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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 5.2x10"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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NOMENCLATURE

Description

amplitude of an instability

,amp‘litude of an instability at the neutral stability poin’t

phase speed of an instability wave
voltage -or- eiponéntial
physical frequency of disturbance (kHz)

Dimensionless disturbance frequency (normalizéd on a convective scale)

- F=QavJ/ UL

Gortler number based on a generic reference length

|4 F

e ¢

R Y
. ue|e
Gortler number based on momentum thickness, 6. Gy = —
height of the nozzle throat #=1.799 ¢cm
Shape factor, H;,=6 /0
D"
grid index in the streamwise direction

maximum peak-to-valley roughness height, or
grid index normal to the wall ‘

nozzle length (throat to test section entrance) L=38.48 cm.

" viscous length scale, I'=(vus/U,)"

Mach number
time-stepping index
N-factor, N=In(4/4,)

static pressure




qw
Fe
Re

Rek

Re@

Re Ax

Re’,

Xvil
disturbance state static pressure
stagnation pressure
pitot pressure: total pressure behind a normal shock

disturbance state pitot pressure

vector of unknowns in the Navier-Stokes solution —or—
a general basic state flow quantity

general disturban;:e state quantity

heat flux at the wall (+ intq the boundary layer)
local' radius of curvature

Reynolds number

roughness Reynolds number based on local conditions from a smooth-wall
solution at the tip of the roughness element, Re;=Upk/ vic

Reynolds number based on momentum thickness 0

Reynolds number based on length of quiet flow: Quiet-flow Reynolds
numbeér ‘

. Unit Reynolds number based on free-stream conditions at Mach 3,

Re’=U Ve

-arc-length, (s=0 @ start of boundary layer computation)

velocity sensitivity coefficient of the dynamic pitot probe

time

‘mean temperature

disturbance state temperature

stagnation temperature
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d‘isturbanc*;e state stagnation temperature

mean velocity in the x, y, z directions, respectively
disturbance velocity in the x; ¥, z directions, respectively
streamwi:se coordinate (x=0 @ nozzle throat)

vertical distance from the wall (=0 @ wall)

turbulent law-of-the-wall ‘variable

spanwise distance from the nozzle centerline (z=0 @ centerline)

dimensionless streamwise component of the wavenumber
dimensionless spanwise component of the wavenﬁmber
spanwise component of the wavenu.mber = p)
pressure gradient parameter

boundary layer thickness, &~y @ U/U, =0.99
displacement thickness, 5~ = L@pﬁg(% - 1)dy
disturbance wavelength |

disturbance wavelength in spanwise direction, 2,=27/8

momentum thickness, @ = ro LU (ﬂ - ljdy

° pUN\U,
turbulent intermittency or ratio of specific heats
disturbance wave-angle, g=tan™(a;/f5)
density

amplification rate of steady Gortler instability

dynamic viscosity
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v bkinematié viscosity, v=,u/,b

@ dimensionless circular frequency of the disturbance, o=2mf(/ * U.)
& transformed streamwise coordinate in the computational plane

n dimensioniess normal coordinate, 7=y/I*

7IBL transformed normal coordinate for boundary layer solution

Subscripts

Symbol Description

aw local adiabatic conditions at the nozzle block surface

()e conditions at the edge of the boundary layer; represents a local free-
stream quantity

()i imaginary component of a complex number

Ow ' value at neutral point (=0)

O real component of a complex number.

Or value at transition onset

Ow local wall conditions

e conditions based on tunnel core flow Mach number
Orms root-mean-square value

Superscripts

O instantaneous flow quantity (basic state + disturbance state)

)y disturbance state quantity
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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 5.2x10%m and 6.2x10%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 ¢" 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.




CHAPTER 1

INTRODUCTION

1.1 Background

As design margins for modern supersonic and hypersonic flight vehicles become
tigﬁt(ar, 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 ‘o‘ver which boundary layer transition occurs is often
the largest source of un;;ertainty 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-fric.tion' drag would give as much as
25% savings in fuel (Reed et al. 1996). This has obvious implications for transp;)rt 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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trénsiﬁon has a éigniﬁcant influence on both lift and drég of supercritical airfoils by
changing the location A.of the shock-wave, and the subsequent shock-boundary layer
interaction. This is an importént 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 lim'its.”
(Thompson et al. 1998) An 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 transitidn prediction and
control based on first-principles, particularly for three—dimensional flows, and elevated
disturbance environments; the ﬁroblem 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 (Hayﬁés et ai. 1996), and.the conclusive identiﬁcation of
relevant flow physics. The basic component to these experimentsvi's a wind tunnel that
has a high-quality flow field in‘ which d‘istﬁrbances are below various threshold‘values

similar to free-flight conditions. These low-disturbance wind tunnels in the supersonic




and hypersonic regime are termed “quiet” wind tunnels for their low levels of free-stream

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 1-1)!. 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
proﬁef 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 abopt Mach 2.5, the acoustic
disturbances dominﬁté the free-stream flow field and the convected disturbances are
damped due to the high accelerations an-d flow-stretching through the nozzle. .

The dcoustic disturbances are composed of fluctuations tﬁat originate at the wall due
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) _thafemanates from a fixed location, and any unsteadiness in ;the boundary

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

! Figures and tables are located at the end of each chapter.




and forth relative to a fixed observer. As boundary layer transition sets in, discrete
turbulent eddies form that protrude aboye the surface of the boundary layer. Each of
tﬁeée 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 oEserved 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 A* (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 mode] 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 forciﬁg 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 transitiqn onset (Rer) 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,




§upplemeﬁted by flight data at higher Mach numbers as reported in Beckwith et al.
(1983)%.  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
suﬁersonic 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 tunnél walls (recall radiated noise incregsés with A4%). Moreover, when the
same experiment is conducted in a quiet wind tunnel with laminar wall i)oundary layers,
noise levels approach those of free-flight, and Rer increases to ﬂight-valueé. The “quiet
tunﬂel data” (Beckwith et al. 1983, Creel et al. 1985, Chen 1993) in Figure 1-2 was
acquired again on a 10° cone in the two-dimensional Langley Mach 3.5 Pilot Quiet
Tunnel (cqne M=3.33) with only the apex of the cone subject to a low noise
environment. Higher Rer values were lirﬁited by the model size and tunnel conditions; it
1s still posgible that if larger runs of low-noise flow were permitted on the model, Rer
. 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.

? 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 M.<5. The conditions and Rer values of the complete data set
are documented in (Schneider 1998b).
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Therefore, if one is to conducf 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 transitvi.on in the latter boundary layer do not impinge on the model.
Because of this linkage between the boun’dary—layer turbulence and the free-stream
disturbances, understanding the nozzle boundary layer is a prerequisite for attacking thé

free-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 ait 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 free-stream edge) of the la-yeru. The
Navier-Stokes equations dictate that with a proper match in scale and frequency, thése
disturbances will be ingested into the layer, then be naturally amﬁliﬁed by the conditions

in the layer without the aid of external forcing. When disturbances in the boundary layer

) o Ammmeny i e




grow to a certain point, a localized region of turbulence appears. With increasing
distance, more tﬁrbul‘ént “spots” appear and merge together, until 2 fully turbulent layer is
achieved; that is, the production of turbulence is self-sustained, stable, and statistically
§tatio_nary. Morkovin (1991) developed a “system portrait 6f roads to wall turbulence”
reproduced here as Figure 1-3. The details of this schematic are still not compléte, and
some still poorly_understood, but the portrait covers the major ca;cegories 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 tﬁe entire
transition process. First, receptivity provides the crucial information for the initial
amplitude, phase, and frequency at the inception 6f the primary instability. Second,
distributed receptivity fecognize_as the.boundary laye:r 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 con;crols the path of
non-linear break down of the laminar flow. However, the non-homogeneous boundary
conditions are often urnimportant. because of the disparity .in scales between the free-
stream and boundary layer disturbances. |

Since the unsteady ‘free-str,eam disturbances generally have much larger wavelengths
than tho'sé 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




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
gradientﬂexistsand répid boundary layer growth occurs. The stationary disturbances (i.e.
Gortler and crossﬂow) appérently 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 sef of linear distufbénce 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 rﬁechanisms lead
to turbulence prematurely. The bypass mechanisms are pootly understood, but have been
repeatedly observed in cases of higﬁ disturbance environment, including free-stream

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

waviness.




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 Figuré 1-3) are categorized by
their physical mechanisms of instability growth as Tollmien-Schlichting (:I‘S) and Mack-
modes, Gortler vsrtices, crossflow vortices, and'Raerigh instabilities. Under enabling
conditions, each instability san exist as a “natural” oscillation, whose grqwth is driven by
a conversion cif energy from the boundary layer basic state to the instability. Mgny
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-dimensiorial 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
pariicular, he showed that (1) the oblique “first-mode” waves are more unstable than their
two-dimensional counterpart, and (2) With increasing Mach number (M.>4), a second-
modé and additional “Mack-modes” with an acoustic nature become more unstable than
the first-mode instabi*iity. The TS and Mack-modes' are traditionally ricsponsible 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 trea"ted 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 agcelerationr 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
iﬁﬂiection 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 Gortler instability.

1.2.1.2 Linearized theory

The iwrli’cia'l~ development of the primary instability can be described with lipear
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 léyer is said to be unstable, and if all disfurbances 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 corréct zeroth-order approximation — formally justiﬁed with a
complete nonparallel analysis.

Reed, Sari;: and Arnal (1996) have mést 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 Stabiiity
Equationé (PSE) (Herbert 1997) and direc£ numerical solutions (DNS) 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 Reé. However, the phyéics of the instability growth, and receptivity are
completely removed. |

The most common method for transition prediétion used in industry involves LST
coupled with an ¢" transition prediction scheme (Smith and Gamberoni 1956, Van Ingen
1956, Arnal 1993)_. G’rowth.rates of the linear disturbance are calculated on the body
with LST for a given frequency, wavelength, and disturbance orientation. Integrating the
growth rates fr.om thel first unstable point to some downstream location gives the
disturbance amplitude 4 relative to the initial disturbance amplitude 4,. Transition is said
to occur when the initial distl;rbance A, has been amplified to a cértain threshold, ¢,
where X is the so-called N-factor is defined by

. (A4,
N= ln[j{fj | . 1-1)

The quantity Ay is the disturbance amplitude at transition. Since the &” method can only
correlate transition to the amplitude ratio, the role of receptivity in defining Ao is ignored
entirély, and any effect of the disturbance environment must be included in the
“calibrated” value of N. The primary utility in the ¢ method is in comparing transition
induced by the same primary instability between two similar disturbance environments.
The N-factor can also be used as a stability index for parametric studies usiﬁg the local
amplitude 4 in place of A7. At a given locgtion, a lower value of N 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 N~9-11 for a Wid‘e variety of two-dimensional
bodies.with TS instabilities in subsonic through hypersonic conditions (Malik 1989a,
Arnal 1993). Computations by Malik (1989a) showed that transiﬁon on a flat plate and
cone (recall Figure 1-2) at Mach 3.5 occur near N=10. Transition on the Dougherty and
Fisher 10° sharp cone in flight also correlated 9<N<11.

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

_incompressible boundary layers with steady Gértler, 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 Gértler 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 (Arnal 1993). Accordingly, the N-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 4,. It is not surprising that the e
method shows a high-degree of écatter for Gortler and crossflow disturbances.

Thg PSE and DNS teéhniqllles. allow transition prediction directly from the
instability amplitude, since the value of 4, 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 minirﬁum 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, (8*U/8y*)|y~o, the “fuller”
and more stable the velocity profile becomes. This result applies to both inviscid and
viscous instabilities. With an understanding of how (& Ul0y”)|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,
2
T Lday] J,27] a2
P, %), o],

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, u, always increases with temperature, therefore, dw/dl>0 and
0U/0yly=0 > 0 for non-separating flows. If heat is removed from the fluid (wall cooling),
01/0y>0, and the last term of the LHS is negative. The second derivative (& Uloy*)|y-0
becomes more negative showing a fuller and thus more stable velocity profile. Similarly,

wall heating produces 87/0y<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 airguments r,élated to equation 1-2 (the “classical heat transfer effect”)
apply to the boundary layer stability governed by first-mode TS waves. Other modeg of
instability, such as the Mack modes (Mack 1984), Gortler vortices (Floi’yan 1991), and
crossflow instabil_itie.s‘ (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 Gortler vortices for in;:ompressible aﬁd compressible flows shows a
mixed résponse 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 parame;cers in the problem. Spall and Malik (1989) solved
the full Gortler problem with a marching procedure (linear PSE) to improve the solution
of El-Hady and Verma, explore the effect of pressure g?adient, and extend the results to
wall heating at supersonic an(i 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 Rer at N=10) 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 Gortler

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 tile subject (most in Russfan), 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 hééting strips are properly placed ahead of

the neutral étability point. Heating the- boundary layer upstream causes the boundary
layer to be “cooled” upon entering the region of instability. Therefore, by the classical
éooling effect of equation 1-2, the velocity profile instead becomes more staBle, thus
moving transition onset downstream. Placing the heat transfer strips inside tile 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
Néyfeh 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 “natﬁral 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
6n1y a 28% increase in tﬁe local wall temperature. Transition could even be delayed with
heating at the leading edge in even the bresence of a three-dimensional square roughness
elément.

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 result‘s were in qualitative agreement with the experiments of
McCroskey (1961, quoted in Maestrel'lo 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 Gortler
vortices. With an initially turbulent boundary layer heat is applied in the appropriate
location, and the‘relaminarizati‘on produces thé 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 défined 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 sour(;e Vat the wall — e.g. the onset c;f boundary layer
transition. If the distance between the apex of tile 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 (Rea,) represents the largest Reynolds number that can be
tested within the quiet test core. The primary obj‘ect‘ive in quiet tunnel design is to |
‘maximize Reay 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 Rea, =9%10°
in the Langley Mach 3.5 pilot tunnel (Chen and Malik 1990).
Before discussing the LFC techniques employed to maximize Re4., 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 cémparisori 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 Rer 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).

e
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1.3.1 Boundary Layer Development on a Supersonic Nozzle

To achieve “quiet”‘ opefation, a solid ﬁnderstanding is needed of transition in the
boundary lay;ers growing on the interior surfacés of the wind "lcunnel 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 édvantages. The two-dimensional nozzle consists of two opposing‘contoured
nozzle blocks enclosed within ﬁo flat sidéwalls. Flow sections are rectangular, With
exbansion‘ 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 oh 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 énd‘ Demetriades 1993, Ostrander et al. 1989). The -resultant Jaminar boundary lay‘er
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-dim\ensionalv noézles has been most
redently addressed with experimental and theoretical analyses by Demetriédes et al. (1998).
Axisymmetric tunnels enjoy some simplicity in the boundary 1ayer development, since the
inviscid flow and boundary layer development at any given diétance from the throat are

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

axisymmetri¢ 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 Milier 1990),
the primary causes of nozzle wall turbulence havé been found to be roughness in the
nozzle throat, continuation ‘.of the turbulent boundary layer in the _settlipg chamber and
contraction into the nozzle, and destabilization of the nozzle wall laminar boundary layer
by the formation and ampliﬁcatioﬁ of instabilities which subsequently grow and cause a
turbulent wall boundary layér. " These issues are addressed by providing a highly
polished nozzle, suction slot upstream of the throat to remove the turbulent boundary
layér (ie. “bleed slots”), and a slovs-/-expansion axisymmetric nozzle to reduce ‘the
strength of Gortler vortices, and increése 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 Rea . One such

method appears to be a controlled temperature distribution on the nozzle surface.

™ T =TT
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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 eutside of the nozzle surface and subsonic approach. "The results showed the
transition Reynolds number increased by aeproximately 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 Rer produced
by boundary layer bleed-slots, and was not pursued further.

Threugh the 1978-1981 period, Demetriades (1978, 1981a, 1981b, i992a) studied
the effect of surface roughness and wall temperature on the boupdary layer in the throat
of the MSU Maeh 3 supersoni‘c wind tunnel. Liquid nitrogen was circulated through
ducts in the nozzle 'throat‘ region located approximately 1 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 Hairvey et al. (1975) and Demetriades (1‘981a, 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 s?rface temperatures only about 12% above the adiabatic wall
temperatur’e, the boundary layer state could be reduced from turbulent to laminar
(Demétriades 1996). It was hypothesized that the heat concentfated 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 tfends 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 transifcion, can be
substantially delayed by local heating in a wind tunﬁgi, the acoustic origin of noise
produced by ‘the transitional and turbulent boundary layer will be moved down-stream,
and the qﬁiet test core will be enlarged for a given set of stagnatioﬁ 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 viewpoiﬂt. 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 win;i‘ tunnel nozzle

when heat is applied.
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(1y Linear stability theory was applied to the boundary layer of ;1 quiet supersonic
nozzl¢ to identify linear stability mechanisms associated with and without surface
heating on the wind tunnel nozzle.

) The unsteady oscillations preceding the onset of boundary layer tranéitién on a
\;vind.turllnel nozzle were measured both with and without surface heating.

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

With a favorable comparispn between the theory and experiment, surface heating
techniques could be ‘applied to new and existing low-disturbance facilities with
confidence using‘ a rational desigp approach. However, if the theory could not predict the
experimental observations with acceptable accuracy, the measuremenfs themselves could

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

study.
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Figure 1-1. Unsteady disturbances found in a supersonic wind tunnel. Acoustic radiation from
group (c) is the most commeon cause of premature tramsition in a supersonic wind tunnel! model.
Adapted from (Morkovin 1959).
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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, J 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.tunne]l

-~ 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
v'Fig'ure 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. Stagnafion conditions can be controlled to obtain total pressures from 300-620
mmHg, and total temperatures of 21°C to 67°C. Thev range of unit Reynolds number
from 2,1x10° to 6.7x10%m 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 proérammable traverse
that is interfaced to a personal computer. for automated experiments. The present
expériments were conducted with only the x- and y- components of the traverse ac’;ive.
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
(19922, 1996). The aluminum nozzle block contains ducting located 1.0 cm beneath the
nozzle surface (Figure 2-3) from —9<x<9 cﬁ that spans the width of the nozzle. The
bresent experiments used a circ;ulating 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). |

' y

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.

T T T T
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The outer skin was a sheet of 0.013 cm stainless steel shim. Aftef 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
roughneés 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
1 cm) was noted in the overlay, but after a few extended heating cycles, no defects could
be observed. Furthermofe, the polished surface optically amplified any defects present so
that wa\/.iness of several microns was easily noticed. Measurementé of the core mean-

flow also showed no perturbations introduced by the overlay.

2.2 State of the Unheated Nozzle B(;undary Layer
Figure 2-3 shows a qualitative “map” of insfability grbwth and transition fér 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 represeqted in the transition mal.), the region boundaries were constructed
primarily by viewing ﬁltered rms activity as P, was varied at a given streamwise
position. The cémbination of wideband rms, the high-pass (>200kHz) rms, and visual
inspection of time—seri’e;s‘waveforms allowed a qualitative determination of the region
boun(_iari'es, (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

T™T1T




31

gradually breaks down fo turbulence with bursts appearing at the peaks an& valley.s 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
contpured 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 1aye£ .
over the contoured _su;facé 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 nozzie.
- Boundary layer stability was computed over the supersonic region of the nozzle both with
and without suﬁace heating. Measure'ments 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 cond{tions 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 contéxt 'of stability theory, or a pre-

transitional phenomenon. However, the high-pressure case demonstrated the worst
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condition (highest Re’w)‘ in the MSU-SWT for which surface heating could be used to
delay boundary layer t.ransition. The measurements at P,=595 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” c'onditions and an adiabatic surface for

comparison.
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P, T, Reé Nozzle surface condition* Measurement Range
mmHg °C m’ ' x/L
500 21 5.20x10° Adiabatic Wall
500 21 5.20x10°  Unheated, (Tp)z=0=15°C 0.54-0.95
500 21 5.20x10° Heated, (73)x-0 = 60 °C 0.54-0.95
595 16 6.23x10° Adiabatic Wall -
595 16 6.23x10°  Unheated, (Tyw)=0=12°C 0.54 - 0.95
595 16 6.23x10° Heated, (7)x=0 = 80 °C 0.54 - 0.95

*(Ty)x=0 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. Theoretlcal 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-S;cokes 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 Gortler vortices.

"All solutions were executed on the CRAY YMP at NASA-Ames for speed and
precision. The Naviér-Stokes solutions typically required less than 15 minutes of CPU
time, and the boundary layer solver and stability code usually tequired less than 1 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 errof in the solutions. This is partiéularly important for the boundary layer
énd stability computations where 32-bit single-precision arithmetic often produges 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 adiabafic steady
flow through the nozzle including the inviscid.core and Viscoﬁs boundary layer growth on
the tunnel walls. The compressible Navier-Stokes equations are solved with a finite
difference code in conservatior} form. OVERFLOW uses i‘mpll‘icit differencing in time
with options for central or upwind differencing in space, artificial dissipation, multigrid,
énd‘ other con§ergence acceleration features for steady-state solutions. Certain of the .
code’s featufes are presented here to acquaint the reader with the opti(;ns ﬁsed in the
solutions present-ed‘ 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 Puliiam 1986).

Consider the time dependent Navier-Stokes equations written as

@Q

E—+L(Q):O, 3-1

where O is the vector of unknowns and Z(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 rfo.rm, such that

(T+A24(0"))AQ = ARHS” | 3-2
where n denotes the previous time level and the solution is updated to the present time

level n+1 with

O™ =0Q" +AQ 3-3
The right-hand side term I_{HS in equation 3-2 is composed of L(Q) plus some possible
artificial dissipation. Thé 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 aﬂd RHS of equation 3-2 were chosen
to resemble the diagonalized, implicit Beam-Warming (BW) algorit'hml (Pulliam 1986).
This includes central differénce 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
sﬁppress high frequency oscillations in the solution of the non-linear Euler and Navier-
Stokes equations, it is necessary to add artificial dissibaﬁon 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 pqrtions of the flow field to damp high 'frequency waves, Whiie 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 dissipatibn appropfiately for each individual characteristic field. The
scalar dissipation has faster convergence and works well for most probllems'. However, it
often gives excessive dissipation in boundary layer regions, which in turn produces a
velocity oveyshoot %'1t 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 computétions, convergence can be accelerated with multigrid and
full-multigrid (FMG) techniques (Wesseliﬁg 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 ievel, high frequency error components are smoothed by the viscous
diséipation in the scheme (real or 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'éingle multigrid cycle, an apprqximate 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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thé coarse level, and gradually works up to the finest level, using the multigrid algorithm
at any intermediate level. The number of iterations spent at éach 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
fof 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 procesé of setting up the inviscid ﬁortion 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 consfant CFL number over
the entire flow-field (Buning et al. 1997). The present computations have used a mixfure
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 modeiéd in two dimensions using a constant section
plenum and ;che design coordinates for the nozzle block. The “plenum” re;placed 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 surfac:e. 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 Naviey—Stol;es computation with
dimensions 140x41, 169x65, 201x97 were used to explore the solution convergence. As
an example, Figure 3-1 graphically shows the (;oarse 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 suffaces and approximately
orthogonal through the interior of the solution d’omain.. The y-coordinates normalized by
the throat height /4 (=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
s"cream\}vise gradients occur through the throat regioﬁ where the flow is quickly
accelerated from subsonic to supersonic nspeeds.‘ The streamwise grid was established by
first specifying a minimum Ax at the throat (x=0). In the contraction (x<0), an
approximate potentlal flow was used to provide a grld spacmg proportional to the
estimated velocity potential, Wthh Ied to a hyperbohc progression. Grid points in the

nozzle (x>0) were biased toward the throat with a geometric progressionv.'
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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 Imitial 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 adiabati(; wall, The lower contoured boundary used a no-slip viscous condition
with viscous terms started at the 5 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 P, and 7, 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 inté 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 tilrough 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.

T
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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
.ﬁr_st 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
tempefature 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 P, and T, to

be constant).

3.2 Two-dimensional Boundary Layer Solution

The boundary layer mean-flow over thle contoured surface was computed with the
two-dimensional (and axisymmetric) boundary layer code of Harris and Blanchard
(1982), applicable to comﬁressible, viscous, ideal gases. Since the boﬁndary layer code
can. easily accommodate many Iﬂore points in the surface normal direction than the
Navier-Stokes code, it is the program of choice to provide detailed boundary layer
quaritities 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 spécified 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 (s=0), and reduce the layer growth in the streamwise
direction. The gri& in the wall-normal direction is generated for all s with a geometric
progression in the transformed normal coordinate, n7p.. As input, the user specifies
TBLmar, the number of grid' points &, and the geometric progression constant

- (=AnBLE+ _[/AT]BL;k). Note that the subscript “BL” is included- to distinguish the Levy-Lees
variable from the wall-normal coordinate 7 ﬁséd‘ in the stability calculations, and in fhe
solutions presented later.

As input, the boundary layer code required the edge pressure distributic;n (P/P,), and
wall thermal condition (g, or T3,) as a tabulated function of arc-length s. Here, the
Navier-Stokes solution was used to calculate P,/P,, 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 stabilify computations. First and second
derivativeé for velocity and temperature in 77 were computed in the Harris and Blanchard
code using finite differences. Through the iﬁterior, 3-point centered differences were
used to give second- and first-order accﬁrécy 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.

T T
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3.3 Stability Computations

Theoretical pf‘edictions for the stability of the boundary layer were explored with the
MUK spatial linear stability code (Mal’ik 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 g =[#,v,w,p,TT" as the sum of a mean-flow corhponent 0 and a disturbance
}q’ SO tﬁat |
q(x,y,z,0) =0(x,y,2)+q'(x,,2,1). ' 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 droppéd 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 aésumptions 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

TTT T———




46

a two-dimensional parallel flow with [U,V, W] = V[U(y),O‘,'O]. 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
q'(x,y,2,t) = g(y)e" =, 3-5
wherp Gy =[a,9,%,p,TT is the vector of eigenfunctions that describes the mode
structure througil the boundary layer. To compute the growth of the waves in a spatial
frame of reference, the wavenumbers « and S are complex and the disturbance frequency
 is real; a temporal formulation is achieved with « and S real, and @ complex. The two
frames of reference lead to approximately the same physical description and are related
through group velocity of the wave packets using Gaster’s transformation (Mack 1984).
Separating the réal and imaginary components of the exponent,
q(x,y,2,1) = G(y)e e @=+hr=at) 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 =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 =0 (as is
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customarily done) and considering 3 to be only a real number. The wave-angle ¢ of the

traveling disturbance is defined by

Substituting equation 3-6 into the linearized disturbance equations, separation of
variables allows the partial differential equations to-be reduced to an 8™-order system 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: ' =vV=w'=T"=0 3.8
y—=>oo: u vV w, T —0

The homogeneous disturbance equations and 3-8 constitute an eigenvalue problem for ¢,
with parameters £ and . There are a number of techniques for choosing values of 3 and
@, bﬁt, typically they are chosen in combination to either match expérimental values, or
to determine the largest growth rates (o;) within a given basic staté. The full 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),
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When solving the stability problem, the disturbance equétions are made
dimensionless with the local edge conditions' of the mean-flow (U, T., p.) and a

characteristic length,

po VS

U,
where v, 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

ﬂ:%*:y\/z

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

frequency

27 *
) =
U

e

I

‘where f is the physical frequency of the disturbance. However, for a given Fourier mode
 (constant physical frequency f), @ will change with streamawise distance. Consequently,
it has become almost standard to use

F 2rv, £

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

edge conditions.

e TT
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3.3.2 Gortler 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

MALIK

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

linear stability code also computes the growth of Gortler vortices within the framework
- of equations 3-4, 3-5, and the quasi-parallel boundary layer approximations. The

disturbance equations in eMALX

retain all curvature terms in the leading order of
approximation so that a steady cenfrifugal instability can be approximated with the limit
of equation 3-6 as &0, and w 0.
The classical formulation of the Gortler problem describes steady counter rotating
-vortices by a perturbation the spanwise direction so that
W'(x,y,2)] [, y)cos(B)
Vi(x,y,2) | | ¥(x,»)cos(Br)
| W', p,2) | =| W(x, y)sin( Bz) 3-9

p’(xayz Z) | A ﬁ(x:y) COS(ﬂZ)‘
L T'(x,y,2) | ;f(x,y) cos(fz) | .

where £ is again the spanwise wavenumber (real). Thg Gortler solutions employed here
a}so use the local reference scales presented in the previous section. The steady Gortler
vortices modeled by equation 3-9 are illustrated in Figure 3-4. The [x,y,z] coordinate
system is positioned with z=0 in between the vortex pair. The wavelength of the
disturbance Z, is related to the nondimensional spanwise wavenumber B (=6*1F) by

*
A= 27r.l
B
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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 solve(‘ii with a marchi;rlg
procedure in the streamwise direction.
- The derivation of the Gortler dvistu:rbance equations, as first prescfnted by Floryan and
Sar.i(‘: (1981), also shows formally that the mean-flow components of the boundary layer
“can be properly déscribed’ w‘ith 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. Fowever,
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 "™ code invokes thé quasi-parallel flow assumption and separates the |

amplitude functions with®
4(x,y) = §(v)e™". - 3-10
Boundary conditions from equation 3-8 lead to an eigenvalue problem for o with

parameters f and the Gortler number G =Re 5, (8, /7,)"*, where & is some reference

length. The Gortler 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 Gortler problem.

Hall (1983, 1988) and Sari;: (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(1) relative to the boundary layer thickness. This same issue is encountered in
predicting TS disturbances, but the Gértler 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 O(1) wav.enumbers. 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 tilat growth rates from the normal-mode so.lution were about
5% higher than those from the marching solution. Thus, the normal-mode solution again
showed c;)nservative 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 o for the Gortler
problem plays the same role as —a; of the general harmonic disturbance. However, the
notation o is maintained here for consistency with the literature, and to emphasize the
intrinsic difference between the steady Gértler instability and TS instabilities.
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3.3.3 Transition prediction

MALIK 1 de can be used for

In addition to computing the stability characteristics, the e
transition prediction with an N-factor. The N-factor is a measure of the relative

amplitude growth (4/4,) of the instability, defined by

%o

N= m[ij = [ -aax 3-11
4

where 4, is the initial amplitude of some disturbance quantity ¢’(x,y,z,7) at the neutral
point x, (i.e. ¥=xo at —a=0).

The eigenvalﬁe problem is solved at each streamwise station, and the amplification
tate varies as the boundary layer changes with stréamwise position x. The “path of
integration” in equation 3-11 uses a fixed value of the physical frequency f, along with a

scheme for specifying f3 as a function of x. The ALK

code allows the user to either (1)
specify a fixed dimensional value of the spanwiée wavenumber S* for all x, (2) specify a
fixed wave-angle ¢ for all x, or (3) employ an envelope method by allowing S to vary

with x such that the growth rate —¢; is maximized. This is achieved by enforcing the

condition

(%J -0 | 3-12
B ). ,

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 p* for first-
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mode TS solutions, and it adds considerablé simplification by reducing the number of
free parameters in the eigenvalue solution to 6n1y 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 f.

3.3.4 Numerical method

The ALK vcode solves the eigeﬁvalue 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 physic.ally reasonable \}alues, 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 é Newton-
Ralphson iteration procedure. The user éan also supply a guess for the local eigenvalue
search and the code skips the global compu’;ation.

To execute the code, the user chooses the disturbance frequency, and a method for
computing £, along with a number of bontrol parameters for.the solution algorithm. A
separate input file contains a complete specification (numerically tabulated in an
unformatted FO\RTRAN file) of the basic state, including pfoﬁle derivatives at all
streamwise locations of the stability calculation. Output options can be specified 'fc;r

station summaries of the.disturbance variables and an N-factor for transition prediction.

m™7T7TT - ™T e
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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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CHAPTER 4

' NUMERICAL RESULTS

4.1 Mean-flow Results

4.1.1 Navier-Stokes Solution

Following the procedure outlined in Chapter 3, Section 1, the Na;/ier-Stokgs
solutions were solved with the diagonalized ‘implicit Beam-Warming algorithm, full
rﬁultigrid, and matrix dissipation. In acc,;ordance 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, whicﬁ 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 iﬁ 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. Therefo?e, a criterion suggested by King

and Demetriades (1993) is to define the total pressure at the boundary layer edge P, to
‘be

P =P, +098(F,,, ~P,,) 4

The “free-stream” cbnditions are taken at the poiﬁt where the local total pressure is equal
1o P,., ’;hen the boundary layer thickness & is defined by the distance normal to the wall

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

Alcenius- (1994) also compafed the King critérion, its approximate equivalent
P,,c=0.98P; max, and Po,e=0.9OP0,ma,;, using velocity and total pressure profiles from a
‘N_avief-Stokes solution. The results showed the King criterion and the 0.98P,pax
threshold both worked weil to objectively extract the boundary layer edge conditions

from the Navier-Stokes solution.

- 4.1.1.2 Edge Pressure Dis'tribution
. The distribution of P./P, shown in Figure 4-1 is the principal result of the Navier-
Stokes. computations in this study. The edge pressure distribution P./P, and Mach
number. M. change by about 1% from the lowest Reynolds number case
(Re’=3.28%10°/m) computed by King (King and Demetriades 1993), to the highest
Reynolds number case (Re'.=6.23x10°/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 pfoduced by &* is a second-order effect

on the boundary layer edge conditions.

4.1.2 Mean-flow on Nozzle Contoured Surface

Brogan (1995) gives a cor-nplete discﬁssion 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 (7:/7o)~1.1, changes in the velocity profiles (U/U,) were
small, approximately 2-3%. Changes in temperature and density profiles were much
lérger. In this section, the results of boundary layer mean-flow solution with and without
surface heating afe presented for the cases of Table 2-1. Emphasié 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 77]3]_,,]‘.;+1/ neLx=1.04, and a constant streamwise spacing of
As=0.15 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 intérpolation was not justified given the error-bars ' associated with
temperature readings from the embedded thermocouples.  Starting at x/1=-0.3

(M:=0.137), the boundary layer solution was marched through the nozzle past x/L=1.

| St Mt T il I
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The pressure gradient parameter Sy (akin to the Hartree pressuré 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

_ 24U,
- U, d¢

- Ba

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
4 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
peﬂurbatioqs in'the P./P, distribution. (For example, a 10 pm perturbation in the design
.coordin'ates wés, found to cause a steady pressure wave that would prodﬁce a 10%
variation in the pressure gradient pafameter. Thié 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.l 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.

1,=70 °C), wall temperatures increase slightiy (Iw=42 °C), but a uniform distribution

™
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(AT,~0.017,) persists. This is a significant result rn itself, because a constant 7, is
usually associated only with blovrz-down facilities with short run times.
In the heated‘cases, although circulating fluid was confined to the throat area, the
surface tempereture 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% -
(1°C) thereafter. The smarl non-uniformities at the threat 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 tlre throat where the

r boundary layer is thinnest, and a diminishing positive heat flux in the basic state toward
,the'nozéle exit. Beyond x/L=0.5, curves for all cases merge, irrdicating that the majority
of the rherrnal 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 info 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 sfabi'lity 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 heatmg 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 (o/p,) follow the inverse of the normalized temperature profile.
The velocity profiles exhibit a more complex behavior. Near the wall, higher
‘tempera’cures increase the viscosity to produce a velocity profile that is “less-full” through
the inner region of the boundary layer. In the oﬁter layer, the effect of decreasing .the,
density overshaciows the increase in viscosity. In spite of the viscous retardation, the
ﬁressure 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 Réshotko 1956). In fact, near the nozzle exit (x/L=1), fche 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 Hjy as computed with the boundary layer code (Figure 4-9),
increasc?s with surface heating by as much as 60% in the lowAReyno'lds number case and
practically doubles (93%) in the high Reynolds number case. The difference in shapé
factor increases rapidly until x/Z=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
Hj> 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 H;, with a decrease in the critical Reynolds number based on &* (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.

™TT ! i . 3
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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 Rey, based on a roughness height, &, and the local conditions from a smooth wall

solution at y=%.

5-12

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) suggest Re;<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 é maximum peak-to-valley defect over a sample area. The
largest roughness elements were found to be between 1um and 5um 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
d%gital 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 um, and the typical maximum near 0.8 pm. The arithmetic average of the

absolute roughness profile about the mean was 0.05 um to 0.07 pm. Measurements were
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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 Re;; over the nozzle surface with and without surface
heating. A reduction in Re; comes by increasing the kinematic Visco§ity v, which is
proportional to 7, w”l‘in the vicinity of the roughness. However, all Re;, 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 (1) roughness does not appear to
influence tﬁe 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

MALIK . . . '
the "4 code was executed at various streamwise locations along the nozzle

instability,
length to first identify approximate "1‘6cations of neutral stability. Then, beginning’
upstream of thé neutral poinf, the instability was followed downstream at increments of
Ax=0.3 cm, to provide stability charactéﬂstics 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 pfedictions 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 showgd a shear pattern induced by
Gortler vortices that began shortly downstream of the inflection point. The oil collected
at regions of low shear in befweeﬁ 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 G(‘)rtler instability. ~Transition over the concave portion of
supersonic nozzles has been observed with a Goértler number Gy ranging from 5 to 10
~(lf3eckwith and Holley 1981, Chen et al. 1985, Beckwith and Miller 1990). The
amplitude growth of the vortices has also been correlated to transition with N-factors
ranging from 5 to 12 in a variety of conditions and nozzles. |

As with most bound‘ary layer stability and transition parameters, the growth and
wavelength selection of Gortler vorticés are strongly affected by the disturbance
epvironment 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 Gy 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’s
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 suggest that vortex
development may be sufficient to influence or cause transition near the nozzle exit.

A stroﬁg effect of the surface heating is seen in both the low and high Reynolds
number cases. In the low Reynolds number case, Gy 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 Go. As mentioned in the description of the meém—ﬂow, the surface
‘heating causes a reduction in the momentum thickness, which is the sole contributor to
the reduction of Gy 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 9.8x10%/m<Re’.<59x10%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 N-factors were observed, but
were attributed to roughness effects (Rex>12), residual vorticity (due to the absence of
boundary layer removal slots in the subsonic approach), and a wavy wall. An N-factor at
transition onset (N7) 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 N7=7.5, as computed by LST for the Gortler
problem. As a conservative measure, the latest quiet nozzle design has used Ny=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,=26 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 N-factors were computed for each case of the test matrix (Table 2-1) by
choosing the most unstable wavelength, holding £ 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 A, to the boundary layer thickness Sy 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 4,/6y= 3 reported by Chen et al. (1985) for other supersenic
nozzles.

Predicted maximum N-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 Ny=7.5
criterion. Furthefr'nore, when heating is applied, there is lees than 5% difference in the

" maximum N-factor at the nozzle trailing edge. Spall and Malik (1989) also found a small
effect of heating/cooling on the Gortler instabili.ty at Mach 3.5. They computed a 15%
decrease in the N-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 Gortler 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 bouhdary layer with
heating. As reported b}} 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

_MALIK

e solution.

4.2.1.3 Unsteady Gortler Instability

MALIK . : L
code includes curvature terms with a general harmonic disturbance

Since the €
“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

Lt aimat It W
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location where the vortices are the least stable (x/L=0.5). The steady vortices are less
stable than thei\r‘ unsteady counterpart, in agreement \;vith (Garg and Diprima 1984, Hall
1982).

The inset of Figure 4-15 also shows how the wave-angle ¢ approaches 90° as the

frequency goes to zero. In the limit as />0, the wavenumber >0 also, such that the

phase speed of the wave in the streamwise direction (c,), =&/ o; remains less than unity.

The phase speed in the spanwise direction approaches zero since (¢;),=a/f;. The physical
picture that emergés 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 vorticgs, we may call these “traveling” Gortler modes.
Examination of the eigenfunctions with 7=>0 further shows that fhe unsteady
disturbance of equation 3-6 approaches the simplified form of the disturbance with a
single spanwise pertﬁrbafcion of equation 3’-9. Conversely, as F fncreasés from zero, both
symmetric and antisymmetric components of the harmonic function becomé similar in
magnitude. The result is that the clean céllular shape of the “vortices” (Figure 3-4) is no
longer present. In fact, for values of f~O(10™), the results of the eMA¥ code are difficult
to distinguish from oblique TS modes (¢~65°-75°, (c)x0.6-0.7).  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 Gortler problem.

T T

TT T
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Figufe 4-15 also shows that when heat is applied to the nozzle surface, the ﬁnsteady
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 characteristi.cs between the stéady and unsteady Gortler instability in Figure 4-15
are repfesentative of all choices of £ and x through the unstable range. While heat shows
é destabilizing effec’; as frequency increases, the principal feature of F‘igure 4-15
concerningntransition 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 Tollmien-Schlichting Instability

The strong pressure gradient in a superson»ic‘ nozzle usually suppresses. TS waves,
except in the case of longer, slow-expansion nozzles. Yet, there is no formal reason to
expeét 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 Gortler
modes indicate that the Gortler 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 gréwth may be significant. |

After identifying the neutral péints, the maximum instability growth can be
examined with streamwise dist.ance using an envelope method (equation 3-12).

Calculations showed that amplification does not occur until near the nézzle exit
where the favorable pfessur_e gradient decreases. The neutral stability point for the most

unstable frequency is at x/Z=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

Re'=5.2x10%m the peak occurs at Fx10*=0.1 at the nozzle exit, and decreases as the

boundary layer grows downstream. In a Mach 3 flat-plate stability experiment,

Defnetriades found 'the most amplified frequencies to be substantially higher between

Fx10*=0.5 and Fx10*=1.5 (Demetriades 1989). The principal difference in fhe nozzle

boundary. layer is that the strong pressure gfadient in the nozzle has allowed the boundary

layer to bécome thicker without amplifyiné the TS instabilities. The thicker boundary

layer leads to lowef frequencies. Wave;angleS' in the nozzle typically varied between 60° .
and 75°. _Thé disturbance wavelengths were on the order of 10-155.

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 ¢=68° at the nozzle exit. As with the
: Gértle;r 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, -respebtively. ,

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 downstrearﬁ, and reduce the
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rate of amplification. To further explére this heatiﬁg effect, the computational domain in
the ‘boundary layer solver was extended past 'the nozzie exit with a uniformly flat,
adiabatic surface, and zero pressuré gradient. The adiabatic condition was justified in all
cases in view of the heat-flux plots which asympto‘te to zero at the nozzle trailing edge
(Figure 4-5). |
Beyond the nozzle exit, amplification of the first-mode di;turbances increases for all
ﬂequencies.. Figure 4-18 shows the amplification rates at x/L of 1.0, 1:5, and 2.0 for the
heéted 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 (7%/T5)=0=1.22 produce a sdmewhat stronger damping effect
than that observed with (7, w/To)J;,-—-'0=1‘]-'3-‘ 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 ha; 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 @ n>n, 42
in the boundary layer where 7; is located at fhe point of inflection, 77, is the point at
which U/U=1-1/(M.cos@), and D( )=d( )/d7. Equatién 4-2 is also both a necessary and
sufficient condition for a ne‘aut.ral 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 layérs
és well; as 7, moves further out into the Iayer, a more unstable boundary layer is
observed. This behavior is illustrated on a neutral stability diagram by a lagger neutral
curve that opens up at high Reynolds numbers (typical of inviscid instabilities), and
‘moves forward to lower Reynolds numbers. The magnitude of D(oDU) 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 shov&s profiles of D(pDU) with heating applied in the nozzle, and an
adiabatic condition at x/L>1. In the nozzle, no general inflection point is observed owing
to the strong pressure grédient. Two points_of general inflection first appear near the
nozzle exit (élose to the 'neutral points of the first-mode TS instability). Beyond the
nozzle exit the adiabatic wall condition énd Zero pressure gradignt 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(poDU) at the wall
decreases by a factor of 2 in the nozzle. But, for x/L>1, the location of the‘inﬂection
point is unchanged, and the magnitude of D(pDU) for n<ns is actually less than the
adiabatic éase near the wall. |

Before the present work, fhe 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 (cc 07/0y}y) to the velocity second derivative at the
wall (described in Chapter 1). The latter controls the location of 7; in equation 4-2 to
provide a link to the qualitative description of stability in a boundary layer.

Since D(oDU) 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 (g, 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, relétivc to U,. As U; = U, the boundary layer becomes more stable. The location
of the inflection point does not cﬁange with heating, so U is the nearly the same with and
without surfauce heating. However, the surface heating reduces the Wave—angle of the
‘most amplified waves, which increases the Vélue of U, (equation 4-2), bringing it .closer
to Us. At Re'=6.2x10%m, x/L=1.5, the difference between Us and U, 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 sta‘bilization' at a given streamwise
position x comes bif 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 procéss, 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 Aof thé 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 tﬁe final solution. The inviscid core converges
‘rapidly, and in turn, drives the de\-/elopment 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 A-norm (=3 j,k(RHSj’k)z ). 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)=0). - Other residual
information such as the location and magnitude of the RHS I.-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 provid.es‘ a considerable reduction
in CPU time to eliminate the initiai 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 (10 than the case with scalar dissipation.

The relation between the L-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 O(10®), the displacement thickness of the
boundary layer 6%, and the shape factor H», are within 4 significant vdigi'.cs 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?). The

1 ha 4 M1 11
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solution presented by King and Demetﬁades (1993), found with a different Navier-Stokes
solver (ARC2D), at identical stagnation conditions is within 1% of the present solution.

- Inspection of the /.-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 (A4=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 iayer displacement thickness, 6* and shape factor H;, 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
medjum 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 Re'«=5.2x10%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

e
y-_y”V “ayw

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 a y* of ab;>ut 1 or less (Buning et al. 1997).
Consistent with Figure 4-23, the y" values at the first grid point indicate that boundary
layer is resolved well with the medium and fine grids. Ata highér unit Reynolds number
case, with P=600 mmHg where the boundary layer is thinner, y* increases by about
15%.

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's, produce less than 1% change
in the edge Mach number. Measurements by Brogan. (1995) at the boundary layer édge
- showed a difference of 4% with a similar range in Re',. The larger variations observed in
the experiment afe 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,
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and the solution was marched at streamwise increments of As=0.3 cm. The fine grid used
101-points in 7pr, and streamwise increments of As=0.15 cm. Both grids employed
geometric stretching (A=1.04) in 7jp, and an 7pr =10, which was near 28 for all
stations. Since the Navier-Stokes solution showed no grid dependence in H;, and &* with
more than 35 poinfs 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 U/U, and 7/T, (Figure
4-25) at x/L=1.0. Thus, both grids were adequate for both solving the boundary layer
equations, and computing the defivatives for stability comput:ations. 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 x/L=-0.3 (M.=0.137). Starting the calculations at x/L<-0.3 (>5000tnr0at) produced no
effect on the boundary layer development downstream of the nozzle throat. Presumably,
the high pressure gradient, and-flow stretching through the throa£ region dominated over
any upstream history in the mean—ﬂov;/ 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.
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Interpolation errors incurred by passing the solution from one stage to the next (e.g.
préssure 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.

T T ™T
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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
MStJ—SWT has shown that two fundamentally different states of the unheated nozzle
boundary layer naturally occur at P,=500 mmHg (Re’=5.2x10°/m) and P;=595 mmHg
(Re'.=6.2x10°/m). Recall the traﬁsition map illustrated in Figure 2-3. At P,~500 mmHg,
low frequency oscillations are present -over the majority of the nozzle that break down to
turbulence near the nozzle exit. At P,=595 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 Dy’ in the boundary layer at 25 uniformly spaced points

along the nozzle block centerline from x/L=0.54 (x=21 cm) to x/L=0.94 (=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 p,’ were measured using a dynamic pitot probe (DPP)
that consisted of a. micro—mir;iature 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 .DemetriadeAs 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
nV/mmHg/eqit Sensitivity and a 1.5 MHz resonant frequency repbrted by the
manufacturer. The Kulite used in the present experiments was chosen based on its size
and frequency response to afford the maximum resolutioﬁ 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 traﬁsducer 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.

T TT
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The DPP was operated to provid‘e~ an AC signal only, ~since the manufacturer reported
that DC measurements with the CQ-030-100D 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

€rror-prone.

5.1.2 [Flectronic Circuit

The amplified DPP signal was recorded to analog tape during the experiment using a
Honeywéll 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 bétteries 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/eexcir). T"he amplified DPP
output signal was then fed to a wide—Band rms meter, a spectrum aﬁalyzer to monitor the
signal spectrum (averaged) in real-time, and ‘?o a digital storage oscilloscope to monitor
discrete wave-forms as the amplified DPP signal was being recorded. The DC output
x}oltage of the y-position actuator was recorded to channel 5 and a 20 kHz tone was
reéorded 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 pla_ybaék speed of 3

3/4 1ps.
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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 1 MHz. While theﬂturbulent bouﬁdary layer contains frequencies exceeding 1 MHz
(Trifz' 1990), Mueller (1993) demonstrated that the unstable activity was concentrated in
frequencies less tfién ‘15 kHz. Since the i)resent study concéntr‘ated 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 qard instaued in a 386-20 corﬁputer. 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. To
save on storage lrequirements‘, information regarding the acquisition speed, playback to
feal-tir_ne speed ratio, digital-td-analog conversion (DAC) voltage range, etc. were stored
as a header in each file, then only a si‘nglre 1_2-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

T 1T T Ty
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routines written b3; this author, with frequent use of functions in the Signal Processing
Toolbox.

‘Pow.er 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 té 320 kHz, respectively. Below 500 Hz the low frequency spectrum was dominated
by electronic noise and revealed no useful information. At the Nyq,uist frequency of 320
kHz, the spectrum typically tapered down by at least an order of magnitude below the
peak rms value associated with the d;)minant boundary layer activity, preventing
appreciable aliasing in the signal. Figure 5-3 shows typical spectra for a strong and weak
signél 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 ‘instrumen’;s 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 1
kHz, and masks much of the measured activity for ‘weak sigpals. In order to isolate the
boundary layer activity for further data reduction, the averaged spectra of the électronic

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 vsubtracted i‘n the square.

A typicaﬂ free-st‘ream‘ spectrum from the present experimients is shown in Figure 5-3
for compari‘son. The free-stream rms voltage readings add almost no content to the total
spectrum, and below about 1 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 wipd-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 betwehen
the Wind-off and wind-on conditions. Other reSearcheré (Munro 1996) have also noted
this Kulite behavior. Higher frequenc'ies of the FS measurements do show an increased
rms amplitude over that of the win&-off _conditions. Nevertheless, differences between
the FS and Wind;off values are very small, making the present free-stream noise
measurements un-useable. Addi’gi()nally, the results with weak boundary layer activity

below 1.5kHz must be viewed with reservation.

5.2 . Interpretation of the DPP Signa.‘l

5.2.1 Thermodynamic Relations

In a supersonic flow, small fluctuations in pitot pressure (p,’) 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)

S T TT
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provides a linearized equation that depends only upon the local Mach number M and ratio

of specific heats y (Tritz 1990, Demetriades 1991):

4 [ > 2 ‘ 14 I
Py p|2M7 -1 ‘”__lﬂJ 5.1
P, P M-\ \U 2T)
If total 'temperature fluctuations (7,'/T,) can be neglected in the analysis, the one-

dimensional adiabatic energy equation gives a form of the so-called Strong Reynolds

Analog‘y
_/:_ 12 u_' ) - 5-2
T b -1m U '

Substituting equation (5-2) into (5-1) and neglecting the acoustic modes (p'/P << u'/U)

leads to
Po_g 1 ‘ 53
P, U .
with
' M2‘ _1 2 .
8, M= M5 5-4
‘ Fa

for M>1. When the transducer sensitivity (Syansducer) is included in the formula, then the
fluctuating output voltage from the probe (e’ou;) can be related directly to normalized
velocity fluctuations (u'/U,) by

i,_‘(U/Ue) ‘e:Jut | 5 5
u, S.P, S ’ )

e transducer
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Where S, and P, 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 aésumptions that total temperature and
pressure fluctuations can be neglected, as is commonly done in ho;t-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).* Though the present experiments do not have an
adiabatic condition, wall to total temperat_ure'ratic;s are still small enough that equation 5-
2 is a good approximation at the probe tip.

Since §,>1 at supersonic speeds, it is reasonable to neglect the pressure fluctuations
with p'/P << §,u'/ U in the turbulent boundary layer where p’/P~(u'/U)*. In the unstable
boundary layer, the eigenfunctions for TS or Gértler 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'/U. Figure 5-4 shows the amplitude envelope for pitot
‘pressure fluctuations induced by a TS wave cbmputed_with the complex eigenfunctions

of Figure 4-17. The agreement betwe'eﬁ curves from equation 5-1 and 5-3 is good (3%

* This agreement does not necessarily come by “small” values of 7,'/T,. For example,
Debieve et. al. (1996) show T,'/T,~4% in an adiabatic flat-plate boundary layer at M=2.3.
With a wall temperature ratio near 1.5, 7,//T, 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.

- W T T
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difference) at fhe peak fluctuation amplitude in the layer. This peak is the so-called
‘maximum energy poin’g (MEP) in the boundary layer and ranges from y/6=0.5 to y/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 p,,’ or #'.

5.2.2 Treatment of Boundary Layer Mean-Flow

Brogan (1995) measured profiles of the boundary layer mean-flow from
0.264<x/L<0.594 at conditions of the low-Re',, 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 abéut 15%. But, when vertically scaled with the boundary la§er thickness,
profiles compared well. Shapé 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 Re'., 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

Y 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 (p,'/P,) and then make
inferences, where appropriate, to the corresponding magnitude in velocity fluctuations

(#'/U,) 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 p,’,ms 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—ban& rms and visually
- chooé‘ing the probe position at ’Ehe 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 1-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 énalog 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 hori—zontal 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 ﬁl’;ered 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 déwnstream location first
(x/L=0.942, x=36.3 cm), then marched férward at increments of apprc;ximately 0.6 .cm
(Ax/L=0.0156) to x=21 cm (x/L=0.545). By marching upstréam, the shock wave from the
prob.’e 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.wa_ll‘ to within £0.1 mm.

]_E{elative 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 p,’ms s'ignal-withiﬁ
the boundary layer for Re’oo=5.2X106/m with and without surface heating. The computed‘
laminar boundary layer thickness from the Harris and Blanchard code (Figure 4-8) is
included for comparison.” However, mean—ﬂow profile measuremenfs by Brogan (1995) .
at these same conditions indicate that the measured boundary layer thickness 18 slightly
larger than the calculated value. . Since thg mean-flow measurements were only available
for x/L<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 x/L>0.6 (Brogan 1995).
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In the unheated casé, the MEP based on p,’,ms remains near y/&=0.7 with reference
to the measured thickness until about x/L=0.7 Wherethe peak fluctuations slowly begin
moving deeper into the boundary layer. Near the nozzie exit, the MEP is located at about
y/6=0.6. With surface heating, the MEP starts slightly higher at y/6=0.8 then quickly
tracks the same p‘attern as the unheated case. The flagged symbol at x/L=0.64 is a data
point from Demetriades (1996) at the same stagnation conditions with an unheated
nozzle. The repeatability of the two data sets (Deémetriades 1996 and the present) is
remarkable, consi_dering that the two experiments were conducted by two different
experimenters some two years apaﬁ 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 errqr‘ of determining the location of the MEP.
| The MEP location at Re'.=6.2x10%m is shown in Figurg 5-7 with the computed
(Chapter 4) laminar boundary layer thickness for the unheated condition included for
comparison. Without surfacé heating, the boundary layer is densely intermittent, and &
from a laminar boundary layer fheory has little re}evance. But, when surface heating is
appiied, 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

Dp'rms moves away from the wall at x/L<0.7 with surface heating. The signal for these

> In view of the minute changes in & with surface heating found by experiment (Brogan

1995) and theory (Chapter 4), no distinction is made between & from the heated or
unheated conditions.
































































































































































































































































































































































