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Introduction

I 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,1"3 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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Here the Lagrangian, two-dimensional droplet-impinge-
ment code of Bragg4 is used. The trajectory equation given
below is a second-order, ordinary differential equation solved
by a step-integration scheme:

2
CDR

"
d*

where K is defined in Table 1, R is the droplet Reynolds
number, and CD is the droplet-drag coefficient. V, jc, and r
are the dimensionless local air velocity, droplet-position vec-
tor, and time, respectively. K and Rv are often combined4

into a single dimensionless parameter K0, the modified inertia
parameter, that greatly reduced the analysis. K0 is given by

K0 =

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, /3, 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, UM cos A, is seen, therefore,
Ru 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 /3 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 Mohler3

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
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Results and Discussion
Four cases are compared to evaluate the accuracy of the

two-dimensional model for three-dimensional wings. Figure
1 shows an aspect ratio 10, rectangular wing with a NACA
0012 airfoil section. Droplet impingement was calculated at
the model centerline and 0.90 semispan location. The paneling
in the three-dimensional code was concentrated in the im-
pingement regions for the two cases to improve accuracy.
Calculations were made at 0 and 30 deg of yaw. Note that
the finite wing at 30-deg-yaw produced an asymmetric flow-
field.

Figure 2 shows the two-dimensional and three-dimensional
calculation on the model centerline with no yaw. Here, as in
all comparisons, Rv — 232.5, K = 0.2 and the sectional-lift
coefficient is 0.4 (Table 2). Note that the three-dimensional
results can be identified by the regions of constant impinge-
ment efficiency, /3, that is the average /3 on each surface panel.
The two-dimensional results compare favorably to the three-
dimensional results, although the total nondimensional mass
flux/unit span (area under the curve) is somewhat different.
The two-dimensional results yield 0.0309 while three-dimen-
sional predicts 0.0324. This 5% error is somewhat larger than
reported by Mohler3 and is, in part, dependent upon the size
and location of the surface panels.

= 0. deg = 30 deg

Fig. 1 Impingement locations on the aspect ratio 10 wing with and
without yaw.
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Fig. 2 Comparison of two-dimensional and three-dimensional cal-
culations on the wing centerline with no yaw (continuous curve is the
two-dimensional result).

The centerline impingement efficiency, with and without
yaw are shown in Fig. 3. Note that the unswept values are
the same as shown in Fig. 2. Here the effect of yaw is to
reduce the droplet-impingement efficiency, particularly near
the airfoil leading-edge, S/c = 0. The two-dimensional model
predicts this reduction in /3 due to sweep reasonably well.
While the total mass flux/unit span values, Ay0, continue to
be underpredicted, the two-dimensional models predict an
18% reduction in Ay0 due to the yaw angle whereas the three-
dimensional code gives a 13% reduction.

Of course, the real test of the two-dimensional method, is
near the wing tip where the largest three-dimensional flow-
field effects are seen. Figure 4 shows the two-dimensional and
three-dimensional calculations near the wing tip, with, and
without yaw. Note that the two-dimensional calculations are
the same as shown in Fig. 3. Here the two-dimensional method
fails to predict the effect of yaw in the three-dimensional
results. With no yaw (dashed lines) the two-dimensional method
predicts about 9% less mass than the three-dimensional code.
However, with sweep, the three-dimensional code shows a
large shift in the impingement efficiency to the lower surface
with about the same total mass flux/unit span. The two-di-
mensional code predicts an overall decrease in total mass flux/
unit span and no shift in distribution to the lower surface.
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Fig. 3 Comparison of two-dimensional and three-dimensional cal-
culation on the centerline with and without yaw (continuous curve is
the two-dimensional result).
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Fig. 4 Comparison of two-dimensional and three-dimensional cal-
culation near the wing tip with and without yaw (continuous curve is
the two-dimensional result).

Table 2 Data for the impingement results shown

Geometry
3D
3D
3D
3D
2D
2D

a, deg
(Q = 0.4)

4.26
5.69
6.66

13.20
3.31
3.31

Ru
232.5
232.5
232.5
232.5
232.5
201.4

K
0.2
0.2
0.2
0.2
0.2
0.173

K0

0.05
0.05
0.05
0.05
0.05
0.046

(2y/b)
0
0
0.9
0.9

——

A, deg
0

30
0

30
0

30

A^0
a

0.0324
0.0283
0.0338
0.0339
0.0309
0.0252

aTotal nondimensional mass flux at a span wise station/unit span.
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The three-dimensional wing calculations are influenced by the
increased wing circulation that results from the wing angle-
of-attack, 13.2 deg, required to match the desired lift coef-
ficient of 0.4 at the 2y/b = 0.9 station.

Summary
On the model centerline where three-dimensional effects

are small, the two-dimensional analysis presented, predicts
reasonably well the droplet impingement on a three-dimen-
sional yawed wing. Near the wing tip [(2y/b) = 0.9] the two-
dimensional model fails to accurately predict the droplet-im-
pingement on a yawed wing. Based on these calculations and
the more detailed analysis of Ref. 3, it is clear that the two-
dimensional analysis works well on yawed wings away from
the tips. However, a three-dimensional analysis must be used
near the tip of a finite wing. It is anticipated that in other
cases where a significant three-dimensional flow field effect
is present, a three-dimensional analysis would also be re-
quired.
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Introduction

O NE of the most important tasks in the design of an
aeroelastically scaled wind-tunnel model wing is making

sure the stiffness characteristics are correct. The engineer
must design a model structure whose stiffness characteristics
match known values. These known values are derived by
scaling the stiffness characteristics of the full-size structure
that the model represents.

It is assumed that a target flexibility matrix is known for
the scaled model. A column of a flexibility matrix represents
the displacements at all the grid points on the wing due to a
unit load at one grid point. If the desired flexibility matrix is

known for the model, a displacement constraint can be written
for the deflection at each grid point in the structure due to a
unit load placed at some grid point. If a structure can be
designed so that all the constraints are active; that is, they lie
on the boundary of the feasible region, it will have the desired
response to the unit load placed on it.

Using this approach, there is no need to know any more
about the desired structure than the flexibility matrix and the
basic geometry of the structure. The model's structure need
not bear any resemblance to that of the original structure as
long as the overall stiffness characteristics match the scaled
stiffness of the full-size structure. The possibility then exists
of modeling an anisotropic structure with an isotropic one.

Background
It has been shown that a general purpose structural optimi-

zation code can be used to simplify the wind-tunnel model
design process considerably.1'2 A general purpose finite-ele-
ment-based analysis and optimization program3 was used to
design a structure made up of beam and plate elements. Using
only the widths of the beam elements as design variables, a
design was obtained that satisfied the stiffness constraints,
and a sample structure was manufactured. The displacement
of the structure due to loads applied at various grid points
was measured using laser holographic techniques. The stiff-
ness of the test article was found to agree well with the finite
element predictions. The previous approach was more cum-
bersome than desirable because the program involved was
applied to a problem for which it was not well suited. Also,
the procedure resulted in a structure that was unnecessarily
difficult to manufacture. To improve the design procedure, a
new finite element based optimization program was written
and the problem described in Ref. 1 was reworked using a
different finite element representation.

Analysis
To allow easy comparison of the results between the current

research and that cited in Ref. 1, the same 1/9-scale fighter
wing was selected. The wing was constructed largely of com-
posite materials and was built to demonstrate the feasibility
of using aeroelastic tailoring on fighter wings (Fig. 1). The
structure involved in this effort represents only the structural
box of the original wing. Both the planforms of the previously
manufactured test article1 and model structure described here
are the same size as the 1/9-scale wing.

Reference 4 presents a flexibility matrix generated from a
finite element model of the 1/9-scale wing. Flexibility coef-
ficients are given at 28 points on the surface of the wing. The
location of these points is presented in Fig. 2. This flexibility
matrix was used as the basis for the design of the test structure.
A set of displacement constraints for the optimization prob-
lem can be written using a column of the flexibility matrix; a
load is placed at some point on the wing and the terms from
the column of the flexibility matrix are input as displacement
constraints. Each column of the flexibility matrix is considered
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