the spatial resolution within the bulk of the channel when
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the surfaces induce a large shift in the ow distribution away from tke wall, (i.e. deep,

three-dimensional grooves), should be investigated further.



CHAPTER/

Ripples in Spatially Developing Turbulent Flow

7.1 Introduction

The present Chapter investigates the application of the numericahethodology devel-
oped in Chapter 4 to a spatially developing boundary turbulent layerver a surface of
periodic, two-dimensional ripple pro les. One asymmetric ripple prde from Chapter
5 and Chapter 6 is simpli ed in order to accommodate the optimal smalo wall spatial

resolution from Chapter 4, in addition to improving manufacturability.

Three simulations investigate the spatially developing boundary layesver ripple
pro les with three values of ripple depth, using the spatial resolutio which is opti-
mised for the reference smooth wall, but which is relatively coarse ielation to the

requirement of the ripple pro le. One additional boundary layer simlation applies the
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automatically generated split-hexahedral mesh from Chapter 5 tthe deepest ripple
pro le, in order to investigate the capability of a split-hexahedral nesh to overcome
the di culties associated with modelling non-planar geometries in reseed turbulent

ow.

The nal section of this Chapter validates the meshing procedureybcomparing
coarse and ne hexahedral meshes, with the automatically genézd split-hexahedral
mesh, within the simpli ed domain of a periodic channel. A channel donmais selected
due to the crippling computational costs associated with increasirgpatial resolution
in a hexahedral mesh; a problem which the automatically generateglis-hexahedral

mesh alleviates.

7.2 Physical Scenario

7.2.1 Groove Geometry and Case Con guration

The present analysis utilises the simulation setup from Chapter 4 wiicwas de-
signed and optimised for modelling spatially developing turbulent bourdy layers over
smooth walls, as shown in Figure 7.1. In Figure 7.1 a region of the smagurface lying
betweenx = 0:07m (x = 2480 j,) and x = 0:25m (x = 8858 j,) has been replaced
with a surface of two-dimensional, periodic ripples which are orientgaerpendicular
to the streamwise direction. The ripples consist of a single pro le athtee di erent
dimensionless depthsk, = 0:025,k; = 0:05 andk, = 0:15. Two values correspond
to the drag reducing limits ofk;  0:05 observed for circular dimples in turbulent
channel ow (Tay et al. 2015). The highest value corresponds to the natural depth

ratio observed in the natural ripple pro le RN1 in Chapter 5. A depthofk, = 0:15 lies
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beyond the proposed critical limit of separatiork, > 0:1 (Blondeauxet al. 2015). Fur-
thermore, the analysis in Chapter 6 revealed that a ripple depth &, = 0:15 combined
with a spanwise geometric variation could produce strong iterationgith the ow eld,
characterised by large three-dimensional ow structures within awo-dimensional, high
Reynolds number, laminar channel ow.

Lx
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R ——

| | |
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Plane | ! 'Plane
— ! [

_—
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Laminar
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X

Lower Wall (Ripples)

0:07m | 0:18m

Figure 7.1: Diagram of the ow domain and boundary conditions for the spally
developing boundary layer ow over a surface of periodic pfes.

The original surface is a two-dimensional pro le of a manufacturedyroove with
a ripple-inspired pro le, based upon the naturally occurring prole N1, de ned in
Chapter 5. The manufactured geometry is created through millingn which a pair
of overlapping arcs are cut into a at surface. The total distancdrom the midpoint
of a crest, to the midpoint of an adjacent crest is, = 7:46mm. The length of the
ripple is , = 3:46mm, with a crest to trough depth of k, = 0:519mm, such that
ky = kg= ¢ = 0:15. The manufactured ripple pro le was designed such that the letig

of 4 is roughly equal to the thickness of the smooth wall boundary layet the end of
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the textured region (¢ g9 at x = 0:25m). The shallower ripple pro les are created
by scaling the manufactured pro le in the wall-normal direction. In tis initial study,
the ripple is orientated with the a shallow lee-side and steep stoss&si = 180 ).
Each geometry is de ned by the centre and radius of a pair of circleghich produce
the pair of overlapping arcs which are cut into the surface. Table 7drovides these

values as a scaling of the full ripple wavelengthy.

o = 0:464 4

Figure 7.2: Schematic of the two-dimensional, simpli ed ripple pro ledenoted as G3
in Table 7.1.

Table 7.1: The geometry of each ripple pro le applied in the present alysis.

Rippleconfiguration | k, radius= y Xcentre= x Yecentre = x
G1 0:025 1:180 Q379 1175
1:482 0546 1470
G2 0:050 0:595 Q379 0585
0:749 0546 Q725
G3 0:150 0:216 0380 0185
0:276 0548 0207

The reference smooth wall boundary layer is taken from the solutidor case M2-
T2-L2 in Chapter 7, which is denoted as case M2-SW-TB in the predeshapter. Table
7.2 displays the con guration of four simulations of the spatially deveping turbulent
boundary layer over two-dimensional ripple geometries. Case M2t3 B, case M2-G2-

TB and case M2-G3-TB compare ripple pro les at three di erent deghs of k, = 0:025,
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ky = 0:05 andk, = 0:15 respectively. Each case resolved the near-wall ow using a
hexahedral mesh with a spatial resolution equivalent to that in cadd2-SW-TB, which
was optimised for the reference smooth wall ow. For the deepespple geometry,
the steepest ripple face meets the crest at an outward angle 23@hich requires an
orientation of 49 between the connecting cells at this point. The sudden changes ireth
geometry, combined with the high-aspect ratio of the cells, proded cells with a high
skewness ( 0:95) near the ends of the crest. This high skewness could signi chnt
impact the shear stress and pressure force acting at these peintCase M4-G3-TB
remodels the deepest ripple geometry & = 0:15 using a split-hexehedral mesh, in
which the spatial resolution in the near-wall region is increased by adtor of 4. Split-
hexahedral meshes were utilised extensively in Chapter 6 to resdhwghly detailed sand
ripple pro les in laminar channel ow, whilst minimising pre-processing ime and total
cell count. In the present chapter, the solutions for case M2-GIB and case M4-G3-
TB are compared to assess the viability of this same meshing proceeluto accurately
model wall-resolved turbulent boundary layers with textured sudce pro les, whilst
minimising the pre-processing time and cell count, compared to th@timised smooth

wall ow simulations which were produced in Chapter 4.

Table 7.2: Setup for four simulation cases of a spatially developing hulent boundary
layer over periodic ripples, in addition to a reference smooth suriat case M2-SW-TB,
as de ned in Table 4.3.

Case Kq Mesh type L,=i, Ny 10°
M2-SW-TB 0 M2 283 28.3
M2-G1-TB 0:025| M2 286.5 29.0
M2-G2-TB 0:05 | M2 286.5 29.0
M2-G3-TB 0:15 | M2 286.5 29.0
M4-G3-TB 0:15 | M4 286.5 66.4
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7.2.2 Mesh Construction

In the present analysis, three distinct types of meshes were ctrasted for the ripple
surfaces. Figure 7.3 and Figure 7.4 display the layout of each meskoa ripple of depth
ky = 0:15 (denoted surface G3). Table 7.3 provides the cell types and dimseonless
cell spacing in each mesh. The friction velocity for the inner scale iskien as the
theoretical value ofu = 4:25m=s, as established in Chapter 4. Mesh M2 contains a
spatial resolution which was optimised for the smooth wall boundarayer in Chapter
4. Mesh M4 utilises the snappyHexMesh utility to construct a mesh witsimilar wall-
normal spacing and spanwise spacing as mesh M2, but which increasereamwise
resolution in the region of the wall. The purpose of mesh M4 is to exanairthe impact
of streamwise resolution on resolving ow over the sharp angles, tiut a signi cant
increase in mesh size throughout the bulk of the ow. In the presemnalysis, mesh

M4 is applied to ripple G3.

Table 7.3: Inner-scaled cell dimensions over the ripple surface, éan a theoretical
friction velocity of u = 4:25m=s as established in Chapter 4.

Mesh | hexahedral Xmin Xrax  Ymin z*

M2 hexahedral 42.2 42.2 0.95 21.p
M4 split-hexahedral 10.6 42.2 0.95 21.2
M5 hexahedral 5.3 42.2 0.95 21.2

The cell dimensions in mesh M2 are equal to those of the optimised sttosurface
simulations in case M2-SW-TB. For three cases &f = 0:025,k, = 0:05 andk, = 0:15,
a hexahedral mesh was built over the domain with the graphical useterface of the
SALOME Mecha programme. Along the full streamwise length of theasnain, the
cells have inner-scaled streamwise and spanwise widths of* 422 and z"* 212
respectively. Belowy < 0:6Ly, the wall-normal height uniformly decreases to produce

ymn = 0:95 at the wall. Mesh M5 contains identical wall-normal and spanwise Ite

widths as mesh M2, however, the streamwise cell width is decreasmer the region
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(@) Mesh M2

(b) Mesh M4

(c) Mesh M5

Figure 7.3: Cell distribution over the ripple pro le G3 , (as de ned in Teble 7.1) for
the three di erent types of mesh which are de ned in Table 7.3
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(a) Key feature locations

(b) Mesh M2 (Point A) (c) Mesh M2 (Point B)
(d) Mesh M4 (Point A) (e) Mesh M4 (Point B)
(f) Mesh M5 (Point A) (g) Mesh M5 (Point B)

Figure 7.4. Cell distribution around two key features of the deepest ple pro le,
denoted by G3 in Table 7.1, for three di erent types of meshsale ned in Table 7.3.
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of the surface containing large angles. Hence, the streamwise gdétlth varies from
X" 42:2 at the crest and in the trough, to x* 5 at the edges of the ripple
segments. All cells in mesh M5 are hexahedral, and hence, the incesh streamwise
resolution is not limited to the near-wall region as it is in mesh M4. This lsmthe
e ect of increasing the Courant number at a given time step in the higvelocity ow
which lies away from the wall. A smaller time-step is required to maintaintability,
which further increases the required computational workload, indalition to increasing
the total mesh size in the domain. For this reason, the mesh M5 is cpated in an
simpli ed simulation comprising of a periodic channel domain, and compad with

matching channel simulations for mesh M2 and mesh M4.

The near-wall cells in the optimised smooth wall models contain a uniforaspect
ratio of 40 in the x-y plane. For the snapping process of the snapgggxMesh utility,
the functionality of the algorithm improves as the aspect ratio of th initial mesh tends
towards one. The aspect ratio of the initial orthogonal mesh wasduced by rst,
increasing the wall-normal width of the cells adjacent to the wall, an@mproving the
streamwise resolution. Local cell re nement allowed for a furthereduction in the
aspect ratio of the near-wall cells, whilst minimising the increase in theverall mesh
density throughout the domain. The con guration of the "re neMesh' module applied
a single division along the x-axis of each cell within a speci ed area ofetldomain. All
but the nal levels of re nement lay between the trough of the suface prole and a
parallel x-z plane at a wall-normal point above the crests. The nalevel conformed
to the surface prole, with an o set of 0.2mm along the normal sudce vector at
each point. With these changes the initial grid contained minimum cellichensions of

Xri 106, y... 38and z" 212 in the near-wall region.

The maximum non-orthogonality showed a minimal dependence on tloen gura-
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tion of the near-wall meshing parameters. All cases could achievetminimum quality
requirement of 65 (Robertsonet al. 2015) for all points in the domain. Limiting the
movement of edges to no more than 10% of their initial length causedcollapse of all
constructed layers. In these cases, the algorithm failed to showyasign of convergence

within as many as 50 smoothing iterations.

Producing a domain with a maximum skewness of less than/Gequires an excess
of 100 million cells, bringing the domain size to within 43% of an equivalentNI5 solu-
tion, with no signi cant improvement in the resolution of the turbulent length scales.
Reducing the local re nement level in the streamwise direction reges a similar re-
duction in the initial wall-normal resolution to maintain a suitable aspetratio and
minimise skewness. However, the domain requires a larger numbelagérs which must
lie within the 2nd level of local re nement. Similarly, reducing the initialwall-normal
width to reduce the number of layers requires those layers to haa@ additional level
of re nement to maintain the same skewness. The nal mesh corites a maximum
streamwise width of Xnax 422 for all points of abovey=L, > 0:67. Two levels of
local re nement are applied to the streamwise width within the boundry layer, to pro-
duce a streamwise resolution of x,,;,  10:6 over the full surface of the ripple pro le.
Note that the streamwise resolution varies within the ripple due to dedistortion, but
it stays below a maximum limit of approximately Xmin < 0:5 Xmax. The near-wall
region has a maximum non-orthogonality of 63 and a maximum skewness of:89.

The average non-orthogonality throughout the domain is:37 .
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7.3 Numerical Solution and Post-Processing

All numerical solutions were calculated using the transient PISO algthm. The
second-order accurate backward di erencing scheme was used the discretisation
of the temporal terms. The total physical time was kept constarfor all simulations.
For the reference smooth wall boundary layer in case M2-SW-TB ithcorresponds to
1440 inertial time scales, based ony=u; towards the end of the domain. The time
interval was kept xed during the run time; however, in each individal case this user
supplied value was reduced as required to keep the maximum Couramtmber below
1, in order to maintain stability. As in the reference smooth surfaceimulations, the
discretisation of the gradient and divergence terms was perforthesing second-order
accurate central di erencing schemes, whilst the Laplacian schenin Equation (3.18)

was used for the discretisation of the Laplacian terms.

In case M4-G3-TB, which contains variable streamwise cell dimensgacross the
wall-normal direction, the the streamwise pro le was averaged ova streamwise length
of 71, from the midpoint of the crest. Since the postChannel calculationacnot
collapse split-hexahedral cells, each re nement level was collapsedividually, and the
resulting pro les were compiled into a complete boundary layer. Notiat this process
must discard one layer of cells in each re nement layer which lies beybthe near-wall

layer.

Along the textured surface the boundary layer properties are teymined at the
midpoint of ripple crests, x = 2480, + n , for n = 1;2:::24. For each periodic
ripple, a ‘ripple averaged' free-stream velocity and free-streanmgssure are obtained
from a streamwise and spanwise spatial average from the cell-gedt values adjacent

to the free-stream plane directly above the ripple prole. The aveging procedures
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are de ned in Equation (7.1) and Equation (7.2).

_ 1 XNx XNz
hpyin = N NG P (X;Y;2); (7.1)

X z nx=1 n;=1

_ 1 XNx XNz
huy i, = N No u; (X;y:;2); (7.2)

X z nx=1 nz=1

Where,

Nx = x= Xmax, N,=L,= z; (7-3)
X(Ny)=2480 i, + N x + Ny Xmax; (7.4)
y=Ly 05 Ymax; (7.5)
z(n,)=n, z 0O5L,; (7.6)

The results in Chapter 4 identi ed that the smooth wall boundary layr could be
considered to have reached temporal convergence once the @mpleted 20 passes of
the domain. At this point, the error due to temporal convergencén the coe cient of
friction and shape factor was negligible compared with the error fno spatial resolu-
tion and the variation due to transitional behaviour in the upstream ow. However,
the presence of ripples, and varying ripples depth, may impact thete of temporal
convergence throughout the domain. Table 7.4, Figure 7.5, Figure67and Figure 7.7
show the rate of temporal convergence in relation to ripple deptthtough comparison
of shape factor, and the individual pressure and viscous contritbons to the coe cient

of friction for case M2-G1-TB, case M2-G2-TB and case M2-G3-TB

As for the smooth wall simulations, the shape factor over the ripplsurfaces show
the fastest convergence in time, compared to the pressure campnt C,, and viscous

componentC,. The largest variation in the shape factor between(u; ),, =Lx = 18 and
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Figure 7.5: Temporal convergence of the shape factét, for three values of ripple
depth with a xed spatial resolution.
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Figure 7.6: Temporal convergence of the viscous component of the coeeait of fric-
tion C,, for three values of ripple depth with a xed spatial resoliain.
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Figure 7.7: Temporal convergence of the pressure component of the coent of
friction C,, for three values of ripple depth with a xed spatial resoliain.
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Table 7.4: Temporal variation of the shape factor and the presseirand viscous com-
ponents of the coe cient of friction for each ripple wall simulation that is outlined in
Table 7.2.

Case x(m) t(up),, =Lx | H C, 110° ¢C, 10°
M2-G1-TB 0:07 18 1:391 Q143 1892
20 1:391 0143 1895
0:15952 18 1:358 128 1664
20 1:359 0128 1669
0:24904 18 1:357 Q118 1501
20 1:357 0118 1508
M2-G2-TB 0:07 18 1:397 0573 1812
20 1:397 0573 1814
0:15952 18 1:366 0490 1599
20 1:366 0490 1599
0:24904 18 1:374 0445 1432
20 1:375 0444 1428
M2-G3-TB 0:07 18 1:458 4282 1440
20 1:458 4277 1438
0:15952 18 1:453 2763 1106
20 1:453 2757 1105
0:24904 18 1:484 2454 Q957
20 1:487 2438 Q952
M4-G3-TB 0:07 185 2:598 0981 0493
20 2:624 0902 Q472
0:15952 1&% 1:460 1495 0480
20 1:.461 1489 Q479
0:24904 1% 1:491 2456 0803
20 1:493 2446 0801

t (uy );, =Lx = 20 occurs towards the end of the domainx = 0:24904n) for the deepest
ripples (case M2-G3-TB), and does not exceed?29%. Compare this error with the e ect
of increasing the ripple depth fronk, = 0:05 (case M2-G2-TB) tok, = 0:15 (case M2-
G3-TB), for which the shape factor at the crest ofx = 0:24904n grows by more
than 8%. For the pressure componert,, the rate of temporal convergence falls with
increasing ripple depth, however, even the deepest rippleskgf= 0:15 showed similar
convergence rates to the smooth wall surface. For a ripple lof = 0:15, the maximum
variation in Cp betweentu; =L, = 18 and tu; =L, was 066% at x = 0:24904n,
compared with a maximum of 2% for the coe cient of friction C;, over a smooth
surface at the same location. Finally, the viscous compone@,, did not shown any

clear trend between ripple depth and temporal convergence. Hewer, the largest
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variation in C, betweentu; =L, = 18 tu; =L, = 20 occurred towards the end of the
domain, with a variation of 0:45% at x = 0:24904n, which lies close to that seen
for the smooth surface simulations. The weakest convergencews early on in case
M4-G3-TB, where the value ofC, at x = 0:07m varies by more than 8% between
t(uy );, =Lx = 18:5 andt (uy );, =Lx = 20. It will be shown that at x = 0:07m case
M4-G3-TB remains in a state of laminar ow, and only enters a turbulat state over the
ripple proles. By x = 0:15952n, the boundary layer in case M4-G3-TB has reached
a fully turbulent state and the ow demonstrates similar rates of covergence to the
other cases, with the largest variation occurring in the value df,, which changes by

0:4% betweent (u; ),, =Lx = 18:5 andt (u; );, =Lx = 20.

7.4 Transition and Boundary Layer Growth

In all three cases ok, = 0:025,k, = 0:05 andk, = 0:15, for which x* 422 prior
to the ripple surface, the boundary layer exhibited laminar-turbulet transitional be-
haviour nearly identical to the reference smooth surface caseigére 7.8 and Figure 7.9
display the wall-normal distribution of the streamwise velocity and spnwise velocity
uctuations at the rst upstream crest of the textured region (x = 2480 i,), whilst
the distribution of the streamwise velocity uctuations, wall-normd velocity uctua-
tions and Reynolds shear stress are shown in Figure 7.10. When thmubdary layer
has entered the fully turbulent regime by this point, the downstrem presence of the
ripple with a depth of k;  0:15 exerts a negligible in uence on the wall-normal and
spanwise velocity uctuations. When the ripple depth lies below the limibfk,  0:05,
this negligible in uence is extended to the streamwise mean velocity drstreamwise

velocity uctuations. However, for a ripple of depthk, = 0:15, the ow lying within
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the inner region, excluding that within the viscous sub-layer, begin® accelerate as
it approaches the ripple. Within this region the maximum streamwise coponent of

turbulent stress and Reynolds turbulent stress are ampli ed.
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Figure 7.8. Comparison of the distribution of the inner-scaled, timeageraged stream-
wise velocity at a streamwise location of = 0:07m for varying values of ripple depth
and spatial resolution.
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Figure 7.9: Comparison of the distribution of the spanwise velocity uoations at
a streamwise location ofx = 0:07m for varying values of ripple depth and spatial

resolution.

The split-hexahedral mesh in case M4-G3-TB displayed a diminishedsponse to
the trip. The boundary layer remained in a laminar state until it made ontact with
the rst ripple geometry. Figure 7.11 displays the formation of cohent structures
downstream of the trip in case M4-G3-TB. The structures are viglised by the second

invariant of the velocity gradient tensor Q, for values of Q > 5 10° 1=s (left)
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(a) RMS of streamwise velocity uctuations
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Figure 7.10: Comparison of the distribution of the turbulent stress coropents at
a streamwise location ofx = 0:07m for varying values of ripple depth and spatial
resolution.
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and Q > 5 10 1=s (right). The visualised region covers the full length of the
smooth wall and the rst four ripples of the textured surface. Incase M4-G3-TB, the
initial response to the trip mimics that of the coarse streamwise spal resolution of
422 viscous lengths when coupled with a 50% reduction in the strengtl the trip
v, =1:105! 0:551, as applied in the reference smooth wall in case M2-T1-L1 (show
in Chapter 4), and observed in Figure 4.8. The trip induces large-deadisturbances
which persist downstream, whilst smaller scale disturbances nearttee wall dissipate

immediately upon leaving the tripping plane. In case M4-G3-TB the bawdary layer

maintained stability beyond the point of transition in case M2-T1-L1 x= i, = 1500).

Along the remainder of the initial smooth wall region, the two-dimerienal distur-
bances became increasingly distorted in the spanwise direction. Adtigh the boundary
layer lies within the laminar regime, as indicated by the streamwise velibc distribu-
tion in Figure 7.10, the increasing three-dimensionality of the distudnce correlates
with the onset of turbulent motions in the near-wall region. Figure 40 illustrates
the state of turbulent behaviour through the wall-normal distribution of the turbu-
lent stress components at the starting point of the textured ragn (x = 2480 i,). By
this point, streamwise velocity uctuations, shown in Figure 7.10a,gach an overshoot
throughout the region of a corresponding viscous sub-layer, whilsorrelating closely
with the form of the inner region turbulent pro le. Figure 7.10b and kgure 7.9 show
a growing strength in the wall-normal and spanwise velocity uctudbns, along with
the Reynolds shear stress in Figure 7.10c, which, although weakéah the smooth
reference case, already display a tenancy towards the generahtd expected for a fully

turbulent boundary layer.

By Re 2600 the initially laminar boundary layer in case M4-G3-TB has transi-

tioned into a fully developed turbulent state. Figure 7.12 and Figure.I3 display the
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(@) Initial smooth wall

(b) Transition to the ripple surface

Figure 7.11: Development of coherent turbulent structures in case M4-&38. Con-
tours are coloured by the instantaneous wall-normal veltyciuctuation as a percentage
of the free-stream velocity at the inlet.
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wall-normal distribution of the streamwise velocity and spanwise vetdy uctuations

at the rst upstream crest of the textured region & = 2480 i, ), whilst the distribution

of the streamwise velocity uctuations, wall-normal velocity uctuations and Reynolds
shear stress are shown in Figure 7.14. The presence of shallow ripp¥ath depths of
ky = 0:025 andk, = 0:05, has a negligible impact on the structure of the boundary
layer in the inner region, in comparison to the reference smooth walhse. Ripples
of ky = 0:05 only produce mild changes in the outer region, with smaller increase
in the the wall-normal and spanwise velocity uctuations. Howeverat Re 2600
the deeper ripples K, = 0:15) in case M2-G3-TB and case M4-G3-TB exert a strong
in uence on the boundary layer structure at the crest. Whilst thee is good correlation
with the reference smooth wall pro le in the viscous sub-layer, thaull velocity pro le
displays a large downward shift throughout the logarithmic region ahthe outer layer
of the boundary layer, which is typically associated with increased ag forces at the
wall. Both the wall-normal and spanwise velocity uctuations show atsong increase
through the inner and outer regions, including within the viscous sulayer. The be-
haviour of each case becomes more inconsistent for the distributiof the streamwise
velocity uctuations, with the case M4-G3-TB predicting a decreas in the maximum
value of hu%,si*, and case M2-G3-TB predicting a signi cant increase in the value of
hu%si* throughout the whole of the viscous sub-layer, and at the point ahaximum
streamwise velocity uctuations. Whilst both case M2-G3-TB and cse M4-G3-TB
predict an increase in the streamwise velocity uctuations in the o@r region, case
M2-G3-TB displays a much smoother trend than case M4-G3-TB. hrugged nature
of the distribution in case M4-G3-TB may be due to error that comefom the sudden
shift in the streamwise spatial resolution between re nement regis. The location
and impact of the boundary between re nement regions can clearlye seen in Fig-

ure 7.14c, where the re nement regions meet at the point where énReynolds shear
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stress reaches its maximum, and the proximity of the re nement ggon boundaries

produce clear oscillations in the pro le ofh ud/4~.
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20 + Case M4-G3-TB ( Re =2660 ) B == =7 B
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Figure 7.12: Comparison of the distribution of the inner-scaled, timeageraged stream-
wise velocity at streamwise locations corresponding Re  2600for varying values of
ripple depth and spatial resolution.
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Figure 7.13: Comparison of the distribution of the spanwise velocity uoations at
streamwise locations corresponding t&®e 2600 for varying values of ripple depth
and spatial resolution.

Figure 7.15 displays the growth of the boundary layer along the saewise length
of the domain in terms of the momentum Reynolds numbeRe , and the velocity
thickness o9. Figure 7.16 displays the variation of shape factor H, and the Clause
pressure gradient parameter , along the streamwise length of the domain. Equation

(7.7) de nes two methods used to approximate the streamwise @®ure gradient which

was used to determine . Prior to the textured surface k= ,n  2480), the free-stream
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(a) RMS of streamwise velocity uctuations
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Figure 7.14. Comparison of the distribution of the turbulent stress coropents at
streamwise locations corresponding t&®e 2600for varying values of ripple depth
and spatial resolution.
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pressure gradient is obtained from upstream pressure variatiolong the length of
the textured surface &= i, > 2480), the values of are taken directly from the crest
pro le, whilst the friction velocity and free-stream pressure gra@nt are determined
from the ripple averaged values of the adjacent ripples in the upst@m and downstream

directions.

8
hp1 (x 177 in)ih p1 (x)i . .
) % - 1 (X T inl p1 (x)i : for x 2480 min » (7 7)
.E _0 hp1 in hxpl in+1 : for X > 2480 min :

In case M2-G1-TB and case M2-G2-TB, the in owing laminar boundarlayer main-
tains its strong response to the trip, and during the period of laminaturbulent transi-
tion the growth of Re andH, and the variation of , strongly correlate to the reference
smooth surface in case M2-SW-TB. A similar agreement Re is observed in case M2-
G3-TB within x= j, < 2000, but the boundary layer growth stalls as it approaches the
rst upstream crest of the deeper ripplesK, = 0:15). Its shape factor pro le maintains
the expected form for the transitioning boundary layer and only diers by a uniform
o set. Once the boundary layer has developed over 78 ripples, the steady variation
of H is distorted by periodic variations, characterised by sharp shiftayith a spatial
period of 4 ripple wavelengths. Matching variations can be observadboth the local
displacement and momentum thickness, and hence, in the pressgradient parameter
which depends on . Meanwhile, both the streamwise pressure gradient and ripple
averaged friction velocity maintain a steady, smooth variation alonghe streamwise

direction.

For ripples of k, = 0:15 the growth rate of the boundary layer width, as de ned

by the velocity thickness o9, accelerates once the boundary layer has adapted to the
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(@) Momentum Reynolds number
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Figure 7.15: Comparison of the growth of the momentum Reynolds numbge , and
velocity thickness g9, in a spatially developing turbulent boundary layer for vging
values of ripple depth and spatial resolution.
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(@) Shape factor
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Figure 7.16: Comparison of the growth of the shape factét, and pressure gradient
parameter , in a spatially developing turbulent boundary layer for vging values of
ripple depth and spatial resolution.
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presence of the textured surface and has achieved its new equilibr. Since the growth
rate of Re accelerates at the same rate, the relationship betwe&e and g9, Which
was observed for smooth wall boundary layer, is maintained at thedgher values ofRe

present in case M2-G3-TB. However, it should be noted that thesalues of o take
the origin at the ripple crest, and do not compensate for the originhgt throughout

the ripple trough.

7.5 Flow Resistance

Figure 7.17 displays the variation of each individual component of owesistance with
the growth of Re along the streamwise length of the domain. The coe cient of friction
C:, its individual viscous componentC,, and its individual pressure componenC,,
are determined for each individual ripplef = 1; 2:::24) spanning a wavelength of .
These ripple averaged values;, h C,i,, hCpin, and hC;i,, are de ned in Equation
(7.8) and Equation (7.9). Each component is determined from the apally averaged
drag forces, hF,i, and hF,i,, produced post-run time from the time-averaged ow
elds u and p. The surface area and the reference velocity are taken as théerence
smooth wall area 4 L., and the ripple averaged free-stream velocitiu, i,, de ned
by Equation (7.2). In addition, Figure 7.18 provides the relationship étween the
momentum Reynolds numberRe and the ratio between the outer and inner length

scales g9=l, (also referred to as the friction Reynolds numbeRe = gou = ).

HFyin . : hFpin

hCoin = —: hC = —
vIn T 05 Lhugin N T

(7.8)

PCiin = NCyin + NCpin; (7.9)
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(a) Coe cient of friction
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Figure 7.17: Comparison of the growth of the ripple averaged coe cient dfiction,
and its individual pressure and viscous components, with mentum Reynolds number
Re , for varying values of ripple depth and spatial resolution.
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Figure 7.18: Comparison of the growth of friction Reynolds numbeRRe , with mo-
mentum Reynolds numbeRe , for varying values of ripple depth and spatial resolution.

The solutions fork, = 0:15 (case M2-G3-TB and case M4-G3-TB) predict a re-
duction in the viscous drag over all ripples which lie beyond the transitnal regime.
Moreover, each solution shows a consistent trend in the gradua¢dine of C, with
growing Re . However, there is a considerable variation between the values@f, with
case M4-G3-TB producing a further reduction of approximately 0:5 in C, at equiv-
alent values ofRe , compared to the lower spatial resolution in case M2-G3-TB. This
behaviour could be attributed to either the large reduction in the seamwise spatial
resolution, or a lingering e ect of the upstream transitional regime Analysis of the
shear stress distribution in Section 7.6 shows that the ner spatialesolution in case
M4-G3-TB enhances the strength of ow separation from the legide, and suppresses
local shear stress spikes within the trough, all of which suggestdane cial e ect on
the overall viscous drag reduction. Meanwhile, the near-wall spat resolution shows
a greatly diminished sensitivity on the ripple averaged pressure dragelative to the

absolute value ofC,. Since the pressure drag eclipses the viscous drag for a ripple of
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depth of k, = 0:15, the relative error inC, is suppressed in in uencing the relative

error in the total ow resistance.

Overall, the relative contribution of the pressure drag grows withipple depth. At
kg 0:15 the pressure drag accountes for up to 71:5% of the total drag over each
individual ripple. This relative contribution is constant along the full greamwise length
of the textured region, settling within the range of 713% and 716%. Case M4-G3-TB
predicts that the relative pressure contribution gradually declineslong the domain,
from 76:5% after a distance of 5,, to 75:7% after a distance of 22,. For shallower
ripples of k, = 0:025 andk, = 0:05, the relative pressure contribution is  7:1% and

234% respectively, and, similar to case M2-G3-TB, displays a negligibleriation

along the full streamwise length of the textured region.

Throughout all cases, the thickness of the fully turbulent boundg layer varies
between 40% and 150% of the ripple spacing. Within this range, the streamwise
length of the ripple in relation to the boundary layer thickness (i.e. th outer length
scale) has a negligible impact on the pressure contribution ratio. Similg in an indi-
vidual domain, where the ripple length is xed whilst g9=k; grew along the domain,
the growth of o9 in relation to ky also displays a negligible in uence on the relative
pressure contribution. Whilst increasing the near-wall streamwisspatial resolution for
the deepest ripple geometry (case M2-G3-TB) indicates a linear imgetion between
the relative pressure contribution and boundary layer growth; tis interaction is negli-
gible compared to the e ect of increasing the ripple deptl,, in relation to the ripple
wavelength. On the other hand, increasing the ripple depth increes the size of the
outer length scale in relation to the inner length scales, and this in@se is consistent
in the region spanningRe 1000 andRe 3300. ForRe > 1000, the relations

betweenRe and Re collapse onto a single linear relationship with good agreement
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between the two mesh con gurations. This suggests that the neaall mesh con gu-
ration has not had a signi cant in uence on the ratio between the lagest and smallest
length scales. In each case, the coe cient of friction continues tfall with Re , with
no signi cant interaction between the boundary layer thickness (irrelation to ripple

depth or ripple wavelength) and the ow resistance.

When the initially laminar boundary layer in case M4-G3-TB reaches th&xtured
surface, it enters the transitional regime, characterised by theapid accent in the
coe cient of friction and its individual pressure and viscous compoents. Once the
boundary layer has reached the 5th ripple geometry it has grown ®e = 1000 which
typically lies just beyond the limit of the transitional regime. At this point, Figure 7.17
indicates that the streamwise growth ofC;, C, and C, closely conforms to case M2-
G3-TB, where a fully turbulent regime exists prior to the ripples. BewveenRe 1000
and Re 2000 the coe cient of friction in case M4-G3-TB follows the expect#
smooth log-law relation, whilst case M4-G3-TB displays considerableaster around
a similar trend. This distance correlates to approximately 5, 6 , similar to the
length of the transition regime in case M4-G3-TB. This suggests thaunder current
conditions, the deepest depth df;, = 0:15 requires a length of at least & to transition
from a smooth wall boundary layer to the corresponding rough walloundary layer.
Furthermore, this transition can take place within either the fully turbulent regime
or the transitional regime. Finally, the general structure of the bundary layer, at a
given streamwise location oRe downstream of the smooth-rough transition region, is
independent of the state of the boundary layer during the smootfough transition. In
the present analysis, it cannot be conclusively determined whethlercal discrepancies
in the growth of the viscous ow resistance between case M2-GBTand case M4-

G3-TB can be attributed to smooth-rough transition state or thenear-wall spatial
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resolution, cell quality and type.

7.6 Turbulent Stress Distribution

The current section focuses on the boundary layer structures@ wall shear stress
distribution within a fully turbulent boundary layer in the region of Re 2600. At
this point, the boundary layer may be assumed to have completedetsmooth-rough
wall transition based on the streamwise growth of ow resistance iRigure 7.17. The
point of interest in each case is taken as the midpoint of the ripple @eat which
the boundary layer development lies closest tRe = 2600. Table 7.5 provides the
streamwise location, momentum Reynolds numbers and boundary éathickness which
correspond to the point of interest in each case. The wall-normalistributions of
velocity and turbulent stress components are assessed locally atke point in Table

7.5, and are displayed in Figure 7.19.

Table 7.5: Properties of the boundary layer at a point correspondinto Re 2600 in
each case.

Case X=in Re = g

M2-SW-TB | 7795 2668.3 1.05
M2-G1-TB | 7766 2635.3 1.01
M2-G2-TB | 7238 2663.9 1.01
M2-G3-TB | 4595 2616.8 0.80¢
M4-G3-TB | 5652 2660.4 0.89}

OUro)y W W W

The distribution of shear stress along the groove pro le is assedskeom the ripple
which lies immediately upstream of the point of interest. Figure 7.19 gfays the
local distribution of shear stress, along a plane = Om, which is normalised using
the local free-stream velocityhu, i. Figure 7.20, Figure 7.21 and Figure 7.22 display
the two-dimensional ow eld in terms of the inner-scaled streamwis, wall-normal

and spanwise turbulent stress components, in the near-wall regiof the same ripple
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pro les displayed in Figure 7.14. The inner length scala , for each ow eld is taken
from the local value at midpoint of the crest immediately downstreanof the ripple

(Table 7.5).

Firstly, consider the preservation of the viscous sub-layer as it mes into the ripple.
For shallow ripples ofk, = 0:025 andk, = 0:05, the viscous sub-layer remains in contact
with the surface over the full length of the trough. As the boundy layer passes over the
point connecting the crest to the lee-side, the sharp change in therface tangent causes
a sudden acceleration in the near-wall ow. This is characterised lgy modest spike in
the shear stress which grows with increasing ripple depth. A similar @geration and
shear stress spike occurs at the transition between the two segmts of the lee-side.
Upon leaving the crest, the viscous sub-layer expands along thestrsegment of the lee-
side, which lowers the velocity gradient adjacent to the wall and pruces a sharp drop
in the wall shear stress. As it approaches the crest, it compresde retain its previous
width, bringing the shear stress to a similar magnitude as that obsexd at the crest.
Immediately downstream of both points, the shear stress falls to lacal minimum.
When the viscous sub-layer maintains contact with the surface, & case M2-G1-TB
and case M2-G2-TB, the minimum shear stress occurs at two poirdatong the lee-side,
for which the local shear stress lies at approximately equal valuegith each point lying
immediately downstream of an instantaneous shift in the surfacergent. In case M2-
G3-TB, the point of minimum shear stress correlates with two isolatevortices with

the backwash creating a shear stress which acts in the directiontbé ow.

The streamwise velocity uctuationshu%,si*, which reaches a maximum close to
the wall at y* 15, is enhanced as the viscous sub-layer moves along the lee-side.
For ky  0:05, the region of highhu%,si* expands and the strength of the streamwise

velocity uctuations grow, as the viscous sub-layer moves into thepple. By the time
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Figure 7.19: Distribution of the local streamwise wall shear stress ovére midline

of two-dimensional ripple pro les at streamwise locationsorresponding toRe 2600

for varying values of ripple depth and spatial resolution.
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(@) u%,s (M2-G1-TB, n = 20)

(b) u%, . (M2-G2-TB, n =18)

() u%,s (M2-G3-TB, n =8)

(d) u%, . (M4-G3-TB, n=12)

Figure 7.20: Comparison of contour plots of the streamwise velocity uaations over
ripple pro les at streamwise locations corresponding t®ke 260Q The inner-scale
values are provided in Table 7.5.

the ow reaches the following crest, the layer of high streamwise atuations which
originates from the downstream crest has dissipated. Hence, amesgion develops
over the length of the crest. As shown in Figure 7.14b, by the midpdiof the crest, the
streamwise velocity uctuations have been replenished and their didution collapses

onto the smooth wall boundary layer pro le from case M4-G3-TB.
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(@) v3,.. (M2-G1-TB, n = 20)

(b) v¥. .. (M2-G2-TB, n =18)

(c) v0.c (M2-G3-TB, n =8)

d) v, (M4-G3-TB, n=12)

Figure 7.21: Comparison of contour plots of the wall-normal velocity utations over
ripple pro les at streamwise locations corresponding t®ke 260Q The inner-scale
values are provided in Table 7.5.

When the boundary layer reaches the downstream end of a crest a ripple of
ky = 0:15 the viscous sub-layer immediately detaches from the surfacedaforms a
free-shear layer over the ripple trough. The near-wall spatial selution exerts a clear
in uence not only on the length of the separation region, but also othe structures of

the resulting vortices. With the coarser spatial resolution in case BRAG3-TB, the free

shear layer regains contact with the lee-side immediately prior to th@oint connecting
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(@) wl, s (M2-G1-TB, n = 20)

(b) wl . (M2-G2-TB, n =18)

(c) w9, o (M2-G3-TB, n=8)

(d) wl . (M4-G3-TB, n=12)

Figure 7.22: Comparison of contour plots of the spanwise velocity ucttians over
ripple pro les at streamwise locations corresponding t®ke 260Q The inner-scale
values are provided in Table 7.5.

the two segments. Under the ner streamwise resolution in case M&33-TB the free-
shear layer passes over the full length of the lee-side, only regaghitontact with the

surface once it reaches the stoss-side.

The resolution of the free-shear region exerts a signi cant in uese on the preserva-

tion of the streamwise velocity uctuations throughout the trough. The detached shear
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layer in case M2-G3-TB produced a greater ampli cation of the steemwise velocity
uctuations immediately downstream of the crest, compared to tat in case M4-G3-
TB. However, the streamwise uctuations are rapidly suppressedbove the point at
which the detached shear layer rejoins the lee-side (Figure 7.20Bhe strength of the
weaker streamwise uctuations in case M4-G3-TB is preserved aset free-shear layer
maintains its elevation from the surface. As a result, the ow reads the stoss-side
with a greater strength of the streamwise velocity uctuations wkn compared with
case M2-G3-TB. This in turn suppresses the growth of the streamse velocity uctu-
ations in the new inner region which grows along the at crest, leadingp a reduction
in the strength of the streamwise velocity uctuations at the midpant of the crest, as

seen in Figure 7.19b.

Similarly, increasing the steepness of the lee-side, and enhancing 8girength of
ow separation, exerts a strong in uence on the ampli cation of wé-normal velocity
uctuations within the trough. For a depth of k;, = 0:025, the region of highwG,si™
which lies away from the wall, beyondy®™ = 100, maintains its structure over the full
length of the ripple, with minimal variation in the strength of w,,,si*. When the ripple
depth is raised tok, = 0:05, as in case M2-G2-TB, the previously unperturbed region of
high hvd,.si™ begins to distort, particularly over the lee-side, however, turbute spots
containing concentrations of highwvSy,si™ are not yet observed. Fok, = 0:15, the wall-
normal velocity uctuations are ampli ed within the trough, with high concentrations
focused around the regions of ow separation. These high contrations of turbulent
motion move out of the trough and propagate downstream, whichnapli es the wall-
normal velocity uctuations over the crest throughout the innerregion, including the

viscous sub-layer, as seen in Figure 7.19c, Figure 7.21c and Figurd d.2

The maximum point of shear stress for each ripple occurs at the gmuint of the
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stoss-side. As the ow accelerates over the stoss-side the waléar stress rapidly in-
creases until it spikes at the point where the stoss-side meets tbest. For a spatial
resolution of x* 422 in case M2-G3-TB, the maximum shear stress at the lead-
ing edge reached more than 300% of the reference smooth wall galincreasing the
streamwise spatial resolution to x*  10:6 simultaneously ampli ed the shear stress
spike to more than 600% of the reference smooth wall value. Thigprd growth in the
local shear stress is accompanied by a strong increase in the spgaewelocity uctua-
tions in a region immediately adjacent to the wall (Figure 7.22). The seéngth of high
spanwise velocity uctuations grow with the magnitude of the locallsear stress spike,
and hence, they grow with increasing ripple depth. As the viscous lslayer grows
along the ripple crest, the highly turbulent spot of large spanwise kxcity uctuations

is forced away from the wall and gradually dissipates downstream.|tAough, by the
mid-point of the crest, its presence still persists in the enhanceganwise velocity
uctuations throughout the inner region, including the viscous sulayer, as shown in
Figure 7.19d. For a shallower depth ok, = 0:05, the ampli cation of spanwise uctu-
ations on the lee-side is su ciently weak (Figure 7.22b) to dissipate whin a viscous
sub-layer, resulting in only a marginal increase in the spanwise velgcituctuations

within the remainder of the inner region (Figure 7.19d).

Figure 7.23a and Figure 7.23b display the wall shear stress distribution case M2-
G3-TB and case M4-G3-TB, after further boundary layer developent (Re  4550).
At this point, the outer length scale has grown fromge= ¢ 0:8 0:9t0 g9= ¢ = 1:35.
However, the variation of shear stress, in relation to the refereea smooth wall values
at an equivalent value ofRe , shows minimal change across the full width of the ripple,

compared to a boundary layer oRe  2600.
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(a) Case M2-G3-TB (Re 4500 (b) Case M4-G3-TB (Re 4500
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Figure 7.23: Distribution of the local streamwise wall shear stress ovtre midline of
ripple pro les at streamwise locations corresponding tRe  4500for a xed value of
ripple depth k, = 0:15) and varying values of spatial resolution.

7.7 Channel Flow Validation

The present section compares the coarse hexahederal mesh #ft] the re ned split-
hexahederal mesh M4, with a high quality hexahederal mesh M5, wilbcal re nement
over the sharp angles of the ripple pro le. The layout of all three nehes are given in
Section 7.2.2. Due to the combination of high cell count and small timeéep which is
associated with mesh M5 all three simulations for this comparison veeperformed in a
simpli ed channel ow domain. Figure 7.24 displays the domain of the p@dic channel
simulations with periodic ripples on the lower wall and upper wall. The chrnel has
a streamwise length oL, = 0:02238n, covering three periodic ripple pro les on each
wall, and a spanwise width ofL, = 0:008Im. The channel has height oLy, = 2h, =

0:005968n, where hy denotes the channel half-height as shown in Figure 7.24. This
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value of hg was selected based on the results of case M2-G3-TB and case NM1B,
in which a boundary layer width of g9  0:003m corresponds a boundary layer of
Re 2660, when the surface consists of the ripple pro le of depth, 0:15. The
ow is driven by a body force which produces a bulk ow velocity ofU,, = 92m=s
(corresponding tou, 105m=s in case M2-G3-TB) at the periodic inlet and outlet

boundaries of the domain.

| Lx |

I e e
L | Inlet Bod_yFoLce Outlet || |
| Plane Plane |
f’ B 2ho 7
L, —= ‘y — - -
| X !
! Lower Wall ‘

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

<—— Cyclic Velocity and Pressure Fields

Figure 7.24:. Diagram of the ow domain and boundary conditions for a peratic
turbulent channel ow with periodic ripples on the lower andipper walls.

Table 7.6 outlines the three simulations which are used to compare #® di erent
mesh types in the channel domain. Each simulation involves a lower walhd upper
wall consisting of periodic ripples with a depth ok, = 0:15 (denoted by G3). Each
simulation runs for a physical time oft = 0:005, which corresponds to 20 passes

through the domain (2Q.4=U,,) based on the bulk ow velocity.

Figure 7.25 displays the temporal convergence of the drag foraaesthe channel,
in terms of the dimensionless friction factof , along with its pressure component ,,

and viscous component,, as de ned in Section 5. The drag forces in the channel ow
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Table 7.6: Setup for three simulation cases of a periodic turbulent @hnel ow over
ripple pro les with the three types of mesh outlined in Table 7.3.

Case ky | Mesh t(s) Nt 10°
M2-G2-CH (15| M2 1.6 10’ 3.36
M4-G3-CH (15| M4 6 108 9.69
M5-G3-CH (15| M5 28 108 157

simulations display a similar rate of convergence to the boundary laygmulations. For
all variables, the coarser hexahedral mesh M2, and the re nedlgghexahedral mesh
M4 produce signi cantly di erent e ects on the error, in relation to mesh M5. Case
M4-G3-CH consistently underpredicts the values of, f, and f, by approximately
4:1%  4:9% in comparison to mesh M5. The coarse hexahedral mesh in case M2
G3-CH produces similar magnitudes of error irC,, although, instead producing an
over-prediction of 43%, compared with mesh M5. However, the decreased streamwise
resolution shows a more signi cant e ect on the value of the viscoumponent of the
friction factor f,. Mesh M2 over-predicts the value of, by 14%, compared with Mesh

M4, which under-predicts the value ofC, by only 4:7%.

The impact of the mesh structure and the spatial resolution on lota&iscous forces,
and hence onf,, is shown in Figure 7.26, which displays the distribution of time-
averaged, streamwise shear stress over the centrelire= Om) of the lower wall of
the channel. As for the spatially developing turbulent boundary laye the coarsest
resolution in mesh M2 fails to correctly capture the pattern of ow eparation over
the lee-side. Whilst mesh M2 underpredicts the maximum value of shestress at the
crest, the coarse streamwise resolution around the crests tedate what should roughly
be a single point of maximum shear stress, to an expansive area ofhhgiress. On
the other hand, whilst increasing the streamwise resolution raiselset maximum shear
stress at the crest, as in the case of mesh M4 and mesh M5, this hgjiear stress

converges onto a single point maximum. This may have the e ect ofdacing the area
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Figure 7.25: Temporal convergence of the friction factor and its individal pressure
and viscous components for turbulent channel ow over pedic ripples.
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of e ect for high shear stress, under a similar principle to the drageducing mechanism
of streamwise riblets, although, in this case it acts to reduce therer in the resolved
ow eld. Along the remainder of the surface, mesh M4 and mesh M5isblays a strong
correlation in the resolved shear stress distribution, particularlyraund the important

region of separation from the lee-side.

The impact of the mesh structure and the spatial resolution on thboundary layer
structure is displayed in Figure 7.27, Figure 7.28 and Figure 7.29, whidhow the
pro les of streamwise velocity, velocity uctuations and the Reyntils shear stress across
one half of the channel width, over the midpoint of the ripple cresttax = 2 . At
the crest, mesh M4 and mesh M5 show strong agreement in the disttion of the
streamwise velocity across the full half-height of the channel, whilsrxesh M2 produces
only minor divergence in the logarithmic region in the region around theentreline of
the channel. A strong agreement between all three cases is prgse the distribution

of spanwise velocity uctuations in Figure 7.28.

The most signi cant in uence of the mesh can be seen in the streanse and wall-
normal velocity uctuations in Figure 7.29. Mesh M2 produces a stray ampli cation
in the value ofhu%,si* throughout the inner region of the ow, in comparison to mesh
M4 and mesh M5. The ampli ed values otu%,si*, in relation to the increased ow
resistance of mesh M2, are consistent with previous ndings on thelation between
drag reducing/increasing e ects (or drag variations due to errgrand the streamwise
velocity uctuations in the inner region of the ow. The over-predidion in the max-
imum value of u%,si* in mesh M2, compared with mesh M4, is consistent with the
results from the inner region from the spatially developing boundariayer, as seen
in Figure 7.14, when comparing mesh M2 and mesh M4 over a ripple lgf = 0:15.

Note that mesh M5 does not produce a similar over-prediction inu%,,si* to that seen
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Figure 7.26: Distribution of the local streamwise wall shear stress ovtre lower wall,
along the centreline of the channekz(= 0m) between streamwise locations oLy, = 1
and x=L, = 2.
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Figure 7.27: Comparison of the distribution of the inner-scaled, timeageraged stream-
wise velocity at a streamwise location of = 2 , in a periodic channel for varying values
of spatial resolution.
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Figure 7.28: Comparison of the distribution of the spanwise velocity uaations at
a streamwise location ofx = 2 , in a periodic channel for varying values of spatial
resolution.

for mesh M2, despite mesh M2 and mesh M5 having an almost identicélesamwise
resolution around the midpoint of the crest. This would suggest thahe ampli ed
streamwise velocity uctuations created by mesh M2, originate fra within the trough
and propagate downstream, as shown for the spatially developingribulent boundary
layer. As in the spatially developing boundary layer, mesh M4 produse&n increase in
the wall-normal velocity uctuations as seen in the pro le oftvS,si™ in Figure 7.29b.
The enhanced values ofvS,si* are not present in mesh M2 and mesh M5, and are

only present in the near-wall region in mesh M4, speci cally the regisnn which the
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Figure 7.29: Comparison of the distribution of the turbulent stress coropents at
a streamwise location ofx = 2  in a periodic channel for varying values of spatial
resolution.



7.8. SUMMARY 253

streamwise resolution is increased through local octree re nemteriThe boundary of
the re nement region in mesh M4 can be clearly identi ed by the presee of distor-
tions in the pro le of h u%4™" in Figure 7.29b. Hence, it can be concluded that, whilst
the accuracy oftu%,si* is dependant on the streamwise resolution in the trough, the

accuracy oftv,si* is dependant on the streamwise resolution at the crest.

7.8 Summary

This section investigates the in uence of simplied asymmetric ripple p les on a
spatially developing turbulent boundary layer. A selected ripple prde from Chap-
ter 6 was substituted into the domain of the smooth wall boundary {ger simulations

developed in Chapter 4.

When the ripple depth lay within the limit of k;  0:05, the presence of ripples
had minimal impact on the ow resistance and turbulent stress distbution within the
boundary layer. For a depth ofk, = 0:15, the presence of the ripples created strong
increases in the ow resistance throughout the domain, which werccompanied by
strong ampli cation of the wall-normal and spanwise velocity uctudions throughout
the inner region of the boundary layer. The size of the outer lengtbcale, i.e. the
boundary layer thickness, in relation to the ripple depth and wavelagth, did not
display any signi cant in uence on the ow resistance along the full seamwise length
of the textured region. Similarly, the local distribution of wall shearstress within the
ripple displayed no signi cant dependence on the outer length scaleocations of high
gradients in the wall shear stress are accompanied by large concations of highly
turbulent spots containing ampli ed spanwise velocity uctuations. This would be

expected based upon the observation that suppression of spaevmotions within the
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near-wall turbulent region are linked to drag reduction in drag redeing riblets.

To assess the quality of the meshing procedure, an automaticallyngeated split-
hexahedral mesh was compared against a re ned hexahedral m&s a periodic chan-
nel. By only re ning the streamwise spatial resolution in the near-whregion, the
split-hexahedral mesh was able to accurately replicate the distriban of shear stress
at the wall, and the distribution of velocity and velocity uctuations across the chan-
nel. It also showed a strong correlation with the results from re nig a fully hexahedral
mesh. In addition, by maintaining a coarser streamwise spatial rdaton away form
the wall, the split-hexhedral mesh could maintain stability with a time-tep that was
three times larger than the re ned hexahedral mesh which projesd the ne spatial
resolution at the wall into the bulk of the channel. In exchange, theplit-hexahedral
mesh compromised on accuracy of the drag forces in the channehjcl were under-
predicted with an error of the order of 5%, relative to the solutionrbm the re ned

hexahedral mesh.



CHAPTERS

Conclusions and Future Work

8.1 Introduction

Whilst passive macroscale grooves have practical bene ts in terrmbmanufacturability,

previous investigations involving both laminar and turbulent ows hae found such
surfaces to produce either a detrimental or marginal e ect on # ow resistance. Where
these studies focused on simple geometric pro les, their ndings atla to the potential

for improved performance through geometric optimisation. This t&sis has investigated
the drag reducing potential of the geometric pro les of naturally ocurring sand ripples,
when applied as rigid periodic grooves in periodic laminar ow and spatiallyeveloping

turbulent ow.

Even with current advances in computational power, the computenal workload
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of modelling physically realistic laminar-turbulent transition typically limits numerical
investigations to periodic internal ows and simple textured geomeies. This thesis has
presented novel methodologies within the open source code Op@&#i for combining
automatically generated split-hexahedral meshing techniques witkall-resolved large-
eddy simulations for modelling the laminar, transitional and fully turbdent regimes of
a spatially developing turbulent boundary layer, along with with perioct macroscale
grooves, within a single, continuous domain. In particular, these nieds aim to
reduce economic di culties typically associated with geometric optimition through
increasing pro le complexity, and the application of macroscale grges to spatially

developing turbulent ows.

8.2 Conclusions

8.2.1 Turbulent Boundary Layers in OpenFOAM

To achieve a controlled boundary layer transition in OpenFOAM, the mthodology
incorporates a novel tripping technique which destabilises a spatialteveloping lam-
inar boundary layer, by imposing pseudo-random uctuations ontdahe wall-normal
velocity component of the ow adjacent to the solid wall. The trip praluced a near
instantaneous onset of transition when the velocity uctuation immsed on the lam-
inar boundary layer was of similar magnitude to the maximum velocity tuation
in a turbulent boundary layer of equivalent thickness. A trip of half his strength
could induce transition by inducing large-scale, two-dimensional digtbances in the
ow which propagated downstream and rapidly destabilised, breakghup into smaller
three-dimensional turbulent structures. It should be noted thiathe required strength

of the trip was dependant on the near-wall spatial resolution. Haaver, the current
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results show that the aforementioned criteria for trip strength an be followed when
the near-wall streamwise spatial resolution lies between :32and 549 viscous lengths,
and the spanwise and minimum wall-normal resolution lie on the order of 50% and

2:5% of the streamwise spatial resolution respectively.

The wall-adapting local eddy-viscosity model produced a signi camvershoot in the
maximum streamwise velocity uctuations even at the nest resolubn of x* 325,
in addition to an under prediction of the maximum wall-normal velocity uctuations.
Despite these discrepancies in turbulent stress, a coarsely reedlwall-adapting local
eddy-viscosity model could still predict the fundamental propeigs of ow resistance
and shape factor to a su cient accuracy, even with near-wall cetlimensions that were
more than 4.4 times greater than is required for a resolved direct merical simulation
approach. For streamwise and spanwise cell widths of 42.2 viscongsiand 20 viscous
units respectively, both data sets converged to within 3% of the theoretical Coles-
Fernholtz relation by Re  1000. When the near-wall cell dimensions were increased
by only 30% in each direction, the coe cient of friction failed to convege withina 5%
error bound across the full domain, suggesting that wall-resolvddminar-turbulent
transition should begin with initial cell dimensions which are no more tha4.5 times
those applied in direct numerical simulation. From this resolution, byeducing the cell
width by 30% in each direction is su cient to extend this accuracy to he transitional
regime, where the coe cient of friction converges into the 3% error bounds byRe
300. The results show that great care must be taken when compay the trends
for shape factor between boundary layers. A new theoreticaleind for the shape
factor should be calculated in each case, to account for the in uea of the streamwise

variation in the free-stream velocity on the boundary layer growth
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8.2.2 Laminar Channel Flow: Arbitrary Geometry

Plaster casting was used to capture the pro les of asymmetric ripg bedforms which
had formed naturally on a sand beach. These cases were reversgreered and con-
verted into digital surfaces which captured the detailed geometrfeatures of the natural
pro les whilst possessing an ideal streamwise and spanwise periodiciTwo distinct

types of sand ripple geometries were identied. The rst pro le (d@oted RN1) con-
tained a unique stoss-side consisting of a pair of sinusoidal curves, theoretically
predicted for a ripple in an asymmetric laminar ow (Blondeauxet al. 2015). The sec-
ond pro le (denoted RN2) formed the classic "vortex ripple’ identi @ by a wide trough
and a planar lee-side. These surfaces were investigated to detieertheir potential for

reducing ow resistance in internal laminar ow.

The present analysis con rms that the “snappyHexMesh' utility in OpnFOAM,
and the discretisation of a domain through a split-hexahedral meslnas great po-
tential for reducing the economic impact of performing extensiveapametric studies
involving surfaces of arbitrary macroscale grooves, whilst still metling ow resistance
and ow separation to an acceptable accuracy. In addition to redung pre-processing
time, generating a split-hexahedral mesh has the potential to rede the required CPU
time by more than 80%, when compared to a fully structured hexalleal mesh, for
investigating macroscale, two-dimensional transverse grooveNotably, errors in the
viscous drag are accompanied by errors of a similar magnitude of theditional pres-
sure drag, leading to negligible errors in the overall ow resistancdhe methodology
was validated against a limited number of macroscale grooves with pireusly published
solutions. These included; sinusoidal grooves to test the accwaa predicting ow
resistance, and periodic hills to test the accuracy in predicting oweparation. The

automatically generated split-hexahedral meshes were able to duxe the distribution
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of wall shear stress, and predict the points of ow separation tolaigh accuracy, despite
local distortions in the wall shear stress pro le due to distorted ustructured cells at

the wall.

Whilst snappyHexMesh was found to be highly e ective in reducing thpre-processing
time, the con gurations of the domain and numerical solver were ndéully independent
of the surface geometry or ow properties. The stability of the cinnel ow was depen-
dant on the Reynolds number of the ow. When the Reynolds numbday within the
lower laminar regime Re, << 500), a solution could be converged using a steady-state
solver. For Reynolds numbers lying above the theoretical limits of lamar-turbulent
transition (Rey, > 500), the solution requires temporal terms in order to maintain sta
bility, even though the nal solution exhibited steady-state behaiour in all cases. In
addition, three-dimensional ripple pro les in a ow of Re, > 500 could not maintain

stability with cyclic boundary conditions, even with a time-dependanthumerical solver.

8.2.3 Natural Sand Ripples in Poisuille Flow

An extensive parametric study into the drag reducing potential ofiwo-dimensional and
three-dimensional sand ripples in laminar Poisuille ow was carried ouiThe Reynolds
number range spanned the laminar and theoretically transitional ggmes, whilst depth
exceeded shallow groove depths studied previously and crossed theoretical limit
of ow separation for sand ripples. The investigation explored the ipact of pro le
shape, Reynolds number, ripple depth and orientation on ow resahce, wall shear
stress distribution and the velocity ow eld. Whilst the current sand ripple pro les
did not positively in uence the ow resistance in purely, laminar ows, their features

revealed the necessary criteria required for further optimisatiaof the surface geometry.
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For two-dimensions ripple geometries in laminar channel ow, the ingtigation
revealed a consistent correlation between the drop in the viscousngponent of the
ow resistance and the rise in the total ow resistance. As such, lilst replacing a
symmetrical sinusoidal groove pro le with the naturally occurring aymmetric ripple
pro les provided a greater overall reduction in the wall shear stss, they produced a

detrimental e ect on the overall ow resistance.

For two-dimensional ripples, whilst orientation could severely impacow separa-
tion, it produced a negligible impact on ow resistance. This is contrarto the theories
developed from previous investigations, most notably that of Molmamadi & Floryan
(2013b) and Saheet al. (2015), which suggest a potential to achieve a drag reduction
with spanwise oriented, two-dimensional grooves, through the @aetric optimisation
to reduce the pressure drag, whilst maintaining a region of shear &ydetachment
within the trough. The results identi ed that reversing the ow direction over an asym-
metric ripple, and hence, changing the geometric forms of the leides and stoss-side,
does not have any signi cant e ect on the ow resistance until thee key conditions
are met. This applies even if this reversal suppresses or enhanttes onset of ow
separation. The rst two conditions are that the ripple must have ageometry with
three-dimensional spatial variation, and that the ripple depth, in elation to its peri-
odic wavelength, must surpass a critical limit. The results suggeshat limit this lies
between the value of 5% and 15% of the groove wavelength. For the nal condition,
the inertial forces of the ow must be su cient for the ow impact of the ripple on
the ow eld to extend beyond the near-wall region. In the curren investigation, such
a condition was found to exist when the Reynolds number lay close the theoretical
laminar-turbulent transitional regime for laminar channel ow. When these conditions

are met, the viscous drag grows rapidly with an increasing amplitudd the spanwise
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spatial variation, as the redistribution of ow diverts the high velodty uid from the
centre of the channel towards the crest of the lobe, and the @déls of the geometry of
the lee-side and the stoss-side exert a non-negligible in uence oétreatly ampli ed
shear stress at this point. This in uence is such that reversing thdirection of the ow
over an asymmetric ripple pro le can have a greater impact on the w resistance than
would be achieved by replacing the entire ripple pro le with a symmetra sinusoidal

pro le.

8.2.4 Ripples in Spatially Developing Turbulent Flow

The present analysis applied a simpli ed two-dimensional ripple pro le tathree values
of depth to wavelength ratio ofk, = 0:025,k, = 0:05 andk, = 0:15, into the numerical
domain of the spatially developing turbulent boundary layer. Initially, the optimal
resolution for a smooth wall boundary layer, where cell widths aregeivalent to 4.5
times that required for a fully resolved direct numerical simulation, as applied for each
depth. For the deepest ripple, an additional mesh was created ugisnappyHexMesh,
in which the spatial resolution in the streamwise direction was increed using layers of
local re nement in the near-wall region, without altering the wall-nemal and spanwise
cell width. Additionally, this new split-hexahedral mesh was againstie initial 'smooth
wall' hexhahedral mesh, and against a hexahedral mesh with a reed streamwise
resolution across the full wall-normal height of the domain, for deeipples in a periodic
channel ow. The split-hexahedral mesh proved to be a suitable pppach to improving
the accuracy of shear stress pro les and turbulent stress digiution, whilst minimising
the negative impact on computational e ciency, with regards to tdal cell count and
required time step. In the present case, this amounted to a 75%drtetion in the

near-wall streamwise cell width, whilst producing only a 100% increa# the total cell
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count and a 30% reduction in the required time-step.

The split-hexahedral mesh with a resolution of x*  10:6 reduced the e ective-
ness of the trip. Whilst the trip succeeded in inducing large-scale, dadimensional
disturbances in the boundary layer, these disturbances failed taestabilise until they
reached the rst ripple prole. When a fully turbulent boundary layer reached the
grooves with a depth ofk, = 0:15, the boundary layer required a further 4 groove
wavelengths to reach a new equilibrium state. When the boundary ley remained
laminar over the smooth wall, the rst groove geometry triggeredre onset of laminar-
turbulent transition. The transitional regime extended for appraimately 4 groove
wavelengths, during which the boundary layer achieved its new equilibm state. The
main in uence of transition downstream from this point took the fom of a shift of the
virtual ow origin, relative to the initial 'smooth wall' resolution. The la te transition of
the boundary layer due to increased spatial resolution producea rsigni cant impact
on the pressure ow resistance, and the ratio betwedRe and Re , for a given value of
Re . The sudden change in the streamwise spatial resolution betweenrrement lay-
ers had a negligible impact on the time-averaged wall-normal and spese turbulent

motions throughout the inner and outer regions of the boundary Yer.

Within the spatially developing turbulent boundary layer, all ripple proles had
a negative impact on ow resistance, in which the ow resistance gne with ripple
depth, and comprised of a viscous drag reduction which was courgteted by a large
pressure drag component. Notably, the distribution of shear @ss in the groove was
independent ofRe , as was the ratio betweerRe and Re , for a xed value of ripples
depth. This shows that the impact of the ripples on ow resistance as independent
on the ratio between the outer length scale of the boundary layend the length scale

of the ripple.
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8.3 Current Limitations of Study

Whilst large-eddy simulation makes a single boundary layer simulation @wom-
ically feasible, it does not enable extensive parametric studies, as i®etcase
for periodic channel ow. Hence, the investigation in the presentralysis was
limited to two values of trip strength, which were tested for a xed patial resolu-
tion, prior to the mesh independence study. A more extensive intggation into

the interactions between trip con guration and spatial resolution will provide a
more robust set of criteria for designing future simulations, partidarly in cases

of large-eddy simulation.

Whilst the simulations of periodic groove in spatially developing boundgrdayers
have been compared for di erent mesh types, and varying spatiegsolution, they
have not yet been compared with comparable experimental result§Vhilst the
smooth wall boundary layers have been validated against high restdun direct
numerical simulation results, similar tripping con gurations can prodice a strong
variation in the structure of the downstream ow, and hence any x@eriments

must be initially con gured and validated against these smooth surtse results.

Due to the large number of control factors in the parametric studs each con-
guration could only be tested at two values of orientation, both ofwhich lay
parallel to the streamwise direction. The observations regarding¢ relatively low

in uence of orientation on ow resistance are only applicable to suaces which

the present stage, as exploring a su cient number of oblique orieation angles
would not be practical alongside a multi-variant analysis of Reynoldsumber,

groove depth and pro le shape.
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8.4 Recommendations For Future Work

Building on the ndings of the present analysis, the following sectionisicusses areas

of further investigation into drag reducing surfaces in laminar andurbulent ow.

8.4.1 Oblique Grooves in Laminar Flow

The parametric study of two-dimensional and three-dimensionalpgples in lam-
inar ow should be expanded to investigate the in uence of surfacerientation

for oblique grooves which are not parallel to the streamwise axis.

Further development and testing should aim to con rm the suitability of the
methodology for incorporating oblique grooves in the domain. Partitar atten-
tion should be directed to ensuring stability once the necessary jpaitic boundary
conditions are applied to the spanwise direction. This includes the imgtof cir-

culation in the bulk ow with spanwise cyclic boundary conditions.

The impact of cell re nement across the bulk of the channel shoulde inves-
tigated with regard to capturing the large scale rotating vortices iduced by

three-dimensional grooves in high Reynolds laminar ow.

Within the laminar ow investigations, the number of discrete Reynold numbers
may be increased within the range of 10& Re; < 500, whilst the number
of discrete of groove depths values may be increased betwégn= 0:075 and
kg = 0:15, with particular attention around the point k, = 0:1. This enhanced
precision will provide clearer indications for the critical limits of i) the mset of
vortex ripple behaviour, and ii) the onset of rotational motions thoughout the

bulk ow in three-dimensional ripple geometries.
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8.4.2 Expansion of the Criteria for modelling Laminar-Turb ulent

Transition

The modi cations to a domain which are required to incorporate a givetextured
surface may impact the optimal con guration of upstream trippingconditions.
Further optimisation of the pseudo-transient numerical trip is regired to account
for the in uence of the spatial and temporal resolution on the rgmnse of the
laminar boundary layer. A more extensive parametric study shouldeoperformed
regarding the numerical trip, spatial resolution and turbulence nael to assess

the interaction.

The impact of the downstream outlet conditions is unknown, presse distortions
cannot be identi ed and isolated from the results. The simulations mabene t
from the addition of a damping region prior to the outlet boundary in oder to

eliminate re ections.

The present analysis has focused the optimisation on pre-prodagstime and
balancing spatial resolution and cell count. With the optimal methodlogies now
established, further optimisation should consider the impact of theon guration

of the pressure-velocity coupling solver and the geometric matrixolser on the

overall computational workload and calculation time.

The wall-adapting local eddy-viscosity model was used to model trsaib-grid
scale turbulence in all simulations. Alternative sub-grid scale modehsuld be
tested to assess the interaction of the sub-grid scale model/mdidey coe cient

with spatial resolution and trip con guration.
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8.4.3 Three-Dimensional Grooves in Turbulent Flow.

The re ned split-hexahedral mesh should be compared with a high gelution
hexahedral mesh in a spatially developing turbulent boundary layerThe in-
creased computational cost in the reduced time-step and increascell count is

too high to consider for the present analysis.

To provide a more detailed understanding on the accuracy of the aus mesh-
ing strategies, experimental investigations could be carried outing the LIMU
high speed air blower facility, which can be directly compared with theumerical
results. In preparation for future investigation, the high speediablower facility
governed the design of the numerical simulations for both the snmiboand tex-
tured surface relations, and the ripple designs were simpli ed in patb improve

their manufacturability.

Simpli cation of the ripples removes some of the key geometric feags in the
naturally occurring sand ripple pro les. Since the present analysisas demon-
strated the viability of the split-hexahedral mesh in modelling spatiallydevel-
oping turbulent ow, the present methodology can be expanded tmcorporate
increasingly complex geometric pro les. Further e ectors to achiee a net drag
reduction should consider utilising a split-hexahedral mesh to invegate either
natural ripple pro les or applying three-dimensional geometries ahallow sand

ripples (k,  0:05).
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APPENDIXA

Post-Processing Scripts

A.1 Boundary Layer Pro le Extraction

surfaceTransformPoints -translate "(0.07 0 0)" setDicts/plan£ero.stl setDicts/planeOne.stl
surfaceTransformPoints -translate "(0.16 0 0)" setDicts/plan£ero.stl setDicts/planeTwo.stl
surfaceTransformPoints -translate "(0.25 0 0)" setDicts/plangero.stl setDicts/planeThree.stl
topoSet

cd timeFiles
declare -a les=(*)
cd ..
declare -i Length=6

for i in $(seq 0 $Length) do

lename="$ les[$i]"
cp -r timeFiles/$ lename ./
subsetMesh selectedCellsOne -resultTime 1
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subsetMesh selectedCellsTwo -resultTime 2
subsetMesh selectedCellsThree -resultTime 3
postChannel -time 1

postChannel -time 2

postChannel -time 3

cd graphs

cd1

declare -a pro les=( *)

cd ..

for j in $(seq 1 3)

do

cd 3
for k in $(seq 0 7)
do

pname="$pro les[$K]"
csvtool trim | $pname >> $pname

done cd ..

done

mv 1 x-0.07
mv 2 x-0.16
mv 3 x-0.25
cd ..

mv graphs resultsPlots/$ lename rm -r $ lename

done

A.2 Prole Collapsing

#!/bin/bash

rm streamwiseProperties
lename_1="x-0.01'
lename_2="x-0.04'
lename_3="x-0.07"
lename_4="x-0.10'
lename_5="x-0.13'
lename_6="x-0.16'
lename_7="x-0.19'
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lename_8="'x-0.22"
lename_9="x-0.25'

declare -a les=($ lename_1 $ lename 2 $ lename_3 $ lename 4 $ lename5 $ le-
name6 $lename.7 $ lename 8 $ lename.9)

declare -i Length
declare -i i
declare -i |

echo "Location BoundaryLayerThickness DiscplaementThicknesgdomentumThick-
ness ShapeFactor DisplacementReynoldsNumber MomentumRelgsiNumber Friction-
ReynoldsNumber FrictionVelocity SkinFrictionCoe cient lww U99 P99" >> stream-
wiseProperties

for j in $(seq 0 8);
do

time="$f les[$j]g"
lename=$time/Uf.xy
Ul=0

u2=0

Iw=0

Dy=0

y99=0

Length=$(csvtool -t SPACE height $ lename)
u0=($(csvtool -t SPACE sub 1 2 $Length 1 $lename))
y=($(csvtool -t SPACE sub 1 1 $Length 1 $lename))
infty=$(csvtool -t SPACE sub $Length 2 1 1 $ lename)
infty99="echo "0.99*$infty" | bc -I'
length="echo "$Length-1" | bc -I'
p99=%(csvtool -t SPACE sub $Length 2 1 1 $time/pMean.xy)
echo $Length
TauOne=%(csvtool -t SPACE sub 11 1 1 $lename)
TauTwo=$(csvtool -t SPACE sub 1 2 1 1 $lename)
TauOne="echo "$TauOne" | sed -e 's/[eE]+*/ nn*10nn/' | bc -I°
's/[eE]+*/ nn*10nm\/"
ut="echo "sqrt(0.00001568*$TauTwo/$TauOne)" | bc -I'

echo $ut
Tau="echo "$ut"2"| bc -I

cf="echo "$Tau/(0.5*($infty*2))" | bc -I'
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done

done

for i in $(seq 0 $length );
do

u="echo "$f uQ[$ilg" | sed -e 's/[eE]+*/ nn*10nMV/' | bc -I’

if ($(bc <<< "$u < $infty99") ))

then

y99="echo "#y[$i]g" | sed -e 's/[eE]+*/ nn*10nm/' | bc -I

y2="echo "¥ y[$i]g" | sed -e 's/[eE]+*/ nn*10nm\/' | bc -I'

if [ $i -eq 0]; then y3="echo "$y[$i+1]g" | sed -e 's/[eE]+*/ nn*10nm/'
| bc -I°

Dy="echo "$y2*2" | bc -I'

elif [ $i -eq $length J;

then

yl="echo "&y[$i-1]g" | sed -e 's/[eE]+*/ nn*10nm/' | bc -I’
Dy="echo "(0.01-$y2)*2" | bc -I'

else

yl="echo "&y[$i-1]g" | sed -e 's/[eE]+*/ nn*10Onn"/' | bc -I
y3="echo "&y[$i+1]g" | sed -e 's/[eE]+*/ nn*10nmV/' | bc -I’
cell="echo "($y3-$y2)/($y2-$y1)" | bc -I'

Dy="echo "($y3-$y1)/2" | bc -I'

ul="echo "(1/$infty)*($infty-$u)*$Dy" | bc -I
Ul="echo "$U1+$ul" | bc -I'

u2="echo "(1/($infty"2))*$u*($infty-$u)*$Dy" | bc -I
U2="echo "$U2+$u2" | bc -I'

iw="echo "((($infty/$ut)-($u/$ut))"2)*$Dy" | bc -I
lw="echo "$lw+$iw" | bc -I'

H="echo "$U1/$U2" | bc -I

Rel="echo "$U1*$infty/0.00001568" | bc -I'
Re2="echo "$U2*$infty/0.00001568" | bc -I
Re3="echo "$y99*$ut/0.00001568" | bc -I'
lww="echo "$Iw/($U1*$infty/$ut)" | bc -I

echo $H

echo "$time $y99 $U1 $U2 $H $Rel $Re2 $Re3 $ut $cf $lww Jinfty $H9
>> streamwiseProperties
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Figure B.1: Distribution of inner-scaled, time-averaged streamwiseelocity over a
smooth wall, for varying levels of spatial resolution.
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Figure B.2: Comparison of the RMS of spanwise velocity uctuations ovexr smooth
wall, for varying levels of spatial resolution.
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Table C.1: Flow resistance components for all parametric simulatiort®ntaining the
two-dimensional pro le of RN1.

Case ' Ren, Renf, Renfy1 Renfy:
RN1-KG1-KZ0-F1 O 50.8 0.194 2.845 3.014
180 | 50.8 0.200 2.845 3.014
RN1-KG1-KZ0-F2 O 101.6 | 0.236 2.811 3.017
180 | 101.6 | 0.236 2.805 3.017
RN1-KG1-KZ0-F3 0 507.8 | 0.420 2.641 3.024
180 | 507.8 | 0.420 2.64 3.024
RN1-KG1-KZ0-F4 O 1015.6| 0.567 2.501  3.032
180 | 1015.6/ 0.561 2.513 3.031
RN1-KG2-KZ0-F1 0 51.2 0.386 2.702 3.039
180 | 51.2 0.386 2.702 3.039
RN1-KG2-KZ0-F2 0 102.3 | 0.454 2.646  3.046
180 | 102.3 | 0.46 2.64 3.045
RN1-KG2-KZ0-F3 0 5115 | 0.773 2.357 3.056
180 | 511.5 | 0.773 2.356  3.055
RN1-KG2-KZ0-F4 0 1023 | 1.000 2.149 3.066
180 | 1023 | 0.987 2.154 3.067
RN1-KG3-KZ0-F1 0 51.6 0.630 2.532 3.074
180 | 51.6 0.642 2519 3.074
RN1-KG3-KZ0-F2 O 103.2 | 0.738 2.440 3.081
180 | 103.2 | 0.744 2.427 3.077
RN1-KG3-KZ0-F3 0 5158 | 1.176 2.049 3.105
180 | 515.8 | 1.175 2.047 3.101
RN1-KG3-KZ0-F4 O 1031.5| 1.437 1.805 3.114
180 | 1031.5| 1.436 1.804 3.113
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Table C.2: Flow resistance components for all parametric simulatiortontaining the
two-dimensional pro le of RN2.

Case ' Ren, Renf, Renfy1 Renfy:
RN2-KG1-KZ0-F1 O 50.8 0.231 2.816 3.017
180 | 50.8 0.237 2.81 3.017
RN2-KG1-KZ0-F2 O 101.7 | 0.28 2.778 3.021
180 | 101.7 | 0.286 2.771 3.021
RN2-KG1-KZ0-F3 0 508.4 | 0.507 2.572 3.024
180 | 508.4 | 0.507 2.571  3.030
RN2-KG1-KZ0-F4 O 1016.9| 0.674 2.414  3.039
180 | 1016.9| 0.668 2.42 3.038
RN2-KG2-KZ0-F1 0 51.2 0.45 2.662 3.050
180 | 51.2 0.462 2.649 3.050
RN2-KG2-KZ0-F2 0 102.5 | 0.531 2.588 3.057
180 | 102.5 | 0.543 2.575 3.057
RN2-KG2-KZ0-F3 0 5125 1 0.891 2.261 3.072
180 | 512.5 | 0.903 2.254  3.069
RN2-KG2-KZ0-F4 0 1024.9| 1.133 2.046  3.079
180 | 1024.9| 1.132 2.044  3.079
RN2-KG3-KZ0-F1 O 51.7 0.723 2.478 3.091
180 | 51.7 0.748 2.453 3.094
RN2-KG3-KZ0-F2 O 103.4 | 0.84 2.373 3.099
180 | 103.4 | 0.871 2.347 3.098
RN2-KG3-KZ0-F3 0 517.1 | 1.296 1.967 3.122
180 | 517.1 | 1.314 1.946 3.119
RN2-KG3-KZ0-F4 O 1034.1| 1.547 1.739 3.132
180 | 1034.1) 1.551 1.725 3.131

Table C.3: Flow resistance components for all parametric simulatiort®ntaining the
two-dimensional pro le of RS.

Case

RS-KG1-KZ0-F1
RS-KG1-KZ0-F2
RS-KG1-KZ0-F3
RS-KG1-KZ0-F4
RS-KG2-KZ0-F1
RS-KG2-KZ0-F2
RS-KG2-KZ0-F3
RS-KG2-KZ0-F4
RS-KG3-KZ0-F1
RS-KG3-KZ0-F2
RS-KG3-KZ0-F3
RS-KG3-KZ0-F4

Re, Renf, Renfyi Renfyo
50.7 0.171 2.866 3.013
101.5 | 0.209 2.833 3.015
507.3 | 0.385 2.673 3.023
1014.6| 0.52 2549 3.028
51.1 0.338 2.748 3.037
102.2 | 0.406 2.688 3.041
510.8 | 0.702 2.42 3.054
1021.6/ 0.904 2.234  3.062
51.5 0.559 2596 3.070
103 0.659 2508 3.076
514.8 | 1.058 2.15 3.096
1029.6| 1.293 1.935 3.106

eoNoNeoloNeoNolNolNololNololo)
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Table C.4: Flow resistance components for all parametric simulatiortontaining the
two-dimensional pro les of RN1 and RS.

Case ' Ren, Renf, Renfyi Renfy:
RN1-KG1-KZ1-F1 O 50.8 | 0.185 2.853 3.013
180 | 50.8 | 0.185 2.853 3.013
RN1-KG1-KZ1-F3 O 507.8/ 0.380 2.705 3.033
180 | 507.8| 0.375 2.710 3.033
RN1-KG1-KZ2-F1 0 50.8 | 0.159 2.879 3.013
180 | 50.8 | 0.159 2.879 3.013
RN1-KG1-KZ2-F3 0 507.8| 0.29 2.824  3.043
180 | 507.8| 0.286 2.83 3.043
RN1-KG3-KZ1-F1 0 51.6 | 0585 2573 3.073
180 | 51.6 | 0.591 2569 3.073
RN1-KG3-KZ1-F3 0 515.8| 1.150 2.380 3.212
180 | 515.8| 1.206 2.520 3.279
RN1-KG3-KZ2-F1 0 51.6 | 0.483 2.676 3.072
180 | 51.6 | 0483 2.676 3.072
RN1-KG3-KZ2-F3 0 515.8| 1.024 2.978 3.373
180 | 515.8| 1.052 3.182 3.452
RS-KG1-KZ1-F1 O 50.7 | 0.162 2.874 3.013
RS-KG1-KZ1-F3 0 507.31 0.348 2.731 3.031
RS-KG1-KZ2-F1 O 50.7 | 0.140 2.896 3.013
RS-KG1-KZ2-F3 O 507.3| 0.269 2.838 3.040
RS-KG3-KZ1-F1 O 51,5 | 0.518 2.634 3.069
0
0
0

RS-KG3-KZ1-F3 514.8| 1.037 2.466 3.201
RS-KG3-KZ2-F1 515 | 0432 2.720 3.068
RS-KG3-KZ2-F3 514.8| 0.913 2.992  3.339
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Figure D.1: Distribution of the normalised streamwise shear stress avéwo-
dimensional sand ripple pro les for a ow ofRe,  50.



288

(@) RN1, k, =0, Re, 100 ' =0 (b) RN2, k, =0, Re, 100, ' =0

2 L ] 2 f
3 32 34 36 38 4 3 32 34 36 38 4
X= x X= x
(c) RN1, k, =0, Re, 100 ' =180 (d) RN2, k, =0, Re, 100 ' =180
Rey, —% Rep, —9%—

2
U &

X= x X= x

Figure D.2: Distribution of the normalised streamwise shear stress avéwo-
dimensional sand ripple pro les for a ow ofRe, 100
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Figure D.6: Distribution of the normalised streamwise shear stress avéhree-
dimensional sand ripple pro les for a ow ofRe, 50.
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