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Swept wings and control surfaces are common elements of modern aircraft, and it has
been shown both experimentally and theoretically that laminar-to-turbulent transition of the
three-dimensional boundary layer that develops over them is highly sensitive to surface rough-
ness. Numerous studies have been conducted on the effect of discrete roughness elements or
distributed roughness elements on swept flow transition, however so far limited computational
effort has been dedicated to the study of transition over swept wings with randomly distributed
micron-sized roughness. In the present work, we set up to reproduce the extensive experimental
data base generated by Dagenhart et al [1]] for the infinite swept wing NLF(2)-0415. To this
purpose, we perform scale-resolving simulations of flow transition over smooth and rough sur-
faces using a high-order space-time spectral-element Discontinuous-Galerkin solver. Different
types of surface roughnesses are implemented by elastically deforming the original mesh. The
study shows that the experimental results cannot be accounted for by a perfectly smooth wing
and reveals a strong sensitivity of the transition process to the representation of the surface
roughness. The crossflow patterns and transition location approach those measured for some
of the surface profiles, however a correlation between the wavenumber spectrum of the surface,
grid resolution and boundary layer stability is yet to be established.

I. Introduction

The lack of reliability of current models to predict laminar-to-turbulent transition over the flight envelop of aircraft is
still limiting the extent to which design can rely on computational tools, while making costly wind tunnel and flight
tests a necessity [2]. Prediction of transition on practical three-dimensional wing geometries using the ¢” method
coupled with laminar boundary layer and linear stability codes [3l 4] or local statistical correlation CFD models such
as the vy — Rey Langtry-Menter model [5] have proven challenging [6H8]], whereas transitional hybrid RANS-LES
solvers have shown encouraging but still mitigated results [9H11]. The crossflow models implemented in RANS solvers
[12, 113115 16]] account for the effect of roughness in a somewhat rudimentary way. For example the popular crossflow
extension of the Langtry-Menter model [[15] incorporates the effect of surface roughness on the transition momentum
thickness Reynolds number through a correlation to experimental data gathered by Ref. [17]] Radeztsky et al. for the
NLF(2)-0415 swept wing for different surface finishes [17]] augmented by linear stability analysis, and by Kreplin for
the inclined prolate spheroid [[18]]. In his experiments, Radeztsky observed that a paint roughness with 9um profile
height could increase the transition Reynolds number by 70%, compared to a highly polished surface with 0.25um
roughness height. In contrast, Reibert et al. observed an insensitivity of transition to an artificial distributed roughness
array with an amplitude of 6um or greater applied near the leading edge, as a result of premature nonlinear amplitude
saturation of narrow-banded modes [19]].

The capability to quantitatively predict the different stages of flow transition on a swept wing with realistic broad
band micron-sized surface roughness (as opposed to model problems with roughness designed to excite selected modes)
from the onset of crossflow instability to secondary instabilities and three-dimensional turbulent breakdown has not been
demonstrated yet. Although computationally expensive, scale-resolving simulations provide insights on the mechanisms
driving transition and validation data bases that can be used for transition model development. In the present work,
scale-resolving simulations of laminar-turbulent transition over an infinite swept wing are performed and validated
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against the experiments conducted by Dagenhart et al. on a 45° swept NLF(2)-0415 wing [1]. We investigate the
ability of different surface patterns to capture the dominant crossflow modes and transition location. In the next section,
we describe the spectral-element methods used to carry out the simulations. Section III outlines the NLF(2)-0415
experiments and simulation set-up, including the definition of the investigated surface roughnesses. The results obtained
for the smooth and rough wings are discussed in Section I'V. Finally, concluding remarks are provided in Section V.

II. Numerical methods

The compressible Navier-Stokes equations are solved using a high-order space-time spectral-element discontinuous-
Galerkin (DG) method with an entropy stable formulation [20522]. It utilizes numerical methods and linear algebra
kernels that were optimized to exploit current and projected HPC capabilities, making the code highly efficient and
scalable [21} 23| 24]. The entropy-stable scheme of Ismail and Roe [25]] is used for the inviscid fluxes, whereas viscous
fluxes are computed using an interior penalty method with parameter based on Bassi and Rebay [26]. The non-linear
system for each space-time slab is solved using a preconditioned Jacobian-free approximate Newton-Krylov solver.
Integrals are approximated by the Gauss quadrature rule using twice as many quadrature points as solution points
to reduce aliasing errors and increase stability when evaluating non-linear products. Variable spatial order can be
specified over the domain [27]. The solver was validated up to 16" spacial and temporal order with highly separated
turbulent flows [28,[29]. Surface roughness is generated using the methodology proposed in Ref. [24] 29], wherein a
representative roughness pattern is projected on to higher-order polynomials at the wall boundary and a high-order
Continuous-Galerkin approach is used to perturb the volume nodes using a linear-elasticity analogy.

II1. Problem setup

The 45° swept NLF(2)-0415 wing measured by Dagenhart et al at the Arizona State University Unsteady Wind Tunnel
are used as our test case [1]. In the test section special liners were installed at the ends of the wing to emulate the
path of streamlines in free air over a wing of infinite span. The experiments included naphthalene sublimation and
liquid-crystal flow vizualization studies to determine the extent of laminar flow and the stationary vortex wavelengths.
Velocity profiles were measured with hot-wire anemometers at several spanwise stations across selected vortex tracks.
Velocity profiles at the various spanwise locations and velocity contours across the vortex wavelength for both the
mean and the disturbance velocities were compiled. Most of the measurements were taken at the streamwise chord
based Reynods number Re = 2.37 x 10° at the angle of attack & = —4°. For that reason these particular conditions were
selected for our study. The simulated Mach was set to 0.1, close to the maximum wind tunnel velocity of 36 ms~'. The
upper velocity range was selected because we use a compressible solver without low-Mach corrections. Figure[T]shows
the wing geometry and reference axes used here, and Table [I| summarizes the key geometry and flow parameters.

Table 1 Geometry and flow conditions

Feature Value

Airfoil NLF(2) - 0514
Sweep angle A 45°
Experimental Streamwise chord length C 1.83m
Reynolds number Rec = % 2.37 x 100
Mach number M.¢ 0.1

Angle of attack @ —4°
Temperature 288.15 K

The current study uses an isoparametric mapping to generate the unstructured high-order mesh required for the fluid
solver. This mapping is constructed using a zonal approach to tailor the resolution to the different physics encountered
(Figs. 2}3). This zonal approach is further tailored by choosing the order of accuracy within each region, i.e. using
low-order elements (fewer degrees of freedom) away from the body to the farfield (located at 50 chord lengths), and
high-order elements (increased resolution) in the boundary layer and transition region. This topology is maintained in
the roughness simulations, with the roughness pattern being applied to the surface, and then propagated through the
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Fig. 1 NLF(2)-0415 swept wing.

volume using the nonlinear elasticity solver described in the previous Section.

A multi-step approach was taken for the transition study, starting with a smooth wing with spanwise width of
12% chord length and a coarse grid to gain initial information about the flow field. Eighth-order elements were used
throughout the domain (Fig. [3[a)). Next, the span width was reduced to one stationary crossflow wavelength to limit the
size of the mesh while increasing the boundary layer resolution. A graded boundary layer grid following the boundary
layer profile was created, with a minimum of 40 degrees of freedom (DOF) across the boundary layer and turbulent
boundary layer wall spacing of the order of the viscous lengthscale. In order to focus the resolution where it was most
needed, shells of variable spatial order were defined around the wing, see Fig. 2(b) and Fig.[3[b). This grid was then
deformed by means of the elastic solver to generate a first roughness pattern (see Section III). Because of convergence
issues encountered with the high cell aspect ratio in the 8" order regions around the front part of the wing, a new grid
was generated with 16 instead of 40 DOF in the laminar boundary layer (Fig.[3[c)). The last grid shown in Fig.[3(d)
features a larger cell count at the nose surface to improve the roughness resolution, while dropping solution order closer
in the far- and mid-field. Although the grid has been only been run up to 4" order so far, it is planned to be transferred
to 8" order in the near future. Further information on the grids is provided in Table

Table 2 Simulation cases

Case Span width #0(8) #0(4) # DOF Roughness amplitude n/C
S/C elements elements

Smooth #1 0.12 49.1x 10 0 25.1 x 109 n/a

Smooth #2 A 19.4 x 103 64.2 x 10° 14.8 x 100 n/a

Rough #1 Az 19.4 x 103 64.2 % 103 14.8 x 100 1/C = Yrms,exp/3-1 >=0

Rough #2 Az 16.2 x 103 57.6 x 103 12.7 x 100 1/C = Yrmsexps 71 >= 0

Rough #3 A 0 (for now)  28.7x 103 3.9%x 100 1/C = Yims,exos av = 0

A. Surface roughness

Two types of roughness profiles were used over the front of the wing: the first is based on pseudo-random displacements
with RMS amplitude corresponding to the profile of a paint applied to the NLF(2)-0514 wing reported in Ref. [[17]. The
node displacement along the normal to the surface pointing into the fluid domain is always positive. The roughness
is applied on the upper and lower sides of the wing for a curvilinear coordinate in the interval s/C € [0, 0.3] and it is
damped to zero within the interval s/C € [0.3,0.4] using a shifted half-cosine function. This roughness type was used
in the roughness cases # 1 and # 2 of Table 2| with two different amplitudes 1/C = 1/3yrms,exp and 17/C = yrums, exp
(where yryvs is the RMS amplitude of the experimental profile), respectively.

The second type of roughness profile implemented in case #3 utilizes a random distribution of normal displacements
filtered by the auto-covariance length of the experimental paint profile, with RMS amplitude matching that of the
experiments. An example of such profile is shown in Fig.[d Two spanwise and streamwise periodic patches with aspect
ratio 1:4 were created (one for either side of the wing), and stored in a file from which the applied grid displacements
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(a) Domain overview (b) Zoom on area of the wing

Fig.2 Grid for the Smooth #2 case colored by element spatial order (blue: 2" order, green: 4™ order, magenta:
8th order).
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Fig. 3 Close-up of the grids around the leading edge of the wing colored by element order (blue: 2"¢ order,
green: 4" order, magenta: 8" order).



were interpolated. The displacement amplitude applied to the mesh surface was adjusted to match the experimental
RMS. Fig. [5|shows streamwise profiles and their discrete Fourier spectrum, whose discontinuous profile results from the
limited sample size.

Fig. 4 Close-up of an area of the roughness patch use to deform the the rough grid # 3.

IV. Results

A. Smooth wing

In the experiment, the transition location was determined from the abrupt shift in sublimation rate of the naphthalene
coating due to turbulence-induced shear stress increase. Transition occured at an average of x/c = 0.58 with a series of
overlapping turbulent wedges forming a saw-tooth pattern (Fig.[6[a)). In the simulation, we identify the location of
transition at the middle of the accompanying friction ramp. In the case of the smooth wing #1, transition occurs at
x/C = 0.82, after flow separation on the pressure recovery of the side of the wing, Fig. [/l Weak crossflow vortices
that are nearly parallel to the inviscid flow are observed prior to separation, and the turbulent transition front is
uniform in the spanwise direction (Fig.[8). For the same flow conditions, the simulations results look closer to the
Re = 1.93x10° case, Fig. Ekb). In that image, one can distinguish the regularly spaced streaks from the crossflow vortices.

The simulation results agree well with the measurements in the laminar boundary layer over the first quarter of the
upper surface (Fig.[9(a)). Further downstream, the crossflow develops in the form of skewed, counter-rotating vortices
that visibly distort the mean flow, Fig.[9(b). Such distorsions cannot be distinguished in the simulated mean velocity
profile, however a pattern of crossflow vortices does exist, with an amplitude that is over three orders of magnitude
lower than in the experiments (Fig.[I0). The crossflow wavelength projected in the direction of the leading edge sweep
A/c = Smm is smaller than the measured value of 6.2 mm. The crossflow vortices are oriented at 12° with respect to
the freestream direction (Fig. ??), compared with 5° in the experiments. The refined grid for the smooth case # 2 yields
similar results in terms of transition location (Fig.[7) and crossflow amplitude (Fig.[[T)), indicating that other sources of
perturbation such as surface roughness or freestream disturbances are required to excite crossflow vortex growth.

B. Rough surface

Figure[I2]shows the time-averaged friction coefficient for the the rough cases. Although the flow has reached a stationary
state, limited statistics were available for averaging at the time of publication, which explains the oscillations of friction
beyond the point of transition. The data indicate very high sensitivity of the transition to the roughness profile and mesh.
The first roughness type advances the transition front upstream, closer to the experimental location of x/C = 0.58. With
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Fig. 5 Roughness profiles and their Fourier spectrum.

roughness #2, transition is still taking place after flow separation. The third roughness results in premature transition at
x/c=0.17.

Figure [T3] shows profiles of instantaneous friction coefficients at z = 0 for the smooth case #2 and the first two
roughness cases. The roughness causes small but visible friction perturbations at the leading edge of the wing. The
larger oscillations in the mid section of the wing are caused by the crossflow vortices, Figure[T3] As Fig.[T4]indicates,
the crossflow disturbances around mid-chord are in the range of those measured. They die down for roughness # 2, and
are amplified up to turbulent transition for the roughness case #1. Small waves are riding over the stationary vortices as
indicated by the red arrow in Fig.[I6] The dimensional frequency of these waves is in the range of those reported by
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Fig. 6 Naphtalene flow visualization at & = —4° [1]].
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Fig. 8 Vorticity magnitude on the top side of the wing for case #1 with smooth surface.

Dagenhart who observed 100H z traveling modes just ahead of the transition location, with an amplitude of up to 7% of
the edge velocity. For the third roughness case, the wavelength of the crossflow vortices preceding transition is three
times smaller than in the earlier two cases, Figure[T7] To test the convective nature of the instability responsible for
transition, the roughness was switched off and the simulation restarted. The temporal evolution of the friction coefficient
is shown in Fig.[I6] After moving upstream, which we interprete as a result of the numerical disturbance caused by the
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Fig. 10 Contours of streamwise velocity perturbation in a plane parallel to the wing leading edge passing
through x/C = 0.55,z/C = 0.

removal of the roughness, the transition front moves back downstream and after 1.4 flow-through time it still has not
moved beyond x/C = 0.2. The time required to relax to the smooth case may be very long in relation with the low
viscosity of the flow, or there may be some sustaining effect at play, as will be further investigated.

V. Conclusions

Preliminary scale-resolving simulations of flow transition over smooth and rough surfaces of the infinite swept wing
NLF(2)-0415 were conducted. The simulation results for the smooth wing with large span were consistent with those
obtained for one-wavelength domain and higher mesh refinement, but could not account for the experimental results. A
strong sensitivity of the transition process to the roughness profiles was found. The roughness profile with the smallest
amplitude yielded the results closest to the experiments in terms of the crossflow pattern, amplitude and transition
location. The profile with larger amplitude and smaller vertical resolution yielded similar crossflow but was unable to
move the transition location upstream. The last roughness case caused premature transition close to the nose and was
preceded by higher frequency crossflow vortices. The results gathered in this work will be analyzed next in terms of the
wavenumber spectrum, grids and boundary layer stability.
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