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ABSTRACT

We present novel observations from direct numerical simulations of transitional Mach 8 flow over a 15� compression ramp ablator. Heating
streaks over the ramp are seen to undergo a half-wavelength shift near the location of transition from laminar to turbulent boundary layer
flow. This phenomenon leads to an intriguing pattern of ablation grooves on the surface. Our analysis shows that the underlying mechanism
is driven by the baroclinic torque in the strongly stratified near-wall region. We discuss the impact of this baroclinic shift for a surface under-
going ablative recession and assess its sensitivity to different thermal boundary conditions and perturbation amplitudes.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0281627

I. INTRODUCTION

Streamwise vortices emerging from flow instabilities driven by
streamline curvature and shock-wave/boundary-layer interactions are
ubiquitous in high-speed flows.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 trans-
porting momentum, and the surface heat load by advecting energy.
Peak heating rates and locations can be substantially altered by the for-
mation and evolution of streamwise streaks.2 The generation of
streamwise vortices has been attributed to several different mecha-
nisms, including convective and intrinsic instabilities,3 which can
destabilize the laminar flow and eventually trigger transition to turbu-
lence. Of particular interest for the current work are baroclinic effects
due to the interaction of strong wall-normal density gradients with
transversal pressure gradients, such as the mechanism studied recently
by Zapryagaev et al.4 and Dwivedi et al.5 on hypersonic compression
ramp configurations. Developing a detailed understanding of these
interactions is crucial in predicting their occurrence during the flight
of high-speed aircraft and spacecraft.

Counting the aforementioned works, influential studies con-
cerned with the formation of streamwise vortices at flow separation or
reattachment are not scarce. However, often due to limitations
imposed by ground-testing facilities,6,7 previous studies considered
almost exclusively (with the exception of Ref. 8) short ramp lengths of
only one L, where L is the distance from the leading edge to the ramp

corner.3,9–12 Because this compact setup became canonical for funda-
mental research on such interactions, the downstream development of
the transitional streaks may have received insufficient attention.

The specific aim of this present work is to study the influence of
persistent vortex structures, their evolution, and the effect of the result-
ing streak pattern in the context of thermal protection systems (TPS),
where the surface of the object is eroding away as a result of gas–
surface interactions (GSI), including ablation. Intriguing ablation pat-
terns, such as cross-hatching, have been observed in wind tunnel
experiments as well as on recovered objects that have survived atmo-
spheric entry.13 The origin of these patterns and their effect on the
heat load and the boundary-layer stability is a complex multi-physics
problem with many unknowns and is far from being well understood.
Low-temperature ablators facilitate the study of surface recession pat-
terns in the absence of high-temperature effects, while still maintaining
flight-relevant characteristics of TPS.14 Such an ablative material, cam-
phor, has been selected in this work to assess the streak pattern over an
ablating surface. To this end, we consider a 15� compression ramp
configuration exposed to Mach 8 flow and a ramp length of approxi-
mately 3L. The focus of this paper is on the perturbation growth in the
laminar boundary layer. A more detailed analysis on ablation model-
ing is part of a parallel work15 and turbulence–ablation interactions are
investigated in another study.16

This paper presents our observations of a novel phenomenon
and an analysis of the underlying physical mechanisms. The setup
of our computational experiments is described in Sec. II. We
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report the emergence of a streamwise vortex structure that causes
a characteristic shift in the heating streaks over the compression
ramp in Sec. III A and explicate our physical theory and interpre-
tation in Sec. III B. We discuss the impact of this interaction on
surface ablation in Sec. III C and its sensitivity to inflow perturba-
tion amplitudes in Sec. III D. Concluding remarks are given in
Sec. IV.

II. COMPUTATIONAL SETUP AND NUMERICAL
METHODS

Our numerical experiments are inspired by the works of
Chuvakhov et al.17 and Dwivedi et al.,5 which we have previously used
as one of the validation cases for the numerical methods employed in
the present study (see Ref. 15). Unlike these past studies, the present
study considers an extended domain approximately double the length
in the streamwise direction. The compression ramp geometry consists
of a flat plate with a sharp leading edge and a length of L ¼ 0:05 m
that is aligned with the Mach 8 free-stream flow, followed by a 15�

wedge until 0.195m in the streamwise direction, as shown in Fig. 1.
The spanwise width of the domain is 0.003m to capture one wave-
length of the most unstable mode found by Dwivedi et al.,5 which
agrees notably well with the spacing of heating streaks observed by
Chuvakhov et al.17 experimentally. The freestream and inflow condi-
tions are defined by Mach number M1 ¼ 8, ReL ¼ 3:7� 105, pres-
sure p1 ¼ 355Pa, and temperature T1 ¼ 55 K. Top and right-most
boundaries are set as non-reflecting outflow. Since experimental find-
ings did not show any visible sign of relevant subharmonic modes, we
have chosen to exclude subharmonic dynamics through periodic
boundary conditions in the spanwise direction. The scope of this
paper is the perturbation growth in the laminar boundary layer.

The confinement effects that possibly influence the far downstream
evolution of the turbulent boundary layer are thus acceptable. The
domain is discretized into 254 � 106 cells, where the smallest cells
at the surface have dimensions ½Dhx;Dhy;Dhz� ¼ ½1:5� 10�5;
3:1� 10�6; 4:7� 10�5�m. The mesh fully resolves several higher har-
monics of the perturbation wavelength and is appropriate for accurate
predictions of the onset of transition to turbulence. This has been veri-
fied in a grid convergence study. Figure 2 shows the agreement
between the grid-converged laminar solution and the reference results
from Dwivedi et al.5 Note that the reference results are only available
until 1.9L.

Three boundary conditions are studied for the ramp surface: (1)
an inert adiabatic wall, (2) an inert isothermal wall with a temperature
of Tw ¼ 293K, and (3) a reactive ablative wall where an energy bal-
ance is solved for the wall temperature varying along the ramp. These
correspond to Eckert numbers of Ec ¼ 3:96 for the isothermal wall
and range between Ec ¼ ½3:91; 4:55� for the ablative wall, where the
Eckert number is

Ec ¼ u21
cpðTr � TwÞ ; (1)

with the freestream velocity u1 ¼ 1190m/s, and the specific heat at
constant pressure cp ¼ 1003 J/(kg K). The recovery temperature Tr

was calculated by assuming a recovery factor of 0.846 based on the adi-
abatic wall temperature predictions. For the simulations with an abla-
tive wall, instead of a rigid wedge, we take the solid material to be
camphor, a low-temperature ablator naturally undergoing sublimation,
C10H16OðsolidÞ ! C10H16OðgasÞ, at the present conditions.

We solve the compressible Navier–Stokes equations for a multi-
species chemically inert fluid

@tU þr � FðUÞ ¼ S; (2)

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

FIG. 2. Comparison of Stanton numbers obtained using the present methodology
with successively refined numerical grids. Reference results are taken from
Dwivedi et al.5
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where U ¼ ½qi; qu; qv; qw; qE�T is the vector of conserved variables,
F ¼ Finv þ Fvis is the sum of inviscid and viscous fluxes, and S is the
vector of source terms. Along the x-axis, these fluxes are

Finv ¼

qiu

qu2 þ p

quv

quw

uðqE þ pÞ

2
66666664

3
77777775
; Fvis ¼

Jx;i

�sxx

�sxy

�sxz

�ðsxxuþ sxyv þ sxzwÞ þ qx

2
66666664

3
77777775
;

(3)

where qi is the species partial density for the i
th species, u is the mix-

ture average velocity, q is the mixture density, p is the mixture pres-
sure, and E ¼ eþ 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 S are non-zero only at the ablating surface
as no homogeneous gas-phase reactions are occurring at the condi-
tions studied in this work. Modeling approaches for the species diffu-
sion flux J i, the viscous stress tensor s, and the total heat flux q are
detailed in Baskaya et al.15 Single species air is used for the simulations
with an inert wall. Air is modeled by Sutherlands’ law for the viscosity,
specific heats are taken from NASA polynomials,18 and thermal con-
ductivity is obtained from a Prandtl number of 0.72. For camphor gas,
introduced due to the ablative boundary condition, cubic polynomials
for viscosity and thermal conductivity from Zibitsker et al.19 are used.
Diffusivity is calculated based on the model of Haskins reported in
that same work. Wilke’s mixing rule is used for the air-camphor mix-
ture properties.

The governing equations are solved with our in-house solver,
INCA (https://inca.cfd), which is a high-fidelity finite-volume solver
for direct numerical simulations (DNS) and large eddy simulations
(LES) of the compressible chemically reacting Navier–Stokes equations
and provides a large number of different discretization schemes on
three-dimensional block-Cartesian grids with adaptive mesh refine-
ment (AMR) (see, e.g., Ref. 20). For the purposes of this research, a
third-order weighted essentially non-oscillatory (WENO) scheme21

with HLLC flux function22 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 Shu23 is
chosen for time integration. The ramp wall is represented by a cut-
element immersed boundary method,24 which is a consistent and
conservative extension of the finite-volume flux balance for mesh cells
being split by interfaces. 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 the numerical
schemes and the extension of the cut-element method to reacting sur-
faces are presented by Baskaya et al.25

We follow the GSI methodology described by Bianchi et al.26 for
simulations involving camphor ablation. For the ablative boundary
condition, mass and energy balances are solved at the surface, taking
into account sublimation, diffusion, and blowing. We solve for the
mass blowing rate _m ¼Pi _x i;w, calculated as the sum of the species
source terms _x i;w. The chemical source term for camphor is given by

_xc;w ¼ aq pv � pcð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mc

2pRuTw

r
; (4)

where a is the empirical vaporization coefficient, pv and pc are the
vapor and partial pressures of camphor, respectively,Mc is the molecu-
lar weight of camphor, and Ru is the universal gas constant.19 Vapor
pressure and material properties for camphor are taken from Rotondi
et al.14 The speed at which ablation products blow out of the surface is
then expressed as vb ¼ _m=

P
i qi;w.

Values obtained for species densities and mass blowing speeds
are imposed as boundary conditions for the Navier–Stokes equations.
Similarly, the surface recesses at a speed of vs ¼ _m=qs, where
qs ¼ 990 kg=m3 is the density of solid camphor.14 The surface reces-
sion is orders of magnitude slower than the 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 simula-
tions with ablative recession to accelerate the geometry change. We
have found that an accurate representation of physicochemistry and
fluid dynamics is ensured with an acceleration factor of 104.

The source term S includes a local forcing applied to the vertical-
momentum equation between x1 ¼ 0:02m and x2 ¼ 0:023m (mea-
sured from the sharp leading edge) to perturb the laminar base flow:

Sðx; y; zÞ ¼ Asf ðxÞ exp � y � y0
r

� �2 !
sin

2pz
kz

� �
; (5)

where y0 ¼ 0:5 mm, r ¼ 0:3 mm, and kz ¼ 3:0 mm following
Baskaya et al.15 The shape function in the streamwise direction is

f ðxÞ ¼
0:0; x < x1 or x > x2;

~xð2rx � ~xÞ=r2x
� �3

; ~x < rx;

1:0; otherwise;

8>><
>>: (6)

where ~x ¼ minðjx � x1j; jx � x2jÞ and rx ¼ 1
4 ðx2 � x1Þ. The ampli-

tude is As ¼ 105 kg=m2s2 unless stated otherwise.
For ablative walls, the GSI boundary condition additionally intro-

duces source terms _xi;w for mass conservation, _mðvb � nÞ with the sur-
face normal vector n for momentum conservation, and
_m hþ 1

2 kvbk2
	 


with mixture enthalpy h for energy conservation.

III. ANALYSIS OF THE BAROCLINIC SHIFT
A. Observations

Our analysis begins by observing the vortex formation visualized
in Fig. 3, where the domain is duplicated in the spanwise direction to
enhance visual intuition. Initial perturbations develop into a steady
streamwise vortex-streak system. The counter-rotating vortices grow
to a significant amplitude as the flow reattaches on the ramp and
evolve further as they travel downstream. Formation of secondary vor-
tices surrounding the streaks signals the onset of transition and the
eventual turbulent breakdown.

The lift-up effect results in alternating hotter and colder streaks
along the ramp’s surface, as shown in Fig. 4(a) for the case with an
inert isothermal wall. These thermal streaks are most discernible
downstream of the reattachment point near x ¼ 0:08 m, where x ¼
0:05 m is the corner of the ramp. An intriguing observation can be
made from these near-wall streak patterns. Traveling downstream over
the ramp, the streak pattern undergoes an abrupt variation: hidden
underneath the vortical structures in Fig. 3, the regions of heating and
cooling interchange near x ¼ 0:13 m, indicated by arrows in Fig. 4.
This shift is more clearly noticeable in the contour plot in Fig. 4(b),
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which shows the streamwise velocity at a wall distance of 20lm for
the same case. Beyond the shift location, velocity deficit streaks become
velocity excess streaks. This suggests the existence of a vortex pair close
to the wall with a phase shift of 180� compared to the vortex orienta-
tions near reattachment. We will refer to this point where the streaks
seemingly “reverse” as the location of baroclinic shift, since we believe
that this shift is caused by baroclinic effects as the rest of this discus-
sion will elucidate. Furthermore, as suggested by the snapshots of dif-
ferent configurations in Fig. 4, we will also remark that this shift is not
observed with an inert adiabatic wall [Fig. 4(d)] or with lower ampli-
tude perturbations [Fig. 4(e)], but it has the most severe implications
on a wall that undergoes ablative recession [see Fig. 4(c)].

To aid the investigation, we present contours of the spanwise
velocity, temperature, and density distributions on streamwise

slices at x ¼ ½0:0647; 0:0868; 0:1089; 0:1311�m in Fig. 5 for the case
with an inert isothermal wall. These four slices are located between
reattachment and the baroclinic shift. The reattachment location
can be identified from the Mach number contours in Fig. 4(a). The
baroclinic shift location is indicated by an arrow in the same figure.
We can immediately distinguish a vortex structure in the first (left-
most) slice of spanwise velocity contours. The over-saturated col-
ormap is selected in such a way as to discern the smallest and
weakest occurrences. In the second slice, we can already see the
emergence of a secondary vortex near the surface. In subsequent
slices, this secondary vortex grows and evolves. What we observe
in these slices directly reflects the shift in the wall pattern in
Fig. 4(b). Comparing the first and the last slices, we observe the
formation of a secondary vortex pair close to the wall with the

FIG. 3. Isometric view of the domain with
a Q-criterion iso-surface contoured with
the spanwise velocity. The spanwise back-
ground shows Mach number contours.
Three close-up views on the right-hand
side focus on (I) the steady streaks reat-
taching on the ramp surface, (II) the onset
of transition, and (III) the turbulent break-
down. Domain is periodically extended in
the spanwise direction for visualization.

FIG. 4. Isometric view of the spatial evolu-
tion of streak patterns over (a), (b), and
(e) an inert isothermal wall, (c) an ablative
wall (see Sec. III C), and (d) an inert adia-
batic wall with (a)–(d) high amplitude and
(e) low amplitude perturbations (see Sec.
III D). Streamwise slices show tempera-
ture. The ramp surface is contoured by (a)
temperature and (b)–(e) streamwise
velocity. Arrow markers indicate locations
of baroclinic shift.
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opposite sense of rotation. These secondary perturbation vortices
are counteracting the lift-up effect of the primary perturbation.

B. Physical interpretation

To understand the mechanism that causes this phenomenon, let
us examine the other quantities in Fig. 5. The temperature distribu-
tions clearly show the “mushroom” structure generated by the lift-up
effect. Hot gas is ejected away from the wall 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 wall
influences the flow in a similar manner. As a result, at a certain down-
stream distance, only a thin region with higher temperatures remains
between two colder layers, trapped between the surface and the outer
flow. This trapped flow remains hot due to viscous dissipation of
kinetic energy. The fluid density is significantly lower in this region as
can be seen from the slices of density variations in Fig. 5. A critical
observation is that the sign of the wall-normal density gradient
reverses in this region.

Figure 6 focusses on the region near the surface and shows the
density variations for the slice at x ¼ 0:1311 m, corresponding to the
last (rightmost) slice in Fig. 5. The spanwise range is extended to

include one more streak for visualization purposes. In the topmost
contour plot, pressure iso-lines (white) are overlaid on density contour
fields. In the contour plots below, black lines represent density iso-
lines. We can observe the variations in density and pressure from the
first two slices. It is clear that these variations lead to a density gradient
rq in the wall-normal direction and a pressure gradient rp in the
spanwise direction. The misalignment of these two gradients gives rise
to baroclinic torque Tb ¼ rq�rp. This vorticity production term,
Tb=q2, is plotted in the same figure. Streamwise vorticity is also
included to show that this component has the same sign as the baro-
clinic 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 in
the opposite direction near the wall. With the pressure-gradient direc-
tion remaining the same through the thin region, the baroclinic torque
has the opposite direction above and below the trapped flow. The effect
of this can also be seen when we look at the evolution of baroclinic tor-
que and streamwise vorticity in Fig. 7 at the same locations shown in
Fig. 5. In the first slice, the primary streaks are promoted by the baro-
clinic torque. In the following slices, the baroclinic term near the wall
feeds emerging vortices with the opposite sense of rotation. The baro-
clinic torque opposes the preexisting streamwise vortices and produces
streamwise vorticity with opposite sign prior to the onset of transition.

FIG. 5. Streamwise slices along the ramp at x ¼ ½0:0647; 0:0868; 0:1089; 0:1311� m plotting spanwise velocity, temperature, and density variations. Horizontal axis is the
spanwise direction. Flow direction is pointing inward.
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This confirms that the baroclinic torque is the mechanism that gener-
ates the alternating streak patterns shown in Fig. 4.

Since the Eckert numbers predicted for the inert isothermal [Fig. 4(b)]
and the ablative wall [Fig. 4(c)] are similar, i.e., both have significantly colder
wall temperatures compared to post-shock temperatures, both cases have
similar stratification followed by a baroclinic shift. The onset of this effect is
at a similar location between the two conditions; however, because ablation

further destabilizes the flow as observed by Baskaya et al.,15 the newly
emerged near-wall streaks persist for a shorter length downstream before
starting to break down. On the other hand, since the reversal in the baro-
clinic torque strongly depends on the existence of the stratified thermal layer
near the wall, this effect is absent in Fig. 4(d) for the inert adiabatic wall. No
clear streak reversal can be observed before the laminar flow starts to break
down near the end of the ramp.

FIG. 6. Streamwise slice at x ¼ 0:1311 m showing density, pressure, baroclinic torque, and vorticity distributions. Pressure contour lines are plotted in white, and density con-
tour lines are plotted in black. Horizontal axis is the spanwise direction. Flow direction is pointing inward.

FIG. 7. Streamwise slices along the ramp at x ¼ ½0:06474; 0:08684; 0:1089; 0:1311� m showing baroclinic torque and vorticity variations. Horizontal axis is the spanwise direc-
tion. Flow direction is pointing inward.
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C. Impact on surface ablation

The shift in intense surface heating locations has severe conse-
quences for applications with ablative surface materials. For our
numerical experiments, we employ camphor, which sublimates at the
considered flow conditions. Ablation thus introduces camphor blow-
ing out of the ramp as the surface erodes.

Figure 8 shows a top-down view of the ablated ramp surface after
a maximum of 0.1mm of recession. Immediately downstream of reat-
tachment, we can clearly distinguish how different rates of sublimation
have created spanwise variations in recession. As higher temperatures
increase sublimation rates, deeper grooves formed by recession align
with the heating streaks. Farther downstream, beyond the baroclinic
shift, the recession pattern is reversed as the secondary vortices emerge
from the wall. The resulting recession pattern reflects the trend we
have observed in Fig. 4(a).

Figure 9 shows the instantaneous streamwise distributions of
mass blowing rates, _m, and Stanton numbers

St ¼ qw
q1U1cpðTr � TwÞ ; (7)

at z ¼ 1:5 mm and z ¼ 0:0 mm. Note that z ¼ 1:5 mm corresponds
to the center of the lift-up effect of the primary perturbation. Both
quantities follow a similar profile as higher heat fluxes lead to higher
mass blowing rates and, therefore, higher recession rates. In Fig. 9,
their values along z ¼ 0:0 mm are initially larger than those along
z ¼ 1:5mm; however, this difference reduces downstream until the
higher value interchanges. The intersection of these two lines gives an
indication of the shift location. The fluctuations observed for x > 0:15
m relate to the growth of unsteady perturbations as the flow destabil-
izes and eventually transitions to turbulence downstream. The down-
stream fluctuations are more apparent in Fig. 9(b) since the heat fluxes
are more sensitive to flow instabilities. Laminar to turbulent transition

is not further addressed in this paper as it is the subject of an ongoing
collaboration with a research group at the University of Maryland.15

D. Sensitivity to perturbation amplitude

To assess the sensitivity of the results to the perturbation ampli-
tudes, we have performed the same inert isothermal wall simulations
with 30% of the forcing amplitude used in the preceding cases. The
resulting near-surface velocities with low-amplitude perturbations are
presented in Fig. 4(e). The low-amplitude case does not show the
reversal of the near-wall streaks. With a lower initial perturbation, reat-
tachment and the resulting streaks occur farther downstream as can be
deduced from the expanded recirculation region. The lift-up effect and
the baroclinic torque are weaker compared to the high-amplitude case.

We compare the Stanton numbers for high and low amplitude
cases in Fig. 10. For the high-amplitude case, we clearly see how the
values along alternating streaks intersect, whereas this does not occur
for the low amplitude case before the laminar streak pattern begins to
destabilize. The ablative (see Fig. 9) and the isothermal-wall simula-
tions with high amplitude perturbations show similar trends: an initial
peak is followed by a stronger second peak downstream of the transi-
tion location. The low-amplitude case shows only weak secondary
growth within the current domain.

IV. CONCLUSIONS AND REMARKS

We have presented novel observations of intriguing heating and
ablation patterns over a compression ramp at Mach 8. We found that
the dominant physical mechanism behind this phenomenon is the bar-
oclinic torque near the cooled surface, which opposes the streamwise
vorticity of the primary perturbation. This baroclinic vorticity produc-
tion is due to a layer of hot low-density fluid being trapped in the
boundary layer between colder and denser fluid layers, and the spanwise
pressure gradient imposed by primary streamwise-vortex perturbations

FIG. 8. Recession pattern over the abla-
tive ramp. Darker regions signify deeper
grooves in the eroding surface material.

FIG. 9. Instantaneous streamwise distributions of (a) mass blowing rate and (b) Stanton number over the ablative wall at z ¼ 1:5 mm and z ¼ 0:0 mm for high amplitude
perturbations.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 116108 (2025); doi: 10.1063/5.0281627 37, 116108-7

VC Author(s) 2025

 18 N
ovem

ber 2025 11:13:05

pubs.aip.org/aip/phf


with sufficiently high amplitude. Secondary streamwise-vortex pertur-
bations induced by the baroclinic torque near the wall counteract the
lift-up effect of the primary perturbation, and the surface heat flux and
ablation pattern shifts. This baroclinic shift has severe implications on
gas-surface interactions as it drastically changes the distribution of spe-
cies concentrations and heat fluxes. We have no reason to believe that
this phenomenon is restricted to ramp geometries; diabatic cold walls
and strong perturbations are among the most important conditions.
The same or a similar mechanism could play a role in the formation of
more complex ablation patterns.
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