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Abstract
Icing affects the aerodynamic performance of aircraft
leading sometimes resulting in catastrophic crashes.
The effects of icing have been studied in the past but
from more of an aerodynamicist’s viewpoint than a
flight controls viewpoint. This paper develops models for aircraft dynamics in the presence of icing that
can ultimately lead to a model based method of detecting icing. Flight test data from the NASA Lewis
Twin Otter Icing Research Aircraft is analyzed in
both case of a nominal un-iced configuration and
a horizontal stabilizer experiencing icing due to a
failed de-icing boot. Robust global nonlinear models
were developed for each flap setting. The global nonlinear and localized linear models were analyzed for
the differences between nominal and iced conditions
with excellent agreement between model predictions
and flight test data.
Introduction
Icing affects the aerodynamic performance of aircraft
by contaminating the aerodynamic surfaces. Without anti-icing equipment icing, if sufficiently severe,
can relatively quickly lead to a situation in which
controllable flight is impossible. Even aircraft with
anti-icing equipment are potentially susceptible to
icing under certain conditions. Some turboprop aircraft that have de-icing boots on the leading edge
of aerodynamic surfaces may experience wing and
tailplane icing behind the de-icing boots. Moreover,
de-icing boots can fail due to a variety of conditions
including holes produced by rocks etc. In particular
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the failure of a horizontal stabilizer boot can occur
under such circumstances that the flight crew is unaware of the failure.
The goal of the present paper is to develop
robust global nonlinear models for aircraft dynamics under tailplane icing scenarios. A longer term
goal, that is presented in a related paper [l] is to
use these models to detect icing via the associated
changes in aircraft dynamics and though changes in
control effectiveness. In this paper robust nonlinear
models are developed from flight test data collected
while flying a suitably instrumented aircraft that
as had modifications made to aerodynamic surfaces
simulating actual icing. The models themselves are
sufficiently robust to include a wide range of flight
conditions and in various configurations. In particular we present models that represent approach and
landing configurations with simulated icing(due e.g
to failed boot) on the horizontal stabilizer. In addition these models are valid for the full range of flap
deflections(in e.g. landing configuration) for which
stable controllable flight is possible. This is particularly significant for horizontal stabilizer icing since
the tail stall margin is greatly reduced due to downwash induced by the flap deflection. Specifically the
test aircraft used to obtain the models experienced
almost complete loss of pitch control with flaps at
40”. Clearly it would benefit flight safety to be able
to warn the pilot of such a condition.
The application of the models developed in
this paper[l] is to continuously estimate elevator effectiveness via a state estimator that is driven by
existing aircraft sensors as inputs. In the case of a
failed horizontal stabilizer boot the loss of elevator
effectiveness has been shown to be predictable a~ ice
accretes. The algorithm used to predict the loss of
effectiveness are highly computational efficient such
that warnings to the pilot can be initiated well be-
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fore pitch control is lost.
The data set used to obtain the models presented was generously provided by NASA Lewis Research Center. The software packages, the Stepwise
Regression, SWR[2], software package and Orthogonal Function Fit, OFFIT[3], software package, used
to build the models were provided by NASA LangIey Research Center. Funding for the research was
provided by NASA Dryden Research Center.
This paper demonstrates the excellent fit of
the model with the actual flight data. The models
are quite robust to operating- conditions including
flight at 4 different flap settings and with and without ice. In addition, this paper shows that there is a
significant trim change between the united and iced
horizontal stabilizer. Such a trim change can provide one part of a method for detecting horizontal
stabilzer icing.
Flight Test
The NASA Lewis twin otter Icing Research Aircraft
was used to conduct flight tests with different cases
of tailplane icing. Various shapes were attached to
the horizontal stabilizer of the twin otter to simulate different levels of tailplane icing. These simulated icing attachments were developed from actual
ice accumulation in the NASA icing research wind
tunnel.
Aircraft weight and balance were based on
previous weight and balance information, [4], and
computations to take into acc~ount the changes since
the previous flight tests. In flight measurements of
the fuel usage were used to compute the center of
gravity and moments of inertia for post flight data
processing.
The maneuvers were performed in a decoupled manner which allowed the longitudinal subset
of the dynamics to be separated out. The control
input was a classic elevator doublet.
The power
control was maintained at a nearly constant combined thrust coefficient of about CT = 0.1, yeilding
a thrust of approximately 10001bf. Each maneuver
last approximately 12 to 14 seconds. An example of
the input is shown in Figure 1.
There were two distinct flight test configu-,
rations analyzed. The different cases are shown in
Table 2. The un-iced configuration represents the
nominal aircraft. The failed boot configuration represents the level of icing 22 minutes after a de-icing
boot fails on an aircraft experiencing icing. The 22
minutes is derived from a FAA requirement.
Results
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IFigure 1: Typical Elevator Input for Flight Tests
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The following body axis equations, [5], were used to
model the longitudinal dynamics of the twin otter
icing research aircraft.
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where C, ,CZ, and C,,, are polynomials functions of
(Y, q, and &(note the q is dimensional and not the
typical nondimensional).
A more detailed explantion of the variables is in the Appendix. The functions for the SWR cases are of the form,
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The results of the SWR fit and the OFFIT fit are
listed in the tables in the Appendix.
The OFFIT
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polynominals are also described in detail in the Appendix. An example of the fit for C, is shown in
Figures 2 and 3.

Figure 4: Nominal Angle of Attack (Y

Figure 2: SWR Fit of C,

Figure 5: Failed Boot Angle of Attack (Y

Figure 3: OFFIT

Fit of C,

Comparisons of open loop simulations of the
SWR fitted polynominal functions versus the actual
flight data for angle of attack are shown in Figure
4 and Figure 5. The pitch rate responses are shown
in Figure 6 and Figure 7. The robustness of the
polynominal fits discussed above is reflected in the
excellent fit of the dlynamic (Y and q for both the
nominal and failed boot cases. These two variables
play an important role in the model based ice detection scheme presented in [l]. In particular the
pitch rate fit for both nominal and failed boot case
is important when estimating elevator effectiveness.

American Institute

Figure 8 shows the elevator trim change bewteen the united and iced horizontal stabilzer at flaps
O”, lo”, 20”, and 30”. The flight conditions for these
flap settings were the same(as much as is practically
This
significant) for iced and united conditions.
change has the potential to provide one element of
an ice detection method. For example in an aircraft flying on autopilot in icing conditions the elevator/trim
tab setting could be monitored.
The
indicated change could, for example, set a software
flag that in combination with the state estimator
output explained in the related paper, [l], could be
used to detect a loss of elevator effectiveness.
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Figure 8: Elevator Trim Change

Figure 6: Nominal Pitch Rate q
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Equations of Motion
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Fit

The OFFIT attempts to build a global aerodynamic model from flight data using multivariate
orthogonal functions, [3]. The following tables contain the results of the offit fit. The aerodynamic
coefficients are function based on the following variables,
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Where u is the longitudinal speed in body axes and
w is the vertical speed in body axes. 0 is the pitch
angle and q is the pitch angle rate. v is the elevator
angle, 6,. g is gravity. Q is the dynamic pressure.
S is the wing area, 39.02m, and c is the wing mean
chord, 1.98m. The components of thrust along the
body x and z coordinates are denoted T, and T,
respectively and are T, = 4864N and T, = 212N.
Appendix
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i=l

j=l

where ni is the ith coefficient and Unj =jth independent variable in C,. For example Table 1 lists
the coefficients for the functions in equations 8, 9,
and IO for zero flpas. The function C, is a function of two variables(ie J = 2, v,l = a, v,z = a,).
There are 8 terms in this polynominal with coefficients zi(i = 1,. . . ,8). The index column lists the
exponent of each variable in sequence. An example
of the a fit would be C, for the 0” flap setting case.
&(a, S,) = -0.071+ 0.303a + 0.1576, + 3.281a2 (12)
-1.7881~5, - 0.9026; + 10.0546,~~~ + 7.082&
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OFFIT FIT
SF = 0
Nominal(p52)
Failed Boot (p46)
index
index
Xi
uz:;
Xi
02;
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SF = 10
Nominal(p52)
1 Failed -O.Boot(p46)
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c5F= 20
Nominal(p52)
Failed Boot (p46)
index
index
Xi
Xi
ux,
ffz.
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Nominal(p52)
Xi
-n 313

zi

-1.903
-7.970
0.764
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bF = 30
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