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Chapter 1

Introduction

1.1 Motivation

In recent years river cruises through Europe have become very popular. Despite the rel-
atively high prices these leisure activities attract people by the combination of a high comfort
level and rich sightseeing experience. In an eight to fourteen day period one can visit a great
number of tourist attractions (e.g. European capital cities) without considerable stress, while
having constant access to luxurious cabins.

Thus, the passenger comfort is a very important feature of such journeys. However, the
fact that the vessels often operate under shallow water conditions may impair the habitability of
the ship and decrease the attractivity of the cruises. The reason for this is that the ship motion
in fairways with depth restriction often leads to rise of strong vibration at the stern. Absence of
vibration is one of the most important criteria for evaluation of passenger (e.g. cruise) vessels.
Based on the resulting level of vibration and noise the ship comfort class is determined by
classification societies (see, for example [6, 133]). Usually, the shipyard bears the responsibility
for ensuring the vibration limits, agreed with the ship owner. If the limits are exceeded additional
technical measures must be implemented to suppress the excessive hull oscillations and noise,
which results in additional costs. In order to avoid this scenario, the mechanisms, leading to
the rise of stern vibration under shallow water conditions should be understood. This way the
recommendations for the design phase can be provided, which would allow for avoiding the
excessive vibration levels.

Much work has been done for understanding the ship vibration exciters and developing the
measures for its suppression [156, 133]. At the same time, the discussion of the shallow water
influence on hydrodynamic vibration sources can be found literally in a few works [119, 164,
165]. This indicates that further research on this topic should be conducted in order to clarify
the mechanism, by which the depth restriction affects the hull oscillations.

In order to approach this problem in a more detailed manner, the usual sources of vibration
excitation should be discussed.

1.2 Sources of vibration excitation

By the origin the exciters of ship vibration can be split into two groups: mechanical and
hydrodynamical ones [65, 6]. The former group consists of working mechanisms: main and
auxiliary engines, shaft machinery, gearboxes, etc. Main engine is usually considered to have a
major contribution here [133]. Obviously, the working conditions of the mentioned devices are
not influenced by the change of the water depth. Therefore the cause of the above mentioned
problem should be searched for in the second group of vibration sources.

The main reason of the hydrodynamically excited vibration is the propeller, which can in
multiple ways affect the hull structure. Firstly, the forces and moments, produced by the pro-
peller may considerably fluctuate in time because of the wake nonuniformity and instationarity.
This effect is due to the change of the angle of attack of a propeller blade in circumferential
direction and in time. These periodic forces are transmitted through the shafting to the ship
structure. Secondly, the propeller blades rotating in water create pressure pulses on the hull and
by these means cause the oscillations of the hull surface. The pressure pulses consist of three
different parts: lift part (due to propeller blade lifting force), displacement part (depending on
blade thickness) and cavitation part. For the latter mechanism the cavitation sheets are most



important, not the cavitation bubbles [156]. If the irregularities in the inflow velocity field are
present the cavities can collapse in a repeating fashion. In this case the contribution of cavitation
to the pressure pulses may be much higher, than that of lift and displacement contributions [156,
19]. Usually, if the propeller is cavitating the pressure pulses play the major role for vibration
excitation [133|. If this is not the case, the thrust fluctuations are dominant.

Generally speaking, study of the reasons for vibration should involve both hydromechanical
and structural analysis. Not only the excitation is important here, but also the structural re-
sponse. As it is known, the strongest hull oscillations occur when the frequency of the excitation
source coincides with one of the hull natural frequencies. However, in this particular situation,
when the vibration occurs only in confined waters, it is to expect, that the changes in flow picture
are a key issue. From this standpoint it makes sense to analyze the hydrodynamical part of the
problem separately and clarify, which mechanisms are responsible for the observed phenomenon.
In particular, how the change of the wake parameters due to the bottom proximity influences
the propeller forces oscillations. Therefore the structural analysis is left out of the scope of the
present research. Thus, the focus of the work is placed on the study of the unsteady ship wake
and propeller thrust oscillations under shallow water conditions.

Despite the potential importance, modeling of cavitation is left out of the scope of the
present work. Accounting for the cavitation in conjunction with unsteady wake fluctuations
would require application of extremely complicated numerical model. Since the wake parameters
are the determining factors for whether or not the cavitation occurs, the present research can
become a basis for the future work, in which the cavitation will be thoroughly analyzed. Thus,
in the framework of the present research only a rough estimation of cavitation inception was
undertaken.

1.3 Shallow water effects on the ship

Ship behavior under shallow water conditions is a classical problem considered in ship
theory and it has been studied by marine engineers for a long time. Influence of depth restriction
on the ship is a complex matter, including a lot of various phenomena [150]. The studies dealing
with shallow water effects are mostly devoted to the following aspects:

1. Influence of depth restriction on the wave pattern and resulting change in wave
resistance. The wave generation by a moving ship in shallow water is considerably more
intense than for the deep water case. The determining parameter of the influence of water
depth on the wave pattern is the depth Froude number Fnj; = %. For small F'ny, the
wave pattern is almost the same as for unrestricted water, but as the mentioned parameter
grows, the transversal waves at the same propagation speed become longer and the width
of the Kelvin wedge increases [77]|. At the so-called (trans)critical regime F'nj ~ 1 strong
transverse crests at the bow and stern are observed [61, 9]. The diverging waves at the
same time are to a much less extent affected by the water depth. Because of the described
changes in the wave pattern the wave resistance considerably increases with increasing
Fny, till the latter reaches unity. In supercritical regimes (F'nj, > 1) only diverging waves
are present and the wave-making resistance decreases again. Here one should mention the
works of Jiang [61], Chen [22]|, Soomere [138].

2. Viscous resistance in confined waters. Both the frictional and the viscous pressure
resistance can be noticeably affected by the bottom proximity. Depth restriction leads to
acceleration of the fluid under the ship and results into the increase of wall-normal velocity
gradient at the ship hull and subsequent growth of skin friction. Viscous pressure resistance
is affected by the change of pressure distribution on the ship hull, caused by shallow water
effects (e.g. wave making). The research efforts were mainly aimed at deriving the rescaling
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laws for shallow water viscous resistance from model to full scale. The usual assumption
of ship hydrodynamics that the wave pattern has insignificant influence on the viscous
resistance and the consequent breakdown into independent resistance parts are not quite
correct in shallow water. The change of pressure distribution due to the intensified wave
generation may be noticeable and may lead to considerable boundary layer separations.
This phenomenon causes a dramatic change in viscous pressure resistance. Under certain
conditions (F'rp = 1) the latter may become equal and even higher than the frictional
resistance [155]. Due to these peculiarities it is difficult to develop a reliable method to
extrapolate the resistance forces from the model to the full scale under shallow water
conditions. For further details reader is referred to the work of Raven [118] and references
therein.

3. Squat prediction. One of the most important effects of shallow water is the dramatic
increase of dynamic trim and sinkage compared to deep water. The reason for this is
the Ventouri effect, which decreases the pressure under the ship hull and on this account
produces the suction force, which pulls the vessel toward the fairway bottom. This effect is
of a high significance because of the risk of the grounding in case of excessive squat. For this
reason prediction of squat is a very important task. A number of methods was proposed for
solution of this problem: analytic and empirical formulas, slender body methods, potential
flow methods and CFD. The latter approach is at the moment the most accurate one,
but at the same time the most time-consuming (see [46], [132| and references therein).
Experience shows, that in extreme shallow water CFD seems to be the only alternative
[131].

4. Maneuvering behavior in shallow water. Presence of the bottom increases the deriva-
tives of forces (except for Cl?) and moments, acting on the ship. The added masses
(mq1, ma2, mgg) of the hull also become larger. Due to these changes the turning circle
radius increases and the ship becomes sluggish [53]. Because of the described effects the
shallow water influence on the ship motion must be accounted for in assessment of ship
maneuverability [29]. Latest achievements in this field of research are regularly presented at
the International Conference on Ship Maneuvering in Shallow and Confined Water (MASH-
CON).

Despite the fact, that the topic of shallow water is generally studied quite well, there is a
lack of literature discussing the influence of the depth on the wake nonuniformity or instationarity
or the mechanism of ship vibration under such conditions. Unfortunately, only a few works can
be mentioned here.

Reed and Basset [119] described the results of a series of full-scale trials conducted on the
cargo ships operating on Great Lakes under shallow water conditions. They showed that very
strong pressure pulses on the hull can occur in such circumstances which lead to severe hull
oscillations. The reasons for the observed effect were attributed to the unsteadiness of the wake
and the sheet cavitation resulting from it. However, the detailed analysis of the wake parameters
was not presented because of the complexity of the velocity field measurements in full scale.

Zibell and Miiller [164] presented the results of a research project devoted to development of
ships and propulsion systems for extremely shallow water conditions. Even though the research
project was not directly aimed at the hull vibration assessment, the pressure pulses on the hull
and vibration amplitudes were measured for two full scale ships moving at h/T = 1.1. For both
ships very high fluctuations (20-35 kPa) of pressure on the hull were observed. As previously,
this effect was attributed to sheet cavitation, arising because of high propeller loading coefficient
and the influence of shallow water on the wake fraction distribution. Authors concluded, that
due to severe pressure fluctuations special structural measures should be implemented in order
to avoid stern vibration in shallow water.



Zong and Lam [165] analyzed the change of added masses of the ship hull in shallow water
using the method of matched asymptotic expansions and BEM. They showed that the change of
added masses of a hull caused by the proximity of the bottom can considerably change the hull
natural frequencies. The conclusion was drawn, that this effect should be accounted for in the
ship design phase.

The effect which has not been widely discussed in literature so far is the increase of the
adverse pressure gradient along the hull in the stern under shallow water conditions and its
influence on the wake parameters. Restriction of depth makes the flow geometry at the stern of
the river cruise vessel similar to that of a diffuser flow (see Figure 1.1). Under these conditions
the flow can separate from the hull surface. The discussed trend can be noticed in the results,
presented by Raven [118]. Even though other types of ships were considered there, the analysis
of the wake field clearly shows that depth restriction may lead to separations. Effect was more
pronounced for model scale, but significant changes can be observed also for real scale.

The presence of recirculation zone in this case would lead to appearance of irregularities of
the wake fraction and resulting severe thrust oscillations. Additional contribution may come for
the generation of unsteady vortices, transported to the propeller.

Ship hull

Bottom

Figure 1.1: Sketch of the flow geometry at the stern of a river cruise vessel

1.4 Application of CFD to unsteady wake calculation

The study of the described phenomena will be conducted by means of CFD simulations.
Even though the latter can suffer from a number of inaccuracies, (stemming from modeling
errors, approximation errors etc.), they are nowadays widely accepted as a research tool, because
of relatively low cost and simplicity, compared to model scale experiments or full scale trials.
However, the quality of the computational results should be constantly assessed. For this purpose
a number of validation studies of the numerical models will be performed (see Chapter 4).

The most applications of CED to ship hydrodynamics are restricted to RANS-based analy-
sis. The scale-resolving simulations, like LES or hybrid RANS/LES are not widely used because
of higher computational demands. In cases, where strong separations do not occur (e.g. ships
with low block coefficients) RANS may be a perfect choice. However, as the results of the recent
workshop on CFD in ship hydrodynamics (2015) indicate, increase of the block coefficient may
impair the accuracy of model predictions. The reason is most likely, that RANS models may in
some cases poorly predict the momentum transport after separation [141]. RANS is also known
to smear out the flow features in time and space (for more details see Chapter 2). Due to the de-
scribed issues the hybrid RANS/LES models are chosen as the main research tool in the present
work.

Calculations of the unsteady ship wake using scale resolving methods have been described
in a significant number of research papers in the last years [16, 14, 162, 70, 108, 38|. Yet, only a
few works to date have addressed the influence of wake instationarity on the pressure or thrust
fluctuations.

In the recent series of works Abbas (see for example [2]) studied the unsteady loadings
on the propeller of a KVLCC tanker at different maneuvering conditions in model scale using
hybrid URANS/LES method of Kornev et al. [70]. The results were in a fair agreement with
the engineering methods for estimation of forces and moments fluctuations on the propellers.



CHAPTER 1. INTRODUCTION 7

It was shown that a significant contribution to thrust oscillations is due to large-scale flow
instabilities. One of the most important conclusions of the work was that URANS was not
capable of reproducing the correct statistics of propeller forces and moments variations.

Liefvendahl and Bensow [84] conducted the analysis of thrust and pressure fluctuations for
the model of a chemical tanker using LES with wall functions. In their paper the authors noted
the importance of capturing of the wake instationarity for the successful prediction of alternating
thrust - in all simulations the signal of thrust contained non-periodic components, attributed
to unsteady effects in the velocity field. Good agreement with experimental data for thrust
fluctuations was attained. In the presented results one can notice a considerable dependence of
the thrust variations on the upstream flow separation. The major contribution to the observed
pressure oscillations was that from propeller blade rotation and was mostly periodic.

1.5 Objectives of the study

The main objective of the present research is the assessment of the influence of shallow
water conditions on the hydrodynamic exciters of ship hull vibration! using hybrid RANS/LES
methods. A river cruise vessel is selected for consideration. In order to achieve the claimed goal
following steps will be taken:

1. Overview of the existing hybrid RANS/LES methods for turbulence modeling and selection
of the most appropriate ones for the current research

2. Validation of the selected methods for canonical and ship flows

3. Analysis of the influence of different factors on the characteristics of the nominal wake of
a river cruise vessel under shallow water conditions

4. Assessment of thrust fluctuations and pressure pulses and their sensitivity to motion con-
ditions

1.6 Thesis outline

The present work consists of seven chapters and is organized as follows:

- Chapter 2 describes the mathematical model, used in the present work. Since the turbu-
lence modeling is one of the major aspects of the successful flow simulations, an overview
of the existing turbulence modeling methods is given.

- Chapter 3 presents the numerical method, employed in the further CFD simulations.

- Chapter 4 contains the validation data of the computational methods for canonical and
ship flows.

- Chapter 5 presents the results of the simulation of the nominal wake of a river cruiser under
different operating conditions.

- In Chapter 6 the geometrically resolved rotating propellers are added to the numerical
model. Influence of motion conditions on the thrust fluctuations and pressure pulses on
the hull is analyzed.

- Finally, in Chapter 7 the results of the study are summarized and the possible directions
for the future work are proposed.

!Unsteady fluctuations of propeller forces and pressure pulses on the hull
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Chapter 2

Mathematical model

2.1 Dynamics of incompressible Newtonian fluids

In the presented study the mathematical model of incompressible Newtonian fluid is used.
Its description consists of the continuum hypothesis, the law of mass conservation and the law
of momentum conservation, which are shortly described below.

2.1.1 Continuum hypothesis

The mass of a fluid or a gas is concentrated in the nuclei of atoms, of which the molecules
consist and therefore is distributed nonuniformly over the volume occupied by the material. The
same situation is observed also for other properties of the fluid such as velocity. However, since
the fluid dynamics is concerned with the macroscopic fluid behavior, it turns out that in this
case the microscopic structure of the material can be neglected. The reason for this is that the
length and time scales of the molecular motion are orders of magnitude smaller than these of the
fluid flow.

In kinetic theory of gases the dimensionless Knudsen number is introduced

Kn = %, (2.1)

where [ is the characteristic geometric length scale of the flow and A is a molecule mean free
path. Kn characterizes, to what extent the molecular structure and interactions are relevant for
the considered problem. If Kn < 1 , the fluid can be considered as a continuous matter and
its macroscopic properties at a point x,t are thought of as the molecular properties averaged
over the volume I*3, A < I* < [, with x being the center of that volume. This way one can
meaningfully talk about the “velocity at a point”, even though when considering the microscopic
structure this makes no sense.

Kn for the ship hydrodynamics applications can be roughly estimated as follows. For water
X equals 2.5 - 107 m. The flow scale I should be taken equal to Kolmogorov scale

n=Ilp- Re_3/4,

where Re is the Reynolds number and [y is the size of the largest eddies.

If one takes typical for ship flows Re = 5 - 10% and [y, say, 1 m, one can obtain the
Kn ~ 1073, This satisfies the discussed above constraint.

Thus in fluid mechanics the mathematical description of the moving fluid is normally done
using the continuous functions, describing the distribution of the velocity u = u (z, y, z,t) and any
two of the thermodynamic quantities in space and time. For example, pressure p = p(x,y, 2, t)
and density p = p(z,y,2,t) [76]. Standard operations of calculus can be applied to these
functions because of continuity of the latter. The continuum hypothesis is in further details
discussed in [114],[10],[21].

2.1.2 Mass conservation

Let us consider a fixed subregion of a three-dimensional space, V' which is filled with fluid

(see Fig. 2.1). The amount of mass, which is enclosed in this volume can be represented as [ pdV
Vv

and its rate of change can be expressed as % J pdV. On the other hand, the amount of fluid,
v

11
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Figure 2.1: Arbitrary volume V with the boundary S, filled with fluid

leaving V through its boundary S per unit time reads [ pu - ndS, where n is an outward pointing
S
normal to S. According to the principle of mass conservation, the mass is neither created nor

destroyed. Expressing this statement using the integrals above, one obtains its mathematical
representation:

gt/pdV:—/pu-ndS, (2.2)
Vv S

also known as the integral form of mass conservation law. The surface integral on the right-hand
side can be transformed into a volume integral by application of the Gauss’ theorem:

/pu'ndS:/V-(pu)dV
v

S

This way one obtains:

0
&/pdV——/V-(pU)dV,
\%4 \%4

which straightforwardly leads to:

(]2 v tou] av o
|4

Since the mass conservation must hold for any V', the integrand should be equal to zero, i.e.

gf +V - (pu) =0, (2.3)
The relation (2.3) is the differential form of the mass conservation law, also known as continuity
equation. Expanding the second term on the left-hand side of (2.3), one obtains:
dp
ot

The first two terms in (2.4) represent the material derivative of density %.

+u-Vp+p(V-u)=0. (2.4)

Hypothesis of incompressibility Incompressible flow is a flow, in which the material deriva-
tive of density equals zero. Application of this condition to (2.4) leads to the following equation:

V-u=0, (2.5)

which is the continuity equation for the case of incompressible flow [23]. In tensor notation it
reads:
8u2-
=0. 2.6
oz, (2.6)
Strictly speaking, incompressible flows do not exist. However, for some particular applications
the fluid flow can be modeled to be incompressible without any considerable loss of accuracy.
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Whether or not this assumption is applicable to the case of interest can be quantified by dimen-
sionless Mach number
U

Y

Cc

Ma

where U is a characteristic speed, ¢ - speed of sound in the considered medium. The fluid may
be treated as incompressible if Ma < 1 (usually, a threshold value is 0.3) [23],[112]. Taking the
maximum speed that will be considered in the present work, 6 ms~!, and the speed of sound in
water at 20° C, 1490 ms~!, one can obtain Ma = 0.004, and therefore continuity equation in
form (2.5) will be considered in further derivations.

It should be noted, that one should distinguish between the incompressible flow, where
% +u-Vp = 0 and constant density flow, where p = constant. A constant density flow is always
incompressible, but not vice versa.

2.1.3 Momentum equation

Let us again consider the same region V, filled with fluid. According to the second Newton’s
law, the rate of change of momentum of the portion of the fluid equals the force acting on it. As it
is known [23] there are two types of forces, which can act on a volume in some medium: surface
forces (normal and shear stresses, surface tension) and body forces (gravity, electromagnetic
forces, inertia). The former are the forces, which act only on a boundary of the volume, whereas
the latter exert a force on each fluid particle inside the volume. Let T be the stress tensor
in the considered medium and f be the body force applied to it. Then the integral balance of
momentum, following from the second Newton’s law reads:

d
pr pudV:/T'ndS+/pde (2.7)
1% S 1%

According to the transport theorem [23| the integral on the left-hand side of the equation above

can be rewritten as [ p22 dV, giving:
1%

/p[%?-#(u-V)u] dV:/’T~ndS+/pde (2.8)
\% S \%4

Applying the Gauss theorem to the surface integral on the right-hand side of (2.8) one can
obtain:

/p[(?;;Jr(u-V)u]dV:/[V~’T+f]dV (2.9)
1% 1%

Since the conservation of the linear momentum should be satisfied for any volume, the integrands
on the left- and right-hand sides should be equal, giving:

du
P ot
For Newtonian fluids tensor 7 has the following form:

+p(u-Vu=V- T +pf (2.10)

3

where I is the identity matrix and p is the dynamic viscosity of the fluid considered. After the
application of the incompressibility constraint (2.5) this reduces to:

T =—pI+p(Vu+vul), (2.11)

T == |p+ 309 )] T4 (Vus vul),
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Taking (2.11) into account one can write V - T as follows:
V. -T=-Vp+V.(uVu). (2.12)
Insertion of (2.12) into (2.8) gives the momentum equation for the incompressible Newtonian
fluid [23, 76]:
ou
ot
In the framework of the numerical solution using finite volume method the equation above is
usually used in the following form: (see e.g. [36]):

+p(u-V)u=-Vp+ V. (uVu) + of. (2.13)

0
8Ltu + V. (puu) = -Vp+ V- (uVu) + pf. (2.14)

Using the continuity equation one can show, that these two forms are equivalent.
Eq. (2.13) can be divided by p in order to obtain:

g‘tl+(u.v)u:_?+v-(qu)+f, (2.15)

where v is the kinematic viscosity of the fluid, v = u/p. Eq. (2.15) is written for a vector field
u and represents 3 scalar equations (one for each of the velocity components). These equations
are called Navier-Stokes equations for viscous incompressible fluids.

For further manipulations it is worth rewriting (2.13) in tensor notation for a Cartesian

coordinate system:
Ou;  Ouu; 1 0p 0 ou;  Ou;
== — ; 2.1
ot + Ox;j p Ox; * Ox; [V <8xj * 81:1)] +f (2.16)

The system, consisting of equations (2.6),(2.16) describes the motion of incompressible viscous
fluids. It consists of four equations with four unknowns: p, u, ty, u..

2.1.4 Boundary and initial conditions

In order to obtain a determined solution of (2.6), (2.16) one has to specify boundary and
initial conditions for the unknowns.

Let us consider a part of the boundary S and discuss the conditions for u. If the value of
the velocity on S is known (e.g. inflow) the Dirichlet boundary condition is imposed:

1. On the walls the fluid velocity coincides with the wall velocity (no slip and no penetration
condition): u‘ = Uuwall- For fixed walls this gives u‘ s = 0.

2. For the inflow boundary the condition is u‘S = u,(x,t), where u; is the velocity of the
incoming fluid.

On the truncation boundaries (e.g. outflow), a Neumann condition for velocity g—z

’ =0 is
S
usually set. For the outflow this condition is satisfactory only if the flow is not changing rapidly

in time, otherwise the convective boundary condition is preferred (e.g. in LES) [36]:
=0 (2.17)

ou ou
(5 +va) s

Here U is a constant outflow velocity, independent of the location, chosen in such a way, that
the overall conservation is not violated.

It should be noted, that even thought the system (2.6),(2.16) contains also pressure as the
unknown quantity, boundary conditions for the pressure are not imposed [115]. The reason for
this is that pressure in an incompressible flow is a Lagrange multiplier, which should guarantee
the mass conservation. Simply put, the pressure should be found in such a way, that its gradient,
substituted into the momentum equation would force the solution of (2.16) to be solenoidal [115,
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36, 121].

The initial condition for the velocity field simply specifies the distribution of the velocity at
t=0: u’t:o = ug(x). The function ug is assumed to be solenoidal (V-ug = 0). Additionally, the
initial and boundary conditions, set for the incompressible Navier-Stokes system, must satisfy
the compatibility constraint n - us(x,0) = n - up(x) [115].

2.1.5 Well-posedness of the problem

Additional remarks should be given regarding the well-posedness of the system (2.6), (2.16).
According to the definition, a PDE problem is said to be well-posed if [31]:

1. a solution to the problem exists
2. the solution is unique

3. the solution depends continuously on data given in the problem.

The existence and uniqueness of the classical solution [31] to (2.6), (2.16) has been so far proven
only for a certain time interval (¢ < oo) and only for the smooth IBVP. In this case the solution
is proven to be continuously dependent on the problem data [75]. However, regarding the infi-
nite time and general three-dimensional case, no results regarding the existence of the classical
solution have been obtained. The proof of existence and smoothness of solution to (2.6), (2.16)
for all t > 0 is one of the Millennium Prize problems, stated by the Clay Mathematics Institute
in 2000 [35]. Concerning the weak solution [31] Hopf showed, that there exists at least one such
solution defined for all ¢ > 0, which has a finite energetic norm [163]. But strictly speaking the
well-posedness of the formulated IBVP still remains an open question.

2.1.6 Pressure equation

One can notice that even though the pressure gradient is present in the momentum equa-
tion, no equation for obtaining p is given explicitly in the system (2.6), (2.16). And therefore
the way of determining the pressure is not quite clear. This fact triggered the attempts to re-
formulate the system and derive the equation for the pressure. Taking the divergence of (2.16)
and substituting it into (2.6). one can obtain the Poisson equation for pressure (PPE):

ou; Ou;
Ap=— ! 2.18
p p(‘)xj 8:6, ( )
Given a velocity field that satisfies the continuity equation one can find the pressure by solving

(2.18) with the boundary condition é;% = ,u%. Therefore, pressure gradient turns out to be

dependent only on the current velocity field irrespective of the flow history [114].

2.2 Turbulence and its modeling

2.2.1 Laminar and turbulent flows

It is known, that there are two qualitatively different regimes of a fluid flow: laminar, in
which the fluid particles move along the ordered parallel trajectories, and turbulent, in which
there exists a chaotic distribution of vorticity and the fluid motion is essentially irregular. Flows
become turbulent at high Reynolds numbers:

L
Re= YL (2.19)

v
where U, L are characteristic velocity and length of the considered problem respectively and v is
the kinematic viscosity.

Since turbulence occurs in the vast majority of flows in nature and in engineering appli-
cations, it is considered a very important physical phenomenon. Therefore the mathematical
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description and simulation of turbulence are of a high practical and theoretical relevance.

A characteristic property of a turbulent flow are the chaotic fluctuations of velocity and
its practical unpredictability for the infinite interval of time. The described above mathematical
model (Navier-Stokes equations) in theory can describe the motion of viscous incompressible
fluids in any regimes, may it be laminar or turbulent, because no specific assumptions related to
the flow regimes were done. There are, however, multiple reasons, why this equation cannot be
directly used for practical purposes. These reasons are related to the properties of the Navier-
Stokes equations.

As can be seen, the system (2.6), (2.16) contains a nonlinear convective term 815;? . Lorenz

showed, that even a simplest deterministic system of ordinary differential equations under par-
ticular conditions can show a chaotic behavior in sense that the solution of such system can be
strongly dependent on the initial conditions. As a consequence even a smallest perturbation of
the IC can cause a considerable change of the resulting solution starting from some time instant
[88]. Thus it turns out that even though the system of equations is deterministic, its solution
may be unpredictable. This phenomenon is called the deterministic chaos [130]. Turbulent flows
show analogous behavior because of the nonlinearity of the convection term. For this reason it is
senseless to consider the pressure and velocity fields (as well as other properties) in a turbulent
flow as deterministic quantities. And in practice usually these are considered as random fields
and are treated statistically. On the contrary to the instantaneous velocity u(x,t), the time-
averaged velocity values u(x) are stable, which means that the minute change in IC will lead to
a small deviation of the outcome [27].

Because of the convective term the analytic solutions of the Navier-Stokes equations cannot
in general be obtained using available mathematical tools (there are, however solutions for some
special cases). Therefore one has to rely on numerical methods (i.e. CFD) for obtaining the
solution for a given IBVP. Turbulence is a multi-scale phenomenon [125] and in order to make a
reliable simulation of a turbulent flow using the egs. (2.6), (2.16) “as is” all scales of fluid motion
should be resolved. This simulation approach is called Direct Numerical Simulation (DNS) and
is not widely applied nowadays due to the fact, that the size of the smallest scales of motion is
dependent on Re, so that the computational cost scales with Re? [114]. In order to make (2.6),
(2.16) applicable for flow at high Re, additional manipulations (averaging, filtering) should be
performed. The sense of these operations is the separation of different scales of motion one from
another, so as to account for the influence of these scales on the flow differently [125].

2.2.2 Reynolds averaged Navier-Stokes equations

The most widely used method for solving the above listed problems is the Reynolds av-
eraging. In 1895 Reynolds proposed to apply the time averaging operation to Navier-Stokes
equations in order to derive the evolution equation for the time-averaged flow properties instead
of their instantaneous counterparts.

The flow properties (pressure, velocity, etc.) are decomposed into the fluctuating and the
mean components. For a general property ¢ in a turbulent flow the Reynolds decomposition
reads:

o(x,t) = d(x,1) + ¢ (x,t) (2.20)
The averaging operation over time period T is introduced as follows:
- 1 t+T
dxt) = [ olxtde (2.21)
t

where T is assumed to be at least an order of magnitude larger than the characteristic time
scale of turbulent fluctuations in the considered flow 77 and at the same time smaller than that
of the large scale unsteadiness T5. It is straightforward to prove, that this operation obeys the
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following rules [161]:

o(x) = p(x) (2.22)
¢ (x,t) =0 (2.23)
P14+ 2 = d1 + ¢2 (2.24)
09  0¢

%:% (2.95)
o 99

5= o (2.26)

After substituting (2.20) into the momentum and continuity equations and applying the averaging
operation, one obtains the Unsteady Reynolds Averaged Navier-Stokes Equations (URANSE),
accompanied by the time-averaged continuity constraint:

du  _ 0w 10p 9 [ (0w 0w\ ] -
ot T Ox; - pOz; Ox;j [V (axj + 3@-) Uitl + fi (2.27)
ou; B
9z; 0 (2.28)

Sometimes (2.27) are also referred to as Reynolds equations. For the case when period of averag-
ing tends to infinity, the time derivative in the momentum equation vanishes and the method is

referred to as RANS. It can be noticed that after the manipulations, made with the momentum
equations, additional unknown terms Tfj = u;u; appeared on the right hand side of (2.27) as
a result of averaging of the convection term. These terms form the so-called Reynolds’ stress

tensor 1

! ! YU ! !
uhul,  ulul o uhul,

Y
t __ Y Y Y
T = | gl upuy ugl ) (2.29)
Y0 Y YT
ULUL  ULUy, UL

representing the correlations between the fluctuations of different velocity components. Since
the tensor is symmetric, only six unknowns were added after averaging. However, no additional
equations were obtained, hence the problem has become underdetermined. Therefore one has to
append the system with extra equations so as to attain the determined solution. The ways of
closure of the constructed system will be discussed in the following subsections.

2.2.3 Reynolds Stress Transport Equations

In attempt to derive the equations for the recently obtained unknowns Tfj additional sta-
tistical moments of (2.16) are taken into consideration. If one defines the Navier-Stokes operator
as
8ui auz 1 8}9 82ui
- T U + - i ,

ot T0x;  pOx; Ox?
(2.16) can be rewritten as N(u;) = 0. For the derivation of (U)RANSE N(u;) was analyzed.
Now so as to produce additional relations for Tfj the following second moment will be derived:

N(u;) =

(2.30)

uiN (uj) + uiN (ui) =0,

Strictly speaking the Reynolds stresses are pT.tj , only then they have the dimensions of stress (Pa). But it

is conventional to refer to Tfj as the Reynolds stresses [114].
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which after some manipulations gives [161]:

orl. ott, . O ou; 0 otk
J 2 J t ] ij
9t oy = g, g, T T G |V, t Cuk (2:31)
where
1 ou ou'.
I = — ’ 2.32
" p <6x] + 8%) ( )
Ou, 0ul;
€ij = 2v 896; axi (2.33)
1
Cijk = wpujuy, + p(p widjk + p'ubik) (2.34)

This way additional six equations are derived but along with them twenty two new unknowns

8u
8:):;C thk P 8:):]
moments of higher order, but this would produce further unknown quantities, so that after the
manipulations performed the system will still remain underdetermined. This way an infinite
system of differential equations can be constructed (Friedmann-Keller chain), which is the com-
plete analytic description of the problem of turbulence. Unfortunately, it turns out that any
finite subsystem of this system is not closed [105, 154]|. Hence it is theoretically impossible to
construct a practically applicable analytic closure. This fact led to the involvement of empiricism
into the (U)RANSE turbulence modeling methods.

Using empirical data and various simplifications different authors propose different approx-
imations for the unknown correlations in (2.31). Examples of the closures can be found in |78,
145, 91|. After complementing the system with these relations it becomes determined, so that
the Reynolds stresses thj can be obtained from the solution of (2.31) and then can be used
n (2.27) (the coupling is done in an iterative manner). This class of closure models is called
RSTM. Among all the RANSE models this approach is the most accurate as well as the most
time-consuming.

Under the weak equilibrium assumption [50], differential equations (2.31) can be reduced
to a system of nonlinear algebraic equations giving an ARSM. The solution of the latter should
be found by iterative techniques. Unluckily, the iterative process sometimes converges to the
nonphysical roots and therefore a lot of attempts have been made to obtain an explicit solution.
Methods, which are based on the explicit solutions of the simplified system (2.31) are called
EARSM.

It should be mentioned that the use of empiricism makes the accuracy of (U)RANSE
predictions case-dependent which is the main drawback of the approach.

are produced: ujuuy, 202 + 7o ) (P'uidjk + p'ujdi) [161]. One can consider the

2.2.4 Turbulent viscosity and gradient diffusion assumptions

The most popular and widely applied RANS turbulence models are based on the Boussinesq
approximation. Within this class of models it is assumed that the Reynolds stress tensor can
be expressed in terms of turbulent eddy viscosity v; and the averaged strain rate tensor S;; =

(52 + 5 /2 = (Va+ (Vo)T) /2:

— 2
- Tfj = 2VtSij - gk‘(s” (235)

Here k is the turbulence kinetic energy which will be defined later and pu; is obtained from
the turbulence models of different level of complexity (algebraic, differential). The methods of
determining v; will be presented in the next sections. The assumption (2.35), called turbulent
viscosity assumption has a lot of limitations. Pope [114] clearly demonstrates some situations,
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when this relation fails to reproduce Tfj properly. For instance one of the necessary conditions
of applicability of (2.35) is the production to dissipation equilibrium (P /e ~ 1). By using (2.35)
the Reynolds equation can be written as follows:

ou; _ Ou; 1 8]? 0 ou; 8ﬂj _
- = - 2.
ot T Ox;j * pOox; Oz {(V+ ve) <8:cj * 6.@1)} i (2.36)

The term —%k‘éij is absorbed into the the modified pressure p* = p + %k&;j. Analogous to
turbulent viscosity assumption, gradient diffusion hypothesis allows to represent the turbulent
transport of quantity ¢ in terms of turbulent eddy viscosity, turbulent Prandtl-Schmidt number
o4 and the gradient of the averaged scalar field ¢:

1% 85

, P
ujqb - o4 0T

2.2.5 Turbulence kinetic energy equation

The turbulence kinetic energy (TKE) is defined as:

l— 1 — — —
U uh = 5(%2 +u? 4+ u?). (2.37)
TKE represents the mean kinetic energy of the fluctuating motion per unit mass. It is possible
to derive a transport equation for k by the contraction of (2.31). Summing up the equations for
i = 7 and multiplying by 1/2 one obtains:

k=

/
[

ok ok 0
hhIE =P, — — D 2.38
ot Yoz KT oz, (2:38)
where
D ——}u’u’u’ _ 1L, .+ v—
k — 22'1'3' p]kpj 856]',
Pk = —U{LU; 8$Z7
ou;, Ou;
€s =V .
s 6a:j 81‘j

Dy, represents the diffusion of turbulence energy, consisting of molecular diffusion (V%% turbu-
J
17,7,

lent transport (—gujuju}) and pressure diffusion (—%p’u}). Py is the production of turbulence
energy, reflecting the transition of energy from the mean flow to the fluctuating motion. Finally,
€5 is called an isotropic or pseudo dissipation rate of turbulence energy, it is the rate at which the
energy of velocity fluctuations is transformed into internal energy of the fluid. Pseudo-dissipation
rate is distinct from the true dissipation rate e:

2
P uju;
al'i 81'3‘
However, the second term on the r.h.s is usually very small [114]| and therefore can be neglected,
so that in the following the pseudodissipation is used instead of true dissipation.

€E=¢€s+ Vv

2.2.6 Equation for the isotropic dissipation rate
Isotropic turbulence dissipation rate is defined as:
V@u; 8u;‘
afL‘j 83: yi

€s =

(2.39)
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Equation for €5 can be obtained by taking the moment 2v 5+ 57 N (u;) of Navier-Stokes equations,
J
which yields [161, 144]:

ou; 9
Zj

Oes Oes 0
— 4+ Uj— = —D.+ P — e, 2.40
875 J 8:@ 8a:j ¢ ¢ ¢ ( )
where
des O O v Ou; OFf
Ox; J Oxy, Oxy, p 7 0xy, Oxy,
represents the diffusion of dissipation, consisting of molecular diffusion, diffusion due to turbulent
mixing and diffusion due to pressure fluctuations,

0u,_0%% (Ma 4 o, w) 3, 04 0% 0

g —2 /. 2 —_ —_
PE Vu] 6xk ijaa:k 8xk aCL’k 8:1;7 aaﬁj (9Z'k 6xk Vaxj 8xj 8xk

D.=v

is the generation of the dissipation, where the first and second term express the generation due to
turbulent mixing in the average motion and the last one - in the fluctuating motion. Finally,

o 0%ul 0%
al'jaxk 8£E]a$k

€c = 2U

(2.41)
is called the destruction of the dissipation.

2.2.7 The k — € turbulence model

The equations (2.38),(2.40) contain unknown terms, which due to the closure problem of
turbulence cannot be found analytically and therefore should be modeled. Different ways of
modeling of the correlations result in different versions of the transport equations for k£ and e.
In this work only the “standard” k — € model of Launder [79] will be described:

e using the Boussinesq approximation production term is transformed as follows:

o — 2 ou;
=—7L— = (2S5, — Zkdij)— = 2.42
P Tij 0z (2.35) (202533 3 Zj)axj (2.6) (242)
2Vt§ij (?ij + ﬁij) = 2Vt§ij§ij

Sij z’j:O
In the further derivations only the short designation Pj, will be used.

e for the first term in Dy the gradient diffusion assumption is utilized, whereas the second
one is usually neglected [144]. This gives:

o) 0w
e the turbulent Prandtl-Schmidt number is taken to be o, = 1.
For (2.40) the following simplifications are made:

e analogous to Dy in the equation (2.38), D, is modeled using the gradient transport hy-
pothesis:
0
D, — <U n Vt) e
oe) Ox;j

e for the production term the following approximation is used

PG = Cel %’Pk

with o, = 1.3
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e the destruction of dissipation reads:

62

€e = CEQ?

The detailed reasoning of the manipulations undertaken with (2.38),(2.40) can be found, for
example, in the review article of Speziale [144]. After all the transformations done with original
k and € equations one obtains:

ok ok 0 v\ ok

Oes  _ Oeg 0 v\ Oeg €5 €2
9 | 7.9 _ L3 L8P oS 2.44
ot oz, o K”@) aa:j]JrClkP’“ Cayy (244)
]{32
Vg = CN’? (245)

S

The values of the closure coefficients are the following: o =1, 0. = 1.3, Cep = 1.44, Cy = 1.92,
Cy, = 0.09. These numbers were obtained by the fine-tuning of the model predictions for the
turbulent boundary layer and the decay of isotropic turbulence [144]. The model performance
for specific flows can be tuned by adjusting the model constants Ceq, Ceo [114].

A very important issue associated with the standard k — € model is that it cannot be
integrated to a wall without the application of additional damping or wall functions. The reason
for this is that €5 is non-zero at the wall, whereas k is zero, which yields ; — oo near the wall.

2.2.8 The k — w turbulence model

The other choice of scale-determining variables was proposed independently by Kolmogorov
(1942) and Saffman (1970). Instead of using the transport equation for the dissipation rate e,
they proposed to use the equation for the specific dissipation rate w. Many versions of the closure
were created but only the most popular of them will be discussed in the present work - the one
proposed by Wilcox [160].

The model equations read:

ok _ 0k 0 v\ Ok
o = ) == — B* 2.4
ot +u]6xj al'j |:<V+ 0k> 8$J] +Pk /3 wh ( 6)
Oow _ Ow 0 v\ Ow w 9
e = ) = “ P — 2.4
ot Yoz, oz K” aw> axj] Ty P = (247)
k
Vy = ;, (248)

where the closure coefficients are: o = 2.0, o, = 2.0, 71=5/9, 1 = 3/40, f* = 9/100. In his
paper Wilcox [160]| argues, that the proposed model is more accurate for the flows with adverse
pressure gradient, than the & — e model of Launder. In addition, the system (2.46),(2.47) can
be integrated through the viscous sublayer without introduction of wall damping or use of wall
functions.

Among the drawbacks of the model of Wilcox is the sensitivity of the solution to the
freestream values of w and poor performance for the free shear flows.

2.2.9 The k — w SST turbulence model

After the analysis of the performance of £ — e model of Launder and k — w model of Wilcox
and their advantages and disadvantages Menter [96] noted, that the k—e model is favorable in the
wake regions and free shear layers and does not possess the strong sensitivity to the freestream
values, whereas the £ —w model shows better performance in the logarithmic and viscous parts of
the boundary layer. Due to this fact, Menter proposed to blend the two closures in order to use
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each of them in the region, where it shows the best accuracy. The blended model is constructed
in the following way (the version SST2003 in NASA classification is presented [99]).
The Wilcox’s” model is used with a slight reformulation of production term in w-equation:

ok _ 0Ok 0 ok .
ow  _ 0w 0 ow Moo 9
e + %87]- = —axj |:(I/ + Ow1lt) 81:]-] + ” P — Brw (2.50)

The governing equation system of k — e model (2.143),(2.144) is rewritten for k — w variables by
substituting the formula e = f*wk into the e-equation [114], which gives:

ok _ Ok 0 ok .
dw g0 _ 0 Owl 2p g2 10k 0w
% +u]a7j = 2 |:(I/+ Tw2lt) amj] + ” Pr — Bow” + 2”“%8:5]- oz, (2.52)

Subsequently a blending function F} is introduced. The equations (2.49),(2.50) are multiplied

by Fy and (2.51),(2.52) by 1 — Fy and after that the k-equations and the w-equations of both

systems are summed up, resulting in:
ok . ok 0
AL 7
ot J 8:6]' 81‘j
ow ow 0 ow 0 9 1 0k Ow
U = = | +LP - 21 — F)ows— oo
ot T Oxj;  Ox; [(y +ow) O:Uj] + 1 k= o™+ 2( 1)0w2w Oxj Ox;

where the constants (o, . ..) represent a blending between those of Wilcox model (index “1”) and
standard k — € (index “2”) in the form:

C=CF+ Cg(l — Fl).

i ] +Pi — Brwk (2.53)

[(V + oky) 87:163

(2.54)

The constants of the first set are:
o1 = 0.85, o,1 =05, p1=0.0750

. . (2.55)
B =009, Kk=041, 31 =B1/8" —0umr’/\/B"
and of the second one:
ok2 = 1.0, 0,0 =0.856, (2 =0.0828
. . ) (2.56)
B*=0.09, k=041, 7= B2/B" — owar”/\/B*
The turbulent viscosity is calculated as:
k
Vg = il (257)

max(ajw; SFy)’

where S is the magnitude of the strain-rate tensor and a; = 0.3. This formula guarantees, that
in the adverse pressure gradient boundary layers the Reynolds stress Téy will be proportional
to the turbulent kinetic energy 7/, = a1k (Bradshaw’s assumption). Such definition of v; helps
in avoiding the overprediction of Téy for the mentioned regions of the flow [96]. The blending
functions F; and F5 are defined as follows:

Fy = tanh(arg}), (2.58)
k 4ok
arg; = min [max ( vk 500V> , w2 ] , (2.59)

0.09wy’ y2w | ' CDy,y?
F, = tanh(arg3), (2.60)
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2
args = max vk ; p00v (2.61)
0.09wy’ 12w
where y is the distance from the wall and C' Dy, is:
1 0k Ow
C Dy, = 2009 — ~———, 10710 ) . 2.62
o = HAX < powz O0x; Ox; > ( )

The functions are designed such that close to the wall the application of Wilcox’s model is
guaranteed and away from the wall - the application of k — € model. Additionally, a so called
production limiter is added to the model in order to avoid the nonphysical growth of the eddy-
viscosity due to jumps in the strain-rate tensor [97], so that Py in (2.53),(2.54) is replaced by

Pp, = min(Py, 10 - B kw). (2.63)
It should be mentioned, that at the moment the k£ —w SST model is one of the standard RANSE
closure models used for the industrial applications and it is represented in the vast majority
of CFD software packages because of its good performance for the adverse pressure gradient
flows.

2.2.10 Applicability of RANSE turbulence models

The main drawback of all RANSE turbulence models is the dependence on the empirical
data and theoretical assumptions which are not generally valid. The calibration of model con-
stants is done based on the experimental data available for the flows in question. This means,
that one has to first validate the model for some particular application before relying on it, since
the assumptions done may not be applicable under considered conditions. This drawback stems
from closure problem of turbulence and cannot be avoided. Therefore, even the most complex
RSTM model suffer from the same problem.

The second problem of RANSE models is the prediction of considerably unsteady flows.
In Section 2.2.2 it was assumed that the averaging period T is larger than the time period
of turbulent fluctuations and at the same time shorter than the time period of the large-scale
unsteadiness. Put another way it is assumed that there is a “spectral gap” between the turbulent
fluctuations and large-scale instabilities and no interaction between them [125]. When the flow
unsteadiness is implied by the boundary conditions this assumption holds. However, when the
flow instabilities come from inside of the flow (e.g. boundary layer separations), neglect of the
interaction between the resolved and modeled scales can introduce errors in the results.

According to Spalart [141], RANS models can be used to predict the growth and separation
of the boundary layers with acceptable accuracy, whereas the correct modeling of the momentum
transport after the flow separation is a much more challenging problem. RSTM models are the
best what RANS approach can provide, but even they cannot give the desired accuracy for a
wide range of separated flows.

A good alternative to URANS for the prediction of momentum transport after separation
is the LES.

2.2.11 Large-Eddy Simulation

On the contrary to (U)RANSE method, which models the influence of turbulent motions
on the mean flow, the LES is intended to resolve a major portion of turbulent energy (> 80%)
and to model only the rest [114]. Since the macroscopic parameters of the flow are mostly
dependent on the large-scale energy-containing structures, LES generally provides more realistic
results compared to RANS and needs less tuneup. LES allows for gaining a deeper insight into
the flow structure, including the information about the unsteady coherent structures, turbulence
spectrum, unsteady fluctuations of forces and moments (see, for example [157]).

The concept of LES will be briefly explained in the following subsections.



24

| — T‘Jnﬁltered‘
| — h=01
2 ‘llr\".v‘v”‘ll — L=05
i
v,—njlww ‘.\ “,l M '\‘ 'W!‘ \H\
a4 ‘w 1 '
- | “h CoL
oF | il “l Nimf\!\“"ﬂ ‘ ' }\!i ]
P TR
—1f | ll' ' 1 }I‘
2 1 2 3 1 5 6

Figure 2.2: Random signal y = f(x), filtered using top-hat filter with different filter widths h

2.2.12 Filtering

The separation of the scales, which are to be resolved on the mesh from those which are
to be modeled is done by the application of low-pass filtering operation to the momentum and
continuity equations (2.6),(2.16). The filtering operation is defined as:

b(x,t) = / G(r,x) ¢(x —r,t) dr, (2.64)

where G(r,x) is a filter function, V' is the flow domain. The operation presented above is a
convolution of the field ¢ with the filter, which effects in (roughly speaking) the removal of the
length scales which are smaller than the filter width from the input signal. An example of filter
application to a random harmonic function is shown in Figure 2.2. The function G has to be
defined such, that

/G(r,x) dr =1 (2.65)
1%

and should be independent of x.

The most widely used filtering kernels are: top-hat (has compact support in real space),
Gaussian and sharp cutoff (has compact support in wave number space) [114], [125], their de-
scription is given in Table 2.1. Compared to the earlier introduced Reynolds averaging operation,

Table 2.1: Commonly used LES filters [13]. Gaussian filter is written for the isotropic case A, = A, =
A, =A.

Name ‘ Filter function ‘ Transfer function
3 N 3 sin(i8i
Top-hat Gr) = [T &HGA - nil) | G(w) = T Tz
i=1 i=1 2
. 6\3/2 1 Ol A A2
Gaussian G(r)=(3) / Az A7 Gk)=e 2

sin (2777‘1 )

3
Sharp spectral | G(r) = H

which can be also seen as a scale separation, the filtering operation has important differences:

1. Generally q~5 #+ gAz; The exception is a sharp cutoff filter

2. Differentiation and filtering do not commute on arbitrary meshes: 7= # % (except for
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uniform meshes)

3. Time differentiation does not commute with filtering on the moving meshes [114].

The inaccuracies, which are produced because of the non-commutativity of the filtering with
differentiation are of order O(A?), where A is the characteristic cell size [42]. Thus, if the order
of accuracy of the computational code is second, this error can be neglected.

The most widely used in practice is the the top-hat filter. For the hexahedral cells it turns
into the averaging over the computational cell:

- 1 x3+A3/2 pro+A2/2 pxi+A1/2 . R
qu,t:/ / / o(x',t) dzidrsdr
(1) A1A2A3 Joy ngs2 Jes—nos2 Jui-ni)2 () drydridr

When solving the equations using numerical techniques (e.g. FVM), it is not necessary to apply
the filtering explicitly, because the discretization by construction filters out the length scales
which are less than the local cell size. The requirement of resolving the bulk of TKE (which
guaranties the reliability of the result) is therefore satisfied by choosing the appropriate cell size.
Usually, it is desired that A lies in the inertial interval [114].

The next task after introduction of scale separation operator is its application to the Navier-
Stokes and continuity equations. Assuming the commutative properties of filtering with respect
to differentiation, filtering of (2.6), (2.16) is quite straightforward, except for the convective term,
which is treated as follows:

m _ Quiwy _ i(ﬁ U, — U,) = O i(ﬁ — ;) =
or; — Ox; Oz T U 9my  dxy ) T 2
_Ou; 0 gag

Uj—=— T
J . Y
Ox; Oz

After these manipulations one obtains:

ou; . Ou; 10p 0 ou; . Ouj sas| | 7
oui 0w 10p _ 0 9uj\ _ s Z- 2
5 + U o, + ooz Oz [1/ <8xj + 83%) ur + f. (2.66)
ou;
o, = 0 (2.67)

The term Tl-‘?GS = u;uj — u;u; which appeared in (2.66) after filtering is called the residual (or
subgrid) stress tensor and is analogous to the Reynolds tensor [114]. The obtained system of
equations is not closed and in order to make it determined a model for the residual stresses

should be employed. This is the topic of the next subsection.

2.2.13 Subgrid scale stress modeling

On the contrary to RANS closures the LES models are usually much simpler and contain
less (or no) empirical data. It is assumed that the subgrid scales lie in the inertial interval,
therefore, according to Kolmogorov’s hypotheses, the turbulent flow at these scales becomes sta-
tistically isotropic [114] and possesses a universal structure, which allows to avoid the involvement
of empiricism in the description of influence of these scales on the large-scale (filtered) flow.

Along with the residual-stress tensor ngGS the residual kinetic energy is defined:

1
Ksgs = 5Tik s (2.68)

being the trace of TZ-?-GS . The anisotropic residual-stress tensor is introduced as follows:

2
rif* = 1308 = Shagai (2.69)
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Smagorinsky model

Smagorinsky (1963) proposed the most simple SGS model, which is based on the earlier
introduced eddy viscosity assumption. The anisotropic residual stress tensor is represented as
follows:

= —20,455:;- (2.70)

rsse
Analogous to the Prandtl’s mixing length model, the subgrid viscosity is modeled as:

Vgs = 128, (2.71)

where § = \/2§Z~j§,~j is the magnitude of the filtered strain-rate tensor and lg is the Smagorinsky
length scale, which is represented in terms of the filter width and a called the Smagorinsky
constant Cs:

I, = C,A. (2.72)

It is possible to estimate the value of the constant based on the analysis of energy transfer in the
inertial interval. As it is known in this interval the equilibrium assumption holds, which means,
that the mean production of energy fsgs equals its dissipation €. Using the Smagorinsky model
these quantities can be represented in the following way:

€ = Pags = VsgsS2 = 1253, (2.73)

Based on the Kolmogorov spectrum an estimation for ? can be done:
S22~ TORBAY, (2.74)
where C' = 1.5 is a Kolmogorov constant. Finding € from (2.74) and substituting it into (2.73)

one gets:

N

l, = —
(7C)34\ S

(2.75)

— 73/2
Lilly [86] used the approximation 83 &~ §?  to obtain the approximate value of the Smagorinsky
constant:
l 1

van Driest damping

The Smagorinsky model has been derived for the case, when the filter width A lies in
the inertial subrange, in which the turbulence production and dissipation are in equilibrium.
However,in the vicinity of the wall this assumption does not hold and therefore the Smagorinsky
model erroneously produces non-zero subgrid-scale stresses. In order to avoid this Moin and Kim
[104] applied the damping function of van Driest to lg:

lg = CA(L— eV /A7), (2.77)

this way reducing vgys at the wall. In (2.77) y* is the dimensionless wall distance and A1 =
25. Moreover, in order to obtain the agreement with the experimental data, the value of the
Smagorinsky constant had to be reduced to Cs = 0.1.

Dynamic Smagorinsky model

A serious drawback of the original Smagorinsky model is the dependence of the coefficient
Cs on the particular flow regime. In the turbulent flow its value usually lies in the range 0.1—0.2,
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whereas in the laminar flow it should be equal to zero. Moreover, the proper value of Smagorinsky
constant is dependent on the discretization schemes used for underlying PDE. Because of this
lack of generality, Germano [41] proposed a procedure for dynamical determination of Cs.

In order to derive an equation for Cs one has to first define a so-called test filter which has
the same filtering kernel as previously introduced grid filter, but its width A is twice larger than
A. Filtering operation using the test filter will be further designated as ~. The subtest stresses
which are based on the double-filtering (grid filter + test filter) are defined as:

Ty = Wty — Uil (2.78)
Subtraction of the test-filtered subgrid scale stress T{?Gs from Tj; yields the Germano identity:

For the deviatoric parts of both stress tensors in (2.79) the original Smagorinsky model can be
applied, giving:

— 1 — ==
7508 = 3T 0y = —2(CsA)*S Sy

Ty — % Wi = —2(C.A)2SS,;.
Using these representations the deviatoric part of £;; can be represented as follows:
Lij — %Ekkéij = 20M;;, (2.80)
where C' = (C4)? and
Mj; = A285,; — A235,, (2.81)

Matrix equation (2.80) consists of five independent equations in one unknown: C, therefore one
cannot satisfy all the equations. In order to convert (2.80) to a single scalar equation Germano
proposed to contract (2.80) by multiplying it with S;;, which yields

Unfortunately, this formula, being applied to the calculations of the channel flow [41] caused
numerical instabilities for the cases, where the denominator was small or was equal to zero. In

order to overcome this, Lilly [85] proposed to find the solution for (2.80) in least squares sense,
i.e. minimizing the square of the error ):

(2.82)

1
Q= (Lyj — 3 Lwrdij — 20M;;)%. (2.83)
The extrema of @) lies where g—g = 0. From this condition one can find:
1L M.
C=-=1 2.84
In order to get sure, that the found extrema represent the minimum of () one has to analyze
9°Q.
aCc?:
0%Q
507 = 8M;jM;; > 0. (2.85)

So the second derivative is always positive, identifying the minimum of Q.
The variety of different LES models is at the time very wide, a good review of them can
be found in the monograph of Sagaut [124].
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2.2.14 Applicability of LES

Being less costly than DNS, for wall flows at high Re LES still requires very fine resolution
of the mesh. The reason for this is the described above constraint of resolving the bulk of
turbulent energy. Near the wall the energy containing vortical structures are very small and
their size decreases depending on Re. Therefore, the higher Re is considered in the application,
the higher number of cells is required to resolve the dynamics of energy-containing vortices.

For example, for the channel flow the number of computational nodes, needed to conduct
a reliable LES scales with Re!:"6 [114], which obviously imposes a severe limitation on the range
of applicability of LES. Due to this restriction in practice pure LES models are used mostly for
low and moderate Re flows. For high Reynolds number flows nowadays different kinds of hybrid
RANS/LES approaches are applied.

2.3 Overview of hybrid turbulence models

Hybrid turbulence modeling is a relatively new technique, which nowadays gains more
and more popularity. The tasks, set for CFD in present time have become very complicated.
For typically high Reynolds numbers, considered in ship hydrodynamics not only the steady
parameters (e.g. resistance or mean propeller thrust and torque) of the studied objects are now
requested, but also the considerably unsteady or distributed characteristics, like peaks of the
thrust or moment produced by the propeller operating in an unsteady ship wake. The former
task can nowadays be easily solved by application of RANS closure models. Experience shows,
that even the isotropic RANS models, based on Boussinesq assumption can provide satisfactory
results for resistance prediction for ships with moderate block coefficients [30, 63], propeller
open-water tests [83], ship maneuvering [103|, prediction of ship motion in waves [102] etc. At
the same time, for the wakes behind ships with high block coefficients and for the prediction of
unsteady thrust and torque oscillations, some kind of hybrid modeling should be utilized [2].

As it was previously described, the application of LES can considerably reduce the compu-
tational cost of the flow predictions compared to DNS, since the dissipative scales and the part
of the vortices in inertial interval should no more be resolved. However for wall bounded flows
at high Re application of LES still remains impractical. At the same time its ability to capture
the time evolution the large-scale anisotropic structures is very attractive for flows with strong
separations.

On the contrary, the RANS turbulence models can predict the growth and separation of the
boundary layer relatively well with a relatively low computational cost, but even the best RANS
models - RSTM cannot always function reliably for prediction of the momentum transport after
the separation [141].

This led the turbulence researchers to the idea of hybridization of the RANS and LES
approaches, where the two methods are applied in different regions of the flow: RANS is used
in the vicinity of the wall, where the resolution of energy containing vortices using LES would
require enormous number of computational nodes, whereas LES is used farther from the wall,
where the large-scale instabilities in the flow occur.

A number of attempts has been done to classify the existing hybrid models [37, 125]. In this
work the classification proposed by Frohlich and von Terzi [37] will be adopted. Following their
classification, one can distinguish two main branches of RANS/LES approaches: the first one
is called the unified (global) modeling, in which the single velocity and pressure field is used in
both RANS and LES regions and segregated (zonal) approach, which divides the computational
domain explicitly into RANS and LES subregions and the coupling between the regions is done
by posing the boundary conditions at the border. The unified models gained more popularity
because they generally need less user input, which is a very attractive advantage for industrial
applications. Therefore in the present work the description of hybrid approaches will be restricted



CHAPTER 2. MATHEMATICAL MODEL 29

to unified models.

2.3.1 Blending of RANS and LES

Probably the simplest strategy of RANS/LES hybridization is the following. Looking at
the momentum equations of URANS and LES (2.27),(2.66) one can notice, that they have an
identical structure which makes it possible to rewrite both equations in the following form:

ou; _ Ou; 1 0p 0 ou; 8ﬂj

il , - - — 2.86

ot Tt 0z + pOx;  Ox; v 0z + ox; T + i ( )
For LES the overline operation Would mean the filtering and the hybrid turbulent stresses
would be the sugrid-scale stresses 7‘ 73GS (A, 7, ), whereas for URANS the overline would

ij = Tij
mean the time averaging and the turbulent stresses are the Reynolds stresses TZ = TRAN 5 =

ij
Tfj (U, k,e,C). This similarity is of course, purely structural, but from the point of view of the

computational method, it allows to easily blend the two approaches by changing the T{} according
to the region of the flow. The equation (2.86) is accompanied by the continuity constraint:
ou;
c%i
In the following description of hybrid methods, the variables with the overline U should be
understood as “hybrid” quantities. For example, p and u are the pressure and velocity which are
obtained as the result of a simulation with the hybrid RANS/LES stresses. The description of

the theoretical issue of interpretation of these quantities can be found in [37, 125]. Usually, the
concept of effective filter is adopted.

— 0. (2.87)

Weighted sum of RANS and LES

Given a blending function f (x t) € [0,1] which is 1 in the RANS region, 0 in the LES
region the blended (hybrid) stress 7‘ can be represented as a weighted sum of the RANS and
LES stresses.

— frEANS 4 (1 - p)r5eS (2.88)

Solution of the momentum equatlon with the substituted hybrid stress provides a velocity field
which is continuous over the whole computational domain. Later it will be shown that the choice
of f is the main challenge in the construction of a unified hybrid method.

If the blending function is a step function, so that the region, where 0 < f < 1 is thin, the
hybridization strategy is called RANS/LES interfacing. If f = f(x), then the interface is called
“hard”, and if it changes in time depending on the solution, (i.e. f = f(x,t)) then the interface
is “soft” [37],[125]. The examples of the models, based on these approaches will be discussed
later.

Blending of the RANS and LES models, which both use the eddy viscosity assumption
(e.q. k — w SST model with Smagorinsky model) is done through the viscosity instead of the
stress itself:

Ti}} = =2 (f1eSij + (1 = fvegsSij) = =2(fve + (1 = fvegs)Si (2.89)
= —2Vh§ij
If zero-equation RANS and LES models are used, it is possible to just blend the viscosities using

(2.89) (see e.g. [110]), whereas for the RANS and LES closures based on the transport equations,
additional modifications of these are performed.

The approach proposed in [32] is a typical example of the hybrid method described in this

section. As a basis, the k — w SST model is used, but, instead of using the RANS k — € model
far from the wall, the one-equation SGS model based on the transport equation for k4 is used.
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The hybrid viscosity for this model reads:
k
=+ (1~ FONVEA, (2.90)

where Cs = 0.01, A is the filter width defined as the cube root from the cell volume and the

blending function f is:
4
f =tanh [1 max { 0w vk }
w

S Sk 2.91
2 Oy (2.91)

In the k and w equations the dissipation rate is blended with the same blending function:
§3/2

e=f"kw+ (1 - )Ci

(2.92)

FSM

Speziale [146] proposed to damp the RANS model based on the local mesh resolution. In
this approach the stresses estimated by the underlying turbulence closure are multiplied by the
damping function fa:

The function fa depends on the mesh resolution A and the Kolmogorov scale n =~ (%)1/ 4 and
reads:

fA(?) = (1 - e‘ﬂ%)n (2.94)

The constants § = 0.001,n = 1 were chosen on a phenomenological basis. As a RANS closure
the ARSM of Gatzki and Speziale [39] was utilized [34].

This approach bridges a gap between RANS and LES and in fact is able to work in any
regime, ranging from DNS to RANS, depending on the mesh resolution, which was shown by
Fasel [34]. Because of the generality of the approach it was given a name Flow Simulation
Methodology (FSM). In [34, 148] FSM was applied for the simulation of the flow around the
bluff bodies and produced considerably better results compared to URANS.

Dynamic Hybrid RANS/LES (DHRL)

Bhushan and Walters [15] proposed to determine the blending function f of arbitrary RANS
and LES models, based on a dynamic procedure. The velocity field u was decomposed into
Reynolds averaged (), resolved fluctuating (u’) and unresolved fluctuating (u”) components:

wi =T+ + ol (2.95)

where T; + u; = u; is the resolved velocity. The hybrid stress is represented, as previously in the
form:

Ty =[N+ (= TP (2.96)
and the function f is found using the following procedure:
<U;‘,“§‘,> (Siz)

1-f= RANS (5 <TSGS> 5y (2.97)

ij ij

where the operator ((-)) represents the explicit time averaging, performed at runtime. The
calculation of f is thus analogous to dynamic procedure for determination of the Smagorinsky
constant, but with the test filter replaced by the averaging.
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For model tests in the original paper [15] a combination of Spalart-Allmaras RANS model
with dynamic Smagorinsky model was utilized. The simulations of the channel flow for a range
of Re, were performed and showed very good agreement for the velocity profiles and Reynolds
stresses. Model predictions were superior to LES models and different modifications of DES (see
2.3.3). Later the approach was applied to naval hydrodynamics applications and also showed
encouraging results [14].

2.3.2 LeMoS hybrid model (LH)

One of the interfacing hybrid URANS/LES approaches was proposed by Kornev et al. [70,
71]. This hybrid method follows the concept of unified soft-interface modeling. The anisotropic
hybrid turbulent stress tensor is represented using eddy-viscosity assumption:

h —

with S;; = %(gg; + %) being a strain-rate tensor.

Computational domain is dynamically decomposed into RANS and LES regions based on
the ratio h = h(x,t) = L(x,t)/A(x) between the integral length scale L and the characteristic
cell size A = 1/0.5(A2,,. + V?2/3). The difference between the RANS and LES regions is the way
how v}, field is calculated. The hybrid viscosity is represented as a weighted sum of kinematic

turbulent viscosity and subgrid scale viscosity:
v = fre+ (1 — fvggs. (2.98)
The blending function f = f(x,t) reads:

0, h > hs
f= 1, h < hy (2.99)
y(h), h1 < h<hy

1 1 hi —h ha + hy

h) = -+ — arct 40— +10

~v(h) 2+7Tarcan< (h2—h1)2+ Ty — 1)

where hi and hs are the parameters of the blending function. If a cell has h > ho, it is supposed
that the cell size lies in the inertial range, thus satisfying the LES constraint and the model uses

the subgrid scale viscosity, modeled using Lilly’s modification of Germano dynamic model [85]:
Vsgs = (CsA)2S (2.100)

Cells, having h < h; are considered too large for resolving the local energy-containing vortices,
and for them the turbulent kinematic viscosity v; is calculated using Menter’s k — w SST model
[99], equations for k,w are solved in the background. Parameters h; and hg were chosen as 0.95
and 1.05 respectively. To estimate the integral length scale L, the Prandl-Kolmogorov formula
[127] without a correction factor is used. Recalling, that w = ﬁ, one obtains:

k?3/2 \/%

T e B
where £* = 0.09. This way L is represented in terms of turbulent quantities, used in underlying
k — w SST model. Hybrid viscosity, obtained in the described manner is also used for the
calculation of the production and diffusion terms in k and w equations.

The approach presented above was implemented in OpenFOAM® CFD package and suc-
cessfully validated for naval hydrodynamics applications [71, 2]. Due to good results of model
validation, this will be one of the approaches, applied in the presented study.

L (2.101)
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2.3.3 DES family methods

One of the first attempts to hybridize RANS and LES was done by Spalart et al. [140]. He
proposed to modify the underlying transport equation of the Spalart-Allmaras RANS turbulence
model [139]:

o o =~ 1[0 o ov? v

— U = ST+ — | — D) —— — | - —)? 2.102

ot +u]8.fvj Corov + oy aTj ((V+Vt)8xj)+cb28a:j Cwlfw(y) ’ ( )
depending on the mesh resolution. A rule for determining the kinematic turbulent viscosity is
v = Uf,1(y"). The complete description of the closure can be found in [139]. The last term on
the right hand side of (2.102) represents the destruction of 7 and contains the wall distance y,,.
Spalart replaced y,, by ¥, given by the formula:

Yuw = min(yw, CpesA), (2.103)

where Cppgs = 0.65 and A is the characteristic size of a computational cell. In the original version
A = Apoe = max(Ag, Ay, A)[140] L The performed modification increases the destruction
term in (2.102) in regions, where CpgsA < y,, and this way reduces the eddy-viscosity, so that
the model turns into a one-equation SGS model. This, however, does not mean that the eddy-
viscosity will have a jump between the regions CprsA > 1, and CprsA < ., since only the
destruction term is changed, providing a smooth transition of hybrid viscosity.

If one assumes, that turbulence is in equilibrium (i.e. production equals dissipation), one
can obtain:

~\ 2
ST = Cut fu (”) . (2.104)
w
After some algebra and substitution of 7,, one can obtain:
~ Cb]_ ~2 &
U= S, 2.105
Cwl fw Y ( )

which represents a Smagorinsky-like algebraic model in LES mode:

2
D:( o CDESA) S, (2.106)
Cwlfw

The coefficient Cpgg was found as a result of calibration of the derived one-equation SGS model
for the decay of homogeneous isotropic turbulence. The criterion was the proper reproduction
of a decay and absence of high-end spectrum build-up [140].

The acronym DES stands for “Detached-Eddy Simulation”. The detached eddies, which
shed from the wall in the separation region are this way opposed to the attached eddies, popu-
lating the boundary layers. The intention of the model is to resolve the former and to model the
latter.

The same idea of making the length scale of a RANS turbulence model dependent on the
grid resolution was used by Travin et al. [149, 147| for converting the k — w SST model into
DES (hereafter SST-DES). In the formulation of the Menter’s model the turbulence length scale
is given by:

Vi

le—w = 2.107
k 5 (2.107)

Analogous to SA-DES formulation, the modified length scale is found as:
I = min(lj_w, CpesA). (2.108)

Now, in order to include this change into the model, the dissipative term in (2.53) was reformu-

!Hexahedral cells were assumed to be used
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lated:
Dy, = Bkw — Dy, = K21 (2.109)

This time Cpgg cannot be constant, since, as previously described, the SST model consists of
two branches: k — € and k& —w and for each of them the appropriate coefficient should be chosen.
By the same means as for SA-DES, the coefficients C’fﬂg"g and C%_EES were determined which
equal 0.78 and 0.61 respectively [147]. Blending of the Cpgg coefficients is done identically to

SST model constants:
Cpps = (1 — F\)Chys + FICE % (2.110)

In the following only the versions of DES models, based on &k —w SST model will be described in
details (i.e. SST-DDES, SST-IDDES), since these have a wider range of applicability compared
to SA ones (SA model was originally created for airfoils). In addition SST-based formulation has
a considerable advantage that the transition from RANS to LES regions does not only depend
on the distance to the wall and the mesh resolution, but also on the solution. Therefore, the
RANS/LES interface may have a complex geometry and may be unsteady. According to the
classification [37], SA-DES is an interfacing RANS/LES model with a hard interface, whereas
SST-DES has a soft interface.

In order to ensure, that DES is applied as intended, one has to generate the computational
grid in such a way, that the wall-parallel spacing A|| is larger than the boundary layer thickness
0 [142].

Known issues of DES approach

The proposed method was initially applied for flows with massive separation [135, 147, 49|,
for which a noticeable improvement over URANS solution was observed. However the extensive
application of DES revealed a number of problems associated with the model formulation [143,
107, 100]. In this section the issues which are common for both of the above described DES
variants will be listed (e.g. the issue of near-wall damping in SA-DES is here ignored).

e Grey area As it has already been mentioned, the DES model should turn into URANS in
the attached boundary layer and into LES far from the walls and in the separated flow. The
switch of the destruction term between the regions is sharp, but this does not mean, that
the model is able to instantly undergo the transition from statistically averaged smooth
solution in the boundary layer to a developed LES downstream. The transition from RANS
to a developed LES without any artificial forcing thus relies on inner flow instabilities and
is completely case-dependent. Usually DES performs well in situations with strong flow
instabilities (e.g. flows over bluff bodies). In other cases, where the separation is weak
and the natural generation of resolved turbulence is not sufficient, the application of DES
needs attention [100]. In this case also the numerical schemes applied for the discretization
of convection term may play a significant role for the simulation results [147].

e Modeled Stress Depletion (MSD) and Grid Induced Separation (GIS) As previ-
ously described, in DES it is not desired, that LES enters the attached boundary layer.
However, the only way to control LES propagation in the direction of the wall is the proper
mesh generation strategy [142|. Therefore, if due to some reasons the wall-parallel grid
spacing A|| becomes smaller than the boundary layer thickness, the switch to LES mode
can occur in the vicinity of the wall, leading to reduction of eddy-viscosity which in turn
decreases the modeled stresses. This would not be a problem if the decrease of modeled
stresses would be compensated by the resolved turbulence. Unfortunately, the development
of resolved turbulence in the boundary layer cannot happen naturally in the framework of
DES until LES enters the buffer layer [143]. Therefore, the total stresses decrease, leading
to reduction of skin friction. This phenomenon was called “modeled stress depletion”. If
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a boundary layer is subject to adverse pressure gradient, MSD can result in a premature
separation because of the lack of turbulent mixing [143|. The grid sensitivity is thus a
serious deficiency of the DES method.

e Log-Layer Mismatch (LLM) This issue is related to application of DES in Wall-
Modelled LES (WMLES) scenario. The WMLES approach can be shortly described as
follows. In order to decrease the required wall-parallel grid resolution for LES [107, 100],
the RANS model is applied in the vicinity of the wall and LES in the remainder of the
flow. The RANS/LES interface in this case lies in the boundary layer, which is untypical
for original DES. However, Nikitin et al.[107] tried to apply DES in its original formulation
in a somewhat unnatural way. The calculation of the channel flow at various Reynolds
numbers was conducted using a set of different computational codes. The results indi-
cated, that DES works quite correctly in this case, sustaining the LES content. However,
the time-averaged velocity profiles had inadequate shape, showing two logarithmic layers:
the modeled one and the resolved one, which did not match. Hence the term log-layer
mismatch. Because of the shift of the resolved logarithmic region the error in skin-friction
coefficient reached 25% in some cases. Thus, it was shown, that DES is not applicable for
WMLES “as is”.

The drawbacks listed above stimulated the development of further modifications of the approach
which will be discussed in the next sections.

As one can see, all the listed issues are related to the behavior of the model at the interface
between RANS and LES regions. One has to mention, that the other hybrid methods also possess
the same shortcomings [143]. Later in Section 2.3.5 it will be shown that all these problems stem
from a fundamental theoretical inconsistency of unified hybrid methods and are caused by a lack
of momentum transport through the interface.

Delayed Detached-Eddy Simulation (DDES)

One of the problems which has been revealed after extensive application of DES was that
the method predicted stronger separations, than RANS, when the mesh was refined (GIS). In
their paper Spalart et al. [143] introduced a term “ambiguous grid spacing”, which refers to a grid,
which does not satisfy the constraint A > ¢ and at the same time is not fine enough to develop
LES content. On such grid the above described MSD may occur and can cause nonphysical
separations and reduction of skin friction.

In order to make the model results less dependent on the computational mesh a number
of modifications of DES method was proposed. Menter and Kuntz [98] slightly reformulated the
dissipative term in k-equation, compared to Strelets’ version:

~ lg—
Dy = B*kw - Fpgs, where Fpps = max <kw, 1> (2.111)
CprsA

This way the DES-limiter is formulated as a multiplier of the dissipative term. Afterwards, the
first argument of max() was multiplied by 1 — Fy !, giving:
lkfw
F = ——(1—Fy),1 2.112
pis = max (5 (1 R 1) (2.112)

Since F5 is tuned to detect the boundary layer, where it is 1, in this region of the flow the first
argument becomes small, which guarantees, that RANS branch will be used, regardless of the
cell size:

Fpps = 1 = D), = B kw. (2.113)

1See section 2.2.9
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The function, which is used for modification of the length scale is called “shielding function”
because it preserves the boundary layer from LES propagation into it. This modification was
tested for NACA4412 airfoil and yielded the separation behavior much closer to RANS, even
though still not perfect. Since then new modifications of this method were created by Menter.
The so-called Stress-Blended Eddy Simulation (SBES) and Shielded Detached-Eddy Simulation
(SDES) use an improved shielding function. Unfortunately, the formula of the latter has not
been published till now [95].

Another attempt to combat MSD was done by Spalart et al. [143]. The model in question
was SA-DES. Since the usage of F} or Fy for SA-DES model is not possible, a more general for-
mulation was proposed, which depends only on the wall distance, velocity gradient and effective
viscosity. The function 7, was changed as follows:

gw = Yuw — fa maX(O7 Yw — CDESA>7 (2'114)

where

v +v
k2y?v/Vu: Vu
The function fy is designed analogous to 1 — F used by Menter and Kuntz: it is 0 in the
boundary layer and 1 in the remainder of the flow. Tests of the new model formulation, named
Delayed Detached-Eddy Simulation (DDES), for a range of flows (boundary layer, circular cylin-
der, airfoils) showed favorable results. The LES content was not suppressed by the shielding
function, whereas the skin friction reduction due to MSD as well as grid-induced separation
almost vanished. On the other hand the LLM problem was not solved [143]. Additionally, the
model enhancements resulted into dependence of the result on the initial conditions, since ¥ for
SA-DDES has become dependent on the 1C.

The latest modifications of DDES were proposed in [48], where the coefficients for the
shielding function were adapted to the SST-DDES model and in [101]|, where modifications for
speedup of RANS/LES transition were proposed.

fa=1—tanh([8r4]*), with rqy = (2.115)

Improved Delayed Detached-Eddy Simulation (IDDES)

Previously it was described that the application of raw DES in WMLES mode did not
yield satisfactory results [107], but showed a potential for further development. At the same
time the idea of application of DES as a wall model for LES in order to avoid the wall-parallel
grid size restrictions was very attractive. Shur et al. [134] proposed the next version of DES,
which preserves the DDES features and at the same allows for WMLES, this way combining the
two simulation strategies in one model.

New formulation, Improved Delayed Detached-Eddy Simulation (IDDES) consists of a
number of improvements over DDES:

1. Instead of using A = A4 as in DES and DDES, it was proposed to utilize a more
sophisticated expression:

AIDDES = min(maX{Cwyw, CwAma:ra Awn}a Amam)a (2116)

where C,, = 0.15, y,, - wall distance, A, - grid spacing in wall-normal direction. This
formula yields a linear variation of the subgrid length-scale in the vicinity of the wall
and becomes A4, off the wall. Shur showed that this choice is superior to either of the
previously used subgrid length-scale definitions for LES (Aee, A = V1/3), with regard to
wall-bounded flows.

2. For the cases, when the inflow conditions of the simulation impose the turbulent content,
the WMLES branch is introduced. For this scenario the following hybrid length scale is
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used:
wmres = fB(1+ fe)lrans + (1 — fB)lLEsS, (2.117)
where fp and f. are the empirical functions. The function fg is defined as:
fB = min(2 exp[—9a2], 1), where & = 0.25 — ¥/ Amac- (2.118)

It controls the model switching from RANS to LES mode, depending on the mesh param-
eters.

The so-called elevating function f, is aimed at suppression of LLM by “intensification” of
the RANS component near the RANS/LES interface in order to prevent the reduction of
the modeled stresses. It is given by the following formulas ! :

fe =max(fer —1,0)V feo, (2.119)
with
2 exp(—11.09a2),a > 0
fer = exp 2a bz (2.120)
2exp(—9.0a%),a < 0
and
feo = 1.0 — max(fi, fi). (2.121)
The f, fi, in turn, read:
f: = tanh[(cZra))?), fi = tanh](cFra)™), (2.122)
where rg4;, rq; are the turbulent and laminar parts of ry
47
o = 2.123
a k2y2V/Vu: Vu ( )
v
rq = . 2.124
a k2y2V/Vu: Vu ( )

The coefficients ¢, ¢; are 5.0 and 1.87 for the SST version and 3.55 and 1.63 for the SA
version.

3. Finally, the WMLES and DDES branches are combined by means of blending of their
length-scales with each other in order to provide an automatic choice of the appropriate
simulation strategy. For this, first, the DDES hybrid length-scale is modified:

IppES = falrans + (1 — fa) lLEs. (2.125)
Here fd is:
fa=max(1 — fag, fB), where fg = 1 — tanh([8rq]?). (2.126)
With this new definition, the hybrid length-scale, including both WMLES and DDES may
be constructed as:
Iy = fa(1 + f)lrans + (1 — fa)lLes. (2.127)

This expression is generalized for both SA and SST versions: lpang is y for SA version
and lk—w for SST version and lLES = CDESA~ Here A = AIDDES~

The proposed model was thoroughly tested for multiple flows. The channel flow simulations were
conducted for the range of Re, = 395— 18000 on the grids which had a very large streamwise and
spanwise spacing in wall units (Az™, AzT). The only modification for the meshes in the described
range of Re; was the refinement in wall-normal direction so as to keep y* < 1. Simulation results
indicated, that the problem of LLM was completely removed by the new modification of DES.

¥ function is needed only for SA version of IDDES. For SST version ¥ = 1.
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At the same time the unsteady flow features (such as streaks) were successfully captured and
sustained. The total stresses, produced by the model were shown to be independent of the
variation of the streamwise grid spacing in acceptable range.

The test for a hydrofoil with the separation at the trailing edge was performed for Re =
2.2 - 10°%, based on the chord length. The grids employed for the simulation corresponded to
WMLES. A good agreement with the experimental data for the mean velocity profiles, including
the separation zone, and a fair agreement for the Reynolds stresses was obtained. In order
to force IDDES to switch to WMLES mode, the turbulent content from a turbulent flat plate
simulation was imposed at the inlet.

Summarizing one can say that the main objectives, which triggered the model development
were attained: namely the WMLES functionality was successfully added and combined with
DDES.

Later Gritskevich [48] proposed a recalibrated version of IDDES based on k—w SST model.
After the recalibration of the shielding function f; the model was validated for a number of
flows. The tests have shown that the shielding of the boundary layer was considerably improved
compared to the previous version [134] without the damping of resolved turbulence. This version
of the model was employed in the current study and therefore a complete description of the
SST-IDDES model will be given below

Assuming the constant density flow, the governing equations of SST-IDDES model can be
written as follows:

ok _ 0k 0 ok 5 . sp
En +UJ781:], = o, [(VJFUkVt)axj] +Pr — k**/lipDES (2.128)
Ow iaw_@ Ow B lf)k:@w Y a2
e + u]%j = o, [(1/ + awyt)axj] +2(1 Fl)awgw—axj oz, + thk Bw (2.129)
alk

= ——=- 2.130
. max(ajw, F».S) ( )

Definitions of Fy, C Dy, F» correspond to those given previously in section 2.2.9. The limited
production term Py reads:

P = min(1,5°, 10 87k w) (2.131)
The hybrid length scale I;ppgg is given by the following expression:
lippEs = fa(1+ fe) lrans + (1 — fa) lLgs,with (2.132)
leps = CpesA (2.133)
/2
lRANS = o (2.134)
Cpes = CpesiFi + Cpesa(1 — Fi) (2.135)
The subgrid length-scale is calculated as:
A = min{Cy max[y, Amaz], Amaz } (2.136)
As previously, fd reads:
fa = max(1 — fu, fg), (2.137)
whereas the function fy is modified:
far =1— tanh([Cdt]_rdt]Cdtg), where (2.138)
il (2.139)

Tdt = =
k2y21/0.5(5" + Q)
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The formulas for fg, «, fe, fe1, fe2, ft, fi remain unchanged. The expression for r4 mimics (2.139):
v

rd = —,
K2y24/0.5(S" + Q)

where S, Q are the magnitudes of the strain rate and vorticity tensors respectively, calculated
from the resulting “hybrid” velocity field. The model constants are:

B*=0.09, k=041, a3 =031, Cpprsi =0.78,
Cprse =0.61, Cy1 =20, Cuz=3, C; =50, Cp=18T.

This version of SST-IDDES model was implemented in OpenFOAM library in the framework of
the presented research. Results of validation of the model will be reported in Chapter 4.

(2.140)

(2.141)

2.3.4 Partially Averaged Navier-Stokes Equations (PANS)

This approach cannot be strictly speaking related to hybrid RANS/LES methods, because,
in contrast to LES, the stresses in the model do not explicitly depend on the grid spacing. From
this point of view, PANS should be understood as an improvement to RANS approach. However,
in contrast to RANS, it allows to define, which portion of turbulent kinetic energy and dissipation
rate should be resolved in the simulation.

The idea of Girimaji [44] is similar to that of FSM, described above. In order to bridge
the gap between RANS and DNS it is proposed to damp the underlying RANS model. Prior to
the simulation two parameters: fg, fe should be defined, which determine the unresolved-to-total
ratios of turbulent kinetic energy and dissipation rate respectively:

ka, €u
fo=7 o= (2.142)
€

where k,, €, are the modeled parts of TKE and dissipation rate. Apparently, 0 < f < f. < 1.
Girimaji used the relations (2.142) to derive the transport equations for k,, €, [43| from the k—e

model:

Oky  _ Ok, 0 vy \ Oky

B = an, (M o) 3a) P —

Oe, _ Oey 0 vy \ Oey €u . €

Bt —i—UgaTjj = 875] [(V + Ueu) 83:]] + Celapku — Ve (2.144)
k2

Vo = Oyt (2.145)

€y

Due to averaging invariance, the form of the equations is identical to that of £ —e RANS model.
Thus, all the changes, related to replacement of k, € by k,, €, are incorporated into the model
constants:

_ R
Oku — O—k?
¢ (2.146)
Ocu — Uefl; :2 =Cqa + &(062 - Cel)
e fe

Next, a rule for determining f; is proposed. The lowest local value of fi, which can be employed
on a given grid can be found as:

1 AN 2/3 AN 2/3
t) = — ~3(— 2.147
where L = %

® and A is a characteristic cell size. Instead of using the field of fi, Girimaji [44]
proposes to find min(fx) and use this value for the whole computational domain. The value of
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fe should equal 1, unless one wants to resolve the vortices in the dissipative range.

In the original papers |44, 43| the computational results were, unfortunately inconclusive.
However, in the later publications [8, 73| very good agreement of model predictions with exper-
iments for industrial flows over bluff bodies is demonstrated. One has to mention, that in those
studies a different RANS model is used and f; is computed locally on each time step.

Using the damping functions for k — € model, Ma et al. [90] developed a low-Re variant of
original PANS. Model tests for the flow over periodic hills at different Reynolds numbers showed
the velocity profiles very close to the wall-resolved LES. At the same time, it seems that for
attached boundary layers the approach is problematic, since it could not reproduce the correct
velocity profile. The origin of the problem is likely to be the same as in DES, namely the lack of
resolved turbulence, which should compensate the decrease in modeled stresses.

Concluding, one can say, that the approach is very promising for simulations of flows over
bluff bodies. Since in PANS, as opposed to URANS, one can control the portion of the resolved
TKE, results can be considerably improved [8]. However, the model performance for attached
boundary layers should be carefully analyzed.

2.3.5 Hybrid-Filtered Navier-Stokes (HFNS)

All the previously described hybrid approaches are based on the assumption, that in order
to blend the statistically and spatially averaged solutions it is sufficient to appropriately change
the value of the viscosity. On the one hand, there is no theoretical proof, that this assumption
is generally valid. On the other hand, the fact that most unified hybrid approaches suffer
from similar problems (gray area, MSD, LLM) indicates, that they might have some kind of
inconsistency.

Instead of blending the RANS and LES momentum equations by viscosity, Germano [40]
derived so-called hybrid-filtered Navier-Stokes equations, by using the blended filter H, which
combines the RANS averaging operator E' with LES filtering operator F'. Introducing a blending
function ¢ (x) € [0, 1], which is 1 in LES zone and 0 in RANS zone, one can write the hybrid
filter in the following way ! :

H=yF+(1—{)E (2.148)

It is assumed that the filtering operator commutes with spatial derivative (<g—i> = %) and

that the averaging of the hybrid-filtered field recovers the average of original field ({(¢) )5 =
(¢) ). The hybrid filter turns out to be non-commutative with the spatial derivative:

<gZ>H - 8592}] - §i<<¢>p — (D)) (2.149)

Based on the above definitions, the following relation between the filtered, averaged and hybrid-
filtered fields can be found:

1—
(@)r = 2 (Ghn — (D)) + (D) (2150)
Application of the hybrid filter to the continuity equation (2.6) yielded:
8 <UJ>H . 8¢ ) )
5o = o) — (1)), (2151)

indicating, that the velocity field (u;), is not solenoidal. The hybrid-filtered Navier-Stokes
equations were consequently obtained by application of H to (2.16)? (see Eqs. (2.152), (2.153),
(2.154)). Components of G;; are called Germano stresses [117].

'In this section the designations (-),, (-)p, (-);; should be understood as averaging, filtering and hybrid-
filtering respectively.
2The force vector f is here assumed to be 0
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One can see that the additional terms appeared in the momentum equation as the result
of the filtering, they stem from the non-commutativity of the derivative with the hybrid filter.
The form of the momentum and continuity equation is now not identical neither with RANS nor
with LES. New terms depend on the gradient of the blending function as well as on the filtered
and averaged velocity fields.

OCui)y  Ofw)y (Wily _ 10 Py

_ N 1/82 (wi)y O (i, uy)

ot Ox; p Ox; 81:? Ox;
G ohe = (9)5) + (e () — () (i) )
. (2.152)
+ g;i(w(u@» uj) — (Ui, ug)) — 21/%%((%& — (ui) )
2
v — (v,
7 (wiy ug) = Y7 (i, ug) + (1= )7 (wi, uj) + Gij (2.153)
Gij = (1 =) ((ui) p — (ui) p) (w5) p — (uj) p)- (2.154)

The hybrid methods, which are based on the blending of the viscosity between the RANS and LES
region are therefore inconsistent, in that they neglect the additional terms in the transition region
(0 < ¢ < 1) both in the momentum and continuity equations. As it is described by Rajamani
and Kim [117], these terms as well as Germano stresses are responsible for the momentum
transport through the interface. Piomelli et al. [111] tried to solve the gray area problem by
introduction of forcing at the RANS/LES interface and the outcome was promising. However,
there was neither a theoretical justification for introduction of the forcing nor a solid basis for
determining the forcing parameters. As opposed to this ad-hoc forcing, additional terms in
(2.152) are theoretically derived and have a definitive meaning: they intensify the interaction
between the RANS and LES regions.

Preliminary tests of this approach [117] for the channel flow at different Re, showed that
the problem of LLM has completely vanished without the introduction of empirical functions, as
in IDDES or forcing as it was done by Piomelli.

The main challenge in application of HFNS is to obtain the field (u;) from (u;) 5, (u;) -
Formula (2.150) was successfully used by Rajamani and Kim. However, in their work they men-
tion, that operation of (u;); recovery is ill-conditioned in some situations causes the divergence
of numerical method. Rocha and Menon [126] tried to make the procedure more robust by avoid-
ing the formula (2.150) and recovering (u;) » by addition of random perturbation into the (u;)
field.

Concluding, one can say, that the HFNS is a very interesting approach and has a high
theoretical value. Compared to other hybrid approaches is possesses a very important feature -
strict mathematical consistency. It seems that the problem of gray area has a theoretically strict
remedy. However, at the moment it is far from being ready for industrial applications.

2.4 Generation of turbulent inflow conditions

As it is known, the presence of turbulent vortices is essential for successful DNS, LES and
RANS/LES application because of the role they play in momentum transport. However, spec-
ification of the inlet flow velocity which would lead to development of realistic flow structures
in the simulation domain is not straightforward. A constant in time velocity profile, which is
common for RANS simulations is obviously not applicable in this case, since in this scenario
the turbulence would develop far downstream from the inlet. Therefore it is desired to generate
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the unsteady inflow conditions, which would reproduce the realistic turbulence statistics, corre-
sponding to the flow in question. For the RANS/LES simulations the generation of the proper
turbulent content may as well be required inside the computational domain.

In order to enrich the simulations with the turbulent eddies, a number of methods is
proposed in literature. Three main approaches can be distinguished. The first one is called
recycling. This approach consists in mapping of the velocity field to the upstream inlet plane
on each iteration, which leads to natural development of turbulent fluctuations. Application
of this technique is straightforward, when the turbulence is assumed to be homogeneous in
the streamwise and spanwise directions. When this is not the case, additional rescaling of the
mapped field should be performed [89]. This method is inapplicable for the cases with complex
geometries, which makes it unpractical for industrial applications. In figure 2.3 one can see the
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-0.14 -0.12 0.1

source plane
[ul

0.80 1.2 1.6

0.0 0.40
. MHWHMWH

Figure 2.3: Schematic explanation of recycling approach for the case of plane asymmetric diffuser flow

example of application of recycling for the LES of the flow in a plane asymmetric diffuser. In
order to generate the proper turbulent content in the diffuser throat the velocity field is mapped
from the source plane to the inlet plane. If the constant velocity profile would have been set on
the inlet, no turbulent content would develop in the channel in front of the diffuser, which would
produce erroneous results.

The second approach relies on the auxiliary simulation. The turbulent fluctuations for the
main simulation are mapped from another case, which is running in the background (see figure
2.4). For example, in [62] the velocity at the inlet is specified from the simulation of the developed
channel flow. Usually, the most simple auxiliary case is chosen, which can still reproduce the
statistics of the turbulence in the main flow. This technique can be applied in the situations with
relatively complex geometry [129],[134]. In regard to the hybrid RANS/LES simulations, this
approach can also be successfully applied to generation of the fluctuations at the interface [26].
The choice of the auxiliary flow, however, can be sometimes challenging, and therefore, at the
moment the approach is not widely used in practice. One has to mention, that both of the above
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Figure 2.4: Schematic explanation of recycling approach for the case of plane asymmetric diffuser flow
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mentioned concepts require a considerable amount of additional computational resources.

The most universal approach for enrichment of the flow with turbulent content is the
generation of the artificial turbulent fluctuations - either at the inlet or directly in the domain
(using the source terms in the momentum equation).

The variety of existing nowadays methods for turbulence synthesis can be split into two
main groups: function-based and structure-based. The methods of the first group decompose the
turbulent velocity field in the mean and fluctuating part and subsequently represent the latter as
the sum of the sinusoidal modes with random parameters. The idea of such decomposition was
originally proposed by Kraichnan [72], but was used for other purposes. Application of this idea
for simulation of turbulent flows took place considerably later [81]. Further modifications of the
method were developed by Smirnov [136] and most recently by Adamian [4]. The main problems
of this class of methods is the impossibility of generating the divergence-free fluctuation field
(which can further lead to nonphysical perturbations in the pressure field) and the difficulties
in reproducing the proper length scales of generated structures near the wall. The latter draw-
back usually leads to rapid decay of synthesized turbulence and can cause a considerable drop of
resolved turbulent stresses. In this case the realistic turbulence is obtained only farther down-
stream from the generator (if sustained at all). The distance between the generator plane and
the streamwise coordinate, where the proper stress level is attained is called adaptation length.
Adamian addressed this problem and achieved the adaptation length less then a channel height
for channel flow simulations. Therefore, his modification can at the moment be considered as the
best one from this family in terms of robustness (e.g. method of Smirnov fails in the vicinity of
the wall), physical adequacy (e.g. it can account of anisotropy and inhomogeneity of turbulence)
and ease of implementation. The problem of generation of non-solenoidal fluctuation field still
remains unsolved in this family of methods.

Turbulence generators of the second group are based on the random generation of struc-
tures (e.g. vortons) in front of the inlet plane. While passing through the plane, these structures
induce the fluctuation of the velocity field. This approach stems from the understanding of
turbulent flow as a set of vortices. By construction such methods can take the characteristic
size of structures into account and therefore can reproduce the correct integral length and au-
tocorrelation functions, thus giving a more realistic fluctuation field than the function-based
methods.

The first structure-based method was proposed by Kornev [66]. Later, in [67, 69] important
theoretical results were obtained, establishing a connection between the the velocity distribution
inside the generated structure and the second order statistics of the resulting fluctuation field.
In [68] the method was made capable of generating the divergence-free velocity oscillations, but
only for isotropic turbulence (u/2 = qu = u/2). Later versions of the method can reproduce the
anisotropic turbulence without the violation of incompressibility constraint as well [74]. Different
methods of this class were were presented in in (93], [57], [113].

Thus, the recently developed structure-based turbulence generators can handle anisotropic
inhomogeneous turbulence without violating the incompressibility constraint, which makes them
superior to function-based ones. However, the procedures of generation of the structures and
mapping of the generated velocity fields to the computational mesh are not straightforward,
which makes the implementation of such methods relatively complicated.

In this work the method of Adamian will be adopted [4, 5]. It was implemented in
OpenFOAM® framework by Dr. Hannes Kroger as a boundary condition and rewritten by
author in form of a momentum source, analogous to work of Gritskevich [47]. The function-
based generator was chosen because of the ease of conversion of the implemented boundary
condition to a form of a momentum source. In the next section the formulation of the generator
will presented.
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2.4.1 Description of the synthetic turbulence generator

The generator which was used in the presented work represents a velocity field at the inlet
plane as a sum of the mean and fluctuating part [4]:

u(x,t) =u(x) + u'(x,t), (2.155)

where U(x) is taken from a preliminary RANS calculation. Therefore the task of generation of the
turbulent velocity field reduces to estimation of u’(x,t) on each time step from given turbulence
parameters (Reynolds stresses, distribution of (k,e, etc.). The vector field of fluctuation is in
turn found as a product

uj(x,t) = aij(x) vi(x,1), (2.156)
where a;;(x) is a matrix obtained by Cholesky decomposition of the Reynolds’ stress tensor
(thj = aijaji):

e 0 0
aij = | 5 /a1 E— 0 (2.157)

Thi/a (Thy —anazi)/azn /Ty — a3 — a3,

and v/(x,t) is an auxiliary fluctuation field, obeying the conditions 1)7 = 0 and W = 0;;. The
multiplication of v/(x,t) by a;; rescales the Reynolds’ stresses of the field, so as to make these
equal to the prescribed ones. The auxiliary fluctuation field is in turn represented by a sum of
Fourier modes:

N
t
v/ (x,t) = 24/3/2 Z Var [0'” cos(k"d" - x + ¢" + 5" —) (2.158)
T
n=1
Parameters in the formula above have the following meaning:
N - number of modes, which is determined during the generation process

q" - normalized amplitude of the n-th mode, determined by local energy spectrum of turbulence

k™ - magnitude of the wave number vector of the n-th mode ™, which has a random direction
and is determined by unit vector d”, uniformly distributed of the sphere k" = x™d"

o’ - unit vector, representing the direction of the velocity of the n-th mode and lying in the
plane, orthogonal to d"; direction of o™ in that plane is defined by the angle, uniformly
distributed over the range [0, 27)

¢" - the phase of the n-th mode; uniformly distributed over [0, 27] real number

s™ - dimensionless angular frequency of the n-th mode; random real number with Gaussian
distribution, having the mean and the standard deviation equal 27

T - time scale of the considered problem

The normalized mode amplitudes

n n N
g = _EHDART N gr=1 (2.159)

E(k")Agn n=1

M=

1

n
are calculated using the modified dimensionless von Karman energy spectrum:
(k/ke)*

E(’{) = [1 + 2.4(%/%6)2]17/6 fnfcut~ (2.160)
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The empirical functions f,, feus read:

2 3
4 — 0.9 eut, 0
fn = exp ( |:12::| > s feut = exp ( |: maX(HH , feut ):| ) ) (2'161)
n cu
_or

where k, = L, =

2 (v - kinematic viscosity, € - turbulence dissipation rate, obtained from
(l/3/e)1/4 ’ )

RANS calculation, ,, is understood as a wavelength, corresponding to the wave number &) and
Keut = f—”t The parameter [.,;, representing the minimum wavelength, which can be resolved

on the given computational mesh is estimated using the following empirical formula:
lewt = 2min{max(Ay, A;,0.3Anax) + 0.1dy, Amax}, (2.162)

in which A,, Ay, A, are the wall-parallel (x,z) and wall-normal (y) sizes of the cells !, where
the fluctuations are generated, d, is the wall distance and Apa.x = max(Ag, Ay, A;). In the
core of the flow l.y is twice the mesh cell size. The empirical functions f;, feus are designed to
modify the spectrum near the wave numbers &y, keyt [4]. The wave number k., entering (2.160),
corresponds to the maximum of the energy spectrum and therefore can be calculated using the
length scale of the energy containing vortices l.: k. = zl—: The estimation of [, is done using the
following formula:

le = min(2d,, 3L), (2.163)

in which L is the integral length scale of turbulence. The particular expression for L depends
on the underlying RANS closure. Since in the present work the & — w SST model is used, L is
found from (2.101). The set of wave vectors !, used in the generator is the same for the whole
region of generation. Their magnitudes are terms of the geometric progression:

K'=r"". (14 a)" Ln=1+N, (2.164)
where a € [0.01,0.05], Kpmin = B&™", B is an empirical parameter chosen to be 0.5, k™™ is the
minimum wave number of energy-containing modes in the generation region, which is found as:

min __ 27

e lrenax

= m}z{xx{le(x)}. (2.165)

The number of modes N is found as the largest integer number, for which kY does not ex-
ceed Kmax = 1.5 maxx{kcut(x)}. Finally, the time scale of the problem is estimated using the
characteristic velocity U and the wavelength [7**:

T = 20"y, (2.166)

This definition of 7 allows for generation of realistic vortical structures [4], elongated in the
streamwise direction near the wall and almost isotropic in the core of the flow.

2.5 Free surface formulation

Flows around the conventional ships are two-phase (air/water) with interface between the
phases being the free surface. Usually, when a ship moves at low Froude numbers (Fn < 0.15), the
free surface is hardly deformed and therefore plays an insignificant role for the hydrodynamical
effects. Under such conditions the free surface can be approximated as a symmetry plane. On
the other hand, when the Froude number is considerably high, the deformation of the interface
between two phases should be accounted for in order to get a realistic flow picture.

In some of the cases, which were studied in the present work the investigation of the
influence of free-surface deformation on the flow was desirable. Due to this reason an interface
capturing method, which was adopted in the study will be briefly described in this section.

Tt is assumed that the mesh in the turbulence generation region consists of hexahedral cells
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There is a variety of methods, which allow for calculation of viscous free-surface ship flows.
A good overview of existing approaches can be found in [158]. One can say, that the most
popular of them, which is used in the majority of the commercial CFD codes is the Volume-of-
Fluid (VOF) method, proposed by Hirt and Nichols [51]. Since the viscous free-surface solver,
based on the VOF algorithm was available in OpenFOAM® | it was adopted in the current study.
Numerous successful applications of VOF method to free-surface ship flows were presented in
literature [7, 122, 116, 30, 63, 102, 80| (incl. its OpenFOAM® implementation), which indicates
that the method is suitable for the problem in question.

In the framework of the VOF method the so-called indicator function « is introduced to
reflect the presence of the interface between the phases. The meaning of this function is the ratio
of the volume occupied by water ! to the total volume of the considered cell:

VO[

Veell
Due to this reason « is also called volume fraction. Therefore, o should lie in the range [0;1],
where o = 0 corresponds to air phase and o = 1 to water phase. The isosurface @ = 0.5 thus

determines the free surface. The liquid properties, such as density and kinematic viscosity are
found as the weighted averages of these of water and air:

p=apy+(1—a)p (2.168)
v=av, + (1 —a)y, (2.169)

o =

(2.167)

The set of differential equations, which has to be solved in the framework of VOF consists of
the momentum equation, continuity equation and the transport equation of the volume fraction
[123] 2

apu; 0 ( PUU; ) 8]72 0 ou; 8@- ap
=GPy O, (2 — gz 22 21
ot " oz, z; 0z, M\ oz, T 0z )] T 9 o, (2.170)
ou;
=0 (2.171)

da  daw; 0
875 a:(}j a:(}j

(a(1 — a)uy;) = 0. (2.172)

Here pyor = (vp + v)p is the total dynamic viscosity, ]72 = p* — pg;x; - dynamic pressure, g -
gravitational acceleration. The turbulent viscosity v4 is calculated in the same manner as in a
single-phase formulation. In cases, when LES or hybrid RANS/LES is conducted v; should be
replaced by vsgs or vpyp, accordingly. In the framework of the present work, the influence of the
interface on the turbulence model is not modeled.

One can see, that the transport equation (2.172) contains an additional non-linear term
8%j(a(l — a)uyj), which is not present in a normal convection equation. This term is added
for compression of the interface and is purely artificial. In authors opinion it is related to the
numerical model and will be described in Section 3.3, along with the solution procedure for the
system (2.170)-(2.172).

'In general, VOF method can treat any two liquids, but in the problem under consideration, only water (phase
1) and air (phase 2) are dealt with

2For the ease of description the surface tension force is excluded from the model, since it plays next to no role
for ship flows [54]
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2.6 Dynamics of a ship with two degrees of freedom

For the prediction of squat one has to solve the equations of ship dynamics, coupled with
the fluid dynamics. Generally speaking, if a ship is considered a rigid body, it has six degrees
of freedom. Therefore in a most general formulation six motion equations should be solved [82].
However, for the estimation of dynamic sinkage(s) and trim angle(¢)) at straight course, only
two degrees of freedom are usually taken into account. The coordinate system used in the model
formulation is presented in Fig. 2.5. The origin of the inertial coordinate system Ozyz is located

zZ
Y s

O wys
>

Figure 2.5: Ship coordinate system for squat computations

at the aft perpendicular at the level of the undisturbed free surface in the middle line plane.
The origin of the ship-fixed coordinate system Ogxsyszs is located at the center of gravity G.
Therefore x4 = 2, cos ) 4+ xssin + G, Yy = Ys, 29 = 2s + G- + s, where s is the ship sinkage.

In case of two degrees of freedom and the inversed motion (V,, =V,, =0, wy, = w,, =0)
the following system describes the motion of the ship in the ship-fixed coordinate system with
principle axes (Ipy = Iy, = Iyz, So = Sy = S, = 0) [64]:

=F Zs mgz
d (2.173)
7 dw,, _
YsYs dt Ys*

where m is the ship mass, I, ,, - inertial moment about ys-axis, F. , M, are respectively the
vertical force and the trimming moment acting on the ship, including hydrostatic, hydrodynamic
as well as the fluid inertial forces, V. - vertical ship speed in ship-fixed system, w, - ship’s angular
velocity vector about y, axis.

The values of s and v can be obtained as:

0
. (2.174)
v= [0
0
The force F,, and moment M, are found using the following formulas:
P = / (RIT - n,) - ke dS (2.175)
Sh
M,, = / [rs X (R, T - )] - js dS, (2.176)
Sh

with 7 being the total stress tensor in the considered flow (in inertial system), Ry -
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transformation matrix from the ship-fixed to the inertial system

cosy 0 sing
Ry = 0 1 0 , (2.177)
—siny 0 cosvy

n; - unit normal to the ship hull surface in ship-fixed system, S}, - surface of the ship hull, r;
- radius-vector of the point on the ship hull surface in the coordinate system Oszsyszs, js, Ks, -
unit vectors aligned with the ys and 2z axes respectively.

The dynamics of the fluid during the squat computations will be modeled in conjunction
with the presented above VOF formulation. In this case the components of T can be expressed
as:

Tij = (P + £9:2)0ij + 24401 Sij- (2.178)

Here the dynamic pressure field 1727 density field p, tensor field S;; and total dynamic viscosity fizot
are found during the solution of the system (2.170)-(2.172). The fluid dynamics thus influences
the ship motion on account of the stress tensor, whereas the ship dynamics influences the fluid
on account of the motion of domain boundaries (ship hull).
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Chapter 3

Numerical method

3.1 Finite volume method

In the framework of the presented research the Finite Volume Method (FVM) is used
for the discretization of the underlying PDE. This method is nowadays one of the most widely
applied discretization techniques in CFD, which is used in multiple computational codes: Fluent,
StarCCM+, CFX, OpenFOAM to name but a few.

In this section the application of FVM to general convection-diffusion equation will be
demonstrated. Since the computations in the present work were conducted using the FVM
implemented in OpenFOAM, the description of the method will be adapted accordingly. [58,
159]. The FVM assumes that the computational domain is completely filled by non-overlapping

Figure 3.1: Sketch of a two-dimensional computational stencil in FVM

control volumes (CV). The unknown quantities in the framework of the cell-centered FVM, which
is embodied in OpenFOAM, are stored in the geometric centers of control volumes xp. CV’s
share a number of flat faces with their neighbors. A typical structure of a finite volume mesh
in two dimensions is sketched in Figure 3.3. OpenFOAM can operate with cells of arbitrary
polyhedral shape.

Differential form of a convection-diffusion equation for the scalar field ¢ reads [153]:

aap;b + V- (pug) =V - (pT'y V) + Sy(9). (3.1)

In order to be discretized using FVM this equation should be first converted into an integral
form. In order to do so, (3.1) is integrated over the control volume and over the time step At,

giving:

t+At t+At AL AL

/ / %d‘/dt’-k / / V- (pug)dvt’ = / / V- (L sV e)dvt + / / SydVdt'. (3.2)
t Vp t Vp t Vp A

The next step is the approximation of the volume integrals in (3.2) the ones containing no
spatial differentiation operations are treated using the 2nd order accurate midpoint rule [153],

[58], [109]:
opp . (Opp

Vp
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/ S4(6)AV ~ (Su+ Spdp)Ve. (3.4)
Vp
with Su and Sp being the coefficients of the linearized representation of the source term; whereas
the ones representing the convection and diffusion terms are first converted to surface integrals
using the Gauss’ theorem and then discretized. This procedure will be discussed in the following
subsections.

3.1.1 Approximation of the convection term

Application of the Gauss’ theorem to the integral of the convective term gives:

/V < (pug)dV = /quu -ndS. (3.5)
Vp Sp

The r.h.s of (3.5) is then represented as a sum of the integrals over the cell faces:

N
/pd)u‘ndS = Z/pqﬁu‘ndS, (3.6)
=17

Sp

where N is the number of neighbors of the considered control volume and f; stands for its i-th
face. Application of midpoint rule to the terms in the sum yields:

/quu-ndS% (pu-m)s St o, (3.7)

fi
where the subscript (-) s, denotes the evaluation in the geometrical center of the i-th face and Sy,
- area of the i-th face. The coefficient in front of ¢ : Fy, = (pu-n)y, Sy, is called mass flux and
is assumed to be known during the discretization process of (3.1). As it has been mentioned, in
the framework of cell-centered FVM the field values are stored in the centers of control volumes,
which means, that in order to obtain the values in the face center some kind of interpolation
should be used. The value of the unknown ¢ on the face should be now represented in terms of
cell center values.

Linear interpolation The most intuitive approach for doing this is to apply the linear inter-
polation between the cell values:

¢f, = wor + (1 —w)en, (3.8)
where the weight w is reads (see Figure 3.2):
Vi
w = il (3.9)
| PN

The formula (3.8) has a nominal second order of accuracy on uniform meshes [36], which is con-

sidered sufficient for industrial CFD. At the same time for Peclet numbers ! higher than 2 linear
interpolation may lead to a nonphysical solution, because of the violation of the boundedness
criterion {153, 109]. Therefore, in practice, pure linear interpolation for convective term is rarely
used.

Upwind interpolation The so-called upwind interpolation uses the following formula for
representation of the face value:

U _ ¢P7FZO
¢fi_{¢Ni,F<0 (3'10)

!Peclet number Pe is the ratio of convective flux to diffusive flux
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fi
(b)

Figure 3.2: Face interpolation: (a) - central and neighbor cells and a face, on which the value in terms
of ¢p and ¢y, should be obtained, (b) - sketch of linear interpolation. P - center of the cell, for which
the equation is discretized. N; - center of one of the neighboring cells. The vectors f;N; and PN, are
used for the calculation of the weight w

One can see, that on the contrary to linear interpolation, it is dependent on the flow direction.
This discretization technique is unconditionally bounded. However, this advantage is attained
on account of the excessive numerical diffusion, since the scheme is only first order accurate.

Y

P fi N;
Figure 3.3: Upwind face interpolation: a piecewise-constant interpolation from the cell center, from

which the flow is incoming

Linear upwind interpolation It is also possible to obtain a second order upwind-biased
interpolation by using the gradient of the unknown variable in the cell centers:

SV = ¢p+ Pfi- (Vo)p, F >0

The terms, which appeared in the representation of the face values can be thought of as a correc-
tion to the upwind scheme, increasing the order of accuracy of the latter. In fact, in OpenFOAM®
these terms are treated as explicit source terms (contribute to Su, introduced earlier). This tech-
nique is called deferred correction [36, 153| and was introduced to force the resulting linear system
to satisfy the boundedness criterion [153| despite the higher order interpolation.

(3.11)

Strelets’ blended scheme Performing the DES simulations of flows with massive separations
Strelets [147] observed, that the upwind biasing of differencing schemes used for the convective
term had a negative influence on the quality of the results. The reason for this is that the level
of numerical diffusion of upwind-biased schemes is higher compared to centered scheme for the
the same mesh. At the same time it was mentioned, that in the RANS regions the pure centered
differencing scheme usually leads to the loss of stability of the numerical solution. In order to
avoid these problems a blended scheme was proposed, which combined the fourth order centered
scheme with the fifth order upwind scheme, depending on the local flow parameters. In the
framework of the presented research the blending of linear and linear upwind interpolations in
the same manner will be used:

o3P = (1 —0)of + ooV, (3.12)
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where o is given by:
0 = Omax tanh(ACH1). (3.13)
The function A is defined as:
A = Cpz max {[(CpesA/luw) /g9 — 0.5],0}, (3.14)

where the length scale [y, is found from:
leury = (Vt + V)/[02/2K]1/2 (315)

with K = max{[(S? + Q2)/2]"/2,0.177'} and 7 being the characteristic convective time. The
function ¢ is designed to enforce the use of upwind scheme in the disturbed irrotational flow
regions (2 < 1,5 > 0):

g = tanh(B*)
B = Cy3Qmax(S,Q)/ max[(S* + Q2)/2,107%). (3.16)

The constants, used in the formulas above have the following values: opmax = 1, Cg1 = 3.0, Cpro =
1.0,Cgs = 2.0. In the presented research the blended interpolation is used in all hybrid
RANS/LES calculations of ship flows. For canonical flows, where it was possible without the
divergence of numerical solution, the linear interpolation was used.

Blending depending on the mesh quality Experience shows, that computational meshes
for complex geometries may sometimes contain a number of cells of bad quality. (for definition of
various cell quality parameters see [58]). Usually the number of “bad” cells is very small compared
to the total cell number. However, application of higher order discretization techniques in these
cells can be problematic and lead to strong numerical instabilities. In order to be able to conduct
a computation on a mesh, containing “bad” cells, additional blending dependent on mesh quality
was added, which guaranteed the application of upwind interpolation in problematic regions.

Using the interpolation techniques, described above, all the terms in (3.7) are represented
as a linear combination of cell-centered values of ¢.

3.1.2 Approximation of the diffusion term

In order to discretize the diffusion term the Gauss theorem is applied, as previously:

/V (pL'y V) dV = /pF¢V¢ -ndS. (3.17)
Vp Sp
Now it is possible to split the surface integral into the sum of integrals over the faces, obtaining:
N N
/pF¢V¢ ndS = Z/pr¢v¢ ndS~ Y (L) 5,57 (Vé-n)y, (3.18)
Sp =1}, i=1

The coeflicients (pI'y)y, Sy, are assumed to be known, whereas the normal gradient of the un-

grid line
[ L
P fiN A N;

Figure 3.4: Sketch of the vectors, used for over-relaxed non-orthogonality correction approach
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known ¢ at the face should be approximated, as previously, in terms of cell center values of ¢. On
the orthogonal mesh a simple central difference can be used for evaluating the normal derivative.
On the contrary, for the mesh with considerable non-orthogonality application of CDS would
lead to reduction of the accuracy to 1st order. Therefore, for general unstructured meshes a
more sophisticated approaches for evaluation of the normal gradient are used. The overview of
different approaches for discretization of (V¢ -n)y, is given, for example, in [153, 58, 28]|. In the
present work the overrelaxed approach is used, consisting in application of the following formula:

(Vo -m);,Sp, = A- (Vo) + k- (Vo) (3.19)

where A and k are vectors such, that nf, Sy, = A +k and A||Pf;. In the framework of the
overrelaxed approach A is calculated as:

_ Pfi 2 _ Pfi
Pfi-ngSy *° Pfi-ny,
Finally, after introduction of A and k, the CDS is used for the first term in (3.21)(i.e. this term

contributes to the matrix coefficients), whereas the second one is treated as the source term with
(V)4 being explicitly calculated from the given ¢ field:

(Vé-n)S; = AP L k. (vg), | (3.21)
N———

1P fil
explicit correction
implicit contribution

(3.20)

3.1.3 Temporal discretization

Using the formulas, given in the previous subsections, (3.2) can be now written as:

t+At

N N
dpg
/ [(875)13 Vp+D (pum)gSpés — D (pT6)155 (Ve n)ﬂ] dt
p i=1 i=1
t+At (3.22)
= / (Su+ Spop)Vpdt
t
Using the forward differencing scheme for the approximation of the time derivative
Opg PpOP — PpOP
= 2
( ot )P At (3:23)
and time integration using midpoint rule
t+At .
/ B(t) di = 3 (67 + 6" At (3.24)
t
and assuming that p,I'y are constant in time one obtains [58|:
N n N o
ppdp — prdp 1
PAt £+ 9 Z(pu ’ n)fisfi¢fi + Z(pu ) n)fiSfi¢fi
i=1 i=1
N n N o
1 3.25
~3 <[Z(PF¢)fiSfi(V¢ n)p |+ D (0T) S5 (Ve- n)fi] ) (3.25)
i=1 i=1

1
= SuVp + §(¢$ + ¢p)SpVp



54

The above linear algebraic equation after represents the discrete analog of the equation (3.1)
for the case of Crank-Nicolson time-stepping scheme, which is second order accurate in time .
When (3.25) is written for each cell and the face values are represented by the values in the cell

centers, one obtains a linear system [109]:

N
apdh+ > an ¢, =D, (3.26)
=1
which has to be solved for ¢, ¢}y, in order to obtain the values at the next (n) time step,
starting from old one (0). Other time-stepping schemes are discussed in [58|, including first
order implicit Euler scheme and second order backward Euler scheme. In each case the resulting
system of linear algebraic equations can be written as , whereby the coefficients ap , an, will be
different.

The linear system, obtained from (3.1) using FVM has a sparse matrix and is solved using
iterative methods, such as preconditioned bi-conjugate gradient (PBiCG) method or bi-conjugate
gradient stabilized method (BiCGStab), which are both present in OpenFOAM®. The described
above discretization procedure is used in OpenFOAM® for linearized momentum equation and
for the transport equations of turbulence quantities.

It is straightforward to obtain a representation of the discretized Poisson equation from
(3.22) by removing time integration as well as the terms, related to time derivative and convec-
tion. For this equation other methods for solving the linear system are used, such as precondi-
tioned conjugate gradient (PCG) method [45] or geometric-algebraic multigrid method (GAMG)
[153].

3.2 Solution algorithms for the incompressible Navier-Stokes
equations

The presented above method of solving general convection-diffusion equation is unfortu-
nately not sufficient for dealing with the system (2.6), (2.16). There are multiple reasons for
this:

1. The convective term in (2.6) is non-linear with respect to velocity. On the contrary to
(3.1), where ¢ is transported with the known velocity u, in (2.16) the velocity is “being
transported by itself” [58]. Discretisation procedure from Section 3.1.1 then yields:

N
/V - (puu) dV = Z(pu -m) s, Sy uy,, (3.27)
Ve i=1
where the discretization coefficients also depend on unknown u. In order to overcome this
difficulty, the velocity from the old time step is used for evaluation of the fluxes, leading
to a Picard iteration [11|. Number of iterations, needed for the convergence of the velocity
field depends on the time step size.

2. Continuity and momentum equations are coupled.

3. As it was previously mentioned in Section 2.1.6, the way of determining the pressure from
(2.6), (2.16) is not straightforward. Direct application of presented above discretization
procedures would result in an ill-conditioned system [11, 25].

The latter two issues are solved in this study by using a combination of PISO and SIMPLE
algorithms for collocated grid arrangement. Both algorithms are based on derivation of pressure
equation, which is used to find the correction for the velocity field in order to obtain conservative

'The description of the discretization of the boundary conditions is omitted here. The reader is referred to
[58, 123]
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fluxes. The procedure of derivation of pressure equation on which the OpenFOAM® algorithms is
based differs from that presented in the majority of books on CFD and therefore the formulation
from [58] is briefly presented in the next sections.

3.2.1 Discrete pressure equation

The derivation of pressure equation starts from the semi-discretized momentum equation

[58, 25]:

apup = H(u) — Vp, (3.28)
where H(u) reads:
N u°
H =— uy, + — 2

The discretized using FVM continuity equation has the following form:
N

V-ou=) up-ngS, =0 (3.30)
i=1

From (3.28) u, can be formally expressed as:

up = H(w) _ in. (3.31)
ap  ap

The velocity on the faces, obtained by interpolation of the above formula, is then substituted

into (3.30), which gives:
1 H
v. <Vp> -V ( (“)> (3.32)
ap ap

The discretization of Laplacian operator is done in the same way as for the diffusion term. The
r.h.s is treated explicitly and is calculated as:

v (HWY) _ 5~ (HW ‘1,5, (3.33)
() -2 (50,

ap ; ap
=1

Therefore the continuity equation in the original system is replaced by (3.32) and the set of
discrete equations solved is:

N
apup = H(u) =) psngSy, (3.34)
=1
N N
1 H(H))
2 (Vo) S| = ‘ns Sy 3.35
;Kap)fi( p-n),Sy, ;< ar ), ny, Sy, (3.35)

The fluxes Fy,, which satisfy (3.30) by construction of the method are found as:

Fy, =upng Sy, = [(H(u)>ﬁ - <1>fi (Vp)fi] -0y, Sy, (3.36)

ap ap

where p is the solution of (3.2.1). The coupling of equations (3.40), in the present study is done
in segregated manner. The exact sequence of solution steps in SIMPLE, PISO and PIMPLE is
different ! and will be discussed in following sections.

!The solution procedures of OpenFOAM are considered
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3.2.2 Pressure-velocity coupling algorithms

The SIMPLE algorithm

The SIMPLE ! algorithm was proposed by Patankar [109] and was originally developed for
steady-state problems. However, it can be successfully applied for transient problems as well.
The method is designed for the cases where the solution can considerably change between the
iterations (which is the cases for steady-state problems) which means, that the nonlinear effects

are supposed to be of a higher importance than pressure-velocity coupling. Briefly formulated,
steps of OpenFOAM SIMPLE method are 2:

1. Solve implicitly under-relaxed equation (3.40) [153, 58, 109] with the pressure field taken
from initial guess or previous iteration. Find H(u), ap in order to assemble (3.2.1)

Solve the equation (3.2.1) for p
Calculate the conservative fluxes using formula (3.36)
Under-relax the pressure field

Update the velocity field using formula (3.31)

S Gtk N

Solve all other transport equations (e.g. k, w)

7. Repeat the steps 1-6 till convergence

At convergence one obtains the velocity and pressure fields, satisfying the underlying equations.

The PISO algorithm

The PISO algorithm was developed by Issa |56] for unsteady flows. On the contrary to
SIMPLE, for which it was assumed that the nonlinear effects play a major role, in PISO the
time step is supposed to be small enough, for the non-linear effects to be negligible. Hence, the
pressure-velocity coupling is more important. Solution procedure 3 is the following:

1. Assemble and solve equation (3.40) [153, 58, 109] with the pressure field taken from initial
guess or previous iteration. Find H(u) in order to assemble (3.2.1)

Solve the equation (3.2.1) for p

Calculate the conservative fluxes using formula (3.36)
Correct the velocity field using formula (3.31)

Update the coefficients in (3.2.1) using the corrected velocity
Repeat steps 2-5 for prescribed number of iterations

Solve all other transport equations (e.g. k,w)

® N o A W

Go to the next time step and start from step 1

The PIMPLE algorithm

The so-called PIMPLE method in OpenFOAM® is a combination of PISO and SIMPLE in
the following manner. For each time step the user can specify a desired number of outer iterations
n. On each outer iteration the above PISO procedure is used with a number of pressure correction
steps m. There is also an option to under-relax the momentum equation and the pressure field,
which makes the approach similar to SIMPLE. This algorithm allows for solving unsteady flows
with relatively high Courant numbers. Values of C'o up to 20 were attained by the author without
the loss of stability.

!Semi-Implicit Method for Pressure-Linked Equations
2See simpleFoam solver
3Corresponding to pisoFoam solver
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3.3 Solution algorithm for the viscous incompressible free-surface
flows

The system of equations of the VOF method differs from that dealt with in the previous
sections of this chapter on account of the density gradient in the momentum equation and
transport equation for indicator function. However, the solution procedure is very similar to the
presented above with some modifications. The discretized momentum equation for each cell can
in this case be written as:

apu, = H(u) — Vpg — g -xVp. (3.37)
Then (3.28) u, is expressed as:
H 1 1
wp= W g v, (3.38)
ap ap ap
giving the following pressure equation:
1 H 1
v. <Vpd> ~Vv. < (w _ g-XVp) (3.39)
ap ap ap
the set of discrete equations solved is:
N N
apup = H(w) = > (pa) inf Sy, —&-%xp Y prny,Sy, (3.40)
=1 =1
N 1 N
Z [(CLP) (Vpa )y, Sy, Z [( > | nfiSfi] (3.41)
=1 fz = z
Nl
- Z [( > (g X)fipfinfisfi (3.42)
im1 L\*P/ i

The fluxes F', which satisfy (3.30) by construction of the method are found as:

(H“(;l)>ﬂ - <a1P>f (Vrals: - <alP>f (g'x)fipfi] -np i (3.43)

where py is the solution of (3.42).

Additional attention should be paid to solution of volume fraction transport equation
A challenge one faces here is the prevention of smearing of the indicator function due to the
numerical diffusion. There are a few strategies, allowing to do so. One of them is the devel-
opment of special interpolation techniques with compressive properties, such as CICSAM [152],
HRIC [106], etc. Another opportunity is to use anti-diffusion for interface sharpening [137]. In

OpenFOAM this problem is solved differently: an artificial compression term %(a(l — o)Urj)

Ffi = ufinfiSfi =

1

is added to the transport equation for volume fraction (see Eq. (2.172)). The compression flux,
corresponding to this term reads:

Fy,
Sy

2

Fc’fi - CO‘

(m®),, (3.44)

where n*y, is the interface normal, interpolated from the cell center to the face and C, is the
coefficient, determining the compression intensity, which is usually taken unity. The normal is

!The equation (2.172) contains the velocity u, which is assumed to be divergence-free. However, the procedure
of solution of Navier-Stokes equations provide only the fluxes F', which are conservative, not the velocity field.
Therefore in all discretization procedures for eqn. (2.172) the fluxes are found from (3.43)
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found as:

_ Va

- |Va|+¢€
where € is a small number, used for stabilizing the gradient calculation in regions, where « is
constant.

In order to get a bounded solution without overshoots and undershoots semi-implicit
MULES algorithm is used, based on the idea of flux-corrected transport method, proposed by
Boris and Book [17]|. The description of MULES can be found in [24]. Even though the modified
transport equation for « is solved semi-implicitly, it is explicitly coupled with the momentum
equation.

The solution algorithm of the VOF solvers in OpenFOAM has been changing over time.
The latest detailed description of the numerical procedure can be found in [24]. Previous versions
were described in [123], [12], [151].

n*

(3.45)

3.3.1 Mesh deformation algorithm for shallow water

In order to predict ship squat using FVM one has to solve the VOF equations on the
moving mesh, which would resolve the ship motion. In the present work the finite volume mesh

1/\ computational domain

A

<
%
q
2
7

mesh deformation region

T A =0\
(a) (b)
Figure 3.5: Mesh motion algorithm: (a) - sketch of the vectors used in formula (3.46), (b) - bounding
boxes used for A\ prescription in computational domain

is deformed in order to adapt it to the current ship position. Hence, the mesh points on the
ship patch follow the ship motion as parts of the rigid body, points on the domain boundaries
(except the ship) are fixed and the displacement of the rest of the points should be determined
using some algorithm.

OpenFOAM provides multiple algorithms for determining the displacement of the mesh
points based on solution of Laplace or pseudo-solid equations [59]. The built-in methods work
fine for the cases, where the moving body is immersed in a large computational domain and is
located far from the boundaries. However, this condition is not satisfied when a task of squat
prediction is being solved. In this case the distance from the moving ship hull to the bottom is
very small and built-in algorithms start losing stability.

In order to overcome this difficulty, a simple mesh motion algorithm was implemented by
the author, using an explicit formula to determine the position of the mesh points x, at the
timestep n:

X, = %) + M(Xtoq — Xeoq) + R" - 0%y, (3.46)

where Xg is the initial (at time 0) coordinate of the point in global coordinate system, x% , X%
- coordinates of the center of gravity of the considered body at time 0 and n respectively, R" -
rotation matrix at the timestep n, dependent on yaw, pitch and roll angles, 0x, = xg — X%OG
is the initial radius vector of the point in the ship-fixed system and, finally, X is a scalar field,
determining, to which extent the point follows the rigid body motion. For A = 1 a mesh point is
moving as a part of rigid body, for A = 0 the mesh point is fixed to its original position, in the

region A € (0,1) the mesh is deformed (see Fig. 3.5). A sample of distribution of A parameter
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as well as results of mesh deformation for simple mesh are shown in Figure 3.6. Using this

A
00 025 050 075 1.0
(IR

&

LR LA LE L

&

FuaaE:

Figure 3.6: Example of application of presented algorithm: (a) - undeformed mesh, (b) - mesh with
rotated body, (c) - distribution of A\. One can see that the cells in the vicinity of the body preserve their
form

method it was possible to resolve the ship motion in shallow water for the dynamic under keel
clearance as small as 5 mm for approximately nine meter long model, without creation of negative
control volumes. Further reduction of the under keel clearance resulted in the breakdown of the
computation because of the presence of cells with negative volume. Even though this method
is not applicable for large body displacements, it possesses a number of attractive features: low
computational cost and preservation of cell form in the bounding box around the moving body
(see Fig. 3.6). The developed algorithm was initially implemented in OpenFOAM-2.1.x and
later converted to OpenFOAM-2.3.x !.

3.3.2 Detalils of trim and sinkage computation method

Quasi-steady VOF

Previously given description of VOF algorithm corresponds to a fully unsteady problem.
This formulation has proven to be inefficient for squat prediction, since in this case a steady-
state solution is sought and the time evolution of the unknown fields in not of interest. The
same applies to the task of resistance prediction in calm water (if the flow is steady). For the
latter problem a quasi-steady state solver LTSInterFoam is available in OpenFOAM, in which
the Euler implicit time stepping scheme with spatially variable time step is used. The time
step field is determined based on the local Courant number. This way the solution evolves
with different speed in each cell. This approach clearly violates the conservation laws (before
the convergence is attained), but allows to reach the steady-state solution much faster than the
unsteady simulation. The adaptation of the LTSInterFoam for the squat prediction problems, i.e.
inclusion mesh motion capabilities was performed by the author. The solver LTSInterDyMFoam
was developed for OpenFOAM-2.3.x and validated for squat prediction in shallow water. The
validation results will be presented in the next chapter.

Using quasi-steady state solver one can obtain the forces and moments acting on the ship
underway. In a normal unsteady simulation one would need to substitute the calculated forces
into the system (??) on each timestep and solve it numerically (using, for example, leapfrog
method). The problem is, however, that in a quasi-steady calculation the timestep is different
in each cell and therefore it is not clear, which of them should be used for integration of (?7?).

'The analogs (so-called Slerp method) of the described algorithm appeared independently in official Open-
FOAM distribution starting from OpenFOAM-2.3.x
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To resolve this ambiguity, it was decided to use the time step size averaged over a bounding box
around the ship hull, similar to that shown in Figure 3.5:

At=> " AtpVp/> Vp. (3.47)
box box
This value characterizes, how fast the flow in the near of the ship is evolving, and thus allows
to adapt the time step for solution of ship motion equations to the quasi-steady simulation, in
which the time step is locally determined.

Modification of 2DoF ship motion equations

In order to optimize the convergence rate of ship trim and sinkage additional damping
terms are included into the equations (2.173), based on the analysis of the damped harmonic
oscillator. For a vertical motion a linear hydrostatic spring is considered:

dV,
dts + DV, + Chss =0, (3.48)

where Dy is the unknown damping coefficient and Chs = A,1pg. is a hydrostatic spring coefficient.
The optimal behavior of the oscillator from a point of view of squat prediction would be reaching
a final value in a shortest period of time monotonically. This corresponds to the critical damping,
which is achieved, when

D, / s
— = CT'T}; = DS =2 mChs = Qp\/ V;JSAwlgz’ (349)

2m

m

where V; is ship displacement, A,; - ship waterline area. Similar formulas can be derived for
angular hydrostatic spring the damping coefficient for the trimming motion:

D C
i’} = Lid = Dd; =2 Iysysv;gsz7 (350)

2m Iy,

where H is the longitudinal metacentric height. The final form of the ship motion equations,
used for squat prediction is

dV,
m—= + DV, =F, —mg,,
a (3.51)
Iysysdity + Dywy = My, ,

The values of trim angle and sinkage are obtained from (2.174).

Using the time step, defined by (3.47), the system (3.51) is solved using explicit Euler time
stepping with F, and M, being calculated from (2.176), i.e. the coupling with the fluid motion
equation is done in an explicit manner.
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Chapter 4
Validation

A number of computational methods was used in the presented work, ranging from quasi-steady
state RANS to single-phase WMLES. Some of the methods had been already validated (such as
LH) and did not generally need additional testing, whereas some of them (e.g. SSTIDDES model,
squat prediction algorithm) required assessment of prediction accuracy. In the next sections the
results of validation for the number of test cases are described.

4.1 Canonical flows

4.1.1 Channel flow

The channel flow test case was studied in order to check the OpenFOAM implementation
(created by the author) of SSTIDDES model, and in particular its WMLES branch. The results
for the velocity profile and the skin friction were analysed and compared with those from [48].
As a reference velocity profile the correlation of Reichardt [120, 134] was chosen.

- SSTIDDES-OF
SSTIDDES-Orig - - - -
Correlation o

(b)

Figure 4.1: Channel flow test case: (a) - geometry of the case, (b) - comparison of the computed velocity
profile with the correlation and the results of Gritskevich [48] (Orig) for Re, = 395

Considered conditions

The following range of Reynolds numbers was considered: Re, = # = 395, 2400, 18000,
which is consistent with that used in [48, 134]. In order to maintain the average fluid velocity wu,,
a pressure gradient was added to the flow in the form of a source term in momentum equation.
The geometry of the computational case is shown in the Figure 4.1. In this formulation the
average pressure gradient is the outcome of simulation and the averaged friction force can be

calculated from it, using the relation % = —4pu?H. The fluid density can be taken unity.

Numerical setup

The velocity field was initialised from underresolved LES in order to get the turbulent
content right from the start. Time step was chosen such, that for each cell Co < 0.5. The
velocity profiles were averaged over dimensionless time t; = u,,t/H = 55 and additionally
averaged spatially in the spanwise direction. The domain size was 6 H x 4H x 2H. Structured
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Figure 4.2: Comparison of the computed velocity profile (SSTIDDES-OF) with the correlation and the
results of Gritskevich [48] (SSTIDDES-Orig) for: (a) Re, = 2400 and (b) Re, = 18000.

meshes with the parameter, corresponding to [48] were used. The streamwise and spanwise mesh
spacings did not change from case to case and were 0.1H and 0.05H respectively. For the range
of Reynolds numbers considered this gives the following spacings in wall units (z*,27): (40,
20), (240, 120), (1800, 900). The size of the first wall-adjacent cell was adapted for each case,
such that Ayf < 1 for all meshes with the wall-normal grading of 1.15. Thus, for the smallest
Re, the resolution is sufficient for LES, but for other cases application of LES would lead to
considerable errors. For all unknown quantities (u,p, k,w) the cyclic boundary conditions in
spanwise and streamwise directions were imposed. The boundary conditions, imposed on the
walls were: u = (0,0,0),k = 1-10712 9p/dn = 0,]96]

w = 60v/[B1(Ayf)?). (4.1)

For time stepping a three-layer backward Euler scheme was used. Convective term in momentum
equation was discretised using a blended scheme with 1% of linear upwind interpolation and 99%
of linear interpolation. Other convective terms (k,w equations) were treated using TVD scheme
with Sweby flux limiter. For diffusive terms Gauss scheme was used with over-relaxed apporach
for non-orthogonality treatment.

Results and discussion

In Figures 4.1b and 4.2 one can see, that the velocity profiles of the Gritskevich’s imple-
mentation of SSTIDDES model and its OpenFOAM® version are in a very good agreement with
each other and with the correlation. This indicates, that the developed code contains at least no
serious errors. For the future additional benchmarking and comparison for other canonical flows
(e.g. backward facing step) is planned. The scaling for the simulation was chosen such, that the
exact value of Tyqy = v (aauﬂ”) ‘y::tH is 1. Its computed values were 0.97, 0.98, 0.95, for Re, =
395, 2400, 18000 respectively, giving at most 5% discrepancy. These results show, that WMLES
branch of IDDES is indeed capable of keeping the flow predictions at almost the same level of
accuracy for a wide range of Reynolds numbers without the need for refinement in wall-parallel
directions if Az/H is small. This considerably softens the constraint imposed on the mesh size,
since only the wall-normal spacing should be adapted.

4.1.2 Asymmetric plane diffuser flow

The diffuser flow test case was computed in order to check the performance of the SSTID-
DES model with the turbulence generator source for the prediction of the separation from a
smooth surface. Since the geometry of the flow in the stern of a river cruiser is very similar to
that in a diffuser, it was assumed a good test for the implemented model. The results of LH
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Figure 4.3: Geometry of the diffuser test case

model for the same flow are documented in [2|, therefore the simulations for that model were not
repeated.

Considered conditions

The geometry of the test case is shown in Figure 4.3. The flow was studied at Re = 20000,
based on the channel height H and bulk velocity uy: Re = % In the experimental setup
of Buice and Eaton [18, 20| the channel height was equal to 0.015m. For the calculations the
kinematic viscosity was chosen to be 107m?s~!, which corresponds to the bulk velocity of 1.33
m/s. The fluid is flowing in the positive x direction. It is assumed that the flow in the diffuser
throat is a fully developed channel flow and that the width of the diffuser is large, so that the
flow is statistically uniform in spanwise (y) direction. The width of the diffuser was chosen to be
4H, on the left and right boundaries of the computational domain the cyclic boundary condition
was imposed.

Figure 4.4: Fragment of the computational mesh (coarse)

Numerical setup

Three different computational approaches were used: dynamic Smagorinsky SGS model
with recycling, SSTIDDES with recycling and SSTIDDES with the turbulence generator source
applied. The recycling was applied in the diffuser throat. For doing so the throat was expanded to
12H in streamwise direction, from which the distance of 8H was used for recycling. In simulations
with turbulence generator the synthetic fluctuations were added to the flow in a wall-normal layer
of cells at the distance of 2H from inlet plane. The Reynolds stresses and the lengthscales were
taken from preceding k — w SST RANS solution.

Each of the approaches was used on three meshes with gradually decreased cell size in order
to study the mesh influence on the solution. Mesh characteristics can be found in Table 4.1,
whereas a sample of its structure is shown in Figure 4.4. For mesh generation blockMesh utility
from OpenFOAM® toolbox was used. The dimensionless wall distance was less than 1 for all
cases with wall-normal grading of 1.065. In order to save computational resources and to avoid
reflection of numerical pressure waves from the outlet, cells were stretched towards the outlet.

The coarsest of the meshes is suitable neither for WMLES nor for LES, whereas, the
resolution of the finest mesh is already close to that needed for LES [128]. These resolutions
are chosen specially so as to see, how different approaches would behave given insufficiently fine
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mesh. Since the well-resolved ship flow simulations at full scale are more an exception, than a
rule, it is very important to get sure, that the model would not fail in these circumstances.

List of boundary conditions, imposed on the unknowns is presented in Table 4.2 !, whereas
the sketch of the domain boundaries is shown in Figure 4.5. For all simulations pimpleFoam

Time: 20.000100

(b)

a
Figure 4.5: Diffuser test case: (a) sketch of domain boundaries, (b) application of turbulence generator

solver was used. The timestep was chosen such that for each cell Co < 0.8. The same schemes
were used for the diffuser case as those described for the channel flow benchmark, except for the
time stepping, for which Crank-Nicolson scheme was applied.

Simulations with recycling started from a constant velocity field, whereas turbulence gen-
erator cases used RANS solution as initial condition. In its turn the RANS solution was obtained
using recycling in order to get a developed flow in the throat, so that the fields would not de-
pend from their initial or inflow values. Total simulated model time was 25 s, from which 15 s
were used for collection of statistical data. Taking the bulk velocity up = 1.33m/s and diffuser
geometry length of 81 x 0.015 m, one can find, that the fluid passed through the diffuser 23 times
totally.

Table 4.1: Characteristics of the com- Table 4.2: Boundary conditions imposed on the unknowns
putational meshes

tch k
mesh ‘ Naj‘Ny‘ NZ‘ Niot Pac ‘u ‘Z;p ‘ ‘W
coarse | 274] 40| 45] 493200 inlet | v/rans | 5, =0 |v/rans |1 rans
ou _ — ok __ dw
medium | 387 | 60| 70| 1625400 outlet | 7 =0 A 0 | &n 0_12 5 =0
fine 546 | 90| 100 | 4914000 walls |u=0 |5 =0k=10"" eq. (4.1)
sides |cyclic |cyclic |cyclic cyclic

Results and discussion

Simulation results were analyzed for the mean axial velocity and resolved Reynolds stress
<u;2> profiles and compared between different approaches and experimental data from [18, 20].
Comparison was done at different stations along the flow: x = 6H, 14H, 27H, 34H, 40H, 47H,
53H and 60H.

Combination of SSIDDES with recycling yielded almost a steady solution on coarse and
medium meshes, because the model switched to RANS in the throat. Even when the velocity field
was initialized from LES, after a few seconds of simulation all turbulent structures in the channel
disappeared. Therefore, the level of resolved stresses was too low and according to the intention
of IDDES, the model switched to RANS mode [134]. Experience of Nikitin et al. [107] showed,
that turbulent content for channel flow simulation completely “dies out” in wall-modeled LES,
when §/h > 0.2, where h = H/2. For the currently used meshes this condition was satisfied
for all but the finest mesh, where 6/h ~ 0.17. Therefore the absence of flow instabilities for
coarse and medium grid does not contradict with the observations of other authors. For the

'The value on the corresponding patch either is mapped from downstream on each iteration (which corresponds
to recycling , r), or prescribed from preliminary RANS calculation, e.g. k = krans
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finest mesh used the unsteadiness in the channel section was sustained and hence the model
showed satisfactory results (see Figure 4.6). On the contrary to recycling, turbulence generator

Mean axial velocity
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N -0.02 —

-0.03 —

004 = psM4Rec = v =

DES+REC ........
DES+ST

-0.05 —

-0.06

40 50 60 70

Reynolds stress Rxx
0.02 T T T \ T T

0.01 —‘g “3
0 [

-0.01 —

N -0.02

-0.03 [—
Exp

004 = pES4ST =10

4.,.1
O00000506 6666080
TS EO 0060000000 'oov'dwég

-0.05 —

DES+Rec A A
| | | | |

-0.06

0 10 20 50 60 70

X/H+ 350qrt(Rxx)*20) 40
Figure 4.6: Comparison of velocity and Reynolds stress profiles along z-axis between different approaches
on the fine mesh

(see Figure 4.8) produced the necessary unsteady content in the channel section on all meshes,
for which reason the sampled profiles are in a good agreement with experimental data starting
from the coarsest mesh used. Unfortunately, the mesh refinement did not bring any considerable
improvement. The solution on the fine and medium meshes seems to be almost identical to
that on the coarse mesh, except for x/H = 6. Although working correctly in the most of the
flow, SSTIDDES predicts too weak separation and much smaller recirculation zone, than in
experiment (see stations x/H=14 and 27), regardless of the mesh resolution or the enrichment
strategy (recycling, synthetic turbulence). Results, delivered by LES are in some sections very
poor on the coarse mesh. But when the cell size was reduced, a considerable improvement could
be seen, The separation and the recirculation zone are predicted much more accurately, than by
SSTIDDES already starting from the medium mesh. However, one has to keep in mind, that this
performance of LES is due to moderate Re and therefore for ship flows the result is not expected
to be that good. The friction coefficient on the upper wall predicted by LES was considerably
lower than that predicted by SSTIDDES (see Figure 4.9).

One can draw a conclusion, that for the studied case SSTIDDES model showed satisfactory
performance - mean velocity and Reynolds stress profiles were predicted accurately in most of
the considered sections, even though the size of the separation region is clearly smaller than
that observed in experiment. Good perfomance was attained, when the turbulent content in the
channel was present. In order to achieve this, either an additional recycling section with fine mesh
should be used in the throat or synthetic turbulence generator should be utilized. The fact, that
the application of SSTIDDES with turbulence generator could deliver satifactory results even
on quite coarse meshes is very attractive for ship flow simulations. However, it is clear, that if
the generator would be placed too far upstream, the unsteady content would be damped by the
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Figure 4.8: Comparison of velocity and Reynolds stress profiles along z-axis between different refinement
levels for combination SSTIDDES + synthetic turbulence

numerical viscosity before reaching the secion x = 0, which would cause the deterioration of the
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Figure 4.9: Plots of skin friction coeflicient (upper wall) predicted by different approaches on the fine
mesh

prediction accuracy.

The reason, why SSTIDDES supresses the recirculation zone is not quite clear, but one
of the possible reasons is the excessive subgrid scale diffusion. It was observed, that on the
same meshes LES branch of SSTIDDES produced subrid viscosity approximately an order of
magnitude larger than DSM. This could be the reason for smearing of the flow features.

4.2 Ship flows

4.2.1 Prediction of the wake of an inland ship in a restricted shallow channel

In the framework of the presented study the wake of an inland cruiser in shallow water
is to be simulated at full scale, in which case the Reynolds number is of order 10® based on
the ship length. Up to now the described validation cases were restricted to canonical flows
at relatively low Reynolds numbers. However, it was also desired to test the performance of
hybrid turbulence models (LH, SSTIDDES) for ship flows in realistic conditions. Since the wake
measurements in full scale are next to impossible, only the model scale ones could be used for
validation purposes. There is a lack of experimental data presented in literature on ship flows

Table 4.3: Conditions considered in the M1926 model simulations

B.  |m] 9.8
U [m/s 1.24
h [m] 0.5
T [m] 0.25
h)T | 2
Fn [ 0.12
Fn, || 0.56
Re [ 1.36 - 107

under shallow water conditions. Thus the nesessary data had to be searched for. Fortunately,
the velocity field measurements in the ship wake were conducted at the Duisburg Development
Centre for Ship Technology and Transport Systems (DST) in the framework of the AiF project
WAKE [87]. DST performed tests for a model (M1926) of an inland ship in a shallow water
towing tank. Stereo-PIV snapshots of the velocity in the ship wake for 9 model tests were kindly
provided to the author.

The reference axial velocity distribution was obtained by averaging the snapshots of the
velocity field over 9 experiments. During the experiment the model was free to sink and trim.
The values of sinkage and trim angle were 0.02 m and 0.021° respectively.
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bottom

Figure 4.10: Sketch of computational domain boundaries for the single-phase simulation of the flow
around M1926 model

Geometry and conditions

Parameters of the studied model were: L,, = 11m, B =1.14m, T = 0.25 m, Cg = 0.877.
Bow and stern geometry can be seen in Figure 4.11. No propeller or any other appendages except
the shaft were present in experiment. The velocity snapshots were taken in the vicinity of the
propeller plane (see Figure 4.11). Considered conditions are presented in Table 4.3, where B, is
the breadth of the towing tank, U - model speed, h - water depth, T - ship draught, Fnj, = \Z—h
- depth Froude number.

Program of computations

First of all trim and sinkage as well as ship resistance were calculated and compared to
experimental data using LTSInterDyMFoam solver with &k —w SST model for turbulence modeling.
Since the agreement with experimental data was very good already for the coarsest mesh, no
further computations with free surface were conducted. After that, ship geometry was shifted and

18 1.8 14 1.2 1 08 06 04 02 o
\ - L

9.6 9.4 9.2 1 08 08

Figure 4.11: Bow and stern geometry of M1926 model. The plane where the velocity field was measured
in shown at = 0.48 at the stern.

rotated in accordance with the experimental values of trim and sinkage and only the fluid region
was meshed, whereas the free surface was replaced by symmetry plane. Further computations
were conducted in single phase formulation. It was possible to do so without considerable loss
of accuracy since the free surface deformation was quite small (Fn = 0.12) and under these
conditions it could not noticeably affect the ship wake. Computations were done on three meshes
with gradually increased resolution. Three simulation strategies were used: RANS k — w SST,
SSTIDDES with turbulence forcing and LH model without forcing. It was not possible to use LH
model with synthetic turbulence generator because of the problems with stability, which resulted
into the divergence of the solution.
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Numerical setup

The sketch of domain boundaries is shown in Figure 4.10. In order to avoid the influence of
inlet and outlet truncation boundaries on the solution the length of the computational domain
was made equal to 6L,, with distance to inlet patch being 2L,, and to the outlet patch - 3L,.

The boundary conditions are summarised in Table 4.4. The inflow values ko, woo were
computed using the formulas given in the OpenFOAM user guide:

WV

~0.090°
where [ is the turbulence intensity, usually chosen to be 2% and [ is the characteristic length scale,
which is taken equal 1% of the ship length. This gives koo = 2.80-107%m?s ™2, wy, = 0.19s~ 1. The
inflow velocity u = (~U 00)”. Finite volume meshes were created using StarCCM+® trimmer

koo = (UI)??, wae (4.2)

Table 4.4: Boundary conditions imposed on the unknowns for M1926 validation case

Variable 1 2 _9 2 _9 —1
Patch u, [ms™'| | p,[ms™¢] | k,[m*s™7] | w,[s7]
inlet u = U gﬁ =0 k=ks W= Weo
outlet %:0 %:O %:0 gz:
ship u=0 == kE=10"12 | eq. (4.1)

i - o _ ok _ o _
sides slip an = 0 o, =0 o, =0
bottom u = Uy P =0 WF WF
Sym symmetry | symmetry | symmetry | symmetry

mesher. Three meshes were built for the case: coarse, medium and fine, containing 4.3M, 9.0M.
20M cells. Mesh refinement was done by decreasing the base cell size by v/2. For each of the
meshes Ayl < 1.0. Wall-normal grading of cells in the boundary layer mesh was 1.15. Stern
region of the model was immersed into a refinement box with isotropic hexahedral cells with
edge lengths of 0.016 m, 0.011 m and 0.008 m, in order to guarantee, that no sharp jumps in cell
sizes would be present.

The turbulence generator was placed at a distance of 2(h —T') = 0.5 m upstream from the
end of the cylindrical part of the hull, so that the synthetic turbulence could “adapt” itself to
the flow before reaching the stern region, see Figure 4.12. For the time stepping Crank-Nicolson

¢ 04 08 12 16
o Ly ‘WHHJH‘HHWIHHHH‘JH‘
0 1.89
Figure 4.12: Vortical structures (A2 = —20) in the stern of M1926 predicted using SSTIDDES +

synthetic turbulence generator. One can see, where the turbulent structures are added to the flow.

scheme was used. For the convective term in momentum equation a blended scheme of Strelets
was applied with additional blending, dependent on the cell quality (see Chapter 3). Convection
terms in auxiliary equations (k,w) as well as diffusion terms were discretised in the same manner
as in previously described validation cases. The timestep was chosen such that for each cell
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Co <0.8.

Results and discussion

The nominal wake ! w = 1+ (u,) /U was calculated from the measured velocity field (see
simpleFoam with k£ —w SST model are presented.

Figure 4.13a) and compared to the computed results in form of 2D contour plots (see Figure
4.13b,c and d, Figure 4.14b,c and d, Figure 4.16b,c and d) and 1D plots: along the line x =0.48,

Analysis of the Figures 4.13, 4.14 and 4.16 allows to conclude that the RANS k — w SST
the fine mesh.

—0.10

z =-0.23 and along the circle in the propeller plane at /R = 0.7 (see Figure 4.15). In order to

Wake fraction

—0.15

get idea about perfomance of pure RANS for this case, also the results of the steady-state solver

m]

" 020

model is suitable for the considered flow in terms of prediction of the wake. The reason for
this is that the stern is very well streamlined and strong separations are absent. However, the

—0.25

anchor-like form of the wake near the middle-line plane is smeared, so that the inclination angle

does not correspond to that observed in experiment. This problem becomes less pronounced on

—0.25

—0.20

—0.15
y fm]
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experiment, (b) - RANS, (c¢) - LH, (d) - SSTIDDES

Figure 4.13: Comparison of the wake obtained on the coarse grid using different methods: (a) -

The peak of the wake in the propeller plane at ¢ ~ 270°, is not captured at all and the mesh

refinement seems to play next to no role here (see Figures 4.15e and f). The solution converges
already on the medium mesh with only slight variations between the medium and fine meshes

near the middle line plane. Despite the satisfactory results of RANS for the mean velocity field,
one has to keep in mind, that the considerably unsteady flow cannot be computed correctly by
(U)RANS and therefore cannot be used for the prediction of unsteady propeller loadings [2].
Results for the mean velocity field, obtained using SSTIDDES appear to be of nearly the
same quality as those delivered by RANS k£ — w SST and even better in some regions (see, for
example Figure 4.15a, y € [0,0.1]). Moreover, the peak at ¢ ~ 270° was successfully captured on
is negative, the sign in front of (uz) /U should be changed

!The original formula for the wake is w = 1 —avgu, /U, but since the longitudinal component of inflow velocity
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the coarse mesh. Unfortunately, on finer meshes it was smeared again. The anchor-like form of
Wake fraction

the wake is successfully reproduced and the inclination angle is visually close to experimentally
observed one. The surprising result is that the solution on the coarse mesh is the best one, shown

by SSTIDDES, whereas the solution on medium and fine grids slightly deteriorates. This may

be a sign, that the shielding functions of SSTIDDES, being purely empiric, behave themselves

inappropriately, when the mesh is refined and should be recalibrated. This issue requires further
analysis. Despite of the problem, that the model did not tend to converge to experimental data,
it still converged and showed no considerable variations between the medium and fine meshes.

0.00

z=0.048m

o
5
“ N
~0.25 4 D
2035  -030  -025 020  —0.15 010 —0.05
y [m]
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0.30
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experiment, (b) - RANS, (c¢) - LH, (d) - SSTIDDES

Figure 4.14: Comparison of the wake obtained on the medium grid using different methods: (a) -

On all meshes the LH model showed very strong separations at the stern and as a result

predicted too high wake in the region y € [0,0.22]. This can be seen in Figures 4.13c, 4.14c, 4.16c,

4.13c and d, where the values of w are obviously overpredicted. As it is known, the DES-like

MSD. This mechanism is assumed to be the reason for observed separations (i.e. GIS occured).
which should be eliminated.

One has to mention, that the accuracy of LH results would be improved if synthetic turbulent

fluctuations would be introduced ! or the mesh would be designed differently (see, for example,
[2]). However, the sensitivity of the model to the mesh used is of course a noticable drawback,

Here it should be emphasized that the interpretation of the grid sensitivity study for hybrid
simulation is more complicated than for URANS because the turbulence model is directly influ-
!Unfortunately, due to stability reasons described above, this could not be done.

in the stern region were quite small and approximately an order of magnitude smaller than the
boundary layer thickness. Because the constraint was violated, application of LH model, which

uses no shielding and has no control of resolved-to-modeled stress ratio, seems to have resulted in

models without shielding can function properly only when the constraint Az/§ > 1 is satisfied

[143], which means, that the mesh spacing in wall-parallel direction should be equal to or larger
than the boundary layer thickness. The meshes, which were used in the current study, do not

satisfy this constraint because of their generation strategy. As previously mentioned the cell sizes
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Figure 4.15: Comparison of the solutions obtained on different grids, sampled on the line = 0.48 m,
z = —0.23 m (left) and on the circle corresponding to /R = 0.7 in the propeller plane (right)

enced by grid resolution. The main purpose of the grid study is to estimate the discretization
error. In URANS the grid refinement reduces the discretization errors of underlying equations.
In hybrid methods the refinement also increases the region, where LES is used and reduces the
subgrid stresses. Therefore, it is impossible to distinguish the discretization error and model
error in V&V procedure for hybrid methods.
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Improvement of LH model An attempt was made to improve the model robustness and
accuracy by introduction of shielding, which would force the RANS/LES interface of LH model
to move farther from the wall and reduce the MSD !. Since the criterion of the RANS/LES
switch in LH model is the ratio of integral lengthscale L to cell size A it was decided to modify
the lenthscale L in the following way:

where

+v
=1 — tanh([8ry]?), with rg = " . 4.4
fa ([8ra]”) NN Y () (4.4)

After that the modified lengthscale L is used for determination of RANS/LES interface (see
Section 2.3.2) instead of L. In the boundary layer the function fy; tends to zero and reduces the
integral lenthscale to zero near the wall, so that the ratio L /A is kept small in the vicinity of the
body. The model therefore switches to RANS near the wall, regardless of the mesh resolution.
In the following the modified version of LH model will be referred to as Shielded LeMoS Hybrid
(SLH).

Wake fraction
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Figure 4.16: Comparison of the wake obtained on the fine grid using different methods: (a) - experiment,
(b) - RANS, (c¢) - LH, (d) - SSTIDDES

SLH was tested on the coarse, medium and fine meshes and compared to the original LH
(see Figures 4.17, 4.18). One can notice, that the application of shielding considerably improves
the predictions, produced by the model. The inadequately strong separations predicted by LH
were supressed when SLH was used, which led to better agreement with experimental data on all
of the analysed curves. Even though the values of wake are still not ideal (see Fig. 4.18a and b),
the improvement due to the shielding can be clearly seen. The new model predicts the wake at
r/R = 0.7 better, than RANS and SSTIDDES. A very interesting result is that on a sufficiently
fine mesh SLH and SSTIDDES deliver almost identical results both for the wake fraction and for

!This modification is analogous to conversion of DES to DDES
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the standard deviation of longitudinal velocity. One can conclude, that the proposed modification
of the model is superior to the old one in terms of robustness and accuracy. Therefore it can be
recommended for use on ambiguous grids (Az/§ < 11).

2 =0.048m

(b)

x=0.048m

0.11

—0. —0.30) = ).00
0'38 00 0.05 0.10 0.15 0.20 0’38 00 0.05 0.10 0.15 0.20 000

y [m] y [m]

(c) (d)

x=0.048m x =0.048m

Figure 4.17: Comparison of the wake obtained using SLH (right) and original LH (left) formulation on
different grids: (a),(b) - coarse mesh, (c),(d) - medium mesh (e),(f) - fine mesh

As long as hybrid models in the framework of this study are to be used for analysis of
velocity fluctuations in the wake and unsteady thrust oscillations, also the relative standard
deviation of longitudinal velocity

1 1 <
= — ;- 2 4.5
o= o T e~ ) (45)
in the number of points along the line x = 0.48 m, z = —0.25 m, y € [0,0.4] m was analysed and

compared between different models and mesh resolutions, even though the experimental data
was not available.

From Figure 4.19 following conclusions can be drawn. It can be clearly seen, that the
level of velocity fluctuations in the wake, predicted by LH without shielding is much higher

!Definition of ambiguous grid was introduced by Spalart et al. [143]
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Figure 4.18: Comparison of the solutions obtained using LH, SLH and SSTIDDES on different meshes.
Wake was sampled on the line x = 048 m, z = —0.23 m (left) and on the circle corresponding to
r/R = 0.7 in the propeller plane (right)

in all points than that observed in SSTIDDES computations. The largest difference can be
seen at y = 0.08 m, y = 0.16 m and y = 0.24 m where LH model (on the fine mesh) shows
standard deviation of 19.5%, 25.2% and 12.4% of the ship speed, whereas the values, prediced
by SSTIDDES are: 13%, 5% and 5%. The severe velocity fluctuations, shown by LH can be
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related to the nonphysical separations, detected during the analysis of the wake. Therefore, it
can be concluded, that LH model in case when MSD occurs tends to overpredict the velocity
fluctuation intensity. Therefore, when using original LH one has to get sure, that no MSD was
present in the computations. Application of the shielding results in noticable reduction of o,
almost in all considered points, except for y = 0.08. After the modification the predicted values
of o, at y = 0,0.24,0.32,0.4 m have become comparable to those shown by SSTIDDES. The
dependence of the standard deviation on the cell size for SSTIDDES model is shown in Figure
4.19b. Obviously, there is a high uncertainty at the points y = 0 m and y = 0.08 m, whereas
farther from the middle-line plane the variations are very low. The convergence can be judged
on only pointwise: at some points monotonic convergence can be recognized, at some oscillatory
convergence, whereas, for example at y = 0 m, y = 0.16 m the solution formally tends to diverge
(variation of solution between the coarse and medium mesh is smaller than that between the
medium and fine).
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Figure 4.19: Standard deviation of velocity field at six points along the line x = 0.48 m, z = —0.25 m

4.2.2 Prediction of squat effect in a restricted shallow channel

Numerical prediction of squat effect is one of the important steps of the present study.
Since in shallow water the dynamic trim and sinkage can be much higher, than in deep water,
they can considerably change the underkeel clearance and on this account influence the wake.
Therefore, in order to create a complete model of the processes, taking place in the stern, one
has to take into account the dynamic trim and sinkage.

The algorithm, used for squat computations was described in Chapter 3. Two cases were
used so far by the author for validation of the solver LTSInterDyMFoam. Results of the first
one for a Post-Panamax container ship model PPM46 were presented at the Numerical Towing
Tank Symposium 2013 [132]. The second validation study was done in the framework of a
collaboration between the Federal Waterways Engineering and Research Institute (Bundesanstalt
fiir Wasserbau (BAW)) and the University of Rostock [131]. Results of the latter research will
be described in the following.

Geometry and conditions

A 1:40 scale model PPM55 of a Post-Panamax container ship was used for the simulations.
The parameters of the model are presented in Table 4.5. In this research the bare hull without
propeller or rudder was investigated, even though in the experiment the model was self-propelled.
Influence of the propeller suction force on the flow was modeled using actuator disk method,
namely its modification proposed by Hoekstra [52].

Main model dimensions were the following: waterline length L,; = 8.89 m, ship breadth
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Figure 4.20: (a) - full scale channel section, (b) - PPM55 model geometry
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B = 1.375m, ship draft 7' = 0.4 m. A symmetric channel with the flat bottom and the bank slope
1:3 was considered, which corresponds to the geometry, used by the BAW for the experimental
investigations of squat (see Figure 4.20a). The channel depth h was equal to 0.425m which
corresponds to h/T=1.06 (see Table 4.5). The ship was assumed to move in the centre of the
channel. The considered range of ship speeds and corresponding Froude and Reynolds numbers
is listed in Table 4.5. This range correponds to the experiments, untertaken at BAW. The time-
averaged measured values of squat at the bow and at the stern were provided to the author.
Boundary conditions imposed on the unknowns: pg,u, k,w, a are summarised in Table 4.6.

Table 4.5: Conditions considered in validation of squat prediction
U Fn | Fny | Re-107°

/sl | H | H | [

0.68 | 0.073 | 0.33 6.07
0.76 | 0.081 | 0.37 6.72
0.82 | 0.088 | 0.40 7.30
0.88 | 0.094 | 0.43 7.80
0.90 | 0.097 | 0.44 8.02

Table 4.6: Boundary conditions imposed on the unknowns in squat computations

Variable

Patch u p K w

inlet u= (U007 | 2 =0]%k=280-10"*]w=019
outlet %:0 p=0 %:O g%:o
ship u= P =0 WF WF
sides slip slip slip slip
bottom u=(-U00)7 |2 =0|WF WF

Numerical setup

Numerical solution was obtained using the quasi-steady state VOF-solver LTSInterDyM-
Foam, described earlier. For the mesh deformation the algorithm, developed by the author was
used (see Chapter 3). The solution procedure started with the fixed ship attitude and after the
convergence of the wave system the model was allowed to sink and trim. For turbulence modeling
k —w SST model of Menter was used with the automatic wall functions [94]. Unstructured hexa-
dominant computational grids were generated by StarCCM+®) trimmer mesher with the average
Ayf = 40. The middle-line plane was considered a symmetry plane and thus only a half of the
ship flow was calculated. For a half a ship finite volume meshes with approximately 2M cells
were produced. Computational cells near the ship hull had an isotropic cubic form with the edge
length of 0.01 m at the bow and at the stern and 0.02 m in the cylindrical part of the hull. Cells,
located at the free surface were refined down to 0.005 m in vertical direction. At the inlet and
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the outlet of the domain the control volumes were stretched in streamwise direction. Domain
length was equal to 5 L,;: 2L,y in front of the model and 2L,,; after, the dimensions were chosen
according to preceding experience [132]).

Discretisation of convection terms was done using linear upwind interpolation. Diffusion
terms were approximated using Gauss scheme with linear interpolation and explicit correction
of face non-orthogonality. For time-stepping the Euler implicit scheme was employed.

Boundary conditions for the unknowns were almost the same, as in the previous validation
case (see Table 4.6), except that the wall functions were also applied to ship patch and that
the inclined parts of the banks were treated as the part of the bottom (u = (-U,0,0)T). For
the volume fraction o Dirichlet boundary condition was imposed at the inlet (o = 1 — H(z) 1),
whereas on all other boundaries g—i = 0.

The thrust, produced by the actuator disk was adapted to ship resistance in runtime.

Results and discussion

In Table 4.7 one can see the comparison of the predicted and measured values of squat
at aft and fore perpendiculars, as well as the absolute discrepancy. It can be noticed, that the
agreement with experimental data is very good, namely, the absolute value of discrepancy has
not exceeded 1 mm, which corresponds to 4 cm at full scale. For a container ship with the
draught 7" = 16 m this can be considered an accurate prediction (max error of 0.25% of T"). The
values of relative discrepancy have not exceeded 9.5%.

Table 4.7: Comparison of the experimental values of squat at fore and aft perpendiculars with computed
ones

Exp OpenFOAM Discrepancy
U SAP SFP SAP SFP Asap | Aspp
[m/s] | [m] [m] [m] [m] [m] [m]

0.68 | 0.0100 | 0.0060 | 0.0091 | 0.0061 | -0.0001 | 0.0009
0.76 | 0.0135 | 0.0070 | 0.0128 | 0.0067 | 0.0003 | 0.0007
0.82 | 0.0155 | 0.0088 | 0.0145 | 0.0084 | 0.0003 | 0.0010
0.88 | 0.0183 | 0.0105 | 0.0178 | 0.0095 | 0.0010 | 0.0005
0.90 | 0.0198 | 0.0115 | 0.0188 | 0.0111 | 0.0004 | 0.0010
A graphical representation of the validation data, presented in table above can be seen in
Figure 4.21.

Sap N/T=1.06 Sip, /T=1.06
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Figure 4.21: Plots of the measured and computed values of squat at aft (left) and fore (right) perpen-
diculars

"Here H(z) is the Heaviside function



Chapter 5

Nominal wake analysis

This chapter describes the numerical analysis of the unsteady effects in the wake of an inland
cruise ship in shallow water with the use of hybrid turbulence modeling methods. Since it was
assumed, that some kind of wake unsteadiness leads to amplification of vibration, the standard
deviation and spectrum of longitudinal velocity in the propeller plane are analyzed at and com-
pared between different regimes. The non-uniformity of the wake was also analyzed. Influence
of the following factors on the intensity of velocity oscillations is studied:

e depth-by-draft ratio h/T
e depth Froude number Fny
e squat

e drift angle 3

At this stage of the research the ship propulsors were not taken into account.

5.1 Geometry of the studied hull form
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Figure 5.1: Generic hull form: (a) - the view of the stern geometry , (b) - body plan
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A real CAD geometry of the river cruiser under consideration was not available. Due to this
reason the generic hull form was used, which had the same dimensions (L,,; = 135m, B=12m,
T=2m) and similar form. The only exception was the form of the bow, which was simplified and
replaced by the wedge. The body plan and the 3D stern geometry are shown in Figures 5.1a,b
and 5.2. The block coefficient of the studied hull form was Cg = 0.9.

Since the phenomena to be studied (e.g. boundary layer separation) are dependent on Re
and are hardly scalable, it was decided to conduct all the simulations at full scale.

Side

Top

Figure 5.2: Top, side and front views over the generic hull form

Front
I
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5.2 Choice of simulation conditions

Unfortunately, there was a lack of information on the regimes, at which the vibration occurs
and therefore the choice of conditions for the simulations was made based on reasoning, which
will be described in the following.

According to the data, provided by the shipyard, the operating speed of the vessel is 6
m/s. The unsteady effects in the stern were expected to be related to the influence of the depth
restriction on the viscous wake. The range of h/T had to chosen such, that this influence would
be present. This was done after the analysis of the shallow water influence diagram, presented in
the book of Basin et al. [9]. The diagram shown in Figure 5.3 generalizes the series of model tests
and allows to roughly estimate the conditions, under which particular effects of depth restriction
appear. From Figure 5.3 one can deduce, that the influence of bottom on the viscous wake

Figure 5.3: Shallow water influence diagram (taken from [9]). In the region above the dashed line
the effects on the wavemaking wake and wave resistance are present. The region above the solid line
corresponds to the influence on the viscous wake and frictional resistance. The points show the regimes,
considered in the presented work

starts to be noticeable for h/T < 3.0. It was decided to choose h/T < 2.0 since at these depths
the studied phenomena would be even more pronounced. This reasoning led to the following
choice of h/T range: 1.25, 1.5, 2.0, giving the depths h = 2.5,3.0,4.0 m. The comparison of the
solutions at different h/T would allow to draw conclusions on the dependency of the vibration
on the fairway depth.

The operating speed of 6 m/s at h/T = 1.25,1.5,2.0 the Fn; range 0.96 - 1.21. Such
high Fnj are not typical for the river cruisers, because the latter don’t have enough power to
overcome the typically high wave resistance, arising at near-critical regimes F'ny =~ 1. However,
these regimes were still taken into consideration, because, from the point of view of the author
the scenario, when the cruiser suddenly enters a shallow region at full speed may be realistic and
should also be analyzed.

Lower speeds were analyzed too, namely 4 m/s and 3 m/s. They correspond to the Fny
range of 0.64-0.81 and 0.48-0.61 respectively. According to the computed values of resistance
and ship propulsive characteristcs at these regimes, the considered ship has enough power to
maintain these speeds for the chosen h/T range. Therefore such conditions can be regarded as
normal . All the regimes, which were dealt with in the present work are shown by black circles
in Figure 5.3.

L As opposed to the critical depth Froude number, which represent a rather extreme situation
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Another parameter which was expected to have considerable influence on wake unsteadiness
was the drift angle. The increase of the drift angle likely leads to the flow separation from the
skeg on the downwind side. The vortices, generated at the skeg might interact with the propeller
and on this account lead to force and moments oscillations. Unfortunately, there were not enough
data to estimate realistic drift angles and therefore the values 5 = 0°,10° were chosen at will.

5.3 Description of the program of computations

The series of computations of the flow around a generic hull form, conducted in the frame-
work of the presented research can be split into two groups: preliminary and final.

Preliminary study was conducted at the start of the research activities in order to get a first
insight into the processes, taking place in the stern region. For this purposes the LH model was
employed, because the results of the validation of the model for the number of flows were very
promising |71, 70]. However, the experimental data, which could be used for testing of the model
for shallow water ship flows was not available. Therefore the quantitative agreement was not the
aim for these computations - only the qualitative analysis. In the preliminary computations the
influence of depth restriction and wavemaking on the wake unsteadiness was studied. Also the
influence of squat was taken into consideration.

As soon as the validation data for M1926 model became available it turned out that the
LH model might overpredict the intensity of the velocity fluctuations in the wake because of the
stronger separations '. Nevertheless, since the full scale ship usually has weaker separations,
than the model, it was decided to check this hypothesis also for the generic hull form. For this
purpose SSTIDDES and LH computations of a flow around a generic hull were performed. The
mesh resolution was also varied so as to see its potential influence on the solution. During the
comparison of the two models it was ascertained, that for the full scale ship flow LH still tends
to predict noticeably higher wake and Reynolds stresses than SSTIDDES and RANS. Thus LH
showed the same problematic behavior as for the M1926 model (see Chapter 4). Due to this fact
the author came to the conclusion, that SSTIDDES model is superior to LH for the particular
mesh generation strategy, used in the research. Therefore, it was decided to conduct the final
series of computations using SSTIDDES model.

Detailed description of the mentioned research activities will be given in the following
sections.

5.4 Preliminary computations using LH model

Table 5.1: Summary of the computed preliminary cases. FS - free surface

poramaar———e 2! | 1PH61 | 1PH62 | 2PH61 | 2PH62 | 2PH41 | 2PH42
Fny, [ 1.21 1.1 1.21 11] 081 0.74
h)T |-] 1.25 15| 125 15| 125 1.5
U [ms™!] 6 6 6 6 4 4
FS no no yes yes yes yes

5.4.1 Single-phase simulations setup

At this stage of the study the ship motion with the speed of U = 6 m/s at straight course
was considered at two different depth-by-draft ratios: h/T = 1.25,1.5. These conditions yield
Fnjy =1.21,1.1, Re = 8.1-10%. Even though at such high Fny, ship’s wavemaking is very intense

!The explanations for the observed model behavior were given in 4
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and it can significantly influence the viscous wake of the ship, in the single-phase simulations
the free surface was modeled by a symmetry plane. This was also done in the work of Raven
[118], who studied the influence of shallow water on the frictional resistance. The dimensions of
computational domain were Lp = 9L,,;, Hp = 2.5m, 3.0m, Bp = 2L,,;.

For the simulations the unstructured hex-dominant meshes, produced by Star-CCM-+®
trimmer mesher were used. The approximate number of cells was 4M, the stern region was filled
with isotropic uniform hexahedral cells (0.06 x 0.06 x 0.06 m?).

For full-scale simulations it is quite cumbersome to use low Reynolds meshes (Ay;” < 1)
therefore the wall functions were applied with Ayf ~ 70. Boundary conditions, imposed on the
unknowns at the inlet, outlet, bottom, ship and river bank patches are summarized in Table 5.2,

where woo, koo Were found using the same formulas as for M1926 validation case. (see [96, 94] for
details).

Figure 5.4: Sketch of the computational domain for single-phase simulations. Motion at straight course

Boundary, corresponding to the middle line plane was treated as symmetry plane (see
Figure 5.4). Application of the symmetry conditions for scale-resolving simulations is strictly
speaking erroneous. However, in the considered case the left and right parts of the stern flow,
where the generation of flow instabilities is expected are separated with the skeg and therefore
are not actively interacting with each other at straight course. Therefore, it is believed that the
use of the symmetry plane condition for the middle-line plane will introduce only minor errors.
Summary of the boundary conditions is presented in Table 5.2.

The simulation procedure was the following: first the RANS solution was obtained using
simpleFoam solver with k —w SST model, then it was used as an initial condition for URANS
(10 s) with the same closure and after that the computation with LH was conducted for 40 s
using pimpleFoam solver.

Table 5.2: Boundary conditions for the single-phase simulations

Variablo Patch ship inlet outlet | bottom | side sym

p [m?s72] % =0 % =0 |p=0 % =0 g—ﬁ =0 | symmetry
u [ms™!] u=0 | u=uy 8—2 =0 | u=1uy | U=1uy | symmetry
k [m?s2] % =0 | k=ke g—ﬁ =0 % =0 g—i =0 | symmetry
w [s7Y WF W=We | gy =0 | WF WF symmetry

5.4.2 Two-phase simulations setup

Computations with the free surface were conducted with all the same geometry and con-
ditions as for single-phase, except for the enlargement of the computational domain with the air
region and additional consideration of speed 4 m/s. Extension of the computational domain led
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to the increase of the number of computational cells to 6M.

The boundary conditions for pg, u, k, w were the same as those previously used in validation
study of squat prediction (see Chapter 4). The middle line plane was again considered a symmetry
plane.

i

Figure 5.5: Points in the propeller plane, at which the velocity fluctuations were recorded. Fluctuations
in P1 (3.065 1.23 -1.375) and P2 (3.065 3.53 -1.375) were used for comparative analysis in preliminary
computations

5.4.3 Results and discussion

Single-phase

Analysis of the resolved kinetic energy First of all, in order to make sure, that the mesh
resolution was sufficient to resolve the turbulent motions in the wake, the ratio of resolved to
modeled turbulence kinetic energy was analysed (kyes,kmoq respectively). As it is known, reliable

results using scale resolving simulations can be obtained if kyes/kmod > 80%. For LH model
these quantities can be calculated as follows:

kmod = fk+ (1 — f)ksgs (5.1)
1

kres = §<U;U2> (52)

k= Kres + kmod7 (53)

where f is the blending function of LH model. The averaging in the formula (5.2) was done
during the simulation (over 20 s), k is the TKE from the hybrid model, kg5 was estimated using
the formula proposed by Mason and Callen [92]:

(Cs0)?|S|?
0.3

Figure 5.6 shows the distribution of the analyzed ratio in the propeller plane for h/T = 1.25.
One can see, that at quite coarse resolution, used in the simulations, the amount of resolved
kinetic energy in the area of interest is already higher that 80%. For h/T = 1.5 the similar result
was obtained.

ksgs = (5.4)

Fres/ Kot +%

f

9.3

WH&FR\H

-8.580-10

f
025 05 075
memmpuw
h ]
0 1

Figure 5.6: Average f (left) and k;.s/ktot(right) in the propeller plane. Propeller disks are shown with
black circles
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Vortical structures in the wake

In the Figure 5.7 the vortical structures identified in the wake using Ao criterion [60] are
shown. One can easily see the difference between URANS and hybrid solutions. Both methods
predict two stationary vortexes: at the skeg and the bilge. However, the scale resolving approach
additionally shows flow instability, spreading downstream behind the skeg. Comparing different
h/T ratios one can notice, that the amount of the eddies depends on the fairway depth. Obviously
the region filled with unsteady vortices becomes wider at lower depths. This can be easily
explained by the fact, that the adverse pressure gradient grows, when h/T ratio decreases.

Figure 5.7: Comparison of the vortical structures (Ay = —15) predicted by URANS and hybrid model
in a single phase formulation: (a) - 1PH61, hybrid, (b) - 1PH61, URANS, (c) - 1PH62, hybrid, (d) -
1PH62, URANS. View to the stern area from below ship

Axial velocity oscillations

Figures 5.9a-d show the time history of velocity fluctuations at the points P1 and P2 (see
Figure 5.5), corresponding to /R = 0.7 in the first (near the skeg) and second (near the bilge)
propeller disks. The time interval [0;10]s corresponds to URANS solution. One can see that in
both cases URANS method shows almost a steady velocity field. The fluctuations are negligibly
small. After switching to the hybrid model the wake soon becomes unstable. It can be seen,
that in general the fluctuation amplitude is much larger for the first propeller. Influence of the

Figure 5.8: Comparison of the vortical structures (Ay =
the hybrid model for different regimes: (a) - 2PH61, (b) - 2PH62, (c) - 2PH41, (d) - 2PH42. View of the
stern area from below

—15) obtained from two-phase simulations with

water depth on the vortical structures is also reflected in Figure 5.9(a-d).

The relative standard deviation of the axial velocity (Eq. (4.5)) for both cases is shown in
the Table 5.3. One can see, that the flow for h/T=1.25 is richer with eddies and consequently
the standard deviation for this case is 5% higher, reaching 19%. Analysis of the power spectral
density of the velocity fluctuations in the wake shows, that there are no dominant frequencies
which could reveal the periodic processes. Inertial interval of the spectrum can be clearly seen
and it obeys the law of -5/3 (see Figure 5.11).

Two-phase results

The analysis of the two-phase flow at the same super-critical depth Froude numbers (cases
2PH61, 2PH62) showed the sharp change in the flow behavior compared to single-phase. Namely,
the fluctuations in the wake are almost vanished. The reason for this is the disappearance of the
unsteady vortices (Figure 5.8a, b), which led to the flow stabilization.

In order to understand the mechanism, that led to the oscillation suppression one should
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Figure 5.9: Time history of longitudinal velocity at two points in propeller disks. (a) - 1PH61, (b) -
9PH61, (c) - 2PHAL, (d) - 1PH62, (e) - 2PH62, (f) - 2PHA2
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Figure 5.10: Stern wave pattern for different cases: (a) - 2PH61, (b) - 2PH62 , (c) - 2PH41, (d) - 2PH42

look at the wave pattern in the stern (see Figure 5.10). As mentioned previously the flow in the
stern area is similar to that in a diffuser. However strong free surface deformation, observed in
near-critical regime, causes in this case the change of flow geometry. The phenomenon can be
explained using the sketch presented in Figure 5.12.

There are two main reasons for the observed effect. First, the fluid motion follows the free
surface contour, resulting in the appearance of negative vertical velocities in the area in front
and behind the ship bottom edge. Second, the “diffuser” opening angle gets smaller. Due to
this effect and water level depression the positive pressure gradient along the hull in the stern
decreases. Due to these reasons the reduction of both separation and formation of strong vortices
is observed. To check that the captured phenomenon is caused by free surface deformation, the
computations with subcritical depth Froude number F'n;, < 1 were conducted, at the speed of
4ms~! (cases 2PH41, 2PH42). The pictures of the stern wave patterns and the comparison of the
corresponding unsteady vortical structures for different free surface cases are presented in Figure
5.8. The decrease of Fnj;, expectedly diminished the stern wave (see Fig. 5.10), making the flow
geometry closer to that in a single-phase simulation. Because of this the separation near the
skeg appeared again and thus the flow behavior is very similar to that in cases 1PH61, 1PH62.
As can be seen in Table 5.3, g, is higher (25%) for U=4 m/s than for U=6 m/s. However, the
fluctuation amplitude is lower for lower speeds.
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h/T ratios, 1IPH61 percent of u,)

These results confirm, that the wavemaking directly influences the wake unsteadiness and
therefore, the viscous wake under the studied conditions depends on the depth Froude number.
To authors knowledge the effect of suppression of the flow unsteadiness at F'nj, =~ 1 has not been
discussed in literature so far.

It should be mentioned, that even though in the critical regime the separation disappears
and cannot influence the loadings on the first propeller, the observed change of the water level
causes the aeration of the second propeller and may lead to another problems.

| ‘ |

Ship hull =R I Ship hull I
= | |

[

|

|
L
Bottom Bottom

Figure 5.12: Schematic explanation of the free surface influence on the wake unsteadiness, revealed in
the preliminary study: left - flow geometry in single-phase simulation, right - the case of critical Fny,
stern wave causes the change of flow geometry

5.5 Preliminary computations using LH model with account for
squat effect

In the previous section the computations were conducted without the dynamic trim and
sinkage being taken into account. However, in a real situation the ship will always have some
dynamic trim and sinkage, which can also influence the observed wake unsteadiness. Therefore,
in some way ship squat should be also accounted for. The most realistic way would be to conduct
the time-resolved 2DoF ship motion simulation, coupled with the flow simulation. However, this
would be a very complicated computation.

Table 5.4: Summary of the computed cases with squat

Case label | op 619 | 9pH62S | 2PHAIS | 2PH42S
Parameter
Frp, [ 1.21 1.1 0.81 0.74
hT | 1.25 1.5 1.25 1.5
U, [ms™!] 6 6 4 4

For now, it was decided to use simpler approach, namely, to predict ship squat using
LTSInterDyMFoam and then conduct the further simulation with the predicted ship position.
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Clearly, in this case the influence of unsteady trim and sinkage oscillations on the wake is ne-
glected. However, as experience shows (see [131]), the fluctuations of ship attitude due to the
wake unsteadiness are quite small, even in model scale. Therefore the chosen approach is con-
sidered sufficient for capturing the most important flow physics.

From the four cases listed above in Table 5.4, only for three of them it was possible to get
the converged ship position, since in the case 2PH61S the ship grounded due to strong squat.
The values of trim and sinkage for the rest of the cases are shown in Table 5.5.

Figure 5.13: Comparison of the vortical structures (Ay = —15) predicted by LH model in a two-phase
simulation with squat (upper row) and without squat (lower row): (a) - 2PH41S, (b) - 2PH42S, (c) -
2PH62S, (d) - 2PH41, (e) - 2PH42, (f) - 2PH62

From the snapshots of the vortical structures, presented in Figure 5.13 and the values in
Table 5.5 the following conclusions can be drawn.

For the supercritical case the further reduction of the underkeel clearance due to sinkage
and trim led only to a slight increase of the fluctuation intensity. The standard deviation in the
disk of the first propeller rose to 7%, whereas on the second propeller it remained the same as in
2PH62. One can see, that the cause of this are the strong steady vortical structures, appeared
near the skeg (see Figure 5.13c and compare to 5.13f).

In the case 2PH41S, where the ship was trimmed bow up and sinked by approximately 0.2
m the intensity of the fluctuations seem to have reduced at P1 and at the same time increased
at P2. Thus, the flow instability has spread further to the bilge. On the contrary, for the case
2PHA42S, where the vessel was trimmed bow down values of the standard deviation did not change
noticeable. The reason for this is that the reduction of clearance in the stern due to sinkage was
compensated by trimming bow down, so that the resulting height of the “diffuser throat” did not
change.

Therefore, one can conclude, that the effect of squat on the unsteadiness is determined by
the resulting change of the gap size between the ship and the bottom at the stern. Increase of
the gap size leads to the diminishment of the adverse pressure gradient and vice versa. This is
completely analogous to the dependence on the waterway depth. Since there is already a range
of h/T studied, it was decided to avoid the study of squat influence in further computations.
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Table 5.5: Values of trim angle, sinkage and standard deviation of longitudinal velocity for the considered
cases

uantit
o Y o H | ouea H | 9 frad] | s [
2PHG61S - - - -
2PH62S 0.07 0.01 | -0.0075 0.21
2PH41S 0.14 0.10 | -0.0009 0.19
2PH42S 0.23 0.04 0.0025 0.18

5.6 Conclusions of the preliminary study

From the preliminary computations, which were described in the previous sections of this
chapter one could already draw some important conclusions:

1. As could be seen, the URANS computations predicted almost steady velocity fields in the
cases, where the LH model showed considerable flow instationarity. Therefore, it was once
again proven that URANS may be inapplicable for the problems with significant inner flow
instabilities.

2. Strong unsteady fluctuations of the velocity field in the propeller disc were observed under
some motion conditions. In most cases the oscillations in the propeller disc near the skeg
were much stronger than those near the bilge. This difference is related to the presence of
boundary layer separations in the vicinity of the skeg and the strong skeg vortex.

3. The wave pattern of a vessel in near-critical regime (F'ny =~ 1) can play a significant role
for the instationarity of the viscous wake. The deformation of the free surface can change
the flow geometry in the stern and on this account suppress the velocity oscillations.

4. Squat influence on the unsteadiness of the velocity field in the stern is determined by the
resulting change of the size of the gap between the fairway bottom and the ship hull in the
stern region.

5.7 Grid convergence study

The previous two sections described the preliminary computations, aimed at the qualitative
analysis of the wake of a river cruiser. As long as no experimental data were available for the
velocity or Reynolds stress distribution in the flow, the best way to control the quality of the
results obtained was the assessment of the agreement with another models and the investigation
of mesh convergence. Therefore, it was decided to conduct such a study and compare the
performance of LH and SSTIDDES models on the meshes with gradually decreased cell size.
Testing of SLH model was not possible at the moment, because the modification was developed
after the mesh convergence study was completed. As previously, the SSTIDDES model was
used with the turbulence generator, whereas LH - without the generator because of the stability
reasons.

5.7.1 Conditions

As it has been previously shown, very complicated processes take place in the stern at
critical regime, namely, the interaction of the viscous and the wave wakes. These phenomena,
involving the influence of free surface on the turbulence generation should be studied further.
However, since the considered regime is an exception for river cruisers, a simpler case with
moderate F'ny was chosen for the grid convergence assessment. The selected speed of vessel U
was 3 m/s, which at h/T = 1.25 yields the depth Froude number Fnj =0.6 and Re = 4 - 108,
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Already at 4 m/s at h/T=1.25 one can see (Figure 5.10), that the stern wave is quite small and
therefore should not have that high influence on separation effects, as at F'nj, =~ 1. This means,
that for lower speed this influence would be even weaker and can be neglected. Due to this reason
and in order to efficiently use the computational resources this task was solved in single-phase
formulation with the free surface replaced by a symmetry plane. In this case one could avoid
meshing of the air domain and the air/water interface and place more computational nodes in
the wake region.

The computed values of trim angle and sinkage for the considered regime were 0.2° and
0.12 m respectively. Under these circumstances (trimming bow down), the gap size remains
unchanged and therefore the squat influence is negligible (see the case 2PH42S).

The geometry of the ship was exactly the same as in preliminary research. The compu-
tational domain was limited to the water region. Boundary conditions were therefore the same
as for the M1926 case (see Chapter 4), except that the wall functions were applied for the ship
patch and that the middle line plane was treated as symmetry plane

5.7.2 Numerical setup

The number of computational cells in the coarse, medium and fine meshes was 3M, 6M and
11M respectively. As for M1926 case the stern region was filled with isotropic cubic cells with
edge length of 0.078 m, 0.056 m, 0.039 m respectively. Mesh refinement was done by decreasing
the base size of the mesh by v/2. The average dimensionless wall distance of the first node of
the mesh was Ayl+ ~ 70. Additionally, in order to check the sensitivity of the models on the
wall treatment, a medium mesh with Ayfr < 1 was generated. This is needed, because the wall
functions which were applied for the most of the cases may not work correctly in the separation
regions.

Figure 5.14: Y-Slice of the mesh structure at the stern (coarse mesh)

|
55

Figure 5.15: Top view of the mesh structure (coarse mesh)

The numerical schemes, used for discretization of the underlying PDE were the same as
those used for M1926. Since the validation results for that case were satisfactory, it was decided
to avoid introduction of any changes to these settings.

As previously, the solution was obtained in two steps. First, the RANS solution with
k — w SST model was sought for, which was then used as initial condition for hybrid simula-
tions (SSTIDDES, LH). The statistics for the turbulence generator were taken from the RANS
solution.

The algorithm of introduction of velocity fluctuations was the same as for diffuser flow and
M1926 case. A layer of cells in the plane, normal to the flow direction was selected upstream
of stern. Here, the distance L, from the ship bottom edge was chosen similarly to the diffuser
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flow, namely 5(h — T'), where h is the fairway depth. The sensitivity of the results to the
distance L, was not studied because of the huge computational effort, which would be necessary.
Unfortunately, since the mesh in the considered case was quite coarse, it may happen, that the
placement of the generator farther from the stern would lead to suppression of the generated
vortices before these reach the diffuser geometry.

5.7.3 Analysis of the results
Solutions were compared in the following form:

1. Distribution of the averaged longitudinal velocity %, along the line £=3.065 m, z =-1.375
m, y € [0,4.5] m in the propeller plane, passing through the rotation axes of the front
propellers

2. Total (modeled + resolved) turbulence kinetic energy along the same line

3. Relative standard deviation of the velocity field o, in four points, lying at the distance
r = 0.7R from the propeller axes (see Figure 5.17).

Additionally, for the finest mesh the analysis of the resolved to total turbulence kinetic
energy was done along three lines, lying in propeller plane £=3.065 m, z =-0.875 m, -1.375 m,
-1.875 m, y € [0,4.5] m (see Figure 5.17).

Comments on the grid convergence analysis

Judgement on the convergence properties was not straightforward. Unfortunately, none of
the models showed convergence in classical sense. This means that the variation of the solution
between the coarse and medium meshes was in some regions lower than between the medium
and fine ones. At the same time, in RANS and SSTIDDES results one can see that the curves
for different meshes are lying very close to each other and the variation of the solution is very
small. Moreover the comparison of the solution between the coarse and fine meshes shows !, that
the decrease of cell size by half in each direction did not yield any significant change of analyzed
parameters in the most regions of the flow. Therefore, it was decided to draw conclusions on
the convergence based on the variation between the coarse and fine meshes. The smaller the
variation was, the better convergence the model was considered to have.

Convergence analysis

The best convergence for the mean velocity profile was shown by SSTIDDES model. In
Figure 5.16 one can notice, that the solutions on all three meshes are almost identical in the
region y € [1;4.5] m. Closer to the skeg, where the vortex is situated, one can see a slight
solution variation. Formally, in some regions the solution diverges, but in fact the variations
are negligible. Similar conclusions can be drawn about the prediction of the total turbulence
kinetic energy: almost the same level of total TKE is predicted on all meshes for y > 1.5 m.
The solutions on the coarse and fine meshes are again very close to each other. Keeping in mind
that the cell size was halved in each direction from coarse to fine mesh, one can conclude, that
for some reasons the medium mesh is an outlier, predicting a peak of ki at y ~ 0.3 m. This
peak agrees with the RANS solution (see Figure 5.16h), showing that the reason, why the model
produced different solution on the medium mesh is that it switched to RANS for y < 1 m, even
though the cells were smaller, than in coarse mesh.

Variations of o, in the propeller plane are quite small with the maximum difference between
the coarse and fine meshes of 2% (see Figure 5.16¢)

Variation of the cell size for RANS k — w SST model yielded only small variations in ,
profile as well (see Figure 5.16g), and, as for previous model, the largest differences were observed

'For RANS and SSTIDDES
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Figure 5.16: Comparsion of (u,), kit profiles between the different meshes for SSTIDDES, LH and
RANS k — w SST models along the line = 3.065, z = —1.375 (a,b,d,e,g,h) ; convergence of the relative
standard deviation in the propeller plane (c,f)

in the region y < 1 m. The changes in ki for y < 1 m are quite high (up to 0.1), but farther
from the skeg the solutions are again almost identical.

Analysis of the results of the LH model revealed relatively high sensitivity of the solution
on the mesh. The mean longitudinal velocity profiles and TKE oscillate much stronger between
the meshes than for other models. However, the curves for fine and coarse meshes are (as for
other models) quite close to each other and at the same time distinct from the medium mesh
solution. The quantity o, in the propeller plane undergoes the same variations as k¢, namely
the difference between the fine and coarse mesh is limited to 2.5%, and between the coarse and
medium - almost 10%. Therefore, arguably, there was some problem with the medium mesh,
which influenced the solutions obtained using all models.

Comparison of Uy, kiot, 0y, between the models on the fine mesh (see Figure 5.18) allows to
conclude, that RANS and SSTIDDES models converged to almost the same result on the fine
mesh, even though the latter solution is essentially unsteady and contains coherent turbulent
vortices. The LH model showed completely different values for all quantities. The fact, that the
model predicts velocity field, which is significantly distinct from RANS and other SRS approach
causes suspicion. Here one should recall the results of the M1926 validation case, where the
similar model behavior was observed. In that case the remedy was to use the new shielded
modification (SLH), which yielded a much better agreement with experimental data. Most
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Figure 5.18: Comparison of the solutions produced by different models on the fine mesh
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Figure 5.19: Contour plots of the time-averaged longitudinal velocity field (u,) in the propeller plane,
predicted by RANS (a), SSTIDDES (b), and LH (c) on the fine mesh

likely, the shielding would improve the LH predictions for generic hull form as well.
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Sensitivity to the wall treatment

As it is known, application of wall functions for the flows with adverse pressure gradients
may lead to considerable deterioration of the results [161]. The flow in the stern of the considered
generic hull is subjected to the positive pressure gradient and therefore it should be checked,
whether the use of combination of high Reynolds mesh (y* ~ 70) with wall functions has any
negative influence on the results. In order to analyze the sensitivity of the solution to the wall
treatment, additional computations on a low Reynolds (y™ < 1) medium mesh were conducted
using LH, SSTIDDES and RANS. Comparison of the results can be seen in Figure 5.20. From
these plots one can draw a number of very important conclusions:

- Flow picture, predicted by LH completely changed when the integration to the wall was
used. The velocity field obtained on low Reynolds mesh almost reproduces those obtained
using SSTIDDES and RANS (see Figure 5.21) and contains no strong separations. As for
the TKE, its level has significantly decreased and became much closer to other models.
Thus LH model seems to be very sensitive to the wall treatment. A following explanation
can be given to the observed effect. The model has no shielding and therefore cannot
prevent LES from entering the boundary layer. In this situation the model can produce
accurate results only if the resolved turbulence is generated in some way. However, the
buffer layer, where the most turbulence is produced is not resolved when y* > 10 and
therefore the physical mechanism for generation of turbulent content in the boundary layer
is absent when a high Reynolds mesh is used.

This leads to reduction of the wall-normal momentum transport and results in strong
separations. On the other hand, when the buffer layer is resolved, there is a turbulent
content generated, so that the resolved stresses prevent the nonphysical separation. This
explanation, however is not exhaustive, because for M1926 validation case all meshes had
y* ~ 1 and therefore the buffer layer was resolved. As could be seen the model predictions
without shielding were nevertheless unsatisfactory.

- SSTIDDES seems to be almost insensitive to the wall treatment. Even though the solution
on low Reynolds medium mesh changed compared to high Reynolds medium mesh, the
resulting predictions agree very well with the solution on the fine and coarse meshes.
Therefore, it seems, that the mesh rebuilding with different parameters simply solved the
problem, which previously made the high Re medium mesh an outlier. This insensitivity
is most likely the consequence of using the turbulence generator, which to some extent
substitutes the natural mechanism of generation of turbulent structures discussed above !.
However, the absence of the natural mechanism may lead to a situation where the generated
turbulence would not be sustained and would decay. Even though for the current study it
obviously made no difference, this issue has to be kept in mind.

- Obviously, neither RANS nor SSTIDDES showed any qualitative difference between the
high Re and low Re solutions. Based on this fact, it was decided, that application of
wall functions for the case of interest does not introduce any noticeable errors. Since no
experimental data were available for comparison, the quantitative agreement could not be
judged on anyway.

Analysis of the resolved TKE

Analysis of the ratio of the resolved to total TKE is one the ways to prove the reliability of
the obtained flow predictions. If the ratio kyes/kiot exceeds 80%, this generally means, that the
bulk of turbulence energy, contained in large anisotropic vortices is resolved. Since the rest of

!The accuracy of the results in this case is clearly dependent on the quality of generated turbulence



Sy

(a) (b)

Figure 5.21: Contour plots of the longitudinal velocity field in the propeller plane, predicted by RANS
(a), SSTIDDES (b), and LH (c) on the medium mesh with y+ <1

the structures are close to isotropic, their modeling accuracy is much higher, that for large-scale
structures.
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Figure 5.22: Profiles of k,s/kio: ratio along three lines in propeller plane

In the presented case the ratio was analyzed along three lines in the propeller plane (see
Figure 5.22). One can see, that on the fine mesh more than 90% of the TKE is resolved,
indicating, that the mesh resolution was sufficient for a scale-resolving simulation.

5.7.4 Conclusions on the grid convergence study

Summarizing the collected information about the convergence of different models on dif-
ferent grids, one can conclude, that, being properly applied, all models yielded nearly the same
predictions of the mean velocity field. At the same time the results for longitudinal velocity fluc-
tuations in the propeller plane were quite different between the LH and SSTIDDES models.

SSTIDDES showed arguably the best performance, in that the variations of the solution
between the meshes were much smaller, than even for RANS. Intensities of the velocity fluc-
tuations observed on coarse and fine meshes are very close to each other and to low Reynolds
medium mesh.

LH model without shielding showed behavior analogous to that in M1926 validation case.
The levels of the TKE, observed in all cases were much higher, than for RANS and SSTIDDES.
Application of low Re mesh improved the result for both the mean velocity field and the total
TKE. However, the agreement with other models for the TKE level is still not very good.

For SSTIDDES and RANS the variations of the mean velocity field and TKE between the
meshes were observed only in the region near the skeg vortex. The intensity of fluctuations of the
velocity field seems to be the most sensitive parameter, but agrees well between the coarse and
fine meshes, showing the variation of maximum 2.5% for o,. Reduction of the cell size by two
times did not cause any qualitative change of the solution. However, it was decided to use the
fine resolution for further study, since the computational resources, needed for the simulations
were affordable.
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5.8 Final computations of the nominal wake

The final computations of the nominal wake of the generic hull in shallow water were per-
formed using SSTIDDES model. It was chosen because of its performance for M1926 validation
case and robustness to mesh resolution. For the enrichment of the flow with unsteady content
the turbulence generator of Adamian was used [4]. In order to evaluate the influence of depth
on the velocity fluctuations and on the wake in the propeller disks, range of h/T ratios was
studied. Both the wake instationarity and non-uniformity may contribute to force and moment
oscillations and therefore both of these characteristics were assessed. Motion at straight course
as well as with the drift angle 8 = 10° were considered.

bottom

Figure 5.23: Sketch of the computational domain for the computations with the drift angle

5.8.1 Conditions and setup
Motion at straight course

For the final computations with the bare hull the same ship speed was chosen as that in
the convergence study, i.e. U = 3m/s. The range of depth-by-draft ratios was h/T = 1.25, 1.5,
2.0. Mesh structure for computations at 8 = 0° replicated the one from the grid convergence
study. Therefore for further information on the mesh parameters reader is referred to section 5.7.
Meshes for h/T = 1.5, 2.0 were generated by extruding the bottom patch of the mesh for h/T
= 1.25 downwards, so that the node distribution near the ship was completely identical between
all depths. Only the mesh in the extruded region was different. This was done in order to avoid
the influence of the changes in mesh structure on the studied effects.

Table 5.6: List of the considered conditions with corresponding labels

pramerr——e bl | FB1-0 | FB2-0 | FB3-0 | FB1-10 | FB2-10 | FB3-10

U [m/s] 3 3 3 3 3 3
h/T [-] 1.25 15 2 1.25 1.5 2
B1°] 0 0 0 10 10 10
Fn | 0.08 0.08 0.08 0.08 0.08 0.08
Re || 4.05E+408 | <— <~ <- < <
Fn_h |- 0.61 0.55 0.48 0.61 0.55 0.48

Numerical settings, boundary conditions and inflow generator parameters were identical to
those previously used in the mesh convergence study. Probe locations for velocity fluctuations
were also placed at the same points, as before (see Figure 5.17).

The computations were conducted (with and w/o drift angle) for 60 s of the model time.
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The first ten seconds were removed from the statistical samples in order to avoid the influence
of transition effects ! on the results.

Motion with the drift angle

Table 5.7: Boundary conditions for nominal wake computations with the drift angle

Patch : . .
Variable ship inlet outlet | bottom | side sym
— [2] 0 [2] J
p, [m?s~2] F=0]|52=0 |p=0 | 5£=0 | 52 =0 | symmetry
u, [ms™!] u=0 |u=uy %—g =0 | u=1uy | U= 1uy | symmetry
k, [m?s2] g—fl =0 |k=Fky g—i =0 % =0 g—i =0 | symmetry
w, 571 WF W=We | 5o =0| WF WF symmetry

For the computations with the drift angle it was no more possible to use symmetry plane
assumption for the middle line plane. Therefore meshes for the whole ship were generated by
mirroring of the corresponding meshes for straight course. Total number of computational cells
of approximately 20-22M, depending on the depth. Therefore in this case the geometry of the
computational domain as well as the boundary conditions were changed. The sketch of the
domain with the names of its boundaries is shown in Figure 5.23. In this configuration the
patches inlet and rightSide were treated as inflow boundaries, whereas outlet and leftSide - as
outflow boundaries. The summary of boundary conditions used can be found in Table 5.7.
Boundary conditions, imposed on the inlet and rightSide boundaries were the same. For outlet
and leftSide boundaries the situation was similar, except for pressure, for which the BC on the
leftSide patch was g—ﬁ = 0.

The complete list of the considered cases for the computations of the nominal wake is
presented in Table 5.6.

5.8.2 Analysis of the results. Straight course

Analyzed were the wake in the propeller plane and the velocity fluctuations at eight points
in the first and second propeller disks. Additionally, in order to better understand the physics of
the flow the streamlines of the mean velocity field and contour plots of resolved Reynolds stresses
<u;2> were generated.

The collected velocity statistics at the probe points were compared between the cases in the
form of standard deviations o, (see Table 5.9) and the plots of empirical distribution functions
(EDF) of longitudinal velocity fluctuation, built from the velocity samples 2.

Influence of the fairway depth on the wake As one can conclude from Figures 5.24,5.25
the wake in the first propeller disk is much higher than in the second one. The non-uniformity
of the velocity field for second propeller is quite low and seems to be almost independent of the
depth in the considered range. On the contrary, the wake in the propeller disk near the skeg
rapidly grows and becomes more irregular as the depth decreases.

Influence of the fairway depth on the flow instationarity (8 = 0°) From the values of
oy, presented in Table 5.9 one can draw a number of important conclusions. First of all, one can
see, that the dependence of the wake instationarity on the depth is not the same for all points.
For example, in the point P1R next to the skeg the fluctuation intensity clearly increases, when
h/T decreases, whereas at the points P2L and P2D there is a reverse trend. At all other points
the values of standard deviation do not show any clear dependency on the depth. Therefore it

'RANS to RANS-LES transition

2EDF is a discontinuous piecewise constant function and should be normally plotted in this form. However, in
order to compare multiple EDFs it was very useful to convert the piecewise constant representation to piecewise
linear. All the EDF plots will be presented in this form
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Figure 5.24: Nominal wake w in the propeller plane at r/R=0.7 for first (a) and second (b) propeller
disks

is not possible to draw some general conclusions on the fluctuations intensity - such deductions
should be done in combination with the description of local flow picture.

For the point P1R the intensity of the fluctuations grows due to the increase of the skeg
vortex size, when the depth is reduced (see Figure 5.25). The points P1U, P1D and P1L are
obviously not influenced by this vortex and therefore o, is likely to be determined only by the
turbulent structures generated in the ship’s boundary layer and then transported downstream.
In the contour plots of the resolved Reynolds stresses (<u"f>) (see Figure 5.25) one can see, that
the distribution of <u§> on the left from, above and below the first propeller disk is almost the
same for all considered depths. The situation in the points P2U and P2R is similar.

On the left from and below the second propeller (points P2L and P2D) the fluctuations
are intensified when the depth is increased. The reason for this is the change in flow direction
at the stern at low h/T. Under these conditions the fluid flow at the stern is directed under
the ship to the middle line plane (see the streamlines in Figure 5.30). Therefore, the turbulent
fluid from under the ship and from the sides of the hull is not transported directly to the second
propeller disk and is instead flowing into the space between the propeller disks. Therefore at
h/T = 1.25 the second propeller works in a flow with a much lower level of turbulent fluctuations
(see Figure 5.25). When the depth increases the y-component of the flow velocity in the stern
reduces, so the turbulence from under the hull is advected directly into the second propeller disk.
As a result o, at P2L, P2D at h/T = 2.0 reaches nearly the same level as in all other points
(except for P1U). At the point P1U the observed velocity fluctuations were the most intense and
at the same time independent of the depth.

Plots of empirical distribution function for three points: P1U, P1R and P2L are shown in
Figure 5.26. These points are selected as examples of three different trends: P1U - the EDF is
insensitive to the depth variation (curves are similar to those for P1D, P1L, P2U and P2R), P1R
- the reduction of depth leads to the elongation of the EDF tails meaning that high peaks (up
to 15%) become probable, P2L - increase of h/T' causes considerable horizontal stretching of the
EDF, indicating stronger instationarity of the velocity field (again with the peaks up to 15% for
FB3-0). As one can see, the trend depends on the location of the points.

Probably the most important conclusion one can draw is that the reduction of the fairway
depth leads to the situation, where the flow instationarity is concentrated near the first propeller
disk, whereas the second propeller disk has much lower fluctuation intensity. Described above
change in flow direction at the stern, increase of skeg vortex size and separation on the left from
the skeg all are responsible for this phenomenon. Further depth reduction would make these
effects even more pronounced and would lead to consequent increase of flow instationarity in the
disc of the first propeller.
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Table 5.8: Relative standard deviation of velocity o, in eight points in the propeller plane. For the
point designations see Figure 5.17. The sketch of the probe points is added for the ease of understanding

Ou,P1R | Ou,P1U | Ou,P1L | Ou,P1D | Ou,P2R | Ou,P2U | Ou,P2L | Ou,P2D
FB1-0 | 0.045 | 0.056 | 0.040 | 0.031 0.024 | 0.036 | 0.013 | 0.010
FB2-0 | 0.042 | 0.062 | 0.044 | 0.033 0.037 | 0.044 | 0.024 | 0.018
FB3-0 | 0.035 | 0.055 | 0.040 | 0.033 0.037 | 0.039 | 0.038 | 0.027

Port side )

2=-0.875,

2=-1.875!

P2D P1D

hT =158=0°

0.0 z=3.2m

0.18
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0.12
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0.08>
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0.04
0.02
10.00
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Figure 5.25: Plots of the resolved Reynolds stresses (u/?) (left) and wake (right). Figures correspond
to the following cases: a, b - FB1-0; ¢, d - FB2-0; e, f - FB3-0

5.8.3 Analysis of the results. Drift angle 5 = 10°

The same analysis was performed for the motion with the drift angle as previously for the
straight course. Even though in this case, the propeller disks on the starboard side were also
studied, it turned out, that in these locations the flow is almost undisturbed compared to the
port side: the wake and velocity fluctuations were very low. Therefore, only the results for the
port side propeller disks will be presented.

Influence of the fairway depth on the wake For all of the considered depths the numerical
simulations predicted significantly lower wake for the motion at f = 10° as compared to the
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Figure 5.26: Comparison of empirical distribution functions of velocity fluctuations built at points (a)
- P1U; (b) - P1R; (c) - P2L for different depths for 5 = 0°
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Figure 5.27: Comparison of empirical distribution functions of velocity fluctuations built at points (a)
- P1U, (b) - P1R, (c) - P2L for different depths for g = 10°

straight course (see Figure 5.28 and Figure 5.29b, d and f and compare to Figures 5.24 and
5.25). This can be explained as follows. When the fluid flows towards the ship at a drift angle !,
it passes a much shorter distance under the ship, where the viscous forces act (see the streamlines
in Figures 5.30b, d and f). Therefore, the fluid loses less energy than at straight course and enters
the propeller disks at higher velocities than previously.

Even though the wake itself is low, its non-uniformity of the for h/T = 1.25 is much higher
than that previously observed for the straight course. Obviously, the skeg vortex is responsible
for this. When the depth decreases, this vortex grows much faster, than for the straight course.
Its axis also shifts to the left and almost enters the first propeller disk at h/T=1.25. One can
expect, that with the further depth reduction or increase of the drift angle this vortex will grow
and shift farther to the left. This could potentially contribute to thrust fluctuation on account
of both the non-uniformity and instationarity of the velocity field.

Influence of the fairway depth on the flow instationarity Motion with the drift angle
also affects the wake instationarity. One can notice the following qualitative differences.

Firstly, the direction of the boundary layer growth is changed, so that the thickness of the
turbulent region is dependent on y coordinate (see Figure 5.29).

Secondly, under these conditions the skeg has a “protective” effect. It keeps the part of
turbulent fluid coming from under the hull from flowing directly into the first propeller disk.
Instead of this the part of the fluid is sucked into the skeg vortex. In order to better understand
the flow picture see Figures 5.30b, d and f.

Due to these two effects there is a region in the propeller plane, where the resolved Reynolds
stress <u;32> is almost zero (and oy, as well). The size of this undisturbed region strongly depends
on h/T (see Fig. 5.29a, ¢ and e). This situation is different from that documented for § = 0°,
where this region was present only at h/T = 1.25 and was situated on the left from the second

HMnverse motion is considered
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Figure 5.28: Nominal wake w in the propeller plane at r/R=0.7 for first (a) and second (b) propeller
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Figure 5.29: Plots of the resolved Reynolds stresses <u’z2> (left) and wake (right). Figures correspond
to the following cases: a, b - FB1-10; ¢, d - FB2-10; e, f - FB3-10

propeller.

In these circumstances the values of o, and the EDFs in some of the considered points
show a much stronger sensitivity to h/T, that previously the straight course. This sensitivity is
determined by whether or not the point is lying in the “undisturbed” region (which changes its
form and size). Examples of such points are P1D, P1L and P2D. By h/T > 1.5 they are situated
in that “calm” part of the wake and therefore o, in that points changes dramatically compared
to h/T = 1.25 and becomes negligibly small.
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Generally (except for point P2U) the values of o, in all points rapidly grow as the fairway
depth decreases. This situation is distinct from that at straight course, where at lower h/T = 1.25
the flow instationarity was concentrated at the first propeller. The fastest growth of o, was
documented for the points lying in the first propeller disk. For example at point P1R standard
deviation at h/T = 1.25 is two times higher than that at h/7 = 1.5 and reaches nine percent.
Analyzing the EDF, one can see that at this point the velocity fluctuations can reach up to
25-27 percent of the inflow value (see Figure 5.27). From the EDF one can estimate, that the
probability, that the absolute value of fluctuation will be higher than ten percent reaches 0.2
for P1R and 0.1 at P1U. Obviously, the reason for this is the presence of the large skeg vortex
in that region. Rapidly increasing in size when fairway depth decreases it becomes a source of
instationarity of the velocity field.

Table 5.9: Relative standard deviation of velocity o, in eight points in the propeller plane. For the
point designations see Figure 5.17. The sketch of the probe points is added for the ease of understanding

Ow,PIR | Ou,P1U | Ou,P1L | Ou.P1D | Ou,P2R | Oy P2U | Ou P2L | Ou P2D
FB1-10 | 0.089 | 0.058 | 0.028 | 0.072 0.053 | 0.053 | 0.058 | 0.034
FB2-10 | 0.037 | 0.036 | 0.008 | 0.004 | 0.045 | 0.053 | 0.048 | 0.018
FB3-10 | 0.024 | 0.008 | 0.003 | 0.001 0.025 | 0.059 | 0.044 | 0.011

; Port side Y.

5.8.4 Concluding remarks for Chapter 5

In this chapter three series of computations of the nominal wake of a generic hull form of
a river cruiser were presented: preliminary, related to grid convergence study and final.

The preliminary computations were aimed at gaining the initial insight into the flow picture
in the stern of a river cruiser in shallow water. It was shown, that under these conditions the
instationarity of the velocity field

- generally depends upon the size of the gap between the hull and the fairway bottom (in-
fluence of squat is determined by the change of under keel clearance in the stern)

- increases with the decreasing depth
- is nonuniform in the propeller plane, being stronger in the propeller disk near the skeg

- depends on the wave pattern at critical regimes and is dramatically reduced under these
conditions

In order to assess the quality of the results in the preliminary study the grid convergence
study was performed, in which the LH model, employed in preliminary study, was compared to
SSTIDDES and RANS on a number of computational grids. The results of the study allowed
to draw a conclusion, that LH model tends to overpredict the Reynolds stresses and the wake,
when used with wall functions. At the same time, when the integration to the viscous sublayer
was used, the LH model showed results much closer to other models. Because of LH’s sensitivity
to the mesh design it was decided to use SSTIDDES model for the final series of computations.
Regardless of the flaws of LH model, which were revealed in the grid convergence study, it is
assumed, that the model still captured the trends properly (dependence of wake instationarity
on the depth and the wave pattern). Partly, this can be proven by the fact that similar trends
were observed in final computations (even though different regime was analyzed).

The observed variations of the solution for the mean velocity field and total TKE between
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Figure 5.30: Streamlines built from the averaged velocity fields for the case with 8 = 0° (left) and with
B =10° (right). Figures a, c, e correspond to FB1-0, FB2-0, FB3-0, b, d, f - to FB1-10, FB2-10, FB3-10

the different meshes were quite small for SSTIDDES model. The decrease of the cell size by
half in each direction as well as the switch from wall functions to integration to the wall did not
cause any qualitative change in the solution and yielded only moderate quantitative change near
the skeg. These facts in conjunction with previously performed validation studies and analysis
of the ratio of resolved to total TKE indicate, that the predictions obtained in the final series of
computations have the lowest uncertainty compared to other models and presumably correctly
reflect the real flow picture. In order to draw stronger conclusions about the predictive capability
of the used method further validation data is required.

The final series of computations was conducted for the ship motion in a range of depth
Froude numbers at straight course and with the drift angle § = 10°. The SSTIDDES model
with the turbulence generator was used for flow simulation. From the obtained flow predictions
the following general conclusions can be made:

1. When the ship moves at straight course the wake in the first propeller grows and becomes
less uniform at lower depths, whereas in the second propeller the wake is insensitive to
depth variation. Motion with the drift angle decreases the wake in both propeller disks,
but increases its irregularity.

2. The distribution of ¢, is nonuniform in the propeller plane. At straight course its non-
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uniformity increases for smaller depths. For example at h/T = 1.25 the most instationarity
is concentrated in the near of the first propeller. The second propeller under these con-
ditions is located in a “calm” region with much lower level of velocity fluctuations. At a
drift angle, because of the presence of the skeg there is analogous undisturbed region in
the center of the propeller plane. This region, however, decreases in size when depth is
reduced.

3. For motion at 8 = 10° the instationarity of the velocity field shows overall strong depen-
dence on h/T ratio. Fluctuations in almost all of the considered points increase. The
most rapid growth was documented for the first propeller disk, where in some points o,
at h/T = 1.25 increased by hundred or more percent compared to h/T = 1.5. Velocity
fluctuation up to 25% were observed in the first propeller disk under these conditions.

One has to keep in mind, that even though being valuable, the described above flow picture
is not completely realistic because of the absence of propeller suction forces, which can have
considerable influence the flow. Moreover, it does not allow for estimating neither the fluctuations
of forces and moments, arising on the propellers, nor the pressure pulses on the hull shell plating.
The prediction of forces and moments on the propellers are the topic of the next chapter.
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Chapter 6

Prediction of thrust oscillations on
rotating propellers

In this chapter the results of hybrid RANS/LES computations of the flow around a generic
hull form with working propellers are presented. The emphasis is placed on the analysis of the
trust fluctuations, arising due to the wake nonuniformity and instationarity under shallow water
conditions. This is an essential step for evaluation of possible sources of stern vibration. The
pressure pulses, which can also contribute to the rise of stern vibration, observed on inland
cruisers, will be analyzed as well.

6.1 Geometry and conditions

The conditions, considered in this series of computational cases correspond to final com-
putations of the nominal wake in Chapter 5. The list of the conditions with the label for each
case is presented in Table 6.1.

Table 6.1: List of considered conditions for the computations with rotating propellers

Case label | FP]-() \ FP2-0 \ FP3-0 \ FP1-10 | FP2-10 | FP3-10

Parameter

U [m/s] 3 3 3 3 3 3
h)T | 1.25 15 2 1.25 15 2
B 0 0 0 10 10 10
Fn [ 0.08 0.08 0.08 0.08 0.08 0.08
Re [-] 4.05E408 | <— < < < <
Fny, [ 0.61 0.55 0.48 0.61 0.55 0.48

The geometry and dimensions of the computational domain were left identical to the pre-
viously used ones. The only change was the incorporation of azimuth thrusters on the port size
in the computational domain. Influence of the thrusters on the starboard side on the flow was
modeled by actuator disks with prescribed thrust (see [52]). According to the data provided by

Jla

Figure 6.1: Geometry of the pods and shafting of the azimuth thrusters, designed by the author
(propeller blades are not shown)

the shipyard, on each side of the river cruiser two rudderpropellers Schottel STP200 are installed.
The exact geometry of the shafts and propellers was unfortunately not available. Therefore these

107



108

geometries were replicated with a considerable simplification (see Fig. 6.1). The geometry of
propeller blades was also designed by the author (see Fig. 6.2). Radius of the front and rear
propellers was equal to R = 0.525 m. Both propellers had the same sense of rotation - right
and number of blades Z = 3. Maximum number of revolutions per second n = 10s~! was
considered.

The resulting thrust produced by the propellers was estimated from the technical data for
STP200 available in open access.

z

R

Figure 6.2: Geometry of the front (left) and rear Figure 6.3: Generic hull form with thrusters on
(right) propellers, installed on the thrusters the port side

In simulations both with and without the drift angle the thrusters rotation axes were
directed parallel to the middle line plane.

6.2 Numerical setup

Simulations were conducted using pimpleDyMFoam solver from OpenFOAM toolkit. This
solver uses the PIMPLE method and allows for the motion of domain boundaries. Because
of the SIMPLE-like subiterations on each time step the solver is able to cope with relatively
high Courant numbers. The maximum Co attained by the author was 20, which was used in
all simulations. For practical CFD computations of rotating propellers the time step is usually
chosen such, that the propeller rotates by A¢ = 1 — 2° per iteration (see, for example, [55]). In
the current study A¢ was case-dependent and varied in the range 0.6-0.72. One has to mention,
that even though on the propeller blade Co was approximately 20 (because of the high velocity
and small cell size), in the remainder of the computational domain its value was smaller than
0.8 and therefore predictive capability of the hybrid turbulence model was not affected.

Propeller motion was resolved using rotating meshes. For each of the four propellers a
cylindrical submesh was generated, which was added to the computational domain and merged
with the supermesh. These submeshes, containing the propeller blades and a part of a hub
were rotated with prescribed constant angular velocity w = (27 - 10,0,0) rad/s. The boundary
conditions for the unknowns on the propeller blades were the same as those used for the ship
patch, except for the velocity, for which the Dirichlet BC u = w x r), = (0, —wz 2, wyyp) was
imposed. Here r,, is a radius-vector of a point on the propeller in local coordinate system. For
the interpolation of the solutions between the main mesh and the submeshes Arbitrary Mesh
Interface (AMI) was used, which embodies the conservative interpolation technique, proposed in
[33].

Number of computational cells in the main mesh was in the range of 10-11M, depending
on the fairway depth, whereas the rotating propeller submeshes contained approximately 0.5M
cells each.

The same discretization schemes were used for simulations with thrusters as those for
nominal wake predictions.

As in preceding computations, the initial conditions for SSTIDDES simulation and the
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statistics for the turbulence generator were produced using RANS k — w SST model. The
unsteady computation was conducted for 30 s in each case, the last 20 s were used for collection
of statistical data.

6.3 Results and discussion

The emphasis of the analysis was placed on the evaluation of total (front + rear propeller)
thrust fluctuations and the pressure pulses on the hull surface. The probe points for pressure
were located in the vicinity of the wall in the propeller planes above the rotation axes. Totally
four points were considered: one above each propeller. In the following these points will be
referred to as P1F (1st pod, front propeller), P1R (1st pod, rear propeller), P2F, P2F.

Assessment of thrust oscillations was done by evaluation of relative standard deviation of
total thrust o

1 1 9

=—,| — T, — (T 6.1

or = g =1 2 (T () (6.1)

and the corresponding empirical distribution functions. Other components of forces on the
propellers were not studied, because these were at least two orders of magnitude smaller that
the longitudinal component (thrust) and their contribution was considered negligible. For the

pressure pulses the analysis was performed in absolute values and was restricted to EDFs.

6.4 Motion at straight course

6.4.1 Thrust fluctuations

The statistical analysis of the thrust fluctuations for the motion at straight course is shown
in Table 6.2. From the presented values of or one can recognize a clear trend: the thrust fluc-
tuations on the first pod (near the skeg) are intensified when the depth-to-draft ratio decreased,
whereas for the second pod a reverse trend is observed. These tendencies agree quite well with
the flow picture, observed in the computations of the nominal wake. Similar dependence was
revealed there for o,: it increased on the first propeller and decreased on the second for smaller
depths. For the first propeller disk also the wake nonuniformity has become higher at small
depths, whereas for the second propeller disk it was nearly constant.

Table 6.2: Statistics of the total thrust oscillations on the first and second pods for the motion at
straight course

Case FP1-0 FP2-0 FP3-0

Pod 1 2 1 2 1 2
(T) [N] 44280.76 | 45330.17 | 44226.65 | 44326.25 | 43505.36 | 43567.73
T oo IN] 2559.62 | 2296.49 | 2323.19 | 2302.05 | 2196.04 | 2855.77
T o /| (T) x 100 [%] 5.78 5.07 5.25 5.19 5.05 6.55
or x 100 [%] 2.44 2.07 2.26 2.42 2.20 2.86

Therefore, keeping in mind the results for the nominal wake, one can conclude, that the
intensification of thrust oscillations on the first thruster in response to depth reduction is due
to increase of both the nonuniformity and instationarity of the wake. Whereas for the second
thruster only the latter effect played a role.

The strongest fluctuations were observed for the second thruster for h/T=2.0 with op =
2.86% and peaks up to 6.5%. On the first pod the maximum of o7 = 2.44% corresponded to
h/T=1.25 with peaks up to 5.8%.

Plots of the EDFs of thrust are presented in Figure 6.4 and reflect the same trend as
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Figure 6.4: Comparison of empirical distribution functions of total (front + rear propeller) thrust
fluctuations between different depths for 5 = 0° : (a) - first thruster, (b) - second thruster

discussed above. Here one can see, that only the tails of the EDF are changed in response to
depth variation, which means that the higher peaks become probable.

Analysis showed, that for all considered regimes the strongest thrust fluctuations corre-
sponded to rear propellers. This can be explained by the fact that the rear propellers work in
the slipstream of the front ones. Since the geometry of the pods and shafting was designed by the
author and therefore is not flow-optimized, it might be, that for the real pods the fluctuations
would be less intense.

The spectrum of the thrust fluctuations was analyzed separately for the rear and front
propellers. Only the plots for the thruster near the skeg will be presented, since for the other
one are qualitatively similar. In Figure 6.5 one can see, that for the front propeller the peaks of
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Figure 6.5: Power spectral density of the thrust fluctuations on the front (left) and rear (right) propellers
of the thruster near the skeg at h/T = 1.25
the power spectral density correspond to the first and second blade-rate frequencies (nZ,2n72),
but also contain a considerable low-frequency component (w < 10Hz). For the rear propeller
the third, fourth and fifth (3nZ,4nZ,5nZ) can also be seen. Additionally, one can recognize two
peaks of unknown origin at 10 and 40 Hz. For both propellers the spectrum is far from discrete.
Similar results were obtained in [1].

6.4.2 Pressure pulses on the hull

According to the empirical distribution functions, built for pressure on the hull (see Figures
6.6,6.8) reduction of the fairway depth leads to increase of pressure pulses amplitude equally on



CHAPTER 6. PREDICTION OF THRUST OSCILLATIONS ON ROTATING
PROPELLERS 111

both pods. For example, at h/T = 2.0, all values of pressure peaks above the front propellers lie
in the range from -4 to +2.5 kPa, whereas for h/T = 1.25 the range stretches from -7 to +7 kPa.
Similar trend can be recognized for rear propellers. This equal rate of growth of the strength of
pressure pulses indicates, that they are likely to be independent of both the instationarity and
nonuniformity of the wake. At the same time the growth of amplitude is caused by the effect
of the bottom proximity. Interesting result is that the negative fluctuations are more probable,
than positive for the front propellers. For the rear propellers both signs are equally probable.
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(a) (b)
Figure 6.6: Comparison of empirical distribution functions of pressure pulses above front propellers
between different depths for 8 = 0°, (a) - first thruster, (b) - second thruster

6.4.3 Rough estimation of cavitation inception

In order to estimate the potential influence of cavitation on the vibration, a rough analysis
of cavitation inception was conducted for the front propeller of near-skeg thruster. The vapor
pressure p, of water was taken 2000 kPa (which corresponds to 17°C). Zones on the propeller
blade, where the total pressure was lower than the vapor pressure (p < p,) were recognized for
different h/T. The results are presented in Figure 6.7. Visually, the region, where cavitation
may occur spreads in response to depth reduction. This may be explained by the fact, that the
wake fraction is increasing with reduction of h/T (see Chapter 5) and as a result higher loads on
propeller blades are created. These results confirm, that a more detailed assessment of cavitation
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Figure 6.7: Comparison of the regions on the front propeller of the near-skeg thruster, where cavitation
inception can occur

for the problem under consideration should be conducted in the future work.
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Figure 6.8: Comparison of empirical distribution functions of pressure pulses above rear propellers
between different depths for § = 0°, (a) - first thruster, (b) - second thruster

6.5 Motion with drift angle

6.5.1 Thrust fluctuations

Simulations of the nominal wake for ship motion at 8 = 10° showed, that at h/T=1.25 in
the region near the skeg strong velocity fluctuations may occur, which are caused by the increase
of the skeg vortex. At the same time in a number of points the fluctuation intensity was reduced
compared to straight course because of the “protective” effect of the skeg.

Therefore it was expected, that computed thrust oscillations would noticeably increase at
least for h/T = 1.25 for § = 10°. However, the collected statistics indicate, that motion with
a drift angle leads to considerable reduction of the standard deviation of thrust compared to
straight course for the first thruster (see Figures 6.10 and 6.11). At the same time for the second
thruster the fluctuation intensity only slightly changed, for h/T = 1.25 it did not change at all.
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Figure 6.9: Comparison of empirical distribution functions of total (front + rear propeller) thrust
fluctuations between different depths for 5 = 10° : left - first thruster, right - second thruster

Table 6.3: Statistics of the total thrust oscillations on the first and second thruster for § = 10°

Case FP1-10 FP2-10 FP3-10

Pod 1 2 1 2 1] 2
(T) [N] 41669.85 | 42185.60 | 41180.08 | 41410.14 | 41244.05 | 41071.87
T . IN] 1687.33 | 2172.71 | 137251 | 1916.44 | 1561.29 | 2269.81
T e /| (T) x 100 [%] 4.05 5.15 3.33 4.63 3.79 5.53
or x 100 [%)] 1.34 2.08 0.90 1.96 1.20 2.12

The reason for the drop of the fluctuation intensity on the first thruster for A/T could be
found out after the analysis of vortical structures in the wake (see Figure 6.19). One can notice,
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Figure 6.10: Comparison of empirical distribution functions of total (front + rear propeller) thrust
fluctuations between § = 0° and 8 = 10° for h/T=1.25: left - first thruster, right - second thruster
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Figure 6.11: Comparison of empirical distribution functions of total (front + rear propeller) thrust
fluctuations between § = 0° and 8 = 10° for h/T=1.5: left - first thruster, right - second thruster

that the skeg vortex, which was observed in the computations of the nominal wake is shifted
towards the middle-line plane. This appears to be a result of the action the propeller suction
force, which increased the longitudinal component of the velocity and by these means pushed
the vortex aside from the propeller. As a consequence no unsteady structures enter the propeller
plane. Comparison of the resolved Reynolds stresses <u;2> between cases FB1-10 and FP1-10
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Figure 6.12: Resolved Reynolds stress <uf> in the plane of the front propellers for g = 10°; left -
without propellers, right - with propellers

allows to conclude, that propeller suction force led to noticeable reduction of flow instationarity
(see Figure 6.12). However, in this case the flow picture would be different if the thruster would
be rotated parallel to the inflow velocity vector. Under these conditions the propeller might
interact with the vortex, which can potentially influence the thrust oscillation. This scenario
needs to be studied further.

Values of o7 and thrust EDFs did not point to any clear dependency between the fairway
depth and flow instationarity for motion with drift angle (see Table 6.3).
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6.5.2 Pressure pulses on the hull

Pressure oscillations did not show a strong dependence on the fairway depth. Only the small
changes in the EDFs could be observed (see Figures 6.13, 6.14). which point to the following
trend. Decrease of depth diminishes the probability of negative fluctuations, but at the same
time makes the negative peaks ( < -5 kPa) more probable. As a result, the high peaks occur
more often. For example at h/T = 2.0 the probability of peaks |p’| > 5kPa is approximately 5%,
whereas for h/T = 1.25 it increases up to 8%. This trend is observed in all considered points.

During the motion with the drift angle the amplitudes of pressure fluctuations on the hull
were generally higher than those predicted at the same depths at straight course (see Figures 6.15,
6.16, 6.18). For all considered depths the recorded pressure values lay in the range approximately
[-8; 8] kPa.
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Figure 6.13: Comparison of empirical distribution functions of pressure pulses above front propellers
between different depths for 5 = 10° : left - first thruster, right - second thruster
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Figure 6.14: Comparison of empirical distribution functions of pressure pulses above rear propellers
between different depths for 5 = 10° : left - first thruster, right - second thruster

6.5.3 Rough estimation of cavitation inception

Compared to the case without the drift angle the results for 5 = 10° are considerably
different. The dependence of the sizes of the cavitation inception regions on h/T ratio is still
present, but additionally a very important qualitative change was observed. In Figure 6.7 the
zones with p < p, were almost equally large on all blades, indicating that the periodic collapsing
was unlikely to occur. For f = 10° the size of the regions changes between the blades. On some
of them (in upper position) the zone with p < p, almost vanishes, whereas on the blades in
lower position the regions of low pressure can occupy a half of the blade. This indicates, that
the same effect, as described by Reed and Basset [119] may occur, namely, the sheet cavitation
with periodic collapsing. Potentially, this effect may also contribute to vibration intensification.
However, these results do not agree with the predictions, obtained previously for the wake fraction
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Figure 6.15: Comparison of empirical distribution functions of pressure pulses above front propellers
between 8 = 0° and 8 = 10° : left - first thruster, right - second thruster. h/T=1.25
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(see Chapter 5) and thrust oscillations. The wake fraction at f = 10° is reduced compared
to straight course and the thrust oscillations are less intense too, pointing to the lower wake
nonuniformity. Whereas the cavitation analysis indicated the increase of wake non-uniformity.
The reason for this contradiction is not quite clear and should be studied further.
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Figure 6.18: Comparison of empirical distribution functions of pressure pulses above front propellers
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Figure 6.19: Vortical structures in the wake of a river cruise ship during the motion with 8 = 10°: (a)
- without thrusters (b) - with thrusters, h/T = 1.25. Isosurfaces Ay = —10 [60]



Chapter 7

Conclusions and outlook

The aim of the presented study was the assessment of the influence of depth restriction on hy-

drodynamic sources of stern vibration, which arises on inland cruise vessels during the motion in

shallow waterways. Solution of this task required application of novel turbulence modeling meth-

ods and therefore development and validation of corresponding models were also performed.
Main results of the research were presented in Chapters 4, 5, 6 and consist in:

1. Implementation of SSTIDDES model in conjunction with the volume source of turbulent
fluctuations. Validation of implemented code for canonical flows.

2. Comparison of two hybrid RANS/LES approaches - SSTIDDES and LH for the prediction
of the wake of a model of an inland ship.

3. Development of a shielded version of LH model, which considerably improved the accuracy
of wake fraction predictions compared to the original version and made the predictions of
the standard deviation of the longitudinal velocity closer to that of SSTIDDES.

4. Development of efficient quasi-steady state solver for squat prediction with a new mesh de-
formation algorithm specially adapted for shallow water. Validation for a squat prediction
in shallow water.

5. Analysis of the nominal wake of a river cruiser using LeMoS hybrid model and assessment
of influence of different parameters (depth Froude number, fairway depth) on the velocity
fluctuations in propeller disks.

6. Assessment of the quality of the results by means of grid convergence study, comparison
between different models and analysis of the resolved turbulence kinetic energy.

7. Determination of the dependence of wake fraction and velocity fluctuations in the nominal
wake on the fairway depth and drift angle.

8. Calculation and analysis of thrust fluctuations and pressure pulses for the ship with rotating
propellers. Investigation of the dependence of thrust oscillation on the depth-by-draft ratio
and drift angle. Rough estimation of cavitation inception.

A summary of the main findings, stemming from the conducted research activities will be
given below.

Validation of computational methods

Hybrid RANS/LES turbulence models

One of the main computational tools, used for the research were the hybrid RANS/LES
turbulence models. Two models were utilized in the presented work: LeMoS hybrid model (LH),
proposed by Kornev et al. [70] and a re-calibrated version of SSTIDDES model, proposed by
Gritskevich et al. [48]. The former model was extensively tested for canonical flows and ship
flows under deep water conditions in previous studies |3, 2] and therefore in this study it was
tested only for shallow water conditions. The SSTIDDES model with a turbulence generator was
implemented in OpenFOAM CFD toolkit by the author and therefore had to be validated. It
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was tested for canonical flows (channel, diffuser) and showed good agreement with experimental
data and the results of original implementation.

After that the performance of LH and SSTIDDES models was compared for the task of the
prediction of the wake of an inland ship in shallow water at model scale. The SSTIDDES model
showed good agreement with experimental data and results of RANS computations for the wake
fraction. At the same time accuracy of LH model was considerably worse - it predicted the wake
fraction significantly higher, than that experimentally observed. The resolved Reynolds stresses,
computed using LH model were also much larger compared to SSTIDDES solution. This poor
performance was attributed to the modeled stress depletion (see Section 2.3.3). MSD was partly
due to the absence of shielding and partly due to the impossibility of application of turbulence
generator which led to a lack of resolved turbulence. In order to improve the model robustness
a shielded version of LH model (SLH) was developed and tested for the same case. The new
version of the model turned out to be superior to the old one and in some regions of the flow
even to the SSTIDDES. This performance was attained without the application of turbulence
generator.

Quasi-steady state squat prediction

In order to be able to predict the dynamic trim and sinkage of a river cruiser a new version
of OpenFOAM quasi-steady state VOF solver LTSInterFoam was developed. The new version
- LTSInterDyMFoam allowed for resolution of the ship motion inside the computational domain.
For mesh deformation a simple and efficient method developed by the author was employed. The
solver was validated for the task of squat prediction for a model of a container ship moving in
a shallow channel. Comparison of computational results with experimental data has shown very
good agreement. This solver was later used for prediction of squat of the river cruiser in the
preliminary study of nominal wake.

Analysis of the nominal wake under shallow water conditions

The fluctuations of forces and moments arising on the propellers and potentially leading
to the vibration are dependent on the nonuniformity and instationarity of the wake. Therefore,
a considerable part of the work was devoted to the analysis of the nominal wake of a generic
hull form of a river cruise vessel. The conducted computations were aimed at understanding
of the influence of different parameters, such as the depth-by-draft ratio, drift angle and depth
Froude number on the wake fraction and velocity fluctuations. Three series of simulations were
conducted: preliminary simulations, grid convergence study and final simulations.

Results of preliminary study

In the preliminary study LeMoS hybrid model was used to get a qualitative insight into
the flow picture in the stern of a river cruiser navigating under shallow water conditions. Differ-
ent motion regimes were studied in a doubled body (single-phase) and free-surface (two-phase)
formulations. It was shown, that the velocity fluctuations in the disc of the first propeller (near
the skeg) are generally much more intense at small depths that on the second one. Reduction of
h/T led to increase of standard deviation of velocity field in the disk of the first propeller. This
is attributed to the increase of adverse pressure gradient along the hull surface at the stern.

For the depth Froude numbers less than 0.85 no influence of the free surface on the wake
instationarity was observed. However, at critical regimes (F'ny, & 1) the instationarity of the ve-
locity field at the stern can be suppressed on account of free surface deformation, which changes
of flow geometry and decreases the adverse pressure gradient. To author’s knowledge this phe-
nomenon, being an example of the influence of the wave wake on the viscous wake, has not been
discussed in literature so far.
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Squat influence on the wake unsteadiness was assessed as well. It was shown, that the
determining criterion for this influence is the change of the gap size between the ship hull and
the fairway bottom at the stern. In cases where the gap size decreased the instationarity of the
velocity field spread to the bilge. At the same time, when the gap size remained approximately
the same, no considerable change in statistics of velocity field was documented.

Even though in later computations it was shown, that the results of LH model don’t agree
well with solutions produced by another models, it is believed, that the observed trends were
captured correctly, at least qualitatively.

Grid convergence study

Assessment of grid convergence and comparison of different methods was the only way to
check the reliability of the model predictions at full scale. Based on the analysis of distributed
parameters one could draw following conclusions. Grid convergence study revealed the sensitivity
of LH model to the mesh resolution. It predicted stronger velocity fluctuations and higher wake
fraction than that observed in SSTIDDES solutions. Very large variations of the considered
parameters between the different mesh densities were documented for LH model. At the same
time, SSTIDDES model showed much stabler behavior: the solutions did not change noticeably
after the reduction of the cell size by two times. Thus, the same trend was observed as that for
M1926 validation case. This led the author to conclusion that the original version of LH is not
robust and therefore for final series of computations only the SSTIDDES model was used. The
analysis of resolved-to-total TKE for SSTIDDES model showed that more that 80% of the TKE
was resolved and therefore the results may be considered reliable.

Results of final computations

The final series of computations, conducted after the grid convergence and validation stud-
ies allowed to draw the more detailed conclusions on the dependency of the wake fraction pa-
rameters on the depth-by-draft ratio and the drift angle.

The change of depth-by-draft ratio influences the wake fraction and the flow instationarity
differently for the two propeller disks analyzed and depends on the local flow physics.

The decrease of depth leads to intensification of velocity fluctuations in the propeller disk
near the skeg and at the same time to suppression of oscillations on the second propeller. This
situation is due to the appearance of an “undisturbed” region of the flow at lower depths (see
Section 5.8.2). The wake fraction in the disk of the first propeller increased for smaller depths
and at the same time remained almost unchanged for propeller disk near the bilge.

Motion with the drift angle 5 = 10° at h/T = 1.5,2.0 decreased the wake fraction and
the standard deviation of longitudinal velocity in the wake because of the “protective” effect of
the skeg. The previously mentioned undisturbed region in this case was again present, but was
located in the space between the two propeller disks - standard deviation of velocity in the points
lying there was almost zero. At h/T = 1.25 this region is dramatically reduced in size because of
the growth of the skeg vortex. In this situation the vortex entered the disk of the first propeller
and caused very intense (amplitude up to 25% of the inflow value) fluctuations of longitudinal
velocity.

Summary

Summarizing the conducted analysis, one can state, that both the instationarity and
nonuniformity of the velocity field in the propeller plane can significantly increase with the
diminishing of the depth-by-draft ratio. At the same time no strong separations were revealed in
the stern, and therefore the unsteadiness seems to stem only from the skeg and bilge vortices and
the turbulent fluctuations in the wake. However, whether or not the separations are present is
dependent on the geometry of the stern and therefore the flow picture may vary for a particular
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ship. The determining factor in this case would be the adverse pressure gradient.

Thrust fluctuations and pressure pulses on the ship hull in
shallow water

Motion at straight course

In order to analyze the thrust and pressure fluctuations, simulations of a ship flow with
four rotating propellers using SSTIDDES model were conducted. The exact geometry of the
rudderpropellers was not available and was therefore replicated using available technical data.

Simulations at straight course showed the trend in the total thrust and pressure fluctuations,
which agreed quite well with the previously obtained results for the nominal wake. Namely,
the standard deviation of thrust fluctuations increased on the first thruster and decreased on
the second one with diminishing h/T ratio. The strongest fluctuations for the first pod were
observed at h/T = 1.25 with o7 = 2.44 % and peaks up to 5.8%, whereas for the second pod the
strongest fluctuations corresponded to h/T = 2.0 with op = 2.86 % and peaks of up to 6.5%.

At the same time the pressure fluctuations on the hull surface above all propellers were
monotonically intensified in response to depth reduction and reached the amplitude up to 7 kPa
at h/T = 1.25.

Motion at g = 10°

Motion with the drift angle considerably reduced the standard deviation of the thrust on
the first propeller. At the same time the fluctuations on the second propeller were only slightly
changed. These changes were attributed to the previously mentioned “protective” effect of the
skeg in conjunction with the propeller suction forces. The latter factor led to reduction of resolved
Reynolds stress in the propeller plane compared to bare hull computations. At h/T = 1.25,
where the strongest velocity fluctuations were previously observed, the thrust fluctuations were
not intensified. The reason for this is the influence of propeller suction force on the skeg vortex.

The amplitudes of pressure pulses at 5 = 10° were increased compared to the corresponding
cases with 8 = 0° and reached up to 8 kPa.

Analysis of cavitation inception regions

A rough estimation of cavitation inception showed, that the cavitation may indeed occur
under certain conditions. Zones with p < p, increased in size when depth was reduced for both
8 =0° and 8 = 10°. However, sizes of the inception regions were almost the same for all blades
at straight course, whereas for motion with a drift angle the size of the low-pressure zone was
strongly dependent on the position of the blade. This result shows, that the scenario for vibration
intensification, described in [119, 164], may also be realistic for the considered conditions.

Conclusions on vibration intensification

The analysis of various hydrodynamic sources of vibration for shallow water conditions
indicates, that all of them are affected by reduction of the fairway depth. The magnitudes of
thrust oscillations and pressure pulses increase when h/T gets smaller. As it was shown the
cavitation inception may also occur and may play a significant role as a source of vibration.
Therefore it is to expect, that the vibration of the ship stern will be indeed intensified, when
ship enters the restricted waters.

Outlook and future work

The further studies on the topic could be conducted in following directions:
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1. Application of the simulation methodology to the real hull form In the frame-
work of the presented study the exact geometries of the ship hull and thruster were not
available. Even though the replicated geometries were visually close to the real ones, it is
clear, that the form of the latter may be different. This may result into different levels of
thrust and pressure fluctuations, than that documented in this work. However, the simu-
lation methodology, employed in the study, can be readily applied for the analysis of real
geometries.

2. Structural analysis Obviously, hydrodynamic analysis is not sufficient to evaluate the
influence of the considered factors on the stern vibration. In order to be able to predict the
rise of vibration, structural analysis should be conducted, which could use the data obtained
in the presented study. However, such investigations cannot be undertaken without the
sufficient description of the ship structure.

3. Analysis of cavitation contribution As it was mentioned in the introduction, pressure
pulses on the ship hull may be dramatically intensified due to collapse of cavitation bubbles
on the propeller blades. This effect can significantly contribute to the stern vibration
excitation and should be also analyzed in further research. Rough analysis of the cavitation
inception regions was conducted in the framework of the presented study and indicated
that cavitation is likely to occur. In further studies the dynamics of the cavities and the
corresponding pressure fluctuations on the hull should be studied in more details.

4. Improvement of turbulence generators Hybrid RANS/LES simulations require a
mechanism for generation of turbulent content. In cases with strong separations the inner
flow instabilities will play this role. But for flows around well-streamlined bodies appli-
cation of RANS/LES methods without the synthetic turbulence generator would lead for
shielded models to application of more RANS (and suppression of unsteadiness in the region
of interest) and for unshielded - to MSD and GIS. Both scenarios may lead to erroneous
solutions and are undesired. Therefore the quality of the generated turbulent fluctuations
can play an important role in such computations and should be thoroughly controlled. This
may be done by means of: comparison of different turbulence generators, investigation of
the sensitivity of the results to the generator location and sources of statistics (e.g. EARSM
instead of Boussinesq approximation).

5. Improvement of hybrid models The hybrid RANS/LES models can still be considered
an active field of research. Multiple methods were proposed in past decades, but most of
the methods seem to have similar flaws. The main problem of unified models is still the
presence of the gray area, in which (as mentioned in Section 2.3.5) the lack of momentum
transport between the RANS and LES regions is observed. Practically used remedies
for particular issues (like MSD, GIS, LLM) were up to now all based on empiricism and
may malfunction under certain conditions. On the other hand, theoretically backed HFNS
turned out to be hardly applicable in practice. Therefore, further research and development
in this area is needed.
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