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Abstract

A novel ∆-model approach to characterize the changes in longitudinal and lateral aircraft dy-
namics due to local icing is analytically derived. This model extension is formulated as a separate
module in the aircraft flight mechanics simulation and can be used in existing simulation mod-
els. Using the example of the former DLR research aircraft VFW 614 ATTAS, the base information
about the aircraft’s iced aerodynamics is obtained by 3D CFD calculations with numerically gen-
erated ice shapes. With the resulting data ∆-model parameters describing a local aerodynamic
degradation are estimated. Simulation of the local ice influences on the dynamic aircraft be-
havior show the ∆-model’s capabilities to cover aerodynamic changes during a de-icing process.

NOMENCLATURE

Symbols

a model parameter

α angle of attack rad

αmax angle of attack at CLmax rad

C(·) aerodynamic coefficient

c1, α? flow separation function parameters

D drag force N

d ∆-model offset

e Oswald factor

ε downwash angle rad

η elevator deflection rad

η̂y iW non-dimensional wing coordinate

F force N

f function

g acceleration due to gravity m/s2

H altitude m

i segment index

iH horizontal tail plane deflection rad

Ixx, Iyy, Izz, Ixz moments of inertia Nm2

k ∆-model factor

k1, k2 drag coefficient factors

L lift force N

Λ wing aspect ratio -

L, M, N body fixed moments
about x ,y ,z axis Nm

lµ mean aerodynamic chord m

mAC aicraft mass kg

Ma Mach number

N number of surface segments

~Ω rotational speed vector rad/s

P model parameter

ptot total pressure N/m2

Φ, Θ, Ψ Euler angles rad
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p,q,r rotational velocities rad/s

Re Reynolds number

rH, r ?H, z?H horizontal tail lever arms m

~r position vector m

S surface area m2

t time

Ttot total temperature ◦C,K

τ2 time constant 1/s

Tb inertia tensor

∆t time delay s

u,v ,w translational velocities
along x ,y ,z axis m/s

VIAS indicated airspeed m/s

VTAS true airspeed m/s

~V speed vector m/s

X̂ wing flow separation point

X, Y , Z body fixed forces along x ,y ,z axis N

x , y , z axes coordinates

Subscripts

A aerodynamic

b body-fixed

Base base model part

E engine

H horizontal tail

Ice ∆-model icing part

ID System Identification

l rolling moment

m pitching moment

n yawing moment

Ref. reference

Sim Simulation

W wing

WB wing/body

Abbreviations

CFD Computational Fluid Dynamics

LWC Liquid Water Content

MVD Median Volume Diameter

SLD Supercooled Large Droplets

1 INTRODUCTION

Aerodynamic icing can have hazardous effects on
aircraft performance characteristics. It can also be
a limiting factor of the safe flight envelope. Ic-
ing induced dynamic behavior change and poten-
tial premature stall raise the need for pilot situa-
tional awareness and an adaption of any aircraft
control strategy. During the last decades, various
accidents worldwide have shown the severity of ic-
ing related degradations as well as pilot’s difficul-
ties to cope with changes in aircraft behavior [1–3].
For a better understanding of aerodynamic icing
effects on aircraft performance and for enhancing
future pilot training concerning icing hazards, new
aerodynamic models for aircraft simulation should
be developed, which is part of the HGF founded
joint DLR & TU-Braunschweig research project “Su-
percooled Large Droplet Icing” (SulaDI).

During the flight through icing conditions, ice
can accumulate on airframe parts facing the inflow
e.g. wing or stabilizer leading edges, aircraft nose
or engine intakes. The main aerodynamic degra-
dation is expected to be caused by wing ice accre-
tions and manifests itself in a reduced stall angle
of attack and increased drag. These accumulations
manifest in different shapes, depending on e.g. at-
mospheric conditions and aircraft geometry. The
general aerodynamic influence is outlined for ex-
ample in the “AGARD Report 344” [4] and given in
Fig. 1. In the past, these effects of the icing phe-
nomena for different airfoils and icing cases (e.g.
[4–6]) as well as for complete aircraft (e.g. [7–10])
had been investigated in various studies.

From a scientific point of view different aspects
of the aircraft icing phenomena are of interest. For
example:

1. aircraft operational limitations and behavior
with accumulated ice on different surfaces,

2. flight performance, dynamic behavior and
handling quality changes during ice accretion,

3. aircraft behavior with variable accumulation
severity on different surfaces,

4. aircraft behavior during de-icing and ice shed-
ding,

5. pilot’s situational awareness concerning icing
and ability to detect a degradation due to ice
contamination.

The challenge in describing aerodynamic degrada-
tions mathematically is to combine points 1-4 in
one model formulation to extend the aerodynam-
ics within the simulation. For dynamic simulation
analysis or training in a flight simulator the model
must be capable of accumulating ice on certain air-
craft parts and/or de-icing the aircraft if e.g the air-
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Figure 1: Expected aerodynamic degradation due
to icing [4] (lift curve and drag polar)

craft leaves atmospheric icing conditions or coun-
termeasures are activated.

This paper mainly addresses to item 1, 3 and 4
of describing the aircraft operational limitations
and behavior for symmetric and asymmetric icing
cases. In several attempts, the aircraft icing degra-
dation problem had been faced based on data col-
lected from flight test with the NASA Twin Otter
at the beginning of the last decade [11–15]. With
notable success, the aerodynamic model formula-
tions had been changed and extended for reliably
considering icing effects and this built-in approach
was used to develop a special icing training simula-
tor [14,16]. Another way for accounting the degra-
dation in the simulation model is to extend an
available basic aircraft model with an additional
part (∆-model in Fig. 2) in the aerodynamics mod-
ule [17].

After a basic aircraft simulation model is formu-
lated and validated for a specific aircraft, exten-
sions for covering aerodynamic icing effects are
derived to estimate and afterwards simulate per-
formance changes. This approach gives the ad-
vantage that existing aerodynamic models do not
have to be altered and the module parameters
can be independently determined from the data
source. Using data of flights with artificial ice
shapes such an ∆-model for the fundamental ef-
fects of icing on the aircraft’s longitudinal motion
is presented in [18] and for all six degrees of free-
dom in [19].

The herein presented new ∆-model extension
covers ice related changes of the longitudinal and
lateral motion aerodynamics in lift, drag as well as
rolling and yawing moment. Changes contribut-
ing the basic stall model formulation and the drag
polar curvature are necessary to cover icing ef-
fects. The wing surface is divided into individ-
ual segments allowing the consideration of local
icing effects and their consequences on the air-
craft’s lateral dynamics. The fundamental ∆-model
formulation for icing effects is comparable to the
model proposed in [11], where model parameters

Base

∆-Model

+ Forces &
Moments

Parameters

Aircraft Motion

Controls

Environment

Derivatives

Aerodynamic Model

Figure 2: Illustration of aerodynamic model with
∆-model extension [18]

are linearly altered to include icing related aero-
dynamic degradations. To demonstrate the ca-
pability of the proposed ∆-model to reproduce
aerodynamic local icing effects in the aircraft sim-
ulation, the necessary model parameters are ob-
tained using an aerodynamics database generated
by 3D CFD calculations. These calculations for the
former DLR research aircraft VFW 614 ATTAS (see
Fig. 3) are performed for a clean aircraft case and
a case with additional attached ice shapes gener-
ated with LEWICE [20]. With the developed model
the dynamic aircraft behavior during asymmetric
de-icing is simulated.

2 AERODYNAMIC DATABASE OF AIR-
CRAFT ICING EFFECTS

A CFD study has been conducted in order to quan-
tify the effects of leading edge icing on an air-
craft’s wing and horizontal tailplane (HTP) on the
aerodynamic performance.

2.1 AIRCRAFT AND ICING GEOMETRY
DEFINITION

The basic aircraft geometry was derived from the
VFW 614 ATTAS. Its aerodynamic performance is
well known and DLR pilots are well accustomed
to its flight behavior. This becomes of special im-
portance when proceeding towards an assessment

Figure 3: DLR research aircraft VFW 614 ATTAS
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Figure 4: Overview of VFW 614 geometry with additional leading edge ice shapes

freestream velocity V = 200 kt
= (103 m/s)

total temperature Tt = −10 ◦C
median volume diameter MVD = 119µm

liquid water content LWC = 0.7 g/m3

icing time t = 10 min
angle of attack α = 2 ◦

Table 1: Expected icing conditions in typical hold-
ing pattern for CFD calculations

of in-flight icing effects in a flight-simulator study.
For simplification reasons and since no absolute
but delta-values (iced / non-iced) are of interest,
the aircraft geometry has been smoothed, cleaned
of any extruding details and also the engines are
neglected for CFD computations.

The leading edge ice shapes of choice had to ful-
fill the need for a potentially high aerodynamic im-
pact and at the same time the corresponding icing
conditions should match those of an airliner’s typi-
cal holding pattern. NASA has created a public ex-
perimental database [21] of 2D Supercooled Large
Droplets (SLD) ice shapes, which are known to
severely influence the aerodynamic performance.
Out of a set of icing conditions, which relate to a
holding pattern at 200 kt, test case 7575 was cho-
sen. It features a large leading edge horn ice shape
in upward and downward direction, creating a po-
tentially large aerodynamic performance degrada-
tion. An overview of the icing conditions is given
in Tab. 1.

The chosen ice geometries were applied to the
VFW 614 utilizing a technique commonly used in
the process of aircraft certification: 2D ice shapes

are generated on several airfoil sections of the
wing and the horizontal tailplane using the icing
code LEWICE, Version 2.2 [22]. A repositioning and
connection of the 2D shapes results in a 3D icing
structure, which can be attached to the existing
clean leading edge. An overview of the iced air-
craft geometry is given in Fig. 4. Section cuts illus-
trate the change in relative ice thickness depend-
ing on the local chord length.

2.2 NUMERICAL SETUP

Steady flow computations were performed with
the TAU code, Version 2014.2, a Reynolds-
averaged Navier-Stokes (RANS) solver developed
by DLR [23] using unstructured hybrid meshes. De-
spite local flow detachments previous numerical
studies on iced aircraft geometries have shown an
overall steady behavior and thus proven the con-
cept of steady computations. The two-equation
Shear-Stress-Transport turbulence model (SST) by
Menter [24] was applied including an extension to
account for wall roughness [25].

Half-model meshes were generated with the
hybrid mesh generator CENTAUR, a commercial
software package developed by CentaurSoft [26].
The surface was discretized with triangles, semi-
structured prism cells were stacked above to cap-
ture boundary-layer effects and the far field was
filled with tetrahedral elements. The leading edge
icing regions were heavily refined to capture small
scale flow features. The final mesh consists of 14
million nodes for the clean and 20 million nodes
for the iced case.
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Figure 5: Surface pressure distribution and streamlines on upper wing and HTP for clean and iced con-
figuration

2.3 DATABASE GENERATION

The simulations of the clean and iced configura-
tion cover a wide range of angles of attack from
α = −6 ◦ to beyond αCLmax . The boundary condi-
tions summarized in Tab. 2 correspond to icing con-
ditions in a holding pattern. The ice roughness was
set to 3.967 mm on the wing and 2.665 mm on the
HTP following an empirical correlation in [20].

Surface streamlines on the upper side of wing
and HTP in Fig. 5 illustrate the gradual degrada-
tion effect leading edge icing has on the aerody-
namic performance towards higher angles of at-
tack. In the case of a clean wing the flow is fully
attached throughout the depicted angle of attack
regime. The iced case on the other hand shows, as
expected, areas of detached flow around the lead-
ing and trailing edge at α = 6 ◦ and at α = 8 ◦ the
wings upper surface is predominantly detached.

Mach number Ma = 0.3

Reynolds number Re = 21.7 million
total pressure pt = 88644 Pa

total temperature Tt = 263 K

Table 2: Boundary conditions for CFD calculation

The significant icing effect on overall lift and drag
coefficients is highlighted in Fig. 6. The maximum
lift coefficient CL,max is reduced by 50 % from 1.2

to 0.6 and the corresponding angle of attack is re-
duced by 5.5 ◦. The zero-lift drag coefficient rises
noticeably by 25 %, half of this increase can be ac-
counted to ice roughness effects. Through the
integration of local surface pressure data the span-
wise distribution of forces dF/dy and moments
dM/dy can be derived. The distribution of the
force component in z-direction for three different
angles of attack in Fig. 7 illustrates a result of this
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Figure 6: Coefficients of lift and drag for clean and iced configuration
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Figure 7: Spanwise distribution of local force in z-direction along wing and HTP

procedure. The implementation of icing effects
into the kinematic model described in this paper
is primarily based on this local evaluation of forces
and moments. It allows simulation of not only sym-
metrical icing through mirroring the half-model
but also non-symmetric conditions, e.g. through
partial de-icing failure.

3 MODEL FORMULATION

The basic aircraft motion is represented by a six
degree-of-freedom kinematic model. The equa-
tions of the translational motion are given by

u̇ = −q · w + r · v − g · sin Θ +
XE +XA
mAC

,

v̇ = −r · u + p · w + g · cos Θ · sin Φ +
YE + YA
mAC

,

ẇ = −p · v + q · u + g · cos Θ · cos Φ +
ZE + ZA
mAC

(1)

with the engine forces XE , YE , ZE . The unsteady
nonlinear aerodynamics are modeled by the forces
XA, YA, ZA in the corresponding direction. The ro-
tational motion equations are given by


ṗ

q̇

ṙ



b

=T−1b






LE + LA
ME +MA
NE + NA



b

−




qr(Izz − Iyy)− pqIxz
rp(Ixx − Izz) + (p2 − r2)Ixz
pq(Iyy − Ixx) + qr Ixz



b




(2)

including the engine induced body fixed moments
LE, ME, NE, the aerodynamic moments LA, MA, NA,
and the inverse inertia tensor

T−1b =




Ixx 0 −Ixz
0 Iyy 0

−Ixz 0 Izz



−1

b

. (3)

The necessary forces and moments for the aircraft
motion simulation result form the base aircraft

aerodynamic model (section 3.1) and additional ∆-
model formulation in section 3.2.

3.1 BASE AIRCRAFT AERODYNAMICS

The base aircraft aerodynamic model is formulated
as a two-point model, splitting wing and horizon-
tal tailplane influences (see Fig. 8). For the wing
aerodynamics, a nonlinear,unsteady lift curve is
considered, which allows to simulate flow sepa-
ration and reattachment effects [28]. The com-
plete aerodynamic model of the VFW 614 ATTAS
is given in [29] as a system identification process
result. Several equations of the longitudinal aero-
dynamics model are outlined hereafter as a basis
for the later on derived ∆-model formulation. The
lateral aerodynamics model formulation – a state
of the art derivative model – can be found in [29].
Furthermore, the base aircraft model formulation
similar to the herein used ATTAS-model is outlined
in [18, 19], where comparable approaches to ac-
count for icing effects in the dynamic simulation
are presented.

The non-dimensional steady wing flow separa-
tion point X̂ is given by [30]

X̂ =
1

2
·
(

1− tanh (c1 · (α− α?))
)
, (4)

whereas α? denotes the angle of attack for which
the wing flow is half separated. The simplified
wing/body lift coefficient equation including stall
– considering Kirchhoff’s theory of flow separation
from the trailing edge – results in

CL,WB = CL0 + CLα,WB ·
(

1 +
√
X̂

2

)2
α. (5)

The basic drag equation is dominated by zero, lift
induced and stall dependent drag and can be ex-
pressed by

CD = CD0 +
1

eπΛ
C2L+

∂CD

∂X̂

(
1− X̂

)
. (6)
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Figure 8: Illustration wing and horizontal tail geometry for the two-point model formulation [27]

3.2 ∆-MODEL EXTENSION

The necessary equations to implement a ∆-model
approach (as given in Fig. 2) to consider local ic-
ing effects are derived hereafter. The basic idea is
to use linear altered parameters for icing induced
aerodynamic changes in aircraft simulation, which
was introduced by Bragg [11]. Hence, a model pa-
rameter P is assumed to consist of a basic model
part PBase and an additional ∆-model part ∆PIce de-
scribing the icing induced changes:

P = (1 + kP ) · PBase + dP = PBase + ∆PIce (7)

The additional factor kP and the offset dP are
used to model the degraded aircraft aerodynam-
ics. As a result, an aerodynamic model coefficient
C(·) which depends on an extended parameter P
can be expressed as:

C(·)(P ) = C(·) (PBase + ∆PIce)

=
(
C(·) (PBase)

)
Base

+ ∆
(
C(·) (PBase + ∆PIce)

)
Ice
.

(8)

At this stage of model development only the ic-
ing influence on the aircraft’s wing is considered.

3.3 LOCAL WING SEGMENT EQUATIONS

The aircraft wing is divided span-wise in N seg-
ments with the same wing segment width y iW but
consequently different cord length and surface
area. This segmentation is shown for example in
Fig. 9 for N = 20 segments.

With the distance vector ~r i of the ith segment
to CG the local segment inflow velocities (without
wind) are given by

~V ?i = ~V + ~Ω× ~r i ,
with ~V ?i =

[
u?i , v ?i , w ?i

]T
, ~Ω i = [p, q, r ]T

and ~r i =
[
x iW,CG, y

i
W,CG, y

i
W,CG

]T
.

(9)
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1

15
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20

Figure 9: Illustration of ∆-model wing segmenta-
tion (N = 20)

Considering modern aircraft’s swept angle ϕ and
dihedral ν the local velocities u?i , v ?i and w ?i result
in ui , v i and w i , which are the local inflow velocities
rectangular to the local 25 % chord line. With the
local true airspeed

V iTAS =

√(
ui
)2

+
(
v i
)2

+
(
w i
)2

(10)

the local angle of attack of the i -th segment results
in

αi = arctan

(
w i

ui

)
. (11)

To determine the aerodynamic influence of each
∆-model segment, an additional lift and drag coef-
ficient as a local change towards the base aircraft
aerodynamic is calculated. The changes of the lat-
eral aerodynamics further result from the summa-
tion of all these segments influences and their cor-
responding lever arms

(
~r i
)
. The following equa-

tions are the results of splitting the aerodynamic
model formulations in [29] into their base and ic-
ing parts using the parameter extension according
to equation (8).
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With the extension given in equation (7), the pa-
rameters of the non-dimensional separation point
without hysteresis effects according to [30]

c i1 =
(

1 + k ic1
)
· c1Base

α?i =
(

1 + k iα?
)
· α?Base

(12)

lead to a separation of the hyperbolic tangens
term of each segment i into its base part

ai1Base = c1Base ·
(
αi − α?

)
(13)

and its icing induced part

ai1Ice = c1Base ·
[
k ic1α−α?

(
k ic1 + k iα?

(
1 + k ic1

)) ]
. (14)

This analytic separation results in the local non-
dimensional flow separation point of the base air-
craft

X̂ iBase = 0.5 ·
(

1− tanh(ai1Base)
)

(15)

and its icing induced adaption ∆X̂ iIce

∆X̂ iIce =
tanh(ai1Ice)− tanh2(ai1Base) tanh(ai1Ice)

−2 ·
(

1 + tanh(ai1Base) tanh(ai1Ice)
) . (16)

With the parameter extensions for the i -th seg-
ment

C iL0 =
(

1 + k iCL0
)
· CL0Base

C iLα,WB =
(

1 + k iCLα,WB

)
· CLα,WBBase

(17)

and the separated influences of the local flow sep-
aration

ai2Base = 0.25 ·
(

1 + 2

√
X̂ iBase + X̂ iBase

)
(18)

ai2Ice = 0.25 ·
(

2

√
X̂ iBase + ∆X̂ iIce

− 2

√
X̂ iBase + ∆X̂ iIce

) (19)

the local lift coefficient change ∆C?iL,WBIce results in

∆C?iL,WBIce = k iCL0CL0Base

+(ai2Base + ai2Ice)k
i
CLα,WB

CLα,WBBaseα
i

+ai2IceCLα,WBBaseα
i .

(20)

This coefficient change is related to each segment’s
wing surface area SiW. Consequently the local lift
coefficient change ∆C?iL,WBIce must be transferred
to a general value ∆C iL,WBIce by

∆C iL,WBIce = ∆C?iL,WBIce
SiW
SW

. (21)

To calculate the local drag coefficient change
necessitates to approximate the local change of

-1.0 -0.5 0.5 1.0

0.2

0.4

0.6

0.8

η̂y iW

√
1− η̂2

y iW

local segment position

Figure 10: Elliptic distribution including the span-
wise positions of 20 wing segments

the lift induced drag for each segment. An el-
liptic wing lift distribution based on the non-
dimensional wing coordinate

η̂y iW =
y iW
s

(22)

of each segment is assumed for the base aircraft
aerodynamics (see Fig. 10). The local base lift
coefficient C?iL,WBBase is approximated as a function
of the general base lift coefficient, local and com-
plete wing surface area and the non-dimensional
wing coordinate η̂y iW :

C?iL,WBBase = f
(
CL,WBBase, SW, η̂y iW , S

i
W

)
(23)

Hence, the local ice induced drag coefficient
change is formulated as

∆C?iD,WBIce = k iCD0CD0Base

+∆C?iL,WB
2

Ice

1

eπΛ

+2 · ∆C?iL,WBIceC
?i
L,WBBase

1

eπΛ

+
(

∆C?iL,WBIce + C?iL,WBBase
)
· d ik1

+
(

∆C?iL,WBIce + C?iL,WBBase
)2 · k

i
k2

eπΛ

+k i∂CD
∂X̂

∂CD

∂X̂

(
1−

(
X̂ iBase + ∆X̂ iIce

))

−∂CD
∂X̂

∆X̂ iIce

(24)

using the parameter extensions

C iD0 =
(

1 + k iCD0
)
· CD0Base

k i2 =

(
1 + k ik2

)

eπΛ(
∂CD

∂X̂

)i
=

(
1 + k i∂CD

∂X̂

)
· ∂CD
∂X̂ Base

,

(25)

The linear lift depended drag coefficient is intro-
duced in the ∆-model as an offset d ik1 , because
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there is no part of the base model which could be
linear extended. The general additional segment
drag coefficient ∆C iD,WBIce can be calculated ana-
log equation (21). The local force coefficients re-
sult from ∆C iX,WIce and ∆C iZ,WIce result from equa-
tions (21) and (24) by turning the aerodynamic co-
efficients around the local angle of attack αi

∆C iX,WIce = ∆C iLIce sin
(
αi
)
− ∆C iD Ice cos

(
αi
)

∆C iZ,WIce = −∆C iLIce cos
(
αi
)
− ∆C iD Ice sin

(
αi
)
.

(26)

Further the rolling and yawing moment contribu-
tions of the i -th wing segment are given by

∆C il ,WIce = ∆C iZ,WIce ·
y iW
s

∆C in,WIce = −∆C iX,WIce ·
y iW
s
.

(27)

In this version of the ∆-model, no wing pitching
moment or side force change is considered, but
could also be added by suitable model formula-
tions. It is assumed that the aerodynamics changes
introduced by the herein presented ∆-model cover
the primary icing effects on aircraft dynamics.

3.4 GLOBAL ICING INFLUENCE

The above derived equations to determine the lo-
cal icing induced aerodynamic changes in a dy-
namic aircraft simulation model allow to calculate
the new global force coefficients by summing up
the influence of each segment i . The new force
coefficient result in

CX = CXBase +
∑

i

∆C iX,WIce

CZ = CZBase +
∑

i

∆C iZ,WIce,
(28)

and the new moment coefficients are given by

Cl = ClBase +
∑

i

∆C il ,WIce

Cn = CnBase +
∑

i

∆C in,WIce.
(29)

4 ∆-MODEL PARAMETER ESTIMATION

The parameters of the above derived ∆-model are
obtained from the CFD results in section 2 by
an automated process using system identification
techniques. First, the lift and drag coefficients of
each wing segment are calculated by summing up
the n local discrete forces FX,n and FZ,n given by

Separation: α?i c i1

Lift: C iL0 C iLα,WB

Drag: C iD0 k i1 k i2

(
∂CD
∂X̂

)i

Table 3: Estimated parameters of the local seg-
ment reference aerodynamics

the force distributions dF/dy for the different an-
gles of attack:

C iD,CFD(α) =
∑

n

( FX,n cos (α) + FZ,n sin (α))

qSiW

C iL,CFD(α) =
∑

n

(−FX,n sin (α) + FZ,n cos (α))

qSiW

(30)

The necessary information for the parameter esti-
mation is available1 after the application of equa-
tion (30) to the clean aircraft and iced CFD data.
Before the ∆-model parameters can be estimated,
corresponding base model parameters for each
strip are needed. Using these parameters, the for-
mulations derived in section 3.3 can be applied on
the iced aircraft CFD results. Therefore a nonlin-
ear regression technique to determine the base
aircraft lift and drag coefficients is performed, us-
ing a model formulation similar to the equations
in section 3.1, with initial parameter values for
zero lift, lift slope, zero lift drag and lift depen-
dent drag previously obtained by a simple linear
regression. For the nonlinear regression the DLR
Matlab R© toolbox Fitlab [31] is used, providing a
set of algorithms to optimize model parameters in
different domains. The corresponding base model
segment parameters are listed in Tab. 3. These pa-
rameters are segment related and therefore com-
parable to the e. g. lift coefficient in equation (23).

With the base segment model available, the
desired local wing segment ∆-model parameters
are estimated also by using a nonlinear regression
technique. The resulting fit of lift and drag coef-
ficient is shown in Fig. 11 for one example wing
segment.

The CFD results are well matched using the base
model formulation. Furthermore, the combination
of base and ∆-model to cover the icing degrada-
tion does not show significant deviations from the
CFD results. Consequently it is assumed, that the
∆-model structure and its parameter estimates re-
liably cover the aerodynamic changes of each wing
segment due to ice accretion. The local segment
coefficients are related to the complete wing sur-
face area (see for example equation (21)), which

1Note that the data are clipped for further processing to an
angle of attack range without unreliable post-stall behavior
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Figure 11: Comparision of wing segment lift and drag coefficient, i = 6, N = 20
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Figure 12: Comparision of complete aircraft lift and drag coefficient, N = 20

allows the direct summation of all individual wing
segment ∆ model results to the complete icing in-
fluence. Figure 12 shows a comparison of lift and
drag curves for local summed influences (after pa-
rameter estimation) and complete aircraft CFD re-
sults. The good matches of the results indicate that
the proposed method to cover local aerodynamic
icing effects is well applicable.

The final step is to transfer the obtained ∆-
model parameter estimates to values usable in the
ATTAS simulation model. The available simula-
tion model identified from flight data contains dif-
ferent parameter values than the parameter es-
timates obtained for the clean basic model from
the CFD results. These results are calculated with-
out engine pylons, which have an influence on
the wing flow and consequently on the complete
aircraft drag. Therefore the herein estimated ∆-
model parameters are linearly transformed for the
usages with the identified aircraft model. The cor-
responding segment parameter estimates of the ∆-
model (N = 20 wing segments) are given in Tab. 5.

5 LOCAL ICING INFLUENCE ON AIRCRAFT
BEHAVIOR

For the aircraft simulation it is suitable to allow
a fading between the base aircraft and the icing
degradation, instead of suddenly switching on the
icing influence. An additional fading factor k iIce,
which describes the icing severity [11], is used to
scale each segment’s ∆-model parameters during
the simulation:

k i(·),Sim(t) = k iIce(t) · k i(·). (31)

If k iIce is set to zero for all segments, the aircraft be-
havior is only influenced by the base aerodynam-
ics. For all other values of k iIce, the aircraft’s aero-
dynamic behavior is degraded due to the icing ef-
fects activated in the simulation by the ∆-model.
This allows to simulate ice accretion by slowly in-
creasing k iIce as well as de-icing using a sudden k iIce
decrease. The changes in lift curve and drag po-
lar between the base and icing degraded aircraft
for different values of k1−20Ice (symmetric ice case) is
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Figure 13: Adaption of ATTAS aerodynamic characteristics for wing icing by the ∆-model (N = 20)

given in Fig. 13, using the transfered segment pa-
rameters given in Tab. 5.

The herein developed ∆-model provides the ca-
pability to only degrade the aerodynamics of cer-
tain wing parts represented by the individual seg-
ments. This provides the possibility to simulate
asymmetric icing effects on an aircraft’s dynamic
motion. To demonstrate this capability, the aero-
dynamic model is evaluated for different angles
of attack between −5 ◦ and 17 ◦ and a flight in
10000 ft with Mach 0.3, which corresponds to the
case used for the CFD calculation.

The additional rolling moment coefficient
∆C il ,WIce generated by each segment i ∈ [11, 20]

(k iIce = 1.0, k1−10Ice = 0.0) on the right wing are given
in Fig. 14 to analyze each wing segment’s degrad-
ing influence on the lateral aircraft aerodynamics.
The maximum rolling influence for high angles of

attack α > 12 ◦ result from segments # 17 and # 18

in Fig. 9. The significant lift degradation for these
segments in combination with the large lever arm
cause the large rolling moments. The additional
rolling moments of segments # 19 and # 20 are
smaller because of the smaller corresponding lift
degradation due to small segment surfaces. For
angles of attack between 0◦ and 10◦ the outer seg-
ments show the strongest influence because the
large lever arms and the gradual degrading effects
of the wing span. Similar results are obtained for
the individual yawing moment coefficient ∆C in,WIce
of each right wing segment given in Fig. 14.
For lower angles of attack up to 10◦, the outer
wing segments gradually influence the additional
yawing moment. But with α > 10◦ the segments
# 17 and # 18 show the most significant effect
because of the combination of drag increase and
large lever arm.
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Figure 14: Additional single rolling and yawing moment coefficients due to individually iced right wing
segments (k1−10Ice = 0.0, N = 20)
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Figure 15: Additional complete rolling and yawing moment coefficients due to several iced/ de-iced right
wing segments (k1−10Ice = 1.0)

case k11Ice k
12
Ice k

13
Ice k

14
Ice k

15
Ice k

16
Ice k

17
Ice k

18
Ice k

19
Ice k

20
Ice

1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 0 1 1 1 1 1

3 1 1 1 1 0 1 1 0 1 1

4 1 0 1 1 0 1 1 0 1 1

5 1 0 1 1 0 0 1 0 1 1

6 1 0 1 1 0 0 1 0 1 0

7 1 0 1 0 0 0 1 0 1 0

8 1 0 1 0 0 0 1 0 0 0

9 0 0 1 0 0 0 1 0 0 0

10 0 0 1 0 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0 0

Table 4: Example random de-icing pattern for
right wing segments

To further demonstrate the model’s capability of
covering asymmetric icing effects, model simula-
tion results including variable segment icing sever-
ity are provided. In Tab. 4 a set of 11 cases is given
describing a random de-icing pattern for the right
wing segments, which is similar to a distinct acti-
vation of certain de-icing installations (like electro
impuls de-icing [32]), whereas the left wing stays
contaminated (k1−10Ice = 1.0). This could be seen as
a left side de-icing system malfunction. The first
case contains a complete iced wing (k11−20Ice = 1.0)
and case 11 a fully de-iced right wing (k11−20Ice = 0.0).
The additional rolling moment coefficient as a sum
of each segments individual influence is given in
Fig. 15 versus the angle of attack. Because of the
de-icing cases all moments are opposed to the in-
dividual moment coefficients in Fig. 14. Similar
to the individual icing analysis the influence in-
creases with the angle of attack and beginning

wing separation. With all right wing segments de-
iced the additional rolling moment

∑
i ∆C il ,WIce also

shows a strong increase of icing influence over 10◦

and reaches almost a value of −0.136 at an an-
gle of attack of 15◦, which corresponds to about
118 % of the clean aircraft roll control authority.
Hence, the aircraft would be uncontrollable in that
case. Comparable results are obtained for the ad-
ditional yawing moments coefficient

∑
i ∆C in,WIce,

which reaches a maximum value of about −0.062

for the asymmetric ice case (k11−20Ice = 0.0) at α =

15◦.

Using the in Tab. 4 given pattern for the right
wing, the aircraft motion for an asymmetric wing
de-icing case can be simulated with the developed
model. The pattern is therefore transfered to a
de-icing command for each individual segment i ,
changing the corresponding state of the severity
factor k iIce linearly from 1 to 0 within 0.2 s. Af-
ter one segment is fully de-iced the process is trig-
gered for the next segment according to the pre-
defined pattern. To demonstrate these model ca-
pabilities a de-icing example case beginning with
a trimmed steady horizontal flight in 10000 ft with
an indicated airspeed of 160 kt is simulated, with
the de-icing process starting after 6 s of simulation
time. The resulting time histories of several aircraft
states and outputs are given in Fig. 16 illustrating
the aircraft’s behavior during and after the right
wing is de-iced. No counteracting pilot inputs are
applied, which results in an uncontrolled flight af-
ter the aircraft is asymmetrically de-iced. The de-
icing starts with segment # 15, which is located in
the mid part of the wing, followed by the further
outboard segment # 18. The aircraft starts to roll
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Figure 16: Dynamic aircraft behavior for right wing de-icing with random pattern (k1−10Ice = 1.0)

and yaw to the left resulting in a spiral motion.
With all segments de-iced the aircraft’s rolling rate
exceeds 15◦/s and due to the spiral motion the air-
speed increases with a loss of altitude.

According to Fig. 14 each segment has a differ-
ent influence on the lateral moments and hence
resulting aircraft motion, which also manifests in
the dynamic aircraft simulation. A detailed time
history plot of the resulting additional lateral mo-
ments and the rotational accelerations ṗ & ṙ for
the simulated de-icing process between t = 6 and
8 s is given in Fig. 17. Depending on the position
and the aerodynamic influence of each segment,
the resulting contribution to the additional lateral
moments is different during de-icing. The inboard
segments # 11 to # 14 have a small additional in-
fluence on the rolling motion at medium angles of
attack – as given in Fig. 14 – which means, that the
additional rolling moment caused by the de-icing
is also small. The removal of the ice influence of
segment # 12 beginning at 6.4 s or segment # 11

beginning at 7.4 s results in only a small additional
value of ∆C il ,WIce. During the de-icing of segment
# 12, the roll damping influence of the wing dom-
inates the roll acceleration and eliminates the ad-
ditional de-icing influence. For de-icing of seg-
ment # 11, the damping influence exceeds the ad-

ditional roll influences, and the aircraft’s roll ac-
celeration is reduced. In contrast, the removal of
the ice influence at the outboard segment # 19 at
t = 7.2 s significantly increases the roll accelera-
tion although the aircraft encounters a large roll
damping influence due to the established rolling
motion. A similar behavior with reduced effects is
visible for the yaw influence given also in Fig. 17.

With these first results, it can be stated, that
the new ∆-model formulation allows to reliably ac-
count for local wing icing effects and consequently
the behavior during and after icing removal.

6 CONCLUSION

In this paper a methodology to formulate the lo-
cal degrading effects of icing on aircraft aerody-
namics in a dynamic simulation is presented. The
developed ∆-model formulation allows to use an
arbitrary number of segments distributed over the
complete wing span which are individually respon-
sible for the local aerodynamic degradation. With
information of the iced aerodynamics available
through various different sources, the correspond-
ing model parameters of each segment can be de-
termined.
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Figure 17: Additional lateral moments during right
wing de-icing with random pattern
(k1−10Ice = 1.0, detailed plot of Fig. 16)

In the given example, the ∆-model is used to ac-
count for icing effects on the former DLR research
aircraft VFW 614 ATTAS. The results of CFD calcu-
lations of a three-dimensional ATTAS aircraft ge-
ometry with and without attached ice shapes are
the base for the ∆-model parameter estimation.
With the resulting new aerodynamic model the air-
craft behavior for different icing cases was eval-
uated. The simulation of an asymmetric de-icing
case where a random pattern is used to segment-
wise remove the right wing degradation shows the
model capabilities and allows to evaluate the air-
craft behavior in this special case as a first result.

With the herein developed model further eval-
uations concerning the flight performance, flight

dynamic changes, altered handling qualities will
be conducted. Also an additional formulation for
the degradation of the horizontal tailplane will be
developed similar to the wing ∆-model and de-
grading effects of icing on control surfaces will be
taken into account to analyze the aircraft control-
lability. New results of CFD calculation for differ-
ent ice shapes – generated with the new DLR icing
code TAUICE [33] – attached to the ATTAS aircraft
will result in different parameter sets and there-
fore further analysis. Hence, the differences be-
tween ice shapes with distinct degrading aerody-
namic influences on the aircraft will be evaluated.
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