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4.4 DNS of Laminar-Turbulent Transition
in the Low Hypersonic Regime

Axel Fezer, Markus Kloker*, Alessandro Pagella, Ulrich Rist*,
and Siegfried Wagner

4.4.1 Introduction

Laminar-turbulent transition in super- and hypersonic boundary layers does not
only have strong influence on wall-shear stresses and heat flux, but also on
other flow phenomena like shock-wave/boundary-layer interaction and flow
separation, and can therefore influence the global flow field and the aerody-
namic drag substantially. For airbreathing propulsion systems of the lower
stage of space vehicles a thin laminar boundary layer on the forebody, de-
signed to compress the air before the flow enters the engine intake, is clearly
favourable.

* Universitat Stuttgart, Institut fiir Aerodynamik und Gasdynamik, Pfaffenwaldring 21,
70550 Stuttgart; kloker@iag.uni-stuttgart.de, rist@iag.uni-stuttgart.de
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Shock-wave/boundary-layer interaction itself is one major area of concern
in technical applications at hypersonic speeds. It can rtesult in high aerody-
namic loads, engine inlet performance loss and increase of drag, to name only
a few examples.

Direct Numerical Simulations (DNS) of high-order accuracy and resolution
performed on super computers can enable undreamed-of insight in fundamen-
tal microscale or high-frequency flow phenomena like the transition process. A
paradigm is the simulation of the physically unstable, dynamical processes dur-
ing laminar-turbulent transition in boundary-layer flows forming along aerody-
namical bodies in flight. For fundamental studies generic laminar base flows on
simple bodies like the flat plate, wedges or cones are used, and transition is
triggered by a well-defined disturbance input. This mimics so-called controlled
experiments where the background disturbance level of the experimental facil-
ity is extremely low and special disturbance devices are used. Only results of
such kind of experimental or numerical simulations enable lasting scientific
progress.

Here, two kinds of investigations are presented. The first part is concerned
with the simulation of transition in boundary layers over flat plates and sharp
cones up to M=6.8, whereas the second part deals with transitional shock-
wave/boundary-layer interaction at M=4.8.

4.4.2 Numerical Approach

The simulations presented here allow the investigation of the spatial instability
and the laminar-turbulent transition of hypersonic boundary-layer flows along a
flat plate or a sharp cone. Timewise periodic two- and three-dimensional distur-
bance waves with defined frequency and amplitude are triggered in a two-di-
mensional, laminar and steady-state base flow. The reactions of the base flow
to these disturbances, i.e. the downstream evolution of the excited disturbance
waves, is simulated within the integration domain by numerical solution of the
complete, three-dimensional, unsteady, compressible Navier-Stokes equations.

The simulations are performed on the supercomputers NEC SX-4 and SX-
S of the High Performance Computing Centre Stuttgart, HLRS, which are per-
fectly capable of dealing with the complex and challenging computations.

In this chapter the common numerical aspects of the numerical methods
are described; special features for the treatment of the different applications
are specified in the respective subchapters. For a more thorough description of
the numerical scheme refer to [1].
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4.4.3 Transition on Flat Plate and Sharp Cone

In the rare wind-tunnel experiments transition is usually caused by uncon-
trolled background disturbances in the oncoming flow. From a historical point
of view, transition has been observed at first to take place earlier on the flat
plate than on the cone in ‘cold’ experiments — with a stagnation temperature
equal to about the ambient temperature and under uncontrolled conditions —,
contrary to predictions obtained by Linear Stability Theory (LST). Nowadays,
investigations in ‘quiet’ tunnels and in-flight experiments indicate that this was
caused by the wind-tunnel noise in connection with strong disturbance recep-
tivity on the flat plate’s leading edge, representing a line compared to the apex
of the cone.

4.4.3.1 Application-Specific Details of the Numerical Method
Integration Domain and Coordinate System

The flow is considered in an integration domain on the flat plate and the sharp
cone (7° semivertex angle), respectively, not containing any shock wave in-
duced by the leading edge. Figure 4.4.1 shows a sketch of the integration do-
main as used on the cone.

The equations are solved in body-fitted coordinate systems, i.e. a rectan-
gular domain (x,y,z) on the flat plate and a conical system (x,v, ¢) on the cone,
where x is the axis in streamwise direction, y is normal to the wall and z/¢p is
the spanwise/azimuthal coordinate.

disturbance strip buffer zone

\

Figure 4.4.1: Integration domain and coordinate system on the sharp cone, angle of attack
equal to zero.
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Boundary Conditions

In contrast to the flat plate there is no self-similar boundary-layer solution for
the cone which could be used as an inflow condition for the calculation of the
base flow. However, neglecting body curvature the compressible boundary
layer on the sharp cone at zero angle of attack can be put down to the self-sim-
ilar boundary layer on the flat plate using the Mangler-Levy-Lees transforma-
tion [6] (with Xcone = 3 - Xpiate). Therefore, we use transformed flat-plate bound-
ary-layer profiles as inflow boundary conditions. Additionally, these profiles are
modified by multiplication with the inviscid solution resulting from the Taylor-
Maccoll equation [7] to account for the non-constant values in wall-normal di-
rection outside of the boundary layer.

For the base flow, a free-stream boundary condition is used which is based
on the spatial, two-dimensional theory of characteristics. Along the characteris-
tic directions the (planar or conical, respectively) compatibility equations are
used to calculate the values at the boundary. For the disturbance calculations, a
non-reflecting boundary condition according to [8] is used.

Wall-Temperature

A major goal of our simulations is to predict the wall temperature in the transi-
tional regime in a realistic manner. Often the condition T'=0 is used, leading to
no temperature alteration even in the near-turbulent regime compared to the
laminar case. The other limit is the adiabatic condition where the wall tempera-
ture immediately follows the unsteady values near the wall. In reality we ex-
pect a behaviour between these two extremes. To this end we use a radiation-
adiabatic wall-temperature boundary condition, where the heat flux into the
wall by thermal conduction is in balance with the heat flux emitted by radia-
tion:

321

B = goT*

(7)

y=0 y=0

with the Stefan-Boltzmann constant ¢ and the emissivity ¢ of the wall surface.

Computing Details

The typical grid sizes are 2500x169x32(64) points in x-, y- and z-(¢-) direction,
respectively. In the y-direction zones with successively halved 4y can be used;
typically two zones near the wall are applied. A simulation on the NEC SX-5
takes about 3.8 pus per grid point and full time step on a single processor. The
memory requirement is about 300 bytes per point.
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4.4.3.2 Results: Simulation of a Controlled Experiment

The first controlled experiment on a cone in hypersonic flow has been per-
formed by Maslov et al. 2000 [9] at ITAM, Novosibirsk. The measurements
were done on a 7° half-angle sharp cone model of 500 mm length in the T-326
hypersonic blow-down wind tunnel at M.=5.3 (Mach number at boundary-
layer edge, after shock). The disturbances were triggered by a high-frequency
glow discharge system, containing frequencies of first (= 80 kHz) or second
mode disturbances (& 280 kHz). The temperatures are Ty~ 395K, T, =~ 320K,
and Rej. ~ 15.5:10° '/,

The glow discharge actuator has been modelled by a harmonic point
source exciting the whole spectrum of spanwise wavenumbers. Additionally,
various frequencies can be disturbed simultaneously.

An extensive presentation of the method and the results is available in [10].
Here we give a short description of the result for the first mode case at =78 kHz.

Figure 4.4.2 shows the azimuthal wavenumber spectrum at two positions
far downstream of the disturbance source, which were measured by rotating
the cone in the experiment. For the DNS two lines are shown: The first repre-
sents the results obtained when one frequency (=78 kHz) is disturbed. The
main peak and the overall distribution as well as the amplitude growth from
the first to the second station are in very good agreement; note that the slight
anti-symmetry in the experiment is not present in the DNS because of the rigid
compliance with the symmetric conditions. However, the experimental data
show additional, smaller side peaks at f ~ +0.7 that do not occur in the DNS.

R —mecuc DNS R =1663
5 — DNSR=1906
§0 8 F o DNS bifreq.

et o Exp. R,=1663
< o Exp. R =1906

02f

e -l T | % ; a J
1.5 -1 -0.5 0 0.5 1 15
g

Figure 4.4.2: Azimuthal wavenumber spectrum at two positions downstream of the point-
like disturbance source; symbols — experiment, lines - DNS.
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Inspired by former investigations [11] the idea arose that these peaks could be
the effect of some nonlinear subharmonic interactions. Keeping in mind that
the glow discharge consists of periodically recurring short pulses containing
higher-harmonics we disturbed one additional frequency, namely the double
frequency 2f (in this context f is the subharmonic to 2f). Now, even the side
peaks can be reproduced perfectly as can be seen from the second line (with
small symbols) in Fig. 4.4.2, and an excellent overall agreement between ex-
periment and DNS is achieved. The reason for this phenomenon are nonlinear
interactions between fundamental (2f) and subharmonic (f) disturbances which
create subharmonic disturbances with higher amplitudes at wave numbers
where the additional peaks appear.

4.4.3.3 Results: Flat Plate and Cone at M=6.8

The investigations presented in this chapter have several aims. First, different
generic bodies are regarded that are in practice employed as basic forebody
geometries of space vehicles. Second, we will distinguish flow parameters
which typically are present in wind-tunnel experiments (WT) and in flight con-
ditions (FC). Finally, we are interested in the identification of basic transition
mechanisms and the underlying transitional structures.

The Mach number at the boundary-layer edge is M.=6.8 in all cases. We
define wind-tunnel conditions as ‘cold’ flow with T,,=50K and an adiabatic
wall temperature T, =T~ 437 K. For flight conditions we choose T,=220K
and a radiation-adiabatic cooled wall with T,, 0.5 T;ec &~ 950 K.

Investigations using Linear Stability Theory (LST) deliver an overview of
the amplification of small-amplitude disturbance waves. It reveals for Mach
numbers higher than 2.2 an amplified, so-called acoustic disturbance mode (or
274 mode) in addition to the vorticity mode (15" mode) known from incompressi-
ble flow. This acoustic mode is most amplified if it is 2-d, grows stronger than
the vorticity mode for a Mach number higher than 4, and is destabilized by
wall cooling. Different from the incompressible case, 1°' mode disturbances are
most amplified as 3-d waves, and are stabilized by wall cooling.

Figure 4.4.3 shows integral amplification rates of discrete frequencies
(dashed lines) according to LST which can be understood as the exponential
growth a disturbance wave of a specific frequency experiences up to a certain
x-position, and their envelope (N-factors, solid line). Chart (a) shows the situa-
tion for 3-d disturbances at wind-tunnel conditions. They are similarly ampli-
fied for flat plate and sharp cone, and the relevant frequencies are about the
same. A specialty on the cone is that the (basic) azimuthal wavenumber is de-
fined by f=n/r with n constant and fo=n/Ry; n represents the spanwise (inte-
gration-domain) wavelength as an integer fraction of the circumference: n=2
means that the wavelength covers half the circumference. r denotes the radial
distance of a point from the cone axis, thus f=pfoRo/r. Going downstream, all
considered azimuthal wave numbers and the respective wave propagation an-
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parts, independent of the cause of separation (impinging shock, ramp or step).
This led to the derivation of some correlation laws, which are known as the free
interaction concept.

The pressure gradient of an impinging shock wave thickens the boundary
layer. Due to the displacement of the flow, compression waves are formed up-
and downstream shock-impingement. Provided the shock is strong enough, the
boundary layer separates. Farther away from the boundary layer, the compres-
sion waves near separation and reattachment merge into the separation- and
reattachment-shock, respectively. On its way into the boundary layer, the im-
pinging shock gets steeper until it ends as an almost vertical shock at the sonic
line. There it is reflected as a system of expansion waves. For a compression
ramp the following physical phenomena occur: The change in direction of the
wall due to the ramp forces the boundary layer to follow the contour, which
causes a pressure gradient yielding the boundary layer thickness to increase.
Depending on such parameters like the ramp angle, the Reynolds number, the
wall temperature conditions and the boundary layer thickness, a complicated
system of compression waves occurs. Provided the ramp angle is large enough,
the boundary layer separates. Compression waves form upstream the corner,
which is caused by an initial turn of the flow at separation. Well outside the
boundary layer, those coalesce to the separation shock. At reattachment, addi-
tional compression waves are present, which merge with the separation shock.
Another possible scenario is the formation of a reattachment shock before the
compression waves reach the separation shock. The two shocks will then meet
at the so-called triple or bifurcation point. Although the base flow properties
have been intensively studied, much less is known about the transitional be-
haviour of such flows with shock-wave/boundary-layer interaction. Transition
to turbulence is of high significance in practical hypersonic flows. Depending
on the flight state the transition zone can have a comparable length like the
fully turbulent flow on the body of a vessel [3]. Also, temperature disturbance
peaks can reach even higher values than in turbulent flow, which has to be
considered in structural design. In the present paper, we will compare the re-
sults obtained for a flat plate with impinging shock with a compression ramp
flow. The flow parameters of both configurations correspond to each other. The
ramp angle was chosen to induce a separation bubble which has the same
length at the wall compared to the separation bubble in the case with imping-
ing shock.
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4.4.4.1 Application-Specific Details of the Numerical Method
Grid Mapping

In the case of an orthogonal integration domain the three-dimensional, unstea-
dy, compressible Navier-Stokes equations in conservative formulation can be
written as

90 OF 9G 0H
0Q OF 0G OH _ 8
o Ty e ®)

with the conservative variable vector Q and the fluxes F, G, H in streamwise,
normal and spanwise direction, respectively.

An appropriate transformation is necessary for simulating more compli-
cated bodies, such as the compression ramp, of which results will be presented
in a later section of this paper. The idea is to map a contour-fitted numerical
grid in physical space onto an equally spaced in numerical space. For more de-
tails refer to [16]. Here, only transformations in streamwise and wall-normal di-
rection are considered. According to [16], streamwise derivatives are replaced

by
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while wall-normal derivatives become
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with the determinant of the Jacobian
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The transformed flux-vectors then become
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The transformed Navier-Stokes equations are
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8Q  OFr  8Gr OH _
T+ % +I5=0 (14)

Free-Stream Boundary Conditions

At the free-stream boundary, a characteristic boundary condition [1] is applied
for the base flow calculation. For the disturbance calculations, a non-reflecting
boundary condition according to [8] is used. In the case of the compression
ramp, the boundary condition is transformed appropriately as described before.
The shock is prescribed at the free-stream boundary using Rankine-Hugoniot
relations to calculate the flow variables behind the shock with the chosen shock
angle. For several grid-points up- and downstream of the shock at the upper
boundary, flow variables are held constant. A steady shock then establishes it-
self within the flow field during calculation.

Filtering

As long as step-sizes are fine enough, the above discretization reliably works
for oblique shocks in the computation of the base flow. However, as the shock
approaches the sonic line in the boundary layer it turns towards a vertical
shock and sawtooth oscillations in streamwise direction (similar to the Gibbs
phenomenon) occur around the shock wave because of insufficient resolution
in x-direction. To stabilize the computation, a fourth-order accurate implicit,
spatial filter [17] is used (in the base flow calculations only!). Step size and inte-
gration domain variations proved grid-independency.

Grid Generation

For the case with impinging shock on a laminar boundary layer a transforma-
tion of the governing equations is not necessary. Therefore, the physical and
the computational grids are identical.

Figure 4.4.7 gives the body-fitted grid used in simulations of the compres-
sion ramp. The grid is based on the analytical formulation by Adams [18]. A
more thorough description of the grid-generation can be found in [19]. X, refers
to the location of the beginning of the integration domain; the corner is located
at Xc. @, is the physical ramp angle, y; the height of the integration domain
and L4, the length. The indices “w” and “co"” refer to the wall and the free-
stream boundary, respectively. The lower picture shows the computational
space, where the equations presented in the previous section are solved.

138

4.4 DNS of Laminar-Turbulent Transition in the Low Hypersonic Regime
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Figure 4.4.7: Physical (upper part) and numerical grid (lower part) used in simulations.

Figures are stretched in wall-normal direction.

4.4.4.2 Results: Impinging Shock on a Flat Plate vs. Compression Ramp at
Ma=4.8

Base Flow Properties

In the following, results for the compression ramp will be shown and compared
to the flat-plate boundary layer with impinging shock. In both cases, the free
stream Mach number is Ma=4.8, free stream temperature T,,=55.4 K and the
wall temperature is held constant at T,,=270 K. For the case with impinging
shock on the flat plate the shock angle with respect to the wall is 6=14°. For
this case results were published in [5]. The ramp angle with respect to the hori-
zontal direction is @=6°. As a first approximation for turbulent boundary layers
a corner angle half the angle of the impinging shock gives a similar wall-pres-
sure distribution in both cases, according to Knight et al. [20]. The ramp angle
of ®=6° was obtained by iteratively changing the wedge-angle until maximum
agreement in terms of the skin friction distribution could be achieved. In Fig.
4.4.8 the density field for both cases is given. Also shown are selected stream-
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Figure 4.4.8: Comparison of density fields: impinging shock wave (upper figure) and
compression ramp (lower figure). Figures are stretched in wall-normal direction.

lines, which visualize the flow in the free stream and the boundary layer, where
a separation bubble can be observed. It will be shown in the following, that the
two flows are very similar.

When the flow field in the ramp case downstream of the corner is mapped
on the flat plate, which means a rotation with its negative ramp angle the re-
sulting flow field matches with the impinging shock. In Fig. 4.4.9 such a con-
struction is given for the density fields. As it can be seen, the two density fields
look very similar except for the impinging shock and its reflection as an expan-
sion wave at the sonic line, which is not present in the compression corner. The
contour levels of both configurations agree quantitatively. For all other flow
variables the results compare equally well.

We now take a closer look at the skin friction distributions, which are giv-
en in Fig. 4.4.10. It can be seen, that the skin friction of the compression ramp
perfectly matches the skin friction of the case with impinging shock. Also
shown in Fig. 4.4.10 are results of resolution studies (dotted lines with symbols,
according to the legend). They prove the grid-independence of our simulations.
According results for the case with impinging shock can be found in [5].
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Figure 4.4.9: Comparison of density fields of the case with impinging shock in physical
space with the compression corner in computational space. Figures are stretched in wall-
normal direction.

Base flow calculations presented here are in full agreement with free-in-
teraction theory, which states, that the boundary layer behaviour in shock-
wave/boundary-layer interaction is largely independent of its origin. This holds
even quantitatively, as it can be seen in the present comparisons.

Small-Amplitude Disturbance Behaviour

We now compare compressible linear stability theory results obtained from in-
vestigations of both the impinging shock and the compression ramp. Our linear
stability theory results are based on the scheme developed by Mack [21]. Non-
parallel effects are not taken into account here. The stream-wise velocity and
temperature profiles, which are used by linear stability theory, were extracted
locally from the direct numerical simulations of the base flow. Figure 4.4.11
compares the stability diagrams obtained by linear stability theory for the two
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Figure 4.4.10: Skin friction coefficient distribution ¢; versus square root of local Reynolds
number R,. Comparison of case with impinging shock (solid line) and compression corner
(dotted lines). Results of grid-refinement/enlargement studies represented by dotted lines
with symbols.

cases. F=(2-z-f*-L)/(uk - Re) is the disturbance frequency, darker shadings
indicate larger amplification rates a; = (—9In(A(x)/A))/0x. A(x)/A refers to
an amplitude ratio with respect to an initial amplitude of an arbitrary flow vari-
able. f* is the disturbance frequency. Variables with an asterisk * and the refer-
ence length L are dimensional. As it can be seen, the two figures are virtually
identical. Due to the influence of the shock, the first instability mode is stabi-
lized and the second mode is destabilized and locally shifted to lower frequen-
cies. New instabilities at higher frequencies, which belong to a third mode ac-
cording to the zeros in the pressure eigenfunction are formed near R,=1350
and F=0.00012.

We now compare direct numerical simulations with controlled, small-am-
plitude disturbances. Because the two base flows are not identical in all as-
pects, i.e. there is no impinging shock and reflected expansion wave in the
compression corner and curvatures of streamlines in physical space are differ-
ent, differences between the two configurations might exist, which are not
taken into account by linear stability theory. Therefore, a more detailed investi-
gation with direct numerical simulation seems appropriate. Figures 4.4.12 and
4.4.13 show the maximum temperature disturbance amplitudes and the wall
pressure amplitudes versus the downstream coordinate, respectively. For the di-
rect numerical simulations, they were obtained by a Fourier analysis of the flow
variables over one disturbance period. The wall pressure and temperature were
chosen here because of results obtained in [5]. These two quantities have the
largest and smallest non-parallel effects of all primitive flow variables in our si-
mulations. Non-parallel effects highly influence the disturbance behaviour,
which was quantified in [5], as well.

The differences between the amplitudes of the direct numerical simulation
and linear stability, which can be seen in Figures 4.4.12 and 4.4.13, were iden-
tified and quantified as an effect of non-parallelism for the case with impinging
shock in [5]. The strongest non-parallel effects appear in the maximum pres-
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Figure 4.4.11: Linear stability theory results. Disturbance frequency F versus local Rey-
nolds number R,. Darker shadings indicate larger amplification rates a;. White represents
negative/neutral amplification.
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Figure 4.4.12: Maximum temperature disturbance amplitudes of both direct numerical si-
mulations and integrated amplification rates from linear stability theory versus R,.

sure disturbance, given in Fig. 4.4.13. Disturbance behaviour of the case with
impinging shock and the ramp look very similar for both the direct numerical
simulation and linear stability. It is identical until shock-impingement at
Ry~ 1350. Downstream of R,=1350 the amplitudes both for the maximum tem-
perature amplitude and the wall pressure remain smaller in the case with im-
pinging shock. As it could already be concluded from Fig. 4.4.11, amplification
rates in the case with impinging shock are slightly damped near shock-im-
pingement, which results in smaller disturbance amplitudes as it can be seen in
Figures 4.4.12 and 4.4.13. However, compared to the non-parallel effects pres-
ent in the DNS solutions such differences are marginal. For instance, the pre-
dicted amplification of linear stability theory between R,=1100 and R,=1550
would be A/A,x 7. This is far less than the actually observed amplification of
the temperature maxima and the wall pressure fluctuations, which are ~ 15
and = 68, respectively. At R,=1625 the amplitude of the wall pressure is again
very close to linear stability theory, because of considerable spatial variations.
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