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The first two phases of the NASA Juncture Flow experiment were carried out on a DLR-F6
swept-wing model and were designed to provide “CFD validation-quality” data toward the
assessment and improvement of existing CFD turbulence models in predicting onset and
extent of three-dimensional separated flow near the wing-juncture trailing-edge region. The
next phase of experiments will involve an NACA 0015-based swept wing, as prior risk
reduction experiments had indicated that this wing shape resulted in reduced separation near
the juncture region than the DLR-F6 wing, thus providing a better option to evaluate the
ability of CFD models to predict incipient turbulent separation. The NACA 0015
measurements will also include IR thermography to infer the variation of transition front
with respect to an increasing angle of attack. The primary objective of this work is to
computationally make a preliminary assessment of the transition front on both surfaces of
the NACA 0015 wing at a crank-chord-based Reynolds number of 2.4 x 10° for four different
angles of attack, (0°, 2.5°, 5° and 7.5°) and to determine the dominant mechanisms
responsible for transition. This assessment includes both RANS-based transition models
from NASA’s OVERFLOW 2.3b flow solver and linear parabolized stability equations (PSE)
stability analysis based on the Langley Stability and Transition Analysis code, LASTRAC.
Linear PSE results indicate that the upper surface of the wing is dominated by Tollmien-
Schlichting (TS) instabilities, and that the laminar flow region shrinks from about 50% chord
to a very small region just downstream of the attachment line as the angle of attack is
increased from 0° to 7.5°. Consequently, the transition fronts predicted by the Spalart-
Allmaras-based amplification factor transport (AFT-2017b) equation model (which accounts
for the TS instabilities alone) and the Menter’s shear-stress transport equation (SST2003)-
based Langtry-Menter transition model with ability to account for both TS and crossflow
effects (LM2015) compare well with those predicted using linear PSE. On the lower surface
of the wing, stationary crossflow (CF) instabilities begin to appear on the inboard portion of
the wing in addition to the TS-instabilities for the larger angles of attack (5° and 7.5°), further
reducing the laminar flow extent within the inboard region. The LM2015 model that accounts
for CF effects is able to replicate this trend but appears to predict a slightly earlier transition.
The outcome of this effort will inform the experiment and, when the actual experimental data
become available, provide further opportunity to assess and improve the various transition
models.
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Nomenclature

= drag coefficient [nondimensional]

skin-friction coefficient [nondimensional]

lift coefficient [nondimensional]

pitching moment coefficient [nondimensional]

surface pressure coefficient [nondimensional]

= Mach number [nondimensional]

= logarithmic amplification factor

= vector of base flow variables

= wvector of perturbation variables

= vector of amplitude variables

= Temperature [K]

(u,v,w) = streamwise, wall-normal, and spanwise velocity components [m s']
(x, v,z) = Cartesian coordinates [m]

x/c = chordwise coordinate scaled by reference chord length [nondimensional]
near wall grid spacing in wall units [nondimensional]
= angle of attack [deg], streamwise wavenumber [m™']

= gspanwise wavenumber [m']

= spanwise wavelength [m]

dynamic viscosity [kg/(m.s)]

= turbulent eddy viscosity [kg/(m.s)]

= disturbance angular frequency [rad s™']

= density [kg m?]

= gpatial growth rate [m™']

&N, Q) = streamwise, wall-normal, and spanwise coordinates [m]
ubscript
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I. Introduction

According to the CFD Vision 2030 [1], the most critical area in computational fluid dynamics (CFD)
simulation capability that will remain a pacing item for the foreseeable future is the ability to adequately
predict viscous flows with boundary layer transition and flow separation. A majority of CFD computations
are carried out under the assumption that the flow is turbulent everywhere, and they often use the
computationally efficient Reynolds-averaged Navier-Stokes (RANS) models. However, for certain
applications such as wings with natural laminar flow (NLF) technology or unmanned aerial vehicle design,
such strong assumptions can lead to significant errors in performance estimation. Furthermore, most of the
RANS models are incapable of modeling the process of laminar-to-turbulent boundary layer transition
because of the complexity involved in the physics of the transition onset process, and the inherent averaging
process in the RANS procedure makes it difficult to capture the development of the linear disturbances and
its subsequent nonlinear growth and eventual breakdown. Even in the case of fully turbulent flow, the RANS
models are incapable of accurately predicting the onset and extent of fully-separated flows that often arise
near the trailing-edge of an airplane wing near the wing-root junction or the wing-pylon intersection. With
these aspects in mind, NASA has recently embarked on conducting a series of experiments [2—10] aimed at
providing CFD validation quality flow-field data (including detailed characterization of boundary conditions,
quantification of experimental uncertainties etc.) to help assess and improve existing turbulence models.
The NASA juncture Flow experiment [2—6] is one such series of wind tunnel tests, conducted in the
NASA Langley 14- by 22-Foot Subsonic Tunnel between late 2017 and Spring 2020, designed to provide
detailed flow-field data along with quantified boundary conditions, geometry, and measurement uncertainties
regarding the separated flow that occurs near the wing-juncture trailing-edge region. The primary objective
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of the experiment was aimed at validating, assessing, and improving CFD turbulence models with regards to
prediction of such separated flows. The first two phases of this experimental campaign have been completed
and were on a generic full-span wing-fuselage junction model at subsonic conditions, with the wing being
modeled after the DLR-F6. Furthermore, in these experiments, the boundary layer was tripped near the front
of the fuselage and on both surfaces of the wing. As part of AIAA Scitech and Aviation 2020, special sessions
focusing on CFD results obtained with RANS and scale-resolving methods and its comparison against
measured experimental data were also organized. All the associated publications have been documented in
the NASA Juncture Flow website. ™ The next phase of the NASA juncture flow experiment is expected to be
carried out in early 2022, with a wing based on the NACA 0015 airfoil at the root. The NACA 0015-based
wing is expected to yield a much smaller separation than the F6-based wing, thereby providing data for
evaluation of the CFD model’s ability to capture incipient separation [3]. Additionally, as part of the
experimental campaign, there are plans to measure the transition location on the untripped swept wing over
arange of angles of attack, using IR thermography. As a result, this new series of experiments is expected to
help the assessment of RANS turbulence models as well as RANS-based transition prediction models.

RANS-based transition prediction models [11-21] have gained in popularity over alternate approaches
such as direct numerical simulations (DNS), wall-resolved large-eddy simulations (WRLES), stability-
theory-based approaches like the e’ method [22-25] or parabolized stability equations (PSE) [26]. Primary
reasons for this wide adoption of RANS-based approaches are: (i) less stringent grid resolution requirements
within the boundary layer; (ii) reduced computational cost; (iii) use of localized information, allowing for
massive parallelization and the use of unstructured grids; and (iv) less reliance on user expertise (as opposed
to that needed for stability-theory-based approaches, such as an adequate understanding of the transition
physics and hydrodynamic stability theory). The RANS-based transition models often rely on solving
additional transport equations and using correlations that determine the onset of transition, allowing the codes
to switch between operating in the laminar and turbulent modes. This approach clearly overcomes some of
the aforementioned limitations of stability-based transition prediction and is well-suited for generalizing the
established process for turbulent flow computations in a cost-effective manner. However, by virtue of lacking
an adequate representation of the complex transition process, such models often rely upon correlations
derived from a limited number of low-speed experiments or data derived from stability theory and do not
account for all the transition mechanisms and/or their variation with the significant flow parameters, thereby
being less amenable to an extrapolation to new configurations and must be validated on a case by case basis
in general. Thus, any additional quality data from experiments performed with CFD validation as the primary
objective would help evaluate and improve the accuracy of these transport-equation-based transition models.
Further details on the various approaches currently being used to predict/model transition can be found in
Refs. [27,28].

The primary purpose of the current work is to perform pretest CFD computations at selected flow
conditions for the NACA 0015-based NASA Juncture flow model by using the RANS-based transition
modeling capability available within NASA’s OVERFLOW 2.3b code [29] and to augment those
computations via detailed stability analysis of the boundary layer flow over the wing by using NASA’s
LASTRAC stability software [30, 31]. This effort should reveal important flow features, indicate the
dominant transition mechanisms, and characterize the influence of transition on the onset and the size of the
separated flow, hence informing the wind tunnel test. More importantly, such an effort will help with a blind
assessment of the transition prediction tools before the actual experimental data becomes available. Such an
assessment will help identify the gaps in the current models and, hence, contribute to our ongoing assessment
and refinement of the various transition models for swept wing configurations [32, 33, 34].

The paper is organized as follows. Sections II-IV provide details about the model configuration, the flow
solver, stability analysis tools, the transition models, and the flow conditions investigated. That is followed
by a discussion of the results from the stability analysis and RANS-based transition model in Section V. The
conclusions are provided in section VI.

I1. NASA Juncture Flow Model with the NACA 0015-based Wing
The model is a full-span wing-fuselage body and has the same fuselage as that used in the first two phases

of the experimental campaign with a nominal length of 4839+2 mm. The wing shape is based on the NACA
0015 airfoil with a wing span (tip-to-tip) of 332742 mm, has no dihedral and also includes an inboard,

* https://turbmodels.larc.nasa.gov/Other exp Data/junctureflow exp.html
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leading-edge horn. The crank chord was 581+1 mm and the leading-edge wing sweep was approximately
37.3 degrees. The entire configuration was top-bottom symmetric, unlike the F6-based wing. All of the tests
are expected to be 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. !t

I11. Flow Solver, Transition Models and Stability Analysis Tools

NASA’s OVERFLOW 2.3b [29], an implicit structured overset grid Navier-Stokes solver that is capable of
computing time-accurate and steady-state solutions via a variety of options for spatial and temporal
discretization, is used to obtain the mean flow for performing the stability analysis as well as for computations
involving RANS-based transition models.

A. Stability Analysis

Stability analysis of the boundary layers over the wing is studied with the nonorthogonal curvilinear
coordinate system as implemented in the LASTRAC.3D code [30]. The nonorthogonal curvilinear coordinate
system allows the selection of surface coordinates to be roughly aligned with the streamwise direction and
along the spanwise surface grid lines (which run parallel to the leading and trailing edges) in the spanwise
direction. The remaining coordinate is defined in the wall normal direction. Results for boundary layers over
infinite-swept-wing configurations have been shown to be identical between the orthogonal and
nonorthogonal coordinate systems [30]. In conventional quasiparallel linear stability theory (LST), the
boundary layer is assumed to be locally parallel by dropping the streamwise derivative terms and setting the
wall-normal velocity derivative equal to zero. However, here we use the PSE approach, where the streamwise
and spanwise curvature, along with nonparallel effects are also considered.

The PSE approximation is based on isolating the rapid phase variations in the streamwise directions. The
effects of instability wave propagation within a fully three-dimensional boundary layer can also be evaluated
by performing the parabolic integration along stream or group velocity lines. The variables (&,7,{) denote
the streamwise, wall-normal, and spanwise directions in the nonorthogonal coordinates and (u, v, w)
representing the corresponding velocity components. Density and temperature are denoted by p and T. The
Cartesian coordinates are represented by (x, y, z), respectively. The vector of perturbation fluid variables is

qeEn gt = (f), i, v, W, T)T, and the vector of amplitude functions is G(§,n,0) = (ﬁ, a,0,w, T)T, and the
— — — — =T . .
vector of basic state fluid variables is (&1, Q) = (p, u,v,w, T) . The streamwise and spanwise wave

numbers are a and [, respectively, and w is the angular frequency of the perturbation. The spanwise
wavelength is defined as A = 2m/f. The perturbations have the form

€ n, 6.0 =a@€mexp i (I aerdg' +p¢ —ot)] (1)

where the unknown, streamwise varying wavenumber a (&) is determined in the course of the solution by
imposing a normalization condition, that implies a slow variation of the amplitude functions G (&, 1, {) in the

streamwise direction in comparison with the phase term exp [i f;o a(E’)dE’]. Substituting Eq. (1) into the

linearized Navier-Stokes equations and involving the scale separation to neglect the viscous, streamwise
derivative terms, one obtains the PSE in the form

(L+mp)aem=o @)

The entries of the coefficient matrices for L and M with a more detailed description of the method can be
found in the Refs. [27, 30, 31]. In this work, the local line-marching approach, where the PSE marching is
performed along a preidentified streamline path along the surface, has been adopted. More details on this
approach can be found in Ref. [30]. The nonparallel growth rate of the disturbances along a streamline with
a selected combination of w and {3 is defined as

 https://turbmodels.larc.nasa.gov/Other exp Data/JunctureFlow 0015/junctureflow 0015 exp.html
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1dK

opse (& @, B) = —I() + 55, (3)

where K is based on the Kinetic energy norm.

1. The Dual N-factor Method
The onset of laminar-turbulent transition is estimated using the logarithmic amplification ratio, the so-called
N-factor, relative to the lower bound location &;;, where the disturbance first becomes unstable,

N(w,B) = = [ o(§,®,B)dg. (4)

Here, we assume that transition onset is likely to occur when a function of N-factor envelope values based
on stationary crossflow instability waves, N¢, and based on travelling Tollmien-Schlichting instability
waves, Ny, reaches a certain threshold [34-36]. The expression of the dual Ny — N criterion can be
written as

(2ms)"™ o () 2 ®
NTs,c NcFc

where the subscript ¢ refers to the critical value, and the exponents arg and a-r control the level of interaction
between the two types of instability waves.

B. RANS-based Transition Models

RANS-based transition models available in OVERFLOW 2.3b include: (i) the two-equation Langtry-
Menter transition model (LM2009) [14,15] based on the year 2003 version of Menter’s shear-stress transport
(SST) RANS model [36,37], along with the modifications proposed by Langtry et al. [39] to account for
crossflow induced transition (LM2015); (ii) Coder’s [19, 20] 2017b version of the amplification factor
transport (AFT 2017b) equation-based model that uses the Spalart-Allmaras (SA) model [40]; and (iii) the
Medida-Baeder model [16], which is a reformulation of the Langtry-Menter transition model to allow its
integration with the SA model. The AFT and Medida-Baeder models, as implemented in OVERFLOW, can
only account for Tollmien-Schlichting (TS) waves induced transition and cannot account for crossflow
effects. As alternate implementations of crossflow models [41-46] to explore crossflow effects induced by
mechanisms other than roughness are not available under OVERFLOW 2.3b, the LM model (LM2015
mainly) and the AFT2017b model are primarily used as part of this research work. According to the
nomenclature of NASA’s turbulence modeling resource,’® these transition models should ideally be referred
to as SA-AFT2017b and SST-2003-LM2009/LM2015, respectively. However, for sake of brevity, they will
be referred to as AFT2017b and LM2009/LM2015 throughout this work.

IV. Flow Conditions and Grid Details

The flow conditions investigated as part of this work. correspond to a freestream temperature of 288.84K,
Mach number of 0.189, a Reynolds number based on the crank chord (MAC) equal to 2.4 x 10°, and four
different angles of attack: 0°, 2.5°, 5°, and 7.5°, respectively. These conditions match some of the planned
test conditions for the experiment. The free stream turbulence intensity (FSTI) was prescribed to be 0.08%
based on previous characterization of the tunnel [47], and the surface roughness of the model was specified
to be 3.3 um based on the roughness levels generally seen on a painted surface [48].

While the original model is full span, the computation carried out on a semispan geometry under the
assumption of symmetry being enforced on 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), as shown in Fig. 1. 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

$§ https://turbmodels.larc.nasa.gov
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near-wall spacing of 2.6 x 10 mm (y+ = 0.5), a growth rate of 1.02, 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. In addition to the baseline grid, a coarser and finer grid were also generated
through uniform refinement toward a grid convergence study. The coarser grid contained two-thirds the
number of points in each of the three directions as that of the baseline grid, while the finer grid had 1.5 times
the number of points in each of the three directions as that of the baseline grid, respectively. Adiabatic wall,
symmetry, and freestream boundary conditions were used for the computations.

V. Results

We begin by presenting the mean flow solutions that are needed for the stability analysis of the boundary
layer at the selected flow conditions. Then, the instability characteristics of those mean flows are analyzed
by using the PSE formulation and the transition front is determined using the N-factor values determined
from the analysis. Subsequently, results from computations using the RANS-based transition models are
presented and compared against results from the stability analysis. All the solutions were obtained by running
the OVERFLOW solver in a steady-state manner by using the 3™-order Roe upwind scheme [49] and the
unfactored successive symmetric overrelaxation (SSOR) implicit solution algorithm [50].

In the following sections, surface pressure (and skin friction) variations at various spanwise locations
indicated in Fig. 2 are often used to get an understanding of the flow at the selected flow conditions, and to
compare the results obtained using the different approaches.

(a) Surface mesh topology (b) Wing-collar region

(¢) Wall-normal grid section for the wing

Fig. 1. Overview of the near-body mesh.
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Fig. 2. Spanwise stations where surface pressure data are compared.

A. Mean Flow Solutions

The mean flow computations at the desired flow conditions were carried out by using the Spalart-Almaras
RANS model with Rotation-Curvature correction (RC) [51], quadratic constitutive relation (QCR2000) [52],
along with imposition of the transition front on the wings. Under these settings, the boundary layer remains
laminar until the specified location of the transition. The transition front was specified such that one obtained
maximum laminar flow extent, 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 using
the pressure distribution obtained from a fully turbulent simulation, to set the transition front as far
downstream as possible from the suction peak to not cause any separation. This process may require multiple
iterations. The fuselage itself was run fully turbulent (letting the model automatically transition from laminar-
to-turbulent without specifying any trip locations).

Figure 3 shows the contours of the pressure coefficient over the semispan juncture flow model with the
NACAO0015-based wing for the computation with an imposed transition front at different angle of attack
conditions. To gain a better understanding of the pressure distribution across the wing, the distribution at
selected spanwise locations on the wing are also shown in Fig. 4. From Figures 3 and 4, it can be inferred
that if one ignores the region close to the root of the wing (see the results at y = 270mm in Fig. 4), the flow
over the upper surface of the wing undergoes quick acceleration near the leading edge at all angles of attack,
with the downstream portion of the wing being under an adverse pressure gradient that becomes stronger
with an increasing angle of attack. Near the root of the wing, the suction peak appears to be further
downstream from the leading edge and only at « = 7.5° does the suction peak appear to be at the leading
edge. Furthermore, at o = 7.5°, near the root of the wing, there appears to be a small region of weak adverse
pressure gradient followed by a weak favorable pressure gradient region, before switching to an adverse
pressure gradient region completely along the chordwise direction. On the lower surface of the wing, all the
spanwise locations appear to experience a region of acceleration followed by a region of weak adverse
pressure gradient. For a = 7.5°, between x/c = 0.2 and 0.8, the pressure appears to be nearly constant. For
o = 0°, with the NACA 0015-based wing being symmetric in geometry, the pressure distribution on both the
upper and the lower surface are identical. The forces and the pitching moment coefficients for the
computations with an imposed transition are listed in Table 1 for the different flow conditions.

To ensure that the solutions of the mean flow utilized for the stability analysis are grid converged, the
computations were repeated using the coarse, baseline and fine grids for & = 5° by imposing the transition
front on the wing at identical locations (to the extent permitted by the grid resolution). The distribution of
pressure and skin-friction coefficient along the streamwise direction at selected spanwise stations are shown
in Fig. 5 and they all collapse well with each other. The transition location on the upper surface for coarse
grid alone appears to be slightly downstream by a distance of less than 3% local chord. The net effect from
this is that the mean flow used in the stability analysis will have a slightly larger laminar region, but that will
not affect the overall prediction themselves. The reasonable agreement between the solutions obtained with
various grid resolutions indicates that the baseline grid has adequate resolution for use with stability analysis.
The force and moment coefficients obtained with these different grids are listed under Table 2 and indicate
that the lift and drag coefficients also compare reasonably well with each other. However, the pitching
moment coefficient obtained with the fine grid is much higher than the value obtained with either the baseline
or coarse grid and it was not clear as to what was causing it. Looking into the loading on the wing component
of the model alone, it appeared that there was reasonable match between the forces and moment coefficients
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obtained using the three different grids. Thus, the shift in pitching moment must be coming from the fuselage

component and needs further investigation.
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Fig. 3. Surface pressure distribution contours for the selected flow conditions on the baseline grid. The

contour lines are also shown on the wing portion.
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Table 1 Force and moment coefficients for the baseline grid computations with an imposed front.

Angle of Attack CL Co Cn
a=0.0° -0.00213 | 0.02183 | 0.00108
a=2.5° 0.19456 | 0.02486 | -0.01519
a=5.0° 0.39460 | 0.03321 | -0.03798
a=7.5° 0.57909 | 0.04490 | -0.05494
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Fig. 4. Variation of surface pressure distribution on the baseline grid with change in angle of attack at
selected spanwise stations on the wing.

Table 2 Force and moment coefficients for the computations with an imposed front using different
grid resolution for a = 5°.

CL CD Cm

Coarse Grid | 0.38659 | 0.03274 | -0.03776
Baseline Grid | 0.39460 | 0.03321 | -0.03798
Fine Grid 0.41375 | 0.03340 | -0.05234
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Fig. 5. Comparison of surface pressure and skin-friction distributions at various stations on the wing
obtained with an imposed transition on different grid levels for a = 5°.
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To enable a direct comparison between the predicted transition fronts based on the stability analysis and
the RANS-based transition models, respectively, one must ensure that the pressure distributions from those
solutions match with each other. To that end, the streamwise pressure distributions at a total of four selected
spanwise locations are plotted in Fig. 6 for « = 0° and ¢ = 7.5°. It is evident that the solutions with an
imposed transition front and the RANS-based transition models indicate an excellent match, with the sole
exception of the suction peak pressure level being slightly higher than those from the RANS-based transition
models for the case of @ = 7.5° in the most inboard section (y = 270 mm; see Fig. 6(a)).
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Fig. 6. Comparisons of predicted surface pressure coefficient for & = 0° and 7. 5° obtained at selected
spanwise locations using the SA model with an imposed transition front and RANS-based transition
models.

B. Instability Characteristics

The N-factor envelopes obtained with the baseline grid and the nonorthogonal PSE are discussed in this
section. Figures. 7-11 display the contours of Nzs and Nc¢r within the laminar region of the solutions for o =

0°,2.5°,5° and 7.5°, respectively, for both the upper and the lower surfaces of the wing.

For a = 0°, TS amplification appears to dominate the instability on either side of the wing, with Nz
values reaching values of greater than 9. The dominance of TS waves is attributed to the moderately adverse
streamwise pressure gradient over a majority of the upper and lower surfaces, as seen from the plots in Fig.
4. Crossflow effects appear to be relatively insignificant, as seen from Fig. 7. Ignoring small asymmetries,
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the N-factor envelopes obtained for both surfaces of the wing at a = 0° are nearly similar. Based on the Nrg
levels, one expects approximately 50% of the wing to be remain laminar regardless of the spanwise position.

Figure 8 shows that the TS waves continue to be the dominant instability mechanism at a = 2.5°. N¢r
levels do reach a value of around 6 within a small region beyond the midchord location as one approaches
the Yehudi break region on the lower surface of the wing. Due to the small shift in pressure distribution
relative to the a = 0° condition, as seen from Fig. 4, the region of maximum Nzs at a = 2.5° has shifted
similarly upstream on the upper surface and downstream on the lower surface, in comparison with the peaks
of Nrsata = 0°.
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(b) Lower surface

Fig. 7. N-factor contours of TS waves (f = 0) and stationary CF waves (f = 0) calculated with
nonorthogonal PSE for a = 0°.

As the angle of attack increases to a = 5°, the inboard region of the lower surface of the wing starts to
indicate a region of large Ncr values, signifying significant stationary crossflow effects as observed from Fig.
9. 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 both
large Nrs and Nc¢r values (see Fig. 9 (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 moves further upstream and closer to the leading edge throughout
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the model span, with the contour lines for N7s 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. We recall that the a = 5° condition
was also chosen for the grid convergence study. Therefore, the N-factor contours obtained from the stability
analysis of the mean flow solutions computed using the coarse and fine grids, respectively, are shown in Fig.
10 (where the results for the lower surface alone have been shown for the sake of brevity). The contour plots
for the different levels of grid resolution in Figs. 9 and 10 are nearly identical to each other, and therefore,
one may conclude that both the mean flow solutions and the results of the stability analysis are indeed
insensitive to the level of grid resolution.
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Fig. 8. N-factor contours of TS waves (f = 0) and stationary CF waves (f = 0) calculated with
nonorthogonal PSE for a = 2.5°.
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Fig. 9. N-factor contours of TS waves (f = 0) and stationary CF waves (f = 0) calculated with
nonorthogonal PSE for a = 5°.

The results for « = 7.5° in Fig. 11 are limited to the shorter laminar region on the upper surface of the
wing. Although it may not be easy to discern from this plot, N7s quickly reaches values greater than 7 on the
upper surface of the wing for spanwise locations inboard of the region near the crank. Beyond that, due to
the limited laminar region, the Nzs does not get to a critical value. As a result, we will need to attempt
recomputing these results with a slightly larger laminar region. N¢r continues to remain insignificant all along
the upper surface due to the rapid acceleration near the leading edge followed by a strong adverse pressure
gradient (see Fig. 4). On the other hand, on the lower surface of the wing, crossflow effects completely
dominate the entire span of the wing as indicated by large regions with N¢r values larger than 7. Nrg is around
5 for most of the part, with tiny regions experiencing values around 7, thereby indicating that TS is not the
main instability mechanism on the lower surface. This could also be attributed to the nearly constant
streamwise pressure distribution one saw at various spanwise stations in Fig. 4 on the lower surface for this
flow condition. Favorable or zero pressure gradients in general tend to suppress growth of TS-instabilities.
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Fig. 10. N-factor contours of TS waves (8 = 0) and stationary CF waves (f = 0) calculated with
nonorthogonal PSE for the lower surface of the wing at @ = 5° using the coarse and fine grids.

Finally, the dual Nrs--Ncr criterion of Eq. 5 is evaluated by using the PSE results presented above. 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;¢ =3 and a.r = 3. The predicted transition locations obtained by using these
values in Eq. 5 are shown for the different angle of attack flow conditions in Fig. 12 for both the suction and
lower surfaces of the wing. One can clearly see that the transition front on the upper surface moves upstream
toward the leading edge of the wing with an increase in angle of attack and the front largely remains parallel
to the leading edge. For a = 7.5°, due to the limited laminar region, the front on the upper surface appears
to terminate prematurely around the crank region. On the other hand, on the lower surface, the transition front
does move downstream on the outboard portion of the wing; while on the inboard, the increased crossflow
instability seen at higher angles of attack appears to shrink the laminar extent. Thus, the trends shown here
nicely encapsulate the various aspects of the instabilities discussed in the preceding paragraphs.

15



Downloaded by NASA LANGLEY RESEARCH CENTER on January 17, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2021-2502

T T — T
16F i . 16F .
141 . 14 .
I Ny ] i Ner ]
12F 10 12F B 0
r 9 ] i 9
~ | / 1 = F 8 ]
Ef / Ig- & 1r 7 7]
>~ [ 7] >~ | ]
i 6 | i 6 ]
0.Sj 5 7] 0.Sj B 5
i 4 B |
0.6 E3 . 0.6 3 4
r . ] i -
04F 14 04} .15
r 0 | r (U

W IR IR A RSN EENEE SNV SN S T IR BRI B SRS RS SRS SRR
22 24 26 28 3 32 34 36 2 22 24 26 28 3 32 34 36

x (m) x (m)
(a) Upper surface

T T T T T T
g 1 sk ]
14 . 14 .
i Ny i cF ]
12k mm 10 ] 12F 10
B 9 B 9 ]

= . S s 1 ~ | 8 ]
& 1 7/ 7 & 1F 7 7]
- | ol - » N
i 6 ] 6 |
0.8 5 0.8 B S
i 4 i 4
0.6 E3 = 0.6 BS—
i > i 2 ]

i ] i g 7 ]
04 14 04 . .
i .0 1 i 0

i IS EVEETE NSV ENENENE SRS EYSTEE ST SR i IS ETEETE ENETEE ENENETE SETATE ENSTETE SV SR
22 24 26 28 3 32 34 36 22 24 26 28 3 32 34 36

x (m) x (m)

(b) Lower surface

Fig. 11. N-factor contours of TS waves (8 = 0) and stationary CF waves (f = 0) calculated with
nonorthogonal PSE for a = 7.5°.
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Fig. 12. Predicted transition front using the dual N7s--Ncr criterion for the different flow conditions
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C. RANS-based Transition Model Solutions

In this section, we discuss the results obtained using RANS-based transition models. For the SST-based
Langtry-Menter model, FSTI was enforced by using the option to sustain the desired FSTI level in the near
field by adding source terms to the SST- model, as put forth by Spalart and Rumsey [52]. This was done by
specifying FSTI = 0.08% at the inlet along with (u;/Winer = 1. For the AFT model, the critical
amplification factor, N, was determined within the model based on the enforced FST = 0.08% using Mack’s
relationship [54]. Most of the computations, unless specified otherwise, were carried out with the baseline
grid.

1. Influence of Transition Model

A preliminary assessment of the suitability of the transition models to this particular problem was carried
out by performing computations on the coarse grid for « = 5° using the LM2015 model that accounted for
both TS and stationary CF, and the two models that accounted for TS effects alone, namely LM2009 and
AFT2017b. The sectional pressure distribution at selected spanwise locations obtained using the different
models is shown in Fig. 13 and indicates a good match between the various models, with the exception of a
tiny region around where the models predict transition. To understand how this pressure distribution
translates in terms of predicted laminar extent, the predicted fronts from the different models are shown in
Fig. 14, using turbulence index contours. The turbulence index is an indicator for transition in the CFD
computations, the definition for which was originally proposed by Spalart [40]. The definition of the index
differs between the SA [40] and SST [55] models , and as a result, in SA-based transition models that value
always lies between 0 and 1, while for SST-based transition models, its value does appear to exceed 1 in
turbulent regions (values around 2.5 were seen for the computations shown herein) based on our limited
experience with it. A turbulence index value of 0.95 (value of 0 indicating laminar regions) and above
appears to reasonably indicate the location of transition for this configuration (as it coincides with the location
around which the skin friction distribution jumps from its laminar value to the turbulent level). On the upper
surface, all three models predict similar transition fronts, given that the flow is dominated by TS-instabilities
here. On the lower surface, LM2015 alone predicts a slightly smaller laminar extent in the inboard portion of
the wing as one approaches the root of the wing, while very little difference exists between LM2009 and
AFT2017b results. This is a consequence of CF-instabilities being dominant in those regions, as was pointed
out in the stability analysis and only the LM2015 model accounts for the stationary CF effects. Consequently,
for the rest of the study, we will be utilizing the LM2015 model in addition to the AFT2017b model that will
serve as a representative model that accounts for TS effects alone (instead of LM2009 model). Picking these
two models also allows for use of two different baseline turbulence models.
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Fig. 13. Comparison of surface pressure distributions at selected spanwise stations on the wing
obtained using different transition models on the coarse grid for & = 5°
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Fig. 14. Predicted transition behavior as depicted via turbulence index contours for a = 5° obtained
using different transition models on the coarse grid.

2. Grid Convergence

To ensure that the solutions computed with these RANS-based transition models are grid converged, the
computations were repeated using the coarse, baseline and fine grids for &« = 5° using the LM2015 and
AFT2017b model. Results from the LM2015 model alone will be shown here for brevity. The streamwise
distribution of the pressure coefficient at selected spanwise stations are shown in Fig. 15 and they all collapse
well with each other. The more important transition fronts are shown in Fig. 16. On the upper surface of the
wing, the transition fronts appear to be grid converged. On the lower surface, there appears to be differences
in the inboard region from the side of the body to around the crank, while they appear to be grid converged
on the outboard portion of the wing. Investigating further, it was seen that the fronts as predicted by the
coarse and baseline grids had converged without changing when the computations were continued, while the
front from the fine grid was still changing by small amounts in the region around the crank, indicating that
computation was insufficiently converged. Therefore, the results from the fine grid should be considered as
preliminary. Also, the results from the baseline grid indicates a sinusoidal front in this region and it was
unclear as to what was causing this. Similar slower convergence on the fine grid was also seen with the AFT
model. In general, the overall transition fronts in Fig. 16 are very similar to the front predicted based on the
stability analysis, thereby giving confidence that the baseline grid should be adequate. For additional
confirmation to ensure that the grids were adequate, the coarse and baseline grids were used with both
AFT2017b and LM2015 models at the other flow conditions and the resulting fronts from the two different
grids did match closely with each other on the upper and lower surfaces of the wing for all the conditions.
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Fig. 15. Comparison of surface pressure distributions at various stations on the wing obtained with
LM2015 on different grid levels for & = 5°.
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Fig. 16. Transition fronts on the upper and lower surfaces of the NACA 0015 wing as predicted by the
LM2015 model with different grids for a = 5°.

3. Computations at ¢ = 0°,2.5° 5° and 7.5°

Results from the computations performed with the LM2015 and AFT2017b models for all the flow conditions
considered are discussed in this section. Figures 17 — 20 show the turbulence index contours on the model at
different flow conditions using the two transition models. Figure 21 provides an overview of the fronts’
change with model and angle of attack. As Fig. 17 indicates, at « = 0°, there is very little difference in the
fronts predicted by the two models, as this flow condition is dominated by TS-instabilities. The AFT2017b
model does indicate a region of small oscillation in the transition front around the crank. As the angle of
attack increases, one can observe that the fronts predicted by the two models are similar to each other on the
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upper surface of the wing, with the extent of laminar flow region shrinking with an increase in angle of attack.
As was confirmed by the stability analysis, the upper surface of the wing always appears to be dominated by
TS-instabilities and hence the reasonable match between LM2015 and AFT2017b results is expected.
However, on the lower surface of the wing, one can notice the differences between the fronts predicted by
the two models. The AFT2017b consistently predicts an increasing laminar flow extent with an increase in
angle of attack (see Fig. 21 (a)), with almost the entire wing being under laminar flow at higher angles of
attack. On the other hand, with the LM2015 model (see Fig. 21 (b)), the laminar extent increases only on the
outboard portion of the wing. Even within the outboard region, as one moves to a = 5° and a = 7.5°, the
separation between the fronts shrinks. Furthermore, the inboard section starts to see a reduced laminar flow
region with an increase in angle of attack. It was pointed out in the stability analysis section, at « = 5° and
a = 7.5° the pressure distribution on the upper surface of the wing is such that it promotes stationary
crossflow instabilities and there are also regions of mixed TS-CF instabilities. The results from LM2015 are
consistent with those observations. Also, at all angles above 0°, the AFT2017b model always predicts a much
larger laminar flow region on the bottom part of the fuselage as compared to the LM2015 model. The forces
and the pitching moment coefficients for the computations with the two different transition models for the
different flow conditions are listed in Tables 3 and 4. These values compare reasonably well with those from
the computations with an imposed transition front. It can also be seen that, as the AFT2017b predicts a larger
laminar flow region on the bottom fuselage and the lower surface of the wing, the computed drag coefficient
is smaller than that from LM2015.
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Fig. 17. Predicted transition behavior as depicted via turbulence index contours for & = 0° obtained
using different transition models on the baseline grid.
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Fig. 18. Predicted transition behavior as depicted via turbulence index contours for a = 2.5° obtained
using different transition models on the baseline grid.
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Fig. 19. Predicted transition behavior as depicted via turbulence index contours for a = 5° obtained
using different transition models on the baseline grid.
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Fig. 20. Predicted transition behavior as depicted via turbulence index contours for @ = 7.5° obtained
using different transition models on the baseline grid.

Table 3 Force and moment coefficients from the computations using LM2015.

Angle of Attack C Co Cm

a=20.0° 0.00000 | 0.01977 | 0.00003
a=2.5° 0.19370 | 0.02286 | -0.01501
a =5.0° 0.39121 | 0.03081 | -0.03473
a=7.5° 0.59305 | 0.044734 | -0.06297

Table 4 Force and moment coefficients from the computations using AFT2017b.

Angle of Attack CL Co Cn

a=20.0° -0.00023 | 0.02038 | 0.00026
a=2.5° 0.19474 | 0.02271 | -0.01511
a=25.0° 0.39227 | 0.03008 | -0.03536
a=17.5° 0.59365 | 0.04326 | -0.06414
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Fig. 21. Variation of predicted transition front with change in angle of attack obtained using different
transition models.

To provide an overall comparison between the various results discussed so far, the transition fronts as
obtained from the stability analysis are compared against those from the LM2015 model in Fig. 22 for all the
flow conditions investigated. On the upper surface of the wing, with TS being the dominant instability mode,
the fronts predicted by the transition model appears to closely match that from the stability analysis. The one
exception is the result from the stability analysis for a = 7.5°, for which the transition front terminated mid-
span, because of the small laminar flow region used for mean flow computations in the outboard portion of
the wing. These appear to be qualitatively similar to what was observed from the IR imagery shown in Fig.
23, that were obtained in 2016 as part of risk-reduction experiments [3]. Due to lack of precise geometric
data about the risk-reduction model and small distortions in the IR images (probably due to the camera angle),
the transition front obtained from the computations could not be overlaid on top of these images to provide a
more direct measure. However, these images clearly also show that the laminar flow extent on the upper
surface of the wing shrinks with an increase in the angle of attack. On the lower surface of the wing, the
predicted fronts from LM2015 closely match those from stability analysis in the outboard portion of the wing.
In the inboard portion, the transition fronts predicted by the linear stability correlation and the LM2015 model
agree well with each other for a = 0° and a = 2.5°. However, for a > 2.5°, the LM2015 model predicts a
slightly smaller laminar flow extent within the inboard region than the corresponding prediction based on the
linear stability analysis. No IR images from the risk-reduction experiment were available for the lower
surface of the wing. However, because of potentially mixed-mode transition on the lower surface, transition
measurements on that surface are expected to provide valuable data toward the calibration (or assessment) of
the various transition models.
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Fig. 22. Transition fronts on the upper and lower surfaces of the NACA 0015 wing as predicted by
stability analysis and LM2015 model. Lines indicate results from the stability analysis using the dual
Nr1s — NTcrcriterion and the symbols correspond to LM2015 results. Lines and symbols
corresponding to an angle of attack are in the same color.
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Fig. 23. IR Imagery of the upper surface of the NACA 0015 wing from the risk-reduction Experiment
[3] at different flow conditions.

Given the focus of the NASA Juncture Flow experiment on the flow separation near the wing-juncture
region near the trailing edge, the contours of skin-friction at the model surface are shown in Fig. 24, for the
case of the LM2015 transition model and an angle of attack equal to 7.5 degrees. In this plot, a cut-off below
0 has been applied to the contour levels to identify the separated flow region; the wing-juncture region near
the trailing edge that appears in gray/white color represents the separated flow region. As indicated in Fig.
24, one does see a small, separated flow region near the wing juncture trailing edge region even in the case
of an NACA 0015-based wing. For all of the flow conditions investigated in this work, there was a small,
separated region near the wing juncture close to the trailing edge on the upper surface of the wing (and also
on the lower surface for a = 0°). The region of separation had the smallest extent for « = 0°, with the length
of the region in the streamwise direction being around 54 mm and 5 mm in the spanwise direction. For the
remaining conditions, the separation region was approximately 67 mm long in the streamwise direction
(larger by 24% as compared to a = 0°) and 8mm wide in the spanwise direction (larger by 60% as compared
to o = 0°). It remains to be investigated how these bubble sizes compare to computations performed under
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the assumption of being fully turbulent everywhere, to evaluate the impact of transition. Another aspect that
deserves mention is that, in all the computations performed, one did not encounter any laminar separation, as
the boundary layer naturally transitioned upstream of where a nominally laminar boundary layer would have
separated.

Cr 0.001 0.002_0.003_0.004_0.005

Fig. 24. Contours of skin friction (cut-off applied for values below 0) on the model surface to indicate
regions of separated flow for an angle of attack equal to +7.5 degrees. The trailing-edge region around
the wing-juncture has been highlighted for convenience.

VI. Concluding Remarks

Pretest computational assessment of boundary layer transition on the NASA Juncture flow model with
the NACA 0015-based wing was carried out for a selected set of flow conditions. The transition analysis was
performed via two different approaches involving NASA’s OVERFLOW 2.3b CFD solver and the
LASTRAC stability solver, namely, (i) LASTRAC based PSE marching along the streamline based on a
partially laminar basic state obtained from OVERFLOW 2.3b by using the SA turbulence model along with
an imposed transition front; and (ii) the RANS-based SA-AFT2017b and SST-2003-LM2009/LM2015
models within OVERFLOW 2.3b.

The stability computations revealed that the upper surface of the wing is dominated by TS-instabilities at
all angles of attack within the range of 0° <" a <'7.5°, with the laminar flow extent being as large as 50%
chord at @ = 0° but steadily shrinking with an increasing angle of attack. At @« = 7.5°, the laminar flow
region is predicted to be rather small, with transition happening within a short distance downstream of the
attachment line. On the lower surface of the wing, TS-instability continues to be the dominant mode across
the entire wing span for @« = 0° and a = 2.5°. At higher angles of attack, the CF instability starts to
dominate within the inboard portion of the wing and in regions around the crank. The inboard region also
displays mixed TS-CF instability. The extent of laminar flow region on the outboard region of the lower
surface is predicted to increase with the angle of attack for all angles considered herein and consistently
covers more than 50% of the wing chord. At higher angles of attack alone, the laminar flow region in the
inboard portion of the lower surface of the wing starts to reduce with an increase in angle of attack due to the
growing influence of CF instability in this region, arising from the slightly favorable pressure distribution.

Given the dominance of the TS instability on the upper surface of the wing, both the AFT2017b model
and the LM2015 model yielded very similar predictions for the transition front, and those predictions also
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compared well with the transition front predicted by the stability analysis based on the dual N7s— Ncr criterion
at all the flow conditions considered herein. They also compared qualitatively well with the IR images
obtained during the risk-reduction experiments. However, as the AFT2017b model does not account for
stationary CF effects, it was unable to predict the reduction in the laminar flow extent within the inboard
spanwise region on the lower surface of the wing when the crossflow effects became significant at a =
5° and 7.5°. On the other hand, the LM2015 model that includes the crossflow extension was able to
correctly predict the upstream shift in transition location within that part of the wing. However, in comparison
with the transition front based on the stability analysis, the LM2015 model indicated a slightly earlier
transition within the inboard portion of the wing at « = 5° and 7.5°. In that regard, it would be interesting
to evaluate the predictions of other crossflow transition models that account for the CF effects without relying
on input information regarding the surface roughness, unlike the LM2015 model. Exploring the sensitivity
of the model to assumed roughness levels will also be useful to determine the appropriate “equivalent”
roughness parameter that will provide good matches in predicted transition front against those based on
stability analysis and from the experiment. Another aspect that remains to be investigated is the influence of
attachment-line instabilities. Additionally, studying the influence of Reynolds number is also likely to help
characterize conditions under which laminar separation is most likely to occur. Overall, the reasonable
comparison between the transition front predicted by the stability analysis and the LM2015 model provides
increased confidence that the data produced from this study will better inform the planned wind tunnel test.
When the actual wind tunnel test is completed and data becomes available, we will perform a more detailed
quantitative assessment of the transition fronts predicted by these transition models against measured data
and help improve the transition models.
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