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Fig. 4 Comparison with Miles’ slender wing theory.®

the estimated converged DLM results and the slender wing theory
decrease monotonically from 0.4% in C; and 1% in C,, at 89.5 deg
to 0.02% in both C,; and C,, at 89.95 deg. It would therefore seem
that the DLM convergesto the correctresults for slenderdelta wings
in steady flow.

Conclusions

The subsonic DLM is sufficiently robust to give credible solu-
tions for delta wings with root-to-tip paneling schemes, despite the
excessive box aspect ratios that usually occur at the tip. The present
study suggests that there is no practical upper limit to box aspect
ratio, with a box aspect ratio of 291 having been used without en-
countering any difficulties.

The convergence with respect to simultaneous refinement of
equally spaced chordwise and spanwise divisionsis approximately
linear with respect to 1//n. This property is useful for estimat-
ing the discretization error of a particular paneling scheme, or for
estimating the fully converged solution using extrapolation.

A comparison with slender wing theory indicates that the DLM
converges to the correct results for slender delta wings in steady
flow.
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Improvement to Numerical
Predictions of Aerodynamic
Flows Using Experimental
Data Assimilation

G. Barakos,* D. Drikakis,” and W. Lefebre*
University of Manchester,
Manchester, England M60 10D, United Kingdom

I. Introduction

HE idea to use measurements and/or observational data for

correcting and updating numerical solutions has already been
establishedin the context of weather forecastingin meteorology.' 3
In this case, the capability of a numerical forecastingmodel depends
notonly on the resolution of the model and the accuracy with which
dynamic and physical processes are represented, but it is also de-
pendent critically on the initial conditions employed for integrating
the model.

Itis known from meteorology that observationaldata and/or mea-
surements cannotbe directly used to initialize a numerical forecast.!
The data must be modified in a dynamically consistent manner to
obtain a suitable data set for model initialization. This process is
usually referred to as “data assimilation.” Although the data assim-
ilation technique is already established in the context of weather
forecasting, an extensive literature survey showed that there is no
systematic research regarding such an approachin the area of aero-
dynamics.

The aim of the present study is to investigate the idea of exper-
imental data assimilation in the context of aerodynamic computa-
tions of turbulent compressible flows over airfoils. Therefore, the
objectives of the paper are as follows:

1) To present the implementation of the data assimilation ap-
proach in conjunction with a compressible and turbulent Navier—
Stokes solver.

2) To investigate the effects of pressure and velocity forcing on
the numerical prediction of subsonic and transonic flows over an
airfoil.

II. Experimental Data Assimilation

The compressible two-dimensional Navier-Stokes equations, in
conjunction with a two-equation turbulence model, formed the
computational basis for the present study. An implicit-unfactored
method,* which solves the Navier-Stokes and turbulence transport
equations in a strongly coupled fashion, has been employed. The
solver uses a first order in time-implicit discretization scheme with
Newton-type subiterations and Gauss-Seidel relaxation. A third-
order characteristic-based scheme is used for discretizing the in-
viscid fluxes. The Launder-Sharma (LS)* and Nagano-Kim (NK)°
k-e models have also been employed. To improve the predictions of
the LS model in separated flows, the Yap-correctionterm’ has been
included in the transport equation for .

Experimental data are usually available for surface pressure dis-
tributions,and, possibly, for the velocity profiles at certain positions
around the geometry. We consider an airfoil for which experimen-
tal data for the pressure coefficient distribution C,, on the suction
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Fig. 1 a)Schematic of the experimental points position on the compu-
tational grid, and b) definition of the cell distances used in Eq. (2).

and pressure sides are available. The Navier-Stokes solver requires
boundary conditions for the conservative variables. Because the
pressure coefficient distributionis provided by the experiment, the
total energy at the wall e,, can be calculated by

€y :Pw/()’ _1) (1)

also taking into account that the kinetic energy of the fluid and the
turbulent kinetic energy vanish on the airfoil’s surface.

The positions where measurementshave been taken will not, gen-
erally, correspond to the grid-points coordinates, and, therefore, an
interpolation procedure should be applied. In all calculations pre-
sented here, linear interpolation for the pressure has been used.

A second alternative for experimental data assimilationis to force
a velocity profile at a certain position of the flowfield. This is not
actually consistent with the standard definition of Navier-Stokes’s
boundary conditions, but its investigation was attempted comple-
mentary to the pressure-forcing to examine possible accuracy and
stability effects on the Navier-Stokes algorithm. Moreover, it is
worth investigating whether by fixing locally few experimental ve-
locity data, the numerical solution elsewhere in the flowfield can be
improved. A brief description of the velocity-forcing implementa-
tion is given next.

Let us consider a velocity profile that has experimentally been
obtained at a certain position over the airfoil. The experimental
measurements are schematically shown as small dots in Fig. 1, and
these are placed over the computational cells, shown as big dots in
the same figure. In the general case, the coordinates of the experi-
mental points do notcoincide with the cell centers’ coordinates,and,
additionally,depending on the grid density, each computational cell
may encompass more than one measurement point. This is actually
the case for the experimental velocity data used in the present study,
apart from the near-wall region in which velocity measurements are
usually difficult to be obtained.

The algorithm for the velocity forcing initially searches the com-
putational domain to find all cells in which experimental data exist.
Every computational cell in which measurement points are con-
tained will, henceforth, be labeled a “forced cell.” Furthermore, for
each forced cell, only one measurement value is needed to imple-
ment the velocity forcing. One option is to define the forced value
Ugorce DY properly selectingone of the experimental points contained
in the cell. As a distance criterion a weighting coefficient was de-
fined by

B =IPM|/|BD| )

The distances |P M| and | BD| are shown in Fig. 1, where M is
the cell center and P is the experimental point. According to the
preceding criterion, the selected measurement point is the one with
the smallest value of .

No-slip boundaryconditionsare used for the velocity components
at the solid boundary. The density gradient normal to the wall is set
equal to zero and the same is done for the total energy gradient, but
only in the case of velocity forcing. In the case of pressure forcing,
Eq. (1) is used to calculate the total energy at the wall (e,, ).

The LS and NK models use the same boundary conditions for
the turbulentkinetic energy and dissipationrate at solid boundaries,
namely, k,, =0 and &,, =0. In the freestream and at the inlet of the
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computational domain, the turbulent kinetic energy must be spec-
ified. In this work, k., was taken as 1% of the kinetic energy of
the fluid. The freestream value of the turbulent dissipation rate is
determined by fixing the turbulentlength scale. In this work ¢, was
calculated as

ew = CYH KL /1)

where [ was taken to be 6—10 of a characteristiclength of the problem,
which here is the chord length of the airfoil c.

III. Results

Implementation and investigation of pressure and velocity forc-
ing were carried out for subsonic and transonic flow cases for which
experimental results are available. The first case is the subsonic
flow (M, = 0.15) around the ONERA-A airfoil® at Reynolds num-
ber Re =2 x 10° and at angle of incidence o = 13.3 deg. A com-
putational grid with 300 x 80 points was used, and the transition
point was fixed at x /c =0.05 on both sides of the airfoil. The sec-
ond case is the transonic flow (M, =0.754) around the RAE-2822
airfoil’ at Reynolds number Re =6.5 x 10° and at angle of inci-
dence o =2.81 deg. For this airfoil the grid was 355 x 70 and the
transition point was fixed at x /c =0.02. Experience with low-Re
number turbulence models* has shown that the preceding grids pro-
vide sufficient resolution of the turbulentboundary layer having the
first computational node at y* =0.5.

In the precedingcases, experimentalresults for the wall pressure-
coefficient distribution, as well as for the velocity and turbulent
kinetic energy profiles, at various positions over the airfoil, are
available.

A. Pressure Forcing

In Fig. 2, the pressure coefficient distributions for the subsonic
and transonic flow cases are shown. In the case of pressure forcing,
the C, values shown in this figure are obtained after interpolating
the experimental values on the cell centers.
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Fig. 2 Wall C, distributions: a) on the ONERA-A airfoil (M =0.15,

Re =2 X10% « = 13.3 deg), and b) on the RAE-2822 airfoil M« =
0.754,Re = 6.5 X 10°, o = 2.81 deg).
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Fig. 3 u-velocity profiles over the ONERA-A airfoil: NF, no forcing;
PF, pressure forcing; and VF, velocity forcing.
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Fig. 4 u-velocity profiles over the RAE-2822 airfoil: NF, no forcing;
PF, pressure forcing; and VF, velocity forcing.

The effects of pressure forcing on the velocity profiles can be seen
in Figs. 3 and 4, where the numerical predictionsare compared with
the experimental data and the unforced numerical solution at two
positions.Itis pointedout that the numerically obtained velocity pro-
files have been plotted afterinterpolatingthem along the direction of
the experimental velocity measurements;i.e., normal to the airfoil’s
surface. This is why the numerical profiles do not start exactly from
the wall but from the same position as the experimental ones.

Inthe subsoniccase, pressureforcingdoes notimprove the numer-
ical solution, particularlyin the near-wallregion. However, pressure
forcing has more importanteffects on the transoniccase and this can
be explained as follows: The numerical solution without pressure
forcing fails to capture the correct shock position, due to inadequacy
of the turbulence model, which mainly leads to a shift of the shock
location. By imposing the experimental C,, values as a boundary
condition, the shock location is now given to the solver as addi-
tional information, and, as a result, the deficiency of the turbulence
model is removed and the numerical predictions are significantly
improved.

B. Velocity Forcing

For the ONERA case, an experimental velocity profile over the
airfoil in the separated flow region, at x/c =0.87, was selected for
applying the velocity forcing. Eight experimental points along the
profile were selected. Initially,anothervelocity profile in the wake, at
x/c=1.2, was also imposed, and it was found that forcing the wake
values does not lead to any improvement of the results. Therefore,
we present results using only the velocity profile at x /c =0.87.

For the subsonic case, comparisons between forced and unforced
solutions of the pressure-coefficient distribution as well as velocity
profiles are shown in Figs. 2a and 3, respectively. In the subsonic
case, the velocity forcing does not affect the predictions of the pres-
sure coefficient, and its effect is more significant on the velocity
profiles, particularly in the separated flow region (x /c = 0.96). The
unforcedsolution cannot capture the extent of the separated flow re-

ENGINEERING NOTES 613

gion, whereas the velocity forcing does a very good job. While the
improvementoccurs at all positionsin the separated flow region, the
velocity forcing did not alter significantly the profiles in the wake
(plots are not included).

For the transonic flow case, the results using velocity forcing are
shownin Figs. 2b and 4 for the C,, and velocity profiles, respectively.
Six experimental points were employed to force the u velocity at
x/c=0.75. The computations show that velocity forcing slightly
improves the pressure-coefficient distribution, but significantly im-
proves the velocity profiles.

In all of the preceding computations, the unforced solution was
used to initiate the calculations of pressure and velocity forcing.
This was foundnecessaryto avoid numerical stability problems. The
additional computationaleffort to obtain the solution when applying
forcing was approximately the one-fifth of the total computational
time.

IV. Conclusions

An investigation of experimental data assimilation in turbulent
aerodynamic flows was presented. For the subsonic flow, pressure
forcing had a marginal to no effect on the numerical prediction,
with either turbulence model being used. However, pressure forc-
ing significantly improved the numerical prediction of the transonic
flow. Without pressure forcing the shock location was shifted down-
stream, leading to significant misprediction of the velocity profiles.

Velocity forcing had a positive effect on both subsonic and tran-
sonic flow simulations. In the subsonic case, separation of the flow
close to the trailing edge occurs and this was very poorly captured
by the solution without velocity forcing. However, by forcing the
velocity profile in only one position over the airfoil, better predic-
tions in the whole separationregion were obtained. In the transonic
flow, velocity forcing also improved the predictions. The velocity
profiles were better predicted when velocity forcingrather than pres-
sure forcing was used. Both pressure and velocity forcing had no
effect on velocity, turbulentkinetic energy and shear-stress profiles
in the wake. Moreover, forcing the solution by using a wake velocity
profile did not improve the numerical predictions. Finally, pressure
forcingis easier to implementinto the solver, and it can also be more
easily obtained experimentally.

Overall, the experimental data assimilation was found to lead to
an improvement of the numerical solution. The need to use exper-
imental data assimilation emerges from the difficulty to develop
turbulencemodels that provide high accuracy in a broad category of
flow problems. Turbulence modeling has been characterized as the
pacing item in computational fluid dynamics (CFD), and this pic-
ture does not seem to change, at least in the near future. Therefore,
a closer synergism between CFD and experiment on the basis of
experimental data assimilation may be a promising alternative for
accurate CFD predictions.
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Computational Simulation
of the F-22 Aircraft

Eswar Josyula* and Raymond E. Gordnier'
U.S. Air Force Research Laboratory,
Wright-Patterson Air Force Base, Ohio 45433-7913

Introduction

CCURATE computational fluid dynamic (CFD) studies of a

full aircraft must take into account a good strategy for solv-
ing the fluid dynamic equations, ease of grid generation, appro-
priate turbulence model, and computer capabilities to resolve the
flowfield. Subsonic flows at high angle of attack are dominated by
effects of vortical structures and possible vortex breakdown. Vor-
tex breakdown severely effects the aircraft stability and control and
may reduce the operational envelope of high-performance flight.
This problem is particularly relevant to twin-tailed fighters where
the tails could be immersed in unsteady flow resulting from the
bursting of vortices generated upstream, known as tail buffet.

In this Note, a computational simulation has been performed for
the complete aircraft configuration of the F-22. The external flow-
field about the aircraft at subsonic speeds and high angle of attack
(up to 30-degincidence) is studied. The effect of yaw on the vortex
trajectoriesis also investigated. Important flowfield details such as
the location and strength of the vortical structures are studied quali-
tatively to elucidate the flow physics and demonstrate the capability
of the CFD technology. Results are compared with experimental
data' for validation of the flow solver. More extensive details about
the information presented in this note can be found in the Ref. 2.

The governing equations are taken to be the unsteady three-
dimensional, compressible, mass-averaged Navier-Stokes equa-
tions. A two-equation k-¢ turbulence’ model is used for the present
study. The two-equation model is used because an explicit length-
scale specification required for an algebraic model can be difficult
to determine and ambiguous for complex geometriesinvolving mul-
tiple grids. The mass-averaged Navier-Stokes equations are solved
using the numerical code, FDL3DI, which is based on the implicit
Beam and Warming algorithm* and employs a domain decomposi-
tion strategy to handle complex geometries.

Results and Discussion

The flow conditions for the numerical simulation are given in
Table 1. The Reynolds number was based on the reference length
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¢ of the wing root chord of the model. The full-scale length of
the root chord is 240 in. All conditions were selected based on
the availability of experimental data.! The experiment consisted of
a wind-tunnel test of a 0.10-scale model without stores. For the
purpose of validation, the surface pressure coefficient measured by
the experiment was used.

The grids were generated from a CAD source of the original ge-
ometry using the GRIDGEN software.’ The computation departed
from the original geometry only with respect to the engine inlet
and outlet. In the computation, a freestream inflow condition was
specified at the inlet face with the outflow capped. Overlapping
grids were constructed for the various components of the F-22 air-
craft, viz. nose, fuselage, inlet, wing, and horizontal and vertical
tails. All grids except the nose and inlet grids were of H topology,
the nose was C-O topology, and the inlet grids were rectangular.
The entire mesh system was embedded within a background mesh
extending five root chord lengths away from the body in all di-
rections, except the spanwise direction, which extended two root
chord lengths. A minimum distance, Ay/c =4.6 x 107>, was used
in the body normal direction, resultingin y* = 10 at the first y-mesh
point above the surface. Here, c, is the reference length of the wing
root chord referred to earlier. Solution convergence was assumed
for the high-alphaturbulentsolutions when the vortex on the down-
stream of the aircraft did not change between two solutions three
characteristictimes apart. All turbulent solutions were started from
converged laminar solutions. The data processingrate is 2.6 x 107>
CPU-seconds/step/node for the turbulent computation on a single
processor of the Cray T-90 computer.

The comparison of surface pressure on the upper surface for the
experiment' and computation is shown in Fig. 1 for an angle of
attack of 20 deg. Results at 10- and 30-deg angle of attack are found
in Ref. 2. Because of calculations having bilateral symmetry, it is
possible to show top views of the F-22 aircraft with one side of
the symmetry plane showing the experiment and the other side the
computation.

The comparison shows good qualitative agreement between the
experiment and computation, and trends given by the experiment
are captured in the CFD predictions. Comparison of the computa-
tional and experimental surface pressures on the forebody are good.
Both experiment and computation display a low-pressure footprint

Table 1 Flow conditions and grid details

Mach o, B, Number of

number Res deg deg nodes, x10° Blocks
0.4 4.6 x 10° 10 0 1.0 6
0.4 4.6 x 10° 20 0 1.0 6
0.4 4.6 x 10° 30 0 1.0 6
0.6 4.6 x 10° 24 0 2.0 12
0.6 4.6 x 10° 24 6 2.0 12

Computation

Min

Fig. 1 Top view of comparison of surface pressure. Mo =0.4and o =
20 deg.



