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Summary

Spatial direct numerical simulations (DNS) are carried out to investigate laminar-turbulent
transition scenarios under varying temperature conditions of the oncoming flow, distin-
guishing wind-tunnel and flight conditions. First, Linear Stability Theory is used for
both cases to get an overview of the primary stability behaviour of the flat-plate bound-
ary layer where different disturbance modes have to be regarded. Simulations have been
performed for fundamental and oblique breakdown in both cases. The investigation of
the streamwise amplitude development in connection with the corresponding wall-normal
disturbance profiles gives information about which types of modes interact to eventually
trigger laminar-turbulent breakdown. The results allow estimations of the probability of
the different transition scenarios in practice.

Introduction

Laminar-turbulent transition is of great importance for high-speed aerospace vehicles,
because heat flux and shear stresses change significantly during the transition process,
leading to strong thermal stresses at turbulence. The knowledge of transition in com-
pressible boundary layers is, compared to the incompressible case, rather incomplete due
to the great difficulties in achieving valuable experimental results. Except for some in-
vestigations using Linear Stability Theory (LST), almost all results were achieved for
“cold” flow, i.e. at flow conditions of wind-tunnel experiments. As Stetson (7] stated
after a 10-year experimental research program to investigate the stability of a Mach 6.8
cone boundary layer, results obtained in these experiments are not directly relatable to
flight conditions because of the different stability properties of the flows. Therefore di-
rect numerical simulations are a valuable tool to explore transition processes at flight
conditions. As a first, important work in this direction, EiBler [3] and Bestek & Eifler
(2] investigated at IAG the temperature effects in Mach 4.8 boundary layers. One main
conclusion was that the “hot” flow is not necessarily more stable (as widely assumed for
simplification) if a realistic wall-cooling by radiation is taken into account. Moreover, the
(weakly) nonlinear mechanisms setting the stage for the transition downstream can be
different.

The simulations presented here aim at investigating the spatial instability and the laminar-
turbulent transition of Mach 6.8 boundary-layer flows along a flat plate. They can be
understood as numerical simulations of “controlled” transition experiments. Temporally
periodic 2-d and 3-d disturbances with fixed frequency and amplitude are induced, and
the reaction of the boundary layer, i.e. the spatial development of the disturbance waves,
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is simulated by numerical solution of the complete, three-dimensional, unsteady, com-
pressible Navier-Stokes equations.

Numerical method

The flow is considered in a rectangular integration domain (Fig. 1) on the flat plate, not
containing any shock wave induced by the leading edge. In a disturbance strip at the wall
artificial 2-d and 3-d disturbances are excited by blowing and suction. At the end of the
integration domain a buffer domain is appended (z3 < = < zy), in which all disturbances
of the flow are smoothly damped to zero in order to avoid spurious reflections from the
outflow boundary.

The equation of continuity, the Navier-Stokes equations and the energy equation are
used in conservative form for the variables p, pu, pv, pw and pe, solved in a disturbance
formulation [3]. Lengths are non-dimensionalized with respect to a reference length L.
Reference values for velocities, temperature, viscosity, conductivity and density are their
freestream values (indicated by subscript co). The pressure is normalized with p% u*2 and
the internal energy with u2, where the superscript * denotes the dimensional quantities.
With these definitions, the global and local Reynolds numbers are
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The fluid is considered as nonreacting, perfect gas, for which the thermodynamic equation
of state is valid. The modelling of the thermodynamic properties of air is implemented
for calorically perfect gas as well as for thermally perfect gas [1, 2, 3].

In streamwise direction the spatial discretization is performed by 4t*-order accurate com-
pact finite differences with high modal resolution, which are used in a splitted form. The
advantages of split-type compact schemes are discussed in detail by Kloker [5]. Central
(viscous terms) and alternating upwind /downwind (convective terms) standard differences
[3, 4, 8] are used in normal direction. In spanwise direction the flow is assumed to be
periodic, so it is suitable to use a Fourier spectral approach
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with the basic spanwise wavenumber 3. The time integration is performed by a 4-step
Runge-Kutta scheme of 4*-order accuracy. A description of the numerical method in
more detail is given in (3, 2].

Linear stability analysis of the Ma=6.8 flat-plate boundary layer

First, an overview over the stability behaviour of the Ma = 6.8 flat-plate boundary layer
shall be worked out with the aid of LST. With this method amplification rates for small
disturbances within the relevant frequency parameter range are determined, distinguishing
between cold and hot conditions. Following Mack [6] we define wind-tunnel conditions
by the following: The stagnation temperature is held constant at T, =311 K until, with
increasing Mach number, the freestream temperature T, drops below 50 K. For higher
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mach numbers, including 6.8, T, is held constant at 50 K and T increases. For flight
conditions we choose T, =220 K, which corresponds to the atmosphere temperature
at an altitude of about 25 km. At cold conditions we assume an adiabatic wall (thus
Tw = 480 K), and at hot conditions a realistic, cooled wall with Ty = 975 K due to the
high adiabatic wall temperatures (> 1900 K).

Figs. 2 and 3 show curves of neutral stability as a function of the local Reynolds number
R, and the frequency parameter F' = w/Re = 27 \*h\@mom& .Within the area enclosed
by the curves small perburtations are amplified, outside they are damped. In the wind-
tunnel case (Fig. 2) 2-d waves are amplified as 1 and 2" mode (Tollmien-Schlichting and
acoustic mode respectively), but the instability regions of the modes are melted to one
coherent region. 3-d waves are amplified as 1°* mode only, analogous to hot conditions.
In the latter case 2-d waves are not amplified as 1°* mode anymore and the instability
region extends to higher dimensionless frequencies. The amplification region of 3-d modes
is shifted to higher Reynolds numbers, but the critical Reynolds number (the location
where amplification occurs first) nearly keeps constant.

The shown stability diagrams do not contain information about the magnitude of the
amplification. Therefore the amplification rates for 6 selected disturbance waves are shown
in Fig. 4. For 2-d waves it is obvious that the maximum amplification is relatively large
and occurs at relatively high frequency parameters. In these cases, however, growth holds
only in small downstream intervals, so the integral amplification is low. Since compressible
flat-plate boundary layers are inviscidly unstable, i.e. unstable for R, — oo, waves at
special (low) frequencies can theoretically have infinite integral amplification rates, in
spite of small local rates. For direct numerical simulations a compromise between these
two extremes seems to be appropriate. So the dimensionless disturbance frequency for
2-d waves was set to F' = 10-107°. As can be suspected by comparison of corresponding
cases at cold and hot flow (Fig. 4), atmosphere conditions in connection with wall cooling
lead to a destabilization of the 2-d 2*¢ mode (maximum as well as integral), whereas 3-d
modes may be stabilized. So it can be expected that 2-d modes will be involved in the
transition process at flight conditions.

Results of direct numerical simulations

Exploiting the results of the previous section, parameters have been chosen to simulate
fundamental and oblique breakdown at wind-tunnel and atmosphere conditions. These
are given in Tab. 1. As for the wall boundary conditions, a radiation-adiabatic wall-
temperature boundary condition for the total flow has also been implemented (see [2, 3]),
that, however, is not used here to keep correspondence to the LST calculations.

The disturbance strip is in all cases situated roughly at the begin of the linearly unstable
region. The following discussion is based on a temporal Fourier decomposition of the
unsteady simulation results over the last calculated time period. We use the notation (A, k)
for the resulting Fourier modes, describing a wave with frequency h - F, and wavenumber
k- B. In the fundamental cases the modes (1,0) (2-d, primary wave) and (1,£1) (3-d
symmetric part wave, in the following referred to as (1,1)) are disturbed with the same
frequency. In the simulations of oblique breakdown only (1,1) is excited.

Fig. 6 shows the downstream development of the maximum amplitudes (over y) of (pu)’,
considering the most relevant modes for the simulation of fundamental resonance at wind
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Tab. 1: Simulation parameters

MWBSHNSOD MHSS, .Nn\:‘ GS\H Gbﬂ
T [K] 50 220 50 220
Tw [K] ,»m» . 975 484 975
adiabatic cooled adiabatic cooled

Fuao) - 10° 10.0 7 s —

Fay - 10° 10.0 5.0 2.0
0 11.0 9.75 4.33
E) ~ 45° ~ 60°

L [mm] 51.5. | 175 51,5, [ 175

tunnel conditions (case Fwr). Only a very weak resonant (1,1)-growth, relevant at a 2-d
threshold amplitude of almost 30% at z = 15.6, can be observed, and no initiation of
transition is expected. In the corresponding simulation at atmosphere conditions (case
Far) comparable maximum 2-d amplitudes occur; the induced resonant growth (starting
at o=~ 23.8) however is significantly stronger, so that the fundamental 3-d wave amplitude
reaches about 18%. Simultaneously, a considerable damping of the 2-d mode (1,0) takes
place, probably caused by a stabilization effect of the strong mean flow distortion (0,0) up
to 17%. This seems to be a self-induced suppression or delay of the transition process, in
accordance with the general observation in experiments and simulations that the way to
full breakdown in hypersonic boundary layers appears to be the longer the higher the Mach
number is. Although the disturbance modes keep a high amplitude level (over 10%), the
final breakdown stage is slow. This is verified by looking at characteristic flow structures.
A suitable quantity for visualization is the vorticity w. Fig. 12 shows contour lines of the
instantaneous z-component of the vorticity w, = Wlu — 2 in the plane z = \/2 in case Far.
This representation makes it possible to locate high-shear layers which play a dominant
role in the transition process. The region shown extends to approximately four wave
lengths. Developed high-shear layers are visible which periodically travel downstream.
They remind of the structures connected with the forming of A-vortices in incompressible
flow just prior to full breakdown. However, the present structures “ride” downstream,
but there is no rapid decay that typically exists in incompressible transitional boundary
layers starting from the tip of a A-vortex.

Nevertheless, it is rather unexpected that, in spite of such high amplitudes of the 2-d
disturbance, virtually no resonance appears in the wind-tunnel case. A check of the phase
speeds of the disturbance waves (not shown here) reveals no synchronisation which is nec-
essary for the resonance mechanism. To further examine this phenomena we look at the
amplitude distributions in wall-normal direction at approximately the z-position where
the (1,0)-threshold amplitude is reached (R, = 1250 for wind-tunnel and R, = 1450 for
atmosphere conditions). The results from LST (in this terminology called eigenfunctions)
are shown in Fig. 5. Although the theory is not valid in the nonlinear regime, it is instruc-
tive to recall the different kind the modes look like. As mentioned before, the instability
regions of 2-d 1°* and 2"¢ mode merge in the wind-tunnel case, so the eigenfunction con-
stitutes a synthesis of both modes (WT, © = 0°). However, the dominating part is of
2"? mode, visible from the strong near-wall maximum, which is intensified in streamwise
direction. The 3-d wave, on the other hand, is a pure 1°* mode (WT, © = 45°). At hot
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conditions we have a pure 274 mode 2-d wave (AT, © = 0°) and a mixed-mode 3-d wave
(AT, © = 45°).

We now examine the amplitude distributions of mode (1,1) from the numerical simulations
(Fig. 8 and 9). In both cases the amplitude distribution at the first plotted z-position
looks much like the one from LST. In the wind-tunnel case there is a second maximum
far from the wall which does not fit to the LST profile. This is due to a further mode
(to make things worse) stimulated by the disturbance strip, a so-called multiple viscous
mode, which is strongly damped and disappears soon. Further downstream the shape
of the distribution stays the same; the wave remains 1%t mode. At hot conditions we
find a different behaviour. When the 2-d wave reaches its amplitude maximum, the 15t
mode part of the profile disappears and the mode (1,1) looks much like a pure 2" mode,
caused by the resonant interaction with the (1,0) acoustic mode. Hence it is clear that
both primary and secondary wave have to be of nearly the same mode type to yield
resonance. The question remains whether both modes must have (at least partly) the
same identity before the position where the threshold amplitude is reached, or under
which circumstances the secondary wave can mutate to the other mode identity.

While in the fundamental case transition is initiated by resonant interaction of a pri-
mary 2-d 2" mode disturbance with a secondary 3-d disturbance, it is caused in the
oblique breakdown by nonlinear processes of 3-d 1%t mode disturbances alone. This kind
of transition was first discovered and investigated by Thumm [8] at IAG. In the simula-
tions presented here the (1,1)-mode has been disturbed at frequencies and spanwise wave
lengths for which LST-predicted amplification is strongest (see Tab. 1). In the cold case
this disturbance is amplified only in a finite area at comparatively high rates according
to LST, whereas in the hot case we have a wide range of instability with nearly constant,
but low amplification rates (see Figs 2-4); the Re,-regions of the simulations have been
chosen correspondingly. The maximum amplitudes resulting from the simulations are
plotted in Fig. 10 (wind-tunnel cond., case Owr) and Fig. 11 (atmosphere cond., case
Or). During oblique breakdown only modes (h, k) with even sum h + k are nonlinearly
generated as well as (0,0). In both cases the directly nonlinearly generated mode (0,2)
increases strongly and generates, together with the initial disturbance (1,1), the modes
(1,3) and (1,5). The plots show that the oblique-type breakdown is a robust mechanism
at wind-tunnel as well as at flight conditions. This is due to the fact that neither a phase
speed synchronisation process nor a threshold amplitude are required. The (1,1)-growth
is, according to the LST results, stronger in the wind-tunnel case, and amplitude satu-
ration starts early. In the hot case, the growth is slower as expected. As can be seen
from the w, vorticity iso-contours of case Our (Fig 13), the structure deformation in
the oblique-type breakdown is much faster (relative to the primary wavelength) and of
another type than in the fundamental mechanism.

Conclusions

Linear-Stability-Theory results show a destabilization of the high-frequency acoustic 2-d
274 mode disturbances at flight conditions if realistic wall cooling is considered. In the
simulations of fundamental breakdown for wind-tunnel and atmosphere conditions, com-
parable disturbances lead to significant fundamental resonance only at atmosphere condi-
tions. As the reason for the resonance deficiency at wind-tunnel conditions the different
mode identity of the primary (2"¢ mode) and secondary (1°* mode) disturbance wave has
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been found. At hot conditions a self-induced stabilization occured at a certain distur-
bance level, caused by a strong mean-flow distortion, which may delay or even suppress
the transition process. Oblique-type transition proves to be a robust mechanism, even at
high temperatures, where 3-d modes are, according to linear theory, less amplified.
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