DNS OF A HYPERSONIC FLOW ON A RAMP GEOMETRY WITH ISOLATED ROUGHNESS
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ABSTRACT

A Mach 6 flow over a 10° compression corner is investi-
gated by Direct Numerical Simulations. A roughness patch
made of sinusoidal elements is placed at two different posi-
tions upstream of the smooth-separation location in order to
investigate its effects on the separation bubble. Flow separa-
tion is delayed with respect to the smooth case and the stream-
wise vortices induced by the patch generate a mushroom-like
structure once the flow reattaches on the ramp. This structure
leaves high-temperature streaks on the wall of the ramp, at the
same time causing hot flow to be pushed into the freestream.
When excited by freestream acoustic disturbances at 100kHz,
the structure in the wake of the roughness starts to break down
on the ramp, leading to a further increase in wall temperature.

Index Terms— Hypersonic boundary-layer flow, rough-
ness patch, separation region, compression corner

1. INTRODUCTION

Surface roughness plays a fundamental role in laminar-
turbulent boundary-layer transition, especially in the case
of hypersonic flows characterizing high-speed aircraft such
as scramjets and re-entry capsules. These vehicles need
to withstand prohibitive conditions as they fly through the
atmosphere because of the strong mechanical and thermal
stresses imposed by the shock-waves forming close to their
surface. Furthermore, these conditions often favour chemical
reactions within the flow, like molecular dissociation and re-
combination, with further effects on the aircraft [1]. In this
scenario, the boundary-layer flow regime is a key factor in
determining the surface heat-flux on the wall of the vehicle.
It is known that a turbulent boundary layer induces a higher
heat exchange with respect to a laminar one. However, in
case of transitional flows, even higher rates can be achieved
[2]. While boundary-layer transition may happen naturally
over smooth surfaces, the presence of roughness elements,
as a result of manufacturing imperfections, small gaps/steps
between tiles or ablation, is known to have considerable ef-
fects on the boundary-layer stability. If the roughness is high
enough, it can directly trigger the transition of a laminar flow
to the turbulent state. Experimentally [3], for example, this

was found to happen for Mach 4.8 and 6 flat-plate boundary
layers with roughness elements (spheres, in that case) twice
as high as the local boundary-layer thickness. The shape of
the elements appears to be a factor that can affect the ability
to trip the flow, as emerged by experimental comparisons be-
tween spherical and triangular elements [4], the latter becom-
ing effective at lower Reynolds numbers. Usually, roughness,
whether isolated or distributed, that causes immediate flow
transition is said to be “effective”, while it is called “criti-
cal” if its size starts to affect transition position with respect
to the smooth case [5]. At hypersonic speeds, transition is
affected once the roughness reaches very large heights com-
pared to the boundary-layer thickness. These effects, in most
of the cases, consist in moving the transition point forward
(i.e. towards the roughness location) and are more evident as
the roughness height increases (until it becomes effective).
The reason is that roughness can make the flow in its wake
more unstable, allowing freestream disturbances to grow in
amplitude, eventually leading to transition earlier than in
the natural case. This was experimentally demonstrated at
low speeds [6], where the presence of surface waviness with
a well-defined wavenumber spectrum led to an increase of
the receptivity coefficients of a Blasius boundary layer ex-
cited by TS waves. As for hypersonic boundary layers, the
effect of isolated roughness elements was numerically inves-
tigated for a Mach 6 flat plate [7]. Several parameters like
height, planform, front and streamwise shapes were analysed
in order to assess their effect on transition. The latter two
parameters were the most influential for flow breakdown.
Moreover, a direct relation was found between the maximum
amplitude of the streaks forming behind the elements and
the exponential growth rate of instabilities in the roughness
wake. The experimental investigation of multiple asymmetric
isolated elements on a supersonic flat plate [8] showed that
the relative position of such elements can have an impact on
transition location and stability properties of the wake flow.
Together with flat-plate geometries, several experimental and
numerical investigations on the role of roughness in transition
mechanisms have been performed for other geometries like
cones and blunt bodies [9, 10, 11]. As mentioned, rough-
ness often promotes transition. However, some investigations
[3, 12, 13] suggested also that, under certain conditions,
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roughness elements smaller than the boundary-layer thick-
ness could slightly delay transition with respect to the natural
(i.e. smooth) scenario.

Hence, the role of roughness in laminar-turbulent transi-
tion at high speeds is far from being completely understood.
This work aims at investigating the effect of isolated rough-
ness elements in hypersonic ramp flows. This type of geome-
try is generally used to model control flaps or engine intakes
of high-speed vehicles. Under hypersonic conditions, the
strong ramp-induced oblique-shock interacts with the incom-
ing boundary layer. The consequent Shock-Wave/Boundary-
Layer Interaction (SWBLI) [14] might result in the separation
of the boundary layer well upstream of the corner, with an
associated separation shock. The detached shear layer then
convects downstream, eventually reattaching on the ramp,
generating a reattachment shock. Hence, the separation bub-
ble forms in the region limited by the two shocks, the shear
layer and the wall. For two-dimensional ramp geometries,
secondary separations can be present within the separation
bubble, with the consequent formation of multiple vortices
in the recirculation region [15, 16, 17]. This phenomenon is
more evident for long separation bubbles (i.e. comparable to
the length of the flat part in front of the ramp [18]) which form
at higher ramp angles. In these cases, the Stanton number and
skin-friction distributions at the wall show secondary peaks
in correspondence to the smaller vortices within the bub-
ble. However, if the ramp angle exceeds certain values the
separation bubble might become unstable and, after introduc-
ing freestream disturbances upstream of the boundary-layer
separation, the flow shows a three-dimensional behaviour.
Corrugations appear on the reattachment line, with stream-
lines generating nodes and saddle points in its proximity, and
streamwise streaks form in the fully reattached flow [19, 20].
Amplification due to mechanisms like Gortler instability can
eventually lead to transition further downstream along the
ramp. A similar flow behaviour can be observed in the case
of an impinging shock over a flat plate. Provided that the
boundary layer experiences a comparable pressure rise due
to the incoming shock, this case is equivalent to the ramp
one [14]. Hence, also separation bubbles that form for such
geometries may become unstable for high impinging angles
[21, 22] and the critical modes can be computed, for example,
by means of global stability analysis.

The influence of roughness elements on laminar ramp
configurations has been investigated in a number of re-
cent works, in both two-dimensional [23, 17] and three-
dimensional [24] setups. In latter case, an array of roughness
elements is placed ahead of successive small compression
corners of an engine intake. The trips induce the formation
of steady mushroom-shaped structures, which become more
evident once they pass onto the following ramp. As a con-
sequence, streamwise streaks are produced downstream of
the roughness, with effects on the heat flux at the wall. In
the wake of the trips, both odd (sinuous) and even (varicose)

modes were identified, with the former being the most un-
stable ones. It is concluded that, for trip heights between
the critical and effective values, the roughness-induced streak
instability might play a role in transition. It is worth noting
that, in those investigations [24], the ramp angles were too
small to generate clear recirculation regions at the corners.

The present work focuses on the effect of isolated rough-
ness patches placed upstream of compression corners capable
of generating large separation bubbles.

2. METHODOLOGY

2.1. Setup and Geometry

This paper focuses on a M, = 6 hypersonic flow over a
6 = 10° compression corner. Freestream conditions, marked
with the subscript oo, are taken at a reference altitude
hoo = 25km for standard air and are listed in table 1.

Table 1. Freestream conditions at reference altitude.

Parameter Value Parameter Value

T 220 [K] Moo 1.44-107° [Pa-s]
Poo 2500 [Pa]  poo 0.0396 [Kg/m?]
M, 6 Uoo 1783.89 [m/s]

The freestream and geometrical conditions considered
here represent plausible operational conditions for control
surfaces of high-speed aircraft studied over the last years (as
in the HEXAFLY-INT project [25]). The dimensions of the
computational domain are L, = 0.490m, L, = 0.065m and
L, = 0.021m in the streamwise, wall-normal and spanwise
directions, respectively. The reference system originates at
the inflow, on the lower corner of the domain, as shown by the
blue square in figure 1. The compression corner is situated
at L. = 0.300m downstream of the inflow. The dimen-
sions of the computational domain are the same for both the
smooth and the rough cases. However, in the latter ones, a
three-dimensional roughness patch is modelled by directly
modifying the grid-surface height at the wall. The roughness
is ’isolated” in the sense that the patch covers a very limited
portion of the domain. Nonetheless, it is made of a number
of streamwise and spanwise sinusoidal elements. Its surface
height is computed with the following formula:

m(z — xi)] . r(z - zi)] o

hk(ﬁgZ)k'fl'Slll|: I./E, LB,

I, and I, indicate the streamwise length and the span-
wise width of the patch, respectively. E, and E, represent the
number of half-sinusoidal elements in the x- and z-directions.
The piecewise function f; = fi(x, z) limits the patch to the
rectangular area defined by [z;, x; + I;] and [z;, z; + I.], with
x; = xp — I, /2 and z; = 2z, — I, /2 being the lower limits
of the patch. Two different patch positions are considered.
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The first, labelled RP1 is closer to the inflow, while the sec-
ond, RP2, is placed further downstream, but still ahead of
the smooth boundary-layer separation point. The centres of
the patches are placed at (xy, zx)rp1 = (0.0461,0.0105)m
and (xg, zx)rp2 = (0.0936,0.0105)m, respectively. A third
patch (RP3), placed at (zk,zr)rps = (0.2499,0.0105)m
did not change the scenario from the smooth case signifi-
cantly, and was hence omitted here.

Fig. 1. Physical domain, the orange boxes indicate the posi-
tions of the patches.

The peak height of the roughness elements is £ = 1mm.
For the conditions considered in the present study, this yields
a value of the k/§ ratio (§ being the boundary-layer thick-
ness) of 0.621 and 0.439 at RP1 and RP2, respectively.
The corresponding critical Reynolds numbers, defined as
Regy, = prurk/ i (the subscript & denoting flow properties
at the roughness height k), are about 370 and 150, respec-
tively. Table 2 sums up the geometric parameters of the
domain, while figure 2 shows a close-up of one of the rough-
ness patches.

Roughness Elements (Close-Up)

~ 0.055
0.05

0.01 . 7 0.045

x [m]

Fig. 2. Detailed view of the roughness patch (RP1).

Table 2. Geometric parameters

Parameter Value Parameter Value
L, 0.400 [m] 1, 8 [mm)]
L, 0.021 [m] I, 2 [mml]
L, 0.065 [m] E, 6

L. 0.300 [m] E, 1

0 10 [°] k 1 [mm]

2.2. Governing Equations

Direct Numerical Simulations are performed. Hence, the
full three-dimensional Navier—Stokes equations are solved.
The temperatures reached within the domain are too low to
trigger any considerable chemical reaction. Thus, the ideal
gas law is used to close the set of the equations. There-
fore, the standard-air specific-heat coefficients for constant
pressure (cp) and volume (cy ) are employed, giving a con-
stant value of v = 1.4. The temperature-dependent dy-
namic viscosity (1) is computed using Sutherland’s law with
S1 = 110.3K, while the thermal conductivity is calculated as
Ar = pcp/Pr, using a constant Prandtl number Pr = 0.72.

2.3. Numerical Setup and Procedure

The semi-commercial solver Navier-Stokes Multi Block
(NSMB), a finite-volume based code, is used to perform
the Direct Numerical Simulations. The code has been em-
ployed in hypersonic flow calculations for many years now
[26, 27, 28, 11, 17] and allows for parallel computations on
structured grids with multiple blocks using the MPI proto-
col. In the present study, a fourth-order central scheme is
used for the spatial discretization. The steady state solu-
tion is achieved through a pseudo-time integration with an
implicit Euler scheme based on a lower-upper symmetric
Gauss-Seidel method. For the unsteady calculations, an ex-
plicit third-order Runge-Kutta scheme is used to advance in
time, while keeping the choice of the spatial scheme fixed.
Similar grids are employed for both the smooth and the
rough cases, with small differences. The same number of
points are used in streamwise, wall-normal and spanwise di-
rections (N; - Ny - N, = 4000 - 141 - 256 nodes). But
while the smooth grid has constant-length streamwise ele-
ments, in the rough cases the grid cells in the streamwise di-
rection are stretched around the roughness locations. In wall-
normal direction, both grids implement a three-layers stretch-
ing and hence the wall-normal resolution is the same. The
three-layers distribution of the nodes allows to refine the grid
in the boundary-layer and separation-bubble regions close to
the wall. Finally, in spanwise direction, a constant spacing
of the grid lines is employed. The grids are divided in 2400
blocks that can be run in parallel on multiple processors.
Regarding the boundary conditions, six boundaries are
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considered. At the inflow, Dirichlet conditions with free-
stream flow values are prescribed. At the outflow and upper
part of the domain, in order to avoid undesired wave reflec-
tions, characteristic variables with extrapolation in space are
imposed. In spanwise direction, periodic boundary condi-
tions are given. Finally, at the wall, no-slip boundaries are
imposed, together with an adiabatic condition regarding the
wall temperature.

For the unsteady simulations, a two-dimensional distur-
bance field is prescribed at the inflow, on top of the regular
steady-state freestream conditions. Similarly to [11], the dis-
turbances are introduced by means of pressure oscillations,
defined according to the following formula:

P (y, z,t) = po(z) - sin (2}7\7y> Lo ()7 sin(2wft). (2)

Y

In this work, pp(2) = poo - 1073 is constant along the
spanwise direction, such that the only spatial variation of the
profile is in wall-normal direction. Along the y-direction, the
disturbance profile is made of A, = 5 sinusoidal waves, even
though it is damped by the exponential function with a value
of 6 = 0.005m. This ensures that the disturbance is limited
to the wall region and interacts only with the boundary layer.
Over time, the entire profile oscillates periodically with the
frequency f = 100k H z.

3. CODE VALIDATION

The code validation was performed against one of the cases
shown in [16], namely the # = 18° ramp used in the grid
convergence study of the reference. This case consists in a
Mach 9.1 flow over a fairly high compression corner, which
induces the formation of a long separation region with mul-
tiple secondary vortices. Table 3 show the freestream con-
ditions used in the validation case. The original simulation
was performed on a two-dimensional 4031 - 1009 ~ 4 - 106
nodes grid, using a second-order upwind method for spatial
discretization. The results from NSMB are obtained with a
coarser grid (3500 - 450 ~ 1.75 - 105 nodes) but a higher-
order method (fourth-order central scheme).

Table 3. Flow conditions and wall temperature from [16].

Parameter Value Parameter Value

Teo 160 [K] Tw 350 [K]

Poo 730 [Pa] Poo 0.016 [Kg/m3]
Uso 2280 [m/s] Resor 3.22-10° [m~1]

Overall, a good agreement is obtained. Figures 3 and
4 show the pressure-coefficient (c,) distribution at the wall
and a detail of the recirculation pattern within the separa-
tion bubble, respectively. In NSMB (solid line), an almost
identical flow separation is obtained, with reattachment just

slightly anticipated. The plateau of the pressure value is con-
sistent with the reference case along the separation region,
with a slight discrepancy at reattachment peak. There, NSMB
slightly overestimate the pressure coefficient, but the maxi-
mum error is within 3%. The development of the secondary
vortices inside the bubble is the same, as shown by the stream-
lines patterns, and so are the compression wave originating
from the shear layer at the top of the bubble.

0.35
‘—NSMB ﬁ
Validation Case|
0.3 /
[
0.25¢ / e
[
0.2 /'/
o
o [
0.15 /
[
0.1+ //
0.05 ,F\/
LR S ‘ ‘
o 05 1 15 2 2.0

x*

yiml

009 I o1l

(b) Validation case

(a) N SMB

Fig. 4. Code validation, secondary vortices within the separa-
tion bubble.

4. RESULTS

4.1. Smooth reference case

The main results for the smooth case are summarized in fig-
ure 5. Looking at the pressure contours, a relatively weak
shock can be observed forming right at the leading edge of the
flat plate, at the inflow of the domain. Further downstream,
a sharper increase in pressure is visible where the boundary
layer separates, at x5, = 0.130m. In the recirculation re-
gion, the pressure is constant, as expected, before undergo-
ing a final and stronger rise once the flow reattaches on the
ramp. Regarding the surface temperature, the adiabatic-wall
condition allows for a non-uniform temperature distribution.
Warmer regions can be noticed downstream of separation and
just before reattachment. A marked increase in temperature
is, instead, well visible once the flow reattaches on the ramp.
Even though the maximum temperatures are in the order of
1600K, they are not high enough to trigger relevant chemi-
cal reactions and, hence, the ideal-gas assumption is accept-
able. The black isolines corresponding to a value of stream-
wise velocity u = —0.1m/s highlight the corrugated pattern
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of the reattachment line, in contrast to the straight one at sep-
aration point. The mean reattachment position lies around
Tre =~ 0.435m. Clearly visible, the flow characterizing the
separation bubble is three-dimensional, despite the formally
two-dimensional geometry of the problem, indicating a possi-
ble global instability of the flow. Along the ramp downstream
of reattachment, six streamwise vortices form as shown by the
vorticity w, slices. These vortices are characterized by rela-
tively low strength, with spanwise velocities of the order of
+10m/s. Nevertheless, their effect on the wall-temperature
distribution is visible, as shown in figure 5, where hot and
cold streaks appear on the ramp.

p[Pa]: 2000 3500 5000 6500 8000 9500

T[K]: 1450 1500 1550 1600 1650 1700

*\“\\,
w, [1/8]: -15000 -5000 5000 15000 :

Fig. 5. Smooth case. Pressure contour and wall temperature
distribution. Black iso-lines indicate separation and reattach-
ment positions.

4.2. Rough cases: steady conditions

The presence of the roughness patch introduces substantial
modifications in the flow field. In the next subsections, the
effects of the two patch locations are explained in detail.

4.2.1. RPI

This patch position is the closest to the domain inflow and the
farthest upstream with respect to the smooth separation point.
As shown in figure 6, the recirculation bubble is smaller than
in the reference case. The boundary-layer separation is de-
layed (24, ~ 0.180m) and the detached shear layer reat-
taches earlier on the ramp. The separation line is not straight,
but shows a corrugation in the wake of the patch. At reattach-
ment, the roughness induces the formation of a mushroom-
shaped structure along the ramp, as shown by the streamwise-
velocity contours in figure 7. This structure is a consequence
of the streamwise vortices that form in the wake of the rough-
ness elements and are convected by the detached shear layer
over the separation bubble. Once the flow reattaches on the

ramp, the vortices are amplified and push slow flow away
from the wall. Their effect is also visible on the wall tem-
perature distribution. A high-temperature streak is present
downstream of the roughness patch before separation and a
stronger one forms at reattachment, just beneath the mush-
room structure. The peak temperature is higher than the ref-
erence case (up to ~ 1700K), but still not high enough for
relevant chemistry effects.

p[Pal: 2000 3500 5000 6500 8000 9500

T[Kl: 1450 1500 1550 1600 1650 1700

Fig. 6. RP1 case. Roughness effects are visible in the tem-
perature distribution and flow separation and reattachment.

um/s]: 200 160 520 880 1240 1600

TIK]: 1450 1500 1550 1600 1650 1700

Y [m]

0.04]

Fig. 7. RP1 case. Evolution of the mushroom-shaped struc-
ture along the ramp (streamwise-velocity slices cut above
u = 1600m/s) and wall-temperature distribution.

4.2.2. RP2

With the roughness farther downstream in position RP2,
a comparable effect is obtained, although some differences
stand out with respect to the RP1-case. In particular, being
the roughness characterized by a smaller Rey, the posi-
tion of the boundary-layer separation line is closer to the
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smooth case (¢, ~ 0.150m). This results in a longer sep-
aration bubble with a delayed reattachment with respect to
case RP1. Hence, the mushroom-shaped structure forming
on the ramp is smaller, as shown in figure 8. Despite this
difference, the peak wall-temperature at reattachment reaches
around 1700K and is comparable to the RP1 case. The flow
topology in the proximity of the patch is similar in both cases
considered here. Figure 9 shows the spanwise velocity distri-
bution around the patch RP2 near the wall. The flow opens
up as it encounters the roughness elements and then closes
again in the wake, forming streamwise vortices. These lose
part of their intensity quite quickly. However, what is left of
them convects on the separated shear layer and then amplifies
once the flow reattaches on the ramp, as visible in figure 10.

u[m/s]: -200 160 520 880 1240 1600

T[K]: 1450 1500 1550 1600 1650 1700

Y [m]

Fig. 8. RP2 case. Evolution of the mushroom-shaped struc-
ture along the ramp (streamwise-velocity slices cut above
u = 1600m/s) and wall-temperature distribution.

[w]z
[w] A

(a) Top view. (b) Lateral view.

Fig. 9. Spanwise-velocity iso-surfaces (w = +5m/s). In the
lateral view, the centreline slice shows the Mach field.

4.3. Rough cases: unsteady conditions

Starting from the steady state results of the two rough cases,
freestream disturbances are introduced at the inflow domain
in order to assess their effect on the flow. The major ef-
fect can be seen in the reattachment region, once the new
boundary layer has formed. In the RP1 case, the mush-
room structure, although altered, does not entirely break

wimsl: 30 24 18 12 6 0 6 12 18 24 30

X[m]

[w]z

[F0.02

038 0.39 0.4 041 042 043 0.44 045 0.46 0.47 0.48 0.49

Fig. 10. Spanwise-velocity iso-surfaces (w = +£28m/s)
showing the stronger vortices downstream of reattachment.

down within the length of the domain. However, for the
RP2 case (i.e. the patch characterized by a smaller Reyy),
as shown in figures 11 and 12, the flow starts to break
down at zp, ~ 0.445m. Figure 11 also shows a peak wall-
temperature higher (77,4, ~ 1950K) than the steady case,
which is reached as the flow breaks down. In figure 12, the
Q-criterion iso-surface coloured with spanwise velocity is
displayed. Compared to the steady case (figure 10), it is visi-
ble how the features of the vortical structures decrease in size
eventually leading to turbulence. A temporal Fourier analysis
has been employed to determine the amplitude of the modes
present in the flow once disturbances are added. In general,
the most amplified mode is the first one, which corresponds
to the excitation frequency of 100k H z. Figure 13 shows the
eigenmodes and corresponding amplitudes of the streamwise
velocity perturbations (u’) at four different stations: down-
stream of the roughness (a), on the detached shear layer (b,c)
and on the ramp (d). The amplitude increases weakly until
reattachment and then gets rapidly stronger once the flow
reattaches on the ramp, eventually leading to the breakdown
of the mushroom structure. As shown in figure 13, the maxi-
mum amplitude is reached within the structure forming in the
wake of the roughness patch.

VELOx: 200 160 520 880 1240 1600

TIK]: 1450 1550 1650 1750 1850 1950

Fig. 11. Instantaneous streamwise-

RP2 unsteady case.
velocity and wall-temperature distribution.
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w[m/sl: -100 -60 -20 20 60 100

| z
p[Pa]: 7000 8500 10000 11500 13000

Fig. 12. RP2 unsteady case. Instantaneous Q-criterion iso-
surface coloured with spanwise velocity and wall pressure.

5. CONCLUSIONS

DNS have been performed in order to investigate the effects
of roughness elements on a Mach 6 ramp flow. A roughness
patch made of sinusoidal elements has been placed at two dif-
ferent locations upstream of the corner, before the separation
point of the respective smooth configuration. In both cases,
the vortices generated by the roughness induce the formation
of a mushroom-shaped structure on the ramp, downstream of
the reattachment position. This structure dominates the weak
streamwise vortices that form on the ramp in the smooth sce-
nario. In the rough cases, remarkably higher wall temper-
atures can be reached along the ramp as a consequence of
the vortices in the roughness wake. The interaction between
unsteady freestream disturbances and the roughness flow has
also been investigated. The amplitude of the prescribed dis-
turbances is weakly amplified immediately downstream of the
roughness and in the separated shear layer. However, once the
flow reattaches on the ramp, the magnitude of the perturbed
variables rapidly increases, eventually leading to a breakdown
of the mushroom structure further downstream of the ramp.
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(a) Atz = 0.16m. (b) Atz = 0.25m.

(d) Atz = 0.45m.
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Fig. 13. Case RP2. First eigenmodes of streamwise velocity.
Note the different colour-scale ranges at the various stations.
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