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1.
INTRODUCTION

The problems of understanding the origins of turbulent flow and transition from laminar to turbulent flow are the most important unsolved problems of fluid mechanics and aerodynamics. There is no dearth of applications for information regarding transition location and the details of the subsequent turbulent flow. A few examples can be given here. (1) Nose cone and heat shield requirements on reentry vehicles and the "National Aerospace Plane" are critical functions of transition altitude. (2) Vehicle dynamics and "observables" are modulated by the occurrence of laminar-turbulent transition. (3) Should transition be delayed with Laminar Flow Control on the wings of large transport aircraft, a 25% savings in fuel will result. (4) Lack of a reliable transition prediction scheme hampers efforts to accurately predict airfoil surface heat transfer and to cool the blades and vanes in gas turbine engines. (5) The performance and detection of submarines and torpedoes are significantly influenced by turbulent boundary-layer flows and efforts directed toward drag reduction require the details of the turbulent processes. (6) Separation and stall on low-Reynolds-number airfoils and turbine blades strongly depend on whether the boundary layer is laminar, transitional, or turbulent.

The common thread connecting each of these applications is the fact that they all deal with bounded shear flows (boundary layers) in open systems (with different upstream or initial amplitude conditions). It is well known that the stability, transition, and turbulent characteristics of bounded shear layers are fundamentally different from those of free shear layers (Morkovin 1969, 1985, 1993; Reshotko 1976; Bayley et al 1988). Likewise, the stability, transi​tion, and turbulent characteristics of open systems are fundamentally different from those of closed systems Tatsumi 1984). The distinctions are vital. Because of the influence of indigenous disturbances, surface geometry and roughness, sound, heat transfer, and ablation, it is not possible to develop general prediction schemes for transition location and the nature of turbulent structures in boundary-layer flows.

Arnal (1992) and Saric (1992) review the literature and discuss the importance of this work as it relates to aircraft skin-friction reduction, so much of this material is not repeated here. With the maturation of linear-stability methods and the conclusions that breakdown mechanisms are initial-condition dependent (Saric & Thomas 1984; Singer et al 1989; Corke 1990), more emphasis is now placed on the understanding of the receptivity problem than on the details of the latter stages of transition.

At the present time no mathematical model exists that can predict the transition Reynolds number on a flat plate. One obvious reason for this lack is the variety of influences such as freestream turbulence, surface roughness, sound, etc. which are incompletely understood, yet may trigger transition through a forced response of the flow as a nonlinear oscillator. A second reason, of course, is the poor understanding of the free response of this nonlinear oscillator, i.e., of the fundamental mechanisms which lead initially small disturbances to transition. The recent progress in this area, summarized in Corke (1990) is encouraging, in that a number of distinct transition mechanisms have been found experimentally. The theoretical work finds them to be amplitude and Reynolds-number dependent. It appears as though the possibility exists for developing a transition criterion based on more rational ideas than the 

 method.

However, the theory remains rather incomplete with regard to predicting transition. Amplitude and spectral characteristics of the disturbances inside the laminar viscous layer strongly influence which type of transition occurs. The major need in this area is to understand how freestream disturbances are entrained into the boundary layer, i.e., to answer the question of receptivity. In all of what we discuss, receptivity will refer to the mechanism(s) that cause freestream disturbances to enter the boundary layer and create the initial amplitudes for unstable waves.

The pessimist will note that for a constant density, constant temperature, zero-pressure-gradient flow over a smooth flat plate, the location of transition to turbulence cannot be predicted. On the other hand, the optimist will describe the efforts made in the last 10 years in certain areas of modeling and predicting transition and be overjoyed at the progress.

Important sources of information regarding aerodynamic applications of transition are found in various AGARD Special Courses. The most recent courses that are relevant to this problem are: Stability and Transition of Laminar Flow (AGARD Report No. 709, 1984); Aircraft Drag Prediction and Reduction (AGARD Report No. 723, 1985); Skin Friction Drag Reduction (AGARD Report No. 786, 1992); and Progress in Transition Modeling (AGARD Report No. 793, 1993). In the first of these courses, the written lectures by Arnal (1984), Mack (1984), Reshotko (1984a,b), Poll (1984), and Herbert (1984b,c) cover vast amounts of detail and represent the state-of-of-art in 1984 on the fundamentals of stability and transition. The stability and transition material of AGARD Report 786 more or less replaces the earlier material of AGARD Report 723. Also of interest to readers of this volume are the 1993 lectures of Saric (1993), Arnal (1993), Cowley (1993), Herbert (1993), Reed (1993), and Singer (1993).

1.1
The process of transition for boundary layers in external flows

In fluids, turbulent motion is usually observed rather than laminar motion because the Reynolds-number range of laminar motion is generally limited. The transition from laminar to turbulent flow occurs because of an incipient instability of the basic flow field. This instability intimately depends on subtle, and sometimes obscure, details of the flow. The process of transition for boundary layers in external flows can be qualitatively described using the following (albeit, oversimplified) scenario. 

Disturbances in the freestream, such as sound or vorticity, enter the boundary layer as steady and/or unsteady fluctuations of the basic state. This part of the process is called receptivity (Morkovin, 1969) and although it is still not well understood, it provides the vital initial conditions of amplitude, frequency, and phase for the breakdown of laminar flow. Initially these disturbances may be too small to measure and they are observed only after the onset of an instability. A variety of different instabilities can occur independently or together and the appearance of any particular type of instability depends on Reynolds number, wall curvature, sweep, roughness, and initial conditions. The initial growth of these disturbances is described by linear stability theory (i.e. linearized, unsteady, Navier-Stokes). This growth is weak, occurs over a viscous length scale, and can be modulated by pressure gradients, surface mass transfer, temperature gradients, etc. As the amplitude grows, three-dimensional and nonlinear interactions occur in the form of secondary instabilities. Disturbance growth is very rapid in this case (now over a convective length scale) and breakdown to turbulence occurs.

Since the linear stability behavior can be calculated, transition prediction schemes are usually based on linear theory. However, since the initial conditions (receptivity) are not generally known, only correlations are possible and, most importantly, these correlations must be between two systems with similar environmental conditions. 

At times, the initial instability can be so strong that the growth of linear disturbances is by-passed (Morkovin, 1969, 1985, 1993; Breuer & Kuraishi, 1993) and turbulent spots or secondary instabilities occur and the flow quickly becomes turbulent. This phenomenon is not well understood but has been documented in cases of roughness and high freestream turbulence (Reshotko 1994; Suder et al. 1988). In this case, transition prediction schemes based on linear theory fail completely. At the present time, it is generally accepted that by-pass refers to a transition process whose initial growth is not described by the Orr-Sommerfeld Equation (see Chapter 2). A review of the physical aspects of all kinds of transition phenomena is given by Morkovin (1993). Of particular interest in the Morkovin paper is the transition "road map" and other graphics on transition processes. The neophyte should be cautioned because in an effort to be omnifarious, this road map is very difficult to understand. On the other hand, a case is made in the next section for an operational road map developed by Morkovin, Reshotko, & Herbert (1994).

1.2
Paths to transition
Until about fifteen years ago, the predominant view of laminar-turbulent transition was centered around the slow linear amplification of exponentially growing disturbances (the familiar Tollmien-Schlichting (T-S) waves), preceded by a receptivity process to the disturbance environment and followed by secondary instabilities, further non-linearity and finally a breakdown to a recognizable turbulent flow. This, in fact is the transition process that will be predominant in these lectures. 

However, there are transition phenomena in flows that are linearly stable and so could not be attributed to the aforementioned “T-S path.” These were labeled by Morkovin (1985) as “bypass transition.” The general feeling then expressed by Morkovin as well as Reshotko was that bypass transition was inherently non-linear, having bypassed the linear T-S processes. We often joked that bypass transition either bypassed the T-S processes or bypassed our knowledge, or both. This picture had to be urgently reconsidered in the early 1990’s with the emergence of a literature on transient growth.

Transient growth arises through the non-orthogonal nature of the Orr-Sommerfeld and Squire eigenfunctions. The largest effects come from the non-orthogonal superposition of slightly damped, highly oblique (near streamwise) T-S and Squire modes. These modes are subcritical with respect to the T-S neutral curve. The transient growth signature is essentially algebraic growth followed by exponential decay. A weak transient growth can also occur for two-dimensional or axisymmetric modes. So transient growth is therefore a candidate mechanism for many examples of bypass transition. 

The early developments in transient growth are described and summarized in the book by Schmid & Henningson (2001). Butler & Farrell (1992) determined optimal disturbance parameters for maximum transient growth in plane Couette, plane Poiseuille and Blasius flows. These optimal disturbances have a decided three-dimensionality. In most cases, the optimal disturbances are stationary streamwise vortices. They are for zero frequency and a particular spanwise wavenumber. It is important to emphasize that the transient growth theory is linear.
The consequence of these arguments is that transient growth can be a significant factor in the transition to turbulent flow for flows that are T-S stable. A summary of the early application of transient growth theory to cases of bypass transition is by Reshotko (2001). Consideration of transient growth has led to an enlargement and clarification of the paths to transition by Morkovin, Reshotko & Herbert (1994) and is shown in Fig. 1. 
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Figure 1. Paths to turbulence in wall layers

Five paths to transition, A through E, are shown in this figure. A discussion of each of these paths follows. Examples are given particularly where related to transient growth and bypass transition.  

Path A - Path A corresponds to the situation where transient growth is insignificant and transition is due to traditional T-S, Görtler or crossflow mechanisms. This is the traditional path to transition for low disturbance environments where modal growth is significant. Summaries of all aspects of this path - disturbance environment, receptivity, linear and nonlinear instability, transition prediction and transition control - are available by Reshotko (1994), Reed, Saric & Arnal (1996) and Saric, Reed & White (2003).

Path B - As described by Morkovin et al (1994), the Path B scenario indicates some transient growth providing a higher initial amplitude to the eigenmode growth upon crossing into an exponentially unstable region. There are no obvious examples in the literature of this scenario. It is somewhat troublesome because of the following:

Transient growth (nonmodal) is largest for stationary streamwise disturbances. Modal growth is largest for transverse disturbances at low speeds, or oblique disturbances at supersonic speeds. How a streamwise disturbance would couple to a transverse disturbance is not clear. It may be that a traveling nonmodal disturbance can couple with an oblique modal disturbance. It is more likely that the nonmodal and modal disturbances will develop independently. A good test case for Path B would be transient growth preceding a Görtler instability. Both involve streamwise disturbances of comparable wavelength.

In an interesting set of experiments, Kosorygin & Polyakov (1990) report that for Tu < 0.1%, they observe T-S bands in their spectra, 
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 profiles that conform to T-S eigenfunctions, and amplitude growth in accordance with T-S theory. For Tu > 0.7%, low frequency disturbances are strong and display the Klebanoff mode. The 
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 spectra fall monotonically with frequency. The fluctuations are three-dimensional with lateral scales of the order of a boundary layer thickness. For intermediate turbulence levels (0.1% < Tu <0.7%) Kosorygin & Polyakov report both T-S growth and Klebanoff mode growth to be concurrent and that “transition has been determined by coexistence and interaction of two kinds of eddy motion whose lateral scales differ strongly from one another. The growth of the T-S wave changes weakly as compared to the estimate by the linear stability theory.” Related experiments are by Suder et al (1988) and Sohn & Reshotko (1991). For Tu = 0.3% - 0.4%, T-S bands are observed in the hot-wire spectra. For Tu > 0.9%, there is no clear evidence of T-S bands. Unfortunately, no attempts were made in those experiments to measure a spanwise scale.

On the other hand, Cossu & Brandt (2002) suggest that the Blasius boundary layer can be stabilized by streamwise streaks of sufficiently large amplitude to cause a nonlinear distortion of the basic flow. Saric et al (1998) have demonstrated that crossflow disturbances can be stabilized by discrete roughness elements near the leading edge that again provide a nonlinear distortion of the basic flow. 

Path C - Path C is the case where eigenmode growth is absent. This is the transient growth path that has received the most attention because it covers the most salient cases of bypass transition. The optimal disturbances of Butler & Farrell (1992) show large transient energy growth factors for plane Couette flow as well as for plane Poiseuille flow below the Branch I Reynolds numbers. The particular case of Poiseuille pipe flow is described in detail by Reshotko & Tumin (2001) and discussed in a later lecture. The “blunt body paradox” will be also be discussed in a later lecture.

Path D - In Path D, the result of the transient growth is that the spectrum of disturbances in the boundary layer is full – it looks like a turbulent spectrum (even while the basic flow profiles are still laminar). The spectra decrease monotonically with increase in frequency while the intensity level increases with distance downstream. Examples of Path D are in the experimental results of Suder et al (1988) and of Sohn & Reshotko (1991) for Tu > 1%. Based on transient growth theory, Andersson et al (1999) have developed a very plausible correlation for flat plate transition at elevated freestream turbulence levels. This will also be discussed in a later lecture.

Path E - Path E represents the case of very large amplitude forcing where there is no linear regime. Such large amplitude forcing might come from chopping the free stream to obtain very large disturbance levels. The resulting freestream spectra do not resemble wind tunnel or grid turbulence spectra.

Only paths A, B and C apply to external flows. Path D is common in internal flows at elevated turbulence levels. Path E will be ignored in these lectures.
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