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Steady and unsteady viscous flow simulations of a full-scale, semispan, and full-span model of the F-16XL-1
aircraft are performed with three different computational fluid dynamics codes using a common unstructured grid.
Six different flight conditions are considered. They represent Reynolds and Mach number combinations at subsonic
speeds, with and without sideslip. The steady computations of the flow at these flight conditions are made with several
Reynolds-averaged Navier—Stokes turbulence models of different complexity. Detached-eddy simulation, delayed
detached-eddy simulation, and an algebraic hybrid Reynolds-averaged Navier—Stokes/large-eddy simulation model
are used to quantify unsteady effects at the same flight conditions. The computed results are compared with flight-test
data in the form of surface pressures, skin friction, and boundary-layer velocity profiles. The focus of the comparison
is on turbulence modeling effects and effects of unsteadiness. The overall agreement with flight data is good, with no
clear trend as to which physical modeling approach is superior for this class of flow. The Reynolds-averaged Navier—
Stokes turbulence models perform well in predicting the flow in an average sense. However, some of the flow
conditions involve locally unsteady flow over the aircraft, which are held responsible for the scatter between the
different turbulence modeling approaches. The detached-eddy simulations are able to quantify the unsteady effects,
although they are not consistently better than the Reynolds-averaged Navier—Stokes turbulence models in predicting
the flow in an average sense in these flow regions. Detached-eddy simulation fails to predict boundary-layer profiles
consistently over a range of flow regimes, with delayed detached-eddy simulation and hybrid Reynolds-averaged
Navier-Stokes/large-eddy simulation models offering a remedy to recover some of the predictive capabilities of the
underlying Reynolds-averaged Navier-Stokes turbulence model. Nonetheless, the confidence in the predictive
capabilities of the computational fluid dynamics codes with regard to complex vortical flowfields around high-
performance aircraft of this planform increased significantly during this study.
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T = shear stress
10} = specific turbulent dissipation rate
) = freestream values

I. Introduction

HE basic data of [1], as highlighted and detailed in [2], provide

the background for this article, which focuses on those
computational fluid dynamics (CFD) contributions to the Cranked
Arrow Wing Aerodynamics Project International (CAWAPI) from
research organizations that employed a common unstructured grid
(referred to as “standard” unstructured grid hereafter) with their flow
solvers. In particular, this paper summarizes the contributions made
by the Royal Institute of Technology (KTH), the Swedish Defence
Research Agency (FOI), the U.S. Air Force Academy (USAFA), and
NASA Langley Research Center (NASA). KTH and FOI joined
forces to concentrate on turbulence modeling aspects, whereas the
USAFA focused on determining the unsteady characteristics of the
flowfield using detached-eddy simulation (DES), including a time-
step study. NASA Langley Research Center examined the ability of
its two-equation linear and nonlinear k—¢ turbulence models to
represent the flow physics around the F-16XL. Detailed results from
the aforementioned participants are drawn from [3-5]. The
contributions of other CAWAPI participants are summarized in
16,71,

This paper begins with a description of the flight conditions to be
computed for comparison by CAWAPI members. Next is a
description and comparison of the flow solvers that participants used
to contribute solutions to CAWAPI. The results of the time-step
study conducted by the USAFA are presented. This is followed by a
brief presentation of the specifics of the standard unstructured grid,
which is described in more detail in [8,9]. The computed results are
discussed and compared to flight-test data in the main section of the

paper.

II. Flight Conditions

Seven of the 99 CAWAP flight conditions (FC) [1] were selected
for computation in CAWAPI. They represent different Reynolds and
Mach number combinations at subsonic and transonic speeds, with
and without sideslip. All seven flight conditions are listed with their
nominal and actual values in Table 1.

Flight conditions 7, 19, and 46 are medium angle-of-attack
vortical flow conditions at various subsonic Mach numbers and
altitudes, whereas FC70 is a low angle-of-attack attached flow
condition at a transonic Mach number of 0.97. Note that results for
FC70 are not presented here, but can be found in [3-3]. Flight
conditions 50 and 51 are also medium angle-of attack vortical flow
conditions, but at sideslip angles of +5.31 and —4.58 deg,
respectively, and a mirrored full-span grid created from the standard
grid was used. Flight condition 25 is at a high incidence angle and
most interesting in terms of unsteady modeling.

All seven flight conditions were computed by the three
organizations contributing to this paper, but with different physical
and numerical modeling, as described next and as summarized in
Table 2. Note that all calculations were made assuming fully
turbulent flow. Flight conditions 7, 19, 25, 46, and 70 have zero
nominal sideslip and were computed by all three codes as symmetric
using the semispan standard unstructured grid, although the actual
sideslip angles ranged from +0.725 to —0.133 deg. For the full-
span model simulations at FC50 and FC51, the actual angle of
sideslip was specified. The angle of attack was set to the actual angle
of attack for all flight conditions.

III. Computational Methods
A. Edge (KTH/FOI)

KTH and FOI joined forces and used Edge [10] for contributing to
CAWAPIL Edge is a flow solver for unstructured hybrid grids of
arbitrary elements. The code is a proprietary code of FOI where it is
being developed. The code is shared with other users, among them
KTH, based on a license agreement. User development of Edge is

Table 1 Subset of CAWAP flight conditions (FC) chosen for CAWAPI

Nominal Actual
FC M., o, deg B, deg Re/ft h, ft M, a, deg B, deg Re
FC7 0.29 13.0 0.0 1.79 x 10° 5,000 0.304 11.89 —0.133 44.40 x 10°
FC19 0.32 13.0 0.0 1.71 x 100 10,000 0.360 11.85 +0.612 46.80 x 10°
FC25 0.24 20.0 0.0 1.28 x 10° 10,000 0.242 19.84 +0.725 32.22 x 10°
FC46 0.51 10.0 0.0 1.77 x 10° 24,000 0.527 10.40 +0.684 46.90 x 10°
FC50 0.42 13.0 +5.0 1.46 x 10° 24,000 0.434 13.56 +5.310 39.41 x 10°
FC51 0.42 13.0 -5.0 1.46 x 10° 24,000 0.441 12.89 —4.580 38.96 x 10°
FC70 0.98 3.6 0.0 3.6 x 10° 22,300 0.970 4.37 +0.310 88.77 x 10°
Table 2 Contributions by organization
Contributor Turbulence models used Numerics FC conditions Steady/ Ref.
unsteady
USAFA SARC, SARC-DES, SARC-DDES CC, Godunov type with least-square FC7, FC19, FC25, FC46, FC50, S,U AIAA 2007-
reconstruction, implicit FC51, FC70 0493
with Newton method
KTH/FOI Spalart—Allmaras, EARSM k-w, NC, central, explicit Runge—Kautta, FC7, FC19, FC25, FC46, FC50, S,U AIAA 2007-
w/ dual time stepping FC51, FC70 0678
and w/o rotational correction,
Hellsten k—w w/
and w/o rotational correction;
DRSM;
DES, hybrid RANS-LES
NASA Spalart—Allmaras, two-equation CC, Roe finite difference scheme, FC7, FC19, FC25, FC46, FC50, S AJAA 2007-
linear k—¢, Roe finite volume scheme, AUSM, FC51, FC70 0682

nonlinear ARSM k—e¢

Harten, Lax, and van Leer with

contact discontinuity;
implicit, dual time stepping, Newton

method
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shared with FOI. The flow solver, which was written to run on
parallel computers, uses an edge-based formulation and a node-
centered (NC), finite-volume scheme to solve the compressible
Reynolds-averaged Navier—-Stokes (RANS) equations. For steady
flows, the equations are integrated toward steady state with an
explicit multistage Runge—Kutta scheme. To accelerate conver-
gence, implicit residual smoothing and a multigrid technique can be
employed. Low Mach number preconditioning is also available. The
spatial discretization is either second order central or second order
upwind.

Time-accurate calculations are done either by Runge—Kutta time
marching with a global time step or by implicit time marching with
explicit subiterations, so-called “dual time stepping™ [11].

An adaptive mesh refinement module allows for local / refinement
of the hybrid grid by cell subdivision based on a sensor that measures
a gradient in the solution. In addition, there are three sensors for
identifying vortices. They are based on the total-pressure ratio, the
production of entropy, and an eigenvalue analysis of the velocity
gradient tensor.

The Edge code contains several eddy-viscosity turbulence models
based on the Boussinesq hypothesis as well as a suite of explicit
algebraic Reynolds-stress models (EARSM). Their implementation
in Edge follows that of Wallin and Johansson [12]. The EARSM
model has been used in combination with two types of k—w models—
the standard k— model [13] and the Hellsten k—w model [14]. For
flows with streamline curvature, curvature-corrected versions of
these models are also available [15]. Edge also contains the
differential Reynolds-stress model (DRSM) described by Hanjalic
et al. [16], an algebraic hybrid RANS-LES (large-eddy simulation)
model [17,18] and DES [19] capability.

Concerning CAWAPI, the steady flow solutions were computed
using the second-order accurate central scheme for the mean flow
equations and a second-order upwind discretization of the turbulence
equations. The Courant-Friedrichs—Lewy (CFL) number was set to
1.0. Convergence acceleration was achieved through local time
stepping, residual smoothing, and full multigrid with three levels.
Fully turbulent flow was assumed and the solutions were initialized
with freestream conditions which were computed from the flight
conditions in Table 1 assuming the atmospheric properties of the
1976 Standard Atmosphere. All flight conditions were computed
with the Spalart—Allmaras turbulence model, k~—w EARSM with and
without rotational correction, and the Hellsten k~w EARSM with and
without rotational correction. Note that the curvature-corrected
versions of the k—~w EARSM have been considered here because the
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Table 3 Propulsion conditions as a function of the flight condition (FC)

Engine inflow Engine outflow

conditions conditions
FC Tyur K Pstar» P2 U,m/s M Tioi» K Prot> Pa
FC7 276.7 75,842 115.7 0.347 583.3 158,579
FC19 269.9 70,327 105.4 0.320 583.3 148,237
FC46 246.4 40,334 123.2 0.390 580.6 102,042
FC70 288.3 73,429 141.6 0.416 666.7 206,843

uncorrected models tend to overestimate the eddy viscosity in
vortical flow. Rotational correction limits the maximum eddy
viscosity in the vortex core. In addition, FC19 and FC46 were
computed with the DRSM. Time-accurate computations were
performed for FC7, FC25, and FC46 using both the standard DES
and the algebraic hybrid RANS-LES models. The time step was
chosen according to the guidelines for DES by Spalart [20] and the
results of a time-step study conducted by the USAFA, which is
summarized below. The inner-loop CFL number was set to 1.0 and a
fixed number of 50 inner iterations was specified. The time-
dependent flow simulations were initialized with the steady-state
solution computed with the Spalart—Allmaras turbulence model. The
transient part of the solution was not considered when computing the
average solution. For FC7 the unsteady flow solution was averaged
over 3000 physical time steps. FC25 was averaged over 12,000 time
steps.

The boundary conditions were symmetry, adiabatic wall for the
surface of the aircraft, and characteristic variable freestream
conditions for the far-field boundaries, which were located about 10
aircraft length (24 root chord lengths) away from the aircraft. The
boundary conditions on the engine inlet face and the exhaust mixing
plane were pressure outlet and total states inlet, respectively. The
corresponding propulsion conditions are listed for the different flight
conditions in Table 3. It should be noted that these conditions are
generic engine conditions and do not correspond to any specific
engine.

B. Cobalt (USAFA)

The U.S. Air Force Academy used the commercial flow solver
Cobalt [21]. Cobalt is a cell-centered, finite-volume CFD code. It
solves the unsteady, three-dimensional, compressible RANS
equations on hybrid unstructured grids. Its foundation is based on

F16XL Time Convergence Analysis (FC7)
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Godunov’s first-order accurate, exact Riemann solver. Second-order
spatial accuracy is obtained through a least-squares reconstruction. A
Newton subiteration method is used in the solution of the system of
equations to improve time accuracy of the point-implicit method.

Strang et al. [21] validated the numerical method on a number of
problems, including the Spalart—Allmaras model [22], which forms
the core for the DES model available in Cobalt. Tomaro et al. [23]
converted the code from explicit to implicit, enabling CFL numbers
as high as 10°. Grismer et al. [24] parallelized the code, with a
demonstrated linear speedup on as many as 4000 processors. The
parallel METIS (ParMETIS) domain decomposition library of
Karypis et al. [25] is also incorporated into Cobalt. New capabilities
include rigid-body and 6 degrees of freedom (DOF) motion,
equilibrium air physics, and delayed DES (DDES) [26].

With respect to CAWAPI, steady flow solutions and initiation of
time-accurate solutions were computed using the RANS turbulence
model of Spalart—Allmaras with rotation corrections (SARC), first
order accuracy in time, and a time step commensurate with a CFL
number of 1 million. Time-accurate solutions were computed with
the DES and DDES hybrid RANS-LES turbulence models with
SARC as the underlying RANS model. A time-step study was
conducted to determine the proper time step for the flight condition
and grid combination used for this study and is the subject of the next
section. Nominally, each solution (corresponding to a flight
condition from Table 1) was initialized by completing 3000 flow
solution iterations with second-order spatial accuracy, first-order
time accuracy with the time-step size determined by the global
minimum CFL number, and 1 N subiteration per time step. From
these initial solutions, at least 6000 additional iterations were
performed with a specified time-step size and second-order spatial
and temporal accuracy with 3 N subiterations. Typically, the last
2000 iterations of each run were time averaged to compute the
average solution values in the results, and time-accurate flow
solution files were exported every five time steps during this time
period. Unsteady bounds could be determined by interrogating these
flow solution files.

The boundary conditions were symmetry, adiabatic solid wall for
the surface of the aircraft and the engine duct, and modified Riemann
invariants for the far-field boundaries. A source boundary condition
based on Riemann invariants was used to create an inflow condition
at the engine exhaust. A sink boundary condition was used at the
engine face to model the corrected engine mass flow.

C. USM3D (NASA)

NASA researchers used USM3D, the flow solver portion of the
NASA Tetrahedal Unstructured Software System (TetrUSS) [27].
USM3D uses a cell-centered, finite volume to solve the compressible
RANS equations on unstructured all-tetrahedral grids. For steady
flows, the equations are integrated toward steady state with an
implicit point Gauss—Seidel or explicit Runge—Kutta scheme.
Newton time stepping or dual time stepping can be used for time-
dependent flow calculations. Several upwind schemes are
implemented into USM3D, among them Roe’s flux-difference
splitting, the advection upstream splitting method (AUSM) scheme,
van Leer flux vector splitting, and the Harten, Lax, and van Leer
scheme with contact restoration.

The version of USM3D used for CAWAPI features a range of
turbulence models including the Spalart—Allmaras one-equation
model, Menter’s shear-stress transport model, and a suite of two-
equation linear and nonlinear (algebraic Reynolds-stress model) k—¢
models. A DES capability based on the Spalart—Allmaras model is
also available.
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Fig. 2 F-16XL-1 standard unstructured grid on the aircraft surface
and in the symmetry plane.

Special features include static aero/structural coupling, solid and
deforming grid motion, overset Chimera grids, feature-based grid
adaptation, and 6-DOF motion.

For CAWAPI, USM3D was used to compute steady flow
solutions with Roe’s flux-difference splitting scheme. Convergence
to steady state was accelerated using the point-implicit Gauss—Seidel
scheme. FC46 was computed with the Spalart—Allmaras turbulence
model and the two-equation linear and nonlinear k—¢ models. All
remaining flight conditions were modeled with the two-equation
linear k—e model.

The boundary conditions were symmetry and adiabatic wall for
the surface of the aircraft. The engine was modeled in the code by
using the specific boundary condition types, that is, engine intake or
exhaust, and the associated values of temperature, pressure (or a ratio
of that to the freestream value), along with a Mach number at the inlet
and exhaust/mixing plane for each FC (see Table 3).

D. Code Comparison

USM3D and Cobalt are based on a cell-centered (CC)
discretization, whereas Edge is a vertex- or node-based code. The
implications of this seemingly subtle difference have to be
understood and considered when comparing results computed with
the two approaches on acommon grid. The difference stems from the
fact that a tetrahedral grid of N vertices contains from 5N to 6N cells.
Thus, a cell-centered approach on a tetrahedral mesh will contain
many more degrees of freedom than a vertex-centered discretization
on the same mesh, and can therefore be expected to yield higher
accuracy and require higher computational expense [28]. In other
words, an advantage for the cell-centered approach is its ability to
achieve acceptable accuracy on relatively coarse grids. However, the
vertex-based discretization can be expected to be more accurate than
a cell-based discretization using an equivalent numbers of
unknowns, because the former approach will result in a larger
number of flux calculations. Although numerical experiments
conducted by Mavripilis [29] and others have verified the superior
accuracy of cell-centered approaches versus vertex-based
approaches on identical grids, but also suggested the vertex-based
approach to be the most efficient approach overall, the issue has
never been decided conclusively, in large part due to the lack of fully
consistent comparisons between the two approaches using identical
discretizations and solvers.

Note that this issue is most important for tetrahedral meshes and is
of only secondary importance on hexahedral grids. For prismatic
element meshes, such as those often used in boundary-layer regions,
the differences between cell-centered and vertex-based approaches
are less pronounced than for tetrahedral meshes, but still significant
[28].

Table 4 Summary of family of standard unstructured grids

Grid Tetrahedra Prisms Pyramids Nodes Surface elements Prism layers Used by
Tetrahedral 14,802,429 0 0 2,534,132 160,266 0 NASA
Hybrid 10,485,709 1,442,394 0 2,535,842 160,266 9 KTH/FOI, USAFA
Mod. hybrid 7,716,197 2,285,124 120,661 2,535,842 160,266 <20 KTH/FOI
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E. Physical Time-Step Study

The accurate prediction of unsteady flow about the F-16XL
required both a good grid and an appropriate physical time step and
the USAFA therefore conducted a time-step study. The choice of the
physical time step depends on the time scales of the flow features of
interest and may thus not be known a priori. A grid of a particular
fineness coupled with a specific time step which is adequate for a
computation required to resolve vortical flow features will be
inadequate for resolving smaller turbulent structures. In the latter
case, a finer grid and a smaller time step will be necessary. If the time
step is too large, the simulation may fail to capture important flow
features and mimic unphysical steady behavior. Taking detailed flow
“measurements” within the flowfield region of interest is the only
way to properly determine an appropriate time step. Therefore, a
series of “pressure taps” was located in a region of the flowfield
where a primary leading-edge vortex intersected with the air-dam
vortex which will be described in Sect. V.

Figure la shows the variation of power spectral density of the
pressure time history at pressure tap 1 for seven time steps, ranging
from At = 5.0 x 1073t05.0 x 107 s. These time steps were chosen
based on the rule of thumb that aerodynamic features of interest are
usually resolved at nondimensional time steps of approximately
Ar*=At-U,/c=0.0l. As can be seen, as the time step is
decreased, the primary frequencies begin to coincide at a common
frequency, which we consider time-step “convergence.” The results
for pressure tap 1 are consolidated and shown as a function of the
time step and the wave number of the dominant mode in Fig. 1b. The
figure strongly suggests that the primary wave number is converging
to a constant value as the time step decreases, with a wave number of
approximately 0.19 reached when the physical time step is below
At =1073 s. Although a converged time step has been attained at
At = 1073 s, a smaller time step may be desirable for accurate flow
prediction. It is also clear that the Strouhal frequency for the primary
flow feature is in the neighborhood of 5, which corresponds to a
helical mode instability.

Although an additional time study could be performed to
determine the effect of the number of Newton subiterations on the
solution, experience [30] shows that 3 N subiterations are usually
sufficient for accurate prediction of unsteady flows about full-scale
aircraft with Cobalt. Based on the time-step study all unsteady
calculations with Cobalt and Edge were performed with a physical
time step of Ar=5.0x 10~* s, corresponding to At* = 0.0066.
The result of the time-step study is in good agreement with the
guidelines for DES by Spalart [20], which suggest a physical (outer)
time step of At = Ay/ U &~ 2.5 x 107 s, where the average cell

F=16XL SARC-DES Solution at FCO7 (Instantaneous)
Re# = 44.4E6

Alpha = 11.89 deg Mach = 0.304

Vorticity Magnitude Isosurface (250 1/sec) Colored By Pressure

a)

size A in the focus region was estimated to equal 0.05 m for the grid
used here and the maximum velocity U,,, in the LES (or focus)
region equal to twice the freestream velocity.

IV. Standard Unstructured Grid and Hybrid
Grid Generation

Although some attempts have been made to define an “equivalent”
grid for comparing cell-based and vertex-based codes at equivalent
accuracy levels, for example, in the recent Drag Prediction
Workshop series [31], this approach has not been adopted here. This
is partly due to the fact that this approach for defining equivalent
resolutions for cell-based and vertex-based grids has only been
studied for transonic flows and may not apply equally for other types
of flows, particularly for cases where off-body flow physics, that is,
vortical flows, are of primary importance [28], as is the case here.

The standard unstructured grid for use with all three flow solvers
was generated by NASA. Itis described in detail in [8,9]. For the sake
of completeness it must be pointed out that the grid generation
approach followed by NASA is unconventional in that thin layers of
right-angled tetrahedral cells are generated in the boundary-layer
region by the advancing-layers method (ALM). Unlike the
conventional advancing-front method (AFM), which introduces
cells in the field in a totally unstructured manner, the ALM generates
layers of thin tetrahedral cells in a more orderly fashion while
maintaining many advantageous features of the AFM. Outside the
boundary layer a regular, nearly isotropic (inviscid) tetrahedral grid
is generated by the AFM. The transition from thin layers to the
regular grid is gradual and continuous because a common
background grid is used to control both methods.

The final all-tetrahedral grid for calculation of the viscous flow
over the half-span, full-scale model of the F-16XL-1 is made up of
2,534,132 nodes, corresponding to 14,802,429 cells, and an average
value of y* of less than 1. The maximum y* value of about 2 occurs
underneath the primary wing vortex. This grid was used by NASA
with USM3D. A 3-D view of the surface grid and symmetry plane is
shown in Fig. 2.

Note that for numerical reasons Edge and Cobalt require the use of
hybrid grids, where cell shapes that do not become skewed with
stretching (e.g., hexahedra and prisms) are used in the viscous flow
regions and tetrahedral cells away from viscous regions. To fulfill
that requirement, the all-tetrahedral grid was converted into a hybrid
grid by combining the first nine layers of high-aspect-ratio,
semistructured tetrahedral cells off the aircraft surface into layers of
prismatic cells. This operation reduced the cell count to a total of

6.50

b)

Fig. 3  Flight condition 7: a) isosurfaces of vorticity magnitude colored by pressure; b) surface pressure coefficient distribution, C,.
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11,928,103, corresponding to 2,535,842 nodes. It is important to
note that the transition between the admittedly relatively few
prismatic layers and the tetrahedral grid is very smooth, because
there are several semistructured ALM-generated viscous layers on
top of the prismatic layers. The hybrid grid was used by the USAFA
and KTH/FOI with Cobalt and Edge, respectively.

To investigate the influence of the number of prismatic layers on
the accuracy of the results computed with the codes that require
hybrid grids, a third standard unstructured grid with up to 20
prismatic layers was generated from the all-tetrahedral grid. This grid
featured “chopped” prismatic layers with pyramids as end caps. It
was used by KTH with Edge. The statistics of the entire family of
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standard grids are summarized in Table 4. For flight conditions with
nonzero sideslip the half-span grids were mirrored at the symmetry
plane.

V. Results and Discussion

The CFD solutions obtained with the three different flow solvers
for the different flight conditions are compared to flight data in the
form of measured surface pressures, boundary-layer profiles, and
local skin friction. This is followed by a discussion of the
discrepancies between the solutions obtained with the different
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Fig. 4 Surface pressure coefficient for FC7 at various butt line stations, compared to flight-test data (M, =0.304, « =11.89 deg, and

Re = 44.40 x 10°).
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solvers. Finally, some possible reasons for the differences between
the computed results and the flight data are given.

For the sake of clarity, only selected computational results are
compared to the measured data. The full set of results is reported by
each participating organization in [3-5]. The results from KTH/FOI
were obtained with the Hellsten k—~w EARSM model without
rotational correction, unless otherwise noted in the legend or
accompanying text, and those from NASA with the linear k—& model.
The USAFA results are time averaged SARC-DES data, unless noted
otherwise. In the different cross plots, the KTH/FOI results are
represented by solid black lines, those from NASA by dot-dashed
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black lines or black circle symbols, and those from the USAFA by
black dashed lines, unless otherwise noted in the legend. The flight
measurements are represented by black diamond symbols with
different fill colors.

To demonstrate progress compared to previous computational
investigations of the F-16XL-1, the present wall-resolved numerical
results are also compared to data from Lamar et al. [1] and Lamar
[32], who performed a flight, wind-tunnel, and CFD comparison for
subsonic and transonic speeds using the structured flow solver
CFL3D. The CFL3D solver used the Baldwin—Lomax turbulence
model with the Degani—Schiff modification [33] (in the j—k
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Fig. 5 Surface pressure coefficient for FC7 at various fuselage stations, compared to flight-test data (M, =0.304, « =11.89 deg, and

Re = 44.40 x 10°).
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directions) on arelatively coarse multiblock, patched grid (1,372,096
cells) and wall functions because the first cell height y* value was 82.
The CFL3D results are represented by solid orange lines in the cross
plots, where applicable.

In the subsequent sections, data will be presented with the
nomenclature of butt line (BL) and fuselage stations (FS). The
coordinate system used for analyzing the flight and CFD data is
orthogonal with x measured aft, y measured outboard on the
starboard side, and z measured up, with an origin near the nose of the
aircraft. A BL is an x—z plane at a constant y coordinate and the
numerical designation gives the distance from the symmetry plane to
the BL plane. An FS is a y—z plane at a constant x coordinate and the
numerical designation gives the distance from the nose to the FS
plane.

A. Results at Medium Angle-of-Attack Flight Conditions Without
Sideslip (FC7, 19, 46)

There are four nominally symmetric flight conditions with angles
of attack greater than 10 deg and subsonic Mach numbers. Three of
the flight conditions are considered a medium angle of attack in the
range of 10 to 12 deg (FC7, FC19, and FC46). The fourth condition,
FC25, is considered a high angle-of-attack condition because it has
an angle of attack nearly twice that of the other three flight conditions
and is dedicated a separate section. This section presents results for
the first three flight conditions.

1. Flight Condition 7

FC7is at an angle of attack of 11.89 deg, a Mach number of 0.304,
and an altitude of 5000 ft, resulting in a Reynolds number of
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44.4 x 10% based on the mean aerodynamic chord. This condition
was used by the CAWAPI Research and Technology Organization
(RTO) Task Group as an initial comparison case for the various
research teams. Unfortunately, this particular case had no flight-test
data to use for comparison. The solutions for FC7 are therefore
compared to flight-test data for FC49 (Flt144-run4b with
My, =0.42, Re=36.06x 10°) and FC34 (Flt144-run9 with
M, =0.37, Re =39.03 x 10%), which is for the same nominal
angle of attack and sideslip angle but a slightly different nominal
Mach and Reynolds number.

Figure 3 depicts the flowfield over the F-16XL at FC7 computed
with Cobalt. Isosurfaces of vorticity magnitude of 250 1/s colored
by pressure are shown in the perspective view (Fig. 3a) and surface
C,, for the right wing is shown in the planform view (Fig. 3b). It is
apparent that the dominant features of the flowfield are the leading-
edge vortex originating from the swept wing leading edge inboard of
the crank, the air-dam vortex originating from the air dam protruding
forward of the actuator pod at the wing upper surface, the outer-wing
vortex originating from the wing leading edge outboard of the crank,
and a complicated set of vortices from the air intercept missile
(AIM)-9 fins and forebody. It can also be seen that the leading-edge
vortex changes characteristic from a coherent structure to a complex
structure with helical windings, similar to vortex breakdown, in the
region of the actuator pod. It is also interesting to note that the helical
vortex structure is above the vortex emanating from the air dam
creating a very complex structure. In addition to these vortices, other
vortical structures, such as the inner wing secondary vortex, are
present. All flight conditions characterized by vortical flow exhibit a
similar vortical flow structure, although the strength and location of
the vortices may differ.
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Fig. 6 Boundary-layer profiles computed with steady RANS turbulence models for FC7, compared to flight-test data (M, = 0.304, « = 11.89 deg,

and Re = 44.40 x 10°).
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The surface pressure distributions measured in flight for FC49 and
FC34 are compared to the numerical results for FC7 in Figs. 4 and 5,
which show the pressure coefficient C, as a function of the
nondimensional chordwise distance from the leading edge at a range
of butt lines (BL) and fuselage stataions (FS), respectively. By and
large, the most important characteristics of the surface pressure
distribution, such as primary and secondary suction peaks
underneath the primary and secondary vortices, are well predicted
from a qualitative point of view in Fig. 4. However, the magnitudes
of the primary and secondary suction peaks are generally
underpredicted by the linear k—¢ model employed by NASA
(USM3D) and the recovery from the strong suction peak is too
gradual for this model. This is true for all butt lines and fuselage
stations. The time-averaged DES (USAFA) results show good
agreement with the available flight-test data at BL55 through BL95
with only minor discrepancies near the recovery from the strong
suction peak. The suction peak C), value and the position of the peak
are in good agreement for all of these BL locations. At BL153.5 the
computed suction peak is somewhat higher than the experimental
value. It is surprising that the DES model fails to predict the correct
C, distribution at BL184.5, which is in a region of presumed flow
unsteadiness. The steady RANS results are remarkably accurate
here; even the wall-functions model predicts the trend observed in
the measurements. The Hellsten ki—~w EARSM model (KTH/FOI) is
best in predicting the recovery downstream of the primary suction
peak at all butt lines, whereas it underpredicts the suction peak at
BLS5S5 and the secondary suction peak at BL70 through 95.

As is true of all BL positions, the distributions of surface pressure
coefficients at all FS positions are in good overall agreement with the
available flight-test data, with the exception of the NASA CFL3D
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and USM3D results and the USAFA DES results at FS337, where the
pressure recovery is too steep inboard of the primary suction peak.

The results of a turbulence modeling study conducted by KTH/
FOI [3] for this flight condition (not shown here) found only minor
differences between the Hellsten k~—w EARSM model predictions for
C, and those of k—~w EARSM and Hellsten k—w EARSM with
rotational correction. However, the Spalart—Allmaras model failed to
predict the pressure distribution both in terms of the chordwise
location and magnitude of the primary suction peak as well as the
width of the footprint of the primary vortex. All of the RANS models
underpredicted the secondary suction peak.

The paper by the USAFA [4] demonstrated for this flight condition
that at BL153.5, BL184.5, FS407.5, FS450, and FS492.5 there were
large fluctuations in C,, especially near the vortex induced suction
peak. This unsteadiness was found to be due to the interaction of the
vortices from the air dam/actuator pod, outer wing crank, and the
AIM-9 tip missile and resulted in large variations in C, in this region.

Next, the measured and computed boundary-layer profiles are
compared. The boundary-layer measurements were made by using
two rakes at a time at four different positions on the left wing with the
most inboard one used as a control [1]. Each rake used 16 active
tubes, 15 for total pressure and 1 for static pressure, of the 23
available. The overall height of the rakes was 2 in. (5.08 cm). When
mounted on the airplane, each rake was oriented into the local flow at
an average angle over its height based on initial CFD predictions
from the NASA CFL3D code. These angles were measured from the
centerline with the rake pointing forward and inboard and have
values of 7.5, 45, 27.5, and 23.5 deg, for rakes nos. 3, 4, 7, and 5,
respectively. The rakes were at a nominal position of FS295 at
locations along a line approximately perpendicular to the leading
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Fig. 7 Time-averaged boundary-layer profiles computed with different hybrid RANS-LES models for FC7, compared to flight-test data (M, = 0.304,

o« =11.89 deg, and Re = 44.40 x 10°).
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edge with rake 3 most inboard, rake 5 very near the leading edge, and
rakes nos. 4 and 7 in between. The general arrangement of the rake
positions can be seen in Fig. 8 of [2] and a photo of a rake mounted on
the aircraft can be seen in Fig. 6 of that reference. The four locations
were chosen as follows: one well inboard of the shed vortex systems
where the flow is nearly streamwise (rake 3), one underneath the
primary wing vortex (rake 4), one underneath the secondary vortex
(rake 5), and one at the secondary separation line (rake 7).

The postprocessing needed to determine the boundary-layer
profiles from the numerical solutions for comparison with the
measured boundary-layer rake data was not straightforward, because
the velocities needed to be established along a normal to the surface
at the specified points in order to be comparable with the rake data.
Nevertheless, the velocity profiles were extracted from the CFD
solutions at exactly the locations where the flight-test data were
measured using the rake probes. The first step of the extraction
procedure included identifying a grid cell on the surface containing
the coordinates of a probe BL/FS location. The grid nodes of this cell
on the surface were then used to calculate the corresponding surface
normal vector. Because the distribution of the total-pressure probes
was known from the rake geometry, the physical coordinates were
defined using the normal vector and rake geometry data. The velocity
vectors were then interpolated from the surrounding mesh nodes. At
each point, the magnitude of velocity as well as the three components
of the velocity vector were computed. The velocity profile used for
comparison with the experimental data was computed by projecting
the velocity vector in the rake direction using the rake orientation
angles given previously.
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Figure 6 shows the comparison between the boundary-layer
profiles measured at rake locations 3,4, 7, and 5, respectively, and the
unstructured grid steady-state RANS solutions by KTH/FOI and
NASA. The comparison of the velocity profiles for rake 3, which is
estimated to be inboard of the primary vortex position, shows very
good agreement between the NASA results with the linear k— model
and the measured data (Fig. 6a). The velocity profile predicted by
KTH/FOI with the Hellsten k~—~w EARSM model is in general
disagreement with the measured values for z < 20 mm (0.8 in.). This
comes somewhat as a surprise because rake 3 is located where the
flow is streamwise and attached, which should be fairly easy to
predict. Note that all four turbulence models employed by KTH/FOI
for this flight condition predicted this boundary-layer behavior for
rake 3 although only the results computed with the Hellsten k-
EARSM model without rotational correction is shown (see Fig. 19 in
[3] for the results computed with all four turbulence models). The
velocity profile predicted by CLF3D using wall functions is rounder.

The comparison of the velocity profiles underneath the anticipated
location of the primary vortex (rake 4) demonstrates excellent
qualitative and quantitative agreement between the wall-resolved
solutions and the measured data (Fig. 6b). Even the NASA CLF3D
predictions with the wall-function model compare well with the
flight data. Looking in more detail, it can be observed that both the
measurements and the CFD solutions indicate a “jet-type” flow to
commence for z > 6 mm (0.25 in.). Both also show regions of quasi-
linear variation of the velocity with y, indicative of being outside the
boundary layer and just in the influence of the primary vortex. Note,
however, that the USM3D and CFL3D solutions exhibit a more jet-
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Fig. 8 Computed average boundary-layer profiles and unsteady bounds from DES for FC7, compared to flight-test data (M, = 0.304,« = 11.89 deg,

and Re = 44.40 x 10°).
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type behavior than the measured velocity profile, which is very well
predicted by the Hellsten k—w EARSM model in Edge (KTH/FOI).
Note that KTH/FOI also computed a stronger jet-type flow at rake
location 4 with the Spalart—Allmaras turbulence model in Edge (not
shown here, see [3]).

Underneath the estimated location of the secondary vortex
(rake 5), Fig. 6¢c, the measurements suggest a slightly retarded
velocity profile, which is qualitatively and quantitatively predicted
by NASA’s linear k—e¢ model, whereas the numerical solution
predicted by KTH/FOI with the k—~w EARSM model exhibits a
somewhat “fuller” velocity profile. KTH/FOI computed a more
retarded flow atrake location 5 with the Spalart—Allmaras model (not
shown). The wall-functions model in CFL3D (NASA) predicted a
jetlike velocity profile, presumably because the log-layer
assumptions underlying this model are not valid here. Note that the
measured profile for rake 5 achieves edge velocity beyond the rake
extreme. The quasi-linear growth of velocity for z > 13 mm (0.5 in.)
for this profile appears to be associated with vortices around these
boundary-layer rakes because the velocity field produced outside an
isolated vortex core varies as 1/r.

The comparison at the presumed location of the secondary
separation line (rake 7), shown in Fig. 6d, is very favorable for Edge
(KTH/FOI), whereas NASA’s USM3D code predicted a velocity
profile which is more retarded between z =5 mm (0.2 in.) and
40 mm (1.6 in.) when compared to the experimental data. The
velocity profile predicted by NASA with the wall-function model
(CFL3D) is completely inadequate at this rake location, with a linear
velocity profile from the boundary-layer edge almost all the way to
the wall. Note that apparently the measured velocity is not
asymptotic to the boundary-layer edge velocity at the rake extreme;
this leads to the conclusion that the maximum velocity has not been
achieved at this location. Unfortunately, no clear trend as to which
turbulence model/code is better in predicting all four velocity profiles
can be observed other than that the wall-functions model is
inappropriate for this type of flow. This demonstrates that none of the
turbulence models is capable of modeling all of the different flow
regimes well and indicates that the most suitable turbulence model
varies from regime to regime.

In Fig. 7 the measured boundary-layer rake data are compared to
time-averaged DES and DDES data computed with Cobalt by
USAFA (black solid and dashed lines), and time-averaged DES and
algebraic hybrid RANS-LES data computed with Edge by KTH/FOI
(red solid and dashed lines). Both DDES and the hybrid modeling
approach are techniques primarily aimed at the problems of standard
DES modeling, which exhibits an incorrect behavior in, for example,
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Fig. 9 Localskin friction coefficient for FC19 (M, = 0.36,« = 11.85°,
Re = 46.8 x 10%).

thick boundary layers and shallow separation regions, where the LES
region penetrates the boundary layer and gives rise to the wrong
solution, depending on the local grid density [26]. This is the case, for
example, for fine grids, where the switch from RANS to DES can
take place somewhere inside the boundary layer and produce
premature (grid-induced) separation [34,35].

Rake 3, which is well inboard of the primary leading-edge vortex,
shows the best overall agreement between flight data and the
numerical results (Fig. 7a). There is no difference between the
USAFA DDES and DES solutions, while the hybrid model solution
by KTH/FOI is closer to the experimental data than the velocity
profile predicted with DES. Nonetheless the DES results from KTH/
FOI are in better agreement with the flight-test data than those
obtained with the Hellsten k~—w EARSM model shown in Fig. 6a.
Note that the USAFA found essentially no unsteady effects for this
rake location. This is evident from Fig. 8a, which shows computed
average boundary-layer profiles (solid red lines) and unsteady
bounds (red dot-dashed lines) from DES compared to flight-test data.

Forrake 4, the results from the USAFA are in good agreement with
the flight-test data, although the predicted velocity is somewhat low
between z = 8 mm (0.3 in.) and the edge of the rake. The KTH/FOI
solutions do not exhibit this behavior, but underpredict the velocity
to a greater extend than the USAFA for z less than about 15. They
also do not show the jet-type flow velocity profile observed in flight

Vorticity Magnitude Isosurface (250 1/sec) Colored By Pressure ™ 0.50

a)

Fig. 10 Flight condition 46: a) isosurfaces of vorticity magnitude colored by pressure; b) surface pressure coefficient distribution, C,
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and are thus not as good as those obtained with k—w EARSM shown
in Fig. 6b. The hybrid and DDES modeling approaches do not
improve the comparison with the measured data over standard DES,
suggesting that the difference between the USAFA and KTH/FOI
results are due to numerical rather then physical modeling. Results
from the USAFA show small levels of unsteadiness for this rake
location, as measured by the difference between minimum and
maximum scaled velocity and the mean scaled velocity (Fig. 8b).
At rake 5, the benefits of the hybrid and DDES modeling
approaches start to become apparent (Fig. 7c). Both approaches
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predict velocity profiles for this rake location that are significantly
different from those predicted with standard DES and that are in
much better agreement with the measured data. The DDES result
leads to very good agreement with the measured data, while both
standard DES solutions resemble a fuller, turbulent-type profile. An
increase in the unsteadiness of the data is observed for this rake in
Fig. 8c.

A similar situation is observed at rake 7 in Fig. 7d. Both the hybrid
and DDES models predict velocity profiles that are in better
qualitative and quantitative agreement with the measured data. For
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Fig. 11 Surface pressure coefficient for FC46 at various butt line stations, compared to flight-test data (M, = 0.527, « = 10.4 deg, and
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this location, however, the hybrid model by KTH/FOI matches the
measurements best. In contrast to the KTH/FOI DES result, the
USAFA DES result exhibits strong jetlike behavior, making it
difficult for the DDES model to recover the true velocity profile.
Overall, at rake 7 the scatter between the two DES solutions, the DES
and hybrid and DDES solutions, and the flight-test data is at its worst.
This is associated with the highest levels of unsteadiness for all four
rakes as shown in Fig. 8d. Note that rake 7 is located in a very
challenging flow region from a numerical point of view due to
secondary separation occurring somewhere near the rake location
due to the adverse pressure gradient the flow encounters in the
spanwise direction. If the turbulence model predicts secondary
separation to occur either inboard or outboard of the rake location,
the corresponding velocity profiles at the rake location may have
very different character. Also note that standard DES may switch
from RANS to LES in the boundary layer in this region, an unwanted
behavior that is known to occur in computations of flows with
pressure-induced separation [34]. This problem of standard DES is
addressed by the DDES and hybrid RANS-DES models.

In summary, the unsteadiness increases in regions of the
secondary attachment line and under the secondary vortex and this is
where the hybrid and DDES models are better than their standard
DES forerunner.

2. Flight Condition 19

Flight condition 19 is at an angle of attack of 11.85 deg, a Mach
number of 0.36, and an altitude of 10,000 ft, resulting in a Reynolds
number of 46.8 x 10°. This condition was chosen for comparison
due to the availability of skin friction data across the left wing near
FS330, which was determined with 16 modified Preston tubes in
flight. The tubes were aligned with the local flow by using the same
initial NASA CFL3D solution with the wall-function model at FC7
that was used to determine the boundary-layer rake orientations. The
experimental ¢, values were calculated from the pressure change
between the total- and static-pressure tubes.

The flowfield and surface pressure distribution over the F-16XL at
FC19 is not shown here because the dominant features of the
flowfield at FC19 are the same as in FC7 with only minor differences
due to the very similar flight conditions.

The comparison of the local skin friction values along FS330 is
shown in Fig. 9. There is a large scatter in the different numerical
results, both in terms of the peak skin friction coefficient underneath
the primary vortex and the spanwise distribution. The magnitude of
the peak ¢, value is overpredicted by the linear k—¢ model (NASA),

F=16XL SARC-DES Solution at FC25
Alpha = 12.84 deg Mach = 0.242

Vorticity Magnitude Isosurface (250 1/sec) Colored By Pressure

a)

Re# = 32.2E&

while it is underpredicted by both the USAFA and KTH/FOI, with
the Cobalt predictions with DES being lower than those from Edge
with the Hellsten k—~w EARSM model. Quantitatively, the magnitude
of the primary skin friction coefficient peak computed with Cobalt is
22% lower than the flight-test data. The predictions by NASA and
KTH/FOI yield a somewhat more inboard location of the peak,
whereas the location predicted by USAFA is in very good agreement
with the measurements, although its associated peak value is the
smallest of the three. This is clearly related to the prediction of the
location of the primary vortex, which is influenced by the strength
and spanwise location of the secondary vortex, which in turn depends
on the interaction of the primary vortex with the boundary layer and
thus the turbulence model. The width of the footprint of the primary
vortex in the skin friction distribution is very well predicted by the
DES of the USAFA, whereas the KTH/FOI and NASA predictions
show a wider footprint. With regards to the local skin friction
underneath the secondary vortex, the DES results of the USAFA
agree very well with the measured values, as do those of KTH/FOIL.
The unsteady bounds computed for ¢, by the USAFA (Fig. 20 of [4],
not shown here) indicate high levels of unsteadiness underneath the
secondary vortex. The jagged curve predicted by USM3D (NASA),
with skin friction levels being too high, indicates a problem which
may be related to the convergence of the solution or the fact that there
are highly stretched tetrahedral elements in the viscous region of the
grid used by NASA. Note that both the results of NASA and KTH/
FOI show an anomaly or peak in the skin friction distribution
between 2y/ b,y = 0.5 and 0.6 (BL50-65), inboard of the primary
vortex, which is not present in the flight data. The USAFA results do
not display this behavior despite the fact that they were computed on
exactly the same grid as that employed by KTH/FOI. The origin of
this anomaly seems to be related to a surface discontinuity retained
by those participants that used the original surface grid but removed
by others. This discontinuity, really a streamwise depression of small
width and depth, seems to be the cause of the predicted behavior.
Overall, the wall-resolved computational results are in better
agreement with the measured data than the CFL3D results with wall
functions.

KTH/FOI also observed significant differences in terms of the
predictive capability of different turbulence models, as demonstrated
in [3]. The results obtained with the DRSM were in best agreement
with the measured ¢, values. The primary peak skin friction value
was predicted within 2% of the measured data with this model and the
spanwise location matched the measured one; however, the
secondary peak was somewhat overpredicted. The k—~w EARSM
predicted a slightly lower peak value under the primary vortex, as

b)

Fig. 12 Flight condition 25: a) isosurfaces of vorticity magnitude colored by pressure; b) surface pressure coefficient distribution, C,.
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shown in Fig. 9. The Spalart—Allmaras model, however, failed to
predict both the peak value under the primary vortex and the region of
high skin friction under the secondary vortex. It was also found that
the rotational correction improved the predictive capability of the
k—o EARSM underneath the primary vortex but worsened that of the
Hellsten ki~ EARSM.

3. Flight Condition 46

Flight Condition 46 is at an angle of attack of 10.4 deg, a Mach
number of 0.527, and an altitude of 24,000 ft, resulting in a Reynolds
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number of 46.9 x 10°. This condition was chosen for comparison
due to the availability of surface pressure distribution data. Figure 10
depicts the flowfield over the F-16XL at FC46. As in FC7,
isosurfaces of vorticity magnitude of 250 1/s colored by pressure are
shown in the perspective view (Fig. 10a) and surface C,, for the right
wing is shown in the planform view (Fig. 10b). The dominant
features of the flowfield are the same as in FC7 with only minor
differences, because the Reynolds number is nearly identical and
compressibility effects are probably not important.

Figure 11 is used to compare the flight-test surface pressure
coefficient data with numerical results for FC46 at six different BL
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Fig. 13 Surface pressure coefficient for FC25 at various butt line stations, compared to flight-test data (M., = 0.242, « = 19.84 deg, and

Re = 32.22 x 10%).
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positions. It demonstrates that the main C, features, including
suction peaks, are generally well predicted, both chordwise and
spanwise, but not in all details. The primary suction peak heights are
consistently overpredicted by time-averaged DES (USAFA), apart
from BL184.5, and by the Hellsten k~» EARSM (KTH/FOI) for
BL80, 95, and 105 (BL105 not shown here). The chordwise location
of the suction peak under the primary vortex outboard of the crank is
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predicted too far downstream/inboard (BL153.5) by all models; only
the DES and wall-function models predict the location of the suction
peak somewhat closer to the leading edge. The magnitude of the
suction peak at BL153.5 is approximately predicted by the Hellsten
k—o EARSM, while the other models feature a significantly higher or
lower value. The secondary suction peaks, on the other hand, are very
well predicted by the linear k—& model (NASA), the wall-functions
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Fig. 14 Surface pressure coefficient for FC25 at various fuselage stations, compared to flight-test data (M, = 0.242, « =19.84 deg, and
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model, and the Hellsten k—~w EARSM at BL'70, 80, and 95. At BL55,
however, Hellsten k—~w EARSM predicted a stronger secondary
vortex, which effectively displaced the primary wing vortex,
resulting in a lower primary suction peak on the surface. At BL95 the
magnitude of the average primary and secondary suction peak
heights computed with DES are significantly higher than the
measured ones, probably indicating inadequacies with the switch
from RANS to DES, which can take place somewhere inside the
boundary layer and produce premature (grid-induced) separation,
leading to a stronger secondary vortex. DDES could be a remedy for
this problem. DES also predicted a much narrower primary vortex
footprint than the other models. The C,, distributions predicted with
the USM3D linear k—¢ model are very similar to those predicted by
the CFL3D wall-functions model and are in good agreement with the
measured data at BL70, 80, 95, and 184.5. It is interesting to note,
however, that in the region of anticipated flow unsteadiness close to
the wing-tip missile (BL184.5) the linear k—& model outperforms the
other models, even DES. The scatter between the different
turbulence models is rather significant for this BL. The BL184.5
computational data by the USAFA [4] showed significant
unsteadiness as in the FC7 case with the majority of the data
within the minimum and maximum C,, bounds of the computational
data; however, DES misses the inboard trend of a higher C,, (not
shown). Again, it would be of interest to evaluate the performance of
DDES for this flow condition.
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No firm conclusions could be made regarding the predictive
capability of the different turbulence models in the turbulence model
study by KTH/FOI [3] (not shown here). The Spalart—Allmaras one-
equation model, however, was generally seen to predict lower and
wider suction peaks than the other models and the agreement with the
measured data was rather poor. The DRSM was seen to predict the
highest suction peaks, followed by DES. Almost no difference could
be seen between the curvature-corrected and the uncorrected
EARSM, but all EARSM models showed a stronger secondary
vortex, which displaced the primary vortex as seen in the Hellsten
k—w EARSM results for BL55 in Fig. 11a. This behavior was also
seen by NASA with the nonlinear two-equation model. The
differences between models were observed to be rather large in
BL184.5 where the flow is affected by the vicinity of the sidewinder
missile and is probably very chaotic. An interesting finding was that
the increased modeling complexity of DRSM and DES did not pay
off in terms of the quality of the result for this flight condition.

The turbulence modeling study by NASA [5] (not shown here)
concluded that there seemed to be a slight advantage to using the two-
equation nonlinear k—¢ turbulence model with respect to predicting
C,, at least for the USM3D solver and for this flight condition. The
two-equation linear k—e model was deemed slightly better than the
Spalart—Allmaras model and almost as good as the nonlinear one.
Similar to the findings by KTH/FOI, the NASA results with the
Spalart—Allmaras model also show lower and wider suction peaks
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Surface pressure coefficient for FC25, different turbulence models, Gortz and Jirasek [3] (M, = 0.242,« = 19.84 deg,and Re = 32.22 x 10°).

F-16XL SARC-DES Solution at FC50

Alpha = 13.56 deg Beta = 5.31 Mach = 0.434 Re# = 39.4E6
o
m 058 € <
I—1,03
B,

b)

Flight condition 50: a) isosurfaces of vorticity magnitude colored by pressure; b) surface pressure coefficient distribution, C,.



than the other two models and the agreement with the measured data

was rather poor.

B. Results at High Angle-of-Attack Flight Condition Without
Sideslip (FC25)
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the CAWAPI RTO Task Group because better defined vortical flow
features could be expected over the upper surface, perhaps even
vortex breakdown or vortex unsteadiness over the aft portion of the
aircraft. Large scale flow unsteadiness is also associated with such
phenomena and hence this may be a good case study for gauging the
differences between the physical modeling of steady RANS and

Flight condition 25 is for a higher angle of attack of 19.84 deg, a
Mach number of 0.242, and an altitude of 10,000 ft, resulting in a
Reynolds number of 32.2 x 10°. This condition was considered by
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DES, compared with flight data.
Figure 12 depicts the flowfield over the F-16XL at FC25.
Isosurfaces of vorticity magnitude of 250 1/s colored by pressure are
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Fig. 17 Surface pressure coefficient for FC50 at various butt line stations, compared to flight-test data (M, = 0.434, « = 13.56 deg, 8 = +5.31 deg,
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shown in the perspective view (Fig. 12a) and surface C,, for the right
wing is shown in the planform view (Fig. 12b). As in the case of FC7,
it is apparent that the dominant features of the flowfield are the
leading-edge vortex, the air-dam vortex, the outer-wing vortex, and a
complicated set of vortices from the AIM-9 fins and forebody.
However, the increased angle of attack is predicted to cause the
breakdown of these vortices to occur farther forward creating a more
significantly unsteady flowfield. Itis easier to label this classic vortex
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breakdown due to the predicted breakdown position being well
forward and inboard of the air dam/actuator pod.

Figure 13 presents a comparison of the measured C,, data with the
solutions computed with DES (USAFA), the Hellsten k~—~w EARSM
(KTH/FOI), the linear k—¢ model (NASA), and the wall-functions
model (NASA CFL3D) for FC25 at various BL positions. The
overall agreement with the experimental data is very good for this
flight condition; only the wall-function model consistently
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Fig. 18 Surface pressure coefficient for FC50 at various fuselage stations, compared to flight-test data (M, = 0.434, « = 13.56 deg, 8 = +5.31 deg,

and Re = 39.41 x 10°).
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underpredicts the magnitude of the primary and secondary vortices
with locations too far inboard. All other models perform equally
well, both in predicting the magnitude and location of the primary
and secondary suction peaks, with the following exceptions: At
BL153.5 DES predicts a lower primary suction peak than the other
models. The EARSM predicts a primary suction peak that is
somewhat too broad but of the correct magnitude (except for
BL184.5), and a weaker footprint of the secondary vortex.

Figure 14 presents similar data for various FS positions at FC25.
As is true of all BL positions, the computed surface pressure data at
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all FS positions are in excellent agreement with the available flight-
test data. There is conflicting and nonconclusive evidence as to
whether vortex breakdown occurs over the wing.

KTH/FOI concluded from their turbulence modeling study [3]
that, compared to the medium-angle-of-attack flight conditions, the
differences between turbulence models grew larger at FC25, with the
exception of BL55, which is shown in Fig. 15a. Note that the primary
suction peak is well predicted despite the fact that some models
overpredicted the strength of the secondary vortex, which has a
displacing effect on the primary vortex. Results obtained using the
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Fig. 19 Computed average surface pressure coefficient and unsteady bounds from DES for FC50 at various butt line stations, compared to flight-test

data (M., = 0.434, @ = 13.56 deg, f = +5.31 deg, and Re = 39.41 x 10%),
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Spalart—Allmaras model departed quickly from those obtained using
the other models and overpredicted the height of the primary suction
peak throughout. All models apart from the Spalart—Allmaras model
agreed very well with the measured data at BL153.5, which is
outboard of the crank. From the family of EARSM models it was the
Hellsten k—~«w EARSM with rotational corrections (RC) that showed
the best prediction of both primary and secondary suction peaks. The
only position where the Hellsten k—~«w EARSM + RC model showed
a different behavior compared to the flight-test data was in BL184.5,
as shown in Fig. 15b. Only DES predicted the C, distribution
qualitatively and quantitatively at BL.184.5. It turned out that the flow
was separated and unsteady there, and that the higher modeling
complexity of DES paid off in predicting the correct trend in a time-
averaged sense. This model was also superior to the other models in
predicting the secondary suction peak at BLs 70, 80, and 95. In
addition, it was better at predicting consistently the spanwise/
chordwise position of the primary vortex; however, the peak suction
was somewhat too low.

In [4] the USAFA showed that unsteady effects were minimal for
BL40-BL70 and FS185, whereas the plots with unsteady bounds
showed measurable unsteadiness for BL80, BL95, BL105, FS337.5,
and 375, and significant unsteadiness in the surface C), for BL127.5,
BL153.5, BL184.5, and all FS positions aft of and including
FS407.5. Similarly, KTH/FOI [3] also showed that the unsteadiness
was located over the rear of the wing, close to the wing tip, which
explains why DES performed better than the RANS models at
BL184.5.

Overall, there is excellent agreement with the flight-test data for
this flight condition and the comparison shows the utility of hybrid
turbulence models and reliable CFD solvers to compute these
complex unsteady fighter flowfields at high o.

C. Results at Sideslip Flight Conditions (FC50, 51)

There are two flight conditions with nonzero sideslip angles,
medium angles of attack, and subsonic Mach numbers. These two
conditions have sideslip angles of +5.31 deg (FC50) and
—4.58 deg (FCS51). Solutions were computed for these two
conditions with a mirrored full-span grid based on the original half-
span grid used in all of the previously discussed computations. This
section presents results for these two nonsymmetric flight conditions.

1. Flight Condition 50

Flight condition 50 is at a sideslip angle 8 of +5.31 deg, an angle
of attack of 13.56 deg, a Mach number of 0.434, and an altitude of
24,000 ft resulting in a Reynolds number of 39.4 x 10°. Figure 16
depicts the flowfield over the F-16XL at FC50. Isosurfaces of
vorticity magnitude of 250 1/s colored by pressure are shown in the

F-16XL SARC-DES Solution at FC51
Alpha = 12.89 deg Beta = -4.58 deg Mach = 0.441 Re# = 39.0E6
Vorticity Magnitude Isosurface (250 1/sec) Colored By Pressure

a)

left view (Fig. 16a) and surface C, is shown in the right view
(Fig. 16b). The dominant flow features over the left wing are similar
to those at FC7 but the right wing has additional vortical structures.
The effect of a positive sideslip angle is an increase in the effective
angle of attack and a reduction in the leading-edge sweep angle of the
right wing. The increased effective angle of attack causes breakdown
to occur further forward on the wing and the reduced sweep angle
causes the double vortex observed by researchers performing studies
of lower sweep delta wings [36].

Figures 17 and 18 depict the right wing flight-test C, data
compared to the computed results for FC50 at various BL positions
and FS stations. It should be noted that for FC50 the comparison data
are on the wing with the highest degree of unsteadiness due to the
increased effective angle of attack and the reduced leading-edge
sweep. In general, the scatter between the results produced with the
three different codes is larger for this flight condition than for the
previous ones. No clear trend can be observed as to which turbulence
model or flow solver is superior in predicting this sideslip case. DES
(USAFA) both overpredicted (BL55 and BL153.5) and under-
predicted (BL8O0) the primary suction peak heights, while it failed to
predict any suction peak underneath the primary vortex in BL95,
where a very strong suction peak is located underneath the presumed
location of the secondary vortex close to the leading edge instead.
Surprisingly, in BL184.5, where unsteady effects are presumed to be
largest, the linear k—¢ model (NASA) outperformed DES (Fig. 17),
at least in a time-averaged sense. The linear model is also very good
at predicting the secondary suction peaks at BL55-BL9S5. The
Hellsten k—w EARSM (KTH/FOI), on the other hand, overpredicted
this feature in BLS55 and 80 as did DES in BLS5S through 95. The
recovery from the strong suction peaks is not well predicted by any of
the models, with the linear k—e model giving the flattest C,
distribution. All three models suggest a significant downstream/
inboard shift of the primary suction peak in BL70, BL9S5, and
BL153.5, raising the question about uncertainties in the inflow
conditions. Overall, these comparisons with flight-test data are
considered fair when considering the extent of unsteady, massively
separated flow over the right wing.

From Fig. 18 it is also noted that there is considerable scatter
between the numerical results. Results obtained using the linear k—¢
model (NASA) compare somewhat more favorable with the
experimental data than those from other models, but the recovery
from the suction peaks is not as good as that predicted with the
Hellsten k—~w EARSM (KTH/FOI).

To assess the effect of unsteadiness on the surface pressure
distribution, the time-averaged DES data by USAFA with their
upper and lower unsteady bounds are compared in Fig. 19 with
flight data for FC50 at the same butt lines as before. Note that the
minimum or maximum values may occur at a single instance in

F-16XL SARC-DES Solution at FC51

Alpha = 12.89 deg Beta = —-4.58 Mach = 0.441 Re# = 39.0E§
o
m 0.18 s
[-o0.61

.—1.40

b)

Fig. 20 Flight condition 51: a) isosurfaces of vorticity magnitude colored by pressure; b) surface pressure coefficient distribution, C,.
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time during the entire simulation, whereas the average is
generated over time. In other words, the solution can spend a
longer time at intermediate values, resulting in a nonsymmetric
min-max average. The BL40 and BL50 plots (not shown) indicate
that unsteady effects are minimal for these inboard stations.
Unlike FC7, FC19, FC46, or even FC25, FC50 shows significant
unsteadiness for BL70-BL184.5 for the reasons discussed above.
The BL70-BL184.5 flight-test data reside primarily inside the
computed unsteady C, bounds. Note that in BL95, Fig. 19d,
where there is no primary suction peak underneath the primary
vortex in a time-averaged sense, the experimental suction peak
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values reside inside the unsteady DES bounds; however, there is a
region ahead of the primary suction peak that is overpredicted by
the computations, as discussed above.

2. Flight Condition 51

Flight condition 51 is at a sideslip angle B of —4.58 deg, an angle
of attack of 12.89 deg, a Mach number of 0.441, and an altitude of
24,000 ft, resulting in a Reynolds number of 39.0 x 10°. Figure 20
depicts the flowfield over the F-16XL at FC51. Isosurfaces of
vorticity magnitude of 250 1/s colored by pressure are shown in the
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Fig. 21 Surface pressure coefficient for FC51 at various butt line stations, compared to flight-test data (M, = 0.441, « = 12.89 deg, 8 = —4.58 deg,

and Re = 38.96 x 10°).
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Fig. 22 Surface pressure coefficient for FC51 at various fuselage stations, compared to flight-test data (M, = 0.441, « = 12.89 deg, 8 = —4.58 deg,

and Re = 38.96 x 10°).

left view (Fig. 20a) and surface Cp is shown in the right view
(Fig. 20b). Because the flight conditions of FC51 are nearly the same
as FC50 but with an opposite sideslip, the discussions above hold for
FC51 but for the opposite wing.

Figures 21 and 22 depict the flight-test C,, data compared to the
numerical results for FC51 at various BL positions and FS stations. It
should be noted that for FC51 the comparison data are on the wing
with the lowest degree of unsteadiness due to the decreased effective
angle of attack and the increased leading-edge sweep. For this

reason, the scatter between the three different turbulence models is
considerably less than for FC50. The overall agreement with the
measured data is good, except for BL153.5, where the primary
suction peak is overpredicted by DES (USAFA) and underpredicted
by the two RANS models. The suction peak predicted by the RANS
models is located slightly inboard of the measured data at this BL. and
BL95. The agreement between DES and the sharp peak in the flight-
test data in BL95 in Fig. 21d is remarkable, because the RANS
models predict a flattened pressure distribution with a lower suction



GORTZ ET AL. 407

peak. Finally, at BL184.5, where unsteady effects are anticipated to
be strongest, all models predict the surface pressure distribution
qualitatively, but not quantitatively.

As for all but two BL positions, the C,, data predictions at all FS
positions are in good agreement with the available flight-test data.

D. Discussion

Although the agreement between the three codes was generally
good, the differences seen in the results between the codes can be
attributed to a combination of code-specific and grid-specific
differences.

The code-specific differences can be classified into differences in
the numerical modeling, the physical modeling, and how the results
were postprocessed. The implications of the different discretization
type were already discussed in the code comparison. In the
tetrahedral part of the common hybrid grid used by the USAFA and
KTH/FOI, the cell-centered approach implemented in Cobalt is
simply expected to yield higher accuracy over the vertex-centered
discretization used in the Edge code, but at a higher computational
expense, whereas the differences between the two approaches are
expected to be less pronounced in the prismatic layers. Because there
are few prismatic layers in the grid used, the effect of the tetrahedral
part of the grid may be important but difficult to quantify. Differences
in the results can also be attributed to flow conditions where the flow
is locally unsteady but was modeled as steady (RANS) in one code
and unsteady (DES) in another. The different turbulence models used
with the different codes may perform rather well in regions of
attached flow. However, the flow over the present aircraft
configuration features massive separation from round and sharp
leading edges, air dams, and smooth surfaces, causing scatter
between turbulence models in the location of separation and
reattachment lines and the formation of vortices and their interaction,
which in turn affects the local pressure distribution. Also, the
different turbulence models may be more or less sensitive to the grid
resolution, an effect that can only be investigated through thorough
grid refinement studies, which were out of the scope of the present
authors. Further grid-turbulence model interplay, as in the case of
DES, adds to the complexity of the physical modeling effect. In terms
of postprocessing, different ways of computing the skin friction
coefficient in the different codes may explain some of the observed
differences, but are unlikely to be the only reason.

The grid-specific differences are a result of how the boundary layer
was discretized. NASA used an all-tetrahedral grid while USAFA
and KTH/FOI used a hybrid grid.

Apart from the differences in the result between the three different
codes, there were also cases where a general discrepancy between the
measurements and the numerical results could be observed. They
may be due to underresolved or unresolved flow features, which calls
for grid adaptation. It is also plausible to assume that the way the
flight-test data and the time-dependent numerical data were averaged
was different. The assumption of symmetric flow for flight
conditions with nominally zero sideslip may impact the solution
when the actual sideslip angle was nonzero, although this is believed
to be a slight effect. In terms of skin friction, it is well known that skin
friction is one of the more challenging coefficients to match and may
need additional grid resolution to improve the flight-test data
comparison.

Nonetheless, in all of the areas discussed previously, progress has
been made which shows up as improved solutions over those
obtained a few years earlier with CFL3D. Also, as a result of the
many computations with the different codes, it was demonstrated
what can be achieved with state-of-the-art numerical simulations,
while highlighting some of the shortcomings.

VI. Conclusions

The vortical flow over a full-scale model of the F-16XL-1 aircraft
was computed for seven different flight conditions using a standard
unstructured grid family and three different flow solvers, two of them
cell centered, and one node centered. Steady flow solutions were
obtained with several eddy-viscosity turbulence models, and

algebraic and differential Reynolds-stress models. Unsteady flow
computations employed a number of hybrid RANS-LES models.
The CFD solutions were compared to flight-test data for the surface
pressures distribution, local skin friction, and boundary-layer
velocity profiles.

The overall flowfield topology was very well resolved. Primary
and secondary vortices inboard and outboard of the crank of the wing
were captured, as well as air-dam and missile fin vortices. DES
resolved more flow features than the steady flow simulations
although this was at additional computational expense. The only
location where CFD consistently failed to predict the flight data, both
quantitatively and qualitatively, was the outermost wing butt line
where the flow is very complex and presumed unsteady due to the
interaction of the primary and secondary inner wing vortices, the
outboard primary and secondary vortices, the wing-tip missile
vortices, and the vortices that originate from the interaction of the
inboard vortices with the air dam. DES brought about some
improvement in the prediction of flow at this location by quantifying
the unsteady bounds, but was not consistently superior over RANS
modeling in predicting the surface pressure distribution in a time-
averaged sense. At moderate angles of attack, where unsteady effects
are not large, the pressure distributions from eddy viscosity and
Reynolds-stress models did not differ very much from the DES
solutions. DES computations come at an increased cost over steady
RANS computations and are clearly unnecessary for such flight
conditions. In a few cases, DES even failed to predict the pressure
distribution characteristics of the vortical flow at some locations on
the wing. When there is a large amount of unsteady flow, however, it
may be the only method of capturing the mean loads and the
amplitude and frequencies of large unsteady motion, which the
RANS methods are unable to capture, even in unsteady RANS mode,
due to dissipation effects.

The boundary velocity profiles obtained with the RANS models of
the different codes show rather good agreement with measured data
at different rake locations. The DES solutions obtained with two of
the codes deviate from the measured data at several rake locations.
DDES and hybrid RANS-LES modeling improve upon this
disadvantage of standard DES modeling.

None of the codes or turbulence models proved to be superior over
the other codes or models in the moderate angle-of-attack range at
subsonic speeds. Itis thus not possible to provide any guidance on the
best way to calculate such complex flows on the basis of the present
results, despite the rather large number of computations. The use of a
particular turbulence model may perhaps be motivated by the
confidence of the user in the particular model and consistency of its
results at different flight conditions rather then its performance at one
flight condition.

Although the agreement between the three codes was generally
good, the differences between the three different flow solvers using a
standard grid were attributed to differences in the discretization, the
physical modeling in terms of turbulence and unsteadiness, and
specifics of the grid in the viscous region.

In general, the results obtained with the three different solvers
using the family of common unstructured grids showed significant
improvement over those obtained a few years earlier with an order of
magnitude fewer grid points and with other geometry/flow-modeling
differences. This shows that progress has been made in areas such as
turbulence modeling, grid generation, and numerical methods that
have let to greatly improved simulation capabilities for vortical flows
over complex aircraft configurations.
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