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modelling tackle the effects of system rotation on a massively separated turbulent flow.
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1 The candiate shall provide an overview of how different classes of turbulence models respond to
Coriolis-force effects on the basis of available literature.

2 Two-dimensional Reynolds-averaged Navier-Stokes (RANS) calculations of turbulent flow over a
backward-facing step shall be performed with a carefully selected turbulence model at some different
rotation rates. The response to the system rotation shall be discussed.
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4 Comparisons with available data from laboratory and computer experiments (DNS) should be made
and the correspondence between the calculations and the data commented on.
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Abstract

An investigation of how different levels of turbulence modelling tackle the
effects of system rotation has been performed. Ranging from simple one-
equation models to large-eddy simulations, different approaches have been
considered by means of a literature study and numerical calculations of
turbulent flow over a backward-facing step subjected to spanwise rotation.
The computed results were compared with results from direct numerical
simulations.

The literature study revealed that simple linear eddy-viscosity turbulence
models are unable to predict any effects on the turbulence field due to system
rotation. Eddy-viscosity models may be sensitised to rotation, but this has
been done with a varying degree of success. The Reynolds stress equation
models inherently respond well to system rotation, but a more costly eddy
simulation will yield the most accurate result.

Numerical calculations confirmed what was found in the literature. A linear
eddy-viscosity model was unaffected by system rotation, while the sensitised
model exhibited some effects on the mean flow field. The Reynolds stress
model managed to predict all essential effects related to system rotation,
although one separation bubble was oversized. This defect was attributed
to a flaw in the modelling of the Reynolds stress redistribution process.
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Sammendrag

Oppgavens formal er & undersgke hvordan ulike fremgangsmater for
turbulensmodellering med varierende kompleksitet reagerer pa system-
rotasjon. Alt fra enkle modeller med én transportligning til storevje-
simuleringer har blitt undersgkt ved hjelp av et litteraturstudium og nu-
meriske beregninger. Beregningene ble utfert for turbulent strgmning i en
roterende kanal med plutselig tverrsnittsgkning. Resultatene har blitt sam-
menlignet med data fra direkte numeriske simuleringer.

I litteraturstudiet kom det frem at turbulensmodeller med en lineser
sammenheng for turbulensviskositet ikke kan forutsi virkningen av system-
rotasjon. Modeller basert pa turbulensviskositet kan modifiseres slik at de
paviser virkninger av rotasjon, men dette har blitt gjort med varierende
resultater. Modeller basert pa transportligningen til Reynolds-spenningene
vil p&4 grunn av deres opprinnelse i stor grad pavise effekter av system-
rotasjon. Likevel vil en mer ressurskrevende storevje-simulering gi et mer
presist resultat.

Numeriske beregninger bekreftet i stor grad resultatene fra litteraturstudiet.
Lgsningen gitt av en modell med lineger sammenheng for turbulensviskositet
var ubergrt av systemrotasjon, mens den modifiserte modellen péviste en-
kelte fenomen knyttet til systemrotasjon. En Reynolds-spenning-modell
klarte & pavise alle de viktige effektene av systemrotasjon. En resirkulasjons-
sone var likevel altfor stor, noe som ble tilskrevet en ufullkommen model-
lering av trykk-tgynings-leddet.
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Chapter 1

Introduction

1.1 Background

Whether it be wind blowing in a storm or water flowing through pipes,
most fluid flows found in nature and in engineering problems are turbulent.
The complex turbulent state is well illustrated in a waterfall, where the
structure of the flow is clearly chaotic. Predicting such a flow seems to be
extremely difficult. Still, the equations describing the turbulent motions
have been known for over a century. They are however too complex to be
solved analytically. For many years, physical experiments were the only way
of conducting research on these flows, which have been necessary in order
to optimise efficiency and design in engineering problems.

As available computational resources increased, it became possible to solve
the equations of fluid flow numerically. Computational fluid dynamics
(CFD) has become very popular in the industry during the last few decades,
mainly through the simplifying approach of turbulence modelling. CFD was
first introduced in the aerospace industry, but have more recently spread to
areas such as the motor vehicle industry and wind power assessment. The
widespread popularity is due to the many advantages of CFD compared
to experiments, as it is cheaper, applicable to otherwise impossible or
dangerous scenarios and provides very detailed results. It is however
important to bear in mind that CFD is not a substitute for experiments,



it is rather an additional problem solving tool. CFD results are at best as
good as the underlying physics embedded in the code, and at worst as good
as its operator. They need to be compared with experimental data from a
similar setup in order to be validated. A skilled operator who can make the
correct modelling choices and evaluate the results is therefore essential.

Rotating turbulent flows appear in both geophysical and engineering fluid
mechanics. Earth’s rotation affects the wind blowing in the atmosphere,
as well as ocean currents. Turbomachinery products depend on system
rotation as a part of their design concept. It is therefore important to
understand how rotation affects turbulent flows in order to e.g. forecast the
weather or design a pump.

1.2 Previous work

The present work has its foundation in a project work [19] by the author
during the autumn of 2010. The project work provided an introduction
to CFD through the commercial software ANSYS Fluent and Gambit. A
grid study was conducted and several turbulence models were tested for
the turbulent flow over a backward-facing step. Results were compared
with DNS data from Barri et al. [7]. The project provided the author with
important experience necessary in order to approach the current thesis in
an efficient manner.

1.3 Purpose of the study

A wide range of CFD approaches have been presented throughout the years
and many have been adopted by the industry and research community.
Turbulence modelling is involved in most of them. Accuracy, efficiency and
simplicity are the main criteria one strives for when a new approach is
proposed. It is reasonable to assume that these criteria are related such
that, in general, the simplest and most efficient methods yield the least
accurate solutions. For rotating turbulent flows, this would imply that
different approaches manage to account for the effects of rotation in a
varying degree, depending on their complexity. The purpose of this study



is to explore how the different approaches involving turbulence modelling
tackle the effects of system rotation. ANSYS Fluent will be used to perform
some CFD calculations on a massively separated turbulent flow exposed to
system rotation.

1.3.1 Outline of the report

Chapter 2 will cover theory relevant to the calculations in the present
study. A short introduction to system rotation, turbulence modelling
and other aspects of CFD is given. The mathematical formulation of
the computational models used in the present study are given in detail.
Additionally, basic theory for the large-eddy simulation (LES) approach is
covered as a basis for parts of chapter 3.

Chapter 3 will provide an overview of how different CFD approaches
involving turbulence modelling respond to system rotation. Approaches
ranging from a simple one-equation model to the computationally costly
LES will be covered and compared. Examples of relevant research conducted
within the field will be reviewed and references given.

The flow case, turbulent flow over a backward-facing step subjected to
spanwise rotation, will be introduced in chapter 4. The grid and boundary
conditions used in the calculations will also be presented, along with a short
text concerning the precursor calculations.

Results from the calculations will be presented in chapter 5. They are
analysed and compared with data from Barri & Andersson [6]. Concluding
remarks and suggestions for further work will subsequently be given in
chapter 6.






Chapter 2

Theory

2.1 Fluid flow

Fluid flow can be described by equations based on conservation of mass,
momentum and energy. We define the position vector = (z,y, z) and the
corresponding velocity vector U = (U, V, W). Then, for an incompressible
Newtonian fluid, the continuity equation can be written, using Cartesian
tensor notation, as

oU;

= 0. 2.1
oz, ~° (2.1)

Neglecting the gravity force, the Navier—Stokes equations can similarly be
written as
oU; oU; 10P 02U, F;

Z7e P — 2.2
ot Ui oz p Ox; +V8xj8:cj + p’ (22)

where p is the density, P is the pressure and v is the kinematic viscosity
of the fluid. F; is external body forces acting on the fluid particle, e.g.
centrifugal forces and the Coriolis force.



Rf*

Figure 2.1: A position in the moving reference frame Rf is defined by the
position vector r. Rf moves relative to the stationary reference frame Rf*
with a translational velocity vg and an angular velocity 2.

2.2 System rotation

Most engineering problems are analysed in a stationary coordinate system.
We may name this absolute (inertial) reference frame Rf*. Some problems
are however easier to work with in a moving coordinate system which is
fixed to a relevant physical object in the problem. The moving reference
frame Rf may, for instance, be rotating with the same angular velocity as a
shaft or a duct in a given problem. Primary sources for the current section
are Andersson [2| and Kundu & Cohen [29, sec. 4.12].

A general dynamical problem is to be considered in the moving reference
frame Rf, as seen in figure 2.1. Rf moves with a velocity vg and accelerates
with ap relative to Rf*. Rf is also rotating with the an angular velocity,
where the rotation rate and direction are given by €2.

The absolute velocity v* in Rf* can be related to the relative velocity v at



a given place 7 in Rf by
v*¥=v9+ 2 xX7r+ow. (2.3)
Similarly, the acceleration a* in Rf* can be expressed as
a*=ag+Qxr+Qx(Qxr)+2Q2xv+a, (2.4)

where Q is the angular velocity vector differentiated with respect to time
and a is the acceleration seen in Rf. 292 x v is the Coriolis acceleration.

The linear momentum within a volume V is q = fv vpdV. FEuler’s first
axiom states that f = q = f = [, 0pdV = [}, apdV, where f is the forces
acting on the mass pdV. If we apply this to the moving reference frame and
utilise equation (2.4), we get an expression for the forces acting in Rf:

f= / a*pdV+/ —(a0+Q><r+Q><(Q><r))pdV+/ —2Q xvpdV (2.5)
1% 1% \%
Equation (2.5) shows that fictitious forces must be introduced in order to
make the equations of translational motion valid in a moving coordinate
system. These forces are fictitious in the sense that they do not obey
Newton’s third law, there are no counter forces. fv —2Q x vpdV is the
Coriolis force and — [, Q2 x (£ x 7)pdV is the centrifugal force.

Q x (2 x r) may be written in terms of the vector = , perpendicular to the
rotation axis. As seen in figure 2.1, Q@ xr =Q xr; and Q-r; = 0. Using
this together with the vector identity Ax (BxC)=(A-C)B—(A-B)C,
we obtain a simpler expression for the centripetal acceleration:

Qx (Qxr)=—(Q-Q)r, =—-0%r, (2.6)

The equation of motion for incompressible fluid flow (eq. (2.2)) can now be
transformed to account for rotation in a frame of reference Rf. We simplify
and assume constant rotation speed, € = 0, in addition to no acceleration
of Rf relative to Rf*, ag = 0. By using (2.5) together with (2.6), we get:

oU 1
5 TU-VU = —;vp + VU + QO%r) —2Qx U (2.7)

The centrifugal force may be modified, Q%r, = V(%Q%‘i), making it
possible to combine this term with the pressure force to define the effective
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Figure 2.2: The Coriolis force deflects a bullet to the right (westwards) if
shot horizontally from the North pole. The stapled line represents the initial
velocity.

pressure Pog = P— % pQQTi. The centrifugal force is hereby not dynamically
significant. The Navier—-Stokes equation in a rotating reference frame
becomes:

ou

1
5 TU-VU = —;vpeﬁJruv?U—zQ x U (2.8)

2.2.1 The Coriolis force

The effect of the Coriolis force can be illustrated by looking at the rotating
Earth from a stationary reference frame Rf*. In the northern hemisphere,
the angular velocity vector € points out of the ground. A particle with
a given velocity U will then be deflected to the right of its direction by
the Coriolis force —2€2 x U. Similarly, the deflection is to the left in the
southern hemisphere, as € points into the ground. A specific example is a
bullet which is shot horizontally from the north pole with a speed U, see
figure 2.2.



The speed of the bullet will remain constant (neglecting drag), as the
Coriolis force 2QU acts perpendicular to U at all times. When the bullet has
travelled a forward distance of Ut in time t, it has been deflected QUt?. The
angular deflection becomes QUt2/Ut = Qt, which corresponds to Earth’s
rotation in time ¢. Hence, the bullet does actually travel in a straight line,
seen from the inertial outer space (Rf*). The deflection seen on Earth is due
to the increasing peripheral speed of the Earth as the bullet moves south. In
the rotating reference frame, we need an imaginary force to account for this
apparent deflection. However, in general industrial engineering problems,
we do not need to account for the Coriolis force due to Earth’s rotation.
This is because the length scales of such a problem are normally very small
compared to the length scales of Earth. Thus, the Coriolis force becomes
negligible. Further physical explanation of the Coriolis force, including
relevant applications to mechanics, is given by Stommel & Moore [72].

2.2.2 Flow characterisation

A rotating flow is characterised by two dimensionless quantities, the
Reynolds number Re and the rotation number Ro. By introducing a velocity
scale U, and a length scale £, we define the Reynolds number as

_pLU
L

Re (2.9)

The Reynolds number is the ratio of inertial forces to viscous forces, such
that viscous effects become increasingly important as Re is reduced.

The Coriolis force affects flows in rotating reference frames to a certain
extent, depending on the amount of system rotation. This can be quantified
with the rotation number Ro, where the angular velocity is normalised with
a time scale:

_ 9L

R
°Tu

(2.10)

Additionally, the influence of the Coriolis force due to imposed system
rotation depends both on the magnitude and the orientation of the system
vorticity 2€2, relative to the local mean flow vorticity w = V x U in a
rotating reference frame. In simple shear flows (e.g. plane Poiseuille flow),



w is perpendicular to both the mean flow direction and the wall-normal
direction. If € is in the same or opposite direction as w, we may look at
the local rotation number S to effectively distinguish between different flow
regimes.

_

w

g (2.11)

The sign of S depends on whether the fluid vorticity is parallel (S > 0) or
anti-parallel (S < 0) with the system vorticity. The first case, with S > 0,
corresponds to cyclonic rotation, meaning that the fluid rotates in the same
direction as the system. For S < 0, we have anti-cyclonic rotation, where
the fluid rotates in the opposite direction of the system rotation.

2.3 The RANS equations

Equation (2.1) and (2.8) are valid for all laminar and turbulent flows.
It is possible to solve these equations by direct numerical simulation
(DNS), but when a flow is turbulent, the fluid motion is disordered, time-
dependent and three-dimensional. The scales of turbulent motion vary
from the geometric constraints of the flow case, down to the small scales
determined by viscous action. Hence, a high resolution is required in
both space and time for all scales to be resolved in a DNS. This is very
computationally demanding, especially for high-Reynolds number flows.
A simpler description of turbulent flow is required for solving practical
engineering problems.

Using Reynolds decomposition, we write the instantaneous velocity as
U = u+u’, where u is the mean (time-averaged) component and u’ is the
fluctuating component. By inserting this into the continuity equation and
Navier-Stokes equations and then averaging in time (denoted by overbar),
we can utilise the statistics of turbulence (u’ = 0) to get the so-called
Reynolds-averaged Navier-Stokes (RANS) equations for the mean flow:

Vou=0 (2.12)

1
?:+(U-V)u: ——Vpeg + vVu — 2Q x u — V - u'u’ (2.13)
p

10



peft 1s the effective mean pressure. The new supposed stress tensor, W,
seen in equation (2.13) represent the effect of turbulence on the mean flow.
It comes from the non-linear convective derivative in equation (2.8), so its
components actually represent the averaged effect of turbulent convection.
This may be seen as diffusion of momentum by turbulence, analogous to
diffusion by viscosity which appears as viscous stress in the momentum
equations. This explains why the tensor is often called the Reynolds stress

tensor.

2.4 Eddy-viscosity turbulence models

If we want to solve the RANS equations, we encounter a closure problem.
Solving for the mean, or first moment, requires knowledge of the second
moment (Reynolds stresses), as seen in (2.13). This is due to the quadratic
nonlinearity in the Navier—Stokes equations. As we will see later, the
second-moment equation will contain third moments, so further statistical
manipulation of the equations will obviously not lead to closure. Hence,
semi-empirical modelling is required in order to obtain a solution.

Following the analogy between the Reynolds stresses and viscous stresses,
one simple modelling approach is to introduce an eddy viscosity. More
specifically, we assume that there is a tensorally linear relation between
stress and strain in the mean flow. Viscous stresses and Reynolds stresses
are both linked to the rate of deformation of fluid elements (rate of strain) by
the eddy viscosity. The most widely used turbulence models today employ
this technique, referred to as the Boussinesq hypothesis. Introducing the
turbulent kinetic energy

1——
k= §u;u;, (2.14)
the Reynolds stresses are given by
— 2 Ou;  Ou;
ful = - pkdij — . . 2.15
puluj 3p J H <a$j * 895@) ’ ( )

where p; is the eddy viscosity and 6;; is the Kronecker delta. The eddy
viscosity is then defined in different ways in various turbulence models. The
assumptions which the eddy-viscosity hypothesis is founded on can lead to
inaccurate predictions and will be discussed later.

11



2.4.1 The k— model

In modern CFD analysis, the k— model is the most used and validated
turbulence model. It has been developed and improved over the years, but
Jones & Launder [25] are often credited as the developers of the standard
k—e model. As a two-equation model, it allows both the turbulent velocity
and length scales to be determined independently. The two equations solved
are the transport equations for the turbulent quantities £ and e, where ¢
is the rate of dissipation of turbulent kinetic energy in dimensions m?/s3.
We can define a velocity scale U = k'/2 and a length scale £ = k3/2/e. The
eddy viscosity is then specified as

k‘2
pe = pC UL = pC’u?, (2.16)

where C), is a constant. The transport equation for k is mathematically de-
rived and originates from the second-moment equation, while the transport
equation for e is best viewed as entirely empirical. They can be written
as [3, sec. 4.3.1]

0 0 0 e\ Ok

530k + G(pk) = 5 [(w Ok) %J P (210)
0 0 0 U\ Oe € g2
E(Pf) + oz, (peu;) = oz, [(M + Ua) 81‘9:| + ClE%P - CQap?- (2.18)

The production of k, P, is defined as

— Ous

= opulu. —2 2.19

U (2.19)

and is evaluated as
P = 2utsijsij (2.20)
through the Boussinesq hypothesis. The mean strain-rate tensor is given as
1 aul 3Uj
i = = . 2.21
T <axj +8xi> (221)

The dissipation is defined as € = 21/sgjs;j,
ou/,

/ ou'; . .
of-strain tensor, sgj = % (61; + 6—2) Following Launder & Spalding [33],

where s;; is the fluctuating rate-

12



standard values for the model constants are:

Cie = 144, Cy. =192, C, =0.09, op = 1.0, 0. =1.3 (2.22)

Equation (2.13) is now closed and can be solved by (2.17), (2.18) and
(2.16). Within the eddy viscosity hypothesis lies an assumption of a balance
between production and dissipation. This is only reasonable when the mean
velocity gradients and turbulence characteristics evolve slowly. In any case,
the standard k—e turbulence model is a simple and well validated model
which performs well in several industrially relevant flows.

2.4.2 The Realizable k— model

The Realizable k— model was developed by Shih et al. [59] and yields
improved results over the standard k—< model in flow cases involving
rotation, vortices, recirculation and separation [3, sec. 4.3.3]. Comparing
with the standard k-e model, the transport equation for € is now derived
from the vorticity fluctuations. Also, a new definition for the eddy
viscosity is introduced based on the realisability constraints; that the normal
Reynolds stresses cannot be negative, and the Schwarz’ inequality for
turbulent shear stress. As in all k—¢ turbulence models, the eddy viscosity
is computed from equation (2.16), but now C,, is no longer a constant. It is
rather a function of the mean strain and rotation rates, the angular velocity
of the system rotation, and k and e. The transport equations for k and ¢
can be written as |3, sec. 4.3.3]:

0 0 0 ut\ Ok
= — (pku;) = — L s - 2.2
1 00) + (k) = 5 () 8%,] P (223)
0 0 0 ue\ Oe g2
a(ps)—F%(psu]) = 873] [(,u—k Us> 8%] +p01\/2sl]s”5—p02m
(2.24)
Where L
C7] = max [0.43, 7715] and n = \/25ij5ijg- (2.25)
The standard model constants are:
Oy =19, 0, =10, 0.=12 (2.26)
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C}, is computed from
1

)

U* = \/ SijSij + Qijﬁzja Qij = Qij — 3€iijk~ (2.28)

(2;; is the mean rate-of-rotation tensor,
1 /0u; Ou;
Q= (%W _ 9u 2.29
K 2 (8952 al'j> ’ ( )
€;j% 1s the alternating symbol and €2, is the angular velocity of Rf. Ag and
Ay are constants, given as Ag = 4.04, A, = v/6cos ¢,

(2.27)

where

¢ = gCOS_l(\/éB), B = M, s = \/8ijSij-

33
2.5 Reynolds stress equation models

The Reynolds stress equation models (RSMs) are probably the most general
of all classical turbulence models and have proven to yield very accurate
predictions of mean flow properties in several cases. The models are however
complex, as all the Reynolds stresses are computed independently. On the
other hand, this is exactly what gives RSMs an advantage over simpler
turbulence models. In the k—< models for instance, turbulence is represented
with a scalar quantity k. This makes them unable to simulate the anisotropy
of the normal Reynolds stresses, w2 # v/2 # w'2, which exists in all real
flows. Anisotropy effects may not be important in some industrially relevant
flows where simple and efficient models have been preferred. But in flow
cases featuring complex strain fields or significant body forces, it is necessary
to account for the directional effects of the Reynolds stress field. This is
done by abandoning the isotropic eddy-viscosity hypothesis, and closing the
RANS equations (eq. (2.12) and (2.13)) by solving transport equations for
the Reynolds stresses. The downside to it all is that RSM simulations are
computationally expensive and lengthy. In two-dimensional simulations,
five "extra" transport equations have to be solved, and without the aid
of numerically stabilising eddy viscosities, convergence is slow and may be
hard to reach at all. The models are also not widely validated and the
results are not flawless, due to the unavoidable modelling.
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2.5.1 Transport equations

The equation for the second moment may be derived from the equation
for the fluctuating velocity. Third moments and other unknowns appear in
this process, which means that modeling is required in order to close the
equations. Launder et al. [31] is credited for deriving the foundation of the
RSM, and the transport equations are given in Fluent [3, sec. 4.8.2] as:

gt <pu2 J> —I—(,;Zk (pukTu;) = ai {pu’ ’uﬁg +p <5kju; + 5lku3)}
NCRg

Time derivative  (C;; = Convection Dr,;; = Turbulent diffusion
/
0 0 (—, ,) —— 0u;j s —— Ouy +p ou iy ou;
— (p=— () —p | v u
Oy |/ 0wy \"1" "oy, Oy 9z, | Om;
Dy ;; = Molecular diffusion P;; = Stress production ¢ij = Pressure strain
o’ ou'.
- 2 L 200 (u’-u’ €ikm + Uil €51 ) 2.30
Naxkaxk P 5 UmCikm iUm€jkm ( )
eij = Dissipation F;; = Production by system rotation

Models for diffusion D7 ;;, redistribution ¢;; and dissipation €;; are required
in order to close (2.30).

2.5.2 Modelling diffusion

The diffusion term Dr;; can be modelled by assuming that the rate of
transport of Reynolds stresses by diffusion is proportional to gradients of
Reynolds stresses. See the hypothesis by Daly & Harlow [10]. Due to
numerical instabilities, the model is often simplified to a isotropic model by
introducing the eddy viscosity p; [74, chapter 3.7.3]. Fluent uses the scalar
turbulent diffusivity given in Lien & Leschziner [37]:

o'’
Drj = 9 (“t : ]> (2.31)

Oxy \ o Oxy

Here, the Prandtl number for turbulence energy is o = 0.82, derived on
basis of planar homogeneous shear flow. As in the standard k—= model,
is given by equation (2.16) with C,, = 0.09.
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2.5.3 Modelling dissipation

Dissipation of the Reynolds stresses, €;;, is modelled by assuming isotropy
of the small dissipative eddies. In practice, this can be done by relating ¢;;
to the isotropic e, the dissipation rate of turbulent kinetic energy.

€ij = ;p&éi' (2.32)
This is accurate for high-Reynolds-number flows, but some anisotropy do
occur when the flow has a moderate Reynolds number [66]. We may however
account for this by absorbing the anisotropic component &;; — %E(Sz‘j into
the model for the pressure-strain term ¢;;. In the region near walls the
dissipation is anisotropic, calling for other models, which will be discussed
later.

The transport equation for € is

0 0 0 ue\ Oe 1 € g2

where 0. = 1.0, C.1 = 1.44 and Co = 1.92.

2.5.4 Modelling redistribution

The pressure-strain term ¢;; is difficult to model accurately. The effects
on Reynolds stresses by pressure-strain interactions is that energy is
redistributed between the normal Reynolds stresses (i = j), making them
more isotropic, and that Reynolds shear stresses (i # j) are reduced.
In the modelling process, the flow is taken to be homogeneous and the
redistribution is usually decomposed into a slow part and a rapid part:

g = glow 4 gravid (2.34)

v %)

The slow part of the model is also known as the return-to-isotropy term,
and covers the terms that are not dependent on g%?. When the mean
shear is not involved, there is no turbulence production and anisotropy is
gradually reduced. The rapid part of the model contains terms involving
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velocity gradients, which causes them to change instantaneously when the
mean flow is altered.

The Linear Pressure-Strain Model in Fluent has its foundation in the
Gibson-Launder model [17] (see also [30]) and employ a linear model [58]
for ¢;;. The terms in equation (2.34) are given as [3, sec. 4.8.4]:

slow € 2

rapi 1
¢ijpd = -0 |:(PZ + F;; — Cl) — §5ij(Pkk — Ckk):| (236)
P;;, Fy; and Cj; are defined as in equation (2.30). Cy and Cs will be given
in the next section, by (2.39) and (2.40), respectively.

Non-homogeneous effects

Equations (2.35) and (2.36) are derived on basis of the assumption of
homogeneous turbulence. Even though no real flow is homogeneous, they
are still applicable to regions where variables are functions of position.
The variables cannot however, vary rapidly in space. (Quasi-homogeneous
conditions.) In some regions this condition is violated, such as in the vicinity
of walls. The effect of such non-homogeneities must be added explicitly to
the model. [15, sec. 7.3]

Close to a wall, there is a region of strong shear and large rates of turbulent
production. The shear and the solid wall itself causes the wall-normal
component of turbulence to be suppressed relative to the other components.
There are nonlocal effects where pressure fluctuations are enhanced because
of the reflected pressure waves (pressure echo), and the wall boundary
conditions cause kinematic blocking (see [22]). Such nonlocal kinematics
affect the properties of the flow. This is a region where viscous effects are
dominant, and the flow is inhomogeneous up to a certain distance relatively
far from the wall.

As the suppression of the wall-normal component of turbulence is not
captured in the homogeneous part of the model, a correction term is clearly
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needed. A wall-echo contribution, or wall-reflection term, is added to the
model for redistribution:

h 11 1 id 11
Gij = by + O = G o+ ol (2.37)
;’;an is a function of the unit wall normal and the distance to the nearest
wall.
S . __ Cik
n_ € 3 3 k2
e :C’lE <u§€u§nnknm6ij — §u;u;§njnk - 2u§u;€nmk> o
3 s (2.38)
! rapid 3 rapid 3 rapid Cﬁkﬁ
+ Gy ( e TkTm0ij — igbik njng — §¢jk nmk> —d

Here, ng is the x; component of the unit normal to the wall. d is the
normal distance to the wall, s is the von Karman constant x = 0.4187
and C,, = 0.09. The empirical C;, Cy, C] and C% are functions of the
Reynolds stress invariants and the turbulent Reynolds number Re;. They
have been selected on basis of comparison with experiments, and are defined
as suggested by Launder & Shima [32]:

Cy =1+ 2.584A4y* {1 — exp [—(0.0067Re;)?] } (2.39)
Cy = 0.75VA (2.40)
2
Cl = —501 +1.67 (2.41)
2o, =1

C} = max [326 0 (2.42)

Co

k‘2
Rey = 2% (2.43)

He
A= [1 — g(AQ — Ag):| s AQ = bikbkiy Ag = bikbk:jbji (2.44)

b;; is the Reynolds-stress anisotropy tensor,
uul, — 26k
bij = JT“ (2.45)
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2.6 Discretisation

A problem needs to be discretised if it is to be solved numerically. To do this,
Fluent uses the so-called finite volume method. This involves discretisation
in space, and in time if the problem is transient. Spatial discretisation is
done by dividing the flow domain into several discrete control volumes, or
cells. A mnode is placed in the center of each control volume. This allows
us to integrate the governing equations over the control volume to get a
discretised equation at its node [74, chapter 4]. If this is done for each node
in the flow domain, we get a system of linear equations which can be solved
in order to obtain a given property at the nodal points. When discretised
equations for all nodal points in the flow domain have been set up, the
resulting system of linear equations can be solved by iteration.

If the problem involves convection, the flux at the cell faces needs to be
known, and a flux balance for each cell is introduced. Convection influences
the flow properties only in the flow direction, and it is therefore expected
that the property value depends heavily on the corresponding upstream
value, rather than the downstream value. The central differencing scheme
is thereby not a good option for interpolation, as it does not identify
the flow direction. Several schemes which account for upstream influence
have consequently been developed, where the simplest one is the upwind
differencing scheme. Here, the convected value of the property at the cell
face is taken to be equal to the value at the upstream node.

Representing fluid flow equations in a discrete form will inevitably lead to
errors. Numerical diffusion arise from truncation errors occurring during
interpolation. The upwind differencing scheme is only first-order accurate
in terms of truncation errors, and higher-order schemes have therefore been
developed in order to reduce the effect of numerical diffusion on the solution.
These include the second-order upwind scheme, the QUICK scheme and
the third-order MUSCL scheme. The second-order upwind scheme achieve
higher-order accuracy at cell faces through Taylor series-expansion. Higher
order schemes are more accurate, but also more exposed to numerical
divergence than the upwind differencing scheme. The latter is therefore
often useful in initial calculations in CFD analysis.
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2.7 Boundary conditions

At the flow boundaries it is necessary to define boundary conditions in
order to close the equations, as there is no cell adjacent to the cell face. It
is crucial to define physically realistic and well-posed boundary conditions,
since the solution of the flow domain can be seen as an extrapolation of the
data defined on the boundary surfaces. Selecting unrealistic values at the
boundaries may also cause the simulation to diverge. There are many types
of boundaries in different flow cases, and the treatment of them depends
on the specific case which is subject to modelling. Boundary conditions
relevant to the calculations performed in the present work will be discussed
in the following subsections.

2.7.1 Inlet and outlet

At the inlet, flow variables like velocity and turbulence properties must be
specified. The turbulence properties can be given in terms of e.g. k and ¢,
and turbulence intensity I = W = % Values can be found from
experimental and DNS data, or by empirical relations. For the RSM, the

Reynolds stresses must also be defined at the inlet.

An outlet surface should be placed far away from geometrical obstacles to
the flow, where the flow have reached a fully developed state. The reason
for this is that the gradient of all flow variables, except pressure, are defined
to be zero in the flow direction at the outlet. Zero gauge pressure is usually
specified at the outlet.

2.7.2 Walls

At solid walls, the no-slip condition U = 0 is applied, leading to the
formation of a so-called boundary layer where the mean velocity is less
than the mean free-stream velocity. Both the mean velocity field and
the turbulence quantities in the flow are thus affected. By counsidering a
Reynolds number Rey, = % based on the wall-normal distance y from the
wall, we see that Rey, will decrease with decreasing y, and viscous forces will

eventually become significant compared to the inertia forces. We call this
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part of the flow the near-wall region, and we may state that the flow within
this region is independent of the free stream parameters. The mean flow
velocity will only depend on y, p,  and the wall shear stress 7,. Dimensional
analysis now allows us to introduce the non-dimensional groups u™ and y™,

=2 <”ij> — 1) (2.46)

where the velocity scale u; = (7/p)Y/? is the so-called friction velocity.
The near-wall region may now be divided into three sublayers by means
of y7. Next to the wall we have the viscous sublayer where the flow is
dominated by viscous effects. This layer is extremely thin, y* < 5, and
may be regarded as nearly laminar. For values of y™ between 5 and about
50, we find the buffer layer where effects of viscosity and turbulence are
equally important. For a distance outside the buffer layer, the flow is fully
turbulent, but viscosity effects are still significant. The region may be called
the fully turbulent layer, and ranges from y™ ~ 50 to y* ~ 500, depending
on the free stream Reynolds number.

As most turbulence models primarily are valid for turbulent core flows, the
modelling within the near-wall region needs special attention. Equation
(2.46) is the foundation for the classical semi-empirical wall functions
derived for the different divisions of the boundary layer. If the inner region
is not resolved with a fine grid, these may be used in the modelling process.
This is cost-efficient, but the functions are unfortunately not accurate for
low-Reynolds number flows and become invalid in the case of separation.

There is however another approach where the inner region (viscous sublayer
and buffer layer) is resolved with a two-layer model [8]. This is a part of the
enhanced wall treatment in Fluent, involving new equations for the eddy
viscosity p; and dissipation €. The new equations are blended with the
standard model equations which apply in the fully turbulent region. This
two-layer model is used in both the k— models and in the RSM. Defining
a turbulent Reynolds number

Re, = —, (2.47)

based on the distance to the nearest wall y, the fully turbulent region is
defined as Re, > 200. Closer to the wall, for Re, < 200, the transport
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equation for ¢ is replaced with the algebraic formula

€= kZQ, (2.48)
where the dissipation length is calculated as
l. =yCy (1 - e_Rey/A5> . (2.49)
The eddy viscosity p; is similarly replaced by p ,
pi; = pCpl, Nk, (2.50)
where the length scale ¢, is calculated as
0, =yC; (1 - e—Rey/Au) . (2.51)
The constants in (2.49) and (2.51) are given as:
C; =kCP*, A. =205, A, =10 (2.52)

In order to avoid instabilities around Re, = 200, we need to blend the two
definitions of p. If p, is the eddy viscosity in the fully turbulent region,
defined in the turbulence model, p; is blended as follows:

pr = Aepteo + (1 — Ae)pee i (2.53)

The blending function A\ = A\.(Rey) is designed such that it is unity away
from walls and zero in the vicinity of walls.

When resolving the inner region with the two-layer model, one should use a
structured grid since the flow in a boundary layer mainly moves parallel to
the wall. It is also recommended that the value of 4y at the wall-adjacent
cell is close to 1 [3, sec. 4.13.4].

2.8 Large-eddy simulation

As mentioned earlier, equation (2.1) and (2.8) can be solved explicitly by
resolving all turbulent scales in a three-dimensional and time-dependent
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DNS. But since the computational cost of such a simulation increases as
the cube of the Reynolds number, they are only feasible for simple low-
Reynolds-number flows. Turbulence modelling (mainly RANS models) on
coarser grids has been the solution in many cases. Anyhow, nearly all of
the computational effort in a DNS is expended on the small dissipation-
range eddies, even though the bulk of energy and anisotropy are contained
in the larger scales of motion. Thus, a compromise can be made, where only
the large eddies are computed explicitly, while the small eddies are omitted
and their influence is represented by a model. In other words, a DNS is
performed on a coarse grid and a model accounts for the small eddies that
are not resolved. This is the concept of the large-eddy simulation (LES)
approach, where Smagorinsky [63], Lilly [38] and Deardorff [11] did much of
the pioneering work. LES should apparently be accurate for a wide range of
flow problems, since the large-scale motions are geometry dependent, while
the influence of the smaller scales is less flow dependent.

The so-called filtering process cuts off small scales and retains the large
scale motions by means of a filter function G(x,x’, A). Filtered variables
are denoted by a hat, and the filtered (resolved) velocity U is

Ulx,t) = /7/ Gz, o', AU (', t)dx'dy'd?’, (2.54)

where A is the cutoff scale which indicates the scale of the smallest retained
eddies. Filtering is thus an integration in space and the filter function G
may be defined in several ways. The most common filter functions for LES
computations are the box filter, the Gaussian filter and the spectral cutoff
method. The box filter is used in finite volume implementations of LES,
while the other two are more common in research computations. The cutoff
scale, or filter width, can be chosen freely, but in finite volume computations
it is pointless to choose a value smaller than the grid size. Often the cutoff
scale is determined as the cube root of the grid cell volume. |74, sec. 3.8|

The filtered continuity and Navier—Stokes equations can be written as

ggf =0, (2.55)
8(]} an UZ 1 8peff 82ﬁi A 87—1st8
=_= — 266U — L2
ot Ox; p Ox; V@xjaxj €kt Uk Ox; (2:56)
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The new term

7508 = U,U; - U0, (2.57)
is called the subgrid stress (SGS) tensor and needs to be modelled in order to
close the equations. The modelling task in LES is less demanding than the
corresponding modelling in RANS. In LES, the main purpose of the subgrid
model is to account for dissipation by the small eddies that were cut off,
while the filtered Navier—Stokes equations are responsible for capturing the
development of the flow. There is even one implicit LES approach where no
subgrid model is used at all [18]. The most popular SGS model however,
is the relatively simple Smagorinsky model [63], which is an eddy-viscosity
model similar to equation (2.15). The subgrid stresses are given as

2 .
TS = _;NSGSSU, (2.58)

where pgas is the SGS eddy viscosity and the resolved strain-rate tensor is
.1 (aU; oU;

Sij == 1. 2.59

i3 (axj * em) (2:59)

The eddy viscosity psas is further expressed by means of a velocity scale U
and a length scale £,

psas = pUL = pL24/2|S2, (2.60)

where |S]2 = S’USU An obvious choice of a length scale is a scale
proportional to the cutoff scale. We obtain

psas = plesD)*y/2]S)%, (2.61)

where the Smagorinsky constant cs is an empirical constant. Closure is thus
achieved, but later studies have revealed that the Smagorinsky constant is
flow dependent. Ranging from 0.1 for plane channel flow to 0.2 for isotropic
turbulence [15, sec. 13.1.2.1], a dynamic ¢s seems more appropriate. Several
SGS models have been proposed over the years, and some of them will be
discussed in the subsequent chapter.
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Chapter 3

Modelling Coriolis-force effects

3.1 Introduction

When we consider flows in rotating coordinate systems, the momentum
equations are transformed by adding the Coriolis acceleration. In order to
understand how the flow is affected by this, we may consider the transport
equations for the individual Reynolds stress components (2.30). The mean
shear production F;; and rotational production Fj; of Reynolds stresses are
given as:

Pj 7 /auj 7,7 du;
= — —u 3.1
) ) kaxk ujuk axk ( )
E.
T _oq, (u;.u;neikm n u;u;nejkm) (3.2)
p

For parallel shear flows (e.g. channel flow) in the zy plane, where the axis
of rotation € is in the z direction, the components of (3.1) and (3.2) can
be written out as in table 3.1.

The Reynolds shear stress uw/v’ and the mean shear Ou/dy are usually
of opposite signs. Independent of any system rotation, interactions
between them will cause production of streamwise velocity fluctuations.
The production terms for the other normal Reynolds stresses due to
mean shear are zero, but some of the energy associated with streamwise
velocity fluctuations is redistributed to v/2 and w2 through pressure-strain
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ij 11 22 33 12
Pij/p —2u'v'du/dy 0 0 —v2du/dy
Eij/p AU —4QuY 0 —2Qu? —v'?)
Table 3.1: Components of Reynolds stress production terms due to mean

shear (P;;) and rotation (Fj;) in parallel shear flow rotating about the
spanwise axis z.

interactions in ¢;;. The redistribution tends to make the turbulence more
isotropic since, usually, ¢11 < 0 while ¢92 and ¢33 are positive.

When system rotation is imposed, the production term F;; becomes active.

Its components are correlations between the fluctuating component of the

Coriolis force and a fluctuating velocity component. From table 3.1, it

can be seen that the normal Reynolds stresses /2 and v'2 are oppositely

affected by the system rotation, as the respective production terms always

are of opposite sign. Then, by considering the contribution to the turbulent
17,7

kinetic energy k = suju;,

1/1 1 1 —du 1 —du
P+ cFi) == (200> ) +2(0) = —u/v—, 3.3
p<2 T3 ) 2< Mdy>+2() Uy (33)

it is seen that k does not directly depend on the system rotation. This can
be explained by recalling that the Coriolis force acts perpendicular to the
instantaneous velocity vector U, and thereby cannot perform any work on
the fluid. Hence, the result is valid for all flows, not just parallel shear flow.
The Coriolis force may however affect the turbulence energy level indirectly
by altering the anisotropy through the production terms in table 3.1.

Consider a region of a parallel shear flow subject to positive rotation
Q, > 0, where du/dy > 0, and the corresponding vorticity becomes
negative, w, = —du/dy. This signifies anti-cyclonic rotation where S
(eq. (2.11)) is negative. Pjs contributes to the negative shear stress u/v/,
which consequently increases production of u’? through Py. If u? > 2,
the shear stress production due to rotation, Fyo, will further decrease u/v’
proportionally with the angular velocity. This causes dampening of the

streamwise fluctuations w2 and amplification of the wall-normal fluctuations
v"2 by F11 and Fho, respectively. Hence, the turbulence agitation is enhanced
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(destabilised). However, at high rotation rates, the turbulence agitation
restabilises when w2 becomes smaller than v'2, causing Fo to change sign.
In the case of cyclonic rotation, S > 0, we have an opposite scenario
where the turbulence is dampened. These alterations of the turbulence
will naturally affect the mean velocity profile as the flow varies between
being highly turbulent and more laminar-like. See e.g. Andersson [1]| and
Kristoffersen & Andersson [27] for further details. What we can conclude
from the preceding illustration, is that even in the simple case of a parallel
shear flow, the mean velocity profile is changed when the Reynolds stresses
are altered by rotational effects. Being able to account for these effects is
therefore a vital part of computations involving rotating flows.

Parallel shear flows are relatively simple and have often been subject of
investigation when it comes to rotating flows. Turbulence models are also
frequently validated by comparing their results with DNS or experimental
data from this kind of flows. The current section illustrates the importance
of accounting for Coriolis-force effects when modelling rotating turbulent
flows. Different classes of turbulence models respond to system rotation in
different ways, depending on their complexity. There is a vast number of
turbulence models in the literature, but they can be divided into groups
based on their underlying theory. A brief review of developments in
turbulence modelling concerning Coriolis-force effects will be given in the
following sections. Only modelling relevant to modern CFD analysis will
be considered.

3.2 Eddy-viscosity models

Because of their computational low cost and robustness, linear eddy-
viscosity models are very popular in industrial CFD analysis. The definition
of the Reynolds stresses given in equation (2.15) yields simple and stable
turbulence modelling where determination of the eddy viscosity is the only
required task in order to close the governing equations.
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3.2.1 Linear eddy-viscosity models

On basis of empiricism and dimensional analysis, Spalart & Allmaras [67]
derived a transport equation for the eddy viscosity itself. The Spalart—
Allmaras (SA) one-equation model is intended for aerodynamic flows, and
it has predicted them with good results [5]. The transport equation is valid
in the vicinity of walls, and as a one-equation model, it is the simplest
complete turbulence model and hereby computationally cost-efficient.

The most popular turbulence models are however two-equation models
where the eddy viscosity is determined by means of a velocity scale and
a length scale, as in equation (2.16). The scales can be constructed by
means of two turbulent quantities, for which two transport equations are
solved. The most popular choice is k and €, as in the standard k— model,
section 2.4.1. The turbulent kinetic energy k is present in most two-equation
models, but several quantities have been proposed as the second variable.
For example, the k—w model is a popular model where the specific dissipation
rate w = £/k is taken as the second variable. The most recent version of the
model is described in detail by Wilcox [77]|. Variables can also be blended,
such as in the SST k-w model by Menter [41], [44]. Here, w is calculated
near walls, while the equation for ¢ is applied in the free stream.

Near-wall integration has been an issue with the k—e models. Avoiding
integration by using classical wall functions based on equilibrium assump-
tions has been a popular approach, but it has proven to yield poor results
in complex flows. Specifically, in the case of wall-bounded rotating flows,
Kristoffersen & Andersson [27] reported that the mean velocity profiles do
not correspond with the semi-logarithmic law u* = 2.5Iny™* + 5.5, due to
stabilising and destabilising Coriolis-force effects. As more computational
resources became available, integration to the wall was a natural area of
research. New formulations for the eddy viscosity and new transport equa-
tions for e, involving damping functions [47], were introduced in order to
obtain better accuracy. These ad-hoc modifications are however somewhat
numerically stiff and has been implemented with a varying degree of suc-
cess. General models which can be used in both the free stream and in the
vicinity of walls are preferred.

In 1991, Durbin [12] proposed such an alternative approach, the method
of elliptic relaxation. The velocity scale k was replaced by the scalar v/2,
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which is a more appropriate velocity scale near solid boundaries. The model
is often referred to as the v?>—f model. Kinematic blocking near boundaries
is indirectly accounted for by solving an elliptic relaxation equation for
f, which is a source in the v2 equation. When the linear eddy-viscosity
hypothesis is invoked, three transport equations are solved, namely those
for k, ¢ and v”2. The model can be regarded as a "light" Reynolds stress
model in the sense that v/2 is analogous to the normal stress component
near surfaces (v2 ~ v? for y+ < 10, [51]), and its transport equation is
approximated from the corresponding Reynolds stress transport equation.
The eddy viscosity is defined as

e = pcMWT, (3.4)

where T is a time scale and ¢, is a constant.

The linear eddy-viscosity models discussed in the previous paragraphs are
some of the most popular turbulence models in the CFD community.
They do however have some deficiencies in common, which are inherited
from their formulation. Related to system rotation, the isotropic eddy
viscosity and the material frame-indifference stands out as the most critical
issues. As a consequence of the Boussinesq approximation (2.15), where
a direct proportionality between the Reynolds stresses and the mean rate
of strain is assumed, anisotropy in the normal Reynolds stresses cannot be
accounted for. Also, there are no rotation-dependent terms in (2.15), the
Reynolds stresses exclusively depend on the frame-indifferent strain-rate
tensor, making the previously mentioned models insensitive to Coriolis-force
effects. They will only be able to exhibit changes in the pressure and velocity
field that stems directly from the centrifugal and Coriolis force terms in the
RANS equation (2.13).

3.2.2 Nonlinear eddy-viscosity models

The models may however be sensitised to rotation with model extensions.
Simple, case-dependent extensions have been proposed, but general formu-
lations that are frame invariant are of course preferred. Such models can
be formulated by e.g. introducing nonlinear dependence on the magnitude
of rate of strain and rotation in the eddy-viscosity formulation or in the
transport equations. These quasi-linear models are still based on linear
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tensoral dependence to the rate of strain, but the proportionality coefficient
is nonlinear. Quasi-linear and fully nonlinear eddy-viscosity models can be
based on the algebraic stress approximation which was introduced in order
to reduce the computational expense of solving a full Reynolds stress model.
Rodi [56] proposed to reduce the partial differential equations in the RSM
to a set of algebraic equations so that W may be implicitly determined by
means of mean velocity gradients and transport equations for e.g. k and €.
By structural equilibrium assumptions the physics of the full RSM should
be retained in the derived algebraic stress model (ASM). Obviously, the
final result depends on the unavoidable modelling. This was the basis for
constitutive modelling where the stress tensor is a function of rates of strain
and rate of rotation. A general explicit relation can be obtained as a linear
combination of ten tensors, as derived by Pope [53]. Retaining only quad-
ratic terms, the general stress tensor function can then be written as [15,
sec. 7.2.3]

— 1
u; — féijk = — clsij + (&) <3ik3kj — 3‘8’251‘]‘)
1 (3.5)
+ c3 (Qrsw; + Qjrski) + ca <Qiijk - 3|925ij> ,

where |s]? = s;5si; and |Q|? = Q;;;;. Speziale [69] showed that algebraic
turbulence models are affected by system rotation only through the intrinsic
rotation tensor, which can be obtained by adding the term Ce;;,€, to the
rotation tensor €2;;. C is a constant derived from the turbulence model
in which it is used. The introduction of the intrinsic rotation tensor makes
algebraic closures frame-independent and this is employed in the subsequent
mentioned models.

c1, ¢a, ¢c3 and ¢4 may be determined in an ad-hoc manner, often based
on mathematical constraints, or they can be determined directly from an
underlying RSM. In linear eddy-viscosity models, co, ¢c3 and ¢4 are set to zero
and ¢ is constant, as seen in (2.15). In the quasi-linear models however,
c1 involve nonlinear dependence on the magnitude of rate of strain and
rotation. Indeed, it can be shown that the response to system rotation can
be captured by an eddy-viscosity model with a variable ¢; [15, sec. 8.3.3].

The Realizable k- model in section 2.4.2 is an example of a quasi-linear
model where the realisability constraints are invoked when developing the
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ad-hoc extension. Computations with this model have yielded rotational
effects on the mean flow field, but it is not able to predict turbulence
stabilisation [14]. No dependence on rotation will thus be seen in a flow case
such as the rotating channel flow [27] where the rotational effects act only
through the turbulence equations. Pettersson Reif et al. [50| sensitised the
v?2—f model by means of an algebraic stress model and were able to capture
Coriolis-force effects, including turbulence stabilisation, that the original
model could not predict. For the one-equation SA model, turbulence
enhancement by Coriolis-force effects corresponds to an increase in the
eddy viscosity. Spalart & Shur [68] proposed the Spalart—Shur correction
term in the SA transport equation and was able to predict rotational
effects. The same correction term is also applicable to other models and
has quite successfully been implemented in the SST k—w model by Smirnov
& Menter [64].

In order to account for the anisotropy of the the turbulence field more
extensively, the remaining coefficients in equation (3.5) may be non-zero to
get a fully nonlinear eddy-viscosity model. Secondary fluid motion normal
to the streamwise direction of the flow is linked to turbulence anisotropy.
The secondary flows referred to as flows of Prandtl’s first and second kind
appear in duct flows. The former is due to an imbalance between the
pressure and Coriolis forces near walls where the Coriolis force goes to
zero. It appears in laminar as well as turbulent rotating flows, and will
affect the turbulent fluctuations. See e.g. Speziale [71|. The latter arises
due to anisotropies in the turbulence field close to walls and appears also
in non-rotating ducts. However, the stabilising effect of rotation modifies
the turbulence anisotropy, and should therefore affect the formation of this
secondary flow. A third flow phenomena appearing in rotating flows are
longitudinal vortices or roll cells. These appear in both rotating ducts and
channels due to instabilities in connection with the rotation. Also these will
affect turbulence fluctuations. See e.g. [27] and [71].

If a given turbulence model is able to simulate the turbulence anisotropy, it
should be able to show secondary flows and in general yield a more accurate
solution. Pettersson Reif [49] further developed the model given in [50] and
derived a nonlinear v?- f model by a phenomenological method. The model
is reported to predict turbulence anisotropy in wall-bounded flows quite
accurately. The lack of a transport mechanism for the Reynolds stresses in
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the algebraic formulation is however a drawback for the model. Craft et
al. |9] proposed a cubic model and provide an overview of some quadratic
models in their paper. See also Hellsten & Wallin [21] for further details on
the explicit ASM approach, including concerns relevant to system rotation,
and recent developments in the field.

3.3 Reynolds stress equation models

In Reynolds stress models, transport equations for the individual Reynolds
stresses are solved, namely equation (2.30). The exact term for rotational
production Fj; appears naturally when deriving the transport equations,
and makes second moment closure the natural choice for modelling turbulent
flows subject to rotation. The absence of modelling requirements for the
production terms P;; and F;;, and the presence of a redistribution term
¢ij, are the most advantageous properties of the RSM. The differences
between various RSMs lie in the modelling of redistribution, dissipation
and diffusion, where redistribution modelling is the most complex task.

When it comes to Coriolis-force effects, the behaviour of the production
terms was illustrated by an example in section 3.1, while the modelling
of diffusion D7 ;; does not require special attention related to rotation.
Some considerations are however required for modelling of redistribution
and dissipation. As discussed in section 2.5.4, it is common practice to
split the redistribution term ¢;; into slow and rapid parts, as well as a wall-
correction part. The resulting tensors gbj}ow and gbi?pm can be expanded
analogous to equation (3.5), through the Cayley-Hamilton theorem. The
obtained equation for qb?}ow is quadratic, but only the linear term is retained
in most RSMs, according to the Rotta model [58]. An exception is the
quadratic model (SSG model) by Speziale et al. [70], which is the most
general quasi-linear pressure-strain model. Models for gbf}ow are not affected
by system rotation. qﬁg?pid, on the other hand, may we written in terms
of production, diffusion and the mean strain-rate tensor [31]. Here it is
important to account for rotational production by including 1/2F;;, in
addition to the shear production Pj;, in the model. The coefficient of 1/2 is
included to ensure material frame indifference, see e.g. [35]. Several models
for the wall-correction term gb;’;-an have been proposed, including the low-
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Re version given in equation (2.38). (Low-Re models can be integrated to
the wall.) The purpose of this term is to account for the blocking effect
close to walls by proper stress redistribution and modification of the stress
production. Rotational effects come into play e.g. through the inclusion of
gbg?pld in the model for the latter process.

An early RSM computation of fully developed turbulent flow in a rotating
channel was the one by Launder et al. [35], published in 1987. The main
effects of rotation were successfully captured by the model. Nilsen &
Andersson [45] used an ASM based on the very same model to compute the
turbulent flow over a rotating backward-facing step. In an ASM formulation,
the production terms from the RSM is retained. This made it possible to
correctly predict the correlation between reattachment length and rotation
rate, as well as turbulence anisotropy. The accuracy in both computations
were however rather poor due to the employment of standard wall functions.
Better results were obtained by Kristoffersen et al. [28] when computations
with the low-Re RSM by Launder & Shima [32] were compared with DNS
data for rotating channel flow. Launder & Tselepidakis [34] subsequently
proposed a new low-Re model which yielded even better results than those
reported by Kristoffersen et al. [28].

The modelling of redistribution near walls is apparently crucial in second
moment closure. Instead of adding wall-correction terms, Durbin [13]
introduced the previously discussed elliptic relaxation approach applied to
the redistribution term. The blocking effect is now indirectly accounted
for by the solution of an elliptic equation. The method can be applied
to a variety of second moment closures. Pettersson & Andersson [48]
modelled near-wall effects using elliptic relaxation in conjunction with the
nonlinear pressure-strain model by Ristorcelli et al. [55]. The flow case
was fully developed turbulent Poiseuille and Couette flow subjected to
spanwise rotation, and the results were compared with DNS data. The
model predicted the features of the mean flow and turbulence field quite well,
but some significant discrepancies were seen on the stable side of the rotating
Poiseuille flow at low rotation numbers and in Couette flow subjected
to destabilising rotation. Oberlack et al. [46] used the elliptic relaxation
method in conjunction with the SSG model to predict the complicated
case of turbulent channel flow with streamwise rotation. The model did
capture most of the basic features of the flow, but one stress component was
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computed with a wrong sign, which was due to a defect in the SSG model.
Second moment closure with the elliptic relaxation method has proven to
yield good results in several cases, but suffers from numerical stiffness arising
from its boundary conditions [15, sec. 7.4.1], and is therefore not widely
used in industrial CFD. Extensive research on making models like this less
stiff and computationally cheaper is ongoing. Proposals like modelling of
redistribution by means of a wall effect vector by Shima & Kobayashi [60]
show promising results for rotating flows and are encouraging.

In the dissipation modelling, many RSMs make use of the transport equation
(2.33) which has no rotation-dependent terms. However, since the transport
equation for the governing dissipation rate tensor €;; does contain rotation-
dependent terms, equation (2.33) should be modified accordingly. Several
proposals on how to do this have been published, including the one by
Shimomura [61] where an extra source term is added to the e transport
equation. The addition was used in e.g. Pettersson & Andersson [48] and
is elsewhere reported to improve predictions of rotating channel flow [24].

Around year 2000, the always increasing available computational resources
triggered the interest for unsteady RANS (URANS) modelling of turbulent
flows. Unsteady implies time dependent simulations, which is a natural pre-
requisite for flows that are not statistically stationary. The computations
can be performed in both two and three dimensions. Three-dimensional
computations are however required in order to predict important flow fea-
tures in massively separated flows. The URANS approach have been ex-
amined and validated by e.g. Iaccarino et al. [23] and Shur et al. [62].
Unsteady three-dimensional computations have become relevant for indus-
trial applications during the last decade, and there is a constant demand for
better accuracy. This brings us on to eddy-resolving approaches, which is
the topic of the next section. For further details on Reynolds stress equation
models in general, see e.g. Hanjali¢ & Jakirli¢ [20].

3.4 Eddy-resolving simulations

When turbulent eddies are resolved and simulated, the physics and
development of the flow are inherently captured from solving the Navier—
Stokes equations. Thus, given a sufficient resolution in space and time,
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the influence of e.g. the Coriolis force can be precisely predicted by the
computations. However, such high resolutions are not feasible in most
situations, calling for approaches where only a portion of the eddies are
resolved. As explained in section 2.8, modelling is then normally introduced
in order to account for what is omitted. Raufeisen et al. [54] showed that
it is beneficial to include a SGS model, but its influence on the solution
will naturally depend on the cutoff scale. LES computations with a small
cutoff scale (high resolution) will be less affected by the SGS model than
computations with a large cutoff scale.

LES is in general the most accurate CFD approach where modelling is
involved, as the filtered Navier—Stokes equations (2.55) and (2.56) are solved
explicitly. Only numerical dissipation and limitations of the SGS model
cause incorrectness in LES. Recall that the main purpose of the SGS models
in LES is to account for the flow of kinetic energy between resolved eddies
and the small eddies that are cut off. It is not necessary to involve the
system rotation directly in the SGS model in order to exhibit Coriolis-force
effects in the flow, as opposed to RANS models. This is why LES can yield
very good results for rotating flows, and it stands out as the main advantage
of using LES when predicting these flows, compared to RANS.

Even though system rotation is not directly involved in SGS modelling, the
choice of a model is important. In turbulent flows, energy is transferred
through the energy cascade from the large scales to the small scales, where
it is dissipated by viscous effects. In the context of LES, the energy transfer
from the resolved scales to the unresolved scales is termed forward scatter.
According to Leslie & Quarini [36], some energy is also transferred the other
way, from unresolved scales to resolved scales. Referred to as backward
scatter, this could be almost a third of the forward scatter. In rotating
flows, the stabilising and destabilising effects of the Coriolis force alters the
energy flow between the eddies. As seen in e.g. Xun ef al. |78], both forward
and backward scatter is enhanced in destabilised regions and reduced to
nearly zero in stabilised regions. Thus, being able to predict this with the
SGS model could be important for LES computations of rotating flows.

The Smagorinsky model described in section 2.8 is a purely dissipative
model, predicting forward scatter only. A dynamic SGS model, where the
local Smagorinsky constant c¢g is determined from the resolved scales, was
proposed by Germano et al. [16] and modified by Lilly [39]. A second test
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filter is applied, and ¢, is evaluated using a least-squares approach. In
principle, negative values for c¢s is now possible and could be considered
as the backward scatter effect. The resulting negative SGS eddy viscosity
will however destabilise the numerical algorithm considerably. These values
are therefore avoided in practical computations, and linear dynamic models
are thereby also unable to account for backward scatter. Quite recently,
Marstorp et al. [40] used the ASM approach to formulate an explicit dynamic
SGS model that could predict the anisotropy of the subgrid dissipation quite
accurately. When the model was applied to rotating channel flow, the results
were better than those from the dynamic model in Lilly [39].

Some nonlinear SGS models have been proposed, such as the dynamic
nonlinear model by Wang & Bergstrom [76]. Similar to the advancement
from linear to nonlinear eddy-viscosity RANS models, quadratic terms are
now retained in the constitutive relation for the SGS stress tensor. Three
terms are included in the model, being functions of the resolved rate of
strain and the resolved rate of rotation. Backward scatter from the SGS
eddies to the filtered eddies is now possible and the model has proven to be
numerically stable. Xun et al. [78] compared Lilly’s dynamic SGS model [39]
and the nonlinear model [76] with DNS data for rotating turbulent channel
flow with heat transfer. They found that the nonlinear model yielded
improved results over the dynamic model for second-order statistics, mainly
due to the prediction of backward scatter. The results for the mean velocity
were similar for the two models. A relatively cost-efficient second-order
central difference scheme was used for spatial discretisation. This is a
reasonable choice, as it may very well be used in commercial applications of
LES. Also, the scheme will not contaminate the simulations with too much
numerical dissipation, as is the case with first-order schemes.

The main disadvantage of LES compared to RANS computations is of
course the computational cost. Very fine grids and short time steps are
required in order to resolve the turbulence. Especially for wall-bounded
flows, which is the case in most rotating flows, the cost is high. The eddies
in the near vicinity of a wall are small, yet highly energetic. They should
therefore be resolved in order to uphold the accuracy of the simulation.
Such a high resolution is however not an alternative in many cases, as the
computational cost scales as the Reynolds number to the power 2.4 for the
inner boundary layer [52]. As in RANS modelling, damping functions, wall
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functions and wall models have been proposed with a varying degree of
success. Damping functions and wall functions are not useful for rotating
flows, due to Coriolis-force effects near walls. Balaras et al. [4] achieved
comparatively good results with a two-layer model in rotating channel flow,
but another approach has become popular during the past few years.

Detached eddy simulation (DES) originated in the late nineteen nineties (see
Spalart [65]) and was intended primarily for high-Re number, massively
separated flows. It presented an approach where the near-wall region is
modelled by RANS, while large-scale eddies in the rest of the flow domain
are resolved by LES. The RANS model will also serve as a SGS model in the
LES regions. The resolved eddies are allowed to evolve from instabilities
in shear layers, due to a limited eddy viscosity. In practice, this is done
by defining a new turbulent length scale for the computations. The DES
length scale Lpgg is typically given as

Lprs = min[L, Cprs max(Azx, Ay, Az)], (3.6)

where L is the original RANS model length scale, Cpgg is a constant and
Az is the grid spacing. Thus, the RANS formulation is employed when £
is active, while the model is otherwise reduced to a SGS model. The first
DES formulation was based on the Spalart—Allmaras model which uses the
distance to the wall as £. In this case, it is easy to see that the transition
from RANS to LES will occur at a certain distance from the wall, depending
on the grid resolution. Indeed, for a sufficiently fine grid, the DES will tend
towards a LES.

As demonstrated by Strelets [73], the DES formulation can also be
implemented with other RANS models. The turbulent length scale in
different models may very well be a function of both time and space.
Whether RANS or LES is employed at a certain point will thus depend on
the instantaneous local conditions. Viswanathan & Tafti [75] used a SST
k—w DES formulation to predict the flow and heat transfer in a rotating
channel with ribs. The results were compared with results from LES and
URANS (SST k-w) computations. Even though the SST k-w formulation
in the DES was not sensitised to system rotation, the DES results exhibited
Coriolis-force effects similar to the LES results. The reattachment length
of the recirculation zone behind the ribs varied as the system rotation rate
increased, rotation-induced secondary flows were predicted, and turbulence
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Figure 3.1: Turbulent structures behind a cylinder for a SST URANS and
a SST SAS computation. From Menter [42], figure 6.

stabilisation and destabilisation occurred. All at a considerably lower cost
than for the LES. The URANS computations showed little or no Coriolis-
force effects.

Some DES formulations and other eddy-resolving methods have been
implemented in commercial CFD codes during the past few years. The
hybrid LES/RANS approach seems to be attractive for industrial CFD
applications and will perhaps be the main research area within CFD for
the next decade. The motivation is to achieve better accuracy as the
computational resources increase. Standard (U)RANS models describe
flows in a statistical sense. They will typically produce merely quasi-periodic
large-scale unsteady structures, while the chaotic details of turbulence
remain unresolved. Resolving more of the turbulence would yield a
more detailed and accurate solution for flows that are also governed by
the small scale structures. This can be illustrated by comparing the
turbulent structures behind a cylinder for the two approaches, as seen
in figure 3.1. Here, the eddy-resolving approach is represented by scale
adaptive simulation (SAS), see Menter & Egerov [43].

The use of LES and hybrid eddy-resolving methods do however require more
knowledge, experience and working hours than RANS computations. It lies
in the very nature of eddy resolving that the solution will depend on the
grid. The CFD analysist will therefore have to understand turbulent flow
physics when constructing a grid that is both cost efficient and fine enough
to capture the relevant flow features. Choosing an appropriate time step is
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Figure 3.2: Turbulent structures for flow over a periodic hill, using SAS.
Left: Short time step. Right: Four times larger time step. From Menter [42],
figure 7.

also not trivial. Figure 3.2 illustrates how a SAS solution on the same grid
is affected by the time step. The time step in the right part of the figure
is increased by a factor of four, compared to the left part. We see that
the smallest turbulent structures are not resolved in the simulations with
a large time step. Additionally, gathering statistics and post processing of
data is a time consuming part of the analysis. Statistical convergence in
LES and eddy simulations in general, is slow, and the accumulated data
can be overwhelming.
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Chapter 4

Flow case and preliminary
work

4.1 Flow over a backward-facing step

The flow over a backward-facing step (BFS) in a channel is a geometrically
simple flow case which features the physical phenomenas of separation,
recirculation and reattachment. The fluid enters upstream of a sudden
geometrical expansion and separates from the lower wall at the step edge,
as seen in figure 4.1. The separation causes the formation of a anisotropic
turbulent free shear layer between the inlet flow and the more stagnant
fluid in the step corner. At first, the shear layer is nearly parallel with the
walls, but it will soon curve downwards and impinge on the lower wall. We
say that the fluid on the low-speed side of the shear layer forms a so-called
separation bubble, confined by the walls. An adverse pressure gradient
will cause backflow near the lower wall within the separation bubble. The
fluid is now recirculating clockwise with a relatively low velocity within
the separation bubble, driven by the momentum of the outer flow. There
is also a small secondary separation bubble adjacent to the step corner,
recirculating in the opposite direction.

For nonrotating high-Re laminar and transitional flows, the flow may detach
and reattach at the upper wall, due to the pressure gradient. The fluid
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Figure 4.1: Sketch of the spanwise rotating backward-facing step including
the recirculation zones.

within the resulting separation bubble will be recirculating in the opposite
direction of the fluid within the large recirculation zone near the lower wall.
For nonrotating turbulent flows, the separation at the upper straight wall
has not been observed. However, when positive (anticlockwise) rotation is
induced about the spanwise axis, Barri & Andersson [6] report that this
separation bubble occurs also for fully turbulent flows. Notice also that
the positive system rotation makes the shear flow along the straight wall
cyclonic, S > 0, and turbulence is thus dampened. An opposite effect is
seen along the stepped wall, where we have anti-cyclonic rotation (S < 0)
and turbulence augmentation. A mean pressure gradient in the wall-normal
direction will also appear in order to balance the y component of the Coriolis
force. Consequently, the pressure is in general higher near the stepped wall,
than near the straight wall.

At a point where the flow detach or reattach, the wall shear stress

ou

is zero. The reattachment length X, and the corresponding lengths X,
and X9 are thus defined as the distance downstream of the step where 7
is zero. Their value depend on inflow conditions, the system rotation rate,
the expansion ratio FR = h/H and the Reynolds number. The latter can
be expressed in terms of the inflow bulk velocity U, = % f06udy and the
step height h,

Reyp = Uph/v. (4.2)
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Table 4.1: Components of Reynolds stress production terms due to mean

shear (P;;) and rotation (Fj;) in two-dimensional flow rotating about the
spanwise axis z.

0 is half the channel height. The system rotation rate can be be quantified
by the dimensionless rotation number Ro given in equation (2.10). In the
present study, we define the global rotation number as

Qh
Ro= —. 4.3
o= (43)

Recall the Reynolds stress production terms due to shear and rotation,
equations (3.1) and (3.2). The flow over a BFS is two-dimensional, e.g.
u = (u,v,0), and there are consequently more nonzero production terms
than in parallel shear flows. The terms are written out in table 4.1.
Rotational production is the same as for parallel shear flow, but new terms
appear in shear production. The terms involving v can be considered as
additional production associated to streamline curvature which will occur
downstream of the expansion. The curved shear layer is therefore expected
to be highly turbulent.

Barri & Andersson [6] performed a DNS for fully developed turbulent
channel flow over a BFS subjected to spanwise rotation. In their case, the
expansion ratio was ER = 1/2 and the Reynolds number was Re, = 5600.
Different rates of positive system rotation was imposed, and the results are
consistent with the experimental data provided by Rothe & Johnston [57].
The computational domain extended L, = 6h upstream and L, = 32h
downstream of the step. The turbulence statistics are independent of z
and time ¢, making the configuration suitable as a reference for simpler
CFD codes. For a geometrically identical low domain in two dimensions,
the present study will explore how different levels of turbulence modelling
tackle the effect of system rotation on a massively separated turbulent flow.
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Figure 4.2: Segment of the structured BFS grid used in the calculations.

4.2 Grid and precursor calculations

A grid study for the BFS was performed in a previous project work by the
author [19]. The resulting grid proved to be fine enough to provide a grid-
independent RANS result, and is reused in all of the BFS calculations in the
present work. ANSYS Gambit 2.4.6 was used when creating the structured,
Cartesian grid with a cell count of 53040. The cells are quadrilateral and
the Map meshing scheme was used. In order to resolve the region close to
the inlet and expansion, a bi-exponential function is used for streamwise
node distribution before the step. In the separation region between the
step and 9h downstream of the step, the nodes are distributed uniformly in
the streamwise direction. Further downstream, in the recovery region, the
cells are stretched in the streamwise direction by an exponential function.
A detailed view of the grid around the expansion can be seen in figure 4.2.
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Figure 4.3: Values of yT for the grid used in the computations, with a RSM
solution. —, stepped wall; - - - straight wall.

Upstream of the step, the node interval count is 64 in the z-direction and 60
in the y direction, resulting in a total of 3840 cells. Downstream of the step,
the corresponding numbers are 410 node intervals in the z direction and 120
in the y direction. This makes a total of 49 200 cells. A high node density in
the wall-normal direction is preferred close to walls and near the shear layer.
An identical wall-normal node distribution is applied for all walls parallel
to the x direction. The y™ value at the upper and lower wall is in the order
of 1 (figure 4.3) and there is about twenty cells within the viscosity-affected
near-wall region. Hence, the boundary layer is well resolved.

Precursor computations were performed in order to ensure a fully developed
flow at the inlet of the BFS. One precursor computation was done for
each BFS computation. The approach consisted in letting a turbulent
flow develop in a channel identical to the inlet channel in the BFS case.
The first and second order moments were fully developed after about 60
channel heights downstream of the inlet. The fully developed velocity
profile, together with turbulent quantities and stresses, were then applied as
inlet conditions in the corresponding BF'S case. In all calculations (also the
BF'S), zero gauge pressure was used at the outlet, together with the no-slip
condition at walls.
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Chapter 5

Results and discussion

Different classes of turbulence models have been tested for the rotating
BFS case in order to explore how they react to system rotation. Since
the physical phenomenas in this flow case depend on the rate of system
rotation, it will be easier to differentiate between the classes. In the
nonrotating case, the turbulence models will encounter challenges when
predicting the reattachment length X,, the correct recovery of the flow
and the reattachment process itself. Important rotation-related effects that
the models should exhibit are asymmetric fully developed velocity profiles,
a correlation between X, and Ro and the appearance of the separation
bubble at the upper wall. All three effects are related to augmentation
and dampening of turbulence due to system rotation. Model results will be
compared with DNS data from Barri & Andersson [6], making it possible
to assess the performance in detail.

There has not been a lot of research focusing on modelling of turbulent flow
over a rotating BFS. Nilsen & Andersson [45] used an ASM formulation
of the RSM by Launder et al. [35], but were hampered by the use of wall
functions. The results were however qualitatively good and the the model
exhibited a correlation between X, and Ro consistant with experiments [57],
namely that X, decreases with increasing Ro and vice versa. Agitation
and dampening of turbulence was also predicted, but no separation bubble
at the straight wall is mentioned in their paper. Later, Pettersson Reif
et al. [50] validated a quasi-linear v?>—f model and achieved good results.
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They were able to predict the correlation between X, and Ro and found
a separation bubble at the straight wall for higher Ro. The results were
however not documented in detail. Both studies conclude that the changes
in the mean flow field occurring when system rotation is induced, is mainly
due to rotational stress production.

In the present study, the commercial CFD software ANSYS Fluent 13.0.0
is used. Fluent has a range of built-in turbulence models, as well as DES
and LES formulations. Due to restrictions in computational resources, and
since the flow field is statistically homogeneous in the spanwise direction,
only two-dimensional computations will be conducted in the present study.
As discussed in chapter 3, a RSM is a natural choice for modelling turbulent
flows subject to rotation, due to the exact rotational production of Reynolds
stresses. RSM computations will thus be emphasised, but also eddy-
viscosity models will be tested. Three RSM formulations are included in
Fluent. The w-based RSM did not perform well for the BFS case in [19],
and the SSG model [70] is only available with standard wall functions. The
Linear Pressure-Strain Model was therefore chosen and it is described in
section 2.5. The standard k— and the Realizable k—= models of sections
2.4.1 and 2.4.2, respectively, will represent the eddy-viscosity models. The
near-wall treatment described in section 2.7.2 is applied in all computations.

The grid and boundary conditions used are described in chapter 4. The
Reynolds number, based on the bulk velocity U, and the step height h, is
5600. Some different rotation numbers will be considered, namely Ro = 0,
0.05, 0.1, 0.2 and 0.4. The simulations are performed with a double
precision implicit pressure-based coupled solver. By using the pseudo-
transient solution method, which is a form of implicit under-relaxation
for steady-state cases, convergence was achieved relatively quickly. This
solution method uses a pseudo-transient time-stepping approach and has in
some cases proven to reduce the required number of iterations by an order
of magnitude or more [26]. The PRESTO! discretisation scheme is used for
the pressure equation, while the second-order upwind scheme is used for the
remaining equations. Iterations were carried out until the sum of the scaled
cell residuals for all variables were in the order of 1078 or less.
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5.1 Streamlines

Streamlines are calculated from the velocities u and v, and yield a general
overview of the computational results. Figure 5.1 compares the streamlines
obtained with the standard k—e and the Realizable k— models in the
nonrotating case and for Ro = 0.2. Vertical lines indicate the position
downstream of the step. Upstream of the step, the streamlines are parallel,
indicating a fully developed mean velocity profile. The flow separates at
the step edge and a separation bubble is predicted in all computations. The
separation bubble consists of a large clockwise recirculation zone, as well as
a small counter-clockwise recirculation zone adjacent to the step corner. It
is further seen that the shear layer curves downwards and the flow reattaches
at some length downstream of the step. Far downstream the streamlines
get more parallel as the velocity profile redevelops.

Comparing figures 5.1a and 5.1b, the standard k—e model shows essentially
the same streamlines for both Ro = 0 and Ro = 0.2. The k- model is a
linear eddy-viscosity model which is incapable of predicting Coriolis-force
effects on the turbulence field. Since all rotationally induced changes to the
velocity field are attributed to changes in the turbulence field, the outcome
was not a surprise. A pressure gradient 0 Peg /0y which balances the Coriolis
force is predicted by the model, but it will not affect the mean velocity in
this confined flow.

The Realizable k— model, on the other hand, is a quasi-linear model.
Figures 5.1c and 5.1d show a correct correlation between the reattachment
length X, and the rotation number Ro. This is due to the model’s eddy-
viscosity formulation where C), (eq. (2.27)) is a function of rate of rotation
and system rotation. The eddy viscosity increases drastically in the shear
layer when rotation is induced, causing earlier reattachment. The model is
however unable to alter the turbulence field upstream of the step, confirmed
by an examination of the turbulent quantities. Turbulence augmentation
near the anti-cyclonic wall, and dampening near the cyclonic wall, would
lead to high and low values of k, respectively. The computed values of k
(not shown herein) are however symmetric about the channel centreline.
The region just downstream of the step edge is therefore not as turbulent
as it should be, causing less mixing and thus an overpredicted reattachment
length compared to DNS data. Note that this also implies a symmetric inlet

49



x/h=6 8 10 12 14 16 18 20

—
N
\
"

@
Yill

(a) Standard k-, Ro=0

Yill

1]

L]
|
|
|

(b) Standard k-¢, Ro = 0.2

(c) Realizable k-, Ro =0

S A — ]
— —
——— |
.
@>\\\

—
— —

— e S —
|

(d) Realizable k-, Ro = 0.2

Figure 5.1: Streamlines for different computations with k— models.

velocity profile, which is the case for both k— models.

Figure 5.2 shows the streamlines computed for different rotation numbers
by the RSM. The shear layer in the nonrotating case becomes steep near
the stepped wall, resulting in a somewhat small recirculation bubble.
As system rotation is induced, streamlines on the cyclonic side start to
bend downstream of the step, and a separation bubble appears somewhere
between Ro = 0.05 and Ro = 0.1. Within the separation bubble, the
flow is recirculating in a counter-clockwise manner. At the same time, the
separation bubble at the anti-cyclonic side is reduced in size with increasing
Ro. For higher rotation numbers, we see that the separation bubble on
the cyclonic side increases dramatically in size, while the other separation
bubble gets even smaller. The formation and enlargement of the separation
bubble at the straight wall is clearly related to system rotation. Due to
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Figure 5.2: Streamlines for different computations with the Reynolds stress
model.
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the sudden expansion, there will be an adverse pressure gradient near the
straight wall (see e.g. 6], [19]), but the channel flow will not separate in the
nonrotating turbulent case. When system rotation is induced however, the
cyclonic flow near the straight wall becomes less turbulent due to stabilising
effects. Analogous to laminar and transitional BFS flow, separation due to
the adverse pressure gradient will now become more likely.

By comparing figures 5.2d and 5.2e, it seems that the size of the separation
bubbles tends towards a certain value for higher Ro. This seems reasonable,
at least for the separation bubble at stepped wall which is dependent on the
step geometry. We further observe that between Ro = 0.1 and Ro = 0.2,
the high-velocity region within the recirculating zone at the straight wall
shifts towards the downstream part of the zone. The small counter-clockwise
recirculation zone adjacent to the step corner is also predicted in all RSM
calculations.

5.2 Reattachment length

The separation and reattachment locations can be found by examining
the skin friction coefficient Cy = 7/ %pUb2 at the walls. The computed
values for X, are compared with DNS data in figure 5.3. As seen from
the streamlines, the standard k—< model predicts the same reattachment
length independently of Ro, while the Realizable k—¢ model yields a shorter
length when system rotation is induced. Note that for the latter model,
X, = 7.8h is equal to the DNS data for Ro = 0. It is however overpredicted
for Ro = 0.2, as discussed in the previous section.

For X, computed with the RSM, a very good correlation with DNS data
can be seen for Ro > 0.05. The predicted reattachment length for Ro = 0.4
is merely 0.2h shorter than what is found in Barri & Andersson [6]. In
Gundersen [19], the author pointed out that the RSM model may have
predicted a short reattachment length in the nonrotating case due to inlet
conditions that were not fully developed. In the present work, the inlet
conditions are fully developed, but the reattachment length X, = 5.6h
did not increase more than 0.1h, compared to [19]. The influence of the
inlet conditions is seemingly not that great in this case, and the defect is
presumably found in the model itself.
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Figure 5.3: Reattachment length at stepped wall for the different compu-
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Andersson [6].

5.3 Skin friction coefficient

By examining the skin friction coefficient along the stepped and straight
wall, we can get a more detailed impression of the BFS flow. The variation
of C'y downstream of the step for the k—¢ computations is shown in figure 5.4.
A negative C'y denotes backflow near the wall. Both models overpredict the
backflow velocity in the nonrotating case, indicated by the minimum value
along the stepped wall. The small secondary recirculation zone in the step
corner can also be seen, but it is too small compared to the nonrotating DNS
results. It can further be seen that the velocity profile is still redeveloping
far downstream (the C values do not coincide), contrary to the DNS where
the velocity profile is essentially fully developed, Barri et al. [7].

Notice that the C; computed by the standard k-e model is identical
for both rotation numbers. For the Realizable k- model, the solution
shifts somewhat due to system rotation, but figure 5.4b confirms that no
separation occurs along the straight wall. The size of the small secondary
recirculation zone, as well as the backflow intensity in the large recirculation
zone, is computed quite accurately. Thus, the quasi-linear Realizable
k—e model manages to imitate certain rotation-induced effects, but the
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Figure 5.4: Skin friction coefficient Cy for different k- computations.
Colours: Red, stepped wall; blue, straight wall. Lines: —, standard k—e;
- - -, Realizable k—e. Symbols: DNS data from Barri & Andersson [6].

performance is still rather poor due to the absence of stabilising and
destabilising effects.

The variation of the skin friction coefficient predicted by the RSM is
shown in figure 5.5. In the nonrotating case, the shape and intensity
of the large recirculation zone is similar to that from the DNS. The
secondary recirculation zone is however too small, leading to premature
reattachment. Consistant with the findings in [19], the flow seems to
redevelop quickly in the downstream region. When weak system rotation is
induced, the calculated values of C'y correspond well with DNS data, as seen
in figure 5.5b. Results for the straight wall indicate that the flow actually
separates at x/h ~ 11, or at least that the flow comes to a standstill. In the
downstream redevelopment region, it is seen that C is higher at the stepped
wall than at the straight wall. This is due to the turbulence augmentation
near the stepped wall which occurs for Ro > 0. As the flow becomes more
turbulent, the velocity gradient becomes steeper, resulting in a higher 7.
This effect is also seen in the DNS results.

When the rotation number reaches 0.1, seen in figure 5.5¢, we immediately
recognise the oversized separation bubble at the straight wall, also seen
from the streamlines. The length of the bubble, X, — X1 is about 8.1h,
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more than twice the size found in the DNS, which was about 3.3h. The
same tendency is seen for Ro = 0.2 and 0.4. The composition of the
separation bubble in the high-Ro cases is however similar to the DNS
results, with the highest backflow intensity in the downstream part of the
bubble. For Ro = 0.4, Barri & Andersson [6] noted that a local minimum
for Cy appeared along the straight wall, about 1h downstream of the
step. This indicates the formation of two smaller recirculation zones within
the separation bubble, rather than one large. The same phenomenon is
indicated by the RSM results, in addition to a more evident local minimum
at x/h =~ 15.5, caused by the momentum of the intense backflow at
x/h ~17.5.

The backflow intensity is seen to increase with Ro also at the stepped wall.
The RSM predicts this separation bubble fairly accurate, although the small
secondary recirculation zone is too small. Downstream of reattachment, the
model exhibits a global maximum for C', related to the separation bubble at
the straight wall. As the separation bubble covers about half of the channel
in the wall-normal direction, the streamwise velocity between the stepped
wall and the bubble must increase in order to uphold mass conservation.
The same effect is seen in the DNS results, but the outcome is not so
dramatic because of a smaller separation bubble in both x and y direction.
The situation is further illustrated by examining the velocity profiles in the
next section.

In the downstream redevelopment region, we notice a decrease in Cy at
the cyclonic side of the channel, as the rotation number increases. This
is due to the stabilising Coriolis-force effect, and consistant with DNS
data. For the anti-cyclonic side, Cy increase with increasing Ro up to
Ro = 0.2. Then, at Ro = 0.4, C; has dropped to a lower value than in the
nonrotating case. Accordingly, somewhere between Ro = 0.2 and Ro = 0.4,
w2 becomes smaller than v'2, causing the rotational shear stress production
term Fio/p = —2Q(u2 — v2) to change sign (see sec. 3.1). Turbulence is
thus dampened also at this side of the channel, and the velocity gradient
tends towards the one at the straight wall. Note that this applies only to the
redeveloping flow downstream of the step. The effective rotation number
is higher here than upstream of the step since it depends on the channel
height. Being able to predict this effect directly is a good example of the
advantages by using a RSM instead of a simpler turbulence model.
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5.4 Velocity profiles

Streamwise velocity profiles u/Upax from the RSM results are shown in
figure 5.6. Upax is the maximum inlet velocity in each computation.
Velocity profiles are shown for the flow at the step, as well as for seven
downstream positions. DNS data from Barri & Andersson [6] is included
for comparison, but note that no DNS data is shown for z/h = 16 and 20.
These two profiles are included due to the oversized separation bubble near
the straight wall.

When rotation is induced, the RSM correctly exhibit the characteristic
asymmetric velocity profile for the flow over the step. (The velocity profile
at the step is somewhat affected by the downstream conditions and is
therefore not entirely fully developed.) As Ro increases in parallel shear
flow, Upax shifts towards the cyclonic side due to stabilising effects. A
region of zero absolute vorticity, where S = 2Q/(0v/0x — du/dy) ~ —1,
appears in the channel core. Zero absolute vorticity signifies that the system
vorticity balances the flow vorticity. When v is negligible, the region is
characterised by a linear part in the velocity profile with a slope proportional
to 2€2. Overall, the prediction of the fully developed flow at the step is
considered fairly good, especially at the anti-cyclonic side of the channel.
The computed redeveloping profiles at z/h = 30 also correspond well with
DNS data, except for Ro = 0.4 where the profile is slightly shifted towards
the cyclonic side.

The separation bubbles are readily observed by examining the velocity
profiles downstream of the step, where u/Upax < 0 corresponds to
backflow. Predictions for Ro = 0.05 are reasonable, but for Ro > 0.01
we see that the separation bubble along the straight wall extends too far
downstream. Additionally, as it expands towards the stepped wall, it blocks
the streamwise flow which responds with a higher velocity. The effect is
clearly seen for x/h = 13 and reflects the overpredicted Cy in figures 5.5d
and 5.5e. It seems likely that the overpredicted backflow intensity near the
straight wall appears due to the increased velocity near the stepped wall.
Velocity profiles for x/h = 7, 8 and partly 10 are anyhow rather accurate
compared to DNS data. The RSM is evidently struggling with the cyclonic
part of the flow, whereas the anti-cyclonic part is well handled.
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5.5 Reynolds stresses

Reynolds stress contours from the RSM and DNS computations are shown
in figure 5.7. Only the case of Ro = 0.2 will be considered. Note that the
contour values from the RSM and DNS do not correspond, the figure is
meant to give a qualitative impression of the stress distribution. Contours
near the straight wall in 5.7g and 5.7h represent positive values of v/v/, while
those near the stepped wall are negative.

The predicted distribution of Reynolds stresses at the anti-cyclonic side
seems to correspond quite well with the DNS data. Both the curved shear
layer and the upstream channel flow is highly turbulent, in correspondence
with the production terms in table 4.1. Yet, one exception is seen when
comparing the spanwise Reynolds stress w2 in figures 5.7e and 5.7f. The
appearance of w2 in the RSM computation is solely due to the redistribution
term ¢33, as the production terms Ps3 and F33 are both zero. Barri &
Andersson [6] attribute their excessive level of w2 near the wall at z/h = 9
to the dynamic flow phenomenon of secondary flows. Longitudinal roll cells
were observed in the reattachment zone when inspecting the instantaneous
flow field. Rotating in the yz plane, these roll cells will cause high levels of
w'2, even though the time average of the fluctuations w’ naturally vanishes.
If the secondary motions are to be resolved, a three-dimensional (or two-
dimensional, three-componential) computation is required, so the effect
cannot be predicted in the present study.

When it comes to the cyclonic side of the channel, there are more differences.
At first sight the contours look quite similar, but the computed values for the
wall-normal stresses v/2 require further inspection. It is seen from the DNS
results in figure 5.7¢ that rather high values of v/2 occur on the cyclonic side
for 8 < x/h < 14. This tendency is absent in the RSM computation. Values
of v/2 scaled by the global friction velocity u2 = —ﬁ 85;3 (H—h)at z/h =10
are compared with the DNS data in figure 5.8. It is readily seen that the
wall-normal stress is considerably underpredicted at the cyclonic side in the
RSM computation. High values of wall-normal stress signify more mixing
across the shear layer and therefore a suppression the separation bubble at
the straight wall. This seems to be the main reason for the prediction of an

oversized separation bubble by the RSM.
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Figure 5.7: Reynolds stress contours for Ro = 0.2. Left: DNS data from
Barri & Andersson [6]. Right: RSM solution.
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The high values of v"2 predicted by the DNS cannot be attributed to mean
shear production Psy or rotational production Fhe. Barri & Andersson [6]
show that mean shear production P»y is negligible in this region, and
Fso will act as a sink since w/'v’ is positive. We are then left with the
redistribution term ¢;;. As is normally the case, ¢11 is negative and
turbulent energy is distributed to the other diagonal stress components.
Contrary to conventional wall-bounded shear flows however, most of the
energy from ¢1; is now distributed into wall-normal fluctuations instead of
spanwise fluctuations [6]. This is the reason for the high values of wall-
normal stress in the cyclonic region. The shear stress u/v’ is also increased
due to an increased v/2, as seen in figure 5.7g. It should be noted that
the contours in figure 5.7h are somewhat misleading, as shear stress on the
cyclonic side is rather low. The highest magnitude on the cyclonic side is
only ~ 0.125 of that at the anti-cyclonic side, whereas as the same ratio in
the DNS results is =~ 0.23.

It seems that the wall-normal redistribution term ¢99 is underpredicted at
the cyclonic side in the RSM results. The relatively high values of u? for
12 < z/h < 16 in figure 5.7b may indicate turbulent energy that should have
been redistributed into wall-normal fluctuations. Figure 5.7f also indicates
that turbulent energy from the streamwise fluctuations in the cyclonic shear

layer are redistributed into w2 rather than v/2. Hence, the main defect

in the RSM calculations, the oversized separation bubble at the cyclonic
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side of the channel, seems to arise due to a flaw in the modelling of the
redistribution term ¢;;, equation (2.37). This is perhaps not a surprise, as
accurate modelling of ¢;; is regarded as the most difficult part of Reynolds
stress equation modelling. The intercoupling between the stresses through
production, redistribution, dissipation and diffusion is however an intricate
process and an individual inspection of the components in each process is
required in order to locate the flaw with certainty.
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Chapter 6

Conclusions

A study of how different levels of turbulence modelling tackle the effects
of system rotation has been conducted. System rotation gives rise to the
fictitious Coriolis and centrifugal forces in the equations of motion, where
the Coriolis force significantly affects turbulent flows. Its presence leads to
the introduction of a new production term F;; when deriving the transport
equations for the Reynolds stresses. The term is dependent on rate of system
rotation and will alter the turbulence field accordingly. In shear flows,
the general effect is augmentation and dampening of turbulence in regions
subjected to anti-cyclonic and cyclonic rotation, respectively. Additionally,
system rotation will affect processes such as Reynolds stress redistribution
and may induce secondary flows.

An investigation of relevant literature revealed that linear eddy-viscosity
turbulence models are unable to predict any Coriolis-force effects on the
turbulence field. Such cost efficient models are widely used for industrial
applications due to their simplicity. This is however also their vulnerable
point, as the simple linear eddy-viscosity formulation relies on the frame-
indifferent strain-rate tensor to predict the turbulent stresses. It is however
possible to capture rotational effects on the flow field by sensitising the
models. This is often done by introducing the rate-of-rotation tensor and
the system rotation in the eddy-viscosity formulation. However, the model
still exhibits isotropic turbulence which is in strong violation with rotating
turbulent flows. Fully nonlinear eddy-viscosity models are able to predict
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turbulence anisotropy, but will in any case lack a transport mechanism for
the stresses.

The more costly Reynolds stress equation turbulence model class stands
out as the natural choice when selecting a RANS turbulence model for
rotating flows. This is due to the Reynolds stress production terms
and the redistribution term appearing in the Reynolds stress transport
equation (2.30). The production terms are exact, meaning that Coriolis-
force effects will be predicted to a large extent, independently of the model
formulation. Modelling the redistribution process is considered as the
main challenge in RSMs and is principally what differentiates the several
formulations in the literature.

The use of eddy-resolving simulations has increased considerably during
the last decade. The main advantage of LES compared to the RANS
approach, is that the effects of rotation are captured directly by solving
the filtered Navier-Stokes equations (2.56). As numerical dissipation and
limitations of the SGS model are the only sources of incorrectness in LES,
the computed results can be very accurate and detailed. A very fine grid
and short time step is however required, making LES very costly compared
to RANS. A compromise between the two approaches has been made in the
DES formulation, where RANS and LES are used near walls and in the free
stream, respectively. The DES formulation has proven to yield accurate
results for rotating flows at a relatively low cost [75].

Two-dimensional RANS calculations of the turbulent flow over a spanwise
rotating backward-facing step were performed with the commercial CFD
software ANSYS Fluent. Results were compared with DNS data from
Barri & Andersson [6] which corresponded well with the experiments of
Rothe & Johnston [57]. As a linear eddy-viscosity model, the standard k—
€ model did not manage to predict any effect on the mean velocity field
due to system rotation. The solution was essentially the same in both the
nonrotating case and for Ro = 0.2. The quasi-linear Realizable k—¢ model
exhibited a correct correlation between the reattachment length X, and
system rotation, although X, was still overpredicted in the rotating case.
No effects on the turbulence field upstream of the step were seen. The quasi-
linear eddy-viscosity formulation did only respond to rotation in regions
with streamline curvature, e.g. just downstream of the step. The absence
of a separation bubble near the straight wall, as well as the overpredicted
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reattachment length, can be attributed to this defect.

Except for any secondary flows, the RSM captured all of the rotationally
induced effects on the mean flow field seen in Barri & Andersson [6]. In
general, the anti-cyclonic part of the flow was predicted accurately. The
deviation in reattachment length at the stepped wall for Ro = 0.4 was
just 0.2h. At the cyclonic side of the channel, separation occurred at
approximately the same rotation rate as in the DNS. For higher rotation
rates, the size of the separation bubble is however severely overpredicted in
both z and y direction.

Reynolds stress predictions by the RSM compare fairly well with the DNS
data. Values of wall-normal stresses at the cyclonic side downstream of the
step are however too low. Barri & Andersson [6] attributed their high levels
of v2 to the redistribution process. Contrary to conventional wall-bounded
shear flows, most of the energy was redistributed into wall-normal, rather
than spanwise fluctuations, causing a suppression of the separation bubble.
As the Reynolds stress production terms are exact, the oversized separation
bubble in the RSM results is attributed to a flaw in the modelling of the
redistribution process.

On basis on the present computations, we may conclude that the RSM class
is the best choice for two-dimensional calculations of rotating turbulent
flows. Although it is crucial to compare results with experimental or DNS
data, a RSM will seemingly exhibit the rotationally induced effects on the
mean flow field. Still, the present RSM clearly has its limitations, calling for
a detailed examination of the individual Reynolds stress transport processes.
Model modifications and further validation is then possible. It would also be
interesting to assess the performance of the computationally cheaper v?-f
formulation by Pettersson Reif et al. [50] in detail. For three-dimensional
calculations of rotating flows, further comparison of DES and RANS results
would be useful for the community.
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