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Nomenclature

Roman symbols

a, b

Cf
C+ ,Co,C-
c
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Dk

D

d

E

Ei,E2
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F

F

h
f f

Gi, G2

H

h

k

ki,k2

K

L

L

M

Mk

Jacobian matrix of the inviscid fluxes

forcing coefficients

skin-friction coefficient

characteristics

speed of sound

specific heat coefficients at constant pressure,

volume

fe-th component of the artificial dissipation
vector through the j-th cell face of the i-th cell

artificial numerical dissipation vector

artificial numerical dissipation vector for a surface

total energy

streamwise, spanwise energy spectra

limiting factors for the eigenvalues
fe-th component of the flux vector through the

j-th cell face of the i-th cell

structure function

flux vector

flux tensor

forcing
vector of inviscid, viscous flux in x\ direction

primary, secondary filter kernel

vector of inviscid, viscous flux in x2 direction

channel half-width

computational-space grid interval

vector of inviscid, viscous flux in xs direction

thermal conductivity

streamwise, spanwise wavenumber

user defined coefficients for the artificial dissipation

degree Kelvin

matrix of eigenvalues

length
Mach number

k-th filter moment
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N deconvolution order

Nt number of cells in each coordinate direction

n, n% normal vector, components

nfaces number of faces of a control volume

Pr Prandtl number

p pressure

Q mass flow

q% heat flux due to conduction

R residual vector

Re computational Reynolds number

Reb Reynolds number based on bulk quantities

Reo Reynolds number based on the momentum

thickness of the boundary layer

ReT Reynolds number based on the friction velocity
S surface vector

S cell surface

s Sutherland's law constant

T matrix of eigenvectors
T temperature

t time

U state vector of conservative variables

XJt state vector of conservative variables averaged
over the i-th cell

u, u% velocity vector, components

uT friction velocity
V state vector of primitive variables

V control volume

W state vector of characteristic variables

x,, coordinate directions

Greek symbols

a% filter coefficients

ß CFL number

7 Cp/cv
A interval

ôi displacement thickness of the boundary layer

e(2))£(4) weights of artificial dissipation terms

G compression ramp angle
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A, eigenvalues

p(A) spectral radius of the matrix A

P density

li dynamic viscosity

1/ pressure switch

1/1,1/r left, right filter stencil bound

& coordinate directions in computational space

T shear stress

Tt0 components of the shear stress tensor

(ft Runge-Kutta stage coefficients

X relaxation coefficient

UJ wavenumber

U)t vorticity vector components

(Jc filter cutoff wavenumber

LUn numerical (Nyquist) cutoff wavenumber

Other symbols

det determinant

* convolution operator

V nabla operator

3(0 imaginary part

<.> averaged quantities

Subscripts

•b bulk quantity

'c channel center quantity
'

vnv
inviscid quantity

'n normal component of a vector

'ref reference quantity

't tangent component of a vector

'v viscous quantity

•VD van-Driest-transformed quantity

'w wall quantity

"oo free-stream quantity

•-1 variable of the second ghost cell

•o variable of the first ghost cell

•1 variable of the first inner cell
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variable of the second inner cell

Superscripts

contravariant quantity

quantity of a shifted control volume

dimensional quantity
filtered quantity
deconvolved quantity

computed with deconvolved quantities

Fourier transform

quantity in wall units

Favre-averaged quantity

fluctuating quantity
Favre fluctuations

Abbreviations
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CERFACS

CFD

DES

DNS

ENO

EPFL

ETHZ

IFD

KTH

LES
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TVD
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Centre Européen de Recherche et de Formation

Avancée en Calcule Scientifique

computational fluid dynamics

detached-eddy simulation

direct numerical simulation
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Ecole Polytechnique Fédérale de Lausanne
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Institute of Fluid Dynamics

Kungl Tekniska Högskolan

large-eddy simulation

Laboratoire de Mécanique des Fluides

Monotonically integrated LES

Navier-Stokes Multi-Block

Reynolds-averaged Navier-Stokes

root-mean square

total variation diminishing
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Abstract

The approximate deconvolution model (ADM) for large-eddy simulation

(LES) is formulated for the finite-volume method and implemented in a

CFD code which is being used in standard computational fluid dynamics

design tasks in the aerospace industry.
Two flow configurations of increasing complexity are investigated to as¬

sess ADM in the finite-volume framework.

The turbulent channel flow at a Mach number of M=1.5 and a Reynolds
number based on bulk quantities of i?eb=3000 is selected first to vali¬

date the adaptation of ADM to the finite-volume method and to evaluate

the near-wall behavior of the model. Overall, the LES results show good

agreement with the filtered data of a direct numerical simulation (DNS),
performed for comparison. For this rather simple configuration and us¬

ing a second-order spatial discretization, differences between ADM and

computations without explicit subgrid-scale model are found to be small.

The ability of standard artificial numerical dissipation to replace the re¬

laxation regularization procedure of ADM is also investigated. Results

show that this approach is pertinent provided adequate dissipation co¬

efficients are found.

Second, the supersonic turbulent boundary layer along a compression

ramp at a free-stream Mach number of M=3 and a Reynolds number

(based on free-stream quantities and the mean momentum thickness at

inflow) of Reo=1685 is computed to evaluate the ability of ADM to repre¬

sent shock-turbulence interaction. It is observed that a unified modeling
of discontinuities and turbulence requires a local adaptation to the flow

of the secondary filter used in the relaxation regularization. The LES

results are compared with corresponding filtered DNS data from liter¬

ature. Very good agreement between the filtered DNS and the LES is

observed for the mean, fluctuating, and averaged wall quantities.
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Kurzfassung

Ein auf einer Approximation der Filter-Inversen beruhendes Modell

(ADM) für die Grobstruktursimulation (LES) wird für Finite-Volumen-

Verfahren formuliert und in ein industrielles Rechenprogramm imple¬
mentiert.

Zwei Strömungen von zunehmender Komplexität werden untersucht, um

ADM im Finite-Volumen-Rahmen zu bewerten.

Die turbulente Kanalströmung bei einer Machzahl von M=1.5 und einer

Reynoldszahl bezogen auf Kanalmittelwerte von Reb=3000 wird als er¬

stes ausgewählt, um die Anpassung von ADM an das Finite-Volumen-

Verfahren zu validieren und um das Verhalten des Modells in Wandnähe

abschätzen zu können. Im allgemeinen zeigen die LES-Ergebnisse eine

gute Übereinstimmung mit gefilterten Daten einer direkten numerischen

Simulation (DNS), die zum Vergleich durchgeführt wurde. Für diese rel¬

ativ einfache Strömungskonfiguration und mit Anwendung eines Ver¬

fahrens zweiter Ordnung wird beobachtet, dass die Unterschiede zwis¬

chen ADM und Berechnungen ohne explizitem Feinstrukturmodell ger¬

ing sind. Weiterhin wird die Möglichkeit untersucht, den Relaxation-

sterm von ADM durch künstliche numerische Dissipation zu ersetzen.

Die Ergebnisse zeigen, dass dieser Ansatz angemessen ist, falls passende

Dissipationskoeffizienten gefunden werden.

Als zweites Problem wird die Uberschallgrenzschicht entlang einer Kom¬

pressionsrampe mit einer Aussenströmungs-Machzahl von M=3 und

einer Reynoldszahl (bezogen auf Aussenströmungsgrössen und die Im¬

pulsverlustdicke am Einströmrand) von Ree=1685 berechnet, um zu

untersuchen, ob ADM die Stoss-Turbulenz-Wechselwirkung darstellen

kann. Es wird festgestellt, dass eine lokale Anpassung des sekundären

Filters an die Strömung notwendig ist, um eine Beschreibung von Stoss

und Turbulenz mit einem einheitlichem Ansatz zu ermöglichen. Die LES-

Ergebnisse werden mit gefilterten DNS-Daten aus der Literatur ver¬

glichen. Eine sehr gute Übereinstimmung zwischen gefilterter DNS und

LES für Mittelwerte, Fluktuationen und Wandgrössen wird festgestellt.





Chapter 1

Introduction

1.1 Large-eddy simulation for industrial

applications?

The maximal ratio between lift and aerodynamic drag for an airplane's

wing, the optimal mixing of fuel and air in the combustion chamber

of an engine or a turbine and the efficient cooling of a computer chip
are examples of applications of great interest for the industry. A re¬

duced drag of even less than one percent can contribute to the success

or failure of an aircraft versus its competitor. To meet increasingly se¬

vere pollution norms and to achieve economical competitiveness, fuel

efficiency in engines and turbines has become a major concern nowa¬

days for airlines, power generation industry and engine manufacturers,
to name only a few. Another example is the computer industry, where

growing performance of CPUs together with miniaturization constraints

has resulted in challenging cooling issues. Whether they concern aerody¬

namical, combustion, thermal problems or yet another domain, accurate

prediction of the flow phenomena involved in these applications is es¬

sential to achieve an optimal design. In almost every case, the flow

exhibits turbulent behavior. Turbulence, which is characterized by un¬

steady, three-dimensional, large- and small-scale fluctuations, increases

the mixing and friction in flows. It plays therefore a significant role in

technology, and independently of whether it is desired or not, engineers
have to be able to predict turbulent flows.

More than a century ago, Reynolds (1883) described the structure of

turbulence with its whirls of different sizes and became famous by finding
that a flow changes from an orderly laminar state to a turbulent state

depending on the value of a certain parameter, named the Reynolds
number (-Re), which measures the ratio between inertial and viscous

forces. For decades, research in fluid mechanics remained confined to

analytical theory and experiments. Progress in analytical theory rapidly
encountered limits due to the complexity, in particular nonlinearity, of

the problem, for which an analytical solution can only be obtained for

very simple flows. Experimental research has been conducted for many
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years and is still a method of fundamental importance.

The first working computer saw life in the second World War, but

it was the invention of the transistors by the end of the 1950's that

contributed to a wide-scale use of computers. Since then computer power

has grown rapidly, first with the introduction of vector computers in the

1970's, followed by massively parallel computers in the 1990's. As an

example, a problem which took one year of computing time in 1980 could

in 2001 be solved in only 17 seconds. With the advent of substantial

computer power and improved numerical methods came the interest in

numerical simulation of flows, which is the subject of this study.

The starting point for the numerical simulation of flows is formed

by the Navier-Stokes equations which express the conservation of mass,

momentum and energy. Three approaches can be followed to solve nu¬

merically these equations for turbulent flows: direct numerical simula¬

tion (DNS), Reynolds-averaged Navier-Stokes simulation (RANS), and

large-eddy simulation (LES).
DNS is the most straightforward approach and consists in solving the

Navier-Stokes equations for all spatial and temporal scales of motion

present in the flow. When it can be applied, DNS is unrivaled in ac¬

curacy and in the level of description provided. However, as even the

smallest scales where the viscous dissipation takes place have to be re¬

solved, the computational grid needs to be very fine. Even worse, as

the Reynolds number becomes larger, the amount of scales in a turbu¬

lent flow increases and the computational mesh has to be refined dra¬

matically. It can actually be shown that the computational cost of a

simulation scales with Re3 (Pope, 2000) so that the feasibility of DNS

remains limited to low-Reynolds-number flows. Furthermore, DNS uses

generally high-order accurate numerical methods for which the extension

to complex geometries is not straightforward. DNS may thus be a very

powerful tool for fundamental analysis of flows at low Reynolds number

and in simple geometries, but is far from being applicable to computa¬

tions of industrial interest where highly distorted meshes are prevalent
and the Reynolds number is typically three orders of magnitude larger.

In order to reduce the amount of scales to be resolved, an ensemble-

averaging operator can be applied to the Navier-Stokes equations leading
to the RANS equations. In practice the ensemble averaging is carried

out by time averaging in case of inhomogeneous turbulence and by space

averaging in case of homogeneous turbulence so that the flow is only
resolved in terms of time-averaged and space-averaged variables. The



1.1 Large-eddy simulation for industrial applications? 3

averaging of the nonlinear terms introduces, however, new unknowns for

which closure needs to be obtained by means of a turbulence model.

A large variety of turbulence models has been derived over the years,

starting with simple algebraic models and ending with more sophisti¬
cated two-equation models (see Wilcox (1994); Leschziner & Drikakis

(2002)). Common numerical methods for the RANS simulations are

finite-difference or finite-volume methods as they have proved their prac¬

ticability on the complex grids needed for industrial flows. A decisive

advantage of RANS is found also with its favorable computational cost

at high Reynolds number. Indeed, as only the mean flow is resolved,
RANS can be applied for flows at realistic high Reynolds number still

at a reasonable computational cost. One drawback of RANS is that

the quality of the results depends to a large extent on the appropriate¬

ness of a turbulence model to cope with a particular flow configuration,

stressing thus the importance of experience and practice in the choice

of the best model. For statistically stationary turbulence, RANS never¬

theless provides an unbeatable ratio between flow prediction quality and

computational cost which made it to become the favorite computational
method for industrial simulations.

Unsteady phenomena, however, introduce a fundamental uncertainty
into the RANS framework. Reynolds-averaging presupposes that the

flow is statistically stationary. At the very least, the time-scale associ¬

ated with the organized unsteady structures must be substantially larger
than the time-scale of the turbulent fluctuations. This condition may be

satisfied for low-frequency motion such as dynamic stall, but not neces¬

sarily in flutter, buffet, unsteady separation and reattachment, transition

or vortex interaction, where RANS methods reach their limit. Mainly
driven by the aeronautical and turbomachinery industry, where these

flow phenomena are prevalent, alternative methods to circumvent the

stationary assumption of RANS needed to be found.

A first solution is obtained with the so-called unsteady RANS

(URANS) technique. In this case the high-frequency turbulent fluc¬

tuations are modeled whereas the large-scale motions are resolved as

unsteady phenomena. In practice a dual time-stepping method is used

in which the computation is advanced temporally in an outer loop while

the convergence to a steady-state problem is pursued in an inner loop.
The temporal integration of the outer loop is generally explicit and its

time step directly determines the highest frequency of the unsteady mo¬

tions that can be captured, whereas in the inner loop, fast convergence
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is desired and implicit schemes are used. The results and the computa¬

tional cost are obviously very much dependent on the outer-loop time

step. Moreover, URANS is still tightly bound to the quality of the RANS

models and accordingly its success is limited.

The last approach, LES, lies between DNS and RANS in terms of

computational cost and resolved scales. In LES, the large eddies are

resolved, which correspond to large scales, while the effect of the small

eddies is modeled. The separation between large and small scales is ob¬

tained by application of a spatial filter to the Navier-Stokes equations

yielding the filtered Navier-Stokes equations with corresponding filtered

variables. The filter width, which is a characteristic length-scale, deter¬

mines the scales that are still present in the filtered variables (resolved
scales, larger than the filter width) and the ones that are removed (sub-
grid scales, smaller than the filter width). The filtering of the nonlinear

terms introduces new unknown quantities, so-called subgrid-scale terms,

which require modeling to close the system of equations.
Unlike RANS, in which only the mean flow is solved and the entire tur¬

bulence is modeled, LES models only the small-scale turbulence and the

filtered variables contain thus much more information than the RANS

variables. LES is therefore assumed to be destined to replace RANS as

the preferred predictive approach to certain types of engineering flows. A

lot of work in universities and research institutes has consequently been

conducted to derive subgrid-scale models which have then been tested

on canonical flow configurations. In order to evaluate the models, errors

from the numerical discretization have to be minimized and high-order
methods were used in priority. Although this validation process consti¬

tuted a necessary first step, it did not demonstrate the practicability of

LES for high-Reynolds-number industrial applications where distorted

meshes are common and low-order numerical methods are preferred.

In fact, rather few attempts to bridge the gap between academic re¬

search and industrial applications have been undertaken to date. The

most significant effort is certainly found with the LESFOIL project

(Dahlström & Davidson, 2003). The task proposed to nine European
teams coming from universities and research institutes consisted in com¬

puting the flow around an airfoil at high Reynolds number using LES and

revealed serious difficulties in correctly predicting the separation region
and the transition from laminar to turbulent flow. Two other examples
are found with the computation of Sagaut (2001) of the flow around a

delta wing with vortex breakdown and the transition on a low-pressure
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turbine blade. The Reynolds number was of the order of 10 in the first

case and 105 in the second case and although some discrepancies with

experimental data were observed for the massively separated flow over

the delta wing, the flow over the turbine blade compared very well with

experiments. An even more impressive computation as regards the com¬

plexity of the geometry was performed by Kato et al (2001) who were

interested in the flow in a mixed-flow pump and in the aeroacoustical

radiation of a high-speed train pantograph insulator. For the mixed-flow

pump, the predicted mean-velocity distributions at the impeller's inlet

and exit cross-section were in good agreement with the measured values.

The correct sound-pressure level of the pantograph insulator was more

difficult to predict, and some differences with wind-tunnel measurements

were noted. Massively detached flows as observed behind a car or a bus

have also been lately investigated by Krajnovic (2002). Due to the com¬

putational cost, the Reynolds number had to be taken smaller than in

reality, but the simulations provided useful qualitative information of the

unsteady structure of the flow that can not be represented by RANS.

Fruitful conclusions could be drawn from these studies and others

not listed here, but reserves had also to be expressed on the wide-scale

use of LES for industrial applications.

First, the computational cost of LES compared to RANS, with an

estimated increase of a factor of 50 to 500 times depending on geometry

and type of flow (Dahlström & Davidson, 2003), remains very expensive
for today's computers. The simulation of high-Reynolds-number wall-

bounded flows is even impossible as LES requires the same near-wall

resolution as DNS. One way to obtain a computationally tolerable cost

is to adopt an approximate non-LES treatment to bridge the viscous wall

region. LES is thus applied in the outer flow region only and approxima¬

tions have to be made in the viscous layer. The near-wall approximations

can be based on an assumed velocity distribution linking the velocity at

the wall-nearest computational node to the wall or on a RANS model.

The latter method, which is usually referred to as detached-eddy simu¬

lation (DES), has been shown to alleviate successfully the near-wall grid
resolution (Spalart et al, 1997).

Next, improvements on subgrid-scale modeling, particularly for com¬

pressible flows, need to be achieved. In this prospect, the behavior of a

recently proposed subgrid-scale model will be further evaluated in this

work.

Finally, the interaction between the subgrid-scale model and the nu-
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merical discretization is unclear and the problem is often eluded by se¬

lecting high-order numerical schemes for which the error is small. In this

domain also, the present work will hopefully give some answers on the

feasibility of LES with low-order, nondissipative, finite-volume schemes.

1.2 Objectives and outline of the present work

In a general perspective, this project aims at contributing to make LES

a valuable tool for computations of industrial relevance in the future.

On a lower level, the objectives of the present work are to extend the

approximate deconvolution model (ADM) to the finite-volume method,
to implement it in an industrial finite-volume flow solver (NSMB) and to

evaluate the model for two flow configurations of increasing complexity.
ADM was developed by Stolz et al (Stolz & Adams, 1999; Stolz

et al, 2001a, b) at the Institute of Fluid Dynamics (IFD) of the Swiss

Federal Institute of Technology (ETHZ). The model is based on an ap¬

proximate defiltering (deconvolution) of the filtered variables to compute

the nonlinear terms and a relaxation regularization to simulate the effect

of nonrepresented scales by draining energy out of the resolved scales of

the flow. Since its derivation, ADM has been applied successfully to

a number of canonical flow configurations. However, the simulations

to date were all performed with high-order compact finite-difference or

spectral schemes implemented in research codes. In the prospect of us¬

ing ADM for computations of industrial interest, the model remained to

be extended to the finite-volume formulation and tested with low-order

numerical schemes. Two flow configurations have been chosen here for

this task.

As a first test case, the turbulent channel flow at a Mach number of

1.5 and a Reynolds number (based on the bulk quantities and channel

half-width) of i?eb=3000 was selected to assess the model in the chal¬

lenging near-wall area. The choice of this flow configuration permits also

comparisons with the DNS results of Coleman et al (1995) and the LES

of Lenormand et al (2000).
Second, following the good results obtained for smooth wall-bounded

flows, the ability of ADM with low-order schemes to accurately represent

shock-turbulence interaction was investigated. Therefore the flow over a

compression ramp inclined at 18° at a Mach number of 3 and a Reynolds
number (based on free-stream quantities and mean momentum thickness

at inflow) of Reo=1685 was studied and compared with the DNS results
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of Adams (2000).
Due to the two distinct flow configurations addressed in this work, the

thesis is written in a way that each chapter can be read independently.
Each chapter contains thus a relatively explicit introduction motivating
the relevance of the problem and situating it in a general context.

The outline of this thesis is as follow:

Chapter 2 begins with a recapitulation of the governing equations
and an introduction to the Navier-Stokes Multi-Block (NSMB) compu¬

tational code. Among the wide choice of different numerical schemes and

models available in NSMB, explanations are given on the specific features

used for the present computations. These include a second- and fourth-

order central spatial discretization of the fluxes, an explicit four-stage

Runge-Kutta temporal integration and, in one case, artificial numerical

dissipation. Finally, the boundary conditions imposed by means of ghost
cells are detailed.

Chapter 3 begins by presenting the ADM in a general form, as it has

been derived by Stolz et al The particular and new formulation of ADM

for the finite-volume method is outlined next.

Chapter 4 focuses on the compressible turbulent channel flow. The

results are organized in three parts. First LES with ADM is compared
with filtered DNS and results from a no-model computation or under-

resolved DNS. For completeness, DNS data obtained with NSMB are

also displayed. Second, results with standard artificial numerical dissi¬

pation replacing the relaxation term of ADM are shown. Third, the grid

dependence and the influence of the discretization order is investigated.

Chapter 5 presents the results of the supersonic flow over a com¬

pression ramp. Tests of the effect of the deconvolution order on discon¬

tinuities and turbulent fluctuations reveal that local adaptation to the

flow of the deconvolution order leads to a better modeling of the energy

dissipation mechanisms. A locally adapted deconvolution order is then

used to compute the flow over the compression ramp and results are

compared with filtered DNS. Finally, the effect of grid refinement and

discretization order is examined again.

Chapter 6 summarizes the thesis, addresses open questions and future

developments.





Chapter 2

Governing equations and numerical method

This chapter first introduces the Navier-Stokes equations which gov¬

ern the motion of every viscous fluid. An introduction on the origin of the

computational code and a nonexhaustive list of its main options is out¬

lined as second. The specific features, such as numerical discretization,
artificial dissipation, time integration and boundary conditions, used in

the frame of the present work are presented next.

2.1 The compressible Navier-Stokes equations

The compressible Navier-Stokes equations describe the conservation of

mass, momentum and energy of any flow field. In a three-dimensional

Cartesian coordinate system (xi,x2,xs), with t being the time, these

equations can be expressed in conservative form as

<9U
+

d

dt dxi
f«) + _d_

dx-
[g* +

d

dxr
o (2.r

with the inviscid fluxes ftnv, gmv, htnv and the viscous fluxes fv, gw, hv

in each coordinate direction. An ideal gas with density p*, velocity

W3), pressure p*, temperature T* and total energy E* isir
.
Ui

,
Un

considered. The nondimensionalization of the variables is obtained with

a reference velocity u*e*, density p*rpj, temperature Tr*e,, and length
scale L*ej. The time t is nondimensionalized with L*e,-1 u

ref-
The state

vector of the conservative nondimensional variables is then given by U

(p,pu\,pu2,pus,E), the convective fluxes are defined as

/ pu\ \ / pu2 \ / pu3 \

pu\ +p
pu\u2

PUIU3

j §mv

pu2u\

pu\ +p
pU2U3

\ u2(E + p) j

j "-vnv

PU3U1

pU3U2

pul+p
\ u3(E + p) J

(2.2
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and the viscous fluxes as

( ° ^ ( ° ^ / o \

Til T21 T31

fv = T\2

T13

\ ()i -Qi J

1 gw 7"22

7"23

^ (tu)2 - 92 /

,hw = T"32

T"33

^ (ru)3 - Ç3 /

(2.3)
The shear stress tensor r%3 is given by (the summation rule applies and

ôtJ = 1 for i = j and 0 otherwise, i,j = 1,2,3)

T,

/i(T) ( du%
n

Re
+

dun

dxn dx
J3

2 duk

St3dxk
12.4)

where p,{T) is the nondimensional viscosity and Re = w*ej/)*ejL* ,//i* ,

the Reynolds number. The viscous dissipation in the energy equation

can be calculated from

TU = T,iUl + Tt2U2 + Tt3U3

and the heat flux due to conduction is given by

/i{T) dT

(2.5)

(2.6)

where Pr is the Prandtl number (for air Pr=0.72), 7 = cp/cv=lA the

ratio of specific heats, and Mref the reference Mach number. The nondi¬

mensional viscosity p,{T) is calculated from Sutherland's law

Q%
(7 - l)RePrMlf dx,

fi{T) = T3/2
1 + s

12.7)
T + s

'

where s is a parameter depending on the gas and the temperature range,

set here to 110.3K/T*ef for air. Closure of the Navier-Stokes equations
still requires the calculation of the pressure. For a calorically perfect

gas, the pressure is related to the conservative variables through

p=in-i)E
7-1

p{u{ + u\ + u23) :2.#

Finally, the temperature can be calculated with the thermal equation of

state for perfect gases,

iM^fP
T

P
12.9)
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2.2 The NSMB computer code

All numerical simulations presented in this work have been performed
with the NSMB flow solver which has jointly been developed by the Fluid

Mechanics Laboratory (LMF) of the Swiss Federal Institute of Technol¬

ogy (EPFL) in Lausanne, SAAB and the Royal Institute of Technology

(KTH) in Sweden, and Aérospatiale and CERFACS in Toulouse.

The NSMB code, extensively described in Vos et al (2000), has a block-

parallel and vectorial structure and has been used on high-performance

computers to solve complex industrial aerodynamic design tasks like the

external-flow simulation around the Hermes space-shuttle (Vos et al,

1993) various aeronautical computations for Airbus airplanes (Gacherieu
et al, 2000; Viala et al, 2002) or internal-flow simulations for high speed-
trains in tunnels (Mossi, 1999). We give here a nonexhaustive list of the

options on the physical and numerical level of NSMB for an overview of

the possibilities offered by the flow solver.

NSMB solves the compressible Navier-Stokes equations with a cell-

centered finite-volume method. The resolution of the full Navier-Stokes

equations leads to so-called DNS and is only feasible for low-Reynolds-
number flows. Although a DNS of the channel flow at a Reynolds number

of 3000 has been computed with NSMB in the present work (see chap¬
ter 4), computations at higher Reynolds numbers remain too expensive
for DNS. Therefore alternatives to lower the computational cost have

been developed in which subgrid-scale (in LES) or turbulence models

(in RANS) account for the reduced resolution of the flow.

The Smagorinsky model (Smagorinsky, 1963, 1993) and the structure

function model of Métais & Lesieur (1992) have recently been imple¬
mented in NSMB as regards LES subgrid-scale models. The implemen¬
tation and validation of the ADM of Stolz et al (chapter 3) constitutes

furthermore the topic of the present work.

For RANS methods, numerous models are available in NSMB due to

the industrial background of the code. The algebraic model of Baldwin-

Lomax or Granville, the one-equation model of Spalart-Allmaras and the

two-equation models such as k — e or k — uj can be cited among others

(see Wilcox (1994) for a survey of RANS turbulence models).

Concerning the numerical discretization, a large number of different

spatial and temporal schemes have been implemented in the code. In the

frame of this work, only Jameson-type (Jameson et al, 1981) schemes

which combine a central discretization of the spatial derivatives and an
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explicit Runge-Kutta time integration have been used. A wide choice

of upwind, total variation diminishing (TVD), nonoscillatory schemes

(ENO, WENO) are also available. Temporal integration can be per¬

formed by means of explicit or implicit methods, or dual time stepping
in case of unsteady RANS computations.

Finally several methods such as residual smoothing or multigrid can be

switched on to accelerate the convergence.

2.3 Finite-volume discretization

In order to correctly capture discontinuities, it is important that the dis-

cretized Navier-Stokes equations also satisfy a conservative formulation

(Lax & Wendroff, 1960). Integration of eq. (2.1) over a volume V yields

/ ^-dV + / V • F(U) dV = 0, (2.10)
Jv vt Jv

where F = (fmv — îv, gmv — gw, h.inv — hv) is the flux tensor. Application
of the Gauss theorem yields

/ ^TdV + / F(U) nrfS = 0
, (2.11)

Jv <tt Js

where n is the unit normal pointing in the outward direction of the cell

surface S of the volume V. Equation (2.11) states that the time rate of

change of U in the domain V is equal to the sum of the fluxes entering
and leaving V at the boundaries S. Let us define V in a Cartesian space

as the volume of a cell with indices i,j, k and consider

Ut,3,k = 1/Vt,3,k I UdV, (2.12)

located in the center of the cell, as the average of U in this cell. Then

eq. (2.11) can be approximated by

d

cß(Vt,3,kUt,3,k) +F^,fc = 0- (2-!3)

^t,0,k is the net flux leaving and entering the cell i,j, k,

F^,fc = fî+i/2,j,fe - f*-l/2,j,fc +f*,j + l/2,fc

-f»,j-l/2,fe + f»,j,fe+l/2 - f»,j,fe-l/2 , (2-14)
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where ft-i/2,3,k 1S the flux oriented in the /-direction at the cell surface

Sabcd (see figure 2.1). The flux at this cell side is defined as

ft-1/2,3,k= f ¥(U)nd§ (2.15)
Jabcd

representing the integral on the surface Sabcd of the scalar product
between the flux tensor F(U) and the unit surface normal n. This equals
the flux projected on the surface, which represents respectively the mass

flow, the momentum flow, and energy flow through the cell surface side

Sabcd- The next step is to approximate the value of the flux tensor

F(U) at the surface Sabcd in eq. (2.15). A distinction is made between

the inviscid and viscous part of the flux tensor. The inviscid flux is

discretized through a central second- or fourth-order scheme, whereas

the gradients of the viscous flux are always calculated with a second-

order scheme.

2.3.1 Inviscid flux calculation

The discretization of the inviscid flux tensor ¥mv = (fmw,gmw, hmw)
plays a large role in the stability of the numerical scheme. It has been

observed that the divergence formulation could lead to unstable com¬

putations whereas the skew-symmetric formulation, due to its intrinsic

dealiasing property, has a beneficial effect on the stability of the com¬

putation (Blaisdell et al, 1996). For this reason, the latter form has

been used in the present work. Considering for simplicity a generic one-

dimensional transport equation du/dt+df/dx = 0 with the flux f = uv,

the skew-symmetric formulation of the flux is given by:

o rl skew

dx

1 fduv\ 1 / dv du\
,

2{w) + 2{um+vm)- (2-16)

The discrete flux difference (A+1/2 — A-1/2)/^^ has to be of the same

form as the continuous flux (eq. 2.16). For a second-order discretization,
this is achieved by taking the average value of u and v for the flux at

the cell faces, i.e.,

/1+1/2 = /K+1/2,^+1/2) =

, (2.17)

A-1/2 = /K-1/2,^-1/2) =
z z • (2.18)
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i,j + l,k + lC

/^-direction

J-direction

i + l,j + l,k + l

i + l,y,k + l

i + l,j + l,k

/-direction hj,k i + l,j,k

Figure 2.1: Definition of a finite-volume cell. Ui,3,k is the cell-average value

located in the center of the cell with volume V%,j,k- ^>abcd ^ the surface vector

in the I-direction of the cell face Sabcd-

Using eq. (2.17) and (2.18), the discrete flux becomes thus:

ft+1/2 - ft-1/2 1 (ul+\Vl+\ -Ul-\Vl-\

Ax

1

2
u.

2 V 2Ax

vl+i
- Vt-i Ul+i

- +v.-

+

Ut-l

2Ax 2Ax
[2.19)

which is the centrally discretized form of eq. (2.16).
The expression of the discrete flux for a fourth-order accuracy is devel¬

oped in Ducros et al. (2000) and is given here without further details

(similarly for i — 1/2),

fi+i/2 = ^{ut +ui+i)(vt +vt+i) - —(ui-ivi-i +Ut-iVi+i + utvt

+utvt+2 + ut+ivt+i + ut+ivt-i + ut+2vt + ^+2^+2) • (2.20)

The extension to the Navier-Stokes equations is obtained by replacing
u and v in the above expressions by the corresponding variables, e.g.,

u = pu\ and v = u\, u2, u3 for the momentum in x\ direction.

2.3.2 Viscous flux calculation

The viscous flux tensor ¥v = (fv,gv,hv) is calculated using eq. (2.3),
where the velocity gradients in the shear stresses and the temperature
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K

i

interior cells

boundary _<y

ghost cells

o

A

grid points

cell center

interpolated values

surface center where

gradients are calcu¬

lated

shifted control vol¬

ume

shifted control vol¬

ume at boundaries

Figure 2.2: 2D grid layout used for the calculation of the gradients in the

K-direction.

gradients in the heat flux are calculated at the surface center using the

gradient theorem on a shifted control volume Vs with surface Ss (figure
2.2) (Peyret & Taylor, 1983)

V0 V0dV dV ndS1 :2.2i:

In the above equation, the values of <j) at the cell centers are directly
available whereas the values at the cell corners are obtained by the av¬

eraging of the values from the neighboring cells.

2.4 Artificial numerical dissipation

Central schemes need to be augmented by the addition of artificial nu¬

merical dissipation to capture accurately discontinuities and damp high-

frequency oscillations. Different forms of numerical dissipation exist.

The most simple is the original scalar version of Jameson et al (1981)
where the dissipation is scaled with a scalar factor determined by the

spectral radius of the Jacobian matrix for the inviscid flux across the cell

face. This model has proven to be effective for many industrial applica¬
tions but too dissipative for LES computations as Gamier et al (1999)
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have shown and as it has been confirmed here by several tests. To di¬

minish the numerical dissipation, an improved model has been proposed

by Swanson & Türkei (1992) where the dissipation is scaled by the ap¬

propriate eigenvalue of the flux Jacobian matrices of the Euler equations

rather than the same spectral radius as for the scalar version of Jameson.

In the following, only the improved matrix dissipation is presented. A

second-order artificial viscosity is used near discontinuities, and a fourth-

order dissipation term to suppress odd/even oscillations. The dissipation
terms use the second and fourth differences of the state vector U mul¬

tiplied by the Jacobian matrix of the inviscid flux acting as a scaling
matrix and a weight, the latter usually referred to as a switch. This

switch is formed with the absolute value of the normalized second differ¬

ence of the pressure, implying that the second-order term is small except

in regions of large pressure gradients, as found in the neighborhood of

shocks or stagnation points. The fourth-order dissipation term acts ev¬

erywhere, except in regions where the second-order dissipation term is

large, in order to prevent oscillations. After addition of the dissipative

terms, the transport equation (2.11) results in

/ ^-dV + / F(U) • ndS - D(U) = 0
, (2.22)

Jv ut Js

where D stands for the dissipation operator. Analogous to the discretiza¬

tion of the fluxes, the operator D can be split in its cell surface compo¬

nents as

DM,fc = d*+i/2,j,fc - d*-i/2,j,fc+d*,^+i/2,fc

~^-%,.j-i/2,k + d^fc+i/2 — d^)fc_!/2 . (2.23)

The dissipative flux in /-direction at the cell side i — l/2,j, k is calculated

from

(2)

Ät-l/2,.j,k = \K-l/2,3,k\\.£t-l/2,3,kC^h3,k -^t-l,3,k) ~

£*-l/2,^fc(U*+l>^ ~~ 3U^,fc + 3U,_i^)fc - U,_2,j,fc)] • Si_1/2jJjk

(2.24)

and analogous expressions for the J- and /^-directions are used. In eq.

(2.24) A is the scaling matrix which depends on the absolute value of the

eigenvalues for each equation and e is the weight mentioned previously.
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The scaling matrix A is defined from the relation

\K-i/2,3,k\ =Tî-i/2,j,fe|Lî-i/2,j,fe|Tî"Li/2,J,fe (2-25)

where I^t-i/2,3,k 1S the diagonal matrix of eigenvalues and T^_!/2,j,fc the

matrix of right eigenvectors at the cell surface i — 1/2, j, k. If we define

the increment of the conservative variables as ÖXJ, the increment of the

primitive variable as 5\, and the increment of the characteristic variables

as (TW, then the matrix T is computed as

T=f—V-V J2.26)

For the sake of simplicity and efficiency, the vector differentiation and

multiplication is replaced by the analytical formulas for the actual

implementation (see chapter 16 of Hirsch (1990) and Vos et al. (2000)).
The diagonal matrix of eigenvalues L = diag[X\, X2, X3, A4, À5] reads as

follow:

/

L

u

V

u

u

\

u • S + cl SI

u S-cISI

J2.27)

/

where u is the velocity vector, c the speed of sound and |S| the norm of

the surface vector of the considered cell. To avoid numerical instabilities

near stagnation points or sonic lines, where at least one of the eigenval¬
ues approaches zero, Swanson & Türkei (1992) proposed limits on the

eigenvalues based on the use of the spectral radius p(A) = u • S + c|S|

IA^I = max(\Xt\, e\ p(A)) ,

I A41 = max(\X2\, e2 p(A))

|A5| = max(\X3\,e3 p(A))

1,2,3

'2.28^

where the factors e\, e2 and e3 have been set here equal to 0.05, 0.2 and

0.2 respectively (Swanson & Türkei, 1992).

The second- and fourth-order coefficients e^2' and e^4' adapt locally
the dissipative fluxes depending on sharp gradients possibly present in

the flow. As mentioned before, the second-order dissipation is directly
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related to the normalized second-order difference of the pressure gradi¬
ent. In the /-direction, this difference reads:

i,J,k

Pt+l,3,k
~ 2Pt,j,k +Pt-l,3,k

^2.29)
Pi+l,3,k + 2Pi,3,k +Pi-l,3,k

The switch is found from

^-i/2,j,k = max(Af_1)J)fe, APhJjk) (2.30)

and takes the largest second difference of the pressure in two points on

each flux side, e^2' and e^' are then defined as

s?\/2,3,k = fc(2)"-i/2,3,fc (2.31)

e.(-i A,,* = max(°-°.kW - e.(-i/2,^) • (2-32)

In this way, the fourth-order dissipation is automatically switched off

in the vicinity of a discontinuity, where the second-order dissipation is

large. The expressions for J- and K- directions are analogous. The

parameters kS2^ and kS4^ are user-defined constants used to control the

dissipation. Typical values range from 0.5 to 2.0 for k^2' and from 0.01

to 0.05 for fc<4) (Vos et al, 2000).

2.5 Time integration

The set of partial differential equations (2.13) is integrated in time ex-

plicitely with a low-storage four-stage Runge-Kutta method which is

formally fourth-order accurate for linear equations but drops to second-

order accuracy for a general nonlinear equation.

Assuming that the cell volume is constant and adding the total flux term

^%,j,k with possible dissipation terms and source terms to the residual

R^,j,fc> we can rewrite eq. (2.13) as

d 1
—LL

-j fc + ——R.« n k = 0. (2.33)

dt
,J'

VhJjk
,J' v '
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Applying a g-stage Runge-Kutta scheme (q ^ 5) to the above equation

yields

vt,.j,k

v i,j,k

U-+,1 = ur^-M^R^'"1'7'). (2-34)

where (^ = 1,..., q are the coefficients of the g-stage Runge-Kutta scheme

and ß the Courant-Friedrichs-Lewy (CFL) number. For a four-stage
scheme (g=4), the coefficients cpt are

¥>i = 1/4, V?2 = 1/3 , if3 = 1/2 , v?4 = 1 (2.35)

giving a maximal theoretical CFL number of 2.8.

The exact computation of the time step that ensures stability requires

the numerical analysis of the eigenvalues of the amplification matrix of

the numerical scheme (Hirsch, 1990). Here a simplified analysis is fol¬

lowed. A distinction is made between the time step limit associated with

the inviscid fluxes At*nA, and the time step limit associated with the

viscous fluxes Atvt k.
The local time step is then taken as the minimum

of the inviscid and viscous time step,

ßAtKhk = min (CFLtnvAtk,CFLvAtvtt3tk) (2.36)

where CFLinv and CFLV are respectively the CFL number for the in¬

viscid and the viscous time step. For steady calculations the maximum

allowable time step AttjJjk is taken for each cell, whereas for unsteady

problems, the minimum time step among all the cells is used for all the

cells.

The physical background of the inviscid time step using an explicit
scheme is based on the advection between mesh cells. The reasoning
is that one can not take a larger time step than the time required for the

information to pass from one cell to its neighboring cell. This implies
that if the flux through the cell is increased, the time step is decreased.

The volume of the cell is used to estimate the cell size and the largest
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eigenvalue of the Jacobian matrix of the inviscid flux across the cell face

(eq. 2.27) is used to estimate the flux trough the cell leading to

A(0)J = TT^ (2-37)

where X\^k = uhJjk S^fc +c|S^fc| with S^fc being the average surface

vector in the /-direction (average over the cell face i — 1/2 and i + 1/2,
analogous for the J- and K-direction).
The inviscid time step is then computed as

11 1 1
,

+ TTTZ^TT + TITTTZZTTW -
2.38

^TZk i^ZV1 (^Hfc)J (AtZVK

The viscous time step is calculated from Müller & Rizzi (1990)

P->',J,k^t,j,k
AO =

,4 Vf (2.39)
max (3p>i,j,k, ~^R~k,hJ^k) *h,j,k

where R is the gas constant, p the viscosity, k the thermal conductivity
and

nhhk = (s[)2 + (si)2 + (s1,)2 + (s/)2 + (si)2 + (si)2 +

(S?)2 + (S?)2 + (S3*)2 + \S[S( + sisi + sisi\ +

p1o1 -f- o2o2 -\-o3o3 J tpiOj -f- o2 o2 -f- o3 o3 I ,

(2.40)

with S[ being the x\ component of the average surface vector in the

/-direction, and similarly for the other indices (subscripts i,j,k were

dropped on the right hand side for sake of clarity).

2.6 Boundary conditions

Boundary conditions are implemented by means of two rows of ghost
cells added outside the computational domain. The values of the state

vector U in these cells are determined by the physical and numerical

boundary conditions. Physical values for the ghost cells are only possi¬
ble for free-stream boundary conditions - for periodic or wall boundary
conditions for example, no physical values for the ghost cells exist and
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extrapolation procedures have to be defined. In this work the following

boundary conditions have been used: Dirichlet (e.g. prescribed inflow

conditions), periodic, solid surface and characteristic boundary condi¬

tions.

In this section, the variables in the first and second ghost cells will be

designated by the subscript 0 and -1 respectively whereas the subscript
1 and 2 will stand for the variables in the first and second inner cells of

the computational domain.

The application of Dirichlet and periodic conditions is straightforward.
In the first case, the first row of cells of the computational domain is

prescribed by the Dirichlet boundary conditions and the first and sec¬

ond row of ghost cells are filled with the same value so as to set every

gradient to zero.

For the periodic conditions, assuming a periodicity of N cells, the first

row of ghost cell is set to Uo = Un arid the second row is set to

U_i = Ujv-i- The ghost cells N + 1 and N + 2 are filled in a simi¬

lar way.

The solid wall and the characteristic boundary conditions are more in¬

volved and are outlined hereafter.

2.6.1 Solid surface boundary

At a solid surface, the only physical boundary condition required is the

no-slip condition, i.e., the three velocity components vanish at the wall.

From this condition it follows that the only contribution to the convective

fluxes comes from the pressure. Here, it has been chosen to set the

pressure gradient normal to the wall zero, i.e. pw = p\. The state vector

in the first and second ghost cells is defined as,

Po = Pi P-i = P2

(pu)0 = ~(pu) i (pu)-I = ~(pu)2
(pv)o = -(pv)i (pv)-i = ~(pv)2 (2.41)
(pw)o = -(pw)i (pw)-i = -(pw)2
Eq = Ei E—i = E2

which enforces a zero density and energy gradient, and zero velocity at

the wall. Boundary conditions for the temperature depend on whether

the wall is adiabatic or isothermal, in the first case the normal temper¬

ature gradient is set to zero and in the second case

T0 = 2TW - Ti. (2.42)
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A proper boundary condition is more difficult to find for the artificial dis¬

sipation because no physical value exists inside the ghost cells. Usually,
the boundary conditions are prescribed so that the artificial dissipation,
vanishes at the wall. This implies from eq. (2.24) that

U2 - 3Ui + 3U0 - U_i = 0
, (2.43)

and from eq. (2.23)

d-i/2 = d1/2 =* Ui - 2U0 + U_i = 0 (2.44)

which determines U_i and Uo- Note that it is not possible to fill the

ghost cells in order to satisfy simultaneously the boundary conditions for

the inviscid (eq. 2.41), viscous (eq. 2.42) and artificial dissipative fluxes

(eq. 2.43 and 2.44). Therefore, the ghost cells are updated to fulfill the

proper boundary conditions in each time step before the inviscid, viscous

and artificial dissipative fluxes are computed.

2.6.2 Characteristic boundary conditions

Appropriate far-field or free-stream boundary conditions have to be im¬

posed when an infinite physical flow domain is restricted to a finite

computational domain. It is important for the convergence to steady
state that the waves leaving the computational domain do not reenter

it after reflection caused by the boundaries. To avoid the reflection of

the outgoing waves, the conservative variables are extrapolated using
characteristic variables. A detailed discussion of this method can be

found in Hirsch (1990) and is only summarized here. The propagation
of waves and disturbances is connected to the convective part of the

Navier-Stokes equations, and for this reason only the Euler equations

are considered here. In quasi-linear form and written with primitive

variables V = (p,ui,u2,u3,p), the Euler equations can be expressed as

dV
-—+A-VV = 0 (2.45)
ot

where A is the Jacobian matrix. The eigenvalues of this Jacobian matrix

can be found by solving

det|A/-A-n| =0 (2.46)
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where n is the propagation direction of the waves. It is well-known

(Hirsch, 1990) that the Euler equations have the following eigenvalues

Xt = u • n
,

i = 1, 2,3

A4 = u • n + c

A5 = u-n-c (2.47)

where c is the speed of sound and u is the velocity vector. The eigenval¬
ues determine the slope of the characteristics C7_, Cq, C+ and thereby
whether they enter or leave the computational domain. Since each char¬

acteristic direction can be considered as transporting a given informa¬

tion, expressed as a combination of primitive variables, the quantities

transported from the inside of the domain towards the boundary will

influence and modify the situation along this boundary. Hence, only
variables transported from the boundaries towards the interior can be

freely imposed as physical boundary conditions. The remaining variables

will depend on the computed flow situations and are therefore part of

the solution. However, from a numerical point of view, the only avail¬

able physical boundary conditions are not sufficient to fill completely the

state vector of the ghost cells at time level t = n and in order to compute

the solution at time t = n + 1, the state vector has to be completed in

the ghost cells with numerical boundary conditions.

In figure 2.3 the characteristics C7+ and Co leave the computational do¬

main whereas the characteristic C7_ enters it, indicating that in this case

one quantity can be freely set but two others are determined by the inner

flow. Along each of these characteristics certain quantities, the Riemann

invariants (Hirsch, 1990), are constants for linear systems. The Riemann

invariant from the first interior cell is thus copied into the first ghost cell

if the characteristic is outgoing. For the characteristic Cq corresponding
to the eigenvalue Xij2j3 = u • n, we have

(ut)o = (ut)i (2.48)

(A - (*).
i.e. conserved tangent velocity and entropy. For the characteristic C7_

corresponding to the eigenvalue A4 = u • n — c, we have
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Figure 2.3: 1-D sketch of characteristics entering and leaving the computa¬

tional domain at the boundary.

where un is the velocity normal to the boundary. For the characteristic

C7+ corresponding to the eigenvalue À = u • n + c, we have

\Ur +
2c

7-1
\Ur +

2c

7-1.
f2.5r

From these relations it is possible to compute the speed of sound by sub¬

tracting eq. (2.50) and (2.51), and the velocity u by adding eq. (2.50)
and (2.51) and using the known value of the tangent velocity ut. With

help of the known entropy it is then possible to fully reconstruct the

state vector in the ghost cells.

For ingoing characteristics, the value in the ghost cell can be freely im¬

posed and the free-stream values are chosen here.

Similarly to the solid surface boundary conditions, the boundary con¬

ditions for the inviscid, viscous and artificial dissipative fluxes can not

be satisfied simultaneously. Therefore, if the artificial numerical dissipa¬
tion is activated, values for the ghost cells are subsequently overwritten

according to eq. (2.43) and (2.44).



Chapter 3

Large-eddy simulation

For nearly four decades, LES has been the subject of increasing in¬

terest and research as it appears to be the most promising approach
to circumvent the limitations of RANS and DNS. As a matter of fact,
on the one hand unsteady turbulent motions averaged out with RANS

models can be captured accurately with LES and on the other hand, the

computational cost is significantly smaller than with DNS, allowing for

computations of flows at higher Reynolds number.

In LES, the large three-dimensional unsteady turbulent motions are

represented accurately on the computational mesh whereas the effect of

the small scales has to be modeled. The separation of the large scales

and the small scales is obtained by applying a low-pass filter to the

Navier-Stokes equations. Any flow variable / can then be decomposed
as / = / + /' where / represents the resolved scales (scales smaller than

the low-pass filter cutoff ujc), and /' the unresolved scales. The filtered

quantity / is obtained by a convolution product with the filter kernel G\

as

J(x)=G1*f= f Gi(x-x')f(x')dx' (3.1)

where the bounds of the integral are defined by the compact support of

the filter kernel. The filtering of the nonlinear terms of the Navier-Stokes

equations introduces new unknowns, named subgrid-scale terms, which

require modeling. The derivation of physically correct and numerically
stable and efficient subgrid-scale models is at the center of the research

in LES.

The first LES date back to the 1960's and early 1970's with the

pioneering work for incompressible flows of Smagorinsky (1963), Lilly

(1967) and Deardorff (1970). Since then, subgrid-scale modeling has

matured considerably and can be classified in three general categories:

eddy-viscosity models, scale-similarity models, and so-called mixed mod¬

els which combine eddy-viscosity and scale-similarity expressions (see
Lesieur & Métais (1996), Meneveau & Katz (2000), Sagaut (2000), Do-

maradzki & Adams (2002) for a recent survey of LES).
Eddy-viscosity models rely on the assumption that the subgrid-scale
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term is proportional to the strain rate tensor - the proportionality factor

being referred to as the eddy-viscosity. The most famous eddy-viscosity
model is due to Smagorinsky (1963) and was motivated by meteorolog¬
ical applications. A number of improvements have later been brought
to the model with the dynamic eddy-viscosity model of Germano et al

(1991) where the initial Smagorinsky constant is estimated dynamically
from the local turbulent structures of the flow and with the extension

of the model by Yoshizawa (1986) to compressible flows. An alternative

to real space eddy-viscosity models has been derived by Chollet (1983)
with a spectral eddy-viscosity that is wavenumber-dependent.
Different from eddy-viscosity type models, scale-similarity models are

based on the assumption that velocities at different levels give rise to

turbulent stresses with similar structures. The subgrid-scale stress ten¬

sor can then be computed by substituting unfiltered quantities by an

appropriate approximation. Bardina et al (1983) was the first to fol¬

low this path with the similarity model where the unfiltered velocities

are approximated with their filtered counterparts. Slightly different,
the scale-similarity model of Liu et al (1994) and O'Neil & Meneveau

(1997) uses a wider filter to compute an approximation to the subgrid-
scale stress tensor.

Scale-similarity models have often been observed to suffer from a lack

of sufficient subgrid-scale dissipation. A remedy is to combine an eddy-

viscosity model which provides additional energy dissipation with a scale-

similarity model. This blending of different subgrid-scale terms gives a

mixed model. An example is found with the dynamic mixed model of

Zang et al. (1993) which combines the similarity model of Bardina et al.

(1983) with the dynamic eddy-viscosity of Germano et al. (1991). More

recently Sagaut (2000) proposed mixed models with a refined determina¬

tion of the eddy-viscosity incorporating the kinetic energy of the highest
resolved frequencies and selective functions.

In the trail of the mixed models, Stolz & Adams (1999) recently pro¬

posed a model based on an approximate defiltering of the filtered vari¬

ables and a relaxation regularization to account for the energy dissipa¬
tion. So far this model, ADM, was successfully applied to incompressible
turbulent channel flow (Stolz et al, 2001a), shock-turbulence interac¬

tion on a compression ramp (Stolz et al, 20016), turbulent compressible

rectangular jet flow (Rembold et al, 2001), incompressible isotropic tur¬

bulence (Müller et al, 2002) and supersonic boundary layer (Stolz &

Adams, 2003). These simulations were all performed with high-order
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compact finite-difference or spectral schemes implemented in research

codes and the extension to numerical schemes more widely used in in¬

dustrial flow solvers remains to be achieved - it is the topic of this chapter.

This chapter consists of two sections. In the first section, a summary

is given in a general form of the main elements of the ADM used for

the LES computations. The new extension of ADM to the finite-volume

method for implementation in an industrial flow solver is the focus of

the second section.

3.1 The approximate deconvolution model

The ADM has been developed by Stolz et al. and only a summary of the

model is given here. A detailed presentation of ADM can be found in

Stolz (2000); Stolz et al. (2001 a,b).
In the following we will distinguish between resolved wave numbers

\u)\ ^ ujc, where ujc is the filter cutoff wavenumber, represented wave num¬

bers \uj\ ^ ujn, which can be represented on the given mesh, and nonrep¬

resented wave numbers \uj\ > ujn, where ujn is the Nyquist wavenumber.

ADM is based on three operations:

(i) An explicit filtering of the fluxes.

(ii) An approximation of the unfiltered variables which is obtained by

defiltering (or deconvolving) the filtered field variables. Given this ap¬

proximation, the nonlinear terms of the Navier-Stokes equations are com¬

puted directly.

(Hi) The addition of a relaxation term which simulates the effect of scales

not represented on the numerical grid by draining energy out of the flow.

3.1.1 Filtering

In most LES methods, the filtering operation (eq. 3.1) is performed im¬

plicitly by the projection of the equations onto the computational grid,

formally including in the solution all wave numbers up to the Nyquist
wavenumber un. Since for finite-difference or finite-volume schemes the

wavenumber up to which scales can be considered to be well resolved is

often significantly smaller than ujn, it is desirable to suppress the nonre-

solved range of the solution by application of an explicit filter operation

(Stolz et al, 2000).
With ADM, the explicit primary filtering given in eq. (3.1) is discretized
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by a quadrature rule, defined in one space dimension as

Ä = <3l|i * U = Yl a3^+3 (3-2)

for the grid function f%, where f% = f(x%). We consider discrete filters

on a five-point stencil with v\ + vr = 4 for interior cells and the filter

coefficients a3 are determined by imposing five conditions:

(1) The transfer function is unity at uj = 0 (: indicates the Fourier

transform of the filter),

Gi(0) = l. (3.3)

(2) The transfer function vanishes at uj = ujn = tt,

Gi(tt)=0. (3.4)

(3) The first two moments

Mk(x)= JGi(x-x')(x-x')kdx' k = l,2 (3.5)

are required to vanish.

(4) To minimize dispersion errors, the imaginary part r3(G\) of the

transfer function should be small,

2

duj = min. (3.6)

A complete derivation of the coefficients a3 can be found in Stolz et al.

(2001a) and Stolz (2000). The definition of the cutoff wavenumber ujc is

somewhat arbitrary for filters with smooth Fourier transform G(u). Here

the criterion |Gi(u;c)| = 1/2, leading to ujc k> 2/3tt is used. The transfer

function of the primary filter G\ for an equidistant mesh is shown with

the solid line on figure 3.1

3(Gi
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Figure 3.1: Transfer functions, explicit primary filter for an equidistant

mesh, approximate inverse Qn, secondary filter G2 = Qn-Gi, for
N=5.

3.1.2 Deconvolution

The represented but nonresolved scales ujc < \u)\ ^ ujn are used to model

the effect of the nonrepresented scales \uj\ > ujn on the resolved scales

I a; I ^ ujc. Represented scales can be recovered partially by an approxi¬

mate inversion of the filter (eq. 3.1) resulting in an approximation /* of

the unfiltered variable /. The approximate deconvolution /* is obtained

by applying an approximate inverse operator Qjq to /,

f* = QN*7- (3.7)

The inverse of the filter G\ can be expanded as an infinite series of

filter operators and an approximate inverse operator Qjq is obtained by

truncating the series at some N as

N

Qn = J2(i-g^-gï1 ^ (3-8)

where / is the identity operator. A plot of the transfer function Qjq is

shown on figure 3.1.

- 2
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Stolz et al. (2001a) found that with high-order numerical methods, the

deconvolution order N = 5 was giving very good results for a wide

range of test cases. However, in the frame of the present work where

lower-order numerical schemes were used, it was found that adapting
the deconvolution order locally to the flow improved significantly the

results. Using eq. (3.8), /* can be computed by repeated filtering of /
from

f* = QN*f = / + (/-/)_+(/-2/ + /) + ...

= 37-37 + 7 + - • (3-9)

For the sake of simplicity we now introduce ADM with a generic
scalar transport equation for the variable u with the flux F(u),

Applying the filter operator of eq. (3.1) on eq. (3.10) yields:

Using the approximately deconvolved solution u* = Qn * ü, the filtered

flux can be approximated directly by replacing the unfiltered quantity u

by u* so that the left hand side of eq. (3.11) becomes

&ü
,
dF(u*)

dt
+

dx
{6AI)

thus avoiding at this point the need of computing extra subgrid-scale
terms.

3.1.3 Relaxation regularization

The energy transfer to nonrepresented scales \uj\ > ujn is modeled only

partially by using u* in eq. (3.12). Stolz et al. (2001 a,b) proposed a

relaxation regularization derived from the requirement that the solution

remains well-resolved within the range \uj\ ^ ujc. For this purpose, the

integral energy of the nonresolved represented scales should not increase,

although energy redistribution among these scales is permitted. In order
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to model the energy transfer from scales \u\ ^ un to scales \u\ > un en¬

ergy is drained from the range ujc < \u)\ ^ ujn by subtracting a relaxation

term x(J ~ G2) * ü from the right-hand side of the filtered differential

conservation law (eq. 3.12). x 1S a relaxation parameter corresponding
to an inverse relaxation-time scale. G2 is a secondary filter with larger
cutoff wavenumber than the primary filter Gi and is chosen according to

Stolz et al as G2 = Qn * G\. An example of the transfer function of G2

for interior points on an equidistant mesh is shown in figure 3.1. Since

(I — G2) is positive semidefinite by construction, the relaxation term is

purely dissipative as long as x 1S positive. Subtracting the relaxation

term from the right hand side gives the complete ADM formulation for

a scalar transport equation,

du dF(u*)
^

.

,

- + -L-L = -X(I-G2)**. (3.13)

To close the model without requiring an a priori parameter choice,
Stolz et al. estimate x dynamically from the current solution ü as a

function of space and time. The underlying argument for determining

X is that in order to obtain a well-resolved representation of the fil¬

tered solution no energy should accumulate during time advancement in

the wavenumber range uc < \u\ ^ un. The kinetic energy content of

the considered wavenumber range can be estimated by the second-order

structure function (Lesieur & Métais, 1996; Batchelor, 1953) applied to

4> = (I — G2) * Ti. The discrete form of the local second-order structure

function in three dimensions, which requires the value of 4> at the con¬

sidered grid point in the computational space £ = (ii,i2,i3) and its six

next neighbors in the three computational-space coordinate directions,
is given by

F2(^t) = \m + v,t)-^,t)\\2M=h (3.14)

where h is the computational-space grid spacing. Note again that the

mapping of the physical space onto the computational space does not

need to be known explicitly.
For an estimate of the relaxation parameter x-, ecL- (3.13) is ad¬

vanced by one Euler-forward time step with size At, once using x=Xo

and once using x=0- Xo is some positive nonvanishing estimate of the

parameter x, e.g. the value from the previous time integration step

or some positive constant of the order of 1/At at time t=0. The dif¬

ference of the structure function F2(^,t + At)|x=o — F2(^,t) is an esti¬

mate for the integral energy generated within the time increment At in
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the range of scales with wave numbers uc < \u\ ^ un. The difference

F2(i,t + At)|x=o — F2(^,t + At)\x=Xo estimates how much energy would

be dissipated by the relaxation term using x = Xo- Accordingly, x can

be determined from

F2(£,t + At)\x=o-F2(£,t)
X X0F2(Ç,t + At)\x=0-F2(Ç,t + At)\x=X0

•

(3.15)

By construction, the dynamic parameter x is now a function of space and

time. To avoid the generation of nonresolved scales due to the nonlinear

product of x and (I — G2) * ü, x is smoothed with a second-order Padé

filter (Lele, 1992) whose cutoff wavenumber uj'c is set to tt/8. Given a

time-step size At, an upper and a lower bound l/100At ^ x ^ 1/At is

imposed for numerical stability at the given time step. If higher values

of x are admitted At has to be decreased accordingly.
As a concluding remark, let us mention that the use of the relaxation

term can also be interpreted as applying a secondary filter to ü every

1/x time steps, which poses the approach in a relation to the truncated

Navier-Stokes approach with energy removal of Domaradzki & Radhakr-

ishnan (2002) or the implicit LES approach with periodic filtering of the

solution of Visbal et al (2003).

3.2 ADM for the finite-volume method

A first look at finite volumes shows that the method itself involves the

application of a top-hat filter when cell-average values are computed and

a deconvolution when cell-face values are reconstructed from the cell av¬

erages, see e.g. Adams (2001). In addition to this implicit filtering and

deconvolution, we will consider here an explicit filtering and deconvolu¬

tion of the filtered cell-average values instead of the filtered node values

of the finite-difference framework.

We write the Navier-Stokes equations as

^ + V-F(U) = 0 (3.16)

where U = (p,pui,pu2,pu3,E) is the state vector and F(U) = (fmv —

fv>gmv — gv>hmv — hv) the flux tensor. After integrating the equation
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above over some volume V and applying the divergence theorem, it can

be rewritten as

/ ^-dV + [ F(U) ndS = 0
, (3.17)

Jv dt Js

with n being the outward normal vector at the cell surface S.

The discretization for the i-th cell with volume V% and cell-average

Ut = 1/Vifv U dV is given by (the indices are written for a one-

dimensional case for notational simplicity without loss of generality)

OTT -I nfaces
OIL 1 v-^

^

+
v E F

dt
K

13
TO • S, 0. (3.18)

j=i

where F^ (U) is the discrete flux vector through the j-th cell face of the

i-th cell and n/aces are the number of faces of the cell (see eq. 2.14).
In the frame of the finite-volume formulation, the cell-average values

located in the cell centers constitute the discrete grid function on which

the discrete filter (eq. 3.2) is applied. The filtered cell-average value is

defined as

U, = Gi|,*U,:= ^2 «fcU,+
k=— vi

1 f

k

Y, ak

k=— vi

K
XJdV

t+k JV,
t+ k

(3.19)

where the volume of the cell, which is a function of space for irregular

grids, has to be included in the filter operation. Applying the discrete

filter (eq. 3.19) to the discrete transport equation (3.18) yields

Gi|.*-^-+Gi|
f aces

F^(U) & 0 (3.20)

Using the approximately deconvolved solution U* = Qn *U, the filtered

flux can be approximated directly by replacing the unfiltered quantity
U by U* so that the left hand side of eq. 3.20 becomes

cTO

dt

^faces

+ G\\% * S, (3.2i;
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The relaxation term x(J~G2) *U is next subtracted from the right-hand
side of the filtered differential conservation law (eq. 3.21). For this vector

transport equation, x 1S now a vector of three elements (Xp^Xpu,Xe)-
The complete ADM formulation for finite volumes finally reads for the

continuity, momentum and energy equation

XP(I-G2)*-p%, (3.22)

r\ -* Nfaces

r\f \ -< nfaces

d(pUl) 1
y.

dt V% ^ ^ } ^

r\f \ -< nfaces

d(PU2) 1
y.

dt V% ^ ^ } ^

r\f \ -< nfaces

d(PU3) 1
y.

öt K ^ ^
^

-Xpu^-^) * (pui)%, (3.23)

-Xpu(/-G2)*ö^),, (3-24)

-XPu(I-G2)*(m)t, (3.25)

at

lf aces

+
v E F5(U*) • ^ = -^(J " ^) * Et,
K

j=i

with the flux (summation over repeated indices, k,l=l, 2, 3)

(3.26)

Mu*;

/

* (puk)

\ (E*+p

l

(pu2

(PU3;
p,

(/mfc)*nfc

nfc +p*ni -fiknk

\

(pu^*^^1
- ' -*- -*

* (puk)

nk +pkn2 -Tarife

rife + p*n3 -f*iknk
~* (oui)* ~*

nk -

Tkl^-^nk
-

qknk J
13

(3.27)

where the conservative variables are evaluated at the j-th cell face of

the i-th cell. The reconstruction of the cell-face values depends on the

numerical discretization and is addressed in the section 2.3.1 and 2.3.2.

The notation •* indicates that the quantities are computed from the

deconvolved solution, e.g., p* = (7 — 1)(E* — (put)*(put)*/(2p*)).



Chapter 4

Wall-bounded flow

Most flows of practical interest are bounded by a solid surface. Ex¬

amples include internal flows such as the flow through pipes, channels,
ducts and tunnels; external flows such as the flow around aircraft, cars,

ships or other vehicles; and flows in the environment such as the atmo¬

spheric streams on the earth surface or the flow of rivers.

In wall-bounded flows, crucial physical phenomena such as the pro¬

duction and dissipation of turbulent kinetic energy, its distribution, vis¬

cous shear stress and the Reynolds-stress anisotropy all reach their peak
values within 20 viscous lengthscales from the wall. Depending on the

Reynolds number of the flow, this represents approximatively 20% of the

channel half-width for a Reynolds number based on the channel half-

width and the bulk (averaged over the wall-normal direction) velocity of

3000 but only 0.1% of the channel half-width for a Reynolds number of

106 (Pope, 2000). To capture correctly the near-wall physics, Coleman

et al. (1995) concentrated the 10 first grid points within a distance of

8 viscous lengthscales for their DNS of the compressible channel flow

at a Reynolds number of 3000. The Reynolds number of wall-bounded

flows of industrial interest is, however, typically a factor 103 higher, and

requiring the same near-wall resolution as in Coleman's computation

would result in a mesh size which is beyond today's computer capacity,
or would require a mesh stretching which leads to numerical problems.
LES is faced with the same near-wall computational bottleneck since

subgrid-scale models require DNS-like resolution in absence of wall-layer
models. The latter give however only limited success, in particular for

complex flow configurations as recently shown by Piomelli & Balaras

(2002).
To alleviate this near-wall resolution problem, engineering applica¬

tions at high Reynolds number are computed mainly with the RANS

equations which solve only the mean flow. The resolution requirement

for the mean flow is much lower but the effect of the nonrepresented
turbulence has to be modeled. Despite simplifying assumptions, some of

these turbulence models (Pope, 2000; Wilcox, 1994) have been able to

predict accurately the near-wall mean flow of simple wall-bounded flows.

In presence of more complex phenomena like unsteady separation, reat-
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tachment, shock flutter or transition, RANS computations fail to obtain

satisfactory results and only LES is expected to achieve improvements

at an acceptable computational cost. Before coping with these complex

flows, it is however necessary to assess the LES subgrid-scale models for

simple and well documented flows. It is in this prospect that the com¬

pressible turbulent channel flow has been selected as a test case in the

present chapter.

The first LES of wall-bounded flow date back to the 1970's when

Deardorff (1970) performed with only 6720 grid points the first LES

simulation of incompressible channel flow at infinitely large Reynolds
number using the Smagorinsky model (Smagorinsky, 1963). Fast grow¬

ing computer resources allowed Moin & Kim (1982) a few years later to

carry out a LES on a grid almost 10 times the size of Deardorff's and

at a Reynolds number, based on channel half-width and mean centerline

velocity, of Re= 13800. Nevertheless, the first DNS computed by Kim

et al. (1987) was only affordable in the mid-80's and used about four mil¬

lions grid points to simulate the turbulent incompressible channel flow

at a Reynolds number of i?e=3253. A similar DNS at slightly higher

Reynolds number followed with the simulations of Gilbert & Kleiser

(1991). These DNS results provided an unprecedented insight into the

details of near-wall flow phenomena and allowed for assessments and im¬

provements of RANS turbulence models and LES subgrid-scale models.

The effect of compressibility on wall-bounded flows has been investi¬

gated experimentally by Morkovin (1962) and Bradshaw (1977). They
concluded that for a Mach number up to 5 and in the absence of massive

heat transfer at the wall, small-scale turbulent fluctuations were little

affected by compressibility (often referred to as Morkovin's hypothesis
in the literature). Numerical confirmation of this hypothesis came first

with the DNS of the supersonic channel flow of Coleman et al. (1995),
followed by the DNS of supersonic boundary layers of Guarini et al.

(2000) and Maeder et al. (2001). The straightforward use of incompress¬

ible LES subgrid-scale models to compressible flows with the so-called

variable-density eddy-viscosity extension (Vreman, 1995) thus also found

a numerical justification for compressible wall-bounded flows. However,

only a few attempts to compute compressible wall-bounded flows by
means of LES have been reported in the literature. We cite the LES of

a supersonic boundary layer of Normand & Lesieur (1992) and Ducros

et al. (1995). More recently, Coleman's simulation has been reproduced

using LES by Lenormand et al. (2000) with several subgrid-scale models
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based on mixed-scale assumptions.

Two reasons mainly motivate the choice of the turbulent compressible
channel flow for investigation with LES and the ADM in this chapter.

First, already mentioned, it allows to evaluate the subgrid-scale model in

the challenging near-wall region. Second, both DNS reference data and

other LES computations permit to validate the present DNS computa¬

tion and to compare LES using ADM with other subgrid-scale models.

This chapter is organized as follow: first, the simulation parameters

are outlined, followed by an explanation of the forcing term needed to

drive the flow in the absence of a pressure gradient. The discussion of the

results are made in three parts: first LES with ADM is compared with

filtered DNS and no-model or underresolved DNS. For completeness,
DNS data obtained with NSMB are also displayed. Second, results with

artificial numerical dissipation replacing the relaxation term of ADM are

shown. Third, the grid dependence and the influence of the discretization

order is investigated.

4.1 The compressible channel flow

4.1.1 Problem formulation

The compressible channel flow at a Reynolds number based on the bulk

quantities and channel half-width of Reb=3000 and a Mach number of

Mo=1.5 is considered. This flow configuration permits to compare our

DNS results with those of Coleman et al. (1995), while our LES results

can be compared with the results of Lenormand et al. (2000).
The computational domain is spanned by a Cartesian coordinate sys¬

tem, xi,x2,x3 in the streamwise, spanwise and wall-normal direction,

respectively. The flow is described by the compressible Navier-Stokes

equations for an ideal gas with ratio of specific heats 7 = cp/cv = 1.4

and variables are nondimensionalized with the wall temperature T^, the

channel half-width H*, the bulk velocity ul = fv p*u*dV/(Vp%), and

density pi = jv p*dV/V. The time t is nondimensionalized with H*/u^.
The Reynolds number is defined with the bulk quantities and the chan¬

nel half-width H* as Reh = plulH*/p*(T*) and the Mach number is

computed according to Mo = u\j' ^/^RT*. The nondimensional dynamic

viscosity is calculated as a power law of the nondimensional temperature

(Coleman et al, 1995)

p(T)=T0-7. (4.1)
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DNS DNS DNS ADM no-model

Coleman et al. (1995) NSMB filtered

Li 4tt 47T 47T 47T 47T

L2 4tt/3 4tt/3 4tt/3 4tt/3 4tt/3
L3 2 2 2 2 2

iVi 144 288 72 72 72

N2 80 160 40 40 40

N3 119 237 60 60 60

Mo 1.5 1.5 - 1.5 1.5

Reb 3000 3000 - 3000 3000

ub 1 1 - 1 1

Pb 1 1 - 1 1

J-
w

1 1 - 1 1

Table 4-1-' Parameters of the numerical simulation. Subscript b andw indicate

bulk and wall values, respectively.

The channel flow is periodic in the streamwise (xi) and spanwise (x2)
directions. The wall boundary conditions are no-slip for the velocity
and isothermal for the temperature. The grid spacing is constant in

the streamwise and spanwise directions and is stretched with a hyper¬
bolic tangent function in the wall-normal direction. Table 4.1 gives an

overview of the parameters of the simulation.

Except for the DNS, all simulations were initialized with a laminar

velocity profile with a random disturbance superimposed in each of the

three coordinate directions. The maximal amplitude of the disturbances

was chosen to be 10% of the bulk velocity. The initial density was

p(t = 0) = 1 and the initial temperature was computed according to the

laminar distribution T(t = 0) = 1 + 1/3(7 ~~ 1) Pr M2 uimax (1 — (x3 —

l)4) where uimax is the maximum streamwise laminar velocity which is

equal to 1.5. To save computer time, the DNS simulation was started

from a turbulent profile obtained from a computation on a 72 x 40 x 60

grid, interpolated onto the fine DNS mesh.

The numerical integration is then carried out with the second-order

central scheme of section 2.3.1 and 2.3.2 for the inviscid and viscous

fluxes, and the explicit four-stage Runge-Kutta scheme of section 2.5 is

used for the temporal integration.
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4.1.2 Forcing term

In absence of a streamwise pressure gradient, a forcing term, which un¬

like the pressure gradient guarantees homogeneity, has to be added to

the streamwise momentum and energy equations in order to compensate

the wall-friction forces and to maintain a statistically stationary flow.

Following Deschamps (1988), the flow is driven in the streamwise direc¬

tion with a body force fi(t) adjusted to the instantaneous solution such

that the total mass flow rate remains constant, i.e., conserves its initial

value.

To obtain the expression of fi(t), the momentum equation in the

streamwise direction is averaged over xi-x2 planes and integrated in the

wall-normal direction (£3). Introducing the mass flow rate Q(t) across

the transverse plane, one obtains

— = —L2
dt Reb

KT)
o .

—

^ -| 2:3=2
à < ui >

dx:-
-L2L3f\(t), (4.2)

x*=0

where Q represents the mass flow across a transverse plane and L2, L3 are

respectively the channel width and height. Using the symmetry of the

channel dX3 <üi> \X3=o = ~dX3 <üi> \X3=2, this expression simplifies
to

dQ
_

2 d<üi_>
~dï~ ~Re~hL2ll{Tw) dx3

-L2L3f\(t). (4.3)
x3=0

Physically, this equation shows that if the forcing term remains constant

and the flow undergoes transition from laminar to turbulent, the mass

flow will decrease as dX3 <ü\> \w increases. Note that artificial numeri¬

cal dissipation or subgrid-scale terms are not taken into account as they
vanish at the wall. The mass flow is then kept constant by adjusting at

each time step the forcing term such that dtQ=0 (eq. 4.3). An extension

to compressible flows by Lenormand et al. (2000) of the algorithm pro¬

posed by Deschamps (1988) is used to update the forcing term at each

time step. Assuming that the forcing term /" at time nAt is known,
then fi+ is computed according to

An+1 = An + 7^- HQn+1 - Q°) + KQn - Q0)} (4.4)
-^2-^3

where Q° = L3L2pi)Ub is the initial mass flow to be conserved, Qn the

mass flow at the time nAt and Qn+1 a first-order prediction at time
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Figure 4.1: Temporal evolution of the mass flow Q(t), (ADM computation).

(n + l)At given by

Q
n+l r\n

Qn -At L2L3fi + 2L2
p(Tw) d <ui>

Reb dx3
x3=0-

(4.5)

The initial value /j3 is computed by taking dtQ=0 in eq. (4.3), i.e.

/?
2p(Tw) d <üi>

Reb L3 dx3
(4.6)

x3=0

For incompressible flows, Deschamps has shown using a stability analysis
that the algorithm is most efficient if a=2/At and b=-0.2/At, so that

the same coefficients are used here although the flow is compressible.
The temporal evolution of the mass flow Q(t) and the forcing fi(t)

are shown in figures 4.1 and 4.2 respectively. Oscillations coming from

the transient regime due to the initial flow field are observed before the

flow undergoes transition to a turbulent regime between time t = 50 and

approximately t = 120.
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Figure 4-2: Temporal evolution of the forcing fi(t), (ADM computation).

4.2 Results

First, three different simulations have been performed: a DNS, a no-

model computation or underresolved DNS on the same mesh as the LES,
and a LES with ADM. For consistency, the LES results are compared
with DNS filtered with the filter of ADM and for evaluation of the effect

of the model, ADM is also compared with the no-model computation.

Next, ADM has been modified in a specific industrial perspective, and

simulations with artificial numerical dissipation replacing the relaxation

term have been performed. Finally, the results of mesh refinement stud¬

ies and of computations using a higher-order spatial discretization are

presented.

4.2.1 LES with ADM

Starting from the disturbed laminar solution, the computation is ad¬

vanced for all LES cases for 300 time units t = t*ul/H*. Transition

from laminar to turbulent flow is observed between time t = 50 and

t = 120. The statistics presented here are sampled from time t = 300 to

t = 500 with a sampling interval of 0.1. By inspection of the time evolu¬

tion of the mass flow or the forcing (figures 4.1 and 4.2), the stationary
flow regime is reached at t = 120 already, however certain quantities
such as the temperature attain a stationary state only rather slowly and
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it was thus preferred to wait until t = 300 before starting to compute

the statistics. For the DNS, the statistics were obtained after an initial

transient of 160 time units during an additional 140 time units with a

sampling interval of 0.1. The filtered DNS data were computed from 29

DNS samples evenly spaced between time t = 160 and t = 300. The

number of samples was found to be sufficient for the computed statistics

to be symmetric across the channel halves. The filtered DNS data are

generated by interpolating the DNS onto the LES mesh and subsequent

filtering. All statistics presented here are averaged over wall-parallel

planes and over both channel halves (<.>).

Figure 4.3 gives a qualitative impression of the instantaneous flow

close to the wall. Shown are iso-contours of the wall-normal vorticity
in a near-wall plane. Clearly visible are the near-wall streak structures.

Each simulation represents a different realization of this flow, so that the

agreement of these flow snapshots can only be qualitative.

Table 4.2 gives averaged flow quantities measured at the wall and

at the channel center. There are slight differences between the DNS of

Coleman et al. (1995) and our DNS results. In our case the friction-

velocity Reynolds number ReT = Reb uTpw/(ubpb) is smaller and the

centerline velocity u\c is larger. Also, a larger centerline temperature

Tc and a smaller centerline density pc are observed. These differences

may be due to the different numerical method (spectral Fourier-Legendre

space differentiation and third-order time integration for Coleman et al),
but may also be related to differences in the definition of the forcing f\ (t).

A comparison of ADM results with filtered DNS shows that all quan¬

tities of table 4.2 are within a reasonable error margin, e.g., the Reynolds
number ReT differs by 4.7% from the filtered DNS. The near-wall veloc¬

ity gradient is slightly overpredicted by the LES, resulting in a larger

Reynolds number ReT. Due to the interpolation on different grids, the

initial mass flow for the DNS and the LES calculations differs by about

0.5%. Since the forcing fi(t) is adjusted such that the initial mass flow

is kept constant throughout the simulation, the centerline velocity u\c of

ADM and of the filtered DNS can be equal despite the steeper near-wall

velocity gradient of ADM.

As shown in figures 4.4 and 4.5, the mean velocity, density and tem¬

perature profiles of the LES calculation are in good agreement with the

filtered DNS results. For the velocity profile, a steeper slope near the

wall can be seen which is responsible for the larger Reynolds number

ReT with ADM. A similar overprediction of uT accounts for the differ-
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.a

(b)

c

Figure 4-3: Contours of instantaneous wall-normal vorticity CU3 in (xi,x2)-
plane at x% « 10, (a) ADM, (b) no-model (nonfiltered), (c) DNS; CU3 ^ 0 in

light regions, CU3 < 0 in dark regions.

ence of the mean streamwise velocity profile in wall units between ADM

and filtered DNS in the outer layer as can be seen from the van-Driest-

transformed profile <ü\vd >+ (figure 4.5 (b)) which is computed as

•<Ü1>"

<UiVD>
+

.

P
•777. ^+

3— d <U\ >

Pw
(4.7)

The von Karman constant is, however, predicted accurately.
For the velocity fluctuations u[ = u\— <Ui> and Reynolds-stress (fig-
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DNS DNS DNS ADM no-model

Coleman et al. (1995) NSMB filtered (nonfiltered)
ReT 222 216 214 224 217

Tw 12.12 11.41 11.35 12.44 11.61

UT 0.0545 0.0529 0.0530 0.0554 0.0534

A+ 19 9.4 37 39 38

A+ 12 5.6 22 23 23

A+ 1

l-*x3 \w 0.1 0.38 1 1 1

Ulc 1.16 1.18 1.18 1.18 1.19

Tc 1.378 1.39 1.39 1.40 1.41

Pc 0.980 0.977 0.977 0.979 0.977

pw 1.355 1.359 1.359 1.353 1.360

Table 4-2: Mean flow variables. Subscript c and w indicate center and wall

values, respectively.

ures 4.6 and 4.7) trends are somewhat more difficult to determine. Am¬

plitude errors reach a maximum of 6% for the wall-normal fluctuations

(figure 4.7 (a)) and spatial shifts of the fluctuation peaks are also visible

(figure 4.6 (b)).
Results (nonfiltered) from the no-model computation compare sur¬

prisingly well with the DNS. Except for the mean temperature, which is

overpredicted, the mean profiles show all very good agreement with the

DNS. The mean velocity profile of the no-model computation plotted in

wall units (figure 4.5 (b)) demonstrates even a perfect overlapping with

the DNS. This good behavior can be attributed to the scaling with the

wall quantities (table 4.2), for which differences with the DNS values are

minimal. For the turbulent fluctuations also (figures 4.6 and 4.7), the

agreement with the DNS is on average as good as the one observed be¬

tween ADM and filtered DNS. In terms of computational cost finally, the

no-model computations ran approximatively 1/3 faster than the ADM

calculations which needed about 2% of the computational time of the

DNS.

The inspection of the energy spectra puts however the success of the

no-model computation slightly into perspective. The one-dimensional

Fourier spectra in the wall-parallel directions are integrated in the trans¬

verse and the wall-normal direction as

l>2H
Ei(ki)= \u,(ki,0,x3)\2dx3/2H, z = l,2,3 (4.8)

Jo
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for the spectra in the streamwise direction x\ and

p2H
E2(k2)= \û,(0,k2,x3)\2dx3/2H, i = 1,2,3 (4.9)

Jo

for the spectra in the spanwise direction x2, where ki and k2 are the

wavenumbers in streamwise and spanwise directions.

Comparisons of ADM and filtered DNS spectra in streamwise and span-

wise directions for the three velocity components are shown in figures

4.8, 4.9 and 4.10. The large scales of the ADM computations show a

good agreement with the filtered DNS whereas some discrepancies are

observed in the smaller, nonresolved scales.

The spectra of the no-model computation are next compared with the

spectra of the DNS truncated to the coarse grid resolution. Similarly
to ADM, the large scales of the no-model compare very well with the

DNS. For the small scales, no clear trend can be deduced as the energy

level of the no-model is either underpredicted (figures 4.8 (a), 4.9 (a)
and 4.10 (a)), in good agreement (figures 4.8 (b) and 4.10 (b)), or even

overpredicted (figure 4.9 (b)). As a central scheme is used, no dissipa¬
tion is formally present in the discretization and the energy decay at

the high-wavenumber end of the spectrum has to be attributed to the

skew-symmetric formulation of the convective terms which combines a

conservative and nonconservative flux formulation. Blaisdell et al (1996)
noticed that the aliasing errors of the conservative and nonconservative

flux terms interact in a positive manner by preventing an unphysical

energy pile-up in the high-wavenumber range of the spectra. This char¬

acteristic of the skew-symmetric form may be responsible here for some

deficiencies in the high-wavenumber range of the spectra (apparent dis¬

sipation in the streamwise spectra) but explains also why the no-model

computation remained stable without any artificial dissipation terms.

The fact that no-model computations with the flux terms discretized in

conservative form only became unstable, brings a further confirmation

to the above assertions. Of interest is that in this case the relaxation

term of ADM was able to provide enough dissipation to stabilize the

computation, the results remained however slightly less accurate than

with the skew-symmetric form.

Different from the good no-model results obtained here, Stolz et al.

(2001a) observed a visible deterioration of the turbulence statistics for

no-model coarse-grid computations of the turbulent incompressible chan¬

nel flow computed with a spectral method. For this reason, we believe
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that the main source of error in the ADM simulations with the present

primary-filter choice does not come from the subgrid-scale model but

rather from the numerical discretization. Similar observations were made

by Mossi (1999) and Gamier et al. (1999) who also found that the effect

of different subgrid-scale models employed with the present numerical

method was rather small. Filtering of the no-model computation would

probably give results very close to ADM which suggests a small influence

of the model in this particular case. Considering, however, the already

good quality of the no-model computation, the ADM results can be seen

positively compared to other subgrid-scale models which proved even

to deteriorate results (Mossi, 1999). No-model computations of more

complex flows such as shock-turbulence interaction were found to be un¬

stable. In this case the regularizing effect of the skew-symmetric form is

insufficient and an explicit relaxation term has to be used.

Figure 4.11 shows the time- and plane-average, and root-mean square

(rms) fluctuations of the relaxation parameter x- The same deconvolu¬

tion order N = 5 (see eq. 3.8) as used by Stolz et al. (2001a) for the

incompressible turbulent channel flow was chosen here. The average dis¬

tribution is almost constant across the channel height and the largest
relaxation parameter value is obtained for the momentum equation indi¬

cating that the energy removal frequency is the highest there. The rms

fluctuations all show a peak near the wall and a constant level across the

channel height. Unlike the time- and plane-average profiles, the largest
values are obtained for the continuity equation. It is also observed that

none of the profiles exhibits perfect symmetry over the channel half-

width (neither anti-symmetry despite the appearance). This is due to

the relaxation parameter procedure which is very sensitive to the small¬

est variations of p, pu and E, respectively.

Some comparisons with the simulations of Lenormand et al (2000)
who recently evaluated several subgrid-scale models for the same channel

flow configuration may be of interest to conclude this section. Similar to

the present computations, the convective terms were discretized in skew-

symmetric form with a fourth-order finite-difference scheme whereas the

diffusive terms were discretized with a second-order scheme. Six different

subgrid-scale models were tested on a coarse and a fine mesh (only these

latter results will be considered here). Different from our computations,

the streamwise extent of the computational domain was only 2tt. The

number of grid points in the wall-normal direction was two times larger

(A^3=119) than in our case and the spanwise number of grid points was
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3/2 times larger. Two of the tested subgrid-scale models were based

on the Smagorinsky model, whereas the four others were based on a

newly proposed mixed-scale model, which estimates the subgrid-scale
kinetic energy by means of a test filter and scale-similarity arguments.

Linear hybridization with a Bardina-type model (Bardina et al, 1980,

1983) was also considered, together with the use of a turbulent scale

selection function. A priori tests suggested the use of the hybrid models,
and a comparison of these models with the DNS data (nonfiltered) of

Coleman et al (1995), showed results of similar quality as ours. The

mean quantities were predicted accurately except for the temperature

where, as in our case, the LES slightly overpredicted the temperature

in the channel center. Clear trends for the velocity fluctuations and the

Reynolds-stress were also difficult to determine, but differences in the

peak magnitude and location were visible.
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Figure 4-4'- (a) Mean temperature profile, (b) Mean density profile; DNS,
• ADM, filtered DNS, o no-model (nonfiltered). • indicates that the

quantity is computed from the filtered solution. Note that the filtered DNS

collapses with the DNS.
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Figure 4-5: Mean velocity profile, (a) linear plot, (b) van-Driest-transformed

logarithmic plot; DNS, • ADM, filtered DNS, o no-model (nonfil¬
tered), 2.5 In x^ + 5.5.
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Figure 4-6: Velocity fluctuations, (a) streamwise velocity, (b) spanwise velocity;

DNS, • ADM, filtered DNS, o no-model (nonfiltered).

0 02 04 06 0! 0 02 04 06 0!

a

x3

(b)
x3

Figure 4-7'- (a) Velocity fluctuations in wall-normal direction, (b) Reynolds-

stress; DNS, • ADM, filtered DNS, o no-model (nonfiltered).
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Figure 4-8: One-dimensional energy spectra for the streamwise velocity u\;

DNS (truncated), • ADM, filtered DNS, o no-model (nonfiltered).
(a) streamwise direction, (b) spanwise direction.
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Figure 4-9: One-dimensional energy spectra for the spanwise velocity u2;

DNS (truncated), • ADM, filtered DNS, o no-model (nonfiltered).
(a) streamwise direction, (b) spanwise direction.
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Figure 4-10: One-dimensional energy spectra for the wall-normal velocity us;

DNS (truncated), • ADM, filtered DNS, o no-model (nonfiltered).
(a) streamwise direction, (b) spanwise direction.
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4.2.2 Mixed model with deconvolution and artificial numer¬

ical dissipation

In this section, we investigate whether ADM can be simplified by using
an artificial numerical dissipation term as introduced by Jameson and

later extended by Swanson & Türkei (1987) to replace the relaxation term

originally present in ADM. The benefit of this modification is a simpler

implementation of ADM in industrial flow solvers using the finite-volume

method and employing this kind of numerical dissipation. The flow and

mesh parameters are identical to the previous ADM computation and

are summarized in table 4.1.

The artificial numerical dissipation terms (see section 2.4) are calcu¬

lated from deconvolved variables and filtered afterwards. Replacing the

relaxation term of eq. (3.22)-(3.26) by an artificial numerical dissipation

term, we obtain

faces

dpl+V È K(v*) s, = -^tV)
> (4-10)

dt Vt ^ ,JV ' J
K

^f aces

J = l

(4.n;

d(pû-2)t
+

1 ^SF3(U*)
. Sj =

1

mpU2Y) t (4il2;
dt Vt ^ tJK ' J

K

^f aces

d(pu3)%
+

1
^ F4(u,} _ ^ =

1

A4((pU3)*) j (4.13)
«9t K ^ ^v y J

Vx

f aces
fifP 1 J"000 i

^t^E F5<u*) ' s> = -Aii + k^6^*) ' (4-14)

where Z}f is the fe-th element of the vector of artificial numerical dissi¬

pation for the i-th cell and fi(t) the forcing term described in section

4.1.2. This model is from now on referred to as ADM-dissip.
The ADM-dissip simulations are initiated with a turbulent flow so¬

lution obtained from the no-model computation of the previous section.

After a transient period of 200 time units, the statistics are computed

during an additional period of 200 time units with a sampling interval
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DNS ADM ADM-dissipl ADM-dissi

filtered

fc(2),fc(4) - - 0.5, 0.01 2.0, 0.05

ReT 214 224 210 178

Tw 11.35 12.44 10.89 7.94

UT 0.0530 0.0554 0.0517 0.0439

K 37 39 36.7 31.2

At 22 23 22.0 18.7

A+l
3 1w 1 1 0.95 0.8

Ulc 1.178 1.176 1.195 1.229

Tc 1.396 1.394 1.408 1.411

Pc 0.977 0.979 0.976 0.969

pw 1.346 1.353 1.356 1.355

Table 4-3: Mean flow variables of different simulations, including use of arti¬

ficial numerical dissipation terms. Subscript c and w indicate center and wall

values, respectively.

of 0.1. To determine the best choice of the values of the parameters

kS2' and kSA' would require many computations and is not the priority
of the present investigation. The point is to clarify whether some typ¬

ical parameter set gives acceptable results, and therefore both extrema

of the commonly used range for the dissipation coefficient kS2> and kSA>

have been tested, i.e. fc(2)=0.5, fc(4)=0.01 (ADM-dissipl) and fc(2)=2.0,
fc(4)=0.05 (ADM-dissip2).

Table 4.3 shows the value of averaged quantities at the wall and at

the center of the channel. Considering first the ADM-dissip2 results, we

observe that the value of ReT is significantly underpredicted, indicating
a too large dissipation. Similarly, the centerline velocity u\c is overpre¬

dicted. The overprediction of the centerline temperature Tc is larger
than in the ADM computation of the previous section and consequently
the centerline density pc is smaller. The graphs of the mean tempera¬

ture, density and velocity (figures 4.12 and 4.13 (a)) clearly show the

overdissipative behavior of the numerical dissipation, particularly in the

near-wall region. The van Driest velocity profile (figure 4.13 (b)) shows a

significant deviation from the filtered DNS data in the core of the chan¬

nel which is due to the cumulated effect of the overpredicted centerline

velocity and the underpredicted friction velocity uT.

Turbulent fluctuations are also represented poorly as can be seen in

figure 4.14 (a). In particular, the spanwise and wall-normal velocity
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fluctuations are highly damped whereas the streamwise fluctuations are

overpredicted due to the friction velocity normalization. Finally, the

peak location of the Reynolds-stress is not predicted accurately as can

be observed in figure 4.14 (b). Reducing k^2' and k^4' to 0.5 and 0.01

(ADM-dissipl) dramatically improves the results. Wall and centerline

mean quantities are within the same error margin as the ADM results, as

can be read from table 4.3. The mean velocity and density profiles of the

ADM agree slightly better with the filtered DNS than the ADM-dissipl
simulation (figures 4.12 and 4.13) but turbulent quantities are better

predicted by the latter in the near wall region (figure 4.14). However,

reducing the amount of dissipation further leads to unstable simulations.

Despite the strong dependence of the results on the values of the dis¬

sipation coefficients, we have shown that for certain values of kS2^ and

k^4', the simplified method is able to compete with the relaxation term

of ADM, but results deteriorate quickly for inappropriate values of these

coefficients (excessive dissipation for large values, unstable simulations

for too small values). The best choice of the values of the dissipation
coefficients is grid and flow dependent and can only be found by trial

and experience. The computational time of both variants is very much

the same. However, the successive computations necessary to find opti¬
mal dissipation coefficients are much more time consuming than a single
ADM computation.

4.2.3 Numerical tests

Computations with the convective terms discretized with a fourth-order

skew-symmetric scheme (see section 2.3.1) were also performed. The

mesh, the flow and the other numerical parameters are identical to the

previous ADM computations.

For the mean profiles of figures 4.15 and 4.16, no significant difference

can be seen between the fourth-order and the second-order discretiza¬

tion.

For the fluctuating quantities of figure 4.17, no improvement of the re¬

sults can be observed compared to the results obtained with the second-

order scheme. Surprisingly, no improvement of the friction-velocity

Reynolds number ReT is observed with the discretization order as -Rep¬

rises to 229 for the fourth-order scheme (i?eT=214 for the filtered DNS

and 224 for ADM with the second-order scheme).
Mesh dependence was investigated by refining the computational
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Figure 4-12: (a) Mean temperature profile, (b) Mean density profile; • ADM-

dissipl, filtered DNS, o ADM-dissip2, ADM. • indicates that the

quantity is computed from the filtered solution.
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Figure 4-13: Mean velocity profile, (a) linear plot, (b) van-Driest-transformed

logarithmic plot; • ADM-dissipl, filtered DNS, o ADM-dissip2,

ADM, 2.5 In x% + 5.5.
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Figure 4-M: (a) Velocity fluctuations, from top down, streamwise, spanwise

and wall-normal, (b) Reynolds-stress; • ADM-dissipl, filtered DNS, o

ADM-dissip2, ADM.

mesh to iVi=144, N2=80, and 7V3=120 cells (1/2 in each direction of

the number of grid points of the NSMB DNS). All other flow and nu¬

merical parameters are identical to the previous ADM simulations.

For the mean profiles (figures 4.18 and 4.19), the agreement between

filtered DNS and LES is excellent, in particular the prediction of the

temperature is improved. With a lower value for ReT of 220 (ReT=214
for the filtered DNS), the velocity gradient at the wall compares better

with the filtered DNS on the fine mesh. All the other wall quantities
follow the same trend as ReT. The velocity fluctuations are also slightly
better predicted (figure 4.20 (a)) on the fine mesh. The agreement of

the Reynolds-stress (figure 4.20 (b)) does not improve on the fine mesh

and is comparable with the results obtained on the coarser mesh.

Comparing the effect of the discretization order and mesh size, we can

conclude that results are more sensitive to mesh refinement than to the

discretization order.
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Figure 4-15: (a) Mean temperature profile, (b) Mean density profile; • ADM

with a fourth-order scheme, filtered DNS, o ADM with a second-order

scheme. • indicates that the quantity is computed from the filtered solution.
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Figure 4-16: Mean velocity profile, (a) linear plot, (b) van Driest transformed

logarithmic plot; • ADM with a fourth-order scheme, filtered DNS, o

ADM with a second-order scheme, 2.5 In x^ + 5.5.
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Figure 4-17'- (a) Velocity fluctuations, from top down, streamwise, spanwise

and wall-normal, (b) Reynolds-stress; • ADM with a fourth-order scheme,

filtered DNS, o ADM with a second-order scheme.
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Figure 4-18: Results on a refined mesh with N\=144, N2=80, and Ns=120.

(a) Mean temperature profile, (b) Mean density profile; • ADM, filtered
DNS. • indicates that the quantity is computed from the filtered solution.
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Figure 4-19: Results on a refined mesh with N\=144, N2=80, and N^=120.

Mean velocity profile, (a) linear plot, (b) van Driest transformed logarithmic

plot; • ADM, filtered DNS, 2.5 In xt +5.5.
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Figure 4-20: Results on a refined mesh with N\=144, N2=80, and N^=120.

(a) Velocity fluctuations, from top down, streamwise, spanwise and wall-

normal, (b) Reynolds-stress; • ADM, filtered DNS.





Chapter 5

Shock-boundary-layer interaction

Accurate computations of shock-boundary-layer interaction are

needed in many aerospace and aeronautical applications to predict, for

example, flows around transonic airfoils, supersonic air intakes or de¬

flected control surfaces of vehicles at transonic or supersonic speed. To

achieve an optimal and safe design of these high-speed vehicles or vehicle

components, critical quantities such as skin-friction, heat transfer rates,

fluctuating pressure and thermal loads have to be known precisely.

Experimental research in shock-boundary-layer interaction started

in the mid-40's with the work of Ackeret et al. (1946) and has shown a

constant interest since then (see Dolling (2001)). Numerical simulations

of supersonic shock-boundary-layer interaction using Reynolds-averaged
Navier-Stokes equations (RANS) methods are being made since the end

of the 1970's. For example, Settles et al (1979) compared experimen¬
tal data with computations of the flow over a compression corner at

high Reynolds number and observed that the RANS turbulence mod¬

els at that time were unable to predict accurately the skin-friction, the

location of the flow separation and reattachment, the surface pressure

and the heat transfer for strong shock-turbulence interaction. More re¬

cently, Knight & Degrez (1997) made an evaluation on how well widely
used turbulence models could predict these complex flows. Their conclu¬

sions were also rather disappointing for flows with significant separation,
since quantities critical for the design of high-speed vehicles, such as the

skin-friction and the heat transfer rates, could not be predicted with

confidence whereas other parameters, such as the fluctuating pressure

and thermal loads, could not be computed at all with RANS. Knight &

Degrez (1997) attributed the poor results mainly to two causes. First,
RANS calculations do not model flowfield unsteadiness. This can alter

mean quantities since low-frequency unsteady phenomena are expected
to influence these quantities. Second, turbulent eddy viscosity models

characterize the turbulence using a single length scale, which is incorrect

in separated flows. Other uncertainties in RANS simulations come from

three-dimensional flow structures and compressibility effects.

Due to the limitations of RANS, LES is becoming more and more

attractive to simulate numerically these kind of flows although today
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it still can not be used straightforwardly. Challenges for LES of shock-

turbulence interaction are identified on two levels: first, on the numerical

level with the use of accurate, nondissipative and stable schemes, and

second, on the level of LES with the requirement of a subgrid-scale model

capable of providing a unified modeling of the turbulent and nonturbu-

lent subgrid scales (shocks).

The development of numerical schemes for flows with discontinuities

started well before one was thinking about using LES for this kind of

flows. Lax & Wendroff (1960) already worked on this challenging task

and derived the fundamental condition for a numerical discretization

to correctly represent discontinuities. They stated that the numerical

discretization of a conservation law had to be conservative in order to

converge to the correct entropy solution of the problem. The conver¬

gence to a stable, nonoscillatory solution is however not assured.

Godunov (1959) with his upwind method, solved exact Riemann prob¬
lems at cell interfaces but his method remained first-order accurate due

to piecewise constant reconstruction of the cell value. The extension of

similar upwind methods to higher-order accuracy came up against an¬

other difficulty, namely that in order to converge to the correct entropy

solution in a nonoscillatory manner, the numerical method has to be

monotone. Unfortunately, as demonstrated by Godunov, linear mono¬

tone methods are at most first order accurate, giving poor accuracy in

smooth regions of the flow and smeared representation of discontinuities.

Higher-order methods give much better accuracy on smooth solutions

but fail near discontinuities, where oscillations are generated. The idea

with high-resolution methods is to combine the advantages of the low-

and high-order discretization properties. This can only be achieved by

adding nonlinear terms to the second- or higher-order discretized conser¬

vation law. A wide variety of these nonlinear terms have been devised

over the years. Artificial viscosity terms (von Neumann & Richtmyer,

1950; Swanson & Türkei, 1992) may be widely spread in CFD codes but

the proper amount of artificial numerical dissipation is difficult to de¬

termine (see subsection 4.2.2). Therefore, flux-limiter and slope-limiter
methods (Harten, 1983; Harten et al, 1983; Sweby, 1984) which lead to

so-called total variation diminishing (TVD) schemes have been devel¬

oped. The TVD condition has been observed to be too strict in some

cases, e.g. at extremal values, and a looser condition is obtained with

the class of essentially nonoscillatory (ENO) schemes where the fluxes

are computed via high-order cell-face reconstructed values (Harten et al,
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1987; Harten & Chakravarthy, 1991).
These different methods, commonly referred to as shock-capturing

schemes, have shown to improve significantly the numerical represen¬

tation of discontinuities and a detailed survey can be found in the book

of Leveque (2002).
One open question with shock-capturing schemes is whether they

qualify for LES since the dissipation introduced by the additional nonlin¬

ear terms may mask the effect of subgrid-scale models. This fundamental

question was addressed by Gamier et al (1999) who investigated the in¬

teraction between some widely used shock-capturing schemes and the

Smagorinsky (1963) and the dynamic model of Germano et al (1991).
They came to the conclusion that in many cases the intrinsic numeri¬

cal dissipation of the shock-capturing schemes masks the effect of the

subgrid-scale model.

The idea of using the artificial dissipation of a numerical scheme in a

turbulence modeling prospect was first proposed by Boris et al (1992)
who argued that it could mimic the effect of a subgrid-scale model. This

approach is known as MILES (Monotonically integrated LES) and was

investigated lately in more detail by Fureby & Grinstein (1999) and Gar¬

nier et al. (1999). The implicit modeling in MILES of the subgrid-scale
terms has shown to give rather good results for free shear flow and forced

homogeneous turbulence at higher Reynolds number whereas it does not

perform so well for decaying turbulence or at lower Reynolds number.

Recently, good results were also obtained for wall-bounded flows (Fureby
& Grinstein, 2002).

Few studies have been undertaken so far to investigate the influence

of subgrid-scale models on shocks. Subgrid-scale models have been devel¬

oped to account for the energy transfer from resolved scales to nonrepre¬

sented scales and are often based on assumptions of turbulence isotropy
or scale similarity which are not valid in the presence of a discontinuity.
A challenge for the subgrid-scale model is to provide a unified modeling
of the turbulent and nonturbulent subgrid scales (shocks).

Without any special shock treatment, Stolz et al. (20016) obtained

very good results of LES with ADM using a sixth-order compact finite

difference discretization for the same flow configuration as considered in

this chapter, i.e. the Mach 3 compression ramp. Recently, Adams &

Stolz (2002) investigated more in depth if ADM was able to provide a

unified treatment of flow discontinuities and turbulent subgrid scales.

Using a sixth-order compact finite difference method, they varied the
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order of the filter used for the relaxation regularization and performed
tests for shock solutions of the Burgers and Euler equations. Low-order

filters were observed to be more suitable for properly modeling the dis¬

sipation mechanism across a shock.

Gamier et al (2002) studied shock-boundary-layer interaction by means

of LES. They selected the two-dimensional interaction of an oblique
shock on a flat plate boundary layer to assess the ability of the mixed-

scale model (Sagaut, 2000) to cope with complex flows. The numerical

scheme employed a combination of a fourth-order centered base scheme

with a fifth-order accurate WENO filter. The results were compared
with experimental data and showed good agreement except for cross

term fluctuations that appeared underestimated. In relation with the

MILES approach, they also performed computations without an explicit

subgrid-scale model to evaluate the effect of the subgrid-scale model and

noted that, except for an improved prediction of the skin-friction coef¬

ficient, its effect was globally rather small compared with the intrinsic

dissipation of the numerical method.

Identical to the flow configuration studied here, Rizzetta & Visbal (2001)
performed simulations of the flow over a supersonic compression ramp.

They employed a sixth-order compact finite difference scheme in conjunc¬
tion with a tenth-order nondispersive filter which is periodically applied
to the solution. Because of the excessive diffusion of the shock due to the

repeated filtering, they replaced the compact-differencing of the convec-

tive derivatives and filter operation by a third-order Roe upwind-biased
method locally in regions of shock waves. The subgrid-scale terms were

accounted for by the dynamic Smagorinsky model. The results of the

numerical simulations were compared with experimental data, the lat¬

ter were however obtained with significantly different flow parameters

(Reynolds number two orders of magnitude higher) and geometric con¬

figuration (the sidewall end plates in the experiment were not modeled

in the numerical simulation). Accordingly, the agreement between com¬

puted results and experimental data was rather qualitative than quanti¬
tative.

In this chapter, the computation of the supersonic flow over a com¬

pression ramp as performed with DNS by Adams (2000) and with LES

and ADM by Stolz et al. (20016) is reproduced. Unlike Stolz et al. who

used a sixth-order compact finite difference scheme, a fourth-order finite

volume scheme is used here. The aim is to evaluate the ability of ADM

implemented in a lower order industrial flow solver to cope with complex
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flows.

We begin by presenting the physical flow configuration and summarizing
the parameters of the simulation. The results of LES with ADM where

the deconvolution order is adapted locally to the flow are then compared
with the filtered DNS data of Adams (2000).

5.1 The supersonic compression ramp

Following the flow configuration of Adams (2000), the turbulent bound¬

ary layer along a compression ramp with a deflection angle of 18° at a

free-stream Mach number of M=3 and a Reynolds number of Ree = 1685

with respect to free-stream quantities and mean momentum thickness at

inflow is considered. Figure 5.1 gives a schematic representation of the

flow. The compressible Navier-Stokes equations written in conservative

form and nondimensionalized by the free-stream velocity u*^, density

p*^, temperature T^, and the displacement thickness 8* of the mean

boundary layer at inflow are solved. The time t is nondimensionalized

with 81/u*^. The fluid is assumed to be a perfect gas with a specific
heat ratio of 7 = cp/cv = 1.4. The nondimensional viscosity p(T) is

calculated from Sutherland's law

where s is a parameter depending on the gas and the temperature range,

set here to HO.SK/T^. Table 5.1 gives an overview of the parameters

of the simulation. At inflow, a turbulent boundary layer profile obtained

from filtering DNS data from Adams (2000) are imposed. Non-reflecting

boundary conditions are used at the outflow and on the upper boundary
of the computational domain. No-slip isothermal conditions are applied
at the wall and the flow is periodic in the spanwise direction (see section

2.6).
Results obtained with a second- and fourth-order discretization (see

section 5.2.3) showed that the latter discretization reduced the oscillation

amplitudes in the vicinity of the discontinuity and was therefore preferred
here. The viscous fluxes are next computed using the gradient theorem

on a shifted volume and the time integration is performed with an explicit

four-stage Runge-Kutta scheme. See chapter 2 for more information.
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parameter value comment

Moo 3

Res1 8977

Ree 1685

Res2 732

So 2.38

0 0.19

-*-
OO

115K

2.522 T^
s* 110.3K

e 18°

Li 63.80

L2 2.90

U 10.87

L3 21.40

M 332

N2 30

N3 90

A+l
'-»1 \w

18

A+l
'—±2 \w 8.8

A+l
3 1w 1.4

A+l 37.8

A+l
<-±2 \w 20.4

A+l
3 1w 4.3

free-stream Mach number

Reynolds number based on the displacement
thickness at the inflow (station 0), UooßooSi/poc
Reynolds number based on the momentum

thickness at the inflow and i^oo

Reynolds number based on the momentum

thickness at the inflow and vw

boundary layer thickness at inflow

momentum thickness at inflow

free-stream temperature

wall temperature

Sutherland's law constant

compression ramp angle
streamwise dimension

spanwise dimension

wall normal dimension at the inflow

wall normal dimension at the outflow

number of cells in streamwise dimension

(1/3 of DNS Adams)
number of cells in spanwise dimension

(3/8 of DNS Adams)
number of cells in wall normal dimension

(1/2 of DNS Adams)
streamwise cell size in wall units at inflow

spanwise cell size in wall units at inflow

wall normal cell size in wall units at inflow

streamwise cell size in wall units at station 10

spanwise cell size in wall units at station 10

wall normal cell size in wall units at station 10

Table 5.1: Parameters of the numerical simulation. Subscript w indicates wall

values.
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Figure 5.1: Sketch of the compression ramp configuration, from Adams (2000).

5.2 Results

In order to represent the turbulent flow and the shock properly, the com¬

putational mesh requested 1/3 of the number of points of the DNS of

Adams (2000) in the streamwise direction, 3/8 in the spanwise direction

and 1/2 in the wall-normal direction, leading to Ni = 332, N2 = 30,

N3 = 90 cells.

The simulation was started with interpolated DNS data from Adams

and sampling was performed after an initial transient when a statis¬

tically steady state was reached. Angles <. > indicate spanwise- and

time-averaging and Favre filtered variables are denoted by / = pf/~p. To

obtain a consistent definition across the integration domain, in particu¬

larly near the corner of the ramp, the velocity vector is projected to a

Cartesian system aligned with the wall. The contravariant velocities ùct
are defined as
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ü2 = ü2
~ df3 ,

~ df3

~c oil 0x3

Ug —

,

where ^ = constant defines the grid lines of the computational mesh.

The remaining of this section is organized in three parts. First, the

effect of the deconvolution order on the flow solution is examined. Sec¬

ond, based on the observations of the effect of the different deconvolution

orders, the results of the supersonic compression ramp flow with the de-

convolution order being locally adapted to the flow are presented and

compared to DNS results. Finally, the grid dependence and the influ¬

ence of the discretization order are investigated.

5.2.1 Effect of the deconvolution order

The difficulty for the subgrid-scale modeling consists in representing ac¬

curately the turbulent structures in the boundary layer, the detached

shear layer of the separation bubble and the sharp gradients of the shock.

We recall that a central scheme is used and that this kind of discretiza¬

tion generates oscillations in the vicinity of a discontinuity leading to

nonlinear instability. A solution to prevent these oscillations would be

to use an upwind scheme locally in the shock vicinity or to switch on

artificial dissipation terms. This approach was consciously not followed

in this evaluation phase of ADM with the finite volume method, since

the effect of the subgrid-scale model would have been inseparable from

the dissipation of the upwind scheme or from the artificial dissipation
terms. The aim here is to obtain a stable and accurate representation
of the discontinuity by acting on the subgrid-scale model instead of the

discretization scheme and we therefore focus on suitably adapting the

deconvolution order of the inverse filter (eq. 3.8) of ADM.

In eq. (3.22)-(3.26), the deconvolution order influences the decon¬

volved quantity U* = Qjq * U = X^=o(-^ ~~ GiY * U and the relaxation

term ~x(I ~ G2) * U. Reducing the deconvolution order has thus a

double effect. First, the deconvolved quantity U* will be a poorer ap¬

proximation of the exact unfiltered quantity U, provided that the scales

near the filter cutoff are well represented by the numerical discretization.

For low-order schemes (including the fourth-order scheme used here), the

error for wavenumbers near the cutoff is significantly larger than with

(5.3)

(5.4)
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Figure 5.2: Transfer functions on an equidistant mesh; (a) primary filter G\,

(b) approximate inverse Qn (note that Qn(k) = N + 1), (c) secondary filter

G2 = Qn Gi, and (d) I — G2 for decreasing deconvolution order from N = 5

to N = 1.

a spectral representation (Lele, 1992). In this case, high-order decon¬

volution often only amplifies numerical noise and is not desired. The

small-scale amplification effect with increasing deconvolution order TV of

the approximate inverse filter Qjq can be seen in figure 5.2 (b). Second,
the wavenumber range from which energy is removed by the relaxation

term will grow towards larger scales, damping larger-scale oscillations

as they develop in the vicinity of a discontinuity. The increase of the

range of scales being damped by the secondary filter G2 with decreasing
deconvolution order TV can be seen in figure 5.2 (c) and (d). The effect

on the flow of the relaxation term is comparable to a dissipation term,
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e.g. the Jameson dissipation (Jameson et al, 1981) and the reduction of

the deconvolution order smoothes the solution in a similar way as arti¬

ficial numerical dissipation. The difference between the two approaches
resides in the fact that ADM does not modify the underlying differential

equation in the resolved wavenumber range whereas classical numerical

dissipation terms add high-order terms to the conservation law.

By applying the same deconvolution order (N=b) that had given

good results for the supersonic channel flow (chapter 4; von Kaenel et al

(2003)), the oscillations near the shock permitted by the central schemes

were not sufficiently damped and slowly grew and propagated away from

the discontinuity until the calculation became unstable. Stable computa¬

tions were obtained by reducing the deconvolution order, but the solution

deteriorated then in the boundary layer where the cumulated effect of

the physical viscosity and the low-order relaxation regularization showed

an overdissipative behavior. The contradictory requirement of having
a small dissipation in the boundary layer and sufficient dissipation in

the vicinity of the discontinuity was solved by varying the deconvolu¬

tion order as a function of the distance to the wall. Expressed in wall

units (.+), the deconvolution order is set to N=5 for x^
< 20, N=4 for

20 < xt < 40, N=3 for 40 < xt < 200, N=2 for 200 < xt < 240, N=l

for 240 <
x%. With this repartition, the viscous wall region (x% < 50)

is situated in the high deconvolution order region whereas the shock is

entirely located in the N=l area. Between the two extrema, the decon¬

volution order varies gradually (figure 5.3).

The positive effect of the variable deconvolution order on the skin-

friction coefficient, which measures the velocity gradient at the wall, can

be seen in figure 5.4 (a). Low-order deconvolution (N=l) near the wall

clearly underpredicts the wall velocity gradient which is typical of an

overdissipative behavior. The turbulent fluctuations in the boundary

layer also show an overshoot with low-order deconvolution as can be

observed in figures 5.4 (b), (c), and (d). The insufficient damping of

the large scales oscillations is set in evidence in figures 5.4 (b) and (d)
where the root-mean square (rms) fluctuations of the density and the

Favre-averaged fluctuations of the Reynolds-stress are overpredicted in

the vicinity of the shock when using a third-order deconvolution (the
same trend is observed for the other fluctuating quantities but the dif¬

ferences in the mean quantities are only minimal). The results obtained

with decreasing deconvolution order as a function of the wall distance

show a better agreement with the reference data in the near wall region
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Figure 5.3: Decreasing deconvolution order N as a function of the wall distance

with the density gradient magnitude shown in background. N=5 for x%
< 20,

N=4 for 20 < x+ < 40, N=3 for 40 < x+ < 200, N=2 for 200 < x+ < 240,
N=l for 240 < xt-

(figure 5.4 (a)), in the boundary layer and in the shock vicinity (figure
5.4 (b), (c), (d)).

Additional results on the effect of the deconvolution order, its influ¬

ence on the relaxation coefficient x and relaxation term ~x(I ~ G2) * U

are presented in the appendix A for the test problem of shock-wave

propagation in a shock-tube.

5.2.2 Local adaptation of the deconvolution order

Based on the results of the previous subsection and of the appendix A,
the benefit of the variable deconvolution order has become obvious, and

all the results discussed further were obtained with decreasing deconvo¬

lution order as a function of the wall distance as described in section

5.2.1.

The density gradient magnitude averaged over the spanwise direc¬

tion, displayed in figure 5.5, gives an overview of the flow. The DNS

of Adams (2000) is shown on the left and the LES on the right. The

instantaneous density gradient (figures 5.5 (a), (b)) corresponds to dif¬

ferent flow realizations and can only be compared qualitatively. It can

be seen that, due to the coarser mesh, the shock of the LES is slightly
more smeared out but overall the LES exhibits the same flow patterns

as the DNS.

For the mean and turbulent profiles, we compare ADM results with
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Figure 5.4: (a) Skin-friction coefficient <C/>: DNS, (b) density rms

fluctuations <p/2>1'2, (c) Reynolds-stress <pü2 ü2 >, (d) <pù% ù% > at sta¬

tion 9 of figure 5.6: filtered DNS, decreasing deconvolution order

from N = 5 near the wall to N = 1 above the boundary layer, constant

deconvolution order N = 3, constant deconvolution order N = 1. The

shaded area of graph (a) indicates the sponge region used as outflow boundary
treatment in the DNS of Adams (2000).

the filtered DNS results of Adams at 10 different downstream stations

along the computational mesh lines (see figure 5.6). The time-averaging
covers 150 time units with a sampling period of 0.1. All mean profiles

are very well predicted. Figure 5.8 show the Favre-averaged filtered

contravariant velocity, temperature, pressure, and density profiles. Only
small wiggles are observed near the shock, and the shock position and

the boundary layer are very well predicted by the LES. The same trend

can be observed for the contravariant momentum displayed in figure 5.9.
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The van-Driest-transformed mean streamwise velocity < ù\ >VD for a

compressible boundary layer is defined as

<uci>VD= / \\é-d<uci>+ . (5.5)
Jo y Pw

This transformation accounts for the density variation across the bound¬

ary layer and allows for comparison with the logarithmic law of the ve¬

locity profile 2.51n£3^+5.5. Figure 5.7 shows the mean, and van-Driest-

transformed velocity profile scaled in wall units before (station 1) and

after (station 10) the corner. As no shock is present before the compres¬

sion corner, the flow is identical with a supersonic boundary layer and

the agreement of the LES with the filtered DNS and the logarithmic law

is very good. However, behind the compression corner the shock crosses

the upper part of the computational domain and deviations from the

logarithmic law can be observed in figure 5.7 (b). Some discrepancies
between the filtered DNS and the LES can also be seen in the vicinity
of the shock.

Wall quantities, e.g. the skin-friction coefficient which is computed

as the gradient in the wall normal direction of the velocity parallel to the

wall <Cf>= 2p <dui/dn>\waii, are among the most difficult quantities

to predict correctly. Figure 5.10 (a) shows a very good agreement of

the LES with the DNS and gives the correct location and length of the

flow separation around the corner (region where <Cf> ^ 0). The wall

pressure (figure 5.10(b)) shows also excellent agreement with the filtered

DNS.

The turbulent fluctuations of the flow are analyzed by means of the

Reynolds- and the Favre-averaged fluctuations which are computed as

/' := /— </> and /" = /— <~pf> / </>>, respectively. The over¬

all agreement between filtered DNS and LES is very good as can be

seen for the density rms fluctuations <p'2>1/2, the temperature Favre-

averaged fluctuations <j1//2>1/2; the streamwise contravariant momen-

/O

turn rms fluctuations < pu\ >1'2, and the streamwise contravariant

velocity Favre-averaged fluctuations <ül 2>x/2 in figure 5.11. The fluc¬

tuations within the boundary layer (first peak) and around the shock

(second peak) are very well represented except for a slight discrepancy
visible in the boundary layer around the corner of the ramp (stations 6-9)
which coincides also with the foot of the shock. The same trend is ob¬

served for the Reynolds-stress Favre-averaged fluctuations <pù\ ù\ >,
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<pü2 ü2 >, <pùfi Ü3 >, and <pù\ ù\ > shown in figure 5.12. The

maximum deviation is less than 10% and occurs in the area of the cor¬

ner of the ramp.

In comparison with the results of Stolz et al. (20016) obtained with a

sixth-order compact finite difference scheme, the mean and turbulent

statistics here are of the same quality despite the lower order numer¬

ical method. The notable difference, however, is that in the present

case, local adaptation of the deconvolution order was necessary whereas

Stolz et al. used the deconvolution order N = 5 throughout the whole

computational domain.

Figure 5.13 shows the time- and spanwise-averaged value of the

relaxation coefficient x f°r the continuity, momentum and energy equa¬

tion. The relaxation parameter x nas the dimension of an inverse time

scale and represents the frequency with which energy is annihilated by

driving the filtered solution U to a somewhat smoother solution G2 * U

as the cutoff wavenumber of the secondary filter G2 is significantly

larger than the one of the primary filter G\.

The largest values of the relaxation coefficient occur in the boundary

layer which corresponds also to the region where the deconvolution

order is high (N=b) to moderate (N=3). The large values of the

relaxation parameter indicate that the frequency of the energy removal

is high however mainly small scales are affected. Above the boundary

layer, the deconvolution order is low (N ^ 2) and so the values of the

relaxation parameter. This can be interpreted by the fact that in this

area energy is removed over a larger scale spectrum and accordingly,
the energy removal frequency is lower.

Figure 5.14 shows the root-mean square fluctuations of the relaxation

coefficients. It is observed that the largest fluctuations appear in the

vicinity of the shock which indicates that the energy fluctuations there

are important. Although the relaxation term reached peak values in the

boundary layer, the energy fluctuations are much smaller.
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a (b)

c (d)

Figure 5.5: Flow-field Schlieren imitation ||Vp|| contours; (a) spanwise-

averaged DNS Adams (2000), (b) spanwise-averaged LES, (c) spanwise- and

time-averaged DNS, (d) spanwise- and time-averaged LES.
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£3

Figure 5.6: Computational mesh (each 9th line is shown); numbers in circles

indicate stations where profiles are shown the following graphs.

Figure 5.7: Contravariant velocity profiles scaled in wall units; (a) at station 1

and (b) at station 10; mean velocity < ù\ >+: filtered DNS, ADM;
van Driest transformed mean velocity < ü\VD >+: filtered DNS,

ADM; linear and logarithmic law (2.5 In z+ +5.5).
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Figure 5.8: (a) Contravariant velocity <ü\>, (b) temperature <T>, (c)
pressure <p>, (d) density <p>, at the streamwise stations 1-10 according to

fig. 5.6; filtered DNS, LES with ADM. The notation • indicates

that the quantity is computed from the filtered solution, e.g., p = (7 — 1)(E —

put pui/(2p)).
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Figure 5.9: Contravariant momentum (a) streamwise <pwf>, (b) wall normal

<p«3>, at the streamwise stations 1-10 according to fig. 5.6; filtered

DNS, LES with ADM.
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DNS, ADM; (b)Figure 5.10: (a) Skin-friction coefficient <Cf>: —

wall pressure <pw>: DNS, ADM; streamwise pressure gradient:

d<pw> /dxi: ADM. The shaded area of graph (a) indicates the sponge

region used as outflow boundary treatment in the DNS of Adams (2000).
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Figure 5.11: (a) Density rms fluctuations <p/2>1'2, (b) temperature Favre-

averaged fluctuations <j1//2>1/2^ (c) streamwise contravariant momentum rms

fluctuations <pu\ >1'2, fdj streamwise contravariant velocity Favre-averaged

fluctuations <ü\ 2>1,/2, at the streamwise stations 1-10 according to fig. 5.6;

filtered DNS, LES with ADM.
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Figure 5.12: Reynolds-stress; (a) < pù\ ù\ >, (b) < pû2 ü2 >, (c) <

pus ü3 >, (d) <püi üs >, at the streamwise stations 1-10 according to fig.

5.6; filtered DNS, LES with ADM.
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Figure 5.13: Time- and spanwise-averaged relaxation coefficient with decreas¬

ing deconvolution order as a function of the wall distance, (a) relaxation coef¬

ficient for the continuity, (b) momentum, (c) energy equation.



82 Shock-boundary-layer interaction

Figure 5.14'- rms fluctuations of the relaxation coefficient with decreasing de-

convolution order as a function of the wall distance, (a) fluctuations of the

relaxation coefficient for the continuity, (b) momentum, (c) energy equation.
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5.2.3 Numerical tests

Computations with the convective terms discretized with a second-order

skew-symmetric scheme (see section 2.3.1) have also been performed.
The deconvolution order distribution is identical than previously.
For the mean profiles of figure 5.15, the agreement between filtered DNS

and LES remains good except for larger oscillations in the vicinity of the

shock. For the fluctuating quantities of figure 5.16, the deviation from

the filtered DNS is larger with the second-order than with the fourth-

order discretization.

The mesh dependence has been investigated by refining the computa¬

tional mesh to _/Vi=500, A^2=40, and A^3=120 cells (1/2 in each direction

of the number of grid points of the DNS of Adams (2000)). The convec¬

tive terms are again discretized with the fourth-order skew-symmetric
and the deconvolution order distribution is similar to previously.
For the mean profiles (figure 5.17), the agreement between filtered DNS

and LES is excellent and the effect of the grid refinement is mainly visible

in the shock vicinity where the oscillations are minimal. The results for

the fluctuating quantities (figure 5.18) are of the same quality than the

ones obtained with the coarser mesh and confirm the mesh independence
of the previous results. The computational cost of the fine-mesh LES

(7V1=500, N2=40, and 7V3=120 cells) is about 1.5% of the DNS and the

computational cost of the LES with the mesh of Ni=332, N2=30, and

N3=90 cells is about 0.5% of the DNS.
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Figure 5.15: Mean profiles obtained with the central second-order scheme, (a)
contravariant velocity <üi>, (b) temperature <T>, (c) pressure <p>, (d) den¬

sity <p>, at the streamwise stations 1-10 according to fig. 5.6; filtered

DNS, LES with ADM. The notation • indicates that the quantity is

computed from the filtered solution, e.g., p = (7 — 1)(E — put put/(2p)).
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Figure 5.16: Fluctuating quantities obtained with the central second-order

scheme, (a) density rms fluctuations <p/2>1'2, (b) temperature Favre-averaged

fluctuations <21//2>1/2? (d) streamwise contravariant velocity Favre-averaged

fluctuations <ûï > '

, (c) Reynolds-stress <pù\ ù\

stations 1-10 according to fig. 5.6; filtered DNS,

>, at the streamwise

LES with ADM.
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Figure 5.17: Mean profiles obtained with the central fourth-order scheme with

a mesh N\=500, N2=40, Ns=120. (a) contravariant velocity <ù1>, (b) tem¬

perature <T>, (c) pressure <p>, (d) density <p>, at the streamwise stations

1-10 according to fig. 5.6; filtered DNS, LES with ADM.
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Figure 5.18: Fluctuating quantities obtained with the central fourth-order
scheme with a mesh N\=500, N2=40, Ns=120. (a) density rms fluctua¬

te -.1/2

c 2^ 1/2

tions <p/2> '

, (b) temperature Favre-averaged fluctuations <T

streamwise contravariant velocity Favre-averaged fluctuations <ù\ ">

Reynolds-stress <pu\ ù\

5.6; filtered DNS,

(d)

(c)

>, at the streamwise stations 1-10 according to fig.
LES with ADM.





Chapter 6

Summary and conclusions

Despite nearly four decades of work in universities and research insti¬

tutes, LES still needs to establish itself as an industrial CFD tool. The

aim of the present work was to achieve a step in this direction for one

particular subgrid-scale model, ADM, from use in an academic frame¬

work to applicability in an industrial flow solver. Therefore ADM, so

far applied with high-order compact finite-difference or spectral schemes

only, was extended to the finite-volume method and implemented in an

industrial CFD code (NSMB). Validation of the implementation of ADM

and evaluation of the model was then performed with two flow config¬
urations of increasing complexity: the turbulent compressible channel

flow and the supersonic flow over a compression ramp.

The isothermal-wall channel flow was selected first to validate the

implementation of ADM and to evaluate the model in the challenging
near-wall area. The Mach number based on the wall temperature was

1.5 and the Reynolds number based on the bulk (averaged) quantities
and the channel half-width was i?eb=3000, reproducing thus the simula¬

tion of Coleman et al (1995). The numerical integration was carried out

with a Jameson-type scheme, which combines a four-stage Runge-Kutta
time integration with a central second-order spatial discretization.

The mean profiles and the turbulent fluctuations of LES with ADM were

observed to be in good agreement with filtered DNS data. To evaluate

the behavior of the numerical scheme used for the LES, a no-model

computation, or underresolved DNS, was performed. In the absence of

discontinuities, the dealiasing property of the skew-symmetric formula¬

tion (Blaisdell et al, 1996) of the convective terms was observed to be

able to keep the computation stable without artificial dissipation terms.

Moreover, for the mean profiles and the turbulent fluctuations, the agree¬

ment between the no-model computation and the DNS was as good on

average as the one observed between ADM and the filtered DNS, which

demonstrated a rather small effect of the model in this case. Only the

energy spectra revealed the inability of the no-model computation to

correctly represent the small-scale dissipation mechanism.

The ability of standard artificial numerical dissipation to replace the re¬

laxation regularization procedure in LES using ADM was investigated



90 Summary and conclusions

next. The benefit of this modification of the ADM is to simplify its im¬

plementation and to make it more attractive for industrial flow solvers

using similar numerical methods. It was shown that for suitably chosen

values of the dissipation coefficients, the simplified method was able to

compete with the relaxation term of ADM, but the results deteriorated

quickly for inadequate values of these coefficients. The severe drawback

of artificial dissipation thus resides in determining the best values for

the dissipation coefficients, which are grid- and flow-dependent and can

only be found by trial and experience.

Following the good results obtained for the smooth channel flow, the

more complex problem of shock-turbulence interaction on a compression

ramp was considered. The presence of a discontinuity in the flow field

allowed for testing if ADM, with low-order schemes, can provide a uni¬

fied modeling of turbulent and nonturbulent (shocks) scales.

The DNS case of Adams (2000) was selected with a ramp deflection

angle of 18°, a free-stream Mach number of 3 and a Reynolds number

of Reo = 1685 with respect to free-stream quantities and mean mo¬

mentum thickness at inflow. The same numerical scheme as for the

channel flow was used, except for a fourth-order spatial discretization

which demonstrated a better behavior in the vicinity of the shock than

the second-order scheme. Remarkably, no artificial numerical dissipation
needed to be used to damp the oscillations developing near the discon¬

tinuity, but the order of the secondary filter of ADM had to be lowered

so as to maintain an accurate and stable computation. In the turbulent

boundary layer, low-order deconvolution showed to be overdissipative

so that the deconvolution order in this region was increased. The very

good agreement observed between LES with ADM and the filtered DNS

showed that the local adaptation of the deconvolution order to the nature

of the flow improved the results significantly.

The overall results of ADM with finite-volume schemes look encour¬

aging for a possible future use of the model in an industrial framework.

A number of issues, however, require further investigations before this

step can be achieved.

A widely unresolved problem regards the treatment of the near-wall

area. For the two cases investigated in this study, good results were

obtained. However, this success has to be put in relation to the fairly low

Reynolds number which allowed to resolve the viscous wall region. No

special wall treatment is used with ADM which requires thus a similar

near-wall resolution as a DNS. For industrial wall-bounded flows, the
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Reynolds number is typically a factor of IO3 higher and the according
near-wall resolution is not computationally feasible. One way to bypass
the computational bottleneck of resolving the near-wall region would

be to adopt an approximate non-LES treatment to bridge the viscous

wall region. ADM would then be applied in the outer flow region only
and the viscous layer would be predicted by means of wall functions or

RANS models, joining thus formally the so-called DES approach (Spalart
et al, 1997; Constantinescu et al, 2002). Nontrivial coupling problems
between the near-wall layer and the LES domain remain however to be

addressed and solved.

Another topic which would need further investigations concerns the

treatment of discontinuities. A satisfactory solution to the unified mod¬

eling of turbulence and discontinuities was found here with a local adap¬
tation to the flow phenomena of the deconvolution order. The a priori

knowledge of the flow allowed for determining "manually" the decon¬

volution order within certain regions of the computational domain. An

improvement would consist in adjusting the deconvolution order auto¬

matically, based on the analysis of certain flow outputs, e.g., a pressure

sensor to locate the shock position. The actual realization was not car¬

ried out here as it appears more to be an implementation task (such
pressure sensors exist already for artificial numerical dissipation) than

a task of fundamental scientific interest. An alternative to variable de-

convolution order to damp oscillations around the shock is to prevent

their occurrence by acting on the numerical integration method. In the

present case, central schemes which are known to generate oscillations

around discontinuities were used. If instead, as done by Rizzetta & Vis-

bal (2001), an upwind method was used locally in regions of shocks, or

artificial numerical dissipation terms were switched on, no special care

of the discontinuities on the subgrid-scale modeling level would be re¬

quired. This approach was deliberately not followed in this evaluation

phase of ADM in the finite-volume framework, since the effect of ADM

on shocks and the intrinsic numerical dissipation of upwind schemes or

the artificial dissipation terms would have been inseparable.

A final remark could be expressed in form of a recommendation.

The good results obtained without any subgrid-scale model for the tur¬

bulent channel flow should incite LES users to evaluate their numerical

method without explicit subgrid-scale terms before spending substantial

resources in deriving and testing models whose effect could already be

simulated by the underlying numerical scheme, or greatly masked by
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it. The investigation of the intrinsic dissipation of monotone numerical

schemes for use in a turbulence simulation prospect started with the

work of Boris et al (1992) and has become known as MILES. Ever since

the method has shown growing interest both on a practical level with

several academic and industrial applications (Grinstein & Fureby, 2002,

2003) and on a more theoretical level with the recent attempt of Rider

& Margolin (2003) to explain the good behavior of monotone schemes

by relating their truncation error to the analytical form of well-known

subgrid-scale terms. The good results of MILES for a wide range of

flow configurations, but mainly its resourceful simplicity, could inspire

simplified variants of ADM which would possibly be more attractive for

nonacademic users. For example, with low-order schemes and except in

viscous regions of the flow, a global reduction of the deconvolution order

in the nonlinear terms and in the secondary filter could be considered

without loss of quality to save computational time. Furthermore, as al¬

ready demonstrated by tests, the space- and time-dependent relaxation

parameter x can be replaced by an appropriate constant value without

deteriorating significantly the solution.
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Shock-tube

The shock-tube problem (Sod, 1978; Leveque, 2002) was considered

to test the ability of ADM to represent accurately shock waves. The ab¬

sence of turbulence allows for a clear evaluation of the energy dissipation
mechanism across the discontinuity.

For this configuration, a diaphragm at the location £=0.5 initially

separates a left (subscript I) and a right (subscript r) region of the flow

which have different densities and pressures. The two regions are in

a constant state with pressure pi=l, pr=0.1, density pi=l, p>=0.125,
and a zero velocity on each side of the diaphragm so that both fluids

are initially at rest (figure A.l, £=0). At time £=0 the diaphragm is

broken. A shock wave, followed by a contact discontinuity propagate

then to the right and an expansion fan propagates to the left (figure A.l

£=0.2). To avoid the reflection of the shock and the expansion fan at the

boundaries, we focus on the timespan before any wave has reached the

boundary of the computational domain. Furthermore, an inviscid fluid

is assumed so that the one-dimensional Euler equations are considered.

The temporal integration is carried out until £=0.2 and the spatial mesh

size is Ax=0.005. For consistency with the compression ramp flow, the

same fourth-order central scheme is used (see chapter 2).
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Figure A.l: Exact solution for the shock-tube, density p.
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It is recalled that the deconvolution order TV affects the approximate

inverse quantity p* = Qn*~P and the relaxation term —x(I~Qn*Gi)*~p
(see chapter 3). For further details on the effect of the deconvolution

order, we refer to section 5.2.1 and display here only additional results

obtained for the nonturbulent shock-tube.

Figures A.2 and A.3 show the temporal evolution of the density for a

deconvolution order of N=4 and N=l respectively. The upper limit for

the deconvolution order is dictated by stability reasons since the com¬

putation becomes unstable for N=b and the lower limit corresponds to

the lowest deconvolution order used in the compression ramp simulation.

The deconvolution order N=4 damps only the high-wavenumber range

and large scales oscillations are still present in the flow as can be observed

around the contact discontinuity and the shock in figure A.2 (£=0.2). A

much smoother solution is obtained when the deconvolution order is re¬

duced to N=l (figure A.3), indicating that the large scales around the

discontinuities have been filtered away. The deconvolution order also

affects the relaxation parameter and relaxation term. The average value

of the relaxation parameter x 1S clearly smaller for the case N=l than

for N=4. This trend finds an explanation with the physical meaning of

the relaxation parameter which is the time-scale with which energy is re¬

moved from the flow. The smaller energy removal wavenumber range for

N=4 is thus compensated by a higher energy removal frequency. An in¬

spection of the values of the relaxation term —x(I~Qn*Gi) */) confirms

this behavior. In average, the values of the relaxation term are lower for

N=4 than for N=l which can be interpreted as a low dissipation for the

first case and an increased dissipation for the second case.

Similar investigations on the shock capturing ability of ADM have

recently been undertaken by Adams & Stolz (2002). They also varied the

deconvolution order of the secondary filter G2 present in the relaxation

term. However, the unfiltered solution U* needed in the nonlinear terms

was obtained by singular-value decomposition in their case (direct de-

convolution model), and the relaxation parameter x was kept constant.

For test cases such as the "slow-shock problem" (Roberts, 1990) and the

Woodward-Colella blast wave (Woodward & Colella, 1984), they came

to the same conclusions as found here, i.e. that low-order secondary
filters provide a better model of the dissipation mechanism across the

shock.
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Figure A.2: Deconvolution order N=4- filtered density p,

relaxation coefficient \ (value is divided by a factor of IO2 for ease of

representation on the graph), • relaxation term %(/ — Q4 * G\) * p (value is

multiplied by a factor IO4 /or ease of representation on the graph), exact

filtered solution pexact (only for t=0.2).
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Figure A.3: Deconvolution order N=l. filtered density p,

relaxation coefficient \ (value is divided by a factor of IO2 for ease of

representation on the graph), • relaxation term %(/ — Qi * G\) * p (value is

multiplied by a factor IO4 for ease of representation on the graph), exact

filtered solution pexact (only for t=0.2).
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