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Abstract

Direct Numerical Simulations are performed to investigate roughness effects on a Mach 6 hypersonic
compression-corner flow. Different variants of a roughness patch placed upstream of the boundary-layer
smooth separation point are considered. The patches consist of sinusoidal elements, with modifications
in position and spanwise extension of the roughness. Compared to a smooth-wall case, all the rough
cases cause a delayed boundary-layer separation and hence a smaller recirculation bubble. Moreover,
the roughness-induced streamwise vorticity, which is convected downstream by the detached shear
layer, generates mushroom-like structures once the flow reattaches on the ramp. The properties of
such structures, although similar, reflect the character of the patch upstream of the bubble. The rough-
ness inducing the locally largest flow distortion is responsible for the widest structure on the ramp,
characterized by the highest increase in wall-temperature peak. The patch occupying the entire width
of the domain generate instead the weakest vortices on the ramp.

Keywords: Hypersonic boundary-layer flow, roughness patch, separation region, compression cor-
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Nomenclature

Latin 6 — Ramp angle

h — Enthalpy A — Thermal conductivity
L — Length 1 — Dynamic viscosity

M — Mach number p — Density

p — Pressure w — Vorticity

q — Heat flux Superscripts

Pr — Prandtl number

Re — Reynolds number

Rey,, — Roughness Reynolds number
St — Stanton number

T — Temperature

C — Value at the core (of the vortex)
W — Value at the wall
o — Total quantity

Subscripts

u — Streamwise velocity
w — Spanwise velocity
Greek

~ — Heat-capacity ratio

oo — Freestream conditions

k — Value at roughness position

r — Value at reattachment location
s — Value at separation location

0 — Boundary-layer thickness w — Value at the wall

1. Introduction

The ramp geometry is a simple configuration used to model engine intakes and control flaps of high-
speed vehicles, such as scramjets and Shuttle-like re-entry vehicles. Typically, hypersonic conditions
are achieved at high altitudes, where ambient pressure and density are very low compared to sea-level
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conditions. Nevertheless, the vehicle high speed leads to the formation of strong shock waves close to
the vehicle surfaces, thus imposing intense mechanical and thermal stresses on the vehicle itself. Under
these conditions, the pressure and temperature values in proximity of the surfaces could become high
enough to even promote chemical reactions within the flow, such as molecular dissociation and recom-
bination, with further effects on the vehicle [1]. The exact flow topology resulting from the interaction
between the freestream and the vehicle depends on the geometry of the vehicle. In particular, the
ramp configuration induces a strong oblique shock-wave, which interacts with the incoming boundary
layer. The consequent Shock-Wave/Boundary-Layer Interaction (SWBLI) [2] might lead to boundary-
layer separation well upstream of the compression corner. In this case, a separation shock forms where
the flow detaches. The separated shear layer then convects downstream and eventually reattaches on
the ramp, where a reattachment shock forms. Confined by the two shocks, the shear layer and the wall,
there is the recirculation (or separation) bubble. In two-dimensional ramp geometries, the separation
bubble can host secondary separations that lead to the consequent formation of multiple vortices in the
recirculation region [3, 4, 5]. Such phenomenon is more evident for long separation bubbles, which
are comparable to the length of the flat part in front of the ramp [6]. For given freestream conditions,
the higher the ramp angle is, the longer the separation bubble becomes. When secondary vortices
are present in the recirculation region, the Stanton number and skin-friction distributions at the wall
show secondary peaks as well in correspondence to these smaller vortices. However, if the ramp an-
gle exceeds certain values the separation bubble might become unstable and, with the introduction of
freestream disturbances upstream of the boundary-layer separation, the flow shows a three-dimensional
behaviour. The reattachment line exhibits a corrugated pattern, with streamlines generating nodes and
saddle points in its proximity, and streamwise streaks form in the fully reattached flow [7, 8]. Amplifica-
tion can eventually lead to transition further downstream along the ramp. Similar to the ramp-induced
SWBLI is 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, the flow behaviour is equivalent to the one on
the ramp [2]. In this case, the length of the separation bubble scales with the impinging-shock angle.
Hence, such flow configurations may become unstable for high impinging angles [9, 10] and the critical
modes can be computed, for example, by means of global stability analysis.

In ramp-induced SWBLI, the conditions of the incoming boundary layer have a strong influence on the
flow interaction. A thicker boundary layer separates more easily than a thinner one, leading to larger
separation bubbles. Hence, cooling the wall upstream of the compression corner or flying at a higher
Mach number makes the bubble shrink. A similar effect can be obtained by having a fully turbulent
boundary-layer interacting with the ramp. In this case, however, the wall heat-flux is stronger than in
a laminar interaction. And for transitional flows, even higher rates can be achieved [11]. Boundary-
layer transition may happen naturally over smooth walls or may be induced by surface roughness,
which might be intentional (trips) or the result of manufacturing imperfections, dirt, small gaps/steps
between tiles or ablation. For high-speed boundary layers, a roughness element needs to be very
high with respect to the local boundary-layer thickness in order to cause immediate transition (i.e. to
be “effective”). Experimentally [12] it was found that, for Mach 4.8 and 6 flat-plate boundary layers,
spherical elements twice as high as the local boundary-layer thickness are needed to trigger immediate
transition. The shape of the elements appears to be also a factor affecting the roughness effectiveness,
as emerged by experimental comparisons between spherical and triangular elements [13], with the
latter becoming effective at lower Reynolds numbers. For lower heights of the roughness elements,
transition does not happen immediately, but can be still affected. In these cases, the roughness is said
to be “critical” [14], and induces a steady modification of the boundary layer in its wake. Here, the
flow can be more unstable than in a smooth-wall case. Hence, freestream disturbances convected in
the wake region can grow in amplitude, eventually leading to transition earlier than in the natural case.
This was experimentally demonstrated at low speeds [15], 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 excited by TS waves. In hypersonic boundary layers, the effect of isolated roughness
elements on flow stability was numerically investigated for a Mach 6 flat plate by analysing different
parameters. The wake of a "pizza-box” roughness [16] can sustain the growth of several instabilities,
such as odd (sinuous) and even (varicose) modes, leading to a faster boundary-layer transition. The
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numerical experiments also showed that cooling the wall had a stabilising effect for all the modes in
the roughness wake. For a similar setup [17], several parameters like height, planform, front and
streamwise shapes of the roughness 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. On the experimental side, the investigation of multiple
asymmetric isolated elements on a supersonic flat plate [18] showed that the relative position of such
elements can have an impact on transition location and stability properties of the wake flow. Often,
a critical roughness accelerates the process of transition, moving the location of onset forward closer
to the roughness. However, under certain conditions and for elements smaller than the boundary-
layer thickness, roughness also seems to be able to slightly delay transition, as suggested by some
investigations [12, 19, 20].

In addition to flat-plate geometries, experimental and numerical investigations on the role of roughness
in transition mechanisms have been performed for other geometries like cones and blunt bodies [21,
22, 23]. Regarding the ramp configuration, the influence of roughness elements on laminar SWBLI has
been investigated in a number of recent works, for both two-dimensional [5, 24] and three-dimensional
[25] setups. In the latter case, the effect of an array of roughness elements ahead of successive small
compression corners of an engine intake was numerically simulated. Such trips induce the formation
of steady mushroom-shaped structures, which become more evident once they pass onto the following
ramp. As a consequence, streamwise streaks are produced downstream of the roughness, with effects
on the heat flux at the wall. In the wake of the trips, both sinuous and varicose modes were identified,
with the former being the most unstable ones. It was 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 [25], the ramp angles were too small to generate clear
recirculation regions at the corners. Hence, the effects of the separation bubble could not be taken into
account. These effects might play an important role in the amplitudes growth-rates. Moreover, it is
known that longer recirculation regions can be unstable to external perturbations [10], and it has been
shown that the streamwise deceleration that takes place in the bubble and at reattachment of the shear
layer is responsible for amplification of streamwise-velocity perturbations [26].

As mentioned, the characteristics of the separation bubble can be influenced by many factors, roughness
being one of them. Hence, it is to be expected that roughness elements would not only influence
the base-flow of an hypersonic compression-corner, but would also have an impact on the stability
properties of the new base-flow. Therefore, as a first step, the present work investigates the effects
induced on the base-flow by a roughness patch placed upstream of an hypersonic compression-corner.
In particular, some parameters of the patch, like shape and position, are modified in order to explore the
response of the laminar Shock-Wave/Boundary-Layer Interaction to such variations. In future studies,
the investigation could be extended to the impact of such modifications on the stability properties of the
roughness-affected flow.

2. Methodology

2.1. Setup and Geometry

This work focuses on a M, = 6 hypersonic flow over a § = 10° compression corner. Freestream con-
ditions, marked with the subscript “oo”, are taken at a reference altitude of 25km for standard air and
are listed in Table 1.

Table 1. Freestream conditions at reference altitude of 25km.

Parameter Value Parameter Value
Too 220 [K] oo 1.44.107° [Pa-s]
Poo 2500 [Pa] Poo 0.0396 [Kg/m?]
Moo 6 Uso 1783.89 [m/s]
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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
[27]). The dimensions of the computational domain are L, = 0.490m, L, = 0.065mand 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 Fig. 1a. The compression
corner is situated at L. = 0.300m downstream of the inflow. The dimensions 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 consists of a number of streamwise and spanwise sinusoidal elements, and different positions
and types of patch are considered. The surface height is computed as

yp(z,2) = k- f1 -sin [W(Ii/_E?)] -sin V(Ii/_E?)} , 1)

where I, and I, indicate the streamwise length and the spanwise 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, 2) limits the patch to the rectangular area defined by [z;,z; + I..] and [z;, z; + L],
with z; = a2 — I,/2 and z; = z; — I,/2 being the lower limits of the patch. Four different variants
of the patch are considered. In particular, two different streamwise positions are taken into account.
The first (labelled RP1) is closer to the inflow, while the second (RP2) is placed further downstream,
but still ahead of the smooth boundary-layer separation point. The centres of those patches are placed
at (zg, z1)rp1 = (0.0461,0.0105)m and (z, zx) rp2 = (0.0936,0.0105)m, respectively. In both positions
RP1 and RP2, an "isolated” roughness (in the sense that the patch covers a very limited portion of the
domain) made of respectively 6 and 1 half-sinusoidal elements in streamwise and spanwise direction, as
shown in Fig. 1b, is considered. For position RP2 only, two further distributed-roughness patches are
investigated: the first (RP2B, Fig. 2a) consisting in a spanwise stripe of sinusoidal elements, and the
second (RP2C, Fig. 2b) consisting in a wider version of the RP2 patch with 3 spanwise half-sinusoidal
elements.

~2{m)

Ym]

Roughness Elements (Close-Up)

0.05:

z[m] 0 0.085

x [m]

(a) Orange boxes indicate positions RP2 and RP1. (b) RP2 patch. RP1 is identical in shape.

Fig 1. Schematic of the physical domain and detailed view of the base roughness patch.

In all cases, the peak height of the roughness elements is k = 1 mm. For the conditions considered in
the present study, this yields a value of the %/¢ ratio (6 being the boundary-layer thickness) of 0.621
and 0.439 at RP1 and RP2, respectively. The corresponding roughness Reynolds numbers, defined
as Reyr = prurk/us (the subscript £ denoting flow properties at the roughness height k for a smooth
configuration), are about 370 and 150, respectively. Table 2 sums up the geometric parameters of the
domain, while Table 3 lists the details of the four roughness variants.
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(a) Variant RP2B. (b) Variant RP2C.

Fig 2. Detailed view of the two further roughness-patch variants investigated in the present work.

Table 2. Geometric parameters

Parameter Value Parameter Value

L, 0.400 [m] L. 0.300 [m]
L. 0.021 [m] 0 10 [°]
L, 0.065 [m] k 1 [mm]

2.2. Governing Equations

Direct Numerical Simulations are performed. The compressible three-dimensional Navier-Stokes equa-
tions are solved and the ideal gas law is used as closure equation, since the temperatures reached within
the domain are not high enough to trigger any considerable chemical reaction. Thus, the heat-capacity
ratio v = 1.4 is constant and is obtained through the standard-air specific-heat coefficients for constant
pressure (Cp) and volume (cy/). The temperature-dependent dynamic viscosity (1) is computed using
Sutherland’s law with S; = 110.3 K, 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) is used to perform the Direct Numerical
Simulations. This finite-volume based code has been employed and validated in hypersonic flow calcu-
lations in several studies [5, 23, 28, 29, 30] and uses the MPI protocol to allow parallel computations
on structured grids with multiple blocks. In the present work, a fourth-order central scheme is used for
the spatial discretization, while steady state solutions are achieved through a pseudo-time integration
with an implicit Euler scheme based on a lower-upper symmetric Gauss-Seidel method.

The computational grids for both the smooth and the rough cases are similar, though small differences
are present. The same number of points is used in streamwise, wall-normal and spanwise directions
(N.-N,-N. = 4000-141-256 ~ 144-10° nodes). But while the smooth grid has constant-length streamwise
elements, the grid cells of the rough cases are stretched in streamwise direction around the roughness
locations. In wall-normal direction, both grids implement a three-layers stretching with the same wall-

Table 3. Patch parameters

Patch I.[mm] I.[mm] E, E.

RP1 8 2 6 1
RP2 8 2 6 1
RP2B 8 21 6 10
RP2C 8 6 6 3
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DNS of a Shock Wav-Boundary Layer Interaction on a Ramp with Surface Roughness Copyright © 2022 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science Technology

normal resolution. The three-layers distribution of the nodes allows to refine the grid in the boundary-
layer and separation-bubble regions close to the wall. In spanwise direction, a constant spacing of
the grid lines is employed. All the grids are divided in 2400 blocks that can be run in parallel on
multiple processors. Each grid has six boundaries where the boundary conditions are imposed. At the
inflow, Dirichlet conditions with freestream flow values are prescribed. At the outflow and upper part
of the domain, in order to avoid undesired wave reflections, characteristic variables with extrapolation
in space are imposed. In spanwise direction, periodic boundary conditions are given. At the wall,
no-slip boundaries are imposed, together with two surface-temperature conditions: a cold-wall case
(T, = 500 K, only for the smooth case) and an adiabatic wall.

3. Code Validation

The code validation was performed against two cases of hypersonic compression-corner flows, one
numerical and one experimental. In the first validation, the reference is represented by the § = 18°
ramp used in the grid convergence study of [4]. 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 multiple secondary
vortices. Table 4 show the freestream conditions used in the validation case. The original simulation was
performed on a two-dimensional 4031-1009 ~ 4-10° nodes grid, using a second-order upwind method
for spatial discretization. The results from NSMB are obtained with a coarser grid (3500-450 ~ 1.75-10°
nodes) but a higher-order method (fourth-order central scheme).

Table 4. Flow conditions and wall temperature from [4].

Parameter Value Parameter Value
Teo 160 [K] Tw 350 [K]
Poo 730 [Pa] Poo 0.016 [Kg/m3]
Uso 2280 [m/s] Reg 3.22.10% [m~1]

Overall, an excellent agreement is obtained. Figs. 3a and 4 show the pressure-coefficient (c,) distribution
at the wall and a detail of the recirculation pattern within the separation 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 consistent with the reference case along the separation region, with
a slight discrepancy at reattachment peak. There, NSMB slightly overestimate the pressure coefficient,
but the maximum error is within 3%. The development of the secondary vortices inside the bubble is
the same, as shown by the streamlines patterns, and so are the compression wave originating from the
shear layer at the top of the bubble.

0.35 T 0.7
~ NSMB f'ﬁ —15° NSMB
Validation Case = 15° Validation Case
0.3 0.6 20° NSMB
20° Validation Case
0.25 / ' 0.5 —25° NSMB
° 25° Validation Case

02- / g 04"
UQ / (.)CL
0.15- / q 0.3
[
01+ / 1 0.2
005 Jfﬁ/ 1 0.1-
N Y 4 | | o , S
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2
x* x*
(a) Validation case from [4] (b) Validation case from [7]

Fig 3. Code validation, pressure-coefficient at the wall for the two selected cases.

For the second validation case, the experimental results obtained in [7] are reproduced with NSMB.
The experiments investigate a Mach 7.7 flow over a 3D compression corner, whose angle has been
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(a) NSMB (b) Validation case

Fig 4. Code validation from [4], secondary vortices within the separation bubble.

set to # = 15°, 20°, 25° during different experimental runs. The nominal freestream conditions of the
experiment are listed in Table 5.

Table 5. Flow conditions and wall temperature from [7].

Parameter Value Parameter Value
Teo 125 [K] Tw 293 [K]
Poo 760 [Pa] Poo 0.0212 [Kg/m?3]
Uso 1745 [m/s] Rego 4.2.108 [m—1]

The results from NSMB are obtained on a 2D grid made of 6000-450 ~ 2.7-10° nodes, again using the
fourth-order central scheme, and are compared to the experimental values taken along the centreline
of the models. Fig. 3b shows the pressure-coefficient distribution at the wall. For the higher ramp
angles (6 = 20°, 25°), a very good agreement can be observed, especially considering the pressure
values at the plateau just downstream of separation and the peak values achieved at reattachment.
In particular, the § = 25° locations where pressure rises due to separation and reattachment are well
predicted. In the # = 20° case, the flow under experimental conditions separates more downstream
with respect to the numerical calculation. From the available data, the position of the reattachment
peak of this case is not entirely clear, even though the numerical simulation seems to give a reasonable
prediction. A poorer agreement is achieved for the smallest ramp angle (6 = 15°). While the separation
and reattachment pressure values are ultimately well predicted, the location of these pressure rises do
not match the wind-tunnel evidences. However, the experiment shows an almost identical separation
position for both ¢ = 15° and ¢ = 20° cases (in Fig. 8 of [7], where a logarithmic axis for c, is used,
the two points upstream of x* = 0.5 are separated, but the difference is very small). This seems very
peculiar, since the length of the separation bubble should scale with the angle of the ramp, provided
that all the other boundary conditions are kept the same. A reasonable explanation for such data could
be the lack of streamwise resolution in the pressure measurement, due to the low number of sensors
placed upstream of x* = 0.5. Hence, for the case with § = 15°, the boundary-layer separation (and
the consequent pressure rise) seems to take place in between two sensors, resulting in @ measurement
very similar to the case with 6 = 20°. Nevertheless, even taking this problem into account, NSMB still
predicts a delayed separation with respect to the experiment.

4. Results

4.1. Smooth reference case

Fig. 5 summarizes the main results for the smooth cases. The background slice shows the pressure
contour, the outflow plane shows the streamwise vorticity while the wall is coloured with temperature
(adiabatic case) and Stanton-number (cold-wall case) distributions. The thicker blue line at x = 0.300 m
in Fig. 5a indicates the corner location. As shown by the pressure contours, a relatively weak shock forms
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 x, = 0.130 m for adiabatic-wall
conditions. In the recirculation region, the pressure is constant, as expected, before undergoing a final
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and stronger rise once the flow reattaches on the ramp. The adiabatic-wall condition allows for a non-
uniform temperature distribution at the surface (Fig. 5a). Hotter regions can be noticed downstream
of separation and just before reattachment. However, the most noticeable increase in temperature
is well visible once the flow reattaches on the ramp. Even though the maximum temperatures are in
the order of 1600 K, they are too low to trigger relevant chemical reactions within the flow and the
ideal-gas assumption is thus acceptable. The black isolines corresponding to a value of streamwise
velocity u = -0.1 m/s highlight the corrugated pattern of the reattachment line, in contrast to the
straight one at separation point. The mean reattachment position lies around x,. ~ 0.435 m. Clearly
visible, the flow characterizing the separation bubble is three-dimensional, despite the formally two-
dimensional geometry of the problem, indicating a possible global instability of the flow. Along the ramp
downstream of reattachment, six streamwise vortices form, as shown by the vorticity w, end-ramp slice.
These vortices are characterized by a relatively low strength (at least one order of magnitude smaller
than the rough cases), with spanwise velocities of the order of &= 10 m/s. Nevertheless, their effect
on the wall-temperature distribution is visible, as shown in Fig. 5a, where hotter streaks appear on the
ramp.

Under cold-wall conditions, the flow shows considerable differences. As expected, the thinner bound-
ary layer entails a delayed separation (x, ~ 0.208 m) and an early reattachment (x, ~ 0.350 m) with
respect to the adiabatic-wall case. The fixed wall-temperature condition allows to evaluate the heat flux
exchanged at the surface by means of the Stanton number, which is defined as

- Qu
St= pooUOO(hgo - hw)’ (2)

where h3, = ¢, T3 and h,, are the total freestream and the wall enthalpies, respectively. As shown in
Fig. 5b, streaks form again downstream of the corrugated reattachment line, while low heat-flux values
are detected inside the separation region. Furthermore, it is to note that, once the flow has reattached,
streamwise-vorticity levels along the ramp are much higher than those of the adiabatic case.

. 2im .

p[Pa]: 2000 3500 5000 6500 8000 9500 p[Pa]: 2000 3500 5000 6500 8000 9500

[__NEER

, [1/s]: -150000 -50000 50000 150000

TI[K]: 1450 1500 1550 1600 1650 1700

[ ___DEEERE |

, [1/s]: -15000 -5000 5000 15000 + St: 0 0.0003 0.0006 0.0009

0.0T 505-0

(a) Adiabatic-wall case. (b) Cold-wall case.

i >
0.0T 5570

Fig 5. Smooth cases. Pressure contour, wall-temperature distribution, streamwise-vorticity at the
outflow and (black) iso-lines showing separation and reattachment positions for the adiabatic-wall case.
Pressure contour, wall Stanton-number distribution and streamwise-vorticity for the cold-wall case.

4.2. Rough cases

The roughness patch introduces substantial modifications to the flow field with respect to the smooth
wall case. The effects of the patch RP2 are analysed first. All the other roughness elements can be
seen as variants of case RP2, either in location or in shape, and are therefore considered in the next
subsections.
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(a) RP2 case. (b) RP1 case.

Fig 6. RP2 and RP1 cases. Pressure contour, wall-temperature distribution. Roughness effects are
visible in the temperature distribution and flow separation and reattachment (iso-lines).

4.2.1. RP2

First of all, introducing the roughness upstream of the smooth separation-bubble location has an effect
on the boundary-layer separation point. As shown in Fig. 6, the recirculation bubble of the rough
case is smaller than in the reference case, meaning that the boundary-layer separation is delayed
(x; ~ 0.150 m) and the detached shear layer also reattaches earlier on the ramp. Contrary to the
smooth case, the separation line is not straight, but shows a corrugation in the wake of the patch. At
reattachment, the roughness induces the formation of a mushroom-shaped structure along the ramp,
as shown by the streamwise-velocity contours in Fig. 7a. This structure is a consequence of the stream-
wise vortices that originate in the wake of the roughness elements and are convected by the detached
shear layer over the separation bubble. These vortices are then amplified once reattachment happens
on the ramp and push slow flow away from the wall. Once separated from the wall, the flow inside the
mushroom gets accelerated by the incoming post-shock ramp flow, as indicated by the change in color
of the mushroom core in Fig. 7a. The single streamwise-row of elements in the patch RP2 generates
one vortical structure on the ramp. The width the double-vortex core (i.e. the “mushroom hat”) is
Az ~ 3.3 mm (1.65 time the patch width) and, once the structure is formed, remains almost constant
along the ramp. The streamwise-vorticity trace at the wall, instead, grows in width along the ramp, up
to a size of Az" ~ 14 mm towards the end of the ramp (Fig. 10a).

The effect of this vortical structure is also visible on the wall temperature distribution. A high-temperature
streak is present downstream of the roughness patch before separation (even though this temperature
rise is quite modest) and a stronger one forms at reattachment, just beneath the mushroom structure.
The peak temperature is higher than the reference case (up to T,, ~ 1700 K), but still not high enough
for relevant chemistry effects. Finally, Fig. 8 shows the flow topology in the proximity of the roughness.
As it encounters the patch, the flow opens up and then closes again in the wake. This motion forms
streamwise vortices that lose part of their intensity quite quickly. However, what is left of them convects
on the separated shear layer and, as mentioned, amplifies on the ramp, once the flow reattaches, as
visible in Fig. 9.

4.2.2. RP1

This patch position is the closest to the domain inflow and the farthest upstream with respect to the
smooth separation point. Compared to the previous case, somewhat similar effects are obtained, al-
though some differences stand out with respect to the RP2-case. The separation bubble is even smaller
than in the RP2-case (Fig. 6b). The higher Rey;. characterizing the roughness RP1 seems associated to
a more delayed boundary-layer separation and, as a consequence, an earlier flow reattachment on the
ramp. Again, the separation line shows a corrugation in the wake of the patch. The mushroom-shaped
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structure on the ramp forms more upstream due to the earlier reattachment and is bigger than in case
RP2 (Fig. 7b), both in its core (Az® ~ 4.4 mm) and at the wall (Az" ~ 17 mm). As the roughness
RP1is hit by a thinner boundary-layer, the vorticity forming in the wake of the patch is more widespread
and stronger than in the case RP2. Moreover, the decay rate of such wake vortices is slower and makes
the boundary-layer more resistant to separation. Despite these differences, the peak wall-temperature
at reattachment is comparable to the RP2 case, reaching around 1710 K. But the streak immediately
downstream of the patch is hotter than case RP2 due to the higher wake vorticity.

\ [

umisl:  -200 160 520 880 1240 1600 Z[m] umis: -200 160 520 880 1240 1600 Z [m]

] ]

TIK: 1450 1500 1550 1600 1650 1700 T TIK: 1450 1500 1550 1600 1650 1700 T

Y [m]
Y [m]

(a) RP2 case. (b) RP1 case.

Fig 7. RP2 and RP1 cases. Evolution of the mushroom-shaped structure along the ramp (streamwise-
velocity slices cut above u = 1600 m/s) and wall-temperature distribution.
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(a) Top view. (b) Lateral view.

Fig 8. Spanwise-velocity iso-surfaces (w = + 5 m/s). In the lateral view, the centreline slice shows the
Mach field in the immediate vicinity of the roughness patch.
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Fig 9. Spanwise-velocity iso-surfaces (w = + 28 m/s) showing the stronger vortices downstream of
reattachment.
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Fig 10. Streamwise vorticity at the end of the ramp for cases RP2 and RP1.
4.2.3. RP2B

In this case, the roughness elements cover the entire span of the domain. The streamwise position and
Reyy, are the same as case RP2. The separation line again shows corrugations. However, due to the
periodic nature of the patch, the separation point (x, ~ 0.157 m) is slightly delayed with respect to the
single-element case, leading to a slightly earlier reattachment and a smaller bubble. In case RP2B,
five mushroom structures develop on the ramp, as many as the roughness wavenumber in spanwise
direction. The centre of each structure is aligned with the first streamwise hills (and therefore the last
valleys) of the patch, as in case RP2. The downstream development of a single structure is affected by
the two adjacent structures at its sides (Fig. 11a). As a consequence, while the core of each of the five
structures is still Az¢ ~ 3.3 mm, their width at the wall is limited to Az" ~ 4.2 mm, which corresponds
to twice the length of a spanwise wavelength (2.1 mm), as seen in Fig. 12a. Moreover, it can be noticed
that the levels of streamwise vorticity characterizing the vortices core are lower with respect to case
RP2. Finally, more numerous and narrower hot streaks are visible in the wall-temperature distribution,
one per each vortex. However, the peak temperature T,, ~ 1692 K is slightly lower than in the reference
case.
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Fig 11. Variants RP2B and RP2C. Evolution of the mushroom-shaped structure along the ramp
(streamwise-velocity slices cut above u = 1600 m/s) and wall-temperature distribution.

4.2.4. RP2C

This case is again characterized by the same Re,; value of the reference RP2. However, the wider
3-elements patch has an effect very similar to that of case RP1. The wake of the roughness is wider
and shows higher vorticity levels with respect to the reference case. Therefore, the flow separation is
slightly delayed (x, ~ 0.155 m) and reattachment is anticipated on the ramp. The resulting mushroom
structure is wider than case RP2, both at the wall (Az" ~ 20 mm) and in the core of the double-vortex
(Az¢ ~ 4.9 mm). However, the overall strength of the core, measured through the streamwise-vorticity
w,, is comparable to that measured for cases RP2 and RP1, but higher than case RP2B. The wider
vortical structure on the ramp entails a larger hot streak at the wall. Furthermore, for the patch RP2C,
the peak temperature is the highest for the investigated cases (T,, ~ 1730 K). Finally, as visible from
Fig. 11b, the disturbance introduced by this roughness configuration is such that the flow has partially
lost its symmetry once on the ramp.

Z[m] Z[m]
0.045f 0'045_,
0.04 - 'S 0.04 - 'S
| | > o || =
0.035 - " " “ " " 0.035
IS NV [\ [\ |\ 1 =
-

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02

w, [1/s]: -600000 -300000 0 300000 600000

(a) RP2B.

w, [1/s]: -600000 -300000 0 300000 600000
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Fig 12. Streamwise vorticity at the end of the ramp for cases RP2B and RP2C.
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5. Conclusions

The study aimed at investigating the effects of several variants of a roughness patch placed in front of a
10° hypersonic ramp. The base version of the patch consisted of a single streamwise-row of sinusoidal
elements placed upstream of the separation point for the smooth reference configuration. The patch
generates streamwise vortices in its wake that are convected downstream on the separated shear layer
and on the ramp. The separation is delayed with respect to the smooth case and both separation and
reattachment lines show corrugations downstream of the roughness. As the wake flow reattaches on
the ramp, a mushroom-shaped structure forms and dominates the weak streamwise vortices that are
found in the smooth scenario. By moving the patch upstream or by making it wider, the boundary-layer
exhibits a delayed separation and early reattachment on the ramp, together with a wider mushroom
structure. This is believed to be a consequence of the higher roughness-induced vorticity generated by
wider and/or more upstream patches. The case with a patch occupying the entire span of the domain
has been also investigated. In this case, the boundary-layer detachment is again slightly delayed,
but the vortical structures forming on the ramp (one per each spanwise roughness wavelength) are
smaller and less intense with respect to the base version of the patch. In all the rough cases, the wall-
temperature peak-values are remarkably higher than those of the smooth case, while the differences in
maximum-temperature values among the patch variants are noticeable but not very large.

The present work shows how relatively small variations of the roughness parameters can have a no-
ticeable impact on the steady base-flow of laminar Shock-Wave/Boundary-Layer Interaction. Under
unsteady conditions, these modifications with respect to a smooth ramp-flow could promote the growth
of disturbances introduced in the flow, leading to a faster laminar-turbulent transition process. Further
investigations on this specific problem are therefore needed in the future.
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