
PHYSICAL REVIEW FLUIDS 10, 043901 (2025)
Editors’ Suggestion
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We apply linear stability analysis to nearly incompressible flow over a two-dimensional
zero-pressure-gradient boundary layer in the presence of a forward-facing step (FFS), with
step height to local displacement thickness ratios between 0 < h/δ∗

s < 3.2. We employ
a nominally sharp FFS with a 1 µm radius to closely resemble a prior wind tunnel
experiment, but we also examine the impact of various step corner radii and slopes. The
Navier-Stokes equations are solved on curvilinear grids to obtain the laminar basic states.
After that, we use a combination of the harmonic linearized Navier-Stokes equations
and the parabolized stability equations to compute the linear amplification of Tollmien-
Schlichting instabilities. The N-factor envelopes for the FFS reveal crucial differences with
respect to those obtained previously for backward-facing steps (BFS) with 0 < h/δ∗

s < 1.3,
for which accurate predictions of transition onset could be obtained via N-factor correla-
tions. As the boundary-layer flow recovers to its unperturbed state in the far wake of the
BFS, the slope of the N-factor envelope is nearly the same as that of the unperturbed flat-
plate boundary layer. In contrast, the N-factor envelope downstream of the FFS becomes
flatter as the step height increases, i.e., dN /dx becomes nearly 0, which causes the N-factor
method to become sensitive to the prescribed value of the correlating N-factor value. In
spite of this difficulty, the N-factor method still captures the overall trend associated with a
progressively upstream shift in the transition location as the FFS height becomes larger.
However, the critical step height corresponding to the onset of a significant upstream
shift in transition location is not very well predicted when compared with the measured
data. Within the framework of a variable N-factor method, the predicted reduction in the
transition N-factor is given by �N = 1.89arctan[(h/δ∗

s − 1.29)/0.179] − 2.73.

DOI: 10.1103/PhysRevFluids.10.043901

I. INTRODUCTION

Significantly decreasing the fuel burn rate of new aircraft has been a major focus both in the
U.S. [1] and in Europe [2] to reduce the environmental impact of aviation. One promising way
to achieve this involves expanding the laminar regions on aerodynamic surfaces by preventing
or delaying the onset of transition to turbulence in the boundary-layer flow, which reduces the
overall skin-friction drag and increases energy efficiency. This method is referred to as laminar
flow control (LFC) in the literature [3]. Various forms of LFC include natural laminar flow that
utilizes airfoil design with a tailored surface pressure distribution, LFC based on some active form of
flow control via surface suction and/or surface heat transfer, and hybrid LFC that combines the two
methods. Spanwise arrays of discrete roughness elements have also been employed in recent years to
demonstrate transition delay in a limited range of flow conditions [4]. The challenges of successfully
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implementing LFC include uncertainty in transition modeling, operational factors, e.g., ice accretion
and insect contamination, integration of LFC with the vehicle design, and manufacturing defects,
such as two-dimensional steps, gaps, surface waviness, and three-dimensional surface roughness.
Our focus in this work is to perform a computational study to enable a better understanding and
quantification of the effects of two-dimensional forward-facing steps (FFS), which are known to be
an important contributor to an earlier onset of transition [5,6].

Accurately modeling boundary-layer transition across different speed regimes is a top research
priority in the NASA CFD Vision 2030 Study [7]. Manufacturing defects and unavoidable surface
roughness compound the difficulties of transition modeling by modifying the transition mechanisms
in a way that leads to significantly earlier onset of transition relative to a smooth aerodynamic
surface. Several different mechanisms may contribute to the effects of surface imperfections
on the transition process. These include a global instability within the separation zone [8,9],
convective instability waves [10], boundary-layer receptivity to freestream unsteadiness [11,12],
streak instabilities within the wake region [13], or some combination of these phenomena [14].
For two-dimensional boundary layers, Tollmien-Schlichting (TS) instability waves are the most
common transition mechanism, and the amplification characteristics of these instabilities can be
greatly influenced by the presence of two-dimensional step excrescences, such as the FFS and
the backward-facing step (BFS). Historically, the effects of FFS and BFS have been predicted
with empirical criteria based on available measurements [15]. Experimental results on transition to
turbulence in the presence of steps have been reported in Refs. [5,6,16–18], whereas computational
studies have been reported by Refs. [6,19–22]. The effects of step excrescences on swept-wing
boundary layers have also been studied in recent years; see, for instance, Refs. [23–26].

The most common approach to computationally predict transition locations for surface roughness
is by using the N-factor of the most amplified unstable disturbance. Crouch et al. [6,27] correlated
the associated jump in the N-factor envelope of TS instability waves as a linear function of the step
height with experimental measurements. The change in N-factor due to a FFS is 1.6h/δ∗

s , and the
change in N-factor due to a BFS is 4.4h/δ∗

s , where h and δ∗
s are the step height and boundary-layer

displacement thickness, respectively [6]. Perraud and Seraudie [20] showed that for a BFS, the
N-factor increases substantially just downstream of the step and then levels out becoming relatively
parallel to the no-step envelope, resulting in progressive shifts of the different transition locations.
However, for a FFS they showed the locations of transition onset shift abruptly. Costantini et al.
[28] found that changes of the streamwise pressure gradient did not alter the empirical correlations
for predicting FFS transition locations. Crouch and Kosorygin [29] showed that subsonic flow past
a BFS with an airfoil-type pressure distribution can be represented by a variable N-factor method,
but a FFS has to be positioned between the neutral point and the transition location for this method
to be accurate.

A variety of other computational methods have been used to predict roughness-induced
boundary-layer transition in the literature. Subsonic flow over steps and bumps have been modeled
with the interactive boundary-layer equations and quasiparallel stability theory by Refs. [19,30,31].
Edelmann and Rist [21] applied direct numerical simulations (DNS) to flow over a FFS. They
described the presence of two separation bubbles (i.e., one in front of the FFS, and the other
directly on top of it) and the enhanced amplification of disturbances. DNS is also employed by
Wise et al. [32] for boundary-layer flows over surface imperfections to study the effects of step
height, freestream turbulence intensity, and favorable pressure gradients. Rizzetta and Visbal [33]
used DNS and implicit large eddy simulation to model nonlinear disturbance evolution downstream
of BFS and FFS. Dong and Zhang [34] implemented a local scattering approach with triple-deck
theory to simulate low-speed flow over BFS and FFS. Thomas et al. [35] and Franco et al. [36]
applied the harmonic linearized Navier-Stokes equations (HLNSE) to surface deformations.

We previously investigated low-speed boundary-layer transition over smooth BFS using linear
stability theory, the parabolized stability equations (PSE), and HLNSE [22,37]. The predicted
transition locations correlated well with Ntr = 7.6 and showed good agreement with experimen-
tal measurements by Wang and Gaster [5] for h/δ∗

s < 1.3. Within the framework of a variable
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FIG. 1. Schematic of subsonic flow over a FFS with two separation bubbles. Here, δ∗
s = 6.9 × 10−4 m that

corresponds to U∞ = 28 m/s.

N-factor method, the reduction in transition N-factor is given by �N = 2.47(h/δ∗
s )2 + 0.62(h/δ∗

s )
for h/δ∗

s < 0.38 and �N = 3.0(h/δ∗
s ) − 0.55 for 0.38 < h/δ∗

s < 1.3. This correlation is accurate
because the net destabilization from the BFS is the dominant contributor to the resulting shift in the
transition location.

The work presented here is an extension of Hildebrand et al. [22,37] applied to FFS instead
of BFS. We use a combination of PSE and HLNSE to compute growth rates and N-factors of TS
waves for the experimental configuration from Wang and Gaster [5]. Also, we explore the effect
that smoothness and rounded corners of the FFS have on the N-factors and transition predictions.
Section II describes the overall flow configuration and the FFS geometry. We provide details about
the different numerical methods in Sec. III. The results of a zero-pressure-gradient boundary layer
over a FFS are presented in Sec. IV. Finally, we provide a summary of the results and concluding
remarks in Sec. V.

II. FLOW CONFIGURATION

Schematic of a low Mach number, subsonic flow over a FFS is depicted in Fig. 1. The flow
configuration is based on experiments performed by Wang and Gaster [5] in the low-turbulence wind
tunnel of the Engineering Department at the Queen Mary University of London. In this experiment,
a flat-plate model is used with a nominally sharp FFS located at xs = 0.3 m from the plate leading
edge. Our computational domain extends from x = 0.025 m or x − xs = −0.275 m to x = 3.5 m
or x − xs = 3.2 m. The domain height increases as the boundary-layer thickness grows downstream
from y = 0.03 to y = 0.35 m. For these simulations, a Blasius boundary layer enters at the inlet,
after which it flows downstream and undergoes flow separation in the vicinity of the FFS before
reattaching behind the FFS and subsequently exiting at the outlet. The separated flow involves two
distinct pockets of flow recirculation, one upstream of the FFS and the other downstream of the
FFS. A no-slip adiabatic wall resides along the bottom boundary.

For the basic state computations, we employ a nonuniform grid with 6001 and 301 points in the
streamwise and wall-normal directions, respectively. The first grid point above the wall is positioned
so the nondimensional viscous wall spacing y+ = (uτ y)/ν is equal to 0.1, where uτ y is the friction
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FIG. 2. Computational grid for the simulations of subsonic flow over a FFS. Closeup views of the grid
near the step corners are depicted on the right. Here, U∞ = 28 m/s, δ∗

s = 6.9 × 10−4 m, and h = 1.5 mm or
Res = 5.58 × 105 and h/δ∗ = 2.174.

velocity and ν is the kinematic viscosity. Figure 2 displays the basic state computational grid near
the FFS. In Fig. 2, the grid spacing in the wall-normal direction is the smallest near the no-slip
adiabatic wall and gradually increases from there toward the upper domain boundary. The grid
spacing in the streamwise direction is the smallest near the upper corner of the FFS and gradually
increases toward both the inflow and outflow boundaries. In the experiments performed by Wang
and Gaster [5], the FFS is nominally sharp; however, to simplify the computational process, we
apply slight rounding of the step corners. The bottom FFS corner has a radius of 4 × 10−5 m, while
the top corner has a radius of 10−6 m. Any further reduction in the bottom corner radius does not
have a significant effect on the pressure distribution or the N-factor values. As we will see later,
changes to the top corner radius do impact the flow field and the N-factor values considerably. The
same computational nonuniform grids used for the basic state computations are employed for the
PSE and HLNSE. In Sec. IV B, we demonstrate grid convergence for both the basic state and the
stability analysis results.

We selected the flow conditions to match the Wang and Gaster [5] experiments and our previous
computational studies [22,37]. The freestream velocity, U∞, varies with intervals of 2 m/s from
16 m/s to 34 m/s, the freestream temperature, T∞ = 292.7 K, and density, ρ∞ = 1.206 kg/m3, are
held constant. Table I lists all of the freestream velocities considered in this work, along with the
freestream unit Reynolds numbers (Re∞), the boundary-layer thicknesses (δs), the Reynolds num-
bers based on the boundary-layer thicknesses (Reδs ), the boundary-layer displacement thicknesses
(δ∗

s ), the Reynolds numbers based on the boundary-layer displacement thicknesses (Reδ∗
s
), and the

Reynolds numbers based on the step location (Res). Here, Re∞ = U∞/ν∞, Reδs = (U∞/ν∞)δs,
Reδ∗

s
= (U∞/ν∞)δ∗

s , and Res = (U∞/ν∞)xs. Note the subscript “s” refers to the step location.
The constant ratio of specific heats is γ = 1.4. Furthermore, the specific gas constant for air is
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TABLE I. Freestream velocities, boundary-layer thicknesses, and Reynolds numbers corresponding to
subsonic flow over a FFS. The length scales δs, δ∗

s , and xs are computed or defined at the step location, while
the velocity and kinematic viscosity are computed in the freestream.

U∞ (m/s) 16 18 20 22 24 26 28 30 32 34

Re∞ (×106 m−1) 1.07 1.20 1.33 1.46 1.60 1.73 1.86 2.00 2.13 2.26
δs (×10−3 m) 2.65 2.50 2.37 2.27 2.17 2.08 2.01 1.94 1.88 1.82
δ∗

s (×10−4 m) 9.13 8.61 8.17 7.79 7.46 7.16 6.90 6.67 6.46 6.26
Reδs (×103) 2.84 3.00 3.15 3.31 3.47 3.60 3.74 3.88 4.00 4.11
Reδ∗

s
(×103) 0.97 1.03 1.09 1.14 1.19 1.24 1.29 1.33 1.38 1.42

Res (×105) 3.21 3.60 3.99 4.38 4.80 5.19 5.58 6.00 6.39 6.78

R = 287.15 J/(K kg), and the Prandtl number is Pr = 0.72. We use Sutherland’s law to compute the
dynamic viscosity, μ = c1T 1.5/(T + Ts) with c1 = 1.458 × 10−6 kg/(ms

√
K) and Ts = 110.4 K.

Figure 3 displays the variation in both the boundary-layer thickness and the boundary-layer
displacement thickness as well as the Reynolds numbers based on those values with increasing
Reynolds number based on the step location. In Fig. 3, as the Reynolds number based on the step
location increases, the boundary-layer thicknesses decrease and the Reynolds numbers based on the
boundary-layer thicknesses increase.

III. NUMERICAL METHODOLOGY

Similar to our previous studies on BFS [22,37], the laminar basic states are computed with the
fully compressible Navier-Stokes equations in a curvilinear body-fitted coordinate system. A sixth-
order finite-difference scheme in both spatial directions is employed for the discretization. We use
the computational nonuniform grids with Nx = 6001, Ny = 301, and y+ = 0.1 described in Sec. II.
The boundary conditions are the enforcement of a Blasius self-similar boundary-layer profile at
the inlet, extrapolation at the outlet, a no-slip adiabatic bottom wall, and freestream along the upper
boundary. We solve the resulting nonlinear system with the Newton-Raphson method that converges
the residual to machine zero. MUMPS [38] is utilized to invert the large sparse matrices.

FIG. 3. Variation of the boundary-layer thicknesses and Reynolds numbers based on those values with
increasing Reynolds number based on the step location. The length scales δs, δ∗

s , and xs are computed or
defined at the step location, while the velocity and kinematic viscosity are computed in the freestream.
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Again, similar to our earlier BFS work [22,37], a combination of PSE and HLNSE is utilized
to model the linear disturbance amplification over the FFS configurations of interest. HLNSE has
been applied to several boundary-layer stability problems [35,36,39–41] and shown to be accurate,
efficient, and robust in these cases. For the current FFS work, PSE is employed in attached flow re-
gions with weaker streamwise variation, from x − xs = −0.275 m to x − xs = −0.075 m upstream
of the step and x − xs = 0.325 m to x − xs = 3.2 m downstream of the step. Note that PSE requires
the basic state and the amplitude function variables to vary slowly in the streamwise direction
[42]. However, the streamwise length scale of the basic state is comparable to a representative
wavelength of the instability waves in the FFS vicinity. HLNSE is used in regions of rapid mean-flow
variation, including the pockets of recirculating flow near the step from x − xs = −0.125 m to
x − xs = 0.375 m. Figure 1 displays these zones, where the blue color indicates PSE, the red color
denotes HLNSE, and the purple shade corresponds to regions of overlap between PSE and HLNSE.
We confirmed that the results are insensitive to variations in the sizes of these regions as long as
HLNSE is used in a sufficient region surrounding the FFS to capture the correct physics due to
recirculating flow and strong gradients.

The linear perturbations around the laminar basic states are harmonic in time. These perturbations
are defined by the following mathematical expression:

q̃(x, y, z, t ) = q̆(x, y) exp [i(βz − ωt )] + c.c., (1)

where ω is the angular frequency and β is the spanwise wave number. Here, q̃(x, y, z, t ) =
(ρ̃, ũ, ṽ, w̃, T̃ )T is the vector of unsteady perturbation quantities, q̆(x, y) = (ρ̆, ŭ, v̆, w̆, T̆ )T is the
vector of disturbance mode shapes, and q̄(x, y) = (ρ̄, ū, v̄, w̄, T̄ )T is the vector of basic state quan-
tities. The disturbance mode shapes can be separated into real and imaginary components such that
q̆(x, y) = q̆r (x, y) + iq̆i(x, y). Also, the magnitude is defined as the following ||q̆|| = (q̆2

r + q̆2
i )1/2.

For the streamwise velocity component of the mode shape, ŭ(x, y) = ŭr (x, y) + iŭi(x, y) and ||ŭ|| =
(ŭ2

r + ŭ2
i )1/2. The disturbance functions q̆(x, y) satisfy the HLNSE [40] that involve coefficient

functions that depend on the basic state variables/parameters and the angular frequency ω such
that

LHLNSEq̆(x, y) = f̆ , (2)

where f̆ represents a potential forcing term. PSE solves an approximate form of HLNSE based on
isolating rapid phase variations in the streamwise direction via the disturbance ansatz

q̆(x, y) = q̂(x, y) exp

[
i
∫ x

x0

α(x′) dx′
]
. (3)

Here, α(x) is the complex streamwise varying wave number, and q̂(x, y) = (ρ̂, û, v̂, ŵ, T̂ )T denotes
the amplitude functions. We impose the Dirichlet boundary conditions ũ = ṽ = w̃ = T̃ = 0 at the
wall and force the disturbances to decay at the farfield boundary so that ũ = w̃ = T̃ = ρ̃ = 0.
Neumann boundary conditions are used for ṽ at the farfield. Linear extrapolation is used at the outlet.
A sixth-order finite-difference scheme in both spatial directions is used for the discretization of PSE
and HLNSE. The same computational nonuniform grids used for the basic state computations are
used for the PSE and HLNSE.

We approximate the onset of transition from laminar to turbulent flow as the streamwise location
where the logarithmic amplification ratio (N-factor) of any fixed-frequency disturbance reaches a
critical value of Ntr . The mathematical expression for the N-factor is given by

N (x) = 1

2
ln

[
E (x)

E (xlb )

]
. (4)
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Here, xlb is the lower branch location where the disturbance first becomes unstable. The energy
norm denoted by E is the following:

E (x) =
∫

y
q̆(x, y)Hdiag

[
T̄ (x, y)

γ ρ̄(x, y)M2
, ρ̄(x, y), ρ̄(x, y), ρ̄(x, y),

ρ̄(x, y)

γ (γ − 1)T̄ (x, y)M2

]
q̆(x, y)dy.

(5)
Similar to Hildebrand et al. [22,37], we investigate the possibility of correlating the onset of
transition with the location where N (xtr ) = Ntr . We make the assumption that Ntr in the presence
of a FFS is the same as that determined for a smooth flat plate. This assumption is reasonable so
long as the onset of transition is dominated by a similar instability mechanism as the smooth plate,
namely, Tollmien-Schlichting waves. For example, in the BFS flow configuration, the assumption
of N (xtr ) = Ntr being a constant led to good correlation with the experimental data by Wang and
Gaster [5] until transition moved very close to the step. The local nonparallel growth rate is defined
as

σ (x) = dN (x)

dx
= −αi(x) + 1

2Ê (x)

dÊ (x)

dx
, (6)

where Ê refers to the energy norm of Eq. (5) calculated with q̂(x, y) instead of q̆(x, y). To perform
global stability analysis based on the HLNSE, the angular frequency in Eq. (1) is replaced by a
complex value � = ω + iσt , where σt is defined as the temporal growth rate of the disturbance.
After setting f̆ = 0, Eq. (2) can be written as the generalized eigenvalue problem

Aq̆ = �Bq̆, (7)

where the leading eigenvalues � and eigenvectors q̆ are calculated with the Arnoldi method [43].
We apply global stability analysis to many basic states with different step heights to confirm they are
uncritical. The bifurcation from globally stable flow to globally unstable flow is found and examined
for one selected freestream velocity.

IV. RESULTS

In this section, we first examine the significant effects of the FFS height on the basic state, which
includes the velocity components, pressure coefficient, size of the separation bubbles, and the skin-
friction coefficient. After, we apply stability analysis using a combination of PSE and HLNSE to
many FFS basic states with a ninety degree step angle and rounded step corners. Next, we investigate
the impact that different step angles and top corner radii have on the basic state, stability analysis,
and transition prediction. Finally, comparisons are made between our computational FFS results and
experimental measurements by Wang and Gaster [5], along with new experimental measurements
by Heintz and Scholz [18].

A. Basic states

The laminar two-dimensional basic state of U∞ = 34 m/s flow over a sharp FFS at h = 1.5 mm
with contours of nondimensional streamwise and wall-normal velocities, along with contours of the
pressure coefficient, is depicted in Fig. 4. For U∞ = 34 m/s or Res = 6.78 × 105, the boundary-
layer displacement thickness is δ∗

s = 6.26 × 10−4 m and h = 1.5 mm corresponds to h/δ∗
s = 2.4.

In Fig. 4, the bottom separation bubble extends from (x − xs)/δ∗
s = −25 to (x − xs)/δ∗

s = 0, while
the top separation bubble extends from (x − xs)/δ∗

s = 0 to (x − xs)/δ∗
s = 58. There is a peak in the

wall-normal velocity near the upper corner of the FFS. Moreover, in Fig. 4, the pressure coefficient
first increases upstream of the FFS, then undergoes a sharp decrease around the upper corner of the
step, after which it slowly increases downstream.

Figure 5 displays the variation of the laminar basic states via contours of nondimensional
streamwise velocity for FFS heights of h = 0.5, 1, 1.5, and 2 mm and a fixed U∞ = 28 m/s. When
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FIG. 4. Contours of the nondimensional streamwise and wall-normal velocity components, along with
contours of the pressure coefficient, for subsonic flow over a FFS at U∞ = 34 m/s, δ∗

s = 6.26 × 10−4 m, and
h = 1.5 mm or Res = 6.78 × 105 and h/δ∗

s = 2.4. The separation streamlines are depicted as white lines.

FIG. 5. Contours of nondimensional streamwise velocity contours for subsonic flow over a FFS at U∞ =
28 m/s or Res = 5.58 × 105 with (a) h = 0.5 mm, (b) h = 1 mm, (c) h = 1.5 mm, and (d) h = 2 mm. The
corresponding nondimensional values are (a) h/δ∗

s = 0.72, (b) h/δ∗
s = 1.45, (c) h/δ∗

s = 2.17, and (d) h/δ∗
s =

2.90 with δ∗
s = 6.9 × 10−4 m. Moreover, the separation streamlines are depicted as white lines.
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FIG. 6. Distributions of the pressure coefficient (left) and the skin-friction coefficient (right) for subsonic
flow over a FFS at U∞ = 28 m/s or Res = 5.58 × 105 with step heights ranging from h = 0 to 2.2 mm or
h/δ∗

s = 0 to 3.19.

normalized by the boundary-layer displacement thickness (δ∗
s = 6.9 × 10−4 m) at the step location

for U∞ = 28 m/s or Res = 5.58 × 105 the above step heights correspond to h/δ∗
s = 0.725, 1.45,

2.17, and 2.9, respectively. At h = 0.5 mm, the upstream separation bubble is very small in the
streamwise extent, and the downstream separation bubble has not appeared yet. For h = 1 mm, the
upstream separation bubble extends from (x − xs)/δ∗

s = −8 to 0, and the downstream separation
bubble extends from (x − xs)/δ∗

s = 0 to 3. The lengths of both separation bubbles increase sub-
stantially from h = 1 mm to 2 mm. At the largest step height of 2 mm, the upstream separation
bubble extends from (x − xs)/δ∗

s = −32 to 0, and the downstream separation bubble extends from
(x − xs)/δ∗

s = 0 to 154. The separation bubble lengths at a fixed (dimensional) step height also
increase at larger freestream velocities, which can been seen by comparing Figs. 4 and 5 for
h = 1.5 mm.

We show the streamwise variation of the pressure and skin-friction coefficients along the wall at
U∞ = 28 m/s for FFS heights of h = 0.5, 1, 1.5, 2.0, and 2.2 mm in Fig. 6. The pressure coefficient
increases from a value of zero to its peak value just before the step location, where it experiences
a very abrupt drop, after which the pressure coefficient increases back to a value of zero. Also, the
maxima and minima of the pressure coefficient become larger in magnitude with increasing step
height. For the BFS results [37], the pressure coefficient decreases just before the step, experiences
a strong increase at the step location, and then decreases back to zero downstream. This behavior
of the pressure coefficient in the presence of a BFS is the opposite of what is experienced in the
presence of a FFS with the same flow conditions and step height. For the smooth flat plate, the
pressure coefficient is zero and the skin-friction coefficient varies from 0.003 to 0.0005 across
(x − xs)/δ∗

s = −400 to 1000 with no separation bubble. In Fig. 6, as the FFS height increases,
the regions of negative skin friction become larger. This means the separation bubbles become
longer in the streamwise direction, which can also be seen in Fig. 5. There is an overshoot in the
pressure coefficient around (x − xs)/δ∗

s = 150 before approaching zero downstream in Fig. 5 for
h � 2 mm, along with a local minimum in the skin-friction coefficient. As the separation bubble
on top of the FFS grows with the step height, there is a downstream shift in the location of the
maximum reverse velocity between h = 1.75 mm and h = 2 mm. This shift is accompanied by the
appearance of a local minimum in the skin friction and a local maximum in the pressure coefficient
near reattachment. For the BFS results [37], there is no region of negative skin friction or separation
that occurs before the step location only after it.
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FIG. 7. Spatial growth rates of TS waves for subsonic flow over a FFS at U∞ = 28 m/s or Res = 5.58 ×
105 with three different step heights and frequencies.

B. Stability analysis

After investigating the effect of step height on the laminar basic states, we apply PSE and HLNSE
about them to predict the disturbance amplification characteristics for a vertical step (θ = 90◦) with
a nominally sharp top corner of 1 µm. Figure 7 depicts the nondimensional spatial growth rates
of planar TS waves for no-step and FFS cases at U∞ = 28 m/s. Three representative frequencies
are considered for these cases: f = 200 Hz, 400 Hz, and 600 Hz. In terms of the Strouhal number
defined as St = f δ∗

s /U∞, they yield St = 0.005, 0.010, and 0.015. The growth rates for the FFS
cases agree with the smooth flat-plate case upstream of (x − xs)/δ∗

s = −150 and downstream of
(x − xs)/δ∗

s = 200 in Fig. 7. Moreover, the relative changes in the growth rates near the step location
become greater as the step height increases from h = 0.5 mm to h = 1 mm. Large streamwise
gradients in the growth rates occur across very short distances in the vicinity of (x − xs)/δ∗

s = 0 for
a FFS, which is not the case for a BFS with similar heights [22,37]. The change in TS amplification
rate is slightly positive as the flow approaches the FFS, consistent with the adverse pressure gradient
in this region, then it drops sharply just before the step location. After that, it quickly increases to
a peak, i.e., strong destabilization as the pressure begins to increase again, then drops immediately
after until finally the growth rate increases another time and eventually converges to its value over a
smooth flat plate. However, for the BFS results [37], the change in TS amplification rate is slightly
negative before the step location, then it sharply increases to a peak value just downstream of the
step, after which it decreases and converges to its value over a smooth flat plate.

To obtain the N-factor curves and envelopes, we must integrate the spatial growth rates. Figure 8
displays the N-factor curves and envelopes for the no-step and FFS cases at U∞ = 28 m/s. The
same three frequencies and step heights in Fig. 7 are considered in Fig. 8. We define the N-factor
envelopes by the local maximum at each streamwise station of the collective N-factor curves
that correspond to a large number of individual frequencies. For both PSE and HLNSE, we ran
frequencies that range from 100 Hz to 1200 Hz with increments of 20 Hz. This corresponds to
a minimum and maximum Strouhal number of 0.0025 and 0.03 with increments of 0.0005 for
a freestream velocity of 28 m/s. In total, 55 frequencies are considered for one FFS case with
PSE and HLNSE. Upstream of the step location in Fig. 8, the N-factor curves and envelopes agree
between the no-step and FFS cases. Downstream past (x − xs)/δ∗

s = 3300, the N-factor envelopes
match between the no-step and FFS cases as well. This behavior is expected because the flow that is
far enough upstream or downstream of the step location should not have any impact from the FFS.
Lower frequencies in Fig. 8 have larger peak N-factor values. Also, the peak N-factor values grow
as the step height increases from h = 0.5 to 1 mm. For the FFS case with h = 0.5 mm, the N-factor
envelope is roughly parallel with the no-step envelope. However, for the FFS case with h = 1 mm,
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FIG. 8. N-factor curves at three selected frequencies and N-factor envelopes of TS waves for subsonic flow
over a FFS at U∞ = 28 m/s or Res = 5.58 × 105.

there is a large growth in the N-factor envelope at the step location, after which it becomes nearly
flat.

Figure 9 depicts the N-factor curves that correspond to planar TS waves for a FFS step height of
1.5 mm and U∞ = 28 m/s at frequencies of 200 Hz, 400 Hz, and 600 Hz from PSE and HLNSE.
In terms of the nondimensional values, Res = 5.58 × 105, h/δ∗

s = 2.17, and the Strouhal numbers
are St = 0.005, 0.010, and 0.015. The different N-factor curves from PSE are not plotted from
(x − xs)/δ∗

s = −200 to 500 because of the upstream and downstream separation bubbles that are
likely to violate the PSE assumption of a slow-varying flow in the streamwise direction. Notice
there is excellent agreement between the PSE and HLNSE results in Fig. 8. This confirms that our
numerical methodology of applying HLNSE in a small region around the FFS and PSE elsewhere
is accurate, while also being more computationally efficient than using HLNSE everywhere. In
Figs. 7–9, we plot the stability results upstream of the neutral location, which is defined as the
streamwise position where the instability waves neither grow or decay. The growth rate is negative
upstream of the step in Fig. 7 and increases downstream eventually crossing the neutral location
or σ = 0. This negative growth rate upstream of the step causes the N-factor value to decrease
until reaching a value of zero in Fig. 8. Afterward, the growth rate and N-factor value both start

FIG. 9. Comparisons of N-factor curves at three selected frequencies between HLNSE and PSE corre-
sponding to planar TS waves for subsonic flow over a FFS at U∞ = 28 m/s or Res = 5.58 × 105 with a step
height of 1.5 mm or h/δ∗

s = 2.17 given δ∗
s = 6.9 × 10−4 m.
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FIG. 10. Grid convergence of the skin-friction coefficient (left) and the N-factor curves at three selected
frequencies (right) corresponding to subsonic flow over a FFS at U∞ = 28 m/s or Res = 5.58 × 105 with a
step height of 1.5 mm or h/δ∗

s = 2.17 given δ∗
s = 6.9 × 10−4 m. The selected frequencies are 200 Hz, 400 Hz,

and 600 Hz or in terms of the Strouhal number are 0.005, 0.010, and 0.015.

to increase downstream. In Fig. 9, excellent agreement is obtained between results from PSE and
HLNSE around the neutral location.

Figure 10 displays the grid convergence of the basic state and the stability results by showing
contours of the skin-friction coefficient and the same N-factor curves that are plotted in Fig. 9
for three different resolutions. The skin-friction coefficient distributions and the N-factor curves
do not change with decreasing grid resolution from Nx = 6001 and Ny = 301 to Nx = 2001 and
Ny = 101 in Fig. 10. Hence, both the basic state and the stability results are grid converged. The
eigenvalue mode shapes that correspond to the N-factor curves in Figs. 9 and 10 are shown in
Fig. 11 near the step location. For an incompressible flat-plate configuration, the instability mode
that causes transition is associated with TS waves [44]. In Fig. 11, the oscillating sign and increasing
magnitude of the streamwise velocity perturbation as the flow travels downstream matches the
structure of planar TS waves. We verified that oblique TS waves (i.e., nonzero spanwise wave
number) do not cause significant growth for the flow conditions and FFS geometry considered in
this work.

The various N-factor envelopes for the flow over a FFS at U∞ = 28, 30, 32, and 34 m/s with
h = 0, 0.25, 0.5, 0.75, 1, and 1.5 mm are displayed in Fig. 12. As the freestream velocity increases,
the N-factor envelopes shift upward (i.e., the N-factor value grows). Furthermore, as the FFS height
increases, the N-factor envelopes shift upward. In Fig. 12, the N-factor envelopes corresponding
to h � 1 mm have a very large increase at the step location, after which they appear flat until
converging to their respective no-step envelopes downstream. At U∞ = 34 m/s, Wang and Gaster
[5] measured the onset of transition at x = 1.061 m, which is (x − xs)/δ∗

s = 1215 in Fig. 12(d) for
a smooth flat plate. This corresponds to a critical N-factor value of 7.6. Note that Ntr = 7.6 is very
close to 7.4, which is the value Wang and Gaster [5] used on the basis of classical parallel linear
stability theory. Similar to our previous work [22,37], we use Ntr = 7.6 to determine the onset of
transition in every case. In Fig. 12, a change of Ntr by a value of one (the horizontal black dashed
line) will result in a major shift of the predicted transition locations because the N-factor envelopes
are very flat, i.e., dN /dx becomes nearly 0.

We apply global stability analysis to basic states at U∞ = 28 m/s or Res = 5.58 × 105 with step
heights between h = 2 mm and 2.2 mm or h/δ∗

s = 2.9 to 3.2. The spectra from global stability
analysis shows two families of modes that become unstable for the studied cases and are identified
as low- and high-wave-number modes. Figure 13 shows the variation in nondimensional frequency,
temporal growth rate, and spanwise wave number of two global modes that bifurcate from stable
to unstable. The global eigenvalue mode shapes are shown in Fig. 13 as well. We confirm in
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FIG. 11. Eigenvalue mode shapes from HLNSE corresponding to planar TS waves for a FFS at U∞ =
28 m/s or Res = 5.58 × 105 with a step height of 1.5 mm or h/δ∗

s = 2.17 given δ∗
s = 6.9 × 10−4 m. The real

part of the streamwise velocity perturbation has been normalized so its minimum and maximum values are
−1 and 1, while the streamwise velocity perturbation magnitude has been normalized so its minimum and
maximum values are 0 and 1. Furthermore, the black lines correspond to nondimensional streamwise velocity
contours of the basic state at 0, 0.3 0.6, and 0.9. (a) Real part at f = 200 Hz or St = 0.005, (b) Magnitude
at f = 200 Hz or St = 0.005, (c) Real part at f = 400 Hz or St = 0.010, (d) Magnitude at f = 400 Hz or
St = 0.010, (e) Real part at f = 600 Hz or St = 0.015, and (f) Magnitude at f = 600 Hz or St = 0.015.

Fig. 13 that for h � 2 mm, the flow is globally stable. Once the FFS height increases to a value
of 2.05 mm or h/δ∗

s = 2.97, a global mode shifts from being stable to unstable. This global mode is
stationary with zero frequency. It primarily resides on top of the step in the downstream separation
bubble. The unstable global mode in Fig. 13(e) has a wavelength that is approximately equal
in value to the downstream separation bubble length. As the FFS height continues to increase,
another global mode becomes unstable at 2.15 mm or h/δ∗

s = 3.12. This global mode has a
varying nondimensional frequency or Strouhal number of around 0.0034 to 0.003625. It primarily
resides in the upstream separation bubble with a component that exists along the shear layer
downstream. The unstable global mode in Fig. 13(f) has a wavelength that is roughly equivalent to
the upstream separation bubble length. Both of these distinct global modes become more unstable
as the step height increases to 2.2 mm or h/δ∗

s = 3.2. This analysis shows that the flow becomes
globally unstable for large step heights for which the N-factor calculations predict transition at the
step location.

C. Influence of step angle and top corner radius

Previous results have focused on the FFS geometry with a ninety degree slope (i.e., sharp or
vertical) and top corner radius of 1 µm to closely match the Wang and Gaster [5] experimental wind
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FIG. 12. N-factor envelopes corresponding to planar TS waves for a FFS at different freestream velocities
and step heights. The black dashed line corresponds to a critical N-factor value of 7.6. (a) U = 28 m/s or
Res = 5.58 × 105, (b) U = 30 m/s or Res = 6.00 × 105, (c) U = 32 m/s or Res = 6.39 × 105, and (d) U = 34
m/s or Res = 6.78 × 105.

tunnel configuration. We also ran simulations and performed stability analysis about FFS geometries
that had varying step slope along with cases that had a larger top corner radius of 0.1 mm. A major
difference between a BFS and FFS in terms of accurately predicting the onset of transition is related
to the impact of the step slope. To indicate that a sharp FFS yields significantly different results than
a smooth FFS, which is not the case for a BFS [37], we plot the streamwise lengths of the separation
bubbles that occur both upstream and downstream of the FFS in Fig. 14, along with the maximum
N-factor value at f = 400 Hz versus the step angle. We select a frequency of 400 Hz because it
results in a maximum N-factor value close to Ntr = 7.6. The equation that defines the smooth FFS
is given by

ywall(x) =

⎧⎪⎨
⎪⎩

0, if x < xs,

h
2

(
1 + cos

[
π

( x−xs
x f −xs

+ 1
)])

, if xs � x � x f ,

h, if x > x f ,

(8)

where xs and x f = xs + h/tan(θ ) are the start and end points of the step. Here, tan(θ ) is the
maximum slope of the FFS. For this case, the flow conditions are U∞ = 28 m/s, h = 1.0 mm, and
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FIG. 13. Variation of the frequency, temporal growth rate, and spanwise wave number of two global modes
that bifurcate from stable to unstable for subsonic flow over a FFS at U∞ = 28 m/s or Res = 5.58 × 105.
The global eigenvalue mode shapes for h = 2.2 mm or h/δ∗ = 3.2 are shown too, where the black lines
are representative streamlines. Here, the stationary mode in panel (e) has βδ∗

s = 0.0345, while the nonzero
frequency mode in panel (f) has βδ∗

s = 2.208. (a) Low-wave number frequencies, (b) High-wave number
frequencies, (c) Low-wave number growth rates, (d) High-wave number growth rates, (e) Low-wave number
global mode shape (not to scale), and (f) High-wave number global mode shape.

δ∗
s = 6.9 × 10−4 m. The corresponding nondimensional values are Res = 5.58 × 105, h/δ∗

s = 1.45,
and St = 0.01.

In Fig. 14(a), the upstream separation bubble is present for θ � 10◦, and the downstream separa-
tion bubble is present for θ � 75◦. As the step angle increases from 10◦ to 90◦, the separation length
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FIG. 14. Lengths of the separation bubbles that occur upstream (Lu) and downstream (Ld ) of the
smooth/sharp FFS versus the step angle (left) and the maximum N-factor value at f = 400 Hz or St = 0.01
versus the step angle (right) at U∞ = 28 m/s, δ∗

s = 6.9 × 10−4 m, and h = 1.0 mm. The corresponding
nondimensional values are Res = 5.58 × 105 and h/δ∗

s = 1.45.

of the upstream bubble progressively gets larger and never levels out. Similarly, the separation length
of the downstream bubble increases with the step angle. Notice that in Fig. 14(b), the maximum
N-factor value sharply increases from θ = 1◦ to θ = 10◦. Following the upstream bubble formation
at θ = 10◦, the N-factor value starts to level out until slightly before the formation of a second
bubble just downstream of the step when θ = 75◦, at which point the N-factor value increases
sharply again to its limiting value at θ = 90◦. In recent experiments by Eppink and Casper [45] in the
two-foot-by-three-foot low-speed boundary-layer channel at the NASA Langley Research Center,
a downstream separation bubble on top of the FFS was not present for step angles of θ = 30◦ and
θ = 45◦, which agrees with our computational mean flow results. For the BFS results [37], there is
just one separation bubble that occurs after the step whose length becomes larger with step slope
and eventually plateaus for θ � 75◦. The maximum N-factor value also plateaus in value for the
BFS even at larger step angles, which is not the case for a FFS.

Figure 15 shows the computational grids that have two different FFS top corner radii, along with
the distributions of the skin-friction coefficient for each case at U∞ = 28 m/s and h = 1.5 mm.
We already know from the results of Fig. 14 that geometry changes of the FFS can have a
significant effect on the laminar basic states and stability characteristics. In Fig. 15, the solution that
corresponds to r = 0.1 mm has a much smaller recirculation bubble after the FFS than for the case
with r = 0.001 mm. For r = 0.1 mm and r = 0.001 mm, the recirculation bubble lengths after the
step are Ld = 13 and Ld = 34, respectively. As we will see in the following discussions and figures,
the r = 0.1 mm solutions that have a smaller recirculation bubble after the step results in transition
locations that are more downstream and in better agreement with the experimental measurements
by Wang and Gaster [5], then solutions with r = 0.001 mm. This agrees with Fig. 14, which shows
a basic state with a smaller recirculation bubble after the FFS produces N-factor values that are
smaller, and hence, transition would occur further downstream. Also, this signifies that experimental
measurements of the separation bubble lengths before and after the FFS would be critical for better
validation with simulations and stability analysis.

D. Comparisons to experiments

After examining the results from simulations and stability analysis of flow over a flat plate with a
FFS and contrasting them with a BFS, we compare those computational FFS results to experimental
measurements. Figure 16 compares the experimental transition locations measured by Wang and
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FIG. 15. The baseline grid (black, see also Fig. 2) near the FFS that has a top corner radius of 0.001 mm
or r/δ∗

s = 0.00145, and the rounded FFS grid (red) that has a top corner radius of 0.1 mm or r/δ∗
s = 0.145,

along with the skin-friction coefficient for each case at U∞ = 28 m/s, δ∗
s = 6.9 × 10−4 m, and h = 1.5 mm.

The corresponding nondimensional values are Res = 5.58 × 105 and h/δ∗
s = 2.17. (a) Computational grid and

(b) Skin-friction coefficient.

Gaster [5] to our computational predictions with freestream velocities ranging from 16 to 34 m/s
and FFS heights from 0 to 2 mm. We include solutions with two different FFS top corner radii of
0.001 and 0.1 mm. For the smooth flat-plate cases, there is excellent agreement between the compu-
tational and experimental transition locations. However, there is not as good of agreement between
the experimental and computational transition locations for nonzero FFS heights. The larger top cor-
ner radius of 0.1 mm leads to somewhat reduced discrepancy between the computational predictions
and the measured data when compared to a smaller top corner radius of 0.001 mm. For the nonzero
FFS heights, the computational predictions are significantly upstream of the measured transition
locations. All of the predicted transition locations for h � 1.5 mm are very close to the step

FIG. 16. Comparisons of transition locations based on Ntr = 7.6 (open symbols and dashed lines) with two
different top step corner radii, namely, 0.001 mm (blue) and 0.1 mm (red) to measured transition locations by
Wang and Gaster [5] (close symbols and solid black lines) for subsonic flow over a FFS. (a) Dimensional units
and (b) Nondimensional units.

043901-17



HILDEBRAND, PAREDES, AND CHOUDHARI

FIG. 17. Variation of the Reynolds number based on the location of transition onset versus step height. The
filled black symbols are experimental data [5], and the open symbols are computational predictions with top
step corner radii of 0.001 mm (blue) and 0.1 mm (red). Furthermore, the solid and dashed lines denote curve
fits of the experimental and numerical data, respectively.

location. Even for the smallest FFS height of 0.5 mm, there is considerable disagreement between
the simulations and experiments. The overall disagreement between the simulations and experi-
ments is likely due to strong gradients in the pressure (Fig. 6) and the growth rates (Fig. 7) across
really small distances at the FFS location, which causes the N-factor envelopes to rise sharply
and then plateau (Fig. 12). This causes the N-factor method to become highly sensitive to small
variations in the critical or transition N-factor value, Ntr . We still capture the overall trend from
the experiments with our computational predictions, which is that as the FFS height and freestream
velocity increase, the onset of transition shifts upstream toward the step location.

We show comparisons of the measured and prediction transition locations in terms of the
Reynolds number based on the location of transition onset, Rextr = ρ∞U∞xtr/μ∞, versus the FFS
height scaled by the displacement thickness of the boundary layer at the step location, h/δ∗

s , in
Fig. 17. The same freestream velocities and step heights considered in Fig. 16 are plotted in Fig. 17.
Least squares fits that have the form Rextr = c1arctan[(h/δ∗

s − c2)/c3] + c4 of the experimental and
computational data are included as part of Fig. 17. The expression Rextr = −0.73arctan[(h/δ∗

s −
2.08)/0.295] + 1.3 is associated with the experimental measurements (black), the expression
Rextr = −0.647arctan[(h/δ∗

s − 1.25)/0.158] + 1.44 corresponds to simulations that have a FFS
top corner radius of 0.001 mm (blue), and Rextr = −0.647arctan[(h/δ∗

s − 1.47)/0.183] + 1.37
corresponds to simulations that have a FFS top corner radius of 0.1 mm (red). In Fig. 17, the
experimental and computational results have the exact same overall trend, except the experimental
results are shifted rightward to larger values of h/δ∗

s for the same Rextr as the computational results.
This amounts to only changing the constant c2 in the above expressions (i.e., c2 = 1.25 or 1.47 to
2.08) to obtain good agreement between the experimental and computational results. Comparisons
between the simulation results with a FFS top corner radius of 0.1 mm and experiments yield better
agreement than results with a FFS top corner radius of 1 µm, but the critical h/δ∗

s for the upstream
shift of the transition location, which is correlated with c2, is notably higher for the experimental
data.

Figure 18 shows comparisons of �N versus h/δ∗
s between experiments and simulations for the

same freestream velocities and step heights considered in Figs. 16 and 17, where �N is defined as
the difference between smooth surface N-factors at the prediction transition locations for the no-step
case and a given FFS configuration. The linear fit �N = 1.6h/δ∗

s by Crouch et al. [6] is depicted
in Fig. 18. We also include experimental measurements by Wang and Gaster [5] in Fig. 18. Three
least squares fits with the form Rextr = c1arctan[(h/δ∗

s − c2)/c3] + c4 are plotted in Fig. 18 with the
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FIG. 18. Reduction in the N-factor value for transition versus step height. The filled black symbols are
experimental data from Wang and Gaster [5], the open symbols are computational predictions from two
different top step corner radii, and the pluses/crosses are experimental data from Heintz and Scholz [18].
Several curve fits of the experimental and computational data are shown.

experimental and computational results. The expression �N = 1.99arctan[(h/δ∗
s − 2.14)/0.215] −

2.93 is associated with the experimental measurements (black) of Wang and Gaster [5], the expres-
sion �N = 1.89arctan[(h/δ∗

s − 1.29)/0.179] − 2.73 corresponds to simulations that have a FFS top
corner radius of 0.001 mm (blue), and �N = 1.92arctan[(h/δ∗

s − 1.49)/0.182] − 2.78 corresponds
to simulations that have a FFS top corner radius of 0.1 mm (red). Results in Fig. 18 indicate a
highly nonlinear “S” shaped trend in both the measurements by Wang and Gaster [5] as well as the
computational predictions, which is very different from the linear correlation proposed by Crouch
et al. [6]. However, the latter appears to pass approximately through the middle of the experimental
and computational data.

A zoomed-in view of �N versus h/δ∗
s is displayed in Fig. 18 on the right, along with the inclusion

of very recent experimental measurements from Heintz and Scholz [18]. Notice that in Fig. 18,
similar to Fig. 17, the experimental and computational results have the exact same overall trend,
except the experimental results are shifted rightward to larger values of h/δ∗

s for the same �N
as the computational results. Again, this amounts to only changing the constant c2 in the above
expressions (i.e., c2 = 1.29 or 1.49 to 2.14) to obtain a closer agreement between the experimental
and computational results. The agreement between recent experimental measurements by Heintz
and Scholz [18] and our computational transition predictions in Fig. 18 is fairly good for small
h/δ∗

s . Hence, additional transition experiments are needed to understand potential sources for the
discrepancies with the Wang and Gaster [5] experiments and to quantify the relevant parameters to
predict transition for boundary-layer flow over forward-facing steps. One of the most important
parameters that we need for validation is experimental measurements of the separation bubble
lengths before and after the step because they have a strong impact on the stability results and
transition to turbulence (refer back to Figs. 14–16 and 18). From the results in Figs. 15 and 16,
we know conclusively that a shorter length of the separation bubble on top of the FFS shifts the
predicted transition locations from the simulations further downstream in better agreement with the
experimental measurements of Wang and Gaster [5]. Moreover, in Fig. 14 we know that a shorter
length of the upstream separation bubble results in lower N-factor values, which leads to better
agreement between simulations and experiments because the predicted transition locations will be
further downstream. By comparing Fig. 14 with Fig. 5 in Hildebrand et al. [37], we also know the
stability results are way more sensitive to subtle changes in the FFS configuration than in the BFS
configuration. Other factors that could influence both the separation bubble sizes and the predicted
transition locations in the FFS configuration are freestream turbulence, a nonzero pressure gradient,
and surface roughness.
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V. CONCLUSIONS

We performed simulations and stability analysis about steady two-dimensional base flows that
correspond to a nearly incompressible flat-plate boundary layer over a forward-facing step. The
flow configuration was selected to match the wind tunnel experiments of Wang and Gaster [5] with
freestream velocities of 16 to 34 m/s, a fixed step location of 0.3 m downstream of the plate leading
edge, and step heights of 0 to 2 mm (0 < h/δ∗

s < 3.2). For a majority of the flow conditions of
interest, the flow in the vicinity of the FFS included two regions of flow reversal, one upstream
of the FFS and the other just downstream, i.e., along the top surface. As expected, the streamwise
lengths of both separation bubbles increased monotonically as the freestream velocity and/or the
step height were increased. There were large streamwise gradients in the pressure and skin-friction
distributions across very short distances at the FFS location of the basic states. Also, the growth
rates of the TS waves computed with a combination of PSE and HLNSE had similar large gradients
near the FFS location. In the case of a BFS [37], there was only a single region of flow reversal
downstream of the step, and the pressure coefficient and TS growth rates were less complex near
the step, i.e., less sign changes and weaker streamwise gradients, compared to a FFS case with the
same conditions.

Many of the N-factor envelopes that resulted from the integration of TS growth rate curves
sharply rose at the FFS location and then plateaued for long distances. This means the N-factor
envelope in the downstream region is flat such that dN/dx ≈ 0, and the N-factor method is extremely
sensitive to Ntr . However, this does not occur for a BFS, where the N-factor envelope is just
shifted upward from the unperturbed case (some exceptions for large step heights). Furthermore, the
simulation and stability results are very sensitive to changes in the FFS geometry, including the step
angle and top corner radius, which is not necessarily the case for a BFS (especially for θ � 75◦).
We performed global stability analysis for the FFS configuration, and two unstable modes were
found. One stationary global mode became unstable for h/δ∗ � 2.97 and resided in the downstream
separation bubble. The other nonzero frequency global mode became unstable for h/δ∗ � 3.12 and
resided in the upstream separation bubble.

The transition prediction based on the N-factor method for the experimental conditions and
step heights with a nominally sharp and rounded steps show the same trend captured in the
experimental measurements, but the predicted shift in transition location begins at smaller step
height to boundary-layer thickness ratios in comparison with the experiments. Specifically, the curve
fits of the form Rextr = c1arctan[(h/δ∗

s − c2)/c3] + c4 and �N = c1arctan[(h/δ∗
s − c2)/c3] + c4

successfully aligned with both experimental and computational data, and the constants c1, c3,
and c4 matched well between the measured data from Ref. [5] and the numerical predictions.
However, the remaining constant c2, which correlates with the critical h/δ∗

s for the upstream
shift in transition location, showed significant disagreement between the experiments by Wang
and Gaster (c2 = 2.14) and the numerical computations reported here (c2 = 1.29). Comparisons
between our transition predictions and the recent experimental measurements by Heintz and
Scholz [18] resulted in good agreement for the available data with h/δ∗

s < 1. This highlights
the need for more detailed transition experiments on subsonic boundary-layer flow over FFS
and other roughness elements. As the FFS became smoother, either via rounding the corners
or decreasing the step slope, the streamwise length of the separation bubble after the step be-
came smaller, which in turn leads to a downstream shift of the predicted transition location
along with increased c2 values and, therefore, a closer agreement with the experimental measure-
ments of Wang and Gaster. Hence, experimental measurements of the separation bubble lengths
before and after the FFS would be critical for more validation with simulations and stability
analysis.
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