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Abstract

Transition prediction based on linear stability theory is expected to more accurately reflect the causality of
transition onset than phenomenological transition models based on RANS-like transport equations. To help
achieve the CFD Vision 2030 aim of building a CFD tool chain with automated prediction of boundary layer
transition, a technique to loosely tie the NASA OVERFLOW CFD solver with the LASTRAC stability analysis
tool is described. The coupled solver is then used to compute transition over a flat plate in a freestream with
sufficiently low levels of turbulence, NLF(1)-0416 airfoil, the 6:1 prolate spheroid at an angle of attack, and a
NASA juncture flow model with symmetric wing configuration. The findings for the 2D cases and the 6:1 prolate
spheroid show that the loosely coupled approach is able to predict the transition location accurately in scenarios
that are dominated by a single transition mechanism involving Tollmien-Schlichting instabilities, crossflow
instabilities, or separation bubble-induced transition, or include a mixture of selected mechanisms. For the
abovementioned cases, the toolset presented here appears to be robust to the prescription of the initial transition
location, and it can lead to a converged solution in four or five rounds of the mean flow calculation and stability
analysis, with minimal input from the user. However, significant work remains to be done in terms of identifying
more accurate models for the transition zone and an optimal prescription for a dual N-factor criterion for 3D
geometries in order to improve the robustness of this approach and to achieve a more thorough automation. The
results presented here are initial steps toward achieving that goal.
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= chord length (m)

skin-friction coefficient [nondimensional]
surface pressure coefficient [nondimensional ]
disturbance frequency [Hz]

Mach number [nondimensional]

logarithmic amplification factor

= vector of base flow variables

vector of perturbation variables

vector of amplitude variables

Chord-based Reynolds number [nondimensional]
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Reynolds number based on spheroid length [nondimensional]

~
Il

temperature [K]
Tu = freestream turbulence intensity [nondimensional]
(u,v,w) = streamwise, wall-normal, and spanwise velocity components [m s!]
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(x, »,z) = Cartesian coordinates [m]

x/c = chordwise coordinate scaled by reference chord length [nondimensional]
y* = near wall grid spacing in wall units [nondimensional]

a = angle of attack [deg], streamwise wavenumber [m™']

B = spanwise wavenumber [m™]

Y = intermittency [nondimensional]

A = spanwise wavelength, transition zone length [m]

p = density [kg m3]

o = spatial growth rate [m™!]

(1,00 = streamwise, wall-normal, and spanwise coordinates [m]
Subscripts

o = farfield reference state
Abbreviations

AFT = amplification factor transport

CF = crossflow

CFD = computational fluid dynamics
LM = Langtry-Menter

LST = linear stability theory

PSE = parabolized stability equations
RANS = Reynolds-averaged Navier-Stokes
SST = shear stress transport

TS = Tollmien-Schlichting

I. Introduction

Accurate prediction of viscous flows with laminar-to-turbulent boundary layer transition is important for
many applications such as the design of natural laminar flow wings, unmanned aerial vehicles, and crewed
reentry vehicles, given the push for safer and/or greener technologies in the arena of aerospace research.
Therefore, the topic of laminar-to-turbulent boundary-layer transition research has been identified as a critical
and pacing item for computational fluid dynamics (CFD) in the NASA CFD Vision 2030 [1] study. Direct
numerical simulations, and wall-resolved (and to a limited extent, wall-modeled) large-eddy simulations
continue to be the only approaches capable of simulating the complete set of physical processes up to the
onset of transition and the subsequent breakdown of the laminar boundary layer into turbulent flow.
However, these approaches remain impractical because of their excessive computational cost and the need
for an accurate specification of the initial and boundary conditions required to capture the excitation of the
flow instabilities responsible for transition. Adequate information about the external forcing is often
unavailable from most wind-tunnel and flight tests.

Presently, a majority of the CFD computations are performed by using the computationally efficient
Reynolds-averaged Navier-Stokes (RANS) models, under the assumption that the flow is turbulent
everywhere. Thus, efforts to develop models that incorporate information about the transition process into
the RANS framework have gained substantial ground in recent years [2—9]. These RANS-based models often
require that only local information be used to model transition, instead of using detailed boundary-layer
profiles or integral boundary-layer parameters. They achieve this by solving additional transport equations
and use correlations that determine the onset of transition, making it easy to be implemented in modern
unstructured grid-based CFD codes. However, it may be noted that most of the RANS-based transition
models perform adequately only in limited flow regimes, as they often rely on correlations derived from
limited experiments. The inherent averaging process employed within the RANS procedure makes it difficult
to capture the development of the linear instabilities and their subsequent nonlinear growth and an eventual
breakdown. Despite this limitation of the transport-equation-based transition models, they remain an
attractive option because the vehicle performance is often characterized in terms of integral quantities such
as force and moment coefficients or through pressure/skin-friction distribution; and capturing the overall



impact of transition on these integral quantities is more important than modeling the detailed physics of the
transition to turbulence. In limited speed regimes, transition models based on RANS-like transport equations
have been successful in modeling a range of transition scenarios such as those initiated via linear instabilities
of the boundary layer flow as well as through bypass mechanisms related to finite amplitude disturbances.

The most widely used and reliable approaches for the prediction of transition onset locations in aircraft
design computations are semiempirical correlations based on the linear stability theory (LST), such as the "
method introduced by Smith and Gamberoni [10] and van Ingen [11] or the parabolized stability equations
(PSE) [12]. The amplification of the dominant primary instabilities of the boundary layer flow developing in
the low disturbance environment over aircraft wings at all speed regimes, such as the Tollmien-Schlichting
(TS) waves and stationary/traveling crossflow vortices in subsonic and transonic flows can be accounted for
using either LST or PSE. However, the application of these approaches toward a coupled computation of
laminar, transitional, and fully turbulent parts of a flowfield requires sufficiently well-resolved boundary
layer profiles in the laminar parts of the mean-flow computations. The stability-theory approach also entails
an increased computational cost as well as complexity, suffers from a lack of robustness, and often requires
advanced understanding of the transition physics and the hydrodynamic stability theory that typical CFD
users may not possess. These restrictions are difficult to overcome in modern CFD codes, which rely upon
massive parallelization and the use of unstructured grids [13] that are not compatible with the global
dependence of the stability characteristics in one or more spatial directions. To overcome these shortcomings,
surrogate models based on the laminar flow information provided by the flow solver [14—18] have been used
in lieu of the direct computation of stability characteristics. ONERA and DLR have also developed tools [19—
21] to perform LST-based automated transition predictions within their in-house CFD codes. A similar effort
focused on laminar-to-turbulent optimization by coupling the CFD solver with both LST and PSE techniques
and an adjoint-optimization framework has been pursued at the University of Michigan, as reported in the
works by Shi et al. [22] and Halila et al. [23]. However, such approaches are tightly coupled to the data
structure used within a specific CFD code, making operations such as the extraction of wall-normal profiles
rather difficult and expensive in the context of a parallel computing framework and cannot be quickly ported
to a different suite of codes.

Given a few unique capabilities amongst the NASA CFD tools, such as automated grid adaptation and
adjoint based design, as well as those in the NASA LASTRAC stability software [24, 25], it would be
beneficial to develop a tool suite for automated, CFD-integrated modeling of the transition process that can
use any of the available CFD codes with LASTRAC via a common interface that will work with both
structured and unstructured grid-based solvers. To that purpose, recent enhancements to LASTRAC [26]
have centered on making the stability analysis tool more user-friendly and robust, owing to the development
of PYLASTRAC, a Python-based interface tool set. This work follows up with an update on the progress of
a CFD-integrated transition prediction tool based on a loose yet automatic coupling between LASTRAC and
the structured overset grid compatible solver OVERFLOW [27]. Concurrently, a similar endeavor involving
the coupling of the unstructured grid-based solver FUN3D and LASTRAC is being pursued [28]. Because
OVERFLOW employs structured overset grids, the interface required to connect it to LASTRAC must be
distinct from that required for FUN3D (with a few unique, additional, solver dependent steps). In addition,
we describe other parts of the transition modeling method in this paper that were not covered in the work
using the FUN3D solver [26], such as the use of a smooth intermittency function that characterizes the
transition zone, as well as on the robustness of the convergence process, especially when the lack of a priori
knowledge about transition leads to starting the CFD computation with either an excessively long laminar
region or a severe underprediction of the laminar zone.

The scope of this paper includes a brief description of the process through which the coupling between
the stability and CFD codes is achieved and the demonstration of that coupling for canonical test cases that
include a flat plate under a variety of disturbance conditions involving sufficiently low freestream turbulence,
the NLF-0416 airfoil at both large and intermediate chord Reynolds numbers, and fully 3D geometries such
as the 6:1 aspect ratio prolate spheroid and a variant of the NASA juncture flow model with a symmetric
wing configuration that recently underwent testing at the NASA Langley Research Center. The 2D flow
configurations mentioned above feature two separate transition scenarios, namely, Tollmien-Schlichting
instabilities of an attached boundary layer and/or a separation-bubble induced transition. In comparison, the
3D case also involves crossflow transition, presumably dominated by the stationary modes of crossflow
instability. Most of these configurations allow the predictions from the loosely coupled approach to be
compared against available experimental measurements, as well as with the predictions of other RANS-based
transition models.



The paper is organized as follows. Section II provides the details of both CFD and stability solvers and
the strategy for coupling the two, along with details about the implementation of the intermittency distribution
function. Various test cases and a discussion of the results are reported in Section III. Finally, concluding
remarks are provided in Section I'V.

IL.Flow Solver, Stability Analysis Tools and Coupling Strategy

The details of the various software tools and the approach to develop an integrated CFD-transition
prediction tool chain are provided in this section.

A. OVERFLOW - CFD Solver

Version 2.3b of the NASA OVERFLOW code [27] is an implicit, structured, overset grid Navier-Stokes
solver that is capable of computing both time-accurate and steady-state solutions via a variety of options for
the spatial as well as temporal discretizations. RANS-based transition models available in OVERFLOW 2.3b
include: (i) the two-equation Langtry-Menter transition model (LM2009) [4] based on the 2003 version of
Menter’s shear-stress transport (SST) RANS model, along with the modifications proposed by Langtry et al.
[6] to account for crossflow induced transition (LM2015); (ii) Coder’s [8, 9] 2017b version of the
amplification factor transport (AFT2017b) equation-based model that uses the Spalart-Allmaras (SA) model;
and (iii) the Medida-Baeder transition model [5], which is essentially a coupling of the two-equation Langtry-
Menter transition model with the SA model. OVERFLOW also allows for performing computations with a
specified laminar region (where the production of turbulence is turned off), and this feature is utilized in the
present work.

B. LASTRAC-Based Stability Analysis Tool

LASTRAC has the capability to perform stability analysis using LST as well as PSE about a mean flow.
In conventional, quasiparallel linear stability theory (LST), the assumption of a locally parallel boundary
layer allows the streamwise derivative terms to be dropped from the linear disturbance equations and the
wall-normal velocity can be set equal to zero. While the LST predictions should be satisfactory for the simple
2D cases, we also assess the PSE approach in the present work. In the PSE approach for general 3D flow
configurations, both the streamwise and spanwise curvatures are also considered along with the nonparallel
terms to allow a broader range of physical effects to be incorporated, enabling more accurate predictions of
the instability evolution than the quasiparallel, LST approach.

The PSE approximation is based on isolating the rapid phase variations in the streamwise direction from
the slow evolution of the disturbance mode shape due to the locally weak but potentially O(1) cumulative
effects of the mean-flow nonparallelism and the surface curvature. The effects of instability wave propagation
within a fully three-dimensional boundary layer can be evaluated via a parabolic integration along suitable
trajectories such as mean-flow streamlines or group velocity lines associated with the disturbance(s) of
interest. The variables (&,7,{) denote the streamwise, wall-normal, and spanwise directions in the
nonorthogonal coordinates and (u,v,w) represent the corresponding velocity components. The density and
temperature are denoted by p and T. The Cartesian coordinates are represented by (x, y, z), respectively. The
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vector of basic state fluid variables corresponds to q(§,1,{) = (p, u,v,w, T) . The perturbations to the basic
state have the form

€ n 5,0 =aEmexp i ([ a@)ds + ¢ - wt)], (1)

where the perturbation vector is G(§,n,{t) = (f), 4, v, W, T‘)Tand q&En,Q = (ﬁ, a,0,w, T")Tdenotes the
vector of amplitude functions. The streamwise and spanwise wave numbers are a and f3, respectively, and w
is the angular frequency of the perturbation. The spanwise wavelength is defined as A = 2 /5. The unknown,
streamwise-varying wavenumber a (&) is determined in the course of the solution by imposing a
normalization condition that renders uniqueness to the decomposition in Eq. (1) involving a slow variation
of the amplitude functions §(§ 1,0) in the streamwise direction, and the rapidly varying phase term

exp [i f;o a(E’)dE’]. Substituting Eq. (1) into the linearized Navier-Stokes equations and invoking the scale



separation argument to neglect higher-order terms involving a suitable subset of the viscous and/or
streamwise derivative terms, one obtains the PSE in the form

(L+M5)aEm =o. @

The entries of the coefficient matrices for L and M along with a more detailed description of the method can
be found in the Refs. [12, 22, 23]. In this work, the PSE marching is performed along a preidentified
streamline path along the surface. The nonparallel growth rate of the disturbances along a streamline for a
selected pair of w and f3 is given by

1dR

opse(§ W, B) = =J(a) + TaE 3)

where K denotes the norm of the disturbance kinetic energy. The onset of laminar-turbulent transition is
estimated by using the logarithmic amplification ratio, the so-called N-factor, relative to the lower neutral
branch location, § = §;,, where a given disturbance first becomes unstable,

N(w,B) == f; o€, o, B)dE. )

Here, we assume that transition onset is likely to occur when a function of the envelope N-factors based on
stationary crossflow instabilities (N¢g) and the Tollmien-Schlichting instability waves (Ntg) reaches a certain
threshold.

C. OVERFLOW-LASTRAC Coupling Strategy

The OVERFLOW code allows the user to prescribe specified regions of laminar flow for any given
geometric model via a PLOT3D function file using an input namelist. This capability is used in conjunction
with the PyLASTRAC tool suite and some auxiliary codes and Python/linux shell scripts to develop a loose
coupling between the OVERFLOW and LASTRAC codes. The resulting tool chain allows automated, CFD-
integrated predictions of mixed laminar, transitional, and fully turbulent flows. The overall workflow is
depicted in Fig. 1. The flow solver is initialized with a prescribed extent of laminar flow region, and the
converged solution and the underlying grid are passed to the solver-independent interface module. The
interface module converts the data into a format that is suitable for LASTRAC, including the extraction of
wall-normal profiles and computing the disturbance trajectories in the form of inviscid streamlines along the
surface. LASTRAC is then invoked to perform the stability computations along each of those trajectories and
provide a surface distribution of the N-factor envelope. For TS instabilities, one may use either the critical
TS N-factor corresponding to the disturbance environment of the boundary layer flow of interest or Mack’s
well-known correlation relating the disturbance levels in the facility to N-factor:

Nesigrs = —8.43 — 2.4 In (-2 (5)

100

to identify the transition onset location. In the case of three-dimensional boundary layers with nonzero
crossflow (CF), a similar computation of another critical N-factor (roughness-based, possibly) is used as part
of determining the transition onset location. In regions where both TS and CF instabilities are present, a
suitable combined metric must be used to predict the transition onset location. When the predicted N-factor
envelope does not reach the desired critical level within the domain of the imposed laminar flow, linear
extrapolation (using an appropriate segment of the N-factor envelope) is used to estimate a potential transition
onset location. If the extrapolated location extends beyond the geometry, e.g., downstream of the trailing
edge of an airfoil, the newly imposed transition onset location is reset to be slightly upstream of the trailing
edge. In case of the initial onset location being set too far upstream in the domain, there is the possibility of
the stability analysis predicting a result indicating no growth in disturbances. In such a scenario, the newly
imposed transition location is shifted substantially downstream—by about 75% of the distance between the
previously imposed location and the end of the geometry.
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Fig. 1. Schematic of the coupling between OVERFLOW and LASTRAC.

To avoid large changes in the transition front across successive outer iterations and to improve the
robustness of the iterative process outlined in Fig. 1, we underrelax the predicted transition onset location
X" during the update to the imposed transition locations for the next run of the CFD solver, i.e.,

XE = gl + B (xpe — 1) (©)
where, 0 is the relaxation parameter, and x2¢¥ and x2'¢ correspond to the newly predicted and previously
imposed transition locations, respectively. Usually, the underrelaxation parameter is set to a value between
0.7 and 0.9. However, in future, in lieu of using a fixed value of 8, one could easily switch to a dynamic
procedure to set the underrelaxation parameter, wherein smaller values of 8 are used at the start of the
computation, when large changes may occur, and then, a gradual ramp up to higher values as the results
approach convergence. The surface data and N-factor information are then converted into a smooth
intermittency function, described below, to avoid a sharp transition from a laminar flow to a turbulent flow
that could lead to a slower convergence of the CFD solver. In the present implementation, convergence is
deemed to have been achieved if the shifts in the transition-onset location are within one or two grid points.

In the process outlined in Fig. 1, any CFD solver of choice can be used in the first box colored in blue, as
long as it allows for the specification of laminar and turbulent regions in the flow and has a clean interface
with explicit data-structure or allows for the reading of a surface/volume grid file of a specified format that
contains markings for laminar and turbulent regions, through which the necessary information can be
communicated. Most solvers can easily fulfil these constraints. Similarly, any other reduced-order stability
analysis tools, such as those based on machine-learning algorithms [26, 29, 30], could be used to replace the
LASTRAC stability solver in the green box from the schematic.

D. Intermittency Function

In the absence of a built-in transition model, CFD solvers often allow the user to impose a laminar region
by switching off the turbulence production terms and/or the eddy viscosity within specified portion(s) of the
grid. A binary coefficient is usually used to differentiate between purely laminar and fully turbulent
subregions. A sudden transition of this type can cause an abrupt jump in the displacement thickness that are
not physical and leads to difficulties in achieving convergence. Using an intermittency function, as proposed
by Narasimha [31] would allow a more realistic modeling of the actual transition zone, as well as enabling a
more robust convergence process. Based on measurements in 2D incompressible flows and additional
assumptions about formation and breakdown of turbulent spots, Narasimha [31,32] had proposed an
intermittency distribution function,

0, X < X¢r
V= {1 — exp(=0412 §2), x = x,p; § = &2 M



where X, is the onset location and A is a distance parameter characterizing the length of the transition zone
(usually defined as the distance between stations where y = 0.25 and y = 0.75 when experimental data on
intermittency is available). There are other minor variants of this intermittency distribution function (see Ref.
[32]). However, all of these expressions require an external determination of the key unknown in the form of
the transition zone length A. Candidate options to define this parameter have been proposed in Refs. [33-35],
but those are restricted to flows without any rapid changes in the pressure gradient. The model proposed by
Solomon et al. [36] is more general, also more complex. Therefore, based on limited experimentation, we
introduce a simpler option that is easily related to the output from the stability solver. Specifically, we define
the transition zone length to be the distance between the location where the N-factor envelope curve reaches
the value of 0.8*Neit (designated as Xupeg) and 1.1*Nerie or 1.2*Nerie (designated as Xiend). Note that the
transition onset location X, representative of where the skin friction coefficient rises from its laminar value
in the actual flow, still corresponds to N = Ncit. However, the rise in skin friction from its laminar value lags
behind the increase in the intermittency parameter, and hence, the location of intermittency rise, Xu-seg, 18
defined to be upstream of'the transition onset. After replacing x.,. in Eq. (7) with x4, ;¢4 leads to the following
expression for the intermittency function:

0, X < Xtr,peg

V= 11— exp(—0412 £2), x = xpeg; € = —orbes) ®)

(Xtr,end—Xtr,beg)

Currently, the same definition for the transition zone length is used for both TS instabilities as well for
separation bubbles. Furthermore, this model does not lend itself to straightforward generalization when two
different instability mechanisms are active simultaneously. Thus, there is considerable scope to improve upon
this preliminary intermittency model.

III. Results and Discussion

The solutions presented here were obtained by running the OVERFLOW solver in steady-state mode
using the 3™-order Roe upwind scheme [37] and the unfactored successive symmetric overrelaxation (SSOR)
implicit solution algorithm [38,39]. The CFD computation is based on the SA-neg-noft2 model (based on
model nomenclature from the NASA turbulence modeling resource™) along with a specified laminar region.
Each run of the CFD solver was carried out until the L2 norm of the mean flow residuals dropped by 8-10
orders before the stability analysis solver was invoked. To facilitate comparisons with the predictions based
on the LST/PSE-based transition model, computations were also performed with the transport-equation-
based transition models for some of the cases. In particular, the SA-based AFT2017b model and the SST-
based LM2009 model were used for this comparison.

A. Flat Plate

As the first test case, subsonic flow over a two-dimensional zero-pressure-gradient flat plate with a sharp
leading edge was computed for conditions that matched the experimental investigations by Schubauer and
Skramstad [40] (also Schubauer and Klebanoff [41]), and those corresponding to the T3A- condition [42]
from the T3 series of test cases hosted by the ERCOFTAC (European Research Community on Flow,
Turbulence and Combustion). The freestream conditions and the turbulence intensity values used during the
various runs are listed in Table 1. Freestream turbulence intensities from 0.03 percent to 0.875 percent at the
plate leading edge are included in these computations. The Reynolds number range for the transition zone at
each condition from the Schubauer and Skramstadt experiment [40] was also available for the low turbulent
intensity cases, while limited skin-friction coefficient data was available for the T3A — case, and these data
will be used for the assessment of both transition onset predictions based on the N-factor criterion and
transition zone predictions based on the intermittency distribution function from Eq. (8).

** https:/turbmodels.larc.nasa.gov




Table 1: Flow conditions for the flat plate test cases at the plate leading edge.

Case Tu at the Freestream Density Freestream
leading edge Velocity (kg/m®) Temperature
(“o) (m/s) (K)

Schubauer and

Skramstad [40]; 0.03, 0.125,

Schubauer and 0.18, 0.3 50.1 12 288.17
Klebanoff [41];

ERCOFTAC T3A- [42] 0.875 19.8 1.2 288.17

The computational domain begins 0.15 m upstream of the flat plate leading edge and extends across a
plate length of 2.5 m. The top boundary is located 0.3 m from the flat plate. The boundary conditions used
are the following: nozzle inlet condition with specified total pressure corresponding to the freestream Mach

. . . . P
number at the inlet, a Riemann characteristic top boundary, a constant-pressure boundary condition (P— =
0

1.0) outflow, symmetry on the bottom boundary upstream of the flat-plate leading edge and viscous, adiabatic
walls on the plate. The baseline grid (designated as the medium mesh) contained 721 points in the streamwise
direction (including 193 points in the symmetry plane ahead of the leading edge) and 385 points in the wall-
normal direction. The wall-normal spacing for the first grid point away from the wall was 4 x 10 m,
corresponding to y* < 0.5 (estimated based on the flat plate boundary-layer theory at the transition onset
location) for all conditions. In the immediate vicinity of the leading edge, this estimate is not expected to
hold. Furthermore, the grid was designed to contain at least 100 points within the boundary layer, and the
grid expansion ratio in the near-wall region was less than 1.03. In addition to the baseline mesh, a coarser
mesh obtained by uniform coarsening of the baseline mesh by a factor of 2/3 (overall size: 481 x 257), and a
finer mesh (961 x 513) obtained by uniform refinement factor of 4/3 were also employed for a grid
independence study.

Mack’s correlation from Eq. (5) was used to determine the critical TS N-factor for all flat plate cases with
a turbulence intensity (7u) greater than or equal to 0.125%. In the experiments by Schubauer and Skramstad
[40], it was observed that the transition Reynolds number remained constant for Tu < 0.07%, and was
probably controlled by the wind-tunnel acoustics. Moreover, as mentioned by Crouch [43], Mack’s
correlation yields good results only when Tu > 0.07% and is expected to hold up to Tu =2.0%. Hence, for
the single case with 7u = 0.03%, the Ncrit parameter was set to a value of 7.6, as it corresponded to a transition
location that matched well against the data from the experiment. Incidentally, if one were to use Mack’s
correlation, the critical N-factor of of Neit= 7.6 corresponds to 7u = 0.125%. Based on the abovementioned
finding of Crouch [43], it is questionable whether Mack’s correlation would apply to the T3A- case with a
freestream turbulence intensity of 7u = 0.875%, which is likely to fall within the range of bypass transition
and we investigate that question here.

In Fig. 2, the iterative convergence of the streamwise evolution of the skin-friction coefficient is shown
for the case with Tu = 0.18%. In this case, the initial transition location during Run 1 was set at x = 1.009
(Rex ~ 3.39 x 10°). From Fig. 2, it can be observed that the transition location has converged visually by
iteration 3 of the combined set of computations comprised of a CFD run followed by the stability analysis,
with the transition region falling within the range of measurements obtained during the experiment of
Schubauer and Skramstad [40]. As mentioned in Section II D, the definition of the transition zone length is
an important parameter in the definition of the intermittency function. Figure 3 illustrates the influence of the
choice for the X, ¢nq parameter (while the other parameter, X, pe4, is held fixed) on the evolution of the
intermittency distribution function and the streamwise distribution of the skin-friction coefficient. In this
Case, X¢r ong Was determined to be the location where the N-factor envelope reaches a value of either 1.1*Nerit
or 1.2*Neit, and Xy peq 1s held fixed at the location where a value of 0.8*Nuit is reached. By choosing the
Xtrenq location to coincide with the station where an N-factor of 1.1*Neric is reached, one obtains a shorter
transition zone in comparison with that obtained by associating X, ¢,,4 With the location where an N-factor



of 1.2* Nurit is reached, as well as in a sharper rise in Cr. Furthermore, the start of the transition zone appears
to shift slightly upstream with the choice of X g =1.1%Nerit. Also, as previously mentioned in Section
I1.D, the lag between the rise of the intermittency function and where the skin-friction coefficient first departs
from the laminar behavior is clear from this plot. This lag occurs because the RANS-based models require a
finite distance before the effects of the nonzero turbulence production can cause the skin-friction coefficient
to depart from its laminar value. Based on Fig. 3, an intermittency value of about 0.2 seems to roughly
correspond to the location where the Cr starts to rise. Of course, in the future, it may be possible to change
the intermittency function model to ensure that the place where Cr begins to climb coincides with the location
in the N-factor envelope where a value of Nt is reached. Computations were performed for three different
meshes with progressively finer resolution, with an identical value of initial guess for the transition location
in each case. The skin-friction distributions corresponding to the converged solution from the iterative
process of N-factor-based transition calculation on each mesh are shown in Fig. 4. For the curves shown in
this plot, the transition zone length in the intermittency distribution function was defined using Xy peg =
0.8 * Nepjy and Xy ong = 1.1 % Niyje. Given that the skin-friction curves for the different meshes are
indistinguishable, and the predicted transition region aligns well within the experimentally measured
transition region, one may conclude that the results are grid converged, and furthermore, that the coupling
process is robust as desired.

Tu =0.18%
0.005 s S B B
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Fig. 2. Iterative evolution of the skin-friction coefficient distribution for the flat plate case with Tu =
0.18%. The magenta lines indicate the onset and end of transition based on surface fluctuation
measurements by Schubauer and Skramstad [40].
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Fig. 4. Comparison of skin-friction coefficient distribution for different mesh resolutions, for the flat
plate case with 7u = 0.18%.

In Fig. 5, an overall summary of the results obtained using the OVEFLOW-LASTRAC coupling approach
for the various turbulence levels investigated here and their comparisons with the measured data from the
experiment of Schubauer and Skramstad [40] is provided. Also, the comparison between the red square
symbols and green triangles in this plot illustrates the influence of choosing different definitions for the
transition zone length in the intermittency distribution function. Additionally, the solid blue line in this plot
corresponds to a best-fit curve provided in Schubauer and Skramstad [40] for the data from the experiment,
while the black dash-dot-dot line is the transition onset obtained for different freestream turbulence levels
by Crouch [43] using stability analysis and Mack’s correlation. Also, the reader is reminded that in the plot,
the data corresponding to 7u = 0.03% and 0.125 % are the same as we use the same Ncit for both the
conditions. For Tu < 0.18%, the choice of X, ¢,q = 1.1 * N (Which corresponds to a smaller length of the
transition zone) provides a better match with the experimental data, whereas choosing the higher value of
Xtrena = 1.2 % Ny (i.e., the larger extent of transition zone) results in a downstream shift in the overall
transition zone in comparison with the measurements. For 7u > 0.18%, choosing X ¢ng = 1.1 * N again
leads to a good match for the start of the transition zone, but the transition zone ends slightly upstream of the
measured location. On the other hand, for X;; o = 1.2 * N, the start of the transition zone is slightly
downstream of the measured location, but the end of the transition zone seems to be closer to the measured
locations. One option that we did not explore as part of this work, was to retain X;, oq = 1.2 * N but shift
X¢r,peg Slightly upstream and this will be investigated as part of the future refinements. Overall, the present
set of results indicate that our initial guess for the intermittency distribution function yields reasonable results,
at least from the perspective of a flat plate case, and the match with the data from Crouch [43] provides
additional validation of the LASTRAC stability results based on the velocity profiles obtained from
OVERFLOW computations. Furthermore, using this data in conjunction with additional measurements
related to flows with favorable and adverse pressure gradients would help better optimize the parameters
used in the definition of the intermittency distribution function.
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Fig. 5. Effect of turbulence and the specification of transition region length in the imposed

intermittency function on the transition Reynolds number for the flat plate case and its comparison
against experimental data from Schubauer and Skramstad [40].

In Fig. 6(a), iterative convergence of the skin-friction coefficient is shown for the T3A- condition (7u =
0.87% at the leading edge). As seen from this plot, by the third iteration of the mean flow computation and
stability analysis cycle, the results have already converged, such that the skin-friction curves obtained from
the fourth and fifth iterations are visually indistinguishable from those obtained after the third iteration.
However, the converged results indicate the start and end of transition zones to be significantly upstream of
the measured data, with a large error of nearly 50% in terms of Rex. If the Schubauer and Skramstad data in
Fig. 5 were to be extrapolated to 7u = 0.87%, one would not expect to see transition onset at the relatively
high Reynolds number of Re, ~1.7 X 10° as measured during the T3A- experiment. One of the reasons for
this later onset of transition during the experiment is that the freestream turbulence intensity decays along the
length of the plate. The measured turbulence intensity at the transition location corresponds to 7u = 0.47%,
whereas the critical N-factor used for the transition prediction is based on extrapolating Mack’s correlation
to the leading-edge value of 7u = 0.87%. In this case, it will be hard to match the experimental transition
without a receptivity model for the excitation of T-S waves via freestream turbulence. However, even after
using the lowest value of freestream turbulence directly at the transition location (namely, Tu = 0.47%), the
predicted transition location is still upstream of the measured value as seen from Fig. 6(b). This finding
clearly supports the hypothesis that the underlying physics of the transition process during the T3A-
experiment was rather different from that in the Schubauer and Skramstad experiment. As further
confirmation, we have included an additional plot in Fig. 7 below, which augments the dataset from Fig. 5
with additional data points based on the ERCOFTAC T3 series of experiments [42]. Shown in Fig. 7 are the
locations of the transition onset and end of transition, based on the skin-friction data and the freestream
turbulence intensity measured at the leading edge. Data shown correspond to conditions T3A- as well as for
the bypass transition cases designated as T3A (Tu = 3.3%) and T3B (Tu = 6.5%), respectively. Given the
substantial decay in turbulence intensity from the leading edge to the location of transition onset in the T3
experiments, the same data are also plotted against freestream turbulence intensity measured at the transition
onset location. Figure 7 also includes a linear curve fit through these additional data points from the T3 test
series. The trend shown for the T3 series of data, is very different from the trend based on the Schubauer and
Skramstad [40] data, clearly indicating that the T3 series of experiments belongs to a different (i.c., bypass)
branch of transition scenario as opposed to the TS dominated transition. Hence, we will not be able to predict
it using an approach based on a stability analysis.
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against experimental data from Schubauer and Skramstad [40] and from the T3 series [42].

B. Natural Laminar Flow Airfoil, NLF(1)-0416 — Low Reynolds Number Case

The NLF(1)-0416 airfoil is a natural laminar flow configuration that was developed at the NASA
Langley Research Center by D. Somers. It is designed for general aviation applications to achieve a high
value of the maximum lift coefficient and a low cruise drag coefficient. Reference [29] provides further
information on the geometry and experimental test conditions, as well as the measured results. The flow
condition studied herein corresponds to My, = 0.1,Re, = 4x10% ¢ = 1m,a = 0°and 5°and T, =
300 K, as specified for the ATAA Transition Modeling and Prediction workshop. ™ The freestream turbulence
intensity in the experiment was 0.15%. Accordingly, we used the critical N-factor of 7.2 to predict the onset

Thttps://transitionmodeling.larc.nasa.gov/wp-
content/uploads/sites/109/2020/02/TransitionMPW CaseDescriptions.pdf
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of transition. The same intermittency distribution function used for the flat plate case was invoked here,
namely, with a transition zone defined on the basis of X4y peg = 0.8 * Nipje and Xy eng = 1.1 % Neyje. At the
zero degree angle of attack, the onset of transition is triggered by TS instabilities on the upper and lower
surfaces of the airfoil. Ata = 5°, transition is triggered by TS instabilities on the upper surface of the airfoil,
whereas transition on the lower surface is induced by a laminar separation bubble. The results presented here
were obtained using the extra-fine C-grid provided by the AIAA Transition Modeling and Prediction
workshop committee and contained 1025 points around the airfoil (along with 193 points in the wake region)
and 193 points in the wall normal direction, with a nondimensional near-wall spacing of y* ~ 0.2 (estimated
based on the flat plate boundary-layer theory at the midchord location). Additional computations on a coarser
grid (designated as the fine grid by the workshop committee) and a finer grid (designated as the ultrafine
grid), confirmed that the results were nearly insensitive to the level of grid resolution.

In Figure 8, we show the iterative evolution of the skin-friction coefficient, Cs for the 0° angle of attack
condition after each outer iteration of the CFD runs for a specified transition location. For the initial run, the
imposed transition location was close to the final, converged transition front on the upper surface, while it
was downstream by about 6% chord length from the final location on the lower surface. After the third round
of outer iterations, both the solution and the transition location appear to have visually converged on both
sides of the airfoil. As displayed in Fig. 9(a), the pressure coefficient distributions from the integrated,
stability-based model and the two transport-equation-based transition models match well with each other and
with the measured data from the experiment, apart from minor differences in the immediate vicinity of the
transition location. The comparison of skin-friction distributions from the three different models is shown in
Fig. 9(b) along with a region marked by a grey-colored box indicating where flow switched from being
laminar to turbulent in the experiment. The plot indicates that the predicted transition onset location from the
loosely coupled, stability-based model matches well with the LM2009 prediction, and that from the
experiment, while differing slightly from the prediction based on the AFT model.
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Fig. 8. Iterative evolution of skin-friction coefficient distribution over NLF(1)-0416 airfoil.

The results for o = 5° are shown in Figs. 10—12. Downstream of the suction on the upper surface of the
airfoil, the boundary layer experiences an adverse pressure gradient, whereas the lower surface boundary
layer develops under a favorable pressure up to 60% chord before encountering an adverse pressure gradient
(see Fig.11(a)). Because transition on the lower surface is triggered by the laminar separation bubble at this
flow condition, we tested two variations in the initial position of imposed transition in order to test the
robustness of the automated process. In Fig. 10, we show the results for the case where the initial position of
the imposed transition location is placed at the midchord location on the upper surface and delayed until 80%
chord on the lower surface. For both surfaces, these imposed transition locations are downstream of the final
location, and therefore, there was sufficient laminar region to perform the stability analysis. Within three
iterations of the mean flow computation, stability analysis, and updates to imposed transition location, the
solution on the lower surface was practically converged, but one more iteration was necessary to achieve
convergence on the upper surface.
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Fig. 9. Pressure coefficient and skin-friction distribution for NLF(1)-0416 airfoil at Re, =
4x10%and a = 0°.
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Fig. 10. Iterative evolution of skin-friction coefficient distribution on the upper and lower surfaces of
the NLF(1)-0416 airfoil at Re, = 4x10%and a = 5°. The initial transition location was set
downstream of the exact location on both the upper and lower surfaces.

The resulting pressure coefficient distributions from the integrated, stability-based model and the two
transport-equation-based transition models match well with each other and with the measured data from the
experiment as shown in Fig. 11(a). The converged locations of the beginning of transition also compares
favorably with the predictions based on both LM2009 and AFT models, as one may observe from the skin-
friction distributions plotted in Fig. 11(b). No measurements of the transition zone on the upper surface are
available from the experiment, but such measurements were available on the lower surface (indicated by a
grey-colored box in Fig. 11(b)) and the comparison with those measurements indicates that the integrated,
stability-based model predicts the start of the separation bubble correctly, but the reattachment appears to
happen downstream of both the measured transition location and the transition locations predicted by the
transport-equation-based transition models. Note that the same intermittency distribution function used for
the flat plate case was invoked here, namely, with a transition zone defined on the basis of X, ;g = 0.8 *
Nepie and Xy eng = 1.1 % Ny As indicated in Section 1I-D, ideally, the definition of the transition zone
length in the case of separation bubble should be different from that used for the TS instabilities. Thus, the
larger bubble length predicted here could be improved by using wind tunnel data for additional separation
bubble configurations. As part of future work, we plan to explore alternative definitions of the transition zone
length for the case of separation bubbles.
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Fig. 11. Pressure coefficient and skin-friction distribution for NLF(1)-0416 airfoil at Re. =
4x10%and a = 5°

In Fig. 12, we show the iterative evolution of Crdistribution for the case where the initial position of the
imposed transition location on the upper surface is once again at the midchord location, but the initial
transition location on the lower surface is moved to a location near the 40% chord location, i.e., significantly
upstream of the measured transition location. As the initially imposed transition location was significantly
upstream on the lower surface, stability analysis performed after the initial run predicted no growth in
disturbances within the available region, initiating the automation script to shift the imposed transition
location downstream, closer to the trailing edge. After that, within another two iterations, the process resulted
in converged results for both the upper and lower surfaces, indicating the robustness of the automated process.
The final distributions of surface pressure and skin-friction coefficient were found to be the same as those
predicted during the previous set of runs discussed in the case of Fig. 10 and shown in Fig. 11.
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Fig. 12. Iterative evolution of skin-friction coefficient distribution on the upper and lower surfaces of
the NLF(1)-0416 airfoil at Re, = 4x10%and a = 5°. The initial transition location was set
downstream of the exact location on the upper surface, while it was set upstream of the exact location
on the lower surface.

C. NLF(1)-0416 —High Reynolds Number Case

To test a flow condition where the onset of transition is purely due to T-S instabilities on both sides, the
airfoil computation was repeated for a higher Reynolds number condition with Re, = 9 X 10°, while the
other flow parameters remained fixed at M, =0.1,c = 1 m,a = 0°andT, = 300K. The earlier
computational grid was designed to provide an adequate spatial resolution even at this higher Reynolds
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number; hence, the same grid was used in this case. The critical N-factor for transition onset was also held
fixed at 7.2. Table 2 shows the converged transition locations on either surface of the airfoil as obtained from
the loosely coupled, stability-based model and their comparison with the results obtained with the AFT2017b
and LM2009 models. As observed in the earlier cases, the results converged after three-to-four cycles of the
mean flow computation, stability analysis and updates to imposed transition location. For the lower surface,
the transition location predicted by the loosely coupled model is bracketed by the predictions based on the
AFT2017b and LM2009 models, respectively, while the predicted transition location on the upper surface is
downstream of the locations predicted by both LM2009 and AFT models. Consistent with the increase in
Reynolds number relative to the case in subsection B (see Fig. 9(b)), the predicted transition location in the
present case is upstream of both the predicted and the measured transition locations at the lower Reynolds
number of Re, = 4x 10°. Also, as discussed in section II-B, for simple 2D geometries, LST and PSE should
yield similar results that can be seen from Fig. 13, where the N-factor envelopes predicted by LASTRAC
using LST and PSE, respectively, are shown after the initial run of the CFD solver. Highlighted in the plot
are the locations where the envelope N-factors based on both LST and PSE and the upper as well as the lower
surface exceed the critical value of N-factor.

Table 2. Predicted transition location for the NLF(1)-0416 airfoil atRe, = 9x10° and a = 0°, along
with the corresponding predictions from the RANS-based transition models.
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Fig. 13. N-factor envelope computed with LASTRAC using both PSE and LST with the basic state
computation for the NLF(1)-0416 airfoil at Re, = 9x10° and a = 0°.

D. 6:1 Prolate Spheroid

As the first 3D case, we consider the subsonic flow over a 6:1 prolate spheroid that was experimentally
studied by Kreplin et al. [46], given that it is representative of a simplified fuselage of a transport aircraft.
For this geometry, transition can happen via TS waves and/or CF instability based on the Reynolds number
and angle of attack, and has become the focus of many transition prediction workshops, including the ATAA
Transition Modeling and Prediction workshop and the NATO AVT-313 Incompressible Flow Transition
Comparison Workshop. Previously, Spall and Malik [47], Stock [48], and Krimmelbein et al. [48] have
reported stability analysis of the boundary layer flow on this geometry. The flow condition considered in the
present work corresponds to an angle of attack of 10°, a freestream Mach number of 0.136, and freestream
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temperature 300 K. The Reynolds number based on the spheroid length (L=2.4 m) was 6.5 x 10°. A multi-
block structured grid was used to avoid a singularity along the major axis of the model near the nose and at
the aft end of the geometry. The central portion of the grid had a size of 481 x 289 x 385 points along the

streamwise, azimuthal, and wall-normal directions, respectively, whereas each of the nose and the aft blocks
.

had a size 97 x 97 x 385. The first grid point away from the surface was located at AL—y =1.0 x 1075, withy

~0.25 (based on the location x = ). The grid was designed to contain at least 100 points within the boundary
layer. The outer domain was placed 100 spheroid lengths away from the body.

For this case, no intermittency distribution function was used due to ambiguities regarding how it should
be formulated for a case with both TS and CF instabilities playing a role. Also, due to time constraints, we
carried out only two iterations of the CFD run—stability analysis cycle, without use of underrelaxation and
hence these results need to be considered as being preliminary. In Figure 14(a), the skin-friction contours
obtained from the experiment are shown in a rolled-out configuration (streamwise length vs. azimuthal angle)
along with the inferred transition location. Also shown in Fig. 14(b) are the skin-friction contours obtained
using OVERFLOW after the initial run, when the transition was arbitrarily enforced at x/L = 0.7 and that
obtained after imposing the transition locations based on stability analysis computations performed based on
the initial run. With the imposed front getting closer to the inferred front from the experiment, one can observe
that the skin-friction contours from CFD agree well with that from the experiment, with the exception being
that the maximum skin-fricition coefficient obtained in the CFD are currently slightly lower than that from
the experiment. Additional iterations of the loosely coupled solver will be run and reported in a future
publication.
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Fig. 14. Skin-friction contours on the 6:1 prolate spheroid for Re.=6.5 x 10° and o = 10° obtained
from the experiment as well as from two different basic states from CFD with different imposed
transition locations.
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To perform the PSE analysis for this problem, the spheroid was seeded with 65 seed points equally
distributed along the azimuth direction and is shown in Fig. 15. With the PYLASTRAC tool suite, one has
the ability to automatically generate the streamlines needed for performing the stability analysis through
random seed generation. However, we did not use that feature here, in order to facilitate potential
troubleshooting during this initial evaluation stage of the automated tool chain.

Fig. 15. Streamlines used for PSE with LASTRAC.

The TS and CF N-factor contours obtained via PSE computations after the initial run are shown in Figs.
16(a) and 16(b), respectively. In both cases, the imposed transition front and that inferred from the
experimental measurements are also shown. These plots confirm the dominance of TS-instability in the
vicinity of the windward and leeward symmetry planes, with the peak N-factor values along both planes
reaching values of nearly 8. Because the flow becomes two-dimensional within the symmetry planes, the
crossflow instability in the adjacent regions of the model surface remains weak, and hence, the disturbance
amplification is dominated by the TS waves. The transport-equation-based transition models like the Langtry-
Menter model have encountered difficulties with accurately capturing the growth of TS waves in these
regions [49]. The TS N-factor also reaches a value around 8 between @ = 130° and 150° for x/L € [0.2, 0.3],
i.e., the region where the experiments indicated transition. In the remaining azimuthal regions, the TS N-
factor reaches a value around 5 along the transition front in the experiment. The contours of the CF N-factor
in Fig. 16(b) indicate peak values of around 5, for @ = 30° and 170° along the inferred transition front,
indicating that it is likely an important contributor of instability in those regions.

To determine the transition front to be imposed during the next iteration, it is necessary to define a
composite criterion that accounts for the N-factors for both TS and CF instabilities. Furthermore, this criterion
is expected to depend on both the unsteady disturbance environment in the facility and the surface roughness
on the model surface. Stock [48] defined a specific dual N-factor criterion for transition by analyzing the
LST-based N-factor characteristics at different angles of attack. Given that the present computations are
limited to a single flow condition, the task of defining a composite N-factor metric based on the PSE
computations that would be applicable to a broader range of flow conditions was deferred to a follow-on
work. Therefore, we limit ourselves to using a simple, but representative metric that is based on the N-factors
for both TS and CF instabilities, namely, Ng,, = Nps + N¢g. A threshold value of Naua = 8 was found to
coincide well with the measured transition front, as can been seen from Fig 16(c).

The transition front identified using the aforementioned simple criterion was then imposed as the
transition location for the next iteration of the CFD run, which resulted in the skin-friction contours that were
shown as CFD iteration two in Fig. 14(b). The resulting baseflow was then used to carry out another round
of stability analysis, and the results are shown in Fig. 17. Once again, the revised prediction for the transition
front based on Naa = 8 is quite similar to the front predicted during the previous iteration and also to the
transition front inferred from the experiment. The only significant difference relative to the experimental
transition front is that the newly predicted front near the windward plane (¢ < 30°) is somewhat upstream
of both the previously predicted front and that from the experiment. Also, the dual N-factor contours upstream
of the inferred transition front from the experiment appear very similar to those shown in Fig. 16(c), except
for the deteriorated smoothness of the contours. The latter may indicate some issues with the quality of the
automated N-factor computation and we are currently attempting to resolve this problem.

Overall, the results indicate that the predicted transition front and the skin-friction contours compare well
with those from the experiments and that the computations are nearly converged after two iterations.
However, additional iterations will be run to verify convergence of the process. Future work will include
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computations at additional angles of attack so that a subset of the data can be used to define a more optimal
dual N-factor criterion, with the remaining data used for a more comprehensive assessment of the prediction
process.
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Fig. 16. N-factor contours obtained with PSE after the initial CFD run for the 6:1 prolate spheroid at
Rer=6.5x10° and o = 10°. Indicated by dashed and solid lines are imposed transition front and the
inferred transition front from the experiment.
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Fig. 17. Dual N-factor contours obtained with PSE after the second CFD run for the 6:1 prolate
spheroid at Rer = 6.5 x 10°and o = 10°. Indicated by dashed and solid lines are imposed transition
front and the inferred transition front from the experiment.

E. NASA Juncture Flow Model with a Symmetric Wing

The final test case chosen for the assessment of the automated CFD-integrated transition prediction tool
suite involves a civil transport configuration based on a new NASA juncture flow experiment that was
recently tested in the NASA Langley 14- by 22-Foot Subsonic Tunnel. The original NASA juncture flow
experiment [50-53] was carried out at NASA Langley between late 2017 and Spring 2020. It had the aim of
supporting the assessment, validation, and improvements to CFD turbulence models by providing flow-field
data for the separated flow near the wing-juncture trailing-edge region, along with quantified boundary
conditions, geometry, and measurement uncertainties. The recently completed juncture flow experiment has
a slightly different configuration from the previous campaign in that the wing has a symmetric cross-section
such that a part of the wing section is based on the NACA 0015 airfoil. The symmetric wing configuration is
expected to yield a much smaller separation than the F6-based wing used in the earlier campaign, hence
providing data for evaluating the ability of the CFD model to make accurate predictions of incipient
separation [51]. Additionally, a side goal of the experimental campaign was to use IR thermography to
measure the transition location on the untripped swept wing over a range of angles of attack. Therefore, this
new series of experiments should help the assessment of both RANS turbulence models and transition
prediction models based on stability theory or RANS-like, phenomenological transport equations.

The model is a full-span, wing-fuselage body and has the same fuselage as that used in the previous
experimental campaign with a nominal length of 4839+2 mm. The top-bottom symmetric wing has a
wingspan (tip-to-tip) of 332742 mm, has no dihedral, and also includes an inboard, leading-edge horn. The
crank chord was 581+1 mm and the leading-edge wing sweep was approximately 37.3 degrees. All the tests
are being carried out at the NASA Langley 14- by 22-Foot Subsonic Tunnel, which is a closed-circuit
atmospheric-pressure wind tunnel, with the crank chord-based Reynolds number expected to be fixed at 2.4
million throughout the tests. More details on the model geometry and about the experiments can be found on
the NASA Juncture Flow website.*

The flow condition reported in this work corresponds to a freestream temperature of 288.84 K, Mach
number of 0.189, a Reynolds number based on the crank chord equal to 2.4 x 10%,and 5° angle of attack. The
free stream turbulence intensity (FSTI) was prescribed to be 0.08% based on previous characterization of the
tunnel [54], and the surface roughness of the model was specified to be 3.3 um based on the roughness levels

 https://turbmodels.larc.nasa.gov/Other exp Data/JunctureFlow 0015/junctureflow 0015 exp.html
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generally seen on a painted surface [55]. The results shown here were also included as part of an earlier
report [56] and additional details can be found there.

While the original model is full span, the computation was carried out for a semispan geometry under the
assumption of symmetry across the x-z plane. The baseline mesh for the semispan geometry used in these
computations had seven overset near-body blocks (three on the fuselage, including its nose and tail, one
wing-body collar grid, and three on the wing, including its tip). The generation of off-body grids and hole
cutting were carried out by using OVERFLOW's domain connectivity function (DCF) approach. The wing
and fuselage near-body grids had 325 points in the wall-normal direction with a near-wall spacing of 2.6 x
10 mm (y+ ~ 0.5, based on the midchord location), a growth rate of 1.02, around 150 points within two
boundary layer thickness distance, and the initial 10 grid points near the wall being uniformly spaced. It also
contained 433 points around the wing in the chordwise direction (25 points in the trailing edge) and 463
points in the spanwise direction. The near-body grid had an overall grid count of approximately 140 million
points. The far-field boundaries of the outer-body grids were placed at approximately 100 crank chords.

The mean flow computation at the desired flow condition was carried out by using the Spalart-Allmaras
RANS model with rotation-curvature correction (RC) [57], quadratic constitutive relation (QCR2000) [58],
and an imposed transition front on both sides of the wing. The initial transition front was specified to obtain
the maximum extent of laminar flow without any flow separation. This can be achieved by either running the
flow under laminar assumption and setting the transition location upstream of where separation occurred or
by using the pressure distribution obtained from a fully turbulent simulation and setting the transition front
as far downstream as possible from the suction peak while not producing any separation. As in the case of
the prolate spheroid, no intermittency distribution function was used due to ambiguities regarding how it
should be formulated for a case where both TS and CF instabilities contribute to the transition process. The
fuselage itself was run fully turbulent, letting the RANS model numerically transition from laminar-to-
turbulent without specifying any trip locations.

The contours of the pressure coefficient over the semispan juncture flow model with the top-down
symmetric wing are shown in Fig. 18. These contours are based on the computation with an imposed
transition front. In general, the suction peak on the upper surface of the wing occurs relatively close to the
leading edge and the aft portion of the wing has an adverse streamwise pressure gradient. Therefore, the
boundary layer flow over a majority of the upper surface was expected to be turbulent. On the lower surface
of the wing, all the spanwise locations experience a region of acceleration followed by a region of weak
adverse pressure gradient. See Ref. [56] for additional details.

Cr 0.8 -0.65 -0.5 -0.35 -0.2 -0.05 0.1 025 04

Upper Surface

Lower Surface

Fig. 18. Surface pressure distribution contours on the juncture flow model with top-bottom symmetric
wing for ¢ = 5 (based on maximum laminar mean flow). The contour lines are also shown on the wing
portion.

The contours of Nzs and Ncr within the laminar region of the solutions for a = 5°, and on both the upper
and the lower surfaces of the wing obtained with the nonorthogonal PSE are shown in Fig. 19. The PSE
analysis was carried out using streamlines generated from approximately 50 seed points, uniformly
distributed across the span of the wing. The inboard region of the lower surface of the wing indicates a region
of large Ncr values, signifying significant stationary crossflow effects. There is a small region on the inboard
portion of the wing, 0.4 m <y < 0.8 m and x > 2.6 m, with large values of both Nzs and Ncr (see Fig.
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19(b)), indicating comparable levels of amplification for both types of instability within this region. On the
other hand, the TS instability remains dominant on the upper surface of the wing and the location at which
Nrs = 8 is close to the leading edge throughout the model span, with the contour lines for Nrs remaining
parallel to the leading edge. The lack of a significant crossflow instability on the upper surface of the wing
could be attributed to the rapid acceleration near the leading edge, which is then followed by an adverse
pressure gradient. Following the results of transition analysis for the transonic wing-body combination known
as the CRM-NLF [59], we use a dual N;¢ — N criterion that is defined as:

ars acr
Nclual = (NTS ) + (H) (9)

NTs,.c NcF,c

where the subscript ¢ refers to the critical value, and the exponents a;¢ and a.r control the level of interaction
between the two types of instability waves can be used to identify the overall transition front for this case.
The critical Nrs and Ncr are set to 8, based on the disturbance level in the wind tunnel and the assumed
roughness level of the model, along with a;g = 3 and a.r = 3. A threshold value of Na.a = 1 was expected to
provide a good indication of the transition location. The predicted transition location obtained by using these
values in Eq. 9 is shown Fig. 20 for both the suction and pressure surfaces of the wing, along with the
predictions based on the LM2015 model (which corresponds to a modification of the LM2009 model to
account for stationary crossflow effects). On the upper surface of the wing, with TS being the dominant
instability mode, the front predicted by the transition model appears to closely match that from the stability
analysis. On the lower surface of the wing, the predicted fronts from LM2015 also closely match those from
stability analysis in most parts of the wing, except around the break and selected portions in the inboard
portion of the wing. The general agreement between the prediction based on stability analysis and that from
the transport-equation-based transition model provides confirmation that the integrated transition prediction
process (including the definition of the dual N-factor) is working as intended. However, unlike the previous
cases, we have not converged the iterative computation of the transition process. Thus, additional
computations will be performed in future to confirm that convergence is achieved within a few additional
cycles of the CFD run and stability analysis. When IR thermography images become available from the
ongoing experiment, we will be able to verify how accurate these results are qualitatively.

IV. Concluding Remarks

Applications of transport-equation-based transition models that can be embedded into a RANS
framework have gained substantial ground in recent years, due to both the ease of integration into existing
parallel CFD codes and the ease of application to complex flow geometries. Yet, their accuracy remains a
weak link as they do not account for much of the transition physics by virtue of being based on empirical
correlations derived via limited data from low-speed experiments. On the other hand, linear stability methods
have an advantage through their relationship to an important piece of the transition physics but are often
difficult to integrate into existing CFD codes and, furthermore, require a significant degree of user expertise.
Recent years have witnessed significant progress in terms of addressing those challenges in integrating
stability-analysis-based transition prediction with CFD solvers. However, those capabilities have been code
specific in general. Despite the range of CFD tools available both within NASA (including but not limited to
DPLR, FUN3D, LAURA, LAVA, OVERFLOW, USM3D, VULCAN-CFD, and WIND), and the several
unique capabilities of those codes, they have lacked such integration until now. The goal of this work has
been to utilize the recently enhanced capabilities of the NASA stability analysis software suite LASTRAC
to perform stability analysis for partly laminar flow solutions from both structured and unstructured grids
toward the development of a tool suite for an automated, CFD-integrated modeling of the transition process.
In principle, this tool suite would be easily extensible to either of the available CFD codes via a common
interface to the LASTARC code. An initial implementation of this type for the FUN3D code was presented
in a preceding work by Hildebrand et al. [28]. In the present work, we extend that capability to test and
demonstrate an automated, CFD-integrated transition prediction process that is based on a loose coupling of
the LASTRAC stability analysis tool with the structured, overset-grid compatible OVERFLOW CFD solver.
We emphasize that the goal of complete automation is yet to be achieved and that additional work is needed
to improve the robustness and achieve more thorough automation. The present work amounts to a progress
report on the ongoing effort toward achieving that goal. As an initial assessment, we have presented the
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results of applying the current toolset to simple, 2D canonical cases such as the flat plate and an NLF-0416
airfoil, as well as fully 3D configurations such as the prolate spheroid and the NASA juncture flow model
involving a wing based on a symmetric airfoil contour.
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Fig. 19. N-factor contours of TS waves (8 = 0) and stationary CF waves (f = 0) calculated with
nonorthogonal PSE for ¢ = 5°.
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Fig. 20. Transition fronts on the upper and lower surfaces of the top-bottom symmetric wing of the
juncture flow model, as predicted by the stability analysis and the LM2015 model, respectively.

The flat plate configuration was tested under a range of sufficiently low freestream turbulence levels,
using the extensive available data to assess the accuracy of the integrated prediction process. Availability of
data regarding the transition zone for this case also allowed for the calibration and assessment of the
intermittency distribution function that is designed to allow a smoother evolution of the laminar flow into the
turbulent flow. The incorporation of the intermittency function enhances the robustness of the iterative
convergence process and should also provide more accurate estimates of the transition zone length, and
hence, the integrated drag coefficient. The results from the integrated prediction tool compared reasonably
well with the data from the experiments and the automated process achieved iterative convergence within
four outer iterations of the cycle consisting of a CFD run followed by stability analysis.

The NLF-0416 airfoil was tested under conditions of two different Reynolds numbers and angles of
attack, allowing for transition scenarios involving both TS-instabilities as well as that induced by a laminar
separation bubble. This test case also allowed us to assess the robustness of the predicted solution to the
choice of initial transition location as part of the input parameters provided by the user. The results
demonstrated that the automated process is able to recover even when the initial transition location is
specified far upstream of the actual transition location and achieves convergence within four or five cycles
at most. The predicted results closely matched the available data from experiments as well as the predictions
based on LM2009 and AFT transition models. The same intermittency function that was used in the case of
flat plate was also applied here. However, given the possibility of a different transition scenario involving
the separation bubble, alternate definitions of the transition zone length need to be explored and assessed.
Such an effort is likely to lead to a more broadly applicable formulation of the intermittency function and
also help with transition modeling for more complex 3D cases.

The 6:1 prolate spheroid at @ = 10° was used to demonstrate the ability of the method to use a simplified
dual N-factor criterion for predicting transition scenarios involving a combination of both TS and CF
instabilities. While only two iterations of the prediction cycle were performed for this case, the results
indicate near-convergence and a good match against the experimental data. Additional iterations are in
progress to verify the convergence of the iterative process.

Finally, computations were performed for a wing-body combination model (namely, the juncture flow
model with top-bottom symmetric wing) that was used in wind tunnel tests at the NASA Langley Research
Center in 2022. These computations involved a crank chord-based Reynolds number of 2.4 million and an
angle of attack equal to @ = 5°, and were intended as a test for the applicability of the developed tool to
complex geometries relevant to aeronautical applications. Unlike the previous cases, only one iteration of the
coupled solver was run due to time constraints. Similar to the prolate spheroid case, both TS and CF
instabilities come into play on different portions of the wing and the pretest predictions from the initial run
of the integrated stability analysis tool matched well with those obtained using the LM2015 model that is
expected to work well for this low-speed configuration. Additional iterations of the coupled solver are
planned for and will be included in a future publication. The accuracy of these results can be further assessed
when data from the recently concluded experiment becomes available. For both 3D cases reported here, no
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intermittency distribution function was used due to a lack of information about the transition zone for cases
involving both TS and CF instabilities.

One of the major omissions from this paper pertains to performance comparisons highlighting the time-
to-solution aspects of the integrated approach vis-a-vis the RANS-based transition models. We deemed it
appropriate to defer such comparisons until after the workflow has been optimized and best practices have
been identified. Also, flow configurations involving transonic conditions and the potential presence of a
shock system will bring in additional transition scenarios and those, too, will be addressed in future work.

One significant bottleneck regarding the application of a stability-coupled computation of boundary-layer
transition is the need for well-resolved boundary layer profiles in the laminar parts of the mean-flow
computations which could lead to significant increase in computational costs and affect convergence,
especially in the context of complex 3D geometries. As part of PYLASTRAC development, a deep learning
model [26] was developed to perform intelligent interpolation of underresolved boundary layer onto a more
well-defined set of points across the boundary layer to carry out an accurate stability analysis. Such an
approach could significantly reduce the gridding requirements to be on par with regular RANS computations.
This technique will be further explored in our upcoming research efforts. Furthermore, significant additional
developments are still necessary to achieve a tool suite that can be deployed in more routine CFD
applications. One such enhancement that would benefit all CFD solvers is to improve the robustness of the
hands-off stability computation.

In the narrower context of the OVERFLOW solver, we note that the current PyYLASTRAC capability to
convert the CFD solution to a LASTRAC compatible mean flow is based on translating the CFD mean flow
to an unstructured fully tetrahedral grid solution format. This is easily achieved for either purely unstructured
grid solution or for point-matched multiblock structured grids. However, an overset grid setting often
involves multiple regions that are not perfectly matched across the regions of grid overlap. In such scenarios,
one must honor any I-blanking, donor-receptor relationships, and generate a LASTRAC compatible mean
flow based on a unique set of grid points and the corresponding values of solution variables. Development
of this capability is part of our ongoing work. Finally, we note that the present framework also allows an easy
replacement of the transition solver process based on the stability code to that using a reduced order model,
based on either curve fits or deep learning algorithms. The outcomes of our preliminary efforts on the latter
front have been promising, indicating a higher robustness to the quality and resolution of the mean boundary
layer profiles. Therefore, we also plan to integrate those models into the present tool as a more efficient
alternative to the actual stability computation.
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