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1. Introduction

ELTA wings are suitable for modern high-speed aircrafts due
to the low drag at transonic and supersonic regimes. Indeed, a
double-delta wing is especially favored because it has mixed char-
acteristics of simple delta wings with small to large leading-edge
swept-back angles. The performances of delta wings at landing or
takeoff conditions are unfavorable because they require high angles
of attack to attain necessary lifts at low speeds. The characteristics
of delta wings for such flow conditions are governed by the leading-
edge separation vortices over the wing. A number of investigations
have been carried out for simple delta wings. From the viewpoint
of numerical simulations, fairly accurate predictions are possible
by today’s computational fluid dynamics technique for low to mod-
erately high angles of attack, that is, before vortex breakdown or
lift stall occurs. On the other hand, there have not been sufficient
studies on the flow over a double-delta wing despite their practical
importance. Numerical accuracy for the problem has not been vali-
dated. Two vortices exist for each side of a double-delta wing; one
is originating from the leading edge of the strake and the other from
the main wing. These vortices interact with each other and eventu-
ally merge downstream. Thus, the flows over a double-delta wing
are more complex than over a simple delta wing. In our previous
effort,! the effects of grid resolution were examined by using fairly
fine grids, but the results were not satisfactory when compared with
the experiment,” even with the finest grid using 8 million points.
The purpose of this study is to improve the reliability of the nu-
merical simulations of a double-delta wing using a high-order com-
pact difference scheme.? It is a family of spatially implicit schemes,
a subset of which are the well-known Padé approximations. The
scheme is easily extended to higher-order accuracy with a small
number of stencils and it has spectrallike resolutions. Its effective-
ness have been reported in recent years for computational aeroa-
coustics, for example, where sound waves with small pressure fluc-
tuations need to be captured accurately. In this paper, as the most
standard scheme today, Roe’s upwind scheme* is also used. The
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results using these schemes are compared with the experimental
data reported by Brennenstuhl and Hummel.?

II. Numerical Method

The governing equations are the three-dimensional Navier—
Stokes equations. The Baldwin—Lomax turbulence model with the
Degani—Schiff modification is used. The following sixth-order com-
pactdifference scheme is used to evaluate the spatial derivatives. For
any scalar quantity f, the spatial derivatives are obtained as

o of of
“(85),»1 * <85>,- ”(as)iﬂ
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=a 5 +b 7 (1)
witha =1/3, a=14/9, and b = 1/9 for a sixth-order scheme. The
extension of Eq. (1) to Navier—Stokes equations is straightforward.
The same method is applied to all of the spatial derivatives in con-
vective terms, viscous terms, metrics, and Jacobian. The right-hand
side of Eq. (1) is known at n time steps, and the spatial derivatives,
af /0&, at each i location is obtained by solving the tridiagonal sys-
tem. Equation (1) has five stencils in the right-hand side and three
stencils in the left-hand side, and thus, it cannot be used in areas near
the boundaries. A fourth-order, five-point, explicit one-sided finite
difference scheme is used for the evaluation of the derivatives at the
points on the boundary. Similarly, one-sided biased finite difference
is used at the first interior point.’

The filtering procedure is an important component of the compact
difference scheme to suppress numerical instabilities arising from
unresolved scales, mesh nonuniformities, and boundary conditions.
The following filtering scheme®” is used at the interior points:

N
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where ¢ is a component of the solution vector and ¢ is the filtered
value. The sixth-order filter is obtained with

ap=11/16 + (5/8)ay, ay =15/32+ (17/16)a;

ay =—3/16+ (3/8)ay, a3 =1/32—(1/16)a
where a is a free parameter satisfying the inequality —0.5 <
a; <0.5. In this range, a higher value of oy corresponds to a less
dissipative filter. A fourth-order filter is adopted at the first interior
point. For multidimensional problems, the described procedure is
sequentially applied for each direction.

Roe’s flux difference splitting scheme extended to the third-order
accuracy by MUSCL? interpolation is also used for the compari-
son. The viscous terms are evaluated by the second-order central
difference for the scheme.

Once all of the spatial derivatives are computed at the nth step, the
time-integration process is carried out. The same time-integration
algorithm is used for both the schemes. An efficient implicit scheme,
the four-factored symmetric Gauss—Seidel (see Ref. 9) is used.

III. Results and Discussions

Effect of the Parameter oy

The effect of the free parameter o is investigated by a vortex
convection problem before application to the flow over a double-
delta wing. The initial vortex conditions are given as

r r? dp  pv2
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where vy is the velocity magnitude in the circumferential direction,
I'=0.9, and r.e =1. The vortex is conveyed downstream with
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Fig. 1 Time history of the pressure at the vortex core.

Fig. 2 Pressure contour plots at 200 nondimensional time:
0.985 < p/poo < 1.00.

freestream Mach number of 0.2. Figure 1 shows the time history of
the pressure at the vortex core and a comparison of the ideal result,
Roe’s third-order scheme, and the sixth-order compact difference
schemes with oy =0.40, 0.45, and 0.49. All of the results by the
compact scheme are better than those obtained by use of Roe’s
scheme. The higher values of «; show improved results. However,
the pressure contour plots shown in Fig. 2a for « ; = 0.40 and Fig. 2b
for ay = 0.49 show small pressure deviations around the vortex. The
noises are severer for the case of oy = 0.49, whereas the difference
of the pressure at the vortex core after 200-nondimensional time
units is 0.2% of the ambient pressure between oy = 0.40 and 0.49.
From the viewpoint of the accuracy and the stability, oy =0.40 is
selected in the following computations.

Double-Delta Wing

The geometry of the double-delta wing is the same as the experi-
mental model used by Brennenstuhl and Hummel.? The swept-back
angles of the double-delta wing are 80 deg for a strake and 60 deg
for a main wing, respectively. The wing has a cylindrically rounded
leading edge. Figure 3 shows the computational grid around the
wing. The total number of grid points is 8§10,633.

Flow conditions are listed subsequently. The Reynolds number is
1.3 x 10° based on the root-chord length. Freestream Mach number
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is set to 0.3 in this study to simulate the low-speed wind-tunnel
experiment. The angles of attack are 12, 13, and 15 deg.

Aerodynamic Coelfficients

Figures 4a and 4b show the lift and the pitching moment coeffi-
cients, respectively. The pitching moment is positive when the nose
is up and the center of the moment is located at N25, which is 59.1%
station of the root chord. The length scale for the normalization of
the moment is 54.6% root-chord length as in the experiment. The
result around 12-deg angle of attack is discussed mainly because
precise experimental data are available for the validation. The lift

X

Fig. 3 Computational grid, double-delta wing. (j X k X [=109 X
111 x 67.)
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and the pitching moments show good agreement with the experi-
ment by use of both of the schemes, although the pitching moments
predicted by the compact difference scheme are slightly larger than
the experiment. The reason is discussed by investigating the local
flowfields.

Local Flowfields

The computed total pressure contour plots at 12-deg angle of
attack are shown in Figs. 5a and 5b for the compact difference
scheme and Roe’s scheme, respectively. Two vortices are observed
in both results, one from the strake and the other from the main
wing. In addition, a secondary separation vortex is also observed
near the leading edge of the main wing. In Fig. 5a, the cores of the
two vortices are tighter, and two distinct vortices exist downstream
compared with the results in Fig. 5b. When Roe’s scheme is used,
the vortices are diffused, and they begin to merge just behind the
kink of the leading edge. Use of the compact difference scheme
results in the higher resolutions.

Figures 6a and 6b show the total pressure contour plots at 75%
chordwise section for the respective schemes. The contours obtained
by the experiment are overlaid for comparison. The position and the
strength of the primary vortex from the main wing are well pre-
dicted by the compact difference scheme; moreover, the secondary
vortex near the leading edge is larger, and the extent is closer to the
experiment with the compact difference scheme. As for the vortex
from the strake, the position of the vortex core from the experiment
is located between the prediction by compact difference scheme and
by Roe’s scheme. The two vortices are independent, and little inter-
action is seen in Fig. 6a, whereas too many interactions and vortex
merging occur as shown in Fig. 6b. The vortex from the strake is
laterally extended due to interaction with use of Roe’s scheme. Pos-
sible reasons for the discrepancies on the vortex from the stake are
the effect of the turbulence model and the flow unsteadiness.
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Fig. 4 Aerodynamic coefficients vs angle of attack.

a) Compact difference scheme

b) Roe’s scheme

Fig. 5 Total pressure contour plots, « =12 deg and 0.86 < py/pooo < 0.9975.
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Fig. 6 Spanwise total pressure contour plots at 75% chordwise section at o =12 deg and 0.86 < po/pooo < 0.9975.
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Fig. 7 Spanwise Cp distributions, o =12 deg.

The pressure distributions on the wing surface clearly show the
advantage of the compact difference scheme. Figures 7a and 7b
show the pressure coefficient Cp distributions on the upper surface
at the 62.5% chordwise section and the 75% chordwise section,
respectively. In Figs. 7a and 7b, the results by the use of Roe’s
scheme on extra fine grids in our previous study! are plotted. In
the computation indicated by “ROE (Fine grid+Zonal),” the com-
putational grids consist of the 4 million points base grid and the
4 million points local grid near the leading edge, which is three
times finer than the base grid. The fortified solution algorithm'? is
used for the interfaces between the base grid and the overset-local
grid. In Figs. 7a and 7b, two negative pressure peaks are located
aound 50 and 80% spanwise location with the experiment. These
peaks correspond to low-pressure regions due to the vortices from
the strake and the main wing. The agreement between the compact
difference scheme and the experiment is excellent at the 62.5% sec-
tion. It is still better than the result by Roe’s scheme on 8-million
grid points indicated by dot—dash line in Figs. 7. At the 75% sec-
tion, the position and strength of the negative peaks disagree with
the experiment in all of the simulations, but the results by use of
the compact difference scheme show clear advantages against the
others. The right-hand-side peak due to the vortex from the main
wing is the highest among three simulations, and the second peak is
clearly observed, although the position is predicted on the inner side
of the wing compared with the experiment. In the result by use of
Roe’s scheme on the same grid, the vortices are smeared out at this
section and the second peak is not captured. It is recovered by Roe’s
scheme on the extra fine grid, but the pressure difference between
the top and the bottom is smaller than the experiment or the compact
difference scheme. In summary, the sixth-order compact difference
scheme is better than the Roe’s third-order upwind scheme with use
of 10 times more grid points. The discrepancy of the position of the
second peak with the compact difference scheme is for the same rea-
son discussed earlier (Fig. 6a), and further future investigations are
necessary.

The reason for the similarity and the small differences of the aero-
dynamic coefficients between two schemes can be understood by
the pressure distributions. The integrated areas below the curves of
the pressure distributions in Figs. 7a and 7b happen to be almost the
same for both results. Slightly larger pitching moments obtained by
the compact scheme are due to fewer vortex interactions and the
resulting pressure peaks near the trailing edge. However, the flow-
fields obtained by the compact difference scheme apparently show
better representation of the experiment, and the rolling moments
should be correctly estimated if the double-delta wing has a roll
angle or a side-slip angle.

IV. Conclusions

The sixth-order compact difference scheme was applied to the
flow simulation over a double-delta wing and accuracy was investi-
gated. The scheme captured two vortices without excessive dissipa-
tions, and the secondary separation vortex near the leading edge is
also properly evaluated. The resulting pressure distributions on the
wing showed much better agreement with the experiment than those
by use of Roe’s third-order scheme. The remaining problem is the
accuracy of the vortex-merging location, and further investigations
are necessary to improve the reliability of the simulations.
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High-Order vs Low-Order Panel
Methods for Unsteady Subsonic
Lifting Surfaces
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Introduction

HE purpose of this Note is to clarify the differences between a

high-order panel method and a low-order panel method in their
applications to steady and oscillating lifting surfaces in subsonic
flow. The vortex lattice method is a steady low-order-lifting-surface
(LOLS) method proposed by Hedman' and Belotserkovskii® dur-
ing the mid-1960s. Its success led to its unsteady-flow extension, the
doublet lattice method (DLM), by Albano and Rodden® and Rodden
etal.*® By “low-order” in LOLS is meant that the singularity (vortex
or doublet) distribution is concentrated along the quarter-chord line
on each lifting surface box. The choice of the quarter-chord location
is perhaps inspired by the exact two-dimensional thin-airfoil solu-
tion or borrowed from Prandtl’s lifting-line solution (but for an el-
liptic planform only). By the mid-1970s, Woodward® and PANAIR
(see Ref. 7) further advanced the lifting theory, in subsonic and
supersonic flow, with a fully distributed singularity over the com-
plete box. This is defined as the high-order-lifting-surface (HOLS)
method, whereby the singularity kernel is required to be integrated
along chordwise and spanwise directions instead of once along the
quarter-chord line as for the case of LOLS. ZONAG6 (see Ref. 8)
is the unsteady extension of Woodward’s HOLS theory. It has long
been accepted that the HOLS is an advanced version of the LOLS.
LOLS, confined by its low-order nature, requires its force point (at
which to evaluate pressure) to be fixed with the sending point at the
quarter-chord singularity, and consequently its control point is con-
strained at the three-quarter-chord point in order to achieve accurate
solutions. By contrast, HOLS is superior to LOLS in that its force
point and control point in principle need not be prefixed, because
the singularity is fully distributed. Unlike LOLS, determination of
the location of these points in ZONAG is based on countless nu-
merical experiments for evaluation of numerous wing planforms
under various flow conditions. HOLS has a sound theoretical foun-
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dation in that its formulation realizes a unified subsonic—supersonic
high-order-lifting-surface method as well as a fully extended uni-
fied unsteady-flow methodology, namely, ZONA6 and ZONA?7 (see
Ref. 9). Lacking a sound foundation, LOLS thus far offers no un-
steady supersonic counterpart, in spite of several previous attempts.
In what follows, we will compare the predictions of the aerodynamic
centers, the unsteady pressures, and the generalized aerodynamic
forces for rectangular wings with large aspect ratios (AR) and delta
wings, generated by HOLS and by LOLS.

Aerodynamic Center of High-Aspect-Ratio
Rectangular Wings

In Ref. 10, the author showed that the aerodynamic center (a.c.)
computed by an improved DLM called NSKQ (Ref. 5) is more
accurate than that computed by ZONAG6 for arectangular wing of AR
20. Itis further claimed that NSKQ also predicts the a.c. atexactly the
quarter-chord with one aerodynamic box along the chordwise strip,
whereas ZONAG (referred to in Ref. 1 as CPPM) predicts the a.c. at
the 50% chord. This thus led the author!? to conclude that ZONAG is
an inferior method for flutter and divergence predictions. To clarify
this apparent misunderstanding in ZONAG6 as a HOLS method as
opposed to NSKQ as a LOLS method, we revisit the case of an AR
20 rectangular wing employed in Table 1 of Ref. 10, in which the
author intended to show that N5SKQ is superior to ZONAG6 (with a
force point assigned at the 50% chord), consistently predicting the
a.c. location at 25% for all chordwise box arrangements including
that due to a single box (strip). In Table 1, we show the results
of ZONAG6 with the force point (f.p.) assigned at the 25% chord.
This time, as seen from the last a.c. column, both methods would
yield nearly identical a.c. locations for almost all chordwise boxes
considered. It can be seen that ZONAG6 can also predict the 25%
chord of the a.c. with exactly one box on the strip; as the number of
boxes increases, ZONAG6 predicts a slightly forward a.c. as NSKQ
does. However, no exact solution exists for this case to establish
which solution set is likely to be more correct.

Aerodynamic Center of Delta Wings

With the planform shape changed, the a.c. location shifts. A low-
aspect-ratio wing may have an a.c. location largely different from
one around the 25% chord. Here, we consider a delta wing with
AR 2.31 at M =0.0 whose a.c. location is obtained at 59.34% of
the root chord as derived by the classical theory of Truckenbrodt.'!
Table 2 presents the a.c. locations predicted by ZONAG6 (with a f.p.
assigned at the 25%, 50%, and 70% chords) and by N5KQ.

As the number of boxes increases, ZONAG6 with a f.p. at 70%
yields an a.c. at 59.05% of the root chord, which is slightly ahead of
the exact a.c. location of the 59.34% root chord. NSKQ predicts an
a.c. of 58.40% of the root chord, which is ahead of the theoretical
a.c. location.

The examples of Tables 1 and 2 suggest that the best f.p. location
is in fact planform dependent. Confined by the LOLS formulation,
the f.p. is fixed at the 25% chord for NSKQ. By contrast, ZONA6
has the freedom of assigning f.p. locations for the best a.c. solution.
But as an industrial software, the f.p. location in ZONAG6 should not
be a user input, as it would burden the end user. With all planforms
considered, we therefore select acompromise f.p. at 50% as a default
value for ZONAG6.

Unsteady Pressures on Delta Wings

NS5KQ, as a LOLS method, is expected to yield inaccurate solu-
tions for planforms with aerodynamic boxes of large aspect ratios.
To alleviate this aspect-ratio restriction on aerodynamic box mod-
eling, it is necessary to increase the order of the vortex-singularity
distribution on the aerodynamic boxes. ZONAG6, as a HOLS method,
employs the constant vortex approach that results in converged so-
lutions with high accuracy. Shown in Fig. 1 are the lifting pressure
coefficients (AC,) on a 70-deg delta wing at M = 0.8 with two
types of aerodynamic box modeling: 10 x 10 and 40 x 10.In 10 x 10
aerodynamic box modeling, the N5SKQ solutions break down at the
tip strip (station 10), caused by the incompatibility of the LOLS



