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Large-eddy simulations of awing-body junction flow experimentally studied are presented.Wall junction flows are
common in engineering applications, but the flow physics at the corners of the junction is not well understood.
Moreover, in these types of flows, the performance of the subgrid-scale models frequently used for large-eddy
simulations is not well characterized. To address these issues, large-eddy simulations of the wing–body junction are
performed, with multiple levels of grid resolution. Two-dimensional turbulent profiles are generated every time step
and introduced to the inlet plane of the computation domain to mimic the unsteady turbulent boundary layer. A
Reynolds-averaged Navier–Stokes calculation is used as a precursor to initialize the flowfield of the large-eddy
simulations. Then, large-eddy simulations with the Vreman model is performed and the simulation results are
analyzedwith respect to three specific goals: compare the computedandmeasured turbulence statistics in the junction
region, investigate the flow physics in the corner region, and discuss the potential reasons for the inaccuracies of the
subgrid-scale model. The sensitivity of the predicted results to inflow conditions and to subgrid-scale modeling is also
investigated.

Nomenclature
Cp = mean pressure coefficient
c = chord length of airfoil, m
k = turbulent kinetic energy, m2∕s2
Re = Reynolds number
T = maximum thickness of airfoil, m
Tw = wall temperature, K
U, V,W = mean velocity in x, y, and z directions, m∕s
u, v, w = transient velocities in x, y, and z directions, m∕s
x, y, z = Cartesian axes, m
Δ = grid spacings
θ = momentum thickness, m
ρ = density, kg∕m3

Ω = vorticity, 1∕s
ω = specific turbulence dissipation rate, 1∕s

Subscripts

n = surface normal direction
s = spanwise direction
t = surface tangential direction

Superscripts

0 = disturbance quantity
� = quantity in wall unit

I. Introduction

B ODY junction flows around wall-mounted obstacles frequently
occur in various engineering situations, for example, an aircraft

wing–body junction or a turbine blade–hub flow. These flows are
subject to a strong adverse pressure gradient in the streamwise and/or
lateral directions, depending on the shape of the obstacle. As a
consequence, three-dimensional (3-D) turbulent boundary layers,
complex recirculation zones, and strong coherent vortical structures,
such as horse shoe vortices (HSVs) are present. The complex
structure of junction flows can result in undesirable effects (e.g.,
increasing drag, heat transfer, and surface pressure fluctuation near
the junction), as discussed by Simpson [1]. It is important to predict
such flows correctly to both better understand the physics of junction
flows and use simulations for improving their design. Moreover, 3-D
pressure-driven turbulent boundary layers, such as that in a wing–
body junction, can serve as effective benchmarks to assess and
develop turbulence models.
Devenport and Simpson [2] carried out experimental measure-

ments in the separated-flow region near the nose of a cylindrical
wing, made up of a 3:2 semi-elliptic nose and NACA 0020 tail,
protruding from a flat surface using three-component laser
anemometry. Specifically, they presented low-frequency oscillations
of the HSV, which they called bimodal dynamics. Fleming et al. [3]
alsomeasured velocities adjacent to thewing, aswell aswake regions
far downstream, investigating spanwise flow patterns induced by a
lateral adverse pressure gradient. To study the anisotropy of the near-
wall turbulence quantities, Ölçmen and Simpson [4] experimentally
measured velocities along stations at which strong lateral cross flows
were present.
Numerical studies have been extensively performed on selected

experimental configurations. In the case of Reynolds-averaged
Navier–Stokes (RANS) calculations, turbulence models have been
actively assessed in their capability to represent the strongly
anisotropic behaviors of the separated boundary layers near the
junction. Apsley and Leschziner [5] compared the predictive
performance of 12 turbulence models, classified into three groups
(linear, nonlinear, and differential stress models) on wing–body
junction flows. Although second moment closure shows better
agreement with experiments than other models in their study, none of
the models could correctly capture mean flow structures and
turbulence statistics near the nose of the wing. Parneix et al. [6]
performed RANS calculation of wing–body junction flows to
validate the V2F model. Based on a detailed comparison of the
turbulent statistics with those of Devenport and Simpson [2] and
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Ölçmen andSimpson [4], they demonstrated that theV2Fmodelwith
the linear eddy-viscosity hypothesis adequately captures the 3-D
separation line, the location of HSVs, and its intensity [6]. The
original V2F model, used in Lien et al. [7], was found to introduce
numerical convergence issues due to the boundary conditions used
for the “f” variable. A modified version of the V2F model was
developed to remove this problem in Lien et al. [7] and Iaccarino [8].
Although successful in reproducing two-dimensional (2-D)
separated flows, the modifications did not produce accurate results
for the wing–body junction flow. However, as discussed by
Devenport and Simpson [2], and Simpson [1], RANS calculations are
inherently limited in their ability to capture either the turbulent
anisotropy generated near the junction or the transient behavior of the
separated flow and corresponding vortical structure [specifically, the
bimodal probability density function (PDF) of the velocity
fluctuations].
To resolve unsteady small- and large-scale motions of junction

flows, Paik et al. [9] performed detached-eddy simulations (DESs)
targeting the experimental measurements of Devenport and Simpson
[2]. They adjusted the turbulence length scale to overcome the
shortcomings of the original DES, namely, the presence of a laminar-
like separation [9]. As a consequence of the adjusted length scale, the
modified DES captures the shape of the HSV, its core location, and
the bimodal distribution of the PDF of streamwise velocity
fluctuations better than the originalDES.Gand et al. [10] investigated
junction flows between a NACA 0012 airfoil and a flat plate, with a
Reynolds number based on chord length and freestream velocity of
Rec � 2.8 × 105. They presented the unsteadiness of the HSV,
noting that frequencies associated with the motion of the legs of the
HSVare higher than those of the HSV near thewing nose in the plane
of symmetry. However, they also noted that the Reθ at the incoming
boundary layer in their wing–body junction case was not sufficiently
high to represent realistic wing–body junction conditions. As a
reference, the Reθ in the experiments performed by Devenport and
Simpson [2] is about 5960.
Researches about corner flows have been performed, exper-

imentally and numerically. Pierce et al. [11,12] suggested
experimental evidence of the existence of a tiny counter-rotating
corner vortex (paired with a dominant junction vortex) by computing
a transverse vorticity field in the symmetry plane (see figure 9 in
[11,12]). Simpson [1] mentioned various systems of vortical
structures in the symmetry plane of laminar and turbulent junction
flows and a small corner vortex is depicted in the systems (see figure 2
in [1]). Recently, Gand et al. [10] investigated corner flow separations
near the trailing edge around awall-mounted airfoil, numerically and
experimentally. However, mean flow structure and Reynolds stress
anisotropy at the corner region in the symmetry plane were not
discussed in the papers.
In this paper, we describe the large-eddy simulation (LES)

investigation of the wing–body junction flow experimentally studied
by Devenport and Simpson [2]. The LES calculation is validated by
comparisons of themean flow structure and turbulence statistics with
experimental data in Secs. III.A–III.F. Moreover, corner flows are
analyzed in their transient behavior, turbulence anisotropy, and
generation mechanism. In Sec. IV, the sensitivity of the predicted
turbulence statistics to the generated inlet conditions and SGS
modeling is scrutinized in LES performed with a coarse grid.

II. Numerical Setup
The flow around the wall-mounted wing on a solid wall is

numerically investigated at ReT � 1.15 × 105 based on the
maximum thickness and the approaching bulk velocity. Figure 1a
displays the geometry of the computational domain. Table 1 shows
the near-wall grid resolution in the tangential, normal, and spanwise
directions. The compressible Navier–Stokes equations for LES are
solved by a finite-volume-based in-house code CharlesX [13]. A
third-order Runge–Kutta scheme is used for time integration, and
spatial derivatives for the flow variables are approximated using the
second-order blend of nondissipative central and dissipative upwind
fluxes. The Vreman model [14] is used as a baseline model for the

unclosed subgrid-scale stress terms. The number of cells for the
coarse and fine grids is about 5.6 × 106 and 45 × 106, respectively.
The geometry of the computational domain and physical parameters
are based on the experimental conditions of Devenport and Simpson
[2]. The wall-mounted cylindrical wing consists of a 3:2 elliptical
wing nose and a NACA 0020 tail. The maximum thickness of the
wing is T � 71.7 mm and the chord length is c � 4.254T.
The locations of boundaries in the computational domain are

depicted in Fig. 1a. The inlet and outlet planes are located at x∕T �
−4.254 and 6.381. The lateral sides of the computation domain are
located at x∕T � −3.5 and 3.5. The reduced computational grid
(coarse) in the streamwise direction is illustrated in Fig. 1b. At the
inlet, 2-D turbulent flows are synthesized using the methodology
proposed by Xie and Castro [15], with additional modifications
proposed by Touber and Sandham [16]. For the synthesization of 2-D
inlet turbulent profiles, one-dimensional, fully developed profiles
with Reθ � 5811 were calculated using the stress-ω Wilcox model
[17]. The Reθ at x∕c � −1 is approximated from the relation
between momentum thickness and streamwise development length,
θ∕x � 0.036Re−0.2x , based on the profile atReθ � 5940 presented by
Ölçmen and Simpson [4] at x∕c � −0.75. Figure 2 shows the inlet
plane of the computational domain and themost upstream location of
the experimental measurement in Ölçmen and Simpson [4]. The
pressure-relaxation characteristic boundary condition is applied to
the outlet. A symmetry boundary condition is used at the top and the
spanwise boundaries. A no-slip and isothermal boundary condition
(Tw � 298 K) is applied to the bottom wall and the wing surface.
A RANS calculation of thewing–body junction flow is performed

on the coarse grid using the k-ω shear stress transport (SST) model
[18] to initialize the flowfield of the LES. The in-house code called
Joe [19] is used for the RANS simulation. Boundary conditions for
the calculation are those described in Sec. II. Figure 3 shows the
iteration history of the logarithmic residuals of the mean flow

Fig. 1 Representation of a) geometrical configuration of computation
domain according to [2], and b) coarse grid with about 5.6 million cells.
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variables, which are well converged. The RANS results are
interpolated onto the coarse and fine grids of the LES to initialize the
flowfield. The initialization with RANS results can smoothly induce
flow separations near the junction and further a dynamic equilibrium
state. The RANS results are also used later as a reference.

III. Results
A. Mean Pressure Distribution

Figure 4 displays comparisons of the mean wall-pressure
coefficient in the vicinity of the wing nose between experimental
measurements [2] and each simulation result. The RANS and LES
show fairly good agreement with the measurements, but predict the
locally low pressure (shown on the airfoil surface at x∕T � 0.8)
further upstream at x∕T � 0.6 compared with the experiment.
Moreover, the RANS result shows more clearly kinked contour lines
along thewing nose, which is not clearly evident in the LES results or
the experiments.

B. Mean Flow Visualization on the Bottom Wall

Figure 5 shows flow visualizations mimicking the oil flow
visualization experimentally performed byÖlçmen and Simpson [4].
The separation line forms ahead of thewing nose and passes along the
side of the wall-mounted airfoil. The separation line is generated by
the adverse pressure gradient and originates at the separation point
(x∕T � −0.47). Flow separation near the wake region is also
observed with a fishtail-like structure. The RANS is seen to
accurately represent the separation line, which branches around

x∕T � −0.5. However, the predicted flow separation near the trailing
edge appears to be excessive compared with the oil flow
visualization, and the fishtail-like shape is not observed. The LES
computation predicts fairly well the separation line originating at
x∕T � −0.5 and the flow separation near the trailing edge. The
secondary separation line close to the wing nose is also observed in
both simulation results. Devenport and Simpson [2] mentioned that
there exists a small secondary separation close to the corner region,
which was observed in the DES result by Paik et al. [9]. However, no
analysis of this corner separation and flow structure is presented in the
DES or the experimental results. Corner flows relevant to the
secondary separation are analyzed in Sec. III.E using the LES data.

C. Flow Structures near the Junction

Figure 6 displays the time-averaged vorticity in the symmetry
plane upstream of the airfoil calculated using LES with a fine grid,
RANS with the SST k-ω, and DES by Paik et al. [9]. In the
experimental measurements by Devenport and Simpson [2], an
elliptical mean flow structure is observed and it is slightly lifted up
from the bottom wall. This characteristic mean flow behavior is the
result of the reverse flows generated by the adverse pressure gradient.
Devenport and Simpson [2] described the “bimodal dynamics of the
junction vortex,” which consist of zero- and backflow modes. The
zero-flow mode is generated when the approaching flow encounters
the reverse flow near the flat plate and those two flows are ejected
toward the freestream region. Consequently, the mean flow structure
is slightly lifted, as shown in the experimental data reported in Fig. 6.
This is not captured by the RANS calculation with the SST k-ω
model, whereas the DES performed by Paik et al. [9] captures this
lifted vortex structure. However, the DES predicted the core of the
elliptic flow structure further upstream (x∕T � −0.36) than the
experiment (x∕T � −0.2). No quantitative comparisons of mean
velocity and turbulence quantities near the separation location
between the DES and experimental measurement are presented. The

Table 1 Minimum and maximum grid
spacings of coarse grid LES in a wall unit in
normal, tangential, and spanwise directions,

respectively

Δ�
n Δ�

t Δ�
s

Airfoil 0.02–1.23 1.83–28.09 0.01–132
Flat plate 0.02–2.32 0.13–276 0.1–263

Fig. 2 Description of inlet location of computational domain and
most upstream location of experimental measurement in Ölçmen and
Simpson [4].

Fig. 3 Semilog plot of residuals of mean flow variables with respect to
number of iterations.

Fig. 4 Mean wall-pressure coefficient Cp near junction: a) comparison
between experimental measurements (left-half plane) by Devenport and
Simpson [2] and LES (right-half plane), and b) experiment vs RANS.
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present LES, performed with a fine grid, captures the characteristic
shape of the junction vortex structure and its core location.

D. Turbulence Statistics

Turbulence statistics are extracted at the 11 stations located in the
symmetry plane upstream of the airfoil, as depicted in Fig. 7. Figure 8
shows quantitative comparisons of the mean streamwise velocity
profiles between coarse grid RANS and LES and fine grid LES. The
LES computations predict well the separation location at the fifth
station, but slightly underpredict the amount of reverse flow induced
by the adverse pressure gradient. The RANS calculation predicts a
separation location further upstream with a stronger recirculation
velocity, compared with the experimental measurements and with a
stronger recirculation velocity. Figure 9 displays the comparisons of
the mean wall-normal velocity profiles between coarse and fine grid
LESs. The downwash recognized by the negative sign of the mean
wall-normal velocity is captured well by both the LES and RANS
computations. The ejected flow (as described by Devenport and
Simpson [2]), characterized by the positive sign, is alsowell predicted
at the first two stations. The RANS calculation result shows the
opposite sign of the mean vertical velocity with the experimental
measurement close to the bottom wall at the eighth station, whereas
LES shows good agreementwith the experimental data at that station.
Figure 10 displays the contours of turbulent kinetic energy (TKE)

calculated with DES by Paik et al. [9], LES, and RANS, respectively.
As shown in the experimental measurements, a peak is present near
the core of the mean junction vortex. The maximum level of TKE is
about 0.05 at x∕T � −0.2. Moreover, contour lines have a
characteristic C shape from x∕T � −0.2 to −0.1. The DES captures

fairly well the characteristic structure of TKE and its strength, but the
predicted structure is located further upstream compared with the
experimental one, as shown in Fig. 10b. The LES leads to satisfactory
predictions of the shape and strength of the TKE contours. It is
notable that there exists a locally high TKE region in the core of the
corner vortex, and its level is comparable to that observed in the core
of the junctionvortex. TheTKE level calculated usingRANS is about
half that of the experiments. Moreover, the shape of the predicted
TKE contour is qualitatively different.

Fig. 5 Representation of a) oil flow visualization on the bottom wall in
the experiments byÖlçmen and Simpson [4], andmean flow visualization
by friction lines using b) RANS, and c) LES.

Fig. 6 Time-averaged vorticity in spanwise direction Ωz in symmetry
plane upstream of airfoil. Vertical line at x∕T � 0 is airfoil leading edge:
a) experimentalmeasurements byDevenport and Simpson [2], b) DESby
Paik et al. [9], c) LES with a fine grid, d) LES with a coarse grid, and
e) RANS.

Fig. 7 Description of 11 stations located at symmetry plane upstream of
airfoil. Experimental measurements [2] are available at the stations.
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Figure 11 shows the comparisons of rms values of the stremawise
and vertical velocity fluctuations between coarse and fine grid LESs.
As mentioned in Sec. III.C, interactions between incoming and
reverse flows lead to low-frequency oscillations in the separation
zone where the flow ejection occurs. The subsequent shear layer
instability (see Paik et al. [9], figure 10), where the ejected flow is
transported by the incoming flow momentum, leads to the
characteristic variation of turbulence quantities shown in Fig. 11. The
flow close to the wall is unstable, owing to the inflectional shear
instability at the interface between reverse and incoming flow.
Consequently, the peak location of the streamwise turbulence
quantity is moved toward the wall, and its maximum value is
increased at the seventh station. The profile of the streamwise
turbulence quantity shows a second peak at the eighth station in the
region dominated by the shear instability. Closer to the airfoil surface,
the streamwise turbulence is damped, as can be shown in the 10th and
11th stations.
The rms of the vertical fluctuations gradually increase along the

centerline (y∕T � 0.05) of the mean vortex structure in the
separation zone (from the sixth to the ninth station); afterward, these
are reduced at the 10th and 11th stations, wherewall-damping effects
are larger than the turbulence production.
The LES is seen to capture fairly well the streamwise fluctuations

at the eighth station. In general, the streamwise velocity fluctuations
close to the wall are well predicted. However, the second peak of the
streamwise turbulent fluctuation is not captured at the eighth station.

Furthermore, the streamwise turbulence predicted by the LES is not
sufficiently damped at the 10th station, in both the fine and coarse
grid cases. The LES with a fine grid captures qualitatively the

Fig. 8 Mean streamwise velocity profiles at 11 stations described in
Fig. 7. Symbols, experimental measurements in [2]. Bottom figure
presents a closer look at the near wall region.

Fig. 9 Wall-normal mean velocity profiles at last six stations located in
the plane of symmetry. Symbols, experimental measurements in [2].

Fig. 10 Turbulent kinetic energy near junction: a), experimental
measurements in [2], b) DES in [9], c) LESwith a fine grid, and d) RANS.

Fig. 11 Mean a) streamwise and b) wall-normal rms turbulence
quantity at last six stations located in the plane of symmetry. Symbols,
experimental measurements in [2].
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increase in the vertical turbulent fluctuations along the centerline, but
highly overestimates it at the 10th station. Such discrepancies
indicate that the Vreman model might be inaccurate for LES of wall
junction flows because of the presence of strong pressure gradient
effects, nonequilibrium effects, and complex wall damping. This
motivates the sensitivity analysis carried out in the next section.

E. Corner Flow Physics

Figure 12 displays the secondary corner vortex structures
visualized using streamlines and colored by the mean spanwise
vorticity. The LES result calculated with a fine grid shows several
structures that consist of a primary vortex and three secondary
vortices. The rotating direction of the primary vortex is
counterclockwise because the right branch of the downwash at
x∕T � −0.025 turns along the corner. Induced by the primary vortex,
a counter-rotating secondary vortex is generated very close to the
corner. Moreover, two secondary vortices are also generated near the
primary vortex. Although the flowmomentum of the downwash flow
is mainly responsible for the generation of the primary vortex,
the generation mechanism of the adjacent vortices is due to the
interaction between boundary-layer flows turning upward from the

corner and downward from the upper region on the wing nose.
The rotational sense of the secondary vortex observed at x∕T �
−0.002 and y∕T � −0.02 is clockwise, whereas the sense of the
vortex located at x∕T � −0.005 and y∕T � −0.035 is counter-
clockwise. Two stagnation points are observed at x∕T � −0.008 and
y∕T � 0.028, and x∕T � −0.002 and y∕T � 0.048.
The LES result calculated with a coarse grid captures the primary

vortex and the secondary corner vortex. However, the secondary
vortex located at x∕T � −0.005 and y∕T � −0.035 is weaker than
the fine grid case. Moreover, the secondary one observed at x∕T �
−0.02 and y∕T � −0.02 in the fine grid case is not captured in the
coarse grid. The RANS calculation with the SST k-ω model
reproduces the primary vortex and shows several discrepancies: the
core of the primary vortex is located closer to the leading edge; its
shape is more elliptic than those of the LES cases; and its strength is
weaker than those of the LES cases.Moreover, the RANS calculation
does not predict any secondary vortices. This is not surprising, given
that linear eddy-viscosity models are limited in their ability to
accurately predict secondary motions induced by the anisotropy
of normal Reynolds stresses, as recently observed by Mani
et al. [20].

Fig. 12 Streamlines generated by mean streamwise and wall-normal velocity components. Color contours display the vorticity component out of plane:
LES with a) fine and b) coarse grids; c) RANS with SST k-ω.

Fig. 13 Mean velocity profiles calculated by LESwith a fine grid and extracted in the corner region: a) mean streamwise velocity at multiple streamwise
stations; b) mean vertical velocity profiles at multiple vertical stations.
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Figures 13a and 13b display the mean streamwise and vertical
velocity profiles in the corner region. The right branch of the
downwash flow is recognized from the third to the eighth station
close to the bottom wall, as shown in Fig. 13a. The boundary-layer
flow turning along the corner is confirmed by the positive mean
vertical velocity in the last five stations in Fig. 13b. The reverse flow

turning upward is damped by interactionswith the downwash flow. In
such a turning process, the primary corner vortex is generated at
x∕T � −0.01 and y∕T � 0.015, where the mean streamwise and
vertical velocity profiles are most inflectional. The generation
mechanism of the secondary vortex located at x∕T � −0.005 and
y∕T � 0.035 is slightly different from that of the primary one.

Fig. 14 Contour of Reynolds stresses in the corner region: a) streamwise (u 02), b) vertical (v 02), and c) spanwise (w 02) Reynolds normal stress; d) TKE
(1∕2u 0

i u
0
i ); and e) Reynolds shear stress (u 0v 0).

Fig. 15 Mean spanwise vorticity source terms calculated with fine grid LES data: a) normal Reynolds stress imbalance-induced source term
[∂2�v 02-u 02�∕∂x∂y], b) spatial gradient of Reynolds shear stress-induced source term [�∂2∕∂x2 − ∂2∕∂y2�u 0v 0], c) sum of Figs. 15a and 15b.
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Although the primary vortex is generated by interactions between
streamwise and vertical boundary-layer flows, the secondary one is
formed by viscous interaction between the vertical boundary layer
and the wall-mounted airfoil surface. This can be confirmed by the
fact that the vertical mean velocity profile at the core location
(x∕T � −0.005 and y∕T � 0.035) is much more inflectional than
the streamwise mean velocity profile. Moreover, the other counter-
rotating secondary vortices are accompanied with the tiny
separations, which are recognized at the last two streamwise stations
and the seventh vertical station, respectively.
To investigate the generation mechanism of mean secondary flows

very close to the corner region, the incompressible mean spanwise
vorticity transport equation is considered as

U
∂Ωz

∂x
� V

∂Ωz

∂y
� ∂2

∂x∂y
�v 02 − u 02� �

�
∂2

∂y2
−

∂2

∂x2

�
�−u 0v 0�

� ν

�
∂2Ωz

∂x2
� ∂2Ωz

∂y2

�
(1)

where themean spanwise velocity is assumed negligible. As seen in
the right of Eq. (1), two mean vorticity source terms related to
Reynolds stresses generate secondary flows, as discussed in
Bradshaw [21]. Figure 14 displays the distribution of Reynolds
stresses and turbulent kinetic energy, and these provide physical
insights for analyzing the corner secondary flows. As seen in
Figs. 14a and 14b, the normal Reynolds stresses (u 0u 0, v 0v 0) show
different wall-damping behaviors toward the wall-mounted wing
surface and on the flat plate, respectively, very close to the corner
region. Two different kinds of wall dampings are involved in the
different wall behaviors of the two Reynolds normal stresses:
viscous damping in wall-parallel flow and an inviscid one in wall-
normal flow (or stagnation flow). In detail, the streamwise velocity
is damped by the viscous friction on the bottom wall, whereas
inviscid damping is dominant on the wing surface where a
stagnation point locates. These differentwall-dampingmechanisms
bring about imbalance of the Reynolds normal stresses (u 0u 0–v 0v 0)
near the corner region and further generate mean secondary flows.
Figure 15a shows the anisotropic wall-damping-induced mean
vorticity source term. As expected, the source term is strong close to
thewing surface and bottomwall. In addition, the spatial gradient of
Reynolds shear stress is also a source for mean secondary flows.
Figure 15b displays the second source term in the right of Eq. (1)
and it is strongly negative near the wing surface and bottom wall
close to the corner region. Figure 15c shows the sum of the two
source terms, the structure of which can be separately interpreted
into the near-wall structure and the core region of the primary corner
vortex (Fig. 12a). Comparing Fig. 12a with Fig. 15c, the “hook-
like”mean negative spanwise vorticity band (displayed in Fig. 12a),
which characterizes the mean corner flow separation, shows a
similar near-wall structure to that of the net source term. In the core
region, the second source term contributes to the mean secondary
flows more than the first one. As mentioned in Gatski and Rumsey
[22], linear eddy-viscosity models cannot accurately capture the
anisotropy of Reynolds normal stresses and further their induced
secondary flows. Thus, the inaccurate prediction of the imbalance
(u 0u 0–v 0v 0) can be a reason for the low strength of the mean
negative vorticity band (Fig. 12c) predicted by the SST k-ωmodel.
Besides, the accurate prediction of inviscid/viscous wall-damping
interaction can be an interesting issue that should be con-
sidered in characterization of the performance of nonlinear RANS
models.

F. Transient Behavior of Vortex Structure

Figure 16 illustrates the “bimodal dynamics” [2] of the junction
vortex near the leading edge by five snapshots of the instantaneous
spanwise vorticity field. In the first snapshot of the vorticity field at
the plane of symmetry, an instantaneous junction vortex structure is
observed at x∕T � −0.2. This vortical structure moves upstream due

to the reverse flow induced by the adverse pressure gradient. A
stagnation point (so-called zero-flow mode in Devenport and
Simpson [2]) is apparent at about x∕T � −0.2, and a flow ejection
occurs, as illustrated in the third snapshot of Fig. 16. The ejected flow
is then convected downstream by the incoming stream away from the
wall (so called backflow mode [2]). A Kelvin–Helmholtz instability
breaks down the corresponding shear layer, as illustrated in the fourth
and fifth time instance. The presence of the ejection and successive
instability determine themean flow structure and spatial variations of
turbulence quantities discussed in Secs. III.C and III.D.
In addition to the strong horseshoe vortex and corresponding

recirculation region upstream of the airfoil, an analysis of the near-
wall region defined by the flat plate and the airfoil reveals the
presence of a secondary vortex. This was not studied by Devenport
and Simpson [2]. Figure 17 displays the dynamics of this secondary
corner vortex with six time instances of the spanwise vorticity field.
In Fig. 17a, the periodic dynamics of the corner vortex is illustrated.
Initially, the core shape is fairly circular, then the vertical downward
motion along the airfoil leading edge stretches it in an elliptical form.
Finally, the vortex interacts with the bottom wall and recovers the
circular shape.

Fig. 16 Snapshots of instantaneous spanwise vorticity in the plane of
symmetry near leading edge at a) t0, b) t0 � 0.92, c) t0 � 1.84,
d) t0 � 2.30, and e) t0 � 3.22. Time t is normalizedby reference time scale
T∕Uref.
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IV. Sensitivity Analysis
A. Sensitivity Analysis of Inlet Condition

Three different inlet source profiles are tested with LESwith a fine
grid to carry out sensitivity analysis on the generated turbulent inlet
profiles: one-dimensional (1-D) profiles experimentallymeasured by
Devenport and Simpson [2] at x∕T � −18.24 (x∕c � −4.287), 1-D
fully developed profiles calculated with RANS at x∕T � −4.254
(x∕c � −1), and 1-D fully developed profiles calculated with RANS
at Reθ � 5940. The 1-D profiles experimentally measured by
Devenport and Simpson [2] at x∕T � −18.24 (x∕c � −4.287)
include only three components (U, hu 0u 0i, hw 0w 0i), and the inlet
location x∕T � 4.254 (x∕c � −1) of the computational domain is
located downstreamwith respect to themeasurement location. The 1-
D fully developed profiles calculated with the 1-D RANS solver at
x∕T � −4.254 (x∕c � −1) are used to prescribe the turbulent inlet
condition. The 1-D profiles include five components (U, hu 0u 0i,
hv 0v 0i, hw 0w 0i, hu 0v 0i). Last, the 1-D fully developed profiles
calculated with 1-D RANS solver atReθ � 5811 are imposed for the
synthesized inlet to match the experimental conditions. The Reθ �
5811 is approximated from the Reθ � 5940 measured by Ölçmen
and Simpson [4] at x∕c � −0.75 (inlet and measurement locations
are described in Fig. 2), using the relation between development
length Reynolds number Rex and momentum thickness θ on the flat
plate as

θ

x
� 0.0367

Re0.2x

(2)

Figure 18 displays time-averaged mean velocity profiles
calculated with the three different inlet conditions. The 11 profile
stations are located in the plane of symmetry. The mean streamwise
velocity profiles calculated with the first inlet condition show early
flow separation at the second station and mismatch of the boundary-
layer thickness δ99 with the experimentalmeasurement at the first five

stations. In the second case, the early separation problem is fixed by
the computed 1-D source profiles, but the predicted boundary-layer
thickness is roughly two times larger than themeasured one at the first
five stations. In the last case, the early separation andmismatch of the
boundary-layer thickness are remedied. Moreover, the freestream
velocities at the 11 stations are well reproduced.
Figure 19 shows comparisons of the streamwise turbulence

quantity corresponding with the three inlet cases. In the first and
second cases, the computed turbulence quantity significantly
deviates from the experimental measurement in the separation zone
(sixth–ninth stations). However, the third case shows reasonable
agreements with the measurements in the last seven stations,
although the turbulence quantity is slightly overpredicted in the first
three stations.

B. Investigation of SGS Modeling Effect

LESs of the wing–body junction case are performed with the
Vreman model, the VSS-model [23], and the dynamic Smagorinsky
model (DSM) [24] to investigate SGS modeling effects on the
turbulence statistics in the symmetry plane. The coarse grid is used
for the calculations, and simulation conditions for the LES are exactly
same with those of the case presented in Sec. II. Clipping is used to
stabilize a spatially steep change of the model constant calculated
with the Germano identity and the least-square-based modification
[25] in the DSM. The turbulence statistics are accumulated for 1.5
flowthrough times.
Figures 20a and 20b display the mean streamwise and vertical

velocity profiles calculated with the three SGS models. The mean
velocities are compared in the last six stations where the mean flow
separation is observed in the fine grid LES results. At station 6, the
DSM slightly overpredicts the amount of reverse flow (about two
times larger than the othermodels). Qualitatively, the saddle points of
the mean streamwise velocities predicted by the three models are
located closer to the bottom wall than those of the experimental data
at station 7. The amount of reversed flow is small compared with the

Fig. 17 Snapshots of instantaneous spanwise vorticity in the plane of symmetry at the corner region at a) t0, b) t0 � 0.55, c) t0 � 0.74, d) t0 � 0.92,
e) t0 � 1.38, and f) t0 � 2.12.
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experimental data in stations 8–10. Figure 20b shows comparisons of
the mean vertical velocity profiles with respect to the three SGS
models. The downwash generated by the wall-blocking effect is
qualitativelywell predicted by the threemodels in the six stations, but
the flow ejection recognized by the positive sign of the mean vertical
velocity is not accurately captured by the models at the first three
stations.
Figure 21a shows the streamwise rms turbulence quantities

computed with the three SGS models. Unlike the cases of the mean
velocity profiles, the qualitative differences induced by SGS
modeling effects are pronounced in the comparison of rms values. As
mentioned in Sec. III.D, the Vreman model does not predict the
second peak in the upper region at stations 8 and 9. Moreover, the
Vremanmodel does not capture the turbulence damping in station 10
in the fine grid case. Qualitatively, the characteristic double-peak
variation (mentioned in Sec. III.D) is well predicted by the Vreman
model and the VSS model in station 8, whereas these peaks are not
shown in the DSM results. However, the DSM recovers the
characteristic profiles at station 9. In station 10, theVSS and theDSM

show the smooth streamwise turbulence damping in the vertical
direction. The characteristic variation shown in station 9 is not
completely damped by the Vreman model at station 10, as shown in
Fig. 21a.
Figure 21b displays the comparison of the vertical velocity

fluctuations. As mentioned in Sec. III.D, the gradual increase and
damping of the vertical turbulence are themain characteristics shown
in the experimental data at the symmetry plane. Although theVreman
model on the coarse grid does not show turbulence damping in station
10 (which was observed on the fine grid in Sec. III.D), the other SGS
models qualitatively recover the damping of the vertical turbulence
quantity. Although the three SGS model results do not show
qualitatively distinguished differences from the experimental data
between stations 6–8, the DSM and the VSS are both clearly superior
to the Vreman model in the prediction of the vertical turbulence
damping at station 10. In other words, the vertical turbulence
predicted by the Vreman model continuously increases from stations
6–10, whereas those of the other models start to be damped from
station 8. At station 11, all models are able to recover the turbulence
damping behavior. The different predictions of the vertical rms
turbulence damping could be caused by the different wall behaviors
of the SGS models (i.e., the Vreman model shows the linear wall
behavior, unlike the cubic wall behavior of the other models [23,26]).

Fig. 18 Mean streamwise velocity profiles atmultiple stations described
in Fig. 7 with respect to three different 1-D inlet source profiles: a) LES
results with synthesized inlet conditions with 1-D profiles measured by
Devenport andSimpson [2] atx∕T � −18.24 (x∕c � −4.287); b) 1-D fully
developed profiles calculated by 1-D RANS solver at x∕T � −4.254
(x∕c � −1); and c) 1-D fully developed profiles calculated with 1-D
RANS solver at Reθ � 5811.

Fig. 19 Same as Fig. 18, but streamwise turbulence fluctuations.
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V. Conclusions
Detailed LESs of the wing–body junction case, experimentally

investigated by Devenport and Simpson [2], have been presented.
The LES results are compared with experimental measurements,
DES [9], and RANS with the SST k-ω model, investigating mean
flow structure and turbulence statistics near the junction in the plane
of symmetry. First, the mean flow structure, characterized by the
mean spanwise vorticity, is evaluated near the junction. Whereas
Although the LES captures the elliptic mean vortex structure and its
location, the DES incorrectly predicts the core location further

upstream. The mean flow structure predicted by the RANS
calculation shows a 30% wider separation zone than the
experimentally measured one. Moreover, turbulence statistics are
compared at 11 stations located in the symmetry plane to
quantitatively validate the LES results. The LES captures fairly well
the separation location and reverse flows generated by wall blocking
effects. However, the LES with the Vreman model does not
completely reflect the flow-structure-induced double peak profiles in
the streamwise turbulence quantity or streamwise and vertical
turbulence damping close to the junction.
Using the LES data, corner flows not experimentally studied by

Devenport and Simpson [2] are investigated. The temporal behavior
of the corner vortex is analyzed with time sequences of the spanwise
vorticity.Moreover, themean corner vortex pattern,which consists of
one primary vortex and three secondary vortices, is presented, and its
generation mechanism is illustrated. Significant anisotropy of the
Reynolds normal stresses and spatially anisotropic turbulence
damping near the airfoil surface and the bottom wall are noted.
Sensitivity analysis for the body junction flow is carried out with

respect to the inlet condition. First, three different inlet conditions are
tested. The one corresponding to the base profile atReθ � 5811 shows
the most accurate prediction of the mean streamwise velocity near the
junction. The first inlet case results in early flow separation near the
junction and thinner boundary-layer thickness in the outer layer.
The second case resolves the early separation problem shown in the
first case, but the predicted boundary-layer thickness is half as thick
the experimental one. The third case resolves the two inaccurate
predictions (thin boundary-layer thickness and early flow separation).
SGSmodeling effects on the turbulence statistics are studied in the

LES computed with the Vreman model, the VSS, and the DSM.
Qualitatively, the three SGS models show different performance,
especially in the flow structure-induced characteristic variation of the
rms turbulence quantities and turbulence damping near the wing
nose. It is notable that theVremanmodel does not recover appropriate
turbulence damping at a station very close to the wing nose, whereas
the other models do.
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