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ABSTRACT

NONLINEAR STABILITY AND CONTROL OF THREE-DIMENSIONAL
BOUNDARY LAYERS

Erik Janke
Old Dominion University
Director: Prof. P. Balakumar

The linear and nonlinear evolution of steady and traveling disturbances in three-dimensio-
nal incompressible boundary layer flows is studied using Parabolized Stability Equations
(PSE). Extensive primary stability analyses for the model problems of Swept Hiemenz
flow and the DLR Transition experiment on a swept flat plate are performed first. Sec-
ond, and building upon these results, detailed secondary instability studies based on
both the classical Floquet Theory and a novel approach that uses the nonlinear PSE are
conducted. The investigations reveal a connection of unstable secondary eigenvalues to
both the linear eigenvalue spectrum of the undisturbed mean flow and the continuous
spectrum, as well as the existence of an absolute instability in the region of nonlinear
amplitude saturation. Third, a passive technique for boundary layer transition control
using leading edge roughness is examined utilizing a newly developed implicit solution
method for the nonlinear PSE. The results confirm experimental observations and indi-
cate possible means of delaying transition on swept wings.

In the present work, both the solution of the boundary layer equations for the
mean flow and the explicit PSE solver are based on a fourth-order-accurate compact
scheme formulation in body-oriented coordinates. In the secondary instability analysis,

the Implicitly Restarted Arnoldi Method is applied.
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NOMENCLATURE

English Symbols

A Disturbance amplitude

AL Attachment-line

c Chord length

CF Crossflow

Co Pressure coefficient

Cer Group velocity

Con Phase velocity

f,F Frequency

1 Length

m Similarity factor

N N-factor

p, P Pressure; disturbance and mean flow quantity
Q Freestream velocity

Re Reynolds number

t, T Time

TS Tollmien-Schlichting

Tu Turbulence level

X1, X2, X3 Body-oriented coordinate system
X1,X2,%3 Galilean coordinate system

Greek Symbols

«a Angle of attack
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ai, a3 Primary and secondary wave number m the x;-direction
B, B Primary and secondary wave number in the xs-direction
On Hartree-parameter

é Boundary layer thickness

A Wave length

n Wall-normal coordinate

v Kinematic viscosity

¢ Sweep angle

d Stream function

w Wave angle

o Growth rate

7} Phase of the disturbance quantities

(5] Angle of the inviscid streamline

w Frequency

Vector Quantities

k Wave vector

Q Mean flow

q Disturbances

v Disturbance velacities

Subscripts

avg Average

cf Crossflow

C, Cross Direction of the crossflow component

tang Direction tangential to the inviscid streamline
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e edge

imag Imaginary part of complex quantity
max maximal

real Real part of complex quantity
rms Root-mean square

rough Roughness

s, stat Stationary

t, trav Traveling

tot Total

0 basic flow, or local quantity
oo freestream

Superscripts
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CHAPTER 1

INTRODUCTION

The physics of the flow transition from laminar to turbulent in a wall-bounded
flow is of great importance for a variety of industrial applications. Whether it is the
flow over a heat-exchanger on a high-altitude aircraft, the flow approaching a supersonic
engine-inlet, or the envisioned implementation of hybrid laminar flow control into fu-
ture swept wing designs for commercial aircraft, the thorough understanding of physical
mechanisms during the entire transition process is crucial for changing the flow charac-
teristics of any flow of interest favorably.

Laminar Flow Technology (LFT) is one of the key technologies to achieve an
improved aerodynamic performance on the next generation commercial aircraft like the
Ultra-High Capacity Aircraft A3XX being developed within the European Airbus Indus-
trie consortium, or the High-Speed Civil Transport developed in cooperation between
the Boeing Company and the National Aeronautics and Space Administration (NASA).
Even though the estimates of potential benefits in the aerodynamic performance of sub-,
super- and transonic aircraft through LFT vary widely, it is reasonable to state that a
significant decrease in the aerodynamic drag can be achieved by delaying the laminar-
turbulent transition of the flow on the main lifting and control surfaces of an aircraft.
Since highly swept geometries are an essential part of state-of-the-art aircraft designs,
the path of the flow evolution into turbulence on these geometries is of particular interest.

Figures 1.1 and 1.2 show two recent attempts to control the laminar-turbulent
transition using the Hybrid Laminar Flow Control (HLFC) technology, i.e. the combined

application of a laminar wing geometry and boundary layer suction. Figure 1.1 shows a

The format of this dissertation is based on the American Institute of Aeronautics and Astronautics
Journal and was typeset in XTEX 2¢ by the author.
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scaled model of the vertical stabilizer of the Airbus A320 that will be flown in a free-flight
experiment in the Summer of 1998. The suction panel which porous surface contains

millions of small laser-drilled holes is seen in the leading edge region of the fin.

Figure 1.1: Model of the A320 fin in the S1 wind tunnel (courtesy of ONERA)

A supersonic HLFC-experiment was conducted in 1996 on a modified F-16 at
NASA Dryden Research Center, U.S.A. Figure 1.2 shows the top-view of the modified
F-16 where the suction glove is seen as the dark area on the left-hand side of the wing.
Despite a successful control of the laminar-turbulent transition, this technology will not
be utilized for the first generation High-Speed Civil Transport because of a need for
further subsystem demonstrations.

In order to show the complexity of the flow field that needs to be modeled com-

putationally while studying the effects of boundary layer suction, figure 1.3 shows the
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close-up view of the suction glove of the modified F-16 in comparison to a dime. Typical

hole spacings are of the order of 0.2-0.5mm, and the applied suction distribution com-

Drydsn Flight Research Center EC36-43831-5 Photographed Nov1996
° The differing wing platforms on NASA’s F- 1 6XL laminar- flow
research aircraft is avident in this overhead view. NASA/Jim Ross

®

Figure 1.2: Top-view of the F-16XL with HLFC-glove (courtesy of NASA Dryden)

monly varies in space. Thus, the challenges for the development of adequate numerical

tools are remarkable.

Oryden Flrght luut Center {!S 43286-) Photographad 10/9%
° Laser Cut Holes in F- 16X2 Wing Glove with asme for scale Q

Figure 1.3: Hole configuration for F-16XL suction panel (courtesy of NASA Dryden)
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1.1 Basics of Crossflow Instability

The flow across infinite swept geometries is usually characterized as quasi-three-
dimensional, since the inviscid mean flow quantities do not vary in the spanwise direction.
The terminology of three-dimensional boundary layer profiles chosen herein considers the
fact that the local boundary layer profiles are indeed functions of all three coordinates, as
shown below. Assuming that care has been taken to avoid an early transition due to lead-
ing edge contamination!, the stability of such a mean flow to finite disturbances present
in the boundary layer is governed by three instabiiity mechanisms. First, the stagnation
flow along the line where the flow attaches to a swept geometry, called attachment-line
flow and depicted in figure 1.4, is subject to a viscous? attachment-line instability mech-

anism. An unstable attachment-line flow can make any attempt of maintaining laminar

Inviscid Streamline

Attachment-line

Figure 1.4: Attachment-line region on an infinite swept geometry

flow along the chordwise direction obsolete by causing the transition to turbulence at

the attachment-line. Second, the inviscid mechanism of the crossflow (CF) instabil-

!Leading edge contamination refers to the presence of isolated turbulent spots near the leading edge
that can be caused by turbulent structures originating from the junction of wing and fuselage that travel
along the leading edge and across the wing, or by surface imperfections and insect debris.

?An instability mechanism is denoted as viscous when inviscidly stable mean flow profiles (no inflection
points are present in the mean flow profiles) become unstable due to the presence of viscous forces. This
was first shown by Tollmien and Schlichting for the Blasius boundary layer in 1929.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ity develops in the region directly behind the attachment-line where strong favorable
pressure-gradients exist. Third, another viscous mechanism, referred to as Tollmien-
Schlichting (TS) instability, is dominant in regions of small, or zero pressure gradients
along the chord. There, the boundary layer flow is approximately two-dimensional.
Since the present work is entirely related to the investigation of the crossflow
instability, its origin will be explained in the following. Figure 1.5 shows the top-view
of an infinite swept wing. Due to the constant spanwise outer flow component W, and
the variation of the chordwise outer flow component Ue(x) along the chord, the inviscid
streamline experiences a varying curvature in that direction. Being parallel to the leading

edge at the attachment-line where U (x=0)=0, its direction gradually changes with an

Centrifugal Force

Inviscid Streamline

U v Pressure Gradient

Figure 1.5: Inviscid streamline curvature across a swept wing

increasing distance from the leading edge. Thereby, this streamline curvature causes a
centrifugal force at each chordwise position that is balanced by the local pressure gradient
at the boundary layer edge (see figure 1.5).

Within the boundary layer, however, the velocity decreases to zero at the wall,
whereas the normal pressure gradient remains constant. Consequently, a force imbalance
exists perpendicular to the inviscid streamline that causes a velocity component pointing

in the direction of the pressure gradient. Because of the balanced forces at the boundary
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layer edge and the no-slip condition at the wall, this mean flow component is zero at
both locations, but non-zero within the boundary layer. Hence, an inflection point must
exist. Figure 1.6 depicts the resulting tilted three-dimensional boundary layer profile.
The presence of an inflection point in the mean flow profile of the crossflow component

is the origin of the inviscid Rayleigh-instability mechanism called crossflow instability.

Figure 1.6: 3D boundary layer profile in a streamline-oriented coordinate system

In order to explain the action and interaction of the TS and the CF-instability

mechanisms, the three qualitatively different outer velocity distributions as shown in fig-

Figure 1.7: Generic outer flow distributions across infinite swept geometries

ure 1.7 will be discussed next. The example shown in Curve a) represents the existence of

a favorable pressure gradient over the entire chord length that supports the development
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of a flow that is only subject to a crossflow instability. Next, Curve b) shows an example
where the velocity increases until x/c=0.50 and then remains almost constant over the
rest of the chord. In that case, a region of a favorable pressure gradient gradually merges
with a region where the pressure gradient is small, or zero, and both the CF and the
TS-instability mechanism are present in the flow. An important observation in this case
is that the crossflow component of the mean flow never changes sign along the chord.
Finally, Curve c) shows the most typical outer velocity distribution for airfoil designs
at an angle of attack. Seen is a region of a very strong flow acceleration near the lead-
ing edge with a local velocity maximum that is immediately followed by a region where
the velocity remains constant. Hence, the region where the CF-instability mechanism
dominates is rapidly followed by a region of a prevailing TS-instability. Also, due to the
strong acceleration and deceleration of the flow in the region close to the leading edge,

two inflection points are present in the outer flow distribution (see Curve c)). In contrast

os |-

s

a) Non-inflectional outer flow b) Inflectional outer flow

Figure 1.8: CF-mean flow profiles for different outer flow distributions

to the case of Curve b), the sign of the crossflow mean flow component now changes sign

along the chord. Figures 1.8(a) and 1.8(b) show the mean flow profiles corresponding to
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the outer flow distributions for the Curves a), b) and c), respectively. The change of sign
in the crossflow components seen for the velocity distribution of Curve c) is assumed to
introduce qualitatively new features into the flow. In addition to the presence of both the
TS and the CF-instability, the two mechanisms might interact in that case. Evidence
for the presence of qualitatively new flow physics is seen in the existence of an addi-
tional inflection point in the CF-mean flow profiles (see figure 1.8(b)). Also, convergence
problems observed from linear computations using the Parabolized Stability Equations
for these outer flow distributions, and strong oscillations in the computed growth rates
at some distance downstream of the first sign change occurrence in the CF-mean flow
component are further indications for the action of a different mechanism. However, the
investigation of this topic is not part of the presented work and will be considered in

future projects.

1.2 Motivation

In the region close to the leading edge of swept wings or vertical stabilizers,
strong favorable pressure gradients are present in the flow that cause an inviscid crossflow
instability as explained in Section 1.1. Due to the strong growth of the disturbances in
that region, the transition to turbulence frequently occurs within the first few percent
of the chord length. Despite the large volume of previous work, there is still a need
to better understand the fundamental physics of this transition process and to obtain
quantitative data about the parameters and mechanisms involved in it. For the eventual
goal of reliably predicting and delaying the transition location on commercial transport
aircraft, it is also necessary to develop mathematical models and numerical tools that

appropriately capture the flow physics and that can be applied efficiently and robustly.
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Industrial applications require computations for many different configurations
within a short turn-around time. The state-of-the-art of transition prediction meth-
ods for these applications is still dominated by correlations between experimental data
and linear PSE methods (eN-methods?), as well as by data-base methods®. Despite the
quick access to results obtained from these methods, it is known that the incorporated
assumptions miss essential details of the modeled flows. Particularly for the regions gov-
erned by the crossflow instability mechanism, where a relatively short region of strong
linear disturbance growth is followed by a significantly long region of nonlinear satura-
tion, neglecting the nonlinear interaction of the disturbances has a major impact on the
results.

From the above, academic and practical motivations for research on the stability
of three-dimensional boundary layer flow can be formulated. The academic motivations
include gaining a deeper understanding of the physical mechanisms involved in the transi-
tion process and their interaction, as well as expanding the knowledge about their origin.
Crucial for successful research in this field is the close cooperation between experimental
and numerical work, where the focus of the numerical work gradually shifts into a more
guidance-oriented position for the experimental investigations. The practical challenge
then is to make the developed numerical tools like the nonlinear PSE methods more

efficient, robust and suitable for large-scale industrial applications.

3These correlate measured transition locations to predictions of the linear PSE with the aim of finding
a universal N-factor for the transition prediction.

‘These rely on data-bases of boundary layer profiles and growth rates based on similarity solutions
for different mean flows and computed using local theory, respectively.
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1.3 Present Research

The current research focuses on the linear and nonlinear stability of incom-
pressible three-dimensional boundary layers and their control. The consideration of
incompressible flows is particularly motivated by two factors. First of all, the physics
of incompressible flows are less complex than those of compressible flows. Hence, for
an identification of important instability and transition mechanisms, it is appropriate to
study incompressible flows first. Secondly, there is a wide variety of experimental data
available for the validation of numerical models for incompressible flows.

The work presented herein is directed towards a further development of ef-
ficient and robust computational methods that accurately model the physics of tran-
sitional three-dimensional boundary layer flows, and towards explaining experimental
observations in the transition region.

This problem is approached by first solving the quasi-three-dimensional bound-
ary layer equations for general infinite swept geometries in order to obtain an accurate
mean flow. Second, linear and nonlinear PSE methods are developed and adapted to the
present application of three-dimensional boundary layer low. For the numerical solution
of both the boundary layer equations and the nonlinear PSE, a fourth-order-accurate
compact scheme formulation has been implemented.

Third, the experimentally observed phenomenon of a secondary instability is
investigated taking two approaches. Here, the classical Floquet theory is accompanied
by an attempt to model the secondary instability more straightforwardly using the PSE.
Finally, a newly developed and very robust implicit solution method for the nonlinear
PSE will be presented together with an investigation of passive laminar flow control

using leading edge roughness elements.
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In particular, Chapter 2 contains a survey of the literature related to the investi-
gation of crossflow instability dominated incompressible boundary layer flows. The most
important experimental work will be reviewed first, followed by compilation of recent
theoretical and numerical investigations, by selected work on boundary layer control, as
well as a summary of the state-of-the-art in transition physics.

In Chapter 3, the approach to the mean flow computation is described. A brief
explanation of the panel method used for the outer flow computation is presented in
connection with the derivation of a fourth-order-accurate compact scheme formulation
for the solution of the boundary layer equations.

In Chapter 4, the stability theory for three-dimensional wall-bounded flows will
be discussed. Considering the spatial eigenvalue problem for locally parallel flows in
Section 4.2, the linear and nonlinear PSE methods will be derived in Section 4.3. The
last section of this chapter contains a description of the Floquet theory applied to the
investigation of the secondary instability. The detailed documentation of the Implic-
itly Restarted Arnoldi algorithm, a solution method for the resulting large eigenvalue
problems that was recently developed at Rice University [1], concludes this chapter.

Chapter 5 presents a comprehensive stability analysis of the stagnation flow
along a swept infinite geometry, referred to as Swept Hiemenz flow. Presenting the
existing similarity solution to the boundary layer equations for this problem in the first
section, the second section shows results from an extensive linear stability analysis using
local methods and the linear PSE. The findings of this analysis are then used as input
for the nonlinear stability analysis using the PSE in Section 5.3. The last section of
this chapter studies the secondary instability using temporal Floquet theory and the

nonlinear PSE, where both approaches extend previous work.
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The investigation of a crossflow instability dominated boundary layer flow in
a model experiment performed in Gottingen, Germany is considered in Chapter 6. Fol-
lowing the structure of the previous section, linear and nonlinear PSE results, as well as
results from the secondary instability analysis are compared to the experimental measure-
ments. Of particular interest in this chapter is the examination of the region of nonlinear
saturation. Experimental observations of an explosive growth of traveling disturbances
in that region motivate this investigation of the existence of an absolute® instability.

In Chapter 7, a newly developed implicit method for the solution of the nonlin-
ear PSE is presented. Its computational efficiency and robustness are documented and
compared to the explicit solution method.

In Chapter 8, this implicit solution method is applied to a passive laminar flow
control problem. Results are presented that confirm experimentally observed nonlinear
wave-interaction phenomena that lead to a delay of the laminar-turbulent transition in
boundary layers with favorable pressure gradients. Finally, Chapter 9 concludes the

present study with general remarks and recommendations for future investigations.

SInstabilities with a zero phase velocity and an algebraic growth are referred to as absolute instabilities.
Instead of developing in the downstream direction, they grow at a fixed location.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The progress in the development of numerical tools for modeling three-dimensio-
nal boundary layer flows offers a new approach for the investigation of their fundamental
flow physics, and for examining possible and effective ways to control them favorably.
Rather than relying primarily on experimental findings in identifying important mecha-
nisms in the flow and performing numerical investigations mainly for the purpose of code
validations, the maturing of numerical techniques like PSE methods and Direct Numer-
ical Simulation (DNS) within the last 10 years enables a closer cooperation between the
two approaches. In fact, due to the extensive amount of data obtained from highly re-
solved computations, the focus of the numerical methods is being shifted towards serving
as guidance tools for detailed experimental investigations.

Starting with a historical perspective of the research on the stability of flows
along swept geometries, this review focuses on three topics. First, the literature on
experiments related to the stability and transition of three-dimensional boundary layers
will be considered. Second, the substantial amount of theoretical and numerical work on
the linear, nonlinear, and secondary stability of three-dimensional boundary layers will
be reviewed. Third, selected publications regarding the control of boundary layers will
be cited. This chapter will be concluded with a summary of the current state-of-the-
art in detected physical mechanisms involved in the laminar-turbulent transition for the

considered flows, and in numerical methods for transition prediction.
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2.2 Historical Perspective

In 1952, an early boundary layer transition close to the leading edge of swept
wings was detected by Gray [6] during flight tests conducted at the Royal Aircraft Estab-
lishment in Great Britain. Using evaporation techniques in the experiments, he observed
streaky streamwise patterns on the surface and a dependence of the transition location
on a critical freestream velocity. The documentation of this experiment might mark
the first observation of both the existence of an attachment-line instability, as well as a
crossflow instability in the literature.

A decade later, swept wing designs at Handley Page Ltd. in Great Britain and
at Northrop in the United States attempted to maintain laminar flow along the entire
chord length. Being aware of the above instabilities, the designers used suction systems
to control the laminar boundary layer flow for the first time in the history of modern
wing design. However, the presence of a strong leading edge contamination, originating
from the junction of wing and fuselage and propagating along the leading edge, caused
a transition to turbulent flow that was too strong to be controlled by boundary layer
suction.

Pioneering experiments were then performed by Gregory et al. [7], Gaster (8],
and Pfenninger [9], in order to obtain more qualitative and quantitative insight into the
acting instability mechanisms. In addition to the establishment of empirical relations
for the prediction of transition and to first achievements in developing the theory of
fow stability, these activities eventually lead to the first practicable passive flow control
device on swept wings, the Gaster bump. The Gaster bump essentially separates the
boundary layer on the outer part of a swept wing from the contamination originating

from the junction of wing and fuselage by creating a vortex across the wing, as depicted
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in figure 2.1. Thereby, a new stagnation point is introduced in the spanwise direction

and an uncontaminated attachment-line boundary layer starts to develop from there.

Q

newly created vortex

Gaster bump

fuselage

center line

Figure 2.1: Gaster bump configuration on a swept wing

After these initial periods of research activities, it was not until the early 1980’s
that a new series of experiments emerged due to the need for new aerodynamic tech-

nologies for civil transport aircraft.

2.3 Experimental Studies

A variety of experimental investigations on the stability of three-dimensional
boundary layers began in the early 1980’s at different aerodynamic research centers
around the world. Of particular interest for the present study are the experiments
performed in France at the Office National d’Etudes et de Recherches Aérospatiales
(ONERA), in Germany at the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR),
in Japan at the National Aerospace Laboratories (NAL), at various institutions in the

United Kingdom, and in the U.S.A. at Arizona State University (ASU).
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2.3.1 The ONERA D-Wing Experiments

The series of experiments performed between the early 1980’s and today began
at the French governmental research institution ONERA. Starting with the work of
Coustols [5] under the supervision of Guiraud, Arnal, Cousteix and others in 1983, their
systematic investigations were aimed at a detailed characterization of the transition due
to crossflow instability, at a derivation of empirical relations for a reliable prediction of
the transition location, and at a comparison of the experimental firdings with results
from the linear stability theory. For a symmetric airfoil with a chord length of 0.35 m,
measurements were performed for various angles of attack at sweep angles between 40°
and 60° and at speeds of around 80 m/s. The applied measurement techniques included
the use of pitot probes, hot-wires and hot-films. A generic experimental configuration is
depicted in Chapter 8.

In a subsequent publication by Arnal et al. [10] in 1984, a detailed description

of the outer flow conditions can be found. The freestream turbulence level was specified

as Tu=1/3-\/(0’)? + (¥')? + (#')2/Ux=0.15%, and the Reynolds numbers ranged from
Rex=1.8-10° to Reso=4-108. The major findings of the work in References [5] and [10]
are summarized as follows.

For outer flows without a strong suction peak that causes an inflection point
in the outer flow distribution, the prediction of the transition location by two empirical
criteria was satisfactory. However, large discrepancies between the experiments and the
empirical predictions were found for outer flow distributions with a strong suction peak
(inflectional). Also, findings from a linear stability analysis were presented. The results
for the most amplified wavelength agreed well with the experimental data. Further, the

spanwise variation of the streamwise velocity component was documented, and an inter-
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esting observation of a downstream variation of the most amplified spanwise wavelength
was reported (wavelength coalescence). Finally, a strong dependence of the transition
location on the freestream turbulence level was noted.

In a later work by Arnal and Juillen {11} in 1987, the main focuses were on
investigating the interaction of the streamwise and the crossflow instability mechanisms,
on studying the problems related to leading edge contamination, and on the measurement
of the transition location. Two different wing sections were investigated.

First, from the experiments on the symmetric ONERA D-wing, they reported
fluctuation amplitudes of 20% of the freestream velocity at x/c=0.60, and unstable fre-
quencies of less than 500 Hz for a freestream velocity of 48 m/s and a non-inflectional
outer velocity distribution. As in the previously cited work [10], they found that the
ratio of the most amplified stationary wavelength and the local boundary layer thick-
ness remains constant at a value of about four in the chordwise direction. For the same
symmetric wing and considering an inflectional outer flow distribution, they investigated
the interaction of crossflow and streamwise (TS) instabilities next. Here, they found
a significant change in the most amplified frequencies in the regions of negative and
positive pressure gradients. The initially present strong low frequency crossflow insta-
bilities (f < 500 Hz) were replaced by unstable frequencies of the order of 1 kHz in the
region of a positive pressure gradient. This observation was related to the presence of
TS-instabilities in the later chordwise regions.

Second, they investigated the problem of a leading edge contamination caused
by either an existing attachment-line instability, or by wing/body interference for a
cambered wing. They found the critical Reynolds number for the onset of turbulent

spots at, or near the leading edge between Re=240 and Re=276.
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In 1998, Arnal et al. [12] presented an overview of the capabilities and limi-
tations of current transition prediction methods for wings with applied boundary layer
suction. Using the symmetric wing as described above in a low freestream turbulence
level environment (Tu=0.07%) and at tunnel speeds of 75 and 95 m/s, they established
a data base for various wing configurations. The issue of the leading edge contamination
was solved using a Gaster bump close to the wing root. From their results, Arnal et
al. [12] concluded that the linear transition prediction method using the assumption of
a constant spanwise wave number is superior to the envelope method!. Also, they docu-
mented the positive impact of suction on the crossflow instability dominated boundary
layer and presented results from nonlinear PSE computations including boundary layer

suction for different transition scenarios.
2.3.2 The DLR Transition Experiments

Shortly after the start of the experiments on infinite swept wings in France, ex-
perimental investigations on the flow across a swept flat plate were started in Géttingen,
Germany by Nitschke-Kowsky and Bippes [13] in 1986. A description of the experimen-
tal setup and the purely crossflow instability dominated mean flow is given in Chapter 6.
The literature on the various experiments performed is substantial. Therefore, the work
reviewed herein is limited to the most relevant publications for the presented results.

Besides other findings on primary stationary and traveling disturbances, Bippes
and Nitschke-Kowsky [14] discussed experimental observations of inflectional mean flow
profiles at later chordwise positions which originate from the presence of spanwise pe-
riodic stationary disturbances in 1987. In 1988, these experiments were continued by

Miiller and Bippes [15]. Their tests were particularly aimed at more detailed measure-

'The envelope method considers the disturbances with the maximal growth rate at each chordwise
position and is based on local theory.
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ments for a comparison of the results with those from a linear stability theory, as well as
at obtaining input data for DNS computations and a secondary instability analysis of the
flow using a mathematical model developed by Fischer and Dallmann [16]. Using hot-
wire and oil-flow visualization techniques, and documenting an additional experiment in
a water-towing tank, they found a constant ratio of the most amplified wavelength and
the local boundary layer thickness of 3.3, and a significantly long region of nonlinear
disturbance growth stretching over 30% of the chord length. The unstable traveling dis-
turbances were found between frequencies of 50 and 200 Hz. Also, they documented an
interaction of stationary and traveling disturbances starting at x/c=0.50, and attributed
the location of the transition onset to positions where the averaged mean flow component
tangential to the inviscid streamline takes minimal values. Performing tests at different
freestream turbulence levels (FTL), they found that the stationary disturbances grow
faster and larger for lower FTL than for higher FTL, but nevertheless transition oc-
curs at slightly higher Reynolds numbers in the lower FTL environment. By performing
the same measurements on a plate that was shifted in the spanwise position, they also
showed that the stationary disturbances originate from surface roughness.

Results from finer resolved measurements performed by Bippes et al. in 1989
were presented and compared to linear stability results in [17]. For a freestream Reynolds
number of Re, = 6.3-10°, they tested the same model as above under different freestream
turbulence levels. The following observations were reported. The saturation onset of
the stationary disturbance and their final saturation level depended on the freestream
turbulence level. The saturation level varied between 10% of the freestream velocity
and 20% for freestream turbulence levels of 0.15% and 0.05%, respectively. Also, the

most amplified frequency changed depending on the environmental conditions, where
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higher frequencies are observed in lower FTL environments. The latter observation was
attributed to the presence of secondary instabilities in the flow that were caused by larger
amplitude stationary disturbances.

For the purpose of a very detailed comparison of local linear stability results
with experimental data, Deyhle et al. [18] performed measurements of the most amplified
wavelength and the wave angle, the group and phase velocities, as well as the angle of
the group velocity vector at a chordwise position of x/c=0.70 in 1993. Even though
this position is situated far in the nonlinear region of the disturbance evolution, the
agreement of the linear stability results with the experimental data was good, except
for the results for the group velocity and the angle of the group velocity vector. This
discrepancy was attributed to measurement uncertainties.

The most comprehensive summary of the performed series of experiments for
the swept flat plate model problem at the DLR was given by Deyhle and Bippes [2]
in 1996. Besides a detailed review of previous experimental work, they presented re-
sults from measurements in systematically varied environmental conditions in order to
study the receptivity of this three-dimensional boundary layer to surface roughness,
freestream turbulence and sound. Deyhle and Bippes reported that the receptivity to
three-dimensional surface roughness was the most important mechanism of introducing
and selecting the initial disturbances in the boundary layer, whereas the receptivity to
two-dimensional roughness and sound was found to be of negligible influence. Another
important result in Reference [2] was the establishment of a relation between the tran-
sition Reynolds number, the saturation amplitudes of the stationary disturbances and
environmental conditions as surface roughness and freestream turbulence level. Using

an intermittency approach to determine the transition location, they concluded that the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

longest region of laminar flow is not obtained for the smallest freestream turbulence
levels, but for the conditions that provoke the most limited growth of the stationary

disturbances.
2.3.3 The Experiments in Japan

A number of experiments on the investigation of crossflow instability dominated
flows has been conducted at the National Aerospace Laboratory (NAL) and at Tokyo
University in Japan. Three characteristic experiments will be reviewed in this subsection.

In 1994, Takagi and Itoh [19] performed experiments on a yawed circular cylin-
der in different freestream turbulence level environments at wind tunnel speeds of 25
m/s. Besides the comparison of their data to the predictions by linear stability the-
ory, the main objective of their work was to see whether traveling disturbances can
play a role in the transition process in a low freestream turbulence environment when
the effect of leading edge roughness is weakened by the presence of a thicker boundary
layer. During their very detailed measurements, they found that no stationary crossflow
vortices develop, if the boundary layer thickness is large enough to damp micron-sized
distributed roughness. In that case, only traveling disturbances were detected in the
experiments. Further, they determined the wave angles of the traveling disturbances to
be about 11-14° with respect to the constant phase lines, and noted that the most am-
plified frequencies gradually decreased in the downstream direction. In 1996, Kohama
et al. [20] used hot-wire velocimetry and visualization techniques on a swept flat plate
model similar to the one used in the DLR experiments to document the final stages
of the transition process. They showed some spatial structure of the secondary insta-
bility using smoke visualization techniques and determined the propagation angles and

spatial locations of the primary and secondary instability structures. Distinguishing a
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lower frequency primary instability (f ~ 100 Hz) at the foot of each crossflow vortex
close to the wall and a higher-frequency secondary instability (f ~ 1 kHz) at the back
of the primary vortices, they argued that the transition to turbulence is triggered by
the high-frequency secondary instability located at a normal location of about half the
boundary layer thickness. The propagation angles were specified as 60° and -55° for the
most amplified primary and secondary traveling disturbances, respectively, where the
angles were measured with respect to the freestream flow direction.

Recent work by Takagi et al. [21] on the rotating-disc flow problem focused on
disturbances caused by streamline curvature (SC). In their experiment, they showed the
existence of the theoretically predicted two unstable families of crossflow instabilities
(Mack (22], Malik et al. [23]). By means of an acoustic point-source forcing, they were
able to excite the otherwise less amplified disturbance family with a critical Reynolds
number less than the more amplified crossflow instabilities. Further, they observed that
a weak impulse forcing of the SC disturbances drastically suppressed the more unstable

crossflow instabilities, and that continuous forcing lead to a bypass-type? transition.
2.3.4 The Swept Wing Experiments at ASU

Preceding the series of experiments on the crossflow instability on swept wings
at Arizona State University (ASU), U.S.A., a swept flat plate experiment was performed
by Saric and Yeates [24] at the Virginia Polytechnic Institute and State University,
U.S.A. in 1985. Using an experimental setup similar to the DLR experiment, Saric
and Yeates [24] documented the existence of a wave-interaction mechanism in the flow

that caused a strong amplification of a wavelength that was half the most amplified

2The transition with bypass is described as a transition type where the phases of disturbance growth
as described in Chapter 4 are bypassed and the turbulence is reached more directly by a mechanism that
is not well understood.
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wavelength (half-wavelength periodicity). The existence of this mechanism was also
confirmed in theoretical work by Reed [25] where she showed the presence of a parametric
resonance between the most amplified wavelength Anax and the wavelength Anax/2 in
the region of finite amplitude saturation. In 1989, the actual work at ASU started with
the experiment by Dagenhart et al. [26] on a 45°-swept wing. For a model chord length
of 1.83 m and wind tunnel speeds up to 35 m/s, the experiments were performed at an
angle of attack of -4°, and for Reynolds numbers of an order-of-magnitude higher than
in the DLR experiment. Typically, they obtained Reynolds numbers between Reo, =
2.0-10° and Rey, = 4.0-10°. Also, a favorable pressure gradient was established over 71%
of the chord length i.e., the growth of two-dimensional TS-waves was not expected in
that region.

In 1991, a detailed investigation of the secondary instability mechanism was
performed by Kohama et al. [27]. For the swept wing as described above, they used
hot-wire and naphthalene visualization techniques to document the evolution of the
disturbances in the region until x/c=0.50. In detail, they showed the development of
the multiple inflection points in the averaged mean flow profiles due to the presence of
a stationary crossflow vortex that caused the onset of high-frequency inviscid secondary
instabilities. They noted that the transition due to the secondary instability was confined
to a narrow region in the spanwise direction, and that the energy driving this process
was produced by the ejection-like motion of co-rotating vortices near the edge of the
boundary layer. Further, the spatial scales in the spanwise and chordwise direction were
of the same order and corresponded to the boundary layer thickness in the region of
the secondary instability. In detail, they reported high-frequency instabilities of f = 3.5

kHz at x/c=0.46, and a strong increase of the secondary growth rates (a factor of 10)
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within half a wavelength. Once the secondary instability developed at one location, a
cascade-like development of other instabilities triggered the breakdown to turbulence.

The aerodynamic quality of the ASU wind tunnel was specified by Radeztsky
et al. [28] in 1994. They quoted a FTL level of 0.04% over the frequency range of 1-
1000 Hz at tunnel speeds of about 20 m/s. Performing their experiments [28] at an
angle of attack of 0° and for various configurations of leading edge roughness elements,
as well as comparing their data to linear stability results, they concluded that linear
stability theory correctly predicts the mode shapes of the stationary crossflow vortex,
the wavelengths involved in the transition process (including a correct prediction of the
most amplified wavelength), but fails to predict the growth of the stationary disturbances
in the downstream direction correctly. The prediction of the disturbance growth was
largely improved in the work of Reibert et al. [29] using the nonlinear PSE in 1996.
Experimenting with different spanwise spacings of leading edge roughness elements, they
showed that a careful spacing of the roughness elements produced well defined stationary
disturbances in the flow whose downstream growth was well predicted by nonlinear PSE
computations.

Introducing the Proper Orthogonal Decomposition (POD)3 method for the
identification of flow structures close to the transition location from non-intrusive sur-
face shear stress measurements using hot-films, Chapman et al. [30] showed the presence
of coherent structures in the flow as a result of the acting instability mechanisms in
1996. They characterized the POD as a useful tool for the detection of large scale
structures and the onset of transition in the flow. In a subsequent work [31] in 1998,

Chapman et al. used spatial auto-correlations in addition to the POD for the evaluation

3The POD was introduced by Lumley in 1967 and represents an objective technique that is used to
decompose a flow field into various modes based on the mean-square energy. It is usually used to identify
dominant structures in various flow regimes.
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of hot-film surface shear stress measurements. There, they proposed a mechanism in
the transitional flow that merges two neighboring primary crossflow vortices. Further,
they argued that the large and small scale turbulent structures observed immediately
after transition originate from the primary and secondary instability mechanisms prior

to transition, respectively.
2.3.5 Other Experiments

In his classical experiment in 1985, Poll [32] investigated the flow along a long
yawed cylinder at tunnel speeds of about 30 m/s, at freestream Reynolds numbers of
Res = 1.0-10% - 2.0-10° and at turbulence levels of 0.16%. Using china-clay and oil-
visualization techniques, he documented the presence of stationary crossflow vortices in
the flow. At occasional instances, he also measured a high-frequency secondary distur-
bance riding on top of the primary disturbances, where the frequency of the secondary
disturbance was one order-of-magnitude higher than the most amplified primary fre-
quency.

In 1996, Kachanov [33] performed experiments on a swept flat plate at the
aerodynamic research facility [ITAM in Novosibirsk, Russia. The freestream turbulence
level in these experiments was given as 0.06% for tunnel speeds around 10 m/s. Of
particular interest for the validation of numerical methods are his results with respect

to the receptivity to surface roughness, surface waviness and surface vibrations.

2.4 Theoretical and Numerical Models

2.4.1 Fundamental Theoretical Work

One of the early theoretical developments on the stability of three-dimensional

boundary layers was given by Gregory, Stuart and Walker [34] in 1955. Along with the
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presentation of experimental results for rotating-disc flow, they developed the linearized
equations of motion in curvilinear coordinates for parallel and non-parallel flows. Also,
they derived theorems regarding the inviscid stability depending on the location of the
inflectional points in the mean velocity profiles. The results were presented for Gértler
instabilities and for crossflow instabilities.

In his pioneering work of 1969 [35], Mack presented a complete development of
the linear stability theory for incompressible and compressible dows. In this subsection,
the review will be restricted to his work on the stability of incompressible flows. There,
he derived the stability equations and their linearized version, distinguished between the
temporal and spatial stability concepts, reviewed different approaches to relate temporal
and spatial stability results (Gaster [36]), and presented different forms of the stability
equation. Further, he reviewed previous work on the asymptotic inviscid theory and pre-
sented numerical results from the solution of the Orr-Sommerfeld equation. Finally, he
discussed earlier work by Gaster and by Stuart [34] on the stability of three-dimensional
boundary layers, and even mentioned results on the theoretical investigation of the linear
secondary instability (Greenspan-Benney theory?).

In 1978, Mack [22] developed the spatial stability theory for three-dimensional
boundary layers further. He derived a method for treating spatially amplified distur-
bances with a complex group velocity and presented extensive results for the stability
of Falkner-Skan-Cooke boundary layers for various pressure gradients and at different
angles of the inviscid streamline. In his work, he predicted the existence of two unstable
families of disturbances in three-dimensional boundary layers that propagate in opposite

directions.

‘In 1963, Greenspan and Benney developed an inviscid stability theory of time-dependent shear
layers that approximates the distorted and inflectional mean flow profiles by simple expressions based
on experimental data.
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The linear stability of nonparallel boundary layers with pressure gradients and
suction was studied by Saric and Nayfeh [37] in 1988. The effect of boundary layer growth
was accounted for by using the method of multiple scales. They showed that including
non-parallel effects bridges the gap between the experimental results for the neutral
Reynolds number for Blasius low and previous results using the parallel flow assumption,
and further suggest a N-factor correlation for transition prediction. Meanwhile, however,
their results have been re-evaluated and the discussion in Drazin and Reid [38] shows
that the presented argumentation in [37] was not entirely consistent.

In 1991, Choudhari et al. [39] presented an alternative to the asymptotic ap-
proach to predict the receptivity to freestream disturbances in the infinite Reynolds num-
ber limit. Using the method of matched asymptotic expansions and a streamfunction
formulation, they reduced the receptivity problem to an Orr-Sommerfeld-type problem in
the Fourier space and showed more accurate results than obtained from the asymptotic
theory for the Blasius boundary layer, for adverse pressure gradient boundary layers,
and for a two-dimensional supersonic boundary layer.

Since the theoretical development of the PSE by Herbert and Bertolotti [40]
in 1987, Herbert and co-workers have accomplished a substantial amount of work in
documenting the applicability of the method to several two- and quasi-three-dimensional
flow problems, and in advancing its effectiveness towards an application to engineering-
type problems (41-44]. In 1997, Herbert presented an approach to solve the linear PSE
for a fully three-dimensional mean flow [45] and showed the qualitative difference between

the results from this novel and the conventional quasi-three-dimensional approach.
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2.4.2 Numerical Schemes

The focus of this subsection is on the review of work regarding the development
of accurate finite difference schemes for the solution of the PSE and the Navier-Stokes
equations, as well as on the stability of these schemes.

In 1982, Malik et al. [46] developed a finite difference method for an application
to the flow stability analysis of three-dimensional compressible boundary layer flows.
Their two-point, fourth-order-accurate method belongs to the class of compact schemes,
where the fourth-order-accuracy is achieved by utilizing the Euler-McLaurin formula (see
Chapter 4).

Compact finite differences with spectral-like resolutions for first, second and
higher-order derivatives were derived by Lele [47] in 1992. These finite difference schemes
can be used on non-uniform grids and are also applicable for accurate interpolation and
spectral-like filtering.

In 1995, Li and Malik [48] showed for a two-dimensional base flow that the PSE
are not a well-posed initial value problem, and that some approximations are required to
obtain a stable marching solution. They argued; however, that for practical applications
convergence problems in the marching procedure arise from the elliptic remainder in the
PSE consisting of the streamwise pressure gradient. Neglecting this term and thereby
removing the limitation on the step size was shown to be of minor influence on the results

for boundary layer flow applications.
2.4.3 Linear Stability Theory

Supplementary to the work reviewed in Subsection 2.4.1, selected papers on
solely linear stability topics will be reviewed in this subsection. Additionally, most of

the publications on nonlinear stability topics cited in Subsection 2.4.3 contain linear
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stability results as well. The discussion of these, however, will not be subject of this
subsection.

One of the earlier numerical approaches to the investigation of three-dimensional
boundary layers was given by Bieler [49] in 1986. Solving the Orr-Sommerfeld problem,
he found that stationary disturbances become unstable close to the neutral point, and
that the traveling disturbances are more unstable than the stationary disturbances.

In 1992, Balakumar and Malik {50] investigated the linear stability of incom-
pressible and supersonic boundary layer lows over a flat plate that are subject to distur-
bances originating from a harmonic point source. Computing the receptivity coefficients
using Fourier-transformation techniques [51] and including non-parallel effects using the
method of multiple scales, they computed the evolution of the most amplified distur-
bance downstream. Also, they documented the decay of three-dimensional effects close
to the location of the point source in the downstream direction. Finally, their results
showed the influence of the second unstable mode on the stability for higher Mach num-
bers, and their results matched experimental measurements of the spreading angle of the
disturbances very well.

Stuckert et al. [52] investigated the stability of a supersonic boundary layer
flow over swept wings using the linear PSE in body-oriented coordinates in 1993. By
comparing their PSE results to different local stability codes, they concluded that the
influence of non-parallel effects is Reynolds number dependent and cannot be generalized
from the presented results.

Perhaps the most recent comprehensive review of the linear stability theory
applied to boundary layer flows was given by Reed, Saric and Arnal [53] in 1996. They

summarized previous work on temporal and spatial stability formulations, carefully dis-
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cussed the value of the e¥-method by Smith and Gamberoni and by van Ingen for current
transition prediction methods in three-dimensional flows, and listed current state-of-the-
art numerical codes. Further, they reviewed the stability of two- and three-dimensional
sub- and supersonic flows, as well as of the attachment-line flow. For the stability of
incompressible three-dimensional boundary layers studied here, they pointed out the ex-
istence of both stationary and traveling unstable disturbances in the flow, which is in
contrast to the existence of purely traveling unstable disturbances in two-dimensional
flow. Also, they attributed the similarity between the angles of the most unstable distur-
bances and the growth rates for the stability of incompressible and transonic boundary
layers to the inviscid character of the crossflow instability. Next, they presented a detailed
discussion of different N-factor integration strategies and concluded that the constant
spanwise wave number/constant frequency strategy is superior to the envelope method,
mainly because of its distinction between crossflow and TS-instability (see also Arnal et
al. [12]). Regarding the effects of curvature in the computation, Reed et al. discussed the
stabilizing and destabilizing effects of including surface and in-plane curvature, respec-
tively. However, they also pointed out the difficulties in determining a suitable coordinate
system to incorporate in-plane curvature effects. Finally, they briefly discussed control
concepts for the flow along swept wings.

Different strategies for the N-factor integration were also discussed in detail by
Schrauf [54] in 1994 and by Schrauf et al. [55] in 1997. In Reference [55], they evaluated
data obtained from flight tests with a Fokker F-100 aircraft for a comparison of the
different strategies. Their results show that no universal N-factor for the transition on
swept wings could be established. The most consistent correlations for the transition

location were obtained by using the envelope method for compressible flows with curva-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

ture effects, where the prediction was improved when they distinguished between CF-
and TS-dominated transition scenarios. The constant wave number/constant frequency
method® was considered less effective, since the actual transition occurred after the com-
puted N-factor maximum in about 50% of the considered cases. These findings are in
contrast to the results by Arnal et al. [12].

Very recently, the topic of linear stability of three-dimensional boundary lay-
ers was revisited by a number of investigators. In 1997, Lingwood [56] theoretically
investigated the linear stability of attachment-line and Falkner-Skan-Cooke boundary
layers. Using a Green’s function formulation to investigate the response to an impul-
sive disturbance forcing, she determined the onset of an absolute instability along the
attachment-line at Re=681, and for the Swept Hiemenz flow problem at Re=>545.

Cooper and Carpenter [57, 58] studied the stability of the rotating-disc flow
over a compliant wall. Coupling a single-layer viscoelastic model to the system of ordi-
nary differential equations describing the linear stability, their results showed that wall

compliance can be used to completely suppress absolute instabilities in this flow.
2.4.4 Nonlinear Stability Theory

Following the review on the development of the nonlinear theory of flow stabil-
ity by Drazin and Reid in {38], its theoretical foundations were laid by Landau in 1944
and later refined by Landau and Lifshitz in 1959. They introduced the concept of sub-
and supercritical stability and also defined the branching curves of neutral solutions as
bifurcations. Subsequently, several other theories were developed to approximate the
nonlinear evolution of the disturbance quantities in parallel lows. Among these are the

concept of weakly nonlinear theory introduced by Malkus and Veronis in 1958, and by

*This method traces modes of constant wave number and constant frequency in the chordwise direc-
tion. It can be based on local theory, but also represents the typical approach taken in PSE computations.
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Stuart in 1958, as well as asymptotic theories developed by Graebel in 1966, by Fraenkel
in 1969, and by van Dyke in 1975. Due to the strong increase of available computa-
tional resources since the 1980’s, and also due to the pioneering work of Herbert and
Bertolotti [40] in 1987, the developed PSE methods allow for the physically appropriate
modeling of the disturbance evolution including non-parallel mean flow effects with an
affordable amount of computational work. The remainder of this subsection will review
the work on the nonlinear stability of two- and three-dimensional boundary layers using
the PSE.

In 1992, Bertolotti, Herbert and Spalart [59] investigated the linear and nonlin-
ear stability of the Blasius boundary layer using their newly developed PSE formulation
and temporal DNS computations. Noting a very good agreement of the PSE with the
DNS results, they emphasized that the main benefits of the PSE formulation are the
simultaneous incorporation of mean flow non-parallelism and nonlinearity, as well as the
correct description of longer wavelength disturbances with drastically reduced compu-
tational effort compared to the DNS. They concluded that the impact of including the
non-parallel effects on the results is weak, and that the maximal amplified frequency
is higher than predicted by linear theory when finite amplitude effects are considered
in nonlinear computations. Further, they attributed observed differences between the
neutral curve for Blasius flow obtained from experiment and computation to an initial
region of transient disturbance growth close to the location where the disturbances were
introduced, to the definition of the growth rates, and to experimental uncertainties.

Using an extended PSE formulation that accounts for compressibility, surface
curvature and nonlinearity, as well as assuming a linear receptivity to freestream tur-

bulence, Herbert et al. {60] studied the effect of different turbulence levels and surface
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curvature on the stability of flows over heated plates and a two-dimensional stator blade
in 1993. They showed that the PSE correctly predict the effects of turbulence level,
curvature, wall heating and pressure gradient on the transition process, and were able
to closely predict the measured location of the transition onset for a stator airfoil.

Malik et al. (23] presented an extensive investigation of the Swept Hiemenz flow
problem in 1994. Using their PSE formulation, they studied the linear and nonlinear
stability of this flow, and also showed results from a secondary instability analysis using
Floquet theory. In particular, they investigated the nonlinear interaction of stationary
and traveling modes, showed that including a small amplitude traveling disturbance in
the computations leads to an earlier saturation of the stationary disturbances at lower
amplitude levels, and that the transition to turbulence is preceded by the onset of a
high-frequency secondary instability that rides on top of the stationary vortex. Their
work is referred to in more detail in Chapter 5.

Bertolotti [61] developed a method to compute the receptivity to surface rough-
ness for non-parallel mean flows using the linearized Navier-Stokes equations. Expanding
the surface geometry and the velocity field in Chebyshev polynomials and substituting
this formulation into the linearized Navier-Stokes equations, he derived a set of ordinary
differential equations that can be solved within a few minutes on a Sparc-10 workstation.
Using the information about the initial disturbance amplitudes thus obtained in a sub-
sequent PSE analysis, he computed the downstream disturbance evolution for the DLR
experiment. Including a small traveling disturbance in the computations and allowing
for the nonlinear interaction of stationary and traveling disturbances, he was able to
very closely predict the experimentally observed amplitude evolution and the shape of

the disturbance profiles.
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A comprehensive review of the capabilities, advantages and limitations of the
PSE was recently given by Herbert [44] in 1997. Starting with a review of the deriva-
tion of the PSE and different normalization concepts for incorporating the assumption
of the small streamwise variation of the shape function in the growth rate computation,
he pointed out that the convective nature of linear instabilities in boundary layer flows
allows for an application of the linear PSE. This can be rigorously justified according
to [44]. However, for an application of the nonlinear PSE, one needs to closely compare
the obtained results to either DNS computations, or experimental results. Using the ex-
ample of the Blasius boundary layer, he showed that the influence of non-parallel effects
on the disturbance growth is larger for three-dimensional disturbances than for two-
dimensional disturbances. Also, he presented results from a PSE computation for the
modeling of the subharmonic secondary instability on a flat plate. Even though the num-
ber of the included Fourier-modes might have been too small in these computations [44],
he concluded from the reasonable agreement of the PSE and DNS computations that it
should be possible to perform PSE simulations of the transition onset by increasing the
number of modes in the wave number and frequency domain. From nonlinear PSE com-
putations for three-dimensional boundary layers and considering the nonlinear evolution
of a single primary disturbance mode, he stated a weak influence of the initial amplitude
on the saturation amplitude. From an investigation of the nonlinear compressible sta-
bility of the flow across a swept wing, he finally attributed the experimentally observed
zig-zag transition pattern to the simultaneous growth and the nonlinear interaction of a
broad band of disturbances. This observation also explains the often noted failure of the

e~-method to predict transition for three-dimensional boundary layer flows correctly .
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2.4.5 Secondary Instability

The investigation of the secondary instability phenomenon in the regions of
nonlinear disturbance saturation originated from the experimental studies by Klebanoff,
Tidstrom and Sargent [62] in 1962 and the theoretical work by Gértler and Witting [63]
in 1958. For other experimental investigations see Section 2.3. Further, a more detailed
definition of the secondary instability will be given in Chapter 4.

Starting point for the review presented here is the work by Orszag and Pat-
era [64] from 1983. Due to its origin from inflectional points in the velocity profiles and
its persistence at high Reynolds numbers, they described the secondary instability as an
inviscid instability and the prototype of a transitional instability that is inherently three-
dimensional and has explosive growth rates. In [64], they investigated two-dimensional
boundary layer flows for the onset of a secondary instability. After describing the primary
stability and its nonlinear saturation for plane and circular Poiseuille flow, they studied
the linear stability of these flows to infinitesimal three-dimensional disturbances using
the linearized Navier-Stokes equations in a Galilean coordinate system and DNS. They
detected secondary instability structures at locations of maximum vorticity in the flow
field, and made another observation regarding the energy transfer between the primary
disturbances, the secondary disturbances and the mean flow. They found that the energy
transfer between the mean flow and the secondary disturbances is much larger than be-
tween the primary and the secondary disturbances. Finally, they showed the universality
of the secondary instability mechanism by investigating the parallel Blasius boundary
layer and plane Couette flow where they found similar instability characteristics.

Also in 1983, Herbert [65] presented results from an investigation of the sec-

ondary instability mechanism in plane channel flow. For existing periodic and two-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

dimensional solutions to the Navier-Stokes equations on a neutral surface of the nonlinear
dispersion relation in a moving frame of reference (equilibrium solutions), he superim-
posed infinitesimal three-dimensional secondary disturbances on the equilibrium solu-
tions and solved the resulting linearized disturbance equations as an eigenvalue problem.
He found that the three-dimensional secondary disturbances travel at slightly different
phase speeds than the primary two-dimensional disturbances, and that the secondary
disturbances grow by a factor of 100 within five cycles of a TS-wave. He further de-
termined threshold amplitudes for the onset of various secondary instability modes and
argued that the threshold amplitude physically represents a minimal vorticity concentra-
tion that must overcome the viscous damping of the secondary instabilities. Finally, he
concluded that for a large enough amplitude of the secondary disturbances, the transition
can be initiated by a single secondary disturbance mode.

As mentioned in Section 2.3, Reed [25] showed the existence of a parametric
resonance in the region of the nonlinearly saturated stationary crossflow vortex of swept
wing flows in 1987. Using the parallel flow assumption for the mean flow, neglecting the
mean flow distortion as well as the amplitude variation in the streamwise direction due
to the primary disturbances, and finally superimposing two three-dimensional secondary
waves in a moving frame of reference on this flow, she established a Floquet system
that was solved using a spectral collocation method. An unstable secondary structure
was found away from the wall, and the results closely reproduced the experimentally
observed modification of the dominant wavelength.

An investigation of the secondary instability in the flow across a swept wing
was presented by Fischer and Dallmann [16] in 1987. They studied the flow over a

21°-swept model wing considering a parallel mean flow that is modified by the presence
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of a stationary crossflow vortex. This choice was motivated by the strong receptivity
of the stationary disturbances to surface roughness. Neglecting the mean flow distor-
tion and the streamwise amplitude variation of the primary disturbances, and further
superimposing three-dimensional secondary disturbances in a moving frame of reference
on this flow, they studied the harmonic and subharmonic resonance case, as well as a
combination of these two cases. They found a great influence of the higher harmonics of
the fundamental secondary waves on the resulis, and thus, suggested to include at least
four or five secondary modes in the computation. From their results, they concluded
that the time dependent secondary disturbances modify the primary crossflow vortices
in a way that they oscillate around their stationary equilibrium and are weakened and
strengthened alternately. Also, they confirmed the half-wavelength periodicity seen by
Saric and Yeates [24].

A comprehensive review of the findings and methods related to the investigation
of the secondary instability topic was given by Herbert [66] in 1988. Presenting a very
detailed overview of previous work on stability and transition analysis first, he summa-
rized the findings on the parametric secondary instability for two-dimensional boundary
layers as follows. Three-dimensional secondary instability can lead to different distur-
bance types. The primary resonance with a TS-wave produces peak-valley splitting once
a threshold amplitude of the primary disturbances is exceeded, and initiates the funda-
mental breakdown to turbulence. A subharmonic resonance can occur at even smaller
disturbance amplitudes and leads to the subharmonic turbulent breakdown. Secondary
instability originates from the redistribution of vorticity into streamwise-periodic lumps
near the critical layer, and the growth of the three-dimensional disturbances arises from

a combined vortex tilting and stretching mechanism. Lastly, he pointed out that there is
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an intricate connection between linear and secondary instability modes that is revealed
by considering the limit of a zero amplitude of the primary disturbance. Next, he pre-
sented the mathematical background of the Floquet theory applied to the investigation of
the linear secondary instability. Incorporating three assumptions in his analysis, namely
the assumptions of a parallel mean flow, of a locally constant amplitude of the primary
disturbance, and the neglect of the mean flow distortion (shape assumption), he derived
the system of equations that travels with the phase speed of the primary disturbances
(Floquet system). In his formulation, he incorporated both the concepts of spatial and
temporal secondary growth of the disturbances, where the temporal problem is solved
more often because of the linear appearance of the temporal wave number in the equa-
tions. Concluding his review on the secondary instability of mostly two-dimensional
boundary layers, he stated that two essential elements need to be incorporated in the
numerical analysis in order to improve the transition prediction based on a secondary
instability analysis. First, the frequency and amplitude composition of the primary dis-
turbances need to be considered, and second, a qualitative criterion for a self-sustained
growth of the secondary disturbances needs to be established. Both elements cannot be
provided by linear theory and require nonlinear computations.

A primary and secondary stability analysis of the DLR experiment was pre-
sented by Fischer and Dallmann [67] in 1991. Considering a purely steady primary
disturbance, taking the same theoretical approach as in Reference [16] and using the
amplitude information for the primary disturbances directly from the experimental val-
ues, they investigated the secondary instability for the harmonic and subharmonic reso-
nance case, as well as for a combination case. Considering four secondary modes in their

Fourier approximation, they found the earlier observed half-wavelength periodicity to be
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also present in this experiment, but could not detect the very strong secondary growth
of frequencies an order-of-magnitude higher than the primarily unstable frequencies.

A qualitatively new result indicating the existence of an absolute instability in
the convectively unstable Blasius boundary layer was presented by Koch [68] in 1992.
Computing nonlinear equilibrium solutions at finite Reynolds numbers using numerical
bifurcation theory first, he examined the secondary instability of the such obtained mod-
ified mean flow using Floquet theory secondly. In contrast to previous work, he obtained
the modified mean flow from a nonlinear computation, and hence, there was no need
for incorporating the shape assumption. The remaining simplification of the problem,
though, is the assumption of a parallel mean flow. Investigating the secondary distur-
bances that travel with the same phase speed as the primary disturbances (phase-locked),
Koch found the existence of links between several unstable modes (coalescence) and of
a modal degeneracy. The latter is defined as the coincidence of two or more amplified
eigenvalues and their eigenvectors that leads to a locally algebraic growth of these distur-
bances. It is this mechanism that might explain the experimentally observed explosive
growth of high-frequency disturbances in the late stages of the transition process.

In 1992, Balachandar et al. [69] studied the secondary instability of the rotating-
disc flow problem. The main focuses of their temporal stability investigations were on
the parametric dependence of the secondary disturbances on the stationary primary dis-
turbance amplitude, on the vortical structure of the secondary disturbances, and on the
nonlinear effects of the primary disturbances on the secondary disturbances. The pri-
mary disturbances were computed by solving a generalized linear eigenvalue problem for
the complex frequency. For the formulation of the linear Floquet system, they incorpo-

rated the shape assumption and the assumption of a locally constant primary amplitude.
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Considering six, or seven secondary modes in their computations, they presented very
detailed results for the secondary growth rates and their dependence on the primary
disturbance amplitudes and the Reynolds number. Further, they documented the shape
of the secondary eigenfunctions. Examining both the fundamental and subharmonic res-
onance case, they found that the secondary frequencies and growth rates are insensitive
to the exact nature of the resonance conditions. From these results, they also found
the existence of several unstable eigenvalues in the secondary eigenvalue spectrum. For
the purpose of a discussion of the effect of including the mean flow distortion in the
computations, they performed a temporal DNS computation. From the observed quali-
tative agreement of the DNS results with the results obtained by solving the generalized
eigenvalue problem for the primary disturbances, they concluded that despite quantita-
tive changes due to nonlinearity, the overall picture of the secondary instability can be
captured by incorporating the shape assumption. In detail, they reported an inclina-
tion of the secondary structure of about 44° with respect to the primary disturbances,
and a decrease of the threshold amplitudes of the primary disturbances required for the
onset of the secondary instability with increasing Reynolds number. These thresholds
amplitudes varied between 7% and 10%.

Fischer, Hein and Dallmann [70] presented results from a secondary instabil-
ity study for the DLR experiment where they again considered a mean flow that is
modified by a saturated purely stationary crossflow vortex. Starting from previous re-
sults [67] that showed a low-frequency secondary instability, they artificially increased
the amplitude of the primary and determined a higher-frequency secondary disturbance
in that case. In a new approach that considered non-local secondary instability effects,

Fischer et al. computed the different growth rates for the peaks and valleys in the pe-
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riodically varying modified mean flow components along the spanwise direction. They
defined a so-called characteristic function that describes the spanwise variation of the
primary disturbances independently of the chordwise position. Considering the such de-
scribed spanwise variations in a non-local secondary instability analysis, they accurately
predicted the experimentally measured maximal and minimal streamwise fluctuations.
This approach was presented in more detail by Fischer [71] in 1995.

In their previously cited work on the secondary instability in Swept Hiemenz
flow, Malik et al. [23] obtained the modified mean flow from a nonlinear PSE compu-
tation. In agreement with the results for rotating-disc flow in [69], they found several
unstable secondary eigenvalues in the region of the nonlinear saturation of the stationary
primary crossflow vortex, an almost linear dependence of the secondary frequency on the
secondary wave number, and an inclination of the secondary structure of about 50° with
respect to the primary disturbances. In their computations, they included 17 and 33
secondary modes and found good agreement of the results for the two different spectral
resolutions. Interestingly and in correspondence with experimental work by Kohama
et al. [20], they found that the secondary instability structure rides on the back of the

primary stationary vortex where the distortion of the boundary layer is maximal.
2.4.6 Direct Numerical Simulation

With the rapidly increasing power of shared and distributed memory computers,
as well as of parallel computational methods, the tremendous computational effort nec-
essary to conduct a well resolved Direct Numerical Simulation (DNS) of a fluid dynamics
problem becomes more feasible. For example, the consensus at the First AFOSR Inter-

national Conference on DNS/LES® at Louisiana Tech University in Ruston, Louisiana,

SLarge Eddy Simulation
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U.S.A. in 1997 was that hybrid methods consisting of DNS computations in regions of
particular interest, and Euler-, or Reynolds-Averaged Navier-Stokes computations for
the remaining flow regions might be a future strategy of investigating complex flow
problems.

Starting with the early work on spatial DNS methods by Fasel in 1976 [72],
a wide variety of temporal and spatial DNS solvers has been developed within the last
10 years. In the following, a selection of these approaches to solving the incompressible
Navier-Stokes equations for three-dimensional boundary layers will be reviewed.

In 1988, Meyer and Kleiser [73] presented results from a temporal simulation
of the DLR Transition experiment. In their formulation, they employed Fourier series
expansions of the flow quantities in the horizontal directions, and a Chebyshev-matrix
collocation method in the wall-normal direction. The pressure was calculated from a
Poisson equation using the influence-matrix technique. For preserving the conservation
of mass, they used a procedure similar to the “Tau-Method””. Despite some differences
between experiment and DNS, their computations predicted the development of the ve-
locity fields at various stages of transition, the mean flow distortions and the development
of the wall-shear stress well.

Building upon well tested DNS codes for the transition on a flat plate (Ref-
erences (74, 75]), Joslin et al. [76] showed results from spatial DNS computations for
swept wedge flow in 1994. Their formulation in Cartesian coordinates used a Chebyshev
collocation method in the wall-normal direction, fourth-order finite differences for the
pressure equation, sixth-order compact finite differences for the momentum equations in

the streamwise direction, and a Fourier series approximation on a staggered grid in the

"The “Tau-Method” uses pre-computed auxiliary solutions to eliminate the errors arising from the
decoupling of continuity and momentum equations.
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spanwise direction. For the time-advancement, they applied an implicit Crank-Nicholson
differencing for the diffusion terms in the normal direction and a fourth-order, three-stage
explicit Runge-Kutta method for the time derivatives. The disturbances were introduced
using periodic blowing and suction through the surface. They found that adjacent indi-
vidual stationary disturbances spread in the region of linear growth, eventually leading
to the wavelength coalescence experimentally observed by Arnal and Juillen [11].

In 1996, Miiller et al. [77] presented temporal DNS results for a mean flow
adapted to the DLR experiment. They found that the breakdown to turbulence origi-
nated from spanwise positions of minimal vorticity and maximal rms-values. In a similar
simulation by Wintergerste and Kleiser [78] in 1996, a secondary crossflow vortex was
detected close to the wall and a vortex-splitting mechanism was observed just prior to
the turbulent breakdown (see Chapter 5).

Starting in 1991 with the work on grooved channel flow by Liu et al. [79], a
number of explicit and implicit, incompressible and compressible spatial DNS codes were
developed under the supervision of Liu [80-82]. Liu and co-workers derived multilevel
adaptive methods that allow for the simulation of the entire transition process on air-
foils and wings. The main features of their codes are summarized as follows. First,
they utilized curvilinear coordinates and applied a fourth-, or sixth-order accurate dis-
cretization in space. Further, they implemented a multigrid Full Approximation Scheme
and the newly developed method of line-distributive relaxation. The time integration
was performed using various methods ranging from backward Euler-steps to five-stage
Runge-Kutta methods. In the recent work by Liu et al. [82] that perhaps represents
the first DNS computation for the compressible flow along a swept wing geometry, they

quoted a CPU-requirement of 100 hours on the Cray C-90 for 30,000 time steps.
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2.5 Control of Three-dimensional Boundary Layer Flow

The work reviewed in this section represents only a small selection of the avail-
able literature on active and passive boundary layer control. It is restricted to cases
where the control of a crossflow instability dominated three-dimensional boundary layer
was the objective.

Accompanying the experiments at ASU reviewed in Subsection 2.3.4, a sys-
tematic investigation of the effect of two- and three-dimensional leading edge roughness,
as well as of freestream sound on the flow stability downstream was conducted starting
with the work by Radeztsky et al. [83] in 1993. One of the objectives of this work was
to establish a data base for the validation of methods to compute the receptivity to
surface roughness. Using the ASU swept wing model, they investigated three different
surface qualities with distributed roughness heights of 9 um, 0.5 pm, and 0.25 pm. They
suggested that the distributed roughness height near the leading edge might be a quan-
titative measure for the transition N-factor. Placing different isolated three-dimensional
roughness elements near the leading edge, they further investigated the dependence of
the transition location on the roughness geometry. They found that a minimum rough-
ness diameter of eight percent of one stationary crossflow wavelength is necessary to
influence the transition, and that the transition is a function of the roughness Reynolds
number® Rey. Also, the streamwise location of the roughness elements was found to be
important. Radeztsky et al. recommended that the roughness elements should be placed
closely behind the neutral point to have a significant impact on the downstream transi-
tion. Neither a measurable receptivity to two-dimensional roughness, nor to freestream

sound was observed in the experiments.

8The Reynolds number based on the roughness height is defined as Re=Uy -k/v where Uy is the mean
flow velocity at the maximal height of the roughness element.
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In 1996, Balakumar and Hall [84] determined the optimum suction distribution
which gives the longest laminar region for a given total suction using the Lagrange-
multiplier method with constraints. Their analysis and computations were performed
for two- and three-dimensional boundary layers. They showed that the amount of suction
necessary to control the crossflow instability is much larger than for the control of the
TS-instability. Controlling the crossflow instability along a swept wedge, they were able
to show a potential transition delay of 6-10% of the chord length, depending on the
dominance of traveling, or stationary disturbances.

In a recent investigation by Saric et al. [4] from 1998, different spanwise spacings
of roughness elements near the leading edge were successfully used to passively control

the transition location. Their findings will be explained in Chapter 7.

2.6 Summary

To conclude the literature review, the state-of-the-art in transition prediction
methods and models for the mechanisms involved in the laminar-turbulent transition in

three-dimensional incompressible boundary layers will be summarized.

Receptivity

Choudhari et al. [39] distinguished different streamwise regions where the non-
parallel boundary layer is receptive to freestream disturbances. In particular, they men-
tioned the region of a rapidly changing boundary layer thickness close to the leading edge,
and a region further downstream where the surface boundary conditions are altered ei-
ther by suction, or surface roughness. Further, the strong receptivity of the stationary
crossflow disturbances to surface roughness was shown by Miiller et al. [15] in 1988, by

Radeztsky et al. [83] in 1993, and by Takagi and Itoh [19] in 1994.
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Linear Stability

It has been confirmed experimentally and numerically that three-dimensional
boundary layers are unstable to stationary and traveling disturbances. This is in con-
trast to two-dimensional boundary layers that are unstable only with respect to traveling
disturbances. Linear stability theory has been shown to be capable of predicting param-
eters like the wavelength spectrum (including the most amplified wavelength) and the

shape of the unstable disturbances [10, 18] correctly.

Transition Prediction and Detection

For transition prediction using the eN-method, different strategies are recom-
mended in the literature. Whereas Reed et al. [53] and Arnal et al. [12] preferred the con-
stant wave number/constant frequency method in comparison with the envelope method
(mainly because of its ability to distinguish between Tollmien-Schlichting and crossflow
waves), Schrauf et al. [55] obtain better correlations with performed flight experiments
by applying the envelope method. However, for the prediction of transition in three-
dimensional boundary layers, extreme care must be taken in interpreting the results
from the linear N-factor computations. This is due to the existence of a relatively short
region of linear growth that is followed by a significant region of nonlinear saturation,
where the linear theory cannot predict the disturbance evolution correctly. Another
complicating factor in the application of the eN-method in three-dimensional boundary
layers is the simultaneous growth of a broad band of stationary disturbances [44] in the
linear region that start to coalesce [76] and interact nonlinearly soon thereafter.

In a low-freestream turbulence environment, stationary crossflow disturbances
dominate the transition process by causing a strong high-frequency secondary instability.

The initial conditions for the disturbance evolution are determined by surface roughness
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in that case [83] and a saw-tooth transition pattern prevails. In a high-freestream turbu-
lence environment, the traveling crossflow disturbances dominate the transition process
and the saw-tooth pattern is weaker than in the previous case [83].

For the detection of the transition location, two promising techniques were cited.
First, a more traditional intermittency technique was described by Deyhle and Bippes [2],
and second, a recently developed technique by Chapman et al. [30,31] using surface shear-
stress measurements, as well as the method of Proper Orthogonal Decomposition and
auto-correlations.

The location of the transition onset was determined in a narrow spanwise re-
gion (27] where the averaged velocity component tangential to the inviscid streamline is
minimal (15]. In contrast to the findings by Orszag and Patera [64], Miiller et al. [77]
traced the transition onset back to locations of minimal vorticity and maximal rms-
values.

In accordance with findings by Malik et al. [23], Wintergerste and Kleiser (78]
detected a secondary crossflow vortex close to the wall in the region of the nonlinear
saturation in their temporal DNS results. They further described a vortex-splitting
mechanism that leads to transition immediately after the appearance of the secondary
crossflow vortex.

Further, the transition Reynolds number was shown to be a function of the
surface conditions, the freestream turbulence level and the saturation amplitudes of
the disturbances by Deyhle and Bippes [2]. They showed that the highest transition
Reynolds number was obtained for conditions that permitted the most limited growth

of the stationary disturbances.
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Applied PSE Methods

Since the development of the PSE in 1987 [40], explicit solution methods have
been implemented and adapted to a variety of two- and quasi-three-dimensional prob-
lems in fluid dynamics. The existing PSE formulations in body-oriented coordinates
have been shown to accurately predict the flow physics of transitional flows into the
later stages of transition. For example, a computation of the secondary instability in the
Blasius boundary layer was presented by Herbert [44], and the influence of freestream
turbulence and surface curvature, as well as the prediction of the transition onset on
a two-dimensional stator airfoil were successfully modeled in 1993 [60]. In 1997, Her-
bert [45] presented an explicit approach to solve the PSE for fully three-dimensional
boundary layer flows. A major short-coming of the explicit PSE methods, however, is
the large amount of necessary iterations on the nonlinear terms in the later stages of the

transition, where strong gradients are present in the flow.

Secondary Instability

Orszag and Patera [64] determined the onset of the secondary instability in
two-dimensional flows at locations of maximal vorticity. The onset of the secondary
instability in three-dimensional boundary layer flow requires a much larger amplitude
level of the primary disturbances than in two-dimensional flows. In [69], Balachandar et
al. compared threshold amplitudes of about 9% for rotating-disc flow with a few tens
of a percent required for two-dimensional flows. Also, they found that the secondary
instability mechanism in the investigated three-dimensional boundary layer was similar
for the fundamental and the subharmonic resonance case.

It has been confirmed experimentally [20,32] and computationally [23] that the

high-frequency secondary instability rides on top of the stationary crossflow vortex and
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is located away from the wall. The experimentally observed half-wavelength periodic-
ity caused by this secondary instability mechanism was confirmed by Reed [25] and by
Fischer and Dallmann {16] using Floquet theory. Herbert [65] showed an intricate con-
nection between linear and secondary instability modes for plane channel flow that is
revealed by considering the limit of a zero amplitude of the primary disturbance. In [66],
he further argued that for an improved transition prediction using secondary instability
theory, the frequency and amplitude composition of the primary disturbances must be
specified properly, and a criterion for a self-sustained growth needs to be established.
Finally, an explanation for the experimentally observed explosive growth of
traveling disturbances in the late stages of transition was given by Koch [68]. He showed
the existence of an absolute instability in the Blasius boundary layer in the region just

prior to transition.
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CHAPTER 3

MEAN FLOW COMPUTATION

In this chapter, the approach to the computation of the mean flow profiles
around arbitrary quasi-three-dimensional geometries is developed. The first section will
explain the panel method for the computation of the inviscid outer flow, and a solution
method for the quasi-three-dimensional boundary layer equations will be derived in the

second section.

3.1 Outer Flow

The assumption of an infinite geometry in the spanwise direction implies that
it is sufficient to compute the inviscid outer flow distribution in only one spanwise plane.
This outer flow distribution then provides the freestream boundary conditions for the
boundary layer equations, the solution of which is explained in the next section. For
the outer flow computation in Chapter 7, the panel code by Kuethe and Chow [85] was
used. The source code is given and documented in Reference [85]. The remainder of this
section will explain the basics of the applied method.

In order to compute the inviscid flow around two-dimensional contours of arbi-
trary shape at an angle of attack, the surface of the particular contour is approximated by
a finite number of flat panels covered with singularities of undetermined strength. These
singularities are used to deflect the incoming stream in a way that it will low around the
contour. In the presented method, vortex panels with linearly varying strength along
the panel and continuous strength across the panel edges are used. Figure 3.1 shows the

panel configuration around a general two-dimensional contour. The boundary points are
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defined to be on the surface of the geometry (solid points), whereas the control points
(bollow points) are located in the middle of each panel. Starting at the trailing edge and
numbering the m panels in the clockwise direction, m+1 boundary points and m control

points are created.

Figure 3.1: Definition of the panel arrangement around the geometry

Defining a uniform incoming flow V,, at an angle of attack «, the velocity

potential ¢ at the i*" control point is given by equation 3.2 [85]. Here, ¥(s;) is the un-

s:
v(sj) =7 + (h+1 = %) - S—’ , (3.1)
j
m y- — y»
d(xi,yi) = Voo - | Xi cosa + yj sina — v(s;) tan~! [ —2 | ds; | . (3.2)
i J Xi ~ Xj 3
=t !

known nondimensional vortex strength of the i'" panel, and s; and S; are the distances
from the edge of the panel and the total panel length, respectively. Thus, one has to
solve for the m+1 unknowns <; at the boundary points in order to determine the velocity
potential around the contour.

Next, the boundary conditions normal to the surface, as well as the Kutta-
condition at the trailing edge are formulated. Incorporating these conditions and utilizing
geometrical relations around the contour, a well-posed problem is established that can

be solved numerically. The homogeneous boundary conditions normal to the surface
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require the flow to be tangential to the surface. They are evaluated at the control points

and can be written as in equation 3.3, where n; is the vector normal to the surface. The
o .
%"ﬁ(xi'/)'i) =0 ; i=12,---,m (3.3)
1

Kutta-condition at the trailing edge requires the flow to leave the airfoil smoothly and
without any pressure gradient across the trailing edge. It forces the total vortex strength

at the trailing edge to be zero and is written in equation 3.4. Evaluating the normal
N+ Ym+1 =0 (3.4)

boundary conditions and expressing them in terms of the control point coordinates, one

obtains equation 3.5 [85]. In equation 3.5, the coefficients Cy j; and Cpyj are functions

m
> (Catjj- % + Cn2ij - M+1) =sin (B —a) ; i=12,---,m (3.5)
i=1

of the control points. Their expressions are given in detail in Reference [85]. Equation 3.5
represents the normal velocity at the i*® control point induced by the linear vortex
distribution on the j*® panel.

Combining equations 3.4 and 3.5, a set of m+1 equations for the m+1 unknowns

is obtained which can be written in matrix form in equation 3.6. From the previous de-
A, -vy=RHS (3.6)

rivation, the elements of the influence matrix A, and the corresponding vector of the

right-hand side RHS are expressed as follows :

for i<m+1) : Asgit = Carit (3.7
An,im+l = Cn2.im y (3.8)
Anjj = Carij+Cn2ij—1 3 i=2,3,---,m (3.9)
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RHS; = sin(Gi—a) , (3.10)

for i=m+1) : Apjg = 1 (3.11)
Anjmsr = 1, (3.12)

Apjj = 0 ; j=23,---,m , (3.13)

RHS; = 0 . (3.14)

After solving the linear system given by equation 3.6 for the vortex strength distribution
at each control point, the velocity and pressure at these points can be determined.
Letting t; be the tangential vector to the surface at each panel, the velocity at each
control point is defined as in equation 3.15, where the coefficients C;;;; and Ciyj are
given in Reference [85]. Here, the summation term represents the tangential velocity at
9 m

Vi = -aTi¢(xi,Yi) = cos (ei—Ot)'i'j:Z1 (Cerij -7 + Cezij - vj+1) 3 i=12,---,m (3.15)

the i*"* control point induced by the linear vortex distribution on the j*M panel. Writing

equation 3.15 in a more suitable form for the implementation into a computer code, one

a m+1 )
Vi= '67;7"’(*““) =cos (Bi~a)+ D Ayj-y ; i=L2--.m , (3.16)
t j=l
At =Cuin 3 Avim+1 = C2iim (3.17)
Avij = Cuij+ Ce2j-1 5 §=2,3,---,m (3.18)

obtains equation 3.16, where the tangential influence coefficients A.; are defined in

equations 3.17 and 3.18.

_ 2
Cp,i=(p p°°) —1- (3.19)

1PV, v,
Finally, the pressure coefficient at the i*® control point is expressed in equa-

tion 3.19 and the following algorithm can be itemized :
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1. Computation of the panel geometry according to the given two-dimensional contour

and the specified number of points.

2. Computation of the influence coefficients Cy j; and Cy jj, as well as the the influence

matrices A, and A, and the vector of the right-hand side RHS in equation 3.6.

3. Computation of the nondimensional vortex panel strength vector v by solving

equation 3.6.

4. Computation of the inviscid velocity distribution V; and the pressure distribution

Cp,i around the contour using equations 3.16 and 3.19.

Thus, the inviscid outer flow has been obtained and will provide the boundary conditions

for the computation of the mean flow profiles which is described in the next section.

3.2 Quasi-three-dimensional Mean Flow Profiles

In this section, a general quasi-three-dimensional geometry and a corresponding
body-oriented coordinate system are considered. The coordinate system is described
in figure 3.2. In the first subsection, the governing equations will be derived in their
nondimensional form. The second subsection then explains the solution method of the

nondimensional boundary layer equations in detail.
3.2.1 Governing Equations

Defining a dimensional and steady basic flow Vg(x;,x2,x3) = {Ug, Wg, VB}T,
making the boundary layer assumptions and assuming no variations of the basic flow
in the spanwise direction, the dimensional boundary layer equations in body-oriented

coordinates (equations 3.20 - 3.23) can be derived from the Navier-Stokes equations.
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Figure 3.2: Body-oriented coordinate system

aUs . OV _
dUy dUg 3Ue 6U2
Ug—— % +Vo—— s = Uea‘c ax2 ) (3.21)
aWo OWo _ W3
Uo e+ Vog o =v 5 (3.22)

Ug=Wg=Vg=0 at x3=0 ; Ug=U,, Wg=Wy =const. at x3 = oo . (3.23)

Introducing the stream function ®, the normal coordinate 1 and the similarity parameter

m in equation 3.24, the mean flow components are defined according to equation 3.25.

. X3 x; dU;

® = /v xjUs f(x},n) ; N = ——3—— ; m = Ul, We , (3.24)
vvexi/U: e 1

Us = 3®/3x} ; V§ = —99/dx; (3.25)

Writing the velocity components explicitly in equations 3.26 - 3.28 and substituting
these into equations 3.21 and 3.22, one can write the nondimensional version of the

quasi-three-dimensional boundary layer equations as in equations 3.29 and 3.30. There,

Us(xt, ) = Us(xa) - Fxhom) (3.26)
Wi (x5, x3) = Wio - g(xi,m) (3.27)
w  x _=* Us-ve f .
V3 x) = =y 2 {5 (4 m) ot ;f.+§ frm-n} @
1
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primes denote differentiation with respect to the normal coordinate 7. These equations
stand for a first-order approximation to the full Navier-Stokes equations, where the order

of approximation is proportional to the small parameter ¢ = 1/v/Req.

1" m+ 1 7 2y _ ’ of' 1" Ef_
" + 5 f-f'+m-1—-f")=x,-(f v f Bxl)’ (3.29)
womtle .98 OF
g +——f-g =x-(f 3 "8 o) (3-30)
f=f'=g=0a n=0; ff=g=1 at n > 0 (3.31)

3.2.2 Solution Method

In this subsection, the solution method for the quasi-three-dimensional bound-
ary layer equations based on a compact scheme formulation will be derived. The Euler-

McLaurin equation 3.32 describes a fourth-order-accurate finite difference approximation

b |

T (AK ALY (3.32)

h
A — A, = ?“ (AL + AL -

for functions depending on a single variable, here the wall-normal coordinate at the sta-
tions k. The advantage of this scheme is that it achieves fourth-order accuracy with only
two grid points. Thus, non-uniform grids can be utilized without the need of Jacobian-
matrices, and it is very straightforward to implement the boundary conditions. Applying
this scheme to the present problem, one needs to rewrite the non-dimensional bound-
ary layer equations 3.29 - 3.31 as a system of ordinary differential equations (ODE’s).
This is accomplished by defining new unknown variables. The streamwise equation,
equation 3.29, is considered first. In equation 3.33, the new vector of unknowns A is
introduced. Now, one can rewrite the streamwise equation as a system of ODE’s in the

matrix equations 3.34 and 3.35.

A={ff, 7 ={ff 67T (3.33)
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7 3\ —- ] 4 Y 4 \
fi 0 1 0 fo 0
| B r= 0 0 1 4 f ¢+ 0 ¢ (3-34)
\ f3 J i _f2E2L1 m f) +xl%11- —XI%"} ] { fa ) { m )
Ay =A' = {f;,6,6}T =Hf- A+ G (3.35)

The first streamwise derivative of the vector A is written in equation 3.36. Here, a second-
order-accurate, three-point upwind finite-difference scheme is used where the coefficients

P, P2, P; are found from a Lagrangian interpolation.
— =P Ap2+P2-A_1 +P3-A, (3.36)

Applying equation 3.36 to the equation for the third component of A; (equa-
tion 3.34), one can rewrite the latter in terms of the components of A in equation 3.37.
The first subscript denotes the derivative in the normal direction and the second subscript
the derivative in the streamwise direction. Since equation 3.37 represents a nonlinear
ODE, the unknowns are also contained in the coefficient matrix H¢ and one has to solve

this problem iteratively.

1
B m(1-f)+ (3.37)

f3 = — foo- foo -

xp-fio- {P1-fia +Pa-f11 + P3-fio} —x1-fo0 - {P1-fo2 + P2 - for + P3 - foo}

Now, the Euler-McLaurin formula (equation 3.32) is considered again. Having
derived analytical relations for the vectors A and A;, one still needs to express the second

derivative in the normal coordinate direction. This expression is given in equation 3.38.

A" = (A)) + A oA =A A 3.38
= (A1) A’=const. '\ reconst = A2 A=const. T A2 n=const. (3.38)
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Substituting equations 3.35 and 3.38 into the Euler-McLaurin formula, one obtains equa-

tion 3.39. Here, hy is the distance between two consecutive normal points.

h
Ay —A = ?k A1k + A1} - (3.39)

h2
é - (AZ,.\=const. + AZ.n:const.)k - (Az,Azconst. + A2,n=const.)k_1}

As stated above, the present problem is nonlinear and one has to iterate for the
solution starting from an initial guess. Thus, the terms of equation 3.39 are approximated

by a one-term Taylor series expansion in equations 3.40 - 3.44, so that the method can

iterate on the linear correction AA to an initial guess A°.

Ar = Al +AAL, (3.40)
Mg = (A2+AAL) =Ag,+ (%A;) - DAy (3.41)
k
= Adp+Li-AA,
Aza=constk = A2 x—constk T (g%s—t')k -AAy (3.42)
= (?Aza\—zmist—)k - AAg = Lj=const.k * DAk ,
Azgmcomtc = A pmcamss + (TR AN (3.43)

= Ll,r):const.,k + L2,n=const.,k “AA

Substituting the above relations 3.40 - 3.43 into equation 3.39, one obtains equation 3.44.

A —AD | +AA-AA = (3.44)
he 1,0 0
= { A+ A%y + L AA+ iy - My ) -
h§
'1_5 : {LA=const.,k y AAk - L:\:const.,k—l . AAk—l+

Ll,r):const.,k + L2.n=const.,k . AAk - Ll.n:const.,k—l + L2.n=const.,k—l : AA~k—1}
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By collecting terms of AA in equation 3.44, a matrix equation is derived and written
in equation 3.45. Here, D is a 3x1 vector, and A and B are 3x3 coefficient matrices
at each normal location. The corresponding boundary conditions for the components of

the vector AA (see equation 3.33) are developed in equations 3.46 - 3.48.

A-AA_ +B-AA =D (3.45)

Atthewall: f5 = AY+AA =AA; =0 , AA; =0 (3.46)

fi = AJ+AA=AA =0 , AAy=0 (3.47)

At freestream: f; = AJ+AAy=1+AA=1, AA; =0 (3.48)

Implementing the boundary conditions and forming a block-tridiagonal system
consisting of the matrix equation 3.45 at each normal location k are the last steps in
the formulation of the solution procedure for the streamwise boundary layer equation.
Then, initializing the vector A® with the two-dimensional Hiemenz Flow solution at the
stagnation point, one can compute the correction AA by a Newton-Raphson technique
until the maximum component of the vector AA is less than a prescribed tolerance,
typically e=10"10.

For the spanwise component, a similar approach is taken in developing the
solution procedure. The derivation is simpler, since the spanwise direction is described
by a linear and second-order partial differential equation (PDE) compared to a nonlinear
and third-order PDE for the streamwise direction. First, the new vector of unknowns is

defined below. Then, rewriting equation 3.30 as a system of ODE’s, one obtains the ma-

Ag={g.g'}" ={go.&1}" (3.49)

trix equations 3.50 and 3.51. Here, the second-order upwind scheme (equation 3.36) is

directly applied to the streamwise derivatives of the function g(x;,7). In equation 3.50,
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g1 0 1 go 0
= : + (3.50)

g2 xifiPy —foBF — 1,30 g1 x1fy (P1go2 + P2go1)
the values for A={fy, f),f>}T and the streamwise derivative of fy are known from the iter-
ation on the streamwise equation, and the subscripts of the Ag components stand for the
streamwise and spanwise derivatives, respectively. In order to apply the Euler-McLaurin
formula, the expressions for the first and second derivatives in the normal direction need
to be determined next. From equation 3.50, one can directly write equation 3.51 for
the first derivative, where the coefficient matrix Hg is a 2x2-matrix and Gg is a 2x1

vector at each normal location k. The expression for the second derivative is derived in

equations 3.52 - 3.55.

ALn) = {g1,82}" (1) = Ag1(n) = Hg(n) - Ag(n) + Gg(n) = F(n, Ag) (3.51)

JdF oF
Al(n) = (—) + (—) F (3.52)
§ 677 A8=C005t. aAg n=const.
0H oA
A ( 8) ‘A, +H, - (_g_) + 3.53
g(n) 677 Ag=const. & ® 677 Ag=const. ( )
aGg) ( oF )
—_ + | — -F
( an Ag=const. aAS n=const.
OH aG JF
All(n) - (_S) A, + (_g) + (—) -F (3.54)
g on Ag=const. ® a Ag=const. aAS n=const.

In equations 3.52 - 3.55, the matrices Hg ; and Fag are 2x2-matrices, and the
vectors Gg and F are 2x1-vectors at each normal location. Substituting the above
expressions into the Euler-McLaurin formula, one obtains equation 3.56, and collect-
ing terms in Ag yields the matrix equation 3.57 at every normal location k similar to

equation 3.45 for the streamwise boundary layer equation. Specifying the two necessary
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h
Agk —Agk-1=3 {Hgx - Agx+Hgr_1-Agx—1 + Ggx + Gg—1} — (3.56)

h2
1—2'{Hg.1.k “Agx —Hgik—1-Agk-1+Ggik +Ggi1k-1+Fagk Fk —Fagk—1-Fr-1},

boundary conditions in equations 3.58 and 3.59, implementing these and the matrix
equations 3.57 into a block-tridiagonal matrix, the spanwise equation can be solved in
one sweep using a block-tridiagonal solver, since all the matrix coefficients are known.

Atthewall: g = Ag; =0 (3.58)

At freestream : gop = Ag; =1 (3.59)
Concluding this subsection, the solution method is summarized as follows :

1. Finding the location of the stagnation point and the streamwise distribution of the

similarity parameter m from the outer flow solution.

2. Initializing the vectors A%, Ag at the stagnation point using the Falkner-Skan-

Cooke similarity solution.

3. Marching to the next station, the correction AA is computed using a Newton-

Raphson technique and the streamwise equation is solved at this location.
4. Solving the spanwise equation in one sweep using a block-tridiagonal solver.

Steps three and four are repeated until the separation point is detected. The method is
very effective, since it takes only a few iterations, typically two to three, on AA until

the streamwise solution converges.
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CHAPTER 4

STABILITY OF WALL-BOUNDED FLOWS

4.1 Introduction

The transition process without bypass in a three-dimensional boundary layer
flow can be described by five main phases. First, in the receptivity phase, disturbances
determined by the outer conditions (surface roughness, freestream turbulence, acous-
tic noise) are entering the boundary layer. In the region of their introduction, a wide
spectrum of disturbances is present. However, many of these initial disturbances decay
and only a few are amplified in the downstream flow. Second, the phase of exponential
growth sees a slow amplitude growth of the few unstable modes. Due to its linearity, this
phase can be well described by following the most unstable disturbance. Third, in the
phase of nonlinear interaction, the disturbance amplitudes are large enough to interact
nonlinearly, the uniform spanwise flow is modulated by the disturbances, and a distur-
bance saturation into an equilibrium stage can be observed. The onset of saturation, as
well as its amplitude level, are strong functions of the initial conditions of amplitude,
frequency and phase, determined by the receptivity mechanism. In this third phase, the
mean flow profiles are being distorted, co-rotating crossflow vortices develop within the
boundary layer causing a lift of low-speed fluid away from the wall and into the outer
flow, and in turn, a pull of high-speed fluid from the outer flow towards the wall. This is
seen as a roll-up motion into half-mushroom-like structures that point into the positive
spanwise direction (see Subsection 5.3.2). Due to the strong distortion of the boundary

layer, inflectional mean flow profiles develop in both the spanwise and the streamwise
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direction and one can distinguish a fourth phase, in which the boundary layer becomes
unstable to three-dimensional high-frequency disturbances. The frequencies observed in
this phase are an order-of-magnitude higher than the primarily unstable ones, and this
mechanism is usually referred to as secondary instability. Finally, an explosive growth
of these high-frequency modes initiates the fifth phase, the breakdown to turbulence.
The scope of the presented work are the phases two through four. Starting with
general remarks on temporal and spatial stability formulations, the derivation of the
locally parallel stability theory will be given in Section 4.2. The derivations of the linear
and nonlinear PSE formulation are contained in Section 4.3. There, the main focus is on
the explanation of the explicit solution method. Section 4.4 introduces the concept of
the Floquet theory and its application to the secondary instability of three-dimensional
boundary layer flows. In particular, the developed global and local eigenvalue solver
that are based on a Newton-Raphson technique and the recently developed Implicitly

Restarted Arnoldi Method [1], respectively, will be explained.

4.2 Locally Parallel Theory

Following the formulation of the stability theory given by Mack [35] in 1969,
the concepts of spatial and temporal stability theory for three-dimensional boundary
layer flows will be introduced in this section, and a solution method based on a Newton-
Raphson technique will be presented.

The total incompressible flow quantity Q={V,P}T={U, W, V,P}T can be ex-
pressed as the summation of the mean flow Qo={Vy, Po}T={Uy, Wo, Vo,Po}T and the
disturbance q1={v1,p1 }T={u1,w1,v1,p1}T. Using the body-oriented coordinate sys-

tem applied in the mean flow computations (figure 3.2), the Navier-Stokes equations for
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the disturbances quantities can be written as in equations 4.1 and 4.2. There, the mean
flow quantities are known, and homogeneous boundary conditions for the disturbance

quantities are enforced at the wall and at the freestream boundary.

V-vi=0; (4.1)

B+ 1 VIvi+ (Vo - Vivi + (- 9)Vo =~ Vpi +

1
Re

Vv, (4-2)

In the locally parallel approach to the solution of the stability problem, the
following assumptions are made. First, the mean flow quantity Qo is considered. Since
the variations of the mean flow in the streamwise and in the spanwise directions are
much slower than in the normal direction, one assumes that the mean flow quantities
only depend on the wall-normal coordinate and a zero normal mean flow component as

indicated by :

QO(xlv X2, X3, t) = QO(x31 t) = {U07 WO? 07 PO}T (4'3)

Secondly, a normal mode formulation is employed for the disturbance quantities.
The disturbance quantities as written in equation 4.4 consist of a complex amplitude
vector 3 that depends only on the wall-normal coordinate, and a complex phase 8 that
allows for periodic variations in the wall-parallel directions and in time. In equations 4.4
and 4.5, a; and f; are the complex wave numbers in the streamwise and in the spanwise
direction, respectively, and w is the complex frequency of the disturbance. Further, the

complex wave vector k is defined in equation 4.6. It represents the propagation direction

qu(x1,%2,X3,t) = Ga1(x3) e + c.c. = qu(x3) elrHbra=it 4 cc (4-4)
a6 oo o6

E=W; 8_x7=a1 ' E=ﬂ1 ) (4.5)

k(x1,x2) = {a1,51}T = V8 (4.6)
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of the disturbance waves in the wall-parallel plane. The wave fronts of the disturbances
perpendicular to the wave vector are denoted as constant phase lines.

Substituting equations 4.3 - 4.5 into the Navier-Stokes equations in disturbance
form (equations 4.1 and 4.2) and dropping the nonlinear terms, the resulting continuity

and momentum equations are given in equations 4.7- 4.11.

0 = ia1ﬁ1+iﬂlﬁrl+% (4.7)
0 = é%zle At 1-%{;"1 ia py (4.8)
0 = éea;;‘ AW BV\LG —iBipy (4.9)
0 = pl-imge -im S - an - B (4.10)
A = iaon+iﬁ1Wo+§(al+ﬂf)—iw (4.11)

This system of ODE’s and the corresponding homogeneous boundary conditions
at the wall and in the freestream represent an eigenvalue problem that is written in the

form of a general dispersion relation for the complex quantities w, a;, 8; in equation 4.12.
0 = F(Re,ay, 5. w) (4.12)

In the stability theory, it is assumed that disturbances can either grow in time,
or in space. Accordingly, two different formulations are distinguished. In the temporal
formulation, the wave numbers in the streamwise and in the spanwise direction are
assumed to be real, and a unique solution for the complex frequency of the disturbance
(Wreal + iwimag) is obtained by solving the temporal dispersion relation (equation 4.13)
for specified values of a;, §; and Re. The temporal growth rate is defined as the positive

imaginary part of w.

= F(Revalvﬁl) (4'13)
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In the spatial formulation, the disturbance frequency is assumed to be real and
the two wave numbers a; and 3; are complex. The resulting spatial dispersion relation

is written in equation 4.14. There, the wave number 3, needs to specified in order to ob-
ay = F(Re’ ,31,0.1) (4'14)

tain a well-posed problem. However, since there is no prior knowledge about the growth
of the disturbances in the spanwise direction, an additional condition is required to
determine the imaginary part of 8;. This condition was derived from a irrotationality
condition on the complex phase 8 by Mack [86] in 1977 and leads to the relations for
a) = a;(x;) given by :

Oay 96
That is to say, the disturbances are assumed to grow only in the x;-direction. In the
light of a mean flow that does not depend on the spanwise direction, this is a reasonable

consequence. In the spatial formulation, the growth rate o, is defined as the negative

imaginary part of the streamwise wave number expressed by :

In the remainder of this section, the applied Newton-Raphson technique for the
solution of the spatial eigenvalue problem is explained. In order to utilize the fourth-
order-accurate compact scheme formulation applied for the solution of the boundary
layer equations in Chapter 3, a new vector of unknowns is introduced in equation 4.17,

and the system of ODE’s (equations 4.7- 4.11) is rewritten in equation 4.18.

(a 3ﬁ1 - avir:; - - T .
Al = {uly ax3 1 W3, ax3 1 V3, P3} y (4'17)
oA; _
= AL (4.18)
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Since all the coefficients of the matrix A are either functions of the wall-normal
coordinate, or constants, the Euler-McLaurin formula in equation 4.19 is applied straight-

forwardly at each normal location k. In equation 4.19, hy is the normal distance between

h h?
Ay = Ar, = (AL, +AY ) - TE(AL AL, ) (4.19)

11

two adjacent grid points and the primes denote a differentiation with respect to the
wall-normal direction. Substituting equation 4.18 and the not explicitly written relation
for the second normal derivative of A; into equation 4.19, the matrix equation 4.20 is
obtained at every normal location except the boundaries. There, the matrices Ay and

By are (6x6) coefficient matrices and the Dy is the (6x1) vector of the right-hand side.
Ag-Ay, ,+Bx-Ay =Dy ; k=2,--- ,N-1 (4.20)

Implementing the boundary conditions at the wall in the (3x6) matrix By, at the
freestream boundary in the (3x6) matrix Ay, and shifting the entire matrix system as

shown in figure 4.1 results in a block-tridiagonal system that is written in equation 4.21.

0 ‘B: -
BB OO,
Al s,
- an,|ies; 7| cc,.
' LA {8,
Nx6 { (N-1)x6 f
E TR AL
: AA,,|1BB,,|[CCy,
: N - T
B e R -AA BB,
\ -

Nx6

Figure 4.1: Setup of the block-tridiagonal system
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Then, exploiting the compact banded structure of the system and using the
subroutines ZGBTRF and ZGBTRS of the public-domain software library LAPACK, this

system can be solved very efficiently.
AA - Alk—l + BBy - Alk + CCy - A1k+1 = DDy (4.21)

Dropping one velocity boundary condition at the wall and normalizing the
pressure at the wall by specifying the first element of the right-hand side vector DD
instead, the iteration for the streamwise wave number a; starts with an initial guess oy,
that is obtained from a global eigenvalue computation. Expanding the homogeneous wall-
boundary condition in a Taylor series for small changes in a; (equation 4.22), a Newton-
Raphson technique is applied to update the wave number a,; according to equation 4.23.

After each iteration, the dropped boundary condition is evaluated and the iteration pro-

1110

duy
ui{ajod + Aa) =u, + —Aa=0 ; Aa=—-——5>— ; (4.22)
’ da (ggx)
1
Q1 new = Qjold + Ao (4.23)

ceeds until the error in the homogeneous boundary condition is less than a prescribed
tolerance, typically 10~!°. Usually, a converged solution for the eigenvalue of a; is

obtained within three or four iterations.

4.3 PSE Methods

In the Parabolized Stability Equations approach, one attempts to construct
an approximate solution of the Navier-Stokes equations. The concept was introduced
by Herbert and Bertolotti [40] in 1987 and has now been well developed and applied
to a variety of linear and nonlinear stability problems for two- and three-dimensional,

incompressible and compressible boundary layer flows (see Section 2.4).
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In contrast to the locally parallel approach explained in the previous section,
the central idea of the PSE formulation is to split the disturbance quantities into a shape
function that slowly varies in the x;-direction, and an oscillatory wave part as written in
equation 4.24. Here, 3, is the spanwise wave number, w is the frequency, a; is the wave
number in the streamwise direction, and qs,,, is the vector of the shape functions. The
indices m and n are the Fourier summation indices, and the subscript mn denotes the

mode number. Before substituting this into the Navier-Stokes equations in disturbance

x o
ai(x, X2, x3,t) = > Y fu.,...(xhxs)e'fa‘“"‘dx”imﬂ‘xz_i"“" (4.24)
n=—00 m=—00

form (equations 4.1, 4.2), the streamwise derivatives of the shape functions are written

in equations 4.25 and 4.26. Due to the assumption of a slow variation of the shape func-

aq: ( - dq: ) i0

mn — mn mn 4.2
—axl 101,910 + —6x1 e (4.25)
aqu 82611 . oqa day . . 2 0

mn = mn 2 mn mn — - 1 mn .
—c’)x% _6x% + 2iag,, %y + ax, Qi — ), Q1. | © (4.26)

Omn = i/almndxl + imfB1xy — inwt (4.27)

tions in the x;-direction, the second derivative in equation 4.26 can be dropped, which
enforces the PSE assumption. Now, substituting equations 4.25 and 4.26 into equa-
tions 4.1 and 4.2 and collecting terms with the same Fourier coefficients mn, a new
system of PDE’s is obtained. This system of PDE’s is referred to as the Parabolized

Stability Equations (PSE) and written in vector form for each Fourier component in eq-

da1,..
Ox3

626{1 - aell 82611 Smn
mn C — D mn E mn .
axg + CmnQ1,n mn~ ax“_l + Emn 5%, 0x3 + A (4.28)

Amn

+ Bmn

uation 4.28. There, the vector Sy, represents the Fourier components of the nonlinear

term (vy - V)vi, Apn = et J atmadxy denotes the amplitude and phase modulation by
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the complex wave number a;_,, and Apmpn, Bmn, Cmny Dmn, Emn are (4x4) coefficient
matrices.

The major advantage of the PSE is that despite a small elliptic remainder
consisting of the streamwise pressure gradient, the system of PDE’s is parabolic and its
solution can be obtained by a marching-type method. From equation 4.28, it is noted
that the linear PSE are obtained by dropping the nonlinear term S, and setting the
indices m and n to one. Further, assuming that the amplitude part §; of the disturbance
quantity is no longer a function of the streamwise location, but depends only on the
normal coordinate, the two remaining terms on the right-hand side of equation 4.28
vanish and one obtains the linear stability equations as discussed in Section 4.2.

In the spatial framework of the PSE, the unknown quantities are the wave
numbers a;, £;, and the frequency w in addition to the unknown shape functions q;.
Fixing the real frequency w and the real spanwise wave number (3, a relation to determine
the complex streamwise wave number «; is still missing. This forms the main difficulty
in the PSE formulation, since both the shape functions and the phase of the disturbance
quantities depend on the streamwise coordinate (equation 4.24). In a non-parallel mean
flow, the different physical quantities grow at different rates, and thus, one can only
determine the growth rate o;=-| imag from the computed the wave number a; based
on some quantity (e.g., velocities, pressure, or energy). Usually, the wave number o
is computed at the location in the boundary layer where the disturbance quantities, or
the disturbance energy become maximal. This location varies slowly in the marching
direction.

The procedure to compute a; at a streamwise station is described as follows.

Starting with an initial solution found from solving the local eigenvalue problem at
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X; = Xp, one marches to the next station x; = x¢ + Ax;, and solves for the shape
functions q; assuming that a;(x; = xo + Ax;) = a;(xp). Approximating the change in
the shape functions with a Taylor series at x; = xg + Ax, one can derive equation 4.29

to update a; at x; = xg + Ax; as in equation 4.29, where q; stands for any physical

1 (f’ﬁ (4.29)

Qi new = Q1 old T &\ ) rmxaimee)
quantity in the flow field. Updating the shape functions and iterating until the change
in o is less than a defined tolerance, the solution at this station is obtained and the
procedure repeated at the next streamwise station. The PSE method is very efficient,
since it takes only a few iterations on a; to obtain an accurate solution, provided that
the gradients in the flowfield are moderate.

Before the explanation of the implemented solution method for the PSE, an
important property of the disturbance quantities needs to be mentioned. Since the
Navier-Stokes equations (equations 4.1, 4.2) represent real physical quantities, the total
disturbance quantities must be real as well. For the applied Fourier series representation
of the disturbance quantities (equation 4.24), this condition is expressed in equation 4.30

and leads to the general symmetry condition for the complex disturbances given in

equation 4.31. Here, the asterisk denotes the complex conjugate.

o ] (e o] X o0 o0 .
oY aaf’= > Y 4. (4.30)
n=-oocm=--00 n=-o0 m=—00
Umn =1 n (4.31)

This symmetry condition can be exploited to reduce the computational effort
significantly. For later reference, figures 4.2 - 4.4 show the symmetry conditions for

different disturbances in the complex (m,n)-plane.
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Figure 4.2: Symmetry of purely steady, or purely traveling disturbances (2D and 3D)
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Figure 4.4: Symmetry of interacting steady and traveling disturbances (3D)

In the present formulation, the PSE are expressed in body-oriented coordinates

and solved using a fourth-order-accurate compact difference scheme in the wall-normal
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direction, a second-order-accurate upwind finite difference scheme in the streamwise di-
rection, and Fast Fourier Transform (FFT)-techniques for the formation of the nonlinear
terms. The remainder of this section will explain the applied solution method that treats
the nonlinear terms explicitly.

In order to apply the compact scheme formulation in the wall-normal direction,
a new vector of unknowns Aj={i,,d4;/dx3, Gz, Hiz/Ox3,103,p}" is introduced. Now,
the system of PDE’s representing the PSE (equation 4.28) is rewritten as a system of
ODE'’s for each Fourier mode in equation 4.32. The streamwise derivative is discretized

A1,
Jx3

oA,

mn 4.32
3%, +G (4.32)

= HmnAlm., + an

using the second-order-accurate upwind scheme given in equation 4.33, where the coef-

ficients Py, P;, P3 are found from a Lagrangian interpolation.

oA,
gx

=P;- A],u_2 + Py - Alu—l +P3- Aln (4.33)

Substituting equation 4.33 into equation 4.32, the first wall-normal derivative is
expressed in a form suitable for the Euler-McLaurin equation (equation 4.19), and with
the matrix coefficients of Hmn and Gmn being functions of the normal coordinate only,

the second wall-normal derivative of the new vector of unknowns is written in equations

OAq..

ax3 = ﬁn'ml\'l.mn + amn (4-34)

ﬁmn = Hmn + an . P3 (4-35)

Emn = Gmn + an ° (Pl ‘ Al.,_g + P2 . Aln_l) (4-36)
A - oH - = G,

4.34 - 4.37. In equations 4.32 - 4.37, the matrices Hmy and Hmn are (6x6) coefficient
matrices, and the vectors Fmn, Gmn and Gy are (6x1) coefficient vectors. It is further

noted that the vector of the nonlinear terms is contained in the vector Gmn-
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Again utilizing the Euler-McLaurin formula as explained in Section 4.2, the
matrix equation 4.38 for any Fourier mode can be formed at every normal location k

except the boundaries. The (6x6) coefficient matrices Amp, and By, , as well as the

Amn, At +Bmnyg A1, =Dumny 5 k=2,---,N-1 (4.38)
Ap = _1_%.ﬁk_1-<ﬁ-ﬁ+gx_“) (4.39)
3/ k-1
B = —1—%-ﬁk+(ﬁ-ﬁ+gx—H) (4.40)
& 3 k

3 @or s - {(me ) - (e 32) |

Dk = =(Gx+Gko1) - XL (HG+—=| - [HG+ — (4.41)
2 ( ) 12 Ox3 * dx3 ko1

(6x1) coefficient vector Dmp, are formed according to equations 4.39 - 4.41, where I
represents the unit matrix, hy is the normal distance between two adjacent grid points,
and the indices m and n are dropped for convenience.

The boundary conditions are treated as follows. For all Fourier modes except
the mean flow distortion, the three homogeneous boundary conditions for the velocity
components at the wall and in the freestream are implemented. For the treatment of the
mean flow distortion mode, one drops the spanwise momentum equation, since there is no
disturbance growth in that direction, eliminates the elliptic remainder in the streamwise
momentum equation consisting of the pressure gradient dp/dx;, and hence, obtains a
parabolic and boundary layer-type system of equations. The only unknowns of that
system are uj,, and vy, , that can be solved for using the continuity equation and the
streamwise momentum equation. In order to determine the mean flow distortion of the
pressure, a normalization condition is specified at the wall, and the momentum equation
in the wall-normal direction is integrated.

Then, shifting the matrix system, the block-tridiagonal system in equation 4.42

is obtained. This system can be solved efficiently as described in Section 4.2.
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AAmnk . Almnk—l + Bank . Almnk + CCmnk " Al"“‘k-f-l = DDmnk (4‘42)

Before the summary of the explicit solution algorithm, the dealiasing method
implemented will be explained for stationary disturbances. The phenomenon of aliasing
arises due to the truncation of the applied Fourier series at a finite number of modes.
Counsider the generic nonlinear term in equation 4.43. Due to the multiplication of the

well-resolved phase terms 0y,, higher phase terms 6,,, are created that cannot be repre-

M ) M ) 2M _
u? = z Um, - elfm1 | . Z U, * elfmz | = Z amUp - €™ (4.43)

mp=-M ma=-M m=-—2M

sented in the (-M,- - -, M)-Fourier space. Hence, they appear as a high-frequency errors
in the solution, if no measures are taken to avoid that. In the present solution method,
a double-sized Fourier space (-2M,---,2M) is created for the nonlinear terms, where the
higher-phase terms arising are set to zero after the evaluation of the nonlinear terms.
Concluding this section, the present explicit solution algorithm for the PSE will
be summarized. Starting at x; = x;, with an initial solution for the shape functions of
the individual modes q;,,,, and with an initial guess for the corresponding streamwise

wave numbers a),,. the nonlinear solution method proceeds as follows.
e Nonlinear iteration

— Form the individual Fourier modes A;,,,, = Q1. -t f @madxt of the distur-
bances according to the relevant symmetry conditions in the entire complex
(m,n)-plane, and distribute the wave numbers «a;_, according to the selected
primary disturbances.

— In order to avoid aliasing errors due to the applied FFT-techniques, create a

double-sized complex plane and transform all complex quantities there.
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— Transform all Fourier components into the physical space using the FFT.

— Compute all the nonlinear terms contained in (v; - V)v; in the physical space.

— Using the inverse FFT, transfer the nonlinear terms back to the Fourier space
and form the vector Spmn/Amn-

— Transfer all complex quantities back to the normal-sized complex plane and
proceed with a wave number iteration loop for the primary disturbances.

— Wave number iteration

+ For the specified primary disturbances, form and solve the block-tridiagonal
system for the shape functions according to equations 4.38 - 4.42.

+ Until convergence, compute the new streamwise wave numbers a;,, based
on different physical quantities according to equation 4.29 and the proce-
dure described in the present section.

* Based on the computed primary wave numbers, distribute the wave num-
bers of the other disturbances algebraically.

— After the wave number iteration converged, check for the convergence of the

nonlinear terms.

The iteration on the nonlinear terms continues until the maximal difference in
the shape functions of two consecutive iterations is less than, say, e=1071%. For the wave
number iteration, a typical tolerance is also given by e=10"10.

In the presented explicit method, convergence problems arise when the nonlin-
ear terms grow to significant amplitude levels. This is due to the lagging of the iteration
on all nonlinear terms behind the wave number iteration on just the selected primary
disturbances. This observation is discussed in more detail in Chapter 7, where an alter-

native implicit solution method is presented.
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4.4 Secondary Instability Analysis using Floquet Theory

In the last section of this chapter, the focus is on the presentation of the nu-
merical tools for the investigation of the secondary instability mechanism. The first
subsection describes the secondary instability according to the findings of previous ex-
perimental and computational work. The second subsection contains the derivation of
the applied temporal Floquet theory, and the last subsection introduces the recently
developed and very efficient Implicitly Restarted Arnoldi Method for the solution of

selected regions of the eigenvalue spectrum.
4.4.1 Portrait of the Secondary Instability

In the present work, the secondary instability is defined as the linear insta-
bility of a periodic secondary flow. Due to the nonlinear interaction and saturation of
primary stationary disturbances, highly inflectional velocity profiles are formed in both
the spanwise and the wall-normal direction, and these are the origin of this instability
mechanism.

In the review of the previous work on the secondary instability in the Sections
2.3 and 2.4, it was pointed out that the secondary instability originates away from the
wall in regions of high vorticity and shear at normal locations of about half the boundary
layer thickness. The developing instability structures were then found to travel on the
back of the primary stationary crossflow vortices, and their growth was attributed to
combined vortex stretching and tilting in the presence of strong flow gradients. Further,
the inclination of the secondary instability structures with respect to the constant phase
lines was found to be about 50° for three-dimensional boundary layer flows. The sec-

ondary instabilities are seen as high-frequency disturbances that grow explosively within
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a short streamwise distance. Their frequency is usually in the kHz-range, which is an
order-of-magnitude higher than the most amplified primary traveling disturbances. This
high frequency is in accordance with the typical local time scale t* = 6*/U; in the re-
gion of the nonlinear saturation. Further, the experimentally and numerically observed
half-wavelength periodicity is interpreted as an indication of the presence of secondary
instabilities in the flow.

An important open question regards the self-sustained growth of the high-
frequency disturbances. From this discussion, it is clear how the secondary instability
to high-frequency disturbances develops. Rather, the question is related to the route by
which the high-frequency disturbances enter the boundary layer before their amplitude
is explosively amplified by the strong growth rates typical for the secondary instability.

This question is discussed in subsequent chapters.
4.4.2 Floquet Theory

A Floquet system is defined to be a system of linear ODE’s whose coefficients
are periodic in the independent variables. Floquet Theory was, for example, applied
by Herbert [65] in 1983 to explain the nonlinear transition process in two-dimensional
boundary layers, as well as by Fischer and Dallmann [67] in 1991 for the DLR-Transition

Experiment (see Subsection 2.4.5).

X3
constant phase line *

Figure 4.5: Definition of the Galilean coordinate system
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In this subsection, the stability of a new mean flow consisting of the original
basic flow and the saturated primary disturbance wave is investigated. A new Galilean
coordinate system (X;,X2,X3) is defined that travels with the phase velocity in the %,-
direction. The coordinate X is aligned with the constant phase lines as shown in figure 4.5
(see also Appendix I for the definition of the different coordinate systems and angles).
In this coordinate system, the new mean flow Q2 = {Uz, W5, V5, Py }T is formed by a su-
perposition of the parallel base low Qg(X3) and the solutions of the primary disturbance

quantities obtained from a PSE computation. In equation 4.44, a3 is the real wave num-

Qz(%1,%3) = Qo(Xa) + Y @1.(Rs)e™™3® (4.44)

m=-—00
ber in the Xx;-direction. Its definition is given in equation 4.45, where ¥ is the wave angle

of the primary disturbances. By forming the mean flow Q2 as described above, the neg-

o5 = sgn(¥)/o reu + B ;¥ = tan~H (T (4.45)

lect of the mean flow distortion (shape assumption) and the assumption of an arbitrary
amplitude of the primary disturbance utilized in previous work [65,67] are avoided.
The temporal stability of this mean flow is investigated by seeking a disturbance
of the form shown in equation 4.46. There, the new vector of unknowns q3 consists of
the four primitive variables u3, w3, v3 and p3. Further, the real part of o3 measures the
growth of the secondary instability, its imaginary part determines the frequency, and 33

is the real wave number tangential to the constant phase lines.

o0
Qa(R1, %2, %3, t) = e7HH%2 $™ gy (%5)eimests (4.46)

m=—0ogQ
Substituting equations 4.44 and 4.46 for Vg and v, respectively, into equa-

tion 4.2, dropping the nonlinear term (v - V)v;, and introducing a new vector of
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unknowns Ap,={i3,,, s, /%3, W3, OW3_, /0%3,V3_,P3,} T in a similar way to the ap-
proach described in Section 4.3, one obtains a linear system of ODE'’s for the vector of
the secondary disturbance eigenfunctions A. The resulting equations for all the Fourier
modes are given in equations 4.47 - 4.60, where A is a {(2-M+1)-6}-vector at the normal

location k .

oAy, < COA3, < )
o Ay, o%s Ay, (4.47)
aj—\Zm ry . A ’ . e
O%s {AAy, +imas, A, + (Y _Us, )(D_ imas, Ay, ) + (4.48)
my ny
(Z W2, )(iBs Z Av,,) + (Z Vi, )(Z Az,,) + (4.49)
(2 R L im0, Vo) + (5 As,,,g(z 2"* —=L)}Re ;  (4.50)
OAy4_, - - ) _
o%, = (BAhan +ibakey + O U2, )(Q_injas, Az, )+ (4.51)
my n;
O W2, )18 YAz, ) + (X Asy )OO Vo, ) + (4.52)
my n; m) m
_ _ B} oW,
QA )Q imas, Wa, )+ (3 As, ) (O —8?1)}&3 ;o (4.53)
my ng my ni
OAs . - o
3;: = —imagA;, ~if30\3, ; (4.54)
dAs,, . 1, S .
E_Gs— = =AAs5, - ﬂ(lma:;ml\zm +if3Ay,,) — (4.55)
(O U2 )X imias, As, ) — (3 Wa, )(iBs Y As, ) + (4.56)
my ni mi m
Q- V2., )OO imes, Ar,) + (3 Vo, )(iBs Z As,,) - (4.57)
my ny my
_ ) <9V2,,l
O A )Q injas, Vi, ) — Z Asm, ) Z ; (4.58)
my ni
1 -
A = ﬁ-é(mzagm +B%) +o3 ; (4.59)
oA _—
= = AA (4.60)

Expanding the summations in m; and n; from -M---M, collecting terms with

the same Fourier component, and writing equations 4.47 - 4.59 in the entire wall-normal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

domain, a generalized eigenvalue problem of the form given in equation 4.61 is obtained.

In fact, the compact scheme formulation applied here yields the non-trivial case of a sin-

AA =03B (4.61)

gular, non-symmetric, and semi-positive-definite generalized eigenvalue problem. It is
noted that the leading dimensions of the coefficient matrices A and B in equation 4.61
can easily reach significant orders. Considering a minimal problem size for a satisfactory
resolution in both the Fourier space and the wall-normal direction, a leading matrix
dimension of 9-6-71=3834 is obtained by distributing 71 points in the normal direction
and truncating the Fourier series at M=4. Hence, the need for efficient eigenvalue solvers
is obvious. Utilizing the QZ-algorithm that is implemented in the ZGEGV-routine avail-
able in the public-domain software library LAPACK proved to be extremely CPU-time
intensive for these matrix dimensions. For example, it takes about five CPU-hours on
a Sun-Ultra-2 workstation (333 MHz) to compute the entire eigenvalue spectrum of a
problem with a leading matrix dimension of 2700.

Therefore, the recently developed Implicitly Restarted Arnoldi Method [1] was
adapted to the present problem. This method approximates the eigenvalues and eigen-
vectors in specified regions of the eigenvalue spectrum. The details of this very efficient
solution method are explained in Subsection 4.4.3. Applying this method to a problem
size of 5000, the required CPU-time to compute 10 eigenvalues that are located in a
selected region of interest amounts to only one minute on the workstation quoted above.

For a confirmation of the eigenvalues obtained from the global solver, a local
eigenvalue solver based on a Newton-Raphson technique was developed. The solution
method is based on a fourth-order-accurate compact scheme formulation and the solu-

tion algorithm is equivalent to the one explained for the solution of the linear spatial
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eigenvalue problem in Section 4.2. However, additional iteration options have been im-
plemented in order to account for the presence of (2-M+1) eigenmodes in the coefficient
matrices.

Instead of dropping one of the wall boundary conditions as described for the
linear spatial eigenvalue problem in Section 4.2, the iteration is performed at the wall-
normal location where the most dominant secondary eigenmode has its maximum. There,
either one of the momentum equations, or the continuity equation is dropped, the block-
tridiagonal system is solved, and the convergence check is performed by evaluating the
dropped momentum, or continuity equation. Hence, the developed solution method is
capable of iterating on different eigenmodes of the unknowns u3, w3 and v3 at a specified

wall-normal location.

T, = tan~! (%) (4.62)

Finally, and for later reference in Chapters 5 and 6, the wave angle of the

secondary disturbances ¥; is defined in equation 4.62 and depicted in figure 4.6.

leading edge

constant phase line

wave vector of the
secondary instability
structure

X, 0

Galilean coordinate system

X3 By

Figure 4.6: Definition of the secondary wave angle
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4.4.3 The Implicitly Restarted Arnoldi Method

The original method developed by Arnoldi [87] in 1951 represents an orthogonal
projection method for the approximation of a subset of eigenvalues and eigenvectors of
a general sparse square matrix. In order to overcome the severe computational and
storage requirements for a large number of iteration steps towards a converged Ritz-
approximation, Saad [88] introduced the explicitly restarted Arnoldi iteration in 1980.
For the sake of improving the starting vector by forcing it into the direction of the desired
invariant subspace, Sorensen [89] proposed the Implicitly Restarted Arnoldi Method
(TIRAM) which is based on Krylov-subspace projection techniques in 1992. Ever since,
this method has seen much improvement and automation. In 1995, a public-domain
software package called ARPACK was developed by Lehoucq et al. [1]. This package was
used for the computations of this work. In the remainder of this subsection, the essentials
of this method will be explained.

For the solution of a generalized eigenvalue problem in the form given in equa-
tion 4.61, one is faced with a singular and non-symmetric matrix A, and with a semi-
positive-definite, symmetric matrix B. Introducing a complex shift § such that it is
located in the center of a complex cell in which a few eigenvalues are expected, the sin-
gularity problem can be bypassed and equation 4.61 is reformulated as in equation 4.63.

(A —6B)A = (03 - 6)BA (4.63)
kA =(A-6B)"'BA ; k= o9 (4.64)
Defining a matrix operator M = (A — 6B)~!B, the problem is then rewritten in the

form of a standard eigenvalue problem (equation 4.65).

kA = MA (4.65)
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The objective of the IRAM is to obtain approximate eigenvalues and eigenvec-
tors of a selected part of the entire eigenvalue spectrum of the matrix M in equation 4.65.
These approximate eigenvectors and eigenvalues are called Ritz-approximations. Equa-

tion 4.66 defines a property for the Ritz-pair (X, 8) {1]. The scalar [fxef |
IMX — X6|| = [[(MVi — ViHi)l| = |BeicT| (4.66)

is called the Ritz-estimate for the Ritz-pair (X, ) as an approximate eigenpair for M.
Ritz-pairs are immediately available from the eigenpairs of the small projected upper
Hessenberg matrix H. A matrix is called an upper Hessenberg matrix, if its elements
h;j=0 for i>j+1.

Regarding the accuracy of the eventually obtained eigenvalues of the non-
Hermitian matrix M, the only possible statement is that the residual is small if | Se} I’}

is small [1]. Typically, this is accomplished to an order of |Gef T'| < 10713.

Put v; =ﬁn» i w=Mv, ; a =vilw;
Put ffiew—-via; ; Vv ;: Heap;
For j=1,k-1

L Bi=I§ll 5 vi+1 < 6/6

2. Vigr & (Vi vi) 5 Hj « (dfgf)

3. 2z & Mvj4,

4. h« V}:‘_IZ ; fj+1 —z— Vj+1h

(hereafter, an orthogonalization is done, if necessary)

- Hyjyi & (I:ijh)

w

EndFor

Figure 4.7: Algorithm for a k-step Arnoldi factorization
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In order to utilize the property given by equation 4.66, the method starts by
building a m-step Arnoldi factorization of the form given in equation 4.67 according
to the flow chart in figure 4.7 [1]. There, the columns of Vi contain the orthonormal
so-called Arnoldi vectors, Hy is an upper Hessenberg matrix, and fke;f represents the

residual. From equation 4.67, the connection to the Ritz-approximation is obvious.
MV = Vi Hp, + fmel (4.67)

Since the information obtained through this process is determined by the chosen
starting vector vy, and since there is no a priori information about the number of required
Arnoldi steps until the solutions converge, it is attractive to restart the method with an
improved starting vector. This restarting is an essential part of the IRAM. The steps of
the method are summarized in figure 4.8 [1]. Starting with a sparse square matrix M
of dimension m, an initial m-step Arnoldi factorization is computed and the implicitly
restarted iteration begins. First, the eigenvalues of the Hp,-matrix are computed and
split into a wanted set k and an unwanted set p, where m=k+p. The unwanted set is then
used as shifts u; in Step 3 of the algorithm. Here, only p instead of m QR-factorization
steps are done, and new matrices Hy, and V, are built. Restarting the method is now
accomplished in Step 4. The old m-step Arnoldi factorization is post-multiplied by the
newly obtained matrices Qy,...p that are associated with the shifts ;. Because of the
Hessenberg-structure of the matrices Qj, it turns out that the leading k columns of the
new factorization remain in an Arnoldi form with an updated residual [1]. It is here
where the check for convergence is appropriate for just the k eigenvalues wanted. If
convergence was not reached yet, the method proceeds with p additional Arnoldi steps
in Step 5 of the algorithm in order to obtain a new m-step Arnoldi factorization that

has an updated starting vector.
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Have an initial m-step Arnoldi factorization

For 1=1,2,- - -, until convergence

1. Compute eigenvalues of Hn, and select p shifts uy, g2, -+, p

3. For j=1,2,---,p
(a) Factor [Qj; Rj] = ar(Hm — p;I)
(b) Hm & Qf'HmQj ; Vi « ViQ;
(c) q+q"Q;
EndFor
4. fi & V1B + fmox ; Vi & Vm@amak) 3 Hk & Huko1:x)

5. Beginning with the k-step Arnoldi factorization AVy = V Hy + fief,
apply p additional steps of the Arnoldi process
to obtain a new m-step Arnoldi factorization

AV, = VoHo, + fmel.

EndFor

Figure 4.8: Algorithm for the Implicitly Restarted Arnoldi Method (IRAM) [1]

Before the summary of the IRAM advantages, the alternatively mentioned QZ-
algorithm will be briefly compared to the conventional Arnoldi method. According to
Golub and Van Loan [90], the number of operations necessary to solve for the entire
spectrum of the (nxn) eigenvalue problem Ax=cBx amounts to 30n3. This estimate
is based on two necessary QZ-steps per eigenvalue. In comparison, Saad [91] gives an

estimate for the number of operations necessary to perform one step of the conventional
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Arnoldi algorithm for linear systems as (m+3)n + m?2/2. Here, m is the dimension of the
Krylov-subspace and is usually small compared to n. Making an extremely conservative
estimate of n necessary Arnoldi steps, the number of operations is still one power less
than for the QZ-algorithm.

Finally, a few advantages of the IRAM versus the conventional Arnoldi method
will be pointed out that result in a significant savings regarding the number of necessary

iterations and the required CPU-time.

e Due to the restarting, the problem of the a priori unknown memory requirement

for an unknown number of iteration steps in the conventional method is avoided.

e Only p instead of (k+p)-steps are necessary in each QR-factorization. Even if k is
small, the savings are significant when a large number of iterations is necessary for

convergence.

e Only k residuals instead of (k+p) residuals need to fulfill the specified convergence

criteria in Step 4 of the algorithm.

e Each iteration begins with an improved starting vector that has enhanced compo-

nents in the wanted directions, whereas the other directions are damped.
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CHAPTER 5

SWEPT HIEMENZ FLOW

5.1 Introduction

The stability of incompressible quasi-three-dimensional boundary layers of a
similarity type was previously investigated by Mack [22] and Malik et al. [23]. Whereas
Mack presented linear stability results for different similarity parameters and documented
the influence of the pressure gradient on the stability of these crossflow dominated bound-
ary layers, Malik et al. considered the model problem of Swept Hiemenz flow in more
detail and focused on the nonlinear interaction of different disturbances in the flow. Fol-
lowing the work of Malik et al. [23], the mean flow is defined in Section 5.2. Linear and
nonlinear results from a primary stability analysis are presented in Section 5.3, and Sec-
tion 5.4 contains detailed results from a secondary instability analysis of Swept Hiemenz

flow using both the PSE and Floquet Theory.

Inviscid Streamline

Figure 5.1: Stagnation flow over a swept flat plate
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The two-dimensional stagnation flow against a wall is usually referred to as
Hiemenz Flow, since it was Hiemenz who found an analytical solution to the problem in
1911 (see Reference [92]). Superposing a constant velocity component in the spanwise
direction along the attachment-line (AL) upon this two-dimensional flow, a quasi-three-
dimensional mean flow is constructed that represents the stagnation flow against a swept
flat plate of infinite extension as shown in figure 5.1. This flow is called Swept Hiemenz
flow and can be used to model the leading edge region of a swept wing, where the leading
edge extends along the attachment-line. The inviscid velocity distributions are given in

equation 5.1. Due to the constant pressure gradient in the flow, the inviscid U*-compo-
U*=c-x] ; V'=—c-x3; W' =W =const. (5.1)

nent develops in the streamwise direction according to equation 5.1, whereas the velocity
component W* along the attachment-line remains constant. The inviscid streamline
then experiences a continuous curvature, since its angle is defined as in equation 5.2. As
explained in Chapter 1, it is the imbalance of the forces in the boundary layer due to

this curvature that causes the Swept Hiemenz flow to be inviscidly unstable.

O(x}) = tan~! (UY&)) (5.2)

5.2 Mean Flow Computation

According to the definitions for the stream function ®, the similarity parameter
m, the normal coordinate n and the velocity components given in Chapter 3, and further
using the inviscid velocity components from equation 5.1, these parameters are written

for Swept Hiemenz flow as follows.

xj 9U* _
U o =1, (5.3)
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® = \/v‘x{U'f(n)=\/c-V‘-zI-f(n) , (5-4)

- X3 _ X
R ey Y (5:5)
Up=c-xi-f'(n) ; Vo=—Vec-v*-f(n) ; Wi=W -g(n) (5.6)

Substituting these expressions into the quasi-three-dimensional boundary layer

equations, a set of two homogeneous ordinary differential equations can be derived. It is

"+ "+ (1-f")=0 , (5.7)
g’,+f‘g,=0 , (5_8)
f=f=g=0at n=0; f=g=1 at n5 o (5.9)

noted that the obtained equations 5.7 - 5.9 are exact solutions to the Navier-Stokes equa-
tions. Further, they represent the homogeneous version of the boundary layer equations
from Chapter 3 for the similarity parameter m=1. Solving the equations numerically by

a Runge-Kutta method yields a solution with the important feature of a constant bound-

1.5 T T

10
f'f"g f g

05 |- b

0.0 L

o
-
NF
(2]
&

Figure 5.2: Falkner-Skan-Cooke similarity solutions for m=1
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ary layer thickness. In figure 5.2, the obtained similarity profiles are plotted versus the
wall-normal coordinate.

Next, the velocity and length scales used for the nondimensionalization of the
velocities in equation 5.6, and for the streamwise and wall-normal coordinates are de-
fined. For the computations in this chapter, the constant inviscid spanwise velocity
component W7 is used as velocity scale, as well as the constant local length scale given

in equation 5.10. One can further define two characteristic Reynolds numbers for the

v* - x3 v* /u‘
l' = 1 = = —_— .
v U= V dU*/dx} C (5.10)

stream- and spanwise directions, Re and Re respectively, in equation 5.11. Having de-

scribed the mean flow, the remaining sections of this chapter will deal with the stability

analysis of this flow.

U (x))  U*

V‘

Re= W _ W

3 = (5.11)
v*-c v* v*-c

Re(x]) =
5.3 Primary Stability Analysis

In studying the stability of quasi-three-dimensional boundary layers away from
the leading edge of the considered geometry, care must be taken in specifying a flow
that is stable along the attachment-line (see Chapter 1). According to recent results by
Balakumar [93], the attachment-line of an infinite swept wing is numerically shown to be
stable against two-dimensional disturbances for Reynolds numbers less than the critical
value of Recri;.=583. For the results presented in the next sections, a constant spanwise
Reynolds number of Re=500 was chosen, and thus, the attachment-line is assumed to
be linearly stable.

Before the detailed presentation of the results from a linear and nonlinear pri-

mary stability analysis in the following subsections, the applied computational grid needs

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

to be described. A typical grid for the primary stability computations consists of 141
points in the wall-normal direction, where the first 71 points are clustered within the

boundary layer according to the grid-stretching equation 5.12. In the region of the outer

A
X3j = ———— 5.12
o 1+x3.:ux-m ( )

flow, the remaining points were distributed uniformly up to a maximal normal extension
of about 10 boundary layer thicknesses. For the marching in the streamwise direction,
different step sizes were selected depending on the complexity of the low. Purely station-
ary or traveling cases could be run with a step size of ARe=7.5, whereas the interaction
cases in Subsection 5.3.2 and in Section 5.4 required values of ARe=5, or even ARe=2.5

for a proper resolution of the steep gradients in the region of nonlinear saturation.
5.3.1 Linear Analysis

In order to investigate the stability characteristics of the prescribed flow, local
stability analyses at different streamwise locations are performed first. Thus, the neutral
points for stationary and traveling disturbances, as well as the locally most amplified
wave numbers and frequencies can be determined. In figure 5.3, the spatial growth rates
o) for the stationary disturbances are plotted versus the spanwise wave number 3. It
can be seen that the unstable wave number range begins at 3; ~ 0.10 for all investigated
streamwise locations. However, its extension increases rapidly with increasing distance
from the neutral point at Re=98.0, where 3;=0.125. The locally most amplified spanwise
wave number was found to be $;=0.32 at Re=300, where the streamwise wave number
assumes a value of a;=(-0.4398,-0.0231). Next, the most amplified spanwise wave num-
ber according to its spatial growth in the downstream direction is sought. Therefore,

starting at their neutral point, disturbances of different spanwise wave number are intro-
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Figure 5.3: Stationary growth rates from local theory

duced and their spatial evolution downstream computed. Figure 5.4 shows the N-factors
obtained from a computation incorporating the parallel flow assumption. Obviously,
the wave numbers in the range of 8;=0.3 - 0.4 are amplified the most, and for a further
investigation of the nonlinear development of the disturbances, these wave numbers need

to be considered.
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Figure 5.4: N-factors from a locally parallel computation
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Having determined the most amplified stationary disturbances, the traveling
disturbances will now be considered. Therefore, the nondimensional frequency F is
defined in equation 5.13.

_2m-vt-f*

F= T (5.13)

First, the existence of two unstable families of spanwise wave numbers will be
discussed. This observation is due to Mack [22] who investigated the stability of three-
dimensional boundary layers with different pressure gradients. It was also reported by
Malik et al. [23] from their study of the Swept Hiemenz flow and by Takagi et al. [21]

from their experimental work on the rotating-disc flow problem.
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Figure 5.5: Two unstable spanwise wave number families at Re=300
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Figure 5.5 shows the growth rates and the angle of inclination with respect to
the inviscid streamline ¥, of the two unstable families for the later considered frequency

of F=0.75-10"*, and for the most unstable frequency of F=1.2-10~* at Re=300.

© =tan! (%) : U =tan™!

e

Qaq real

; Uy =0+7 (5.14)
B

The angles of the inviscid streamline © and of the wave propagation direction ¥
are defined in equation 5.14 and visualized in figure 5.6. At Re=300, the most amplified
spanwise wave numbers of the most amplified frequency F=1.2-10~* (as shown in the

subsequent computation) are 3;=0.34 and (3;=-0.40 with the corresponding streamwise

B,>0 B, Inviscid
Streamline

-
o4

Lr

N Wave Vector

B, <0

Figure 5.6: Definition of the wave angle and the angle of the inviscid streamline

wave numbers and angles of a;=(-0.29609,-0.03294) and «;=(0.69103,-0.00611), as well
as ¥=72.01° and ¥;==90.90°, respectively. Observed is, first, that both families are
propagating in opposite directions. Second, the more unstable family is oriented opposite
to the direction of the crossflow-component of the mean flow (i.e., it is propagating in
the direction of the centrifugal force induced by the streamline curvature).

Next, the dependence of the most amplified spanwise wave numbers on the
frequency will be examined. In this computation, the procedure is as follows. Starting

from the most amplified spanwise wave number at F=0, the frequency is incremented
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and the new eigensolution is found such that it satisfies the condition given below for

the most amplified 5,. A Newton-Raphson technique can be implemented to compute a

9o, _ 00, %oy _
b—’;(ﬁl +AB) = (55:) + (W) -d@=0 (5.15)

correction Af; until equation 5.15 is satisfied. In figure 5.7, the most amplified spanwise
wave number and the wave angle ¥, are plotted versus the nondimensional frequency at
Re=300. As discussed earlier in this subsection, the two unstable families of disturbances
are distinguished by their propagation direction along the wave vector that is inclined at

the wave angle ¥ with respect to the body-fixed coordinate system. Plotting the locally
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Figure 5.7: Two families of unstable waves at Re=300

most unstable growth rate versus the nondimensional frequency at different streamwise
stations in figure 5.8, one observes a decrease of the most amplified frequency in the
streamwise direction. Starting with F=1.6-10"* at Re=100, the locally most unstable
frequency at Re=600 is F=0.9-10"*. Thus, a wide range of frequencies needs to be
investigated using a computation that considers the spatial disturbance growth in the

downstream direction for a determination of the most unstable frequency.
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Figure 5.8: Wave angles and most amplified frequencies at different streamwise locations

In table 5.1, the values of the frequency, the spanwise wave number and the

wave angle are specified at the locations of the maximal growth rate. In the downstream

direction, the locally most amplified disturbances are shifted to lower frequencies and
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Table 5.1: Locally most amplified eigenpairs at different streamwise locations

Re 01=max. Fa; =max ﬂl.a; =max. "I’a-l =max.

100  0.026 1.60-10~* 0.237 58.06°
200 0.036 1.35-10~ 0.289 67.25°
300 0.033 1.20-10~* 0.335 71.70°
400  0.029 1.10- 1074 0.378 74.46°
500 0.026 1.00- 10~ 0.410 76.72°
600 0.023 0.95-10"* 0.434 78.26°

the constant phase lines turn towards the inviscid streamline. The closer alignment of
the constant phase lines with the inviscid streamline can be also seen in figure 5.9, where
the propagation direction of the steady crossflow vortices is visualized together with

corresponding mean flow profiles along the wave vector.

4.0 s T T r
s Constant Phase Lines
asf 1
3 < Wave Vectors
3.0 o <
25 |- inviscid ereamﬁne,'< 4\ at Re=643.5
X2 : < i
20f |
15F < \\ | atRe=418.5 ]
. ’ _—tl
o L d
03 Z j at Re=268.5 ]
— 1

0.0

3
X1

Figure 5.9: Propagation of steady disturbances relative to the inviscid streamline

(81=0.4)

Considering the data in table 5.1 and the most amplified stationary wave num-
bers, 5;=0.3 and 0.4, were selected for a computation of the most unstable frequency

according to the spatial growth in the x;-direction. Figure 5.10 shows the N-factors ob-
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tained from a computation incorporating the locally parallel flow assumption for different

frequencies. Comparing the results of figures 5.4 and 5.10, one concludes the following :

15 T T T T T

F=0.75"10"
------- F=1.00°10"
b - - —-—-- F=120"10*
F=1.40"10"

Figure 5.10: N-factors from a locally parallel computation

e The traveling disturbances become unstable at lower Reynolds numbers than the

stationary disturbaxnces.

e The traveling disturbances are slightly more unstable than the stationary distur-

bances (Nirav =~ 15, Ngae =~ 13.5 at Re=800).

For Re < 800, the spanwise wave number $3;=0.3 is more amplified than 3,=0.4.

The difference in the amplification is larger for the traveling disturbances.

The most unstable frequency for both 3,=0.3 and §,=0.4 is F=1.0-10"".

Concluding this subsection, figures 5.11 and 5.12 show the growth rates and N-factors
obtained from a PSE computation in comparison with the results of a locally parallel
computation for the most amplified spanwise wave number ,=0.3 and the most am-
plified frequency F=1.0-10"*. The disturbance growth of the different flow quantities

predicted by the PSE varies widely in the region immediately behind the neutral point.
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Further downstream, the growth rates based on the u;-component and the disturbance
energy tend towards the same value, as well as the v;- and w,-components. Compar-
ing the physically most relevant results for the growth rate and the N-factor based on
the disturbance energy with the parallel results, one can state that including the non-
parallel variation of the mean flow in the computation is destabilizing the flow, where

the destabilizing influence is stronger for the traveling disturbances.

0.040

0.030 -

0.010 -

0.000
100

Figure 5.12: N-factors from locally parallel theory and PSE
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5.3.2 Nonlinear Analysis

After the extensive study of the linear stability of Swept Hiemenz flow, the non-
linear interaction of the disturbances will be investigated in this subsection. Despite the
findings in the previous subsection, where the flow was found to be most unstable against
disturbances with a spanwise wave number of 3,=0.3 and a frequency F=1.0-10"%, dis-
turbances with a spanwise wave number of 3;=0.4 and a frequency F=0.75-10"* will be
considered in the remainder of this chapter. Thereby, previous work by Malik et al. [23]
is followed closely. The main objective of this approach is the validation of the mod-

ifications in the nonlinear PSE code that account for three-dimensional disturbances.
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""""" 5a (A,=0.10% A =0.141%)
55 (A =0.10%.4,20.141%)
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"~-~3 4
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Figure 5.13: Growth rates based on the disturbance-energy

In particular, the interaction of a stationary and a traveling disturbance of
similar initial amplitude, as well as the interaction of a stationary disturbance with
larger amplitude and a traveling disturbance with smaller amplitude were considered.
Figure 5.13 shows the growth rates for different initial amplitude levels A. The rms
amplitude A is defined in equation 5.16, where {; and Ww; are the total shape functions

in the streamwise and spanwise direction, respectively.
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A = /(@ + ¥])max/ W (5-16)

Introducing the initial disturbances at Re=186, the computations were per-
formed including eight modes in the spanwise and frequency domain. The results agree
with the work by Malik et al. [23]. It can be seen from figure 5.13 that the interaction
of a larger amplitude stationary with a smaller traveling disturbance leads to an earlier
saturation of the stationary disturbance. On the other hand, the uonlinear evolution
of the traveling disturbance is not affected by the stationary vortex when both initial

modes are of similar amplitude.

A=0.1%, A=0.0%
10° T T T

Figure 5.14: Amplitudes of the primary disturbances for the purely stationary case

The influence of including a small amplitude traveling disturbance in the com-
putations is presented in figures 5.14 and 5.15, where the evolution of the stationary
and traveling disturbance amplitudes is shown. In figure 5.14, the results for the purely
steady case are presented, and figure 5.15 shows the results for a case where a small
amplitude traveling disturbance interacts with the stationary vortex. The latter case

will be referred to as the “lower-frequency” case from now on. For the purely stationary
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case, one observes that both the u;- and w)-components are fully saturated at Re ~
550, and the saturation amplitude levels are As =~ 24% for the u;-component and As ~
17% for the wj-component. For the “lower-frequency” case with a primary frequency of
F=0.75-10"", the stationary disturbance saturates at Re =~ 480 and the amplitude levels
are Ag ~ 10% and A ~ 8% for the u;- and wi-components, respectively. Also, since the
traveling disturbances grow longer in that case (see Curve 4a in figure 5.13), they reach

larger amplitude levels than the stationary disturbances.

A=0.1%,A=0.014%

T

10° FT T

400
Re
Figure 5.15: Amplitudes of the primary disturbances for the “lower-frequency case”
(solid symbols: traveling mode; hollow symbols: steady mode)

Next, the distribution of the velocity profiles for the purely stationary case is
presented. In figure 5.16, at the streamwise location where the stationary disturbances
are saturated (Re==546), the shapes of the individual modes for the velocity components
tangential to the stationary vortex (w;), and perpendicular to it (u;) are plotted in
the Galilean coordinate system (X;,X2,X3) as defined in Appendix I. Obviously, the
first seven modes of the component along the vortex contain important information,
and thus, it is necessary to include at least eight modes in the computation. One also

observes that the fundamental mode 3, along the stationary vortex is very large at this
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Reynolds number (A ~ 30%) and shows the typical double peak structure observed in

the experiments just before the secondary instability mechanism causes transition. At

AO.&S
1G,IW_

Figure 5.16: Shape functions of individual modes at Re=546

the same streamwise station, the total velocity component along the stationary vortex is
shown at four different locations within one wavelength perpendicular to the vortex in
figure 5.17. Here, a3 is a new wave number perpendicular to the vortex (see Section 5.4).
The inflectional character of the profiles is clearly observed. These strongly inflectional

profiles are the origin of the secondary instability that will be studied in the next section.

Figure 5.17: Total flow quantity at different spanwise stations for Re=546
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For the purpose of a more detailed description of the present flow and in order
to further explain the onset of the secondary instability, certain features of the purely
stationary crossflow vortex will be visualized next. First, the spatially developing sta-
tionary crossflow vortex is shown at different streamwise stations in figure 5.18. The
developing distortion of the boundary layer in the spanwise direction and the roll-up of
the crossflow vortices in the positive spanwise direction are clearly seen. The spanwise
variation of the boundary layer thickness is about two at Re ~ 400, where the vortices
start to roll over. At Re ~ 600, however, the spanwise difference in the wall-normal lo-
cations where the flow reaches the freestream value is about four. The structure of these
velocity contours explains the varying inflectional profiles observed at different spanwise
positions in figure 5.17. Combining these observations, it can be stated that a strong
mechanism is present in the flow that moves low-speed fluid away from the wall into the
outer flow and high-speed fluid from the outer flow towards the wall. It is this exchange

of fluid that causes the redistribution of vorticity in the spanwise direction.

Figure 5.18: Contours of the total Us-component of the stationary crossflow vortex
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In order to further document the structure of the distorted boundary layer,
two components of the total modified mean flow are shown at different normal posi-

tions and streamwise locations in figure 5.19. Plotted in the Galilean coordinate system
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Figure 5.19: Total modified mean flow at different normal and streamwise locations;
a) Re=448.5, b) Re=486.0, c) Re=546
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are the components in the streamwise and normal direction, W and V5, respectively,
for two spanwise wavelengths. Also, table 5.2 lists the rms-amplitudes for the differ-
ent disturbance components at the corresponding streamwise locations. At the first

shown streamwise location of Re=448.5, a moderate distortion of the boundary layer in

Table 5.2: Amplitudes at different streamwise locations [%]

Re As,u As,v As,w

448.5 7 1 7
4860 14 2 13
546.0 24 3 17

the spanwise direction is observed. The variation of both plotted components is sinu-
soidal, where the spanwise change in the normal component is very small. At the next
streamwise location of Re=486.0, the peak and valley structure of the W5-component
is developed more distinct, and the development of stronger spanwise gradients in the
normal velocity component is observed as well. At the last shown streamwise location
of Re=546, a very complex spanwise variation of both plotted velocity components is
observed. The increased inflectional character of the spanwise velocity profiles corre-
sponds to the growing instability of the flow. Also, the presence of the strong vertical
mechanism mentioned above is seen in the positive and negative peaks of the normal
velocity component.

At Re=643.5, where the stationary vortex is fully saturated, the redistribution
of vorticity is shown from another perspective in figure 5.20. There, the velocity vectors
that result from a superposition of the normal velocity and the total velocity component
along the stationary vortex are plotted in the X;, X3-plane. Note that the negative x,-
direction in the Galilean coordinate system corresponds to a positive x;-direction in the

body-fixed coordinate system. Visualizing two streamlines starting close to the wall at
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X3=0.05 and away from the wall at X3=2 reveals the existence of two counter-rotating
vortices at this streamwise location. The primary crossflow vortex extends far into the

outer flow, whereas the secondary crossfiow vortex remains close to the wall.

4000s0000

Cross Flow Vontex -

veetstasssti00es

Figure 5.20: Velocity vectors of the stationary crossflow vortex at Re=643.5

w = IQtotall - |Qmea.nﬂow| ' (5-17)
_ [{8W2\? | (8Va\?  [OW2\%2  (3Uy\%2  /9Vp)? 3U2)2
“’“\/(axs) +(ax2) +(—axl) *(%) +(m) +(5x: - 619

[y G+ () o (o) (32
ax3 dx%o ax; (7.9) ax x3

This secondary vortex is also seen in figures 5.21 and 5.22 where the spatial

distribution of the vorticity is shown for the disturbance component and for the total
vorticity. = The vorticity was computed by evaluating total and mean flow vorticity
according to equations 5.17 and 5.18. In figure 5.21, the footprint of the secondary
vortex can be seen as a region of high negative vorticity between the A-shaped structure

of the primary vortex close to the wall. Also observed are concave structures of negative
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Figure 5.21: Disturbance vorticity in the presence of a stationary crossflow vortex

Figure 5.22: Total vorticity in the presence of a stationary crossflow vortex
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vorticity away from the wall at x3 ~ 1. All these features start to develop at a streamwise
position of Re=480, where the amplitudes of the stationary disturbances are A;=13%
and A;=11% for the u;- and w;-components, respectively. Further noteworthy is the
changing inclination of the primary vortex structures in the streamwise direction. While
growing along the streamwise direction, they straighten more and more up and start
leaning in into the streamwise direction at Re ~ 480.

Finally, figure 5.23 shows the computed disturbance vorticity pattern at the wall
in the presence of a stationary crossflow vortex. As reported from oil-visualizations in
experiments (see Chapter 6), a streaky footprint of the stationary vortices is seen, where
the curvature of the streak lines decreases with growing distance from the attachment

line according to the variation of the wave angle.
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Figure 5.23: Computed wall vorticity pattern caused by a stationary crossflow vortex
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5.4 Secondary Stability Analysis

The interpretation of the observed physical features in the previous section,
where a crossflow instability dominated mean flow is modified by the presence of a sta-
tionary vortex, predicts the onset of a secondary instability. This section will investigate
this instability mechanism further. For a detailed definition of the secondary instabil-
ity, the reader is referred to Chapter 4. First, however, a summary of the observed
results from the previous section will be given that explains the onset of the secondary
instability.

¢ A necessary condition for the onset of a secondary instability is the existence of a

strong saturated stationary disturbance.

e Particularly the strong fundamental, first and mean flow distortion modes, having
maximal amplitudes of A = 30%, A = 13% and A = 10% for the presented
case, respectively, cause strongly inflectional profiles in the directions tangential
and perpendicular to the constant phase lines of the stationary disturbance (see

figures 5.16, 5.17, and 5.19).

e The disturbances are periodic in the spanwise direction and cause the inflectional
profiles to differ largely in shape within a wavelength perpendicular to the direction

of the constant phase lines (see figure 5.17).

e The different magnitude of the disturbances in the spanwise direction also causes

vertical and horizontal gradients in the flow that appear as crossflow vortices.

o The existence of these gradients in the flow explains the experimental observations
of well-defined streaks on the body-surface that are the footprint of the crossflow

vortices.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



112

e Physically interpreted, the previous items represent a strong mechanism in the
flow that moves low-speed fluid away from the wall, and high-speed fluid from the
outer flow towards the wall, thus distorting the boundary layer and redistributing

vorticity in both the spanwise and streamwise directions.

Provided that a modified mean flow like described in the summary above exists, the sec-
ondary instability sets in once the disturbances reached a threshold amplitude and the
inflectional character of the profiles along the crossflow vortex originates an inviscid in-
stability. In the first subsection of this section, a temporal investigation of the secondary
instability mechanism is described that uses Floquet Theory and the sclution method
explained in Chapter 4. Utilizing the results of this temporal approach, an attempt to
capture the essential features of the secondary instability with a PSE computation will

be documented in the second subsection.
5.4.1 Temporal Analysis using Floquet Theory

Following the method described in Section 4.4, the temporal investigation of
the secondary instability is started at the streamwise location where Re=546. At this
location, the stationary disturbance of an initial amplitude A¢=0.1% has fully saturated
and reached an amplitude level of Aq = 24% for the u;-component. The computations
presented here were limited to a maximal number of eight modes (n = -8,---,8) in the
Fourier approximation. However, Malik et al. [23] showed that a consideration of 16
modes does not change the results qualitatively. Further, the results presented consider
the fundamental type of secondary disturbances only. This restriction of the work is
supported by the findings of Balachandar et al. [69] for the three-dimensional boundary
layer of a rotating-disc flow where they did not find a qualitative difference between the

behavior of fundamental and subharmonic secondary disturbances.
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The computational grid applied in the present computations is described as
follows. For the same computational domain as in Section 5.3, where the freestream
boundary conditions were enforced at a normal extension of about 10 boundary layer
thicknesses, the total number of points is decreased from 141 to 81. Also, the grid is now
stretched in the entire domain such that the number of points within the boundary layer is
50. For the local solution method, the iteration can be performed on either the continuity
equation, or one of the momentum equations. Additionally, the disturbance mode to be
iterated on can be specified. Table 5.3 presents the findings from a grid refinement study.
Shown are results from the local method for different grids and iteration cptions. The
guess values from the second-order-accurate global method for the two different numbers
of points are given by 03=(0.0267,-1.2043) for 71 points, and 03=(0.0262,-1.2073) for 81
points. The results of the fourth-order-accurate local method vary only in the fourth

decimal place, and thus, the grid resolution is considered satisfactory.

Table 5.3: Grid study at Re=546, a3=-0.508, $3=0.9, Mode=-1

A-Grid Points Equation X3 max o3
3 71 continuity 44 (0.021652,-1.212607)
3 71 X3 — mom. 44 (0.021652,-1.212607)
5 71 continuity 44 (0.021779,-1.212359)
5 71 X3 — mom. 44 (0.021779,-1.212359)
3 81 continuity 55 (0.021715,-1.212264)
5 81 continuity 55 (0.021729,-1.212671)

In general, there will be several unstable eigenmodes for a given wave number
at a streamwise location. Thus, a scan of the complex o3-plane for a wave number of
B3=0.8 is performed first. Here, the global and local solver are used as explained in
Section 4.4. All eigenvalues that were found within the scanned domain are plotted in
figure 5.24. Even though they appear clustered around o3=(0.,-1.), there is no obvious

connection between the positive (unstable) real parts. For the chosen parameters, this
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isolated appearance indicates that there are no multiple eigenvalues present in the flow,
and thus no absolute instability. The five detected unstable eigenvalues are given in
the order of increasing frequency —o3imag in table 5.4. It is seen that all the detected
unstable secondary frequencies are an order-of-magnitude higher than the most amplified

frequency found from the nonlinear analysis in the previous section (F=1.0-10"%). The
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Figure 5.24: Temporal eigenvalue spectrum at Re=546

Table 5.4: Unstable eigenvalues Re=546, a3=-0.508, 83=0.8

Mode a3 F=-0'3‘imag/m
1 (0.0113,-0.5160) 1.03-10°°%
2 (0.0030,-0.8566) 1.71-1073
3 (0.0467,-0.9595) 1.92-1073
4 (0.0218,-1.0838) 2.16-1073
5 (0.0021,-1.1205) 2.24-1073

shape functions of the five unstable modes are shown in figure 5.25. Plotted is the
summation of eight modes of the wave number a3 in the Galilean coordinate system.
Observed is that the shape functions of the different modes vary widely in features like

the location of the maximum in the normal direction, the largest disturbance component,
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the magnitude, the presence of multiple peaks, and the extension into the outer flow. Of

special interest are Modes 4 and 5, as well as the most unstable Mode 3. Because of their
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Figure 5.25: Total shape functions for unstable modes at Re=546, a3=-0.508, 83=0.8

full shape profiles, Modes 4 and 5 might be easier detected in experiments than the other

three modes that show a more narrow and fluctuating shape. For Mode 4, in particular,
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it is noted that the component tangential to the constant phase lines has a shape that is
very similar to the experimentally and numerically observed profile in the DLR Transition
experiment at x;/c=0.80 [67]. For that reason, the following study where the spatial
development of the temporally unstable modes is investigated, considers Mode 4. In
figure 5.26, the shape functions of the individual Fourier components are given for Mode

4. Plotted are the normalized quantities for the first seven modes. In contrast to the

1o S

s .~
IV IW, !

Figure 5.26: Shapes of the secondary instability eigenfunctions for Mode 4 at Re=546

primary stability analysis, where the transformation of a physical (real) quantity into the
Fourier space yields a symmetry condition for the individual modes (qQ1,mn=9] _m —n»
the asterisk denotes the complex conjugate), one observes non-symmetric mode shapes
for the presented secondary eigenfunctions. This is due to the missing complex conjugate

of the secondary disturbance in the formulation of this linear analysis (see Section 4.4).
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Also, it is observed that the disturbance mode tangential to the constant phase
lines (0-Mode) shows a double peak structure for both disturbance quantities parallel to
the wall. The maximal disturbance quantity is found for the w3-component tangential
to the constant phase lines at X3 =~ 3, where its normalized value |W3 o|/|W3 total|max = 1.

While studying the origin of the secondary instability, another important is-
sue is whether there exists a link between the eigenmodes of the undisturbed mean flow,
investigated by the linear stability theory, and the unstable secondary eigenmodes, inves-
tigated by Floquet Theory. Also, which is the threshold amplitude where the secondary
disturbances become unstable ? In order to investigate this problem, the amplitude of
the stationary disturbances obtained from the nonlinear stability analysis in the previous
section is set to A=1.0 for the given Reynolds number. Then, by gradually decreasing
A to zero, the variation of the eigenvalues is monitored. During the computations, the
evolution of the shape functions is followed in order to assure that no jumps to different
eigenvalues occur. A typical step size in the amplitude is AA=0.01. The computations
are continued until the local method ceases to converge.

For a Reynolds number of Re=546, a value of A=1 corresponds to amplitudes
of A;=24%, As=17% and A;=1% for the u;-, w;- and v,-disturbance components of
the primary stationary vortex, respectively. In figure 5.27, the variation of the eigenval-
ues 03=(03 real, 03,imag) versus a decreasing amplitude A is shown for the five unstable
eigenvalues at A=1. Additionally, the eigenvalues of the undisturbed parallel mean flow
Qo(%3) are shown in the relevant o3-range. It turns out that only one of the five un-
stable eigenvalues at Re=546 has a link to the eigenvalue spectrum of the undisturbed
mean flow. This connection could be established for Mode 1, the mode with the lowest

unstable secondary frequency (F=1.03-1073).
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Figure 5.27: Growth rates and frequencies of the secondary disturbances as functions of
the amplitude A (Re=546, a3=-0.508, 33=0.8)

As seen in figure 5.27, the variation of the eigenvalues with decreasing ampli-
tude A takes very different routes. For example, the highest frequency mode (Mode 5)
becomes stable at a threshold amplitude of Ahes=0.98. Shortly thereafter, the itera-
tion for an eigenvalue ceases to converge. On the other hand, Modes 2 and 3 could be
followed further until A~0.1. The threshold amplitudes for Modes 1-4, respectively, are
Athres=0.88, Athres=0.95, Athres=0.31, Athres=0.55. Thus, this analysis predicts the onset
of a secondary instability due to Mode 3 already for stationary disturbance amplitudes of
Ag=0.31-24%=7.5% and A¢=0.31-17%=5% for the u;- and w;-components, respectively.
The corresponding values for Mode 4 are Ag=0.55-24%=13% and A;=0.55-17%=9%.

In order to investigate the eigenmode-variation in the amplitude range where

the eigenvalue computation stops converging, the next study examines the decay of the
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individual disturbance components at the freestream boundary. Thereby, it can be de-
termined whether the convergence problems are due to an insufficient grid resolution, or
if they are part of the physics of the investigated problem. In the present stability formu-
lation, a complex eigenvalue reaches the continuous spectrum when the corresponding
eigenfunction does not decay in the freestream and is of rather oscillatory nature [51].
In the following, the method of the investigation is described, and results are presented
for the Modes 1 and 4.

In Floquet Theory, one seeks a solution to the linear eigenvalue problem that

can be written as in equation 5.19 (see Section 4.4), where the elements of the coefficient
A=A A (5.19)

matrix A are determined from a nonlinear PSE computation. Since the coefficients of the
matrix are not constant in the entire domain, one usually solves the eigenvalue problem
using a Newton-Raphson technique as described in Section 4.4. Here, however, the focus
is on the eigenvalues of A at the freestream boundary where the primary disturbance
quantities are zero, and thus, the coefficients of the matrix A are constant. Therefore, the
behavior of the secondary disturbances at the freestream boundary can be investigated
by finding the eigenvalues of the submatrix A, at the maximal normal extension of the
computational domain. The dimension of the submatrix A, depends on the number of
considered Fourier modes in the Floquet analysis and is determined to (2-Npode+1)-6 for
the six components of the vector of unknowns (see Section 4.4). Considering eight Fourier
modes in the analysis, the complex and non-symmetric coefficient matrix A, consists of
102x102 elements. If the eigenvalue problem to be solved is well-posed, one obtains 51
positive and 51 negative eigenvalues which are distributed almost symmetrically about

the imaginary axis. In figure 5.28, the eigenvalue spectrum at the freestream boundary
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of Mode 4 is shown for an amplitude of A=1. In that case, none of the eigenvalues has a
zero real part, the secondary disturbances decay in the freestream, and the iteration for

an eigenvalue of the entire problem converges.

Table 5.5: Eigenvalue characteristics at the freestream boundary for Mode 4

A 1.0 08 06 04 0.38 0.36 0.34
#0fArear; >0 51 51 51 51 51 31 33
#ofAeari <0 31 351 31 31 51 31 49

(Areali)min 0.8 0.8 0.8 -0.16 -0.078 -0.011 0.0066
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Figure 5.28: Eigenvalue spectrum at the freestream boundary (Mode 4, A=1)

In the approach the continuous spectrum, however, the real part of the eigen-
value closest to the imaginary axis tends towards zero, and the well-posedness of the
eigenvalue problem is violated by an imbalance of the eigenvalues with a positive and
negative part. This is seen in figure 5.29, where the eigenvalue spectrum at the freestream
boundary of Mode 4 is shown for an amplitude of A~0.34. There are two eigenvalues
close to the imaginary axis which indicates that the disturbances will not decay in the

freestream.
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Further, tables 5.5 and 5.6 list the number of eigenvalues in the spectrum with
positive and negative real parts, as well as the magnitude of the eigenvalues closest to
the imaginary axis for Modes 1 and 4 depending on the amplitude A. It is seen that the
eigenvalues of Mode 4 join the continuous spectrum at an amplitude of A=0.34, whereas

the eigenvalues of Mode 1 indeed reaches the linear eigenvalue spectrum.

Table 5.6: Eigenvalue characteristics at the freestream boundary for Mode 1

A 1.0 08 06 04 02 0.1 0.01
#ofdeai >0 51 351 51 51 51 51 51
#ofdeari <0 51 351 31 51 51 351 51

(Areal,i)min 0.8 08 08 08 08 08 08
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Figure 5.29: Eigenvalue spectrum at the freestream boundary (Mode 4, A=0.34)

Referring back to figure 5.27, a peculiar behavior in the limit of A — 0 is noted
for Mode 1. From figure 5.27, a clear tendency towards the linear eigenvalue at A=0
is observed. However, starting at A=0.10, the dominant (-1) Fourier component starts
to decay and the (0) Mode becomes the prevailing component. At A=0.01, all Fourier

components are negligible, except the (0) Mode. The fact that the corresponding linear
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eigenvalue of 03=(-0.07725,-0.44443) at A=0 is obtained for a wave number of a3=0 is

consistent with that observation. In figure 5.30, the normalized total shape functions of
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Figure 5.30: Shape functions |W3|/|W3 max| of the linear eigenmode and of Mode 1 for
different amplitudes A

the w3-component of Mode 1 are given for different amplitudes. It is seen that the shape
functions for the different amplitudes indeed belong to the same family of eigenmodes.
Comparing the linear shape function with the nonlinear shape function at A=0.01, it is

obvious that nonlinear and linear results merge in the limit of A — 0.
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Next, the eigenvalues o3 for the different unstable modes are computed as func-

tions of the wave number tangential to the stationary vortex at Re=546. In particular,
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Figure 5.31: Secondary growth rates at Re=546
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Figure 5.32: Secondary frequencies at Re=546

three of the five unstable eigenmodes at 33=0.8 are traced through their unstable wave

number range. Figures 5.31 and 5.32 show the growth rate and frequency development,
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respectively, that was obtained by closely watching the evolution of the eigenfunctions
with changing wave numbers. Thereby, it is assured that the curves for the different
modes in figure 5.31 indeed belong to the specified modes (see Section 4.4). Moreover,
the wave angle of the secondary disturbances ¥, is given as a function of the wave num-

ber #3 in table 5.7, where ¥, is determined according to its definition in Section 4.4.

Table 5.7: Wave angle of secondary disturbances at Re=546 (a3=-0.508)

Bz 0.25 0.5 0.8 1.0 1.5
¥, -63.8° -45.5° -32.4° -26.9° -18.7°

The following observations can be made from figures 5.31 and 5.32 :

e A wide range of unstable secondary wave numbers is present at the investigated

Reynolds number.

e Starting at #3=0, which corresponds to an alignment with the primary wave vector,
the disturbances turn towards the direction of the constant phase lines with a

growing wave number tangential to the stationary vortex.
e The dependence of the frequency on the wave number (3 is approximately linear.

e An intricate structure of the high-frequency/low-growth rate Mode 5 is observed.

The growth rate behaves in a periodic manner versus the wave number 3s.

s The most unstable disturbances of Modes 4 and 5 are found in the wave number
range of 3=0.6 - 0.9. This corresponds to an inclination of the secondary structure

of ¥»=-30° --- -40° with respect to the direction of the constant phase lines.

e Modes 4 and 5 have very similar frequencies; however, the frequency curves never

cross each other.
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¢ Even though the curves for the real parts (growth rates) of the different modes do
cross each other, their eigenvalues 03=(03 real, 73,imag) do not coincide because of

the missing corresponding crossovers of the imaginary parts (frequencies).

e Thus, multiple eigenvalues were not detected at the investigated location and the

flow seems to be subject to a convective type of instability.

Completing the investigation of the secondary instability at Re=546, figure 5.33
shows the temporal eigenfunctions superimposed on the modified mean flow. Plotted
are contours of the velocity components along the stationary crossflow vortex. The
eigenfunctions are computed for the most amplified spanwise wave number $3=0.8 at
this streamwise location. The secondary instability structure appears riding on top of
the largest boundary layer distortion caused by the primary crossflow vortex. Also, it is

completely lifted away from the wall, having its maximal magnitude at X3 ~ 2.75.

Figure 5.33: |w3|-eigenfunctions and the modified mean flow at Re=546
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Next, in order to gain some first insight into the spatial development of the
secondary instability, a temporal analysis at eight different streamwise positions is per-
formed. This investigation is also aimed at providing data of unstable frequencies to be
used in the PSE analysis of the secondary instability in the next subsection. Thus, choos-
ing Mode 4 at Re=546 and decreasing the Reynolds number, this mode is traced back to
its onset at Re~475. At this Reynolds number, both the u;- and the w,-components have
reached an amplitude level of A=11%. Figure 5.34 shows the secondary growth rates
at the different streamwise positions. It can be seen that the unstable spanwise wave
numbers align more closely with the direction of the wave vector kieai for a decreasing
Reynolds number. In figure 5.35, the most amplified secondary growth rates are plotted

together with the primary growth rates. The most unstable secondary frequencies are
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Figure 5.34: Secondary growth rates at different streamwise stations

found in the range of F=1.0-10-3-2.0-10~3, which is an order-of-magnitude higher than
the most amplified primary frequency of F=1.0-10-* (see Section 5.3). Also, a linear
development of the temporal growth rate a3 rea; is observed. Another interesting feature

in figure 5.35 is the development of primary and secondary growth rates. At Re~510,
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the primary and secondary growth rates are of the same order. At Re=546, however,
the primary growth rates are about to become stable, whereas the temporal theory pre-

dicts a continued steep growth of the high-frequency disturbances. Looking again at
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Figure 5.35: Trace-back of the secondary instability

figure 5.14 where the amplitude evolution of the stationary disturbances was plotted,
one notes that the onset of the secondary instability according to the temporal theory
occurs in the region where the stationary disturbances saturate.

Having gathered quantitative information about the wave number structure
and frequency spectrum of the secondary instability originating from a purely stationary
crossflow vortex, the next subsection will describe an attempt to utilize this information

in a PSE computation.
5.4.2 Spatial Analysis using the PSE

After the discussion of the temporal approach in the previous subsection, the
focus here will be on an attempt to capture the high-frequency secondary instability with

a spatial analysis. Since the physical evolution of the disturbance is more appropriately
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modeled by a spatial approach, one expects to obtain the flow features of the secondary
stability in a more straightforward manner than by a temporal computation. Ideally, one
would like to capture the large growth rates and spike-like amplitude evolution typical
for the secondary instability in agreement with the prediction by the Floquet Theory and
with an unchanged steady crossflow vortex. To pursue that idea, the initial disturbances
to be included in the PSE analysis need to be specified such that they resemble the wave
number structure and frequency spectrum determined in the temporal analysis as closely
as possible.

The wave number range is considered first. Since the PSE computations are
performed in the body-fixed reference frame, the wave numbers (33 found from the tem-
poral analysis for each Fourier mode are transformed from the Galilean to the body-fixed

coordinate system using equation 5.20.

Bin = —-naz, sin|¥| + B3 cos¥ ; ¥ = tan~! B—l (5.20)
Q) real

This transformation is done at each streamwise location that was investigated
in the previous subsection. It is found that for a spanwise wave number of (53=0.6,
which is in the unstable range for Re>500 and close to the most unstable wave number
for Re>520 according to figure 5.34, multiples of the spanwise wave number for the
primary stationary disturbance 3;=0.4 closely represent the values of 3 in the body-
fixed coordinate system. Specifically, the transformed spanwise wave numbers for each
Fourier mode took values from (i, _3=-2.83 to (31 3=3.58 at Re=523.5. This is a range
that can be almost covered by specifying eight modes in the spanwise direction for the
chosen primary wave number of $;=0.4.

The next important parameter is the primary frequency of the traveling mode

to be included in the PSE analysis. In order to reproduce the behavior of the secondary
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instability as predicted by the temporal analysis, one tries to cluster the available number
of frequency modes as densely as possible up to the predicted unstable frequency. For
B3=0.6, this unstable frequency is about F=1.6-10"3 (see figure 5.35). Thus, a primary
frequency of F=2-10"* and eight modes for the discretization of the frequency domain
are selected.

Finally, the last parameter to be considered while shaping the primary input
for the PSE is the initial amplitude of the traveling disturbance. Due to the nonlinear
interaction of traveling and stationary disturbances, the stationary disturbance is mod-
ified as mentioned in Subsection 5.3.2. Keeping the intention of maintaining a mostly
unmodified mean flow in mind, cases for three different initial amplitudes were run (see
table 5.8). It turns out that the behavior of the high-frequency modes is very sensitive
to the initial amplitude A.. Figures 5.36 - 5.38 show the growth rates based on the
energy-component, the amplitudes of the individual modes and the amplitudes of the
primary disturbances for the three cases. For comparison, the plots of the growth rates

also show the curve of the purely stationary disturbance.

Table 5.8: Secondary analysis using PSE (Re=500, 3,=0.4, A;=0.1%, F=2.0 -10~)

A¢initiat  Modes in 8;-domain  Modes in w;-domain

Casel 0.0014% 8 8
Case 2 0.0075% 8 8
Case3 0.0141% 4 8

In Case 1, it is observed that the steady primary disturbance remains largely
unaffected by the small amplitude traveling disturbance, since the traveling modes do not
grow large enough to interact nonlinearly with the steady modes. Thus, one essentially
maintains the same new mean flow as investigated in the previous subsection using

the temporal approach. However, for this very small initial traveling amplitude, the
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high-frequency modes remain negligible throughout the investigated region and start
saturating at a Reynolds number of Re~550 where the temporal theory predicts a large
growth rate for these modes. Consequently, the initial amplitude of the traveling mode is
increased by one order-of-magnitude and the computation repeated (see Case 3). There,
the steady primary disturbance is strongly affected by the nonlinear interaction with
the traveling disturbance. This was expected from the nonlinear PSE analysis for the
primary instability (see figures 5.14 and 5.15). However, this now different ncw mean flow
gives rise to new physical features in the flow, as shown in figure 5.38. One observes an
explosive disturbance-energy growth of even the low-frequency primary mode starting at
Re=480 (figure 5.38(a)), and a very strong amplitude growth of the high-frequency modes
(figure 5.38(b)). The highest frequency mode (F=1.6 - 10~3) experiences an amplitude
growth of more than five orders-of-magnitude during a Reynolds number change from
Re~420 until Re~500. Further, the amplitude of the mean flow distortion shows a
sharp rise at Re~480 after an earlier saturation onset at Re~460 (figure 5.38(c)). The
oscillations in the steady growth rate curve are thought to be caused by physical features
in the flow, rather than by numerical oscillations. Continuing the computations further
into the transition region exceeded the available computational resources, since it took
several hundreds of iterations on the nonlinear terms per station for the solution to
converge in the presence of these steep gradients in the flow. Case 3 will be also referred
to as the “higher-frequency” case from now on.

Considering the final Case 2, it was attempted to obtain similar results as in
Case 3 with a less modified new mean flow. Also, this last case was aimed at gaining
more information about an existing threshold amplitude for a self-sustained growth of the

secondary disturbances in the investigated flow. From the plots for Case 2 in figure 5.37,
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one can see that the modification of the steady primary disturbance is weaker than
in Case 3, but there are still features of a weak secondary instability to be noted. In
particular, the steep gradients in the temporal growth rate are still present, and both
the amplitudes of the mean flow distortion and the primary traveling disturbance show
a secondary growth at a Reynolds number of Re~500 after an earlier saturation onset.
Further, the high-frequency modes grow significantly and reach an amplitude level of
A = 0.0005, but their growth is much slower than in Case 3 and a tendency towards
saturation at the highest computed Reynolds number of Re=591 is observed.

The saturation amplitudes for the u;- and w;-components of the primary sta-
tionary and traveling disturbances for Cases 1-3 are given in table 5.9. It is noted that in
Case 2, where the high-frequency disturbances do not grow as explosively as in Case 3,
the saturation amplitude of the stationary u,-component is of the same order as for the
purely stationary case. In contrast, for Case 3 where the explosive secondary growth of
the high-frequency disturbances is observed, the saturation amplitude of the stationary
uj-component is much lower than observed in the purely stationary case. A detailed dis-

cussion of these observations will be given in the summary at the end of this subsection.

Table 5.9: Saturation amplitudes for the primary disturbance components

A%, it A% w1 Ad%) ur A%, Wi

“Purely-steady” Case 24 17 - -
Case 1 20 15 3 1
Case 2 22 16 9 4
Case 3 6 ) 12 6
“Lower-frequency” Case 10 8 17 10

For the purpose of illustrating the observations in Case 3, contours of the dis-

turbance component and of the total flow quantity tangential to the constant phase lines
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are plotted at the time T=18 at three different streamwise locations in the Galilean
coordinate system in figure 5.39. The chosen Reynolds numbers represent the region
where the high-frequency modes experience an explosive growth. It is noted that a neg-
ative x)-direction corresponds to a positive xo-direction (see Section 4.4), and hence, the
roll-over of the crossflow vortices in the negative X;-direction (see figure 5.39(b)) agrees
with the previous observations for a purely stationary crossflow vortex (see figure 5.18).
At Re=448.5, the high-frequency modes with a frequency of F=1.6 - 10~3 have not yet
reached any significant amplitude level (A =~ 0.1% for the wi-component). Thus, it can
be seen from figure 5.39(a) that the co-rotating crossflow vortices are arranged as known
from a primary stability analysis. In contrast, at Re=486 where A ~ 1%, the regions
of a negative w)-component show two separated vortices. The locations of the primary
vortices can still be distinguished; however, a large negative vortex structure is being
lifted away from the wall and above the regions of a positive wj-component. Finally
in figure 5.39(c), where the high-frequency modes have reached an amplitude level of
A ~ 3% at Re=498.5, two separated regions of a positive and a negative u,-component
are observed. Both regions are characterized by the existence of vortex cores at a smaller
spanwise spacing than at the previous stations. In particular, a strong positive vortex
is located near the wall at x; ~ -10, and a strong negative vortex adjacent to it at
X1 =~ -13 and X3 ~ 1.5. From the plots of the total quantities at these three Reynolds
number stations, it can be seen that the degree of the boundary layer distortion is much
smaller than for the purely stationary disturbance (see figure 5.18 in Section 5.3). This
is due to the earlier saturation of the stationary disturbance at lower amplitude levels
in the *higher-frequency” case. On the other hand, the wave number spectrum of the

disturbance in the “higher-frequency” case is much fuller than in the purely steady case.
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Whereas the fundamental wavelength clearly dominates the observed vortex pattern in
the steady case (see figure 5.18), it is still present in the “higher-frequency” case, but
modulated by the wavelength of the traveling disturbances (see figure 5.39(f)).

Further documenting the observed secondary instability features caused by the

interaction of traveling and disturbances with the stationary vortex in Case 3, figure 5.40

w, ' w,
a) x,=-9.57 b) %;=-13.1
Figure 5.40: Total mean flow components at locations of a maximal/minimal disturbance
component tangential to the constant phase lines (Re=498.5)
shows the primary disturbances superimposed on the mean flow in the Galilean coordi-
nate system. Plotted are the modified mean flow components perpendicular and tan-
gential to the constant phase lines, Uy and W, respectively, at the locations where the

positive and negative disturbance components tangential to the constant phase lines are
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maximal. From figure 5.39(e), these locations are determined as X; =~ -9.5 for the positive
maximum of the w)-component, and as X; =~ -13.0 for its negative maximum. It is seen
in figure 5.40 that at the two selected locations both total velocity components show
multiple inflection points. It is this inflectional character of both wall-parallel velocity
profiles that documents the presence of a strong inviscid secondary instability.
Investigating the observed lift-up of regions where the disturbance component
in the direction tangential to the constant phase lines is negative from a different perspec-
tive, figure 5.41 shows streamlines of the total flow quantity in the plane perpendicular
to the constant phase lines. Plotted are the velocity vectors and streamlines for two
wavelengths Az, = 2w/a3 at the same time instant and Reynolds number locations as in
figure 5.39. At a Reynolds number of Re=448.5, where the primary vortices were seen
to be dominant (figure 5.39(a)), the classical cat’s-eye pattern of the primary crossflow
vortices is obtained in figure 5.41(a), and the presence of secondary instability features
is not yet observed. Here, the normal location of the vortices is X3 ~ 1.5. At Re=486.0,
the basic cat’s-eye structure of the streamlines is still preserved. However, the vortex ob-
served at the previous Reynolds number location has now split into two weaker vortices
that are contained within one “cat’s-eye” (see figure 5.41(b)). The normal location of
the vortices still remains at X3 ~ 1.5. In contrast, a qualitative change in the streamline
traces is observed at Re=498.5. Here, the cat’s-eye structure has dissolved into three
clockwise rotating vortices that are embedded in a large scale vortex structure covering
the entire boundary layer thickness. Part of this vortex structure is a very strong lift-up
mechanism located between %;=-12 and X;=-14 (figure 5.41(c)). Another qualitative
difference to the previous two Reynolds number locations is the presence of a counter-

clockwise rotating vortex close to the wall at X, ~ -10. In figure 5.41(c), it is seen that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a) Re=448.5

b) Re=486.0

c) Re=498.5

Figure 5.41: Vortex structures perpendicular to the constant phase lines
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two counter-rotating vortices exist almost on top of each other at %; ~ -9.0 and %; =~
-10. The combination the two above observations at Re=498.5 confirms the existence
of the earlier mentioned mechanism that moves lower speed fluid on top of higher speed
fluid (see figure 5.39(e)).

During the computations, another observation was made with respect to the
time-dependence of the lifting process of lower speed fluid on top of higher speed fluid.
The assumption of periodicity in time, part of the PSE formulation, causes the described
lifting mechanism to be periodic in time and in space. That is to say, the observed
horizontal separation of positive and negative layers of disturbance velocity layers is not
present at all times, and additionally, the first streamwise occurrence of this phenomenon
varies as well.

The observed features of vortex-splitting are interpreted as a confirmation of
the previously stated wavelength modulation of the stationary vortex by the presence of
high-frequency traveling disturbances. This was also found by Fischer and Dallmann in
(16] and [67], where they superimposed primary and secondary disturbances, determined
by solving linear eigenvalue problems, on a parallel base flow. The phenomenon of a half-
wavelength periodicity has also been observed experimentally by Saric and Yeates [24]
and by Kohama et al. [27].

In a last attempt to visualize the mechanism of the secondary instability in this
section, figure 5.42 shows two components of the total modified mean flow at different
normal and streamwise locations in the Galilean coordinate system for Case 3. Compar-
ing figure 5.42 with the similar figure 5.19 for the purely stationary case, the following is
noted. Starting with the same sinusoidal spanwise variation at Re=448.5, the spanwise

variation of the plotted velocity components tangential to the constant phase lines and
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normal to the wall, W, and V3, respectively, is more complex at the other two Reynolds
number stations in Case 3. In particular, the modulation of the primary spanwise wave-
length is observed, as pointed out above. Also, at Re=498.5, the fluctuations in the
wall-normal component are about twice as large as at Re=546 in the purely stationary

case. This again indicates the presence of strong vertical mechanisms in Case 3.
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Figure 5.42: Total modified mean flow at different normal and streamwise locations
a) Re=448.5, b) Re=486.0, c) Re=498.5
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In order to further investigate the role of the stationary disturbance in the
interaction process with the traveling disturbance, the traveling disturbance is considered
separately in the next study. For the same initial amplitude as in Case 3, the results of the
purely traveling case are shown in figures 5.43 and 5.44. Figure 5.43(a) shows the growth
rates based on the disturbance energy. Plotted are the curves for the purely stationary
case (A,=0), for the purely traveling case (As=0), and for the “higher-frequency” case.
It can be seen that the purely traveling disturbance saturates slightly later than the
traveling disturbance in the “higher-frequency” case at Re~470. This corresponds to
the previously made observations regarding the influence of the interaction of stationary

and traveling disturbances.
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0
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Figure 5.43: Purely traveling case : Re=500, 8;=0.4, A;=0.%, A,=0.0141%, F=2.0-10"3,
a) Growth rates, b) Amplitudes of individual modes
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However, the growth rate of the purely traveling disturbance does not show the
strong secondary increase as observed for the “higher-frequency” case. Figure 5.43(b)
shows the amplitude evolution of the individual traveling modes. The qualitative dif-
ference to the “higher-frequency” case in figure 5.38(b) is obvious. Even though the
disturbances cover the same frequency range as in the “higher-frequency” case, all the
traveling modes saturate at different amplitude levels, and no secondary growth is de-
tected. From this, it can be concluded that the secondary instability features observed
in Case 3 must be attributed to the presence of both a saturated stationary crossflow
disturbance and a traveling disturbance of smaller initial amplitude, as well as to the

nonlinear interaction of the two disturbances.

11

a

1"

a1s

c) Disturbance component (Re=501) d) Total component (Re=501)

Figure 5.44: Velocity components tangential to the constant phase lines for the purely
traveling case (T=18)
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Further evidence for this statement is found from figure 5.44. There, contours
of the velocity component tangential to the constant phase lines are plotted for the dis-
turbance and the total quantity at two Reynolds numbers in the same streamwise region
and at the same time as shown in figure 5.39 for the “higher-frequency” case. Comparing
figures 5.39(c)-(f) with figures 5.44(a)-(d), one observes that the typical primary vortex
structure is obtained in the purely traveling case. The traveling crossflow vortices stretch
far into the outer flow and the fundamental wavelength is clearly dominant. There is
no indication for the presence of the wavelength modulation and the lifting of low-speed
fluid on top of high-speed fluid, as noted in the “higher-frequency” case.

As the last topic in this subsection, the “lower-frequency” case from the nonlin-
ear stability analysis in Section 5.3 will be reconsidered and compared with the “higher-
frequency” case from this section. In particular, the following two questions are intended

to be answered by this study :

e Is there indeed a qualitative difference between the supposedly primary stability
investigation in the “lower-frequency” case and the attempt of modeling the sec-

ondary instability in the “higher-frequency” case ?

e Of which order should the initial amplitude of the stationary disturbance be in

order to allow for the downstream development of a secondary instability ?

First, the relevant parameters for both cases are given again in table 5.10. The main
difference between the input for the two cases is in the specified primary frequency.
There is a factor of 2.5 between the maximal frequencies for the “higher-frequency”
case and the “lower-frequency” case. Additionally, the “lower-frequency” case covers
a wider spanwise wave number range. This, however, is of minor importance for the

interpretation of the results.
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Table 5.10: Parameters for the “lower-frequency” case and the “higher-frequency” case

“Lower-frequency” case “Higher-frequency” case

Modes in 3;-domain 8 4
Modes in w;-domain 8 8

B 04 0.4
ﬂl,max 3.2 1.6
F 0.75 -10—4 2.0-10—
Fmax 0.6-10°3 1.6-10—3
Aginitial 0.100% 0.100%
A: initial 0.014% 0.014%

In figure 5.45, the growth rates based on the disturbance energy and the ampli-

tude evolution of the individual modes are plotted for the two cases. From the plots of

“Lower-frequency” Case “Higher-frequency” Case
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Growth rates based on the disturbance energy
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Figure 5.45: Comparison of the “lower-frequency” case with the “higher-frequency” case
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the growth rates, it can be seen that the initial growth rate of the traveling disturbance is
much higher in the “higher-frequency” case. Comparing the growth rates of the steady
disturbances for both cases with the curve for the purely stationary disturbance, one
notes that the steady disturbance is less modified in the “lower-frequency” case. It is
the slower growth of the lower-frequency disturbance in this case that allows for a longer
growth of both traveling and stationary disturbances. In the “lower-frequency” case, a
saturation of the steady primary disturbance is observed at Re~480, and the traveling
primary disturbance saturates at Re~500. In the “higher-frequency” case, however, both
the traveling and stationary disturbance saturate at Re~460. Also, both primary dis-
turbances show a moderate secondary growth after saturation in the “lower-frequency”
case, whereas the traveling disturbances experience an explosive secondary growth in the
“higher-frequency” case.

The same features can be viewed from a different perspective in the plots of
the amplitude evolution of the individual modes. Due to their longer growth in the
“lower-frequency” case, both the traveling and stationary primary disturbances reach
larger saturation amplitudes in this case. However, the main difference between the
results for the two cases is seen in the growth of the highest frequency modes. Whereas
the modes with F=0.6-10"3 in the “lower-frequency” case tend towards saturation after
a steep growth beyond Re=440, the modes with F=0.6-10"2 in the “higher-frequency”
case show the spike-like growth that was discussed earlier.

Thus, the questions raised earlier are answered as follows. There is qualitative
difference between the two investigated cases that is embodied in the different growth
of the high-frequency modes in the region of the nonlinear saturation of the stationary

disturbance. Thus, the “higher-frequency” case can indeed be referred to as a case
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where secondary instability features are captured. Regarding the second question, it
can be stated that in both cases the initial amplitude of the stationary disturbance
was too small to allow for saturation amplitudes of about A ~20%, as observed for the
purely stationary case. Thus, the obtained saturation amplitude levels for the stationary
u;-disturbance component of A=6% and A=10% for the “higher-frequency” case and
“lower-frequency” case, respectively, are too low to allow for the development of a self-
sustained secondary instability. As stated earlier, the observed features are attributed
to the nonlinear interaction of stationary and high-frequency traveling disturbances.

Summarizing the results of this subsection, one can conclude the following :

e A certain amplitude level of the primary traveling disturbance and the interaction
of steady and traveling disturbances are required to cause the large growth rates
of the high-frequency disturbances. The information about the initial amplitude of
the traveling disturbance cannot be obtained from the temporal analysis, since it

does not consider the spatial evolution of the nonlinearly interacting disturbances.

e If the initial amplitude of the traveling disturbance is far below a threshold ampli-

tude, say As/A, ~ O(100), a primary stability analysis is performed (Case 1).

e If the initial amplitude of the primary traveling disturbance is slightly below a
threshold value, say As/At ~ 0(10), the secondary instability is present in the
flow, but does not grow large enough to severely modify the flow structure and

cause an eventual transition to turbulence (see Case 2).

e If the initial amplitude of the traveling disturbance is larger than the threshold
amplitude, a PSE analysis can capture typical features of the secondary instability

(see Case 3).
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e In order to model the secondary instability further into transition, one might need
to incorporate more modes in both the frequency and the spanwise domain, cluster
the frequency modes closer and up to a higher frequency than predicted by temporal
theory. Also, the initial stationary amplitude might need to be increased in order

to obtain a higher saturation amplitude of the stationary disturbance.

e A temporal investigation of the secondary instability using a local Floquet Theory
misses essential features of the development of the high-frequency disturbances,
like spatial amplitude growth due to nonlinear interaction between the distur-
bances and the presence of a threshold amplitude for self-sustained growth of the
secondary disturbances. However, it can serve as a tool for a prediction of an

existing instability to high-frequency disturbance in the flow.

5.5 Summary

In the preceding chapter, the model problem of Swept Hiemenz flow was studied
using the linear and nonlinear PSE, as well as Floquet Theory. A detailed qualitative
description of the mechanisms leading to the onset of a secondary instability was given,
and quantitative results of temporal and spatial investigations of the secondary instability

were presented. In summary, the following findings need to be pointed out.

Primary Stability Analysis

e The most amplified stationary and traveling disturbances determined using linear

theory were found for 3;=0.3 and F=1.0-10"*.

e The nonlinear evolution of both stationary and traveling disturbances, as well as
their interaction was investigated. Considered were disturbances close to the most

amplified ones (8;=0.4 and F=0.75-10"%).
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e A detailed description of the modifications of the mean flow by the nonlinearly
developing disturbances was presented. In particular, the evolution of a purely

stationary disturbance was investigated.

o For the presence of a purely stationary crossflow vortex, features that indicate the
onset of a secondary instability in the flow were observed beyond Re=480 for rms-
amplitudes of A;=13% and A;=11% for the u;- and w,-disturbance components,

respectively.

Temporal Secondary Stability Analysis

o Investigating a mean flow that is modified by a purely stationary disturbance using
Floquet Theory, several unstable eigenvalues were found in the region of nonlinear
saturation of the stationary disturbances. The frequencies of these eigenvalues are

an order-of-magnitude higher than the most unstable primary frequency.

e For the investigated station at Re=546, no multiple eigenvalues were detected.

Thus, the dominant instability is of a convective type, rather than of the absolute
type.

e Applying the local solution method and artificially decreasing the amplitude of the
primary disturbances, the existence of a link between the unstable secondary eigen-
values and the eigenvalue spectrum of the undisturbed mean flow was examined.
For the chosen Reynolds number of Re=546, a connection could be established for

one particular mode (Mode 1).

e Decreasing the amplitude of Modes 2-4 showed that these eigenmodes join the

continuous spectrum at different values of the imposed amplitude A.
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e The unstable Mode 4 at Re=546 was traced back to its neutral point by gradually
decreasing the Reynolds number. The onset of this secondary instability was found
at Re =~ 475 in a region where the primary stationary disturbances are about
to saturate. The amplitudes of both the u;- and w;-disturbance components of
the stationary crossflow vortex are A= 11%, which is in agreement with the

observations from the primary stability analysis.

e From the observations of a link of unstable secondary eigenvalues to both the linear
eigenvalue spectrum and the continuous spectrum, and from the onset of an inviscid
high-frequency instability due to the highly inflectional character of all modified
mean flow profiles in the region of a saturated stationary crossflow vortex, the
following can be concluded. There exist at least three different mechanisms in the
region of nonlinear saturation that cause the onset of a high-frequency secondary
instability that leads to transition. First, due to the action of the growing nonlinear
disturbances, stable linear eigenmodes are modified such that they develop into
unstable secondary eigenmodes. Second, from the highly inflectional character of
the modified mean flow profiles originates an inviscid high-frequency instability.
Third, due to a not yet investigated receptivity mechanism, disturbances from the
continuous spectrum present in the outer flow enter the boundary layer and cause
high-frequency disturbances. This corresponds to observations by Choudhari et
al. in [39], where they allocate the receptivity mechanism to regions of a strong
variation in the boundary layer thickness. However, it is understood that the
second mechanism represents the dominant path to the transition in a crossflow

instability dominated boundary layer.
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Spatial Secondary Stability Analysis

e Using the quantitative information about the wave number structure and the fre-
quency spectrum of the secondary instability obtained from the temporal theory,
a spatial computation using the PSE was performed in order to capture secondary
instability features of the flow in a more straightforward and physical way (see

Case 3).

o It was was found that for a careful selection of the initial parameters for the pri-
mary stationary and traveling disturbances, it is possible to model the secondary
instability using the PSE. The captured secondary instability is attributed to the
presence of both stationary and traveling disturbances, and to their nonlinear in-
teraction. Evidence for the existence of a self-sustained secondary instability could

not be found.

e The secondary instability features captured for a specification of the initial station-
ary and traveling amplitudes as A;=0.1% and A,=0.014%, respectively, as well as
for a primary frequency of F=2.0-10~* and a fundamental spanwise wave number
of 81=0.4 are described as an explosive growth of the disturbance energy, a spike-
like amplitude growth of the high-frequency modes, and a strong secondary rise of
the mean flow distortion in the region of the nonlinear saturation of the primary

disturbances (see figure 5.38).

e In the region of the spike-like amplitude growth, a mechanism was distinguished
that lifts lower speed fluid away from the wall and on top of the higher speed fluid.

This mechanism is periodic in time according to the PSE formulation.
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e In agreement with a temporal DNS computation by Wintergerste and Kleiser [78]
for the DLR Transition experiment, the existence of a counter-clockwise rotating
secondary vortex close to the wall was observed in the region where the high-
frequency disturbances experience a steep growth (see figure 5.41). Also in accor-
dance with the observations in [78], the existence of several weaker vortices in the
region where the nonlinear interaction of the high-frequency disturbances with the
stationary crossflow vortex dominates the flow was observed. The development of

these vortices eventually leads to the breakdown of the crossflow vortex [78|.

e The observed modulation of the primary stationary wavelength by the travel-
ing high-frequency disturbances (see figures 5.39 and 5.42) agrees with the half-
wavelength periodicity observed theoretically by Fischer and Dallmann [67] and

experimentally by Kohama et al. [27].
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CHAPTER 6

DLR TRANSITION EXPERIMENT

6.1 Introduction

The variety of wind tunnel tests that is usually referred to as the DLR Transition
experiment began in the mid-eighties at the German aerodynamic test and research facil-
ity located in G6ttingen. Under supervision of Bippes, Nitschke-Kowsky [13] conducted
the first experiments on a swept flat plate on which a pressure gradient was imposed
by a suitable aerodynamic displacement body. A generic version of the experimental

setup is shown in figure 6.1. Using endplates, infinite wing conditions were simulated

Dispiacement body

Flat plate l

Figure 6.1: Experimental setup for the DLR Transition experiment (from [2])

such that there was no variation of the mean flow in the spanwise direction. Due to
the presence of a displacement body, the obtained mean flow experiences a favorable
pressure gradient over the entire chord length of the model, and hence, the transition in
the boundary layer is dominated by a purely crossflow-type instability (see Chapter 1).

A detailed discussion of the numerous experiments performed in different environments
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like in a water towing tank, and under various freestream turbulence levels is given by
Deyhle and Bippes in [2]. The conducted experiments were aimed at studying the recep-
tivity and transition mechanisms in a crossflow instability dominated boundary layer.
In particular, they examined the receptivity of the disturbances to surface roughness,
to sound waves, as well as to freestream turbulence, and established a data base for a
variety of initial conditions. For the reason of its very good documentation, the DLR
experiment is of high value for the validation of computational methods and for further
investigation of observed phenomena in the experiments using numerical approaches.

The turbulence level during the experiments considered in this chapter is spec-
ified as Tu=0.15% at a speed of Q3 =19 m/s [2]. Even though this value represents a
fairly benign environment, it is still high in comparison to the turbulence level present
in the experiments performed by Saric et al. [4,29] for which a value of Tu=0.04% at a
speed of Q5,=20 m/s is given by Chapman et al. {31]. Thus, in the DLR experiment,
traveling modes are present in the flow and need to be considered in the computations
when compared with the experimental results. Also, the initial presence of traveling
modes complicates the isolation of the physical mechanisms considerably.

In the present chapter, the focus will be on the linear and nonlinear evolution of
stationary and traveling disturbances, as well as on the secondary instability originating
from a purely stationary crossflow vortex. Two different experiments will be consid-
ered, the details of which are given in relevant sections. According to the experimental
observations by Deyhle and Bippes [2], transition to turbulent flow occurred only for
freestream velocities of Qo > 27 m/s. The experiments which are investigated in this
work were performed at lower freestream velocities, and thus, the considered flows are

transitional, but not turbulent.
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In particular, Section 6.2 will describe the mean flow computation, Section 6.3
presents the linear and nonlinear results from the primary stability analysis, Section
6.4 discusses the findings from a secondary stability analysis using Floquet Theory, and

Section 6.5 summarizes this chapter.

6.2 Mean Flow Computation

The experiments were performed for a freestream velocity of Q3 =19 m/s, a
sweep angle of ¢poo=45°, and a model chord length of ¢c*=0.5m. In order to compensate for
blockage effects and problems with the simulation of infinite swept wing conditions using
end plates, Deyhle and Bippes [2] suggest the use of Q5,=20.5 m/s and ¢»,=43.5° instead.
The computations presented here are done for the latter parameters. Figure 6.2 shows
the measured outer velocity distribution in the chordwise direction that was obtained
by courtesy of the DLR. Noted is the existence of a stagnation point at the plate-fixed

streamwise position of x./c=0.01.

15 —7 T T T T

.s L il 1 L
0.0 02 0.4 0.6 0.8 1.0
xJc

Figure 6.2: Measured outer velocity distribution in the plate-fixed coordinate system
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Previous stability analyses of the DLR experiment [2,3, 18,71, 78,94] modeled
the measured mean flow with an approximate Falkner-Skan-Cooke (FSC)-type solution.
Since this FSC-approximation will be referred to frequently in this chapter, a brief ex-
planation of the essential assumptions will be given first, following the formulation by
Wagner [94]. Using the similarity solution to the boundary layer equations for the flow
across a wedge of an enclosed angle G - 7 to locally approximate the experimentally
observed outer flow distribution along the chordwise coordinate x}, one can write equa-

tion 6.1. The parameter G, is also referred to as Hartree-Parameter and can be expressed

UL ~ ()P L m= g (6.1)

in terms of the pressure coefficient Cp, as in equation 6.2. For a different experiment
than considered in this chapter, the chordwise dependence of the measured pressure

distribution can be approximated by a straight line (see equation 6.2). Further using the

dCp

-1
y Cpl(x1/c) =0.941 —0.845 - x,/c (6.2)
X1 - ax,

By = [0.5 -

similarity coordinate d* = (v* - x}/UZ)!/2, the boundary layer equations can be trans-
formed into a system of two ODE'’s and be solved using a Runge-Kutta method. This
approach yields a base flow that depends only on the local angle of the inviscid streamline
© = tan~![tan @oo/\/T — Cp)] and on the Hartree-Parameter 3,. The advantage of this
method is that it allows for a systematic investigation of the influence of the parameters
fn and © on the crossflow instability. The disadvantage is; however, that it neglects the
existence of a stagnation point at the leading edge of the swept flat plate.

In the present work and in contrast to the above approximate approach, the
mean flow profiles are computed directly from the experimental data. Starting at the

stagnation point, a computational grid of 200x 300 points in the x,- and the x3-directions,
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respectively, is constructed. Both the chordwise and the normal coordinate are uniformly
spaced up to a normal extension of x3=15 which corresponds to about twice the maximum
boundary layer thickness. For the nondimensionalization of the mean flow parameters,
Uz and I§=(v* - x} o/Ug )" /2 are used as the velocity and length-scales, respectively,
where x]  is the streamwise coordinate, and Ug, is the freestream velocity in the x,-
direction at the location where the disturbances are introduced.

In the experiment that will be considered first (experiment I), small roughness
elements were glued to the surface at x{ /c=0.08. These cylindrical elements with a height
of 10 pm and a diameter of 3.3 mm are spaced 12 mm apart in the spanwise direction
in order to stimulate the most amplified disturbances. The influence of the roughness
elements on the mean flow is negligible. Their impact on the downstream evolution of
the disturbances, however, will be accounted for in the nonlinear PSE computations in

Subsection 6.3.2.

Table 6.1: Freestream conditions for experiment I

Chord length ¢ 0.5m

Freestream velocity Q3 20.5 m/s
Reynolds number Re., = Q5 -xj/v* 683,000

Sweep angle ¢ 43.5°

Kinematic viscosity v 15.007-10~% m?/s

Figure 6.3 shows the most important mean flow properties for the freestream
conditions listed in table 6.1. From the distribution of the outer flow given in figure 6.3(c),
the angle of the inviscid streamline ©, the pressure distribution Cp, the Reynolds num-
ber Re=(U? - x{/v*)'/2, and the similarity parameter m=§;~ . %‘% are computed. The
boundary layer thickness shown in figure 6.3(e) is defined at a location where the velocity
component tangential to the inviscid streamline Uf reaches a value of 99.9% of the outer

velocity U¢ ..
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Figure 6.3: Mean Flow properties from experiment and computation
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For the purpose of a qualitative comparison of the present approach and the
FSC-similarity assumption, figure 6.4 shows the similarity and Hartree-parameters ob-
tained from both methods. A direct comparison of the different results is not possible,
since the linear approximation of the pressure distribution applies to a different exper-
iment. However, the qualitative differences are especially seen in the region close to
the stagnation point of the swept flat plate, and in the inflectional variation of £, and
m in the results of the present computation. This variation is due to the chordwise

development of the measured pressure distribution that is not linear.

o Present Computation
e e DLR-FSC-Approximation
1

0.0 Q.2 04 0.6 0.8 1.0

x,/c

Figure 6.4: Similarity parameter from the FSC-assumption and the present computation

Next, the mean flow profiles obtained from the present mean flow computation
are shown at different chordwise positions in figures 6.5 and 6.6. Plotted are the velocity
profiles tangential and perpendicular to the inviscid streamline, U; and U, respectively.
It is seen that the maximum of the crossflow component reaches values between 4% and
8.5% of the freestream velocity. Also, the crossflow component never changes sign, and
hence, the stability of the mean flow is dominated by a purely crossflow-type mechanism

(see Chapter 1).
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Finally, figure 6.7 shows a comparison of the computed mean flow profiles from
the present approach and from the Falkner-Skan-Cooke similarity assumption with the

measured profiles. The agreement of the computed with the experimental data is good.
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Figure 6.7: Mean flow profiles at x;/c=0.4 (experimental and FSC-data from [2])

6.3 Primary Stability Analysis

Since the outer velocity distribution shows a stagnation point at the leading
edge of the swept flat plate, it is necessary to investigate the stability of the attach-
ment line first. The flow along the attachment line must be stable in order to ex-
clude the existence of a leading edge contamination that would cause an early transi-
tion due to this mechanism. Using the local length scale close to the stagnation point
I* = /v*/(dUs/dx})=0.2mm and the constant outer velocity component in the spanwise
direction W2 =QZ, :sin ¢oo=14.11 m/s, the Reynolds number in the spanwise direction
is determined as Re=W, - 1*/v*=188, which is far below the numerically critical value

of Re=583 [93]. Also, Deyhle and Bippes [2] show that the experimentally obtained
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maximal Reynolds number based on the displacement thickness for the present pressure
gradient is well below the critical value for the existence of a Tollmien-Schlichting insta-
bility mechanism in the flow. Hence, another two arguments are found which indicate
that the obtained mean flow is indeed subject to a purely crossflow-type instability.
Before the presentation of the results, the computational grid needs to be de-
scribed. A typical grid configuration for the primary stability analysis consists of 141
points in the wall-normal direction, where the first 71 points are clustered within the
boundary layer according to the grid-stretching equation 5.12. In the region of the outer
flow, the remaining points are distributed uniformly up to a maximum normal extension
of about 20 boundary layer thicknesses. For the marching in the streamwise direction,
a step-size of Ax;=0.005 is usually applied. Here the chordwise coordinate x; starts
at the location of the stagnation point, and the specified step size corresponds to a

discretization of the chordwise direction using 200 points.
6.3.1 Linear Analysis

For completeness, the wave angle ¥ and the angle of the inviscid streamline
© are defined in figure 6.8. The wave angle represents the angle between the wave

Leading edge

Figure 6.8: Definition of the wave angle and the angle of the inviscid streamline
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vector kreal and the inviscid streamline. As for Swept Hiemenz flow, two families of un-
stable disturbances are distinguished that propagate in opposite directions. Next, and
following the procedm;e performed in the investigation of the Swept Hiemenz flow prob-
lem, a local stability analysis of both stationary and traveling disturbances is conducted
first. Thereby, the neutral points and the locally most amplified steady and traveling

disturbances are determined.
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Figure 6.9: Stationary growth rates from a local analysis

In figure 6.9, the nondimensional growth rates o) for stationary disturbances
are plotted versus the spanwise wave number (3; at different chordwise positions. Nondi-
mensionalization is performed using the local length scale ly = m at the
investigated chordwise stations. It can be seen that the unstable wave number range
begins at B; ~ 0.08 for x;/c > 0.20. This wave number is equivalent to a spanwise wave-
length of Ay, >~ 4mm. As observed for the Swept Hiemenz flow problem, the local theory
predicts an increase of the unstable spanwise wave number range in the downstream

direction for the stationary disturbances. The neutral point for the stationary distur-
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bances is found at x;/c=0.067 for 8;=0.174 (Ax,=10.5mm). The locally most amplified
wave number is determined as 5, =0.295 at x; /c=0.40, where the chordwise wave number
is a1=(-0.33509,-0.01401). Table 6.2 contains the locally most amplified spanwise wave

numbers, as well as the corresponding growth rates, dimensional spanwise wavelengths

Table 6.2: Locally most amplified eigenpairs at different chordwise locations (f=0 Hz)

X[/C ) = max. Ax;,a;:max[[nm] Bl.t.n:max. ‘I’a;=max.

0.07 0.00033 10.43 0.177 87.60°
0.10 0.00289 10.92 0.193 87.45°
0.20 0.00858 11.46 0.234 86.89°
0.30 0.01209 11.31 0.269 86.28°
0.40 0.01401 11.23 0.295 86.09°
0.50 0.01387 11.57 0.308 85.70°
0.60 0.01310 12.27 0.309 86.54°
0.70 0.01279 13.02 0.308 86.48°
0.80 0.01317 13.32 0.313 86.18°

and wave angles. It is observed that the wave angle of the most amplified stationary
disturbances remains almost constant in the chordwise direction. The constant phase
lines of the most unstable stationary disturbances are inclined at angles less than five

degrees with respect to the inviscid streamline.
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Figure 6.10: Stationary growth rates and N-factors from a PSE computation
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Next, the most amplified spanwise wave number according to its spatial growth
in the downstream direction is sought. Therefore, starting at x;/c=0.07, disturbances of
a different spanwise wave number are introduced and their spatial evolution downstream
computed. Figure 6.10 shows the growth rates and N-factors based on the u;-component
obtained from a linear PSE computation. The maximal N-factors for the different wave-
lengths are given in table 6.3. The wavelengths in the range of A¢,=11.5 - 12.0 mm are
amplified the most, and for a further investigation of the nonlinear development of the

disturbances, these wave numbers need to be considered.

Table 6.3: N-factors of the most amplified stationary disturbances at x;/c = 0.935

A, [mm] 104 11.0 115 120 125
Nmax  9.773 9.962 9.984 9.980 9.936

Defining the nondimensional frequency F in equation 6.3, the locally most am-
plified traveling disturbance is determined next. In this computation, the procedure

F= ____2”( ['I'_")'zf' (6.3)

described in Subsection 5.3.1 is repeated. Starting from the most amplified spanwise
wave number at f=0 Hz, the frequency is incremented and the new wave number £
computed such that the growth rate o) is maximal for the specified frequency. The
resulting growth rates and wave angles at different chordwise locations are plotted ver-
sus the dimensional frequency in figures 6.11 and 6.12. In table 6.4, the values of the
frequency, the wave angle, the spanwise wavelength and wave number are given at the
locations of the maximal growth rate. Also, the unstable frequency range becomes nar-
rower in the downstream direction in the DLR experiment, which is in contrast to the
observations for Swept Hiemenz flow. Finally, it is noted that the locally most unsta-

ble wavelengths lie within the same range as the wavelengths of locally most unstable
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Figure 6.11: Wave angles and most amplified frequencies at different streamwise locations

stationary disturbances. They cover the narrow band from )., ~10 mm to A., ~15
mm, with an increasing trend in the downstream direction. The locally most unstable
frequency range, on the other hand, covers the fairly wide range from f=125 Hz to f=242
Hz. In agreement with the observations for the Swept Hiemenz flow problem, the locally
most amplified frequency decreases in the chordwise direction. However, the develop-
ment of the unstable frequency range and the wave angle of the most amplified traveling
disturbances is different. In contrast to the closer alignment of the locally most unstable

traveling disturbances with the constant phase lines observed for the Swept Hiemenz
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Figure 6.12: Wave angles and most amplified frequencies at different streamwise locations

flow problem, the wave angle of the most amplified disturbances in the DLR experiment

remains almost constant in the chordwise direction at values of ¥ ~ 75°.

Table 6.4: Locally most amplified eigenpairs at different streamwise locations (f>0 Hz)

x1/c o1 = max. fcn =max [HZ] Broy=max. Axa [Imn] ¥\ =max.

0.10 0.00685 242 0.20826 10.11 76.82°
0.20 0.01467 224 0.23356 11.49 73.70°
0.30 0.01825 200 0.25900 11.76 74.04°
0.40 0.02041 188 0.27512 12.04 74.40°
0.50 0.02027 172 0.27321 13.03 74.84°
0.60 0.01888 150 0.26681 14.23 75.79°
0.70 0.01773 132 0.26754 14.97 76.59°
0.80 0.01759 125 0.27767 15.04 76.86°
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The neutral point of the traveling disturbances is found between x,/c=0.050
and x; /c=0.055 for a spanwise wavelength of Ay, =8.43 mm and a frequency of =268 Hz.
In order to determine the most amplified traveling disturbance according to its spatial
growth in the downstream direction, the behavior of the locally most unstable frequencies
is investigated with a linear PSE computation. Therefore, disturbances of different
frequencies and wavelengths are introduced separately at x; /c=0.05, and their evolution
downstream is computed. The wavelengths for this analysis are chosen corresponding to
the results for the most amplified stationary disturbances.

Table 6.5 shows the maximal N-factors based on the u:-component for distur-
bances of different wavelengths and frequencies. Since the growth of the stationary and

traveling disturbances with the wave lengths of Ay, =11.5 mm, 12.0 mm and 12.5 mm, as

Table 6.5: Maximal N-factors of the most unstable traveling disturbances

f=160 Hz f=170Hz =176 Hz =178 Hz =180 Hz =190 Hz
Ax,=11.5 mm 15.258 15.296 15.314 15.317 15.318 15.301
Ax,=12.0 mm 15.440 15.468 15.480 15.481 15.479 15.460
Ax,=12.5 mm 15.493 15.532 15.335 15.532 15.527 15.473

well as with frequencies in the range of f=176 - 180 Hz is very similar, the disturbances
with A¢,=12.0 mm and f=178 Hz will be specified as the most amplified disturbances
from now on. This choice is in agreement with the experimentally observed values (see
Bertolotti [61]).

Comparing the linear evolution of the most amplified stationary and traveling
disturbances in figure 6.13, it is seen that the traveling disturbances are much more
unstable. The maximal N-factor for the stationary disturbances is N~10 compared to
N=-16 for the most unstable traveling disturbance. Further, the maximal growth rate is

about 60% higher for the traveling disturbance.
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Figure 6.13: Growth rates and N-factors for the most unstable disturbances from a PSE
computation

Next, a linear PSE computation is performed for the most amplified stationary
wavelength of A.,=12.0 mm. Figure 6.14 shows a comparison of the computational
results with measured data of Deyhle and Bippes [2]. The results are presented for
the velocity components in the directions tangential and perpendicular to the inviscid
streamline. Both the locally parallel and linear PSE computation capture the essential

features of the measured disturbance profiles like the triple peak structure and the
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Figure 6.14: Stationary disturbance profiles from experiment and computation at

x1/c=0.60
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maximum location of the cross flow component very well. Despite the good qualitative
agreement of the computed crossflow component with the experimental results, one notes
that the magnitudes obtained from measurement and computation differ by a factor of
two. This was also reported by Deyhle and Bippes and is attributed to measurement
uncertainties because of the existence of spanwise velocity gradients in the crossflow
component of the mean flow [2]. Further, the local theory is predicting a slightly too
high peak location of the tangential component, whereas the linear PSE matches the
experimental data better.

Concluding the linear stability analysis, results from a local analysis are com-
pared with experimental data by Deyhle et al. [18]. Their experiment (experiment II)
was performed for the same experimental setup and outer flow distribution as described
for experiment I, but for a different Reynolds number and without the use of roughness

elements near the leading edge. The freestream conditions are listed in table 6.6.

Table 6.6: Freestream conditions for experiment II

Chord length c 0.5m

Freestream velocity Q>, 20.5 m/s
Reynolds number Res 630,000

Sweep angle ¢ 43.5°

Kinematic viscosity v 16.270-10% m?/s

This experiment was mainly motivated by the need of experimental data for
a comparison of the disturbance propagation direction with the results of the linear
theory. Therefore, they mounted a rotatable insert holding an array of 10 hotfilms at a
streamwise location of x; /c=0.70 into the swept flat plate and measured the wave angle,
the wavelength, the phase speed and group velocity, as well as the direction of the group
velocity for disturbances of three different frequencies. For details of the experimental

setup and the measurement techniques, the reader is referred to [18].
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The relevant mean flow parameters at x; /c=0.7 are Re=527.1, ©=47.5° and
U;=12.91 m/s for the Reynolds number in the chordwise direction, the angle of the
inviscid streamline and the chordwise outer velocity component, respectively. In the
performed local stability analysis, the wave angle, the wavelength and the phase speed
are computed by solving the spatial eigenvalue problem. Considering the temporal eigen-
value problem, the group velocity is computed. The quantities are determined according
to the definition in equations 6.4, 6.5 and 6.6, or as in figure 6.8 for the wave angle V.
The generally complex vector of the group velocity is real at points of maximal amplifi-
cation [22] and consists of the components given in equation 6.5. In the following, the

procedure to determine the group velocity will be described. First, an eigenpair wy,

2w 27 w
A= = y Coh = — (6.4)
\/a%.real + ﬂf ,kreall P lkreall
a 5/ '
() W
Cor = (55) (6.5)
& { (aal,rezﬂ)ﬁl —const. a6 al.n‘,:const.}
2
Ow dw \?
Cyr = |Cpr| = +(——) (6.6)
# l i ( aa Lreal ) 31=const. aﬂl Q@] reaj=coONSL.

B1,0 and a; g is determined such that the growth rate is maximal. For this first step, the
spatial eigenvalue problem is solved. Second, a; g is incremented and a new eigenpair wi,
fh,0 and ) is found from the temporal approach. Third, £, g is incremented and another
eigenpair wp, f1,1 and o) g is determined from the temporal eigenvalue problem. Now, the
components of the real group velocity vector can be computed from the results of steps
two and three, and the locus of the group velocity is formed according to equation 6.6.
In figure 6.15, the wave angle ¥ relative to the angle of the inviscid streamline,
the phase speed Cpp, and the group velocity Cg, are plotted for both unstable disturbance

families. The symbols denote different experimental runs and the numbers of the hotfilms
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(HF) the plotted data points were measured with. The results are presented for the most
unstable wave at a fixed frequency. Between the two modes with positive and negative
By, the mode with a positive spanwise wave number has the largest growth rate. It is
this family with a positive 3, that seems to match the experimental results reasonably
well. The results obtained by the spatial eigenvalue problem show a better agreement
with the experiment than for the temporal group velocity results. However, Deyhle et
al. [18] report experimental uncertainties in determining the group velocity, which might

also account for the deviations in these results.
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Figure 6.15: Wave angle, wavelength, phase speed and group velocity from a local anal-
ysis and the experiment at x; /c=0.70
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6.3.2 Nonlinear Analysis

In this subsection, experiment I will be reconsidered. Having determined the
most amplified stationary and traveling disturbances from a detailed linear stability
analysis in the previous subsection, the nonlinear interaction of these disturbances will
be investigated next. Since the present PSE formulation does not include the receptivity
to freestream turbulence or surface roughness, the initial amplitudes of the disturbances
are matched with those given by Bertolotti [61] at x;/c=0.1 in order to account for the
presence of the roughness elements. Here, the amplitude is defined as A = |u;|max/Uco-
For a choice of Asy = 0.04% at the location where the disturbances are introduced,
the same value for the averaged disturbance component along the inviscid streamline
Weang,avg = (Utang,max — Utang,min)/2 at x1/c=0.1, as shown by Bertolotti [61], is obtained.
The subscripts max and min stand for the maximum and minimum value of an average

in the spanwise direction. Figure 6.16 shows both the calculated linear and nonlinear
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Figure 6.16: Linear and nonlinear growth rates and N-factors (A(,=12 mm, f=178 Hz)

growth rates, as well as the N-factors for the most amplified modes. The obtained values

for the most amplified spanwise wavelength A ,=12 mm, the most amplified frequency
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f=178 Hz, and the maximum N-factor of N=216 for the traveling disturbance agree with
previous work [61]. For the nonlinear computations in this section, eight modes in the
spanwise direction and four modes for the frequency are included. Shown in figure 6.17

are the measured and computed evolution of the disturbance amplitudes along the
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Figure 6.17: Amplitude growth from experiment and computation

chord. As reported by Bertolotti [61] and previously in Section 5.3, it is seen from
figure 6.17 that the purely stationary disturbance saturates at a higher amplitude level
and a later streamwise location than in the experiment. Therefore, a small amplitude
traveling disturbance with the most amplified frequency of f=178 Hz is included in the
computations (A,=0.004%). It is observed that the saturation onset is now predicted
slightly late, but the experimental saturation amplitude is matched well. Also, a strong
secondary growth of the stationary disturbance in the case where stationary and traveling
disturbances interact is seen in curve 4b of figure 6.16. This secondary growth also shows
in the amplitude evolution in figure 6.17 and seems to be evident in the experimental

data as well.
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Next, the spatial development of the crossflow vortices is described. Figure 6.18

shows the u;-disturbance component at x,/c=0.5, 0.6, and 0.7 for both the purely sta-
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Figure 6.18: Chordwise disturbance quantity u; from experiment and computation
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tionary and the interaction case, as well as the experimental data at x; /c=0.6. It can be
seen that the purely stationary vortices from the computation at x; /c=0.6 are further
developed than the measured vortices. Both their extension in the normal direction and
their degree of distortion are over-predicted. In the interaction case, however, the normal
extension of the vortices has decreased to the experimental value, but the structure of
the vortices is more distorted than shown in the experimental results. This difference
may be attributed to the longer growth of the disturbances in the computation that

results into an earlier roll-over of positive and negative disturbance components.
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Figure 6.19: Shape functions of the individual modes at two streamwise locations
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In order to further describe the purely stationary vortex that will be investigated
for its instability to three-dimensional high-frequency secondary disturbances in the next
section of this chapter, the shape functions of the individual modes and the total velocity
component tangential to the stationary vortex are shown at different spanwise positions
in figures 6.19 and 6.20, respectively. There, u; and w; are the velocity components in
the Galilean coordinate system, oriented perpendicular and tangential to the constant
phase lines. For the two selected streamwise positions, it can be seen in figure 6.17

that the stationary disturbances are about to saturate at x;/c=0.6 where they reach
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Figure 6.20: Total flow quantity tangential to the constant phase lines
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amplitude levels of As, =~ 20%. At x;/c=0.7, however, they are fully saturated at an
amplitude level of Ag, ~ 30%. As also observed for Swept Hiemenz Flow in Section
5.3, figure 6.20 shows that highly inflectional profiles are present at both streamwise
locations. Comparing the results presented in figure 6.19 with the shape functions for
Swept Hiemenz Flow in figure 5.16, one notes the very similar shape and even magnitude
of the individual shape functions in this region of nonlinear saturation of the stationary

crossflow vortex.
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Figure 6.21: Evolution of crossflow vortices (Stationary vortex)

Summarizing the previous plots and visualizing the spatial development of the
flow in the region of nonlinear saturation, the development of the crossflow vortices for
both the purely stationary and the interaction case is plotted in figures 6.21 and 6.22.

Shown are the contours of the total velocity component in the chordwise direction in
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the region between 50% and 70% chord length, where the nonlinear interaction of the
disturbance components dominates the physics of the flow. Clearly observed are the

developing distortion of the boundary layer at x, /c=0.50, and the roll-up of the vortices

in the positive spanwise direction in the purely stationary case.

Figure 6.22: Evolution of crossflow vortices (Interaction case at T=0)

Finally, the footprint of the crossflow instability on the surface of the swept flat
plate is visualized in figure 6.23. Shown is the experimental result obtained using an
oil flow-visualization technique in comparison with the numerical result. In figure 6.23,
the plotted disturbance vorticity pattern at the wall caused by a stationary crossflow
vortex is obtained using equation 5.18. Even though there is some fine detail missing in
the computational results for the later chordwise positions, the experimentally observed

spacing and alignment of the vortex streaks are captured very well.
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Figure 6.23: Oil flow-visualization of the crossflow instability in the DLR Transition
experiment (from [3]) and the computed wall vorticity pattern
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6.4 Secondary Stability Analysis

This section presents the results from a secondary instability analysis of a basic
flow that is modified by the existence of a stationary crossflow vortex. In particular, the
purely stationary case of the experiment I studied in the previous section will be recon-
sidered. Temporal analyses using Floquet Theory are performed at the two chordwise
locations x;/c=0.6 and x;/c=0.7. At x;/c=0.6, the averaged stationary disturbance
component tangential to the inviscid streamline utangavg With an initial amplitude of
Asu ~ 0.1% at x;/c=0.1 has reached an amplitude level of Ag, = 20% and is almost
saturated. Even though some moderate secondary growth of the purely stationary dis-
turbance is observed beyond x;/c=0.7 (see curve 2 in figure 6.16), utang,avg is considered
fully saturated at x;/c=0.7 at an amplitude level of As, = 25%.

Special attention will be directed towards the existence of multiple eigenvalues
in the considered region of nonlinear saturation. Deyhle and Bippes [2] report from
their experiments in a water towing tank an almost explosive growth of unsteady modes
that immediately leads to transition. In [2], they compare this explosive growth to a
bursting of individual stationary vortices. Additionally, they mention the appearance of
high-frequency disturbances riding on the primary disturbances from the measurements
in the experiment considered here (experiment I). The measured frequency of these
traveling disturbances is specified as f=2100 Hz.

The computational grid for these computations is similar to the grid used in
the Swept Hiemenz flow analysis. The boundary conditions are enforced at about seven
boundary layer thicknesses, and a total number of 81 points is distributed in the do-
main according to grid stretching equation 5.12. Table 6.7 shows the results of a grid

refinement study at x;/c=0.6. The results for the temporal wave number o3 obtained
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for different iteration options vary only in the fourth decimal place, and thus, the grid

resolution is considered satisfactory.

Table 6.7: Grid study at x; /c=0.6, a3=-0.201, 33=0.35, Mode=1

A-Grid Points Equation X3 max Mode o3
8 71 continuity 44 -1 (0.018000,-0.919902)
6 71 continuity 42 -1 (0.018152,-0.919944)
10 71 continuity 46 -1 (0.018299,-0.919952)
8 81 continuity 45 -3 (0.018195,-0.919669)
6 81 continuity 43 -3 (0.018187,-0.919800)
8 81 continuity 45 -1 (0.018195,-0.919669)
6 81 continuity 43 -1 (0.018187,-0.919800)

Pursuing the sequence of global and local eigenvalue computations as described
in Section 4.4, the chordwise location of x;/c=0.6 is examined first. It turns out that
there exist more unstable eigenvalues at this location than found for Swept Hiemenz flow.
The unstable eigenvalues appear densely clustered in the wave number range between
B3=0.1 and B3=0.4 corresponding to the wide frequency range of f=500 Hz up to f=4000
Hz. The results for the secondary growth rates and frequencies of three selected modes
are plotted in figures 6.24 and 6.25. The development of the eigenfunctions with a
varying wave number tangential to the constant phase lines 33 was followed closely in
order to assure that the plotted eigenvalues indeed belong to the same family of unstable
secondary eigenmodes. In contrast to the Swept Hiemenz Flow problem, where neither
multiple eigenvalues, nor crossing growth rate curves could be found at the investigated
locations, it can be seen in figure 6.24 that the given growth rate curves of the different
modes cross. This indicates that the absolutely unstable modes found by Koch [68] for
Blasius boundary layer flow might be also present in this three-dimensional boundary
layer flow. Table 6.8 lists the secondary growth rates, the wave numbers (3, the wave
angles of the secondary disturbances according to the definition in Section 4.4, as well

as the dimensional frequencies at the points of maximal amplification for the considered
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modes. Here, a3 denotes the wave number in the X;-direction of the Galilean coordinate
system (see Chapter 4.4). It is observed that the wave angles of the most amplified

secondary disturbances agree with the results for Swept Hiemenz flow.
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Figure 6.25: Secondary frequencies at x;/c=0.6
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Table 6.8: Parameters for the most unstable modes at x; /c=0.6, (a3=-0.201)

73, max B33,.¢3=max ‘1’2.03 —max foy=max [HZ]

Mode 1  0.018001 0.35 -29.9° 3117
Mode 2 0.032616 0.35 -29.9° 2933
Mode 3  0.001906 0.19 -46.6° 1451

Further, figure 6.26 shows the total shape functions of the most unstable sec-
ondary modes at x;/c=0.6. Plotted are the normalized shape functions of the distur-
bance velocity components for the most amplified wave numbers 3. Comparing the
shape functions of the unstable modes in the Swept Hiemenz flow problem at Re=546
and (33=0.8 (see figure 5.25) with the shape functions shown in figure 6.26, the following

is noted. First, the shape functions at Re=546 are fuller than the profiles obtained here.

Mode 1 Mode 1 Mode 1
3 3 3
x._, 2 \ x:l 2 xa 2
X v S v — GX ) 0 LY. v 2 v3 [ XX ] o b (X] LP)
Mode 2 Mode 2 Mode 2
k) k 3
Xy2 X2 X32
1 1 1
LY SV S Y Y | To T s 2 T3 T ¥ p—') ) LH] 32
4 4 4
Mode 3 Mode 3 Mode 3
3 3 3p
X2 X2 X2
1 1 1
o—ar%7i of 0% o Y S RS v Y S ¥ g 85 3 32
|ﬁ3l/|‘i’3|max IV.V3'/|W3Imax |‘73|/|‘i’3|max

Figure 6.26: Total shape functions of the most unstable modes at x;/c=0.6, (a3=-0.201,
normal axis in millimeters)
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This is attributed to the higher amplitude level of the stationary disturbances in the
Swept Hiemenz flow problem (As,u=24% at Re=546; As,=20% at x;/c=0.6). Second,
all the shape functions at x;/c=0.6 show a strong maximum at a height of X3 ~ 1 mm,
which is equivalent to about 30% of the boundary layer thickness at this location and
can be interpreted as a formation of shear layers near X3 ~ 1 mm.

From figure 6.25 and as observed for Swept Hiemenz flow, it appears that
a linear frequency dependence on the wavenumber 33 can serve as a first guess for a
distinction of the different modes. For closely clustered eigensolutions, however, only an
additional comparison of the eigenfunctions can be a conclusive test. It is also noted
from figure 6.25 that the frequency curves of Modes 1 and 3 cross at the same wave
number B3 = 0.15 as the corresponding growth rate curves in figure 6.24 (see Point
1.). Hence, the existence of a multiple eigenvalue at this wave number needs further
investigation. The temporal wave number at the location where Modes 1 and 3 cross
is 03=(0.00146,-0.33792). This corresponds to a dimensional frequency of f=1145 Hz,
which is about six times the most amplified frequency. In contrast, the dimensional
frequencies at the o3-locations where Modes 1 and 2 cross at 83 = 0.5 are f=4561 Hz
and f=4291 Hz for Mode 1 and 2, respectively. Even though the growth rates are similar
at this wave number, the difference in the frequency is considered too large to suspect a
multiple root there.

In figures 6.27 - 6.29, the eigenfunctions of the two crossing Modes 1 and 3 of
figure 6.24 are plotted at three wave numbers at and near the point of their crossover. It
is seen that the shape functions of all disturbance quantities are very similar close to the
crossover location at 33=0.15. Further, the development of the shape functions of both

modes with an increasing wave number tangential to the constant phase lines indicates
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Figure 6.27: Total shape functions near the multiple eigenvalue at x, /¢=0.6, (a3=-0.201,
(3=0.125, normal axis in millimeters)
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that the two modes indeed coincide. Hence, the existence of a multiple eigenvalue at
x1/¢=0.6 can be concluded. The experimentally observed time-dependent occurrences of
an explosive growth of traveling disturbances might be related to this result. Obviously,
the current investigation of a crossflow vortex that originates from a purely station-
ary disturbances does not fully capture the quantitative features of the experimentally
obtained mean flow, since it over-predicts the saturation amplitude (see Section 6.3).
However, the same qualitative features as in the previously computed interaction case
that matched the experiment well, like a strong spanwise and streamwise distortion of the
boundary layer in the studied saturation region, are also present in the purely stationary
case.

In order to also examine other points in the flow for the existence of multiple

eigenvalues, the chordwise location x;/c=0.7 will be considered next. Investigating the

0035 . . . r

—— Mode 1 ]
===~ Mode2 |
-—-f&-=- Mode3 ]

0030 |

0025 |

0020 |

Gs,real
0.015

Y

0010 |

0.005 |-

0.000

0.005 L . .
0.0 05 1.0

B,

Figure 6.30: Secondary growth rates at x;/c=0.7

same frequency range as at x;/c=0.6, several unstable modes are determined. Out of

these, three modes will be examined more closely. Figures 6.30 and 6.31 show the growth
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rates and frequencies of those modes. It can be seen that the unstable wave number
range increased significantly in comparison to the previously investigated location. On

the other hand, the obtained growth rates at x;/c=0.7 are of the same magnitude as
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Figure 6.31: Secondary frequencies at x,/c=0.7

the growth rates at x;/c=0.6. This is in contrast to the observed linear growth of the
secondary disturbances in the Swept Hiemenz flow problem. However, since there are

several unstable eigenmodes present at this chordwise location, the modes considered at

Table 6.9: Parameters for the most unstable modes at x; /c=0.7, (a3=-0.200)

03,max BS,a';:max q".!.a;:max fag:max [HZ]
Mode 1 0.029947 0.250 -38.7° 2250
Mode 2 0.021711 0.450 -24.0° 38635

Mode 3 0.018223  0.325 -48.0° 2856

x1/c=0.6 and at x;/c=0.7 might not belong to the same families. Table 6.9 shows the

maximal secondary growth rates, the wave numbers 33, the wave angles of the secondary
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disturbances and the dimensional frequencies for the considered modes. As observed at
x1/c=0.6, it is seen that the wave angles of the most amplified secondary disturbances
agree with the results for Swept Hiemenz flow. Moreover, the frequency of f=2250 Hz
for the most unstable wave number 33 of Mode 1 is close to the measured frequency of
the secondary instability in the experiment (f=2100 Hz) [2].

Next, the total shape functions of the most unstable wave numbers tangential to
the constant phase lines at x; /c=0.7 are shown in figure 6.32. Plotted are the normalized

shape functions of the disturbance velocity components. Noted is a strong qualitative
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Figure 6.32: Total shape functions of the most unstable modes at x; /c=0.7, (a3=-0.200,
normal axis in millimeters)

difference between the shape functions at x;/c=0.6 and at x,/c=0.7. First of all, the
shapes are much fuller at x; /c=0.7, which might be due to the higher amplitude level of

the stationary disturbance at this location. Second, the shapes are much more oscillatory
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at x;/c=0.7. In order to ensure that the obtained results are not due to numerical

oscillations, various runs for different grids were performed. It turns out that the plotted

shape functions indeed represent grid-independent solutions. Third, the disturbance

component of the normal velocity (v3) is now of the same order as the the disturbance

velocity component perpendicular to the stationary crossflow vortex (u3). A discussion

of this qualitative difference between the results for similar modified mean flows for the

Swept Hiemenz flow problem and the present investigation is given in the summary of

this chapter in Section 6.5.
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Figure 6.33: Shapes of the secondary instability eigenfunctions for Mode 1 at x;/c=0.7
(B3 = 0.25, normal axis in millimeters)

In order to complete the portrait of the most unstable secondary disturbance

found at x; /c=0.7, figure 6.33 shows the shape functions of the individual Fourier com-
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ponents for Mode 1 at 53=0.25. It is seen that the dominant (-2) and (-3) Fourier modes
of the wall-parallel disturbance components u3 and w3 reach their maximal values at
X3 ~ 3 mm, which corresponds to the boundary layer thickness at this chordwise lo-
cation. Further, particularly the w3-disturbance component consists of very oscillatory
Fourier components.

Since the growth rate curves of the investigated modes at x; /c=0.7 show similar
crossovers as observed at x;/c=0.6 (compare figures 6.24 and 6.30), the existence of
multiple eigenvalues at the chordwise location of x; /c=0.7 will be investigated next. As
seen from figure 6.30, the growth rate curves of Modes 1 and 2 cross at $3=0.125 and
(3=0.375, and the curves of Modes 2 and 3 in the range of 33 ~ 0.3. Further, the growth
rates of Modes 1 and 3 are similar at 33 > 0.5.

However, since the frequency curves are close to each other only for 83 < 0.4 (see
figure 6.31), the investigation will be restricted to the above three crossover locations.
Table 6.10 shows the values of the temporal wave number o3 for the relevant modes and
wave numbers. The corresponding total shape functions of the disturbance components

tangential and perpendicular to the constant phase lines are plotted in figure 6.34.

Table 6.10: Temporal wave numbers o3 at crossover points (x;/c=0.7)

B3 0.125 0.275 0.375
Mode 1  (0.005516,-0.303645) - (0.020089,-1.014967)
Mode 2 (0.005322,-0.292697) (0.0166478,-0.688554) (0.019954,-0.944205)
Mode 3 - (0.0156597,-0.708947) -

From figure 6.34, it can be seen that the eigenfunctions of the different modes at
the crossover points are similar, but there are still qualitative differences. It is concluded
that in contrast to the previously investigated chordwise location, no multiple eigenvalues

were found at x; /c=0.70.
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Concluding the secondary instability analysis of the DLR Transition experi-
ment, the structure of the secondary instability at x;/c=0.60 will be examined. Con-
sidering the mode with the highest frequency at that chordwise location (Mode 1), fig-
ure 6.35 shows contours of the amplitude of the secondary eigenfunction tangential to
the constant phase lines |w3| for the most amplified wave number 33=0.35, and iso-lines
of the modified mean flow component in that direction in the Galilean coordinate sys-

tem. The temporal analysis of the isolated frequency f=3117 Hz of Mode 1 predicts a

) — r -

30 ]

Figure 6.35: Contours of |w3| and W3 at x; /c=0.6 (axis in mm)

structure that is completely detached from the wall. The secondary instability rather
rides on top of the primary crossflow vortex having two maxima at X3 ~ 1.8 and %3 ~
2.2. This observation is in full agreement with the results of the temporal secondary
instability analysis for Swept Hiemenz flow (see figure 5.33). Taking a cut in the hori-
zontal (X;,X2)-plane at the normal location of X3=2.2, the secondary instability structure

is viewed from the top in figure 6.36. Here, the point (X;=0, X,=0) coincides with the
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chordwise location of x;/c=0.6. Plotted for two periods in the X,- and the %X;-directions
are contours of the real part of the secondary disturbance component w3. Further, the
wave angle U5 = tan~!(a3/B;) of the secondary structure is shown. The secondary
structure is of an elongated shape that aligns with the angle of secondary disturbance

waves.

-15 -14 -13 -12 _ -1 -10 -9 -8

Figure 6.36: Contours of w3 at x;/c¢=0.6 and X3=2.2mm (a3=-0.201, £$3=0.35)

Superimposing the secondary structure on a modified mean flow component
W, that is assumed to be constant in the X;-direction, the total low component tan-
gential to the constant phase lines W3 = W2 + w3 is obtained. Shown in figure 6.37
is a top view of W3 contours at the same normal location of X3=2.2 as in figure 6.36,
where the secondary structure is assigned an amplitude of 1%. The dark patches cor-

respond to lower-speed fluid traveling on the crest of the primary crossflow vortices in
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the xp-direction. Depending on their assigned amplitude, these secondary structures can

severely modify the ordered primary structure of the stationary crossflow vortex.

Figure 6.37: Contours of W3 at x;/c¢=0.6 and X3=2.2mm

From the observations in figures 6.35 - 6.36, it seems that the structure of a
single-frequency secondary instability is well defined and might be detected in experi-
ments, if care is taken as to where the measurements are performed in the boundary
layer. However, the results from the secondary instability investigation of the Swept
Hiemenz flow problem using the PSE indicate that the secondary instability structures
might be more intricate in the presence of more than one unstable high frequency (see

figure 5.39).

6.5 Summary

In the present chapter, two different experiments out of the test series known

as the DLR Transition experiment were investigated using the linear and nonlinear PSE,
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as well as Floquet Theory. Computing the mean flow directly from the measured outer
velocity distribution, the results from both the performed detailed linear stability anal-
ysis, as well as from the nonlinear computations are found in good agreement with the

experiment. In summary, the following points need to be emphasized.

Primary Stability Analysis

e The most unstable disturbances found from a linear PSE computation have a
wavelength between A,,=11.5 mm and Ay,=12.5 mm and are in the frequency range
of f=176 - 180 Hz. These values are in excellent agreement with the experimental

results.

e In contrast to the Swept Hiemenz flow problem, the wave angle of the most am-
plified disturbances found from a local analysis remains almost constant for both

the stationary and the traveling disturbances at ¥=86° and ¥=75°, respectively.

e Also in contrast to the results for Swept Hiemenz flow, the range of the unstable
frequencies becomes narrower in the downstream direction. Close to the neutral
point of the traveling disturbances, the unstable range covers the frequencies from
f=0 Hz up to f~500 Hz. At the chordwise location of x; /c=0.80, it has shrunk to

a range from f=0 Hz to f~330 Hz.

e A good agreement of the disturbance profiles obtained from the linear PSE analysis

with the measured disturbance profiles was found at x; /c=0.60.

e The results from a local spatial stability analysis at x; /c=0.70 compare well to the
experimental data for the wave angle, the wavelength and the phase speed of the
disturbances by Deyhle et al. [18]. The discrepancies in the temporal stability re-

sults for the group velocities might be attributed to experimental uncertainties [18].
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e As in the Swept Hiemenz flow investigation, including a small amplitude traveling
disturbance in the nonlinear PSE computation and allowing for the nonlinear inter-
action of stationary and traveling disturbances decreases the saturation amplitude
in comparison with a purely stationary case. The results of this computation are

in good agreement with the experimental results for the disturbance amplitudes.

Temporal Secondary Stability Analysis

The results from the temporal secondary stability analysis in the region of the
nonlinear saturation of a purely stationary disturbance performed for Swept Hiemenz
flow and the DLR Transition experiment show both similarities and qualitative differ-
ences. Summarizing the results of the Floquet analysis for DLR experiment first, a

comparison of the two considered problems will be given at the end of this section.

e At the chordwise location of x;/c=0.60 in the DLR experiment (experiment I),
several unstable eigenvalues were found. Out of these, three mode families were

investigated closer.

¢ The maximal growth rate of the examined secondary disturbances was determined
as 03 rea1=0.0326 for a wave number tangential to the stationary vortex of 33=0.35
and a frequency of f=2933 Hz. This secondary growth rate compares to a max-
imal primary growth rate of ,=0.0225 for the traveling disturbance in the case
where stationary and traveling disturbances interact nonlinearly (see curve 4a in

figure 6.16).

e The existence of a multiple eigenvalue at x;/c=0.60 was confirmed. This obser-
vation might explain the experimentally observed phenomena of a time-dependent

explosive growth of the traveling modes [2].
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e At the chordwise location of x;/c=0.70 and for the same frequency range as at
x1/c=0.60, several unstable eigenvalues were determined. Again, three out of these

modes were investigated in detail.

e The shape functions of the most unstable disturbances at x;/c=0.70 are quali-
tatively different from the results at x;/c=0.60. This difference is especially at-
tributed to the following observation. The experimentally measured saturation
amplitude is largely over-predicted by a purely stationary computation. There-
fore, the results of the Floquet analysis at x;/c=0.70 are assumed to over-predict
the secondary instability. This over-prediction also shows in the obtained shape
functions at this location which represent almost turbulent features, as the magni-
tudes of the wall-normal and wall-parallel disturbance velocity components are of
the same order, and the profiles are very oscillatory. In contrast, the experimental
observations [2] show that no transition to turbulence was detected for the here

considered freestream velocity.

e At both investigated chordwise locations, the wave angles of the most unstable
secondary disturbances closely correspond to the results from the investigation of
the Swept Hiemenz flow. The most amplified secondary structures are inclined at
angles between W;=-24° and ¥,=-48° with respect to the direction of the constant

phase lines.

The differences in the results of the temporal secondary instability analysis for
the Swept Hiemenz flow problem and the DLR Transition experiment are found in the
existence of an absolute instability in the DLR experiment only, and in the qualita-
tively different shape functions of the secondary eigenmodes at Re=546 and x, /c=0.70.

Discussing these differences, a comparison of the two mean flows is provided first. A char-
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acteristic parameter for the strength of the crossflow instability mechanism is given by

the Crossflow-Reynolds number defined in equation 6.7. There, [U?|max is the maximum

Recs = |Uglmax - 0g.1/v° (6.7)

of the crossflow mean flow component, and 43 ; is the normal coordinate where the cross-
flow velocity has dropped to 10% of its maximal value. From figure 6.38 can be seen
that the Crossflow-Reynolds numbers obtained in the DLR experiment are lower than
for the Swept Hiemenz flow problem at the streamwise locations of interest. A value of
Recs=151 at x;/c=0.70 for the DLR experiment compares to Re.=175 at Re=550 for
the Swept Hiemenz flow. Hence, it can be stated that the crossflow instability mecha-

nism present in the Swept Hiemenz flow problem is slightly stronger than in the DLR

experiment.
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a) Swept Hiemenz flow b) DLR Transition experiment

Figure 6.38: Crossflow-Reynolds numbers of the basic flow

Second, other differences between the two considered cases are found in the
wave number perpendicular to the constant phase lines 3. For the Swept Hiemenz flow
problem, the wave number a3 at Re=546 takes a value of a3=-0.508, whereas its value

at x;/¢=0.70 is a3=-0.200 in the DLR experiment. However, the inclination of the most
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amplified secondary disturbances with respect to the constant phase lines is of the same

order for both problems (see values of ¥, above).
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Figure 6.39: Normalized total shape functions from the DLR experiment and Swept
Hiemenz flow
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Third, the eigenfunctions for the two problems are compared at the chord-
wise locations of interest. Sampling 100 disturbance profiles over one wavelength in
the X;-direction, an average of the absolute value of the total disturbance quantities in
the Galilean coordinate system obtained from a nonlinear PSE computation is taken.
The figures 6.39 (a-c) show the results for the disturbance components tangential and
perpendicular to the stationary vortex, w; and {,, respectively. Despite the different
magnitudes of the disturbance profiles at x;/c=0.60 and x;/c=0.70, no qualitative dif-
ference between the plotted profiles is noted. Particularly similar are the disturbance
profiles at x;/c=0.70 and Re=546, which are the two locations where the differences in
the results for the shape functions were found.

Thus, no strong statement about the origin of the observed differences between
the temporal secondary instability results at Re=546 for the Swept Hiemenz flow prob-
lem and at x;/c=0.70 for the DLR Transition experiment can be made. Some hints about
their origin are seen in the different Crossflow-Reynolds numbers for the two problems
and the much stronger curvature of the inviscid streamline present in the DLR experi-
ment. The fact that there were no multiple eigenvalues found at the studied locations of
the Swept Hiemenz flow problem might be explained in a recent linear stability analysis
by Lingwood [56]. There, Lingwood determined a critical Reynolds number for the de-
velopment of an absolute chordwise instability as Re=545, which is above the specified

value in the present work.
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CHAPTER 7

IMPLICIT SOLUTION OF THE NONLINEAR PSE

7.1 Introduction

The explicit solution method as presented in Chapter 4 has been shown to be
very accurate and efficient in flow regions where the nonlinearity is not yet strongly
developed, and hence, the gradients in the flow field are still moderate. In these regions,
it typically takes three to five iterations on the streamwise wave number, and two to four
iterations on the nonlinear terms per station to obtain a converged solution.

However, once the disturbances have grown to significant amplitude levels and
nonlinearity becomes a dominant feature of the flow, the number of iterations increases
drastically and the solution eventually ceases to converge. In fact, only an implemented
successive under-relaxation (SUR) for the iteration on the nonlinear terms allows for
convergence in the later region of nonlinear disturbance growth. There, and for typical
SUR-parameters of 0.25 and 0.125, it takes up to 200 iterations on the nonlinear terms
until the solution converges at a particular streamwise location.

There are two possible reasons for the convergence problems of the explicit
solution method in the highly nonlinear region. First, the iteration on the streamwise
wave number might not converge due to very rapid changes in both the wave number
phase and its amplitude part. This implies that the PSE assumption of a small amplitude
variation in the streamwise direction is violated, and hence, the convergence problems
are due to the physics of the flow. Second, the iteration on the nonlinear terms might

not converge. In the highly nonlinear region, the different disturbances do not grow

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205

linearly on their own, but their growth is more dominantly influenced by their nonlinear
interaction. The lagging between the iteration on the specified primary disturbance
and the subsequent update of all other nonlinear terms applied in the explicit iteration
method (see Chapter 4) disrupts that nonlinear interaction and is the reason for the
convergence problems. In that case, an implicit solution method that computes all the
nonlinear terms simultaneously would improve the convergence of the nonlinear iteration.

The present chapter presents an implicit approach to the solution of the PSE.
The details of this recently developed and very robust solution method are explained in
Section 7.2. An application to Swept Hiemenz flow and a comparison of the efficiency

and robustness of the two solution methods will be presented in Section 7.3.

7.2 Solution Method

The solution method was developed by Balakumar in 1997 and is documented
in Referecne [95]. For simplicity, and since the investigation of the passive laminar flow
control using leading edge roughness assumes that the stationary modes are dominating
the traveling disturbances, the derivations in this section will be restricted to the steady
case.

As a starting point, consider the nonlinear PSE for each Fourier mode in matrix

form as derived in Chapter 4 (equation 7.1). However, in contrast to the explicit method

& o1 a1 Zae b Sm
A m B m C ~ — D —m _— _— 7.1

where the vector of the nonlinear terms Sp, is obtained from a computed FFT, it is
here determined by performing a summation of all the Fourier modes and collecting
only the contributions to the m*®-mode. Expressing the x;-component of vector S as in

equation 7.2, the terms contributing to the m*®-Fourier mode are written in equation 7.3.
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(7.3)

Writing the other components of S similarly, the nonlinear system (equation 7.1)
is solved using the two-point fourth-order-accurate compact scheme. In order to utilize
the Euler-McLaurin formula (equation 4.19), the system of nonlinear PDE’s needs to be
rewritten as a system of linear ODE’s. This is accomplished by linearizing the system
over a one-term expansion, as explained in the following.

Considering a new vector of unknowns §m as in equation 7.4, the nonlinear
system (equation 7.1) can be rewritten for each normal location k as in equation 7.5.
In the present stationary case, q and F are {6x(2-M+1)} column vectors. From equa-
tion 7.5, the second derivative with respect to the wall-normal coordinate is written in
equation 7.6. Substituting equations 7.5 and 7.6 into the Euler-McLaurin formula (equa-

tion 4.19), one obtains equation 7.7 for the Fourier mode m at each normal location.

_ ., ouy, . Ows, . .
qm={ulm’ 6x13 ' W3 3}(33 ’v3m7p3m}T ? m=_M7"’7M (7-4)
‘_i:n = Fm(ﬁma X3) (7-5)
- OFm OFn
q;’n = 6x3 + —a—_—F ; = {F_M, ,FPIEI}T (76)
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Next, this nonlinear system of ODE’s is transformed into a system of linear ODE’s using

the one-term expansion of the vector Gm in equation 7.8. Substituting equation 7.8 into

_ h
c—lmk —dmy_, = ?k(ka + ka—l) -
A OF m OF m
1—2 (Fk - Fk—l + (—éq—)ka - (8_61) 1 Fr-1 (77)
Gm = Qo,, + AQm (7.8)

equation 7.7 and linearizing in AQm,, one can write equation 7.9. Finally, collecting

terms of AGQm, the obtained linear system (equation 7.9) is rewritten in the familiar ma-

qﬂmk + A(-lmk - QOmk_l - Aqu_l =

hy 9Fo,, g oFo., q -
2 (Fomk +Fon, , + ( a4 )kAq" * ( aq )k_l Aq"")
hﬁ Y4 aF:)m o (

12 (Fom, + (W kAqk "\ Toq )kFok *

dF,_, (apom) _ d%Fo,, _
( 35 )k q kAq"+( g ) FoxAd

k
dF, OF
F} - ——-2"-) Ay —( 2"‘) Fo,_
Ot ( 0 /., ' 0q i1 <t
dFg ) (3Fo ) _ (aZFo ) _
m -l'ﬂ AGw_1 — — m F - A _ 7.9
( 38 /-1 \ 0a Jyy o J -1 A1} (7.9)

trix form in equation 7.10 for each Fourier mode m at the normal location k. Combining

the equations for all the Fourier modes at a normal location k into a single matrix equa-

An, - AQm,_, + Bm, - AGQm, = Dmny, (7.10)

tion, considering all points in the wall-normal direction, incorporating the homogeneous
boundary conditions at the wall and in the freestream, as well as shifting the individual
matrices according to the procedure explained in Chapter 4, a block-tridiagonal system is

obtained (equation 7.11). There, the dimensions of the complex coefficient matrices A A,
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BB and CC, and of the complex right-hand side vector DD are 6-(2-M+1)x6-(2-M+1)

and 6-(2-M+1)x1, respectively, considering the six elements of the vector of unknowns
AAL -AG-1 +BBi - AGQic+ CC - AGy1 =DDy ; k=2,---,N-1 (7.11)

Aqyk. Exploiting the block-tridiagonal structure of the system and writing it in a
compact storage format, a complex coefficient matrix Cpridiag With the dimensions
{4-6-(2-M+1)} x{N-6-(2-M+1)} is obtained. This rearranged system is written in equa-
tion 7.12.

Ctridiag -Ag=DD (7.12)

Since the still significant amount of memory necessary to store the complex
coefficients of Cqridiag constitutes a major problem for an application of the implicit
solution method (especially for the case where steady and traveling disturbances interact
nonlinearly), an algorithm that drastically reduces the required memory by utilizing the
symmetry and the block-tridiagonal structure of the linear system will be described next.

First of all, the amount of memory that needs to be allocated for storing the
complex matrix C¢ridiag is considered. In order to solve the linear system (equation 7.12)
for the (N-1)-(2-M+1) complex unknowns Agm, one needs to consider the entire complex
plane. This corresponds to the above problem size of {4-6-(2-M+1)}x{N-6-(2-M+1)}
and will be taken as the baseline for the following comparisons. However, according to
Chapter 4, the symmetry of the problem can be exploited. To accomplish that without
neglecting the necessary number of equations from the conjugate half of the complex
plane, the complex matrix coefficients are split into their real and imaginary parts, as
explained in the following.

Consider the Euler-McLaurin formula for Mode (m) at the normal location k

(equation 7.11). Adding the corresponding equation for Mode (-m) and utilizing the
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symmetry condition Aq;,, = AgQ]__, one obtains equation 7.13. Here, the asterisk

denotes the complex conjugate. Now, expanding the complex coefficients and vector ele-
Am,k—l : AEl.m,k—l + Bm,k y A‘—lm.,k + A:m,k—l . Aqm.k—l + B:m,k . A(-lm,k

=D+ D% (7.13)

ments, and collecting the real and imaginary terms yields equation 7.14 for the real parts
and equation 7.15 for the imaginary parts. There, the subscripts r and i denote the real
and imaginary parts of the complex quantities, and the subscripts k and k-1 are omitted

for simplicity. Using these two equations, the complex coefficient matrices for each mode,
Adr, (ar, +a7_, +be, +bf_ ) +AG,-(af_, — 8in +bi_, —bin) =de,+d_ (7.14)

Adr, (8 + 2], +bin + b )+ A8 (arn —a7_, +be, —bi__) =di,+d7_ (7.15)

each component of the vector Aq, and at each normal location are restructured, and the

resulting new structure of the coefficient matrices A and B is shown in figure 7.1. Taking

0 1 2 0 1 2

—
23,
6x6 real . 6x§ -
imaginary Aq,
coeff.'s coeft's real
aq,
A4,
6x6 real 66 43, | imaginary
. imaginary y
coelt.’s coeff.'s
aq,

Figure 7.1: Matrix structure utilizing symmetry and purely real coefficients (M=2)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



210

the described approach, real {2-(M+1)-6}x{2:(M+1)-6} block matrices are obtained in-
stead of complex {(2-M+1)-6}x{(2-M+1)-6} block matrices at each normal location.
Hence, utilizing the symmetric properties of the system and splitting the complex quan-
tities into their real and imaginary parts results in a decrease of the required memory by
about 50% compared to the base line value in the case of a purely steady disturbance.
The second system property exploited in the current solution method is the
block-tridiagonal structure of the now real coefficient matrix Gt,idiag. Instead of storing
the entire matrix ﬁmd;ag and solving the matrix equation 7.12 directly at each itera-
tion step, a Gaussian elimination is performed line by line using efficient computational
libraries that are available in the public domain (LAPACK). Inverting the block-matrix
BB; (see figure 7.2), the first row of the equation 7.12 can be solved for A§;. The solu-

tion Aq; is then substituted into the second row and the Gaussian elimination proceeds.

- [

_»_ ¢}
o5, [

Figure 7.2: Structure of the real block-tridiagonal matrix ét,;diag

The main advantage of this algorithm is that the real coefficient matrices AA,

and BB, can be overwritten after solving the system at a particular line, and only the
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newly obtained matrices CC,, need to be stored for the back-substitution (see figure 7.2).
Thus, utilizing the block-tridiagonal structure of Ceridiag, this algorithm results in a de-
crease of the required memory by 66% compared to storing the entire matrix ﬁtﬁdiag.
Combined with the decrease obtained by utilizing the symmetry of the problem, the
required memory is therefore decreased by 50%+66% ~ 80%. Even though the pre-
sented approach increases the computational work due to the rewriting of the coefficient
matrices, the extensive amount of book-keeping involved, and the slower solution of the
block-tridiagonal matrix compared to the application of an efficient block-tridiagonal
solver, it is only due to this drastic decrease in the required memory that the presented
implicit solution method is applicable for problems of interest.

Concluding this section, the implicit solution method will be summarized.

Starting from an initial guess for g at x),, the algorithm proceeds as follows :
1. Nonlinear iteration

e At each normal location k :

— Form the complex matrices A, and By, as well as the vector Dy.

— Split the complex matrices and vectors into their real and imaginary parts
according to equations 7.14, 7.15 and form the real coefficient matrices

Ay and By, as well the real vector Dy.
— Shift the two coefficient matrices into the matrices AAy, BBy and CCy.

— Perform a Gaussian elimination step for the current row.

e Perform the back-substitution in the entire wall-normal domain and determine

the vector of the corrections to the initial guess AqG.

e Update the shape functions : Gnew = Gold + Aq.
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e If |AGmax| < €1, then proceed with the wave number computation, else con-

tinue the nonlinear iteration with updated shape functions.

2. Wave number computation

e According to the chosen method, compute the number of specified wave num-
bers a; after equation 4.29 and distribute the remaining wave numbers alge-
braically.

o If |a1new — @1,01d| < €2, then continue with the next streamwise station, else

go back to the nonlinear iteration.

Regarding the convergence rates of the implicit method, it is first observed that the
convergence rate of the nonlinear iteration is almost quadratic. Second, in the wave
number computation, the maximal deviation obtained for an iteration on just the primary
wave number typically drops by four orders-of-magnitude within two or three iterations.
This rapid convergence is slightly decreased; however, when the convergence of the wave
number iteration is based the on maximal deviation of several computed wave numbers.

Finally, an important advantage of the implicit method versus the explicit
method needs to be pointed out. Since all the shape functions of the different modes
are computed at the same time, the computation of the individual wave numbers is very

straightforward and requires no extra iteration on the nonlinear terms.

7.3 Computational Efficiency

In order to discuss the efficiency and robustness of the implicit solution method
in comparison with the explicit method, this section will show results from an applica-
tion of both methods to the Swept Hiemenz flow problem. For a Reynolds number in

the spanwise direction of Re=500, a steady disturbance with a spanwise wave number
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of /1=0.4 and an initial amplitude of A=0.1% (see Section 5.3) is introduced at the

streamwise position of Rep=150.
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0.010 L Last converged Solution p
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1
0.000 I
-y T cw,implicit
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L w,
Gw.linear
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Re
Figure 7.3: Growth rates and regions of convergence for the explicit and the implicit

methods

Figure 7.3 shows the growth rates o, based on the disturbance component in
the spanwise direction that are obtained from the explicit and the implicit method.

Additionally, the linear growth rates are plotted. Besides the perfect agreement of the
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Figure 7.4: Number of iterations on the nonlinear terms (SUR=1.0)
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results obtained from the different methods, it is noted that the nonlinear effects modify
the growth rate starting at a Reynolds number of Re=400. It is further seen that the
explicit method ceases to converge at Re=570 for an SUR-parameter of 1.0, whereas
the implicit method continues to converge well beyond the plotted region. From the
previous computations for the same mean flow parameters in Section 5.3, it is recalled
that a Reynolds number of Re=570 corresponds to the region where the stationary
disturbances saturate, and hence, the nonlinear effects are indeed strong at the point
where the explicit method stops converging for an SUR-parameter of 1.0.

The number of iterations on the nonlinear terms necessary to obtain a converged
solution, and the convergence history at Re=570 are shown in figures 7.4 and 7.5, re-
spectively. There, the residue is defined as the maximal difference in the shape functions
of the primary disturbance obtained in two consecutive iterations. The extremely rapid
convergence of the implicit method is visualized in figure 7.5 and shows the superiority
of the implicit method in the developed nonlinear region. The kinks in the curve are

caused by the restart of the nonlinear iteration after every wave number computation.

10" 3 T i
10|
10?

Residue

10

Implicit Method
10*

10* . L
[*] ) 100 150
Number of iterations

Figure 7.5: Convergence history for the explicit and the implicit methods at Re=570
(SUR=1.0)
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Two observations can be made from these above plots. First, in the region of
linear disturbance growth (Re<400), the explicit method needs as many iterations on the
nonlinear terms as the implicit method. Since the explicit method iterates just on the
primary disturbance, whereas the implicit method computes all disturbances simultane-
ously, the explicit method is expected to be much more efficient in that region. With an
increasing effect of the nonlinear terms for Re>400, however, this similar performance
of the two methods is altered significantly. The number of iterations on the nonlinear
terms using the explicit method increases exponentially, whereas the performance of the
explicit code basically remains unchanged.

For a fair comparison of the two methods, the necessary CPU-time needs to
be documented. Both methods were run on a one processor Sun-Ultra-II workstation
(333 MHz), and the required CPU-times for the two methods are listed in table 7.1. As
expected, it turns out that the explicit method is more efficient for the computations
performed in a domain that is in large parts representing the region of linear disturbance
growth. In fact, the implicit method takes about 50% more CPU-time to compute the

solutions at the considered 85 streamwise stations.

Table 7.1: CPU-time for the explicit and the implicit methods (85 stations)

Explicit Method Implicit Method
2:55:11 4:29:41

However, figures 7.4 and 7.5 also show the limitations of the explicit method.
Obviously, the CPU-time balance would drastically change when the computations were
continued further into the nonlinear region by specifying a SUR-parameter less than 1.0.

At the end of this chapter, it is concluded that the presented implicit method

represents a powerful tool to conduct nonlinear PSE computations in the regions of highly
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nonlinear disturbance growth. The most effective technique in applying the developed
algorithms is seen in combining the explicit and implicit methods by starting the com-
putations with the explicit method, and once a critical number of nonlinear iterations is

reached, by continuing with the implicit method.
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CHAPTER 8
TRANSITION CONTROL USING ROUGHNESS

ELEMENTS

8.1 Introduction

Recent results by Saric et al. [4] from an experimental investigation of the
crossflow dominated boundary layer on an infinite swept wing document observations of
a passive transition control mechanism that originates from roughness elements near the
leading edge.

The intention of the study presented in this chapter is to investigate the physical
mechanisms observed in the ASU experiment in more detail. With a numerical simulation
using the nonlinear PSE and an implicit solution method, it will be shown that the
growth of the most amplified disturbance in a crossflow dominated boundary layer can
be effectively decreased by forcing disturbances with a spanwise wavelength smaller than
the most amplified wavelength. Thereby, the growth of the total disturbance quantities
is delayed, which is an observation that might be a useful passive technique for laminar
flow control.

Since it was not possible to obtain the experimental data and the wing ge-
ometry of the ASU experiment on time for a consideration in this work, the ONERA
D-wing experiment performed by Arnal et al. [10] was chosen instead. In Section 8.2,
the observations of different experimental runs in the ASU experiment will be described
in detail. Section 8.3 contains an investigation of the passive control mechanism for the

ONERA D-wing experiment. Selecting a case where the flow is purely crossflow dom-
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inated (a=-8°, ¢$=40°, see figure 8.4), the mean flow computation is presented in the
first subsection. In the second subsection, a linear stability analysis for stationary dis-
turbances is conducted in order to determine the most amplified stationary disturbance.
The results from a nonlinear PSE computation are presented in the third subsection.
There, the qualitative observations of the ASU experiment are successfully reproduced.

Concluding this chapter, a summary is given in Section 8.4.

8.2 The ASU Swept Wing Experiment

In the experiments, Saric et al. [4] used the natural laminar flow airfoil NLF
(2)-0415 with a hand-polished aluminium surface. The experimental conditions for the
considered test case are given in table 8.1. The profile geometry and the pressure distri-
bution for the given freestream conditions are depicted in figure 8.1.

Table 8.1: Freestream conditions for the ASU experiment

Chord length ¢ 1.83 m
Freestream velocity QS, ~20 m/s
Reynolds number Re, 2,400,000

Sweep angle ¢ 45°
Angle of attack a -4°
s - o9

408

:03

4102

10
ao
- L . i i L i

00 o0t 02 03 04 05 a8 07 08 09 10

Figure 8.1: Airfoil geometry and C,-distribution for the ASU experiment (from [4])
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Studying the natural transition case without roughness elements first, they
determined the most amplified spanwise wavelength as Ax,=12mm. Transition occured
closely before the location of the pressure minimum of the outer flow at x;/c ~ 0.71 in
that case. Next, they forced disturbances of equal, or larger wavelength than the most
amplified spanwise wavelength by putting roughness elements at distances of 12mm,
18mm and 36mm near the leading edge at x;/c=0.023. The ratio of the roughness
height of the elements (krough=6um), and the distributed roughness height of the hand-
polished aluminium surface (krough=0.25p4m) was 24. The Reynolds number based on
the height of the roughness elements was specified as Rex ~ 0.1 [4] which is of negligible
influence on the undisturbed mean flow.

By forcing the most amplified disturbances with A ,=12mm, they found that
transition moved forward to x;/c ~ 0.52. Forcing the initially stable disturbances with
Ax,=18mm, they observed that neither the 12mm, nor the 36mm modes were amplified
in the downstream direction. However, a strong initial growth of the disturbances with
Ax,=9mm was measured. Varying the roughness height, they further noted a weak
dependence of the saturation amplitude of the total disturbance on the roughness height.
For values of keough=6,12, and 18um, the saturation amplitude at x;/c=0.45 remained
almost constant at levels of A~14%.

Most interestingly, however, Saric et al. [4] were able to delay transition beyond
the location of the pressure minimum to x;/c ~ 0.80 by forcing disturbances with a
wavelength smaller than the most amplified spanwise wavelength. To accomplish that,
they placed roughness elements at a spanwise distance of Ax,=8mm near the leading
edge. Interpreting the detailed measurements, they attributed the transition delay to

the strong early growth of the 8mm disturbances that suppressed the very unstable
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higher wavelengths Ay,=9mm and As,=12mm initially. The saturation and decay of the
8mm disturbances beyond x; /c = 0.30 then gave rise to the growth of longer wavelength
disturbances that eventually lead to transition. However, this succesful transition delay
could be accomplished for the Reynolds number of Re=2,400,000 only. Increasing the
Reynolds number slightly to Re=2,600,00, or to Re=2,800,000 moved the transition

forward to locations of x;/c=0.59 and x;/c=0.50, respectively.

8.3 The ONERA D-Wing Experiment

As reviewed in Section 2.3, a series of transition experiments on infinite swept
wing models was performed at the French research institution ONERA/CERT between
1984 and 1997. A significant number of these tests was performed on a symmetric airfoil
especially designed for the investigation of laminar flow phenomena on infinite swept

wings - the ONERA D-airfoil. In figures 8.2 and 8.3, the experimental setup and the

Adjustable Angle of Attack
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-
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\%\\\\\\\\\\\ AT
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Sweep Angle

35m Test Section (0.6 m x 0.35 m)

Figure 8.2: Experimental setup for the ONERA D-wing experiment (from [5])

airfoil geometry are shown. The relations for the airfoil geometry are given in Appendix

II. The main objectives of these experiments were to develop data bases and empirical
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correlations for fast transition prediction methods, as well as to gain more insight into

the transition physics of swept wing flows. Therefore, a number of cases for different

angles of attack a and sweep angles ¢ was investigated.

T T T
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Figure 8.3: ONERA D-airfoil geometry
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Figure 8.4: Outer velocity distributions for different angles of attack

For different angles of attack, figure 8.4 shows the outer velocity distributions
on the upper wing surface. Clearly seen is the vanishing suction peak in the leading edge
region with decreasing angles of attack. According to the explanation of the crossflow

basics in Section 1.1, it is the adverse pressure gradient near the leading edge that
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introduces flow physics which are not purely crossflow dominated. For that reason, the
study in this chapter was performed for an outer flow that has a favorable pressure

gradient over a large region of the chord.
8.3.1 Mean Flow Computation

Given the freestream conditions as in table 8.2, the outer flow distribution was
obtained using the panel method as described in Section 3.1. In table 8.2, the Reynolds

number is defined as Re, = QF, - ¢*/v*. The mean flow profiles along thc chord were

Table 8.2: Freestream conditions for the ONERA D-wing experiment

Chord length ¢ 0.35m
Freestream velocity Q3, 80 m/s
Reynolds number Reo 1,840,000

Kinematic viscosity v 15.217-10~% m?/s
Sweep angle ¢ 40°
Angle of attack a -8°

computed using the solution method for the boundary layer equations that was derived
in Section 3.2. For the directions tangential and perpendicular to the inviscid streamline,

they are plotted at different streamwise locations in figures 8.5 and 8.6, respectively. It

Figure 8.5: Mean flow profiles tangential to the inviscid streamline for a=-8° and ¢=40°
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is noted that the crossflow component U, remains positive over the entire chord length,

and thus, the present mean flow is purely crossflow dominated.
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Figure 8.6: Mean crossflow profiles for a=-8° and ¢=40°

For the boundary layer computations, a computational grid of 400 x 300 points
was constructed in the x;- and the x3-direction, respectively. Starting at the stagnation
point, both the chordwise and the normal coordinates were uniformly spaced up to a
normal extension of x3=15 which corresponds to about twice the maximum boundary
layer thickness. For the chosen angle of attack, the stagnation point was found at
x1/c=0.014. Starting a new coordinate system at this point, the separation point of the
flow was determined at x,; /c=0.89.

Characteristic parameters of the mean flow are shown in figure 8.7. Plotted are
the outer pressure distribution, the Reynolds number in the chordwise direction Re, =
(Us-xi/v*) 1/2 the angle of the inviscid streamline ©, the dimensional boundary layer and

displacement thickness along the inviscid streamline, the similarity parameter m=%’;~ .

%%;, and the curvature term h;. The boundary layer thickness shown in figure 8.7(d) is

defined at a location where the velocity component tangential to the inviscid streamline

Ut reaches a value of 99.9% of the outer velocity U; .
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Figure 8.7: Mean flow parameters

As in the previously investigated problems of Swept Hiemenz flow and the DLR

Transition experiment, the stability of the attachment-line needs to be investigated prior
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to any subsequent stability analysis. Using the local length scale close to the stagnation
point I* = \/—u‘/@—U;Nx—{)=0.07mm and the constant outer velocity component in the
spanwise direction W3 =QZ, - sin ¢oo=>50.92 m/s, the Reynolds number in the spanwise
direction is determined as Re=W7, - I’/v*=224.5, which is far below the numerically
critical value of Re=583 [93]. Hence, the attachment-line is assumed to be linearly
stable.

Before the presentation of the results of the linear stability analysis, the applied
computational grid for both the linear and nonlinear stability computations is described.
The chordwise direction was devided into 200 points which corresponds to a step-size
of Ax;=0.005. In the normal direction, a grid of 51 points was distributed according
to equation 8.1 up to a normal extension of x3=15. Beyond that extension, another 51
points were spaced uniformly up to a maximum extension of x3=75, which corresponds

to about six to eight boundary layer thicknesses.

xai=—-—A.L—— ; A=3 (8.1)
» A
l-l’-x:i.rnax—ni

Since the purpose of this study is to investigate the nonlinear interaction of
purely stationary disturbances, the linear stability analysis will be restricted to steady
disturbances. First, a local analysis is performed in order to determine the neutral point
of the stationary disturbances and the locally most amplified modes. Figure 8.8 shows
the nondimensional spatial growth rates o; based on the chordwise velocity component
for stationary disturbances versus the spanwise wave number £, at different chordwise
positions. At the investigated chordwise stations, the nondimensionalization is performed
using the local length scale I = ,/v* - x] 3/U; 5. It can be seen that the unstable wave
number band width increases in the chordwise direction, which is in agreement with the

observations for Swept Hiemenz flow and in the DLR experiment. The neutral point for
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Figure 8.8: Spatial growth rates for steady disturbances from a local analysis

the stationary disturbances is found at x;/c ~0.022 for 5;=0.225 (Ax,=1.9mm). The
locally most amplified wave number is determined as 5;=0.302 at x; /c=0.10, where the
chordwise wave number is a;=(-0.31545,-0.00919). Table 8.3 contains the locally most
amplified spanwise wave numbers, as well as the corresponding spatial growth rates,
dimensional spanwise wavelengths and wave angles. As in Chapters 5 and 6, the wave

angle represents the angle between the wave vector keea; and the angle of the inviscid

Table 8.3: Locally most amplified eigenpairs at different chordwise locations

xi1/c oy =max. Aq.oi=max[MM] Bl si=max. Yo;=max.

0.0225  0.00031 1.90 0.2288 86.58°
0.0250  0.00169 1.89 0.2361 86.58°
0.0500 0.00732 1.97 0.2790 86.74°
0.1000  0.00919 2.30 0.3020 86.66°
0.2000  0.00877 2.94 0.3085 87.11°
0.3000  0.00845 3.41 0.3137 87.31°
0.4000 0.00789 3.82 0.3159 87.62°
0.5000  0.00662 4.09 0.3271 88.14°

streamline. It is again observed that the wave angle of the most amplified stationary

disturbances remains almost constant in the chordwise direction. The constant phase
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lines of the most unstable stationary disturbances are inclined at angles less than five
degrees with respect to the inviscid streamline and the vector of the most amplified wave
points towards the convex side of the inviscid streamline.

Next, the most amplified spanwise wave number according to its spatial growth
in the downstream direction is sought. Therefore, disturbances of a different spanwise
wave number are introduced at x;/c=0.02 and their spatial evolution downstream com-

puted using the linear PSE. Figures 8.9 and 8.10 show the spatial growth rates ba-

0.015 T T T T

0.010

0.005

Figure 8.10: N-factors based on u; from a PSE computation
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sed on the chordwise velocity component and the corresponding N-factors, respectively,
that are obtained from a linear PSE computation. From figure 8.9, it is noted that the
most amplified disturbance (Amax=3mm) and its subharmonics with A ,=1.5mm and
Ax, =2mm behave according to the observations in the ASU experiment. A strong initial
growth of the subharmonics (especially of the 2mm mode) is immediately followed by
fast decay. Even though the wavelength of A\, = 2 mm shows a strong initial amplifica-
tion, the largest N-factor at x;/c=0.80 is obtained for the disturbance with a spanwise
wavelength of Ay, = 3 mm. This wavelength will be denoted as Anax from now on. The

maximal N-factors for the different wavelengths are given in tabie 8.4.

Table 8.4: N-factors of the most amplified stationary disturbances at x;/c = 0.80

Ax,imm] 3.0 4.0 50 6.0
Nmax 12.35 12.00 10.97 9.77

For completeness, the stabilizing influence of considering the surface curvature

in the computations is documented in figure 8.11. Plotted are the N-factors based on the

1‘. T v 1 A

1.0

Figure 8.11: N-factors with and without surface curvature (Ax,=Amax)
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disturbance energy and the chordwise velocity component. At x;/c=0.5, the difference
between the maximal N-factors obtained with and without curvature is about AN~0.75,
which is not negligible when considering that the experimentally observed transition
location was between x; /c=0.5 and x;/c=0.6.

Concluding the linear stability analysis, a comparison of computed and exper-
imentally obtained values is provided in table 8.5. Arnal et al. [10] reported an almost
constant value of four for ihie ratio of the locally most amplified wavelength and the
local boundary layer thickness along the chordwise direction. As shown in table 8.5, the

agreement with the here obtained results is good.

Table 8.5: Ratios of the most amplified wavelength and the boundary layer thickness

X1/c_ e mm] 8 [mm] A, /0
0.1 2.30 0.31 4.5
0.2 2.94 0.70 4.2
0.3 3.41 0.84 4.1
0.4 3.82 0.97 3.9
0.5 4.09 1.11 3.7

8.3.3 Nonlinear Stability Analysis using the Implicit PSE

From the linear stability results, it is seen that the disturbance with a wave-
length of 2/3-Anax shows a strong initial growth that is followed be a rapid decay. En-
couraged by this good qualitative agreement with the findings of the ASU experiment 4],
this subsection documents results from nonlinear computations that attempt to quali-
tatively model the experimental observations of a passive transition control mechanism
originating from leading edge roughness. For the solution of the nonlinear PSE, the
newly developed, efficient and very robust implicit PSE solver documented in Chapter

7 is utilized. According to the experimental observations, four cases are considered :

1. “Natural transition”, dominated by the most amplified disturbance (Apax=3mm).
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2. Forcing of the fundamental disturbance (Apax=3mm).
3. Forcing of a subharmonic wave number-disturbance (Ax,=6mm).
4. Forcing of a superharmonic wave number-disturbance (Ax, =2/3-Amax=2mm).

An appropriate model for the forcing of selected disturbances by roughness elements
requires an estimate of the initial disturbance amplitudes as given next, where the scaling
influence of the receptivity coefficient is neglected. Taking the maximum boundary layer
thickness of §; as length scale and the freestream velocity component in the chordwise
direction U3 =61.7m/s as velocity scale Ug, a typical time scale tg is obtained. Assuming
that this time scale is also representative for the location where the disturbances are

introduced, the roughness height is estimated as in equation 8.2.

. _ 6 0002m _ Kiouen

tg = — = =
°TU; " 6L7m/s  A-Ug

= const. ; kigyen = A-Ug, -ty =A-0.002m (8.2)

Hence, an amplitude of A=0.002 corresponds to a roughness height of k;,,.,=4pm.
This compares to the experimental value of k;,,,,=6pm [4]. Due to the lack of other
information, and since this amplitude choice leads to realistic saturation amplitudes of
the disturbances, A=0.2% is chosen as a base line amplitude to model the cases with
forced disturbances. For the cases without forcing, an initial amplitude of A=0.008%
is specified according to the ratio of kiougn and the distributed surface roughness in the

experiment (k7 ., /Kgiserin=24). The four investigated cases are defined in table 8.6.

Table 8.6: Definition of the passive control cases

Case /\1 [mm] /\2 [mm] /\3 [mm] Al A2 Aa
1 3 - - 0.008% - -
2 3 - - 0.200% - -
3 6 3 2 0.200% 0.008% 0.008%
4 6 3 2 0.008% 0.008% 0.200%
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8.3.3.1 Natural Transition (Case 1)

For the purpose of establishing a reference case that the cases with forced
disturbances can be compared to, the case of a “natural transition” is considered first.
The influence of a small distributed roughness height near the leading edge is modeled by
assuming the dominance of the most amplified disturbance with a spanwise wavelength

of Ax,=3mm and a small initial amplitude of A=0.008% in the downstream evolution.
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Figure 8.12: Growth rate and amplitudes for Case 1 (\y,=3mm, A=0.008%)

The growth rate based on the disturbance energy and the u,-amplitudes of the

fundamental disturbance in the chordwise direction are plotted in figure 8.12. The u;-
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component of the 3mm mode grows over about 40% of the chord, and the growth rates

based on disturbance energy does not saturate until x; /c ~ 0.50.

The amplitudes of the u;-component of the 3mm mode reach a level of A=10%

at x;/c=0.28, and a final saturation amplitude of A=34.0% is reached at x; /c=0.46.
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Figure 8.13: Contours of the u;-disturbance at different streamwise locations (Case 1)

Figure 8.13 shows contours of the total u;-disturbance component in the plane
parallel to the leading edge. According to the fundamental wavelength, the crossflow
vortices develop at a spanwise spacing of 3mm. The development of the total amplitude
of the u,-disturbance in the streamwise direction will be compared with the following

cases in the summary at the end of this chapter.
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8.3.3.2 Fundamental Forcing (Case 2)

Simulating the presence of roughness elements at a spanwise spacing of 3mm

near the leading edge by increasing the initial amplitude of the 3mm disturbance from

A=0.008% to A=0.2%, the disturbance evolution is largely modified in comparison to

Case 1. Figure 8.14 shows the computed growth rate based on the disturbance energy
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Growth rate and amplitudes for Case 2 (Ax,=3mm, A=0.2%)

and the amplitude of the fundamental u;-disturbance component. Here, the amplitudes

of the uj-component reach a level of A=10% already at x;/c=0.15, and after a stronger
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secondary growth at x;/c=0.26, the u;-disturbance saturates at x; /c ~ 0.50 at an am-

plitude level of A=32%.

81

EEEEGcERRE:

i ~.‘h‘M\

)/
|
Y

2

¢) x;/c=0.40 d) x;/c=0.50

Figure 8.15: Contours of the u;-disturbance at different streamwise locations (Case 2)

As for the “natural transition” in Case 1, figure 8.15 shows contours of the
total u;-disturbance. According to the higher initial amplitude of the disturbance, the
distortion of the boundary layer by the presence of the crossflow vortices is observed much
earlier than in Case 1. Here, a well-defined crossflow vortex with disturbance amplitudes
of A ~ 0.30 is already present at x;/c=0.30. Otherwise, there is no qualitative change

in the evolution of the crossflow vortices in comparison to Case 1.
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8.3.3.3 Subharmonic Forcing (Case 3)

A qualitatively different disturbance evolution is observed when disturbances
with a wavelength that is twice the most amplified wavelength are forced by placing

roughness elements at a spanwise spacing of 6mm.
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Figure 8.16: Growth rates for Case 3 (:\1=6mm, A=0.2%; A=3mm, A=0.008%;
A3=2mm, A=0.008%)

Following the development of the forced disturbance and its first superharmonic,
figures 8.16 shows the growth rates based on the disturbance energy. Also plotted is the
growth rate of the 6mm disturbance with the same initial amplitude when there is no
nonlinear interaction (Ax,nn = Ay, =0.)- It is noted that the growth rate of the 3mm
disturbance is largely modified due to the forcing of the 6mm disturbance in comparison
with the previous two cases. This is caused by the large initial amplitude of the (1,0)
mode (A=6mm).

A disturbance can either grow on its own, or its growth can be initiated by the
nonlinear interaction of other disturbances. Here, the nonlinear contribution from the
(0,1) mode to the (0,2) mode (A=3mm) is much larger than the initial amplitude of the

3mm mode. Thus, the linear growth of the 3mm mode is completely suppressed in favor
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of its nonlinear excitation by the 6mm mode. It is also seen from figure 8.16 that the

6mm mode is hardly affected by the nonlinear interaction.
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Figure 8.17: Amplitudes for Case 3 (A\;=6mm, A=0.2%; A2=3mm, A=0.008%; A\3=2mm,
A=0.008%)

Figure 8.17 shows the u;-disturbance amplitudes of the forced 6mm mode and
its first two superharmonics. For comparison, the amplitude evolution of the 3mm mode
in Case 1 is also plotted. The 6mm-disturbance forcing, that excites the 3mm mode
nonlinearly, strongly affects the development of the 3mm mode. After an initially slower
growth than in the natural case, the disturbances start to grow faster than in the reference
case at x;/c =~ 0.15. Due to nonlinear interaction with the strong 6mm mode, they start
saturating much earlier than in Case 1 at an amplitude level of A ~ 0.10 near x;/c =~
0.30. A secondary growth at x;/c =~ 0.35 delays the final saturation until x,/c =~ 0.66,
where the amplitude level of the u;-disturbance reaches a value of A=0.23. Hence, the
growth of the most amplified disturbance is largely suppressed by the forced subharmonic
6mm mode. Despite the suppression of the most amplified 3mm mode, the large initial
amplitude and the long growth of the 6mm mode until x; /c ~ 0.40 (see figure 8.16) in

the present case would probably result in an earlier transition than in the reference case.
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The qualitative difference of Case 3 to the two previous cases is clearly seen
in the contour plots of the total u;-disturbance in figure 8.18. Starting with a span-
wise spacing of 6mm at x;/c=0.20 that is due to the forced disturbances, the crossflow
vortices are modified by the superharmonic disturbances starting at x;/c=0.35. At this
streamwise location, the 3mm and the 2mm modes have reached amplitude levels of
A=0.11 and A=0.06, respectively. From figure 8.18(b), it is seen that the negative por-
tion of the 6mm crossflow vortex devides into vortex structures with a smaller wavelength
according to the superharumonic wave numbers. This wavelength modulation becomes

stronger in the streamwise direction, and at x;/c=0.50, new vortex structures with dif-
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Figure 8.18: Contours of the u;-disturbance at different streamwise locations (Case 3)
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ferent wavelengths are present in the flow. In figure 8.18(d) the 6mm wavelength is still
distinguishable. Also, the 3mm vortex from figure 8.18 has become more dominant and

forms an intricate A-shaped vortex structure in conjunction with the 6mm vortex.
8.3.3.4 Superharmonic Forcing (Case 4)

From the observations in the ASU experiment [4], one expects that forcing
the initjally fast growing 2/3-Amax mode is the most efficient means of controlling the

transition onset. Therefore, the following case will simulate the placement of roughness
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Figure 8.19: Growth rates for Case 4 (A\=6mm, A=0.008%; A2=3mm, A=0.008%;
A3=2mm, A=0.2%)
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Figure 8.20: Amplitudes for Case 4 (A\;=6mm, A=0.008%; A2=3mm, A=0.008%;
A3=2mm, A=0.2%)
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elements at a spanwise spacing of 2mm. Investigating the influence of the same roughness
height as in Cases 2 and 3, the initial amplitude of the forced 2mm disturbance is specified
as A=0.002. Figures 8.19 and 8.20 show the growth rates and the amplitudes of the forced
disturbance and the fundamental disturbance with A\;=3mm, as well as the growth rates
of the 2mm and the 3mm disturbances with the same initial amplitudes in the cases
without nonlinear interaction. In agreement with the observations in Case 3 where the
development of the forced disturbances was not altered by nonlinear interaction, the
evolution of the forced 2mm mode is not affected at all (see figure 8.19). However, the
growth of the fundamental mode is largely affected, and its development shows significant
differences to the previously investigated Cases 1-3.

First of all, the initial growth of the fundamental disturbance is largely sup-
pressed, as seen in the early tendency towards a saturation at x; /c=0.16. Secondly, three
local maxima in the growth rate based on the disturbance energy are observed before
the u;-disturbance component saturates at the very late chordwise location of x;/c ~
0.55. Despite the late saturation, the earlier tendency towards saturation before the sub-
sequent rise to two other growth rate maxima keeps the 3mm disturbance mode at very
low amplitude levels. The u;-component of the 3mm mode does not reach its maximal
amplitude level of A=19.0% until x; /c=0.56, and hence, the 3mm mode is considered to
be succesfully supressed.

Due to its strong initial growth, however, the forced 2mm mode reaches high
amplitude levels at early chordwise positions. For example, the amplitude level of A=0.20
is already reached at x;/c=0.20. Due to the absence of experimental data regarding the
disturbance amplitudes in the transition region, it is therefore not possible to make a

statement about a succesful delay of the transition in the present case.
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On the other hand, the experimentally observed mechanisms in the case of su-
perharmonic disturbance forcing (see the description of the 8mm case in Section 8.2) are
very well captured in the present simulation. This is shown in figure 8.21, where contours
of the total u;-disturbance are plotted at different streamwise stations. At x;/c=0.20,
the forced 2mm mode dominates the disturbance development and the crossflow vortices
are spaced accordingly. At x;/c=0.35, however, the relatively strong 6mm mode with an
amplitude of A~ 10% (see figure 8.20) is also distinguished. This represents the onset
of a subbarmonic disturbance growth which is in accordance to the results by Saric et

al. [4]. There, the excitation of the 8mm mode initiated the growth of the 16mm and

c) x;/c=0.40 c) x1/¢=0.50

Figure 8.21: Contours of the u;-disturbance at different streamwise locations (Case 4)
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the 24mm modes. Further downstream at x;/c=0.40, the footprint of the 2mm mode
has disappeared and the 3mm mode can be distinguished instead. Finally at x; /c=0.50,

the 6mm mode clearly dominates the crossflow vortex pattern.

8.4 Summary

In the presented study and in accordance with the experimental observations
by Saric et al. [4], the existence cf a nonlinear wave-interaction mechanism in swept wing
flows that favorably modifies the evolution of the most amplified disturbances has been
documented. By a proper placement of micron-sized leading edge roughness near the
neutral point of the stationary disturbances, the growth of the most amplified disturbance
can be successfully delayed, if not suppressed, which indicates a possibly useful technique
for the passive control of laminar three-dimensional boundary layer flows.

The computations using the implicit PSE solver were performed considering
eight wave number modes in the Fourier space. For only three of these modes, however,
the chordwise wave numbers were computed directly. The wave numbers of the remaining

modes were then determined based on the mode with the largest amplitude. During
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Figure 8.22: Growth rates for two iteration options (A, =3mm=0.02%; A),=2mm=0.2%)
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the computations, no quantitative difference was observed when the wave numbers were
computed directly for five modes instead. This is seen in figure 8.22 that shows the
growth rates obtained for both iteration options.

Summarizing the presented cases, table 8.7 lists the initial amplitudes and the
wavelengths of the considered disturbances, the chordwise locations where the distur-
bance components reach certain amplitude levels, as well as the maximal amplitude

levels and their chordwise locations for the u;-disturbance component.

Table 8.7: Evolution of the u;-disturbance amplitudes

Case A [mm] Ainie. [%] xi1/c (Aron)  X1/c¢ (A2o%)  Amax [B]  X1/c (Amax)

1 3 0.008 0.28 0.33 0.36 0.46
2 3 0.200 0.15 0.20 0.28 0.0
3 6 0.200 0.22 0.27 0.30 0.36
3 0.008 0.34 0.53 0.23 0.66
2 0.008 0.40 - 0.15 0.55
4 6 0.008 0.36 0.43 0.34 0.53
3 0.008 0.46 - 0.19 0.56
2 0.200 0.14 0.20 0.23 0.23
0.020 T T T T
oors | ]
o010 ]
10 0008 |- .
0.000 r
-0.005 |- ]

0.0

Figure 8.23: Growth rates of the fundamental disturbance (A=3mm)
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Figure 8.24: u,;-disturbance amplitudes of the fundamental disturbance (A=3mm)

Considering the results presented in Subsections 8.4.2.1-8.4.2.4, the plots of
the growth rates and the u;-disturbance amplitudes of the fundamental disturbance for
the four investigated cases (see figure 8.24), as well as the data listed in table 8.7, the

following is concluded.

e Forcing the most amplified disturbance leads to an earlier disturbance saturation
at the same high amplitude level as in the “natural transition” case which results

in an earlier transition (Case 2).

e Forcing a subharmonic wave number disturbance with a wavelength larger than the
most amplified one leads to an initial dominance of the forcing disturbance that
results in a significant suppression of the most amplified mode. After the satura-
tion of the forcing disturbance at high amplitude levels, the nonlinear disturbance
interaction causes a break-up of the forced disturbance into its superharmonics

(Case 3).
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e Forcing a superharmonic wave number disturbance leads to a very strong initial
growth of the forced disturbance that entirely suppresses the most amplified dis-
turbances over large regions of the chord. After its strong initial growth, the forced
disturbance saturates early and its decay gives rise to the growth of subharmonic
wave number disturbances. These become dominant in the downstream direction
and eventually lead to transition, if the transition was not caused earlier by the

forced disturbance (Case 4).

However, for the prediction of the transition onset in comparison with experi-
mental data, the evolution of the total disturbance amplitude rather than the amplitudes
of individual modes needs to be considered. Concluding this chapter, figure 8.25 presents
the amplitude evolution of the total u,-disturbance component for the four different cases.

Plotted is an average of the total disturbance quantity in the spanwise direction.

0‘6- T T — Y —
— Case1
"""" Case 2

0.5:' __________ Case 3 B

o1fF

0.6 o X:] 1.0

Figure 8.25: Amplitude evolution for the total u;-disturbance component

In agreement with the experimental observations (see Section 8.2) and confirm-

ing the conclusions for the evolution of the individual modes, the following observations
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can be made. Both Cases 2 and 3 would definetely cause an earlier transition, since the
region of a strong rise in the amplitudes is moved towards the leading edge in compar-
ison with the “natural transition” in Case 1. In contrast, the development of the total
disturbance amplitude in Case 4 exactly corresponds to the experimental observations
for the case with a succesful delay of the transition. A strong initial amplitude growth
is followed by a region of amplitude saturation (A=0.25 at x;/c=0.25) and amplitude
decay, before a second region of amplitude growth sets in at x;/c=0.40. Hence, the
region of a second amplitude growth in Case 4 is located about 10% chord behind the
corresponding region in the “natural transition” case. As mentioned before, due to the
lack of experimental data for the ONERA D-wing, a strong statement about a succesfully
delayed transition cannot be made.

For practical applications of this mechanism, the challenge consists in decreasing
the primary peak in the total disturbance amplitude. From the conducted research and
the experimental results, it is assumed that both the maximum of the primary saturation
amplitude and its chordwise location depend on the freestream Reynolds number, on the
individual height of the distributed roughness of the wing surface and of the roughness

elements, as well as on the ratio of the two roughness heigths.
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CHAPTER 9

CONCLUSIONS

9.1 Overview

The linear, nonlinear, and secondary stability of incompressible three-dimension-
al boundary layers was numerically investigated using PSE methods. Using a fourth-
order-accurate compact scheme formulation in body-oriented coordinates, the accuracy
of the developed methods and algorithms was validated using the model problem of
Swept Hiemenz flow and the results of the DLR Transition experiment on a swept flat
plate. Both explicit and implicit solution algorithms for the PSE were presented, and
their efficiency and robustness documented. The confirmation of an experimentally ob-
served passive control mechanism for the laminar-turbulent transition on infinite swept
wings concludes the presentation of the results.

In Chapter 1, the scope of the present research was motivated and outlined. A
survey of the literature on the stability of three-dimensional boundary layer flows was
given in Chapter 2. Beginning with a historical review of the research on the stability
of the considered flows, the survey focused on relevant experimental work, theoretical
developments and numerical methods.

Chapter 3 explained the approach to the solution of the boundary layer equa-
tions for infinite swept geometries. Using the developed fourth-order-accurate compact
scheme formulation, the mean flows for the DLR Transition experiment (Chapter 6) and
for the ONERA D-wing experiment (Chapter 8) were computed directly from the outer

velocity distributions, which is in contrast to previous work.
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The development of the explicit formulation for the solution of the PSE, the
documentation of the developed local and adapted global solver for the arising large
eigenvalue problems of the established Floquet Theory, as well as the present under-
standing of the secondary instability mechanism were the focuses of Chapter 4.

In Chapters 5 and 6, extensive linear and nonlinear stability analyses preceded
a detailed investigation of the secondary instability in the highly nonlinear region of
disturbance saturation. Documenting the developed implicit solution method for the
PSE, as well as its efficiency and robustness in comparison witi: the explicit approach
in Chapter 7, the implicit method was used for the investigation of a passive laminar
flow control method using leading edge roughness elements on the ONERA D-wing in

Chapter 8.

9.2 Discussion

The developed PSE methods represent a powerful tool for the detailed analysis
of transitional three-dimensional boundary layer flows. If used as a hybrid of the explicit
solution method in the region of moderate nonlinearity, and the implicit solution method
in the later region of nonlinear saturation and secondary instability, they are very ef-
fective in accurately capturing and predicting experimentally observed flow phenomena
related to the laminar-turbulent transition.

The stability of a three-dimensional boundary layer immediately prior to tran-
sition was studied by considering the model of a steady mean flow that is modified by the
presence of a stationary crossflow vortex. Due to the action of the stationary vortices,
the boundary layer is largely distorted and becomes susceptible to high-frequency distur-

bances. Pursuing one possible approach of the investigation of this secondary instability
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mechanism, the modified mean flow was computed using the PSE and then investigated
for its secondary instability characteristics using temporal Floquet Theory. In the region
of a strong secondary instability, connections from both the linear eigenvalue spectrum
of the undisturbed mean flow and from the continuous spectrum to highly unstable
secondary eigenvalues could be established. It is concluded that the receptivity to high-
frequency disturbances in the region of a strong boundary layer distortion might be one
path by which the secondary disturbances enter the boundary layer from the continuous
outer spectrum.

In the investigation using the temporal Floquet Theory, the utilization of the
Implicitly Restarted Arnoldi Method proved to be very efficient for the solution of se-
lected regions of interest in the eigenvalue spectrum of the secondary disturbances.

Modeling the secondary instability in a more physical and direct approach using
the spatial frame work of the PSE, a second approach was pursued. In agreement with
the definition of the secondary instability given in Chapter 4, an explosive growth of
high-frequency disturbances was observed in the highly nonlinear region of amplitude
saturation. There, the development of a counter-clockwise rotating secondary vortex
close to the wall, as well as the splitting of large vortex structures into several weaker
vortices was observed. From DNS-computations, it was reported that these smaller
vortices eventually lead to tramsition. It is argued that the nonlinear interaction of
stationary and traveling disturbances is important for the strong growth of the secondary
disturbances.

From both the Floquet Theory approach and the PSE computations for the
investigation of the secondary instability, the onset of secondary instabilities was found

for saturation amplitudes of the stationary disturbances of A~10%.
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Starting from PSE results that were found in good agreement with the mea-
surements, a temporal investigation of the secondary instability in the DLR Transition
experiment resulted in the documentation of an absolute instability in the region of non-
linear amplitude saturation. It is this absolute instability that might explain experimen-
tal observations of a time-dependent explosive growth of high-frequency disturbances.

Finally, the basic physical mechanisms of an experimentally detected passive
laminar flow control mechanism on infinite swept wings were modeled using the implicit
PSE formulation. For the ONERA D-wing, the presence of micron-sized roughness ele-
ments near the leading edge was modeled by forcing different wave number disturbances.
It was found that forcing a superharmonic wave number disturbance with a wave length
of Ay, =2/3-A«, max entirely suppresses the most amplified disturbance with a wave length
of Ay, max over large regions of the chord. This is due to a strong initial growth of the
forced disturbance. The subsequent decay of the forced disturbance gives rise to the
growth of subharmonic wave number disturbances that eventually cause transition. For
practical applications, it is crucial to limit the initial growth of the forced disturbance
in order to avoid an earlier transition than in the natural transition case due to the

disturbance forcing.

9.3 Recommendations for Future Research

In spite of the variety of presented applications of nonlinear PSE methods in the
research community, their implementation for large-scale parameter studies demanded by
the industry has not yet been accomplished. Further, the full potential of PSE methods
is still to be utilized by developing them for fully three-dimensional flows without the

assumption of infinite geometries. Finally, most of the flows across swept geometries

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



250

that are of practical interest are dominated by both the crossflow and the Tollmien-
Schlichting instabilities. The physics of these flows are more complex than in the purely
crossflow-instability dominated flows investigated in the presented work. Thus, the key

areas in which future research is recommended are as follows :

e Optimizing the computational efficiency of the PSE methods by implementing

multiprocessor algorithms.

e Application of the nonlinear PSE to a systematic investigation of flows where CF-

and TS-instabilities are present.

e Further investigation of passive and hybrid laminar flow control mechanisms on

swept wings.

e Adapting and implementing nonlinear PSE methods into design-packages for in-

dustrial applications.

o Extending the PSE methods to a fully three-dimensional formulatiou.
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APPENDIX I

DEFINITION OF ANGLES AND COORDINATE

SYSTEMS

X3
constant phase line *

Figure [.1: Body-fixed and Galilean coordinate system

<~ leading edge

W“ U primary wave vector
/I x21 B1

secondary wave vector

Body-fixed coordinate system 21 , as X1 ’ a1

Galilean coordinate system

Figure 1.2: Angle definitions
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APPENDIX II

ONERA D SYMMETRIC WING SECTION

The profile is generated using the following formulas [96].

n

P(x/c) =)

i=0

For x/c<0.044 :

zfc= \/; - P(x/c)

a0 =  0.189830875843790
al = 0.31813568315041E — 1
= —0.79875599950822E2
=  0.19826412221164E4
a4 = -—0.75862963116995E5
a4 = -—0.17124203429644E5
a5 = —0.83765417234613E4
a6 =  0.89884596073744E6
a7 = -0.35691922706000E7
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For 0.044<x/c<0.945 :

a0

al

a4
ad
a6
a7

a8

For 0.945<x/c<1.0 :

z/c = —0.127 - (x/c — 0.945) + 0.0077958
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z/c = P(x/c)

0.205117E -1
0.27338051409795
—0.12221782415231E1
0.3886472060892E1
—0.75862963116995E1
0.68359355107744E1
—0.73185676985056
—0.27540347977852E1

0.12790983175276E1

253



254

BIBLIOGRAPHY

[1] Lehoucq, R., Soremsen, D., and Yang, C., “ARPACK Users Guide,”
ftp://ftp.caam.rice.edu/pub/software/ARPACK , Mar. 1997.

[2] Deyhle, H. and Bippes, H., “Disturbance growth in an unstable three-dimensional
boundary layer and its dependence on environmental conditions,” Journal of Flutd
Mechanics, Vol. 316, Jun. 1996, pp. 73-113.

[3] Wagner, M., “Numerische Untersuchungen zum laminar-turbulenten ﬁbergang in
zwei- und dreidimensionalen Grenzschichten,” DLR-FB 92-36, Jul. 1992.

[4] Saric, W., Carillo, R., and Reibert, M., “Leading edge roughness as a transition
control mechanism,” AIAA Paper 98-0781, Jan. 1998.

[5] Coustols, E., “Stabilite et Transition en Encoulement tridimensional : Cas des Ailes
en Fleche,” Dissertation, L’Ecole National Superieure, Jun. 1983.

[6] Gray, W., “The effects of wing sweep on laminar flow,” 1952, RAE TM 255, (ARC
14, 929).

[7] Gregory, N. and Love, E., “Laminar flow on a swept leading edge,” Oct. 1965,
National Physical Lab., Final Progress Report, NPL Aero. Memo., Vol. 26.

[8] Gaster, M., “Laminar flow on a swept leading edge - final progress report,” The
Aeronautical Quarterly, Vol. 18, May 1967, pp. 165-184.

[9] Pfenninger, W., “Laminar flow control - Laminarization. Special course on concepts
for drag reduction,” Mar. 1977, AGARD Report 654.

[10] Arnal, D., Coustols, E., and Juillen, J., “Experimental and theoretical study of
transition phenomena on an infinite swept wing,” Recherche Acérospatiale, Vol. 4,
1984, pp. 39-54.

[11] Arnal, D. and Juillen, J., “Three-dimensional transition studies at ONERA/CERT,”
AIAA Paper 87-1335, Jun. 1987.

[12] Arnal, D., Gasparian, G., and Salinas, H., “Recent advances in theoretical methods
for laminar-turbulent transition-prediction,” ATAA Paper 98-0223, Jan. 1998.

[13] Nitschke-Kowsky, P., “Experimentelle Untersuchungen zu Stabilitit und Umschlag
dreidimensionaler Grenzschichten,” DLR-FB 86-24, Jun. 1986.

[14] Bippes, H. and Nitschke-Kowsky, P., “Experimental study of instability modes in a
three-dimensional boundary layer,” AIAA Paper 87-1336, Jun. 1987.

[15] Miiller, B. and Bippes, H., “Experimental study of instability modes in a three-
dimensional bounday layer,” 1988, Proceedings AGARD Symposium on Fluid Dy-
namics of 3D-turbulent shear flows and transition, Cesme, Turkey, AGARD CP-438.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


ftp://ftp.caam.rice.edu/pub/software/ARPACK

255

[16] Fischer, T. and Dallmann, U., “Theoretical investigation of secondary instability of
three-dimensional boundary layer flows with application to the DFVLR-F5 model
wing,” DLR-FB 87-44, Sep. 1987.

[17] Bippes, H., Miiller, B., and Wagner, M., “Measurements and stability calculations of
the disturbance growth in an unstable three-dimensional boundary layer,” Physics
of Fluids, Vol. 3, No. 10, 1991, pp. 2371-2377.

[18] Deyhle, H., Hoehler, G., and Bippes, H., “Experimental investigation of instability
wave propagation in a three-dimensional boundary layer flow,” AJAA Journal, Vol.
31, Apr. 1993, pp. 637-645.

[19] Takagi, S. and Itoh, N., “Observation of iraveling waves in the three-dimensional
boundary layer along a yawed cylinder,” Fluid Dynamics Research, Vol. 14, 1994,
pp. 167-189.

{20] Kohama, Y., Onodera, T., and Egami, Y., “Design and control of crossflow insta-
bility field,” IUTAM Symposium: on Nonlinear Instability and Transition in 3D-
Boundary Layers, Kluwer Academic Publishers, Jun. 1996, pp. 147-156.

[21] Takagi, S., Itoh, N., and Tokugawa, N., “Characteristics of streamline-curvature
disturbances in a rotating-disc flow,” AJAA Paper 98-0341, Jan. 1998.

[22] Mack, L., “Three-dimensional effects in boundary layer stability,” Twelfth Sympo-
sium on Naval Hydrodynamics, Jun. 1978, pp. 1-31.

(23] Malik, M., Li, F., and Chang, C., “Crossflow disturbances in three-dimensional
boundary layers; Nonlinear development, wave interaction and secondary instabil-
ity,” Journal of Fluid Mechanics, Vol. 268, Jun. 1994, pp. 1-36.

[24] Saric, W. and Yeates, L., “Experiments on the stability of crossflow vortices in swept
wing flows,” AIAA Paper 85-0493, Jan. 1985.

[25] Reed, H., “Wave interactions in swept wing flows,” Physics of Fluids, Vol. 30, No.
11, 1987, pp. 3419-3426.

[26] Dagenhart, J., Saric, W., Mousseux, M., and Stack, J., “Crossflow-vortex instability
and transition on a 45 degree swept wing,” AJAA Paper 89-1892, Jun. 1989.

[27] Kohama, Y., Saric, W., and Hoos, J., “A high-frequency secondary instability of
crossflow vortices that leads to transition,” Proceedings R.Ae.S. Boundary Layer
Transition and Control, Cambridge U.K., Apr. 1991.

(28] Radeztsky, R., Reibert, M., and Saric, W., “Development of stationary crossflow
vortices on a swept wing,” AJTAA Paper 94-2373, Jun. 1994.

(29] Reibert, M., Saric, W., and Carillo, R., “Experiments in nonlinear saturation of
stationary crossflow vortices in a swept wing boundary layer,” AIAA Paper 96-
0184, Jan. 1996.

(30] Chapman, K., Glauser, M., Reibert, M., and Saric, W., “A multi-point correlation
analysis of crossflow-dominated boundary layer,” AIAA Paper 96-0186, Jan. 1998.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



256

[31] Chapman, K., Reibert, M., Saric, W., and Glauser, M., “Boundary layer transition
detection and structure identification through surface shear stress measurements.”
AIAA Paper 98-0782, Jan. 1998.

[32] Poll, D., “Some observations of the transition process on the winward face of long
yawed cylinder,” Journal of Fluid Mechanics, Vol. 150, 1985, pp. 329-356.

[33] Kachanov, Y., “Generation, development and interaction of instability modes
inswept-wing boundary layer,” IUTAM Symposium on Nonlinear Instability and
Transition in 3D-Boundary Layers, Kluwer Academic Publishers, Jun. 1996, pp.
115-132.

[34] Gregory, N., Stuart, J., and Walker, W., “On the stability of three-dimensional
boundary layers with application to the flow due to a rotating disc,” Philosophical
Transactions of the Royal Society of London, 1955, pp. 155-198.

[35] Mack, L., “Boundary layer stability theory,” Nov. 1969, JPL Report No. 900-277.

[36] Gaster, M., “A note on a relation between temporally and spatially increasing dis-
turbances in hydrodynamic stability,” Journal of Fluid Mechanics, Vol. 14, 1962,
pp. 222-224.

[37] Saric, W. and Nayfeh, A., “Nonparallel stability of boundary layers with pressure
gradients and suction,” 1988, AGARD Report No.224.

[38] Drazin, P. and Reid, W., Hydrodynamic Stability, Cambridge University Press, 1981.

{39] Choudhari, M., Ng, L., and Streett, C., “A general approach for the prediction
of localized instability generation in boundary layer flows,” Proceedings R.Ae.S.
Boundary Layer Transition and Control, Cambridge U.K., Apr. 1991.

{40] Herbert, T. and Bertolotti, F., “Stability analysis of non-parallel boundary layers,”
Bulletin of the American Physical Society, Vol. 32, No. 10, 1987, pp. 2079.

{41] Herbert, T., “Boundary layer transition - analysis and prediction revisited,” AJTAA
Paper 91-0737, Jan. 1991.

[42] Herbert, T., “Progress in applied transition analysis,” AIAA Paper 96-1993, Jun.
1996.

[43] Herbert, T., “Transition analysis of flows over aerodynamic bodies,” AJAA Paper
96-1908, Jun. 1996.

[44] Herbert, T., “Parabolized stability equations,” Annual Review of Fluid Mechanics,
Vol. 29, 1997, pp. 245-283.

[45] Herbert, T., “On the stability of three-dimensional boundary layers,” AIAA Paper
97-1961, Jun. 1997.

[46] Malik, M., Chuang, S., and Hussaini, M., “Accurate numerical solution of compress-
ible, linear stability equations,” ZAMP, Vol. 33, No. 2, 1982, pp. 189-201.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



257

[47] Lele, S., “Compact finite difference schemes with spectral-like resolution,” Journal
of Computational Physics, Vol. 103, 1992, pp. 16—-42.

[48] Li, F. and Malik, M., “Mathematical nature of parabolized stability equations,”
Leminar- Turbulent Transition, edited by R. Kobayashi, Springer Verlag, New York,
1995, pp. 205-212.

[49] Bieler, H., “Theoretische Untersuchungen iiber primare Instabilititen in dreidimen-
sionalen Grenzschichtstromungen,” DLR-FB 86-54, 1986.

[50] Balakumar, P. and Malik, M., “Waves produced from a harmonic point source in a
supersonic boundary layer flow,” Journal of Fluid Mechanics, Vol. 245, Dec. 1992,
pp. 229-247.

[51] Balakumar, P. and Malik, M., “Discrete modes and continuous spectra in supersonic
boundary layers,” Journal of Fluid Mechanics, Vol. 239, Jun. 1992, pp. 631-656.

[52] Stuckert, G., Herbert, T., and Esfahanian, V., “Stability and transition on swept
wings,” AIAA Paper 93-0078, Jan. 1993.

[53] Reed, H., Saric, W., and Arnal, D., “Linear stability theory applied to boundary
layers,” Annual Review of Fluid Mechanics, Vol. 28, 1996, pp. 389-428.

[54] Schrauf, G., “Transition prediction using different linear stability analysis strate-
gies,” ATAA Paper 94-1848, Jun. 1994.

(55] Schrauf, G., Perraud, J., Vitiello, D., and Lam, F., “A comparison of linear stability
theories using F100 flight tests,” AIAA Paper 97-2311, 1997.

[56] Lingwood, R., “On the impulse response for swept boundary layer flows,” Journal
of Fluid Mechanics, Vol. 344, Aug. 1997, pp. 317-334.

[57] Cooper, A. and Carpenter, P., “The stability of rotating-disc boundary layer flow
over a compliant wall. Part 1: Type I and II instabilities,” Journal of Fluid Me-
chanics, Vol. 350, Nov. 1997, pp. 231-259.

(58] Cooper, A. and Carpenter, P., “The stability of rotating-disc boundary layer flow
over a compliant wall. Part 2: Absolute instability,” Journal of Fluid Mechanics,
Vol. 350, Nov. 1997, pp. 261-270.

[59] Bertolotti, F., Herbert, T., and Spalart, P., “Linear and nonlinear stability of the
Blasius boundary layer,” Journal of Fluid Mechanics, Vol. 242, Sep. 1992, pp. 441-
474.

[60] Herbert, T., Stuckert, G., and Esfahanian, V., “Effects of freestream turbulence on
boundary layer transition,” AJAA Paper 93-0488, Jan. 1993.

(61] Bertolotti, F., “On the birth and evolution of disturbances in three-dimensional
boundary layers,” I[UTAM Symposium on Nonlinear Instability and Transition in
3D-Boundary Layers, Kluwer Academic Publishers, Jun. 1996, pp. 247-256.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



258

[62] Klebanoff, P., Tidstrom, K., and Sargent, L., “The three-dimensional nature of
boundary layer instability,” Journal of Fluid Mechanics, Vol. 12, Jan. 1962, pp. 1-
34.

[63] Gortler, H. and Witting, H., “Theorie der sekundiren Instabilitit der laminaren
Grenzschichten,” Proceedings IUTAM Symposium on Boundary Layer Research,
edited by H. Goértler, Springer Verlag Berlin, 1958, p. 110.

[64] Orszag, S. and Patera, A., “Secondary instability of wall-bounded shear flows,”
Journal of Fluid Mechanics, Vol. 128, Mar. 1983, pp. 347-385.

(65] Herbert, T., “Secondary instability of plane channel flow to subharmonic three-
dimensional disturbances,” Physics of Fluids, Vol. 26, No. 4, 1983, pp. 871-874.

[66] Herbert, T., “Secondary instability of boundary layers,” Annual Review of Fluid
Mechanics, Vol. 20, 1988, pp. 487-526.

[67] Fischer, T. and Dallmann, U., “Primary and secondary instability analysis of a
three-dimensional boundary layer flow,” Physics of Fluids, Vol. 3, No. 10, 1991,
pp. 2378-2391.

[(68] Koch, W., “On a degeneracy of temporal secondary instability modes in Blasius
boundary-layer flow,” Journal of Fluid Mechanics, Vol. 243, Oct. 1992, pp. 319-
351.

[69] Balachandar, S., Streett, C., and Malik, M., “Secondary instability in rotating-disc
flow,” Journal of Fluid Mechanics, Vol. 242, Sep. 1992, pp. 323-347.

[70] Fischer, T., Hein, S., and Dallmann, U., “A theoretical approach for describing
secondary instability features in three-dimensional boundary layer flows,” AJAA
Pager 93-0080, Jan. 1993.

[71] Fischer, T., “Ein mathematisch-physikalisches Modell zur Beschreibung transi-
tioneller Grenzschichten,” DLR-FB 95-06, 1995.

[72] Fasel, H., “Investigation of the stability of boundary layers by a finite-difference
model of the Navier-Stokes Equations,” Journal of Fluid Mechanics, Vol. 78, Nov.
1976, pp. 355-383.

[73] Meyer, F. and Kleiser, L., “Numerical investigation of transition in three-
dimensional boundary layers,” 1988, Proceedings AGARD Symposium on Fluid
Dynamics of 3D-turbulent shear flows and transition, Cesme, Turkey, AGARD CP-
438.

[74] Joslin, R., Streett, C., and Chang, C.-L., “Validation of three-dimensional incom-
pressible spatial direct numerical simulation code,” 1992, NASA Technical Paper
3205.

[75] Joslin, R., Streett, C., and Chang, C.-L., “Spatial Direct Numerical Simulation
of boundary layer transition Mechanisms : Validation of PSE theory,” Journal of
Theoretical and Computational Fluid Dynamics, Vol. 4, 1993, pp. 1-18.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



259

[76] Joslin, R. and Streett, C., “The role of stationary crossflow vortices in boundary
layer transition on swept wings,” Physics of Fluids, Vol. 6, No. 10, 1994, pp. 3442-
3453.

[77] Miiller, W., Bestek, H., and Fasel, H., “Nonlinear development of traveling waves in
a three-dimensional boundary layer,” IUTAM Symposium on Nonlinear Instability
and Transition in 3D-Boundary Layers, Kluwer Academic Publishers, Jun. 1996,

. pp- 217-226.

[78] Wintergerste, T. and Kleiser, L., “Direct Numerical Simulation of transition in a
three-dimensional boundary layer,” Transitional Boundary Layers in Aeronautics,
edited by R.A.W.M. Henkes and J.L. van Ingen, North-Holland, Amsterdam, Ox-
ford, New York, Tokyo, 1996, pp. 145-153.

[79] Liu, C., Liu, Z., and McCormick, S., “Multilevel adaptive methods for incompress-
ible flow in grooved channels,” Journal of Computational and Applied Mathematics,
Vol. 38, Dec. 1991, pp. 283-295.

[80] Liu, Z., Xiong, G., and Liu, C., “Receptivity to freestream vorticial disturbance of
two- and three-dimensional airfoils,” AJAA Paper 96-2084, Jun. 1996.

[81] Liu, Z., Zhao, W., and Liu, C., “Direct Numerical Simulation of transition in a
subsonic airfoil boundary layer,” AIAA Paper 97-0752, Jan. 1996.

[82] Liu, Z., Zhao, W., and Liu, C., “Direct Numerical Simulation of flow transition
in a compressible swept wing boundary layer,” Advances in DNS/LES, Proceed-
ings of the First AFOSR International Conference on DNS/LES, Greyden Press,
Columbus, OH, U.S.A., Aug. 1997, pp. 223-232.

[83] Radeztsky, R., Reibert, M., Saric, W., and Takagi, S., “Effect of micron-sized rough-
ness on transition in swept wing flows,” AIAA Paper 93-0076, Jan. 1993.

[84] Balakumar, P. and Hall, P., “Optimum suction distribution for transition control,”
AIAA Paper 96-1950, Jan. 1996.

[85] Kuethe, A. and Chow, C., Foundations of Aerodynamics - Bases of Aerodynamic
Design, 4th edition, Wiley and Sons, 1985.

[86] Mack, L., “Transition prediction and linear stability theory,” Laminar- Turbulent
Transition, 1977, pp. 1.1-1.22, AGARD CP-224.

[87] Arnoldi, W., “The principle of minimized iterations in the solution of the matrix
eigenvalue problem,” Quarterly of Applied Mathematics, Vol. 9, No. 1, Apr. 1951,
pp. 17-29.

[88] Saad, Y., “Variations on Arnoldi’s method for computing eigenelements of large
unsymmetric matrices,” Linear Algebra and its Applications, Vol. 34, Dec. 1980,
pPp- 269-295.

[89] Sorensen, D., “Implicit application of polynomial filters in a k-step Arnoldi method,”
SIAM Journal on Matriz Analysis and Applications, Vol. 13, Jan. 1992, pp. 357-385.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



260

[90] Golub, G. and Loan, C. V., Matriz Computations, 2nd edition, The John Hopkins
University Press, 1989.

[91] Saad, Y., Iterative Methods for Sparse Linear Systems, PWS Publishing Company,
1996.

[92] Schlichting, H., Boundary Layer Theory, McGraw-Hill, 1987.

(93] Balakumar, P., “Finite amplitude stability of attachment-line boundary layers,”
AIAA Paper 98-0338, Jan. 1998.

[94] Meyer, F., “Numerische Simulation der Tramsition in dreidimensionalen Gren-
zschichten,” DLR-FB 89-12, Jul. 1989.

[95] Balakumar, P., “Finite amplitude equilibrium solutions for plane Poiseuille-Couette
flow,” Theoretical and Computational Fluid Dynamics, Vol. 9, 1997, pp. 103-119.

[96] Balakumar, P. and Malik, M., “Stability and N-factor computations for the ON-
ERA D- and NACA 64; A015-Wing,” 1995, High Technonlogy Corporation (HTC)-
Contractor Report.

[97] Corke, T. and Knasiak, K., “Stationary traveling crossflow mode interactions on a
rotating disc,” Journal of Fluid Mechanics, Vol. 355, Jan. 1998, pp. 285-315.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VITA

Erik Janke was born on April 2, 1965 in Berlin, Germany. His fascination with
flying objects was strongly encouraged by his parents, in particular by his father Dieter
Janke, who still has a strong interest in the ongoing space programs around the world.

Due to the demolition of the national aerospace industry in East Germany by
the soviet government in the late 1960’s, the only existing curriculum directly related
to Aerospace Engineering was available at the Institute of Traffic and Transportation
in Dresden, where Erik started his undergraduate studies in the field of Technology
of Air-transportation in 1986. With the fall of The Wall and the related dramatic
changes in East Germany in 1989, an opportunity arose to continue his graduate studies
of Aerospace Engineering at the Technical University in Berlin where he received his
Diplom-Ingenieur degree in 1993.

Following a recommendation of his advisor at the TU Berlin, Professor Dr.
W. Nitsche, Erik continued his studies of Fluid Dynamics at Old Dominion University,
Norfolk, Virginia, U.S.A. starting in August 1994 under the supervision of Professor P.
Balakumar.

After graduation in 1998, he will return to Germany in order to take a postdoc-
toral position with the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) in Géttingen.
There, he will be working on the topic of modeling and controlling of laminar-turbulent

transition scenarios in transonic flows across wings of commercial transport aircraft.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IMAGE EVALUATION

A

Vo ¢
AR 4 /\ <
Qy, o ¥ < / <
%\\\ e § /ﬁ\\ o w Y ///&V\ &
/. N \ Ve .
VR4 IA
N Y PO
4 ¥
ddas TR
_m_.lo._ K EEFEPIM Wmlg_._ Om % M._WMﬂF M
C ol = & | il 1
: o] =l s W |
qu _— — = = m 4
L)
—Y |y N o
) S
“ I PRI
0)» a, AN N
AN

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



	Nonlinear Stability and Control of Three-Dimensional Boundary Layers
	Recommended Citation

	tmp.1551717785.pdf.LZjO_

