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Abstract

The effect of freestream turbulence on generation of crossflow disturbances over swept wings is investigated through direct nu-

merical simulations. The set up follows the experiments performed by Downs et al. (2012). In these experiments the authors

use ASU(67)-0315 wing geometry which promotes growth of crossflow disturbances. Distributed roughness elements are locally

placed near the leading edge with a given spanwise wavenumber to excite the corresponding stationary crossflow vortices. In

present study, we partially reproduce the isotropic homogenous freestream turbulence through direct numerical simulations using

freestream spectrum data from the experiments. The generated freestream fields are then applied as the inflow boundary condition

for direct numerical simulation of the wing. The distributed roughness elements are modelled through wing surface deformation

and placed near the leading edge to trigger the stationary crossflow disturbances. The effects of the generated freestream turbulence

on the initial amplitudes and growth of the boundary layer perturbations are then studied.

c© 2014 The Authors. Published by Elsevier B.V.

Selection and peer-review under responsibility of ABCM (Brazilian Society of Mechanical Sciences and Engineering).

Keywords: Type your keywords here, separated by semicolons ;

1. Introduction

A conventional three-dimensional boundary layer on a wing has a certain number of instabilities. The usually

dominant one is the so-called crossflow instability. It arises due to the inflectional crossflow velocity component

in the boundary layer. In such flows, a negative pressure gradient has a destabilising effect leading to the growth

of cross flow vortices on the upper side of the wing, particularly in a negative angle of attack. The growth rate is

mainly dictated by the flow configuration, while the excited initial amplitude is dependent on a multitude of factors.

For instance, freestream turbulence, surface roughness characteristics, and acoustic waves along with the receptivity

characteristics of the flow determine the initial perturbation amplitude.
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Numerous experiments have also been conducted to study the problem of boundary layer receptivity to freestream

turbulence. In the experiments by Matsubara et al. 1, the authors further correlated the streaky structures with transient

growth which is augmented by an increase in freestream turbulence levels. The presence of surface roughness can

promote such effects. Moreover there exists a conjecture that a continuous receptivity process plays an important

role in feeding the boundary layer perturbations in the streamwise direction. Jonás̆ et al. 2 investigated the effect of

freestream turbulence length scale on a flat-plate bypass transition. Larger integral length scales showed to advance

the transition location while keeping the level of turbulent intensity. Fransson et al. 3 studied the transition caused

by freestream turbulence on a flat plate boundary layer. They introduce a transitional Reynolds number inversely

proportional to (Tu)2. Moreover Shahinfar et al. 5 studied the effect of varying turbulence intensities on boundary

layers and correlate the Reynolds number of the transition location with the turbulence intensity.

Deyhle and Bippes? studied growth of perturbation in a three-dimensional boundary layer with emphasis on ef-

fects of environmental conditions. They report dominance of stationary crossflow vortices for low level of freestream

turbulence, while find travelling crossflow perturbations being dominant at higher freestream turbulence. Kurian et

al. 4 conducted experiments on a swept flat plate with a leading edge studying the receptivity of the three-dimensional

boundary layer to freestream turbulence. They also confirm the previous observations that higher turbulence envi-

ronments give way to dominance of travelling crossflow waves. Nevertheless, they showed that a linear mechanism

prevails in the range of studied freestream turbulence intensities. Moreover, it was observed that above a certain

threshold, increasing the turbulence intensities has no tangible effect on the growth of the travelling crossflow modes.

Recently, Hunt, 6 conducted experiments regarding crossflow instability on a swept wing including detailed mea-

surements of surface roughness quality, and freestream turbulence characteristics, such as frequency spectrum. In

a continuation of this work, Downs7 includes additional freestream information comprising of Taylor micro scales

and integral length scales. In the study by Hunt6, the effect of freestream turbulence at very low levels of freestream

turbulence is examined. One counter intuitive observation was the transition delay by slightly increasing turbulence

density at that low level range. Downs7 covers a wider range in his study in terms of freestream turbulence intensities

and length scales. The inclusion of detailed measurements of freestream turbulence length scales and spectrum pro-

vides invaluable information to properly quantify the receptivity characteristics of such boundary layers exclusively

for numerical reproduction of the experimental conditions.

Jacobs et al. 8 for the first time followed the methodology proposed by Grosch et al. 9 to synthesize freestream

turbulence. Their method allowed to skip over the simulation of the far-field and the leading edge. Later, Brandt

et al. 10 followed a similar method to produce the synthetic turbulence as an inflow boundary condition to study the

transition process in a boundary layer. They varied the energy spectrum of the generated synthetic field. Increasing

the integral length scale moved the transition location to lower Reynolds numbers. Moreover, two mechanisms were

found playing a major role in exciting the perturbations inside the boundary layer. A linear mechanism, the so

called lift up effect, is dominant if low-frequency modes diffuse into the boundary layer. On the contrary, if the

freestream perturbations are mainly located above the boundary layer a nonlinear process takes over and generates

streamwise vortices inside the boundary layer. This method was further applied to a swept flat plate in the simulations

by Schrader et al. 11, where stationary crossflow vortices are generated through roughness elements. They also confirm

the results of experiments where a higher turbulent intensity promotes the dominance of travelling crossflow modes.

The initial amplitude of the perturbations scales linearly with the level of turbulent intensity. Nevertheless, larger

turbulent intensities amplifies the effect of non-linearities. Ovchinnikov et al.12 included the leading edge of a flat

plate in their study of receptivity of boundary layers to freestream turbulence perturbations. In their simulation the

box was extended to the upstream. They generate the freestream perturbations similar to8 but through including the

Fourier modes instead of the Orr-Sommerfeld modes. They notice a strong dependency of the transition mechanism

on turbulent integral length scale. In their simulations the turbulent intensity was kept at a fixed value of 6%.

In this study, the experimental set up by Downs7 is considered in order to investigate the effect of freestream

turbulence on crossflow dominated flows through direct numerical simulations. An array of roughness elements has

been placed near the leading edge at the same location as the experiment. Periodic boundary conditions are used

in the spanwise direction. The width in the spanwise direction is chosen such that the array of roughness elements

has the same periodicity as in the experiment and approximately the same integral length scale. This will generate

crossflow vortices which gain energy from the flow and grow in amplitude as the propagate downstream. Two test
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Fig. 1. Swept ASU(67)-0315 wing, with the incoming velocity Q∞. The wing is at an angle of attack of −2.9◦. (ξ, η, z) and (x, y, z) represent locally

fitted curvilinear and cartesian coordinate systems respectively. (uξ, vη,w) and (u, v,w) are the corresponding defined velocities in the introduced

coordinates systems. The spectral elements for DNS are depicted in red. The normalized streamwise velocity contour lines from the RANS

solution are shown ranging from 0.0 to 1.54 with a spacing of 0.024, which their values are used for the DNS baseflow. The blue lines represent

the streamlines of the baseflow.

cases having turbulent intensities of 0.04% and 0.4% are selected. The perturbation fields are generated via direct

numerical simulations and fed in on top up of the inflow boundary condition.

2. Direct numerical simulations

2.1. Numerical tool

Direct numerical simulations were performed using the incompressible Navier-Stokes solver ‘Nek5000’ by Fis-

cher et al. 13, which uses the spectral element method proposed by Patera14. Enabling geometrical flexibility using

finite element methods combined with the accuracy provided by spectral methods are the main advantages of using

such codes. The spatial discretisation is obtained by decomposing the physical domain into spectral elements. The

solution to the Navier-Stokes equations is approximated element-wise as a sum of Lagrange interpolants defined by

an orthogonal basis of Legendre polynomials up to degree N. The following results have been obtained using N = 11.

2.2. Geometry and flow parameters

The geometry is a swept wing with cross-section corresponding to ASU(67)-0315 airfoil with a sweep angle of 45

degrees and angle of attack of −2.9 degrees. The Reynolds number based on the freestream velocity and streamwise

chord length is 2.8 × 106. The portion of the wing that is simulated is chosen such that it includes all the interesting

phenomena occurring on the wing, as depicted in figure 1. This entails the receptivity mechanism, initial perturbations

growth, and the transition to turbulence. The upstream inflow is placed far upstream of the wing to rule out any

numerical artifacts near the leading edge following the studies by Tempelmann et al. 15,16. The upper bound also

follows the same recommendations by the mentioned studies. The downstream positions for the outflow is set at

x/c > 0.8 further than the observed transition location (x/c > 0.5) in the experiment at the lowest turbulent intensity.

A mesh generator called gridgen-c developed by Sakov17 is used to generate the mesh. The upper and lower bounds

conform to the streamlines extracted from complementary Reynolds Averaged Navier-Stokes (RANS) computations.

These RANS simulations have been performed for the wing installed inside the wind tunnel in accordance with the

experiments.

2.3. Roughness induced crossflow vortices

The most unstable mode based on the linear stability theory as is reported in the experiment has a spanwise pe-

riodicity of 12 mm which is excited by an array of cylindrical roughness element. Numerically such periodicity can
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Fig. 2. A sample of the box used in the generation of the freestream turbulence. At the inflow, randomly superposed Fourier modes are added on

top of a constant velocity. The top and bottom along with the lateral side have periodic boundary conditions. Isosurfaces of perturbation energy,

drawn at ±0.0001|v′ |. X, Y, Z are the cartesian coordinate systems.

be achieved by imposing periodic boundary conditions on lateral boundaries of the domain spaced at that specific

periodic wavelength. The method has been successfully tested in the studies by Tempelmann et al. 16. The roughness

elements have a height of 12 μm and a diameter of 3 mm. The roughness shape is formed by displacement of the

Gauss Lobatto Legendre (GLL) points normal to the surface.

2.4. Freestream turbulence

Different methods have long existed for generating freestream isotropic turbulence. One typical tool of generating

freestream turbulence is through the Fourier periodic codes. One important aspect of using such codes is the contin-

uous injection of energy into the periodic box. This maintains the spectrum as long as the energy injection rate and

dissipation rate cancel out. Schlatter18 gives an overview of such methods, and present relevant results for different

cases. A very low level of freestream turbulence as is reported in the experiment, results in a very low Taylor’s micro-

scale Reynolds number (Reλ). In other words the spectrum can be very viscous leaving a very narrow band for energy

injection. For studies regarding such spectrums refer to Kerr19, Mansour20, Burattini et al. 21, and Ishihara et el. 22.

Another approach is to use a box with an inflow superposed by randomly superposed Fourier modes accompanied

by periodic boundary conditions on the side walls with an outflow boundary condition at the outlet (see figure 2). The

amplitude and Reynolds number are set such that the required Taylor’s micro-scale and Reynolds number is achieved.

Taylor’s micro-scale is computed using the following relation

λ =

√
5

Etot

Ens
, (1)

where Etot is the calculated integral energy at each streamwise plane, while Ens is the equivalent enstrophy value at

those planes. The Taylor’s Reynolds number is defined by

Reλ = λRe

√
2

3
Etot, (2)

with Re denoting the Reynolds number of the simulation. The turbulent intensity is defined based on the r.m.s (root

mean square) value of the vertical velocity component. The resulting perturbation field is then interpolated onto the

wing mesh, in addition to interpolation in time using a third order Lagrange interplant.
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Table 1. Turbulent characteristics of the simulated flow cases.

Case Name Turbulent intensity Integral length scale Reλ

Tu04 0.04% 12mm 1

Tu40 0.40% 12mm 20

In our set up we aim at finding the effect of freestream turbulence considering two of the cases as listed in Table 1.

Turbulence intensities of 0.04% and 0.40% are chosen. There exist a difference in the Taylor Reynolds number which

are selected as 1 and 20 respectively. The box has a total number of 128000 elements with an element order of

(N = 11). A higher element order (N = 13) is also used in order to check the grid dependency. Figure 3a shows the

comparison of the root mean square values of the perturbation velocities. A good level of agreement can be observed,

indicating an isotropic turbulence field. The computed flow is now extracted given the desired intensities and length

scales, and interpolated onto the grid of the wing geometry. Note the spanwise length is chosen equal to the spanwise

periodicity of the roughness elements.

3. Results

3.1. Unsteady disturbances

Figure 4 shows the isosurfaces of the streamwise velocity for the two cases. It could be seen that the transition

location shifts upstream as the level of freestream turbulence is increased by one order. Note that these values of

freestream turbulence are reportedly at a very low range. The transition location shift could be better shown by

looking at the time averaged friction coefficient in Figure 5a. A 10% shift in transition location is visible. In Figure

5b, the transition location from DNS is compared with those observed in the experiments. The roughness element

has the same characteristics as in the experiment. It could be seen that there is a shift in transition location for

similar turbulence intensities between experiment and simulations. The trend however seems to be consistent with the

experiment and an increase in the turbulent intensity shows the same linear behavior.

Figure 6a shows the amplitudes of the stationary and non-stationary disturbances inside the boundary layer. The

amplitude of the non-stationary disturbances are computed through a Fourier transform in time. The blue lines repre-

sent the unsteady perturbation of the higher turbulence intensity case as is clear from the figure. The explosive growth

of the high frequency modes could be seen at around 0.5 x/c while similar explosive growth occurs later for the case

with a higher turbulence intensity. The observed explosive growth is a classical signature of secondary instabilities

which appear to be stronger for the case with higher turbulence intensity.
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Fig. 3. Root mean square of velocity perturbations within the periodic box. (a) Tu04 and (b) Tu40.
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(a)

(b)

Fig. 4. Visualization of stationary crossflow vortices. The isosurfaces represent the streamwise velocity u. Three spanwise periods are shown for

visualization purposes for (a) Tu04 and (b) Tu40
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Fig. 5. (a) Time-averaged friction coefficient for the two cases with different turbulence intensities. (b) Transition location as a function of

turbulence intensity.

Figure 6b shows the r.m.s. value of the streamwise velocity perturbations at η = 7δ, along the chordwise direction.

Here, δ is the boundary-layer thickness. It can be seen that the r.m.s. value for both cases saturates to a certain

value after transition. It’s interesting to note that the growth and the initial amplitude appears to behave linearly by

increasing the turbulence intensity by one order. No additional receptivity mechanism could be seen other than the

dominant one near the leading edge.

4. Conclusions

Direct numerical simulations (DNS) have been performed in order to investigate the role of freestream perturba-

tions at a very low turbulence level on crossflow instability. The studied cases follow the experiments conducted

by Downs et al. in Texas A&M University. In their experiment the authors document the freestream perturbations

to a great detail, reporting freestream turbulence length scales, intensity, spectrum, etc. This enables the numerical

studies to reproduce the freestream perturbations in such analysis. The experiment used ASU(67)-0315 wing geom-

etry designed to promote crossflow instability. In our study we approach the reported values in generating the low

intensity freestream turbulence. A DNS code (nek5000) has been used in order to generate the perturbation field. The

perturbations are then interpolated onto the wing mesh.

Two different set of freestream turbulence characteristics have been chosen. It was observed that increasing the

turbulent intensity by one order, while keeping the same integral length scale shows a linear behavior in terms of

transition location. The receptivity mechanism also proved to be linear. It must be noted that the integral length

scale was kept at constant value. Addition simulations investigating the effect of such a parameter while keeping
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Fig. 6. (a) Amplitude of stationary and non-stationary perturbations inside the boundary layer. (b) The r.m.s. amplitude of the perturbation

measured at η = 7δ.

the turbulence intensity could shed additional light on the effect of low range freestream turbulence on crossflow

instability.
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