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Direct simulation of gas–surface interaction in a
turbulent reacting hypersonic boundary layer

By C. T. Williams, M. Di Renzo†, M. Panesi‡ AND P. Moin

Gas–surface interaction within a Mach 7 hypersonic boundary layer overriding a 3000
K graphite substrate is characterized with direct numerical simulation (DNS). Owing
to instantaneous fluctuations in near-wall radical species, near-wall turbulent structures
produce local variations in the ablative mass flux that exceed an order of magnitude.
With a surface chemical mechanism composed of oxidation, nitridation, recombination,
and sublimation processes, the presence of surface chemistry strongly modulates near-
wall thermodynamics and gas-phase chemical production rates relative to a noncatalytic
boundary layer counterpart. In particular, nearly all near-wall atomic radical species are
depleted via surface chemical reactions, producing an ablation product boundary layer
with significant concentrations of carbon monoxide. Owing to this consumption of atomic
oxygen at the graphite surface, an off-wall peak in atomic oxygen variance emerges within
the aerodynamic heating layer. This modulation of the near-wall chemical composition
by gas–surface interactions also strongly affects the gas-phase chemical production rates
of all major species in the turbulent hypersonic boundary layer relative to its noncatalytic
counterpart, as mediated by both dissociation/recombination phenomena and exchange
reactions.

1. Introduction

The hypersonic flight environment subjects reentry vehicles to significant aerodynamic
heating, owing to the combined presence of hydrodynamic phenomena such as viscous dis-
sipation in high-speed boundary layers, shock-interference heating, and shock–boundary
layer interactions (Bertin & Cummings 2006; Urzay 2018; Urzay & Di Renzo 2021).
The high temperatures introduced by these phenomena activate several nonequilibrium
physicochemical processes in hypersonic shock layers, including finite-rate relaxation of
rovibrational and electronic internal energy modes, dissociation/recombination processes
among diatomic molecules, and the formation of charged species through ionization reac-
tions and nitric oxide via the Zel’dovich mechanism (Vincenti & Krüger 1965; Zel’dovich
& Raizer 2002; Candler 2019). Together with the emergence of gas-phase aerothermo-
chemistry, the elevated near-wall temperatures characteristic of hypersonic flow likewise
activate complex gas–surface chemical processes such as recombination, oxidation, nitri-
dation, and sublimation (Park 1990; Candler 2019). In addition to mediating the surface
temperature of hypersonic vehicles through their heat of reaction, gas–surface reactions
give rise to variations in gas-phase kinetics and thermophysical properties and, ulti-
mately, the recession of the solid surface itself, ranging from large-scale deformation to
smaller-scale surface patterning. The combination of ablation-induced surface roughness,
wall-normal blowing, and thermal/compositional modulation of the boundary layer influ-
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ences transition and convective heat transfer processes (Morkovin 1969; Schneider 2008,
2010).

With surface ablation rates determining the design of thermal protection systems and
ultimately the survivability of high-speed flight vehicles, numerical simulation of gas–
surface interaction has focused largely on laminar stagnation flows, representative of the
leading-edge regions of high-speed flight systems where temperatures and ablation rates
are highest (Keenan & Candler 1994; Olynick et al. 1997; Martin & Boyd 2015; McQuaid
et al. 2025). Even in the absence of fluid instabilities, hypersonic ablation entails complex
interactions among chemical processes, hydrodynamic motion, conjugate heat transfer,
and thermal radiation (Engel et al. 1973; Gnoffo et al. 2010). For transitional hypersonic
flows, gas–surface interaction and graphite ablation in particular can modify the growth of
disturbances and breakdown to turbulence via several mechanisms, including modulation
of boundary layer thermodynamics and molecular properties (Mortensen & Zhong 2014;
Miró & Pinna 2020). The introduction of mass flux and nonzero transpiration at the
ablative surface, particularly at high Mach numbers, likewise serves to accelerate laminar-
to-turbulent transition hypersonic boundary layers through destabilization of second-
mode waves (Mortensen & Zhong 2016; Miró & Pinna 2021).

With the breakdown to turbulence, the interaction between multiscale fluctuations and
surface chemistry gives rise to a number of complex surface patterns, including so-called
turbulent wedges, streamwise-aligned grooves, and cross-hatching structures (Canning
et al. 1968a,b; Laganelli & Nestler 1969; Stock 1973). To date, however, numerical sim-
ulations of turbulent hypersonic flows with surface ablation have been limited to the
Reynolds-averaged Navier–Stokes formalism (Thomas & Neier 1990; Komurasaki & Can-
dler 2000; Lin et al. 2006; Bianchi et al. 2010), inherently neglecting turbulence–ablation
interaction. To provide a high-fidelity characterization of gas–surface interaction in a tur-
bulent reacting hypersonic boundary layer, in this study we present a preliminary DNS
of Mach 7 flow over an ablative graphite surface, resolving all scales of turbulent motion.

The remainder of this brief is structured as follows. First, the formulation and physico-
chemical modeling for the DNS are presented in Section 2. The corresponding mean-flow
results for the ablative boundary layer computation are presented in Section 3. Finally,
concluding remarks are provided in Section 4.

2. Formulation

For simulation of turbulent hypersonic gas–surface interaction, the multicomponent
reacting Navier–Stokes equations are solved numerically with the HTR solver (Di Renzo
et al. 2020). A low-dissipation, sixth-order hybrid skew-symmetric/TENO scheme (Williams
et al. 2022) is used for the evaluation of inviscid fluxes, while the diffusive fluxes are
evaluated with a second-order central discretization. Explicit time advancement is per-
formed using a third-order strong-stability-preserving Runge–Kutta method (Gottlieb
et al. 2001). Affording finite-rate evolution of reactive air species and ablation products,
a continuity equation for each of the Ns = 11 species,

∂ρα
∂t

+∇·(ραu) = −∇· (ραVα) + ẇα, α = 1, ..., Ns, (2.1)

is integrated numerically; here, ρα, ẇα, and Vα are the partial density, gas-phase chemical
production rate, and diffusion velocity of species α, respectively. The overall set of species
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considered for the dissociating air mixture with graphite ablation is given by

α ∈ {N2,O2,NO,N,O,C,C2,C3,CN,CO,CO2}. (2.2)

The gas-phase chemical reactions among these species, accounting for the dissociation/
recombination of diatomic species as well as neutral exchange processes, is given by Park
et al. (1994) as

N2 +M ⇌ 2N +M, (R1) CO + C ⇌ C2 +O, (R11)

O2 +M ⇌ 2O +M, (R2) CO +O ⇌ O2 +C, (R12)

NO +M ⇌ N+O+M, (R3) CO +N ⇌ CN+O, (R13)

N2 +O ⇌ NO+N, (R4) N2 +C ⇌ CN+N, (R14)

NO +O ⇌ O2 +N, (R5) CN +O ⇌ NO+C, (R15)

C2 +M ⇌ 2C +M, (R6) CN + C ⇌ C2 +N, (R16)

CN +M ⇌ C+N+M, (R7) C3 +N ⇌ CN+ C2, (R17)

CO +M ⇌ C+O+M, (R8) C3 +C ⇌ 2C2, (R18)

CO2 +M ⇌ CO+O+M, (R9) CO2 +O ⇌ CO+O2. (R19)

CO + C2 ⇌ C3 +O, (R10)

In particular, reactions (R1)-(R3) and (R6)-(R9) represent dissociation/recombination
among air and carbon-containing species, respectively, as mediated by a third-body col-
lider M. Exchange reactions (R4)-(R5) constitute the Zel’dovich mechanism for nitric
oxide formation, while reactions (R10)-(R19) represent the exchange processes among
the ablation products. When all possible third-body collision partners entering into the
dissociation/recombination reactions are accounted for, the total number of elementary
reactions considered is Nr = 89. The rates and formulation for all of the air–species reac-
tions are from Williams et al. (2023), while the gas-phase reaction rates for the ablation
product species are evaluated with the parameterizations of Park et al. (1994). With
the mean temperature in the boundary layer reaching only 5300 K, neglecting ionization
processes and their products suffices for this study.

At the reactive surface, the balance of fluxes with surface chemical processes implies
for each species α

(ραu+ ραVα) · n̂ = Ω̇α, α = 1, ..., Ns, (2.3)

where n̂ is the wall-normal unit vector and Ω̇α denotes the net production rate of species
α via surface chemical reactions. This surface production rate can be expressed in terms
of the species’ partial densities as

Ω̇α =Mα

∑

γ

(
ν′′αγ − ν′αγ

)

κγ

Ns∏

β=1

(
ρβ
Mβ

)ν′
βγ


 , (2.4)

where Mβ denotes the molecular mass of species β, and ν′αγ , ν
′′
αγ ∈ N correspond to

the reactant and product stoichiometric coefficients, respectively, for gas-phase species
α in surface reaction γ. To represent graphite ablation, the following surface chemical
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mechanism is utilized, where (s) denotes species that make up the solid surface,

C(s) + O2 → CO+O, (S1)

C(s) + O→ CO, (S2)

C(s) + O +O→ C(s) + O2, (S3)

C(s) + N→ CN, (S4)

N + N(s)→ N2, (S5)

C(s)→ C, (S6)

2C(s)→ C2, (S7)

3C(s)→ C3. (S8)

Surface reactions (S1) and (S2) model finite-rate oxidation of the solid graphite, while
reaction (S3) represents atomic oxygen surface recombination. Surface reactions (S4) and
(S5) correspondingly model nitridation and atomic nitrogen surface recombination, re-
spectively. Surface reactions (S6)-(S8) model sublimation of the solid graphite substrate.
Reaction rates and parameterizations of κγ for each of the surface processes are evaluated,
consistent with the formulations of Park (1976) for oxidation and O2 recombination and
Driver & MacLean (2011) for nitridation and N2 recombination. A Knudsen–Langmuir
formulation is used to evaluate the sublimation rates, consistent with Palmer & Shelef
(1968), Baker (1976), and Keenan & Candler (1994).

Summation of the surface chemical production rates over all species α provides the
following relation for the wall-normal velocity at the ablative surface,

u · n̂ =
1

ρ

Ns∑

α=1

Ω̇α, (2.5)

which, upon substitution into Eq. (2.3), provides a closed-form surface continuity condi-
tion for each species, evaluated solely in terms of the partial densities, diffusion velocity,
and surface production rates as

ρα
ρ

Ns∑

β=1

Ω̇β + ρα (Vα · n̂) = Ω̇α, (2.6)

thereby providing an implicit boundary condition for the chemical concentration at the
ablative wall. In particular, to infer the surface chemical concentrations at the abla-
tive surface for the multicomponent Navier–Stokes solver, an Ns-dimensional Newton–
Raphson method is employed at each point on the wall at each time step to satisfy Eq.
(2.6) for the first Ns − 1 species, with the last residual associated with inviscid conser-
vation of wall-normal momentum per Thompson & Gnoffo (2008). Convergence of the
iterative method provides the partial density of each species at the wall, which can then
be used in conjunction with Eq. (2.5) to set Dirichlet boundary conditions for the mole
fractions and wall-normal velocity at the surface.

The overall physical configuration for the present DNS, represented schematically in
Figure 1, comprises a noncatalytic hypersonic wedge with a semiangle of 16° and subse-
quent development of a turbulent boundary layer over a noncatalytic wall, followed by
the ablative graphite surface considered herein. As such, the incoming turbulent bound-
ary layer for the present DNS is specified at each time step by temporally interpolating
a primitive database at the spanwise plane of x̂ = 916 from the noncatalytic boundary
layer simulation of Williams et al. (2025). Spatial interpolation is not performed because
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the spanwise and wall-normal extent, as well as spacing, of this study’s computational
grid is precisely that of the noncatalytic boundary layer. That is, the simulation do-
main for the present DNS extends 70δ∗0 , 14πδ

∗
0 , and 40δ∗0 in the streamwise, spanwise,

and wall-normal directions, respectively, where δ∗0 is the displacement thickness of the
upstream laminar boundary layer defined by Williams et al. (2023). Discretization of
this domain is performed with 992, 1184, and 464 points in the streamwise, spanwise,
and wall-normal directions, respectively. The inflow to the primary computational do-
main for this investigation, which substitutes the underlying noncatalytic surface with
ablative graphite, provides a turbulent boundary layer with friction Reynolds and Mach
numbers of Reτ ≃ 1200 and Maτ ≃ 0.2. Owing to the elevated temperatures present
in the aerodynamic heating layer, significant dissociation of O2 gives rise to a near-wall
molar fraction of atomic oxygen reaching 0.27 in the mean. In the noncatalytic boundary
layer, turbulent mixing of this atomic oxygen produced a significant turbulence–chemistry
interaction with the Zel’dovich exchange processes (Williams et al. 2024), and as shown
in the next subsection, turbulent gas–surface interaction between the O radicals and
the ablative graphite surface strongly modifies both gas-phase processes as well as pro-
ducing strongly nonuniform surface ablation rates. Owing to the significant separation of
timescales associated with the recession of the surface and of eddy turnover in the bound-
ary layer, as reflected in Figure 2(d), this study does not consider solid deformation of
the ablative wall. Therefore, long-duration, two-way coupling of the turbulent reacting
hydrodynamics with the corresponding solid response is deferred to future work.

3. Results

Interaction between turbulent fluctuations and surface chemical processes in the Mach
7 hypersonic boundary layer gives rise to strongly nonuniform chemical composition and
wall-normal mass flux, as reflected in Figure 2. In particular, mixing of atomic radicals
with the graphite surface by turbulent structures gives rise to significant variation in
the effective surface recession rate, with local rates of ablation varying by more than an
order of magnitude along the wall. In the mean, the gas–surface interaction produces
significant densities of carbon monoxide in the near-wall region via oxidation reactions,
affecting both the mean near-wall temperature and the overall fluid density, as shown
in Figures 3 and 4. In particular, in comparison to the counterpart boundary layer flow
over a noncatalytic surface, the ablative turbulent boundary layer exhibits relatively
higher Favre-averaged temperatures and densities. As the ablative configuration retains
the same isothermal wall temperature as the noncatalytic case, this variation in the
near-wall temperature arises not from the exchange of sensible and chemical energy
via surface chemistry as in a surface energy-balance but instead from a combination of
Eckert-number effects and gas-phase processes; the higher density for y/δ < 10−1 can
be attributed to the additional mass in the flow produced primarily via oxidation of the
graphite surface, where δ is the local displacement thickness of the turbulent boundary
layer.

In addition to the effects imparted to the mass density and temperature fields, the
compositional structure of the boundary likewise proves to be strongly affected by the
turbulent gas–surface interaction, as shown in Figures 4 and 5. With the near-wall con-
centrations of atomic oxygen radicals strongly depleted by surface chemical processes
relative to the noncatalytic boundary layer as a result of surface oxidation and recombi-
nation reactions, the molar fraction of carbon monoxide at the surface ultimately exceeds
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Figure 1. Composite schematic of the overall numerical experiment, composed of a noncat-
alytic hypersonic wedge (semiangle of 16°) and the turbulent boundary layer from Williams
et al. (2025), together with the embedded ablative graphite substrate. The insets depict the
instantaneous streamwise velocity and carbon monoxide contours on either side of the exchange
location between the noncatalytic and ablative computations.

0.20. For the near-wall thermodynamic conditions in the hypersonic boundary layer, the
production of other carbonaceous species (C,C2,C3,CN, and CO2) proves limited, with
the Favre-averaged molar fraction of each species remaining below 10−3. In addition to
the direct production of carbon-containing species at the graphite surface, the gas–surface
interaction indirectly modifies the densities of diatomic species by eliminating gas-phase
radicals that enter into the Zel’dovich reactions. Consequently, the ablative boundary
layer exhibits higher near-wall concentrations of both molecular oxygen and nitric oxide
relative to its noncatalytic counterpart.

With respect to the variance of molar fraction fluctuations, turbulent mixing of ablation
products away from the graphite surface gives rise to a peak in COx molar fraction
variance that progresses outward, reaching y/δ ≃ 6 × 10−2 by x̂ = 985. In contrast,
the peaks in variance for the air–species molar fractions approximately retain their same
off-wall locations as in the noncatalytic boundary layer of y/δ ≃ 100 for O2, NO, and O
and y/δ ≃ 10−1 for N. Owing to mean depletion of near-wall atomic oxygen by surface
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Figure 2. Molar fraction contours along the ablative graphite surface, where (̂·) denotes normal-
ization by the displacement thickness of the upstream laminar boundary layer. Molar fractions
of (a) O, (b) CO, and (c) CO2. (d) Net normalized ablative mass flux due to oxidation, nitrida-

tion, and sublimation processes, where ρ0w and u0
τ denote the mean density at the wall and the

friction velocity of the incoming turbulent boundary layer as developed over the noncatalytic
surface.

chemistry, however, a second inner peak in the O molar fraction variance is produced by
the gas–surface interaction. This behavior in the O compositional variance resembles the
spatial variation of temperature and atomic nitrogen variance in the near-wall region,
consistent with turbulent mixing across a nonmonotonic mean flow.

The depletion of radical species by surface processes, particularly atomic oxygen, in the
inner part of the boundary layer ultimately modifies the gas-phase chemical activity for
all major air species to a significant degree, as shown in Figure 6. In particular, without
the elevated concentrations of atomic oxygen required in the forward and backward
directions of the first and second Zel’dovich exchange reactions, respectively, the near-wall
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Figure 3. Wall-normal profiles of (a) Reynolds-averaged density and (b) Favre-averaged
temperature.

Figure 4. Favre average and root mean square of density-weighted fluctuations for the molar
fractions of (a, b) carbon monoxide and (c, d) carbon dioxide.

production of molecular nitrogen is appreciably diminished relative to the noncatalytic
boundary layer. Correspondingly, the near-wall production rates of both nitric oxide
and atomic nitrogen are reduced substantially as well. The modulation of the near-wall
thermodynamic states by gas–surface interaction likewise affects the production of atomic
and molecular oxygen as mediated by both dissociation/recombination phenomena and
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Figure 5. Favre average and root mean square of density-weighted fluctuations for the molar
fractions of (a, b) molecular oxygen, (c, d) nitric oxide, (e, f) atomic nitrogen, and (g, h) atomic
oxygen.
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Figure 6. Reynolds-averaged net chemical production rate for (a) molecular nitrogen,
(b) molecular oxygen, (c) nitric oxide, (d) atomic nitrogen, and (e) atomic oxygen, to-
gether with the averaged net gas-phase production rate of carbonaceous chemical species,
ẇξ =

∑
β ẇβ , β ∈ {C,C2,C3,CN,CO,CO2}.

the Zel’dovich mechanism. In particular, the peak in atomic oxygen production ultimately
shifts outward in the boundary layer owing to gas–surface interaction, whereas the net
depletion of molecular oxygen is augmented substantially for y/δ ≲ 10−1. While the gas-
phase chemical activity of the oxygenic species is ultimately heightened by ablation in
the turbulent boundary layer, particularly for 10−2 ≲ y/δ ≲ 10−1, the ablation products
themselves largely prove chemically frozen. The net gas-phase chemical production rate
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of carbonaceous species, depicted in Figure 6(f), remains approximately 50 times lower
than that of oxygenic air species. As such, treatment of the gas-phase ablation products
as inert at these thermodynamic conditions may be warranted.

4. Conclusions

In order to characterize the mutual interactions between compressible turbulence,
gas-phase aerothermochemistry, and gas–surface processes in high-Mach-number, high-
enthalpy flows, we have presented preliminary DNS results for a turbulent hypersonic
boundary layer overriding an ablative graphite surface. To capture departures from chem-
ical equilibrium, the numerical solution of species-continuity equations provides finite-
rate evolution of not only the air species N2, O2, NO, N, and O but also the ablation
products C, C2, C3, CN, CO, and CO2. The surface chemical mechanism for graphite ab-
lation comprises oxidation, nitridation, recombination, and sublimation processes, while
the gas-phase processes considered include both dissociation/recombination phenomena
and exchange reactions between the air and carbon-containing species. Due to a com-
bination of turbulence-induced compositional and pressure fluctuations on the wall, the
implied surface recession rate varies instantaneously by more than an order of magnitude.
With respect to the mean flow, almost all atomic radical species in the near-wall region
are ultimately depleted via surface chemical reactions, giving rise to a near-wall carbon
monoxide layer that diffuses outward via molecular and ultimately turbulent mixing. Ow-
ing to these significant compositional variations imparted by the turbulent gas–surface
interactions, the gas-phase chemical reaction rates are distorted relative to those in the
noncatalytic boundary layer, strongly modulating the net gas-phase chemical production
of all air species.
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