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Introduction

N spite of recent advances in numerical methods to solve

the Euler and Navier-Stokes equations for transonic flow
problems, the transonic potential equation is still widely used
in design work. Among the algorithms for solving three-di-
mensional transonic potential flows, the computer program
Flo-22 developed by Jameson and Caughey! has proved to be
economical and robust for many practical applications.

The purpose of this note is to describe some recent im-
provements in Flo-22, that include a chordwise scaling to
render the trailing edge a grid line, and a modification to the
symmetry plane boundary condition to better enforce the no-
flux condition there. Results are presented for the transonic
flow past a supercritical wing, using the original and moditied
versions of Flo-22, as well as the fully-conservative Euler code
developed by Yadlin and Caughey.?

Flo-22 Program

The original program Flo-22 is designed to calculate the
transonic potential flow past a wing of arbitrary planform and
dihedral extending from a plane wall. A body-conforming
coordinate system is generated by a sequence of elementary
transformations so that the spanwise coordinate lines are aligned
with the leading edge but are not parallel to the trailing edge
when the wing has taper.

The nonconservative, three-dimensional transonic poten-
tial equation has the form

(@ — 1), + (@® — V)P, + (&> — w)P,,

- 2uv®,, — 2uwd,, — 2vwd,, =0 (1)
where @ is the velocity potential, i, v, and w are the velocity
components in the x, y, and z Cartesian coordinate directions
and g is the local speed of sound. For the steady, constant
energy flow of a perfect gas of specific heat ratio y

@ = a - {%] W + v + w)

where a, is the stagnation speed of sound.
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Since the flow is assumed uniform at infinity, the far-field
singularity in the velocity potential is removed by defining the
reduced potential

G=® —xcosa — ysina

where « is the angle-of-attack.

The equation for the reduced potential G, obtained by
transforming Eq. (1) from the physical plane to the compu-
tational plane, is solved by a finite difference method using
the rotated difference scheme of Jameson? in nonconservative
form. The difference equations are solved by “successive line
over relaxation.” A complete description of the original pro-
gram can be found in Ref. 1.

Recent Improvements

Chordwise Scaling
The wing trailing edge is made a grid line by introducing
the chordwise scaling

. x = x(2)
 c(2)
C_ Y =y
y - C(Z) (2)
=1z

where x,(z) and y,(z) represent the location of a singular line
just inside the leading edge of the profile at each spanwise
station, and ¢(z) is the distance between the trailing edge and
the singular line in each spanwise plane. For the planes be-
yond the wing tip, ¢(z) is artificially defined as c(z) = c(z,,).
This transformation shears out the wing sweep and dihedral,
puts the singular line at the origin of each %, y plane, and
normalizes the coordinates in the streamwise and vertical di-
rections. In each of these planes, parabolic coordinates are
introduced by the square-root transformation

I

(X, + iY,)
Z,

2% + iy) 3)

z

The effect of this transformation is to unwrap the wing to
form a shallow bump near the plane Y; = 0. If the height of
this bump is defined as

Y, = S(Xl’ Z)

then the final shearing transformation

X =X,
Y=Y, - S(Xla Z_) (4)
Z =z )

maps the wing surface to a portion of the coordinate surface
Y = 0. In the resulting coordinate system, both the leading
and trailing edges are lines of constant X in the surface ¥ =
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0, so that the same number of mesh cells lie on the wing
surface in each spanwise plane.

Since the equation for the reduced potential G is trans-
formed from (x, y, z) to (X, Y, Z), some additional complexity
is introduced by the scaling of the coordinates with the local
chord ¢(z); this requires approximately 30% more compu-
tational work per iteration for the modified version. Details
of the transformed equations are given by Wang and Caughey.*

Symmetry Plane Modification

In the original Flo-22, the spanwise coordinate line is ex-
tended linearly through the symmetry plane, and the bound-
ary condition that w = 0 is enforced on the surface Z = 0
by requiring

Gz + {Gx — (¢Sz + {8y — 7)Gy = 0 (%)

where
n= lexs’
4

Due to the nonorthogonality of the coordinate system when
the wing is swept or tapered, simple central differences used
to approximate all first derivatives in Eq. (5) can beécome
unstable. To maintdin stability, an average of one-sided dif-
ferences on the computational planes on either side of Z =
0 was used to set the values of the potential on the image
plane inside Z = 0 in the original program, but the usual
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centered formulas were still used in the solution algorithm.
As a result of this inconsistency, it was found that w = 0 is
not satisfied exactly everywhere on the symmetry plane.

In the modified version, the wing geometry is assumed to
be completely symmetrical about the symmetry plane and Eq.
(5) reduces to

G, =0

If central differences are used to define the potential values
at the image points for the symmetry plane in this case, the
iterative scheme fails to converge when the wing is highly
swept and/or tapered. The stability of the approximation on
the symmetry plane is improved by replacing the first X-
differences by weighted averages of central differences on the
Z = 0 plane and its neighbors to either side. The same ap-
proximation is used in the solution algorithm, so that the
symmetry condition is satisfied exactly, and the formal ac-
curacy remains second order. This approach has proved stable
for tapered wings at sweep angles in excess of 35 deg.

Results

As in the original version of Flo-22, grid sequencing is used
in the modified version of Flo-22 to speed iterative conver-
gence. An initial calculation is performed on a coarse grid,
typically containinig 48 X 6 x 8 grid cells in the X, Y, and
Z directions, respectively. This solution is then interpolated
onto a finer grid containing twice as many mesh cells in each
direction, and is used as a starting guess for an intermediate
solution. The process is repeated once again to give the final
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Fig. 1 Streamwise wing surface pressure distributions calculated using modified and original versions of Flo-22; flow past Douglas Wing LB-

488 at freestream Mach number of 0.80- and 2.3-deg angle-of-attack.
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Fig. 2 Streamwise wing surface pressure distributions calculated usin

LB-488 at freestream Mach number of 0.80- and 2.3-deg angle-of-

solution on a grid containing 192 X 24 X 32 mesh cells.
Typically, 100 iterations are done on each grid level and the
final solutions are quite well-converged.

All the results presented here have been computed for a
typical transonic transport-type wing, here called the Douglas
Wing LB-488,° at a Mach number of 0.80- and 2.3-deg angle-
of-attack. This wing has modern supercritical wing sections,
a leading-edge sweep of 33.11 deg, and a taper ratio of Cip/
Croor = 0.2115. The planform of this wing has a discontinuity
in trailing-edge sweep at approximately 31% of the semispan.

Comparisons of the streamwise pressure distributions cal-
culated by the modified and original versions of Flo-22 are
shown in Fig. 1 at the 0, 20, 50, and 90% semispan stations,
respectively. There is a noticeable difference between the two
solutions at the root station, where the upper surface pressure
distribution has a large spike upstream of the shock in the
solution from the original Flo-22. This spike is nonphysical
and is apparently introduced by the poor treatment of the
symmetry plane boundary condition in the original code. In
the modified version of Flo-22, the spike does not appear and
the root-station pressure distribution is similar to those in
neighboring computational planes. The shock positions in both
calculations agree well, but the shock is more highly smeared
in the original Flo-22 solution. This is due to the loss of res-
olution in the original version near the wing tip, where there
are fewer mesh points on the wing surface at each successive
spanwise section, and because the grid lines in the modified
version are better aligned with the shock at the inboard sta-
tions.
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attack.

In Fig. 2, the streamwise pressure distributions for the mod-
ified version of Flo-22 are also compared with those of the
Euler solution of Yadlin and Caughey? at four spanwise sta-
tions. The three-dimensional fully-conservative Euler equa-
tions are solved using the implicit, diagonalized “alternating
direction implicit” multigrid method on a mesh having the
same number of grid cells and the same distribution of grid
points on the wing surface as for the potential calculations.
Both solutions are in good agreement except for the shock
strengths and positions, particularly near the wing tip where
the shock is the strongest. The shock position in the potential
solution is slightly forward of the Euler solution, and the
shocks are also weaker in the nonconservative potential so-
lution. This difference is almost certainly due to the differ-
ences in the shock polars of the two models. The forward
shift in location and weakening of the shock wave is consistent
with the differences one would expect from a nonconservative
formulation.

Conclusions

An improved version of Flo-22 for calculating the transonic
potential flow past swept wings has been described. The new
chordwise scaling and improved symmetry plane treatment
result in a truly boundary conforming coordinate system for
three-dimensional wings and consistent treatment of the no-
flux condition on the symmetry plane. Results show that im-
provements have been made in the accuracy of the solution
near the wing tip and the wing root.
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Introduction

N-FLIGHT, aircraft icing occurs when an aircraft encoun-

ters a cloud of small, supercooled water droplets. There-
fore, the first step in any complete aircraft icing analysis must
include impingement prediction of the water droplets on the
critical aircraft surfaces. Traditionally wings have been ana-
lyzed using a strip-theory approach and two-dimensional
methods. Experimental data on three-dimensional wings have
not been available to validate these methods. However, with
the recent development of three-dimensional droplet-im-
pingement computational methods,*-* the capability now ex-
ists to evaluate the accuracy of two-dimensional methods ap-
plied to three-dimensional wings. In this technical note a
procedure for using two-dimensional droplet-impingement
techniques on three-dimensional wings is presented and eval-
uated against a full three-dimensional code for straight and
yawed wings.
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Numerical Procedure

Two-Dimensional

Here the Lagrangian, two-dimensional droplet-impinge-
ment code of Bragg* is used. The trajectory equation given
below is a second-order, ordinary differential equation solved
by a step-integration scheme:

d%x CpR dx
K{—=)="=2 - =
<d72> 24 <V d’T)
where K is defined in Table 1, R is the droplet Reynolds
number, and C), is the droplet-drag coefficient. V, x, and 7
are the dimensionless local air velocity, droplet-position vec-
tor, and time, respectively. K and R, are often combined*

into a single dimensionless paramcter K|, the modified inertia
parameter, that greatly reduced the analysis. K, is given by

K, = 18K[R;¥* — (V6/Ry)arctan(R;*/\/6)]

Several single-droplet trajectories are computed from the
freestream, far ahead of the airfoil, until they strike the airfoil.
Using this information, a local nondimensional mass flux of
droplet-impinging on the surface, referred to as the impinge-
ment efficiency, B8, can be calculated.

The method for using a two-dimensional analysis to cal-
culate the droplet impingement on a section of a swept or
yawed finite wing is summarized in Table 1.

The two-dimensional ‘analysis is performed on an airfoil
section perpendicular to the leading-edge where only the com-
ponent of the freestream velocity, U, cos A, is seen, therefore,
R, and K are calculated as shown. The two-dimensional anal-
ysis is performed at the section-lift coefficient seen by the
appropriate section of the three-dimensional wing. In addi-
tion, the impingement efficiency 8 must be reduced by cos A
since the two-dimensional section is exposed to only that por-
tion of the freestream water droplet concentration.

Three-Dimensional

The three-dimensional droplet impingement code of Mohler?
is used for comparison to the two-dimensional results. This
code uses a three-dimensional surface panel method to gen-
erate the three-dimensional flowfield. To save computer time,
flowfield velocities are stored at the nodes of a three-dimen-
sional grid system and interpolated to obtain the velocities
required by the differential equation solver. The trajectory
equation, and the integration scheme, is basically the same
as the two-dimensional case, but is done for all three direc-
tions x, y, and z. Whereas, the impingement efficiency is
determined as a continuous function in the two-dimensional
code; here an average value is determined over each panel
of interest. The code iterates until a trajectory strikes a panel
at each of the four corner points. Thus, the impingement
efficiency is formed by the ratio of the effective particle stream-
tube cross-sectional area far in front of the body, to the surface
panel area.

Table 1 Swept or yawed wing two-dimensional calculations

Equivalent
3D 2D Values
- U.,
Ry psU- (p5 ) cos A
u n
2. 2
U U..
K 9-5~— od cos A
18cp 18cu
] Bap Bop cos A




