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Abstract

In the present work, the turbulent Shock-Wave/Boundary-Layer Interactions (SWBLIs) over a geometry model
of HIFIRE-1 Axisymmetric Cone-Cylinder-Flare with a ramp angle of 33° at Mach 7.16 were analyzed, using
Detached Eddy Simulation (DES) and k — w turbulence models. Structured hexahedral meshing was used to
perform the computation domain and the simulations presented critical characteristics in SWBLIs, such as wall
pressure distribution, wall shear stress distribution and wall heat flux. The simulation results were compared to
the experimental result of HIFIRE-1 ground test studies.
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1. Introduction

Shock-Wave/Boundary-Layer Interactions (SWBLIs) are among the many issues in maintained flight
at hypersonic speeds that present challenges to aerospace vehicle design and still poorly
understood [1]. At hypersonic speed, the aerothermal conditions are very extreme, which can impact
the surface pressure load and heating of a vehicle and cause heating which generates on the body
such as on the leading edge of the wing which is responsible for system failure [2,3]. The shock-
dominated flows typical of hypersonic flight can show interference effects that increments surface
heat transfer rates extraordinarily [4,5]. Thus, the design configuration of such a vehicle should be
under acceptable consideration.

SWBLIs also may lead to boundary layer separation, enhancing heating load, or even turbulent
reattachment. A typical schematic diagram for ramp-induced SWBLIs is shown in Figure 1. In the
presence of the ramp the flow becomes deflected abruptly by the compression corner with its
associated adverse pressure gradient, which leads to the generation of oblique shock waves
emanating from the compression corner that interacts with the boundary layer over the wall. Hence,
the boundary layer experiences an adverse pressure gradient near the region of the flow
deceleration. If the deflection angle is higher than the incipient separation angle, the boundary layer
separation takes place well ahead of the compression corner and separation shock forms ahead of
the separation region due to the coalescence of compression waves induced by the separation
process.
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Figure 2 - HIFIRE-1 model dimension

The nearly constant plateau pressure region downstream of the separation point is invariantly
considered as the indicator to identify the separation bubble. This recirculation zone extends up to the
reattachment point, where the flow re-attaches on the ramp surface [6]. The peak heat-flux rate near
the reattachment point (or boundary layer neck) may be much larger than that of elsewhere. In general,
the peak heating on a compression ramp may be determined by the state of the separated flow as it
re-attaches to the ramp surface [7, 8]. However, the detail of this process may vary depending on the
case and if it is examined in a different state [9].

The modeling of turbulent SWBLIs is one of the keys to predicting the pressure and heating load,
which impacts on vehicle body [10]. The state-of-the-art turbulence simulations in engineering
applications are mainly solving the Reynolds-Averaged Navier-Stokes (RANS) equations. The
associated turbulence modeling remains a major source of uncertainty in the computational prediction
of aerodynamic forces and heating for hypersonic vehicles. Currently, the most accurate computational
modeling is by the Direct Numerical Simulation (DNS) and the challenge is the number of grid cells.
Hence, for a high Reynolds number simulation, the level of computation requirement will be extremely
high. The Large Eddy Simulation (LES), while requiring relatively much less than DNS, still requires
significant amount of computation. The intermediate model is Detached Eddy Simulation (DES). In
this model, RANS formulation is used for the near wall regions and LES is used for the free stream.

In the present study the pressure and heating load on the HIFIRE-1 vehicle, with a ramp angle of 33°
at Mach 7.16 inducing strong turbulent SWBLIs, as well as other important phenomena such as point
of separation and reattachment from DES and k — w turbulence modelling were compared with
experimental data published [11-13]. The ground test of HIFIRE-1 experiments has been developed
in the LENS-1 to study the full-scale flight vehicle at selected conditions along the test flight trajectory,
which in the future can be used to design the next-generation hypersonic vehicle [14]. The schematic
diagram of the HIFIRE-1 body is shown in Figure 2.
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While HIFIRE-1 configuration is Axisymmetric Cone-Cylinder-Flare, its flow physics is similar to
compression ramp without the issue of three-dimensionality. Some related works correspondence
in hypersonic flows over a ramp are the study of the surface pressure and heat flux in hypersonic
laminar interactions with real gas effects by Hao et al. [15], the effect of leading-edge bluntness
toward separation bubble size, boundary layer edge Mach number and temperature, sonic height,
boundary layer thickness, skin friction coefficient and pressure by John et al. [16], the studies of
unsteady behavior of interaction from hypersonic and air with its thermochemical non-equilibrium
effects [17-20], the study of shock wave unsteadiness in SWBLIs over compression ramp by Sun et
al. [21], 3D (Three Dimensional) model simulation for compression ramp studied by Oliver et al. [22]
and 3D cone with a control surface studied by Pandey et al. [23], the experimental study of cone-
flare with different blunt radius and flare angle as well as Reynolds number by Running et al. [24]

The present studies are a part of fundamental research of SWBLIs in hypersonic flows for better
experimental and numerical integration by using existing experimental results as the basis for
numerical predictions, in this case is the turbulence modelling of DES, with the aim to develop
strategies for efficient numerical methods in hypersonic vehicle design. The present studies also aim
to compare several turbulence models with experimental results of HIFIRE-1 and based on our
knowledge, the study DES for the turbulent SWBLI study in the HIFIRE-1 vehicle model has never
been performed. For that purpose, the result of k — w turbulence model is also presented. The
present work is the continuation of the work presented at 33 ICAS 2022, in Sweden [25].

2. Methods

The 3D model of fluid domain around the HIFIRE-1 body was modeled as a 2D (Two Dimensional)
structured hexahedral mesh. The 2D quad mesh was then computed as axisymmetric in the solver
to mimic the flow in a real 3D model. The computational domain taken in this simulation is the upper
portion above the HIFIRE-1 surface. Figure 3 shows the fluid domain and its boundary condition
assigned on each side of the domain, ensuring that all-important physics flows could be captured
and the refinement was given on the wall surface and the junction between leading-edge, cone-
cylinder, cylinder-flare, and flare-aft. To catch important physical flow near the wall, the value of y+
was adjusted close to 1. The mesh element size for each blocking was also adjusted by creating
bunching along the edges, which separated among the blocks as such that the relative mesh size in
the edge of each block was close to the mesh size in the neighboring block.

Figure 3 - Boundary condition on fluid domain and meshing
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The inlet and far-field were assigned as pressure-inlet, the outlet was assigned as pressure-outlet,
the wall assigned with no-slip wall and isothermal with determined temperature, and the symmetry
as an axis. The assigned boundary condition of the inlet, outlet, wall, far-field, and symmetry have
input values as in Table 1 below.

Table 1. Boundary Condition Values

Inlet Outlet Wall Farfield Axis
Pressure (Pa) 4620 4620 - 4620 -
Mach Number 7.16 - - 7.16 -
Temperature (K) 231.7 231.7 299 231.7 -

For k — w turbulence model, the solver was set up to the density-based setting due to the concern
of the air compressibility effect in hypersonic flows [10]. The fluid is assumed to be an ideal gas for
present studies, the coefficient of dynamic viscosity (p) is calculated by making use of Sutherland’s
law [26]. The solution methods formulation was chosen to be implicit with the flux type Roe-FDS. The
spatial discretization gradient was chosen to Green-Gauss Node Element and the modified turbulent
viscosity to be first-order upwind and the transient formulation to be second-order implicit. The
simulation conducted using transient analysis as the main flow features, such as the entire laminar
separated region, the strong bow-shock, the triple point and the location of the separation shock
show an unsteady [27] and time-dependent behaviour [28]. The study about computational test time
on double compression hypersonic flow with averaged data from timestep by Durna et al. [29] and
another experimental study by Swantek et al. [30]. The equations for k — w turbulence modeling in
this present work are below (1) and (2) based on the references [31,32]:

5} d d dk
3¢ (PR) + 5~ (pkuy) = a_xj(rk a_x,> + Ge=Ye + S (1)
0 0 d 0
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Where k is the turbulence kinetic energy, w is the specific dissipation rate, G, is the generation of
turbulence kinetic energy due to mean velocity gradients, G, is the generation of w, while Y, and Y,
are the dissipation of k and w due to turbulence. T}, and T,, are the effective diffusivity of k and w,
respectively, while S, and S,, are user-defined source terms.

Detached Eddy Simulation (DES) was introduced by Spalart and co-workers to eliminate the main
limitation of LES models. DES uses RANS model for the attached boundary layer and LES for the
separated flow. The advantage of this model is its cost, less expensive than LES especially for high
Reynolds number, and its accuracy compare to RANS, for unsteady and 3D flow [33]. By this
formulation, the wall boundary layers are entirely covered by the RANS model and the free shear
flows away from walls are typically computed in LES mode. Based on the references [33-35], the
transport equation of Spalart-Alimaras model is below (3):
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The transported variable in the Spalart-Allmaras model, 7, is identical to the turbulent kinematic
viscosity except in the near-wall (viscosity-affected) region. The variables cb1, cb2, and o are
constants. The turbulent viscosity, u;, is computed from equation (4), where the viscous damping
function, f,4, is given by equation (5):

e = pPfin (4)
fn=sam X = (5)

and equation (6):
§=S+—= (6)

where k is constant and S is a scalar measure of the deformation tensor. The value S is based on
the magnitude of the vorticity.

The DES approach used is based on the Spalart-Allmaras turbulence model in equations (3) and
(4). To obtain the model used in the DES formulation, the length scale (d) of the S-A destruction term
is modified in equations (7) and (8) to be the minimum of the distance to the closest wall and a length
scale proportional to the local grid spacing,

d~ = min (d, CDESA) (7)

A= max (Ax,Ay,Az) (8)

where d is the modified length scale, A is the maximum local grid spacing, and Coes is a constant.

3. Result and Discussion

The results of DES and k — w turbulence modelling are presented. Table 2 shows the mesh and the
result of steady state. It also shows the results of Separation and Reattachment points, x; and x,, as
well as the Separation Length, x,,.

Table 2. Mesh and Steady State Condition Result

Turbulence Model Cell Size Cell Number t(ms) | x, (m) | x,. (m) Xps (M)
k—w 0.5 mm? 131000 20 1.56 1.65 0.09
DES 0.5 mm? 131000 20 1.49 1.68 0.19

The wall shear stress on the body surface in Figure 4 was plotted in the same manner as the wall
pressure distribution plot, except that the experimental value taken was only the point of separation
as the main concern. The result shows that there is an indication of secondary separation existence
from DES result. Secondary separation has been found to exist in previous work of massively-
separated turbulent SWBLIs cases. This should warrant further fundamental study to investigate
geometrical and flow conditions, as well as its impact, that induce such phenomenon in SWBLIs.
However, as shown later by the wall heat flux and wall pressure results, DES simulations turned out
to take significantly more time than RANS. Hence, the present work provides both DES approach
simulations based on the Spalart-Allmaras and k — w turbulence models, shown by the wall heat flux
and wall pressure results, for comparison.
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Figure 4 - Wall Shear Stress comparison with experimental results of HIFIiRE-1

The results of the wall heat flux for DES based on both Spalart-Allmaras and k — w turbulence models
are shown in Figure 5 and compared with the experimental results of HIFIRE-1.
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Figure 5 - Wall Heat Flux comparison with experimental results of HIFiRE-1
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In the present study, the point of interest is the wall heat flux near the compression ramp (cylinder-
flare) region as shown in Figure 5. The result shows that there is a good agreement between k — w
turbulence modelling and experimental data, even though the k — w turbulence modelling
underpredicts the peak value of experimental data. However, unlike the k — w turbulence modelling,
the DES results, based on both Spalart-Alimaras and k — w turbulence models, largely underpredicts
the experimental data. Based on available data, the computation of DES needs to continue in order
to achieve the convergence or steady-state condition.

The comparison for pressure the wall surface is shown in Figure 6, and also compared with the
experimental results. For wall pressure the result shows that, similar to the wall heat flux results,
there is a good agreement between k — w turbulence modelling and experimental data, with
underprediction of peak value. And also similarly, the k —w - based DES results largely
underpredicts the experimental data. And interestingly, the Spalart — Allmaras - based DES shown
overpredicts the experimental result. This DES-based simulations of massively-separated turbulent
SWBLIs have shown to be a challenging case of complex flow predictions.
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Figure 6 - Wall Pressure comparison with experimental results of HIFiRE-1
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Figure 7 — Density gradient contour for k — w turbulence model

Figure 8 — Density gradient contour for DES turbulence model

Figure 9 — Schlieren photograph of HIFIRE-1 (with 2.5 mm nose radius)

For the purpose of qualitative study, the Figures 7, 8 and 9 shows the density gradient of k — w
turbulence and DES modelling. These figures show the flow structure in the region of SWBLlIs, and
can be compared with the experimental results from Schlieren photograph of HIFIRE-1 (with 2.5 mm
nose radius). Similar to experimental results, the DES modelling reveals more complex and detailed
structures with possible separation wakes. This is in contrast with RANS-based k — w turbulence
model, which shows much more simple structure. However, as the quantitative results show, there
is a pressing need to continue the DES computing time for more valid results, using both Spalart-
Allmaras and k — w turbulence models.
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4. Conclusion

In the present study of hypersonic flow around HIFIRE-1 body axisymmetric cone cylinder flare with
a ramp angle of 33° at Mach 7.16, the steady-state condition of turbulent SWBLIs simulation by DES
and k — w turbulence modelling have been performed. These results have also been analyzed to
compare their accuracy with HIFIRE-1 experimental results. The comparisons show different results
of DES and k — w turbulence modelling, with respect to experimental results. These comparisons
with experimental results justify further studies of DES using both Spalart-Allmaras and k — w
turbulence models, as k —w turbulence modelling provides better result quantitatively. The
qualitative results of density gradient, however, reveal better results in terms of more detailed flow
structures of DES turbulence modelling compared with k — w turbulence modelling. These results
show potential of both DES and k — w turbulence modelling, which are expected to reveal the
numerical and physical aspects of the predictions of massively-separated turbulent SWBLIs cases
with aim to develop strategies for efficient numerical methods in hypersonic vehicle design.
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