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Abstract: We present novel observations from Direct Numerical Simulations (DNS) of transitional
Mach 8 flow over a 15° compression ramp ablator. Heating streaks over the ramp are seen to
undergo a phase shift of 180° near the location of transition from laminar to turbulent boundary
layer flow. This phenomena leads to a drastic change of the surface ablation pattern. Our analysis
shows that the underlying mechanism behind this phenomenon is the baroclinic torque in the
strongly stratified near-wall region. We discuss the impact of this baroclinic shift for a surface
undergoing ablative recession.
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1 Introduction
Streamwise vortices emerging from flow instabilities driven by streamline curvature and shock-wave
boundary layer interactions are ubiquitous in high-speed flows. From control surfaces to engine intakes,
many configurations exhibit these vortical structures [1]. Through the lift-up mechanism, these vortices
induce spanwise variations in the flow field and especially in the surface quantities. They influence the
species concentrations in a reacting boundary layer by carrying mass, the flow dynamics by transporting
momentum, and the surface heat load by advecting energy. Peak heating rates and locations can be
substantially altered by the formation and evolution of the streamwise streaks [2]. Developing a detailed
understanding of these interactions is crucial to predict their occurrence during the flight of high-speed
aircraft and spacecraft. The generation of these streamwise vortices has been attributed to several
different mechanisms including convective and intrinsic instabilities [3], which can destabilize the laminar
flow and eventually trigger transition to turbulence. Of particular interest to the current work, one such
mechanism studied recently by Zapryagaev et al. [4] and Dwivedi et al. [5] is governed by baroclinic
effects due to the interaction of strong wall-normal density gradients with transversal pressure gradients.

Counting the aforementioned works, influential studies concerned with the formation of streamwise
vortices proceeding reattachment [6] and within the recirculation bubble [7] are not scarce. However,
often due to limitations imposed by ground-testing facilities [8, 9], previous studies considered almost
exclusively (see work of Egorov et al. [10]) short ramp lengths of only one L, where L is the distance from
the leading edge to the ramp corner [3, 6, 7, 11, 12]. Owing to this compact setup becoming canonical
for fundamental research on such interactions, the downstream development of the transitional streaks
have been frequently overlooked.

The specific aim of this present study is the influence of persistent vortex structures, their evolution,
and the effect of the resulting streak pattern in the context of thermal protection systems and space
debris, where the surface of the object is eroding away due to gas-surface interactions (GSI) such as
ablation. To this end, we consider a 15° compression ramp configuration exposed to Mach 8 flow and
a ramp length of approximately 3L. Different pattern of ablation, such as cross-hatching, have been
observed in wind-tunnel experiments as well as on recovered objects that have survived atmospheric
entry [13]. The effect of these pattern on the heat load and the boundary-layer stability is a complex
multi-physics problem with many unknowns and is not yet well understood.

This paper presents our observations of a novel phenomena and a proposed physical interpretation.
We report the emergence of a streamwise vortex structure that causes a drastic shift in the heating
streaks over the compression ramp in Section 3.2. We discuss the sensitivity of this interaction to inflow
perturbation amplitudes in Section 3.3 and its impact on surface ablation in Section 3.4. Concluding
remarks are given in Section 4.
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2 Governing Equations and Numerical Methods
We solve the compressible Navier-Stokes equations for a multispecies chemically-inert fluid

∂U⃗

∂t
+ ∇⃗ · F⃗ (U⃗) = S⃗ , (1)

where U⃗ = [ρi, ρu, ρv, ρw, ρE]T is the vector of conserved variables, F⃗ = F⃗inv+ F⃗vis is the sum of inviscid
and viscous fluxes, and S is the vector of source terms. Along the x axis, they are:

F⃗inv =


ρiu

ρu2 + p
ρuv
ρuw

u(ρE + p)

 , F⃗vis =


Jx,i
−τxx
−τxy
−τxz

−(τxxu+ τxyv + τxzw) + qx

 , (2)

where ρi is the species partial density for the ith species, u⃗ is the mixture average velocity, ρ is the
mixture density, p is the mixture pressure, and E = e + u2/2 is the specific total energy, which is the
sum of the thermodynamic internal energy e and the kinetic energy. Note that the species source terms
in S⃗ are taken as zero as no homogeneous gas-phase reactions are occurring at the conditions studied
in this work. Modeling approaches for the species diffusion flux J⃗i, the viscous stress tensor τ⃗ , and the
total heat flux q⃗ are detailed in Başkaya et al. [14].

Single species air is used for the simulations with an inert wall. Gas viscosity is modeled by Suther-
lands’s law, specific heats are taken to be constant, and thermal conductivity is obtained from a Prandtl
number of 0.72. When camphor is introduced due to the ablative boundary condition, cubic polynomials
for viscosity and thermal conductivity presented by Zibitsker et al. [15] are employed with a unit Prandtl
number. Lewis number is taken as unity for camphor diffusion.

The governing equations are solved with our in-house solver, INCA, which is a high-fidelity finite-
volume solver for Direct Numerical Simulations (DNS) and Large Eddy Simulations (LES) of the com-
pressible chemically reacting Navier-Stokes equations and provides a large number of different discretiza-
tion schemes on three-dimensional block-Cartesian AMR grids [16, 17, 18]. For the purposes of this study,
a third-order weighted essentially non-oscillatory (WENO) scheme [19] with HLLC flux function [20] is
selected for the hyperbolic flux. Second-order centered differences are used for the viscous terms and the
explicit third-order Runge-Kutta scheme of Gottlieb and Shu [21] is selected for time integration. The
ramp wall is represented by a cut-element immersed boundary (IB) method [22], which is a consistent
and conservative extension of the finite-volume flux balance. This approach accurately accounts for mesh
cells being split by flow boundaries. Boundary conditions are imposed on the cut-elements that result
from the intersection of the Cartesian fluid grid and the surface triangulation of the solid. Details of this
method and its extension to reacting immersed boundaries have been presented by Başkaya et al. [23, 24].

The GSI boundary condition makes use of the open-source Mutation++ library [25]. We solve for the
mass blowing rate ṁ =

∑
i ω̇i,wall, calculated as the sum of the species source term ω̇i,wall. The speed

at which ablation products blow out of the surface is vblow = ṁ/
∑

i ρi. Values obtained for species
densities and mass blowing speeds are imposed as boundary conditions for the Navier-Stokes equations.
Similarly, the speed at which the surface recesses is vwall = ṁ/ρs, where ρs is the solid density.

With an inert wall, the source term S⃗ in Eq. 1 is only due to the forcing applied to perturb the
laminar base flow. The GSI boundary condition additionally introduces ω̇i,wall for the mass conservation,
ṁ (vblow · n) with the surface normal vector n⃗ for the momentum conservation, and ṁ

(
h+ 1

2

∥∥ v⃗blow ∥∥2)
with mixture enthalpy h for the energy conservation source terms.

The surface recession is orders of magnitude slower than characteristic time scales of the fluid flow.
To achieve a sufficient amount of shape change within a reasonable wall-clock time, it is common practice
in simulations with ablative recession to accelerate the recession speed. We have found that accurate
representation of physicochemistry and fluid dynamics is ensured with an acceleration factor of 105 [14].
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Table 1: Freestream conditions for the considered compression ramp.

M∞ P∞ [Pa] T∞ [K] Twall [K] ReL(10
5)

8 355 55 293 3.7

3 Analysis of the Baroclinic Shift

3.1 Numerical Setup and Observations
Our analysis begins by setting up numerical experiments inspired by the works of Chuvakhov et al. [26]
and Dwivedi et al. [5]. Validation of the numerical predictions based on these results in literature has
been presented by Başkaya et al. [14]. Unlike both of these past studies, we will consider an extended
domain approximately double the length in the streamwise direction. The compression ramp geometry
consists of a flat plate with a length of L = 0.05 m that is aligned with the Mach 8 free-stream flow,
followed by a 15° wedge until 0.195 m in the streamwise direction. The spanwise width of the domain
is 0.003 m to capture one wavelength of the most unstable mode found by Dwivedi et al. [5]. Volume
forcing is applied between 0.02 m and 0.023 m to perturb the flow, following Başkaya et al. [14]. Inflow
conditions, see Table 1, are supplied at the sharp leading edge of the flat plate. Top and right-most
boundaries are set as non-reflecting zero-gradient outflow and periodic boundary conditions are applied
in the spanwise direction. An inert isothermal wall boundary condition with a temperature of 293 K is
assigned to the ramp surface.

Main Domain
Extended Domain

0.195 m

0.05 m

0.
06

3 
m

0.003 m

Half Domain
Extended Domain

Figure 1: Sketch of the compression ramp geometry with the AMR block structure of the Cartesian grid.
Mach number contours are plotted with blue lines and the sonic line is highlighted in yellow.

Initial perturbations grow to develop into steady streamwise vortex-streak system. The vortex for-
mation is visualized in Fig. 2. It can be observed from the figure, counter-rotating vortices grow to a
significant amplitude as the flow reattaches on the ramp and evolve as they travel downstream. For-
mation of secondary vortices surrounding the streaks signal the onset of transition and the eventual
turbulent breakdown. These stages are highlighted in Fig. 2.

The lift-up effect results in alternating hotter and colder streaks along the ramp’s surface, as shown
in Fig. 3. These thermal streaks are most discernible downstream of the reattachment point. An
intriguing observation can be made from the near-wall streak patterns in Fig. 3. Traveling downstream
after reattachment, the streak pattern undergoes an abrupt variation: the regions of heating and cooling
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III

II

I

Figure 2: Isometric view of the domain with a Q-criterion iso-surface contoured with the spanwise
velocity. Background slice in the spanwise direction shows Mach number contours. Three close-up views
on the right hand side focus on (I) the steady streaks reattaching on the ramp surface, (II) onset of
transition, and (III) the turbulent breakdown.

interchange near x = 0.13 m. This shift is more clearly noticeable from the contours of streamwise
velocity plotted at a wall distance of 10 µm, as shown in the same figure. Beyond the shift, momentum
deficit streaks become momentum excess streaks. This suggests the existence of a vortex pair close to
the wall that is phase shift by 180° compared to the vortex orientations near reattachment. We will refer
to this point where the vortices seemingly "reverse" as the location of baroclinic shift, since we believe,
as the rest of this discussion will attempt to elucidate, this shift is caused by baroclinic effects.

To aid the investigation, we present spanwise velocity, temperature, and density distributions on
streamwise slices at x = [0.06474, 0.08684, 0.1089, 0.1311] m in Fig. 4. These 4 slices are located between
reattachment and the baroclinic shift. We can immediately distinguish a vortex structure in the first
(leftmost) slice for spanwise velocity contours. The colormap is selected as such to discern the smallest
occurrences. In the next slice we can already see the emergence of a secondary vortex near the surface.
In subsequent slices this secondary vortex grows and evolves near the surface. What we observe in these
slices directly reflects the shift in the patterns in Fig. 2. Comparing the first and the last slices, we
observe the formation of a secondary vortex pair close to the wall with an opposite orientation to the
primary vortices.

3.2 Physical Interpretation
To understand this phenomenon, let us examine the other quantities in Fig. 4. In the temperature slices
we can clearly see the "mushroom" structure generated by the lift-up effect. The high temperature flow
past the shock is entrained into the near-wall region by these vortices. Following the slices downstream,
we see that the flow gradually cools down. This happens rapidly for the vortices away from the wall as
the lift-up effect promotes mixing with the cold freestream. The cold isothermal wall near the surface
influences the flow in a similar manner. As a result, at a certain instance the only region left with higher
temperatures between two colder layers is a thin region trapped between the surface and the outer flow.
This leads to lower densities in this region as can be seen from the slices of density variations in Fig. 4.
This is a critical observation as this variation in the wall normal direction reverses the direction of the
density gradient through this layer.
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Baroclinic Shift

Figure 3: Isometric view of streamwise slices showing the spatial evolution of temperature contours.
The spanwise background slice shows Mach number contours. The ramp surface is also contoured by
temperature (on the left) and streamwise velocity (on the right).

Figure 5 focuses on the region near the surface and shows the density variations for the slice at
x = 0.1311 m. The slice domain is extended in the spanwise direction to include one more streak
for visualization purposes. In the topmost slice, pressure contour lines (white) are overlaid on density
contour fields. In the subsequent slices, black lines represent density contour lines. We can observe from
the first two slices the variations in density and pressure. It is clear that the changes in these quantities
leads to a density gradient ∇ρ in the wall normal direction and a pressure gradient ∇p in the spanwise
direction. The misalignment of these two gradients leads to a baroclinic torque ∇ρ ×∇p. This term is
plotted as Tb = (∇ρ×∇p) /ρ2 in the same figure. Streamwise vorticity is also included to show that
this component is in the same direction as the baroclinic term. Observe that the thin region of lower
density (the “trapped” flow) that we have identified earlier leads to a density gradient in the direction
pointing away from the surface above a certain height and a density gradient in the opposite direction
near the wall. With the pressure gradient direction remaining the same above and below the thin region,
the baroclinic torque has the opposite direction above and below the region of the trapped flow. The
effect of this can also be seen when we look at the evolution of baroclinic torque and streamwise vorticity
in Fig. 6 at the same locations shown in Fig. 4. In the first slice, the reattachment streaks are promoted
by the baroclinic torque. In the following slices, the baroclinic term near the wall favors the emerging
vortices in the opposite orientation. This can also be examined from a spanwise slice at z = 1.4 mm
in Fig. 7. The baroclinic torque opposes the vorticity of the preexisting streamwise vortices and produces
streamwise vorticity with opposite sign around nx = 0.115 m in the wall tangent coordinate system prior
to the onset of transition. This confirms that baroclinic torque is the mechanism that generates the
alternating streak patterns shown in Fig. 3.
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Figure 4: Streamwise slices along the ramp at x = [0.06474, 0.08684, 0.1089, 0.1311] plotting spanwise
velocity, temperature, and density variations. Horizontal axis is the spanwise direction. Flow direction
is pointing inwards.

Figure 5: Streamwise slice at x = 0.1311 showing density, pressure, baroclinic torque, and vorticity
distributions. Pressure contour lines are plotted in white and density contour lines are plotted in black.
Horizontal axis is the spanwise direction. Flow direction is pointing inwards.
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Figure 6: Streamwise slices along the ramp at x = [0.06474, 0.08684, 0.1089, 0.1311] plotting spanwise
velocity, temperature, density, and pressure variations. Horizontal axis is the spanwise direction. Flow
direction is pointing inwards.

Figure 7: Spanwise slices along the ramp at z = 1.4 mm plotting streamwise baroclinic torque and
streamwise vorticity in the wall coordinates.
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Figure 8: Isometric view of streamwise slices showing the spatial evolution of temperature contours for
the high (left) and low (right) amplitude perturbations. The spanwise background slice shows Mach
number contours. The ramp surface is contoured streamwise velocity.

3.3 Sensitivity to Perturbation Amplitude
To assess the sensitivity of the results to the perturbation amplitudes, we have performed the same
simulations with 30% of the forcing amplitude used in the preceding simulations. The resulting flow
fields for the high and low amplitude perturbations are presented in Fig. 8. The low amplitude case does
not show the reversal of the near wall streaks. With a lower initial perturbation, reattachment, and the
resulting streaks, occur farther downstream as can be seen from the expanded recirculation region. The
lift-up effect and therefore the density gradient across the trapped flow in the boundary layer is weaker
compared to the high amplitude case. The production of the opposing baroclinic torque is not sufficiently
strong to emerge beneath the initial streaks before the flow begins breaking down to turbulence.

Figure 9 shows the streamwise distribution of Stanton numbers

St =
qwall

ρ∞U∞cp(Tr − Twall)
(3)

calculated along the surface of the ramp at z = 1.5 mm and z = 0.0 mm for high and low amplitude
cases. A recovery factor of 0.846 was used in the calculation of the recovery temperature Tr. The specific
heat at constant pressure is taken as cp = 1005 J/(kg·K). Note that z = 1.5 mm corresponds to the
center of the lift-up. At reattachment, a higher peak heat flux is observed along z = 0.0 mm compared
to z = 1.5 mm and downstream the heat flux gradually decreases, as can be tracked from Fig. 3. Along
the lift-up for the high amplitude case, however, an initial peak is followed by a stronger secondary peak
downstream of the baroclinic shift location. This secondary peak does not exist in the low amplitude
case.

3.4 Impact on an Ablating Surface
The shift in intense surface heating locations could have severe consequences for an ablative surface.
To assess this, we numerically replace the rigid inert wall with a camphor wedge that can undergo
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Figure 9: Streamwise distributions of Stanton number along the surface of the ramp at z = 1.5 mm and
z = 0.0 mm for high and low amplitude cases.

Figure 10: Recession pattern of the surface. Darker regions signify deeper grooves formed by the eroding
surface material.

ablative recession. This low-temperature ablator naturally undergoes sublimation, C10H16O(solid) →
C10H16O(gas), at these conditions. Vapor pressure and material properties for the air-camphor mixture
is taken from the work of Rotondi et al. [27]. Details of the numerical approach employed to handle
ablative recession can be found in the work of Başkaya et al. [14].

Employing this ablative boundary condition, we have performed simulations incorporating camphor
species blowing out of the ramp and the ramp surface eroding away. Figure 10 shows a top-down view
of the ramp when approximately a maximum of 0.1 mm of recession is observed. Note that ablation is
smoothly ramped up from the corner of the ramp by a hyperbolic tangent function to maintain the mean
ramp angle. Immediately downstream of reattachment, we can clearly distinguish how different rates of
sublimation have created spanwise variations in recession. Farther downstream, beyond the baroclinic
shift, the recession patterns are reversed as the secondary vortices emerge from the wall. The resulting
recession pattern reflects the trend we have observed in Fig. 3.

4 Conclusions and Remarks
We have presented novel observations which include a drastically altered spanwise distribution of heating
streaks formed by streamwise vortices over a compression ramp at Mach 8. We found that the dominant
physical mechanism behind this phenomenon is an inversion of baroclinic production near the surface.
This inversion is due to a layer of low density fluid being trapped in the boundary layer between denser
fluid layers, and is produced by the lift-up effect of streamwise-vortex perturbations with sufficiently
high amplitude. Downstream of the location at which the secondary vortex emerges near the wall, the
surface pattern shifts due to an opposing baroclinic torque. This baroclinic shift has severe implications
on gas-surface interactions as it changes the distribution of species concentrations and heat fluxes. The
evolution of these new vortical structures promotes the inversion of the recession pattern compared to
the ablation pattern generated by the heating streaks near reattachment.
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