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Low-Order Method for Predicting Aerodynamic
Performance Degradation Due to Ground Icing
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National Research Council Canada, Ottawa, Ontario KIAOR6, Canada

A low-order method to compute the degradationin the maximum lift coefficient of an aircraft due to distributed
surface roughnesshas been developed. The algorithmis applied to the Fokker F28 Mk1000,an aircraftinvolvedin an
accident in which ground icing was determined to play a significant role. The method consists of two complementary
portions. The first uses a low-order panel method to compute the quasi-steady aerodynamic characteristics, in and
out of ground effect, of the complete aircraft geometry including one- or two-element flaps, a boundary-layerfence,
nacelles, and a horizontal tail. The numerical model then, in the second portion, generates an engineering estimate
of the maximum lift coefficient for the aircraft configuration. The method is based on the assumptions that the
pressure difference between the suction peak and the trailing edge of an airfoil is a maximum at the maximum
lift coefficient and that the condition in which one spanwise station of a wing in a stripwise analysis violates this
maximum pressure difference rule is the point at which the maximum lift of the entire aircraft is generated. The
application of the pressure difference rule is modified to account for the presence of the boundary-layer fence and
can estimate (on the conservative side) the effects of distributed surface roughness on the maximum lift coefficient
using an appropriate maximum allowable pressure difference.

Introduction

AKEOFFS and landings are integral parts of an aircraft’s op-

eration. They are, however, two of the most hazardous flight
conditions because the aircraft is operating at high lift coefficients
and angles of attack, on or near the ground. These maneuvers be-
come potentially dangerous in adverse weather conditions such as
snow and freezing precipitation often encountered in northern cli-
mates. An engineering method has been developed at the Aerody-
namics Laboratory (AL) that can compute the effect of distributed
surface roughness (ground icing) on the maximum lift coefficient
of an aircraft.!

The aircraft analyzed in this paper is a Fokker F28 Mk1000, an
aircraft that crashed outside of Dryden, Ontario, Canada in 1989.
The investigation of the accident determined that wing contamina-
tion played a significant role in causing the crash.? The numerical
model of the F28 has as its foundation a panel representation of
the aircraft. The geometry includes part-span one- and two-element
flaps, nacelles, a horizontal tail, and a boundary-layer fence.

Panel methods have been successfully applied to complete air-
craft configurations>~7 Although a panel method by itself does not
incorporatethe effects of viscosity,methodsare availablethatcouple
a panel code with either a two-dimensional® or three-dimensional
boundary-layercalculation.” These algorithms will compute the loss
of lift due to viscous effects, but they are limited by their inability
to handle separated flows effectively. The current method takes into
account the effects of viscosity by computing C; . Vvia a stripwise
analysis of the panel method results. The stripwise analysisis based
on an algorithm proposed by Valarezo and Chin.!°

The effect of surface roughness has been studied by other au-
thors in two dimensions both experimentally'’'!? and computat-
ionally.!*!* Progress is ongoing numerically in three dimensions,
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and these algorithms might eventually supplant the current one as
they develop methods to handle separated flow regions.

The estimation of maximum lift coefficients of swept wings with
flaps viaa stripwise analysishasbeenstudiedexperimentally.!>~!7 In
these studies, the two-dimensional criterion used to determine stall
was the maximum lift coefficient of a section and not the maximum
pressure difference, but the two are fundamentally the same.

In the following sections, the numerical model of the F28 is
described including how the horizontal tail, ground effect, and
boundary-layer fence are modeled. The method’s ability to han-
dle these complex phenomena increases the fidelity of the method
beyond its initial form presentedin Ref. 1. The model’s lift curves
are then compared to available data in and out of ground effect.
The final set of results validate the model’s ability to estimate the
maximum lift coefficient for the F28 in and out of ground effect and
with distributed surface roughness.

Method

The current numerical model estimates the maximum lift coeffi-
cient based on an algorithm proposed by Valarezo and Chin.!° The
method is based on the underlying postulate put forth by Smith,'®
which says that the maximum lift for a two-dimensional airfoil is
generated when the differencein pressure between the suction peak
and the trailing edge, ACp, is at its maximum. The method is also
based on the assumption that the condition in which one spanwise
station of a wing in a stripwise analysis violates this maximum pres-
sure difference rule is the point at which the maximum lift of the
entire aircraftis generated.

The two components of the method are a three-dimensional flow-
field and a maximum pressure difference criterion. The flowfield
can be computed from any computationallyefficient inviscid solver
(panel or Euler) because the viscous effects are considered in the
application of the maximum pressure difference rule. The method
implemented at the AL uses the three-dimensional panel method
PMARC." In the original Valarezo and Chin method,!° the authors
summarized a large set of experimental data to generate an generic
set of pressure difference curves that show both Mach number and
Reynolds number dependence (Fig. 1). The currentimplementation
of the method use a two-dimensional panel method with a coupled
boundary-layer code to predict the maximum pressure difference
allowed for a particular airfoil section. The use of this code allows
the effect of surface contamination on the maximum lift coefficient
to be taken into account.
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Fig. 1 Pressure difference rule criteria from Ref. 10.

The effect of distributed surface roughness on the maximum lift
coefficient of a particular geometry can be determined by using a set
of pressure difference curves that incorporate the effect of rough-
ness on two-dimensional wing sections. When the same method is
applied to both clean and roughened airfoils, it is assumed that the
stalling mechanism for the wing is the same for the two cases. That
is, if the wing experiences a trailing-edge stall without surface con-
tamination, then the roughened wing also undergoes a trailing-edge
stall. Surface roughness can have a drastic impact on the stalling
characteristics of a wing, to the point that the preceding assump-
tion is erroneous. Although the physicalstall is a three-dimensional
phenomenon, the two-dimensional analysis to determine the max-
imum pressure difference allowed at a wing section could indicate
a change in the stall behavior. In the situation where a change oc-
curred, it would be inappropriateto apply the method describedhere.

The pressure differencerule is a stripwise analysis of an inviscid
flowfield to determine an estimate of the maximum lift coefficient of
the entire wing. [tassumesthatall of the viscouseffectsare generally
locally two dimensional in nature. Thus, any object or wing feature
(such as a kink in the wing or a boundary-layer fence) that creates
a three-dimensionalboundary-layer phenomenon will decrease the
accuracy of the computed estimate of C; . Modifications to the
pressure difference rule criterion that account for the presence of
the boundary-layerfence are discussed later.

The method used to generate the maximum pressure difference
criterion for the F28 wing sections must be efficient and capable
of determining the effects of roughness on the aerodynamic per-
formance of the section. A lift curve must be generated for each
roughness condition for each wing section to determine the pres-
sure difference at C; . Also, the maximum AC, must be deter-
mined for both flapped and unflapped airfoil sections. To this end,
a two-dimensional panel method coupled with a boundary-layer
calculation generated the required criteria. The code used is a com-
binationof a low-order panel method coupled with a boundary-layer
calculation."* The effect of surface roughness was included by us-
ing the method of Dvorak.?’ In that method, Dvorak modifies the
law of the wall to create an equation that relates to the skin-friction
coefficient to the boundary-layer momentum thickness, the invis-
cid surface flow speed, the roughness height k, and the dimension-
less roughness spacing A. Boundary-layer corrections were made
for both the main element and the flap, in the two-element version
of the code. These calculations are adequate for the 18-deg single-
element flap geometry, but the F28 wing’s flap consists of a vane and
a flap whendeployedat 30 and 42 deg. Because pressure differences
for these specific airfoils could not be generated with the tools at
hand, it is assumed that the maximum A Cp computed for the 18-deg
single-element flap geometry holds for the higher flap angles.

The geometry for the F28 Mk1000 was obtained from Fokker
Aircraft B.V. The aircraft geometry includes wings, one- and two-
element flaps, a fuselage, nacelles, a boundary-layerfence, and the
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Fig. 2 F28 paneling with 18-deg flap.

horizontalstabilizer.Notincludedare the vertical tail and the landing
gear. The engine intake and exhaust are not modeled because their
effect on the wings was assumed to be negligible. (The engines
are rear-fuselage mounted.) It is also known that the rear-mounted
engines of the F-28 do not significantly affect the lift of the aircraft
but rather its pitching moment. Thus, nacelles are hollow allowing
air to flow through.

For the symmetric flight conditions considered in this paper, half
of the aircraft was paneled (Fig. 2). There are approximately 2000
panels on the wing and flap, 300 panels on the tail, and 700 panels
on the fuselage and nacelles.

The horizontal tail was not included in the geometry supplied by
Fokker Aircraft. However, the contributionof the tail to the lift of the
whole aircraftcan be deduced from experimentaldata. Reference 21
contains information on the pitching moment of the aircraft with
and without the horizontal tail. The difference between the two sets
of values is the contribution to pitching moment of the tail’s lift.
Although the geometry of the horizontal tail is known, the airfoil
section of the stabilizer is not. Through a little trial and error with
several NACA airfoil sections, a section was selected that provided
a reasonable representation of the lifting characteristics of the tail.

Groundeffectis incorporatedinto a takeoff simulationthroughthe
use of the method of images. The entire panelled geometry (aircraft
and wake) is mirrored in the ground plane with the opposite sign
for the source and doublet distributions. This means, at the ground
plane, thereis no normal velocity,only a tangentialcomponent. This
is equivalentto a slip boundary conditionbecause no boundarylayer
is allowed to grow on the ground plane.

The F28 Mk1000 includes a boundary-layer fence (Fig. 2). The
fence extends 15% chord aft of the leading edge (on the upper
and lower surfaces of the wing) and is 3.3% chord high. It is lo-
cated at 33% semispan on the full-scale aircraft and on the wind-
tunnel model used for roughness tests, and at 41% semispan on
the smooth-surface tunnel model. The change in location from the
original model to the aircraft was due to analyses performed during
flight tests.?? The purposeof the fence s to restartthe boundarylayer
on the wing. The effect it has on the stall of the wing is twofold:
1) It promotes inboard stall; 2) It delays outboard stall.?? Locally,
the fence will generate a vortex behind it that will scour the nearby
surface of the wing. The fence is included in the paneling of the
aircraft as a Neumann sheet, which means the normal velocity to
the fence is continuous across the sheet. This is the same as treating
the fence as an infinitely thin wing. To be consistentin treating the
fence as a wing, a vortex sheet should be shed off the trailing edge
of the fence, but this sheetis not modeledin this work. It is believed
that only small errors in the pressure distribution on the wing are in-
curred by omitting it even at fairly large aircraft yaw angles (which
is equivalent to large angles of attack for the fence).

Because the effects of the boundary-layerfence on the wing are
primarily viscous in nature, the main treatment of the fence is in
the application of the maximum pressure difference criterion. To
model the proper stalling of the wing, the criterion is modified by
reducing the maximum allowable pressure difference at the fence
(by a suitable factor) and by smoothing the jump in the criterion
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Fig. 3 Modification of pressure difference rule for modeling of
boundary-layer fence.

at the flap-edge wing station (Fig. 3). This smoothing is necessary
outside considerations of the fence because at that particular span-
wise location, when strictly applying the criterion, there are two
different maximum pressures allowed, depending on from which
direction that wing section is approached (flapped vs unflapped). It
is assumed that the same fence ACp_ reductionfactorand smooth-
ing hold for clean and rough wings. Because the application of the
maximum pressure difference rule accounts for the effects of vis-
cosity in the flow, it is assumed that the factor required to modify
the rule to account for the different stalling behavior of the wing is
Reynolds number dependent. This means that there will be different
values of the factor at model scale and at flight Reynolds numbers.

Results and Discussions

Lift Curves
Out of Ground Effect

The first step in computing the maximum lift of the aircraft is
to compute the lift curves for the given geometry using the three-
dimensional panel method. To this end, the lift curves have be com-
puted for the F28 for several flap deflections and at two different
scales.

The F28 Mk1000in free air was simulated with flap deflections of
18 deg (typicalfor takeoff) and 30, and 42 deg (both typical for land-
ing). Experimental data were available at both model scale (1:20)
and full scale (1:1). At model scale, the freestream conditions were
M, =0.19 with a Reynolds number (based on mean aerodynamic
chord) of 2.7 x 10°. The flight conditionswere for M, =0.16-0.21
with a corresponding Reynolds number of 11-14 x 10°. The calcu-
lations were done with a freestream velocity of 64 m/s at full scale
and 56 m/s at model scale. The Prandtl-Glauert correction was ap-
plied to account for compressibility effects. The tail was kept at a
constant deflection to mimic the experiments (both model and full
scale). Figures 4 and 5 show the comparisons of the simulations to
the measured data. The panel method calculations were carried out
up to and beyond the expected stall. A later stage of the analysis
will indicate where on the curves one should stop to get an approx-
imation of Cy . Figures 4 and 5 show that as expected the panel
method overpredicts both the lift and the slope of the curve. This
overpredictionis because panel methods lack the effects of viscos-
ity, the effects being greater at higher flap angles (and consequently
high lift coefficients).

One method to correct for the inadequacies of the potential
method is to reduce the flap angle. This will account for the de-
cambering effect of the boundary layers and wakes on multielement
wings.!? In the current study, the flap for the 18-deg case is reduced
to 16.4 deg, so that the computed curve matches the experimental
data in the region of interest (high C;). Matching the lift curves
means that the pressure difference method will generate a reason-
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able approximationto the pitch angle at maximum lift, as well as the
maximum lift coefficient itself. Although possible, the flap was not
modified for the 30- and 42-deg cases. It was unclear as to what the
necessary flap motion would be because at the higher deflections,
the flap splits into two elements. This, however, should not affect
the calculation of maximum lift because it is based on a pressure
difference independent of how it is produced.

In Ground Effect

The effect of the ground plane on the aircraft is a complex and
not well-understood phenomena. Lift coefficients and lift curve
slopes can vary significantly depending on the simulation under-
taken. Flight tests show an increase in lift and lift curve slope for all
flap angles for very low heights above the ground.?"*** Wind-tunnel
experimentsshow a smallerincreasein slopeaccompaniedby a shift
to higher lift coefficients.?! Theoretical analyses, based on poten-
tial theory arguments, show a decrease in lift curve slope with an
increasein lift at low C; and a decrease in lift at high C; (Ref. 24).

The current analysis uses the method of images to simulate the
ground plane. Two sets of results are computed, one at model scale
and one at full scale. For conciseness,only the second set of results
are presented here. For the full-scale simulations at the four flap
angles (0, 18, 30, and 42 deg), the wheels are in contact with the
ground, and the point of rotation is taken to be that point of contact.
This puts the center of gravity 2.46 m off the ground at 0-deg angle
of attack (fyac/c =0.7). The tail is set at a constant deflection for
all of these cases. Figure 6 shows the lift curves for these simulations
and the equivalent full-scale measurements. It can be seen that the
panel method underpredicts the effect of the ground on the aircraft.
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The flap angle can be modified to attempt to compensate for
the observed discrepancies between computed and full-scale lift
coefficients. This will be slightly more difficult than the free-air flap
modification because of the larger difference in lift curve slopes in
ground effect. However, if the flap angle is increased to 26.8 deg,
then a fairly good match can be achieved at the high angles of
attack in ground effect. A linear transition from the in ground effect
flap geometry to free-air geometry blends the two modifications as
a function of height of center of gravity above the ground. It is
assumed that the ground effect decreases to a negligible amount
when the wing is one span above the ground.?

Maximum Lift Coefficient
Clean Wing Surface

In the current analyses, the first step in the estimation of the
maximum lift coefficient of an aircraft geometry is the calculation
of the lift curve. The second step is the application of the maxi-
mum pressure difference rule to determine where on the curve the
ACp,. criterion is violated, indicating that the maximum lift has
been reached. Note that the pressure difference rule can be applied
to any particular flight attitude yielding a true or false answer as to
whether the aircraft is flying at a condition beyond maximum lift.
The criterion is applied to a sequence of increasing angles of attack
providing an estimate of C; .

In the algorithm of applying the pressure difference rule, first
the ACp,,. reduction factor of the fence must be determined. That
is, the algorithm must be tuned to have the proper stall behavior.
This would be true of any wing feature that would cause severe
three dimensionality of the wing’s boundary layer. To ascertain the
appropriatereductionfactor, a series of tests was performedin which
the factor required to return the measured maximum lift (as reported
in Ref. 21) was computed by trial and error. Figure 7 shows the
results of these tests at model scale. It can be seen that a linear
fit to the data would provide a reasonable approximation to the
required fence factor both in and out of ground effect. Thus, only
one value need be used for any particular flap setting. Figure 8
shows the results of using both a constant fence factor as well as a
linearly varying reduction factor in the calculation of the maximum
lift coefficient in free air. The agreement between the measured
and computed maximum lift coefficients is quite good with a very
positive comparison being seen at 18-deg flap deflection.

The determination of the appropriate fence reduction factor is
more difficult at flight Reynolds numbers due to the scarcity of reli-
able data at or near stall, especially in ground effect. The maximum
lift coefficientreportedin Ref. 21 for the aircraftout of ground effect
differs from that given in Ref. 23 for in ground effect because the
first is based on lift and the second is based weight of the aircraft.
In particular, the free-air C; _is given as an Federal Aviation Ad-
ministration stall value defined as dV /dt =1 kt/s. Because of the
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disparate sources of information, two sets of fence reduction factors
had to be determined. They are givenin Fig. 9. A linear fit is deter-
mined for conditionsin ground effectand one for out of it. Applying
the modified pressure difference rule out of ground effect yields the
estimates of C;_ seen in Fig. 10. Included is an estimate of the
maximum lift with the modified flap angle of 16.4 deg. Calculations
with the modified flap angle, which generate a better match to the
measured lift curves compared to that generatedusing the geometric
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Fig. 11 Maximum lift coefficient: full scale, in ground effect, wheels
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18-deg flap, produce a slightly more accurate estimate of the max-
imum lift coefficient relative to the estimate using the 18-deg flap
deployment.

Applying the second set of fence reduction factors to the set of
lift curves in ground effect gives the estimates of maximum lift
foundin Fig. 11, showing reasonable agreement between measured
and computed values. Included in Fig. 11 is the estimate of C;
with the flap at 26.8 deg, which was increased to match the com-
puted lift curve with the measured one. This C;  estimate is fairly
high, whereas the estimate generated using the geometric flap angle
estimate is fairly accurate.

Distributed Surface Roughness

The final test of the algorithm is the application of the pressure
difference rule to estimate the maximum lift coefficient for wings
coveredwith distributed surfaceroughness. The amountof data pub-
lished that documents the effects of roughness on complete aircraft
configurations is extremely limited. What is available for the F28
is a set of runs performed at model scale with the flaps deployed to
30 deg (Ref. 23).

Before the criterion can be applied, the maximum pressure differ-
ence allowed accounting for the effects of roughness must be com-
puted. To be able to do this, the roughness must be characterized
in terms of a roughness height to chord ratio k/c and a roughness
spacing A. The characterizationof physical roughness by these two
numbers is an approximationthat condenses a large body of physics
into two global parameters. Two differenttypes of roughnesseswere
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used in the experiment: 1- and 2-mm full-scale distributed to a den-
sity of approximately 1/cm?. The roughness covered the upper sur-
face of the airfoil and continued around the leading edge to 1%
chord aft of the leading edge on the undersurface of the wing. A
third roughness case measured had the 2-mm roughness beginning
at 15%c of the upper surface. For a mean aerodynamic chord of
3.505 m, the resulting k/c values are 0.000285 and 0.000571. To
estimate the spacing parameter A, the formula

r=D*/A; (D)
where A/ is the frontal area of the roughness element and 1/D?
is the number of significant roughness elements per unit surface
area, is used.® If a square cross section is assumed for a roughness
element, then A; has the values 1 x 107°m* and 4 x 10~°m? for
the 1- and 2-mm heights, respectively. For a 1/cm? distribution, the
estimatesof A become 100 and 25 for the two roughnessheights. The
numbers can be thought of as most likely on the low side because
the assumption of a square frontal cross section most likely provides
a larger number than presentin the experiment.

Thus, when the roughnessis characterized,a new set of pressure
difference curves required for the wing can be computed (Fig. 12).
To estimate the sensitivityof C . to A, both spacingestimates were
used for each roughness height. The experimental data for the air-
craft with roughness were reported at model scale with the fence at
wing station3784. This means thatthe ACp,reductionfactorcom-
putedin the precedingsection with the fence at location4700 cannot
be used. The required fence factor is determined by matching the
maximum lift coefficients for the clean configuration ensuring the
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correct stalling behavior for the wing. This factor is then applied to
the roughenedwing cases. Figure 13 shows the estimates of the max-
imum lift coefficient under the various roughness conditions for the
30-deg flap configuration. The computed C, . bound the measured
values for the cases with roughness starting on the undersurface of
the wing, but overestimates the loss of maximum lift for the rough-
ness distribution starting on the upper surface. For this last case, the
roughness begins past the suction peak on the upper surface of the
wing section, and thus, its effect on the section’s performanceis not
as greatas that with the roughnessstarting near the stagnationpoint.

Summary

An engineering analysis has been developed to estimate the
maximum lift coefficient of a complete aircraft geometry. The
method is based on a two-dimensional stripwise analysis of a three-
dimensional pressure field. Its foundation is the assumptions that
the maximum difference in pressure between the suction peak and
the trailing edge of an airfoil occurs at maximum lift and that Cp
is reached when any one spanwise station on a wing violates this
criterion. It is also assumed that this criterion holds for both clean
and roughened wings.

The three stages of the algorithm (aircraft surface pressure cal-
culation, maximum allowed pressure difference determination, and
application of pressure difference rule) have their own limitations.
The calculationof the pressure distributionon the wing is governed
by the limitations of the three-dimensionalpanel method. The three-
dimensionalcalculationis a quasi-steady analysis that excludes vis-
cous effects. This means that for any given configuration the lift
will be overpredicted. Geometry adjustments, such as flap angle
modification, can be made to account for this in part.

The calculation of the maximum pressure difference allowed
is done using a two-dimensional panel method coupled with a
boundary-layercalculation. This code will produce estimates of the
performance of one- and two-element airfoils. The accuracy of the
pressure difference criterion relies on the fidelity of these simula-
tions.

Finally, the application of the pressure difference rule had to be
modified to take into account the boundary-layer fence. This wing
feature is designed to affect the boundary-layerand stalling charac-
teristics of the wing. A factor reducing the maximum pressure al-
lowed on the wing sections near the fence moved the critical section
of the wing from near the outer edge of the flap to the fence location.
The factor’s value is Reynolds number and flap-angle dependent.

The presented algorithm has shown the ability to compute an ac-
curate estimate of the maximum lift coefficient both in and out of
ground effect. The method also can predict the degradation due to
surface roughness, but is conservative in its estimates. One chal-
lenge in being able to simulate the effects of ground icing is the
characterization of the ice. The algorithm must to be tuned to pro-
duce the proper stalling behaviorand, thus, dependson the accuracy
and availability of data used in the tuning. If a reasonable represen-
tation of the lift curve and stall angle is developed, as has been done
for the 18-deg flap geometry, then the pressure difference rule can
be applied to any flight attitude to determine if the aircraft is in a
poststall condition. Further extensions to the algorithm would have
to be made if any information s to be extracted from the lift coeffi-
cients of all or part of a stalled or partially stalled wing. The method
is computationallyefficient and provides a useful engineering tool,
but could eventually be replaced by three-dimensionalmethods ap-
plicable to separated flows.
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