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Sammanfattning
      Simuleringar av subsoniska turbulenta koaxiala varma flöden genomfördes på två typer av
ostrukturerade nät inom ramen för STAR-CCM+. Studiefallet är baserat på en modell av en
turbofläktmotor för ett typiskt trafikflygplan, med en inre samt yttre dysa och med ett bypass-
förhållande av fem. De två beräkningsnät som används är ett  polyedriskt nät,  lämplig för
komplexa ytor, och ett trimmat nät huvudsakligen uppbyggt av sexsidiga celler. Känsligheten
av studiefallet  beroende på olika indata intygas med hjälp av andra och tredje ordningens
”upwind-schemes”, där turbulensen modelleras med en SST k-omega modell. Projektet visar
sig vara en giltig förstudie för en steadystate-lösning på vilken en aeroakustisk analys skulle
kunna baseras i framtida arbeten.
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Abstract
      Simulations  of  subsonic turbulent  coaxial  hot  jets  were conducted on two types  of
unstructured  grids  within  the  framework of  STAR-CCM+.  The study case  is  based  on a
typical airliner turbofan engine model with a core nozzle and a fan nozzle, having a bypass
ratio of five. The two meshes used are a polyhedral one, suitable for complex surfaces, and a
trimmed one mainly made of  hexahedral  cells. The sensitivity of the study case to various
inputs is attested using second and third order upwind schemes, modelling turbulence with a
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solution on which an aeroacoustic analysis could be based in future works.
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Chapter 1

Introduction

1.1 Background: the environmental impact of
aviation

Aviation affects Earth’s environment mainly because aircraft engines emit in
the atmosphere heat, noise, particulates and gases which contribute in cli-
mate change, global dimming, as well as social issues. One visible example of
such contribution are the contrails that aircraft produce at cruise speed and
high altitudes; by trapping outgoing radiation emitted by Earth at a greater
rate than they reflect solar radiation contrails contribute to a positive radia-
tive forcing, which warms the atmosphere. Since the growth of air travel has
been substantial worldwide, especially in the last decades, the total pollution
attributable to aviation has grown, up to levels that made environmental or-
ganisations raise their interest towards it. In the EU there has been an increase
of +87% of greenhouse gases emissions from civil aviation between 1990 and
2006; in 2006, 3% of the EU total greenhouse gases emissions was attributable
to air transportation systems. Such growth of emissions has occurred faster
than for any other source, and by 2050 the IPCC (Intergovernmental Panel on
Climate Change) foresees that the global CO2 emissions due to aviation will
rise to 3%. For these reasons, the European Commission decided to place civil
air transportation into the EU-ETS (Emission Trading Scheme). This scheme
is defined as a policy to combat climate change and it is a key tool for the EU
to reduce industrial greenhouse gas emissions cost-effectively; it involves over
11000 power stations and power plants, and airlines. Airlines are able to sell
surplus allowances if they reduce their emissions and will need to buy addi-
tional allowances if their emissions grow. Civil air transportation has grown
because travels got cheaper without considering the environmental cost: as an
example, someone flying from London to New York and back generates roughly
the same level of emissions as the average person in the EU does by heating
their home for a whole year [1][2][3].
The content of the present master’s thesis work is closely related to noise gen-
erated by aircraft, and specifically to what is referred to as jet noise, whose
impact is introduced in the next section.
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2 CHAPTER 1. INTRODUCTION

1.2 Noise pollution of civil aviation

One of the main impacts of civil aviation consists of the noise produced by
aircraft. Advancement in technology lead to an evolution from turbojet and low
by-pass ratio (BPR) turbofan engines to modern high BPR turbofan engines,
a leap that allowed reduction of the noise produced by the jet. Despite that, a
flying aircraft is with no doubt audible from a long distance in any flight phase,
which could potentially cause discomfort to the population.
However, it has been studied that the effect of aircraft noise is not limited
to irritation: especially in the populated surroundings of airports, the noise
produced by aeroplanes that are taking off and landing may result in health
hazards and social issues. Noise pollution of aeroplanes is due to aerodynamic
noise and mechanical noise:

• aerodynamic noise: it comes from the interaction between air and moving
bodies (proportional to the aircraft speed and air density). An example
of this type of noise is the airframe noise: lift-enhancing systems as trail-
ing edge flaps and extendible slats on the wing’s leading edge, which are
crucial at take off and landing, as well as landing gear, can create air-
frame noise that can be as loud as the engines [4]. It was empirically
determined that aerodynamic noise emissions are dependent on the sixth
power of the aircraft’s true airspeed. The noise produced from aerody-
namic phenomena is most sensitive during approach, when engine power
is the lowest [5].

• engine noise: it is composed mainly of jet noise, fan noise and compressor
noise, and it is proportional to the rotational speed of the turbine. The
type of noise the present thesis deals with is included in this typology of
noise.

The sources of engine noise produced by an aircraft are schematically rep-
resented in Figure 1.1, in which the coaxial nature of the jet exhausting a
turbofan engine is put in evidence:

Figure 1.1: Turbofan engine noise source identification [6]

A.G. Pietroniro Master’s thesis



CHAPTER 1. INTRODUCTION 3

The dominant engine type for commercial passenger aircraft is the high
bypass ratio turbofan, because of its high propulsive efficiency. Compared to
jet engines introduced into commercial aviation in the mid 50s, whose noise
was mainly attributable to the jet, in the newer engines the jet noise went
less dominant as the bypass ratio has increased, and the fan noise has become
considerable [6].
The buzz-saw noise cited in the picture is among the fan noises; it is generated
when the air ow around the fan blades transitions to supersonic, when engine
rating is high ( for example during take off). The jet noise is due to the intense
ejection of high temperature combusted gases: downstream of the wings, the
jet stream encounters a volume of air at a very low velocity compared to the
jet velocity and a strong turbulence is created. This type of noise is generated
a few nozzle diameters downstream from the engines, and the noise directivity
is strong, heading to the back of the aircraft. One attempt to reduce this type
of noise are the chevrons, the sawtooth pattern seen on the trailing edges of
some jet engine nozzles. As hot air from the engine core mixes with cooler air
blowing through the engine fan, the shaped edges serve to smooth the mixing,
reducing the turbulence which generates noise [7]. As a qualitative view, in
Figure 1.2 an example of the share between engine noise and the airframe noise
is displayed [5], while in Figure 1.3 noise level is shown [8].

Figure 1.2: Share between aircraft produced noise [5]

Figure 1.3: Noise levels during take-off and approach [8]

Master’s thesis A.G. Pietroniro



4 CHAPTER 1. INTRODUCTION

1.2.1 Health hazards associated with civil aviation noise

As seen, the most critical phases for noise production are take-off and land-
ing, both because the noise pressure level is high and because it takes place
close to land, typically close to airports and potentially in the vicinity of in-
habited areas. A German study published in the late 2000s by Greiser [9], has
demonstrated that exposure to aircraft noise can result in health hazards, such
as hypertension, sleep disturbance, coronary heart disease and heart attacks,
especially during night hours. In the next pictures, typical isophone lines are
shown in the area of interest, in different time intervals during a day: 22-6 in
Figure 1.4 (left) and 6-22 Figure 1.4 (right). It is possible to notice how the
isophone lines of noise produced by civil aviation are distributed around the
airport, and how the air traffic conditions affect the direction in which they
spread. The clearest difference is found in the secondary runway, on which the
direction of take-off is NEE-SWW. In fact, being it not used at night, the iso-
phones do not spread in the SWW direction during night-time. Also, another
difference is found in the area SEE to the main runway. A large portion of
the traffic starts deviating towards East soon after take-off, and the isophone
lines do so accordingly. It is therefore shown how take-off direction, as well as
characteristics of the terrain, have an influence on the distribution of the noise
produced by aircraft in the surroundings of airports.

The study by Greiser has been conducted on over 1 million residents around
Köln airport, and it has demonstrated that there is linear increase of disease
risk for cardiovascular diseases from 40 dB(A) onwards. Among the results of
this study, Figure 1.2.1 is to be taken in consideration:

Ailment Daytime 60 dB(A) Night time 53 dB(A) Night time 55 dB(A)

Men Women Men Women Men Women

Heart and circu-
latory diseases

69% 93% 37% 101% 42% 115%

Stroke n.s. 172% 58% 122% 66% 139%

Coronary heart
disease

61% 80% 32% 96% 37% 110%

Table 1.1: Health hazards increments connected to long-time exposure to noise
produced by civil aviation, in areas surrounding Köln airport [9]

.

As reported in Figure 1.2.1 , a daytime exposure to 60 dB(A) is associated
to a 61% increase for men and 80% increase for women in the risk of coronary
heart disease, and a night-time exposure to 55 dB(A) gives 66% and 139%
increase respectively, in the risk of heart attacks.
This short introduction has illustrated some hints about how aircraft-produced
noise can become a health issue and therefore how it can easily become a socio-
political issue as well.

Along with the scientific and technical reasons, the above-mentioned impli-
cations prove to be a further motivation why an aeroacoustic analysis is worth
conducting on coaxial jets generated by aviation.

A.G. Pietroniro Master’s thesis



CHAPTER 1. INTRODUCTION 5

Figure 1.4: Isophone lines around Köln airport. It is visible how the distribution
of noise is affected by geographical characteristics of the terrain, and by air
traffic. In particular, the daytime secondary runway’s contribution towards
SWW is not visible at night being such runway unused. Also, in the top
portion, the fact many flights divert towards SEE after taking off from the
main runway is shown by the elongated isophones in such direction. [9]

Master’s thesis A.G. Pietroniro
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Chapter 2

Characteristics of the flow

As introduced, in the present study case the coaxial jet forms under conditions
that ensure that the flow is turbulent. In fact, the vast majority of flow cases
encountered in engineering is of turbulent nature.

Some characteristics of turbulent flow are introduced, and the equations
trying to describe the physics involved are shown.

2.1 Turbulent flow

Turbulent flows are characterised by chaotic variations in flow velocity and
pressure, and therefore by irregular patterns. Also, unpredictable behaviour
and the existence of several length and time scales are typical features of tur-
bulent flows. Non-steady eddies are generated on many scales, while interacting
with each other. The largest eddies receive kinetic energy from the mean flow
field, and from the interaction with smaller eddies such energy is subsequently
transferred into smaller scales through a process referred to as energy cascade.
It is to be noted that the cascade mechanism is related to vortex stretching,
which implies that turbulence is a three-dimensional phenomenon.
The space and time scales introduced above appear when the kinetic energy
driving the fluid is intense enough to prevail on the viscosity effects that would
otherwise slow down the fluid and lead to a laminar flow case. In terms of
the Reynolds number (Re=inertial forces/viscous forces), there is a rise when
inertial forces (non-linear effects of convective motion) become predominant
over viscous forces, which are then no longer able to homogenize the flow.

The cascade process is schematically shown in Figure 2.1. If decomposed
in terms of frequency, large eddies are associated with low frequencies, whereas
smaller ones are associated with higher frequency. The largest part of the ki-
netic energy of the flow is contained at low frequency range, which justifies the
low end of the plot being defined energy-containing range. It is to be noted
that for internal flows the size of the large eddies in this range depends strongly
on the geometry under consideration. Farther to the right in the figure, a zone
called inertial sub-range is depicted. According to Kolmogorov’s theory, such
is the range in which the transfer of kinetic energy from larger to smaller eddies
does not depend on either the geometry or viscosity of the fluid. A constant
slope is assumed, with a value of -5/3.

7



8 CHAPTER 2. CHARACTERISTICS OF THE FLOW

Figure 2.1: Energy cascade: turbulent kinetic energy E shown against fre-
quency f [10]

The cascade process keeps on developing into smaller scales while viscous effects
start showing their dominance, dissipating energy into heat. This phenomenon
extends until the smallest possible scales, or the Kolmogorov scales, are met.
Assuming again independence on geometry and larger scales, the only affecting
factors are the kinematic viscosity ν and the viscous dissipation rate εt.
The Kolmogorov scales read:

length scale: η time scale: tη velocity scale: vη

With the assumptions stated above, the dimensional analysis yields [11]:

η = (ν3/εt)
1/4 tη = (ν/εt)

1/2 vη = (νεt)
1/4 (2.1)

The Reynolds number defined on these scales is:

Reη =
ηvη
ν

=
(ν3/εt)

1/4(νεt)
1/4

ν
= 1 (2.2)

Such result, showing that an equilibrium between inertial and viscous forces is
found, shows that viscous stresses set the limit to the smallest scales possible
in the energy cascade process.

It is worth mentioning again that viscous effects are closely related to the onset
and to the termination of turbulent motion. However, turbulence is essentially
an inviscid interaction between eddies throughout its development, as shown
by the inertial sub-range.

2.2 Equations for the flow case

2.2.1 Navier-Stokes equations

The flow field of the present study case can be described by the compressible
Navier - Stokes equations. In the present section the Navier - Stokes equations
describing the motion of viscous fluid substances are presented first. The fluid

A.G. Pietroniro Master’s thesis



CHAPTER 2. CHARACTERISTICS OF THE FLOW 9

considered is air. These are respectively composed of the mass, momentum,
and energy conservation equations, and can be written in tensor notation as:

∂ρ

∂t
+
∂(ρui)

∂xi
= 0 (2.3)

∂(ρui)

∂t
+
∂(ρuiuj)

∂xj
= − ∂p

∂xi
+
∂σij
∂xj

+ ρfi (2.4)

∂(ρe0)

∂t
+
∂(ρuie0)

∂xi
= −∂(pui)

∂xi
− ∂qi
∂xi

+
∂(ujσij)

∂xi
(2.5)

where xi = i-th Cartesian coordinate (i = 1, 2, 3), ui = fluid velocity component
in xi direction, t = time, ρ = density, p = static pressure, σij = stress tensor,
fi = i-th component of external body forces, qj = heat flux, e0 = e + 1

2uiuj
= total energy per unit volume (only internal energy and kinetic energy are
considered). In the LHS of equation 2.4 it is possible to observe how the non-
linear term, represents the origin of the generation of turbulence in the cascade
process described in the previous section. For the derivation of the equations
above the reader is invited to refer to the work by Hoffmann et al. [12]

2.2.2 Hypotheses used

• In the expression for the total energy e0 = e+ 1
2uiuj , only internal energy

and kinetic energy are considered.

• The fluid in question is assumed to be a Newtonian fluid. Therefore, its
viscous stress tensor components relate to the velocity gradients in the
flow:

σij = 2µSij −
2

3
µSkkδij (2.6)

where µ = molecular dynamic viscosity of the fluid, and δ = Kronecker
delta. The rate of strain tensor, Sij , is defined as:

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(2.7)

• The viscous effects in a fluid flow appear through resistance to defor-
mation due to shear stress (when contiguous fluid layers tend to slide
past each other at different velocity magnitudes). Viscosity can there-
fore be seen as the mechanical diffusivity of momentum, and it exerts a
force opposite to the flow direction. Because of the compressible nature
of the flow in question, temperature variations induced by compressibil-
ity effects are to be considered, and the dynamic viscosity is no longer
independent of the temperature. Such dependence is described here by
Sutherland’s viscosity formula with three coefficients:

µ

µ0
=

(
T

T0

)3

2
(
T0 + S

T + S

)
(2.8)

Master’s thesis A.G. Pietroniro



10 CHAPTER 2. CHARACTERISTICS OF THE FLOW

where µ0 is the dynamic viscosity (µ0 = 1.7362065× 10−5 kgm−1s−1 at
T0 = 273.15K for air) and S = 111K is the Sutherland constant. It is
assumed that molecular diffusion flux of heat satisfies Fourier’s law:

qj = −k ∂T
∂xj

(2.9)

where k is the thermal conductivity.

• The compressible Navier-Stokes equations’ system is a non-linear system
with more unknowns than equations. Closure of the equation set is pro-
vided inserting the ideal gas law, which links the momentum equations
and the energy equation:

p = ρRT = (γ − 1)ρe (2.10)

where R = 287.05 J kg−1K−1 is the gas constant, T is the temperature,
and γ=1.4 is the ratio of specific heats for a perfect gas; the fluid is
assumed to behave like a perfect gas, and to be thermally perfect. As a
consequence the specific internal energy e and the specific enthalpy h are
a function of the temperature only. Also, given that the gas in question
operates at moderate temperatures, the gas is assumed to be calorically
perfect and therefore the specific heats are constants.

e = cvT , h = cpT and R = cp − cv , γ = cp/cv (2.11)

Then, it is possible to write:

qj = − k

cp

∂h

∂xj
= − µ

Pr

∂h

∂xj
(2.12)

where Pr is the Prandtl number:

Pr =
cpµ

k
(2.13)

2.3 Reynolds Averaged Navier-Stokes equations
(RANS)

The RANS equations were introduced by Reynolds in 1883, and they are still
to this date the only way to allow an assessment of the fluid dynamic equations
depicting turbulence with a simple statistical approach. By describing the
evolution of mean and turbulent fields, and the interaction between them, the
RANS equations can be used to yield approximate time-averaged solutions to
the Navier-Stokes equations.

A.G. Pietroniro Master’s thesis



CHAPTER 2. CHARACTERISTICS OF THE FLOW 11

2.3.1 Averaging

Any variable in a turbulent field is a random function of position x and time
t; three types of averaging methods are presented. The first one is based on a
probabilistic approach, in which an experiment is repeated a large number of
times: the statistical mean F (x, t) of a variable f(x, t) is then defined as

F (x, t) = lim
N→∞

1

N

N∑
i=1

f (i)(x, t) (2.14)

where f (i) is the ith realization. This type of averaging is of difficult im-
plementation in actual experiments, therefore other models are used for more
stringent conditions.

When time does not affect the average, i.e. the turbulent field is steady, a
time average is possible:

FT (x) = lim
T→∞

1

T

∫ t0+T

t0

f(x, t′)dt′ (2.15)

where t0 is a reference time and T is the period of observation over one
realization, which should be greater than the largest turbulence time scale
found in the turbulent field.

The third case is encountered when the turbulent field is homogeneous and
the position x does not enter into F . In such case a spatial average is possible:

FV (t) = lim
V→∞

1

V

∫
V

f(x′, t)dx′ (2.16)

Also here, the volume V needs to be larger than the turbulent spatial scales
involved in the variable f considered [13].
Any physical variable f can be split into its averaged part F and its fluctuating
part f ′, in the Reynolds decomposition:

f(x, t) = F (x) + f ′(x, t) (2.17)

As a convention the bar represents the mean operator, while capital letters
represent mean physical quantities. Intuitively the mean parts are what is rea-
sonably calculable, while the fluctuating part is the random one that needs to
be modelled.

Now, for RANS, the second type of averaging method is used, i.e. the time-
averaging, also called Reynolds-averaging. Some of its properties are shown
using two random variables f = f(x, t) and g = g(x, t):

F = lim
T→∞

1

T

∫ T

0

F (x)dt = F (x) lim
T→∞

1

T

∫ T

0

dt = F (2.18)

f ′ = f − F = F − F = F − F = 0 (2.19)

g′ = 0 (2.20)

Master’s thesis A.G. Pietroniro



12 CHAPTER 2. CHARACTERISTICS OF THE FLOW

F G = lim
T→∞

1

T

∫ T

0

F Gdt = F G lim
T→∞

1

T

∫ T

0

dt = F G (2.21)

F g′ = lim
T→∞

1

T

∫ T

0

F g′dt = F lim
T→∞

1

T

∫ T

0

g′dt = F g′ = 0 (2.22)

∂

∂x
f(x, t) =

1

N

N∑
j=1

f ji+1 − f
j
i

∆x
=

1

∆x

(
F i+1 − F i

)
=

∂

∂x
f(x, t) (2.23)

In Equation 2.23 it is shown how such averaging is permutable with respect
to spatial differentiation; an important property is that the permutability ap-
plies to time averaging as well.

Also, another practical rule applies to the product of two variables f and
g:

fg = F G+ f ′g′ (2.24)

When compressibility effects are to be taken into account, like when turbu-
lent fluctuations cause density variations, another type of averaging is required.
Such averaging is called Favre-averaging and it is a density-weighed time aver-
aging; in this procedure the turbulent fluctuations are separated, and the the
mean flow is density-weighed:

F̃ =
ρf

ρ
(2.25)

Also, the Favre decomposition consists of

f = F̃ + f ′′ (2.26)

Some properties of the Favre-averaging are:

f ′ = 0

f ′′ = −ρ
′f ′

ρ
6= 0 (2.27)

ρfg = ρF̃ G̃+ ρf ′′g′′ (2.28)

It is to be noted that the Favre-averaging includes the concept of Reynolds-
averaging (depicted by the overbar).
Because of non linear terms, the averaging of the Navier-Stokes equations leads
to an increased number of variables, whose number exceeds that of the available
equations. Such inconvenience is referred to as the turbulence closure problem,
and it is discussed further in the next sections.

A.G. Pietroniro Master’s thesis



CHAPTER 2. CHARACTERISTICS OF THE FLOW 13

2.3.2 Compressible RANS (Favre-averaged Navier-Stokes)

In order to derive the Favre-averaged Navier-Stokes equations, it is necessary
to apply the Reynolds decomposition to ρ and p, and the Favre decomposition
to ui (or rather, to all considered variables except ρ and p):

ρ = ρ+ ρ′ , p = P + p′ (2.29)

ui = Ũi + ui
′′ (2.30)

Inserting them into the governing equations and taking the time average
yields:

∂ρ

∂t
+

∂

∂xi
(ρŨi) = 0 (2.31)

∂

∂t
(ρŨi) +

∂

∂xj
(ρŨiŨj) = − ∂P

∂xi
+
∂σij
∂xj

− ∂

∂xj
(ρu′′i u

′′
j ) (2.32)

The compressible form of the conservation equations raises interest because it
has the same structure as the incompressible ones, as can be seen in Bailly and
Comte-Bellot. [13]. The Reynolds and Favre averaging are equivalent when the
flow is incompressible, and differences can be appreciated only when significant
density fluctuations take place.

It is to be observed that a new variable appears: ρu′′i u
′′
j .

Such variable is called Reynolds stress tensor, and it is generated from the con-
vective non-linear terms in equation (2.4). This term is larger than the mean
viscous stress tensor, except for areas close to wall in wall-bounded flows where
viscosity effects become preponderant. This is also clarified by the fact that
the no-slip boundary condition sets u′′i u

′′
j → 0 on the walls.

The Reynolds stress tensor’s appearance introduces six new unknowns into the
averaged equations, which need to be related to the mean motion before the
equations can be solved. However, the absence of additional equations that
would increase the total number of equations to that of the variables’ deter-
mines what is referred to as the turbulence closure problem.

The energy equation is here omitted, but can be found in the works by Gatski
et al. [14], and Wilcox [15].
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Chapter 3

Modelling of the flow

Given the chaotic nature of turbulence and the wide range of scales to be taken
into account, a complete simulation of a turbulent flow field would be very
expensive in terms of computations. In order to maintain reasonable costs and
good predictions, turbulence models were therefore developed. In this chapter,
a brief introduction about turbulence modelling is presented.

3.1 Turbulence modelling for compressible RANS

Small-scale eddies are too small to be directly simulated with reasonable com-

putational effort, as they scale to the viscous length
ν

uτ
. In such definition ν is

the kinematic viscosity of air, and uτ is the friction velocity (defined in Section
4.4.2). In order to understand better the reasons for such statement, a simple
qualitative example is proposed:

Example: Aircraft in flight
On the wing of an aircraft wing in flight, stream-wise vortices form at a scale
in which convective and viscous effects are equally important. A good way of
picturing them is by imagining stream-wise helicoidal structures. Such vortices
scale to the viscous length:

l =
ν

uτ
(3.1)

The diameter of the vortices is in the order of 30l, their length 200 ∼ 300l,
and their lateral spacing 150l. The ratio between the friction velocity and the
mean flow velocity is defined as:

uτ
u∞

=

√
cf
2

(3.2)

where cf is the skin friction coefficient (defined later in Section 4.4.2). Such
coefficient does not strongly depend on the local Reynolds number Rex, so the
term on the right hand side of Equation 3.2 takes values of 4%∼6% for Rex
between 102 and 105. Therefore assuming

√
cf/2 = 0.04 and u∞, the viscous

length is l ∼ 10µm [16].
Considering the density of the vortices that form, and that the Kolmogorov
scale is smaller than the scale of the stream-wise vortices, it is evident that

15



16 CHAPTER 3. MODELLING OF THE FLOW

difficulties arise when solving turbulent fluid flows.

Among the RANS-based turbulent models, there is one category defined as
linear eddy viscosity models (among which only the two-equation models are
introduced in this thesis). Such models are the ones in which Reynolds stresses
are modelled by a linear constitutive relationship with the mean flow-straining
field. The Boussinesq assumption, shown in the next subsection, is the most
widely used among these relationships.

3.1.1 Two-equation turbulence models

Among the linear eddy viscosity models, two-equation turbulence models are
one of the most common types of turbulence models. In fact, they have become
industry-standard models and are commonly used for most types engineer-
ing problems. By definition, two-equation models include two extra transport
equations to represent the turbulent properties of the flow. This allows a two-
equation model to account for effects like convection and diffusion of turbulent
energy, or history effects.
Typically one of the transported variables is the turbulent kinetic energy k,
while the second transported variable differs depending on the specific two-
equation model used; common choices are the turbulent dissipation ε or the
specific turbulent dissipation rate, or turbulent frequency, ωt (∼ ε/kt) . ωt
can be interpreted as the frequency of the large-scale eddies. These second
transported variables can be thought of as the variables that determine the
length-scale and the time-scale of turbulence, respectively.

The basis for all two-equation models is the Boussinesq eddy viscosity assump-
tion, which is the most famous and widely used closure for the Reynolds stress
tensor. Such assumption involves expressing the Reynolds stress tensor by
analogy with the viscous stress σ, and it is based on the concept of a turbulent
viscosity.
It postulates that the Reynolds stress tensor ρu′′i u

′′
j is proportional to the mean

strain rate tensor S̃ij , and can be written in the following way:

−ρu′′iu′′j = 2µtS̃ij −
2

3
ρktδij (3.3)

where

S̃ij = 2

(
∂Ũi
∂xj

+
∂Ũj
∂xi

)
− 1

3

∂Ũk
∂xk

δij (3.4)

µt = ρνt, is a scalar quantity called eddy viscosity, or dynamic turbulent
viscosity. Such quantity is normally computed from the two transported vari-
ables. In fact, µt = µt(x, t) is a function of the flow, as opposed to the molecular
viscosity which is a physical property intrinsic of the fluid.
The last term in Equation 3.3, the isotropic term, is included so that the defini-
tion of turbulent kinetic energy is obeyed also when modelling incompressible
flow. Such consistency can be seen applying contraction of the indices in equa-
tions (3.3) and (3.4), which yields again equation (3.6)
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3.1.2 SST kt − ωt model

In the k − ω models the turbulent viscosity is built with the knowledge of two
turbulent scales, namely the turbulent kinetic energy kt, or mean kinetic energy
related to the fluctuating field, and the specific dissipation rate, or turbulent
frequency, ωt. In most kt − ωt models, ωt is defined as:

ωt ≡
εt

Cµkt
(3.5)

and the turbulent kinetic energy (TKE) is defined as:

kt ≡
ui′ui′

2
=
u1′

2 + u2′
2 + u3′

2

2
(3.6)

In order to yield the kt transport equation, the Reynolds equation is sub-
tracted to the momentum equation of ui, and an equation of the velocity fluc-
tuations u′i is obtained. Subsequently, such equation is multiplied by u′i and
then averaged. Considering the eddy viscosity modelling, the standard k − ω
model finally reads:

Dkt
Dt

= P − Cµktωt +
∂

∂xj

[(
ν +

νt
σkt

)
∂kt
∂xj

]
(3.7)

Dωt
Dt

= 2αIS − βω2
t +

∂

∂xj

[(
ν +

νt
σwt

)
∂ωt
∂xj

]
(3.8)

where

P = 2νtIS , IS = SijSji = SijSij (referring to equation 2.7) (3.9)

and

νt =
kt
ωt

(3.10)

and the set of standard values for the model coefficients are:

Cµ = 0.09, α = 5/9 ≈ 0.56, β = 3/40 ≈ 0.075, σkt = 2.0, σωt
= 2.0

A variable transformation from εt to ωt shows the difference between the
k − ε and the k − ω models.
In fact, the equation

Dωt
Dt

=
D

Dt

(
εt

Cµkt

)
=

1

Cµkt

Dεt
Dt
− εt
Cµk2t

Dkt
Dt

= ... (3.11)

must result in equation 3.8. As it is derived on the work by Bailly and
Comte-Bellot [13], other coefficients that relate to the k−ε model are extracted
by such transformation: Cε1 = 1 + α = 1.56 and Cε2 = 1 + β/Cµ = 1.83
This transformation from εt to ωt yields additional terms to equation 3.8, which
are not shown here.
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18 CHAPTER 3. MODELLING OF THE FLOW

Some notable features of the k − ω model are:

1. the turbulence Schmidt number, σkt is twice as large as that in the k− ε
model. This is believed to most likely be the main reason why the k − ω
model is capable of better prediction of flow in which pressure gradients
are present, as compared to the k − ε model [11]. Such characteristic is
desirable for capturing separated flow.

2. the k − ω model can be integrated to the wall with a grid spacing of
typically y+ ≈ 1 close to the wall. Such fact is justified by the absence of
singularities of the 1/kt type in the transport equations; ωt will however
tend to infinity where the turbulent kinetic energy tends to zero, e.g. on
the walls, being it ωt ∼ ε/kt. Such problem is overcome setting a high
value of ωt at the walls.

3. the main problem of the k − ω model is the treatment of turbulent in-
terfaces e.g. the boundary layer edge, which results in an unphysical
sensitivity to the free-stream values of kt and ωt.
In order to reduce such flaw Menter [17] proposed a cross-diffusion term
to be added to the ω equation 3.8:

2σω2
1

ω

∂kt
∂xi

∂ωt
∂xi

(3.12)

Such term is among those which derive from the variable transformation.

4. a limit is put to the production term, being it subject to overprediction
in case of high shear flow [11].

The two modifications that Menter made, Points 3 and 4, led to what is re-
ferred to as the shear stress transport (SST) k − ω two-equation model. From
what was shown, it is evident that the SST formulation combines the best
characteristics of the the k − ε and the k − ω models. In fact, the use of a
k−ω formulation in the innermost parts of the boundary layer allows the SST
model to be applied all the way through the viscous sub-layer, and therefore
such modified formulation can be used without any damping function as a low-
Reynolds turbulence model. Also, the SST formulation switches to a k− ε-like
behaviour in the free stream, overcoming the non-physical sensitivity to the
inlet free-stream turbulence properties of the k − ω model. Also, from what
expressed in Point 1, the SST k−ω model is capable of dealing with flow with
pressure variations, like the adverse pressure gradients existing in the study
case of the present thesis. For such advantages, the SST k − ω model is the
one adopted in the present thesis work.

For extensions to the description of compressible flows, the reader is invited to
refer to works such as the ones by Rumsey [18] and Wilcox [19].

3.1.3 Turbulent viscosity ratio

The turbulent viscosity ratio, or eddy viscosity ratio, is defined as the ratio
between the turbulent viscosity and the molecular dynamic viscosity:

µt
µ

=
1

µ

k

ωt
ρ (3.13)
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One way to calculate such ratio knowing turbulence intensity, mean veloc-
ity, and the characteristic length is shown in the following. The definition of
turbulence intensity:

I =
u′

U
(3.14)

where u′ is the rms value of the turbulent velocity fluctuations, and U is
the Reynolds-averaged mean velocity. It is quite commonly assumed that the
fluctuations are the same in all directions (isotropic turbulence), except for
areas close to walls. So in the free stream, the turbulent kinetic energy 3.6
reads:

kt =
3

2
u′2 (3.15)

For a fully developed pipe flow, where the characteristic length is called L,
the turbulence length scale is defined as:

l = 0.07L = Cmu
3/4 k

3/2
t

εt
(3.16)

So that

εt =
C

3/4
µ k

3/2
t

l
(3.17)

and the specific dissipation rate, ωt is:

ωt =
k
1/2
t

C
1/4
µ l

(3.18)
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Chapter 4

Case description and setup

In this chapter the specific study case is shown, as well as details about the
solver that was utilized, STAR-CCM+. In the next chapter the results gathered
in the simulations are compared to experimental PIV data and other numeri-
cal results gained in previous study on ANSYS in the work by Mihaescu et al.
[20]. In the process of structured meshing conducted on ICEM in the ANSYS
platform, the original turbofan engine’s geometry was modified smoothening
all sharp edges on which prism layers could not be created. Reproducing such
new profile optimized for surface mesh generation was among the CAD oper-
ations that were performed in the present study prior to running simulations,
as described below.

4.1 CAD operations on original geometry

The original geometry file was imported as an .igs file into the framework of
Siemens NX 10, on which all CAD work presented in this thesis was performed.

Modifications were required to reach a set of connected proper solid bodies
without geometric incongruences; in fact overlapping surfaces, open surfaces,
and general mismatches needed to be taken care of in order to avoid issues
related to mesh generation. As a measure of safety, the original geometry
file was first split into all the single bodies it is composed of. Afterwards,
modifications specific to each body were performed in order to allow smooth
Boolean operations at re-composition.

Also, as mentioned above, modifications were made in an attempt to match
the actual geometry corresponding to the meshed surface on ICEM. In Figure
4.1 it is possible to notice how the original geometry was smoothened at the
pylon’s sharp edge (light blue) and at the central body’s pointed tip. The
generation of the new local profiles was conducted in an attempt to reproduce
the surface mesh profile generated in the ANSYS study as precisely as possible,
as such profile could not be directly exported.

4.1.1 Flaws in the original CAD

Kink at the throat

One of the most time-consuming geometry-related issues encountered in the
development of the present thesis project was a small kink at the interface
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22 CHAPTER 4. CASE DESCRIPTION AND SETUP

Figure 4.1: Smoothing of sharp edges: the original geometry is shown on the
left, and the smoothened one is displayed on the right. The shapes obtained
match closely the shape of the meshed surface in the ICEM mesh used in the
ANSYS study by Mihaescu et al. [20] the present study is compared to.

between the pylon and the core nozzle. As shown in Figure 4.2, such kink was
found at the height of the throat. In the same figure the original geometry
is compared with the new configuration in which the pylon was locally sunk,
providing a continuous surface.

The reason for eliminating the kink is found in meshing issues; as shown
in Fig 4.3 the prism layers could not be created properly in the area around
the kink. What is shown in the picture is the attempt which resulted to be
the best among several; however, it was not possible to obtain either an overall
continuous prism layer or a continuous-thickness prism layer between C and A,
and between B and D. In the attempt shown, the wall between A and B was not
provided with any prism layer considering the area would show recirculation.
As a downside, such shape of the prism layers contributes to the generation of
very low-quality cells around the edges of the kink, as shown in Figure 4.4. It
is thought that such very low quality cells could have contributed to the poor
stability of the first cases analysed in the present project. As a support to the
decision of removing the kink, it was also determined that such kink was not
considered in the reference ANSYS study.
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Figure 4.2: Flaws in the original CAD: kink at the throat. In a section view
at the symmetry plane of the nozzle-pylon geometry the original shape of the
kink at the throat is shown, as well as a new kinkless shape. Such shape was
obtained by locally sinking the pylon body.

All calculations shown in the present thesis were run on the modified kink-
less geometry shown at the bottom in Figure 4.2.
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Figure 4.3: Attempt of creating a prism layer around the kink. Even if what is
shown was the best result obtained, it could not avoid generating low-quality
cells.

Figure 4.4: The low-quality cells generated by the adapted prism layer are
evidenced along the nozzle. Such cells are believed to have caused solver insta-
bilities in the first instances of the present study case.

Kink inside fan duct

Due to the poor initial quality of the original geometry, some surfaces resulted
discontinuous while they were supposed to be smooth. One example of that is
the small kink in the fan duct, relatively close to the nozzle, shown in Figure
4.5. The ratio between the fan duct height and the kink’s height was around
two-thousand; even such small step could still affect negatively the generation
of the inflation layer.

Such small kink was removed by applying an edge blending with a radius
of curvature four-thousand times greater than the kink’s height.
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Figure 4.5: Flaws in the original CAD: small kink in the fan duct, relatively
close to the fan nozzle.

Quasi 2-D redundancies

Probably due to the presence of overlapping surfaces in the original geometry,
the CAD of the domain generated for the present thesis presented a number
of very thin protuberances (Figure 4.6). Even though it was not calculated
for those parts, the ratio between surface and volume for them was orders of
magnitude above 1 × 100mm−1 (for a 1mm edge cube, such ratio would be
equal to 6 × 100mm−1). Such feature was thought to be worth the name of
“quasi 2-D”. The unit of reference is taken to be millimetres, keeping as a
reference the radial height of the core duct which measures ≈ 25mm.

Figure 4.6: Flaws in the original CAD: due to overlapping surfaces, thin (quasi
2-D) protuberances were disseminated in the computational domain.

If left as they were, the protuberances proved to be detrimental for the
scope of mesh generation. In fact the surface mesh was distorted around them,
generating extra volumes in the domain and deforming the geometrical features
of the CAD.
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Such thin parts were manually removed with custom extrusion operations
for each part, in order to ensure smooth walls.
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4.2 Computational domain

The coaxial nature of the flow analysed in the present thesis is clearly shown in
this section. Such flow is recreated in a domain generated using the 3D CAD
model of a specific turbofan engine with its pylon mounted. Such configuration
is shown at the top of Figure 4.7.

Figure 4.7: Top: 3D CAD model of the turbofan engine investigated.
Bottom: Detail of Boolean subtraction performed to create the computational
domain.

It is possible to observe that there are two concentric cavities within the
engine body, which are the channels for the core flow exiting the combustion
chamber and for the fan flow respectively. The by-pass ratio of the configuration
shown is equal to 5.

Moving radially from the longitudinal axis it is possible to list a pointed
central body (CB), a body concentric to CB separating the core duct from the
larger fan duct, and a external body representing the nacelle. Above them,
interrupting axial symmetry, the pylon is mounted (show in light blue). To the
diametrically opposite side of the pylon, the bifurcation interrupts the axial
symmetry of the nozzles as well.

A truncated cone was made by revolving a trapezoidal surface about CB’s
longitudinal axis, and by means of Boolean operations the turbofan body was
subtracted from it (Figure 4.7 bottom). Afterwards, in order to reduce the
computational cost and thanks to the symmetric shape of the domain, half of
the resulting body was cut away, leaving half of the initial geometry, as shown
in Figure 4.8.

The size used as a reference in the present document is the equivalent di-
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Figure 4.8: Whole computational domain.

ameter, Deq. It is calculated as the diameter of the circumference which has
equivalent surface to the total exit area of the nozzle-pylon assembly. The
length of the domain in the stream-wise direction (x̂) is about 30 Deq, and
at the exit plane the domain has a diameter of about 16 Deq. The way the
equivalent diameter is determined from the CAD model can be found in the
next chapter.

4.3 Boundary conditions

Referring to Figure 4.9, the boundary conditions chosen within the set up of
STAR-CCM+ are:

Figure 4.9: Boundary conditions; refer to the list below.

• No-slip wall for the engine’s body;

• Stagnation inlet for the core and fan inlets (red and green respectively),
for the free stream inlet (blue) and for the far field conical surface. Being
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it a well-posed condition for compressible flows, the choice of such type
of inlet for the last two surfaces is dictated by the necessity of allowing
entrainment there. Stagnation conditions are specified for temperature
and pressure at these boundaries, as well as the flow direction. Also,
as a safety factor, the static pressure is set. When a flow regime is
subsonic and so the problem is elliptic the static pressure is calculated
from the downstream flow and therefore it does not need to be specified;
however, if during the iteration of the simulation the inlet flow reaches
supersonic speed, the flow regime becomes hyperbolic. In such condition
all information is supposed to be convected from upstream including the
static pressure which, if improperly specified, might lead to divergence
of the solution. The isentropic relation for the ratio of total to static
pressure for an ideal gas can be used to estimate the static pressure of a
mildly supersonic flow test case:

Pt
P

=

[
1 +

(γ − 1)

2
M2

] γ

(γ − 1)

where P and Pt are the absolute static pressure and absolute total pres-
sure respectively, and M is the Mach number. The velocity magnitude
at the boundaries is obtained as:

|vf | =
√

2Cp(Tti − Ti)

where Cp is the specific heat, Tti is the total pressure, and Ti is the
boundary face i. The boundary face total temperature Tti is specified,and
the static temperature is obtained as:

Ti =
Tti

(Ptf/Pf )R/CP

• Pressure outlet for the exit surface of the domain, opposite to the
free stream inelt. The pressure specification is set to Static in order
to maintain atmospheric conditions. Such option is viable for subsonic
outflow;

• Symmetry plane for the plane of symmetry of the domain (shown in
ochre, x − y plane). Such boundary condition ensures that the solution
about the plane of symmetry is symmetrically identical on both sides of
the boundary. The boundary face pressure is extrapolated from the ad-
jacent cell using reconstruction gradients.
The shear stress at a symmetry boundary is zero, and the face value of
velocity is computed by extrapolating the parallel component of the ve-
locity in the adjacent cell using reconstruction gradients.
The heat flux at a symmetry face is zero, and the face value of tempera-
ture is extrapolated from the adjacent cell using reconstruction gradients.

4.4 Solver

In the software environment of STAR-CCM+ the approach utilized for the
solution of Newtonian fluid flow, multiphase flow, and heat transfer is the
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finite volume method, FVM. In the present section an introduction of the FVM
is followed by explanations about how such method is dealt with in the software.
The coupling between pressure and velocity is achieved through the coupled
flow model, which proves to behave better than a segregated flow model for
steady state simulations. Such model solves the equations for mass, momentum,
and energy simultaneously using a pseudo-time-marching approach.

4.4.1 Finite volume method (FVM)

In order to obtain approximate solutions to the 3D Navier-Stokes equations it is
necessary to utilize numerical methods on a discretized computational domain.
In fact, analytical solutions for any flow case with its set of boundary and
initial conditions do not exist. One way to deal with such system of non-linear
PDE’s is by means of the finite volume method (FVM). With such approach,
volume integrals containing divergence terms in a partial differential equation
are converted into surface integrals by means of the divergence theorem. Then
such terms are treated like fluxes through the walls of each finite volume.

In Figure 4.10 it is observed how “finite volume” refers to the small volume
surrounding each node of each cell in a mesh. A generic polyhedral cell is shown
on the left, while two adjacent polyhedral cells are visible on the right.

Figure 4.10: Finite Volume Method (FVM): left : generic polyhedral cell. right :
two contiguous polyhedral cells in the mesh. Source: OpenFOAM programmer’s
guide.

In the figure, Sf represents the face area vector, P and N represent the cell
centres, between which the displacement vector is defined as d.

The FVM is a conservative method; in fact the flux entering a given fi-
nite volume, or cell, is identical to that leaving an adjacent cell. Discrete
versions of the integral form of the continuum transport equations are applied
to each finite volume, and the objective is to obtain a set of linear algebraic
equations and solve them by means of an algebraic multigrid solver. In case
of non-linear equations, iterative techniques that rely on suitable linearisation
strategies must be employed [21]. In this section the transport of a simple
scalar quantity is used for illustrative purposes: the governing equation and
the discretisation approach for its individual terms are shown in the following.
What follows in the present subsection refers to the STAR-CCM+ User Manual.
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Nomenclature used in the following subsections

Df face diffusion term
ṁf face mass flow rate
V cell volume
α gradient limiting factor
Γ diffusion coefficient
φ scalar quantity
ρ density
χ void fraction
f face quantity

∇φ =
∂φ

∂x
i+

∂φ

∂y
j +

∂φ

∂z
gradient of scalar quantity

a face area vector
ds vector between centroids
v velocity
s vector between cell face and cell centroids
~α face metric quantity

General transport equation

The integral equation

d

dt

∫
V

ρχφdV +

∫
A

ρφ(v − vg) · da =

∫
A

Γ∇φ · da+

∫
V

SφdV (4.1)

represents the transport of a scalar quantity φ in a continuum. The terms
shown, from left to right, are the transient term, the convective flux, the dif-
fusive flux, and the volumetric source term. Applying the above equation to a
cell-centred control volume for cell-0, the following equation is obtained

d

dt
(ρχφV )0 +

∑
f

[ρφ(v · a)]f =
∑
f

(Γ∇φ · a)f + (SφV )0 (4.2)

The following sections describe the approximations that are employed when
writing each term of the discrete equation as function of the cell variables.

Transient term

Since the present thesis only deals with steady-state simulations, the description
of the transient term is here omitted.

Source term

The source term has been approximated, as shown in Equation 4.2, by the
product of the value of the integrand, Sφ, evaluated at the cell centroid, and
the cell volume, V: ∫

V

SφdV = (SφV )0 (4.3)

This equation is the simplest formulation consistent with a second-order
discretisation.
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Convection term

The convective term at a face is discretised as follows:

[φρ(v · a)]f = (ṁφ)f = ṁfφf (4.4)

where φf and ṁf are the scalar values and mass flow rates at the face. The
manner in which the face value φf is computed from cell values has a profound
effect on the stability and accuracy of the numerical scheme. Several schemes
are available in STAR-CCM+: the second-order upwind scheme is presented.
For a second-order upwind scheme, the convective flux is computed as:

(ṁφ)f =

{
ṁfφf,0 for ṁf ≥ 0

ṁfφf,1 for ṁf < 0
(4.5)

where the face values φf,0 and φf,1, are linearly interpolated from the cell
values on either side of the face as follows:

φf,0 = φ0 + s0 · (∆φ)r,0 (4.6)

φf,1 = φ1 + s1 · (∆φ)r,1 (4.7)

where:

s0 = xf − x0 (4.8)

s1 = xf − x1 (4.9)

and (∆φ)r,0 and (∆φ)r,1 are the limited reconstruction gradients in cell 0
and 1, respectively.

Diffusion term

Let Df be the discrete form of the diffusion term:

Df =
∑
f

(Γ∇φ · a)f (4.10)

where Γ, ∇φ, and a represent the face diffusivity, gradient, and area vector,
respectively.

• Interior face

To obtain an accurate second-order expression for an interior face gradient
that implicitly involves the cell values φ0 φ1, the following decomposition
is used. Figure 4.11 shows an interior face and the vectors and projections
considered for internal faces.

∇φf = (φ1 − φ0) ~α+∇φ−
(
∇φ · ds

)
~α (4.11)

where

~α =
a

a · ds
(4.12)
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Figure 4.11: Surface-related vectors, face, and cell centroids considered for dif-
fusion in the inner part of the computational domain (refer to the Nomenclature
table).

ds = x1 − x0 (4.13)

∇φ =
(∇φ0 +∇φ1)

2
(4.14)

The diffusion flux at an interior face can be written:

Df = Γf∇φf · a = Γf
[
(φ1 − φ0)α · a+∇φ · a− (∇φ · ds)~α · a

]
(4.15)

where Γf is a suitable average value (normally a harmonic average) of
the cell values.

• Interior secondary gradients and skewness angle

The second and third terms in Equation 4.15 represent the secondary gra-
dient (or cross-diffusion) contribution. They are essential for maintaining
accuracy of non-orthogonal meshes. The formulation that is presented
above assumes that the centroids of cells 0 and 1 lie on opposing sides
of the face. It is further assumed that their location is consistent with
the convention that the face area vector points out of cell 0. To prevent
non-physical solutions, take care to use meshes for which the angle be-
tween a and ds is not greater than 90 degrees. To ensure that a valid
mesh is being used, a diagnostic tool that is provided in STAR-CCM+
allows this angle (termed skewness angle) to be computed in degrees and
stored in adjacent cells. The value that is stored in each cell represents
the largest skewness angle for each face of the cell.

• Boundary face

A similar decomposition is used at a boundary face:

Df = Γf∇φf · a = Γf [(φf − φ0)α · a+∇φ0 · a− (∇φ0 · ds)α · a] (4.16)
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where:

α =
a

a · ds
(4.17)

ds = xf − x0 (4.18)

Figure 4.12 shows an interior face and the vectors and projections con-
sidered for boundary faces.

Figure 4.12: Surface-related vectors, face, and cell centroid considered for diffu-
sion at the boundaries of the computational domain (refer to the Nomenclature
table).

• Boundary secondary gradients and skewness angle

Similar to interior faces, the second and third terms in Equation 4.16 rep-
resent the boundary secondary gradient (or cross-diffusion) contribution.
Again, the angle between a ds for boundary faces has to be greater than
0 and not greater than 90 degrees, to prevent non-physical solutions. The
angle (termed boundary skewness angle) can be optionally computed and
stored on the adjacent boundaries.

4.4.2 Inflation layer

Even when using an unstructured mesh it is a good practice to generate inflation
layers on the surface of the walls involved in the problem. The reason for that
is that the non-slip boundary condition imposed makes the velocity of the flow
field go to zero non-linearly towards the walls. Such change in velocity in the
wall-normal direction is characterised by a large gradient, so it needs to be
captured correctly.

The first cell height, ∆y1, is calculated depending on the desired y+ value.
The choice of such parameter influences the global mesh resolution parame-
ters; for example, y+ is a critical parameter for inflation meshing requirements
(“prism layer meshing” in STAR-CCM+) since it allows to determine whether
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the wall-cell lies within the laminar sub-layer, the buffer region, or the log-
arithmic region. Based on this, the most adequate turbulence model can be
selected.

The turbulence model chosen is the SST-k − ω model, for the advantages
introduced earlier. Such model would preferably require y+ ≈ 1; as shown in
the next subsection, the wall treatment proposed in STAR-CCM+ makes the
parameter’s choice more elastic.

Calculation of first cell height

It is important to estimate the first cell height ∆y1 in the pre-processing stage
of a CFD analysis, so that the value of y+ falls within the desired range.
Although, the computed flow field will determine the actual y+ which will vary
along the wall surfaces. Starting from the definition of Reynolds number:

Re =
ρUL

µ
(4.19)

where ρ is the density of air, U is the free-stream velocity, L the charac-
teristic length of the study case, µ the molecular dynamic viscosity of air, the
definition of y+ is:

y+ =
ρuτ∆y1

µ
(4.20)

The friction velocity uτ is defined as:

uτ =

√
τw
ρ

(4.21)

in which τw is the local shear stress at the wall; such parameter is calculated
as:

τw =
ρU2cf

2
(4.22)

The skin friction coefficient for internal flows is defined as:

cf = 0.079Re−0.25 (4.23)

Having extrapolated U from the solver, and fixing the desired value of y+,
it is so possible to calculate ∆y1.

Calculation of inflation layer height

As a setting in the framework of STAR-CCM+, it is required to fix the number
of inflation layers wanted n, the stretching factor between contiguous cells ξ
(normal to the surface), and the inflation layer height ∆yn. After determining
the first cell height, the inflation layer height can therefore be calculated as:

∆yn = ∆y1(ξ)n−1 (4.24)

The choice of ξ and ∆yn needs to be tailored to yield a smooth transition
in cell size between the last inflation layer cell and the first free-stream cell.

Master’s thesis A.G. Pietroniro



36 CHAPTER 4. CASE DESCRIPTION AND SETUP

4.4.3 Wall treatment

In the software environment of STAR-CCM+, a set of near-wall modelling
assumptions for each turbulence model is defined as wall treatment. The wall
treatment utilised for the present thesis is the so called all-y+ wall treatment,
because of its versatility. Such hybrid technique adopts a wall-function type
of approach for coarser meshes, assuming that the near-wall cell lies within
the logarithmic region of the boundary layer; when the mesh is fine the all-y+

treatment assumes that viscous sub-layer is resolved. Also, it is designed to
yield reasonable flow characteristics for meshes in which the first cell is placed
within the buffer region of the boundary layer.

4.5 Polyhedral mesh

An unstructured polyhedral mesh was first created on STAR-CCM+. The
main advantage of an unstructured mesh over a traditional structured one
(like the one used in the reference Ansys study [20]) is represented by the mesh
generation time, especially on complex geometries. Given the highly automated
procedure, the meshing work required by the user consists of specifying the
right mesh parameters and local volume refinements, therefore avoiding the
generation of multiple blocks. Another advantage of the polygonal approach
is the smooth transition in size that can be ensured between contiguous cells
(which is not possible with the trimmed mesher approach, shown in the next
section). The average number of faces per polyhedral cell is fourteen. The
unstructured polygonal mesh used in the present study is shown in Figure
4.13, while a detail is shown in Figure 4.15.

It is noticeable that a volumetric refinement was performed on the mesh,
in the shapes of a cylinder in the innermost area of the jet and of two cones
coaxial to it and surrounding it. Such refinement was thought to be favourable
for capturing the fluid dynamic outcome of the interaction between the shear
layers in the wake; that is, the one between the two coaxial flows and the other
between the fan stream (by-pass stream) and ambient air. It is to be noted
that those shear layers are among the four noise-generating regions of a coaxial
jet [22], as shown in Figure 4.14 [23].

In Figure 4.15, it is shown that the choice of the inflation layer-parameters
was a trade-off between the meshing parameters and the total amount of cells
in the domain; still, an acceptable transition is size between cells inside the
inflation layer and outside it is obtained.

An optimized polyhedral mesh for a better capturing of the external shear
layer is introduced later in Section 5.3.

The main disadvantages of using an unstructured mesh are, as compared
to a structured one: the higher density of cells, the increased incidence of low
quality cells close to features with small radii of curvature, and the transfor-
mation of coordinates. In fact, every face flux needs to be decomposed into
components, whereas in a structured grid the cells are aligned to a system of
reference of choice, at least for the majority of the times. Such transformation
results in increased computational cost. Even in light of those disadvantages,
the shorter mesh-generation time raises interest in testing the actual capabili-
ties of unstructured meshes on free turbulent shear flows as the one described
in the present thesis.
Given the versatility provided by the all-y+ wall treatment, the number of
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Figure 4.13: Unstructured polyhedral mesh. Top: volumes of mesh refinement.
Bottom: the volumetric refinements in the wake area are visible in the shape
of a cylinder and two coaxial cones, on the symmetry plane.

inflation layers in the unstructured mesh was set to 3, resulting in y+ ≈ 40.
Such choice is justified by the attempt to maintain the number of cells in the
computational grid as close as possible, between the unstructured mesh and
the trimmed one. In fact, both of them consist of ≈ 20 mln cells.
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Figure 4.14: Noise producing regions of a coaxial jet [23].

Figure 4.15: Detail of unstructured polyhedral mesh. The transition between
the last inflation-layer cell and the first free stream cell is a good compromise
between meaningful stretching factor and a limited maximum number of cells
in the domain.
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4.6 Trimmed mesher

Another meshing technique available in the STAR-CCM+ package is called
trimmed mesher, which is the approach closest to structured meshes. Such
strategy ensures desirable meshing attributes, such as the predominant pres-
ence of hexahedral cells and the possibility of alignment with a user-specified
coordinate system. The trimmed mesher owes its name to the fact that some
cells next to the surface of a body are trimmed in order to match the geom-
etry (especially where a variation of radius of curvature occurs). Since it was
created later than the polyhedral one, the trimmed mesh presented in this sec-
tion already includes the refinements needed for both the shear layers, and for
adverse pressure gradients. The refinements areas added are shown in Figure
4.16: a conic refinement area is shown in the upper part of the picture, fol-
lowing the flow around the central body. At the centre of the figure there is
a tubular refinement volume to capture the shear layer between core and fan
jets, and the hollow conical refinement at the bottom is designed to capture
the fan/ambient shear layer. The resulting mesh is shown in Figure 4.17 and
a detail of it is provided in Figure 4.18, in which the refinement performed is
clearly visible.

The main advantages of the trimmed mesher are the shorter meshing time
and computational time (about 7.5 h for 5000 iterations against 11 h of the
polyhedral one, on a 22 mln cells grid); the main disadvantage is the blunt
transition in cell size between contiguous cells, as shown in Figure 4.18. Given
the lower density of cells, the inflation layer for the trimmed mesher is defined
so that y+ ≈ 1 at throat, still managing to keep the number of cells around 20
mln.
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Figure 4.16: Trimmed mesh: refinement areas to capture shear layers and
pressure gradients. Top: A conical volume refinement was applied around
the central body’s tip. Centre: Tubular refinement to capture the shear layer
between core flow and fan flow. Bottom: Hollow conical refinement tot capture
the fan/ambient shear layer.
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Figure 4.17: Trimmed mesh: view of the entire meshed domain on the symme-
try plane. The same refinements shown in Figure 4.13 were performed in the
wake’s area.
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Figure 4.18: Detail of trimmed mesh. Top: local refinements to capture shear
layers. Bottom: detail of the mainly hexahedral mesh.
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Chapter 5

Results

At the inlets of the coaxial streams the boundary conditions imposed to pres-
sure and temperature in the solver corresponded to upstream values measured
in the experimental facility of reference. The numerical results obtained are
compared with the experimental ones provided by courtesy of the University
of Cincinnati. For information about the experimental set-up for the measure-
ments, the reader is invited to refer to in the work by Callender et al. [24]

5.1 Equivalent diameter and probes

Numerical probes are placed at key points in the domain in order to compare
numerical results with experimental data. To avoid issues that could arise
in case of scaling it is convenient to define a parameter based on geometrical
features rather than absolute measures. As mentioned in the previous chapter,
the reference size for the study case is taken to be the equivalent diameter, Deq.
It is calculated as the diameter of the circle which has a surface equivalent
to that of the nozzle-pylon assembly. The procedure for calculating Deq is
depicted in Figure 5.1.

In the top left part of the figure, the turbofan engine’s side view is repre-
sented with two lines indicating the planes at which cross sections are taken.
In the right part of the figure, the two cross sections are shown, evidencing in
orange the fan outlet (top) and the core outlet (bottom). Naming the areas of
the two outlets AFO and ACO respectively,

Atot = AFO +ACO

and the equivalent diameter is calculated as:

Deq =

√
4Atot
π

In the present study case, probes are placed on the symmetry plane at
distances from the central body’s tip of 0, 1, 2, 4, 6, 8, 10, 14 Deq, spanning on
the y-axis in the interval (-1.5 Deq, 1.5 Deq). Such layout is shown in Figure
5.2.
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Figure 5.1: Determining Deq: fan and core outlet areas AFO and ACO are
shown on the right.

Figure 5.2: Numerical probe layout: probes spanning in the y-direction within
(-1.5 Deq, 1.5 Deq), placed at distances from CB’s tip of 0, 1, 2, 4, 6, 8, 10, 14
Deq. The probes are placed on the x-y symmetry plane.

5.2 Simulation results

The present study mimics the actual conditions at take-off, when after taxiing
an aircraft applies thrust at the beginning of the runway: the turbofan engine
expels a high-subsonic jet, while ambient air is still.

As mentioned, the results are compared with other numerical results gath-
ered by Mihaescu et al. [20]. In such study, the turbulence intensity specified
at the core and fan inlets is 5%. Also, as previously stated, the comparison is
conducted with respect to PIV measurements. In the turbulence specification
set chosen on STAR-CCM+ it is necessary to specify the turbulence intensity
and the turbulent viscous ratio. To calculate the turbulent viscosity ratio im-
posing the turbulence intensity value of 5%, the procedure shown in 3.1.3 was
used. The characteristic length L is taken to be the radial channel height of the
core flow duct, shown in red in Figure 4.9, and the mean velocity U was calcu-
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lated on STAR-CCM+. The results obtained are normalised with the highest
value of axial velocity value found at the height of the CB tip in the Ansys study.

The simulation results for the 5% case on the polyhedral mesh are shown
in Figures 5.3 and 5.4 for the axial velocity, and in Figures 5.5 and 5.6 for the
TKE levels. Such plots are subdivided according to the probe-lines they refer
to in the x − y plane, as explained in Figure 5.2. It is to be noted that the
intervals missing information seen at stream-wise positions of 0Deq and 1Deq
are due to the presence of the pylon.
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Figure 5.3: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.

From the axial velocity plots, it is visible how starting from the CB’s tip
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Figure 5.4: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.

(i.e. 0Deq) there is an underestimation in the areas in the wake past the core
nozzle, i.e. in the central area of the plots. Also, overestimation appears in the
areas downstream the fan nozzle. It is to be noted that such behaviours are
convected throughout the domain considered. Also, the presence of the pylon
induces an asymmetry in the plots, as will be detailed further in the following.
It is to be noticed that a horizontal gap appears between the discontinuities
in the lines displayed in the 1 Deq plot in Figure 5.3, at a position of about
0.85 Deq. One important remark regarding such gap is given in the Section
“Conclusions”.
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Figure 5.5: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.

High TKE regions indicate areas with increased turbulence production. The
asymmetry induced by the presence of the pylon can be seen in the upper half
of the domain; in fact, as compared to the lower half of the domain, the earlier
interaction between the two shear layers results in a fully developed jet by 4Deq
downstream to CB’s tip for y/Deq > 0.

For the TKE plots, a general underestimation is observed throughout the
domain. Moving from the centre of the plots towards the extremes, two or
three (only close to CB’s tip) bumps appear. Starting from the centre, those
represent the TKE generated by the CB, the one resulting from the shear layer
between core and fan flows, and the one from the fan/ambient shear layer,
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Figure 5.6: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.

respectively.
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5.2.1 Sensitivity study

As seen, the first case run on the unstructured polyhedral mesh with a turbu-
lence intensity (or “ti”) of 5% did not show good agreement with either the
experimental data or the previous Ansys study. In particular it was noticed
that the value of TKE was overall too low, and it was though that such trend
could have affected the axial velocity as well. In order to see how TKE is
dealt with in the specific framework of STAR-CCM+ a sensitivity study was
started, running the study case with modified values for key parameters and
with different approaches or grids.

Note: Throughout the subsections shown, the best result from the previous
analysis is kept in order to always have a step-by-step comparison with the new
one.

Sensitivity to turbulence intensity at inlet

The study case was run again using turbulence intensities of 10% and 20%
at the inlets, and recalculating the turbulent viscosity ratio accordingly, as
explained in Section 3.1.3.

The simulation results are shown in Figures 5.7-5.9. In terms of axial veloc-
ity, no sensible variation was visually appreciated; such is the reason why only a
detail of the 1Deq plot is shown in Figure 5.7. Even in all the other normalised
axial velocity plots, variations were in the same order of magnitude as the ones
appreciated in Figure 5.7. Such finding suggests there is no sensible influence
of the inlet turbulence intensity on the overall axial velocity distribution.

Figure 5.7: Detail of normalised axial velocity (U/U0) for inlet turbulence
intensity values from 5% to 10%. It is evident how inlet turbulence intensity
values have a negligible influence on the axial velocity field. Such behaviour
was confirmed throughout the domain of interest.

The overall improved prediction of TKE with increasing turbulence inten-
sity at the inlets suggested to keep the curves related to the 20% case in the
next plots for comparison.
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Figure 5.8: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.

.
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Figure 5.9: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.

Sensitivity to the turbulence model

In order to try another way around the problem, one run with the k− ε model
was attempted. However an unphysical behaviour showed for TKE, for which
generation was predicted at the centre of the core nozzle, as shown in Figure
5.10. For such reason, the idea of using the k − ε model was abandoned.

Sensitivity to the grid type

As seen, the values of turbulent kinetic energy so far seemed in general too
low and it seemed like the potential core could be too long, leading to the
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Figure 5.10: Detail of the attempt made using the k− ε turbulence model. The
production of TKE at the throat of the core nozzle with a crest-like shape did
not seem physical, so no further attempt with such model was made.

appearance of the highest TKE area too far downstream. So far, only the
polyhedral mesh was used. For such reason, it was for the first time thought of
making use of the trimmed mesher, introduced in Section 4.6, in order to check
whether such approach could lead to a better prediction of the TKE. As shown
in Figure 5.11, the trimmed mesher seems to predict a trend of the flow closer
to reality than the unstructured polyhedral mesh does. In fact, the potential
core is shorter and the maximum value of TKE greater.

Such more promising results suggested the trimmed mesher be used further
in the sensitivity study. The results are shown in Figures 5.12 to 5.15.

The values predicted for both the axial velocity and the TKE show enhance-
ments; however, the typical under-predictions observed since the beginning
appear to be unchanged.
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Figure 5.11: TKE comparison between different grids: polyhedral mesh (a) and
trimmed mesh (b) are visually compared in terms of TKE. Being the potential
core shorter, and the maximum TKE value greater, case b was though to better
predict the PIV data.
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Figure 5.12: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.
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Figure 5.13: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.
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Figure 5.14: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.
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Figure 5.15: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.
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Sensitivity to the order of the scheme

Until this point, simulations were run on a second order upwind scheme. Since
the previous results resulted not to be matching too well either the experi-
mental data or the Ansys analysis, one attempt with the third order MUSCL
scheme available on STAR-CCM+ was made. The reasons why such scheme
was tried reside in the fact it can provide highly accurate numerical solutions
even for systems in which discontinuities, shocks, large gradients take place,
and in the fact it exhibits a less diffusive behaviour as compared to second
order schemes.
Given the results obtained so far the third order scheme attempts were ini-
tially only pursued on the trimmed mesh, which had shown an over-all more
promising behaviour.

The results of the attempt with the third order MUSCL scheme are shown
in Figures 5.16 to 5.19.
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Figure 5.16: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.
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Figure 5.17: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.
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Figure 5.18: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.
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Figure 5.19: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.
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5.3 Considerations and modified BC at inlet

All the sensitivity analyses conducted until this point had a little contribution
towards the achievement of the levels calculated in the previous Ansys study,
or measured via PIV. However, the values obtained still show big differences
from such expected results. Even though the fault of such evident flaw was
initially attributed to the impossibility of solving free jets on unstructured
mesh, some reasons induced the author to consider a change in the direction
of investigation.
Three concerns in particular are worth mentioning:

• Despite being conducted with different values of turbulence intensity at
inlet, on different meshes, and different-order schemes, all the results
gathered seemed to converge to a solution with the same trends and very
close absolute values at each stream-wise position considered.

• The TKE levels are too low almost everywhere. However, by looking at all
the 0 Deq and 1 Deq plots in the fan/ambient shear layer, it is possible to
notice a peak value of the simulations conducted which always overshoots
the Ansys data. Although, high enough values of TKE around the peak
do not seem to be maintained. Continuing to move towards the centre of
the jet, the second bump encountered represents the fan/core shear layer;
such feature is underestimated as well.

• The trend in the axial velocity plots between 0 Deq and 4 Deq shows
values lower than expected downstream to the core nozzle (over 10%
difference in the maximum velocity reached) and higher than expected
downstream to the fan nozzle (especially visible in the negative half of
the plots).

One possible conclusion from these observations was that the problem be-
ing solved was solved correctly, but being a different one than that represented
by the Ansys and PIV data. That is, the boundary conditions used until this
point could have been wrong.
In particular, it was thought that the second concern analysed could conceptu-
ally be overcome by ensuring a higher difference in axial velocity between the
core and fan nozzles, and a lower velocity in the fan nozzle flow so that the
peak value in the area can be reduced. Ensuring such lower velocity at the fan
nozzle would also partially solve the third concern, which would be conceptu-
ally cleared if a higher axial velocity were set to the core nozzle as well.

The conditions applied until this point were so that the ratio between the
core and fan total pressures was:

p0,core
p0,fan

= 1.66 (5.1)

Given the boundary conditions specified in the study case, the requirements
solving the concerns would translate into a higher total pressure at the core
inlet, and a lower total pressure at the fan inlet. Therefore, with the intention
of finding a set of total pressures whose ratio be greater than that of Equation
5.1, simulation files relative to the Ansys study other than the ones initially
provided were inspected. Another set of total pressures was found, resulting
in:
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p0new,core
p0new,fan

= 2.84 (5.2)

Other simulations were so run with this new combination of inlet boundary
conditions. Given the proportion of the change, it was decided to run the new
case on the polyhedral grid as well, which therefore needed adequate refinement.
The previous polyhedral mesh was enhanced with refinements in the areas
previously shown in Figure 4.16. The mesh appears as in Figure 5.20.

Figure 5.20: Polyhedral mesh refined as of Figure 4.16. For a detailed view
refer to Figure 4.15, as the mesh generation parameters are the same.

The results of the simulations run on the two grids are shown in Figures
5.21 to 5.24
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Figure 5.21: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.
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Figure 5.22: Normalised axial velocity (U/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.
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Figure 5.23: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 0-4Deq. The plane of measurement is
the x-y symmetry plane.
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Figure 5.24: Normalised TKE (sqrt(TKE)/U0) data along lines located at x
positions downstream to the CB’s tip of 6-14Deq. The plane of measurement
is the x-y symmetry plane.
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All the considerations proposed in the list above seem to be confirmed to
different extents by the new simulation results; therefore, the modification pro-
posed to the boundary conditions at inlet proved to be highly beneficial. Such
improvement is especially visible in the normalised axial velocity plots, in which
the trend and the values match the Ansys results and the experimental data
with good agreement. As a reference, the difference in the maximum axial ve-
locity predicted is reduced from around 10% of the previous simulation results
to less than 1%.
The fact that the TKE values in the external shear layer are higher than in
the fan-core one, as seen in the TKE plots close to the central body, can be
justified both by the greater difference in axial velocity and the 3D effects due
to the pylon, as explained farther in the text. Furthermore, the width of the
external shear layer is seen to be greater than that of the inner one because it
is generated farther upstream.

The new Mach number and TKE scenes are presented in Figures 5.25 and
5.26 respectively.

Figure 5.25: Mach number scene x-y plane.

In the TKE scene in Figure 5.26, one can see how the highest values of TKE
in the flow are encountered at around 6 Deq. Such position correspond to the
area of interaction between the two shear layers, and the evident asymmetry is
attributable to the presence of the pylon.

In the Mach number scene proposed in Figure 5.25 it is possible to appreci-
ate the asymmetry induced by the pylon and the bifurcation to the otherwise
axisymmetric nozzle configuration. The coaxial jet appears to be pulled up-
wards by the pylon and the core jet is leaned, showing a convex curvature
towards the pylon’s side.

In fact, due to the Coandă effect the core flow follows the pylon’s profile
until separation occurs, determining an upward deviation in the flow. Also,
the interaction between the fan stream and the pylon generates longitudinal
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Figure 5.26: TKE scene on x-y plane.

vortical structures in the x-direction which contribute to such deviation.
To justify such assertion, an isocontour plot for the mean stream-wise vorticity
is shown in Figure 5.27:

Figure 5.27: Mean stream-wise vorticity isocontours presented at cross-
sectional planes downstream of the central body, at distances of 0,1,2,4 Deq.

Positive values of vorticity indicate structures rotating clock-wise with re-
spect to x̂ while advancing stream-wise. Such vortices, together with the greater
difference in velocity, are believed to contribute to the higher values of TKE in
the external shear layer as seen in all the TKE plots. In the domain utilized
only half geometry was considered: for a complete 3D case, the isocontours
shown in Figure 5.27 would be symmetric and opposite in sign for the missing
half.
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In order to show clearly the asymmetry taken into the flow by the pres-
ence of the pylon and the bifurcation, the Mach number and TKE scenes
are re-proposed in Figures 5.28 and 5.29 on cross-sectional planes placed at
0,2,4,6,8,10,14 Deq from CB’s tip. The original scenes were completed with
their symmetric halves, so to give a more intuitive view of the flow.

Figure 5.28: Mach number scenes presented at cross-sectional planes down-
stream of the central body, at distances of 0,1,2,4,6,8,10,14 Deq. The asymme-
tries induced by the pylon and the bifurcation are put in evidence.

Figure 5.29: TKE scenes presented at cross-sectional planes downstream of the
central body, at distances of 0,1,2,4,6,8,10,14 Deq. The asymmetries induced
by the pylon and the bifurcation are put in evidence.
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Chapter 6

Conclusions and future
perspectives

An investigation was conducted to attest the possibility of modelling a free
coaxial jet with a bypass ratio of five using unstructured grids. Steady state
compressible RANS simulations were run, using a SST-kω turbulence model.
As a validation, results from a previous Ansys study ([20]) and PIV data were
used to compare the simulation results to. The comparison was qualitatively
conducted by analysing the spatial distributions of Mach number and TKE;
the actual quantitative comparison was performed in terms of axial velocity
and TKE levels.

3D domain

In order to reduce the computational costs the domain used for the present
project is one half of that used in the previous Ansys study, which is referred
to as “full-3D” domain. From the results of the simulations on unstructured
meshes it is possible to infer that by using the symmetric domain shown in the
present project good agreement to the results from a full-3D simulation can be
achieved.

Meshing approach: polyhedral vs. trimmed

The comparison between the two types of unstructured mesh generation ap-
proach suggests trade-offs be considered when choosing either method. As
compared to the trimmed mesh, the polyhedral mesh proved its evidenced
suitability of application to complex geometries, smoother volume transition
between contiguous cells, and it proved to yield an overall better capability of
matching the experimental data. However, the trimmed mesh approach proves
to be faster in generating the mesh, and it also shows shorter computational
times (7.5 h for 5000 iterations on a 20 mln cells mesh, versus 11 h needed with
the polyhedral mesh).
In general, the unstructured mesh approach does not seem to be capable of
yielding good predictions for the TKE levels, even when good agreement is
achieved in terms of axial velocity.
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Scheme: 2nd order vs. 3rd order

The 3rd order discretisation scheme proved to reach more precise solutions
than the 2nd order one, although the sensitivity study of the study case to such
change proved not to be the improvement required.

Change in boundary conditions at inlets

After several partially-efficient parametric studies and sensitivity analyses, sev-
eral indicators in the results seemed to suggest a change in the boundary con-
ditions utilized. A modification from the ones initially provided proved to be
crucially beneficial to the axial velocity distribution. Although, one feature
that stayed was the too long potential core of the jet. Being a vorticity-free
area, such feature carries the axial velocity undisturbed further, that is without
mixing and momentum exchange with the surrounding air; the observed results
were an overestimation of axial velocity far downstream to the central body of
the geometry and a related underestimation of the TKE levels.

Deviation on the 1 Deq plots

Given its evidence, the first feature of the plots that needs to be explained
is the presence of the horizontal deviation between the curves in the 1 Deq
plots, throughout the sensitivity study. The reason for not detailing it earlier
in the present report is that such deviation was noticed at a late stage in the
development of the project. The reason for the appearance of the feature is
found in geometric reasons, as depicted in Figure 6.1. In the present calcu-
lations, by following the written specifications for the Ansys study case, the
“tip of the central body” was placed at the actual tip, that is point A. In the
Ansys study, the “tip of the central body” was most likely considered to be
that of the pointed geometry previously shown in Figure 4.1, i.e. point B. It
is believed that such point does not have any physical correspondence to the
study case, having it only been used as a reference point during the generation
of the Ansys mesh on ICEM. The distance between points A and B is 8 mm.

The difference of 8 mm backwards on the x-axis for the position at which “0
Deq” is defined shifts all the probe-lines backwards: all the probes as displayed
in Figure 5.2 are slightly shifted upstream to the ones in Ansys and in the PIV
measurements.

Given the specific geometry such shift backwards causes the 1 Deq probe-
line to reach the pylon wall earlier in the y/Deq-axis, determining an earlier
drop of the axial velocity and the appearance of the deviation.
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Figure 6.1: Reason behind the appearance of the horizontal deviation between
the curves calculated on the 1 Deq probe-line. The actual geometry at the
central body’s tip is represented by the grey rounded tip, while the original
pointed one is shown in red transparency. Point A: CB’s tip in the present
thesis. Point B : CB’s tip in the Ansys study. Such discrepancy (AB = 8mm)
is thought to deliver the horizontal deviation in the results.

6.1 Future perspectives

The author finds the following points worth investigating in case of future work
on the same project:

• Run another sensitivity analysis to the values of turbulence intensity at
the inlets, with the hope of inferring more precise conclusions about the
capability of prediction of the TKE levels;

• It is considered that a full 3D analysis could be run to assess the impact
of full three-dimensionality to the present study case’s flow;

• Corresponding to the initial intentions for the present thesis, it would
be of clear interest to proceed in the direction of an aeroacoustic study
for the present flow case. By means of LES, such investigation would
yield a deeper understanding of the unsteady phenomena involved in the
generation of coaxial free shear layer flows;

• With the possibility of a more thorough intervention on the equations
used in the turbulence model (as in OpenFOAM), it would be suggested
to implement some the modified turbulence models for jets proposed by
Georgiadis et al. in the paper “Evaluation of Modified Two-Equation
Turbulence Models for Jet Flow Predictions”.

Master’s thesis A.G. Pietroniro



78 CHAPTER 6. CONCLUSIONS AND FUTURE PERSPECTIVES

A.G. Pietroniro Master’s thesis



Bibliography

[1] European Commision. Reducing emissions from aviation,
http://ec.europa.eu/clima/policies/transport/aviation/index en.htm.
Retrieved December 2, 2014.

[2] European Commision. The eu emission trading system (eu ets),
http://ec.europa.eu/clima/policies/ets/index en.htm. Retrieved December
2, 2014.

[3] ICAO. Aircraft engine emissions, http://www.icao.int/environmental-
protection/pages/aircraft-engine- emissions.aspx. Retrieved December 2,
2014.

[4] Wilshire, W. Airframe noise reduction, http://www.aeronautics.nasa.gov/
docs/chicago/airframe.htm. Retrieved December 2, 2014.

[5] Airbus. Getting to grips with aircraft noise,
http://www.vibrationdata.com/tutorials/ airbus aircraftnoise.pdf.
Retrieved December 2, 2014.

[6] ICCAIA. Aircraft noise, http://www.vibrationdata.com/tutorials/turbine
noise.pdf. Retrieved December 2, 2014.

[7] NASA. Nasa helps create a more silent night, http://www.nasa.gov/topics
/aeronautics/features/bridges chevron events.html. Retrieved December 2,
2014.

[8] ASU. Arizona state university course notes,
http://www.vibrationdata.com/tutorials/ 747.pdf. Retrieved Decem-
ber 2, 2014.

[9] Greiser, E. Greiser, C. Risikofaktor nachtlicher fluglarm. Umweltbunde-
samt, 2010.

[10] Nyg̊ard, A. Investigation of jet pulsation effects on near-nozzle mixing and
entrainment. KTH - Doctoral Thesis, 2016.

[11] Johansson, A.W. Wallin, S. Turbulence - lecture notes. KTH, 2015.

[12] Hoffmann, K. Siddiqui, S. Chiang, S.T. Papadakis, M. Fundamental equa-
tions of fluid mechanics. Engineering Education System, 1996.

[13] Bailly, C. Comte-Bellot, G. Turbulence. Springer, 2015.

[14] Gatski, T.B. Bonnet, J.-P. Compressibility, turbulence and high speed
flow. Elsevier, Amsterdam, 2009.

79



80 BIBLIOGRAPHY

[15] Wilcox, D.C. Turbulence modeling for cfd. DCW Industries, La Canada,
CA, 2006.

[16] Kato, C. Advanced thermal/fluid engineering - lecture notes. The Uni-
versity of Tokyo, 2015.

[17] Menter, F.R. Zonal two equation k−ω turbulence models for aerodynamic
flows. AIAA, 24th Fluid Dynamics Conference, 1993.

[18] Rumsey, C.L. Compressibility considerations for k− ω turbulence models
in hypersonic boundary-layer applications. J. Spacecraft Rockets 47(1),
11–20, 2010.

[19] Wilcox, D.C. Dilatation-dissipation corrections for advanced turbulence
models. AIAA J. 30(11),, 2639-2646, 1992.

[20] Mihaescu, M. Gutmark, E.J. Fuchs, L. Semlitsch, B. Airframe installation
effects on the jet exhausting a coaxial nozzle system of a gas turbine engine.
gt2012-69631. Proceedings of the ASME Turbo Expo 2012 GT 2012, June
11-15, 2012, Copenhagen, Denmark, 2012.

[21] CD-ADAPCO. Star-ccm+ user guide.

[22] Fisher, M.J. Preston, G.A. Bryce, W.D. A modelling of the noise from
simple coaxial jets, part i: With unheated primary flow. Journal of Sound
and Vibration, 209(3), 385–403, 1998.

[23] Mead, C.J. Wrighton, C.M. Britchford, K.M. An experimental study of
co-axial jets using acoustic, piv lda methods (cojen). 21st AIAA/CEAS
Aeroacoustics Conference, At Dallas, Texas, USA, 2015.

[24] Callender, B. Gutmark, E. Dimicco, R. The design and validation of a
coaxial nozzle acoustic test facility. 40th Aerospace Sciences Meeting and
Exhibit, 2002.

A.G. Pietroniro Master’s thesis





www.kth.se


