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Abstract: The use of immersed-boundary (IB) technique represents a valuable alternative in
the context of hypersonic flow simulations. Indeed, due to the strong meshing effort and/or the
difficoulty in re-meshing the fluid domain in the case of an ablated surface, classical body-fitted
(BF) approaches require the use of unstructured or multi-block grids, leading to a more complex
data structure to handle in the numerical solver. This work presents numerical results for hypersonic
flows obtained with two different IB techniques, compared to reference results obtained with the
corresponding BF solver.
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1. Introduction

Numerical simulations of hypersonic flows are challenging due to the combination of thermophysical
modeling and numerical strategy. Specifically, in the context of atmospheric vehicle entry, the solver has
to deal with strong shock waves which provoke energy excitation and molecular dissociation [1]. This
leads to a tremendous heat transfer on the vehicle surface, mainly due to conduction. However, in the
presence of gas-surface interactions, mass diffusion becomes a relevant contribution to the total heat flux
due to catalysis and ablation [2], the latter rising from the interaction between the chemical species in
the boundary layer and the material composing the Thermal Protection System (TPS). Nitridation and/or
oxidation processes may take place, pushing the gas far from the wall (blowing effect) [3] and mitigating
the heat flux on the surface by material decomposition and mass loss. In some cases, the surface recesses
with a finite velocity, provoking a shape change of the TPS.

Most of the numerical solvers [4, 5] in the scientific community employ body-fitted (BF) grids, which allow
the use of large cell aspect ratios, thus ensuring very high wall normal resolution in the boundary layer.
However, when dealing with complex/moving geometries, multiblock structured grids or unstructured
grids are necessary. As an alternative, immersed-boundary (IB) techniques [6, 7] exploit Cartesian meshes
for the fluid domain, where the geometry is embedded as a Lagrangian (solid) domain, as illustrated in
Fig. 1. The governing equations are then solved in the Eulerian (fluid) domain with a forcing term
which accounts for the forces exchanged between the fluid and the body, such that the equations obey the
desired boundary condition on the surface (e.g., no-slip). Of course, numerical solution of the governing
equations is not needed within the solid. Hence, a ray-tracing procedure is used to identify all the cells
whose center lies into the body (solid cells). Once these are identified, the fluid cells having at least
one neighbor in the solid domain are tagged as inferface cells cells (yellow squares in the right side of
Fig. 1): in these cells, an appropriate reconstruction of the flow field variables is needed to satisfy the
wall boundary condition. In some cases, the identification of interface-solid cells (or simply ghost cells)
is needed to impose a proper boundary condition on the wall. These cells are the solid cells having at
least one neighbor in the fluid domain, as shown in Fig. 2(b).

This paper is organized as follows: the numerical solver is described in Sec. 2, which provides details
about the IB methods implemented; a brief description of the thermophysical modeling is provided in
Sec. 3. Discussion about numerical results is presented in Sec. 4.
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Figure 1: Comparison of body-fitted (left) and immersed boundary (right) meshes.

2. Numerical approach

2.1 Governing equations

The original BF solver (Damiso) is developed in a Finite-Volume approach, within an MPI-CUDA
framework for multi-GPU executions [8]. The integral form of the 2D equations is
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In the above expressions, p is the mixture density, p the thermodynamic pressure, E the total specific
energy and u = (u,v) the velocity vector and its components in the Cartesian reference. A continuity
equation is solved for each species, so that p = Zﬁ,v s ps being N the total number of species. The other
quantities in the viscous flux vector are the species diffusion velocities (‘V), the stress tensor (5) and the
heat flux appearing in its total (q) and vibro-electronic (q,,.) contributions. These read:

pv(vs = _stVYY + ,DVC 3)
= T 2 =
o-zp[Vu+(Vu) ]—gy(V-u)I @
Ny
q= _/ltrVT - AveVTve + Z pshsq/s (5)
s=1
N
q,. = _/lveVTve + Z psgve,sq/s (6)
s=1

Eq. (3) is the Fick law to account for mass diffusion phenomenon. In such expression, V. = 3., D;VYy is
a correction term to ensure mass conservation [9]. The total heat flux is composed of three contributions,
which are the translational (conductive), vibro-electronic and diffusive parts, the latter including the total
specific enthalpy of each pseudo-species (/). Transport properties, namely the mixture viscosity (u),
thermal conductivity (4,,), vibro-electronic thermal conductivity (1,,.) and species diffusion coefficient
(Dy) are calculated by means of mixing rules [10, 11, 12, 13], starting from accurate viscosity-type
collision integrals evaluation for single-species properties [14]. The source terms due to chemical
non-equilibrium («&;) and thermal non-equilibrium (w,.) are presented in section 3.1.

Inviscid fluxes are discretized using the Steger-Warming flux vector splitting [15], combined with a
second-order accurate MUSCL reconstruction [16] and minmod limiter function. Interface gradients for
diffusive terms are reconstructed with a centered, second-order accurate scheme. Time integration is split
in two steps: since the code is written in an MPI-CUDA environment to exploit GPU capabilities [2],
an explicit third-order accurate Runge-Kutta scheme [17] is used to advance conservative flow variables,
thus solving homogeneous equations; in the second step, an implicit, iterative Gauss-Seidel scheme [18]
is used to update thermochemical mixture properties, allowing for reasonable time-step sizes and avoiding
numerical instability.

2.2 Immersed Boundary forcing

Immersed boundary forcing is used to apply a proper wall boundary condition. Two different techniques
are employed in this work. The first one is based on a one-side forcing term (IB-1) which follows the idea
proposed by Balaras [19], who extended the 1D reconstruction previously introduced by Fadlun [20]. By
means of a ray-tracing procedure, the cells of the Eulerian domain are tagged as solid, interface or fluid
(see Fig. 2(a)). The first ones lie within the Lagrangian surface, whereas the interface cells are defined
have at least one neighbor in the solid domain. The numerical solution near the wall can be linearly
reconstructed interpolating the values in the surrounding cells of the inferfaces, as shown in Fig. 2(a).
Cell I is projected on the wall (point W) along the normal direction. A support domain is then found in
the nearest cells, namely cells A and B, so that:

¢1 = Cix1 + Coy1 + G5 @)

where coefficients C, C, and C; are computed applying the same formula in points A, B and W. The
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Figure 2: Tagging of the IB-1 (a) and IB-2 (b) methods.
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Figure 3: Sketch of the extrapolation stencil for IB-2 method.

extension to Neumann boundary condition is straightforward. Moreover, in this formulation the solid
cells do not play a key role, since the numerical solution in the interface cells is not a function of that in
the solid cells. Conventionally, the wall temperature (for isothermal walls) and null velocity are imposed
in the solid cells. However, this approach is locally non-conservative since the governing equations are
not actually solved at interface cells. In order to overcome this drawback, it is affordable to develop
a ghost-cell based method (IB-2). The ghost cells are referred to as interface solid cells, and they are
defined as the solid cells having at least one neighbor in the fluid domain (see Fig 2(b)). The philosophy
of this method is to apply the same flux formulation also on the faces near the wall (green surfaces in
Fig. 2(b)). In this formulation, a reconstruction of the numerical solution is needed in the ghost cells,
where the value of the flow variables is extrapolated from the fluid domain so as to impose boundary
conditions. Following the notation in Fig. 3, the solution in the ghost cell is evaluated as

e}
¢G = dw = 5= (d1 = ¢w) ®)
w
so allowing for a locally conservative flux formulation in a finite-volume framework.

3. Thermophysical modeling

3.1 Kinetic model

Dealing with hypersonic entry flows, a thermophysical model is needed to account for non-equilibrium
phenomena. For this purpose, the well-known multitemperature Park model [21] is employed. Reaction
rate are taken from references in the literature for neutral air mixture [22] and contaminated air mix-
ture [23]. In Eq. (2d) the source term @ indicates the production/loss term of species s due to kinetic
processes. Its expression is given by the law of mass action
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where N, is the total number of reactions, M and ¢, indicate the molecular weight and concentration of
species s, respectively, whereas aj , and ay, are the stoichiometric coeficients of species s in reaction r
when the species is a reactant (, negative) or a product (", positive). Indeed, it holds ay, = |ay .| —|ag ,|.
Concerning the vibro-electronic energy transport equation, «,. represents gain/dissipation of vibro-
electronic energy due to chemistry and energy transfer mechanisms

Wye = Wy + WCE + WyT (10)

where wcy and wWcg represent the chemistry-vibration and chemistry-electronic coupling, responsible
for the rate of change of vibrational and electronic energy due to chemical processes; these are modeled
through a non-preferential approach [24] for which each internal state has the same probability to
dissociate, namely:

wcy = Z Wseyip WCE = Zd)seel (11)
N N

where &g is the chemical source term coming from the law of mass action in Eq. (9). Vibrational-
translational relaxation source term, &y, is modeled through the Landau-Teller formulation

. evib,s(T) - evih,s(Tvib)
wyr = Zps -
N

(12)

N

being 7, the relaxation time evaluated through the Millikan-White expression [21, 22, 25].
3.2 Gas-Surface Interation modeling

In the case of gas-surface interaction (GSI) processes like catalysis or ablation, a surface mass balance
is solved to calculate the chemical composition at wall. With the assumption of a steady-state ablation
boundary condition, the mass balance reads:

(js,wall +ps,wallublow) n= d)surf,s (13)

where u,,,, represents the gas velocity coming from the surface due to mass-blowing effectand Wy, r s =
Wcata,s T Wabla,s 1S the source terms due the surfece kinetics (i.e. catalysis and/or ablation). Summing over
all the species, diffusion terms and catalysis source terms are null by construction and the massblowing
rate can be defined as:

. Mplow
(pwallublaw) ‘n= Z Wabla,s — Ublow = —— (14)

5 Pwall

The modeling of catalysis and ablation follows a phenomenological approach for which a probability
coeflicient S is defined for each kinetic process. In this work, only heteronuclear catalysis is considered,
so:

N+N — N, 0+0—> 0Oy
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for which the source terms is defined as

d)cata,a = ﬁamaﬁmp,a (15)

the subscript a referring to an atomic species with particle mass m,. A similar source term is defined for
the corresponding molecule m, so that Weara.m = —Weara.a- 10 the presence of an isothermal wall and
an approximately Maxwellian internal states distribution, the impinging mass flux of a generic species s
is given by [26]:

kBTw
2mmyg

ﬁmp,s = ng (16)

where kp is the Boltzmann constant and 7, is the wall temperature. Specifically, 5, = 1 indicates a
fully-catalytic wall. In the case of ablation, the source terms still needs the definition of a probability
coeflicient. In this work, the nitridation process s considered for a reference test-case

Ci+N—CN

where subscript s stands for surface. This process has been widely investigated in the VKI Plasmatron
facility [27] and the probability coefficient derived from the experiments

Ben = 0.0791 exp(—5653/T,,) (17)

turned out to be effective for a wide range of wall temperatures.

4. Numerical results

4.1 Supersonic perfect gas flow

Preliminary analysis is devoted to the investigation of a supersonic flow past a cylinder (r = 0.05 m),
which is referred to as M3C test. The flow conditions are reported in Table 1. The wall is considered
isothermal and non-catalytic. This test case is an essential starting point for the development of immersed
boundary methods as the mixture is considered frozen and the thermal boundary layer is expected to be
thick enough to reconstruct the temperature gradient while maintaining a reasonable resolution of the
grid near the surface. Indeed, two different BF simulations have been performed to estimate a proper
wall resolution of the grid. From the mesh independence analysis shown in Appendix A, grid converged
heat flux is obtained for a wall resolution of An,, = 1 X 107> m.

Table 1: Free stream conditions for the M3C test.

Ms To[K] pe[Pa]l pe [kg/m’] T, [K]
3 293 7.43 8.77x 107> 293

Stagnation line profiles are reported in Fig. 4 in terms of gas temperature and axial velocity. IB results are
in an excellent agreement with BF prediction: shock location is correctly captured and the boundary layer
well reproduced. However, observing the behaviour close to the stagnation point, IB-1 method predicts
a velocity inversion, which is nonphysical. This is probably due to the interpolation method which does
not ensure conservation since the solution in the interface cells is not provided by the integration of the
governing equation but by the forcing term. On the contrary, governing equations are still solved in the
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interface cells for the IB-2, thus providing a much more reliable result.
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Figure 4: Temperature (a) and axial velocity (b) profiles along the stagnation streamline for the M3C test.
Zoom of the velocity profile in the stagnation point (c).

Wall quantity profiles are shown in Fig. 5. Wall pressure reconstruction is in an excellent agreement with
BF results. Such a result is expected because of the nature of the wall boundary condition on the static
pressure: being a Neumann type, no gradient must be reconstructed in the boundary layer, thus permitting
for a much easier numerical solution. Some discrepancies are observed for the wall shear stress and heat
flux. Indeed, their reconstruction necessitates of gradient evaluation, which might be inaccurate in the
case of low mesh resolution at wall. Nevertheless, comparison between IB and BF results is still in an
acceptable agreement.

4.2 Hypersonic reactive flow

Results of the proposed IB techniques are presented also for the hypersonic flow past a cylinder [28] with a
radius of r = 0.045 m. Table 2 summarizes the free stream conditions of the flow, giving also indications
about the mixture composition in terms of species mass fractions. In the experimental campaign the
wall was kept at constant temperature (7, = 300 K). However, in order to put in evidence the relevance
of the thermal wall boundary condition, both isothermal and adiabatic boundary conditions have been
investigated. After a mesh independence study (shown in Appendix A) a BF grid with 400 x 200 cells
and a wall normal resolution of 5 x 1078 m has been selected as reference. Given the constraint on the
cell aspect ratio for Cartesian grids, IB mesh can not achieve such a high wall resolution. Hence, the
IB grid presents a wall normal resolution of 7 x 107% m (MeshI). However, assuming that this would
lead to inaccurate wall gradients, one more effort has been done to build a alternative grid (Meshll).
Hence, it has been coarsen on the shock and refined at wall (An,, = 3 x 10~ m) while maintaining an
approximately constant number of cells. Nevertheless, numerical results seem to be almost insensitive
in terms of stagnation line profiles, which are shown only for Meshl. On the other hand, wall quantity
profiles are shown for both IB meshes.
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Figure 5: Pressure (a), shear stress (b) and heat flux (c) wall profiles for the M3C test.

Temperature and mass fraction profiles along the stagnation line are illustrated in Fig. 6. It is evident
that the most critical issue is the reconstruction of the temperature near the wall: this is essential for
an accurate reproduction of the thermal boundary layer, which influences the accuracy of the results in
terms of shock stand-off distance. The large error (about 12%) of the IB-1 method with respect to the
BF approach is mainly due to an nonphysical description of the thermal boundary layer. An inset of
the stagnation point region is provided in Fig. 6(b): the concavity of the curve of the IB-1 method is
completely different with respect to IB-2, which instead follows the BF result. An inaccurate evaluation
of the temperature leads to inaccurate reaction speeds, provoking nonphysical kinetics. For this reason,
mass fraction shown in Fig. 6(c) are not illustrated for IB-1 method.

Table 2: Free stream conditions for the Knight case [28].

My Tw [K] po[Pa]l Yy, Yo, Yno N Yo
8.98 901 476 0.7543 0.00713 0.01026 6.5x 1077 0.2283

It is worth to point out two relevant aspects of this test case, which make it different from the perfect gas
test. First of all, the higher free stream Mach number regime, which is the main driving factor of the
stronger shock wave and thinner boundary layer. Secondly, the non-negligible chemical non-equilibrium.
Hence, on completion of the relevance of temperature reconstruction as main issue for the discrepancies
observed in the numerical results, two additional tests are here proposed. The same simulation has been
performed:

1. under the assumption of a perfect gas mixture while maintaining an isothermal wall;

2. under the assumption of a reactive gas mixture in the presence of an adiabatic wall.
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Figure 6: Temperature (a) and species mass fraction (c) profiles along the stagnation streamline for the
isothermal Knight test (a). Zoom of temperature profile in the stagnation point (b).

Numerical results for this simulations are shown in Fig. 7.

The perfect gas test is not meant to be physically accurate, but its purpose is to isolate a specific issue
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Figure 7: Temperature along the stagnation line for the Knight case under the assumption of perfect gas
(a) and adiabatic wall (b). Species mass fraction profiles along the stagnation streamline for the adiabatic
case (¢).

of the simulation. As expected, the shock stand-off distance is much larger with respect to the reactive
flow. Chemical reactions across the shock absorb most of the energy content due to dissociation, making
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the shock wave locate much closer to the surface. As a consequence, also the peak temperature is larger.
However, IB-2 is very accurate, providing a shock location in accordance with the BF approach. On
the contrary, the same, aforementioned discrepancy with the IB-1 is here again observed. As a matter
of fact, when an adiabatic wall is considered, both IB methods overlap to the BF profile, as shown
in Fig. 7(b). A correct trend of the gas temperature is translated into a correct mass fraction estimation.
Indeed, Fig. 7(c) reports an excellent agreement between IB and BF results in terms of gas composition.
This analysis confirms that the main issue of IB methods, when applied in hypersonics, is the temperature
reconstruction in the thermal boundary layer. It is worth specifying that the same conclusion may be
drawn for the gas velocity, which also needs the evaluation of wall gradients. However, velocity gradient
are not as sharper as the temperature one (i.e. the kinematic boundary layer is thicker than the thermal
boundary layer) thus allowing for a smoother numerical solution even on coarser meshes.

Results for wall quantities are reported in Fig. 8. The first relevant observation is that the static pressure is
well reconstructed in both IB simulations even on the coarser mesh, although IB1 slightly overestimates
it.
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Figure 8: Pressure (a), shear stress (b) and heat flux for non-catalytic (c) and catalytic (d) wall for the
Knight test.

4.3 Subsonic reactive flow past an ablative sample

This test case is a simplification of an experimental campaign conducted in the Plasmatron facility at
the von Karman Institute [27] to determine the massblowing rate for a nitrogen subsonic flow around an
axis-symmetric hemispherical sample (» = 0.025 m).

The flow conditions selected are referred to as G7 in [27]. Nevertheless, since the goal of the present test
case is a code-to-code verification, two main simplifications were adopted to reduce the computational
cost [29]: the geometry of the sample is planar and electrons are neglected in the mixture (N2, N, Cs,
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C,, C, CN). Free stream conditions are reported in table 3. The wall is considered isothermal and
non-catalytic. Nitridation boundary condition is imposed following the formulation found by Helber et
al. [27], shown in Eq. (17).

Table 3: Free stream conditions for the ablative test case.

Uo [M/s] Rew TolK] Tw K] po[Pa]l ¥n, N
1570 36.7 10280 2407 1500 9.77659e-05 0.9999022341

The computational domain considered extends for 25r to avoid wave reflections from the boundaries.
Wall resolution of the BF grid has been imposed after the grid independence study (see Appendix A) to
An,, = 1x 107> m. IB mesh presents a similar resolution (An,, = 7 x 107 m). Stagnation line profiles
are shown in Fig. 9. A very good agreement with BF results is observed for both IB methods. Wall
quantity profiles are shown in Fig. 10.
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Figure 9: Stagnation line profile for the ablation test case: gas temperature (a), pressure (b) and axial
velocity (c).

5. Conclusions

This work presents numerical results for high-temperature flows in the context of hypersonic entry
applications, using different numerical strategies, namely a body-fitted approach used as reference, and two
different immersed-boundary techniques. Numerical investigations highlight how a linear reconstruction
of the solution in the thermal boundary layer is not suitable for isothermal wall boundary condition,
which provokes a sharp temperature gradient. On the contrary, the ghost-cell method proposed solves
such an issue. The adiabatic wall simulation confirms that the most critical issue is the reconstruction of
the temperature. Indeed, as soon as the temperature gradient is null, the shock stand-off distance is in a
perfect agreement between the three methods employed.
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Figure 10: Pressure (a) and massblowing rate (b) for the ablation test.

13



Thirteenth International Conference on Computational Fluid Dynamics (ICCFD13)
Milan, Italy, July 06-10, 2026 14

A. Body-fitted mesh independence studies

Mesh independence studies have been conducted on BF grids to estimate the wall resolution which
provides grid converged results for each test case. For all the test cases, the number of nodes has been
doubled-up in order to obtain geometrically similar grids [30].

Specifically, two different grids have been constructed for the M3C test, as reported in table A.1. Wall
quantity profiles are reported in Fig. A.1. From this analysis, IB meshes have been constructed by
imposing a wall resolution of An,, = 1 x 107 m.

Table A.1: Computational grids employed for the M3C test.

Refinement level Grid cells Shock resolution [m]  Wall resolution [m]

Mesh I 100 x 50 2x107° 2x107°
Mesh IT 200 x 100 1x107 1x107
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Figure A.1: Wall quantity profiles for two different grids for the M3C test: pressure (a), shear stress (b)
and heat flux (c).

For the Knight test case, a wider investigation was necessary because of the sharper wall gradients. More
in detail, four different computational grids ahve been used for the grid independence analysis. All their
details are reported in table A.2. It is mandatory to specify the this study was conducted only for the
inert wall case, assuming that catalysis does not influence the numerical convergence of the solution.
Wall quantity profiles are reported in Fig. A.2. From this analysis, MeshlII has been selected for further
investigation on both BF and IB simulations.

Lastly, grid convergence is shown for the ablation test case. Dealing with a subsonic flow, numerical
results converge quite easily on relatively coarse grids. Hence, only two refinement levels have been
investigated: these are reported in table A.3, whereas wall quantity profiles are shown in Fig. A.3. For
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Table A.2: Computational grids employed for the Knight test [28].

Refinement level  Grid cells Shock resolution [m] Wall resolution [m]

Meshl 100 x 50 1x107 2x 107/
MeshII 200 x 100 5% 1076 1 x 1077
MeshIII 400 x 200 2.5%x 1076 5% 1078
MeshlV 800 x 400 1.25%x 107 2.5% 1078
(a) — es b —— Mes i
50000 - mes::l i ( ) _ mes::l
Meshlil 400 - Meshlil :
40000 - MeshlV | MeshlV
5 €300 | .
'@ 30000 | J g
g = 200 | 1
< 20000 - . -
\ 100 g
10000 - N .
1 1 1 1 ‘(\.\.i O L 1 1 1 1 1 i
0 20 40 60 80 0 20 40 60 80
Theta [deg] Theta [deg]
(C) 8 r ‘ ‘ ‘ ‘ — ;Vleshl A
== Meshll
Troesl Meshlll

MeshlV

Heat flux [W/m?]

0 20 40 60 80
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Figure A.2: Wall quantity profiles for two different grids for the Knight test: pressure (a), shear stress (b)
and heat flux (c).

this test, Meshl already provides grid independent results.

Table A.3: Computational grids employed for the ablation test.

Refinement level Grid cells Wall resolution [m]

Meshl 100 x 60 1x107°
MeshlIl 200 x 120 5% 107
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