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INTRODUCTION

A number of fatal aircraft accidents during the last 15 years, occurring at take-off during periods
of freezing precipitation, have directed considerable attention to the investigation of roughness
effects of contamination on the aerodynamic performance of aircraft (Luers, 1983, Boer, 1991,
and Kind and Lawrysyn, 1992). Protection of aircraft surfaces against adhesion and
accumulation of freezing precipitation is currently achieved by application of freezing point
depressant fluids (anti-icing fluids) for the brief period of taxi and take-off. In practice, take-off
occurs when the pilot is satisfied that the critical surfaces are free from contamination. The
practical method to accomplish this is by visual inspection, which is frequently difficult due to
aircraft geometry and/or adverse lighting conditions. Under these circumstances it is possible
that take-off may be attempted with surfaces that are contaminated by the adhesion of freezing
precipitation which passed undetected or were non-existent at the time of pilot’s final inspection.
The contamination may not be uniform. Recent investigations into aircraft accidents where
freezing precipitation buildup on the surfaces was deemed to be a factor, have assumed that
the ground effect on aircraft aerodynamics was also a factor. The present work has investigated
the influence of contamination on the aircraft aerodynamic performance with ground effect
included.

Research work has been being carried out on this issue for several years at the Aerodynamics
Laboratory, IAR/NRC. A two-dimensional computer code was first developed by Crabbe (1995),
and later extended to three-dimensional wings (Crabbe, 1998) resulting in an earlier version of
PMAL3D. PMAL3D has been shown (Crabbe, 1998) to predict inviscid wing lift to the accuracy
of a commercial panel code, PMARC, which is to be expected inasmuch as both methods are
low order using uniform source and doublet distributions on each surface panel. PMARC, which
has been applied to compute inviscid flow about a complete aircraft (Edge and Perkins, 1995),
is the potential portion of an earlier commercial code VSAERO. VSAERO contains a boundary
layer code (for clean surfaces) that is specialized to the swept wing of infinite span.
Consequently, it is only approximately valid for finite-span-wing aircraft. PMAL3D. On the other
hand, it predicts viscous flow about general aircraft configurations with or without contaminated
surfaces. Navier-Stokes solutions for multi-element airfoils and wings have been reported in the
literature (e.g. Cebeci, 1997). While these methods automatically include viscous effects, the
authors are not aware of any Navier-Stokes code that will treat three-dimensional aircraft
surfaces with arbitrarily distributed roughness. Results reported in this paper demonstrate,
however, that interactive panel codes, such as PMAL3D, can be readily adapted to aircraft
surfaces with arbitrary patterns of both roughness height and spacing. PMAL3D not only
predicts lift coefficients up to the onset of stall but can also predict the effect of slideslip on wing
lift. However, this paper discusses the pre-stall lift loss of the wing-flap-fuselage-tail
configuration of the F28M1000 aircraft due to roughness in coordinated flight.



METHODOLOGY

In the viscous-inviscid interaction technique, separate calculations of the inviscid outer flow and
the viscous inner flow are matched by an iterative procedure to yield a solution to the problem.
The numerical method used in the present work employs this technique and involves interaction
between the inviscid potential solution for the outer flow and the boundary layer solution for the
inner flow. A potential solution is obtained by using a panel method while the boundary layer
solution is obtained by solving three-dimensional integral boundary layer equations. This
method has been demonstrated to be very efficient with little loss in accuracy for a broad range
of applications to the external aerodynamics of aircraft.

Integral prediction methods for three-dimensional turbulent boundary layers are most readily
described in a streamline coordinate system (s, n) on the body surface with s being in the
streamwise direction and n being the normal direction to the streamline. The integral equations
in this coordinate system are

s momentum integral equation:

8911 8912 911 oU 87 C/'
—+———QR2+H -0,)=—- 1

% o0 TU 3 (+)+( 22)2 (1)
n momentum integral equation:
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entrainment equation:
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where d) /dn is streamline divergence. Crabbe (1977) has shown that ¢ = 0.5 in diverging flow
(0} /dn>0) and 0.1 in converging flow (d} /on<0). F(H, ) is Head’s entrainment function.

The displacement and momentum thicknesses are given by
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Mager’s form for the crossflow

%:( —%Ttanﬂ

)

and Cumsty and Head'’s form for the streamwise velocity profile,

(Y
%‘(3) ©

are used here. Equations (4) and (5) enable the crossflow integral thicknesses to be simply
expressed as functions of H, 6,,, and tan f.

The roughness effect of the contamination is simulated using the formulation developed by
Dvorak (1969). In the present paper, the method has been applied to a complete aircraft where
the main lifting surfaces (wing and flap) are contaminated by distributed roughness which arises
when applications of anti-icing fluid fail to prevent local adhesion of freezing precipitation to
these surfaces. The equation for the skin friction coefficient is expressed in terms of roughness
height & and dimensionless spacing 4 as

C,=C,(H.,6,,k ) (6)

The details of this equation are given in Dvorak (1969).

The numerical integration of the above equation set is implemented along streamlines. Each
streamline is divided into N subdivisions (25 for the wing and 15 for the flap for the results
presented in this paper). Each subdivision is divided into four equal sections. A fourth order
Runge-Kutta method is used to advance the numerical solution to the three-fourths point. The
solution is then advanced to the end of the subdivision using the Adams-Bashforth-Moulton
predictor-corrector method. The overall scheme is therefore a mix of explicit and implicit
operations and has proven to be efficient and robust. Equations (1) to (3) are solved using the
above scheme along two streamlines, one on each of the upper and lower surfaces of the wing
or flap, in each of the chordwise strips, starting at the flow attachment line. Two nested
computational loops are used. The outer loop is between the potential flow solution and the
boundary layer flow solution while the inner loop for the boundary layer flow begins by ignoring
orthogonal derivatives of the crossflow integrals and then follows by including them in the
second and higher iterations.



CASE STUDIES

Figure 1 shows the geometry of a Fokker F28 MIOOO aircraft and the surface paneling used in
the calculations. In total, 1740 panels are used for the half-configuration with 710 panels
covering the wing and flap. The tail-fin is not included since its aerodynamic influence is
negligible for a symmetric aircraft configuration under zero sideslip angle investigated here.

The lift coefficient of the Fokker F28 is presented in Figure 2. The upstream flow speed is equal
to 70 m s™'; Reynolds number at the mean chord is 17.5 million and no ground effect is included
(free air). It has been shown that the potential solution obtained by PMAL3D is in very good
agreement with the PMARC potential solution in Crabbe (1998). With the three-dimensional
boundary layer included, PMAL3D therefore yields results close to the experimental data with
clean surfaces (Morgan et al, 1989). The wing root angle of attack is 3.7 degrees higher than
that of the fuselage (reference) angle of attack which is used in the second and subsequent
figures, but the wing is twisted so that the tip flies at an angle of attack 3.9 degrees lower than
the root.

Figure 3 shows similar results in ground effect. The upstream flow speed is 57.8 m s™'; Reynolds
number at the mean chord is 14.5 million. The leading edge of the root chord of the gross wing
is two meters above ground. These conditions are close to the take-off scenario of the Fokker
F28 M1000. Again the lift coefficient calculated by PMAL3D is in excellent agreement with the
clean surface experimental data (Morgan et al, 1989). The roughness result obtained by
simulating a contaminated wing and flap by PMAL3D is also presented in Figure 3. It is
assumed that the whole wing upper surface and that part of the flap upper surface not hidden by
the wing planform are contaminated. The roughness height is £ =1.0 mm and density parameter
(nondimensional roughness spacing), 4=5.0. An example of the use of £ and A to specify the
physical properties of surface roughness is given in the appendix. Use of £ =1.0 mm with 4=5.0
is a very severe contamination case at take-off. It is seen that even at a small angle of attack
(0.0-6.0 degrees) without flow separation the lift of the configuration drops by about 10%.
Obviously, the contamination effect is quite substantial for this case. The results for £=1.0 mm
and A =50.0 (lower roughness density than that with A4 =5.0) are given in Figure 4. Oleskiw and
Penna (1997) have done wind tunnel measurements for a similar wing/flap configuration. The
roughness condition for this case is quite close to the wind tunnel test carried out by them. From
Figure 4, it is observed that the lift coefficient is reduced by about 5% by the roughness. This is
quite a reasonable estimate of the effect of a rough surface on the lift according to the
experimental data of Oleskiw and Penna (1997).

The results with different roughness heights and/or density parameters are presented in
Figure 5. It is observed that the reduction in lift coefficient is not linearly related to & and/or A.
For instance, increasing & from 1.0 mm to 1.5 mm has not resulted in decreasing the lift
coefficient significantly. In fact, the difference is quite small. However, further numerical
investigation is required before a sound conclusion can be made.

In most practical situations, the contamination is localized at leading and/or trailing edges.
Numerical results are also performed for this type of distribution. Figure 6 presents the results
with 10% leading and 10% trailing edge contamination as shown in Figure 10. The roughness



height is £=1.0 mm and the density parameter 1=5.0. At angles of attack less than 2.0
degrees, the roughness of contamination has a very small effect on the lift. As the angle of
attack increases the effect increases and at 6.0 degrees the lift is reduced by about 6%. The
predictions with leading or trailing edge contamination alone are given in Figure 7. It is noticed
that with either leading or trailing edge contamination the roughness effect is quite small; but the
combination of them has greater influence on the lift. This result may mean that it is the total
area of contamination that matters as long as there is no flow separation occurring.

For a typical contamination condition with 20% failure at take-off shown in Figure 11, the
numerical prediction is given in Figure 8. It is evident that the roughness effect of the
contamination is negligible up to 4.0 degrees of angle of attack. The numerical result for a
contamination condition with 75% failure (Figure 12) is also presented in Figure 8. The
difference between 20% and 75% failures is negligible.

Results were also computed for the practical case of the effect of snow on the lift characteristics
of the F28 aircraft parked in a crosswind. The contaminant pattern for the leeward wing is
shown in Figure 12. The contaminant pattern for the windward wing is not shown since it is only
involves the lift spoilers where the roughness height is essentially 0.65 mm (compared with 1.0
mm on the leeward wing). The lift curves in take-off configuration (flap deflected 18 degrees
from its stowed position) for the clean and contaminated aircraft are plotted on Figure 13 where
it is seen that they are almost identical up to an angle of attack of six degrees. The maximum lift
coefficients of the contaminated wings occur at 7.53 degrees where the lift coefficient of the
leeward wing is slightly less than that of the windward wing, 1.509 vs. 1.510. This difference
gives rise to a negligible rolling moment coefficient of -3x10” which is easily offset by aileron
deflection. The overall effect on lift of this roughness pattern is small since the computed
boundary-layer thickness in the region of maximum roughness height is 16 cm., or about 160
times the roughness height, at eight degrees angle of attack. Moreover, some of the snow could
be expected to blow off during take-off thereby reducing the lift loss.

The roughness effect of contamination has been discussed above without flow separation
occurring. However, the contamination may trigger earlier separation than without
contamination, which could subsequently reduce the total lift of the configuration significantly
even for the case shown in Figure 11. Thus, flow separations induced by contamination should
be investigated for more comprehensive discussion of roughness effect of contamination.
PMAL3D at the present stage of development can only handle cases without separated flow,
although it does predict the boundary-layer separation line. (Cumpsty and Head, 1967, and
Crabbe, 1998). Further extension to separated flows is obviously of importance for both
practical applications and research purposes.



PMAL3D can also model a laminar boundary layer with a criterion for laminar/turbulent
transition following the approach of Cebeci and Bradshaw (1977). The result with
laminar/turbulent transition is compared with the fully turbulent result in Figure 9. It is noticed
that the difference is negligible. Therefore approximating the whole boundary layer as being
turbulent is reasonable for the configuration examined here.

CONCLUSIONS AND RECOMMENDATION

A numerical method and discussions of its results have been presented on the aerodynamics of
Fokker F28M1000 aircraft with contaminated wings and flaps. A computer code, PMAL3D, has
been developed for carrying out the numerical calculations.

Predictions by PMAL3D are in very close agreement with experimental data for clean surface
cases with or without the ground effect. The influence of contamination on total lift of the
F28M1000 aircraft is discussed by choosing different contamination patterns with different
roughness parameters. It is noticed that under certain conditions, even at small angles of attack
and without separation, the roughness effect of contamination on the aerodynamics of aircraft
can be significant. In terms of total lift loss, the PMAL3D prediction is very promising according
to the experimental data of Oleskiw and Penna (1997).

The roughness effect of contamination without flow separation has been studied in this report.
For more comprehensive analyses the separations induced by contamination should be
investigated.
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Figure 1 Representation of the geometry of the Fokker F28 M1000 aircraft
by surface panels.
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Figure 10 An assumed contamination pattern for roughness studies.
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Figure 11 A practical contamination pattern with 20% wing failure.
A-D: k=1.0mm, 3 =8.0; E: k=0.5mm, A=50.0.
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Figure 12 A practical contamination pattern with 75% wing failure.
A-C: k=1.0mm, ).=8.0; E-H: k=0.2mm, 3 =800.0; I: k=0.4mm,
A=50.0; D, J: k=0.5mm, 1=35.0.

19



2.00 —

1.60 —
1.20 —
CL 0.80 —
0.40 —
—&—  contaminated wings
——— clean wings
0.00 2.00 4.00 6.00 8.00
Figure 13 alpha (degrees)

Lift curve of the F28 with light snow deposit on the wings
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Appendix A

The simplest method of specifying the physical properties of surface roughness is in terms of
the roughness height, &, the average frontal area of a roughness element, Ag, the average area
occupied by a roughness element, D? and the average non-dimensional separation between
elements, 2 =D% Ar. D? is easily estimated by counting the number of elements in a given
roughness area while Ar is assumed to scale with the square of the roughness height. Thus,
Ar =ak® where a is itself a combination of factors accounting for the ratio of the average height
to the height of the highest 20% of the elements and the average width-to-height ratio of the
elements. Overall, a is about 1.0 so that the average spacing, or density of the roughness
pattern, in the simplest case is 1 = D?k’. Note that this definition of A in three-dimensional flow
accords with the two-dimensional expression given in Dvorak (1969).

The full formula, A =D?%ak? for calculating A was used for parts A and C of the wing in Figure
12. D? is one square inch for 115 elements, or 645.16/115 square mm per element. A is,
therefore 5.61/0.667=8.4 inasmuch as the roughness height in these areas is 1.0 mm and 0.667
is the ratio of the average roughness height to the maximum height. The lift loss is more
sensitive to roughness height than roughness density so that slight errors in ‘a’ have little effect.



