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Direct numerical simulation benchmarks for the
prediction of boundary-layer bypass transition in

the narrow sense

By C. A. Gonzalez, R. Agrawal, X. Wu† AND P. Moin

We perform and report statistics from direct numerical simulations of bypass transi-
tion in the narrow sense with inlet freestream turbulence intensity levels of 0.75%, 1.5%,
2.25%, 3.0% and 6.0%, respectively. An intermittency correlation formula is proposed
and compared with data from the literature, and the classical Abu-Ghannam and Shaw
correlation is found to describe the beginning, rather than the completion, of the late
transitional stage. Accompanying Reynolds-averaged Navier-Stokes simulations are per-
formed and found to be highly sensitive to modeling parameters in the turbulence closure
model.

1. Introduction

Engineers have strong and sustained interests in predicting the location of boundary-
layer transition in the flows over aircraft wings, jet-engine turbofan airfoils, compressors,
and turbine blades. Transition modeling has remained an active research field over the
past half-century. Representative approaches for engineering transition prediction include
data correlations, Reynolds-averaged Navier-Stokes (RANS) turbulence models, a RANS
turbulence model coupled with an intermittency equation, a stand-alone intermittency
equation, and laminar fluctuation energy (for additional details, see Dick & Kubacki
(2017) and Durbin (2018)).

1.1. Motivation for benchmarking transition prediciton

An important step in transition prediction is the evaluation of the predictive ability
of a given RANS/correlation model in a zero-pressure-gradient, smooth-wall, flat-plate
boundary layer under isotropic freestream turbulence (FST) with inlet intensity levels
between 0.5% and 6%. Such flows were referred to as boundary-layer bypass transition in
the narrow sense (also see Figure 1) in Wu et al. (2017) to distinguish them from bypass
transition arising from other sources, such as separation bubble, roughness element, or
very high-level FST.

Conventionally, only one data set, the experiment of Roach (1990), is used for bench-
marking and evaluating transition prediction models. Roach (1990) reported wind-tunnel
experiments in three conditions: case T3A, with upstream turbulence intensity 3.5%; case
T3B, with upstream turbulence intensity 6.5%; and case T3A-, with upstream turbulence
intensity 0.8%. One salient feature of their experiments is that their skin-friction coeffi-
cient Cf data collapse onto the Blasius solution prior to laminar-layer breakdown. Several
transition models developed since then have used Roach’s skin-friction coefficient Cf data
for benchmarking and tuning [for instance, see Westin & Henkes (1997), Suzen & Huang
(2000), Menter et al. (2006), Durbin (2012), Ge et al. (2014), Menter et al. (2015), among
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Figure 1. Sketch of boundary-layer bypass transition in the narrow sense.

many others].

Notwithstanding its wide popularity, several notable drawbacks are still associated
with the data set of Roach (1990). First, the downstream development history of the
FST length scales over the boundary layer was not reported. Second, their Cf data were
estimated indirectly from momentum balance rather than directly from near-wall velocity
gradient. Third, during transition between Cf departing from the laminar distribution
and attaining the turbulent level, there are only three skin-friction data points in case
T3A, and only one data point in case T3B. Fourth, there is a wide gap between T3A- and
Case T3A, with no experimental cases covering scenarios in which the inlet freestream
turbulence intensity (FSTI) is between 1.0% and 3%. This indicates a need to generate
a more thorough database for transition model benchmarking and calibration.

Several direct numerical simulation (DNS) databases exist on this matter. However, we
highlight some potential limitations of these works. First, some previous DNSs attempted
to reproduce the Roach & Brierley experiments; however, the DNS FST decayed much
faster than that in the experiment, potentially due to limited grid resolutions and domain
sizes, especially in the freestream. Second, the skin friction in some of the existing DNSs
departs from the Blasius solution profile earlier than desired in the early transitional
region. The present study aims to improve upon some of these limitations. Overall, the
objectives of this study are as follows: (i) construct a DNS database for benchmarking
RANS predictions of bypass transition in the narrow sense, (ii) calibrate classical tran-
sition correlation and develop an improved correlation connecting intermittency factor,
Reynolds number and FSTI, and (iii) perform RANS transition calculations and compare
the predictions with the present DNS benchmark.

2. Method

We performed five DNS cases of boundary-layer bypass transition in the narrow sense.
Additionally, RANS calculations were performed to model the DNS cases. Inlet FST
levels in the five DNS cases of boundary-layer bypass transition in the narrow sense are
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Figure 2. Illustration of boundary-layer DNS design using contours of streamwise velocity u
over a random xy-plane where blue and red colors indicate u = 0 and u = U∞, respectively. (a)
Full view; (b) zoomed-in view near the inlet; (c) further zoomed-in view near the inlet.

0.75% for WM075, 1.5% for WM150, 2.25% for WM225, 3.0% for WM300 and 6.0% for
WM600.

For the WM-series DNS cases, the domain size, mesh size, inflow turbulence v⃗isotropic
generation, boundary condition and numerical method are exactly the same as those
described in Wu et al. (2017). Figure 2 recapitulates some of the important parameters
defining the DNS. FST is introduced at the inlet over the wall-normal range 15θin < y <
Ly,iso, above which is only the far upstream uniform flow U∞ without fluctuation, and
below which is only the Blasius velocity profile without fluctuation. θin is the constant
inlet boundary layer momentum thickness. At the streamwise exit, domain height Ly
is equivalent to 24.31, 9.05, 7.36, 7.24, and 6.66 local boundary-layer thickness δexit in
WM075, WM150, WM225, WM300 and WM600, respectively. This domain height is
larger than that in many previous DNS studies. Ly,iso is equivalent to 9.28 and 2.54
local boundary-layer thickness δexit in WM075 and WM600, respectively. At the top of
the computational domain, in the WM-series, the following boundary conditions were
applied: v = vBlasius, ∂u/∂y = ∂v/∂x, ∂w/∂y = ∂v/∂z. Given the substantial distance
between the top surface and the wall, we expect that the effect of the top boundary
condition on boundary-layer development should be minimal.

Figure 3 shows the streamwise and spanwise grid resolutions measured by the local
Kolmogorov length scale η = (ν3/ε)1/4 in WM150, where ν is the kinematic eddy viscos-
ity of the fluid, and ε is the local rate of viscous dissipation of turbulence kinetic energy
evaluated from the DNS. Wall-normal distributions of ∆x/η and ∆z/η at two represen-
tative streamwise stations are shown: Reθ = 500 during the transition and Reθ = 2000
in the fully turbulent region. It is seen from Figure 3(a) that during the transition, the
horizontal plane grid resolutions are less than 2η, and after transition, they are less than
4η. The near-flat profiles at larger values of y+ indicate the freestream region outside
the boundary layer. Figure 3(b) shows the normalized wall-normal resolution ∆y/η and
the temporal resolution ∆t/τη in WM150, where τη = (ν/ε)1/2 is the local Kolmogorov
timescale. It is seen that the temporal resolution is less than τη. Inside the boundary
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Figure 3. DNS spatial and temporal resolutions measured by local Kolmogorov scales in
WM150.

layer, the wall-normal resolution is less than 1.5η. In the freestream region, even with
mesh stretching, the wall-normal resolution is less than 2η.

3. DNS benchmarks for transition prediction

We processed the statistics from the WM-series DNS cases into a 1D line plot for-
mat, and the resulting data files are named as independent variable versus dependent
variable at xxx location. They can be accessed from the Center for Turbulence Research
website. They can also be downloaded from Google-Drive. The five folders named with
stats-WMxxx contain streamwise variations of Cf , boundary-layer thickness δ, displace-
ment thickness δ∗, shape factor H, intermittency factor (for discussion, see Section 7),
wall-pressure fluctuation p

′
w,rms, wall-shear stress fluctuation τ

′
w,rms; the independent

variables are either the streamwise Reynolds number Rex = xU∞/ν, the momentum-
thickness Reynolds number Reθ = θU∞/ν or the boundary-layer turbulent Reynolds
number Reτ = uτδ/ν, where uτ is the friction velocity. The five folders also contain wall-

normal variations of u, u
′
rms, v

′
rms, w

′
rms, u

′v′ , p
′
rms, and total shear stress τ with either

outer variable y/δ or wall-unit y+ at selected streamwise stations covering the early, late
and post-transition stages (overbar indicates averaging). The statistics were sampled dur-
ing the DNS runs on the fly ay every time-step and the sampling duration lasted two
flow-through times from the inlet to the exit. Comparisons of mean and second-order
statistics, especially comparisons of the rate of dissipation, demonstrate that the present
statistics are of good quality (Wu et al. 2017).

3.1. Skin-friction profiles

Some of the generated statistical quantities are presented herein for reference. In particu-
lar, Figure 4(a) shows Cf as a function of Rex. Starting from the inlet, all five cases show
an extended range in which Cf remains in close agreement with, and collapses onto, the
Blasius solution, even in the highest-level FSTI case WM600. Departure from the Blasius
is only visible shortly upstream of the minimum Cf location. The case WM075 has not
completed its transition process by the exit of the present computational domain. Vari-
ations of Cf with Reθ are shown in Figure 4(b). Shortly after reaching a peak plateau,
the WM225 Cf profile collapses onto that of the WM300, suggesting the downstream
WM225 boundary layer is turbulent with a small lingering transitional effect.

Similarly, shortly after reaching its peak plateau, the WM150 profile collapses onto
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Figure 4. Skin-friction coefficient as a function of (a) streamwise Reynolds number and (b)
momentum-thickness Reynolds number in the five boundary-layer DNS cases.

those of WM225 and WM300, implying the downstream WM150 boundary layer is tur-
bulent with a small transitional effect (the peak plateau of skin friction indicates the
completion of transition). After the transition in the turbulent flow region, the WM600
Cf profile still does not collapse onto the profiles of the other three cases, indicating
that its higher FST level causes noticeable disturbances to the viscous sublayer of the
turbulent boundary layer underneath. Although not shown, the shape factor, H, for the
WM600 case exhibited a precipitous drop near the inlet, indicating a strong disturbance
on the boundary layer by the high-level FST. Due to these reasons, we hypothesize the
upper limit of boundary-layer bypass transition in the narrow sense as approximately
FSTI 6%, beyond which transition is rather immediate.

4. Improved intermittency correlation and comparison with literature

Building upon the comprehensive DNS database described in previous sections, we
developed a new correlation for predicting boundary-layer transition. The correlation is
of the form

Reθ = f(FSTI,
Λx
δ
, γ), (4.1)

where the input three variables are the free stream turbulence intensity, the freestream
turbulence integral length scale normalized by the boundary-layer thickness, and the
desired intermittency factor to demarcate as the transition location, respectively. Prior
work (Fransson & Shahinfar 2020) has shown that transition location can be highly
sensitive to length scales associated with freestream turbulence. In developing our new
transition correlation, we observed that the classical correlation of Abu-Ghannam &
Shaw (1980)

Reθ = 163 + exp(6.91− FSTI), (4.2)

accurately predicts the location where γ = 0 in our DNS data across the various freestream
turbulence intensities, shown in Figure 5(a). Using this, we designed the functional form
to ensure that it collapses to a form similar to Abu-Ghannam and Shaw’s relation when
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γ = 0 by specifically forcing it to take the form

Rex = P1

(
Λx
δ

)
· exp(P2(γ)) · g(FSTI), (4.3)

where Λx is the the freestream turbulence integral length scale, P1 and P2 are polynomial
functions, and g is a function similar to Eq. (4.2). Note that we are fitting for the
transition value of Rex, principally because this is the value most commonly reported
in the literature. Moreover, it is important to highlight that this equation is valid only
for γ ∈ [0, 1], as this is the range of sensible values for the intermittency function. Curve
fitting tests demonstrated that the fitting cubic polynomials in Eq. (4.3) for P1 and P2

were sufficient to predict transition. Transition location predictions from the correlation
in Eq. (4.3) are shown in Figure 5(b), demonstrating a collapse between both DNS and
experimental results. The functions used to generate this collapse are

P1

(
Λx
δ

)
= −8.676 · 10−4

(
Λx
δ

)3

+ 7.490 · 10−2

(
Λx
δ

)2

+ 0.198

(
Λx
δ

)
+ 190.5, (4.4)

P2(γ) = 1.68γ3 − 2.83γ2 + 1.91γ + 3.15, (4.5)

and

g(FSTI) = 14.36− exp(6.55− 1.45FSTI). (4.6)

Further, we can use the predicted value of the transition Reynolds Rec number from
Eq. (4.3) to replot the skin-friction profiles of Figure 4(b). By modifying the y-axis to a

laminar scaling component, Re−1
θ , and a turbulent scaling component, Re

−3/4
θ , and by

plotting against Reθ/Rec, we can fully collapse the skin-friction profiles as seen in Figure
6. Successfully modeling the full transition region with Eq. (4.3) demonstrates that the
correlation has the potential to be incorporated into a full transition model.

5. RANS predictions of the DNS cases

Here we present accompanying RANS calculations of the DNS cases. These simulations
were computed using OpenFOAM’s simpleFoam solver. The k−ω shear-stress transport
(SST) turbulence model (Menter 1994) and γ−Reθ (Langtry & Menter 2005) transition
model are used for all cases. The size of the computational domain is identical to the one
used in the DNS. At the inlet, a laminar Blasius velocity profile was prescribed to match
the conditions of the DNS. A grid convergence study was performed and convergence
was achieved at y+ < 1 for all simulations.

This set of turbulence and transition models require inlet boundary condition values
for k, ω, γ, Reθt , and νt. Details on how to set these boundary conditions at the inlet
of the computational domain can be found in Langtry & Menter (2009). The equation
for the boundary condition for ω is given by Eq. (5.1) where Cµ = 0.09. This equation
leaves a free parameter, a reference length scale L, associated with the turbulence.

ω =

√
k

C0.25
µ L (5.1)

Implementation differences of the k − ω SST model can lead to different recommended
values of L. For example, in wall-bounded flows ANSYS recommends setting L = 0.4δ99
(ANSYS 2009) while COMSOL recommends L = 0.09δ99 (COMSOL 2018). Overall, it
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Figure 5. (a) Transition location measured in Reθ plotted against the inlet freestream turbu-
lence intensity level. (b) Comparing transition prediction results from Eq. (4.3) to measured
results from present simulations and the experimental data set of Fransson & Shahinfar (2020).
The experimental data set has a variety of conditions for FSTI and Λx. The transition location
is always at γ = 0.5. For simulations, we report transition locations from the present DNS for
γ = 0.1n for 0 <= n <= 10.

was found that in OpenFOAM the value of this parameter that best reproduces the
DNS skin-friction profiles across all cases is L = δ99. The skin-friction curves generated
from L = δ99 are shown in Figure 7. We note that for this choice of length scale used
in the boundary condition, the WM600 case is fully turbulent throughout the whole
computational domain and does not capture the onset of transition. We emphasize that
it is possible to predict the onset of transition at the 6% FSTI level but at the expense
of worsening all other predictions. Our testing has shown that there is sensitivity in the
location of transition to the value of L chosen. Figure 8 shows the sensitivity in Cf for
FSTI = 1.5% for RANS simulations using L = δ99, L = 0.4δ99, and L = Λx. We see that
both the location of transition and the magnitude of the skin-friction rise can be affected
by the value of L that is specified. This sensitivity demonstrates a lack of predictiveness
in RANS-based transition modeling.
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Figure 6. Collapsed skin-friction profiles.
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Figure 7. Solid lines depict skin-friction versus Rex for RANS results and dashed lines depict
the corresponding DNS results. The length scale used in the boundary condition for ω for these
results is L = δ99.

6. Conclusions

A new set of comprehensive DNS benchmarks of bypass transition with varying levels
of inlet freestream turbulence intensity have been computed. Detailed statistics and de-
scriptions of the length scales and dissipation are provided. The full database is available
on the CTR website for modelers to take advantage of. Additionally, a new transition
correlation has been developed using this DNS database. It builds upon the correlation
of Abu-Ghannam and Shaw and is modified to include information about the length
scale of the freestream turbulence and the desired intermittency value to denote transi-
tion. This correlation has been shown to agree with existing experimental data and was
used to collapse the DNS skin-friction profiles onto a single curve. Finally, accompanying
RANS simulations were conducted using OpenFOAM. These calculations demonstrate
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Figure 8. Skin-friction versus Rex results for RANS computations at FSTI = 1.5%. The large
sensitivity in the transition location is tied to the choice of L used to set the inlet boundary
condition for ω.

that state-of-the-art RANS transition modeling (e.g., the γ −Reθ model) can be highly
sensitive to the length scale used to initialize the turbulence. This DNS database should
be useful to RANS researchers in the development of new transition models.
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