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Abstract

An evaluation of the effects of different ice configurations on the flight characteristics of a fixed-wing aircraft is
presented. Within a joint research project of German Aerospace Center (DLR) and Brazilian aircraft manufacturer
Embraer simulation models of three supercooled large droplet (SLD) ice configurations were developed for one
Phenom 300 prototype. A specific flight test campaign with artificial SLD ice shapes on the aircraft was conducted
to gather the relevant flight data. The simulation models for the different ice configuration were obtained by sys-
tem identification, and specific results for the SLD-ice simulation models are provided. The analysis of aircraft
characteristics was based on the results of these high-quality simulation models: the icing-induced changes of the
flight performance characteristics evaluated by the interpretation of several parameters like thrust-to-weight ratio
and specific excess power. The typical flight performance degradation was found for all ice configurations with
different magnitude. The change of aircraft eigenmodes was investigated in detail by analysing the system matrix of
the linearised models at a specific trim points. In addition, the diverse effects found for different ice configurations
(App. C and SLD) are discussed and the change of root locus is analysed. Furthermore, ice-induced changes of
the handling qualities are evaluated using numerical criteria of flying qualities standard “MIL-STD-1797 A”: no
significant deterioration was found for the investigated ice configurations.

Nomenclature

base base model part (clear aircraft, no ice)
Cy, aerodynamic coefficient

C, drag coefficient

Cpo zero-lift drag coefficient

C, lift coefficient

C, rolling moment coefficient

Cpo lift coeflicient at o = 0°

C, pitching moment coefficient

C,ows wing/body pitching moment coefficient at @ = 0°
¢, ot separation point function parameters
D drag force, N

DR Dutch roll

g gravitational acceleration, m/s?

IAS indicated airspeed

ice A-model part (icing)

kp, dp icing model parameters

L lift force, N

L/D lift-to-drag ratio

L,M,N body-fixed aerodynamic moments,Nm
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Mac aircraft mass, kg

max maximum value

P model parameter

PH phugoid

P q, T rotational velocities, rad/s
req required

RO rolling motion

SEP specific excess power, m/s
SLD Supercooled Large Droplets
Sp short period

T engine thrust force, N

TAS true airspeed

TWR thrust-to-weight ratio

\" velocity, m/s

WB wing/body

X non-dimensional location of the wing separation point
y{’vzm wing force application point
Greek Symbol

o angle of attack, rad

B angle of sideslip, rad

n elevator deflection, rad

¢ damping

& aileron deflection, rad

w, natural frequency, rad/s

1.0 Introduction

Icing can have hazardous effects on aircraft performance characteristics and can be a limiting factor
for the safe flight envelope. The change of the dynamic behaviour and potential premature stall raise
the need for pilot situational awareness and an adaption of control strategy. Various accidents world-
wide have shown the severity of icing related degradations, e.g., Refs. [1-4], especially when caused
by supercooled large water droplets (SLD) against which current aircraft are not protected. The certifi-
cation of (modern) transport aircraft for flight into (known) icing conditions was mainly based on the
certification requirements given in the so-called App. C to e.g., CS-25. But with the identified hazard to
fixed-wing aircraft resulting from SLD the aviation agencies issued the new App. O to the certification
requirements. From now on, manufacturers must prove that a newly developed aircraft is also safe for
flight into these even more hazardous atmospheric icing conditions.

The new certification requirements led to a demand for acceptable means of compliance and conse-
quently the question about a way to safely demonstrate the remaining aircraft capabilities in flight for
the case of SLD icing. These icing conditions can pose a high risk to the aircraft, crew and passengers,
which requires a large effort to assure aircraft safety during flight test. Hence, it is mandatory to analyse
the possible aircraft performance and control degradation introduced by SLD icing and also monitor the
aircraft’s remaining capabilities during the complete test flight. The distinct change of aircraft charac-
teristics caused by SLD ice formation is not easy to predict and still topic of current aviation research.
As the overall need for a better understanding of the SLD-icing effects on aircraft was identified as a
research gap, a German nationally funded research project named SuLaDI (Supercooled Large Droplet
Icing) was established between DLR and TU Braunschweig (2011-2016). In parallel, a joint research
activity between DLR and Embraer was conducted between 2012 and 2016 to further investigate the
icing degradation of aircraft in general but with a distinct view to SLD conditions. The major advantage
of this research cooperation was the focus on flight test and flight data analysis with respect to different
icing cases (App. C and App. O), which was not part of SuLaDI but is highly important to answer some

questions about the distinct effects of icing on aircraft characteristics.
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Figure 1. General expected aerodynamic degradation due to icing.

Figure 2. Embraer Phenom 300 test aircraft.

In general, during the flight through icing conditions, ice can accumulate on airframe parts facing
the inflow e.g., wing or stabilizer leading edges, aircraft nose, engine intakes or sensors if these are not
protected by any countermeasures. The main aerodynamic degradation is expected to be caused by wing
ice accretions and manifests itself in a reduced stall angle-of-attack, reduced maximum lift and increased
drag. These accumulations can form different shapes depending on e.g., atmospheric conditions and
aircraft geometry. The general aerodynamic influence is outlined for example in the AGARD Report
344 [5] and given in Fig. 1a. Expectable changes of the lift and drag distributions are illustrated in
Fig. 1b. In the past, these icing-effects had been investigated in various studies for different aerofoils
and icing cases [5-7] as well as for the complete aircraft [8—11]. Furthermore, in case of asymmetric
wing ice accretion, the reduced stall angle-of-attack can cause the aircraft to roll suddenly, and if stall
occurs locally on one wing, a loss of control event might be the result. To obtain a better understanding
of these icing effects on aircraft performance and dynamics, new aerodynamic models for nonlinear
aircraft simulations have been developed [12, 13], which are based on a different approach than already
existing models [14—17].

This paper shows the supplementary results of the joint DLR-Embraer research on aircraft icing
which make a contribution to some of the key scientific aspects related to aircraft icing, e.g., aircraft
operational limitations and behaviour with accumulated ice on various surfaces. It presents the approach
used to analyse the degrading effects of icing with regard to certain SLD-ice configurations on a specific
aircraft — a Phenom 300 prototype (see Fig. 2):

1. flight tests data analysis of Phenom 300 flights with artificial SLD-ice shapes, the related dynamic
simulation model identification and the model comparison with App. C configuration results in
Section 3;
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Figure 3. Aerodynamic model with A-model extension (from Ref. [13]).

2. comparison of icing effects, i.e. by an exemplary evaluation of change in aircraft performance
(see Section 4), flight dynamics and handling qualities (see Section 5).

A summary and conclusions on the overall results are given in Section 6.

2.0 Modeling of icing effects in aircraft flight simulation

The aerodynamic A-model formulation which accounts for additional icing effects on aerodynamics is
formulated as an extension of previously developed and validated simulation models for a specific air-
craft. It enables to simulate the aerodynamic performance changes due to additional forces and moments
related to icing, which are calculated by the A-model in parallel to the basic aircraft’s aerodynamics and
summed up afterwards (see Fig. 3). During this process the A-model is directly connected to the basic
aircraft’s aerodynamics to use information about the basic acrodynamics where necessary.

The basic idea of the model extension is to use linearly altered parameters for icing-induced aerody-
namic changes in aircraft simulation. The application of such a parameter extension for the modelling
of icing effects was first introduced by Bragg [14] around the turn of the millennium. An arbitrary
model parameter P including a basic model part Py, and an additional A-model part AP, can be
expressed as

Pz(l+kP)'Pbase+dP=Pbase+APicea (1)

with the additional factor k» and the offset d» to model the degraded aircraft aerodynamics. For an arbi-
trary aerodynamic model coefficient C, depending on an extended parameter P this separation yields
in general:

C(,)(P) = C(-) (Pbase + APice) = (C(-) (Pbase) ) + A(C‘(-) (Pbase + APice) ) (2)

This coefficient separation can lead to various formulations of the A-model depending on the struc-
ture of the base aerodynamic model and therefore the considered aircraft. Moreover, the A-model
structure may vary with the objectives of the later usage. The models presented in Refs. [13, 18] were
used for the evaluations presented in this paper. For the the formulation of the aircraft’s equations of
motion as well as the base aircraft aerodynamics, the reader is referred to Refs. [13, 18-20] and the
publications referenced therein. A further description of the base aircraft model description, the spe-
cific flight test campaign for system identification data generation and the system identification results
is given in Ref. [21].

base ice”

3.0 Iced-aircraft simulation models

The main focus of today’s icing research lies on supercooled large droplets (SLD) icing. During the
DLR-Embraer cooperation several models for different ice configurations on the Phenom 300 were
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Figure 4. Schematic illustration of the App. C wing ice shape configurations: run-back ice (left) and

leading-edge ice (right).

Figure 5. Schematic illustration of the artificial wing SLD-ice shapes (not to scale) used for all three
SLD configurations.

developed. Initially, data of former test flights with two different artificial App. C ice configurations
(see Fig. 4) were analysed [13]. The projects main focus was the the analysis of three different SLD-ice
configurations on the Phenom 300. The definition of the SLD-ice shape was based on several assump-
tions [21]. These resulted in residual ice formations/shapes behind the protected areas as well as ice
formations/shapes on unprotected airframe parts. Specific CFD calculations led to the determination
of the specific SLD-ice shapes, which were further tested on a Phenom 300 model at TSAGI’s T-128
dry air wind tunnel. The results of the A-model identification for the different investigated SLD-ice
configurations are given in this paper.

3.1 Appendix O data analysis and model development

The definition process for the artificial SLD-ice shapes and together with the results of the dry-air wind
tunnel tests are presented in Ref. [21]. The major results of the wind tunnel test campaign can be sum-
marized as follows: the chordwise position of the SLD ice shape has a great impact on the icing-related
aerodynamic degradation with reduced influence towards the trailing edge. The most severe degradation
found during the wind tunnel test was

« a decrease of about 35% of the maximum lift coefficient;
« adrag increase of about 150%;
« adestabilizing shift of the neutral-point position equivalent to 8% of the reference chord.

Based on the wind tunnel results a position for the ridge ice shape close the to leading-edge was
selected for flight-test. Figure 5 provides an illustration of this wing ice shape configuration. The deci-
sion was based on the fact that this configuration caused a similar level of maximum lift degradation
compared to other tested configurations but guarantees sufficient aileron effectiveness at low angle-of-
attack. With the definition of SLD-ice shapes and the flight clearance after the dry-air wind tunnel test
with the Phenom 300 model, the flight test campaign was conducted in November 2015. The flight tests
took also place at Embraer’s flight test site in Gavido Peixoto. For the flight tests, artificial ice shapes
were fabricated in full scale and glued to the aircraft skin. Three different aircraft configurations were
foreseen for the flight test program:

1. Low-Risk SLD: Artificial ice on the radome, winglets and on the wing upper and lower surface
except for the wing area around the ailerons (SLD 1).

2. Incremental SLD: Artificial ice on the radome, winglets and on the wing upper and lower surface
including the wing area around the ailerons (SLD 2).

3. Nominal SLD: Artificial ice on the radome, engine pylons, winglets and on the wing upper and

lower surface including the wing area around the ailerons (SLD 3).
https://doi.org/10.1017/aer.2021.98 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2021.98

The Aeronautical Journal 853

(a) (b) (c)
« 100 » 100 » 100
5 5 5
£ E £
~ ~ ~
&) O &)
I3 I3 IS
3 3 3
C 5 ) C 5
= = =
o Q [}
g g £
=] =] =]
Q Q (5]
o o o
© o = base aircraft © 0 = base aircraft o 0 = base aircraft
= = =
3 SLD 1 3 SLD 2 3 SLD 3
1 500 1000 1 500 1000 1 500 1000
Drag Coeflicient Cp, % Cpo Drag Coefficient Cp, % Cpo Drag Coefficient Cp, % Cpo
Low-Risk SLD 1. Incremental SLD 2. Nominal SLD 3.

Figure 6. Drag polars computed from measurements as a result of flight test manoeuvres: clean air-
craft (black) and specific SLD-ice configuration (gray). Data scaled to base aircraft max. lift coefficient
(ordinate) and multiples of zero-lift drag (abscissa).

System identification manoeuvres were performed at three different altitudes (10,000, 15,000 and
20,000ft) and two different velocities (170 and 220kt). The flight test consisted of the same manoeuvres
already performed with the clean aircraft for basic model identification [21]. The low speed limit of
170kt indicated airspeed was a results of the wind tunnel test analysis: an increase of the stall speed by
a factor of nearly 1.3 for configurations with artificial ice shapes was detected and required the increase
in stall margin. During all flights with the SLD-ice shapes a telemetry link was used to send the data to a
ground station. Several online system identification tools [22] were operated for monitoring the aircraft
characteristics during the whole flight on ground with live data. This way the crew was informed about
the current flight characteristics of the aircraft at any time via a direct radio link.

For the first, low-risk SLD-ice flight 30 data segments with approximately 564s of flight time were
available after the flight test. These contained necessary manoeuvres to identify parameters of the aero-
dynamic A-model. This first test flight was relatively short and manoeuvres were flown very carefully
because the flight crew was concerned about potential degradations of the flight characteristics beyond
the expectations, e.g., significantly reduced control surface effectiveness or premature stall. But the ini-
tial flight data analysis did not underpin these concerns. For example, the drag curve is calculated from
the measured data and plotted together with base aircraft’s drag in Fig. 6a. Note that the data are pro-
prietary and the plot ticks do not contain absolute values which does certainly not affect any results or
conclusions.

There was no further restriction to follow the flight test program by another test flight with the incre-
mental SLD configuration (SLD 2) having also ice shape attached in front of the ailerons. For parameter
estimation 45 manoeuvres with a total recording time of approximately 1,365s were extracted from
the flight data recordings. The drag curve is also calculated from the flight data recordings and plotted
together with base aircraft’s drag in Fig. 6b. The third flight was performed with the nominal SLD-ice
configuration, which additionally included ice shapes on the engine pylons. But with the pylons having
only a minor effect on the aerodynamic (lift) performance of the aircraft, it could be assumed that the
main difference to the second test flight (SLD 2) would be an increase in drag. The data used for the
further analysis contain 51 segments with around 1,448s of recorded flight time. The calculated drag
polar is shown in Fig. 6c.

With these different available flight data sets the A-model structure presented in Ref. [13] was again
used to identify parameters which allow suitably representing the change in aircraft aerodynamics for
the different SLD-ice configurations. For the SLD 1 and 2 configurations the already existing model
structure was well applicable. But to cover the influence from the additional engine pylon ice shapes of
the SLD 3 configuration, the A-model structure is extended with an additional drag increase kc,,, .-

ACD,plen = CDO : kCD(J.pylon ° (3)
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Figure 7. Time history comparison of identified nominal SLD aircraft model (SLD 3) simulation outputs
and corresponding measurements for two example manoeuvres.

Before the post flight A-model identification was conducted, a sensor calibration check was done,
verifying that the previously developed sensor models were still applicable to the flight test data. As
an example of the models’ quality time histories of two manoeuvres for SLD 3 configuration are given
in Fig. 7: one longitudinal and one lateral dynamics manoeuvre. Similar results are obtained for the
other two SLD-ice configurations. Time histories of the elevator 3-2-1-1 multistep input manoeuvre
(see Fig. 7a) show a very good match of simulation after identification and measurements. Note that the
difference in noticeable airspeed offset between measurement and simulation is very small; the whole
airspeed variation during the manoeuvre is less than 2kt. After successful parameter estimation, the
A-model allows to cover the significant changes of the aircraft characteristics. The time histories of an
example roll response manoeuvre for SLD 3 configuration are given in Fig. 7b. These manoeuvres were
performed during the flight test frequently at different airspeeds to check the available control surface
effectiveness. After identification, the simulation matches these lateral manoeuvres also very well.

The estimates for the A-model parameters are given in Table 1 together with the values of the Cramér-
Rao lower bounds of the final estimation iteration for all three SLD-ice configurations. Note that these
parameter values directly reflect the aerodynamic changes for each SLD-ice configuration and are of high
importance for further work like the definition of threshold values for indirect ice detection techniques
based on changes of the aircraft characteristics [23]. Similar to the parameter estimates for the App. C
configurations given in Ref. [13], some parameters had been fixed during the estimation, which is marked
in the CRB column in the table. Note that some parameters were initially fixed and others were not
estimated until the final estimation iteration. For example, the stall model parameter kj,f was initially
set to the given values similar to the process for the App. C configurations [13]. The parameter k.7
was fixed during the system identification process. Moreover, as the SLD 3 configuration differs from
SLD 2 only in the additional pylon ice shapes, several parameters were kept on the values estimated
for SLD 2 during the SLD 3 model identification. It was assumed that these parameters should not
vary between both configurations because there should be no effect of the engine pylon shapes on the
overall aerodynamic characteristics covered by these coefficients. Furthermore, the system identification
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Table 1. Estimated A-model parameters of investigated icing cases and the corresponding
estimated Cramér-Rao lower bounds (CRB)

SLD 1 SLD 2 SLD 3

Parameter Value CRB [%] Value CRB [%] Value CRB [%]

k! 1.000000 fixed 0.900000 fixed 0.900000 fixed

kL? —0.497302 fixed —0.513100 fixed —0.513100 fixed

o 0.1121a* fixed 0.1121a* fixed

ke ow —0.357171 0.12 —0.403737 0.14 —0.400392 0.05

ke wpiow  —0.024975 0.61 —0.016434 3.25 —0.012650 0.92

kG s hich 0.055827 0.82 0.057401 0.31

kel 0.477353 0.06 0.489419 0.06 0.489419 fixed

Ko pon 0.039301 0.62

ke, —0.660067 0.24 —0.460703 0.34 —0.528558 0.08
X

ke s —0.598535 0.18 —0.896946 0.19 —0.896895 0.05

ke, —0.611956 0.12 —0.721821 0.34 —0.724465 0.06
X

ke, —0.028111 2.17 —0.028111 fixed

12

"}AL” 0.4490 0.33 0.5778 0.50 0.5778 fixed
Wing,geo

dYyine/dPB 1.001338 0.36 —0.527505 1.64 —0.527505 fixed

results for all three SLD-ice configurations show that the A-model is capable to match the changes
of lateral aircraft dynamics in its given structure: in contrast to the App. C ice shape evaluation [13]
no significant changes of lateral aerodynamics coefficients in the model are revealed. But there is a
change of lateral force application point Ay{,;,zing detectable between SLD 1 and SLD 2/3 configuration:
the additional ice shape in front of the ailerons shift the force application point and therefore slightly
changes the lateral behaviour of the aircraft. Similarly, due to the complex aerodynamics along the
wing with ice shapes present, the force application point shifts with the angle of sideslip represented
by dyy,./dB. The change of parameter value from low-risk to nominal SLD-ice configuration reflects
the complex aerodynamics, which is also observed for the App. C configurations analysed in Ref. [13].
The relatively small values of the Cramér-Rao lower bounds indicate that the estimation problem was
well posed and the choice of model parameters suitable for the model identification. Hence, although
the A-model structure is relatively complex, it is able to well predict the aircraft aerodynamics for the
different SLD-ice configurations with a little number altered model parameters.

3.2 Comparison of models

The resulting models were used to simulate the change in aircraft aerodynamics for comparison between
the individual SLD configuration and with the App. C ice shapes. The results for each identified lift
curve and drag polar are given in Fig. 8. For a more distinct view on the degradation this figure contains
two zoom plots of the lift and drag curve on the right hand side. Basically, all noticeable changes of
aircraft aerodynamics are similar with regard to aircraft lift and drag degradation. Furthermore, the
changes of aerodynamics resulting from the different SLD-ice configurations are quite similar to the
leading-edge ice shape degradation (App. C), except for the zero-lift drag increase. Although the ice

shapes on the wings are much smaller than in the leading-edge App. C case, the SLD-ice configurations
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Figure 8. Changes of lift and drag curves for different ice cases; aerodynamic model data (after identi-
fication) for the light business jet aircraft. Right hand side: zoom plots for medium lift coefficients. Data
scaled to base aircraft max. lift coefficient (ordinate), corresponding max. angle of attack (abscissa),
and multiples of zero-lift drag (abscissa).

show a significant degradation of aircraft aerodynamics and can be also detrimental for a safe aircraft
operation.

The three models for each SLD-ice reflect the slightly different aircraft characteristics for each con-
figuration, which can be also seen in the parameters listed in Table 1. The detectable drag change of the
SLD 1 configuration is about 95% of the base aircraft’s zero lift drag with a stronger curvature of the
drag polar. Further, a only slight lift curve slope reduction of 2% was estimated. The premature flow
separation at angles of attack far below the base aircraft’s maximum angle-of-attack is similar to the
behaviour detected for the leading-edge ice case. For the incremental ice configuration (SLD 2) with
additional ice shapes in front of the ailerons the lift curve reveals a slightly nonlinear behaviour with
a kink at an angle-of-attack of around 4deg. This might result from the additional ice shapes on the
wing tip disturbing the flow over the wing and therefore influencing the whole aircraft’s lift character-
istics. The predicted stall behaviour of the aircraft with this ice configuration is similar to SLD 1. The
estimated drag increase reflects the effect of the additional ice shapes: zero-lift drag increases about
98% and the drag polar shows a stronger curvature. The SLD 3 configuration differs from SLD 2
only by the additional ice shapes on the engine pylons. Therefore, there are no significant changes
in the lift characteristics detectable during the model identification compared to SLD 2, neither lift
slope nor non-linear behaviour representing the wing flow separation. But the pylons also produce
vertical forces and a slight change of the aircraft pitching moment was detected during the identifi-
cation. The zero-lift drag increases by 4% and is accompanied by a slight reduction of the drag polar
curvature.

The analysis of lateral aerodynamics revealed a change in the aircraft roll and yaw behaviour for all
configurations, which directly affects the aircraft roll mode and Dutch roll. But only a small reduction of
the aileron efficiency (2%) was found in the data analysis for SLD 2 and 3 configurations. These results
are backed-up by pilots’ reports after the campaign: no significant change in relevant aircraft dynamics
and handling qualities to safely operate the aircraft were noticeable during the flight.

4.0 Limitations of aircraft flight performance

The main influence of icing on a fixed-wing aircraft is the limitation of its flight performance. It con-
strains the possible aircraft operations, i.e. the aircraft range and endurance and/or the available speed
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Figure 9. Limited flight performance under icing conditions: required thrust-to-weight ratio and spe-
cific excess power; exemplary results for base aircraft and the five different ice cases in 10,000ft altitude.

range. The flight performance degradation is mainly affected by the increasing drag with ice accretion
present on the wing. Consequently, the lift-to-drag ratio

Lp= "t @)
Co
which is a suitable parameter to describe an aircraft’s aerodynamic performance, decreases with stronger
ice influence. Its change emerges directly from the different shapes of the lift and drag coefficient curves,
and L/D can quantify the performance loss for a given ice shape at a certain flight point. But for all
aircrafts (except sailplanes) the correlation of loss in L/D and the required/available thrust is of greater
interest, because then the operational limits of the aircraft are revealed.

Therefore the required thrust-to-weight ratio

Treq
TWR,q = , ®)
Mac - 8
for a steady horizontal flight is analysed and compared to
Tmax
TWRx = ) (6)
Mpc - 8

which denotes the maximum available thrust-to-weight ratio at the given flight point and limits the
(steady) aircraft envelope. The difference between the required and maximum available thrust-to-weight
ratio determines to the specific excess power SEP [24]

(Tmax - Treq) . VTAS
Mac + &
which is equivalent to the maximum available climb rate at a given speed and altitude.

DLR’s Matlab tool “MAPET” (Model-based Aircraft Performance Evaluation Tool) [25] is used with
both simulation models and the different available wing ice configurations for flight performance anal-
ysis. Based on trimmed flight conditions the tool evaluates several model in- and outputs and calculates
the desired flight performance parameters. A complete flight performance analysis was performed for
numerous altitudes and aircraft masses and gave well comparable results in all cases. Figure 9 contains
analysis results for one example altitude (10,000ft), which represent well the region of the normal flight
envelope where icing mainly occurs. Moreover, the results presented herein are exemplary for an aircraft
mass of 7,500kg and an aircraft configuration with flaps clean and gear up. Figure 9 illustrates change
of thrust-to-weight ratio (left side) and specific excess power (right side) versus indicated airspeed (base

SEP = = (TWRp — TWRy,) - Vins %
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Figure 10. Ice-induced change of aircraft dynamics: exemplary locations of roots in complex plane for
the aircraft model with and without icing; at 175kt in 10,000ft.

aircraft and five ice configurations). The required thrust-to-weight ratio significantly increases for indi-
cated airspeeds above 200kt in all ice cases. Because of the well comparable identified increase in
zero-lift drag for the three SLD-ice configurations the maximum achievable airspeed is very similar for
these cases and far below the base aircraft’s limitation but above the maximum achievable airspeed for
the App. C ice case. This result reflects the identified aerodynamics (see Fig. 8) and hence the expected
degradations for the SLD configurations. The icing-induced premature stall behaviour, particularly in
case of the SLD-ice configurations and the leading-edge ice, the corresponding drag increase cause also
a restriction of the minimum airspeed which could be theoretically achieved in steady flight with the
available engine thrust. But nevertheless, the aircraft can still be operated within its safe envelope. In
the medium speed range, the TWR,-increase leads to a noticeable reduction of SEP in Fig. 9b, which
is in accordance with the expectations from literature [5, 17, 26, 27] and reported occurrences in the
past [3, 28-30].

All in all, these results regarding the aircraft flight performance under icing influence meet the gen-
eral expectations concerning the aircraft degradation. A final comparison of the icing-related parameter
changes for all ice configurations reveal a homogeneous degrading effect. These results are not surpris-
ing and well known, since pilots and engineers have been familiar with the phenomenon of icing for
decades.

5.0 Changes in flight dynamics

The aerodynamic degradation caused by icing has an influence on the aircraft’s dynamic behaviour.
But, the specific effects on longitudinal and especially lateral motion are dependent on the magnitude
of degradation and the location of the corresponding ice shape. To compare icing-induced changes of a
certain ice configuration to another and to the basic aircraft it is suitable to analyse the characteristics
of the dynamic modes. Therefore, the aircraft is trimmed in open loop and linearized at a certain flight
condition, and the eigenvalues of the state matrix are calculated. The analysis of the corresponding
eigenvectors allows mapping the roots to each dynamic mode. The location of roots in the complex
plane further allows to reveal the icing-induced changes of the specific dynamic mode’s frequency and
damping.
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Figure 11. Ice-induced change of aircraft dynamics: exemplary locations of roots in complex plane for
the aircraft model with and without icing; at 200kt in 10,000ft.

5.1 Evaluation of dynamic modes

As an example, the different aircraft configurations (without and with icing influence, flaps clean and
gear up) are trimmed at 10,000ft with identical airspeed. To obtain results which are comparable to the
previous flight performance analysis in Section 4 similar aircraft weight-and-balance configurations are
used. Figure 10 illustrates the changes of roots in the complex plane for the Phenom 300 for all five
investigated ice configurations and an indicated airspeed of 175kt. Similar plots of the changes of roots
due to icing are given in Fig. 11 for an indicated airspeed of 200kt.

For the investigated ice configurations only a slight influence on the short period characteristics is
noticeable. The App. C configurations (run-back and leading-edge ice) do not show a significant dete-
rioration of the short period dynamics [13, 31, 32] whereas the SLD-ice configurations reveal a slightly
different behaviour. The SLD-ice configurations show a change of pitching characteristics compared to
the classical App. C cases and the clean aircraft in terms of an increase of damping and decrease of
natural frequency (see zoom plots in Figs. 10 and 11). The ridge-ice shapes representing the SLD-ice
configurations change the pitching moment of the aircraft which is well represented by the models. It is
further interesting that the low-risk SLD 1 configuration (with no ice shapes attached on the outer wing
sections) show a more significant change of short period dynamics than the other two SLD-ice configura-
tions tested. Note that the models are identified from the actually measured flight data with manoeuvres
flown at flight conditions very close the ones presented for this evaluation herein. Therefore, there is a
high confidence that the identified models will correctly represent the flight dynamics (see also results
in Section 3). Nevertheless, the distinct cause of this finding cannot be revealed with the information
about the complex flow on the iced wing available for this work.

The phugoid mode is significantly affected by all ice configurations. The zoom plots in Figs. 10 and 11
show that the corresponding roots of all ice configurations move away from the base aircraft’s eigenvalue
similar for both airspeeds: the significant drag increase due to the ice shapes changes the aircraft’s lift-
to-drag ratio and therefore the phugoid characteristics. The phugoid damping can be approximated by

1
V2-(L/D)

whereas the natural frequency is mainly airspeed dependent [33].
The analysis further reveals interesting changes of lateral aircraft mode characteristics for the eval-
uated ice configurations. The mode characteristics changes are inhomogeneous for different SLD-ice
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Figure 12. Ice-induced change of aircraft dynamics, Dutch roll root locus: exemplary change of loca-
tion of roots in complex plane for the clean aircraft and five different ice configurations between 170
and 260kt indicated airspeed in 10,000ft.

configurations and also not similar to the results for the App. C cases (see also Refs. [31, 32]). The
rolling mode root moves away from the origin due to a higher aerodynamic damping for the App. C
cases, which can be attributed to changes in lift characteristics: increase of lift curve slope at distinct
angles of attack compared to the base aircraft (see Fig. 8). For the SLD-ice configurations the change of
roll damping is less and different to the App. C cases: lift characteristics change in a different manner
with a slight decrease of lift slope at lower angles of attack and a slight increase above the break point for
SLD 2 and 3 as given in Section 3. Hence, the change of roll damping is dependent on airspeed for the
incremental and nominal SLD-ice configuration: roll damping increase for lower angles of attack, roll
damping decrease for higher angles of attack compared to the base aircraft. The SLD 1 configuration
shows a decrease of roll damping for the investigated airspeeds.

The Dutch roll becomes better damped for the App. C configurations, which can be attributed to the
local drag increase on the wing and the consequent increase of yaw damping N, :

1 N.
SR~ — = — 9)

2N,

For the SLD-ice configurations the dynamic analysis results show a different picture: the Dutch roll root
locus changes although the roots for the SLD-ice configurations lie much closer to clean aircraft root than
for the classical App. C cases. Figure 12 shows the Dutch roll root locus for indicated airspeeds between
170 and 260kt in 10,000ft. Although the drag increases also for all three SLD-ice configurations, the
increase is not as strong as for the investigated App. C cases and consequently the ratio between the yaw
damping N, and directional stability N, in Equation (9) is affected differently. During the identification,
there was no additional increase of yaw damping k,, found as it was identified for the App. C cases
[13]. Moreover, as the Dutch roll motion is a coupling of yawing and rolling motion the changes in roll
characteristics for the SLD-ice configuration further contribute to the visible change of the Dutch roll
root locus.

Furthermore, the change of aircraft’s spiral mode shows a similar picture: it is stabilized for the
App. C cases and the root locus is again changed differently for the SLD-ice configurations. The spiral
mode is stable (see Ref. [33] for further explanation) if

N,L; — N5L, > 0. (10)

For the App. C cases the yaw damping N, is increased and L is enhanced due to the reduced sensitivity of
the aircraft’s local lift to a local angle of attack change which consequently results in a reduced rolling
moment/motion. Similar to the change of the Dutch roll mode the spiral mode change shows also an
inhomogeneous result: the SLD 1 configuration reveals a destabilized spiral mode for all investigated
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Table 2. Comparison of relative aircraft dynamic mode change: Phenom 300 for different ice
configurations () strong increase, || strong decrease, 1 increase, |, decrease, 7 change of
root locus).

App. C App. O

Dynamic mode run-back leading-edge SLD 1 SLD 2 SLD 3
Phugoid Cpu i i f f i
Short period Csp 0 0 0 A 4

Wo,sp \ T U \: 2
Dutch roll Ior i i 1 Z Z

Wo,pR | T t 4 Z
Rolling motion Tro N J 0 Z Z
Spiral motion Tsr Stabilized N Vg Vg

airspeeds compared to the base aircraft whereas the change is airspeed dependent for the other two
configurations. The spiral mode is dependent on the yawing and rolling characteristics similar to the
Dutch roll for which reason the change of aerodynamic characteristics is the cause of the visible effects.
There is no strong change of yaw damping as for the App. C cases and the roll characteristics are not
affected sufficiently — and in a right manner — to e.g., stabilize the spiral mode. Nevertheless, the spiral
mode change is not critical and does not affect safe aircraft operations although getting more unstable
for the low-risk SLD-ice configuration.

The combination of aircraft models and ice configurations show different results concerning the icing
influence on the aircraft flight dynamics. Table 2 contains a comparison of the change of the aircraft
characteristics. The phugoid shows a well comparable behaviour for the different ice configurations due
to the strong effect on its damping by the drag increase respectively reduced lift-to-drag ratio. Although
the effect on the short period damping ¢sp seems to be homogeneous, the change itself is very small and
might be different for other aircraft as given in Refs. [31, 32]. Moreover, the change of lateral motion
characteristics is different for the five investigated ice configurations.

Changing the flight condition to different altitudes gives similar results: the roots generally change
according to the expected behaviour with the corresponding change of flight condition. All in all, the
evaluation results reveal a direct correlation of icing-induced changes of aircraft dynamics on the spe-
cific aerodynamic degradation. Therefore, no general statement about the change of aircraft dynamics
under icing influence can be made based on the presented results. Hence, it is further not possi-
ble to make a verification of existing methods to detect icing based on a changed aircraft dynamic
behaviour [34-37].

5.2 Handling qualities assessment

The change of aircraft dynamics under icing influence could lead to an alteration of handling qualities.
Several numerical criteria given in “MIL-STD-1797A” (38) are directly based on the aircraft’s mode
characteristics (damping, natural frequency, time constant). Therefore, the evaluation of these criteria
delivers a first but limited' impression of the icing influence on handling qualities. The Phenom 300
can be categorized as class II (light or medium transport) and the handling qualities are evaluated for
category B and C operations. The evaluation reveals that the analysed icing-induced changes of aero-
dynamics have no significant — especially no significant negative — effect on the aircraft’s handling
qualities. Table 3 gives an overview of the resulting handling qualities assessment based on the analysed
numerical criteria for the eigenvalues of the linearised dynamic system.

lOnly focused on open-loop aircraft control, which plays only a secondary role in normal operation of modern aircraft
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Table 3. Comparison of handling qualities based on numerical criteria (class I, categories
B & C): Phenom 300 for different ice configurations at 10,000ft and airspeeds between 170
and 260kt; all criteria for base aircraft are level 1

App. C App. O
Numerical criterion run-back  leading-edge SLD 1 SLD 2 SLD 3
Phugoid damping Level 1 Level 1 Level 1 Level 1 Level 1
Short period damping Level 1 Level 1 Level 1 Level 1 Level 1
Dutch roll damping Level 1 Level 1 Level I* Level 1 Level 1
natural frequency
Rolling motion time constant  Level 1 Level 1 Level 1 Level 1 Level 1
Spiral motion time to double  (Level 1)  (Level 1) Level 1 Levell Levell
*Change to level 2 for low airspeeds.
= :‘ A | | O base aircraft
L = P £ <1 | o run-back ice
=C =2 A leading-edge ice
& o SLD 1
s o SLD2
o po v SLD 3
A o o 170kt
B 33 T 260kt
23 =3

Figure 13. Ice-induced change of aircraft dynamics, Dutch roll handling qualities assessment: exem-
plary change of natural frequency and damping on the numerical criteria map for the clean aircraft
and five different ice configurations in 10,000ft and indicated airspeeds of 170 and 260kt; without yaw
damper.

In detail: the phugoid damping increases for all investigated ice configurations due to the higher
drag. Therefore, level 1 handling qualities are not affected. Furthermore, the short period damping is
not significantly changed for the different ice configurations and consequently the level 1 rating persists.
The aircraft showed some interesting changes of the lateral motion characteristics for the different ice
configurations (see Table 2). The effects on the rolling motion are different in terms of change of the
time constant Typ, but the numerical criterion evaluation does still result in a level 1 assessment for all
analysed airspeeds. Figure 12 shows the change of Dutch roll root locus for SLD-ice which is differ-
ent from the effects caused by the App. C ice shapes. To evaluate the corresponding influence on the
aircraft’s handling qualities the Dutch roll damping and natural frequency are plotted on the numerical
criteria map in Fig. 13 for 170 and 260kt indicated airspeed. In contrast to the App. C ice configurations,
where the distance to the level 2 boundary is enlarged, the SLD-ice configurations are close to the base
aircraft values and therefore the level 2 boundary. For low airspeeds this boundary is even crossed in
case of the low-risk SLD-ice configuration. The spiral mode is also affected differently by the five ice
configurations: it is stabilized by the App. C ice configurations, destabilized by the low-risk SLD-ice
and shows a change of root locus for SLD 2 and 3. Hence the corresponding handling qualities criterion
based on the time to double is not applied for the App. C configurations and the assessment results in
level 1. Although the SLD-ice configurations change respectively destabilize the spiral mode character-
istics a level 1 rating is still obtained. All in all, the handling qualities of the Phenom 300 do not show
a significant or not-manageable degradation with all investigated ice cases.
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6.0 Conclusion

The influence of icing on aircraft characteristics of a Phenom 300 was analysed and is presented in this
paper. Different ice configurations — two classical App. C as well as three specific SLD-ice (App. O)
configurations — were evaluated as a result of a joint DLR-Embraer research activity. Furthermore, the
results of the model identification for these three different SLD-ice configurations are given herein.
The individual model evaluation revealed that the effects of the SLD-ice configurations followed the
expectations but of course differ from App. C influence. Nevertheless, the significant drag increase at
even lower angles of attack showed the risk for aircraft operation resulting from such ice formations. A
homogeneous icing-induced degradation of flight performance parameters was found, which is mainly
related to the uniform change of lift-to-drag ratio with ice present on the aircraft: for all five investigated
ice configurations a significant drag increase was found and the flight performance was consequently
degraded as expected. In contrast, the analysis for the Phenom 300 revealed that the changes of flight
dynamics are case-dependent. Especially for the SLD-ice configurations a change of root locus for the
lateral motion eigenmodes was detected.

However, within this work no general conclusions on the effects on aircraft dynamics can be drawn
for the following reasons: only one specific aircraft with a limited number of distinct ice configurations
was evaluated in this study and the results are inconclusive; the changes of the aircraft’s dynamic modes
are a consequence of the change of local aircraft aerodynamics which is different for different ice con-
figurations. Therefore, no general conclusion on the icing-induced change of aircraft dynamics could
be drawn. These new results complement existing work, which showed different results for other ice
configurations on different aircraft (simulation models).

Nevertheless, the icing-related strong increase of drag and its further consequences could be found
in aircraft performance and dynamic characteristics for the investigated App. C and SLD-ice configura-
tions. Moreover, the exemplary evaluation of numerical handling qualities changes for the investigated
flight conditions did not show any significant deterioration. The high-quality simulation models — espe-
cially for the investigated SLD-ice configurations — are contributing to the general understanding of the
icing influence on aircraft characteristics. However, further information about the effects of additional
ice configurations on different aircraft would be beneficial for future work.
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