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Abstract

Large-Eddy Simulations (LES) of a compressible nozzle/jet configura-
tion have been carried out. Two jets were simulated, an isothermal jet
and a jet with a higher temperature than the surrounding air. The
Mach number was in both cases 0.75 and the jet Reynolds number
was 5.0x10%. Sound pressure levels in far-field observer locations were
evaluated using both Kirchhoff surface integration and Lighthill’s acous-
tic analogy. The Favre filtered Navier-Stokes equations were solved
using a finite volume method solver with a low dissipative third-order
upwind scheme for the convective fluxes, a second-order centered dif-
ference approach for the viscous fluxes and a three-stage second-order
Runge-Kutta time marching technique. The computational domain
was discretized using a block structured boundary fitted mesh with ap-
proximately 3.0x10° cells. The calculations were performed on a par-
allel computer, using message-passing interface (MPI). A compressible
form of Smagorinsky’s subgrid scale model was used for computation
of the subgrid scale stresses. Absorbing boundary conditions based on
characteristic variables were adopted for all free boundaries. Velocity
components specified at the entrainment boundaries were estimated
from corresponding Reynolds Averaged Navier-Stokes (RANS) calcula-
tions, which enable the use of a rather narrow domain. This, further-
more, ensures that the correct amount of fluid is entrained into the do-
main. Two-point space-time correlations were obtained for locations in
the shear layer center, from which length and time scales of turbulence
structures were evaluated. Aerodynamic results and predicted sound
pressure levels are both in good agreement with experiments. Exper-
imental data were provided by Laboratoire d’Etude Aer6édynamiques,
Poitiers, France, (Jordan et al., 2002a,b; Jordan & Gervais, 2003).
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Preface

Chapter 7.1 is based on a paper presented at the 9th AIAA/CEAS Aero-
acoustic Conference and Exhibit, Hilton Head, South Carolina, May
12-14, 2003, (Andersson et al., 2003).
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Nomenclature

Upper-case Roman

Cp
CR ) CI

specific heat at constant pressure
Smagorinsky model coefficients
nozzle outlet diameter

flux component

potential core length

integral length scale

Prandtl number

state vector in equations on conservative form
Reynolds number based on

the jet diameter

gas constant

correlation amplitude

strain rate tensor

cell face area normal vector
Strouhal number (St = (fD,)/U,)
temperature

integral time scale

Lower-case Roman

QY DO

<

T

speed of sound

energy

frequency

enthalpy

kinetic energy

pressure

state vector in equations on primitive form
energy diffusion vector

radial coordinate

distance from source to observer
component of vector from source to observer
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t time

U; cartesian components of velocity vector
u axial velocity component

v radial velocity component

w tangential velocity component

T; cartesian coordinate vector component
X flow field location

X observer location

y source location

Upper-case Greek

A filter width
Q5 rotation tensor

Lower-case Greek

dij Kronecker delta

Ey viscous dissipation

0 angle from the z-axis

7 viscosity

v kinematic viscosity (v = u/p)
13 spatial separation

p density

Oij viscous stress tensor

T temporal separation

Tij subgrid scale stress tensor
Tr retarded time

Subscripts

c center line

E Eulerian

J jet, nozzle exit condition

L Lagrangian

t turbulent quantity

0 total condition

00 free stream or ambient conditions
Superscripts

c convection



SGS subgrid scale

~ Favre filtered quantity

— spatially filtered quantity

" unresolved quantity

/ resolved fluctuation

Symbols

(.. ) time averaged quantity

(... ) circumferentially averaged quantity
Abbreviations

CAA Computational Aero Acoustics
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy

DNS Direct Numerical Simulation
HBR High By-pass Ratio

LDV Laser Doppler Velocimetry
LEE Linearized Euler Equations
LES Large Eddy Simulation

MPI Message Passing Interface
OASPL Overall Sound Pressure Level
RANS Reynolds Averaged Navier-Stokes
SPL Sound Pressure Level
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Chapter 1

Introduction

1.1 Motivation

The number of commercial aircraft in service is continuously increas-
ing and airports around the world are growing in size. Moreover, new
airports are often built in the vicinity of cities. Restrictions of noise
levels in the surroundings of airports have made the reduction of near-
ground operation noise an important issue for aircraft and engine man-
ufacturers, and noise generation has now become an important design
factor that is taken into consideration early in the construction pro-
cess. Flow-induced aircraft noise can be divided into two categories:
airframe noise and noise generated by the jet engine. The first cate-
gory includes noise generated by landing gear, high lift devices and the
aircraft fuselage itself and the second includes turbo-machinery noise,
core noise and jet noise. At take-off, the main sources of noise are the
propelling jet and the engine fan, of which the jet exhaust is usually the
strongest noise source at full power. In commercial aircraft, increasing
the by-pass ratio, i.e. the ratio of air passing through the engine core
to the air passing the engine in a by-pass duct, has given a significant
reduction in aircraft noise. However, although increasing the by-pass
ratio leads to reduced noise levels, the major motivation for this devel-
opment has not been noise reduction. Rather, the development towards
more efficient engines has lead to the use of a higher by-pass ratio with
noise reduction as a positive side effect. The lower noise levels of high
by-pass ratio (HBR) engines are directly attributable to the reduction
in jet noise resulting from lower jet velocities. Unfortunately, without
a step change in technology, the maximum by-pass ratio is limited by
a number of factors, e.g. the length of the fan blades, rotor speed and
engine nacelle drag, and large engines are currently very close to this
limit. Consequently, the possibility for reducing jet noise by increasing
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the by-pass ratio is rapidly decreasing. Other techniques to lower the
noise levels have been investigated in the past decades. Among these
concepts, many are of a mixing enhancement nature, e.g. chevrons,
lobed mixers and tabs. The lobed mixer efficiently evens out velocity
differences of the core flow and the by-pass flow, which reduces the ex-
haust velocity and hence the sound generated. Chevrons and tabs are
both devices added to the nozzle geometry that protrude into the flow
and thereby enhance the mixing of core, fan and ambient air streams.
While these noise-reducing concepts have proven to be able to lower the
noise levels, the reduction comes with an efficiency penalty. The contra-
diction of noise reduction for near-ground operation and requirements
for higher thrust and engine efficiency at cruise conditions will proba-
bly be common for all new noise-reducing concepts. Furthermore, re-
quirements for higher thrust are often satisfied by increasing the flow
through existing engines with only minor modifications, which leads to
higher exhaust velocities and temperatures and increases the contri-
bution of the jet to the overall noise.

New noise-reducing concepts will arise from a better understanding of
the source mechanisms. For evaluation of the performance of these new
concepts, reliable methods for modeling of the source mechanisms must
be available. An EU project, JEAN!, that focuses on investigating jet
noise both numerically and experimentally and has a long term aim to
improve existing noise predicting tools, was started in February 2001.
Various known methodologies for noise prediction will be tested in the
project and compared for a few test cases. The work presented in this
thesis has been done within this project.

1.2 Turbulent Free Jet

The turbulent free jet is an example of a free shear flow, i.e. a flow
with mean flow gradients that develop in the absence of boundaries
(George, 2000). Such a flow is characterized by a main flow direction in
which the velocity is significantly larger than in the transverse direc-
tion. The gradients in the transversal direction are also much larger
than those in the main direction. A turbulent jet appears when fluid
is continuously added locally to otherwise stagnant or at least irrota-
tional surroundings. These kinds of flows are common in nature and in
engineering applications. Examples are the residual gases spread into

1Jet Exhaust Aerodynamics and Noise, EU 5th Framework Project, contract num-
ber G4RD-CT2000-000313



CHAPTER 1. INTRODUCTION

the atmosphere by a furnace chimney and the propelling jet of an air-
craft engine. The turbulent jet is separated from its non-turbulent sur-
roundings by an interface often referred to as the viscous superlayer, by
analogy with the viscous sublayer of a boundary layer, or the Corrsin
superlayer after its discoverer (Hinze, 1975; George, 2000). The shape
of the interface is random and continuously changing and its thickness
is characterized by the Kolmogorov microscale (George, 2000). The flow
in these outer regions of the jet is therefore intermittent in nature, i.e.
sometimes turbulent and sometimes not, as the shape of the jet and
its interface with the surroundings changes. The level of intermittancy
increases radially outwards through the jet shear layer. Minimum in-
termittancy is found in the radial location in which the shear is highest.
Levels of intermittancy in the jet have been measured by e.g. Wygnan-
ski & Fiedler (1969). The shape of the interface is strongly affected by
the turbulent flow below it and then mainly by the larger structures
of the flow (Hinze, 1975; George, 2000). The motion of the interface
induces irrotational fluid motion of the surrounding fluid.

The amount of turbulent fluid continuously increases downstream due
to entrainment, i.e. fluid is added to the turbulent jet from its sur-
roundings. The entrainment process causes the jet to spread in the
transversal direction, and the jet flow can therefore never reach homo-
geneity (George, 2000). As long as the jet remains turbulent, the range
of scales present in the jet will increase due to the increasing size of
the jet. In the entrainment process, mass is continuously added to the
turbulent jet, but no momentum is added.

Figure 1.1 shows the development of a jet. Fluid is continuously added
through a nozzle to a surrounding of ambient air. As it exits the nozzle,
the flow of the high velocity fluid is fully aligned with the nozzle wall,
and a core region of potential flow is formed. A shear layer is generated
between the high velocity fluid and its surroundings. The thickness of
this shear layer depends on the boundary layer thickness at the nozzle
exit. Due to entrainment of ambient fluid, the shear layer grows in
size downstream. As the width of the shear layer increases, the radial
extent of the potential core region decreases and more and more of the
flow becomes turbulent. Shortly after the potential core closure, the
entire jet is turbulent and thus fully developed.

The jet becomes self-preserving or self-similar in the fully developed
region. This means that profiles of mean flow quantities can be col-
lapsed by proper scaling. It has long been assumed that these self-
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Figure 1.1: Flow regions in a developing jet.

similar profiles are independent of initial conditions for all quantities
and therefore universal for all jets. This assumption has been ques-
tioned by George (1989), however.

LES and DNS have been used for jet flow applications in a number
of publications. These mostly study jets at moderate Reynolds number
due to the high computational costs of performing simulations of a high
Reynolds number jet. Many of these studies have been carried out in
order to predict jet noise. However, as it is a free shear flow frequently
occurring in both nature and industrial applications, the jet is interest-
ing to study in itself. Some studies are thus pure investigations of flow
phenomena.

The feasibility of using LES for both the flow field and the radiated
sound from a high subsonic 6.5 x 10* Reynolds number jet has been
discussed by Bogey et al. (2000a, 2001, 2003). Bogey & Bailly (2003)
investigated the effects of inflow conditions on flow field and radiated
sound of a high Reynolds number, Rep =4.0 x 10°, Mach 0.9 jet. Fre-
und (2001) investigated sources of sound in a Mach 0.9 jet at a Reynolds
number of Rep =3.6 x 10 using DNS. In this work the part of the
Lighthill source that may radiate to the far-field was isolated using
Fourier methods. The flow field and the radiated sound of a super-
sonic low Reynolds number jet (Mach 1.92, Rep=2.0 x 10°) was pre-
dicted using DNS by Freund et al. (2000). DeBonis & Scott (2001) used
LES to obtain the flow field of a supersonic high Reynolds number jet
(Mach 1.4, Rep =1.2 x 10°) from which two-point space-time correla-
tions in the jet shear layer were obtained. In this study the nozzle
geometry was included in the calculation domain. Shur et al. (2003)
made simulations of a cold Mach 0.9 jet at a Reynolds number of 1.0 x
10*. Radiated sound was successfully predicted using Ffowcs Williams-
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CHAPTER 1. INTRODUCTION

Hawkings surface integral formulation. The simulation was conducted
using only 5.0 x 10° cells. Ribault et al. (1999) performed large eddy
simulations of a plane jet at two Reynolds numbers, Re =3.0 x 103 and
Re =3.0 x 10*. Simulations were performed for both Reynolds num-
bers using different subgrid scale models to investigate the ability of
the models to capture the jet flow physics. Boersma et al. (1998) used
DNS to study the effect of inflow conditions on the self-similar region
of a round jet. The Reynolds number in this study was 2.4 x 103. Zhao
et al. (2001) conducted an LES of a Mach 0.9 jet at Reynolds number
3.6 x 10® and a jet at Mach 0.4 and a Reynolds number of 5.0 x 103.
In this study, radiated sound was obtained both directly from the LES
and by using Kirchhoff surface integration. The effect on the radiated
sound of the subgrid scale model used was investigated. Rembold et al.
(2002) investigated the flow field of a rectangular jet at Mach 0.5 and a
Reynolds number of 5.0 x 102 using DNS.

1.3 Jet Noise

Investigation of jet noise was more or less initiated in 1952 when Light-
hill proposed his acoustic analogy in the first of his two-part paper on
aerodynamically generated sound (Lighthill, 1952, 1953). These pub-
lications focused mainly on the sound generated by turbulent jets, but
the acoustic analogy presented therein has been used extensively for
numerous applications in the research area of aeroacoustics. The un-
derstanding of flow-induced noise, for example jet noise, is strongly
coupled to the understanding of turbulence since the sources of sound
are defined by the turbulent flow itself. Fifty years ago when jet noise
research was initiated, turbulence was regarded as consisting of ran-
domly distributed small eddies. Thus the research focused on the noise
generated by fine scale structures. The research focus was changed
with the discovery of large turbulence structures in free shear flows
in the early 1970s and it was believed that, for high speed jets, the
dominant part of the sound generated was generated by these large
structures. More recent analysis has shown that both the fine scales
and the larger structures are responsible for the noise that is gener-
ated (Tam, 1998).

In jet flows, the sound-generating structures are convected downstream
by the mean flow. It can be shown that moving sources tend to radiate
more sound in the direction in which the source is transported (Tam,
1998; Ribner, 1969). Moreover, the sound generated is affected by the
mean convection such that when the wave front propagates through
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the jet on the way to the far-field region its path tends to bend away
from the jet axis. The reason for this is that the convection velocity is
highest in the centerline regions, A, and lower in the outer jet regions,
B, see figure 1.2. This effect is referred to as refraction and creates a
cone of relative silence downstream of the noise-generating region since
less sound is radiated in this direction. The refraction effect is more no-
ticeable for jets with a higher temperature than the surrounding fluid
since the speed of sound then varies over the jet cross section (Tam,
1998).

Nozzle

Turbulent mixing layer

Figure 1.2: Refraction of a sound wave generated at position y in the
shear layer and propagating through the jet. A wave front defined by
the line AB is propagating downstream at a velocity defined by the
speed of sound and the local flow velocity. The flow velocity is higher
in A than in B, which results in a tilting of the wave front towards line
A'B'.

The sound generated by a turbulent jet can be separated into two parts.
These are the sound generated by interaction of turbulence fluctua-
tions and the sheared mean flow and sound generated by turbulence
fluctuations interacting with themselves; for more detail see e.g. Rib-
ner (1969). The two sound components are often referred to as shear
noise and self noise, respectively. The self noise is radiated equally
in all directions whereas the shear noise gives a dipole-like contribu-
tion. Superimposed, these two contributions give an ellipsoid-shaped
sound radiation pattern, with the most sound radiated along the jet
axis. Adding the effect of convection, the part of the sound that is radi-
ated downstream of the jet is significantly larger than the part radiated
in the upstream direction. Refraction significantly decreases the sound
radiated along the jet axis. The contribution to the overall sound from
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the two components and the effect of convection and refraction on the
pattern of radiated sound are depicted in figure 1.3.

%%:

self noise shear noise

convection refraction

Figure 1.3: Superposition of the noise generated by the turbulence it-
self, self noise, and the noise generated by interaction of the mean shear
flow and turbulence, shear noise, gives the upper right sound pattern.
Convection and refraction affect the pattern of radiated sound, and the
result is the directional sound pattern in the lower right figure.

Numerical methods based on computational fluid dynamics (CFD) used
for the prediction of flow-induced sound are often referred to as compu-
tational aeroacoustics (CAA). Using a grid fine enough in the far-field
regions not to introduce sound propagation errors, the sound pressure
level can be obtained directly from the flow field simulation. This re-
quires a detailed numerical compressible flow simulation, e.g. direct
numerical simulation (DNS), see for example Freund (2001) and Mitchell
et al. (1999), or large-eddy simulation (LES), as done by for example Bo-
gey et al. (2000a) and Mankbadi et al. (2000).

To save computational time, a hybrid approach may be used in which
the computational problem is divided into two parts. A LES or DNS
can be used to obtain the non-linear near-field, which in the jet noise
case corresponds to the hydrodynamic jet region. Sources of sound ob-
tained from the flow simulation are then propagated to far-field ob-
server locations using either a solver based on the Linearized Euler
Equations (LEE), see Billson et al. (2002), or an integral method such
as Lighthill’s acoustic analogy, as done by Bogey et al. (2001), or Kirch-
hoff surface integration, see Freund et al. (1996). In DNS, all scales of
the turbulent flow field are computed accurately, which requires a mesh
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fine enough to capture even the smallest scales of the flow, whereas, in
LES, only the large scales of the flow are resolved and the influence on
these large scales of the smaller, unresolved scales are modeled using a
subgrid scale model. With the computational resources available today,
DNS is restricted to fairly simple geometries and low Reynolds number
flows. Moreover, it is believed, see Mankbadi (1999), that large scales
are more efficient than small ones in generating sound, which justifies
the use of LES for sound predictions.

Another approach is to use a less computationally expensive RANS cal-
culation to obtain a time-averaged flow field. Information about length
and time scales in the time-averaged flow field can then be used to syn-
thesize turbulence in the noise source regions, see Billson (2002). This
method is promising since simulations of high Reynolds number flows
are possible with reasonable computational efforts. In contrast to a
RANS calculation, where all turbulent scales in the flow are modeled
and only a time averaged flow field is obtained, DNS and LES directly
provide information about turbulent quantities and sources of noise. To
be able to improve existing CFD routines for more reliable results, we
need a understanding of noise source mechanisms. Therefore, it is of
great importance to perform more detailed calculations, such as DNS
or LES, to get a more realistic picture of the flow physics. Detailed in-
formation on the statistical character of the flow can later be used to
develop prediction techniques based on noise generation mechanisms.
This is the main objective of the present work.

1.4 Overview of the Present Study

Large-eddy simulations of a Mach 0.75 nozzle/jet configuration were
performed. The Reynolds number based on the nozzle exit diame-
ter and the jet velocity at the nozzle exit plane, Rep, was 5.0 x 10%.
The Reynolds number in the measurements by Jordan et al. (2002a,b)
and Jordan & Gervais (2003), used for comparison and validation of
the simulations, was approximately one million. Such a high Reynolds
number probably means that the scales that needs to be resolved are
too small. Thus the Reynolds number in our LES was decreased with
the assumption that the flow is only weakly Reynolds number depen-
dent. The nozzle used in the simulation corresponds to the last con-
traction of the nozzle configuration in the experimental setup.

Simulations of the Mach 0.75 jet were performed for two flow condi-
tions: an unheated jet, i.e. a jet where the static temperature in the

8
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nozzle exit plane, T}, was equal to the static temperature of the ambient
air, T,,, and a heated version where the exhaust temperature was twice
that of the surrounding air. The main reason for choosing the Mach
0.75 jet was that experimental data were available for both isothermal
and heated conditions. This made it possible to investigate whether
heating effects on both the flow field and on radiated sound could be
accurately captured with the LES. Furthermore, the temperature ratio
used for the heated jet is quite realistic for real jet engines. For valida-
tion of the LES results, the time-averaged flow field was compared with
experimental data provided by Laboratoire d’Etude Aerédynamiques,
Poitiers, France, Jordan et al. (2002a). Two-point space-time correla-
tions were obtained for a few locations in the shear layer, and integral
length and time scales and eddy convection velocities were evaluated.
Two-point measurements in the jet shear layer done by Jordan & Ger-
vais (2003) have been used for comparison. Evaluations were made of
far-field sound pressure levels using Kirchhoff surface integration and
Lighthill’s acoustic analogy. Predicted sound pressure levels were com-
pared with levels measured by Jordan et al. (2002b).

The predicted aerodynamic field and prediction of radiated sound for
the two jets will be presented separately in sections 7.1-7.2. The ef-
fects of heating will then be discussed in section 7.3.

It is important to state that this work is not an attempt to predict radi-
ated sound using high-order numerical schemes, sophisticated subgrid
scales models and a high resolution mesh. Rather it is a test of what a
numerical scheme that is state-of-the-art for flow simulations, a stan-
dard subgrid scale model and rather coarse mesh give us in terms of
flow field and radiated sound.

1.5 Aerodynamic and Acoustic
Measurements Used for Validation

The measurements were made by Jordan et al. at the MARTEL facility
of CEAT (Centre d’Etudes Aerédynamiques et Thermiques), Poiters.
Two-component single-point and mono-component two-point measure-
ments were made using Laser Doppler Velocimetry (LDV). The acous-
tic field was sampled using an arc of microphones at 30 jet diameters
and 50 jet diameters from the jet exit, respectively. For more detail on
the experimental setup see Jordan et al. (2002a,b); Jordan & Gervais
(2003).
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Chapter 2

Governing Equations

The compressible form of the continuity, momentum and energy equa-
tions where the viscous stress and the heat flux have been defined us-
ing Newton’s viscosity law and Fourier’s heat law, respectively, are of-
ten referred to as the Navier-Stokes equations (Panton, 1995):

dp . 9(pu;)
ot T o
0(pu;) +3(puz‘uj) Op  0oij

__% 2.2
ai oz, or, | oa, (2.2)

=0 (2.1)

0 (peg) O (peou,) opu; 0 wy oT 0
= - = o) (2.
o T o oz; T o, (%) (wioyg)  (2:3)

Pr) oz, ) " og,

0;; in equations 2.2 and 2.3 is the viscous stress defined by
2

where S;; is the strain-rate tensor given by

1 8’U,Z 8’U,j
L= 2.
SZ] 2 (8.Tj + 83?1) ( 5)

In equation 2.3 Pr denotes the Prandtl number.

The system of governing equations, equations 2.1-2.3, is closed by mak-
ing assumptions concerning the thermodynamics of the gas considered.
It is assumed that the gas is a thermally perfect gas, i.e. it obeys the
gas law,

P = pRT (2.6)
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where R is the gas constant. Furthermore, the gas is assumed to be
calorically perfect, which implies that internal energy and enthalpy
are linear functions of temperature.

e = C,T
h = C,T (2.7)
C, = C,—R

where C, is the specific heat at constant pressure. Moreover, the vis-
cosity, i, is assumed to be constant.

12



Chapter 3

Large-Eddy Simulation

A large-eddy simulation is a flow simulation in which the large eddies
are accurately represented, that is as accurately as possible consid-
ering the numerical errors of the solver and the assumptions made.
The effect on the large, resolved eddies of those not resolved is mod-
eled using a subgrid scale model. By refining the mesh used, LES
approaches DNS, where all scales of the flow should be represented
accurately. However, only resolving the larger scales significantly de-
creases the computational effort needed, making LES more feasible
for non-academic flows. The larger eddies are directly affected by the
boundary conditions, carry most of the Reynolds stresses and must be
computed, whereas the small-scale turbulence is weaker, contributing
less to the Reynolds stresses, and is therefore less critical. Moreover,
the smaller scales are more nearly isentropic and have nearly universal
characteristics and are therefore more amenable to modeling (Wilcox,
1998).

3.1 Spatial Filtering

Some kind of filtering is needed to obtain a velocity field containing
only the large-scale components of the total field. The filtered flow field
is defined by

d(x,t) = / Gx—x;A)®(x, t)d*x (3.1)
0

where G(z,2'), the filter kernel, is a localized function and A is the
filter width representing the smallest turbulence scales allowed by the
filter. This filter width is usually based on the size of the grid cells. The
filter function, G, is normalized by requiring that

13
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/ Gx—x;A)dx =1 (38.2)
Q

As the cell size goes to zero, equation 3.1 becomes a Dirac delta se-
quence, i.e.

lim [ G(x —x;A)®(x',t)d*x = / S(x —xNO(x', t)d’x" = @ (x,1) (3.3)

A—0 Q Q

The most common filter kernel functions are a box filter in real space
or sharp Fourier cut-off filter in wave number space.

Filtering equations 2.1-2.3 results in the flow equations governing the
large scales of the flow.

3.1.1 Favre Filtering

Favre filtering is a common approach for compressible flows since it
results in governing equations in a convenient form. Moreover, us-
ing any other filter approach would lead to more complicated subgrid
scale terms. Subgrid scale terms would also appear in the continuity
equation. Using Favre filtering, the flow properties are decomposed as
follows

d=0+9 (3.4)

where @ is a Favre-filtered, resolved, quantity and ®” is the unresolved
part of ®. The Favre-filtered part of @ is obtained as follows

- p®
=2 (3.5)
17
In contrast to Favre time averaging
b +£ o (3.6)
and hence ~
" £0 3.7

The Favre-filtered continuity, momentum and energy equations are ob-
tained by applying the filtering operation, equation 3.5, directly on the
governing equations, 2.1-2.3, which implies

dp n 9(pi;)

ot | oz =0 (3.8)
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where 7;; and 7;; are the Favre-filtered viscous stress tensor and sub-
grid scale viscous stress tensor, respectively. These are here defined
as

~ 2~

Tij = —ﬁ (?j,:{l//] - ?lz?]j) (312)
The subgrid scale stress tensor is a tensor built up of products of re-

solved and unresolved quantities appearing in the filtering operation.

In equation 3.11, S”z-j is the Favre-filtered rate of strain tensor given by

.1 (0u; 0
= 1

When filtering the energy equation, a term analogous to the subgrid
scale stress term appears in the heat flux term. This subgrid scale
heat flux, denoted by ¢; in equation 3.10, reads

;= —Cpp (fu/g -7 ﬂj) (3.14)

3.2 Subgrid Scale Model

The subgrid scale stress and heat flux defined by equations 3.11 and
3.14, respectively, both contain products including unresolved quanti-
ties, which have to be modeled. The main purpose of the subgrid scale
model is to provide dissipation of the resolved scales, i.e. correctly re-
produce the transfer of energy from resolved to unresolved scales.

The simplest subgrid scale models used are so called eddy-viscosity
models. These are based on the equilibrium assumption, i.e. small
scales have shorter time scales than large, adjust more rapidly to per-
turbations and reach equilibrium almost instantaneously. Using these
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assumptions, the transport equation for the subgrid scale kinetic en-
ergy reduces to

Ey = —TijSij (315)

where ¢, denotes viscous dissipation. The most famous of these models
is the Smagorinsky (1963) model, in which the anisotropic part of the
subgrid scale stress is represented as

1 _
Tij = 3 Tmm0ij = =205 (3.16)
The eddy-viscosity has the dimension [m;} and can thus be represented

by a length scale, [, representing the subgrid scales and a velocity scale,
U = \/Tmm/ p- If the viscous dissipation is said to be proportional to the
length scale and the velocity scale as ¢, ~ U3/l and the eddy-viscosity
v, ~ U, inserting this in equations 3.15-3.16 gives U ~ [ |S|. Letting
[ ~ A gives

v = (C,A) [S] (3.17)

where C, is the Smagorinsky constant.

The subgrid scale model used in this work is the Smagorinsky part of
the model proposed by Erlebacher et al. (1992) for compressible flows.
This model is based on Favre-filtered quantities, and the subgrid stress

tensor is modeled as
- 2 . 2
Tij = M (QSij - gsmméij> -3

3PE59%0, (3.18)

where k%% is the subgrid scale kinetic energy
k565 = O1A%S 1 Sinn (3.19)

and 1 is the subgrid scale kinematic viscosity defined as

Mt = CRﬁAQ \/ gmngmn (3.20)

The subgrid heat flux appearing in the Favre-filtered energy equation
is modeled using a temperature gradient approach

e oT
=Cp—— 3.21
9 Cp PTt &E] ( )
The filter width used in equations 3.19 and 3.20 is the local grid cell
width, i.e. A = (A;A,A5)Y3,
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The Smagorinsky model constants Cr and C; were proposed by Er-
lebacher et al. (1992) to be

Cr = 0.12
{01 o (3.22)

and these are the values used in this study. No work has been done
thus far to investigate the effect of the subgrid scale model used on the
predicted flow field.
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Chapter 4

Sound Propagation

Since the compressible Navier-Stokes equations include all informa-
tion on the acoustic field, solving them directly gives information about
the sound pressure levels in observers locations in the far-field regions.
However, such an approach is very expensive as concerns the necessary
calculation efforts. It is more common to use some kind of hybrid ap-
proach where the problem is divided into two parts, i.e. obtaining the
instantaneous near-field using a Navier-Stokes solver and then obtain-
ing the far-field sound either by the use of an integral approach or by
solving a set of equations, e.g. the Linear Euler Equations (LEE), with
source terms obtained from the instantaneous flow field. Figure 4.1
shows different methods. The method used in this thesis is indicated
with dashed lines.

4.1 Lighthill’s Acoustic Analogy

Rewriting the full Navier-Stokes equations gives a scalar equation for
an acoustic variable with a wave operator on the left-hand side. The
sound pressure level in a far-field observer location can be estimated
by integration over a volume containing all sound-generating sources.
It is important to note that no interaction between the propagating
sound wave and the flow field in which it is propagating is considered
outside the integration volume, i.e. no refraction is taken into account
and therefore all non-linearities have to be included in the integration
volume.

Sir James Lighthill’s introduction of his acoustic analogy, i.e. the anal-
ogy between the full non-linear flow and the linear theory of acoustics,
is often referred to as the start of aeroacoustics. By combining the time
derivative of the continuity equation and the divergence of the momen-
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Figure 4.1: Computational aeroacoustic methods. Different approaches
for obtaining acoustic pressure signals in far-field observer locations
are shown. The methodology used in this work is indicated with dashed
lines.

tum equation, the flow equations may be rewritten in a wave operator
form, Lighthill (1952).

0?p 0?
8t2 83&1 o0x i I I I
By subtracting cgo%’; on each side, equation 4.1 may be rewritten as

@_02 82,0 _ 82Ti-
8t2 o 6:L'Z-2 8361 6a:j

(4.2)

which is the famous Lighthill’s equation. In equation 4.2, 7}; is the
Lighthill stress tensor, defined by

Tij = pugu; + (p — pcly) 635 — 04 (4.3)

20



CHAPTER 4. SOUND PROPAGATION

In unheated subsonic flows at high Reynolds number, the Reynolds
stress is the dominating term in equation 4.3, and thus the Lighthill
tensor may be reduced to 7;; ~ pu;u; (Lighthill, 1952). It has been
confirmed by Colonius & Freund (2000) that the viscous part, o;;, con-
tributes little to the far-field sound. The entropic part, (p — pc% ), how-
ever, has been shown by Freund (2003) to give a non-negligible contri-
bution. An analytic solution to equation 4.2 can be obtained by use of
the free-space Green’s function

1
= 4.4
G (x,1) 47Tcgo7“5 (17) (4.4)
which gives
1 1 0°Ty;
— = - . 4.

where x is a observer location in the far-field and y is the source loca-
tion. 7, denotes retarded time and is related to the observer evaluation
time, ¢, as

=t— (4.6)

COO

where r = |x — y| is the distance between a source location and an ob-
server and c. is the speed of sound in the far-field region. More detailed
discussions can be found in for example Lighthill (1952) and Larsson
(2002). A more often used version of equation 4.5 is one where the
second-order spatial derivatives have been converted to temporal ones.
According to Larsson (2002) and Larsson et al. (2003), this conversion
can be accomplished using the following relation

aTij (Tr) _ aT;'j (Tr) % _ 1 ﬁaTij (7'7")

= =—— 4,
0x; or, 0x; Coo OT;  OT, 7
where
A _ 0l(ws —yj) (x —y)I'"”
_ (i — vi) _n
(@ — ) (25 — )] 7
which implies
1 Trir; 82Tij
P00 = poo oo | TR ) dV () 4.9)

21



Niklas Andersson, A Study of Mach 0.75 Jets and Their Radiated
Sound Using Large-Eddy Simulation

The left-hand side in equations 4.5 and 4.9 is a far-field density fluctu-
ation

pl (Xa t) =p (X7 t) — Poo (4.10)

which is related to the pressure fluctuation as
P (x,t) = p' (x,1) & (4.11)

assuming that the acoustic compression-expansion processes in the
flow are adiabatic.

4.2 Kirchhoff Surface Integration

Kirchhoff integration is a method for predicting the value of a property,
®, governed by the wave equation in a point outside a surface enclos-
ing all generating structures (Lyrintzis, 1994). The method was origi-
nally used in the theory of diffraction of light and in other problems of
an electromagnetic nature but has recently been used extensively for
aeroacoustic applications.

B (x,1) = 1 /[@87“ 100 1 oro®
s

)P ron Tegamar] W (412

7, denotes that the expression within brackets is to be evaluated at re-
tarded time, i.e. emission time. 7, is related to the observer evaluation
time by the distance from the surface to the observer and the speed
of sound in the observer location, see equation 4.6. ¢, is again the
speed of sound in the far-field region. The variable, ®, to be evaluated
is in this case the surface pressure. S denotes the surface enclosing all
sound generating structures and n denotes the direction normal to the
surface. The surface, S, must be placed in a region where the flow is
completely governed by a homogeneous linear wave equation with con-
stant coefficients, (Freund et al., 1996). More detail on the Kirchhoff
surface integration method can be found in e.g. Freund et al. (1996)
and Lyrintzis (1994).

Since the hydrodynamic source region decays slowly downstream, it is
not possible to use a surface enclosing the entire source region with-
out entering this non-linear region, see figure 4.2. It is thus common
practice to use Kirchhoff surfaces not closed in the upstream and down-
stream ends. It was shown by Freund et al. (1996) that the errors
introduced by using such surfaces are small if the main portion of the
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sound sources are within the axial extent of the surface and if lines con-
necting observer locations with locations in the hydrodynamic region,
representing the main sources of sound, intersect with the surface.

X

n

Nozzle

Figure 4.2: The Kirchhoff surface does not intersect with the hydrody-
namic jet region. Sound generated in the shear layer, y, is propagated
in the solver and extracted from the Kirchhoff surface to the far-field
observer, x.

In this work a Kirchhoff surface closed in the upstream end and open
in the downstream end was used, see figure 4.3.

The Kirchhoff surface integral method is less computationally expen-
sive and storage demanding than Lighthill’s acoustic analogy since
only surface data must be stored and evaluated. Moreover, the inte-
grand includes only first-order derivatives, whereas the integrand in
Lighthill’s acoustic analogy contains second-order derivatives in time
or space.
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Kirchhoff surface

Open end

Closed end

L 6D; | 50D, |

Figure 4.3: Kirchhoff surface with closed upstream end and open down-
stream end.
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Chapter 5
Numerical Method

The code used for the large-eddy simulations is one of the codes in the
G3D family of finite volume method, block structured codes developed
by Eriksson (1995). To enhance calculation performance and enable the
use of a large number of cells, routines for parallel computations have
been introduced in the code. These routines are based on the MPI? li-
braries.

This chapter gives an overview of the numerical scheme and boundary
conditions used. More detail on these subjects can be found in Eriksson
(1995) and Eriksson (2003).

For convenience, the Favre-filtered Navier-Stokes equations 3.8-3.10
are written in a more compact form:

0Q  OF,
2 Tl 5.1
5 T+ o, 0 (5.1)
where
D
Q= | pu (5.2)
Peo
and
o pu;
Fj = Pt + Pdij — Tij — Tij (5.3)
peéyti; + pu; — Cp ((PL'I' + 1’;‘—;) g%) — Uy (Eij + Tij)

Message Passing Interface
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The stress tensors, 7;; and 7;;, in equation 5.3 are defined by equa-
tion 3.11 and equation 3.18, respectively. Equation 5.1 is discretized on
a structured non-orthogonal boundary fitted mesh. Integrating equa-
tion 5.1 over an arbitrary volume ) gives

oQ 0F,;
—d —1dV = 5.4
v+ /Q oV =0 (5.4)
Using Gauss theorem to rewrite the second volume integral to a surface
integral and introducing Q as the cell average of () over {2 implies

0

Qy [ Fds =0 (5.5)

ot 80
In equation 5.5, S; = n;S is the face area normal vector, i.e. an area
with direction. The integral of the fluxes is approximated using the
area of cell faces and the face average flux

all faces
Fj-dS; = Z }";8; (5.6)
o9 i=1
Equation 5.4 can now be rewritten as
all faces
0Q —
EVJF Z Fi-Si=0 5.7

=1

The total flux, F;, is divided into a convective part and a diffusive part
in the following way:

P 0
fj = | pu;u; + ]_)5U + T4 B Tij (5.8)
ﬁéo@j +]_)’lNLj —Cp ((PL'I‘ + #—Ttt> g%) — U (Eij + Tij)

where the first part is the convective, inviscid part and the second the
diffusive, viscous part.

5.1 Spatial Discretization

5.1.1 Convective Fluxes

The convective flux across a given cell face is calculated with a user-
defined upwind scheme based on the propagation direction of the char-
acteristic variables at the cell face. In this work, a low-dissipative third
order upwind scheme has been used. The analysis of characteristic
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variables is performed using the solution variables on primitive form,
¢, which can be estimated from the variables on conservative form with
second-order accuracy.

g= (5.9)

=S

Linearizing the governing equations written on primitive form around
a point located on the cell face and considering only plane waves paral-
lel to the cell face gives a one-dimensional system of hyperbolic equa-
tions. This equation system can be decoupled by transformation to
characteristic variables, see Appendix A. Estimates of the characteris-
tic speeds are computed using face values of the state vector obtained
as averages of the values in the neighboring cells, equation 5.10.

1
q* = 3 (a2 +q3) (5.10)

Superscript A in equation 5.10 denotes average and subscript 2, and 3
denotes the cells on each side of the face, see figure 5.1.

qi q2 qs3 Q4

) [} D — [ ] [ ]

/

Face A
Figure 5.1: Two cells on each side of face A are needed to obtain an
estimate of the flux across the face.

Using the cell face values in equation 5.10, the characteristic speeds
are obtained as

ANo= ulS;

Ao = A

A3 = A

Ay = )\1+0Am

s = A —cSS; (5.11)

The characteristic variables on the face are obtained using upwinded
face values of the primitive variables. Two versions of ¢ on the cell
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face are calculated, one obtained by upwinding from the left and one
obtained by upwinding from the right

q" = Ciq + Caqe + C3q3 + Cyaqy

R (5.12)
q" = Cyq1 + C3q2 + Coq3 + C1qy
where superscripts L and R denote left and right, respectively. C;,C5,C3
and C, are constants defining the upwinding scheme for a four-point
stencil. These are defined as

-1 7 7 -1
_ _ g T2 5.13
(01,02,03,04) (12 g, 12 +3€, 12 38, 12 +€> ( )

Inserting ¢ = 5 in equation 5.13 gives the third-order low dissipative
scheme used in this work. The sign of the characteristic speeds tells
us the direction in which local waves in the vicinity of the cell face
are traveling in relation to the cell face normal vector. Each of the
five characteristic variables are calculated using state vector values
upwinded in the direction of the corresponding characteristic speed,
i.e. either the left upwinded version of ¢ or the right upwinded version
is used. The characteristic variables are obtained as follows

L,R
w- — LR p

1 P (CA)Q
WQ _ Slug’R — SgulL’R

VSIS + 865
1 SluL’R + SQUL’R

Wy = —— [VS&S1 +SSulf -8 L 2

3 VSiS; e 20213 ’ ( V&S + 58

[ L,R
W4 = ﬁ SZU’Z pL,R ]

1
- +
2 | /S5S (et

1 __ A ’ L,R L,R
W, = L|ZPiowmT P ] (5.14)

2| ¢ V5S (eh)

where again superscripts L and R denote left and right, respectively.
The characteristic variables are then transformed back to solution vari-
ables on primitive form using equation 5.15. The convective flux over
the cell face can then be estimated by inserting the face values obtained
into the inviscid part of equation 5.8.
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p = W1+W2+W3

—SQWQ 81 [ 83W3 CA :|
= e oo - — Wi+ W,
' 5151 + 5252 \/Sij \/8181 + 8282 ,OA ( 4 5)
S Ws S [ S3W3 A ]
Uy = — — — (Wy+ W,
’ VSIS + 885, \/Sij NEISEES (W4 )
1 W3 SgcA :|
= + Wi+ W,
" V'S;Si [\/5151 55 T Wit )
p o= (M) Wyt W) (5.15)

5.1.2 Diffusive Fluxes

For the viscous fluxes estimates of spatial derivatives of the primitive
variables on the cell face, is needed. Derivatives of the primitive vari-
ables in computational space are obtained using a centered difference
approach. These derivatives are then translated to derivatives in phys-
ical space using a chain rule relation given by

da _ 9 da

where &; denotes the coordinates in computational space. This proce-
dure is described in more detail in Appendix B. The derivatives in
computational space are calculated as follows

oq

3—51 = Qi+1,5k — Dijk

oq 1 1

8—52 = Z (qi,j-l-l,k - Qi,j—l,k) + Z (Qi+1,j+1,k - Qi+1,j—1,k:)
oq 1 1

8—53 = Z (Qi,j,k-i—l - qi,j,k—l) + Z (CIi—|—1,j,k+1 - qz’—|—1,j,k—1)

(5.17)

where again &; represents the coordinates in computational space and
subscripts i, j and k£ denote the cell index in three directions, see fig-
ure 5.2. Using these estimates of spatial derivatives, the viscous flux
contribution may be calculated using the diffusive part of equation 5.8.
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Figure 5.2: Spatial derivatives on a cell face in computational space
are estimated using ten neighboring cells.

5.2 Time Marching

A three-stage Runge-Kutta method is used to march the solution in
time. When all convective flux and diffusive flux contributions have
been calculated as described in the previous sections, the temporal
derivative of the flow variables in a certain cell can be estimated as
the net flux, i.e.

oQ"

ot
The time marching is done in three stages by calculating the state vec-
tor, Q, for two intermediate sub-time steps. The time marching algo-
rithm is as follows

=F" (5.18)

Qn+1 — %[Qn + Q* + At f‘**] (5.19)

where superscript n denotes the previous time step and n + 1 the next
time step. Superscript * and ** denotes sub time steps. At is the time
step, i.e. the time between stage n and n + 1.
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5.3 Boundary Conditions

At the inlet of the nozzle, the nozzle plenum, total pressure and to-
tal enthalpy are specified. All free boundaries, i.e. upstream and
entrainment boundaries, are defined using absorbing boundary con-
ditions based on characteristic variables. Static pressure is specified
at the domain outlet. Figure 5.3 shows the main boundary condition
locations.

Entrainment boundaries Domain outlet

\ |

Upstream

I |
7.6D; 50D, 40D,

Figure 5.3: Computational setup

5.3.1 Method of Characteristics

A well-posed, non-reflecting, zero-order boundary condition may be spec-
ified by analyzing the behavior of local planer waves in the vicinity of
the boundary. Close to the boundary, all planar waves can be described
by the five characteristic variables, see Appendix A. These five charac-
teristic variables are interpreted physically as one entropy wave, two
vorticity waves and two acoustic waves. By obtaining the characteris-
tic speed corresponding to each of the characteristic variables, a well-
posed inflow/outflow condition can be specified. The sign of a character-
istic speed indicates the direction in which information is transported
over the boundary. Negative speed means that information is travel-
ing into the domain and information about the exterior state has to
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be specified for the corresponding characteristic variable. A positive
sign for the characteristic speed indicates that information is traveling
through the boundary out from the domain, which means that exterior
information can not be specified but must be extrapolated from the in-
terior.

For outgoing waves to be totally absorbed, i.e. no reflection of the wave
at the boundary, the transport direction has to be totally aligned with
the direction of analysis, i.e. usually aligned with the boundary normal
vector. A wave reaching the boundary with an incident angle of trans-
port will be partly reflected by the boundary, see figure 5.4.

\\\\\\\\\n/;

7

Figure 5.4: A plane wave reaching the boundary with the transport
direction aligned with the surface normal is perfectly absorbed (left)
whereas a wave not aligned will be partly reflected (right).

5.3.2 Special Treatment of Outlet Boundaries

Defining proper boundary conditions is an issue of great importance,
especially in aeroacoustic applications, since acoustic pressure fluctua-
tions are small and spurious waves generated at the boundaries might
contaminate the acoustic field. Definitions of boundary conditions for
free shear flows are particularly difficult since there are, by definition,
no bounding surfaces. The difficulties in defining boundary conditions
for free shear flows have been discussed in several publications (e.g.
Colonius et al., 1993; Bogey et al., 2000b; Mankbadi et al., 2000; Rem-
bold et al., 2002).

At a finite distance downstream the jet, boundary conditions that mimic
the jet behavior at infinity are to be specified. Energetic vorticity and

32



CHAPTER 5. NUMERICAL METHOD

entropy waves traveling out of the domain reaching the outlet bound-
ary will, if not damped out, generate strong acoustic waves traveling
back into the domain. These acoustic reflections can be diminished by
in some way decreasing the amplitude of fluctuations of vorticity and
entropy waves approaching the boundary. Inward traveling acoustic
waves may still be generated but will be weaker than for a boundary
where no special treatment of the boundary region is utilized. More-
over, these weaker acoustic waves are additionally damped when trav-
eling through the outlet region on their way back into the calculation
domain and, hopefully, the waves are so weak when reaching the jet re-
gion that they do not affect the results. Therefore, an extra outlet zone
has been added to the calculation domain, figure 5.3, where a damping
term defined by

£(Q —(Q)) (5.20)

has been added to the equation system. ¢ is defined by a constant, ¢,,,,
and the axial location, z, in the damping zone as

2
. m(#) (5.21)

Lmaz — Tmin

In equation 5.20, Q represents the flow variables and the time average
of Q is calculated as 5
_ Lia Qi 5.22
@ E?:l L ( )
where subscript i denotes time step. The weighted time average de-
fined by equation 5.22 gives the recent flow property values higher
weight than older values but at the same time gives a good estimate
of the time-averaged flow field. The fluctuations of the flow field are
damped in the boundary zone by forcing the flow properties towards
the time-averaged flow field. Furthermore, the cells in this part of the
calculation domain are more stretched than cells in the physical part
of the calculation domain, which increases the numerical dissipation
and thereby further damps flow field fluctuations. The boundary zone
consists of roughly 5.0 x 10° cells, which is about 14% of the total cal-
culation domain, and has an axial extent of two meters, see figure 5.3.

5.3.3 Entrainment Boundaries

The entrainment boundaries proved to be rather troublesome as well.
The problem is to get enough fluid entrainment into the domain. The
effect of not getting the entrained mass flow correct is that a deficit
of mass is compensated with an inflow of fluid from the domain out-
let. This back flow results in a recirculation zone surrounding the jet
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and prevents it from spreading. Approximate values of the velocities
specified at the entrainment boundaries were obtained from RANS cal-
culations (Eriksson, 2002) with U,, = 0. These RANS calculations were
performed using a significantly larger calculation domain than in the
LES and therefore give reliable information on the entrainment effect
at the boundary of the LES domain, see figure 5.5. Furthermore, these
RANS calculations have been extensively validated against experimen-
tal data (Jordan et al., 2002a). Two RANS flow fields have been used,
one for the unheated jet and one for the heated.

The fact that the boundary values at the entrainment boundaries have
been obtained from RANS results does, to a certain degree, determine
the time-averaged flow field. However, since this work is not an at-
tempt to prove that large-eddy simulation predicts the flow of a jet
properly but rather to obtain a database of flow properties for jets and
to get input for calculations of the acoustic field, this is no severe dis-
advantage.

5.4 Implementation of Sound Propagation
Techniques

5.4.1 Source Term Evaluation

Fourth-order accurate derivatives were used for evaluation of the tem-
poral derivatives in both the Kirchhoff surface integration and in Light-
hill’s acoustic analogy. Spatial derivatives were evaluated using second-
order accurate derivatives. Damping functions were applied to the
Lighthill source volume in order to diminish cut-off effects at the vol-
ume boundaries. The surface of the Lighthill source volume coincides
with the Kirchhoff surface, see figure 4.3.

5.4.2 Retarded Time

Evaluation at retarded time of the integrals is utilized in both the
implementation of Kirchhoff surface integration and Lighthill volume
integration. The relation between the observer time, ¢, and retarded
time, 7,, is defined in equation 4.6. The concept of retarded time evalu-
ation is shown in figure 5.6. The upper row of cells in the figure repre-
sents the observer pressure signal and the others the history of sound
sources for four surface or volume elements. Each cell denotes an in-
stant in time. The lower of these four sources is located farthest away
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Figure 5.5: Computational domain used for the LES and RANS respec-
tively. The RANS domain is sufficiently large to ensure that no distur-
bances caused by the outlet boundary have reached the location of the
LES boundaries when a converged RANS solution has been obtained.

from the observer. This is the source location, which will define the
starting point of the observer pressure signal. The first observer pres-
sure sample that gets a contribution from the source location farthest
away from the observer will be the first complete sample. Cells marked
with a black point do not contribute to the observer pressure signal.
In the same way, the source location closest to the observer defines
the temporal extent of the complete pressure signal since this source
will give the last contribution to the signal, see figure 5.6. The cells
filled with gray indicate the time steps for which data have to be stored
in the solver. Five time steps are needed since fourth-order temporal
derivatives are used. This means that the source derivatives are evalu-
ated two increments in time from the current solver time. The acoustic
source terms do not have to be evaluated each time step and thus each
time cell represents a mean of a number of solver time steps. In the re-
sults presented in chapters 7.1.6 and 7.2.7, acoustic source terms have
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been evaluated every tenth time step. This means that each time cell in
figure 5.6, in this case, represents an average over ten time steps. The
observer pressure signal is composed of a number of pressure samples
separated in time by a predefined time increment. The arrival time of
sound waves generated in the turbulent region is defined by the gener-
ation time and the distance to the observer. It is most unlikely that the
arrival time will match the predefined discrete instants representing
the pressure signal. Thus each surface or volume element contributes
to the pressure signal at two discrete times in the observer pressure
signal, i.e. the two instants in time closest to the arrival time. The
contribution to each of these is obtained by interpolation.

completed pressure signal

observer T (IITTTTITI T I I LITTITITTITITT]

|
Tmin T LI T T T T T I T T T T I T T T I T T I T I TT111]

|
[l T T TTTITTITTIT T T TTTITT T I TITTITITITTITT]

|
CITTJTITTTTTI I T I I T I TTI I TP T TITITITITTITITITT1]

Tmazx III’IIIIIIIIIIIIIIIIIIIIII’IIiIIIIIIIIIIIII

! Ty
current solver time

Figure 5.6: The upper row of cells represents the observer pressure
signal and the lower ones the time series of sound source parameters
for four surface or volume elements. 7, denotes retarded time.

36



Chapter 6

Computational Setup

Figure 6.1: The upper figure shows all block boundaries in the domain.
The lower left figure shows block boundaries in an zz-plane and the
lower right block boundaries in a yz-plane located at the nozzle lip.

6.1 Computational Domain

The computational domain consists of a boundary-fitted block struc-
tured mesh with 50 blocks and a total of about 3.0 x 10° cells, fig-
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ures 6.1-6.4. The grid cells are concentrated to the shear layer area.

To establish mesh homogeneity, a combination of polar and cartesian

blocks has been used, see figures 6.1 and 6.4. The grid cells are stretched
in the downstream direction and radially towards the boundaries us-

ing cubic Hermite grid point distribution. The last contraction of the

JEAN project nozzle is included in the calculation domain. The axial

extent of the physical part of the domain is 2.5 meters, which is equal

to 50 nozzle diameters (D; = 50 [mm]). The radial extent is 10 noz-

zle diameters at the nozzle exit plane and 20 diameters at the domain

outlet, see figure 5.3.

llllllllll
T IIIIIIIIIIIIHM[I[IIII I
I|lnl\%‘lﬂIHIHIF}}J{HMIHIHHIHlll]l,l,lll'l‘l'lll'l"
HiA
IHﬂ“l\IUHIHHHJUImlJIIIM'I'lH‘
l\||||I\Iumlmmmlumvum i
i ||||lHlllllml|
e

!
),
i
i
L)y

Figure 6.2: A slice through the calculation domain made at z = 0, i.e.
an zy-plane, is depicted. The figure shows the domain inlet including
the nozzle and the outer boundaries in the radial direction. The axial
extent of the computational domain is roughly twice that of the mesh
slice shown in this figure.

6.2 Flow Parameters

Two jets were simulated in this work: an unheated jet at Mach 0.75
and Reynolds number 5.0 x 10* and a heated jet at the same Mach
number and Reynolds number. In the unheated case, the static exhaust
temperature, 7}, is equal to the static temperature of the ambient air,
T,. In the latter case, the exhaust temperature is twice that of the air
surrounding the jet. These two jets will from now on be referred to as
Jet I and Jet 11, respectively. Properties defining the flow fields of these
two jets are specified in table 6.1.
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e

Figure 6.3: A slice of the calculation domain in the nozzle region is
shown. Cells are concentrated to the shear layer area.

T

Figure 6.4: A slice through the calculation domain at constant z, i.e.
a yz-plane, is depicted. Combining cartesian and polar grid blocks en-
hances the radial direction grid homogeneity throughout the domain.

6.3 Far-field Observers

Time series of acoustic pressure were obtained in a number of observer
locations in the far-field regions of the jet, i.e. outside the regions where
hydrodynamic fluctuations dominate and the flow is governed by linear
transport equations. Far-field sound pressure levels were evaluated in
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Jet I Jet 11
Uj/co 0.75 0.75
T/ Ts 1.0 2.0
P, [Pa] 101300 | 101300
Poo |kg/m?] | 1.2256 | 1.2256
Coo [M/ 8] 340.174 | 340.174
Usx [m/s] | 0.0 0.0
Tw K] 288 288
Ty, K] 320.4 608.4

Table 6.1: Flow properties of the unheated and heated Mach 0.75 jet,
Jet I and Jet 11, respectively. Differences are highlighted using bold
face numbers.

25 observer locations. These are situated on two arcs, both with an ori-
gin at the nozzle exit, see figure 6.5. On the inner of these two arcs, hav-
ing a radius of 30D;, 14 observers are equally distributed between 20
and 150 degrees from the z-axis. The outer arc has a radius of r = 50D;
and spans from 50 to 150 degrees from the z-axis. Figure 6.5 depicts
the observer locations in relation to the calculation domain boundaries
and the Kirchhoff surface used. The observer locations coincide with
the microphone locations in the experimental setup (Jordan & Gervais,
2003; Jordan et al., 2002b). It should be mentioned that the observer at
20° on the lower arc is very close to the Kirchhoff surface, see figure 6.5.
This will probably be a source of error. On the other hand, placing the
surface closer to the hydrodynamic region might lead to errors for all
observers.
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Far-field observers

1000 90° 8o

110° 70°

120° 60°

130° 50°

140°

150°

Figure 6.5: In the experiments of Jordan et al. (2002b), acoustic pres-
sure fluctuations were measured using 25 microphones situated on two
arcs in the far-field regions of the jet. The microphone locations are
represented by black dots in the figure. Using Kirchhoff surface inte-
gration, time series of far-field pressure fluctuations were calculated in
the same locations. The dotted line indicates the location of the Kirch-
hoff surface.
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Chapter 7

Results

This chapter gives predictions of near-field aerodynamics of a Mach
0.75 jet and its radiated sound. Section 7.1 shows results for an isother-
mal jet, Jet I, and section 7.2 reports the results for a heated jet, Jet I1.
In section 7.3 the results of these two jets will be compared and the
effects of heating on the near-field and the radiated sound will be dis-
cussed. The calculations were started up using initial solutions inter-
polated from 2D RANS calculations.

For Jet I, the simulation ran for about 1.0 x 10° time steps before sam-
pling was initiated. This corresponds to 0.025 seconds of simulated
time using a time step of 0.25 [us] or roughly 3.5 acoustic through-
flows, i.e. the time required for an acoustic wave to travel through the
calculation domain, not including the outlet buffer layer, based on the
speed of sound at ambient conditions. Sampling of statistical data was
then continued for another 20 acoustic through-flows. Each acoustic
through-flow corresponds to roughly 32 hours of computer wall-time
using 14 AMD 17007 processors of our Linux cluster.

For Jet 11, as for jet Jet I, about 3.5 acoustic through-flows were com-
pleted before sampling of data was initiated which in this case corre-
sponds to roughly 1.7 x 10° time steps, (At =0.15 [us]). Sampling of sta-
tistical data was then continued for about 14 acoustic through-flows. In
this case, due to the shorter time step, each acoustic through-flow cor-
responds to roughly 54 hours of computer wall time.

The time steps were chosen such that the CFL number was not larger
than 0.5 any where.

(lul +¢) At
Az
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Profiles of statistical quantities to be presented in the following sec-
tions are obtained from flow field data that were averaged in both time
and the azimuthal direction to establish improved statistical conver-
gence. The profiles are made non-dimensional using the jet velocity at
the nozzle exit, U;, and the nozzle outlet diameter, D,.

7.1 Mach 0.75, Unheated Jet (Jet I )

7.1.1 Instantaneous Flow Field

Figure 7.1 shows isosurfaces of negative second eigenvalues of the sec-
ond-order tensor (S;;Sk; + Qixd;). Si; and Q;; are the strain-rate tensor
and rotation tensor, respectively, i.e. the symmetric and antisymmet-
ric part of the velocity gradient tensor. This is a criterion for the vor-
tex core proposed by Jeong & Hussain (1995) and can be interpreted
physically as a local pressure minima caused by vortical motion. This
method was developed for incompressible flows but has been used here
as a visualization tool for a compressible flow. Even if the method is not
correctly used, the development of flow structures is probably phys-
ical. It can be seen from the upper picture in figure 7.1 how small
structures generated at the nozzle lip region when the high velocity ex-
haust meets the stagnant ambient surroundings grow in size as they
move downstream. In the lower picture, the magnitude of the eigen-
value is increased by a factor of ten and only the smallest structures
in the vicinity of the nozzle are shown. This picture shows how the
fluid rolls up when it comes out of the nozzle, forming vortex rings, and
how these structures quickly break up as they move downstream. Fig-
ure 7.2 shows instantaneous contours of axial velocity in two planes.
The left figure is an zz-plane showing the development of the shear
layer and the right figure shows the three-dimensionality of the jet in
a yz-plane cutting through the jet at x = 3.0D,.

7.1.2 Time-averaged Profiles

Figure 7.3 depicts the development of radial profiles of axial velocity
downstream of the nozzle exit. Comparisons of profiles obtained from
LES and experiments are presented in figures 7.5-7.11. The radial
profiles have been staggered corresponding to the axial position, i.e.
1.0, 2.5 and 5.0 jet diameters respectively, to show downstream develop-
ment. Furthermore, it should be noted that, in order to obtain similar
scales for all the radial profile figures, root-mean-square values and
uv correlations have been multiplied by a factor 4 and 70, respectively.
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Vortex ring

Figure 7.1: Isosurface of negative second eigenvalues of A;; =
(SikSkj + QikS;). The upper picture shows the development of vorti-
cal structures moving downstream the jet. The lower figure shows the
break-up of vortical structures generated in the initial regions of the
shear layer.

Figure 7.2: Contours of instantaneous axial velocity. The left picture
shows contours in the plane y = 0.0 and the right picture in the plane
z = 0.15, i.e. 3 jet diameters downstream of the nozzle exit.

The location of the lines along which axial and radial profiles have been
extracted is shown in figure 7.4.
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Figure 7.3: Downstream development of radial profiles of axial velocity.

Although the LES results are in good agreement with experiments,
there are some deviations. The main discrepancy is that the LES fails
to predict the length of the jet potential core, figure 7.5, and thereby
the location of maximum turbulence intensity, figure 7.7. It has been
mentioned by DeBonis & Scott (2001) that this is generally not the
case in earlier studies of jets; rather, the length of the potential core
is usually over predicted. Although the location of the potential core
closure is not accurately predicted, the rate of decay of the centerline
axial velocity is. Moreover, it is seen from figure 7.6 that the initial jet
spreading is slightly underpredicted. This is probably an effect of the
entrainment boundary conditions used. Furthermore, it has been men-
tioned by Morris et al. (2000) that a change in the subgrid scale model
constants affects the potential core length and the initial growth of the
jet. These subgrid scale effects can, since the grid used for the simula-
tion is rather coarse, probably be diminished by grid refinement or by
the use of a more sophisticated subgrid scale model. Large deviations
from experimental data in root-mean-square values of radial velocity
near the centerline, figures 7.9-7.10, might be caused by low frequency
flutter of the potential core found in the experiments, see Jordan et al.
(2002a). Centerline profiles of root-mean-square profiles of axial and
radial velocity are shown in figure 7.7 and figure 7.9, respectively. The
maximum level is in both cases somewhat underpredicted but, as can
be seen by comparing the two figures, the turbulence anisotropy of the
jet has been correctly predicted.
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12D,

Figure 7.4: Profiles of axial velocity and second-order moments are ob-
tained along the centerline and along three radial lines.
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Figure 7.5: Centerline velocity: the solid line, '—', corresponds to LES
results and the circles, o', to experimental data (Jordan et al., 2002a).
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Figure 7.6: Radial profiles of axial velocity at the axial positions z/D; =
1.0, z/D; = 2.5 and z/Dj = 5.0: '—' corresponds to LES results and "o’
to experimental data (Jordan et al., 2002a). The profiles have been
staggered corresponding to their axial position.

0.2
0.15¢ S
12
(u )t 01
Uj

0.05¢

6
X
Dj

Figure 7.7: Axial profile of |/(u"?),: '—' corresponds to LES results and
'0’ to experimental data (Jordan et al., 2002a).
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Figure 7.8: Radial profiles of \/(u?),, at z/D; = 1.0, z/D; = 2.5 and
xz/D; = 5.0: '=' corresponds to LES results and ‘o’ to experimental
data (Jordan et al., 2002a). The profiles have been staggered corre-
sponding to their axial position.
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Figure 7.9: Axial profile of |/(v"?),: '—' corresponds to LES results and
‘0’ to experimental data (Jordan et al., 2002a).
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Figure 7.10: Radial profiles of \/(v"?),, at /D; = 1.0, /D; = 2.5 and
z/D; = 5.0: "' corresponds to LES and ’o’ to experimental data (Jordan

et al., 2002a). The profiles have been staggered corresponding to their
axial position.
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Figure 7.11: Radial profiles of (u'v'),, at /D; = 1.0, /D; = 2.5 and
z/D; = 5.0: "' corresponds to LES and o’ to experimental data (Jordan

et al., 2002a). The profiles have been staggered corresponding to their
axial position.
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7.1.3 Self-preservation

Radial profiles of axial velocity and second-order moments were nor-
malized by centerline velocity and plotted versus a non-dimensional
radial coordinate to investigate whether or not self-preservation has
been established. These profiles are obtained using statistical flow field
data averaged in time and the azimuthal direction. The constant, z,
used to collapse the profiles is a virtual origin obtained from the least
square fit of data points in figure 7.12, i.e. the axial position for which
Uj/(uc), = 0. In this case zp = 0.11D;. As seen in figure 7.12, a non-
negligible deviation from the linear relation occurs for centerline points
located between 20D, and 35D, downstream of the nozzle exit. This be-
havior is probably due to the boundary conditions used. However, since
this occurs far downstream, the effect on the flow field in the region
near the jet exit (z < 20D;) is probably negligible. Figure 7.13 shows
collapsed radial profiles of axial velocity. Five radial profiles equally
spaced between 19D; and 39D, were used. The jet-spreading rate can
be estimated to be roughly 0.09 based on the curve fitted to the LES
data. Figures 7.14-7.17 depict normalized profiles of second-order mo-
ments. For these figures, radial profiles in six axial positions from 29D,
to 39D, downstream of the nozzle were used. The distance between
each profile is, in this case, two jet diameters. As can be seen in the fig-
ures 7.13-7.17, self-preservation of axial velocity has been well estab-
lished within 39 jet diameters downstream of the nozzle whereas, for
self-preservation of second-order moments to be obtained, data would
have to be extracted further downstream. For example, Hussein et al.
(1994) and Wygnanski & Fiedler (1969) found that profiles of second
and higher-order moments displayed self-similar behavior when eval-
uated at axial positions more than 70D; downstream of the virtual ori-
gin. However, this would require the use of a larger computational
domain. Comparing the profiles of turbulence intensities it seems to be
easier to obtain self-preserving behavior for those not including fluctu-
ations of axial velocity.
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Figure 7.12: Predicted centerline velocity. The solid line corresponds
to a curve fit to the LES data. The z-value for which the line intersects
the z-axis, xg, is used to collapse the radial profiles in figures 7.13-7.17.
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Figure 7.13: Radial profiles of axial velocity normalized by centerline
mean velocity. The solid line corresponds to a curve fit to the LES data.
The profiles are labeled as follows: ' o ' = 19D;,' * ' = 24Dy,
'+ =29D;,'0' = 34D;and’ o ' = 39D;.
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Figure 7.14: Radial profiles of (u'u'),, normalized by centerline mean
velocity. Radial profiles at six axial locations are represented. The
profiles are labeled as follows: ' o’ = 29D;,” «' = 31D,," +' = 33D;,
"0" = 35D,," o' = 37D; and finally ' <« ' = 39D;.
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Figure 7.15: Radial profiles of (v'v'),, normalized by centerline mean
velocity. For legend see figure 7.14.
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Figure 7.16: Radial profiles of (w'w’),, normalized by centerline mean
velocity. For legend see figure 7.14.
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Figure 7.17: Radial profiles of (u'v'),, normalized by centerline mean
velocity. For legend see figure 7.14.
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7.1.4 Two-point Space-time Correlations

Two-point space-time correlations were obtained for axial velocity in
a few points in the shear layer region downstream of the nozzle exit.
The time series used is 0.0725 seconds. Spatial separations, &, are in
this case downstream in the axial direction. The two-point space-time
correlation of axial velocity for a certain spatial separation, £, and sep-
aration in time, 7, is given by

Ruu (x, g’ 7_) — <ul (X7 t) u, (X + 57 t + T)>t (7.2)

V(u? (1)), (u”? (x + ),

where v’ denotes fluctuation of axial velocity and x is the position in the
flow field where the two-point correlation is evaluated, see figure 7.18.

Figure 7.18: Two-point space-time correlations in the shear layer are
obtained for location, x, using a spatial separation, &.

Figures 7.19-7.21 show two-point correlations in points located on the
nozzle lip-line 2.5, 5.0 and 10.0 nozzle diameters downstream of the noz-
zle exit. Each figure contains the autocorrelation of axial velocity fluc-
tuations, i.e. no spatial separation, and 30 two-point space-time corre-
lations obtained with increased spatial separation. Each consecutive
correlation curve corresponds to an increase in spatial separation by
0.1D;. The integral of the envelope built up of the two-point correlation
curves corresponds to the Lagrangian time scale in the current position
in the flow. Comparing figures 7.19-7.21, the amplitude for a given spa-
tial separation, &, increases downstream the jet, which indicates that
the turbulence becomes more and more frozen in character, i.e. the tur-
bulence length scale increases as the jet develops. A comparison was
made with two-point measurements in the shear layer at the end of the
potential core, x = L.. Here the potential core length is defined as the
axial location where the centerline mean velocity equals 0.95U;. For the
LES, this gives L. = 5.4545D; and, for the measured data, L. = 6.50D;.
For more detail on the two-point measurements see Jordan & Gervais
(2003). In figure 7.22, correlation peak locations of the two-point space-
time correlations obtained from LES data are compared with those
from the two-point measurements. Figure 7.23 shows a comparison of
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predicted autocorrelation and two-point correlation envelope with the
corresponding curves obtained from measured data. These are again
obtained in the shear layer at the potential core closure. The autocor-
relation and the envelope represent the Eulerian and Lagrangian time
scales, respectively. Figure 7.24 shows the spatial correlations of axial
velocity in three locations and figure 7.25 shows a comparison of the
predicted and measured spatial correlations at (x = L., = 0.5D;).

Figure 7.19: Two-point space-time correlation of axial velocity at a loca-
tion, x, in the shear layer r = 0.5D;, = 2.5D;. Each curve corresponds
to a two-point space-time correlation obtained using a certain spatial
separation, £. Starting with no separation in space, i.e. the autocorre-
lation, the spatial separation is increased by 0.1D; per curve.
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Figure 7.20: Two-point space-time correlation of axial velocity at a lo-
cation, x, in the shear layer r = 0.5D;, x = 5.0D;. See also legend to
figure 7.19.
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Figure 7.21: Two-point space-time correlation of axial velocity at a lo-
cation, x, in the shear layer r = 0.5D;, « = 10.0D;. See also legend to
figure 7.19.
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Figure 7.22: Contours of Ry, (x,&,7) obtained in the shear layer, r =
0.5Dj, at the end of the potential core, z = L, = 5.5D;. The contours
corresponds to LES data, ’ * ' corresponds to the correlation peaks
of these two-point space-time correlations and ' o ’ to the peaks of
the correlations obtained from the velocity data measured by Jordan &
Gervais (2003).
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TUJ'

Figure 7.23: Comparison of the autocorrelation and the two-point
space-time correlation envelope for the LES data and the measured
data. The data are in both cases obtained in the shear layer at the po-
tential core closure (z = L.). The solid line denotes the envelope of the
LES data and the solid line with circles the corresponding measured
data. The dashed line corresponds to the autocorrelation of the LES
data and the solid line with squares denotes the autocorrelation of the
data measured by Jordan & Gervais (2003).
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Figure 7.24: Predicted two-point correlation of axial velocity at three
different locations, x, in the shear layer: ' —o ' corresponds to a location
x = 2.5D; downstream of the nozzle exit,” —-'tor =5.0D; and ' — *'
to z = 10D;. All points are located at r = 0.5D;.
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Figure 7.25: Comparison of spatial correlation in the shear layer at the
potential core closure. The solid line denotes LES data and the solid
line with circles data measured by Jordan & Gervais (2003).
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7.1.5 Length and Time Scales of Turbulence Struc-
tures

Length and time scales of turbulence quantities were obtained using
the two-point space-time correlations presented in the previous sec-
tion. Estimates of convection velocity of turbulence structures were
also obtained for a number of axial locations in the shear layer. The
separation in time between the peak of the autocorrelation curve and
the peak of the first following two-point correlation curve was used.
This time delay corresponds to a spatial separation of 0.1D,, as men-
tioned previously, and thus gives an estimate of the convection velocity,
see figure 7.26.

U¢= 3 (7.3)
TRmas

A more correct way would be not to use the temporal separation for the
peak but rather the time for which the two-point space-time correlation
envelope is a tangent to the correlation curve (Fisher & Davies, 1963).
However, the result would not differ a great deal. Predicted convec-
tion velocities for a few axial locations are presented in table 7.1. In
the middle column, the convection velocities have been normalized by
the jet velocity, U;, and, in the right column, by the local mean veloc-
ity. As shown in table 7.1, the eddy convection velocity is everywhere
higher than the local mean velocity. This might be a nonintuitive result
but is a phenomenon observed in experiments (Fisher & Davies, 1963;
Wygnanski & Fiedler, 1969) and is caused by skewness of the velocity
distribution. In shear layer locations close to the high velocity poten-
tial core, the convection velocity is likely to be larger than the local
mean velocity and lower in the outer parts of the shear layer (Fisher
& Davies, 1963). Moreover, a turbulence convection velocity equal to
the local mean velocity would indicate frozen turbulence (Hinze, 1975).
The increasing deviation from unity of the correlation peaks for in-
creasing spatial separation shows that the turbulence in this case can
not be considered frozen, see figures 7.19-7.21. In the outer part of the
jet, i.e. in the region of the interface between the turbulent jet flow and
the irrotational outer flow, the skewness is directly attributable to the
flow intermittancy.

Local integral length and time scales are estimated by integration of
the corresponding autocorrelation and spatial correlation, respectively.
The first crossing of the coordinate axis is used as the upper limit for
the integration. The Lagrangian time scale, 77, corresponds to the in-
tegral of the correlation envelope. Since the envelope does not intersect
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Ry (x,&,7)
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Figure 7.26: The eddy convection velocity is calculated using the tem-
poral separation corresponding to the maximum correlation of a space-
time correlation obtained for a spatial separation of 0.1D;.

the 7-axis for the range of temporal separation used, an analytic func-
tion representing the enveloped must be used to obtain the time scale.

Ry (x,&,7) = e IT/TE (7.4)

The axial development of integral length and time scales are shown in
figures 7.27-7.29. In these figures, scales obtained from measured data
are represented by circles.
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Table 7.1: Predicted convection velocity of turbulence structures in the

z/D; | U/U; | U%/(u),
2.50 | 0.65 1.09
3.00 | 0.71 1.19
3.50 | 0.71 1.21
4.00 | 0.71 1.23
450 | 0.71 1.24
5.00 | 0.65 1.15
5.50 | 0.65 1.16
6.00 | 0.60 1.09
6.50 | 0.65 1.20
7.00 | 0.71 1.31
7.50 | 0.65 1.22
8.00 | 0.65 1.24
8.50 | 0.60 1.16
9.00 | 0.65 1.28
9.50 | 0.60 1.22
10.00 | 0.56 1.16

shear layer, r = 0.5D;.

0.65
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0.55¢
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Figure 7.27: Axial development of the integral length scale in the shear
layer, i.e. r = 0.5D;. ' o ' denotes experiments (Jordan & Gervais, 2003).
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Figure 7.28: Axial development of the Eulerian integral time scale in
the shear layer, i.e. r = 0.5D,. For legend see figure 7.27.
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Figure 7.29: Axial development of the Lagrangian integral time scale
in the shear layer, i.e. » = 0.5D;. For legend see figure 7.27.

64



CHAPTER 7. RESULTS

7.1.6 Far-field Sound Pressure Levels

Comparisons of predicted far-field sound pressure levels (SPL) and lev-
els measured by Jordan et al. (2002b) are shown in figures 7.30 and
7.31. The time series of far-field pressure fluctuations used for the
evaluation contains about 1.5 x 10* samples and is roughly 0.038 [s].
The observer locations for which sound pressure levels are presented
in figure 7.30 are located on a 30D; radius arc and those in figure 7.31
on a 50D, radius arc. The observer locations in relation to the Kirchhoff

surface used are shown in figure 4.3. The sound pressure level is here
defined as

()"
SPL == 20 loglo Tt (7.5)
ref

where
Pref = V/ PooCool10712 = 2.0 X 107° [Pa] (7.6)

corresponds to the threshold of human hearing at a frequency of 1000
Hz. Sound pressure levels obtained using all spectral information avail-
able are often referred to as overall sound pressure levels (OASPL). The
time history of pressure in the observer locations was obtained numer-
ically using instantaneous flow data from the LES in combination with
Kirchhoff surface integration. This procedure was described in more
detail in section 5.4. As can be seen in the figures, predicted levels
agree very well with experimental data. The predicted levels are not
as good for angles below 40° and higher than 120° as for those in be-
tween. This is especially noticeable for the lower arc. In this case the
fact that the observer locations are very close to the Kirchhoff surface
might affect the levels obtained. Furthermore, Shur et al. (2003) states
that the downstream closing surface might be important for the sound
pressure levels obtained at low angles. Still, the slightly overpredicted
sound pressure levels for high angles must be explained.

Figure 7.32 shows a comparison of the power spectrum of predicted
pressure fluctuations in a couple of observer locations with the corre-
sponding spectra obtained for the measured data (Jordan et al., 2002b).
For low and high angles, the predicted levels are in good agreement
with the experimental data up to at least Strouhal number St = 1.5,
see figure 7.32(a). For the intermediate angles on the other hand, the
predicted amplitude decreases rapidly above St = 1.0. This is due to the
fact that the grid is not fine enough to support high frequency acoustic
waves in the radial direction. Assuming that it is sufficient to have
four cells per wavelength to be able to capture a propagating wave of
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1101

85O 20 40 60 80 100 120 140 160

0, angle from the x — axis

Figure 7.30: Far-field sound pressure levels in microphone locations
30D; from the nozzle exit: ' — x ' corresponds to sound pressure levels
measured by Jordan et al. (2002b) and the dashed lines’ — — ' to the
measured levels + 3dB. ' o’ denotes calculated sound pressure levels
using Kirchhoff surface integration.

a certain frequency, the cells in the area where the Kirchhoff surface
is located would support propagating waves of Strouhal numbers up
to St ~ 1.2. The filtering of acoustic waves caused by the coarseness
of the mesh might be an explanation for the overpredicted sound pres-
sure levels at high angles, see figure 7.30. This overprediction might be
caused by unphysical, high frequency acoustic waves generated in the
hydrodynamic jet region. An indication of such pollution of high fre-
quencies by the presence of spurious noise was found when Lighthill’s
acoustic analogy was used for sound propagation. This will be dis-
cussed in more detail in section 7.4. These high frequency waves will,
for most observers, be damped out by numerical dissipation. However,
in the upstream direction, the resolution is significantly finer relative
to the downstream direction, see figure 6.2. This means that some of
these non-physical waves might reach the Kirchhoff surface and con-
tribute to the overall sound pressure levels for the upstream observers.
By band-pass filtering the observer pressure signal, these effects can be
diminished, as shown in figures 7.33-7.34. The pressure signals were
filtered with a lower cut-off frequency corresponding to St = 0.05 and
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Figure 7.31: Far-field sound pressure levels in microphone locations
50D; from the nozzle exit. See also legend in figure 7.30.

upper cut-off corresponding to St = 1.0. The reason for using a band-
pass filter instead of a low-pass filter is that this approach removes
some of the high amplitudes obtained for very low Strouhal numbers,
see figure 7.32.
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Figure 7.32: Power spectrum of far-field pressure fluctuations versus

Strouhal number, St =

fD;/U;. The dashed line,” — — ', corresponds

to data obtained using Kirchhoff integration and the solid line corre-
sponds to experimental data measured by Jordan et al. (2002b). In fig-
ure (a), four observer locations are represented. Starting at a location
20° from the z-axis, the angle is increased by an increment of 40° per
spectrum. In figure (b) the first spectrum from below is obtained for an
observer location 60° from the z-axis, i.e. it should be compared with
the second spectrum from below in figure (a). Note that the spectra
have been staggered and the scale on the y-axis is therefore repeated.
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0, angle from the x — axis

Figure 7.33: Far-field sound pressure levels in microphone locations
30D; from the nozzle exit. The sound pressure levels were obtained
using band-pass filtered pressure signals. The upper cut-off frequency
corresponds to St = 1.0 and the lower to St = 0.05. See also legend to
figure 7.30.
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Figure 7.34: Far-field sound pressure levels in microphone locations
50D; from the nozzle exit. The sound pressure levels were obtained
using band-pass filtered pressure signals. The upper cut-off frequency
corresponds to St = 1.0 and the lower to St = 0.05. See also legend to
figure 7.30.
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7.2 Mach 0.75, Heated Jet (Jet II )

A heated version of the jet presented in the previous section was sim-
ulated in order to investigate whether the methods used predict jet
aerodynamics and radiated sound within satisfying ranges when tem-
perature effects are present. The static temperature of the jet exhaust
was in this case twice that of the surrounding ambient air in which the
jet is developed.

7.2.1 Instantaneous Flow Field

As in chapter 7.1.1, vorticity was visualized by isosurfaces of negative
second eigenvalues of (S;;Sk; + 2xSd;), see figure 7.35. The same iso-
surface values as in figure 7.1 were used. By comparing the figures of
Jet I and those of Jet II it seems that heating the jet results in more
small-scale structures in the initial jet region. Moreover, the break-up
of the jet is faster than in the unheated case. This results in a shorter
potential core region, which will be shown in the time-averaged profiles
later. Figure 7.36 shows contours of axial velocity in a in the zz-plane

Figure 7.35: Isosurface of negative second eigenvalues of A;; =
(S,-kSkj + Qikaj)-
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and in the yz-plane. The three-dimensionality of the jet flow is clearly
visualized in the right figure.

Figure 7.36: Contours of instantaneous axial velocity. The left picture
shows contours in the plane y = 0.0 and the right picture in the plane
x = 0.15.

7.2.2 Time-averaged Velocity Profiles

Figure 7.37 shows how radial profiles of axial velocity develop down-
stream. Figures 7.38-7.44 are comparisons of the predicted time-averag-
ed initial flow field, i.e. the flow in vicinity of the nozzle, of Jet II with
experimental data (Jordan et al., 2002a). Profiles of mean velocity and
turbulence intensities were extracted along the radial and axial lines
depicted in figure 7.4. Note that all radial profiles have been staggered
corresponding to their axial position in order to visualize the down-
stream jet development. As for Jet I, the predicted jet flow field is in
very good agreement with the measured flow field.

It is obvious from figure 7.38 that, for the heated jet, as for the cold
jet discussed in the previous section, the potential core is shorter than
that obtained in the experiments. Using the criterion presented in sec-
tion 7.1.2, the potential core is 4.0 D, for the LES data and 5.0 D, for
the experimental data. However, the trend is correctly predicted, i.e.
heating the jet results in a shorter core region.

The fact that the potential core is shorter makes the radial velocity
profiles obtained from the LES flatter than those obtained in the ex-
periments, downstream of the predicted potential core closure, see fig-
ure 7.39. The initial jet spreading is slightly overpredicted, which can
be seen in figure 7.39.
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Figure 7.38: Centerline velocity: the solid line, '—’/, corresponds to LES

results and the circles, o/, to experimental data (Jordan et al., 2002a).

The maximum level of the root-mean-square of axial velocity is in good
agreement with experiments. The location of the maximum is shifted
towards the nozzle, however, since this maximum occurs at the poten-
tial core closure, see figure 7.40. The radial profiles of the root-mean-
square of axial velocity depicted in figure 7.41 show the overpredic-
tion of the initial mixing of the jet. The profile of LES data closest
to the nozzle outlet is wider than the corresponding measured profile.
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Figure 7.39: Radial profiles of axial velocity at axial positions z/D; =
1.0, z/D; = 2.5 and z/Dj = 5.0: '=' correspond to LES results and
'o’ to experimental data (Jordan et al., 2002a). The profiles have been
staggered corresponding to their axial position.

Furthermore, the maximum level, located in the center of the shear
layer, is higher for the LES profile. Moving downstream, the difference
in peak value decreases and, for the profile farthest downstream, i.e.
z = 5.0D;, the peak value is even underpredicted.
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Figure 7.40: Axial profile of |/(u"?),: '—' corresponds to LES results and
'0’ to experimental data (Jordan et al., 2002a).
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0.51

Figure 7.41: Radial profiles of \/(u"?),, at ©/D; = 1.0, /D; = 2.5 and
xz/D; = 5.0: '=' corresponds to LES results and ‘o’ to experimental
data (Jordan et al., 2002a). The profiles have been staggered corre-
sponding to their axial position.

The peak level of the root-mean-square of radial velocity is, as the axial
velocity, in good agreement with measurements but shifted upstream,
see figure 7.42. The turbulence anisotropy of the jet is well captured
in the LES, which can be seen if the profiles of the root-mean-square
of axial velocity are compared with the corresponding profiles for the
radial velocity component. As for the cold jet, the root-mean-square
of measured radial velocity is rather high close to the nozzle, which
is probably caused by potential core flutter in the experiments. These
high levels can also be seen in the first radial profile in figure 7.43.
These profiles are, despite the differences close to the nozzle, in rather
good agreement with experiments.

In figure 7.44, predicted radial profiles of the uv correlation are com-
pared with experiments. The uv correlation gives an estimate of the
mixing in the jet flow. Since previous figures have shown that the po-
tential core is shorter in the LES than in experiments, and hence the
rate of mixing is higher, it is natural that the uv correlation in this re-
gion is overpredicted. Moving downstream, the predicted values are to
a higher degree aligned with the measurement data. However, the lo-
cation of maximum shear is somewhat shifted towards the centerline.
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Figure 7.42: Axial profile of /(v"?),: '—' corresponds to LES results and
'o’ to experimental data (Jordan et al., 2002a).
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Figure 7.43: Radial profiles of \/(v"?),, at z/D; = 1.0, /D; = 2.5 and
z/D; = 5.0: "' corresponds to LES and ’o’ to experimental data (Jordan

et al., 2002a). The profiles have been staggered corresponding to their
axial position.

7.2.3 Temperature Profiles
No measurements of temperature were conducted, which means that
no experimental data are available for validation of LES results. How-

ever, it is most likely that the results obtained from the LES agree to
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Figure 7.44: Radial profiles of (uv'),, at 2/D; = 1.0, /D; = 2.5 and
xz/D; = 5.0: '—' corresponds to LES and o' to experimental data (Jordan
et al., 2002a). The profiles have been staggered corresponding to their
axial position.

the same extent with the real jet as the velocity data did. Profiles of
time-averaged temperature were obtained in the same locations as the
velocity profiles presented in previous section. The radial profiles have,
again, been staggered according to their axial position. The profiles in
figures 7.45-7.48 have been non-dimensionalized using the jet exhaust
temperature, T}, and velocity, U;, and the temperature of the surround-
ing fluid, 7.

Figure 7.45 shows the centerline temperature decay and, for compar-
ison, the decay of axial velocity at the centerline is included. The de-
crease in temperature starts earlier than that of the axial velocity. Fur-
thermore, the temperature decay initially follows a steeper curve than
the axial velocity does. These observations have also been made in
experiments; see for example Hinze (1975). The axial distribution of
the intensity of temperature fluctuations is depicted in figure 7.46. For
comparison, the intensity of the axial velocity fluctuations is included.
Radial profiles of time-averaged temperature and temperature fluctu-
ation intensity are depicted in figures 7.47 and 7.48, respectively. As
for the axial profiles, the corresponding profiles of axial velocity are
included for comparison.
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Figure 7.45: Axial profile of time-averaged temperature. For compari-
son, a profile of axial velocity is included. The solid line denotes tem-
perature and the dashed line axial velocity.
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Figure 7.46: Axial distribution of the temperature fluctuation intensity.
A profile of the intensity of the axial velocity fluctuation is included for
comparison (dashed line).
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Figure 7.47: Radial profiles of time and azimuthally averaged temper-
ature. For legend see figure 7.45.
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Figure 7.48: Radial distribution of temperature fluctuation intensity.
For legend see figure 7.46.
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7.2.4 Self-preservation

An investigation of whether the velocity profiles and second-order mo-
ments show self-preserving behavior was made in the same manner
as for the unheated jet, see section 7.1.3. In figure 7.49, the inverse
of time-averaged centerline velocity normalized by the jet exit velocity
is plotted verses the axial coordinate normalized by the nozzle diam-
eter. The intersection of a line fitted to the LES data and the z-axis,
i.e. the axial location from which the self-preserving jet seems to orig-
inate, o =1.05 Dj, is used to collapse radial profiles of axial velocity
and second-order moments, see figures 7.50-7.54. As discussed in sec-
tion 7.1.3, the axial extent of the domain is too short to fully obtain self-
similar behavior of second-order moments. However, the axial velocity
becomes self-similar within the two-meter domain used for evaluation.
As for Jet I, it seems that self-similar behavior of correlations including
axial velocity components is more difficult to obtain than for those only
including radial and tangential velocity components. The jet spreading
rate was estimated from a curve fitted to the collapsed profiles of axial
velocity to be roughly 0.095, see figure 7.50.

10

0 10 20 30 40

Figure 7.49: Predicted centerline velocity. The solid line corresponds to
a curve fit to the LES data. The z-value at which the line intersects the
x-axis, xg, is used to collapse the radial profiles in figures 7.50-7.54.
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Figure 7.50: Radial profiles of axial velocity normalized by centerline
mean velocity. The solid line corresponds to a curve fit to the LES data.
The profiles are labeled as follows: ' o ' = 19D;," x ' = 24Dy,
"+ ' =29D;,'0" = 34Djand’ o' = 39D;.
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Figure 7.51: Radial profiles of (u'v),, normalized by centerline mean
velocity. Radial profiles at six axial locations are represented. The
profiles are labeled as follows: ' o' = 29D,,' ' = 31D;," +' = 33D,
"07 = 35D;," o' = 37D; and finally ' <« ' = 39D;.
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Figure 7.52: Radial profiles of (v'v'),, normalized by centerline mean
velocity. For legend see figure 7.51.
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Figure 7.53: Radial profiles of (w'w’),, normalized by centerline mean
velocity. For legend see figure 7.51.
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Figure 7.54: Radial profiles of (u'v'),, normalized by centerline mean

velocity. For legend see figure 7.51.
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7.2.5 Two-point Space-time Correlations

Two-point space-time correlations were obtained for a number of shear
layer locations at » = 0.5D;. The methodology used was the same as
for the unheated jet, see section 7.1.4. The correlations are obtained
for the axial velocity component, and the correlation amplitude, R,,,
is defined by equation 7.2. The data series used for this evaluation
is roughly 7.5x102 [s]. Figures 7.55-7.57 show correlation curves ob-
tained in three axial locations along the nozzle lip line. The increase in
spatial separation, ¢, for each curve in the figures is 0.1D,. The corre-
lations were obtained using an increment in temporal separation, Ar,
of 1.5x107° [s]. Figure 7.58 shows contours of correlation amplitude

Figure 7.55: Two-point space-time correlation of axial velocity at a loca-
tion, x, in the shear layer r = 0.5D;, x = 2.5D;. Each curve corresponds
to a two-point space-time correlation obtained using a certain spatial
separation, £. Starting with no separation in space, i.e. the autocorre-
lation, the spatial separation is increased by 0.1D, per curve.

in the {7-plane. The correlations presented in this figure are obtained
in the shear layer, » = 0.5D;, at an axial location corresponding to the
potential core closure, + = L, = 4.0D;. The correlation peak for each
spatial separation of the predicted correlations is indicated with a cir-
cle in the figure. Peaks of correlations obtained from data measured
by Jordan (2003) are represented by stars. The envelope of predicted
two-point space-time correlation curves and the predicted autocorrela-
tion in the shear layer location corresponding to the end of the poten-
tial core are compared with the corresponding correlations of measured
data in figure 7.59. Spatial correlations obtained in the same three
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Figure 7.56: Two-point space-time correlation of axial velocity at a lo-
cation, x, in the shear layer » = 0.5D;, x = 5.0D,. See also legend to

figure 7.55.

Figure 7.57: Two-point space-time correlation of axial velocity at a lo-
cation, x, in the shear layer r = 0.5D;, z = 10.0D;. See also legend to

figure 7.55.

axial locations as the space-time correlations presented earlier are de-
picted in figure 7.60. In figure 7.61, predicted spatial correlations in
location (z = L., r = 0.5D;) are compared with the spatial correlations
of measured data obtained for the corresponding location.
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Figure 7.58: Contours of R,, (x,{,7) obtained in the shear layer, r =
0.5D;, at the end of the potential core, z = L. = 4.0D;. The contours
corresponds to LES data. ' * ' corresponds to the correlation peaks of
these two-point space-time correlations and ' o ’ to the peaks of the
correlations of the velocity data measured by Jordan (2003).
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Y

Figure 7.59: Comparison of the autocorrelation and correlation enve-
lope for the LES data and the measured data. The data are in both
cases obtained in the shear layer at the potential core closure (z = L,).
The solid line denotes the envelope of the LES data and the solid line
with circles the corresponding measured data. The dashed line corre-
sponds to the autocorrelation of the LES data and the solid line with
squares denotes the autocorrelation of the data measured by Jordan
(2003).

Ruu (X, g: 0)

Figure 7.60: Predicted two-point correlation of axial velocity at three
different locations, x, in the shear layer: ' —o ' corresponds to a location
x = 2.5D; downstream of the nozzle exit,” —-'toz =5.0D; and ' — *'
toz = 10D;. All points are located at r = 0.5D;.
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Figure 7.61: Comparison of spatial correlation in the shear layer at the
potential core closure. The solid line denotes LES data and the solid
line with circles data measured by Jordan (2003).
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7.2.6 Length and Time Scales of Turbulence Struc-
tures

Integral length and time scales and convection velocity of turbulence
structures were obtained from the two-point space-time correlations
presented in the previous section. The first crossing of the £-axis for
the spatial correlations and of the 7-axis for the autocorrelations were
used as the upper limit for the integration when obtaining the integral
scales. Figures 7.62—7.64 show the axial development of predicted inte-
gral length and time scales in the shear layer along the nozzle lip line.
For comparison, the corresponding scales obtained from measured data
for a few axial locations are included.

0.8

0.71

0.61

Sl

0.5¢

0.4r

0.3 :

6
L
D;j
Figure 7.62: Axial development of the integral length scale in the shear
layer, i.e. r = 0.5D;. ' o ' denotes experiments (Jordan, 2003).

Estimates of turbulence convection velocity were obtained using the
temporal separation corresponding to the peak of the correlation curve
obtained for a spatial separation of { = 0.1D;, see figure 7.26. The pre-
dicted velocities for a few axial locations are presented in table 7.2. In
the middle column, the convection velocities have been normalized by
the jet exit velocity. These values are, for most of the locations, close to
the value of 0.6 often referred to in the literature as the correct convec-
tion velocity. In the right column, the velocities are normalized by the
local mean velocity. The eddy velocity is everywhere slightly higher
than the local mean velocity, which was also found for the unheated
jet. For a more detailed discussion of whether this could be considered
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Figure 7.63: Axial development of the Eulerian integral time scale in
the shear layer, i.e. 7 = 0.5D;. For legend see figure 7.62.
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X
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Figure 7.64: Axial development of the Lagrangian integral time scale
in the shear layer, i.e. » = 0.5D;. For legend see figure 7.62.

a reasonable result, see section 7.1.5.
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z/D; | U/U; | U%/(u),
2.50 | 0.65 1.27
3.00 | 0.65 1.28
3.50 | 0.65 1.30
4.00 | 0.65 1.32
450 | 0.65 1.36
5.00 | 0.59 1.25
5.50 | 0.62 1.34
6.00 | 0.57 1.24
6.50 | 0.62 1.39
7.00 | 0.59 1.36
7.50 | 0.54 1.27
8.00 | 0.54 1.32
8.50 | 0.54 1.36
9.00 | 0.52 1.34
9.50 | 0.50 1.33
10.00 | 0.44 1.20

Table 7.2: Convection velocity of turbulence structures in the shear
layer, r = 0.5D;.
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7.2.7 Far-field Sound Pressure Levels

Levels of radiated sound in the far-field microphone locations depicted
in figure 6.5 were obtained from the LES and validated against exper-
imental data. The predicted pressure signal used for the evaluation
is roughly 2.30x102 [s]. The observer pressure signals were obtained
using Kirchhoff surface integration. Predicted overall sound pressure
levels (OASPL) are presented in figures 7.65—-7.66. The predicted lev-
els are for all angles within the 3dB deviation from the measured levels
indicated by the dashed lines in the figures. This is a very satisfying
result but can be further improved by filtering the data to remove fre-
quencies that are non-physical or can not be represented by the mesh
and the numerical method used. As discussed in section 7.1.6, the devi-
ations for low angles for the lower arc are probably due to the fact that
the Kirchhoff surface used, for these angles, is very close to the ob-
servers. Power spectra of far-field pressure fluctuations are presented

115

1101

85O 20 40 60 80 100 120 140 160

0, angle from the x — axis

Figure 7.65: Far-field sound pressure levels in microphone locations
30D; from the nozzle exit: ' — ' corresponds to sound pressure levels
measured by Jordan et al. (2002b) and the dashed lines,’ — — ', to the
measured levels + 3dB. ' o’ denotes calculated sound pressure levels
using Kirchhoff surface integration.

in figure 7.67. For low frequencies, the spectra are well captured by
the LES whereas, for higher frequencies (St > 1.0), the predicted am-
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Figure 7.66: Far-field sound pressure levels in microphone locations
50D; from the nozzle exit. See also legend to figure 7.65.

plitudes fall off rapidly and are far below the measured ones. This is
an effect of having too poor grid resolution in the surface region to be
able to support acoustic waves of higher frequencies. This means that
the mesh itself acts as a low-pass filter as the acoustic waves propa-
gate through the domain. This effect is especially noticeable for the
intermediate angles, where the mesh, due to the resolution demands
at the jet exit, is very coarse, see figure 6.3. Furthermore, as can be
seen from figure 7.67, the spectrum peak for the 20° observer is not
captured. This leads to an underprediction of the sound pressure level
for this observer, which can be seen in figure 7.65. The reason for this
underprediction might be the location of the Kirchhoff surface.

As was done for Jet I, see section 7.2.7, the observer pressure signals
was band-pass filtered to investigate the possibility of decreasing the
deviation in SPL for upstream observers by removing high frequencies.
The overprediction of high frequencies might be caused by non-physical
waves that to some extent propagate upstream since the mesh in this
region is significantly finer than in the downstream direction. As can
be seen in figures 7.68-7.69, filtering gives sound pressure levels closer
to the measured levels for the upstream observers. For the 20° observer,
removing high frequencies does not improve the sound pressure level
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Figure 7.67: Power spectrum of far-field pressure fluctuations versus
Strouhal number, St = fD,/U,. The dashed line, ’ ', corresponds
to data obtained using Kirchhoff integration and the solid line corre-
sponds to experimental data measured by Jordan et al. (2002b). In fig-
ure (a), four observer locations are represented. Starting at a location
20° from the z-axis, the angle is increased by an increment of 40° per
spectrum. In figure (b), the first spectrum from below is obtained for an
observer location 60° from the z-axis, i.e. it should be compared with
the second spectrum from below in figure (a). Note that the spectra
have been staggered and the scale on the y-axis is therefore repeated.

due to the underprediction of low frequencies.
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850 20 40 60 80 100 120 140 160
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Figure 7.68: Far-field sound pressure levels in microphone locations
30D; from the nozzle exit. The sound pressure levels were obtained
using band-pass filtered pressure signals. The upper cut-off frequency
corresponds to St = 1.0 and the lower to St = 0.05. See also legend to
figure 7.65.
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Figure 7.69: Far-field sound pressure levels in microphone locations
50D; from the nozzle exit. The sound pressure levels were obtained
using band-pass filtered pressure signals. The upper cut-off frequency
corresponds to St = 1.0 and the lower to St = 0.05. See also legend to
figure 7.65.
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7.3 Heating Effects on Jet Flow and Radi-
ated Sound

This section discusses the effects of the temperature ratio 7} /7., on the
jet flow and sound generation. Starting with a comparison of the in-
stantaneous flow field of the two jets, see section 7.1.1 and section 7.2.1,
it seems that the heated jet contains more small-scale structures than
the unheated jet in the initial region. Figures 7.1 and 7.35 also show
that the heated jet breaks up earlier but does not spread radially to
the same extent as the unheated jet. According to Hinze (1975), ex-
periments have indicated that an increasing temperature ratio gives
a narrower jet. Furthermore, it has been observed (Hinze, 1975) that
the length of the potential core decreases with increased temperature
ratio. This is the case for our simulations as well, which justifies the
predicted results. The predicted potential core is 4.0 D, for the heated
jet, which should be compared to 5.45 D, for the unheated jet, see ta-
ble 7.3. This indicates that the shear layer mixing is higher when the
jet has a higher temperature than the surrounding fluid. Comparing
profiles of uv correlations, see figures 7.11 and 7.44, the levels for Jet 11
are somewhat higher in the initial region of the jet and the levels are
shifted towards the centerline. This again shows that the amount of
mixing is higher in the heated jet and that the jet is narrower.

Figure 7.70 shows the axial development of integral length and time
scales for Jet I and Jet II. The axial coordinates has been normalized
using the potential core length, L. of the two jets. Figure 7.71 shows
predicted two-point space-time correlation envelopes and autocorrela-
tions in three shear layer locations in the potential core region for Jet I
and Jet I1. To be able to compare the two jets, the correlations have been
evaluated in locations with the same z/L, ratio. Figure 7.72 shows the
same kind of comparison for spatial correlations. As can be seen in
figures 7.70-7.72, there are no great differences in length and time
scales for the two jets. However, since the potential core is significantly
shorter for Jet I, turbulence structures grow faster for this jet.

Table 7.3 gives comparison of length scales, time scales and the con-
vection velocity of turbulence structures obtained from measured and
predicted data for Jet I and Jet I1.

Sound pressure levels in far-field observers obtained for JJet I and Jet 11
using Kirchhoff surface integration are depicted in figure 7.73. As can
be seen from the figure, heating the jet does not have a great affect
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Figure 7.70: Scales of turbulence structures for Jet I (solid lines) and
Jet II (dashed lines) are compared. The axial development of the inte-
gral time scale is shown in the left figure and integral length scale in
the right figure.

000 ¢

Ruu (X7 5’ T)

Figure 7.71: In the left figure, the envelope of the predicted two-point
space-time correlation curves are compared in three shear layer loca-
tions for Jet I (circles) and Jet II (solid line). In the right figure, pre-
dicted autocorrelations in the same positions are compared. (The leg-
end is the same as for the left figure.)

on the sound pressure levels. However, both the predicted and the
measured levels are somewhat higher for Jet II. Thus the trend seems
to be correctly predicted.
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D;j
Figure 7.72: Comparison of predicted two-point correlations of axial
velocity obtained in three shear layer positions for Jet I (circles) and
Jet I1 (solid line).

85 1 1 1 1 1 1 1
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Figure 7.73: Heating effects on radiated sound. Solid and dashed lines
denote unheated and heated jet, respectively, and circles and triangles
denote the corresponding measured levels. The upper data set is for
the 30D, arc and the lower for the 50D; arc. The predicted sound pres-
sure levels are based on band-pass filtered data with a lower cut-off
frequency corresponding to St = 0.05 and the upper to St = 1.0.
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Jet 1
LES EXP. LES/EXP.
113—; 5.45 6.5 0.84
v | 3L, | AL, | 3L, | 3L. | fL, | 5L, | 3L.| tL. | 3L
D% 0.371 | 0.447 | 0.538 | 0.341 | 0.442 X 1.09 | 1.01 | x
%i 0.542 | 0.679 | 0.859 | 0.664 | 0.753 X 0.82 1 0.90 | x
g—; 0.71 | 0.65 | 0.70 | 0.78 | 0.75 X 091 0.87| x
Jet I1
LES EXP. LES/EXP.
{3—; 4.0 5.0 0.80
v | 3L, | AL, | 3L, | L. | fL, | SL. | L. | fL. | L.
D%- 0.353 | 0.405 | 0.437 | 0.371 | 0.378 | 0.460 | 0.95 | 1.07 | 0.95
TD—? 0.569 | 0.746 | 0.817 | 0.820 | 0.791 | 0.945 | 0.69 | 0.94 | 0.86
g—; 0.65 | 0.65 | 0.65 | 0.52 | 0.66 | 0.67 | 1.25 | 0.98 | 0.97

Table 7.3: Comparison of predicted and measured flow features for Jet I

and Jet II. All values presented are obtained along the nozzle lip line,
le. r= 05D]
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74 Predicted Radiated Sound Using
Lighthill’s Acoustic Analogy

This section reports observer sound pressure levels obtained using Light-
hill’s acoustic analogy. The performance of this acoustic analogy is com-
pared with that of Kirchhoff surface integration for which the predicted
SPL for Jet I and Jet II was presented in previous sections, see sec-
tions 7.1 and 7.2.

Figure 7.74 compares overall sound pressure levels obtained using Kirch-
hoff and Lighthill’s acoustic analogy in both spatial and temporal deriva-
tive formulation. The upper two figures are obtained for Jet I and the
lower ones for Jet II. The sound pressure levels obtained using Kirch-
hoff are, as shown previously, well aligned with measured levels for
both jets. As shown in the figures, the spatial derivative formulation
of Lighthill’s acoustic analogy gives OASPL far over the ones obtained
in experiments. The temporal derivative formulation is somewhat bet-
ter, at least for low angles. From 90° and above, the levels increase
rapidly. In the following, only the sound pressure levels obtained using
the temporal derivative formulation will be discussed.

Spectra of far-field pressure for a few observers are depicted in fig-
ures 7.75 and 7.76 for the unheated and heated jet, respectively. For
Jet I, the amplitude of the spectra is overpredicted for high Strouhal
numbers for high and low angles. However, this overprediction is not
as evident in the sound pressure levels obtained for low angles as in
those obtained for high angles. The reason for this is probably that
the amplitudes at low Strouhal numbers are significantly higher for
the low angles and thus the overprediction at high frequencies is not
as dominant as for the high angles, see figure 7.75. For the heated jet,
see figure 7.76, the amplitude is again overpredicted for high Strouhal
numbers. In this case, however, the method fails to predict the spec-
trum amplitude at low Strouhal numbers. These are here far under
the measured levels. This might explain the somewhat better directiv-
ity for the heated jet using Lighthill’s acoustic analogy, see figure 7.74.
That is, it seems that it could be a lucky coincidence that the predicted
levels are closer to the measured ones for low angles in this case. The
inability to capture the amplitude for low Strouhal numbers still has
to be explained. It might be an effect of using an assumption not valid
for heated jets when evaluating the Lighthill source term, namely, that
the Lighthill tensor can be reduced to only include the Reynolds stress
term. According to Lighthill (1952), this assumption is valid only in
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Figure 7.74: Comparison of predicted far-field sound pressure levels

using different integral approaches.
— —'" a 3dB deviation from the measured levels. '+’ denotes Kirchhoff

!

!

— *' denotes measured data and

integration, ‘o’ Lighthill’s acoustic analogy on its temporal derivative
formulation and '+’ the spatial derivative formulation.
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flows in which the temperature departs little from uniformity. Accord-
ing to Freund (2003), the entropic part excluded in the simplified ver-
sion of the Lighthill tensor gives a non-negligible sound contribution,
even for isothermal jets. No tests have yet been done to validate that
this is the reason for the low amplitudes.

7.4.1 Low-pass Filtering of Observer Pressure Sig-
nal

The overpredicted amplitudes in the far-field pressure spectra presented
in the previous section might be an effect of the high frequency range
being contaminated by spurious waves. This in turn leads to overpre-
diction of sound pressure levels due to the contribution of these un-
physical high frequency waves. When using Kirchhoff surface inte-
gration, such contributions were filtered out due to the resolution of
the mesh, see sections 7.1 and 7.2, whereas, in this case, nothing will
be damped out since the integration takes place directly in the source
locations. The high amplitudes at high Strouhal numbers are unphysi-
cal but might still exist in the simulated flow field. Therefore, filtering
approaches were tested in order to see whether these unphysical ef-
fects could be diminished. A low-pass second-order Butterworth filter
with cut-off frequencies based on the local convection velocity and local
cell width was implemented in the solver. Retarded time evaluation of
acoustic sources was then evaluated using low-pass filtered data. The
effect of post-processing the unfiltered pressure signal using a band-
pass filter was also investigated.

Figure 7.77 gives sound pressure levels obtained using the built-in low-
pass filter. As can be seen in the figures, the level at high angles for
Jet I were significantly reduced. For the heated jet, on the other hand,
the low-pass filtering was not as successful. The levels became some-
what lower for high angles but were in this case underpredicted for low
angles. This is probably an effect of the fact that the low frequency part
of the spectra is not accurately captured. However, the decrease of the
sound pressure levels indicates the presence of spurious waves in the
flow field.

Band-pass filtering of the unfiltered observer pressure signals resulted
in the sound pressure levels shown in figure 7.78. In this case, the lev-
els obtained for Jet I are in rather good agreement with measurements
whereas the levels for Jet IT are underpredicted. The observer pressure
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Figure 7.75: Power spectrum of far-field pressure fluctuations versus
Strouhal number, St = fD;/U,, for Jet I. The dashed line, ' — — '
corresponds to data obtained using Lighthill’s acoustic analogy in the
temporal derivative formulation and the solid line corresponds to ex-
perimental data measured by Jordan et al. (2002b). In figure (a), four
observer locations are represented. Starting at a location 20° from the
z-axis the angle is increased by an increment of 40° per spectrum. In
figure (b) the first spectrum from below is obtained for an observer lo-
cation 60° from the z-axis, i.e. it should be compared with the second
spectrum from below in figure (a). Note that the spectra have been
staggered and the scale on the y-axis is therefore repeated.

spectra of band-pass filtered data for the unheated jet, see figure 7.79,
looks very much like the ones for the pressure signal obtained using
Kirchhoff, see figure 7.32. For cJet I, on the other hand, since the low

frequency amplitudes were underpredicted, see figure 7.76, filtering
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Figure 7.76: Power spectrum of far-field pressure fluctuations versus
Strouhal number, St = fD,/Uj, for Jet II. For legend see figure 7.75.

the pressure signal leads to underprediction of the sound pressure lev-
els. The pressure fluctuation power spectra for the band-pass filtered
Jet II data show that the filtering operation results in underpredicted
spectrum amplitudes for almost all angles, see figure 7.80.
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Figure 7.77: Predicted OASPL obtained by implementing a temporal
Butterworth filter in the solver. For legend see figure 7.74.
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Figure 7.78: SPL obtained using band-pass filtered pressure signal.
The upper cut-off frequency corresponds to a Strouhal number of St =
1.0 and the lower to St = 0.05. For legend see figure 7.74.
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Figure 7.79: Power spectrum of far-field pressure fluctuations versus
Strouhal number, St = fD;/U,, for Jet I. These spectra were obtained
for band-pass filtered pressure signals. The upper cut-off frequency
corresponds to a Strouhal number of St = 1.0 and the lower to St = 0.05.
For legend see figure 7.75.
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Figure 7.80: Power spectrum of far-field pressure fluctuations versus
Strouhal number, St = fD,/Uj,, for Jet II. These spectra were obtained
for band-pass filtered pressure signals. The upper cut-off frequency
corresponds to a Strouhal number of St = 1.0 and the lower to St = 0.05.
For legend see figure 7.75.
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Chapter 8

Computational Resources

The computations were performed in part on a Sun-cluster using 14
SunBlade 750 MHz processors and in part on a Linux cluster using 14
AMD 1700 processors. MPI! routines were implemented for processor
communication.

The simulated time of the generated data series used in the evalua-
tions presented in chapter 7 and the corresponding CPU time on the
14 AMD processors are presented below.

Jet I :
e Fully developed jet:
2.5 x 1072 [s] = ~ 1556 CPU hours

e Accumulated statistics:
1.5 x 107! [s] = ~ 9333 CPU hours

e Time series of flow data used for evaluation of two-point cor-
relations:
7.25 x 1072 [s] = ~ 4510 CPU hours

e Observer pressure signal:
3.80 x 1072 [s] = ~ 2364 CPU hours

Jet I :

e Fully developed jet:
2.5 x 1072 [s] = ~ 2593 CPU hours

e Accumulated statistics (Velocity field):
1.05 x 107" [s] = ~ 10889 CPU hours

Message Passing Interface
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e Accumulated statistics (Heat fluxes):
6.0 x 102 [s] = ~ 7467 CPU hours

e Time series of flow data used for evaluation of two-point cor-
relations:
7.50 x 1072 [s] = ~ 7778 CPU hours

e Observer pressure signal:
2.30 x 1072 [s] = ~ 2385 CPU hours
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Chapter 9

Conclusions

LES of a compressible Mach 0.75 nozzle/jet configuration has been per-
formed. The Reynolds number based on jet velocity and nozzle diam-
eter was 5.0 x 10*. Jet simulations were performed at two heating
conditions, an unheated jet where the exhaust static temperature was
equal to the static temperature of the surrounding air and a heated
jet where the nozzle outlet temperature was twice that of the ambi-
ent air. Profiles of time and azimuthally averaged flow properties have
been compared with data measured by Jordan et al. (2002a). Although
some deviations occur, the results are in general in very good agree-
ment with experiments. The good results are probably attributed to
the homogeneity of the mesh used and the fact that a nozzle geometry
was included in the calculation domain. Using a combination of carte-
sian and polar mesh blocks makes it possible to ensure that cells in the
outer regions of the calculation domain are not too large and prevent
cells from being clustered in the centerline region.

The maximum levels of turbulence intensities are well captured for
both jets. Furthermore, the turbulence anisotropy of the jets is cor-
rectly predicted. The initial jet spreading and the potential core lengths
are however not predicted correctly. This might be due to the use of a
grid too coarse in the nozzle outlet region, i.e. too coarse for the subgrid
scale model used. Furthermore, the entrainment velocities specified at
the free boundaries probably affect the jet spreading.

Two-point space-time correlations were obtained in a number of loca-
tions in the shear layer along the nozzle lip-line. Correlation curves
obtained at x = L. were in good agreement with experiments (Jordan
& Gervais, 2003). Two-point space-time correlations in the shear layer
were used to obtain estimates of integral length scales, integral time
scales and eddy convection velocities. The agreement with correspond-
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ing quantities obtained from the measured data were satisfying.

Sound pressure levels in the far-field were evaluated with hybrid ap-
proaches. Kirchhoff surface integration and Lighthill’s acoustic anal-
ogy were utilized for the propagation of sound to far-field locations.
Instantaneous pressure on the Kirchhoff surface and volume sources,
i.e. second-order temporal and spatial derivatives of the Lighthill ten-
sor, were obtained from the LES. Sound pressure levels obtained using
Kirchhoff surface integration were in excellent agreement with the lev-
els measured by Jordan et al. (2002b) for both jets. However, the mesh
used fails to capture waves of Strouhal numbers higher than St ~ 1.2.
This results in a rapid fall-off of the spectrum amplitudes for higher
Strouhal numbers. The lower part of the spectra is accurately cap-
tured, however. Since the sound pressure levels obtained were in good
agreement with the measured levels, capturing the lower part of the
spectra seems to be sufficient to represent the main part of the radiated
sound. When Lighthill’s acoustic analogy was used for sound propaga-
tion, the amplitude of the observer pressure fluctuation power spectra
were overpredicted for high Strouhal numbers. This indicates the ex-
istence of unphysical high frequency waves in the hydrodynamic field.
Because the mesh in the outer regions of the jet does not support these
waves, they were damped out by numerical dissipation as the Kirch-
hoff surface was approached. That is, the mesh acts as a low-pass filter
on the acoustic waves traveling through the domain. For upstream
observers, however, some of these higher frequencies contributed to
the overall sound, since the mesh in this direction is significantly finer
than in the downstream direction. The observer pressure signals were
band-pass filtered to investigate whether the effect of these frequen-
cies could be diminished, which significantly improved the results for
the upstream observers.

No filtering of high frequency contributions occurs with Lighthill’s acous-
tic analogy since the integration takes place directly at the source lo-
cations. In this case, filtering the observer pressure signals improved
the sound pressure levels for the unheated jet. For the heated jet, on
the other hand, filtering did not result in particularly improved sound
pressure levels. The deviations from the measured levels decreased
to some degree for the upstream angles but the sound pressure levels
were underpredicted for the downstream observer locations. The rea-
son for this is that Lighthill’s acoustic analogy fails to predict the low
frequency part of the spectra when the jet is heated. This might be
an effect of using the assumption that the Lighthill tensor can be sim-
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plified to include only the Reynolds stress part, which is only valid for
unheated flows.

With a surface integral approach, it is sufficient to use a mesh resolving
the main noise generation structures and supporting acoustic waves
within the frequency range contributing most to the overall sound pres-
sure levels. However, if the aim is to capture the sound spectra in
far-field locations, higher mesh resolution and probably higher-order
schemes would be desirable.

It is worth mentioning that the results presented in this thesis have
been obtained although a less accurate numerical scheme and a mesh
of lower resolution than recommended for aeroacoustic applications
were used.
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Chapter 10
Future Work

The main deviation from the measured flow field was for both the sim-
ulated jets a somewhat shorter potential core, i.e. a shorter mixing
region. This does not seem to affect the obtained far-field sound pres-
sure levels a great deal. Still, it would be interesting to investigate the
reasons for this underprediction. Possible causes are inadequate mesh
resolution and the subgrid scale model used.

The far-field observer signals of acoustic pressure fluctuations were
contaminated by high frequency spurious noise when Lighthill’s acous-
tic analogy was used for sound propagation. Sources of such high fre-
quency waves have to be identified. The fact that some of these effects
occurred even when Kirchhoff surface integration was used for sound
propagation, indicates the presence of spurious waves in the flow field.
Moreover, spurious noise might be generated in the evaluation of the
Lighthill tensor derivative.

For the heated jet, Lighthill’s acoustic analogy, as it was implemented
in this work, failed to capture the low frequency range of the pres-
sure signal. Since the low frequencies contribute most to the radiated
sound, it is of great importance to be able to represent these waves ac-
curately. Therefore, the importance of the terms of the Lighthill tensor
excluded in this work needs to be investigated.

Using Kirchhoff surface integration, the directivity of radiated sound
was well captured. However, since the integration surface has to be
placed outside the hydrodynamic region, the mesh in the integration
surface region was not fine enough to support waves in the high fre-
quency range. Using the surface integration formulation of Ffowcs
Williams & Hawkings (1969) on its porous surface form would make
it possible to use a narrower integration surface since this method al-
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lows hydrodynamic fluctuations to cross the surface. Furthermore, the
source region could be completely enclosed by the surface since this
method enables the downstream closing surface to be included.
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Appendix A

Characteristic Variables

For a homogeneous flow, the Euler equations, i.e. the inviscid part of
the Navier-Stokes equations, may be rewritten in a quasi-linear form
as

0Q 0F;0Q
il = Al
ot aQ oz, a1
Matrices %g are often referred to as flux Jacobians. For local analy-

sis, the flux Jacobians may be regarded as constants and thus a linear
relation can be obtained

oQ 0F;\ 0Q
E“L(acg)oaxi =0 (4.2)

In equation A.2, subscript 0 denotes the reference state for which the
flux Jacobians have been evaluated. Assuming that the perturbations
correspond to planar waves in space with the plane normal aligned
with the vector (o, as, a3) for which o;o; = 1, equation A.2 can be
rewritten as

0Q - 0Q
where
. OF;
AO:ai(aQ)O (A4)

is a linear combination of the flux Jacobians and
§ = a;x; (A.5)
is a coordinate aligned with the wave plane normal vector. Equation

A.3 is a coupled system of one-dimensional linear equations describ-
ing the propagation of waves along the ¢-axis. Matrices 7 and 7!
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are found such that matrix A, is diagonalized using a standard eigen-
decomposition procedure

A 0O 0 0 O
] 0 X 0 0 0
TAT '=A=|0 0 X3 0 0 (A.6)
0 0 0 XN O
0 0 0 0 X
The eigenvalues ()4, ..., A5) can be calculated analytically as
)\1 = )\2 = )\3 = Ooy;U;
)\4 = Al + /o0
)\5 = )\1 — C\/ ;0 (A7)
Introducing the characteristic variables defined as
W =T71Q (A.8)

the system of linear equations given by A.3 can be written as a un-
coupled set of linear transport equations

ow ow
5 +A o 0 (A.9)
Each of the five components, w;, of the W vector is a characteristic
variable transported in a direction aligned with the £-axis with the
characteristic speed described by the corresponding eigenvalue, A\;. The
first of the five characteristic variables may be interpreted physically
as an entropy wave, the following as vorticity waves and the last two
as acoustic waves.
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Physical and Computational
Space

\ ¢ 2

Figure B.1: A domain depicted in computational space and physical
space.

An arbitrary mapping between the computational domain coordinates,
i.e. (§,7,(), and the coordinates in the physical domain, i.e. (z,y, z), or
vice versa, in three dimensions can be expressed as follows

r = 1‘(677’]’4) 5 = E(x,y,z)
y = y(nd) , 4 n = nxy2) (B.1)
z = 2(5m,0) ¢ = C(x,9,2)

Differentiating the mapping from the physical to the computational
domain gives
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dr = wzed§ + zpdn + zed(
dy = yed§ + ypdn + ycdC
dz = zd§ + zdn + 2dC
3
dn

dx Te Ty T¢ d€
dy | = | Ye Yn Y dn | =A
dz ¢y % d¢ d¢

where subscripts &, n and ¢ denote differentiation with respect to the
coordinates in computational space, e.g. z. = $. Differentiating the
mapping from the computational to the physmal domain gives

(B.2)

d§ = &dr + &dy + &dz
dn = mdz + ndy + n.dz
d¢ = Gdr + Gdy + (dz

dnp | = 1| e My N dy | =A""| dy
dC Ci Cy Cz dz

where the inverse of A can be calculated from A as follows using the
cofactor method

(B.3)

[ LJ det (A) 7
D;; is a sub-determinant of A obtained by deleting the i row and the
4% column. The inverse of A can now be expressed in terms of coordi-

nates in the physical domain differentiated with respect to the coordi-
nates in the computational domain as follows

(B.4)

-1

1 (ynzc — yczm) (wczg — Tnz)  (Tnyc — Tcyn)
= Tt () (Yeze — Yeze)  (wezg — weze)  (TeYe — Teyc) (B.5)
(?J&Zn - ?ani) (:an§ - xﬁzn) (xiyn - xn?/&)

where the determinant of A is calculated as
det (A) = z¢ (Ynzc — Yezn) + Ye (Tczg — Tyzc) + 2¢ (Tcyn — Tyye)  (B.6)

Differentiating a flow variable, ®, with respect to £, n and ¢ implies
3

oo od oo
A = pedé + 5 dn + 5rd( = B [dn

“ ] (B.7)

dx
oP 9% 9P —
=% o alA7|dy
dz
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Differentiating the same flow variable with respect to =, y and z gives

dx
a(E a(b acb oP od oP
=5, @t Wt 5 dz=1% & & l|d B.
a0 = S-dv+ -dy+ 5-dz=[ 52 G 5] i (B.8)

By identification of terms on the right hand side of equation B.7 and
equation B.8, respectively, a relation between spatial derivatives in
computational space and physical space can be obtained as

208 2]=1% & %14 ®9)
4 8 12
3 7 11
2 6 10
1 5 9
¢
n
3

Figure B.2: Two neighboring cells in computational space, i.e. (§,7,()-
space, defined by the corner points 1 — 12.

Using the twelve corner points defining two neighboring cells, see fig-
ure B.2, derivatives of the physical space coordinates with respect to
the coordinates in computational space at the cell face can be obtained
as follows.
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or 1
a—gzg[($9+$10+$11+$12)—($1+$2+$3+5E4)]
dy 1
a—§=§[(y9+y10+y11+y12)—(y1+y2+y3+y4)]
0z 1
8—625[(Zg+2’10+2’11+2’12)—(21+ZQ+23+Z4)}
0 1

a—izi[(xﬁxs)—(xﬁm)]

0 1

a—z=§[(ys+ys)—(ys+y7)] (B.10)
0 1

8_225[(26+Z8)_(z5+27)}

0 1

8—2:5[@74—908)—(:65—%:66)]

0 1

a_zzi[(y7+y8)_(y5+y6)]

0 1

6—2:5[(z7+z8)—(z5+z6)}
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