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Abstract:
Acoustic fluctuations that originate from transitional and turbulent boundary layers in a supersonic
wind tunnel limit the capabilities of ground test facilities for boundary layer transition research and
testing. The present work explores boundary layer stability and transition with and without surface
heating on one contoured wall of a low-disturbance Mach 3 two-dimensional wind tunnel at Montana
State University.

The throat area of the lower contoured surface was heated to a steady state temperature of 13% and
22% over the stagnation temperature at unit Reynolds numbers of 5.2xl0^6/m and 6.2x10^6/m,
respectively. Boundary layer measurements with a small, fast-response, pitot probe were used to
characterize fluctuation magnitude, frequency content, and the rate of amplification with and without
surface heating. The effect of surface heating was to reduce the amplitude of a low frequency
disturbance at all streamwise positions. Suppressing this low frequency activity caused turbulent
bursting to be moved downstream, thereby increasing the extent of laminar flow to nearly the entire
nozzle length. Predictions with linear stability theory showed that heat has a mild stabilizing effect on
Gortler vortices, and first-mode Tollmien-Schlichting waves could be suppressed with a proper heating
distribution by moving the neutral point downstream and reducing the subsequent amplification rates.
However, the e^N method with linear stability theory completely failed to predict the observed
transition in the nozzle boundary layer due to unsteady oscillations, even in the case without surface
heating.

Calculations of the mean-flow also showed that natural cooling (heat followed by cooling) and
roughness arguments do not appear to explain the observed stability events.

The experiment and theory show at least two different paths to turbulence suppression by heating the
surface of a supersonic nozzle. (1) The experiment demonstrates that heat suppresses a bypass
mechanism triggered by receptivity events near and possibly upstream of the nozzle throat. (2) The
computations show that a proper heating distribution can also be used to suppress the growth of linear
instabilities in the nozzle if bypass were not present. 
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ABSTRACT

Acoustic fluctuations that originate from transitional and turbulent boundary layers 
in a supersonic wind tunnel limit the capabilities of ground test facilities for boundary 
layer transition research and testing. The present work explores boundary layer stability 
and transition with and without surface heating on one contoured wall of a low- 
disturbance Mach 3 two-dimensional wind tunnel at Montana State University.

The throat area of the lower contoured surface was heated to a steady state 
temperature of 13% and 22% over the stagnation temperature at unit Reynolds numbers 
of 5.2xIO6Zm and 6.2xIO6Zm, respectively. Boundary layer measurements with a small, 
fast-response, pitot probe were used to characterize fluctuation magnitude, frequency 
content, and the rate of amplification with and without surface heating. The effect of 
surface heating was to reduce the amplitude of a low frequency disturbance at all 
streamwise positions. Suppressing this low frequency activity caused turbulent bursting 
to be moved downstream, thereby increasing the extent of laminar flow to nearly the 
entire nozzle length. Predictions with linear stability theory showed that heat has a mild 
stabilizing effect on Gortler vortices, and first-mode Tollmien-Schlichting waves could 
be suppressed with a proper heating distribution by moving the neutral point downstream 
and reducing the subsequent amplification rates. However, the eN method with linear 
stability theory completely failed to predict the observed transition in the nozzle 
boundary layer due to unsteady oscillations, even in the case without surface heating.
■ Calculations of the mean-flow also showed that natural cooling (heat followed by 
cooling) and roughness arguments do not appear to explain the observed stability events.

The experiment and theory show at least two different paths to turbulence 
suppression by heating the surface of a supersonic nozzle. (I) The experiment 
demonstrates that heat suppresses a bypass mechanism triggered by receptivity events 
near and possibly upstream of the nozzle throat. (2) The computations show that a proper 
heating distribution can also be used to suppress the growth of linear instabilities in the 
nozzle if bypass were not present.
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CHAPTER I 

INTRODUCTION

L I Background

As design margins for modern supersonic and hypersonic flight vehicles become 

tighter, the fidelity of engineering predictions for thermal and aerodynamic loading 

become increasingly important. Since the magnitudes of skin friction and heat transfer 

depend heavily on whether the boundary layer is laminar or turbulent, the natural state of 

the boundary layer over the vehicle surface becomes a “first-order” variable in the design 

process. Yet, the location and extent over which boundary layer transition occurs is often 

the largest source of uncertainty in sub-system performance. Furthermore, if the physics 

of the boundary layer transition process are well understood, then control becomes a 

reality, with potentially high pay-off.

1.1.1 Applications of Transition Experiments

Some estimates have indicated that if laminar flow can be maintained on the wings 

of a large commercial transport, the reduction in skin-friction drag would give as much as 

25% savings in fuel (Reed et al. 1996). This has obvious implications for transport range, 

payload economy, and emissions control to the environment. A recent numerical study 

by King et al. (1998) has also shown that the location and extent of boundary layer
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transition has a significant influence on both lift and drag of supercritical airfoils by 

changing the location of the shock-wave, and the subsequent shock-boundary layer 

interaction. This is an important finding, since the transition location is usually 

prescribed a priori, rather than computed from physical principles with the flow-field 

solution. Perhaps the most severe consequences for accurate transition prediction are 

found in the heating requirements for thermal protection systems (TPS) on hypersonic re

entry vehicles like the Space Shuttle (Olynick and Tam 1997) and the Lockheed X-33 

technology demonstrator. If the current design predictions for boundary layer transition 

on the X-33 were to be exceeded, “the increased heating would exceed the TPS limits.” 

(Thompson et al. 1998) Ah overly conservative design increases the vehicle weight, 

decreases payload capacity, and changes the allowable flight trajectories. The goal of 

single-stage to orbit also becomes more difficult.

Although there has been much progress in modeling boundary layer transition 

(Reshotko 1997a), there are still many shortcomings that prevent transition prediction and 

control based on first-principles, particularly for three-dimensional flows, and elevated 

disturbance environments; the problem is magnified at supersonic and hypersonic speeds. 

Further progress can only be achieved with wind tunnel experiments of sufficient quality 

to use for model validation (Haynes et al. 1996), and. the conclusive identification of 

relevant flow physics. The basic component to these experiments is a wind tunnel that 

has a high-quality flow field in which disturbances are below various threshold values 

similar to ftee-flight conditions. These low-disturbance wind tunnels in the supersonic
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and hypersonic regime are termed “quiet” wind tunnels for their low levels of free-stfeam 

noise.

1.1.2 Sources of Free-stream Noise in a Supersonic Wind Tunnel

■ A review by Morkovin (1959) discusses the various sources of disturbances found in

wind tunnels (Figure l- l)1. The unsteady disturbances can be categorized into three 

unique modes that can exist independent of one another in a compressible flow. Vorticity 

(turbulence) and entropy (temperature spottiness) modes are convected disturbances that: •

propagate along streamlines, and are traceable to conditions upstream of the nozzle 

throat. The third type of disturbance is an acoustic mode, whose intensity radiates across 

streamlines along local Mach lines. Vorticity and entropy modes can be mitigated with 

proper stilling tank design and screen arrangements located downstream of the classic 

disturbance generators listed in the left of Figure 1-1, and just upstream of the 

contraction. Additionally, Laufer (1961) showed that above about Mach 2.5, the acoustic 

disturbances dominate the free-stream flow field and the convected disturbances are 

damped due to the high accelerations and flow-stretching through the nozzle.

The acoustic disturbances are composed of fluctuations that originate at the wall due 

I to a localized “effective” displacement of the boundary layer. In the case of wall

roughness and waviness, the surface geometry produces a local pressure perturbation 

(Mach-wave) that emanates from a fixed location, and any unsteadiness in the boundary 

' I  layer causes the Mach-wave to shiver, so that this wrinkled Mach-wave displaces back

1 Figures and tables are located at the end of each chapter.
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and forth relative to a fixed observer. As boundary layer transition sets in, discrete 

turbulent eddies form that protrude above the surface of the boundary layer. Each of 

these eddies is capped by a weak, unsteady, Conical shock wave that moves with the 

speed of the eddy (Laufer 1964). As one approaches hypersonic speeds discrete turbulent 

bursts are even observed in the free-stream as eddy-Mach-waves convect past a stationary 

probe (Stainback et al. 1974, Wilkinson et al. 1994, Schnieder and Haven 1995). 

Recently, Wilkinson (1997), and Brogan and Demetriades (1998) have also shown that 

unstable activity in the boundary layer can interact with the stream to produce pressure 

perturbations before the formation of turbulent bursting in the wall boundary layer. As 

the Mach number increases in the core flow, the effect of perturbations in the inviscid 

surface are amplified proportional to M2 (Laufer 1961).

1.1.3 Effects of Free-stream Noise on Transition

Pate and Schueler (1969) and Pate (1980) clearly demonstrated that the transition 

process on a model can occur at lower Reynolds numbers when acoustic disturbances 

originating from eddy-Mach-waves in a transitional and turbulent boundary layer 

impinge on a model. These acoustic waves act as a forcing function (Mack 1975) that, at 

the proper frequencies, can prematurely excite instabilities within the model boundary 

layer causing the layer to break down to turbulence. The leading edge region is 

particularly susceptible to the adverse effects of wind tunnel noise.

Dougherty and Fisher (1982) also made a direct comparison of the Reynolds number 

at transition onset (Tter) in wind tunnel and flight experiments at identical conditions with 

the same 10° sharp cone. Figure 1-2 shows the results of Dougherty and Fisher,
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supplemented by flight data at higher Mach numbers as reported in Beckwith et al. 

(1983)2. With increasing Mach number, Figure 1-2 graphically illustrates the large 

disparity between supersonic transition experiments conducted in conventional wind 

tunnels and those of free flight. The noise characteristics of these conventional 

supersonic wind tunnels are typically more than an order of magnitude above that found 

in free-flight, primarily because of the acoustic radiation from the turbulent boundary 

layer on the tunnel walls (recall radiated noise increases with M2). Moreover, when the 

same experiment is conducted in a quiet wind tunnel with laminar wall boundary layers, 

noise levels approach those of free-flight, and ReT increases to flight-values. The “quiet 

tunnel data” (Beckwith et al. 1983, Creel et al. 1985, Chen 1993) in Figure 1-2 was 

acquired again on a IO0 cone in the two-dimensional Langley Mach 3.5 Pilot Quiet 

Tunnel (cone Me=3.33) with only the apex of the cone subject to a low noise 

environment. Higher Rct values were limited by the model size and tunnel conditions; it 

is still possible that if larger runs of low-noise flow were permitted on the model, Rex 

would continue to increase.

It is also important to realize that the increased noise levels not only move transition 

forward in general, but they also modify parametric effects so that the transition test in 

the conventional tunnel has no relevance to free-flight conditions.

2 This flight data is only about half of a larger data set also reported by Beckwith (1975). 
The reason for omitting these points is not known, although the latter is far outside the 
general cluster of data for Me<5. The conditions and Rex values of the complete data set 
are documented in (Schneider 1998b).
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Therefore, if one is to conduct meaningful experiments dealing with boundary-layer 

transition on a wind tunnel model it is essential that the boundary layer growing along the 

wind tunnel nozzle itself remains laminar, to the extent that Mach waves emanating 

downstream of transition in the latter boundary layer do not impinge on the model. 

Because of this linkage between the boundary-layer turbulence and the ffee-stream 

disturbances, understanding the nozzle boundary layer is a prerequisite for attacking the 

ffee-stream disturbance problem systematically, and for designing "quiet" wind tunnels.

1.1.4 Organization of the Literature Review

The purpose of this thesis is to first, to understand more fully the mechanism(s) of 

boundary layer instability and transition on the wind tunnel walls and second, to explore 

how surface heating can be used as a design technique for delaying those instability 

mechanism(s) which cause transition in the nozzle boundary layer. In the remainder of 

this chapter, the elements of the transition process are first reviewed, emphasizing the 

mechanisms preceding transition. Then the current state of the aft in quiet wind tunnels 

is discussed. Finally, the objectives of the present research are presented.

1.2 Supersonic Boundary Layer Transition Mechanisms

The evolution from a laminar to turbulent boundary layer is a process that begins 

with disturbances at the boundaries (i.e. surface and ffee-stream edge) of.the layer. The 

Navier-Stokes equations dictate that with a proper match in scale and frequency, these 

disturbances will be ingested into the layer, then be. naturally amplified by the conditions 

in the layer without the aid of external forcing. When disturbances in the boundary layer
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grow to a certain point, a localized region of turbulence appears. With increasing 

distance, more turbulent “spots” appear and merge together, until a fully turbulent layer is 

achieved; that is, the production of turbulence is self-sustained, stable, and statistically 

stationary. Morkovin (1991) developed a “system portrait of roads to wall turbulence” 

reproduced here as Figure 1-3. The details of this schematic are still not complete, and 

some still poorly understood, but the portrait covers the major categories of the transition 

problem.

The mechanism(s) by which the disturbances like sound, vorticity, and roughness 

can be converted to free-waves in the boundary layer (“eigenmodes”) is termed 

receptivity, and, as illustrated in Figure 1-3, it encompasses and influences the entire 

transition process. First, receptivity provides the crucial information for the initial 

amplitude, phase, and frequency at the inception of the primary instability. Second, 

distributed receptivity recognizes the boundary layer as a truly open system, to provide 

the boundary conditions for the disturbance equations as the instability grows. The 

character of the initial conditions and boundary conditions in turn controls the path of 

non-linear break down of the laminar flow. However, the non-homogeneous boundary 

conditions are often unimportant because of the disparity in scales between the ffee- 

stream and boundary layer disturbances.

Since the unsteady free-stream disturbances generally have much larger wavelengths 

than those of the boundary layer eigenmodes, a mechanism to re-scale the free-stream 

disturbances is required for a strong coupling between the external and internal 

perturbations of the boundary layer. These mechanisms are found in rapid, localized
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adjustments of the basic state. Thus, the classic receptivity sites are near surface 

roughness, and the model leading edge or stagnation point where a strong local pressure 

gradient exists and rapid boundary layer growth occurs. The stationary disturbances (i.e. 

Gortler and crossflow) apparently respond to streamwise vorticity generated at the 

leading edge or discrete roughness elements (Reibert and Saric 1997, Saric et al. 1998) 

so that this re-scaling is not necessarily required.

In a low-disturbance environment, the initial growth of the instability can be 

described by a set of linear disturbance equations (derived from the unsteady Navier- 

Stokes equations) valid in the limit of small disturbance amplitudes. As the amplitude 

increases, non-linear interactions occur that give rise to new secondary instabilities. The 

boundary layer becomes highly three-dimensional, instability growth is very rapid, and 

breakdown to turbulence occurs quickly. The final mechanism that leads directly to the 

chaotic and random fluctuations of turbulence is appropriately named the tertiary 

instability. However, the latter occurs over such a short distance, that there is usually no 

distinction made between the secondary and tertiary instabilities.

At times, the initial amplitude of the instability can be so strong that one or more 

stages of instability growth is “bypassed” (Morkovin 1984). Non-linear mechanisms lead 

to turbulence prematurely. The bypass mechanisms are poorly understood, but have been 

repeatedly observed in cases of high disturbance environment, including free-stream 

turbulence, sound (e.g. the conventional wind tunnel), sufficient roughness, and wall-

wavmess.
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1.2.1 Boundary Layer Stability Prediction

1.2.1.1 Instability types

At the heart of the transition process is the presence of an instability within the 

boundary layer whose characteristics are governed by the basic state, free-stream 

conditions, disturbance environment, and surface geometry. The instability mechanisms 

that initiate the transition process (primary instability of Figure 1-3) are categorized by 

their physical mechanisms of instability growth as Tollmien-Schlichting (TS) and Mack- 

modes, Gdrtler vortices, crossflow vortices, and Rayleigh instabilities. Under enabling 

conditions, each instability can exist as a “natural” oscillation, whose growth is driven by 

a conversion of energy from the boundary layer basic state to the instability. Many 

applications will have more than one instability that co-exist, in which case, the more 

unstable disturbance will dominate over the others, and/or strong non-linear interactions 

between instabilities will occur.

The TS mode is a general description of a vorticity wave propagating through the 

layer in the streamwise direction (two-dimensional wave), or at an angle inclined to the 

streamwise direction (oblique wave). Mack (1969, 1984) has given a complete account 

of these waves for the compressible layer at supersonic and hypersonic speeds. In 

particular, he showed that (I) the oblique “first-mode” waves are more unstable than their 

two-dimensional counterpart, and (2) with increasing Mach number (Me>4), a second

mode and additional “Mack-modes” with an acoustic nature become more unstable than 

the first-mode instability. The TS and Mack-modes are traditionally responsible for 

transition in flat plate and conical flows with a low-disturbance environment.
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In the boundary layer on a concave wall (the general case is treated with streamline 

curvature rather than geometry curvature), the Gortler instability develops due to an 

imbalance between centrifugal forces and the pressure gradient normal to the wall. The 

outer regions of the boundary layer have a higher radial acceleration than the inner 

regions. Hence, the boundary layer exchanges fluid between the inner and outer regions 

with counter-rotating vortices whose axes are parallel to the streamwise coordinate.

A three-dimensional boundary layer provides the possibility for a crossflow 

instability associated with the inflection point in the lateral velocity profile. The 

inflection point is highly unstable and gives rise to spanwise modulations in the form of 

co-rotating vortex structures with their axes aligned with the inviscid streamlines. The 

vortex structure provides many similarities to the Gbrtler instability.

1.2.1.2 Linearized theory

The initial development of the primary instability can be described with linear 

stability theory (LST) in the limit of small amplitude disturbances. A harmonic 

perturbation is superimposed onto the undisturbed boundary layer state. If that 

perturbation grows, the layer is said to be unstable, and if all disturbances decay, the layer 

is stable. The LST has its roots in the unsteady Navier-Stokes equations linearized about 

the basic state. But the major simplifications in the theory come about by locally 

ignoring all boundary layer growth terms, and imposing homogeneous boundary 

conditions at the wall (smooth wall) and in the free-stream (no external disturbances). 

The resulting set of equations can be solved at any streamwise location with a given basic
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state, and represents the correct zeroth-order approximation -  formally justified with a 

complete nonparallel analysis.

Reed, Saric and Arnal (1996) have most recently reviewed linear stability theory. 

Mack (1969) still provides the most complete account of incompressible and 

compressible stability theory. Later he condensed this discussion and updated some of 

the issues in three-dimensional boundary layers and three-dimensional instabilities in 

(Mack 1984).

1.2.1.3 Non-linear methods.

More sophisticated methods of stability prediction are the Parabolized Stability 

Equations (PSE) (Herbert 1997) and direct numerical solutions (PNS) of the Navier- 

Stokes equations (Reed 1993). The new PSE approach treats the boundary layer as a 

weakly non-parallel flow by including boundary layer growth terms, but neglecting 

streamwise diffusion in the disturbance equations. The result is a set of parabolic 

disturbance equations that are marched in the streamwise direction to analyze the 

evolution of single or interacting Fourier modes. Initial conditions are prescribed, 

presumably from experiment or a receptivity analysis. The DNS techniques remove all 

constraints of the stability problem, with an arbitrary spectrum of unsteady free-stream 

and surface conditions as input.

1.2.2 Boundary Layer Transition Prediction

Traditional engineering methods predict the onset of transition (defined by the first 

appearance of turbulent bursts) with empirical correlations. The simplest of these are
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based on integral boundary layer parameters. Examples include the shape factor 

correlation of Wazzan (1981), or transition based on a momentum thickness Reynolds 

number Ree. However, the physics of the instability growth, and receptivity are 

completely removed.

The most common method for transition prediction used in industry involves LST 

coupled with an transition prediction scheme (Smith and Gamberoni 1956, Van Ingen 

1956, Arnal 1993). Growth rates of the linear disturbance are calculated on the body 

with LST for a given frequency, wavelength, and disturbance orientation. Integrating the 

growth rates from the first unstable point to some downstream location gives the 

disturbance amplitude A relative to the initial disturbance amplitude A0. Transition is said 

to occur when the initial disturbance A0 has been amplified to a certain threshold, eN, 

where N  is the so-called V-Iactor is defined by

V = In (1-1)

The quantity At is the disturbance amplitude at transition. Since the eN method can only 

correlate transition to the amplitude ratio, the role of receptivity in defining A0 is ignored 

entirely, and any effect of the disturbance environment must be included in the 

“calibrated” value of N. The primary utility in the eN method is in comparing transition 

induced by the same primary instability between two similar disturbance environments. 

The Wfactor can also be used as a stability index for parametric studies using the local 

amplitude A in place ofy4r. At a given location, a lower value of V  would indicate a more 

stable flow, and a longer run of laminar flow would be expected.
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In low-disturbance environments, such as that found in quiet wind tunnels and free- 

flight, transition has been correlated to AW)-11 for a wide variety of two-dimensional 

bodies with TS instabilities in subsonic through hypersonic conditions (Malik 1989a, 

Arnal 1993). Computations by Malik (1989a) showed that transition on a flat plate and 

cone (recall Figure 1-2) at Mach 3.5 occur near A=IO. Transition on the Dougherty and 

Fisher 10° sharp cone in flight also correlated 9<A<11.

As a correlation, the method is equally applicable to compressible and 

incompressible boundary layers with steady Gortler, or crossflow instabilities. However, 

the vortex motion of these instabilities quickly causes non-linear distortion of the basic 

state; the use of LST all the way to the point of transition is highly questionable (Arnal 

1993, Reed et al. 1996). For Gortler vortices, Floryan (1991) reports that about 50% of 

the total distance from the neutral point to transition onset is dominated by non-linear 

development, whereas TS instabilities have a linear development that covers 75% to 85% 

of the unstable region (Amal 1993). Accordingly, the A-factor for stationary vortical 

disturbances implicitly includes a large extrapolation of the linear region to the location 

of transition onset, as well as the receptivity effects on A0. It is not surprising that the eN 

method shows a high-degree of scatter for Gortler and crossflow disturbances.

The PSE and DNS techniques allow transition prediction directly from the 

instability amplitude, since the value of A0 is required in the solution. The inclusion of 

non-linear effects also allows transition prediction methods more closely related to 

physical conditions in aircraft design like the point of minimum shear stress or minimum 

heat transfer -  but at considerable computational expense.
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1.2.3 Heat-Transfer Mechanisms in Stability and Transition

1.2.3.1 Uniform heating

The hydrodynamic stability of a boundary layer is strongly controlled by the shape 

of the mean velocity profile in the boundary layer. It has been shown (Mack 1969) that 

the more negative the velocity second derivative is at the wall, (S2CZZdy2)Iy=O, the “fuller” 

and more stable the velocity profile becomes. This result applies to both inviscid and 

viscous instabilities. With an understanding of how (S2CZZSy2)|y=o affects hydrodynamic 

stability, a class of stability modifiers (Gad-el-Hak 1990, see also section 3.7 of Reed et 

al. 1996) has been developed from the compressible stream-wise momentum equation 

applied at the wall.

dP+ — d/j. <92CZ"
JU— —L Z=O dT <0/ y=0 L

Note that differentiation has been performed on the viscous dissipation term to 

obtain the last term on the left hand side (LHS) and the term on the right in equation 1-2.

Among other modifiers (suction, controlled pressure gradient, etc.) the last term on 

the LHS is positive or negative depending on the direction of heat transfer. In air, the 

dynamic viscosity, //, always increases with temperature, therefore, djuJdTX) and 

3CZZdy|y=0 > 0 for non-separating flows. If heat is removed from the fluid (wall cooling), 

dTldy>0, and the last term of the LHS is negative. The second derivative (S2CZZdy2)Iy=O 

becomes more negative showing a fuller and thus more stable velocity profile. Similarly, 

wall heating produces d77dy<0, bringing the second derivative closer to zero, and
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destabilizing the boundary layer. This heating effect has been verified in a number of 

experiments on cones and flat plates. In fact, Lees (1946), and later Reshotko (1963) 

showed the possibility that at low Supersonic Mach numbers, a boundary layer can be 

completely' stabilized with cooling below some threshold ratio of cooled wall to adiabatic 

wall temperature.

However, the arguments related to' equation 1-2 (the “classical heat transfer effect”) 

apply to the boundary layer stability governed by first-mode TS waves. Other modes of 

instability, such as the Mack modes (Mack 1984), Gortler vortices (Floryan 1991), and 

crossflow instabilities (Reed et al. 1996) do not respond to the heat transfer effect in the 

same way as discussed above, and may show an opposite heat transfer effect.

Analysis of Gdrtler vortices for incompressible and compressible flows shows a 

mixed response to surface heating. At supersonic speeds, El-Hady and Verma (1983, 

1984) used a normal mode solution to show that the stabilizing or destabilizing effects is 

dependent upon the choice of parameters in the problem. Spall and Malik (1989) solved 

the full Gdrtler problem with a marching procedure (linear PSE) to improve the solution 

of El-Hady and Verma, explore the effect of pressure gradient, and extend the results to 

wall heating at supersonic and hypersonic Mach numbers. At Mach 3.5, Spall and Malik 

show that heating has a mild stabilizing effect (doubling the wall temperature gave a 15% 

increase in ReT at A=IO) and cooling is slightly destabilizing -  an apparent monotonic 

trend. Growth rates with and without heating at other Mach numbers were not presented.

The stability trends with surface heating or cooling for the compressible Gdrtler 

problem are rationalized against the relative dominance of viscous dissipation
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(stabilizing) and centrifugal forces (destabilizing) (El-Hady and Verma 1984, Kabayashi 

and Kohoma 1977).

1.2.3.2 Localized Heating

Recently, the possibilities of stabilizing first-mode TS waves in a boundary layer by 

localized heating have been, explored in subsonic flows. There are relatively few papers 

on the subject (most in Russian), but the reported effects are all consistent.

Masad and Nayfeh (1992) demonstrated, theoretically, that the boundary layer over a 

flat plate could be notably stabilized when the heating strips are properly placed ahead of 

the neutral stability point. Heating the boundary layer upstream causes the boundary 

layer to be “cooled” upon entering the region of instability. Therefore, by the classical 

cooling effect of equation 1-2, the velocity profile instead becomes more stable, thus 

moving transition onset downstream. Placing the heat transfer strips inside the unstable 

region (i.e. downstream of the neutral point), increased the growth rates at and 

downstream of the strip -  again showing the relevance of equation 1-2. Masad and 

Nayfeh calculated the opposite behavior when cooling strips were used in place of the 

heating strips. Both incompressible and compressible flows (up to M=O.8) were included 

in the study.

The same “natural cooling” effect has also been confirmed in several flat-plate 

experiments (Dovgal et al. 1990, Maestrello and Nagabushana 1989). Dovgal et al. 

showed by experiment that when heat was concentrated at and near the leading edge, the 

growth of unstable waves was reduced. If heat was placed in the unstable region, the 

boundary layer became more unstable. With proper location of the heating, transition
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Reynolds number could be increased by as much as 70% over the adiabatic case, with 

only a 28% increase in the local wall temperature. Transition could even be delayed with 

heating at the leading edge in even the presence of a three-dimensional square roughness 

element.

Kazakov et al. (1995) have also applied the localized heating technique to the 

leading edge of a two-dimensional airfoil to show substantial increases in the transition 

Reynolds number in the chord-wise direction. When intense heating was used, transition 

delay could even be demonstrated with a thermally insulated surface downstream of the 

initial heating. These results were in qualitative agreement with the experiments of 

McCroskey (1961, quoted in Maestrello 1990) whose results were again attributed to 

natural cooling.

Maestrello (1990) also reports the local surface heating as a means for re- 

laminarizing a turbulent boundary layer proceeding a concave surface with Gbrtler 

vortices. With an initially turbulent boundary layer heat is applied in the appropriate 

location, and the relaminarization produces the famous Blasius profile. Relaminarization 

is again attributed to natural cooling downstream of the heater, according to the stability 

arguments of equation 1-2.

1.3 State of the Art in Quiet Wind Tunnels

As described in Section 1 . 1,  the natural state of the boundary layer on the nozzle 

walls is the most common cause of a noisy environment which in turn causes poor results 

from transition experiments conducted in wind tunnels. Figure 1-5 shows a schematic of 

how transition on the nozzle walls defines the low-disturbance test core of the quiet
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tunnel. The forward region of the test rhombus is defined by the Mach lines that extend 

forward from the nozzle exit, while the back of the test core is limited by the Mach lines 

that emanate from an acoustic source at the wall -  e.g. the onset of boundary layer 

transition. If the distance between the apex of the opposing wedges (or cones in an 

axisymmetric tunnel) is Ax, then the Reynolds number at the free-stream conditions in the 

test rhombus, based on Ax (Rezx) represents the largest Reynolds number that can be 

tested within the quiet test core. The primary objective in quiet tunnel design is to 

maximize Rezx  by maintaining laminar flow on the nozzle walls as long as possible. The 

largest “quiet-flow Reynolds number” achieved in practice to date has been Rezx  =9><106 

in the Langley Mach 3.5 pilot tunnel (Chen and Malik 1990).

Before discussing the LFC techniques employed to maximize Re^x, we must address 

the question: What constitutes quiet flow? The database of atmospheric disturbances in 

the flight environment is sparse, and cannot be used for a quantitative comparison to the 

wind tunnel environment. In the absence of these direct measurements, the best working 

definition of “quiet-flow” would be derived from a comparison of ReT in the wind tunnel 

and flight. Beckwith et al. (1983) have used the Dougherty and Fisher 10° cone data and 

corresponding low-disturbance wind tunnel tests (Figure 1-2) to suggest a level of static 

pressure fluctuations less than 0.05% of the mean for quiet flow. Another common 

threshold is pitot pressure (i.e. total pressure behind a normal shock wave) fluctuations 

that are less than 0.1% of the mean (Beckwith et al. 1983, Wolf et al. 1994, Wolf and 

Laub 1996). In either case, the disturbance spectra should also be monotonic decreasing 

with increasing frequency (Reshotko 1997b).
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1.3.1 Boundary Layer Development on a Supersonic Nozzle

To achieve “quiet” operation, a solid understanding is needed of transition in the 

boundary layers growing on the interior surfaces of the wind tunnel nozzle and test section. 

A necessary element in this understanding is the behavior of the nozzle laminar" boundary 

layer, on the basis of which stability calculations and accompanying transition predictions 

can be made.

Most nozzle designs are either of the two-dimensional type or axisymmetric, each with 

its inherent advantages. The two-dimensional nozzle consists of two opposing contoured 

nozzle blocks enclosed within two flat sidewalls. Flow sections are rectangular, with 

expansion taking place in a direction parallel to the sidewalls. At any given distance from 

the nozzle throat, the inviscid flow is therefore laterally uniform on the contoured surfaces, 

but is strongly variable on the sidewalls. Specifically, pressure gradients appear on the 

sidewalls in a direction normal to the main flow vector, inducing crossflows which distort 

the sidewall boundary layers and generate appreciable three-dimensionalities in the corners 

(King and Demetriades 1993, Ostrander et al. 1989). The resultant laminar boundary layer 

profiles around the periphery of any given cross-section are thus non-uniform, also leading 

to potential non-uniformities in the boundary layer stability and transition to turbulence. 

The laminar boundary layer development of the two-dimensional nozzles has been most 

recently addressed with experimental and theoretical analyses by Demetiiades et al. (1998). 

Axisymmetric tunnels enjoy some simplicity in the boundary layer development, since the 

inviscid flow and boundary layer development at any given distance from the throat are 

independent of the angular coordinate. Boundary layer stability and transition are also
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expected to be nominally axisymmetric. However, the fabrication and visual access of 

axisymmetric tunnels are more difficult to achieve than with a two-dimensional shape.

1.3.2 Nozzle Design Features for Laminar Flow Control and Noise Reduction

To summarize the history of quiet nozzle development (Beckwith and Miller 1990), 

the primary causes of nozzle wall turbulence have been found to be roughness in the 

nozzle throat, continuation of the turbulent boundary layer in the settling chamber and 

contraction into the nozzle, and destabilization of the nozzle wall laminar boundary layer 

by the formation and amplification of instabilities which subsequently grow and cause a 

turbulent wall boundary layer. These issues are addressed by providing a highly 

polished nozzle, suction slot upstream of the throat to remove the turbulent boundary 

layer (i.e. “bleed slots”), and a slow-expansion axisymmetric nozzle to reduce the 

strength of Gortler vortices, and increase the axial distance of the quiet test core based on 

Mach lines from the “acoustic origin” of the turbulent boundary layer.

It would appear that the techniques for maintaining natural laminar flow by 

optimizing the nozzle geometry have been exhausted. Yet, the present achievable 

transition Reynolds numbers on nozzle walls (and hence quiet test core size) still impose 

severe limitations for studying natural transition at flight conditions in the wind tunnel. It 

therefore remains to explore other LFC methods to further increase Re^x . One such 

method appears to be a controlled temperature distribution on the nozzle surface.
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1.3.3 Observed Temperature Effects on Nozzle Boundary Layers

In 1975, Harvey et al. investigated the effect of heating the surface in a Mach 5 pilot 

supersonic nozzle as part of a quiet wind tunnel design. Strip heaters were placed around 

the outside of the nozzle surface and subsonic approach. The results showed the 

transition Reynolds number increased by approximately 20%. The heating in these 

experiments, however, was not applied locally, as in the work of Masad and Nayfeh 

(1992), but uniformly over the nozzle surface. The probable mechanism of transition 

delay was explained as a result of an increased boundary layer thickness with heating 

that, in turn, reduced the relative height of surface roughness (Harvey et al. 1975a). 

Thus, the surface heating produced a “smoother” surface. The finding that heat could 

delay transition was apparently overshadowed by the two-fold increase in ReT produced 

by boundary layer bleed-slots, and was not pursued further.

Through the 1978-1981 period, Demetriades (1978, 1981a, 1981b, 1992a) studied 

the effect of surface roughness and wall temperature on the boundary layer in the throat 

of the MSU Mach 3 supersonic wind tunnel. Liquid nitrogen was circulated through 

ducts in the nozzle throat region located approximately I cm below the exposed surface 

of the aluminum nozzle block. Transition Reynolds numbers were seen to monotonically 

decrease with decreasing wall temperature. (Figure 1-4). This result was again in 

opposition to the simpler theory for flat plate flows.

In 1993, Demetriades (1996) returned to the nozzle heating effect to confirm the 

observations of Harvey et al. (1975) and Demetriades (1981a, 1992a) and explain why 

heating or cooling delays or promotes transition, respectively. A uniform heat flux was
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applied with a Film heater that began upstream of the throat, and extended to 70% of the 

nozzle length. With surface temperatures only about 12% above the adiabatic wall 

temperature, the boundary layer state could be reduced from turbulent to laminar 

(Demetriades 1996). It was hypothesized that the heat concentrated near the nozzle 

throat caused a natural cooling of the boundary layer downstream, and thus a more stable 

boundary layer by the classical cooling effect.

Very recently, similar trends have been observed with a cold wall promoting 

transition in the Purdue Mach 4 Ludwieg Tube (Munro 1996, Schneider 1997).

1.4 Purpose of This Investigation

If the apparent heating effect can be optimized (e.g. heating level, location) and 

transferred to other wind tunnel facilities, implications on quiet wind tunnel technology 

can be far reaching. Moreover, if instability growth, and thus transition, can be 

substantially delayed by local heating in a wind tunnel, the acoustic origin of noise 

produced by the transitional and turbulent boundary layer will be moved down-stream, 

and the quiet test core will be enlarged for a given set of stagnation conditions.

The review of the current literature clearly shows that the heating effect on the nozzle 

boundary layer has remained largely unexplained from either an experimental or 

theoretical viewpoint. And furthermore, direct measurements of boundary layer 

transition, even without surface heating, on the interior surfaces of a wind tunnel nozzle 

are scarce. The objectives of the present investigation have been to explore physical 

mechanisms responsible for the observed delay in transition on the wind tunnel nozzle 

when heat is applied.
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(1) Linear stability theory was applied to the boundary layer of a quiet supersonic 

nozzle to identify linear stability mechanisms associated with and without surface 

heating on the wind tunnel nozzle.

(2) The unsteady oscillations preceding the onset of boundary layer transition on a 

wind tunnel nozzle were measured both with and without surface heating.

(3) The results of the experiment and those of linear stability theory were compared.

With a favorable comparison between the theory and experiment, surface heating 

techniques could be applied to new and existing low-disturbance facilities with 

confidence using a rational design approach. However, if the theory could not predict the 

experimental observations with acceptable accuracy, the measurements themselves could 

provide more insight into the physics of the surface heating and guide the way for further 

study.
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CHAPTER 2 

APPROACH

The facility chosen for this investigation was the two-dimensional Mach 3 

Supersonic wind tunnel at MSU (MSU-SWT). Prior surface heating investigations 

involved observing fluctuations within the boundary layer at a single streamwise position 

(Demetriades 1992a, 1996), the present investigation has explored the streamwise 

development of instabilities and transition on the nozzle lower surface.

2.1 Wind tunnel and Nozzle Configuration

2.1.1 Wind tunnel

' The Mach 3 wind tunnel at MSU is an open-circuit, continuous flow facility with run 

times as long as 12 hours. A low-disturbance flow is achieved by the absence any 

moving parts upstream of the test section, and by the two-stage contraction and screen 

arrangement upstream of the nozzle throat (see Figure 2-1). The first 3-dimensional 

contraction is approximately 56:1, and after the air goes through a flow-straightener and a 

series of screens, the air is accelerated to the nozzle throat in a 2-dimensional contraction 

with an area ratio of 8.5:1. The two dimensional nozzle and test section are shown in 

Figure 2-2. The nozzle interior is formed by two contoured upper and lower nozzle 

blocks bounded on each side with optical quality glass windows. The contour is a
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conventional type (Chen et al. 1985) with the inflection point located at 9.8 cm from the 

nozzle throat and a maximum slope of 9.84°. The radius of curvature at the throat is 29.8 

cm. Stagnation conditions can be controlled to obtain total pressures from 300-620 

mmHg, and total temperatures of 21°C to 67°C. The range of unit Reynolds number 

from 2.1xl06 to 6.TxlO6Zm can cause a quiescent laminar, transitional, or a fully turbulent 

boundary layer to naturally occur on the nozzle surface.

The wind tunnel is also equipped with a two- or three-axis programmable traverse 

that is interfaced to a personal computer for automated experiments. The present 

experiments were conducted with only the x- and y- components of the traverse active. 

The optical access that extends from the contraction to the diffuser entrance allows the 

user to have un-obstructed view of the experiment at all times when moving diagnostic 

sensors in the flow.

2.1.2 Nozzle Modifications

The present investigations used the modified lower nozzle block of Demetriades 

(1992a, 1996). The aluminum nozzle block contains ducting located 1.0 cm beneath the 

nozzle surface (Figure 2-3) from -9<x<9 cm that spans the width of the nozzle. The 

present experiments used a circulating bath heater to pump hot ethylene glycol through 

the ducting that allowed a maximum surface temperature of 100°C. The temperature was 

maintained at a set-point value to within +/- 1°C with a closed loop, controller. The 

details of the heater arrangement are given in (Brogan 1995).

A thin 0.023 cm overlay was instrumented with thermocouples as shown in Figure 2- 

3, and installed to cover the entire length of the two-dimensional contraction and nozzle.
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The outer skin was a sheet of 0.013 cm stainless steel shim. After the overlay was 

installed, the entire upper surface of the nozzle block was hand-polished to a mirror-like 

surface. The measured surface roughness of the overlay showed a 0.05mm average 

roughness acquired with a stylus-type indicator.

The continuous glass sidewalls allowed the experimenters to observe the entire 

overlay throughout all data acquisition. Initially, waviness (0.002 cm peak-to-valley over 

I cm) was noted in the overlay, but after a few extended heating cycles, no defects could 

be observed. Furthermore, the polished surface optically amplified any defects present so 

that waviness of several microns was easily noticed. Measurements of the core mean- 

» flow also showed no perturbations introduced by the overlay.

2.2 State of the Unheated Nozzle Boundary Layer

Figure 2-3 shows a qualitative “map” of instability growth and transition for the 

MSU-SWT Mach 3 nozzle. The transition map was created for the unheated nozzle 

condition using hot-wire and pitot pressure fluctuation data (Kulite measurements)

■ collected over the past 20-odd years of tunnel operation. Though a number of detection

techniques are represented in the transition map, the region boundaries were constructed 

primarily by viewing filtered rms activity as P0 was varied at a given streamwise 

position. The combination of wideband rms, the high-pass (>200kHz) rms, and visual 

inspection of time-series waveforms allowed a qualitative determination of the region 

boundaries (King and Demetriades 1993).

Under adiabatic conditions, Mueller observed that transition on the unheated nozzle

appears to occur as a result of a low frequency disturbance (2-3 kHz) which grows and
i
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gradually breaks down to turbulence with bursts appearing at the peaks and valleys of the 

base waveform. Mueller’s findings also showed that the transition process in the MSU- 

SWT nozzle occurred at nominally the same streamwise position around the perimeter of 

the tunnel, with a slight preference for the sidewalls to become transitional before the 

contoured surface. Symmetry about the horizontal and vertical center-planes of the 

tunnel was also confirmed.

2.3 Scope of the Surface Heating Investigation

Since transition delay with surface heating had been observed on the lower nozzle 

block, the present study was focussed toward analyzing the stability of the boundary layer 

over the contoured surface with and without surface heating. The problem was 

approached with both theoretical predictions using LST and with experimental 

measurements on the centerline of the lower contoured surface of the MSU-SWT nozzle. 

Boundary layer stability was computed over the supersonic region of the nozzle both with 

and without surface heating. Measurements of unsteady fluctuations preceding and 

during transition were acquired over the latter half of the nozzle at conditions identical to 

the numerical analysis.

Table 2-1 shows the matrix of conditions for the present investigation. The low- 

pressure case (500 mmHg, 21°C) was selected to capture the unsteady fluctuations 

leading to turbulence and compute growth through a linear regime with and without 

surface heating. At 595 mmHg, the boundary layer without surface heating has a large 

turbulent content and cannot be discussed in the context of stability theory, or a pre- 

transitional phenomenon. However, the high-pressure case demonstrated the worst
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condition (highest Retm) in the MSU-SWT for which surface heating could be used to 

delay boundary layer transition. The measurements at P0=S 95 mmHg also afforded an 

opportunity to extend the earlier measurements by Demetriades (1996) who also recorded 

a transition delay at 595 mmHg.

The “unheated” condition of Table 2-1 refers to the condition that no fluid was 

circulated beneath the nozzle throat. As will be discussed later, the unheated and 

adiabatic conditions showed different surface temperature distributions. The theoretical 

predictions were conducted for both “unheated” conditions and an adiabatic surface for

comparison.
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Po
mmHg

T0
°C

R et00
m'1

Nozzle surface condition* Measurement Range
x/L

500 21 5.20x10* Adiabatic Wall ———

500 21 5.20x10* Unheated, (Tw)x=0 = 15 °C 0.54 - 0.95
500 21 5.20x10* Heated, (Tw)x=O = 60 °C 0.54-0.95
595 . 16 6.23x10* Adiabatic Wall —

595 16 6.23x10* Unheated, (Tw)x=0 = 12 °C 0.54-0.95
595 16 6.23x10* Heated, (Tw)x=0 = 80 °C 0.54-0.95

*(Tm)x=o is the throat temperature only. Although the heated nozzle has a non-uniform 
surface temperature, the throat temperature, nozzle geometry, and stagnation conditions 
are sufficient to establish a unique temperature profile on the nozzle surface.

Table 2-1. Matrix of flow conditions for the surface heating investigation. Theoretical predictions 
are executed for the same.
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CHAPTER 3

COMPUTATIONAL METHODS

Computations for the theoretical predictions followed a similar three-step pattern to 

that reported by King and Demetriades (1993). A streamwise pressure gradient was first 

computed with a viscous Navier-Stokes solver beginning upstream of the two- 

dimensional contraction and Continuing to the test section exit. The pressure gradient 

from the Navier-Stokes solution, along with a thermal boundary condition at the wall was 

then used as input to a two-dimensional viscous gas boundary layer code. Boundary 

layer profile quantities and subsequent derivatives could be calculated at a much higher 

resolution with the boundary layer code than that afforded by the Navier-Stokes solution. 

Last, the basic state computed with the boundary layer code was used as input to a third 

program to compute linear stability predictions for first-mode Tollmien-Schlichting 

instabilities, and Gdrtler vortices.

All solutions were executed on the CRAY YMP at NASA-Ames for speed and 

precision. The Navier-Stokes solutions typically required less than 15 minutes of CPU 

time, and the boundary layer solver and stability code usually required less than I minute. 

Tabular summary files were also generated for each step of the solution (using custom 

programs and modifications to the source code) for interpreting the results graphically 

with plotting software. The combination of rapid solution times and convenient graphics
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visualization allowed detailed parametric studies that could be performed interactively. 

Executing the codes on the CRAY also provided 64-bit arithmetic to minimize the effects 

of round-off error in the solutions. This is particularly important for the boundary layer 

and stability computations where 32-bit single-precision arithmetic often produces totally 

unusable results with wild oscillations.

3.1 Navier-Stokes Solution.

3.1.1 OVERFLOW Description

The Navier-Stokes solver, OVERFLOW, was used to compute the adiabatic steady 

flow through the nozzle including the inviscid core and viscous boundary layer growth on 

the tunnel walls. The compressible Navier-Stokes equations are solved with a finite 

difference code in conservation form. OVERFLOW uses implicit differencing in time 

with options for central or upwind differencing in space, artificial dissipation, multigrid, 

and other convergence acceleration features for steady-state solutions. Certain of the 

code’s features are presented here to acquaint the reader with the options used in the 

solutions presented below. A more complete description of the code and its basic 

algorithms can be found in (Buning et al. 1997, Jespersen et al. 1997, and Pulliam 1986). 

Consider the time dependent Navier-Stokes equations written as

-  + L(Q) = Q, 3-1

where Q is the vector of unknowns and L(Q) is the spatial difference operator for the 

steady Navier-Stokes equations. The non-linear flux terms in the steady Navier-Stokes
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equations (L(Q)) are linearized with Taylor series expansions. Then the discretized 

equations are cast into, a delta form, such that

(/ + MA{Qn ))A£ = MRHS" 3-2

where n denotes the previous time level and the solution is updated to the present time 

level 77+1 with

(2»" = Q " +Ag  3-3

The right-hand side term RHS in equation 3-2 is composed of L(Q) plus some possible 

artificial dissipation. The matrix A(Q) is the Jacobian of L(Q) also with artificial 

dissipation. The matrix pre-multiplying, AQ is referred to as the left-hand side term LHS.

Options in OVERFLOW for treating the LHS and RHS of equation 3-2 were chosen 

to resemble the diagonalized, implicit Bearn-Warming (BW) algorithm (Pulliam 1986). 

This includes central difference operators in LHS and RHS, and approximate 

factorization with diagonalization in the LHS matrix.

In order to initiate a computation with approximate starting data as well as to 

suppress high frequency oscillations in the solution of the non-linear Euler and Navier- 

Stokes equations, it is necessary to add artificial dissipation to the BW scheme. This is 

accomplished by using a blend of second- and fourth-order dissipation terms with a 

“switch” that is sensitive to the pressure gradient. The fourth-order dissipation is active 

in the smooth portions of the flow field to damp high frequency waves, while the second- 

order dissipation is much more effective for shock capturing. The magnitude of 

dissipation is controlled by a multiplying factor set by the user. This factor can be a 

scalar that controls the amount of dissipation uniformly for all flow variables, or a matrix
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that scales the dissipation appropriately for each individual characteristic field. The 

scalar dissipation has faster convergence and works well for most problems. However, it 

often gives excessive dissipation in boundary layer regions, which in turn produces a 

velocity overshoot at the edge of the boundary layer (for example see Figure 21, 

Jespersen et al. 1997). This behavior was confirmed in the present studies and would 

cause errors in the boundary layer edge detection, and boundary layer integral properties. 

As such, matrix dissipation was used for all final results.

In steady-state computations, convergence can be accelerated with multigrid and 

full-multigrid (FMG) techniques (Wesseling 1995). The benefit of multigrid is to 

combine the inherent advantages of solving a problem on a fine grid and on a coarse grid. 

On the finest level, high frequency error components are smoothed by the viscous 

dissipation in the scheme (real dr artificial), and on the coarse level, solutions are quick 

and low frequency components convect out of the domain faster than on the fine level. 

Though multigrid increases computational overhead for each iteration (one multigrid 

cycle), fewer iterations are required to convergence. The net result with the multigrid 

implementation in OVERFLOW is a typical reduction in CPU time by a factor of two or 

three (Jespersen et al. 1997). The multigrid algorithm in OVERFLOW uses a saw-tooth 

cycle. For a single multigrid cycle, an approximate solution is obtained on the finest 

level, then interpolated or “restricted” to the next level, solved again, restricted to the 

next level, and so on until the coarse grid is reached. The solution is then successively 

interpolated or ‘prolongated” back to the fine level, thus completing a multigrid cycle. 

The maximum efficiency is achieved with “full-multigrid”, or FMG. Here, one begins on
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the coarse level, and gradually works up to the finest level, using the multigrid algorithm 

at any intermediate level. The number of iterations spent at each intermediate level is 

specified by the user and is optimized by numerical experimentation for a given problem.

Convergence to steady-state can also be accelerated with a spatially varying time 

step. A global time step is usually limited by only a small region in the solution domain 

for time accuracy and stability of the scheme (typically governed by the smallest cell 

dimensions). A variable time step can be viewed as a way to condition the iteration 

matrix of the relaxation scheme so that each cell has a time step proportional to the local 

CFL number. This allows much larger CFL numbers in the outer flow that accelerates 

the process of setting up the inviscid portion of the flow field. The inviscid flow in turn 

drives the boundary layer development and time to convergence for the overall solution is 

substantially improved. OVERFLOW implements a variable time step either with local 

time stepping (At is proportional to the cell volume) or with a constant CFL number over 

the entire flow-field (Buning et al. 1997). The present computations have used a mixture 

of both techniques; local time stepping was specified, and a minimum CFL number 

(typically 2 for initial start-up, and 5 thereafter) was enforced.

3.1.2 Grids

The nozzle geometry was modeled in two dimensions using a constant section 

plenum and the design coordinates for the nozzle block. The “plenum” replaced the 

three-dimensional contraction of the wind tunnel, and extended far upstream in order to 

minimize the influence of the numerical inflow condition. The plenum joined the two- 

dimensional contraction with a constant-curvature arc whose end points were tangent to
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each surface. Beyond the throat, the nozzle design coordinates were first smoothed then 

refined to define the nozzle surface on arbitrary streamwise grid spacing.

Three different grids for the two-dimensional Navier-Stokes computation with 

dimensions 140x41, 169x65, 201x97 were used to explore the solution convergence. As 

an example, Figure 3-1 graphically shows the coarse grid. Each grid was algebraically 

determined through the lower half of the nozzle (allowed by symmetry) using body fitted 

coordinates.

First, grid spacing in the y-direction at the throat was generated with a simple 

geometric progression to cluster grid points near the solid surface for good resolution in 

the boundary layer. Then, the grid at the throat was projected through the contraction and 

nozzle, requiring the mesh to be orthogonal at the boundary surfaces and approximately 

orthogonal through the interior of the solution domain. The y-coordinates normalized by 

the throat height h (=1.799 cm) of the grid points at the throat are plotted in Figure 3-2 

for the coarse, medium, and fine grids.

The streamwise mesh spacing for all three grids is shown in Figure 3-3. The largest 

streamwise gradients occur through the throat region where the flow is quickly 

accelerated from subsonic to supersonic speeds. The streamwise grid was established by 

first specifying a minimum Ax at the throat (x=0). In the contraction (x<0), an 

approximate potential flow was used to provide a grid spacing proportional to the 

estimated velocity potential, which led to a hyperbolic progression. Grid points in the 

nozzle (x>0) were biased toward the throat with a geometric progression.
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As shown,in Figures 3-2 and 3-3, the primary effect of increasing the number of grid 

points in both normal and streamwise directions was to increase the resolution in regions 

of high gradient. Table 3-1 summarizes the important grid parameters for the coarse, 

medium, and fine grids.

3.1.3 Initial Conditions and Boundary Conditions

The nozzle symmetry was enforced by specifying the upper boundary (tunnel 

centerline) as a flat inviscid wall with an extrapolation of the normal momentum equation 

and an adiabatic wall. The lower contoured boundary used a no-slip viscous condition 

with viscous terms started at the 5th grid point. A pressure extrapolation was used to 

compute the solution at the wall. Flow variables at the inflow boundary were computed 

by using a constant P0 and T0, then calculating the other flow variables based on the local 

Riemann invariants. In this way, characteristics propagating upstream were allowed to 

pass through the upstream boundary rather than reflect and introduce numerical 

oscillations into the solution. At the downstream boundary, all flow variables were 

extrapolated to the exit plane.

The computation was initiated by starting with a stagnant flow field and specifying a 

low pressure uniformly across the nozzle exit. Physically, this produced a rarefaction 

that propagated upstream then established the supersonic flow through the diverging 

portion of the nozzle. After the entire inviscid core was supersonic at the nozzle exit, the 

downstream boundary was changed to an outflow condition so that all flow variables 

were extrapolated to the exit plane, and the. solution was marched to convergence.
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In a supersonic nozzle the mass flow is uniquely determined by the nozzle throat and 

the stagnation conditions, and is a part of the solution. The mass flow in the solution was 

first estimated based on uniform sonic flow at the nozzle throat, and the effective throat 

area (corrected for the boundary layer displacement thickness). This guess was supplied 

to the code by specifying a uniform Reynolds number, Mach number and static 

temperature across the flow-field inlet. The elliptic nature of the subsonic flow upstream 

of the nozzle throat then allowed the mass-flow restriction condition to propagate 

upstream and adjust the inlet conditions as the solution developed (requiring P0 and T0 to 

be constant).

3.2 Two-dimensional Boundary Layer Solution

The boundary layer mean-flow over the contoured surface was computed with the 

two-dimensional (and axisymmetric) boundary layer code of Harris and Blanchard 

(1982), applicable to compressible, viscous, ideal gases. Since the boundary layer code 

can. easily accommodate many more points in the surface normal direction than the 

Navier-Stokes code, it is the program of choice to provide detailed boundary layer 

quantities and derivatives for use by the stability code. Furthermore, the code was used 

by Brogan (1995) to explore the effects of surface heating on the mean-flow development 

in the MSU-SWT, and provided a natural extension to the present work.

The boundary layer code solves the system of governing equations with a coupled 

implicit finite difference procedure in the wall normal direction. The first streamwise 

station is solved with a locally self-similar solution, then marches in the streamwise 

direction at variable increments of the arc-length s specified by the user. Probstein-Elliot
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and Levy-Lees transformations are employed to remove the classic boundary layer 

Singularity at the starting location (.S1= O ) ,  and reduce the layer growth in the streamwise 

direction. The grid in the wall-normal direction is generated for all s with a geometric 

progression in the transformed normal coordinate, t/ b l - A s  input, the user specifies 

TjBUmax, the number of grid points N, and the geometric progression constant 

(=A TjBLjc+]/A rIBUk)■ Note that the subscript “BL” is included to distinguish the Levy-Lees 

variable from the wall-normal coordinate 77 used in the stability calculations, and in the 

solutions presented later.

As input, the boundary layer code required the edge pressure distribution (PJP0), and 

wall thermal condition (gw or Tw) as a tabulated function of arc-length s. Here, the 

Navier-Stokes solution was used to calculate PeZP0, and surface temperature distributions 

were obtained from experimental measurements. The stagnation conditions, surface 

geometry, solution and output control parameters were also specified as input. Output 

was in the form of boundary layer profiles and station summaries.

The boundary layer code had been modified to generate an input file (including 

profile derivatives) for the basic state used in the stability computations. First and second 

derivatives for velocity and temperature in 77 were computed in the Harris and Blanchard 

code using finite differences. Through the interior, 3-point centered differences were 

used to give second- and first-order accuracy on the first and second derivatives, 

respectively. Derivatives at the wall were computed with forward differences that 

maintained the same order of accuracy as in the interior domain.
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3.3 Stability Computations

Theoretical predictions for the stability of the boundary layer were explored with the 

Cmalik spatial linear stability code (Malik 1989b). This program has been used by a 

number of investigators for engineering predictions of boundary layer stability and 

transition in quiet nozzle design. This section describes the underlying theory of the code 

for stability predictions as it applies to the present computations.

3.3.1 General method

The formulation of the stability equations begins by expressing the instantaneous 

quantities q = \u,v,w  ,p  ,T  as the sum of a mean-flow component Q and a disturbance

q’ so that

q(x,T, z, t) = Q(x,y, z) + q'(x, y, z, t) . 3-4

The instantaneous quantities are substituted in to the full compressible Navier-Stokes 

equations, the basic state is subtracted out, and terms which are quadratic in the 

disturbance are dropped to leave a set of linear partial differential equations describing 

the behavior of small perturbations in a boundary layer. This set of stability equations is 

difficult to solve in general, and further assumptions are required for a tractable solution.

The boundary layer growth is assumed small over one wavelength of the 

disturbance, so that all of the “non-parallel” terms can be neglected in the disturbance 

equations. Physically, this can be interpreted as the local wave motion of the instability 

being governed by the local mean-flow with a negligible influence of local boundary 

layer growth. Accordingly, the mean-flow at a given streamwiSe position is expressed as
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a two-dimensional parallel flow with [U,V,W] = [[/(y),0,0]. The resulting linear 

disturbance equations formally represent a zeroth-order formulation of the instability, but 

they allow separation of variables that leads to an eigenvalue problem in the wall-normal 

direction y. The correct zeroth-order statement of the stability problem can be formally 

justified with a nonparallel analysis (see, for example, Gaster 1974)

The disturbance is modeled with a small amplitude harmonic waveform (i.e. single 

Fourier component) so that

? ' ( x , y , z , f )  =  g ( T ) e ' ^ ^ \  3 - 5

where q(y) -  [m, v , w , p, T f  is the vector of eigenfunctions that describes the mode 

structure through the boundary layer. To compute the growth of the waves in a spatial 

frame of reference, the wavenumbers a  and (3 are complex and the disturbance frequency 

a> is real; a temporal formulation is achieved with a  and ft real, and co complex. The two 

frames of reference lead to approximately the same physical description and are related 

through group velocity of the wave packets using (raster’s transformation (Mack 1984). 

Separating the real and imaginary components of the exponent,

g(x,y ,z,f) = 3-6

The first exponential describes the growth of a single Fourier component, and the second 

exponential describes the waveform. Accordingly, a wave will be “unstable” and grow in 

the streamwise direction if -% >0, will be “neutral” for a,=0, or will be “stable” for -%<0. 

Here we are principally concerned with the growth of the instability in the streamwise 

direction, so growth in the spanwise direction has been ignored by setting /?,•-() (as is
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customarily done) and considering /? to be only a real number. The wave-angle (j) of the 

traveling disturbance is defined by

Substituting equation 3-6 into the linearized disturbance equations, separation of

ordinary differential equations in the wall normal direction. The disturbance velocity and 

temperature perturbations are required to go to zero at y=0 and _y=oo, for the set of 8 

boundary conditions

y = 0 : u' = v' = w' = T' = 0

The homogeneous disturbance equations and 3-8 constitute an eigenvalue problem for a, 

with parameters /? and co. There are a number of techniques for choosing values of P and 

<x>, but, typically they are chosen in combination to either match experimental values, or 

to determine the largest growth rates (<%) within a given basic state. The foil set of 

equations for the eigenvalue problem in compressible LST can be found in (Mack 1984) 

or (Malik 1990a).

Equation 3-6 is the general description (in LST) for the TS instability, including 

first-mode (i.e. the first unstable eigenvalue), and the higher “Mack” modes. In the Mach 

number range of the present work, oblique first-mode instabilities with ^ between 50-70° 

are dominant over other modes (Mack 1984).

3-7'

variables allows the partial differential equations to be reduced to an Sth-Order system of

y ->oo : u', V, w\ 7 ' -> 0 3-8
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When solving the stability problem, the disturbance equations are made 

dimensionless with the local edge conditions of the mean-flow {Ue, Te, a ) and a 

characteristic length,

where ve is the kinematic viscosity at the boundary layer edge, and s is the arc-length of 

the boundary layer solution. When the distance from the wall y  is scaled by /*, the 

familiar boundary layer coordinate

is obtained. Combining the length and velocity scales leads to a dimensionless circular 

frequency

CO =
2x1*
U. f ,

where/is the physical frequency of the disturbance. However, for a given Fourier mode 

(constant physical frequency/), oj will change with streamwise distance. Consequently, 

it has become almost standard to use

as the dimensionless frequency for the disturbance, which depends only upon the local 

edge conditions.
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3.3.2 GortIer instability

Centrifugal instabilities of the steady Gortler type have been found to be a principal 

cause of transition on the concave portion of a supersonic nozzle, and are therefore 

critical to any investigation of stability in the nozzle boundary layer. The eMALIK spatial 

linear stability code also computes the growth of Gortier vortices within the framework 

of equations 3-4, .3-5, and the quasi-parallel boundary layer approximations. The 

disturbance equations in eMALIK retain all curvature terms in the leading order of 

approximation so that a steady centrifugal instability can be approximated with the limit 

of equation 3-6 as Ctr->0, and <y->0.

The classical formulation of the Gbrtler problem describes steady counter rotating 

vortices by a perturbation the spanwise direction so that

%'(x,T,z) z/(r,>-)cos(y5z)
v(x,y)cos(j&)

= W (x,y) sm(pz)

y(%,.y,z) ^(x,y)cosO%)
f(x,y)cos(pz)_

where /3 is again the spanwise wavenumber (real). The Gbrtler solutions employed here 

also use the local reference scales presented in the previous section. The steady Gbrtler 

vortices modeled by equation 3-9 are illustrated in Figure 3-4. The [x,y,z\ coordinate 

system is positioned with Z=O in between the vortex pair. The wavelength of the 

disturbance /Lz is related to the nondimensional spanwise wavenumber P (=/?*/*) by

0
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Substituting equation 3-9 into the Navier-Stokes equations, and linearizing, results in a 

set of linear partial differential equations in x and y  that can be solved with a marching 

procedure in the streamwise direction.

The derivation of the Gdrtler disturbance equations, as first presented by Floryan and 

Saric (1981), also shows formally that the mean-flow components of the boundary layer 

can be properly described with first-order boundary layer theory. That is, curvature 

effects in the mean-flow are second-order so that a “standard” first-order boundary layer 

solver like that of Harris and Blanchard can be used to compute the basic state. However, 

curvature appears in the leading order of approximation for the disturbance equations. 

El-Hady and Verma (1983) first presented the appropriate formulation of the 

compressible Gortler problem with a set of partial differential equations. Spall and Malik 

(1989) later solved the system of equations directly with a finite difference procedure.

The eMALIK code invokes the quasi-parallel flow assumption and separates the 

amplitude functions with3

q(x,y) = q{y)e°x ■ 3-10

Boundary conditions from equation 3-8 lead to an eigenvalue problem for <j with 

parameters /? and the Gortler number G = Re^ (8r / rc )1/2, where Sr is some reference

length. The Gbrtler number appearing in the disturbance equations plays a similar role to 

the Reynolds number of flat-plate and conical flows; it is essentially the ratio of viscous
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to curvature length scales. Equation 3-10 is referred to as the normal-mode solution of 

the Gditler problem.

Hall (1983, 1988) and Saric (1994) have criticized the quasi-parallel flow approach 

since this approximation is only formally valid for vortices with an infinitesimal 

wavelength, while the most amplified wavelengths and those observed experimentally are 

typically O(I) relative to the boundary layer thickness. This same issue is encountered in 

predicting TS disturbances, but the Gdrtler disturbance is apparently more sensitive to the 

boundary layer growth terms. Day et al. (1990) compared normal-mode solutions 

(without parallel flow) to the marching solution of the full PDE formulation for 

incompressible flows and found moderate agreement at 0(1) wavenumbers. They 

concluded that the normal-mode solution would be adequate for engineering predictions 

of growth rates, while one could only expect a qualitative description of the 

eigenfunctions. As expected, the differences increased dramatically for smaller 

wavenumbers (i.e. large, weak vortices) and converged for larger wavenumbers (small 

vortices). Spall and Malik (1989) solved the compressible flow problem for a Mach 3.5 

boundary layer. They found that growth rates from the normal-mode solution were about 

5% higher than those from the marching solution. Thus, the normal-mode solution again 

showed conservative estimates of the disturbance growth with sufficient accuracy for 

engineering purposes. A comparison of the eigenfunctions was not presented.

Comparison of equation 3-9 to equation 3-6 shows that the growth rate cr for the Gortler 
problem plays the same role as -<z, of the general harmonic disturbance. However, the 
notation <j is maintained here for consistency with the literature, and to emphasize the 
intrinsic difference between the steady Gbrtler instability and TS instabilities.
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3.3.3 Transition prediction

In addition to computing the stability characteristics, the eMALIK code can be used for 

transition prediction with an //-factor. The //-factor is a measure of the relative 

amplitude growth (AZA0) of the instability, defined by

where A0 is the initial amplitude of some disturbance quantity q'(x,y,z,t) at the neutral 

point X 0 (i.e. x=x0 at -C C f=O ).

The eigenvalue problem is solved at each streamwise station, and the amplification 

rate varies as the boundary layer changes with streamwise position x. The “path of 

integration” in equation 3-11 uses a fixed value of the physical frequency / , along with a 

scheme for specifying /? as a function of x. The eMALIK code allows the user to either (I) 

specify a fixed dimensional value of the spanwise wavenumber /?* for all x, (2) specify a 

fixed wave-angle <f) for all x, or (3) employ an envelope method by allowing P to vary 

with x such that the growth rate -a , is maximized. This is achieved by enforcing the 

condition

at each x-station.

Mack uses non-conservative wave theory to argue that the physically relevant 

procedure is to choose /?* as constant with streamwise position (Mack 1984, page 3-11). 

However, in practice, using equation 3-12 produces only small variations in /3* for first

3-11
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mode TS solutions, and it adds considerable simplification by reducing the number of 

free parameters in the eigenvalue solution to only one (i.e. frequency). Furthermore, the 

resulting solution with equation 3-12 provides an upper limit on the most unstable 

condition for a given physical frequency /

3.3.4 Numerical method

The eMALIK code solves the eigenvalue problem with either a global or local method 

depending on whether or not a guess for the eigenvalue is available. If no guess is 

available, all eigenvalues of the discretized system are computed with a QR or QZ 

algorithm (Wilkinson 1965). This is computationally expensive, so the streamwise 

diffusion terms are neglected in the global solution and a coarse grid is used. 

Eigenvalues from this global search are then filtered for physically reasonable values, and 

supplied to a local method as a “guess.” The local method solves the complete dispersion 

relation as a system of 8 first-order ordinary differential equations with a Newton- 

Ralphson iteration procedure. The user can also supply a guess for the local eigenvalue 

search and the code skips the global computation.

To execute the code, the user chooses the disturbance frequency, and a method for 

computing /?, along with a number of control parameters for.the solution algorithm. A 

separate input file contains a complete specification (numerically tabulated in an 

unformatted FORTRAN file) of the basic state, including profile derivatives at all 

streamwise locations of the stability calculation. Output options Can be specified for 

station summaries of the disturbance variables and an Wfactor for transition prediction.
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Eigenfunctions are also output at requested stations to identify the structure of the 

disturbance through the boundary layer.
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Grid Dimensions
(# ,* # ,)

/-Grid pt 
@ throat

Strcamwise
stretching
constant

Minimum
A xIL

Wall-normal
stretching
constant

Minimum
A ylh

Coarse 140x41 48 1.025 3.12x10" 1.12 6.43x10'"
M edium 169x65 60 1.025 2.OOx 10'3 1.12 4.21 x 10'5
Fine 201x97 70 1.022 1.51 x IO'3 1.083 I 94x105

Table 3-1. Geometric grid parameters of the Navier-Stokes solution for the MSU-SWT nozzle.

Flow
-------- ►

--------->  X , j

Throat
(x=0) Nozzle exit 

(x=L)
Figure 3-1. Grid used in the two-dimensional Navier-Stokes computations: coarse-grid shown 
(1 4 0 x4 1 ), every grid line in /-direction, and every other grid line in ^-direction.

B —  -D N =41, Ay /h=6.43 x 10
G-----o Ny=65, Ay /h =4.21 x 10
v-----v Ny=97, Ay1Zh=I .94 x 10

Approximate B L 
Edge @ throat

Grid normal index, k

Figure 3-2. Grid spacing in the wall-normal direction (k ) at the nozzle throat (x=0).
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N =140, Ax /h=3.12x10 
Nx=IOO1 Axm'n/h=2.00x10"3 
Nx=201, Axm'n/h=1.51x10"3

Nozzle throat

_ 7 O □
- 7  O D

V 0 D

(Nx-140) 0 50 100 150
I I I I I I I I I I I I I I I I I I I I I

(Nx=169) o 50 100 150
I I I I I i I I I I .........................................................................................................

(Nx-201) Q 50 100 150 200

Grid stream index, j

Figure 3-3. Grid spacing in the streamwise direction (J) on the nozzle surface.

Figure 3-4. Gortler vortices in the boundary layer of a concave wall. Adapted from (Saric 1994).
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CHAPTER 4 

NUMERICAL RESULTS

4.1 Mean-flow Results

4.1.1 Navier-Stokes Solution

Following the procedure outlined in Chapter 3, Section I, the Navier-Stokes 

solutions were solved with the diagonalized implicit Beam-Warming algorithm, full 

multigrid, and matrix dissipation. In accordance with the thin-layer Navier-Stokes 

approximation, viscous terms in the streamwise direction were turned off. Solutions were 

obtained for the two sets of stagnation conditions in Table 2-1, with an adiabatic wall in 

all cases. Changes in the core flow from heat flux at the wall would be felt through a 

change in the displacement thickness, which will be shown later to have only a minor 

effect on the boundary layer edge conditions. The results presented below were solved 

on the medium grid (169x65). After presenting the numerical results, solution accuracy 

and convergence will be discussed in Section 4.3 in terms of the parameters that affect 

the stability predictions.

4.1.1.1 Boundary layer edge definition

The identification of the boundary layer edge is somewhat arbitrary in a Navier- 

Stokes computation. The velocity varies continuously through the viscous and inviscid
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regions, and no single “free-stream”. velocity exists as in boundary layer theory. 

However, in an isentropic nozzle, the total pressure remains constant through the inviscid 

region and decreases with viscous dissipation. Therefore, a criterion suggested by King 

and Demetriades (1993) is to define the total pressure at the boundary layer edge P0fe to 

be

Ke = Po,w + 0.98(Pomax -  Po w) 4-1

The “free-stream” conditions are taken at the point where the local total pressure is equal 

to P0,e, then the boundary layer thickness S  is defined by the distance normal to the wall 

at which U=0.99Ue. This was the criterion used for the present computations.

Alcenius (1994) also compared the King criterion, its approximate equivalent 

Po,e=0.98PO;max, and P0l6=O.90POjmax, using velocity and total pressure profiles from a 

Navier-Stokes solution. The results showed the King criterion and the OPSP0jmax 

threshold both worked well to objectively extract the boundary layer edge conditions 

from the Navier-Stokes solution.

• 4.1.1.2 Edge Pressure Distribution

The distribution of P6ZP0 shown in Figure 4-1 is the principal result of the Navier- 

Stokes computations in this study. The edge pressure distribution PJP0 and Mach 

number. Me change by about 1% from the lowest Reynolds number case 

(Re C0=SPSxlO6Zm) computed by King (King and Demetriades 1993), to the highest 

Reynolds number case (Pe'«,=6.23xl0*/m) of the present work. The core flow is 

expected to change somewhat with Re'«, due to the change in the displacement thickness
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of the boundary layer. However, the net change produced by <5* is a second-order effect 

on the boundary layer edge conditions.

4.1.2 Mean-flow on Nozzle Contoured Surface

Brogan (1995) gives a complete discussion of the effects of surface heating on the 

laminar boundary layer of the MSU-SWT nozzle. The principal result was that for 

surface heating levels near (TJT0)^lA , changes in the velocity profiles (UIUe) were 

small, approximately 2-3%. Changes in temperature and density profiles were much 

larger. In this section, the results of boundary layer mean-flow solution with and without 

surface heating are presented for the cases of Table 2-1. Emphasis is placed on those 

parameters that have been correlated to boundary layer instability and transition.

The boundary layer mean-flow was computed with the Harris and Blanchard code 

using the edge pressure distributions of Figure 4-1 and a measured temperature 

distribution. Solutions were obtained on a grid with 101 points in the direction normal to 

the wall, geometric stretching t/bl̂ +i/Vsuk=I.04, and a constant streamwise spacing of 

As=OTS cm. The nozzle geometry and edge pressure distributions were mapped onto the 

streamwise coordinate with second-order Lagrangian interpolation. Wall temperatures 

were mapped with a simple linear interpolation between the measurement locations. 

Higher order interpolation was not justified given the error-bars associated with 

temperature readings from ' the embedded thermocouples. Starting at x!L=-QA 

(M=0.137), the boundary layer solution was marched through the nozzle past x/L=l.
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The pressure gradient parameter Ph (akin to the Hartree pressure gradient parameter 

in self-similar Falkner-Skan flows) is plotted in Figure 4-2 to demonstrate the integrity of 

the “input” pressure data to the boundary layer solution, where

2S, dU

and £ is the transformed streamwise coordinate of the boundary layer solution ( |  is 

defined in equation 22 of Harris and Blanchard 1982). The calculation of pressure 

gradient is extremely sensitive to variations in the edge pressure that can be generated 

either by the interpolation from the input data to the computational grid, or by small 

perturbations in the PeIP0 distribution. (For example, a 10 pm perturbation in the design 

coordinates was found to cause a steady pressure wave that would produce a 10% 

variation in the pressure gradient parameter. This illustrates the requirement for using 

smoothed nozzle coordinates.)

The streamwise temperature distributions with and without surface heating are 

plotted in Figure 4-3, where the symbols indicate measurement locations. The data in 

Figure 4-3 was used as input to the boundary layer solutions. The computed adiabatic 

wall temperature is included for comparison to the “unheated” wall condition. The wall 

temperature, in the absence of heat transfer, drops rapidly as the Mach number increases. 

However, axial conduction in the upper and lower aluminum nozzle blocks and heat 

transfer to the surroundings, prevent large gradients in the surface temperature, resulting 

in a near isothermal temperature distribution. At higher stagnation temperatures (e.g. 

T0=IO °C), wall temperatures increase slightly (7>42 °C), but a uniform distribution
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(A 7>0.0iro) persists. This is a significant result in itself, because a constant Tw is 

usually associated only with blow-down facilities with short run times.

In the heated cases, although circulating fluid was confined.to the throat area, the 

surface temperature over the entire nozzle block rose. A uniform distribution was 

observed in the streamwise direction at the throat, with a gradual decrease toward the 

nozzle exit. Off-axis surface temperature measurements at z=+2.5cm (Figure 4-4) varied 

by 1% (3°C) across the span at the throat, and were uniform across the width within 0.3% 

(I0C) thereafter. The small non-uniformities at the throat were most likely due to the 

path of the circulating fluid through the nozzle ducting, and heat conduction to the 

sidewalls.

4.1.2.1 Heat Transfer

The heat flux prediction (Figure 4-5) shows a maximum at the throat where the 

boundary layer is thinnest, and a diminishing positive heat flux in the basic state toward 

the nozzle exit. Beyond x/L=0.5, curves for all cases merge, indicating that the majority 

of the thermal energy for the heated cases is put into the boundary layer through the 

contraction and throat area. The low heat flux levels near the nozzle exit also indicate 

that the broad temperature rise of Figure 4-3 is strongly influenced by heat convected in 

the boundary layer. Heat exchange with the nozzle wall may also be affected by 

instabilities within the boundary layer. In particular, the fluid exchange of steady Gortler 

vortices can increase the heat transfer by as much as 100% to 150% (McCormack et al. 

1970). The integrated heat flux distribution in Figure 4-5 only accounts for about 25% of
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the total heat input to the nozzle. The majority of the heat loss is expected to come 

through natural convection to the surroundings.

Even with low heat transfer in the latter half of the nozzle, a principal feature of 

Figure 4-5 is that heat is directed into the boundary layer along the entire nozzle length. 

In previous work (Demetriades 1996), it was hypothesized that the boundary layer was 

heated near the throat, then cooled in the latter regions of the nozzle, and thus, transition 

delay with heat would be explainable by simple stability predictions. However, 

according to the present calculations, this “natural cooling” cannot explain the observed 

transition delay in the MSU-SWT.

4.1.2.2 Mean-Flow Profiles

Figures 4-6 and 4-7 show typical mean-flow profiles for temperature and velocity 

with and without surface heating. The static temperature through the heated boundary 

layer is higher than that of the unheated boundary layer as would be expected; variations 

in the normalized density (plpe) follow the inverse of the normalized temperature profile. 

The velocity profiles exhibit a more complex behavior. Near the wall, higher 

temperatures increase the viscosity to produce a velocity profile that is “less-full” through 

the inner region of the boundary layer. In the outer layer, the effect of decreasing the 

density overshadows the increase in viscosity. In spite of the viscous retardation, the 

pressure gradient imposed by the free-stream produces a greater acceleration on this 

region of lower density fluid, causing the upper region of the boundary layer to bulge 

(Cohen and Reshotko 1956). In fact, near the nozzle exit (x/Z=l), the profiles with 

surface heating show edge velocities that exceed the free-stream velocity.. A comparison
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of Figures 4-6 and 4-7 show that both trends of slower velocities near the wall, and faster 

velocities of the outer region of the boundary layer are amplified as the surface heating is 

increased.

The consequences of this momentum shift on the integral properties of the boundary 

layer are shown in Figure 4-8. When heat is applied, the boundary layer thickness does 

■ not change, and may even become thinner, the displacement thickness increases, and the 

momentum thickness decreases. These trends are consistent with the experimental and 

theoretical findings of Brogan (1995).

The shape factor Hi2, as computed with the boundary layer code (Figure 4-9), 

increases with surface heating by as much as 60% in the low Reynolds number case and 

practically doubles (93%) in the high Reynolds number case. The difference in shape 

factor increases rapidly until x/L=0.3, which is shortly downstream of the peak surface 

heating (see Figure 4-5). The profiles then appear to be permanently altered as the 

difference in shape factor is maintained through the remainder of the nozzle. Changes in 

Hj2 are primarily due to density changes through the layer, since velocities show a 

smaller response to heat.

Empirical correlations for boundary layer stability with the shape-factor identify an 

increase in H22 with a decrease in the critical Reynolds number based on <5* (Wazzan et 

al. 1979). Wazzan’s correlation was constructed with a diverse set of low-speed data for 

first-mode TS instability. However, the extrapolation from the low speed flows to the 

compressible .flow on the nozzle involves a high degree of speculation.
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4.1.2.3 Roughness

The mean-flow results can also be used to investigate the plausibility of transition 

controlled by surface roughness. Transition on the forward region of blunt bodies, to 

which the nozzle throat has many similarities, correlates with a roughness Reynolds 

number Rek, based on a roughness height, Ar, and the local conditions from a smooth wall 

solution &ty=k.

R e k = P k U k k  5-12
/4

Many of the lower transition Reynolds numbers observed in the Langley quiet 

tunnels have been identified with roughness particularly in the throat region where the 

nozzle boundary layer is thinnest. Beckwith et al. (1988) suggestive  12 is required for a 

boundary layer transition process on the nozzle that is independent of the surface 

roughness. Roughness heights for these nozzles were measured with scanning 

microvideo equipment to find a maximum peak-to-valley defect over a sample area. The 

largest roughness elements were found to be between Ipm and 5 pm depending on the 

condition of the nozzle, machining practices, and polishing technique. These maximum 

defects were typically 15-20 times the rms roughness values.

Surface roughness of the MSU-SWT nozzle was characterized with a stylus-type 

digital surface roughness tester (Mitutoyo Surftest 211) with resolution to 0.01 pm peak- 

to-peak. The maximum peak-to-valley height over a set of samples, each 4mm in length, 

was 1.2 pm, and the typical maximum near 0.8 pm. The arithmetic average of the 

absolute roughness profile about the mean was 0.05 pm to 0.07 pm. Measurements were

64
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recorded at several locations on the contoured nozzle block, including the throat. The 

tester had been factory calibrated, but was verified again after the nozzle roughness 

measurements to within 2% against a precision roughness specimen supplied by the 

manufacturer.

Figure 4-10 shows the local Rek over the nozzle surface with and without surface 

heating. A reduction in Rek comes by increasing the kinematic viscosity vfe, which is 

proportional to Tw1'1 in the vicinity of the roughness. However, all Ret are less than 0.2, 

which is far below the current design criterion for quiet nozzles. Therefore, based on the 

Rek<12 criterion, the present results would indicate that (I) roughness does not appear to 

influence the transition process on the MSU-SWT nozzle, and (2) roughness arguments 

do not explain the observed transition delay with heating.

4.2 Boundary Layer Stability on the Nozzle Floor

The amplification and growth of unstable Gortler vortices and first-mode TS waves 

were calculated for each case of the test matrix (Table 2-1) using LST. For each type of 

instability, the eMAUK code was executed at various streamwise locations along the nozzle 

length to first identify approximate ■ locations of neutral stability. Then, beginning 

upstream of the neutral point, the instability was followed downstream at increments of 

Ar=O.3 cm, to provide stability characteristics as a function of streamwise distance. The 

procedure was repeated for different choices of the disturbance frequency^ and spanwise 

wavenumber, /?.
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4.2.1 Gortler Instability

4.2.1.1 Mean-Flow (Gortler Number)
(

Numerous LST predictions for supersonic nozzles indicate that the Gortler instability 

is usually the dominant transition mechanism on supersonic nozzles. Early oil-flow 

experiments in two Langley Mach 5 (Beckwith and Holley 1981) axi-symmetric nozzles 

and a Mach 3.5 two-dimensional nozzle in 1985 showed a shear pattern induced by 

Gortler vortices that began shortly downstream of the inflection point. The oil collected 

at regions of low shear in between the vortex pairs and extended in parallel rows to the 

nozzle exit. Measured vortex spacing was in agreement with the most amplified 

wavelength from LST, as in subsonic flows (Floryan 1991).

At high enough Reynolds numbers, the streak pattern was obliterated near the nozzle 

exit, indicating transition to turbulence. It was thus assumed that transition was caused 

by breakdown of the Gortler instability. Transition over the concave portion of 

supersonic nozzles has been observed with a Gortler number Ge ranging from 5 to 10 

(Beckwith and Holley 1981, Chen et al. 1985, Beckwith and Miller 1990). The 

amplitude growth of the vortices has also been correlated to transition with //-factors 

ranging from 5 to 12 in a variety of conditions and nozzles.

As with most boundary layer stability and transition parameters, the growth and 

wavelength selection of Gortler vortices are strongly affected by the disturbance 

environment to which the boundary layer is exposed. This environment includes both 

surface roughness and free-stream turbulence levels upstream and downstream of the
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inception of centrifugal instability. Thus, variation between facilities could be expected 

regardless of geometry similarities.

Figure 4-11 shows G g  over the contoured surface of the MSU-SWT nozzle as a 

function of streamwise distance x!L with and without heating for the high and low Re'm 

cases. The maximum Gortler number is near 7 then decays as the curvature goes to zero 

at the nozzle exit. Thus, in the case without heating, the values of G g  suggest that vortex 

development may be sufficient to influence or cause transition near the nozzle exit.

A strong effect of the surface heating is seen in both the low and high Reynolds 

number cases. In the low Reynolds number case, G g  is reduced by 25% with surface 

heating, while the higher heating levels of the high Reynolds number case cause a 42% 

reduction in the peak Gg.  As mentioned in the description of the mean-flow, the surface 

heating causes a reduction in the momentum thickness, which is the sole contributor to 

the reduction of G g  displayed in Figure 4-11 (all other parameters are based on the edge 

conditions and geometry which do not change with surface heating).

4.2.1.2 Linearized Growth: N factor

The Gortler number is only a mean-flow variable and cannot include the 

amplification history of the instability. Therefore, integrated growth from stability 

predictions provides a better comparison between facilities (Chen et al. 1991).

Chen et al. (1985) surveyed transition on supersonic nozzles in 4 quiet tunnels from 

Mach 3 to 5 with a range of 9.8x106/m<7?e,oo<5 9 x 106/m. Within this data set, and for 

ideal conditions , transition onset correlated well with N-factors ranging from 9 to 11,
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with the instability growth modeled by LST. Much lower //-factors were observed, but 

were attributed to roughness effects (/?<?&>12), residual vorticity (due to the absence of 

boundary layer removal slots in the subsonic approach), and a wavy wall. An //-factor at 

transition onset ( N t)  of 9 was also confirmed in a later nozzle design at Mach 3.5 (Chen 

et al., 1990). Recent measurements with a new Mach 6 hypersonic quiet nozzle (Chen et 

al., 1991) have indicated transition at Nf=7.5, as computed by LST for the Gortler 

problem. As a conservative, measure, the latest quiet nozzle design has used Nf=7.5 

(Schneider 1998a).

Figure 4-12 shows the spectra of amplification rates at the streamwise distance of 

peak amplification (x/L=0.5). The “spectra” of wavelengths is very narrow with the most 

amplified wavelengths on the order of the boundary layer thickness. Arrows indicate the 

respective wavelength corresponding to 4=2 J  for the heated (solid arrow) and unheated 

(dash-arrow) surface conditions. When surface heating is applied, only a small reduction 

in the local amplification rate is observed. Though the changes are small, Figure 4-12 

also shows that the peak amplification with and without surface heating does not scale 

with the boundary layer thickness.

Maximum //"-factors were computed for each case of the test matrix (Table 2-1) by 

choosing the most unstable wavelength, holding (3 fixed, and integrating the growth rate 

in the streamwise direction with equation 3-11. The results are plotted in Figure 4-13. 

The ratio of the vortex wavelengths Xz to the boundary layer thickness <4 at the neutral 

point are also included for each curve. The selection of the most amplified wavelength
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agrees with the typical value AzASn= 3 reported by Chen et al. (1985) for other supersonic 

nozzles.

Predicted maximum iV-factors for both the low and high pressure cases show that the 

Gortler instability is not sufficient to cause transition in itself, based on the Nf=IS  

criterion. Furthermore, when heating is applied, there is less than 5% difference in the 

maximum TV-factor at the nozzle trailing edge. Spall and Malik (1989) also found a small 

effect of heating/cooling on the Gbrtler instability at Mach 3.5. They computed a 15% 

decrease in the iV-factor when the wall temperature was increased by a factor of 2 over 

the adiabatic wall temperature. Wall cooling showed a small, but destabilizing effect. 

The linear stability predictions for Schneider’s Mach 6 nozzle also support the minimal 

effect of surface heating on the growth of Gbrtler vortices (Schneider 1998a).

The eigenfunctions of the disturbance (an example shown in Figure 4-14) show a 

general movement of disturbance energy toward the edge of the boundary layer with 

heating. As reported by Day et al. (1990), the disturbance energy starts near the edge of 

the boundary layer and moves toward the wall as the strength of the vortices increase. 

The eigenfunctions in Figure 4-14 can only provide a qualitative description of the 

disturbance structure at best since boundary layer growth terms are neglected in the 

C m a l i k  solution.

4.2.1.3 Unsteady Gortier Instability

Since the eMALIK code includes curvature terms with a general harmonic disturbance 

of the form in equation 3-6, unsteady centrifugal instabilities can also be computed. 

Figure 4-15 shows the amplification rates as a function of disturbance frequency F, at the
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location where the vortices are the least stable (x/L=0.5). The steady vortices are less
X

stable than their unsteady counterpart, in agreement with (Garg and Diprima 1984, Hall

1982).

The inset of Figure 4-15 also shows how the wave-angle (f) approaches 90° as the
i

frequency goes to zero. In the limit as f-^0 , the wavenumber Or-^O also, such that the 

phase speed of the wave in the streamwise direction (cr)x ^ d a r remains less than unity. 

The phase speed in the spanwise direction approaches zero since (cr)z=ti//?r. The physical 

picture that emerges is waves of vorticity that are traveling almost perpendicular to the 

free-stream velocity, so that to the fixed observer, streaks of streamwise vorticity appear 

to be slowly moving across the span of the boundary layer: Borrowing from the literature 

on steady and unsteady crossflow vortices, we may call these “traveling” Gortler modes.

Examination of the eigenfunctions with F-^O further Shows ,that the unsteady 

disturbance of equation 3-6 approaches the simplified form of the disturbance with a 

single spanwise perturbation of equation 3-9. Conversely, as F  increases from zero, both 

symmetric and antisymmetric components of the harmonic function become similar in 

magnitude. The result is that the clean cellular shape of the “vortices” (Figure 3-4) is no 

longer present. In fact, for values of ,0-0(10"1), the results of the eMALIK code are difficult 

to distinguish from oblique TS modes ($zJ~650-75°, (c^~0.6-0.7). The only 

distinguishing feature to classify this computed instability is that the latter is gone when 

curvature is eliminated. Therefore, the instability is related to centrifugal effects in the 

disturbance equations, which is the defining trait of the Gdrtler problem.
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Figure 4-15 also shows that when heat is applied to the nozzle surface, the unsteady 

disturbances increase. This is interpreted as the general destabilizing effect of viscosity 

to unsteady disturbances. More will be said regarding this point in Chapter 6. The 

relative characteristics between the steady and unsteady Gortler instability in Figure 4-15 

are representative of all choices of /? and x  through the unstable range. While heat shows 

a destabilizing effect as frequency increases, the principal feature of Figure 4-15 

concerning transition prediction is still that the steady vortices are more stable than 

unsteady “vortices”, and would therefore be expected to dominate in a low-disturbance 

environment.

4.2.2 First-mode TolImien-Schlichting Instability

The strong pressure gradient in a supersonic nozzle usually suppresses TS waves, 

except in the case of longer, slow-expansion nozzles. Yet, there is no formal reason to 

expect a priori that TS modes cannot exist in any region of the nozzle. And, though there 

is no direct experimental evidence, predictions of the interaction between TS and Gbrtler 

modes indicate that the Gbrtler vortices could have a destabilizing effect on the growth of 

oblique TS modes under certain enabling conditions (see Floryan 1991 for a review). As 

such, even weak TS growth may be significant.

After identifying the neutral points, the maximum instability growth can be 

examined with streamwise distance using an envelope method (equation 3-12).

Calculations showed that amplification does not occur until near the nozzle exit 

where the favorable pressure gradient decreases. The neutral stability point for the most 

unstable frequency is at x/L=0.90 for the unheated cases and x/L=0.93 for both heated
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cases. Figure 4-16 shows the spectra of amplification rates at the nozzle exit. The peak 

frequency occurs at low values relative to those typically found in a Mach 3 flow. At 

ite'oo=5.2xIOfVm the peak occurs at F1XlO4=O.! at the nozzle exit, and decreases as the 

boundary layer grows downstream. In a Mach 3 flat-plate stability experiment, 

Demetriades found the most amplified frequencies to be substantially higher between 

FxlO4=OA and FxlO4=LS (Demetriades 1989). The principal difference in the nozzle 

boundary layer is that the strong pressure gradient in the nozzle has allowed the boundary 

layer to become thicker without amplifying the TS instabilities. The thicker boundary 

layer leads to lower frequencies. Wave-angles in the nozzle typically varied between 60° 

and 75°. The disturbance wavelengths were on the order of 10-15<5.

Both the wave-angle and disturbance wavelengths decrease with surface heating. 

Figure 4-17 shows the eigenfunctions for the TS instability in adiabatic and heated 

conditions at the most amplified wave-angle (ZS=68° at the nozzle exit. As with the 

Gortler modes, surface heating pushes the disturbance energy further toward the 

boundary layer edge. It is interesting that this shift is occurring while the boundary layer 

thickness decreases with surface heating (recall Figure 4-8).

Maximum N-factors at the nozzle trailing edge of only 0.8 and 0.2-0.3 were found 

for the unheated and heated cases, respectively.

4.2.2.1 Post-Nozzle Development

Even though the growth of TS waves are negligible for transition in the nozzle, 

surface heating was found to both move the neutral point downstream, and reduce the
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rate of amplification. To further explore this heating effect, the computational domain in 

the boundary layer solver was extended past the nozzle exit with a uniformly flat, 

adiabatic surface, and zero pressure gradient. The adiabatic condition was justified in all 

cases in view of the heat-flux plots which asymptote to zero at the nozzle trailing edge 

(Figure 4-5).

Beyond the nozzle exit, amplification of the first-mode disturbances increases for all 

frequencies. Figure 4-18 shows the amplification rates at x!L of 1.0, 1:5, and 2.0 for the 

heated and unheated cases. It is immediately clear that the surface heating reduces 

amplification rates ,at all streamwise positions, particularly at the higher frequencies. The 

higher heating levels of (TJTc)ŷ o=I.22 produce a somewhat stronger damping effect 

than that observed with (TwZT0)^=O=I-IS. The peak frequency does not change with 

heating, since the boundary layer thickness is nearly the same with and without heat. 

Apparently, the surface temperature distribution in the nozzle has a strong, and lasting 

effect on the boundary layer. Even the small amount of heating from the ambient 

conditions has a visible influence on the stability downstream of the nozzle (Figure 4-19). 

For compressible flows, a sufficient condition for the existence of an unstable wave is 

that,

D(pDU) = 0 @ Tjs>r]o 4-2

in the boundary layer where % is located at the point of inflection, Tj0 is the point at 

which UZUe= 1-1/(ATeCOs^), and T)( )=d( )/d7/. Equation 4-2 is also both a necessary and 

sufficient condition for a neutral wave to exist. Equation 4-2 is the “general inflection 

point” criterion, and reduces to the Rayleigh criterion (Schlichting 1979) for
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incompressible flows when p  is constant. The sufficiency of equation 4-2 is only 

mathematically rigorous for inviscid instability (i.e. in the limit of infinite Reynolds 

number). However, it is often taken as a qualitative measure of stability in viscous layers 

as well; as % moves further out into the layer, a more unstable boundary layer is 

observed. This behavior is illustrated on a neutral stability diagram by a larger neutral 

curve that opens up at high Reynolds numbers (typical of inviscid instabilities), and 

moves forward to lower Reynolds numbers. The magnitude of D(pD£/) near the critical 

layer (where the mean velocity equals the phase speed of the instability wave) is also 

related to the amount of energy production driving an inviscid instability wave.

Figure 4-20 shows profiles of D(pDU) with heating applied in the nozzle, and an 

adiabatic condition at xlL>\. In the nozzle, no general inflection point is observed owing 

to the strong pressure gradient. Two points. of general inflection first appear near the 

nozzle exit (close to the neutral points of the first-mode TS instability). Beyond the 

nozzle exit the adiabatic wall condition and zero pressure gradient lead to ~D(pDU)=0 at 

the wall, while a single inflection point gradually moves out into the layer with increasing 

streamwise distance. When heat is applied, the magnitude of ~D(pDU) at the wall 

decreases by a factor of 2 in the nozzle. But, for x/L>l, the location of the inflection 

point is unchanged, and the magnitude of D(pD£7) for ?/<% is actually less than the 

adiabatic case near the wall.

Before the present work, the stabilizing effect of upstream heating has been 

rationalized by explaining the improved stability as a natural cooling effect. As in the 

case of Masad and Nayfeh (1992), when a heat transfer “strip” was placed upstream of
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the neutral stability point, the boundary layer would pass over a relatively cooler surface, 

shifting the neutral curve downstream, and reducing the amplification rates at all 

subsequent streamwise locations. The relation of natural cooling to boundary layer 

stability is summarized with stability modifier theory (equation 1-2) that relates the 

direction and magnitude of heat-flux (oc d77dy|w) to the velocity second derivative at the 

wall (described in Chapter I). The latter controls the location of % in equation 4-2 to 

provide a link to the qualitative description of stability in a boundary layer.

Since T)(pDU) is identically zero past the nozzle exit, stability modifier theory and 

the natural cooling do not predict the stabilizing effect of upstream heating observed in 

Figures 4-18 and 4-19. This failure may have been expected since stability modifier 

theory can only describe the effect of heat flux in non-similar boundary layers as a local 

condition, and cannot include any effects of upstream heating. In that respect, stability 

modifier theory is only capable of describing gross effects of the wall conditions on 

boundary layer stability. The important point here is that natural cooling at or beyond the 

neutral point need not be present to produce a more stable boundary layer. Even the 

proper heating (qw into the boundary layer) distribution can produce changes in the 

boundary layer which enforce a more stable condition for all streamwise distances 

beyond the neutral point.

Mack (1969) gives a more complete description of the relation between the mean- 

flow structure and stability variables. The complete discussion is intricate and uses 

results of stability theory that are far beyond the scope of this text. Here, it will suffice to 

say that the stability of oblique first-mode waves is more rigorously related to the value
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of U s relative to U 0. As Us C/0, the boundary layer becomes more stable. The location 

of the inflection point does not change with heating, so Us is the nearly the same with and 

without surface heating. However, the surface heating reduces the wave-angle of the 

most amplified waves, which increases the value of U0 (equation 4-2), bringing it closer 

to U s. At 'OT=6.2x 106/m, x/Z=1.5, the difference between Us and U 0 is reduced by 25%, 

and the peak amplification rate decreases by 20%. Thus, by Mack’s account of heating 

and cooling effects on the first-mode instability, the stabilization at a given streamwise 

position x comes by keeping the inflection point fixed, and decreasing the wave-angle of 

the most amplified wave.

4.3 Numerical Accuracy of the Solutions

. The computation of boundary layer stability involves a three-step process, with each 

part having its own source of error that can propagate and/or amplify through each step. 

This is particularly true of the boundary layer and stability computations. Therefore, the 

numerical accuracy of the solutions described above is evaluated emphasizing those 

parameters relevant to boundary layer stability.

4.3.1 Navier-Stokes Solution

Throughout the Navier-Stokes solution, the boundary layer development was used as 

the primary measure of accuracy in the final solution. The inviscid core converges 

rapidly, and in turn, drives the development of the boundary layer through viscous 

shearing. Furthermore, the boundary layer has, by definition, slow-moving fluid which 

physically requires more time to convect through the solution domain. Therefore, the
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boundary layer as a whole is considered the most sensitive region for measuring solution 

convergence.

4.3.1.1 Convergence

Iteration convergence to steady-state was examined in all solutions with the residual 

history measured by the RHS W orm  J ). Recall from equation 3-2, that

RHS is essentially the unsteady term of the Navier-Stokes equations and will therefore go 

to zero as the marching solution approaches steady-state (L(Q)=O). Other residual 

information such as the location and magnitude of the RHS L-norm was available to 

identify the locations of slow convergence.

Residual histories for solutions on the coarse grid with different options in 

OVERFLOW are shown in Figure 4-21. Using FMG provides a considerable reduction 

in CPU time to eliminate the initial transients, and for convergence to machine zero. At 

low values of the residual, matrix dissipation causes slow convergence, with 5 times as 

much CPU time to reach machine-zero (IO'14) than the case with scalar dissipation.

The relation between the /2-norm and the boundary layer convergence is illustrated 

in Figure 4-22 using the same conditions as Figure 4-21 with FMG and matrix 

dissipation. After the residual has reached 0(108), the displacement thickness of the 

boundary layer 8*, and the shape factor H12, are within 4 significant digits of the final 

solution at machine-zero. Therefore, all subsequent solutions were marched until the 

residual was reduced by at least 6 orders of magnitude. For all grids, this condition 

corresponded to about 3000 iterations, and the final residual less than O(10'9). The
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solution presented by King and Demetriades (1993), found with a different Navier-Stokes 

solver (ARC2D), at identical stagnation conditions is within 1% of the present solution.

Inspection of the L-norm showed that with matrix dissipation the residual maximum 

occurred near the center of the contraction with slowly decreasing low frequency 

oscillations -  possibly caused by the inflow boundary condition, or the application of the 

compressible flow solver to a near incompressible flow (M=0.07). No attempt was made 

to improve the convergence further since acceptable accuracy was achieved in the 

boundary layer long before reaching machine-zero.

4.3.1.2 Grid Dependence

The grid dependence of the Navier-Stokes solution is illustrated in Figure 4-23 with 

the boundary layer displacement thickness, <5* and shape factor H12 computed on the 

coarse, medium, and fine grids of Table 3-1. Clearly, the boundary layer is not 

adequately resolved with the coarse grid. While the displacement thickness computed on 

the coarse grid is close to that on the fine grid, the shape factor differs by 10%. The 

medium and fine grid show shape factors that are within 0.1% of each other, illustrating a 

converged solution with the medium grid.

Table 4-1 summarizes the convergence parameters for the Navier-Stokes calculation 

at i?e'ro=5.2xlOs/m. All convergence parameters in the boundary layer indicate that the 

medium grid provided a converged solution for the viscous and inviscid flow through the 

nozzle. Therefore, all final results from the Navier-Stokes solution used the medium 

grid.
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Table 4-1 also lists minimum and maximum values of the turbulent similarity 

variable y+ at the first point off the wall, where .

Here, y+ is recast from its usual form (Schlichting 1979) to show the relation between 

grid spacing and the velocity gradient near the wall. Typically, the first grid point off the 

wall should be well within the inner layer at ay+ of about I or less (Buning et al. 1997). 

Consistent with Figure 4-23, the values at the first grid point indicate that boundary

case, with iV=600 mmHg where the boundary layer is thinner, y+ increases by about

The relation between the core flow and the boundary layer resolution is illustrated in 

Figure 4-24 with the edge Mach number and displacement thickness' The small changes 

in displacement thickness with increasing resolution or Re'x produce less than 1% change 

in the edge Mach number. Measurements by Brogan (1995) at the boundary layer edge 

showed a difference of 4% with a similar range in Re' The larger variations, observed in 

the experiment are most likely the influence of the sidewall boundary layer on the core 

flow -  which is not accounted for in the two-dimensional computations.

4.3.2 Boundary Layer Solutions

Two different grids were used in the boundary layer computations to establish a 

grid-independent solution. The coarse grid used 60-points in the wall-normal direction,

layer is resolved well with the medium and fine grids. At a higher unit Reynolds number

15%.
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and the solution was marched at streamwise increments of As=OJ cm. The fine grid used 

101-points in t/bl, and streamwise increments of As=O. 15 cm. Both grids employed 

geometric stretching (£=1.04) in t/bl, and an t/bl,max= 10, which was near 28 for all 

stations. Since the Navier-Stokes solution showed no grid dependence v&Hn and 8* with 

more than 35 points in the boundary layer one would expect more than sufficient 

resolution for both boundary layer grids. Indeed, the fine and coarse grids gave a 

maximum difference of 0.5% in the second derivative profiles of IMJe and TITe (Figure

4-25) at x/L=1.0. Thus, both grids were adequate for both solving the boundary layer 

equations, and computing the derivatives for stability computations. In view of the 

minimal resources required to run the code on the CRAY, the 101-point grid was used for 

all calculations.

The streamwise marching procedure in the boundary layer computations was started 

at xlL=-Q3  (Me=O. 137). Starting the calculations at x/X<-0.3 (>500<5throat) produced no 

effect on the boundary layer development downstream of the nozzle throat. Presumably, 

the high pressure gradient, and flow stretching through the throat region dominated over 

any upstream history in the mean-flow boundary layer. The same cannot be said for 

unsteady activity in the boundary layer.

The solution grid for stability calculations was also varied. The eigenvalues were 

the same to 3 significant figures with 80 points (the default) or 120 points in the wall- 

normal direction. All results presented herein use the 80-point grid for the local 

eigenvalue search.



Interpolation errors incurred by passing the solution from one stage to the next (e.g. 

pressure from the Navier-Stokes solution to the boundary layer solution) were not 

observed. The grid requirements for a converged solution imposed a more severe 

constraint than did those for accurate interpolation.
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Grid
log

f / 'I12 start 

V  ̂2 stop ,

Il stop Grid points in 
Boundary Layer

min y+/max y +  

(@A=1)

140x41 6.4 I x 10'y > 18 1.2 / 4.8
169x65 7.0 2x10 ^ >35 .083 / .34
201x97 7.2 7x10’11 > 55 .042/.15

Table 4-1. Convergence parameters in two-dimensional Navier-Stokes computation. 
R e!O0=SJxlO6Zm, All solutions stopped at 3500 iterations.

P0 (m m H g)/To (0C) / Re^ (m"1)
--------  595 16 6.23x10®
--------  500 21 5.20
--------  350 38 3.28
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0.023

_ _ _ _ _ _ _ I_ _ _ _ _ _ _ I I I I I I I I I I

0 0.4 0.8 1.2

Normalized Distance From throat, x/L

Figure 4-1. Normalized static pressure at boundary layer edge predicted by the Navier-Stokes code.
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Figure 4-2. Pressure gradient parameter computed in the boundary layer solution.

Heated (exp.), 
( W x=CT1-1:
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Unheated (exp.) :

Re' =6.2x10 /m Adiabatic (theory)-

0 0.5 1.0

Distance from throat, x/L

Figure 4-3. Streamwise surface temperature distribution for heated and unhcated nozzle condition. 
Symbols indicate thermocouple measurements.
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Re' =5.2x106Zm
x/L

q------e 0.066
Q —  o  0.198
a------ -a  0.462
v---- v 0.858

Heated

Unheated

Re' =6.2x106Zm

Heated

Unheated

zZnozzle width

Figure 4-4. Spanwise uniformity of surface temperatures. Symbols indicate thermocouple 
measurements.
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Distance from throat, xZL

Figure 4-5. Calculated heat flux from 2D boundary layer code using measured temperature 
distributions.
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(Throat)
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(Nozzle exit)

x/L=0.729x/L=0.331
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Figure 4-6. Mean flow profiles for normalized velocity UIUe and static temperature TITe. 
^ ezco=S1IxlO6Zm, heated condition is ( J J T 0)x^ = I A i
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Figure 4-7. Mean-flow profiles for normalized velocity U IU e and static temperature TITe. 
R e 'co= 6 .2 x l 0 6lm , heated condition is ( T J T o) x=0= l .2 2 .
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Re' =5.2x10 /m

UnIieafecT1
-------- Adiabatic

0.06

0.04
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Figure 4-8. Boundary layer thickness and integral properties with and without surface heating.
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Figure 4-9. Shape factor H 12 progression with and without surface heating.
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Figure 4-10. Local roughness Reynolds number through the throat region using the maximum peak 
to valley differential (PVD) for roughness height. A=1.2pm.
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Figure 4 -1 2 . Amplification rate cr of the steady Gortler instability as a function of spanwise 
wavelength, Az. Arrows indicate the point at which Az= I S  with heat (solid) and without heat (dash). 
Strcamwise position near most unstable point (x//,=0.500).

Re' =5.2x106 /m
V 8N=3-6

Re' =6.2 x 107m

--------  UnfieaieS
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Distance from throat, x/L

Figure 4-13. Computed ZV factors of the steady Gortler instability for the spanwise wavelength of
largest growth at nozzle exit.
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x/L = 0.729 
Re' =6.2x10®/m 
X =0.255 cm

Heated

Adiabatic

2.5 -3

Figure 4-14. Eigenfunctions of the Gortler instability. Ztef00̂ 1ZxlOsZm, x lL = Q J 2 9 , Az=O1ZSS cm. All 
eigenfunctions are normalized by 7Vmax .
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Figure 4-15. Amplification rate -a„  of the unsteady Gortler instability, as a function of
dimensionless frequency, F. Near most unstable wavelength, /3=0.7 (see Figure 4-1Z).
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Figure 4-16. Spectra of “maximum” amplification rates -a , for first-mode instability with and 
without surface heating. Nozzle exit ( x /L = l) ,  wave-angle varied to maximize -a ,  for each frequency.

ESS
--------  Re, Adiabatic

- 0.02  0 0.02  - 0.2 0 0.2

Figure 4-17. Eigenfunctions of the first-mode TS instability with and without surface heating. 
R e 1 „=6.2x10 /m, x/Z,=1.0,y=5 kHz, ^=68°. All eigenfunctions arc normalized by | U |max
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Figure 4-18. Effect of heating on amplification rate -a , beyond nozzle exit Adiabatic wall specified 
for x ! L > \ ,  wave-angle varied to maximize for each frequency.
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Figure 4-19. Comparison of adiabatic and unheated conditions on amplification rate —a,- beyond
nozzle exit. Adiabatic wall specified for x ! L > \ ,  wave-angle varied to maximize - a ,  for each 
frequency.
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Figure 4-20. Progression of T )(pO U ) profiles with and without surface heating in the nozzle. 
Adiabatic wall specified for x ! L > \ .  Subscript ( )7 denotes derivative with respect to normal 
coordinate tj. Subscript ( )e denotes edge quantity.
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■a  No multigrid, Scalar dissipation 
■g  3 level FMG, Scalar dissipation 
-v 3 level FMG1 Matrix dissipation

(Machine Zero-= 
at 1300 sec)

CPU time (sec)

Figure 4-21. Residual history for 2D Navier-Stokcs computation, Po=350 mm Hg, Fe=SS0C, 
R e 100=S^SxlO6Zm, 140x41 grid, At=I, CFLmin = 5.

Distance from Nozzle Throat, x/L

Figure 4-22. Iteration convergence of floor boundary layer in 2D Navier-Stokes computation.
Conditions of Figure 4-21, matrix dissipation, 3 levels FMG.
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G------0  Fine Grid: 201 x 97
B —  a  Medium grid: 169x65 
a----- -a Coarse grid: 140 x 41

Distance from Nozzle Throat, x/L

Figure 4-23. Grid dependence of boundary layer on contoured surface: 2D Navier-Stokes 
computation. Po=500 mmHg, T1, =210C, Ztefm=S^xlO6Zm.

(Only cases 1,3,5 are 
shown in Me)

-t------- h 3.28x1 Oc 133x41 (King, 1993)
B —  c  5.20 140x41
Q-------G 5.20 169x65
v------v 5.20 201x97 

169x65

E 0.05

Distance from nozzle throat, x/L

Figure 4-24. Boundary layer conditions from Navier-Stokes solution (top) Edge Mach number, 
(bottom) displacement thickness.
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Ny=101, Ax=O.15 cm -

Non-dimensional derivative quantity

Figure 4-25. Convergence of boundary layer solution for derivative computations. /?<;'„=5.2xl06/m, 
(TJT0)x=O=L^xIL=LO
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CHAPTER 5

EXPERIMENTAL. MEASUREMENTS

Unsteady fluctuations were experimentally observed in the boundary layer growing 

on the lower nozzle block for the same conditions as the theoretical predictions of 

Chapter 4. As discussed briefly in Chapter 2 (Approach), previous experience in the 

MSU-SWT has shown that two fundamentally different states of the unheated nozzle 

boundary layer naturally occur at P0=SOO mmHg (PeC=S^xlO6Zm) and P 0=S95 mmHg 

(PeC=6.2x IO6Zm). Recall the transition map illustrated in Figure 2-3. At P0=SOO mmHg, 

low frequency oscillations are present over the majority of the nozzle that break down to 

turbulence near the nozzle exit. At P0=S 95 mmHg, the boundary layer has densely 

intermittent turbulence for the entire nozzle length. The goal of the present experiment 

was to observe what effect heating the nozzle surface (concentrated at the nozzle throat) 

had on the unsteady boundary layer developing on the nozzle contoured surface 

specifically for the conditions listed in Table 2-1. Each test case consisted of measuring 

peak pitot pressure fluctuations pp' in the boundary layer at 25 uniformly spaced points 

along the nozzle block centerline from rZP=0.54 (x=21 cm) to xZP=0.94 (x=36.3 cm) for a 

total of 100 data records. Recall that the temperature distributions for the heated and 

unheated conditions were shown above in Figure 4-3.
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5.1 Unsteady Measurement Techniques

5.1.1 Sensor

The pitot pressure fluctuations Pp' were measured using a dynamic pitot probe (DPP) 

that consisted of a. micro-miniature Kulite (CQ-030-100D) mounted on a probe sting as 

shown in Figure 5-1. This style of sensor had been successfully used by researchers in 

the MSU-SWT in the past (Berger 1988, Tritz 1990, Demetriades et al. 1994), primarily 

for turbulence measurement. Comparisons between hot-wire and DPP measurements in 

the turbulent boundary layer have shown good agreement (for example, Figure 48 in 

Berger 1988). The previous heated nozzle measurements by Demetriades also used the 

DPP

The Kulite had a 0.76 mm diameter body with a 0.25 mm active diameter that was 

maintained normal to the x-axis ±2°. The Kulite had a 0-5170 mmHg range with a 1.50 

(iV/mmHg/eexoit sensitivity and a 1.5 MHz resonant frequency reported by the 

manufacturer. The Kulite used in the present experiments was chosen based on its size 

and frequency response to afford the maximum resolution within the boundary layer, at a 

compromise in the Kulite output voltage strength. The probe resolution relative to the 

laminar boundary layer thickness (Figure 4-8) was about 1:5 based on the OD of the 

Kulite body and 1:15 based on the probe active diameter. In the present experiments, the 

Kulite was operated over about 3% of the transducer full scale range, which led to signal 

to noise ratios that ranged from about 3 in a turbulent boundary layer to unity for the 

quiescent layer and free-stream.
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The DPP was operated to provide an AC signal only, since the manufacturer reported 

that DC measurements with the CQ-030-l OOD would be unreliable due to offset drift 

with temperature and time. Pitot pressure fluctuations were obtained from the AC signal 

using the sensitivity reported by the manufacturer, which had been previously verified to 

within 15% (Tritz 1990, Berger 1988). In situ calibrations had proven cumbersome and 

error-prone.

5.1.2 Electronic Circuit

The amplified DPP signal was recorded to analog tape during the experiment using a 

Honeywell 7900 FM Recorder so that the data could be played back and analyzed later. 

Figure 5-2 shows the recording circuit used for all DPP measurements. The Kulite was 

excited with a 3.1 Vdc (nominal) source using two D-size dry-cell batteries in series for a 

low-noise power source. The DPP signal was augmented by the differential amplifier 

resident in a Tektronix 502A oscilloscope, along with a HP 465A amplifier for a total AC 

gain of 3640 V/V (amplified DPP signal is 5.46 mV/mmHg/eexcit). The amplified DPP 

output signal was then fed to a wide-band rms meter, a spectrum analyzer to monitor the 

signal spectrum (averaged) in real-time, and to a digital storage oscilloscope to monitor 

discrete wave-forms as the amplified DPP signal was being recorded. The DC output 

voltage of the ^-position actuator was recorded to channel 5 and a 20 kHz tone was 

recorded to channel 7 during intervals of valid data (i.e. recorder locked at proper tape 

speed). All recording was performed at a tape speed of 120 ips and a playback speed of 3 

3/4 ips.
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The components of the recording circuit (except the DPP) were verified by 

measurement to confirm a frequency response flat from 0.1 to 300 kHz, and a 3-dB point 

at I MHz. While the turbulent boundary layer contains frequencies exceeding I MHz 

(Tritz 1990), Mueller (1993) demonstrated that the unstable activity was concentrated in 

frequencies less than 15 kHz. Since the present study concentrated on the instabilities 

preceding the onset of turbulence, a 300 kHz frequency response was more than 

adequate.

5.1.3 Data Reduction

The playback signal was digitized at a sampling rate of 20 kHz, which corresponds 

to a real-time frequency of 640 kHz. The high sampling rate provided good resolution to 

capture turbulent bursting activity in the time-series waveforms. The weak signal at high 

frequencies also diminished aliasing in the digitized signal.

Digital signals were acquired using a 12-bit National Instruments Lab-PC+ A/D 

conversion card installed in a 386-20 computer. The Lab-PC+ card has a maximum 

sampling frequency of 80 kHz. Figure 5-2 also shows the playback arrangement used to 

digitize the data. Each digital waveform recorded to disk was 6.4 msec in length. Tq 

save on storage requirements, information regarding the acquisition speed, playback to 

real-time speed ratio, digital-to-analog conversion (DAC) voltage range, etc. were stored 

as a header in each file, then only a single 12-bit integer DAC value was stored for each 

digital sample. During data reduction, software logic was used to convert DAC values to 

voltages in terms of floating point numbers. All data reduction was done with MATLAB
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routines written by this author, with frequent use of functions in the Signal Processing 

Toolbox.

Power spectra were computed for the MEP measurements by averaging 

periodograms from 512 independent 6.4 msec waveform snapshots (4096 points), with a 

Hamming window and frequency resolution of 156 Hz per spectrum point. Increasing 

the number of averages increased the accuracy and smoothness of the spectra, but only 

slightly better spectra were achieved beyond 512 waveforms. The lower and upper 

frequency bounds within which oscillations could be accurately captured were about 500 

Hz to 320 kHz, respectively. Below 500 Hz the low frequency spectrum was dominated 

by electronic noise and revealed no useful information. At the Nyquist frequency of 320 

kHz, the spectrum typically tapered down by at least an order of magnitude below the 

peak rms value associated with the dominant boundary layer activity, preventing 

appreciable aliasing in the signal. Figure 5-3 shows typical spectra for a strong and weak 

signal within the boundary layer. Note that the spectra are plotted on a linear rms scale, 

to facilitate a more direct comparison with results presented later in this chapter.

Electronic noise measurements were recorded for “wind-off’ conditions with all 

electronic instruments on and running, as they would be during the experiment. As 

displayed in Figure 5-3, the electronic noise is most prevalent in frequencies below I 

kHz, and masks much of the measured activity for weak signals. In order to isolate the 

boundary layer activity for further data reduction, the averaged spectra of the electronic 

noise was routinely subtracted in the square from the averaged spectra of the total signal
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at each streamwise location. Unless otherwise stated, all spectra discussed here have the 

wind-off electronic noise subtracted in the square.

A typical ffee-stream spectrum from the present experiments is shown in Figure 5-3 

for comparison. The free-stream rms voltage readings add almost no content to the total 

spectrum’ and below about I kHz free-stream measurements are actually less than the 

wind-off conditions. Since the wind-off measurements were recorded within a closed test 

section with no air-movement, any wind-on signal is physically required to be greater 

than the electronic noise (assuming the electronic noise is uncorrelated to the signal). 

Apparently then, the electronic noise characteristics of the Kulite change slightly between 

the wind-off and wind-on conditions. Other researchers (Munro 1996) have also noted 

this Kulite behavior. Higher frequencies of the FS measurements do show an increased 

rms amplitude over that of the wind-off conditions. Nevertheless, differences between 

the FS and wind-off values are very small, making the present free-stfeam noise 

measurements un-useable. Additionally, the results with weak boundary layer activity 

below 1.5kHz must be viewed with reservation.

5.2 Interpretation of the DPP Signal

5.2.1 Thermodynamic Relations

In a supersonic flow, small fluctuations in pitot pressure (ppr) can be translated 

through the normal shock that stands in front of the probe to small perturbations in the 

static variables (temperature, velocity, and pressure). A quasi-static analysis (Morkovin 

1956) applied to the Rayleigh Supersonic Pitot formula (Ames Research Staff 1953)
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provides a linearized equation that depends only upon the local Mach number M  and ratio 

of specific heats ^(Tritz 1990, Demetriades 1991):

P 'r-P \ 2M2 - I (u' I T ' )

PP P I 4
i

I __
__

__ Li/ z r j

If total temperature fluctuations (To JT0) can be neglected in the analysis, the one

dimensional adiabatic energy equation gives a form of the so-called Strong Reynolds 

Analogy

Substituting equation (5-2) into (5-1) and neglecting the acoustic modes (p'/P «  u'/U) 

leads to

for M>1. When the transducer sensitivity (Stramducet) is included in the formula, then the 

fluctuating output voltage from the probe (e'0UJ) can be related directly to normalized 

velocity fluctuations (u'TUJ) by

5-2

5-3

with

5-4

transducer
5-5
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where Su and Pp are determined from the mean boundary layer profile. Equation 5-5 

makes the DPP a convenient instrument for directly measuring velocity fluctuations if the 

mean-flow is known.

Quantitative use of the DPP relies on the assumptions that total temperature and 

pressure fluctuations can be neglected, as is commonly done in hot-wire analysis. 

Extensive hot-wire measurements show a velocity-temperature relation that agrees very 

well with equation 5-2 in adiabatic boundary layers at supersonic speeds (see, for 

example, Smits and Dessauge 1996),4 Though the present experiments do not have an 

adiabatic condition, wall to total temperature ratios are still small enough that equation 5- 

2 is a good approximation at the probe tip.

Since Sy>\ at supersonic speeds, it is reasonable to neglect the pressure fluctuations 

with p'/P «  SuU1 *IU in the turbulent boundary layer where p'IP~(u'IUf. In the unstable 

boundary layer, the eigenfunctions for TS or Gdrtler instabilities (Figures 4-17 and 4-14) 

also show that pressure fluctuations are an order of magnitude less than the velocity 

fluctuations, at the peak value of u'UJ. Figure 5-4 shows the amplitude envelope for pitot 

pressure fluctuations induced by a TS wave computed, with the complex eigenfunctions 

of Figure 4-17. The agreement between curves from equation 5-1 and 5-3 is good (3%

4 This agreement does not necessarily come by “small” values of To1IT0. For example,
Debieve et. al. (1996) show To'IT0~A% in an adiabatic flat-plate boundary layer at M=2.3.
With a wall temperature ratio near 1.5, T70Vr0 increases to a maximum of 6% near the 
wall. Instead, the actual solutions to the full equations of motion do not depend strongly
on the total temperature fluctuations as long as the mixed Prandtl number is close to 
unity. This is the case for adiabatic flows or nearly adiabatic flows with small wall-to- 
total temperature ratios.
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difference) at the peak fluctuation amplitude in the layer. This peak is the so-called 

maximum energy point (MEP) in the boundary layer and ranges from y/5=0.5 to >>/5=0.65 

for TS modes at the most amplified conditions according to the theoretical predictions 

presented in Chapter 4 (Theoretical Results). Fluctuation measurements at the MEP are 

particularly useful for computing amplification rates of an instability. A larger signal 

input to the probe also reduces errors in measuring pp' or u'.

5.2.2 Treatment of Boundary Layer Mean-Flow

Brogan (1995) measured profiles of the boundary layer mean-flow from 

0.264<r/Z<0.594 at conditions of the Iow-Aer00 case in the present work both with and 

without surface heating. A comparison of the measured profiles to laminar boundary 

layer theory (computed with the Harris and Blanchard code), in general, showed thicker 

profiles by about 15%. But, when vertically scaled with the boundary layer thickness, 

profiles compared well. Shape factors were typically within 5% to 10% of each other for 

both heated and unheated wall conditions. Despite only moderate agreement in the 

profiles, all trends present (including those due to surface heating) in the experiments 

were predicted well in the theory. Mean-flow profile measurements by Brogan (1995), 

and by King and Demetriades (1993) at lower Aerco showed somewhat better agreement 

with the theory.

Originally, mean-flow measurements were also planned to accompany the 

fluctuation data. However, the wind tunnel facility was temporarily decommissioned (3 

% years) and dismantled immediately following the fluctuation measurements, and the
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test-matrix had to be curtailed. The facility has only recently come on-line, but the 

heated nozzle experiments have not been repeated. The approach taken here is to present 

the data in the more precise terms of pitot pressure fluctuations (pp'IP0) and then make 

inferences, where appropriate, to the corresponding magnitude in velocity fluctuations 

(WIUe) via equation 5-5 with a computed mean-flow, rather than a measured mean-flow.

5.3 MEP Recordings

At any given streamwise location, the MEP based on Pprms was found by traversing 

the dynamic pitot probe (DPP) vertically away from the wall through the boundary layer, 

while monitoring the amplified wide-band rms output produced by the DPP. The MEP 

would then be determined by examining a plot of the wide-band rms and visually 

choosing the probe position at the maximum rms output. For every traverse through the 

layer to find the MEP, the DPP output was monitored on a digital storage oscilloscope 

displaying waveforms one at a time with I-second updates, and a dual-display spectrum 

analyzer showing the Fourier components of both the free-stream signal and the current 

reading. A complete record of the analog maximum energy recordings, including 

tabulated values of the MEP location, can be found in Appendix A.

Figure 5-5 shows a set of typical wide-band rms traverses through a predominantly 

laminar boundary layer with unstable activity in the layer and a small amount of turbulent 

bursting. The horizontal tic-mark locates the MEP at each streamwise location, where a 

7-second real-time signal (3.7 minutes playback) was recorded to analog tape. The 

oscillations in the wide-band rms signal were due to very low frequency noise (<10 Hz)
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in the electronic circuit that, was later filtered out in the digitizing process. Appendix A 

also reports the raw rms voltages through each of the stage of data reduction.

In all cases, measurements were acquired at the most downstream location first 

(x/L=0.942, x=36.3 cm), then marched forward at increments of approximately 0.6 cm 

(AjcZL=O.0156) to x=21 cm (x/L=0.545). By marching upstream, the shock wave from the 

probe and the associated wake did not alter the local surface temperature at the 

measurement location of each MEP recording. The absolute locations in the streamwise 

direction were known within ±0.3 mm, and distance from the wall to within ±0.1 mm. 

Relative distances in both axes were accurate to within ±0.05 mm.

5.3.1 Location of MEP

Figure 5-6 shows the location of the MEP identified by the peak Pprms signal within 

the boundary layer for Le'M=5.2x IO6Zm with and without surface heating. The computed 

laminar boundary layer thickness from the Harris and Blanchard code (Figure 4-8) is 

included for comparison.5 However, mean-flow profile measurements by Brogan (1995) 

at these same conditions indicate that the measured boundary layer thickness is slightly 

larger than the calculated value. Since the mean-flow measurements were only available 

for xZL<0.6, the solid curve in Figure 5-6 is an extrapolation of that data. Mean-flow 

measurements of the laminar boundary layer at other conditions confirm this thickness 

trend for xZL>0.6 (Brogan 1995).
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In the unheated case, the MEP based on Pprms remains near y 5=0.7 with reference 

to the measured thickness until about XlL=OJ where the peak fluctuations slowly begin 

moving deeper into the boundary layer. Near the nozzle exit, the MEP is located at about 

ylS=0.6. With surface heating, the MEP starts slightly higher at jV5=0.8 then quickly 

tracks the same pattern as the unheated case. The flagged symbol at x!L=0.6A is a data 

point from Demetriades (1996) at the same stagnation conditions with an unheated 

nozzle. The repeatability of the two data sets (Demetriades 1996 and the present) is 

remarkable, considering that the two experiments were conducted by two different 

experimenters some two years apart with two. different overlays installed on the nozzle 

block. The vertical error band in Figure 5-6 corresponds to the error in the actuator, not 

the subjective error of determining the location of the MEP.

The MEP location at i?e'OT=6.2x 106/m is shown in Figure 5-7 with the computed 

(Chapter 4) laminar boundary layer thickness for the unheated condition included for 

comparison. Without surface heating, the boundary layer is densely intermittent, and 5 

from a laminar boundary layer theory has little relevance. But, when surface heating is 

applied, the layer is reduced to a laminar condition over the measurement range (as will 

be shown below). One would expect the MEP to be less than the computed boundary 

layer thickness as in Figure 5-6. The experiment shows that in fact the MEP based on 

P p r m s  moves away from the wall at x/L<0J with surface heating. The signal for these

5 In view of the minute changes in 8  with surface heating found by experiment (Brogan
1995) and theory (Chapter 4), no distinction is made between 8  from the heated or 
unheated conditions.
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measurements was very weak, and a MEP was difficult to precisely locate which led to 

the scatter in the data at xlL<0.1.

Again, the MEP locations in the present experiment are in agreement with 

Demetriades’ measurements (1996) at ite'«,=6.2xl06/m. At a uniform throat temperature 

of (TwZr0)x=O=LlS, Demetriades located the MEP from aPprms traverse at 0.20 cm, which 

also lies outside the computed laminar boundary layer thickness, with disturbance energy 

continuing out to 0.5 cm. The mean-flow pitot traverse in Figure 5 of (Demetriades 

1996) shows a boundary layer thickness near 0.3 cm at x/T=0.660, which is considerably 

higher than the laminar prediction. Therefore, it is not clear that the MEP at x/T<0.7 was 

diverging into the tree-stream as originally suspected (Brogan and Demetriades 1998a). 

Detailed mean-flow measurements at this Reynolds number are required to resolve this 

discrepancy.

5.3.2 RMS progression

Figure 5-8 shows the wide-band pitot pressure fluctuations at the MEP. The rms 

values were computed by integrating the averaged spectra in the square from 0.156 to 

320 kHz. In the unheated configuration with Te'OT=6.2x IO6Zm, the rms level is flat at 

P p  r m J P o = 3 .4% due to the turbulent state of the boundary layer illustrated in Figure 2-3 

(Transition map). At Aero0-S.2*IO6Zm, the rms levels rise as the amplitude of the

instability increases. When heating is applied, the reduction in Pprms fluctuations is 

apparent.
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The magnitude of U1rmJUe can also be estimated from the P jrmJP0 levels in Figure 5- 

8 using equation 5-5 and a computed mean-flow. Since accurate mean-flow are not 

available by theory or previous measurements at i?e'ra=6.2x IO6Zm, the application of 

equation 5-5 is limited to the measurements a t IO6Zm. The mean-flow terms of 

equation 5-5 were computed at two ^-locations to provide a range of probable u'lUe 

magnitudes to account for the differences between the measured and computed mean- 

flow at ^ ef00=S.2xIO6Zm (recall the discussion in Section 5.2.2). The first solution was 

obtained with the physical y-location of the MEP plotted in Figure 5-6 (i.e, y M EF, b l  

C o d e ==Tm e p , p h y s i c a l ) .  The second solution employed ay-location that was first scaled by 

15% (i.e. T m e p 1 b l  C o d e = T m e p , p h y s i c a i / 1 . 1 5 ) .  This variation in distance from the wall was 

equivalent to a 15% variation in the y!8 location of the MEP. The resulting velocity 

fluctuations are plotted in Figure 5-9. The curves are stopped at the location where 

turbulence appears in the MEP signal since the laminar boundary layer solution would no 

longer be applicable. The error bars in Figure 5-9 indicate the range of predicted 

magnitudes, and the symbols are located at the corresponding average. Since errors in 

the mean-flow term are multiplied by the magnitude of P jrmJP0, the error in u'rmJUe 

grows withpJ rmJP0.

A comparison of Figures 5-8 and 5-9 show that the disturbance growth with 

streamwise distance in terms of U1IUe is larger than the growth viewed by pJ/P0. As the 

MEP moves to smaller jA?, the mean-flow terms Su and Pp decrease faster than WUe, and 

the probe’s “sensitivity” to velocity fluctuations decreases. That is, for a given
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magnitude of u', the measured pp' will be smaller as the probe moves toward the wall. A 

similar pattern occurs between heated and unheated profiles; at a given physical distance 

from the wall, the heated boundary layer has a lower Pp and Su than does the unheated 

profile, which also causes a decrease in the sensitivity to velocity fluctuations.

At the first measurement station (x/Z=0.56), the velocity fluctuations are reduced 

from u'rmslU e= O .66% without heating to U1n m I U e= O .45% at (TwIT0)x=O=I-Il. Transition 

occurs at UfrmJUe between 2-3% without surface heating and at a slightly larger 

magnitude near 4% when the layer is heated. At the nozzle exit, rms velocity fluctuations 

are estimated to be near 8% both with and without surface heating, which is close to the 

WrmJUe magnitudes found by Tritz (1990) in the turbulent nozzle boundary layer at the 

same y/b location.

5.3.3 Time Series

The progressions of waveforms at the MEP shows increasing activity with 

streamwise distance (Figures 5-10 to 5-13) for all cases. At Ae'ro=5.2x IO6An without 

surface heating, the signal atx/L=0.57 has no discernable unsteadiness over the electronic 

noise. Gradually, a low frequency oscillation emerges with a period of about 0.25 msec. 

At high PpfIP0 levels near 5% to 7% bursts of turbulence appear at the peaks and valleys 

of the base waveform. Using equation 5-5, this corresponds to high instantaneous 

velocity fluctuations of u'IUe~\0% in the base instability. When surface heating is 

applied, the reduction of activity both in the low frequency base waveform, and 

turbulence activity is immediately apparent. The Aez00-O^xlO6Zm waveforms show the



112

most dramatic decrease, which supports the absence of activity in the boundary layer at 

upstream locations referred to in Figures 5-7 to 5-9. Some spontaneous bursts appear at 

fte'oo=6.2xIO6Zm with surface heating (for example at x/L=0.613 in Figure 5-13). This is 

indicative of bypass events, possibly due to the very high noise levels in the free-stream 

from the acoustic radiation produced by the turbulence on the three remaining un-altered 

walls. When the waveforms are analyzed statistically, the occurrence of these bursts is 

found to be so infrequent that the percentage of turbulence is considered to be zero, as 

will be shown in the next section.

5.3.4 Turbulent Intermittency

Statistical techniques were next applied to the digital waveforms to characterize the 

turbulent intermittency (i.e. the percentage of time that the flow is turbulent as viewed by 

a stationary probe) of the MEP signal. A complete description of the technique to 

compute intermittency, along with a comparison to other intermittency methods is given 

in Appendix C. The method is briefly summarized here.

Figure 5-14 shows an example of the technique applied to a waveform from the 

present work. The raw signal is high-pass filtered at 20 kHz with an Sth-Order elliptic 

filter, then a mean-square value is computed over some short time-span, and a threshold 

criterion applied. The result is a square wave carried along with the original signal that 

can be integrated in time to provide the intermittency 7 for that waveform.
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The intermittency results are shown in Figure 5-15, computed with an ensemble 

average of 100 waveform records, each 6.4 msec in length. The plotted curves indicate 

the average value of the intermittency with ± one standard deviation for the error bars.

The turbulent intermittency shows the onset and progression of transition apart from 

the boundary layer stability. In the case of ^ e f00=S.2x106Zm without surface heating, 

transition begins at approximately JcZZ=O.78, and the turbulent intermittency increases to 

about 20% at xZZ=0.95. This is consistent with the original transition map presented in 

Figure 2-3. At the higher Reynolds number (Zg'co=6.2x IO6Zm) in the unheated condition, 

the signal shows significant bursting with a turbulent content that ranges from 50% to 

80% over the entire range of measurement -  also consistent with previous data in the 

MSU-SWT. Measurements by Demetriades have shown that turbulent bursting first 

appears 1-3 cm downstream of the throat (0.026<xZZ<0.078) for P0=SQQ mmHg 

(Zez00=SJxlO6Zm) (Demetriades 1981b, Figure 7).

Heating the boundary layer causes the turbulent bursting to be delayed for both the 

high and low Zez00 cases until the last two MEP recordings at xZZ>0.92. When 

considering this transition delay, it must be remembered that the sidewalls were not 

altered, and were still turbulent or transitional when the lower nozzle block was heated. 

Therefore, the transition location (xZZ=0,92) observed with heating may be influenced by 

unsteadiness that feeds from the sidewall boundary layers andZor by the acoustic radiation 

generated by the latter. It is possible, that if transition on all four walls were delayed, 

more laminar flow would be observed than with heating only one wall as reported here.
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5.3.5 Fourier Spectrum Analysis

Figures 5-16 and 5-17 show the progression of the power spectral density in the 

physical frequency range 0-16 kHz. Beyond about 5 kHz, the spectrum was 

monotonically decreasing to nearly zero at 320 kHz for all maximum energy recordings 

(recall Figure 5-3). The boundary layer edge conditions change slightly from 

0.54<x/Z<0.94 which causes a corresponding 8% change in the local time scale. For 

consistency with the theory (Chapter 3 and 4), the dimensionless frequency F  is 

referenced to the local edge conditions. However, it should be noted that all discussions 

of a single “Fourier component” refer to a fixed physical frequency/ , as in the theory.

In the unheated low Re'^ case, the spectrum progression shows the instability 

growing at first with a dominant peak around FxlO4=O1OS (/«3 kHz) and decreasing to 

Fx I O4=O.03 (/«1.5 kHz) as the boundary layer thickens. Close inspection of Figure 5-16 

reveals that near x/F=0.8, the low frequency components begin to decay while a mode 

centered near FxIO4=O.08 (/=4 kHz) becomes dominant. The disturbance growth at 

Fx IO4=O.08 then slows as the disturbance saturates, energy diffuses into higher 

frequencies, and turbulent bursting appears regularly at the peaks and valleys of the base 

waveform. The movement of the “center frequency” located at the peak Fourier 

component for each streamwise position is shown in Figure 5-18.

At the higher Reynolds number, the layer without surface heating still shows a 

saturated peak near Fx I O4=O.03 5 (/«2 kHz), possibly as a signature of an instability 

preceding the break-down to turbulence.
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When surface heating is applied, the frequencies of the dominant oscillations stay 

approximately the same, but disturbance amplitudes are reduced. (The “peak” frequency 

selected for x/Z<0.64 at i?e'ro=5.2x IO6Zm with heating in Figure 5-18—first 5 open circles 

in the top graph—is an artifact of a very weak signal, where no discernable center 

frequency can be associated with an instability.) The low Reynolds number case is 

particularly important in regard to the boundary layer stability since it shows the unstable 

activity before transition onset (defined as the first appearance of turbulent bursts in 

Figure 5-15) both with and without surface heating. Comparing the progression of power 

spectra to the change in turbulent intermittency with heating also shows that the delay in 

transition to turbulence is accompanied by a reduction in the amplitude of the peak 

disturbance(s) in the frequency range of 2-4 kHz. This is consistent with previous 

findings in the MSU-SWT (Mueller 1993, Demetriades 1996). Therefore, at 

i?e'M=5.2xIO6An, it appears that transition to turbulence is suppressed with heating 

through a decrease in the strength of the base waveform (2-4 kHz wave).

In the higher Reynolds number case, the intermittency computations (Figure 5-15) 

and waveform pictures (Figures 5-12 and 5-13) have already shown that heating 

quenches the turbulent bursting and unsteadiness in the layer.' Now, the power spectra 

show that heating has simultaneously reduced the low frequency oscillations dramatically 

so that the instability growth resembles that of the low Reynolds number case with 

heating (in terms of Pp rms magnitudes). Clearly, the heating has already had a strong 

effect in the first half of the nozzle. Though the conditions leading to turbulence at 

Re co—6.2><10 /m without surface heating have not been observed directly as in the low-
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Re'C0 case, it is inferred that turbulence has been prevented by suppressing the instability 

amplitude in the throat region.

The upstream effect of surface heating is further quantified in Figure 5-19 with a plot 

of the disturbance amplitude spectrum at the first measurement station. With surface 

heating at Re'C0=S.2x 106/m, the fluctuations at x/L=0.5$2 has been reduced by 25% at the 

peak Fourier component (FxlO4=O.05), and a factor of 2 or more at higher frequencies. 

This comparison is also similar in terms of velocity fluctuations, using equation 5-5 and 

measured velocity profiles from (Brogan 1995) near this x-position. A much more 

dramatic effect is observed at F Fro=6.2x IO6Zm with a reduction in the peak fluctuations 

by an order of magnitude when the nozzle is heated. The higher heating level of 

(FwZF0)̂ =O= I -22 has even reduced the Pp'rms amplitudes to less than the heated case at 

Fe'co=5.2xIO6Zm, and (FwZF0)x=O=I. 13 -  despite the profound differences in the layer 

condition with an unheated nozzle.

5.3.6 Amplification Rates

The distribution of MEP spectra can be used to calculate the spatial amplification of 

small disturbances for each Fourier component, in accordance with boundary layer 

stability theory. Since the description of instabilities leading to transition only has 

relevance when turbulence is not present, comparison of the spatial amplification rates is 

limited to FF 00=S^xlQ6Zm with and without surface heating where the turbulent 

intermittency is zero.
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Though no formal connection has been made between the present experiments and 

linearized stability theory for two-dimensional boundary layers, the spatial amplification 

rate -at can be computed from the separable form of the disturbance in equation 3-6. If 

the local rms amplitude of a single Fourier component (fixed physical frequency) in the 

boundary layer is given by A, then the spatial amplification rate can be computed from 

the experiment with

ai A ck 5-6

In the framework of linear stability theory, all disturbance quantities are amplified 

by the same amount (see equation 3-6) so that pitot pressure fluctuations are just as 

suitable as any other quantity. However, the quasi-parallel (Mack 1984) and non-parallel 

linear theories (Herbert 1993) implicitly or explicitly use the velocity fluctuations at the 

MEP for measuring the disturbance growth, and thus growth rates. Therefore, using the 

velocity fluctuations at the MEP in equation 5-6 represents a slightly improved result 

over that of the pitot pressure fluctuations. Using the relation for velocity fluctuations 

from the DPP output (equation 5-5) in equation 5-6 yields

(~ a i I-
i a :out

%  a
5-7

where (-<%,)%' indicates amplification rates based on velocity fluctuations. The first term 

in equation 5-7 is the local amplification rate based on the probe output e'out (or pp'), 

while the second term represents streamwise changes in the local mean-flow at the probe 

tip. The latter gives a positive contribution to (-«,■)„- so that amplification rates based on
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Pp quantitatively understate the amplification rate based on u'. However, the MEP 

follows approximately the same path with or without surface heating (Figure 5-6), so that 

the mean-flow contribution in equation 5-7 due to a variation in y!8 with streamwise 

position is quantitatively similar with and without surface heating. Therefore, a 

qualitative comparison in the change with and without surface heating reveals the same 

features based on B1out (or#/): as those based on u'.

Accurate calculations of -CCi by equation 5-6 first require a smoothing procedure. 

The spatial derivatives (dAJdx) are computed from the "smooth" spectrum at a fixed 

dimensional frequency /  then divided by the local rms magnitude, A. In the present 

work, a polynomial smoothing procedure along the lines of (Demetriades 1992b) in both 

space (x) and frequency (J) was employed with some improvements. The smoothing 

procedure worked well as demonstrated by a comparison of Figure 5-20 with Figure 5- 

16. Appendix B provides further details and an evaluation of the smoothing procedure 

used here.

Figure 5-21 shows the amplification rates based on Pptrms of selected Fourier 

components as a function of streamwise distance x/L. Note that the amplification rates 

have been made dimensionless with the viscous length scale /*, consistent with the 

calculations in Chapter 4. The corresponding dimensionless frequency F  is listed as an 

approximate value since the edge conditions are changing slightly over the measurement 

range. The amplification rates based on u'rms are shown in Figure 5-22. The amplification 

rate curves for Figures 5-21 and 5-22 are truncated at the location where turbulent 

bursting begins, as identified by Figure 5-16,
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As discussed above, the magnitude is numerically larger than (-(Xl) e', but the

primary features with and without surface heating are the same. The principal difference 

occurs at x/L<0.65 where the curves for the heated ease show larger values in the 

amplification rate of u' than in e'out (orPp). Given the uncertainties in the measurements 

and the transformation from pp'. to u', it is not wise to emphasize this difference.

In the unheated case, the growth is a maximum at x/L«0.7 for all frequencies and 

then decays with increasing distance from the throat. When surface heating is applied to 

the boundary layer, the peak amplification shifts downstream to x/L«0.8 (i.e. higher 

Reynolds number). The fact that the amplification rates increase at all frequencies is 

indicative of non-linear processes.

It is also important to note that positive amplification rates are observed for all 

frequencies and all x/L investigated. Thus, neutral points defined by -Crz=O, and their 

subsequent relation to surface heating could not be evaluated experimentally.

5.4 Free-stream Disturbance Environment

The disturbances in the free-stream are vital to understanding and interpreting the 

boundary layer transition process. As mentioned above in Section 5.1, the DPP and 

electronic circuit used in the present measurements were not suitable for low-disturbance 

measurements in the free-stream. However, recent and previous data reported by Brogan 

and Demetriades (1998b) can be used to estimate the disturbance environment impinging 

on the nozzle boundary layer for the present experiments. Brogan and Demetriades used 

sensors with much better signal-to-noise ratios to measure pp' in the free-stream. The
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noise characteristics and spectral content in.the Mach 3 test-volume were determined as a 

function of Re'm and x.

It must be emphasized that these noise measurements were recorded with the 

unheated nozzle block only and include all 4 walls as acoustic sources. The external 

acoustic environment impinging on the heated and unheated layers of the lower surface 

will be composed of radiation from the remaining 3 walls since any given wall in a 

rectangular nozzle can only “see” the other three walls. Since these three other walls (top 

and sidewalls) are unaltered when heating the lower nozzle block, the acoustic 

environment of the latter will be the same with and without surface heating.

Static pressure fluctuations (p'/P) along the tunnel centerline range from 0.1% at low 

pressures when the nozzle wall boundary layers are laminar and stable to 0.3-0.5% when 

the layers are transitional or turbulent. Mach lines can be traced from noise measurement 

locations on the tunnel centerline and an estimate of the disturbance magnitudes 

impinging on the developing nozzle boundary layer can be obtained. At Ae'M=5.2xIO6Zm 

(500 mmHg), disturbances are 0.3-0.4% at the nozzle trailing edge, and estimated at 0.1% 

at x/Z,=0.6 near the edge of the boundary layer where the MEP recordings begin. At 

i?e'M=6.2x IO6Zm the boundary layer on the tunnel walls is densely intermittent, and has a 

measuredp'IP=O.4-0.5% at the layer edge over the entire region of MEP recordings.

Spectral content of the free-stream disturbances rolls off near 50 kHz, and the low 

frequency Oscillations in the boundary layer are clearly reflected in the free-stream. 

Fluctuations at the tunnel centerline increase gradually with streamwise distance 

corresponding to the long wall boundary layer transition region.
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In addition to considering the external disturbances over the measurement range, the 

disturbances at the “inception” of the boundary layer even upstream of the nozzle throat 

Should be addressed. Here, the inception of the boundary layer is considered to be the 

exit of the final screen, upstream of the two-dimensional contraction since the conditions 

will be identical at this point with or without surface heating. Unfortunately, direct 

measurements have not yet been acquired. However, some comments can be offered as 

to the source and type of disturbances that could be.found.

The boundary layer on the nozzle walls is a continuous system beginning in the 

settling chamber at Me~0, passing through two screens, a three-dimensional contraction, 

and a final screen before arriving to the two-dimensional contraction formed by the 

sidewalls and nozzle blocks (see Figure 2-1). Through each of these stages, the boundary 

layer is assumed to be laminar due to the low Reynolds numbers (Re^lOO) and short 

length of the three-dimensional contraction. However, even in a laminar state, the layer 

cannot be free of disturbances. In the three-dimensional contraction, the intersection of 

the conical shape to a rectangular shape forms sharp convex corners with turning angles 

near 10° that are likely to produce steady and/or unsteady separation. The turbulence 

screens, which break-up and dissipate turbulence in the free-stream, will also leave some 

streamwise vorticity in the free-stream and the boundary layer (Watmuff 1997, Bdttcher 

and Wedemeyer 1989, Bradshaw 1965). In particular, the final 320 mesh screen has very 

low open area ratio of 25% which enhances spanwise variations in vorticity with small 

jets that randomly coalesce to form steady longitudinal vortices (Bradshaw 1965).
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The measurements by Brogan and Demetriades have indicated that the noise levels 

appear to asymptote to about 0.1% in the test core, when all of the walls are laminar. The 

composition of these remaining disturbances is unknown. It is assumed that in the 

absence of any disturbance generators through the nozzle (with laminar wall boundary 

layers) this 0.1% represents the disturbances from the settling chamber that could have 

both acoustic and vorticity content.



123

---- Recording Circuit
—  Playback Circuit

3 VDC (nom.)
Dry Cell Batteries

■j), Tunnel
(Shield)-||,

-  i Speaker

Switch closed

y-Actuator

HP 34OOA 
RMS meter

Diff. Amp. 
Gain 364 VA/

Rockland FFT 
Wave-analyzer

HP 34OOA 
RMS meter

TEK 549 
Storage Scope

HP 465A 
Amplifier 
20 dB (gain 10)

NI LAB PC+ A/D Card 
Digital Storage to Disk*

Wavetek 
Model 191 
Oscillator 
Wrms @ 20kHz

TEK 502A Scope 
S/N 027037U

REC. PLAY 
(120 ips) BACK 

(3 3/4 ips)

FM Tape Recorder

CH. 3 
CH. 5 
CH. 7

during "valid" data
"Variable Acquisition Gain, Variable Acquisition Frequency

Figure 5-2. Recording and playback circuit for unsteady measurements with the dynamic pitot 
probe (DPP).
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ratio.
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Figure 5-4. Amplitude envelope for fluctuations sensed by a dynamic pitot probe in a supersonic 
boundary layer.
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Figure 5-5. Technique to determine maximum energy point (MEP) within the boundary layer. Tic- 
marks indicate the MEP. Each trace is a different streamwisc (%) position on the nozzle.
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Figure 5-16. Streamwisc progression of power spectral density at the maximum energy point with 
and without surface heating. Ztef00=S1IxlO6Zni. Electronic noise subtracted in the square.
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Figure 5-20. Smoothed power spectral density of Figure 5-16. ^ 00=SJxlO6Zm. Polynomial 
smoothing procedure used with 10lh-ordcr polynomial in frequency and Tth-Order polynomial in the 
streamwise direction.
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CHAPTER 6 

DISCUSSION

6.1 Comparison of Theory and Experiment

The approach to understanding the mechanisms by which surface heating influences 

the MSU-SWT supersonic nozzle boundary layer has been to explore the effects of 

heating at two different Re'm, and wall heating levels, characterized by the throat 

temperature, (TJT0)x=O. In the unheated condition, the transition map (shown in Figure 2- 

3) illustrates two fundamentally different states of the boundary layer on the contoured 

surface for P0=SOO mmHg, and P0=595 mmHg. At P0=SOO mmHg, “the map” describes 

a transition process occupying a majority of the nozzle that involves the inception, 

growth, and break-down of unstable waves. At P0=S 95 mmHg, these instability events 

are not present in the nozzle-, turbulent bursting is initiated at the throat, and the boundary 

layer is “densely intermittent” over the entire nozzle length.

6.1.1 Unheated Nozzle Surface

The present measurements with an unheated surface condition also confirm the 

events of Figure 2-3 and add quantitative details.

The LST calculations, which describe the tendency of isolated infinitesimal 

disturbances of a prescribed form to grow or decay, do not portray this same picture.
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Corresponding to the small (20%) change in Re'm (or P0) over the range 

5.2x106<Re'm<6.2 x 106/m, relatively small changes in the stability of the nozzle boundary 

layer on the contoured surface are predicted. Linear stability theory shows a Gortler 

instability that forms in the concave region of the nozzle and TS modes that first become 

unstable near the nozzle exit. Obviously, this cannot explain the observed transition at 

Re'„=6.2* IO6Zm that begins at the throat, far upstream of the nozzle inflection point. The 

conclusion that follows is that transition on the nozzle at Rerca=S^xlO6Zm (i.e. P0=S95 

mmHg) “bypasses” the linear regime altogether, and follows directly from non-linear 

events and/or spontaneous bursts of turbulence. These “non-linear events” can include a 

response of the boundary layer to finite amplitude disturbances, roughness, mode 

interactions, small three-dimensionalities in the mean-flow, and influence of unsteadiness 

in the corner flow and the boundary layer on the sidewalls. None of these features are 

modeled in the linear theory. We will return to the discussion of bypass transition later in 

Section 6.2.1.

At Pe'M=5.2xlOs/m, the linear stability theory does not appear to explain transition 

events through an //-factor correlation based on a low-disturbance environment. 

Correlating the present LST predictions for steady Gdrtler vortices (Figure 4-13) to the 

measured transition location, XyZP=O.8 (xj=30.8 cm) produces a maximum //-factor at 

transition of A/=4.84. This value falls in the range of 3.5<//y<7.2 (with Rerco from 

ISxlO6Zm to IOxlO6Zm) determined by Chen et al. (1985) for the Langley Mach 5 slow- 

expansion nozzle used in the nozzle heating experiments of Harvey et al. (1975a). 

Correlations were based on LST for Gdrtler vortices correlated to boundary layer
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transition data determined with mean-flow sensors (Harvey et al. 1975a, Stainback et al. 

1974, Harvey et al. 1975b) for the unheated nozzle surface condition. The iV-factors in 

this Mach 5 nozzle and the MSU nozzle are below the generally accepted 77-factor 

criteria of Nf=I.5 (Schneider 1998a, Chen et al. 1991) for modern quiet nozzle design. 

Chen et al. (1985) argue that the low Nt correlations for the slow expansion Mach 5 

nozzle are biased by the presence of “finite” disturbances in the boundary layer past the 

nozzle throat, and are therefore not appropriate for correlations in a low-disturbance 

environment. The finite disturbances were assumed to exist because the nozzle did not 

have boundary layer bleed slots to provide a “clean” boundary layer at the nozzle throat. 

The MSU nozzle also does not have boundary layer bleed slots.

Another feature of the Re'^=5.Iy IO6/m case that has not been predicted by LST is 

the observed unsteady wave-form growth at 2-4 kHz that is apparently responsible for the 

observed transition on the contoured nozzle surface. The steady Gbrtler vortices, by 

definition, do not have a fluctuating component, and TS modes are not predicted to occur 

in the nozzle. Thus, within the framework of LST, the only means by which a fluctuating 

component could be generated is with the unsteady Gbrtler instability. But, Figure 4-15 

shows that the growth of steady vortices Would be predicted to dominate over the 

unsteady vortices. Moreover, the 2-4 kHz “center-frequency” would not be expected by 

LST, given a white-noise background of sufficiently low amplitude. Otherwise, 

unsteadiness would be required to come by non-linear processes, such as the break-down 

of Gbrtler vortices (Swearingen and Blackwelder 1987), or mode interaction between TS 

and Gbrtler vortices (for example Herbert & Morkovin 1980, Nayfeh 1981, Nayfeh and
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Al-Maaitah 1987, Malik and Hussaini 1990), neither of which can be predicted by a 

linear theory.

6.1.2 Heated Nozzle

When surface heating is applied, concentrated at the nozzle throat, the observations 

of boundary layer instability and transition change dramatically. At Thf00=O.2><106/m, a 

heating level of (TJT0)^f=I 22  suppresses both the turbulence and the 2 kHz unstable 

waveform; at the first measurement station (x/L=0.56), the peak Fourier component is 

reduced by an order of magnitude, and the wide-band rms signal in the layer approaches 

that of the free-stream. With the lower heating levels at (TJT0)x=Q=IArS and 

Tter00=S^xlO6An, a reduction of unsteady activity is also apparent. However, Figure 5-19 

illustrates that the peak Fourier component at the first measurement station (x!L=0.56) is 

only reduced by 25% (in p j) . A 35% reduction in the velocity fluctuations is estimated. 

The lower p j  fluctuations near the nozzle exit also reflect the slightly lower amplification 

rates from 0.56<x/L<0.72 (recall Figure 5-21). The velocity fluctuations show a similar 

trend (Figure 5-22), but the decrease in amplification rates at x/Z<0.72 is smaller. 

Collectively, the results at Tter00=S^xIO6An, show that (I) the disturbance amplitude has 

been reduced by some mechanism at x/Z<0.5, and (2) changes due to events in the latter 

half of the nozzle with surface heating are not dramatic i.e. the reduction in the initial 

amplitude propagates through the entire nozzle.

The LST predictions, in comparison to the experiment, show only small changes in 

the Gortler instability on the nozzle boundary layer with surface heating, primarily due to
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the large differences between the experiment and theory in the unheated cases. Indeed, 

the progression of power spectra with surface heating at Re'x=5 Im in Figure 5-16 

and Re' !'XlQ6Im in Figure 5-17, are qualitatively very similar.

As in the unheated cases, the only mechanism in the framework of LST, that could 

produce the unsteady fluctuations are the traveling Gdrtler vortices. Figure 6-1 compares 

some selected Fourier modes from the experiment (Figure 5-21), and the theory for the 

traveling Gdrtler vortices with and without surface heating. The theoretical curves were 

computed with the eMALIK code by specifying a fixed dimensional spanwise wavelength 

2Z*=0.255 cm (i.e. spanwise wave-number y9*=24.6 cm"1), fixed dimensional frequency/, 

and marching the quasi-parallel flow solution in the streamwise direction. The neutral 

point occurs shortly after the nozzle inflection point at x!L=O 25 (illustrated with an 

arrow), amplification peaks near the point of maximum curvature then decays as the 

surface flattens out with decreasing curvature. As the frequency increases, the 

amplification rates computed with the theory decrease monotonically, as demonstrated 

earlier in the “spectrum” of unsteady Gdrtler modes (Figure 4-15). The amplification 

rates determined from the MEP recordings show a trend that is very similar to the theory 

at low frequencies. However, this similarity is inconclusive and may be fortuitous, since 

the Gdrtler instability is inherently non-linear. The fact that amplification rates start low 

at x/Z=0.6 and rapidly increase suggests that a mechanism not included in the linear 

theory has initiated the measured unsteadiness.

The linear theory also cannot offer any indication as to why there is a clear “center- 

frequency” at Fx IO4=O.04 (J=2 kHz), since the LST shows the steady modes should be
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more amplified than unsteady modes. The answers from theoretical predictions regarding 

the 2 kHz center frequency lie in the receptivity problem and non-linear processes.

6.1.3 Steady Disturbances

It should also be noted that the neither the presence of steady Gortler vortices nor 

their response to heating have been established in the present experiments. Though 

steady vortices have been observed on supersonic nozzles (Beckwith and Holley 1981), 

there is no reason to preclude traveling modes from being superimposed on the steady 

flow-field. For example, Deyhle and Bippes (1996) show measurements from crossflow 

vortices, (which have similarities to the Gdrtler problem) that show both steady and 

unsteady modes. The relation between steady and unsteady modes is ultimately related to 

the initial conditions, and external disturbances. However, very little work has been done 

on the receptivity problem (numerically or by experiment) for Gdrtler vortices in either 

compressible or incompressible flow. In the crossflow instability, the traveling modes 

appear to be related to higher free-stream turbulence, whereas the stationary modes are 

strongly dependent upon streamwise vorticity (e.g. induced by three-dimensional 

roughness) (Reibert and Saric 1997, Saric 1998). The streamwise vorticity pattern of the 

steady and unsteady Klebanoff modes also share similar properties (Goldstein et al. 1992, 

Westin et al. 1994).

6.2 The Relation of Heat-Transfer to Instability and Transition Suppression

The experiment and theory collectively demonstrate that there are two paths to 

delaying transition in the boundary layer developing over the contoured surface of a
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supersonic nozzle. Referring back to Morkovin's “Roads to Wall Turbulence” (shown 

Figure 1-1), transition can follow from a process that begins with the growth of small 

disturbances described by linear stability theory, or from a “bypass” mechanism that 

skips over the linear development. The boundary layer receptivity and disturbance 

environment will dictate the path of transition from a laminar to turbulent flow. The 

receptivity and environment also influence the extent of linear growth and the non-linear 

processes prior to breakdown to turbulence. This section presents physical arguments to 

demonstrate mechanisms that could be responsible for delayed transition by surface 

heating. Mechanisms related to the disturbance environment are first considered, 

followed by mechanisms related to linear stability theory.

6.2.1 Effect on Receptivity and Bypass

Receptivity and bypass are concerned with how the disturbance environment 

interacts with the boundary layer upstream of the neutral point of some instability. Here, 

the disturbance environment is taken to include input from all boundaries: surface 

roughness at the wall, initial disturbances at the inception of the boundary layer, and 

unsteady fluctuations at the boundary layer edge. At Ae'M=5.2xl06/m, the region of 

interest for discussing receptivity and bypass is upstream of the nozzle inflection point 

since disturbances are stable prior to this point according to both experimental 

measurements and LST predictions. The observed transition at ite'«,=6.2x IO6Zm shows 

the bypass region is in the subsonic approach upstream of the nozzle throat.

The spatial extent of surface heating is limited only to the nozzle block, so that the 

heating cannot have an effect upstream of the two-dimensional contraction. In addition.
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since the heat penetrates, the fluid from the wall, the observed differences in stability and 

transition must be due to changes only in the boundary layer, not the external disturbance 

environment. The mean-flow calculations have shown (in Figure 4-6 and 4-7) that 

surface heating changes the hydrodynamic (UIUe) profile by a small amount in 

comparison to the thermal profile (TITe). This strongly suggests that changes through the 

layer can be confined to those properties related to the static temperature T, i.e. density 

P ^ rT 1, and viscosity /H-Tnn.

As already illustrated in Figure 4-10, the increase in kinematic viscosity at the wall 

vw (=p/p, proportional to Tw1'1) reduces the roughness Reynolds number Reic. In 

roughness controlled (i.e. bypass) transition on the windward side of blunt bodies, Reda 

(1981) has Shown that transition can be correlated to a single value o fRek-ISO 6 For 

transition that is controlled by surface roughness, one would therefore expect wall 

heating to move transition onset downstream commensurate with a decrease in the local 

influence of surface roughness characterized by Rek. Demetriades (1981b, 1992a) has 

shown the convincing similarities in the flow through the nozzle throat and that over the 

windward side of a blunt body, in regard to both roughness and wall cooling.

Here, it is relevant to note that the blunt body correlation described by Reda (1981), 

for example, and the Langley Rek<12 criteria involve different physics. The former 

follows from bypass transition that occurs via turbulence generated at the tips of the

6 Correct application of Reda3s correlation requires that k  is based on the arithmetic 
average of the physical peak-to-valley roughness height. This is a different definition for 
k  than is used in the rest of the text but all qualitative features discussed herein are the 
same.
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roughness elements. The latter describes a receptivity process that introduces small, but 

finite disturbances into the layer. These disturbances provide the “initial conditions” for 

some primary instability that becomes unstable downstream, without the input 

disturbances associated with the roughness being unstable themselves. The steady 

instabilities (crossflow, Gortler, Klebanoff modes) appear to show an extreme sensitivity 

to roughness since the steady streamwise vorticity generated by the roughness elements 

has a direct input to the disturbance. For example, Saric et al. (1998) have shown, at low- 

speeds, that the linear and non-linear growth of steady crossflow vortices (which have 

many similarities to the Gortler vortices) can be controlled with micron-sized roughness 

elements on the order of i?e*~0.1. The receptivity problem at high-speeds is poorly 

understood, especially for a complex boundary layer like that of the supersonic nozzle. 

What is important to note for instability and transition in the MSU-SWT, is that while 

there is still a great deal of uncertainty for any threshold value of R e jc, - the measured 

roughness yields a maximum R ejc< 0.2 , even without surface heating. This is nearly two 

orders of magnitude below the Langley criterion. We will return to this point again in a 

moment.

The density variations over the heated convex surface can also produce a stabilizing 

effect. By the same arguments that concave curvature is destabilizing, convex curvature 

is considered to have a stabilizing effect (Van Driest 1975, Malik and Poll 1985). When 

variations in density p, are neglected, the centrifugal stability or instability of an inviscid 

parallel flow can be described by the well-known Rayleigh circulation criterion, which is:
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djrU)2
< O unstable

dr 6-1
> O stable

where r is the radial coordinate. Lees (1958) first derived the corresponding condition 

for compressible flows to show that density variations can be properly included by 

replacing (rU)2 by p{rU f in equation 6-1. Upon dividing by the result is:

Ifwe consider that irU) is the angular momentum at a point (per unit mass), equation 6-1 

states that the flow over a convex surface will be stable if the angular momentum 

increases in the radial direction. Equation 6-2 adds the result that additional stability will 

be achieved if the density increases with radial direction (i.e. the “heavier” fluid is at the 

edge of the layer). Considering that p~HT, Figures 4-6 and 4-7, illustrate the increase in 

the density gradient through the layer with a heated wall, as expected.

The increased stability due to the larger positive density gradient is interpreted as a 

stronger damping effect on disturbances in the layer as they travel through the throat 

region; most notably the damping effect acts on streamwise vorticity either due to surface 

roughness, or due to disturbances introduced or not fully damped upstream of the nozzle 

throat. The magnitude, modal composition, and streamwise dissipation of these 

disturbances in the free-stream and boundary layer upstream of the nozzle throat is not 

known. Beckwith et al. (1973) discuss some issues of this “residual vorticity”, but, most

I dp I djrU)1 
p  dr [rU)2 dr

< 0 unstable
6-2

> 0 stable
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quiet wind tunnels avoid the issue altogether by placing suction-slots (i.e. bleed slots) 

upstream of the nozzle throat to remove the boundary layer initiated in the contraction.

Last, the general increase of dynamic viscosity (//-T0'7) through the throat region 

will also increase the viscous dissipation of both steady and unsteady disturbances. 

Beckwith et al. (1973) consider this point through the “acceleration parameter” 

[=( vJUe){dUJds)\ which combines the damping effects of both pressure gradient and 

viscosity.

It is also significant that the damping effect of both the density gradient and viscosity 

have the strongest effect at the throat. There, the boundary layer is the thinnest, so that 

density gradients are enhanced, and the static temperature is much higher than in the 

supersonic region. Also, the thermal conductivity (-T0'7) will be larger at the throat, so 

that the heat can penetrate the layer much more effectively in the throat region, than in 

the supersonic region.

6.2.2 Effect on Growth of Infinitesimal Disturbances

Linear stability theory coupled with the e77 method for transition prediction has been 

the. method of choice for quiet nozzle design. Despite the lack of detailed and direct 

measurements of the steady and/or unsteady disturbances in the boundary layer that 

actually lead to the onset of transition on a nozzle wall, the LST/JV-factor approach to 

quiet nozzle design has been successful in most instances. Relevant parametric studies 

with surface heating rely heavily on the (interdependent) assumptions that (I) LST 

correctly models the physics leading to transition in a particular nozzle, and (2) a single 

calibrated value of N  for a given nozzle geometry applies equally with and without
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surface heating. In the MSU-SWT, direct measurements show that neither of these 

assumptions strictly hold for the boundary layer on the nozzle contoured surface. 

However, since the LST/iV-factor approach with surface heating may work well in other 

facilities, the calculations for the MSU-SWT nozzle may provide some guidance for 

future nozzle design, optimized heating patterns, and adaptation of existing facilities. To 

this end, the reader is also referred to the recent Mach 6 nozzle design by Schneider 

(1998a), where a much more complete parametric study of surface heating with LST in 

an axisymmetric geometry is provided.

In the MSU-SWT, steady Gortler vortices showed very small effects of increased 

wall temperature on the vortex growth rates. This is in agreement with the findings of 

Spall and Malik (1989) who also concluded that “for all practical purposes, wall heat 

transfer has a negligible effect on the growth of Gortler vortices...” (Spall and Malik 

1989, p. 1829).

The effect of heat on the “traveling” Gortler modes (F*0) at higher frequencies 

(FxlO4X). I) was found to be destabilizing, in opposition to the trend computed for steady 

vortices (i.e. F=O). This result illustrates the very different mechanisms driving 

instability growth for steady and unsteady instabilities. The steady vortex pattern arises 

from the dynamical effect of rotation, therefore viscosity does not contribute to the 

instability itself, but acts as a source of dissipation. For a temporal instability, however, 

the production of disturbance energy is proportional to viscosity by the integral of the 

Reynolds stress through the layer (Prandtl 1934; quoted in Mack 1984). The result, in a
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simplified view, is that viscosity has a general destabilizing influence that outweighs the 

viscous dissipation.

While the subtle relations between the steady and unsteady Gdrtler modes is 

interesting, the LSTZWfactor approach uses only the most amplified mode to compute the 

Wfactor. Therefore, in terms of nozzle design, the steady Gdrtler vortices are considered 

more important than their unsteady counterpart. When non-linear effects are considered, 

with mode interactions, the same relative importance of steady and unsteady Gdrtler 

modes may not hold.

The heating relation on the first-mode TS instability is somewhat more complicated 

with variable wall temperature. It is possible to have a temperature distribution with 

heating concentrated in the nozzle throat that notably stabilizes TS modes near the nozzle 

exit. The calculations of Chapter 4 showed that this was even possible over an adiabatic 

surface that followed the upstream heating. In the Re'^6 .2 *  IO6Zm case, the Wfactor was 

reduced by 28% at almost two times the nozzle length (xZL=1.94). In much larger, slow- 

expansion nozzles, this could have a major impact on the nozzle design if a fixed value of 

Wr is used as the transition criterion.

6.3 Comparison to other facilities

6.3.1 .Summary of Transition Delay

Table 6-1 shows a comparison of results for the three facilities which have published 

transition data for nozzle-wall boundary layers in connection with surface heating or 

cooling. The overall measure of the effect of surface heating or cooling is characterized
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by the ratio of transition Reynolds number based distance from the throat and conditions 

at the design Mach number with and without surface heating. Two primary methods for 

determining transition on the nozzle walls have been employed. Either (I) the probe is 

held at a fixed x-position and the unit Reynolds number Re'^ is varied with P0 and/or T0, 

or (2) the stagnation conditions are fixed and the streamwise position x is varied. Since 

transition on the nozzle walls cannot be described uniquely by the length Reynolds 

number (or any single parameter for that matter) some quantitative differences between 

the two techniques are expected.

All observations of the increase or decrease of RexJ  with surface heating or cooling 

in supersonic and hypersonic nozzles known to the present author are consistent. In the 

present work with ite'«>=6.2><106/m, the ratio of Rexj  with and without surface heating is 

difficult to define precisely because heating transformed the nozzle boundary layer from 

all “transitional” to laminar until the first appearance of turbulence bursting at xTIL=0:92. 

At Ae'ro=5.2x IO6Zm, transition onset was moved from xr/Z=0.78 to XyZZ=O.92 (Note that 

X yZZ=O .92 may not be representative of the full effect of delaying transition by surface 

heating at these conditions; the turbulence on the sidewalls may have affected the 

transition location with surface heating.). In the original throat cooling experiment by 

Demefriades, the unit Reynolds number Re1co at transition onset was decreased by half 

when the wall temperature relative to the stagnation temperature (TJT0) was reduced 

from 0.95 to 0.67. The experiments of Harvey et al. in the Langley Mach 5 slow- 

expansion nozzle required somewhat higher temperatures at 40% to achieve an increased 

unit Reynolds number at transition of 20%. The most recent independent observation has
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come from the Mach 4 Purdue Ludwieg tube; transition delay is observed when the 

supply air is heated, thus making the nozzle surface (which is at room temperature) 

appear cool. The fact all of these measurements point to a consistent trend is especially 

significant when one considers the differences in geometry and operating conditions 

between the three facilities.

It is evident that only a small amount of surface heating is required to produce a 

significant effect on the transition location of the wall boundary layers. None of the 

experiments summarized in Table 6-1 have attempted to optimize the heating 

configuration, or surface temperature distribution. If an appropriate theoretical model 

was available to predict the observed heating effect, the surface temperature distribution 

could be optimized, and even higher transition Reynolds numbers could be possible on 

the nozzle walls.

6.3.2 Postulated Mechanisms

The present work has shown (as originally concluded by King and Demetriades 

1993), that LST fails to predict the unstable activity in the layer that apparently leads to 

transition in the MSU-SWT.

In section 6.1, it was argued that transition in the unheated nozzle state was 

controlled with bypass events at the high-Reynolds number case, and influenced by 

receptivity events in the Iow-Reynolds number case. Then, in Section 6.2 physical 

arguments were presented for those mechanisms by which heating in the nozzle throat 

could suppress instability and transition in the nozzle wall boundary layer. Now, some
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comments are offered on the relevance of those mechanisms to the observed transition 

delay with surface heating discussed in section 6.1 and summarized in Table 6-1.

The observation of Harvey et al (1975a) at NASA-Langley that transition could be 

delayed in a supersonic nozzle by heating the walls was rationalized on the basis of 

surface roughness arguments. First, they concluded that transition was predominantly 

controlled by three-dimensional roughness, in the throat region (i.e. bypass). Then, in 

view of the transition delay with heating, they postulated that increasing the thickness of 

the laminar boundary layer effectively made the height of the roughness smaller, thereby 

decreasing the effectiveness of such roughness in promoting transition. Clearly, this 

argument cannot explain the transition delay with wall heating observed in the MSU- 

SWT. Both the computed boundary layer thickness (Figure 4-8), and the measurements 

by Brogan (1995) show that the boundary layer thickness decreases with surface heating, 

due to the strong pressure gradient in the nozzle. However, it is noted that the boundary 

layer thickness can only provide a crude description of the effectiveness of roughness to 

influence transition. The boundary layer thickness S  is measured at the outer edge of the 

boundary layer, while the physics of roughness-modified transition appear to be confined 

to the conditions in the vicinity of the roughness element (Morkovin 1990).

A much stronger statement of the roughness influence in the boundary layer is given 

by the roughness Reynolds number Rejc, as described earlier in Section 6.2.1. The nozzle 

roughness studies at Langley (Beckwith et al. 1988, Chen and Malik 1990) imply that 

transition on supersonic nozzles is independent of surface roughness when i?e£<12 in the 

nozzle throat. But, again, transition in the MSU-SWT does not appear to be roughness
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related since the magnitudes of Rek are less than 0.2 for all conditions tested (recall 

Figure 4-10).

Measurements during the 1978-1981 time-frame in the MSU-SWT by Demetriades 

(1978, 1981a, 1981b, 1992a) had also shown that transition in the throat had a very weak 

sensitivity to small roughness. Therefore, in the absence of a plausible argument by 

roughness effects, the nozzle heating experiments by Demetriades in 1992 (published

1996) were rationalized with a “natural cooling” argument along the lines of Masad and
• /

Nayfeh (1992) (recall Section 1.2.3 and 4.2.2). However, the calculations in the present 

work show that with a similar setup, the measured temperature distributions predict a 

positive heat-flux (Figure 4-5) into the boundary layer at all streamwise locations. 

Therefore, the natural cooling mechanisms are not operating in the MSU-SWT. 

Furthermore, by the arguments of Section 6.1, the primary effect of surface heating 

appears to occur in the throat region, where the boundary layer is without question 

subject to strong heating. Also, it is significant that a uniform temperature distribution 

was used to heat the Mach 5 Langley nozzle, which would eliminate the possibility of 

natural cooling. Harvey et al describe the arrangement: “The nozzle wall was heated by 

strip-type heaters wrapped around the exterior surface of the nozzle. A layer of 

insulation was then applied to the whole strip heater assembly. Wall temperatures up to 

about 860 °R (478 °K) could be obtained. The interior wall temperature was measured at 

several locations near the exit and assumed uniform along the entire nozzle for each test.” 

(Stainback, et al. 1974, p.16)
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In the apparent absence of an explanation by roughness arguments, and given the 

failure of LST to predict transition even in the unheated cases, a likely mechanism for 

transition delay with surface heating is the damping of initial disturbances ingested into 

the layer through the subsonic approach. In this connection, it is also noteworthy that 

none of the nozzles represented in Table 6-1 have bleed-slots to remove the boundary 

layer which forms in the approach section to the nozzle throat. A discussion of the 

disturbances at the inception of the layer was provided in Chapter 5, Section 4. The 

stabilizing effects discussed in Section 6.2.2 associated with viscous dissipation, the 

density gradient, and curvature through the throat region provide a means by which 

surface heating can damp the “residual vorticity” within the boundary layer. By reducing 

the disturbance level in the boundary layer prior to the neutral point, instabilities are not 

prematurely excited and bypass mechanisms are avoided. The linear theory completely 

ignores the role of initial conditions and the external environment on the transition 

process. Yet, both theoretically and experimentally, the evidence is overwhelming that 

the non-linear stages of the instability leading to turbulence are highly dependent upon 

the initial conditions.

Other possibilities of the surface heating mechanism could be found in non-linear 

processes related to the steady Gortler instability (e.g. interaction with TS waves). The 

MEP and frequency band of the measured dominant instability (particularly at 

ite'oo=5.2xl06/m) show similarities to first-mode TS waves which are predicted to occur 

near the nozzle exit. However, there is simply not enough information in the present data 

set to identify this relation as any more than coincidence.



157

The corner flows also represent a possible source of instability that has not been 

specifically addressed in any of the MSU-SWT nozzle studies. When the lower nozzle 

block is heated, the corner flow will be bounded by a hot wall on the horizontal surface, 

and by a cold wall on the vertical surface. There are no studies known to date (i.e. 1998) 

that describe the mean-flow or stability of such a flow either experimentally or 

theoretically.

As a final note, this same perplexity of delaying transition by surface heating has 

been observed in the transition over blunt bodies (whose wind-ward flow has common 

points to nozzle flow). The most relevant of these studies seems to be that of Cooper and 

Mayo (1960). Some 38 years ago, they commented on this finding that heat, rather than 

cooling, was experimentally observed to delay transition in the forward region on a blunt 

body traveling at supersonic speeds:

“This idea has been postulated before, and each time the suggestion of such a 

phenomenon has been sufficient to initiate discussion pro and con. The 

primary objection is usually an intuitive one -  such an occurrence is contrary 

to the cooling effect in the classical flat-plate stability theory. Furthermore, 

there is no satisfying theoretical basis to prove that such a phenomenon 

should occur on blunt bodies. In each experimental case a plausible 

argument can be advanced that roughness effects, rather than a new transition 

phenomenon, cause the observed occurrences.... Yet [the results] indicate 

that roughness does not appear to be a dominant factor in causing transition 

from turbulent flow to laminar flow as the body is warmed...” (Cooper and 
Mayo 1960)
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It would appear that we have progressed only a small amount in this matter, which serves 

to illustrate the extreme complexity in transition from laminar to turbulent flows and the 

need for more study.

6.4 Suggestions for Future Work

6.4.1 Theoretical Predictions

The linear stability predictions for the nozzle contoured surface are complete as they 

stand. Convergence and numerical accuracy of the solutions have been thoroughly 

addressed.

Predictions for the Gortler instability have used the “normal-mode” solution, 

neglecting the terms due to boundary layer growth. Several researchers have shown that 

these assumptions can lead to large errors at the low growth-rates encountered near the 

neutral stability point (El-Hady and Verma 1983, 1984, Hall 1988, Day et al. 1990). The 

experimental evidence (Floryan 1991) also shows that the Gortler problem is inherently 

non-linear, which limits the validity of any linear theory to the initial stages of growth, 

Accordingly, the Gortler solution, particularly for the eigenfunctions, could be improved 

with a parabolic marching solution (Spall and Malik 1989) or with non-linear PSE 

(Herbert 1993, 1997).

With the failure of the linear theory, and the multitude of non-linear paths to 

transition that are possible, it is doubtful that one would have success applying a non

linear theory without additional guidance and quantitative details from experiments.
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The present experiments demonstrate that events which occur in the throat region are 

key to understanding the effects of surface heating, even in the apparent absence of 

influence by surface roughness. Therefore, concentration on receptivity to internal and 

external disturbances in the throat region could present a fruitful area of research with 

numerical tools. For example, one could do a simple numerical experiment with PSE by 

inserting a disturbance in the form of streamwise vorticity (e.g. Klebanoff mode) into the 

layer and seeing how the disturbance damps with and without surface heating. This 

would be a significant step toward solidifying or rejecting the heuristic arguments 

presented in Sections 6.1, 6.2, and 6.3 -  apart from the “stability” issues in the latter half 

of the nozzle.

6.4.2 Experimental Measurements

A number of improvements could be made to the existing experimental 

measurements. The signal-to-noise ratio should be improved by an order of magnitude so 

that ffee-stream disturbances can be accurately measured along with boundary layer 

unsteadiness. This would also allow the experimenter to measure the growth of the 

instability starting at or upstream of the neutral point. The instrumented overlay used in 

the present experiments should be eliminated to avoid any uncertainties associated with a 

modified nozzle surface. Accurate mean-flow measurements should be acquired for the 

conditions of the present experiment to allow a quantitative interpretation of the DPP 

recordings presented herein. The mean-flow measurements would also accurately locate 

the MEP relative to the boundary layer thickness. The disturbance environment should 

be measured in the subsonic approach, preferably decomposed into acoustic (p'/P) and
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vorticity (u'lU) modes. As discussed in detail through the introduction, these 

disturbances provide the boundary conditions for the stability experiment. Without 

knowledge of these conditions, one of the major independent variables of the problem is 

left unspecified, and the applicability and relevance to any other environment is 

uncertain.

The LST calculations indicate that steady Gortler vortices are likely to occur on the 

contoured surface. Therefore, it would be beneficial to measure the growth (or absence) 

of steady perturbations in the spanwise direction. This could be accomplished with 

mean-flow measurements at fine span-wise increments, and oil-flow techniques.

If a comparison with theory and experiment is required to validate the predictive 

capabilities of a theory, then a more detailed set of “validation” experiments should be 

conducted. Saric (1990), Saric (1993), and Haynes et al. (1996), set forth precepts for 

such experiments.

The effect of heating on the sidewall has also not been tested to date. The sidewall 

has a highly three-dimensional boundary layer (King and Demetriades 1993, Demetriades 

et al. 1994, Alcenius et al. 1996, Demetriades et al. 1998) with different stability 

mechanisms (Alcenius et al. 1996) than the contoured surface. The surface heating 

technique in a two-dimensional tunnel can only be successful toward increasing Re^c if 

transition on all 4 walls is delayed.
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(® -^x,x)heat/

~ - C^-^x.T^unheat

TwZT0 Transition
Detection

Design 
Mach No

Nozzle
Configuration

Source

>2 (variable x) 1.22 @ x=0 MEP Pitot* 3 2D Present
1.2 (variable x) 1.13 @x=0 MEP Pitot* 3 2D Present
0.5 (variable P0) 0.67 @ x=? MEP Hot Wire* 3 2D MSU-SWT, 

(Demetriades 1992a)
1.2 (variable P0) 1.4, uniform Pitot profile / 

Radiated signal
5 Axisymmetric LaRC M5 POC, 

(Harvey et al 1975)
0.85 (variable P0) 0.85, @ x /L = 0 .6 Radiated signal 4 2D Purdue Ludwieg

Tube, (Schneider
1997)

*Measurement recorded on lower contoured surface

Table 6-1. Comparison of heat transfer effect between three facilities.



1 6 2

f=2 kHz

f=4 kHz
Nozzle
inflection
point

G-------o  Exp., Unheated
• ------•  Exp., Heated
--------  LSI, Unheated
--------- LST, Heated

f=10 kHz

0.2 0.4 0.6 0.8 1.0

Distance from throat, x/L

Figure 6-1. Comparison of spatial amplification rates (-a,v.) between the experiment and linear 
stability theory (LST) for traveling Gortler modes at R era= ^ l x l Q 6Im  with and without surface 
heating. Heated condition is (TwZro)1=O=LlS.
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CHAPTER 7 

CONCLUSIONS

The goal of the present study was to investigate the effects of surface heating on the 

stability and transition of a supersonic nozzle boundary layer. The study was restricted to 

the boundary layer on the lower contoured surface in the Mach 3 two-dimensional nozzle 

of the supersonic wind tunnel at Montana State University. Two different tunnel 

conditions were chosen to generate two distinct states of the boundary layer with an 

unheated surface, (a) The first condition was selected as a “stability” case (i.e. pre- 

transitional) with Re'm=5.2* IO6An that exhibited unsteady properties leading to transition 

onset, (b) A higher ite'oo=6.2x IO6Zm case was selected as a transitional/turbulent case 

with dense intermittent bursting along the entire nozzle length.

The boundary layer was then heated from the wall to explore changes in the 

boundary layer stability and transition associated with surface heating. The surface 

temperature at the nozzle throat was (TJT0)x^= LU  for the stability case at 

Aez00=S^xlO6Zm, and (TwZTo)^ 0=I.22 for the transitional case at Aez00=O.2xIO6Zm. The 

stability of the boundary layer for conditions (a) and (b) with and without surface heating 

was computed with linear stability theory for first-mode Tollmien-Schlichting, and 

Gbrtler instabilities. Measured surface temperature distributions were used in the 

calculations. Unsteady fluctuations were also measured over the latter half of the nozzle
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from 0.56<r/Z<0.95, where x is the distance from the throat and L is the total nozzle 

length. The following conclusions have been drawn from the present work:

The present experiments have shown that the effect of surface heating for the low 

Reynolds number (stability) case has been to reduce the amplitude of a low frequency 

disturbance at all streamwise positions. The lower disturbance amplitudes in the latter 

half of the nozzle appear to come first by a reduction in the disturbance amplitude at 

x/L<0.5, and second by a small decrease in the growth rates from 0.5<x/L<0.7. 

Suppression of this low frequency activity caused turbulent bursting to be moved 

downstream, thereby increasing the extent of laminar flow to nearly the entire nozzle 

length. When heat was applied, no significant shift in the center frequency of the 

unsteady oscillations occurred.

At high stagnation pressures, the heating effect was powerful enough to quench a 

dominant low frequency (Fx I O4=O. 04, f=2 kHz) oscillation and the turbulence that began 

at the nozzle throat. This was accomplished with a throat temperature that was only 22% 

over the stagnation temperature. Surface heating concentrated in the throat reduced the 

fluctuation magnitudes (wide-band Pp, m̂JP0) at the first measurement station xZZ=0.54 by 

an order of magnitude from 3.3% to 0.35%. For all streamwise positions, the fluctuation 

levels at Re'm=6.2xIO6Zm with heating were the same or even less than those of the 

heated, Re1ao=SrIxlO6Im case. Apparently, the higher heating level compensated, and 

possibly overcame, the increase in Reynolds number.

Linear stability theory failed to predict transition in the nozzle boundary layer 

according to an Wfactor correlation based on observed transition in other low-
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disturbance wind tunnels (as originally shown by King and Demetriades 1993). In 

comparison to the experiment, the linear stability predictions showed a much smaller 

effect of heating on the stability of the boundary layer. Heat had a mild stabilizing effect 

on steady Gdrtler vortices and a destabilizing effect on unsteady Gdrtler modes. Though 

first-mode Tollmien-Schlichting waves were stable until x/L=0.90, the calculations 

showed that they could be further stabilized at x/L>0.9 by concentrating heating in the 

nozzle throat. Additionally, the calculations showed that this stabilization was achieved 

in the presence of a positive heat-flux over the entire nozzle length (x/L<l), and an 

adiabatic condition beyond the nozzle exit (x/Z>l).

Calculations of the mean-flow showed a positive heat flux at all streamwise 

locations. Therefore, the decrease in unsteady activity could not have come by a “natural 

cooling” mechanism. Calculations showed that roughness Reynolds numbers decrease 

with surface heating. However, all Reic were calculated at less than 0.2, using a measured 

maximum peak-to-valley height. Therefore, roughness arguments do not appear to 

explain the observed transition delay either.

Clearly, the experiment and theory have shown at least two different paths to 

turbulence suppression by heating the surface of a supersonic nozzle. (I) The experiment 

demonstrates that heat suppresses a bypass mechanism triggered by receptivity events 

near and possibly upstream of the nozzle throat. Decreasing the “initial conditions” for 

the stability problem, in turn, causes the transition location to be moved downstream. (2) 

The computations show that a proper heating distribution can also be used to suppress the 

growth of linear instabilities in the nozzle if bypass were not present.
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The similarity of the two Reynolds number cases (ite.'oo=5.2xl06/m and 6.2x IO6An) 

when heat is applied suggests that heating the nozzle throat has reduced both cases to a 

stability dominated transition path, compared to a bypass dominated path in the unheated <- 

condition. However, this can only be considered speculation without more measurement.
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APPENDIX A

DOCUMENTATION FOR ANALOG TAPE RECORDINGS
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DOCUMENTATION FOR ANALOG TAPE RECORDINGS

This appendix contains the documentation for the analog tape recordings for the MEP 

data reported herein. The recording circuit and conduct of the experiment are docu

mented and described in Chapter 5 (Experimental Measurements). In the following tables, 

the “Record Number” is composed of the tape number and a recording index, where the 

recording index starts at 01 and increments by I for every continuous interval of valid data 

(identified by the 20 kHz tone). The corresponding location on the tape is noted with the 

lineal footage at the start and end of a data record. Information regarding the temperature 

record is also provided (filename and time at recording).
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Tape #23 9a, MEP recordings 

Settings

Recorded by: T. Brogan 
Recording date: 4/6/94 

Record Speed: 120 ips ■
CH. 3: DPP Signal (amplified)
CH. 5: y-voltage
CH. 7: Tone (I Vrms @ 20 kHz real time) 

Temperature Record: DPP2.DAT (I - 29)

Tunnel Conditions

P0: 500 mmHg 
T0 : 21 °C 

Screen (320 mesh): YES 
Nozzle Condition: Unheated 

(Tw)x=O- 15.5 0C

DPP Conditions

Transducer: Kulite CQ-030-100D 
S/N: 419-6-34

DPP Sensitivity: 1.50 pV/mmHg/Vdc (pre-amplified, from manufacturer) 
Excitation Voltage: 3.15 VDC (Dry Cell batteries)
DPP Amplification: 3640 V/V

Amplifier: 027307U Differential Amp. + HP 465A



Time on DPP Vrms
Record

Number
Start
(ft)

End
(ft)

T t h r o a t

( 0C )

Tw Record 
(min)

Recorded 
(@120 ips)

Playback 
(@3.75 ips)

Digital
(tot.)*

Digital
(clean)**

X

(cm)
y

(cm)
239-04 379 501 15.1 8.0 0.36 0.43 0.365 0.351 36.53 0.180
239-05 501 621 15.1 12.0 0.34 0.39 0.336 0.321 35.89 0.170
239-06 621 747 15.1 15.1 0.325 0.38 0.319 0.303 35.26 0.171
239-07 747 867 15.1 17.0 0.31 0.36 0.304 0.287 34.62 0.169
239-08 867 991 15.1 21.0 0.29 0.34 0.286 0.267 33.99 0.165
239-09 991 1115 15.1 25.0 0.28 0.32 0.267 0.247 33.35 0.175
239-10 1115 1237 15.2 30.0 0.265 0.3 0.250 0.228 32.72 0.179
239-11 1237 1369 15.2 36.0 0.25 0.29 0.238 0.215 32.08 0.174
239-12 1369 1498 15.3 39.0 0.24 0.27 0.221 0.196 31.45 0.178
239-13 1498 1627 15.2 41.0 0.225 0.26 0.212 0.185 30.81 0.170
239-14 1627 1750 15.2 45.0 0.22 0.25 0.199 0.171 30.18 0.175
239-15 1750 1888 15.2 47.0 0.21 0.23 0.188 0.158 29.67 0.173
239-16 1888 2007 15.3 53.0 0.21 0.23 0.183 0.152 29.54 0.153
239-17 2007 2147 15.3 56.0 0.2 0.22 0.172 0.138 28.91 0.165
239-18 2147 2274 15.2 60.0 0.195 0.21 0.164 0.129 28.27 0.165
239-19 2274 2405 15.3 70.0 0.18 0.19 0.155 0.117 27.64 0.162
239-20 2405 2537 15.3 73.0 0.185 0.18 0.142 0.099 27.00 0.163
239-21 2537 2658 15.4 77.0 0.175 0.18 0.137 0.092 26.37 0.159
239-22 2658 2778 15.4 91.9 0.17 0.17 0.131 0.083 25.73 0.165
239-23 2778 2901 15.4 96.9 0.165 0.17 0.127 0.077 25.10 0.163
239-24 2901 3022 15.5 101.9 0.165 0.16 0.123 0.071 24.46 0.154
239-25 3022 3142 15.5 104.9 0.16 0.16 0.123 0.068 23.83 0.147
239-26 3142 3272 15.6 110.0 0.16 0.16 0.118 0.062 23.32 0.146
239-27 3272 3392 15.8 115.9 0.16 0.16 0.119 0.061 23.19 0.147
239-28 3392 3518 15.7 120.9 0.16 0.16 0.116 0.059 22.56 0.145
239-29 3518 3646 15.7 124.9 0.16 0.16 0.115 0.055 21.92 0.134

*DPP total signal from .156 kHz to 320 kHz on integrated spectrum 
**Record 239-01 subtracted in the square from DPP total digital signal

Table A l .  Documentation for Analog Data Recordings at MEP, Refco=S^xlO6Zm, Unheated nozzle



Tape #23 9b, MEP recordings

Settings

172

Recorded by: T. Brogan 
Recording date: 4/6/94 

Record Speed: 120 ips
CK 3: DPP Signal (amplified)
CE. 5: y-voltage
CE. 7: Tone (I Vrms @ 20 kHz real time) 

Temperature Record: DPP4.DAT

Tunnel Conditions

P0: 500 mmHg 
T0 : 21 °C 

Screen (320 mesh): YES 
Nozzle Condition: Heated

( ^ o :  60 °C

DPP Conditions

Transducer: Kulite CQ-030-100D 
S/N: 419-6-34

DPP Sensitivity: 1.50 pV/mmHg/Vdc (pre-amplified, from manufacturer) 
Excitation Voltage: 3.15 VDC (Dry Cell batteries)
DPP Amplification: 3640 V/V

Amplifier: 027307U Differential Amp. + HP 465A



Time on __________ DPP Vrms
Record

Number
Start
(ft)

End
(ft)

T t h r o a t

( 0C )

T w  Record 
(min)

Recorded 
(@120 ips)

Playback 
(@3.75 ips)

Digital
(tot)*

Digital
(clean)**

X

(cm)
y

(cm)
239-30 3646 3767 60.9 74.0 0.24 0.29 0.232 0.208 36.30 0.106
239-31 3767 3890 61.0 85.0 0.22 0.24 0.198 0.169 35.66 0.157
239-32 3890 4010 60.2 89.0 0.21 0.22 0.176 0.143 35.02 0.170
239-33 ■ 4010 4131 61.1 91.9 ' 0.2 . 0.22 0.175 0.142 34.39 0.170
239-34 4131 4251 61.0 94.9 0.195 0.22 0.171 0.137 33.75 0.173
239-35 4251 4377 60.0 98 9 0.19 0.21 0.165 0.129 33.12 . 0.171
239-36 4377 4520 60.0 110.0 0.18 0.2 0.155 0.116 32.48 0.154
239-37 4520 4644 60.9 114.9 0.18 0.19 0.150 0.110 31.85 0.171
239-38 4644 4773 60.8 117.9 0.175 0.19 0.141 0.097 31.21 0.169
239-39 4773 4890 63.4 121.9 0.17 0.18 0.136 0.090 30.58 0.170
239-40 4890 5026 61.1 124.9 0.165 0.17 0.130 0.080 29.94 0.172  '
239-41 5026 5154 60.6 128.9 0.16 0.16 0.125 0.072 29.31 0.175
239-42 5154 5278 61.1 131.9 0.155 0.16 0.123 0.069 28.67 0.169
239-43 5278 5400 61.2 143.9 0.15 0.16 0.119 0.061 28.04 ' 0.175
239-44 5400 5518 61.2 146.9 0.15 0.15 0.115 0.054 27.40 0.170
239-45 5518 5643 60.3 149.9 . 0.145 0.15 0.117 0.056 26.77 0.162
239-46 5643 5768 6 L 1 154.9 0.15 0.15 0.112 0.047 26.13 0.169
239-47 5768 5892 61.1 167.9 0.145 0.15 0.113 0.049 25.50 0.159
239-48 5892 6018 60.5 171.9 0.145 0.15 0.111 0.045 24.86 0.162
239-49 6018 6141 61.2 175.8 0.14 0.14 0.109 0.039 24.23 0.169
239-50 6141 6261 60.9 179.8 0.145 0.15 0.110 0.040 ’ 23.59 0.161
239-51 6261 6395 61.3 185.8 0.145 0.15  ■ 0.110 0.042 22.95 0.155
239-52 6395 6533 61.1 192.8 0.145 0.15 0.110 0.041 22.32 0.169
239-53 6533 6674 60.2 197.8 0.145 0.15 0.110 0.041 21.69 0.155
239-54 6674 6800 60.8 205.8 0.16 0.14 0.097 0.012 22.32 0.327
239-55 6800 6925 60.8 222.8 0.24 0.27 0.217 0.193 36.29 0.149

*DPP total signal from . 156 kHz to 320 kHz on integrated spectrum 
**Record 239-01 subtracted in the square from DPP total digital signal

Table A-2. Documentation for Analog Data Recordings at MEP, R e rco= S 1Z x iO 6Zm, Heated nozzle, (T wZT0) x=O=I1I S



Record
Number

Start
(ft)

End
(ft)

Conditions Recorded 
(@120 ips)

DPP Vrms
Playback Digital

(@3.75 ins) (tot.)*
Digital

(clean)**
X

(cm)
y

(cm)
239-01 0 129 No Flow 0.14 0.1022
239-02 121 256 F/S, UHT, NSCR 0.13 0.0938 36.80 1.47
239-03 256 379 F/S, UHT, SCR 0.13 0.0943 36.80 1.47
239-56 6925 7106 • F/S, HT, SCR 0.16 0.13 0.1012 36.30 3.12
239-59 8070 8202 F/S, UHT, SCR 0.16 0.13 0.0986
239-61 8704 8850 No Flow 0.14 0.104

*DPP total signal from . 156 kHz to 320 kHz on integrated spectrum 
**Record 239-01 subtracted in the square from DPP total digital signal

F/S: Free-Stream Measurement.
UHT: Unheated Nozzle
HT: Heated Nozzle (Circulated Ethylene Glycol) 
SCR: Screen @ 2-D contraction installed 
NS CR: Screen @ 2-D contraction not installed

Table A-3. Documentation for Analog Data Recordings of Electronic and Free-stream Noise, f?e'm=5.2xl06/m Heated and Unheated nozzle
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Tape #084, MEP recordings 

Settings

175

Recorded by: T. Brogan 
Recording date: 4/8/94 

Record Speed: 120 ips
CH. 3: DPP Signal (amplified)
CH. 5: y-voltage
CH. 7: Tone (I Vrms @ 20 kHz real time) 

Temperature Record: DPP10.DAT

Tunnel Conditions

P0: 595 mmHg 
T0: 16 0C 

Screen (320 mesh): YES 
Nozzle Condition: Unheated

(%,)_o: 12 °C

DPP Conditions

Transducer: Kulite CQ-030-100D 
S/N: 419-6-34

DPP Sensitivity: 1.50 p,Y/mmHg/Vdc (pre-amplified, from manufacturer) 
Excitation Voltage: 3.11 VDC (Dry Cell batteries)
DPP Amplification: 3640 V/V

Amplifier: 027307U Differential Amp. + HP 465A



Record
Number

Start
(ft)

End
(ft)

T t h r o a t

(0C)

Time on 
Tw Record 

(min)
Recorded 

((S)yI lQ  ips)

DPP Vrms
Playback Digital

((3)3 .75  ins) (tot.)*
Digital

(clean)**
X

(cm)
y

(cm)
084-04 374 501 13.0 0 0.35 0.41 0.351 0.337 36.27 0.230
084-05 501 636 13.0 4 0.345 0.41 0.355 0.340 35.64 0.230
084-06 636 752 12.9 7 0.35 0.41 0.353 0.339 '35.26 0.237
084-07 752 876 12.8 12 0.35 0.41 0.352 0.338 35.00 0.231
084-08 876 996 12.7 25 0.34 0.4 0.342 0.327 34.37 0.228
084-09 996 1115 12.5 29 0.34 0.4 0.345 0.331 33.73 0.239
084-10 1115 1240 12.5 35 0.34 0.41 0.353 0.339 33.10 0.229
084-11 1240 1357 12.5 40 0.34 0.4 0.346 0.331 32.46 0.222
084-12 1357 1475 12.1 72 0.34 0.4 0.342 0.327 31.83 0.216
084-13 1475 1598 12.2 75 0.34 0.39 0.340 0.327 31.19 0.211
084-14 1598 1705 12.2 80 0.34 0.4 0.338 0.323 30.56 0.210
084-15 1705 1853 12.2 84 0.34 0.4 0.343 0.329 29.92 0.212
084-16 1853 1986 12.0 87 0.34 0.4 0.343 0.329 29.29 0.215
084-17 1986 2112 12.1 91 0.34 0.41 0.346 0.332 28.65 0.219
084-18 2112 2236 12.0 95 0.335 0.4 0.349 0.334 28.02 0.210
084-19 2236 2357 12.1 100 0.345 0.41 0.348 0.334 27.64 0.201
084-20 2357 2478 12.0 104 0.35 0.41 0.349 0.335 27.38 0.209
084-21 2478 2597 11.9 129 0.35 0.41 0.356 0.342 26.75 0.189
084-22 2597 2717 11.9 133 0.35 0.41 0.359 0.345 26.11 0.191
084-23 2717 2843 11.8 136 0.35 0.42 0.362 0.348 25.48 0.183
084-24 2843 2965 11.8 140 0.36 0.42 0.361 0.348 24.84 0.181
084-25 2965 3092 11.8 143 0.36 0.42 0.366 0.352 24.20 0.175
084-26 3092 3208 11.9 147 0.36 0.42 0.364 0.351 23.57 0.162
084-27 3208 3333 11.9 154 0.36 0.42 0.363 0.349 22.93 0.161
084-28 3333 3333 11.8 157 0.355 0.42 0.359 0.345 22.30 0.155
084-29 3453 3643 11.8 161 0.36 0.42 0.362 0.348 21.67 0.151

*DPP total signal from .156 kHz to 320 kHz on integrated spectrum 
**Record 084-03 subtracted in the square from DPP total digital signal

Table A-4. Documentation for Analog Data Recordings at MEP, Re,oo=6.2xl0<7m, Unheated nozzle
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Record
Number

Start
(ft)

End
(ft)

Conditions Recorded 
((o)y120 ipS)

DPP Vrms
Playback Digital

((2)3.75 ins) (tot.)*
Digital

(clean)**
X

(cm)
y

(cm)
084-01 55 179 No Flow 0.14 0.13 0.0991
084-02 179 307 F/S, UHT, NSCR 0.14 0.12 0.0973 36.03 2.153
084-03 307 429 F/S, UHT, SCR 0.14 0.13 0.099 36.03 2.153
084-30 3698 3776 F/S, UHT, SCR 0.14 0.12 0.097 28.25 2.696
084-31 3776 3902 No Flow 0.14 0.12 0.1005

*DPP total signal from. 156 kHz to 320 kHz on integrated spectrum 
^Record 084-03 subtracted in the square from DPP total digital signal

F/S: Free-Stream Measurement.
UHT: Unheated Nozzle
HT: Heated Nozzle (Circulated Ethylene Glycol) 
SCR: Screen @ 2-D contraction installed 
NSCR: Screen @ 2-D contraction not installed

Table A-5. Documentation for Analog Data Recordings of Electronic and Free-stream Noise, JZe'co=6.2xi06/m Unheated nozzle.
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Tape #238, MEP recordings 

Settings

Recorded by: T. Brogan 
Recording date: 4/7/94 

Record Speed: 120 ips
CH. 3: DPP Signal (amplified)
CH. 5: y-voltage
CH. 7: Tone (I Vrms @ 20 kHz real time) 

Temperature Record: DPP8.DAT (13-20)
DPP9.DAT (21-39)

Tunnel Conditions

P0: 595 mmHg 
] r . I 6 ° C  

Screen (320 mesh): YES 
Nozzle Condition: Heated 

(%,),_<,: 80 °C

DPP Conditions

Transducer: Kulite CQ-030-100D 
S/N: 419-6-34 '

DPP Sensitivity: 1.50 p,V/mmHg/Vdc (pre-amplified, from manufacturer) 
Excitation Voltage: 3.15 VDC (Dry Cell batteries)
DPP Amplification: 3640 VIN

Amplifier: 027307U Differential Amp. + HP 465A



Time on DPP Vrms
Record

Number
Start
(ft)

End
(ft) 3f Tw Record 

(min)
Recorded 
(@120 ips)

Playback 
(@3.75 ips)

Digital
(tot.)*

Digital
(clean)**

X

(cm)
y

(cm)
238-13 5304 5419 80.8 4.0 0.27 0.223 0.196 36.30 0.210
238-14 5419 5537 79.6 7.0 0.23 0.185 0.150 35.66 0.215
238-15 5537 5655 80.9 11.0 0.22 0.167 0.127 35.02 0.218
238-16 . 5655 5777 81.0 14.0 0.21 0.156 0.112 34.39 0.226
238-17 5777 7896 80.9 17.0 0.2 0.147 0.099 33.75 0.229
238-18 7896 6019 80.9 20.0 0.19 0.145 0.097 33.11 0.231
238-19 6019 6139 80.4 ■ 23.0 0.19 0.145 0.097 32.48 0.232
238-20 6139 6257 79.8 26.7 0.18 0.144 0.095 31.85 0.224
238-21 6257 6398 80.9 9.0 0.19 0.18 0.143 0.095 31.21 0.222
238-22 6398 6524 81.2 14.0 0.2 0.18 0.143 0.093 30.58 0.223
238-23 6524 6649 81.4 17.0 0.185 0.17 0.133 0.077 29.94 0.233
238-24 6649 6766 80.6 22.0 0.18 0.17 0.137 0.084 29.31 0.223
238-25 6766 6890 81.4 27.0 0.18 0.17 0.136 0.082 28.67 0.224
238-26 6890 7014 81.4 31.0 0.16 0.132 0.076 28.04 0.211
238-27 7014 7143 81.4 35.0 0.16 0.129 0.071 27.40 0.215
238-28 7143 7267 81.3 87.9 0.17 0.16 0.123 0.060 26.77 0.215
238-29 7267 7386 81.0 91.9 0.17 0.16 0.122 0.056 26.13 0.228
238-30 7386 7503 81.9 95.9 0.165 0.16 0.120 0.052 25.50 0.225
238-31 7503 7627 81.8 99.9 0.165 0.16 0.120 0.051 24.86 0.220
238-32 7627 7746 81.6 103.3 0.165 0.15 0.120 0.052 24.23 0.223
238-33 7746 7862 80.8 107.9 0.16 0.15 0.116 0.045 23.59 0.222
238-34 7862 7988 82.0 110.9 0.16 0.15 0.113 0.037 23.09 0.236
238-35 7988 8104 81.9 115.9 0.16 0.15 0.107 0.030 22.32 0.246
238-36 8104 8464 81.4 120.9 0.16 0.15 0.113 0.041 21.68 0.190
238-39 8464 8590 81.5 140.9 0.16 0.15 0.117 0.055 23.01

*DPP total signal from. 156 kHz to 320 kHz on integrated spectrum 
**Record 238-38 subtracted in the square from DPP total digital signal 
Missing values indicate a value that was not recorded during the experiment

Table A-6. Documentation for Analog Data Recordings at MEP, Re'M=6.2xlO(7m, Heated nozzle, (TJT0)xdj= I.!!
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DPP Vrms
Record

Number
Start
(ft)

End
(ft)

Conditions Recorded 
(@120 ips)

Playback 
(@3.75 ips)

Digital
(tot.)*

Digital
(clean)**

X

(cm)
y

(cm)
238-01 0 121 No Flow 0.13 0.1034
238-02 121 . 243 FZS5 UHT5 NSCR 0.13 0.0995 35.94
238-03 243 369 F/S, UHT5 SCR 0.13 0.0993 35.94
238-37 8222 8344 FZS5 HT5 SCR 0.16 0.14 0.1022 28.04 2.090
238-38 8344 No Flow 0.16 0.15 0.1082

jfDPP total signal from .156 kHz to 320 kHz on integrated spectrum
**Record 238-38 subtracted in the square from DPP total digital signal

F/S: Free-Stream Measurement.
UHT: Unheated Nozzle
HT: Heated Nozzle (Circulated Ethylene Glycol) 
SCR: Screen @ 2-D contraction installed 
NSCR: Screen @ 2-D contraction not installed

Table A-7. Documentation for Analog Data Recordings of Electronic and Free-stream Noise, Re'„=6.2xl06/m Heated nozzle, (rw/r o)x=0=1.22.
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APPENDIX B

AMPLIFICATION RATE COMPUTATION FROM EXPERIMENTALLY 

DETERMINED POWER SPECTRA

S
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AMPLIFICATION RATE COMPUTATION FROM EXPERIMENTALLY 

DETERMINED POWER SPECTRA

Power spectra obtained from experimental measurements contain scatter that 

presents difficulties when computing spatial derivatives for amplification rates. Even a 

small amount of scatter in a progression of power spectra can produce completely useless 

results. A common approach to computing derivatives in data with scatter is to ’’smooth” 

the raw data first, then take derivatives from the smoothed data (Demetriades 1992). A 

difficulty with any smoothing technique is that the technique itself can appear to replace 

the raw data accurately, but in fact produce misleading results in derivatives of the 

smoothed data. Accordingly, both the smoothing and differentiation procedures must be 

subjectively evaluated together. The streamwise progression spectra of phot pressure 

fluctuations from the ^ e z00=S.2><106/m, unheated case is used as the example case in the 

following discussion. This progression of spectra is shown in Figure B-1.

The most successful technique explored here was to use polynomials obtained by a 

least-squares-fit to the raw data for smoothing. In order to obtain sufficiently smooth and 

physically representative polynomial functions, it was necessary to find a balance between 

the order of the polynomial and the region of data over which the polynomial was fit. To 

capture the curvature of the raw data, the polynomial needed a minimum order iV+2, 

where N  is the number of inflection points of the raw spectrum (ignoring scatter). Beyond 

this “minimum”, the adequacy of the polynomial order was subjectively decided by the 

analyst. A polynomial degree that was too low would eliminate or mask important
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physical phenomena, while a degree that was too high would add unwanted and 

misleading inflection points. Figures B-2 and B-3 show how the polynomial approximation 

to a discrete spectrum varied with the polynomial order in the frequency (rif) and spatial 

(nx) domains.

Figure B-4 shows a one-dimensionally smoothed spectrum that was obtained by 

replacing original power spectra with polynomials in the frequency domain (polynomial 

order nf). The polynomials were computed with a least-squares fit to the raw spectrum. 

Although the spectra generally look much smoother, spatial derivatives computed with 

finite differences were still erratic since the scatter in the spatial domain was not 

eliminated. The same technique was also applied to the spatial domain by directly 

computing polynomials in x from the raw data (Figure B-5). However, representations in 

the frequency domain were not smooth which produced amplification rates (Figure B-6) 

that were not continuous in frequency -  a result that is physically unrealistic.

A 3-dimensional smoothing operation was also explored by replacing the raw 

spectra with polynomials in/ , then replacing those smoothed spectra with polynomials in 

the spatial dimension x. Figures B-7 through B-IO show the global variations in both 

spectrum amplitudes and spatial derivatives due to different nx and rif. The principal 

feature of Figures B-7 through B-IO is that almost imperceptible changes in the spectrum 

progression cause large differences in the spatial derivatives. Due to the large number of 

points, very little difference was seen in the frequency domain with different polynomials 

above /7y=5. However, the variations in dAldx with spatial polynomial order nx were 

significant over the range nx=3 to «*=T0, with the largest variations occurring at the edges



of the plots. At nx=3 there was too much ’’smoothing” with the polynomials in x, while at 

Tzx=IO there were too many degrees of freedom (DOF) in the polynomial compared to the 

number of data points.

The current set of spectrum data was smoothed using a 10th degree polynomial 

(10.2 points/DOF)'in the frequency domain, and a 7th degree polynomial in the spatial 

domain (3.7 points/DOF).
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Figure B-L Example raw spectra progression. Zferro=S1ZxlO6Zm, Unheated Nozzle.
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Figure B-2. Variations of a smoothed curve in the frequency domain with polynomial order ny.
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Figure B-3. Variations of a smoothed curve in the spatial domain with polynomial order nx.

Figure B 4. Spectra progression with smoothing using polynomials (nf  = 10) in the frequency do
main only.
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Figure B-5. Spectra progression with smoothing using polynomials (n x= 7 )  in the spatial domain 
only.

Figure B-6. Spatial derivative d A /d x  computed from spectra smoothed only in the spatial domain 
(spectra progression in Figure B-5).
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nX=7' Hf=7 nx=10, nf =7

Figure B 7. Global variance of smoothed spectra with different polynomial degrees in frequency 
domain («/).

V )

I
§
IQ)
Q

I
frequency (kHz)

nx~7. Hf=7 nx=10, Hf =7

Figure B-8. Global variance of spatial derivatives (5/1/dx) with different polynomial degrees in 
frequency domain (ny).
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nx=10, rif =5

Rx=IO1Df =? Rx=-IO1 Rf =10

Figure B-9. Global variance of smoothed spectra with different polynomial degrees in spatial do
main (Ar).

Rx =IO1 Rf=? Rx=IO1 Rf =10

Figure B-10. Global variance of spatial derivatives (d A /d x )  with different polynomial degrees in 
spatial domain (A r ) .
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APPENDIX C

TURBULENT INTERMITTENCY COMPUTATION USING

DIGITAL TECHNIQUES
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TURBULENT INTERMTTENCY COMPUTATION USING 

DIGITAL TECHNIQUES

Transition from a laminar to turbulent flow begins with the formation of discrete 

turbulent spots that grow and merge with increasing distance in the streamwise direction. 

If one monitors the instantaneous velocity, or pressure at a point within the transition 

region, these turbulent spots move past the sensor and show up as a “burst” of turbulence, 

in an otherwise laminar signal. Further downstream the frequency and size of the 

turbulent bursts increase, until there is no distinguishable laminar signal within the shear 

layer and the boundary layer is said to be fully turbulent. A primary feature of turbulence 

is random, 3-dimensional, high-frequency fluctuations in velocity, pressure, and other 

thermodynamic properties with amplitudes typically at least an order of magnitude above 

the “low-frequency” oscillations found in an unstable laminar boundary layer. These high- 

frequency turbulent fluctuations are superimposed on a time-averaged or a mean flow- 

field, and travel in fluid packets or eddies whose size can vary continuously from the

boundary layer thickness down to the Kolmogorov length scale, Ik = (v35 / f /3)14 

(Schlichting 1974).

The turbulent intermittency or simply intermittency at a point in the flow is defined as 

the fraction of time that the flow is turbulent as seen by a stationary sensor in the flow. 

For example, an intermittency of 1.0 would indicate a measurement of fully turbulent flow, 

and a value of 0 .0  would indicate a completely laminar flow with no turbulent bursting
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Intermittency is often a good statistical indication of the onset and extent of transition in a 

shear layer, where onset is defined as the point at which bursting first starts to occur. In 

terms of boundary layer stability, intermittency can also be. used as an indication of non

linear effects, though the latter often begin far upstream of intermittent bursting.

The intermittency of a waveform involves the subjective discrimination of which 

portions are turbulent and which portions are not. Although automated techniques can be 

and usually are implemented, an algorithm used to discriminate between the instantaneous 

laminar or turbulent signal invariably involves a set of parameters and threshold values that 

have been subjectively set by the user. Furthermore, the uniqueness of each electronic 

circuit (e.g. frequency response, instrument sensitivity) and electronic noise contributors in 

a given experiment cause the recorded signal to look different from experiment to 

experiment, regardless of the flow conditions. Most often, the decision of a laminar 

versus a turbulent signal must be initially made by a visual comparison of the two signal 

types in a given experiment. From there, fluctuation thresholds and quantitative limits of 

“high” and “low” frequency oscillations can be established.

There are two classes of techniques commonly used for computing the intermittency 

of a signal. The first class, which is the more common, involves conditioning the signal 

and applying some ̂ ‘detector function” S(r ,t) that is sensitive to turbulence, as a function 

of position r , and time t. Then based on a specified criterion, the signal over some 

interval can be identified as laminar or turbulent. Hedley and Keffer (1974) present a 

review of intermittency computation using a detector function and local discriminator.
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The second class uses the probability density of the signal amplitude directly, and has 

been used with good success for wall mounted sensors that identify turbulent spots by 

changes in the instantaneous wall shear (Schneider 1995, Hansen and Hoyt 1984, 

Narasimha 1985). The calculation of a probability density function (PDF) is particularly 

easy for the wall shear stress since the signal amplitude for a laminar condition is a 

minimum and the shear stress associated with the core of the turbulent spot is 3 to 5 times 

larger than that of laminar flow. Very little pre-conditioning is necessary for the original 

hot-film signal. However, if the PDF technique is to be applied to velocity or some other 

fluctuating quantity within the boundary layer, pre-conditioning would be necessary. 

Properties in a laminar and turbulent layer oscillate* about the same mean value; hence, 

instantaneous amplitude is not sufficient. Other choices for the PDF input could be the 

modulation width (peak-to-peak voltage) of the signal or a local RMS value.

The technique used in this work follows the first class of methods using a detector 

function and a threshold criterion. Previous researchers have used a wide range of 

detector functions, most of them involving a time derivative of one or more flow 

velocities. The most successful intermittency techniques use more than one component of 

the instantaneous velocity vector to capitalize on the three-dimensional nature of 

turbulence. However, in most shear layer measurements, (and is the case here) acquisition 

of multiple velocity components is not possible due to the large probe size required, and

a strictly laminar boundary layer, by definition has no fluctuations, however, here 
fluctuations” in the laminar boundary layer would be instabilities and electronic noise 

from the recording circuit.
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experimental complexity. The choice of S(r ,i) is arbitrary and its purpose is to sensitize 

the probe signal in some manner to increase the discriminatory capability between a 

turbulent and non-turbulent signal. It is also usually necessary to incorporate some 

smoothing over small time intervals into S(r J) to eliminate contamination by electronic 

noise and random dropouts that can incorrectly indicate a laminar signal within a turbulent 

spot. An indication of local turbulence, I(r ,i), can be computed by subjecting the 

detector function to a user specified threshold, C, below which, the signal is laminar and 

above which, the signal is turbulent so that,

J l S( f , t )>C  (turbulent)
 ̂ |0  S( f , t )<C  (laminar) ^  *

This random square wave is carried along with the original signal and can be averaged 

over time to produce an intermittency, y, as a function of position only.

Turbulence Detection

Two simple detector functions were attempted here to characterize the turbulence 

intermittency. The first was a simple peak-to-peak (PP) measurement over a specified 

hold time, hold, defined as

Ji), -■ , , tj + thold)} = max{v,.,...,vi+„teM} -  m i n { v , v , . ^ }  C-2

where v, is the Zth voltage sample and Ull0Id is the number of samples in the hold time 

interval. An indicator for turbulence was then computed using equation C-1. The settings 

for hold time and threshold level were selected by comparing the indicator function to the 

original wave-form and choosing combinations of thoid and C, such that the indicator
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function graphically matched observed bursts of turbulence. Figures C-I and C-2 each 

show the details of the intermittency calculation with a sample waveform using a peak-to- 

peak detector (equation C-2). As mentioned above, detector functions usually incorporate 

some type of “smoothing” by either averaging or integrating over some small time interval 

in order to drop out natural “zeros” contained in the random turbulence signal. The peak- 

to-peak discriminator does not average, but instead selects the extremum over a set of 

TihoB data points. Zeros within a turbulent signal are simply skipped over, assuming they 

are within the discriminating interval. Alternatively, any single-spike anomalies associated 

with the electronic circuit will be picked-up as a turbulent burst over the entire time 

; interval thoid.

The second turbulence detector technique explored here was a mean-square (MS) 

fluctuating velocity where the mean was acquired over a user-defined hold time, thoid-

{Sir + thold)} = mean (v,2,..., C-3

Again, with the indicator function computed by equation C-1. Conceptually, a mean- 

square detector is more attractive than the peak-to-peak detector, since it incorporates 

smoothing into the algorithm to allow for the true zeros that can be found within a 

' turbulent signal, and to absorb very short duration anomalies. In an idealized laminar

boundary layer, by definition, there are no fluctuations present. In an unstable laminar 

boundary layer, there are fluctuations within preferred frequency bands. The present 

experiments showed laminar unstable activity in the range of 0.5 to 15 kHz which 

; contained as much as 95% of the total wide-band rms value. Accordingly it became
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necessary to filter this “low-frequency” activity from the recorded signal and apply the MS 

discriminator to the high-pass filtered signal. The resulting high-frequency “fluctuations” 

associated with a laminar signal were due to electronic noise in the recording circuit.

Digital Filtering Techniques

Figure C-3 shows a cartoon of the typical characteristics of a high-pass filter 

compared to ah idealized filter. Frequencies for the pass-band and stop-band are 

normalized relative to the Nyquist frequency f N (320 kHz for the present experiments). 

Although the cutoff frequency f cut, was 20 kHz for all intermittency computations 

presented, the high sampling rate required steep roll-off characteristics relative to /% for a 

transition width (JSftIfN) on the order of I O’2. All filters converge to the idealized “brick- 

wall” filter of Figure C-3 for infinite filter orders. However, practicality and CPU time 

forced compromises in the filter characteristics such as pass-band ripple, stop-band 

attenuation, and transition width. A thorough discussion of various filter types with their 

advantages and disadvantages can be found in most digital signal processing text books 

(Opehfieim & Schaffer 1965).

The attenuation characteristics of four different filter types (Figure C-4) were 

computed using MATLAB routines from the Signal Processing Toolbox. In computing 

the transfer function coefficients for each of the filter cases, the maximum filter order was 

limited due. to numerical problems and computational time. FIR filters typically required 

impractical filter orders for the requirements of the present work. Here, the transition 

width was the critical parameter in filter design; compromises were allowed for the pass-
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band ripple (Rp) and stop-band ripple (Rs). Accordingly, an elliptic filter provided the 

most “accurate” filter characteristics for a given filter order. Pass-band ripple was limited 

to 0.1 dB and the stop-band attenuation of 50 dB. Phase shift between the original and 

filtered signals was eliminated by filtering the signal in the forward direction, reversing the 

filtered sequence, and running it back through the filter again. The resulting sequence had 

precisely zero-phase distortion, and double the specified filter order. .

Figures C-5 through C-8 show the stages of the intermittency computation using a 

mean-square discriminator applied to the filtered signal.

Discussion o f the Technique

A graphical comparison between Figures C-2 and C-5, and C-3 and C-6 demonstrates 

that the mean-square detector picks up the same bursting action as the peak-to-peak 

detector, but the MS signal is more pronounced in the turbulent regions. Figure C-9 

shows plots of the intermittency sensitivity as a function of threshold values for both the 

MS and PP detector functions. The range of “realistic” intermittency, indicated by the 

double-headed arrows was determined by graphically comparing the indicator function to 

the original waveform and deciding on a. visual basis whether the laminar and turbulent 

spots were correctly indicated. Other “objective” techniques have been used by previous 

researchers, such as choosing the threshold level at the knee (maximum curvature) of the 

y-C curve (Hedley and Keefer 1974) or by choosing the intermittency at the intersection of 

two lines formed by linear trends outside of the correct intermittency range (Kuan and 

Wang 1990). However, these graphical techniques require a specific shape of the y-C
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curve that is not necessarily common to all measurements in a shear layer (Schneider 

1995). It is noted in Figure C-9 that the bands of realistic intermittency for low 

intermittency values do correspond to a region of maximum local curvature in the y-C 

curve. At higher intermittency levels, there is little or no curvature in the y-C curves.

Table C-I displays the upper and lower limits for intermittency and threshold values. 

The PP technique shows a larger variation in the upper and lower limits for different 

stagnation conditions and streamwise location, while the MS technique is more robust. 

The wide-band MS electronic noise level with no airflow in the tunnel and in the free- 

stream was about 0.01 Vms; above 20 kHz, the filtered noise signal was 0.007 Vms. The 

MS detector consistently shows a good threshold value at about 0.02 Vms, three times 

that of the signal from a laminar waveform (based on 20 kHz high-pass filtered signals). 

Figure C-10 shows the MS detector function applied to a wind-off signal. Based on the 

results of Table C-1, the single threshold of V m s/V m siam inar = 3 for all waveforms appears 

to produce intermittency estimations within ±0.05, based on a visual judgement. It is 

possible that defining the turbulence criterion relative to the electronic noise can provide a 

consistent comparison of intermittency computation and turbulence detection between 

other experiments. However, before this hypothesis can be justified, the present results 

must be compared with experiments using other electronic circuits and recording 

equipment. Schneider (1995) has reported a good choice of turbulence identification for a 

shear-stress signal twice that of the laminar value.
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Case
(record #) x/L

Intermittency 
Lower Upper

MS Threshold 
Lower Upper

PP Threshold 
Lower Upper

lb (10) 0.850 0 0.03 0.018 OO 0.52 OO

lb (7) 0.900 0.08 . 0.14 0.015 0.023 0.55 0.68
lb (4) 0.949 0.21 0.26 0.019 0.027 0.54 0.65
Ic (32) 0.91.0 0 0.04 0.016 OO 0.58 OO

I c (30) 0.943 0 0.06 0.014 OO 0.54 OO

2a(29) 0.563 0.52 0.57 0.015 0.032 0.44 0.70
2a(20) 0.711 0.58 0.65 0.014 0.032 0.40 0.55
2a(10) 0.860 0.80 0.88 0.014 0.022 0 38 0.54
2a (4) 0.942 0.82 0.9Q 0.012 0.024 0.43 .0.58
2b (35) 0.580 0 0.01 0.014 OO 0.46 OO

Table C l .  Intermittency range and threshold values for selected waveform records.

Much of the error in the. intermittency computation does not lie in the technique itself, 

but the lack of clarity in the extent of a turbulent spot. Figure C-8 shows the PDFs of 

several of the records in Table C-1, where the PDF, P(S(r ,t)) is scaled to satisfy the 

definition,

= l (C-4)

■ If a comparison is made between the PDF of a laminar signal such as record lc-30 

versus a signal with large intermittency, like 2a-4, a large overlap is seen that is from a 

signal that is neither laminar nor turbulent, but somewhere in-between. These in-between 

regions are characteristics of the “edges” of a turbulent spot. In Schneider’s experiment 

(1995) it was estimated that the probability of measuring a signal from one of these in- 

between regions was typically about 20%. The decision (visual and/or mathematical) as to 

how much of this in-between region is deemed turbulent is the largest contributor to 

differences in intermittency values between various algorithms to calculate intermittency.
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Error in intermittency can also be introduced by the level of smoothing from the 

sampling rate, ts, and by the hold time, thoid, used in the detector function. Table C-2 

shows some characteristic times for the present experiment. If we assume that the 

Kolmogorov length scale defines the smallest eddy generated within the layer, then ideally, 

4 and 4ow should be small enough to capture these bursts. However, at large Reynolds 

numbers, these small eddies coalesce to some degree into fine-scale turbulent structures 

that have a larger spatial extent on the order of 15 Ik to 35 4 (Hedley and Keffer 1974). If 

the smoothing interval were small enough to detect the individual eddies, one may be 

detecting spectral turbulence, rather than the interfaces of turbulent spots. It can be 

argued that a lower bound on the smoothing interval can be established as no smaller than 

the spectral domains of the fine-scale turbulent, structures. Essentially, this controversy in 

establishing a lower bound on a sampling interval lies in the somewhat arbitrary definition 

of a “turbulent spot”. In. this work, the conglomerations of fine-scale turbulence have 

been treated as single turbulent spots, as is done by most researchers, when characterizing 

intermittency.

Individual record length (4096 digital points) 6.40 msec
Sampling time interval, 4 1.56 psec
Hold time, thoM 25 psec
Oscillation period at dominant instability, Tus 250 - 500 psec
Kolmogorov time, IkIU ____________________________ lb pSec______
Table C-2. Characteristic time scales



201

Intermittency is a statistical quantity that requires a sufficient record length to obtain 

a statistically stationary value. The smoothness of the PDF plots was used as an indication 

of a sufficient averaging length. All intermittency computations were performed with 

ensemble average of 100 waveform records, which corresponds to about 2600 - 5100 

periods (not contiguous) of the dominant instability that produced the turbulent bursts. 

Figure C-Il shows the PDFs computed with 100 waveforms vary only fractions of a 

percent of the full-scale range, and on a linear scale, the plots appear fairly smooth.

Error in the Computing Turbulent Intermittency

Error in the intermittency computation can be estimated with the standard deviation a 

of the intermittency values computed for each waveform in a data set (in this case 100 

waveforms). Since y is a statistical parameter, which is constant for a stationary function, 

a  is primarily a result of the length of the individual waveforms. Thus, if the individual 

waveforms were longer, it is expected that the standard deviation would be less. Although 

a  is not a direct measure of the deviation between measured and true intermittency, a  is 

sensitive to the presence of the “in-between” regions that are neither turbulent nor laminar.
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Figure C-L Intermittency computation using a peak-to-peak detector, P„=500 mmHg, ro=21 0C, 
Unheatcd Nozzle, x/Z,=0.949.

C=O.601.5

Q c  0.5

y=0.21

time, t (msec)

Figure C-2. Intermittcncy computation using a pcak-to-pcak detector, P0=595 mmHg, 70=16 0C, 
Unheated Nozzle, a: / / ,=0.942.
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Figure C-3. General digital high-pass filter characteristics.
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Figure C-4. Attenuation Characteristics of different IIR and FIR filter types. Nyquist frequency 
/ v=320 kHz, Cutoff frequency,Zo^=IS kHz.
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time, t (msec)

Figure C S. Intcrmittcncy computation using a 20 kHz filtered mean-square detector, P„=500
mm Hg, T0= Il 0C, Unhcatcd Nozzle, x/L=0.949.
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Figure C-6. Intermittency computation using a 20 kHz filtered mean-square detector, P„=595
mmHg, 7„=16 0C, Unheated Nozzle, x//,=0.942.
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Figure C-7. Intermittency computation using a 20 kHz filtered mean-square detector, Po=500
mmHg, J0=Zl 0C, Heated Nozzle, (J J J 0)â =LIS, x/J =0.949.
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Figure C-II. PDF plots with 100 waveforms averaged.
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