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Abstract

Local and global stability analyses and direct numerical simulations are performed to study unresolved
questions on laminar-turbulent transition mechanisms that condition performance of the HIFIRE-1 and
ROTEX-T flight vehicles at hypersonic flight conditions. Conditions at which the Mack mode is stable on
the conical forebodies preceding the compression (on the ROTEX-T) and expansion (on the HIFIRE-1)
regions on the vehicles are identified and the BiGlobal eigenvalue problem in these regions is solved
under physically admissible homogeneous Dirichlet inflow boundary conditions. The global eigenmodes
responsible for unsteadiness on the flare of the two vehicles are then identified, alongside several sta-
tionary and traveling members of the global eigenspectra. Axisymmetric direct numerical simulations
provide evidence of linear destabilization of the flow on the ROTEX-T vehicle as the Reynolds number
is systematically increased. Three-dimensional direct numerical simulations of a quarter- and the full
ROTEX-T vehicle, both at zero angle of attack, have produced identical unsteady flowfields, a result
which points at the unsteadiness on the vehicle arising from linear global instability originating at the
reattachment zone of the laminar separation bubble formed at the flare.
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Nomenclature

Latin

m — Azimuthal wavenumber

p — Pressure, Pa

u — Velocity, m/s

qw — Wall heat flux, W-m2

x — Distance along centerline, m
y — Centerline-normal distance, m
F — Frequency, Hz

L. — Cone length, m

M — Mach number

Rey,, — Cone length L. based Reynolds number
St — Modified Stanton number

T — Temperature, K

Greek

a — Complex wavenumber

B8 — Spanwise wavenumber
n — Wall-normal distance, m

1 — Dynamic viscosity, Pa - s

w — Complex frequency

¢ — LE Shock angle, °

p — Density, kg/m3

7 — Shear stress, Pa

6 — Cone half-angle, °

¢ — Distance along cone surface, m

Subscripts

0 — Stagnation

oo — Freestream

e — Boundary-layer edge
n — Nose

w — Wall
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1. Introduction

Schmisseur [1] discussed the Hypersonic International Flight Research Experiment (HIFIRE) series of
research vehicles, which was conceived by the US Air Force as a sequence of platforms on which a
systematic increase of geometric vehicle complexity would lead to the introduction of ever more com-
plex physical mechanisms of boundary layer laminar-turbulent transition, so that coordinated ground
experimentation, numerical simulation, and flight testing could address different paths to transition in
isolation. HIFIRE-1 [2] featured a cone, on which classic Mack mode instabilities were expected to de-
velop, followed by a cylinder and a flare, where the nominally axisymmetric separation bubble formed
under the compression shock could become transitional. The Rocket Technology Flight Experiment-
Transition (ROTEX-T) was introduced by DLR [3] as a complementary configuration, on which the cone
is followed by a flare and then a cylinder, which potentially advances transition to a location closer to the
cone than on the HIFIRE-1. While work on the HIFIRE-1 has somewhat subsided, and now continues on
the more recent HIFLIER configuration [4], vigorous research on the ROTEX-T is still underway, mostly
comparing results of ground experiments and simulations [e.g. 5, 6] with those of the flight experiment
at a relatively wide range of free stream flow conditions. Other research vehicles in the HIFIRE series
were also discussed by Schmisseur [1], most notably the HIFIRE-5 flight vehicle, having the shape of
an elliptic cone, on which three-dimensional boundary layer instability and transition phenomena could
be studied in flight [e.g. 7] and ground experiments [e.g. 7, 8], as well as accompanying theoretical [e.qg.
9-11] and simulation [12] work.

The present contribution returns to the question of linear instability mechanisms of different physical
origin appearing at typical locations on the Cone-Cylinder-Flare (CCF) and Cone-Flare-Cylinder (CFC)
model geometries, respectively representing the HIFIRE-1 and ROTEX-T vehicles. In addition, qual-
itative differences between the CFD and the Cone-Flare (CF) model of the ROTEX-T, the latter also
used in experiments as a ROTEX-T model, are addressed. Tools applied include compressible bound-
ary layer theory and spatial local linear stability theory for the conical part of the geometries, unsteady
laminar axisymmetric direct numerical simulation for the computation of steady axisymmetric base flows
at parameters at which such states exist, followed by modal and/or nonmodal BiGlobal linear stabil-
ity analysis at spatially inhomogeneous regions of the flow, namely cone-cylinder and cylinder-flare on
the HIFIRE-1 and cone-flare on the ROTEX-T and, finally, full three-dimensional direct numerical sim-
ulations of the respective vehicle configurations. Both configurations feature a 7° half angle (though
different nose radii have been considered), while all analyses and simulations were performed at the
same free-stream Mach number M., = 6.

2. Laminar axisymmetric base flows

2.1. Definition of the HIFIRE-1 and ROTEX-T vehicles

In a first step aiming to make the conical sections of the two vehicles identical, while matching the
ROTEX-T geometry on which recent experiments and analyses have been performed [5], the HIFiRE-1
was scaled by 37% and the ROTEX-T by 39%, see Figure 1. The flow Reynolds number is built with
the length of the cone up to the cone-flare junction on the ROTEX-T / cone-cylinder shoulder on the
HIFIRE-1, i.e. the length L. between the cone nose and the projection of the point denoted S4 on Fig.
1 on the axis of symmetry. The abscissae of the points indicated on this figure, which will be referred to
in the analyses that follow, are S1: z = 0.25 m, S2: x = 0.30 m, S3: x = 0.36 m and S4: x = 0.406 m.
The remaining geometric and flow parameters are summarized in Table 1).

Table 1. Vehicle geometries and conditions analyzed at M., = 6

Configuration Case Le[mm]  Rex 1072 r,[mm] Ty [K] T [K] Ty [K]

HIFIRE-1 37% scale  406.6 500 0.99 550 67.07 290
39% scale  406.6 500 - 2,000 0.99 550 67.07 290
ROTEX-T
Flight 1040.8 1,000 2.5 1279 238.075 330
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HIFiRE-1

Fig 1. Schematic comparison of the resolved flow fields around the scaled ROTEX-T and HIFiRE-1
geometries.

2.2. Axisymmetric laminar steady flows

Steady flows ¢ = (p, 1,0, 13, T)", used in the subsequent linear local and global stability analyses
have been obtained by unsteady laminar computations without a turbulence model using OpenFOAM.
Resolutions employed featured in excess of 10 million cells, comparable to those used in our recent
related (SU2) work with the CF model of the ROTEX-T geometry [5]. Rather small time-steps required
by these meshes, combined with the level of convergence shown in results that follow, have resulted in
computational cost comparable or higher to that of the steady simulations performed in [5]. Qualitative
features of the respective flow fields are shown as numerical Schlieren images in Figure 2. At the point
where the cone terminates on the two configurations the main difference arises from the separation
bubble formed on the ROTEX-T on account of flow compression at the flare. This is of course absent
on the HIFIiRE-1, where flow expansion leads to attached flow up to the shoulder. This and other flow
features will be further discussed and quantified in what follows.

Fig 2. Qualitative features of the steady flows formed on the scaled ROTEX-T (upper image) and
HIFIRE-1 (lower image) geometries at M., = 6, Re = 5 x 10°

2.3. CF vs CFC geometries

An aspect differentiating the present from earlier related work on the ROTEX-T is the present use of the
cone-flare-cylinder (CFC) geometry, as opposed to the cone-flare (CF) configuration used in earlier work
[5]. In Figure 3, features of the flows obtained by unsteady axisymmetric simulations are highlighted in
the neighborhood of the respective flares. While the separation shock characteristics are analogous,
two major differences are immediately visible, namely the absence of the expansion on the CF geometry
alongside the difference in the extent of the laminar separation bubbles forming at the flare. Another
aspect not visible in the image but clearly seen in the simulation results is unsteadiness of the flowfield
above the (relatively long) flare of the CF geometry, a feature altogether absent on the CFC configuration.
In what follows, the CF geometry is discarded from further analyses and attention is focused on the CFC
and CCF(C) configurations.
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Fig 3. Numerical Schlieren of axisymmetric CF (upper image) and CFC (lower image) flows at M., =
6, Re = 5 x 10°, highlighting the vicinity of the flare in the respective geometries

2.4. Conical Flows

In what follows it is instructive to compare linear stability of steady base flow profiles extracted from
axisymmetric simulations along the cone surface against those generated by application of the Taylor-
Maccoll conical flow approximation to obtain boundary layer edge values, followed by classic compress-
ible conical boundary layer theory [13]. For consistency, Sutherland viscosity law has been used for all
results obtained and the local Reynolds number is calculated using the streamwise coordinate of the
projection of a point along the cone surface, as schematically shown in Figure 4.

Xbtunt

xshurp

Fig 4. Schematic of the conical flow.

Boundary layer profiles on the conical forebody of the HIFIRE-1 and the ROTEX-T vehicles are extracted
at the locations S1-S4 shown in Fig. 1 and are compared against the compressible boundary layer (cBL)
profiles computed at the same locations. While the profiles themselves are practically identical, from a
linear stability analysis point of view it is essential to monitor the generalized inflection point function,

[13]
d 7d’17,5
% <pd77) ) (1)

and identify its zeros along the local wall-normal direction. To enable such comparisons, the DNS data
is smoothed in a three-step procedure. First, the extracted DNS profiles are interpolated onto a higher

—dug

resolution grid, on which the function PddT, is calculated. Second, a moving average filter is used to
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produce an improved curve on which a third and final Gaussian filter eliminates potentially introduced
spurious inflection points and delivers a profile which can be differentiated to form the function shown in
Eq. 1.

Generalized Inflection Point (GIP) functions computed by boundary layer theory and extracted from
the simulation results are shown in Figure 5. At a glance, one notices the very good near-wall agree-
ment of the two sets of results at S1 (ROTEX-T) and S2 (HIFIRE-1 and ROTEX-T). Interestingly, as the
expansion shoulder and the compression corner are approached on the HIFIRE-1 and the ROTEX-T,
respectively, the DNS results deviate from those of the boundary layer theory in the expected man-
ner: the numerical simulations deliver a stronger attached profile in the former vehicle and one that is
increasingly affected by the proximity to the separation bubble on the latter vehicle.
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Fig 5. Comparison of GIP functions on the ROTEX-T (upper row, locations S1, S2 and S3) and HIFiRE-1
(lower row, locations S2, S3 and S4) conical forebodies against results of compressible boundary layer
theory at Re = 0.5 x 106.
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3. Linear Stability Analyses

3.1. Local LST analyses on the cone

Figure 6 presents eigenvalue spectra obtained at locations S1-S4 on the respective cones of the ROTEX-
T and HIFiRE-1 vehicles, at Re = 500k and a single frequency, F' = 136 kHz. A scan of relevant fre-
quencies has been performed, although its results are not shown here for brevity, since all spectra on
both vehicles at this and all frequencies examined at this Reynolds number comprise damped eigen-
modes. This finding justifies use of modal global stability analysis at the cone-cylinder expansion corner
on the HIFIRE-1 and at the flares of both vehicles, in conjunction with homogeneous Dirichlet boundary
conditions at the inflow domain, to study self-excited perturbations arising from shock / boundary layer
interaction and laminar separation bubble instability at the respective flare locations, in isolation from
potentially incoming flow perturbations. As the Reynolds number increases, the present local analyses
on the conical forebodies are repeated in a systematic manner, to identify thresholds at which ampli-
fied Mack modes may exist on the conical forebody and enter the expansion/compression zones on the
two vehicles. In that situation modal global analysis is no longer permissible and alternative analysis
approaches are called for.
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Fig 6. Eigenvalue spectra on the two vehicles at Re = 0.5 x 10, at locations S1, S2, S3 and S4 shown
on Fig. 1

3.2. BiGlobal Stability

The spatially inhomogeneous regions on the two vehicles mandate use of BiGlobal stability analysis
to study the growth of three-dimensional (non-axisymmetric) linear perturbations. Unsteady fields, q,
satisfying the full equations of motion are linearized via decomposition into unsteady 3D perturbations
q (z,y, z,t) superposed upon the steady basic flow g (x,y) as

q(z,y,2,t) =q(z,y) +q(z,y,2,1) (2)
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where || < |g|. Omitting quadratic disturbance terms and subtracting the O(1) base flow terms,
themselves satisfying the steady equations of motion, results in the linearized Navier-Stokes equations
(LNSE). Inserting the BiGlobal ansatz

q(z,y,2,t) = G(z,y)e'PY 1 ¢ c. )

into the LNSE then allows to turn the initial value problem into a generalized complex non-symmetric
eigenvalue problem
L§=wMg. (4)

In a temporal analysis content the spanwise wavenumber 3 is then taken to be real and is related to the
spanwise wavelength by A = 27/3. In the case of axisymmetric geometries, (3 is related to azimuthal
wavenumber m by

A = 27706/ M,

with roc defined in Fig. 4. The eigenvalue consists of real and imaginary parts w = w, + iw;, where
w, corresponds to the eigenmode frequency and w; to its growth rate and flow is considered stable
when w; < 0. Spatial discretization of the eigenvalue problem is accomplished using a newly developed
multi-domain method, which permits decomposition of complex domains into quadrilateral subdomains
featuring curved boundaries and using independent mappings and resolutions in each subdomain. As
such, the present multi-domain method overcomes the restriction of decomposition into rectilinear sub-
domains [14] and introduces the ability to use non-conformal meshes on curved interfaces. The EVP
problem is solved in all subdomains with continuity in function and continuity in the normal-to-interface
derivatives of up to n-1 order of the problem being solved. Using the justification provided in the Sec-
tion ??, homogeneous Dirichlet boundary conditions are applied to the perturbations at the inflow and
the wall on all perturbation components except perturbation density, on which homogeneous Neumann
conditions are applied. The same Neumann condition is used on all perturbations in the far-field bound-
ary, while the outflow domain is treated by linear extrapolation. The eigenvalue problem is then iteratively
solved using the Arnoldi algorithm with Krylov subspace sizes myq > 300.

aaE—— ::L’::.,_fr

(a) HIFIRE-1 mesh outline (b) ROTEX-T mesh outline
Fig 7. Outline of mesh structure on the HIFIRE-1 (left column) and ROTEX-T (right column)
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(a) HIFIRE-1 stationary mode (b) ROTEX-T stationary mode

Fig 8. Representative stationary amplitude functions of the azimuthal velocity perturbation on the
HIFIRE-1 (left column) and ROTEX-T (right column) at Re = 0.5 x 10%, m = 3
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Fig 9. Representative traveling amplitude functions of the azimuthal velocity perturbation on the HIFiRE-
1 (left column) and ROTEX-T (right column) at Re = 0.5 x 105, m = 3

4. Axisymmetric Direct Numerical Simulations

Direct numerical simulations for the axisymmetric ROTEX-T configuration were conducted in the range
of 500 x 102 < Re < 2000 x 102 to identify the onset of global instability and the expected breaking of the
laminar separation bubble. Fig. 10 shows the time convergence of the residual of density measured at
several probes distributed in the boundary layer along the cone, flare and cylinder section of the vehicle.
The respective locations of the probes are shown in the top part of the figure, with the separation bubble
identified with a red line. Probe 20, located just inside the reversed flow region of the LSB shows linear
decay of the residual with nearly the same slope at all Re. Probe 22, located exactly in the compression
corner converges at a slower rate. Probe 25, located at the expansion corner shows linear decal non
unlike probe 20, with the slope decreasing with increasing Reynolds number. Probe 26 is located in
the cylinder boundary layer downstream of the expansion, where the flow is accelerated. Fast decay
of the residual is seen at this location. The slope however, also decreases with increasing Reynolds
number suggesting that the boundary layer may eventually become unsteady on the cylinder. In all the
probes, some original peaks of the residual can be observed at early times, with the magnitude of the
peak increasing proportionally to the Reynolds number. These may be associated with transient growth
mechanisms and warrant an a non-modal stability analysis in the future.

The damping rate, w;, of the decaying least damped mode can be estimated by computing the slope

o — IN0o(t2)/p(11)) )
to —t

of the residual in the linear decay regime [15]. Fig. 11 shows the effect of Reynolds number on damping
rate at different probes across the separation region (see Fig. 10). The slope for all probes in the figure
was measured by doing a linear fit to the residual signal between times of 2 x 1073 and 2.5 x 10~3. It can
be seen that the rate, with which the damping rate increases with Re grows from probe 20 to 22, i.e. from
the separation to the compression corner. After the compression corner, at for probes 23 to 25 located
on the flare, the rate of increase of w; with Re reduces again. At the compression corner (at probe 22),
it grows until Re of about 1500 x 10% and then decays. The eventual decay at higher Reynolds numbers
may be misleading, as the bubble has already broken down, as will be shown later on. However, the
fact that the highest rate of decrease of the damping rate is seen at the compression corner points to a
growth of instability at that location.

The properties of the flow at the wall are plotted in Fig. 12 across the cone-flare-cylinder junction. The
locations of the compression and expansion corners are marked with vertical dashed lines. The pressure
coefficient increases in the separation bubble and along the flare before dropping down at the expansion.
The skin friction coefficient (Cy), surface pressure coefficient (C,) and the Stanton number (St) are
defined as

Tw Pw Gw
O = St = , (6)
%poo“go P %poougo poouoocp(TO —Ty)

Cy =

where 7, q,, are wall shear stress and wall heat flux, respectively. The zero crossing C; denote the
separation and reattachment locations. The primary separation location moves upstream, while the
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Fig 10. Effect of Reynolds number on the convergence of the density residual at different locations
along the cone flare.

primary reattachment moves downstream with increasing Re as the bubble is growing. The inset clearly
shows that a breaking of the LSB takes place somewhere 1000 x 10® < Re < 1200 x 10% in the vicinity
of the compression corner. This is the same location that showed the highest rate of decrease of the
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Fig 11. Effect of Reynolds number on damping rate of the density residual measured at different probes

across the separation region.

damping rate, The Stanton number profiles show waviness in this region, suggesting that the flow may
be unsteady. Similarly, at highest Reynolds numbers, oscillations appear in the profiles along the cone,

suggesting that the flow is becoming unsteady there.
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4.1. Axisymmetric least damped modes

The spatial structures of the least damped global mode are extracted by post-processing the flow fields
at 2 x 102 and 2.5 x 1072 [15] in. The temperature, pressure and vertical velocity components of the
resulting perturbations are plotted in Fig. ?? with Re. Temperature, pressure and vertical velocity have
structures in the separation and reattachment shocks and temperature and vertical velocity also have
structures in the shear layer of the bubble. This is due to the separation and reattachment locations
and the corresponding shocks still moving as the flow is converging. However, at Re > 1200 x 103,
when the bubble eventually breaks, there are additional modes structures indicating unsteadiness in the
bubble near the compression corner. A close up of these structures at Re = 1800 x 10% is shown in
Fig. 13.
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9 0.4 0.41 0.42 0.39 0.4 0.41 0.42 0.39 0.4 0.41 0.42
T T G

[ ——— [ a— | [ a— |
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Fig 13. Close up of the least damped mode ar Re = 1.8 x 10°.

5. Three-Dimensional Direct Numerical Simulations

Finally, we conduct three-dimensional DNS for a quarter at Re = 500 x 103. For the quarter setup,
symmetric as opposed to periodic conditions are imposed the the sides. In addition, a simulation of
the full ROTEX-T is performed at Re = 500 x 10° to verify if the quarter is sufficient to capture the
three-dimensionality. It can be seen that the separation bubble is broken along the azimuthal direction
with pockets of higher reversed flow extending periodically from the flare region upstream and that the
reattachment line unsteady. Comparison of Fig. 14 and ??, shows that the quarter ROTEX-T setup
captures the spanwise periodicity of the bubble. These three-dimensional simulations show that the
separation bubble is broken along the azimuthal direction already at Re = 500 x 103, which is far earlier
than the two-dimensional breakdown seen at Re = 1200 x 103 in the antisymmetric case.

(a) Re = 0.5 x 10° (b) Re =1 x 10°

Fig 14. Three-dimensional simulation of the one quarter of the ROTEX-T at M, = 6. Synthetic Schlieren
(magnitude of the density gradient) show the structures of the shocks and contours of the reversed flow
(in orange) show the separation bubble. Red lines denote separation and reattachment.
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