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ABSTRACT

Ice accretion threatens aircraft safety. With the wide application of unmanned aerial vehicles (UAVSs), the
design of ice-tolerant UAVs has become a problem that must be solved. Forty conditions for the
continuous/intermittent maximum icing conditions were sampled in Appendix C of Federal Aviation
Regulations Part 25. Herein, numerical simulations of icing were performed on an NACA 0009 airfoil for 5,
15, and 30 min, and the ice mass and ice shapes were obtained at different times. Numerical simulations of the
aerodynamic characteristics of the iced configuration at 5, 15, and 30 min were conducted, and the coefficients
of lift, drag, and pitch moment were obtained. Surrogate models of the ice shape, mass of the ice accretion, lift
coefficient, drag coefficient, and pitch moment coefficient at different moments were built based on proper
orthogonal decomposition and kriging interpolation. The results demonstrate that the surrogate models
accurately predicted the ice shape, ice mass, lift coefficient, drag coefficient, and pitch moment coefficient at
different moments. Compared with the numerical simulation results, the maximum relative errors of the ice
mass, lift coefficient, drag, and pitch moment predicted by the surrogate models were 7.8%, 3.4%, 3.9%, and
7.6%, respectively. This method can help in designing the ice-tolerant UAVs and envelope determination under
icing conditions.

Keywords: Ice tolerance; Envelope protection; Icing; POD; Kriging.

1. INTRODUCTION developed a practical envelope protection scheme.
Hossain et al. (2003) developed an iced aircraft
envelope protection system. Pei et al. (2018)
developed an approach for the quantitative

assessment of the flight risk under icing conditions.

When an aircraft flies through a cloud containing
supercooled droplets, ice accretion can occur on the
wing surface. Aircraft icing is considered to be one
of the most serious hazards affecting flight safety
(Smith 1929). Although various efforts have been
made to solve icing problems in past decades, ice
accretion on aircraft remains a major threat to flight
safety (Potapczuk 2013). Significant efforts have
been made to avoid icing risks during flights. One of
the risk prediction methods is based on the pilot
report, through which pilots communicate the current
intensity of icing and estimate whether the aircraft
can maintain safe operation before entering the
reported area. However, this report is ambiguous and

Recently, unmanned aerial vehicles (UAVS) have
played an important role in various fields, such as sea
ice monitoring (Wang et al. 2018), search and rescue
(Scherer et al. 2015), and icing detection on wind
turbines or power lines (Bhola et al. 2018). Several
UAV missions require operation under harsh
weather conditions. However, the icing of UAVs
restricts their application. In addition, the available
solutions for the de-icing/anti-icing of UAVs are
limited (Idris et al. 2020).

subjective (Zeppetelli and Habashi 2012). Bragg et
al. (2002) developed a smart icing system (SIS). The
SIS uses system identification to predict aircraft
performance and control changes in icing conditions.
Sharma et al. (2004) studied a typical autopilot
structure for flights under icing conditions and

UAVs must satisfy strict icing safety requirements
(Cebeci and Kafyeke 2003). Vukits (2002) stated
that the best way to avoid natural icing hazards is to
have accurate forecasts, know what conditions lead
to natural icing, and accordingly avoid them. Gui et
al. (2017) noted that boundary protection is
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important to guarantee the safety of aircraft and
proposed the concept of multiple safety boundaries
of iced aircrafts. The safety boundaries in aircraft
icing can be divided into boundaries of weather, ice
shape, and flight performance.

Guided by this background, a method for icing risk
management is proposed. The spatial distribution of
icing meteorological conditions in the target area and
their changes over time can be obtained using a
weather research and forecasting (WRF) model.
Various researchers have confirmed that the WRF
can accurately predict icing meteorological
conditions (Thompson 2019). The icing influence
can be determined quickly with the help of the
surrogate models. Thus, the safety envelope or
graded safety zones under icing conditions in the
target zones can be derived.

The numerical simulation of ice accretion includes
the solution of the airflow field, calculation of water
droplet impingement characteristics, calculation of
icing, grid displacement, and continuous iteration
until the icing time is reached; therefore, the time
cost of the numerical simulation of icing is relatively
large. Consequently, quickly obtaining the iced
configuration and the change in aerodynamic
characteristics under icing conditions is essential for
quickly determining the safety boundary. A reduced-
order model based on proper orthogonal
decomposition (POD) can quickly obtain the
required results while ensuring accuracy. In fluid
dynamics and turbulence analyses, POD is used to
replace the Navier—Stokes equations (Berkooz et al.
1993). Jaiswal et al. (2022) used POD to explain
airfoil tonal noise amplitude reduction. Kim et al.
(2022) studied the influence of varying the frequency
of a synthetic jet on flow separation over an airfoil
using POD. Radmanesh et al. (2021) used POD to
estimate wildfires and plan UAV paths.

The basic principle of POD involves extracting a
series of orthogonal basis vectors from an existing
sample set. The original sample space can be
described by a linear superposition of these vectors.
Some low-energy modes can then be discarded
according to the required accuracy to form a low-
order subspace, which can be quickly reconstructed
from the sample space. For conditions that are not
included in the sample space, the results can also be
predicted quickly with the linear combinations of the
vectors and the associated coefficients. The
coefficients can be obtained using surrogate models.

A variety of surrogate models have been developed,
including response surface models, kriging models,
radial basis function models, neural networks, and
support vector regression. The kriging model
provides the predicted value of the unknown function
and also the error estimate of the predicted value,
which is a significant feature that distinguishes the
kriging model from other methods. The kriging
model is attracting increasing attention from
researchers because of its good approximation ability
for nonlinear functions and its unique error
estimation function. Kriging interpolation was
proposed by the South African engineer Krige (1951)
and has been widely used in various fields.
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Optimization with kriging interpolation has been
applied to structural optimization design (He et al.
2014) and high-speed train shape design (Yao et al.
2013). Pellissier et al. (2012) optimized an anti-icing
chamber using POD and kriging methods. Liu et al.
(2019) predicted the ice shapes on airfoils using the
POD and kriging methods.

The present study focused on fast prediction of the
ice shape and the variation in ice mass and the
coefficients of the lift, drag, and pitch moment with
the iced configuration. Therefore, surrogate models
related to these parameters were constructed based
on POD and kriging methods. By utilizing the
continuous/intermittent maximum icing conditions
in Appendix C of the Federal Aviation Regulations
(FAR) Part 25, numerical simulations of icing were
performed to obtain the ice shapes and ice mass for
5, 15, and 30 min. Numerical simulations of
aerodynamic characteristics were performed on the
iced configuration at different moments, and the lift,
drag, and pitch moment coefficients were obtained.
Based on the data acquired, POD and kriging
methods were used to build the surrogate model that
can quickly predict the lift coefficient, drag
coefficient, pitch moment coefficient, ice shape and
ice mass at 5, 15, and 30 min.

2. METHOD

Fast prediction of the multiple parameters related to
an iced airfoil based on POD and kriging methods
includes the following: numerical simulation of ice
accretion, which aims to obtain the ice shapes and ice
mass at different moments; numerical simulation of
the iced configuration to obtain the aerodynamic
characteristics at different moments; and the
construction of surrogate models based on POD and
kriging methods for the ice shape, ice mass, and
coefficients of lift, drag, and pitch moment.

2.1 Numerical Simulation of Icing
2.1.1 Airflow field calculation

The airflow field is described by the conservation
equations for mass, momentum, and energy (Jia
2018). The mass conservation equation is as follows.

%

+V-(p,V,) =0 (1)
where p, and \7 are the density and velocity of
a

air, respectively. The momentum conservation
equation is

) \7 - - > - -
Pela 1V (p,V,V)=V-0"+p,g @
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Here, p, and 4, are the static pressure and
dynamic viscosity of air, respectively.

The energy conservation equation is
op,E., 2 >
pa : +V (pava Ha) =
(®)
V[, (VT,)+v,e" 1+ p, 9V,
where E, is total internal energy, H, is enthalpy,

and x, is the thermal conductivity.

2.1.2. Calculation of droplet impingement

characteristics

There are two main methods to establish the motion
equation of supercooled water droplets: the Lagrange
and Euler methods. The Lagrange method calculates
the stress of the droplets according to Newton's
second law. The Euler method regards droplets and
air as a homogeneous gas-liquid two-phase flow and
establishes the motion equation of water droplets in
the Euler coordinate system. In the present study, the
Euler method was used to calculate droplet motion.
These equations can be written as follows (Jia 2018).

aa — —
E"'V' (an)=0 (6)
M + e[a\a ®\7d ] =

a ™
C, Re,

a(V,-Vy) +a(-L2)+

24K p,. Fr’

. - -> .
where @ is the water volume fraction, and v, is

the velocity of the droplets. The first term on the right
side of Eq. (7) is the drag acting on the droplets. The
drag is related to the droplet Reynolds number,
coefficient of drag Cq, and relative velocity of the air
and droplet. The droplet Reynolds number is

padva,oo '\/a_v
Re, = —— 1~ "l ®)
Ha
The inertial parameter K can be calculated by
d?v
K — pd a,n (9)
18L, u,

The second term on the right of Eq. (7) represents the
buoyancy and gravity forces, which relate to the local
Froude number:

Voo |
N

The coefficient of drag is calculated by

Fr= (10)
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C, =(24/Re,)(1+0.15Re,**")
for Re, <1300

C,=04

for Re, >1300

11

The water collection coefficient § can be written as

- -
Furthermore, the water collected by the surface can
be written as

m, =/4-LWC-V, (13)

2.1.3. Ice accretion model

Figure 1 shows the mass and heat transfer when the
water film flows over the surface. On a solid surface,
the water is modeled as a thin liquid film, and the
film is driven by the shear force to run back
(Bourgault et al. 2000). During the running-back
process, the film may freeze, evaporate, or sublimate
according to the thermodynamic conditions.

Evaporation/
Sublimation
hy=height of
the film

Impingement

Fig. 1. Schematic of water film on the surface.

The film velocity is a function of x = (x1, x2) and y,
where x = (x, X2) are the coordinates on the surface,
and y is the coordinate normal to the surface.
Because the water film is extremely thin, the velocity
of the film can be considered to have a linear
distribution. Thus, the velocity can be calculated by

V, (%) = L Zavan ()

14
Hi =

where Zaywa" (;) is the shear stress of air. The

average velocity across the film thickness can be
derived as

- - 1 ¢y
Viooy) == [ Vi oy)dy
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The mass conservation of the water on the surface
can be written as

(15)
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where the terms on the right of Eq. (16) are the mass
of droplet impingement, mass of evaporation, and
mass of ice accretion, respectively. The energy
conservation of water on the surface can be written
as follows.

athf-lif - - N

pil[———+V-(Vihc Ti)]=
ot
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where the first three terms on the right-hand side are
the heat transfer generated by the impinging water
droplets, evaporation, and ice accretion,
respectively. The last three terms are the radiative,
convective, and conductive heat fluxes, respectively.
Compatibility relations are necessary to close the
system of equations.

h, >0
[

Mice 20
} (18)
h, T, >0

Mice Tf <O

These inequalities ensure that when the equilibrium
temperature is below the freezing point (273.15 K),
there is no liquid water, and when the temperature is
above 273.15 K, there is no ice.

2.2 Numerical Simulation
Characteristics

After obtaining the ice shapes of the NACA 0009
airfoil at 5, 15, and 30 min under different icing
conditions, numerical  simulations of the
aerodynamic characteristics of the ice configurations
were performed. The aerodynamic characteristics of
the iced configuration, such as the coefficients of the
lift, drag, and pitch moment, were obtained by
solving the Navier-Stokes equations, and the
Spalart-Allmaras turbulence model was used in the
solving process. The semi-implicit method for
pressure linked equations algorithm is used to solve
the basic equations. The pressure, momentum,
turbulent kinetic energy, and energy terms are
discretized in a second-order manner. The pressure
and momentum relaxation is 0.4, and the
convergence accuracy is set to 1e-5. The lift and drag
coefficients are monitored during the simulation
until the changes in these coefficients are less than
0.0001 and 0.00001, respectively.

of Aerodynamic

2.3 Surrogate Model
2.3.1 Proper orthogonal decomposition

POD has been applied in various fields. It is a method
that reduces the complexity of simulations. POD can
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rebuild an intermediate solution using a series of
previous solutions or snapshots. The solutions can be
expressed as a set of linear combinations of basis
functions and coefficients (Sirovich 1987):

(19)

The basis functions can be extracted from the
eigenvalue problem associated with the cross-
correlation matrix, which is related to combined
snapshots. Because the vector space is orthonormal,
the coefficients are simply the dot product of the
corresponding eigenfunction with the snapshot itself.
The target solution can be written as a linear
combination of the following basis functions:

(20)

2.3.2.  Kiriging interpolation

Kriging interpolation is a method in which the
interpolated values are modeled using a Gaussian
process governed by the prior covariance. The best
unbiased prediction of the intermediate values can be
obtained using Kriging interpolation. The prediction
of Kriging interpolation includes the global model
and localized departures, as follows (Han 2016).

y(x) = f(x)+Z(x)

where y(x) is the prediction of the interest x, f(x) is
the approximation function that provides a global
model of the design space, and Z(x) gives the

localized deviations with mean zero, variance o2 ,

and nonzero covariance. The covariance matrix of
Z(x) can be calculated by

CovZ(x), Z(x;)]="R(R(X,,X,)])

(21)

(22)

where R is a symmetric matrix, R(X;,X;) is the
Gaussian correlation function between any two of the
sampled points X; and X;, and R(Xi,Xj) can be
calculated by

R(X.,X;) =exp(-)_6, IXL - Xk"IZ) (23)
k=1

where 6, is the unknown correlation parameter

used to fit the model, and XL and ij are the kth

component of the sample points X; and X;. The

predicted estimates, ;(x), of the response y(x) of x

can be determined by

yx)=p+r'RI(y—f p) (24)
where y and f are both column vectors of length, y
contains the sample values of the response, and f is
filled with ones when f(x) is taken as a constant.

Here, ¢T can be calculated by
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r' (x) =[R(X, %), R(X, %)-..R(x, x, )" (25)
and ﬁ» is estimated by

B=(f"Rf)f Ry (26)
The variance sz is estimated by

o =[y-t AR (y- T plIn, @

where f(x) is assumed to be a constant, & . The

estimation of &, can be determined by

maxd)(ﬁk):—[nS In(ofz)+ln|R|}/2 (28)

where UAz and |R| are the functions of 6, . The

optimal kriging model can be obtained by solving
Eq. (28). In the present study, kriging was achieved
using the OODACE toolbox.

3. VALIDATION

3.1 Validation of the Icing Simulation

Ice accretion is affected by the temperature, liquid
water content (LWC), velocity, median volume
diameter (MVD) of the droplets, etc. There are
always two types of ice accretion on aircraft: rime ice
and glazed ice. Rime ice generally forms at
temperatures below 264.15 K, and glazed ice forms
between 264.15 and 273.15 K. The surface of rime
ice is generally rough, and its shape is generally
consistent with the leading edge of the airfoil. Glazed
ice is relatively transparent, and ice horns always
form on the leading edge of the airfoil. Glazed ice
poses a greater threat to aircrafts. Therefore, two
different icing conditions were chosen to validate the
icing simulation, and the ice shapes obtained by the
simulation were compared with the results in the
literature (Shin and Bond 1992). Table 1 lists the
icing conditions used to validate the numerical
simulation of icing.

Table 1 Icing conditions used in the icing
numerical simulation validation cases

No. 1 2
V, m/s 67.05 67.05
AOA, ° 4 4
MVD, pym 20 20
LWC, g/m? 1 1
T, K 267.05 244.75
t, min 6 6

Figures 2 and 3 show the boundary conditions and
mesh of NACA 0012, and the number of grids is
300,000.

Figure 4 shows a comparison of ice shape between
the experimental and numerical simulation results of
the two validation cases. The ice shapes obtained by
numerical simulation are consistent with the
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experiments, and the numerical simulation can
efficiently capture the ice horn on the leading edge
of the airfoil. Therefore, it is considered that the
numerical simulation of icing can accurately obtain
the ice shape.

/ = far
| L

NACA 0012

s

fa r/

Fig. 3. Grid of NACA 0012.
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(b) Rime ice

Fig. 4. Comparison of ice shapes between the
numerical simulation and experimental result.

3.2 Validation of Aerodynamic Characteristics
Simulation

The aerodynamic characteristics of the iced
configuration were numerically analyzed, and the
coefficients of the lift, drag, and pitch moment
obtained were compared with the experimental
results. Owing to the greater impact on the
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aerodynamics of glazed ice, in the present work, the
aerodynamic characteristics of the configuration
with glazed ice were numerically simulated and
compared with previous results (Bragg and Coirier
1986).

Figure 5 shows the ice shape of NACA 0012 with
glazed ice. Table 2 lists the icing conditions of
NACA 0012.

0.3

——NACA0012
TIce shape

o —

021

0.3 ' L . . L L . . L ' .
0.1 0.0 01 02 03 04 05 06 07 08 09 1.0 LI

xe

Fig. 5. Glazed ice shape of NACA 0012.

Table 2 Conditions used in the aerodynamic
characteristics validation cases

Chord, m Ma Re
0.5334 0.12 1.5E+6

Figure 6 shows a comparison of the coefficients of
lift, drag, and pitch moment between the simulated
results and experimental results of NACA 0012 with
glazed ice. The figure indicates that the numerical
simulation of aerodynamic characteristics can yield
accurate coefficients of lift, drag, and pitch moment
of the iced configuration.

4, RESULTS AND DISCUSSION

4.1 Numerical Simulation of and

Aerodynamic Characteristics

Appendix C of FAR Part 25 illustrates the
continuous/intermittent maximum icing conditions.
Forty icing conditions for each of the continuous and
intermittent maximum icing conditions were
obtained using optimal Latin hypercube sampling
(OLHS). Figure 7 shows the samples under
continuous/intermittent maximum icing conditions.
Table 3 lists the flight conditions of the NACA 00009.

Icing

Table 3 Flight conditions of NACA 0009

Parameters Values
Chord, m 1
AOA, ° 3
Indicate airspeed, m/s 10

Numerical simulations of ice accretion were
performed for the 80 samples for 5, 15, and 30 min,
and the ice shapes and ice mass at different moments
were obtained. Thereafter, the aerodynamic
characteristics were simulated numerically for the
iced configurations. Some of the results are
illustrated below. The icing conditions for these
cases are listed in Table 4.
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Table 4 Icing conditions of part samples

T, H, MVD, LWC,
No.
K m pum g/m3
1 260.70 4800 25.25 0.2099
2 237.95 7739 24.87 0.5105
3 268.48 1990 23.09 2.0867
14
12 Experiment
= Simulation
10
0.8
S 0.6

(a) Lift coefficient

0.12

Experiment
= Simulation

0.10

2 1 6 8 100 12 14 16 18
AOA (D)
(b) Drag coefficient

0.20
0161 Experiment
0.12F = Simulation
0.08
0.04

=] ,,_._.l———l————f—’—‘/_‘_—

S 0.00
-0.04 |
-0.08 -
012
0.16 |

ool oo
0 2 4 6 8 10 12 14 16 18
AQA ()

(c) Pitch moment coefficient

Fig. 6. Comparison of lift, drag, and pitch
moment coefficients of NACA 0012 with
glazed ice shape.

Figure 8 shows the ice shapes at 5, 15, and 30 min
for cases 1-3. The figures indicate that ice
accumulates continuously on the leading edge of
the NACA 0009 with increasing time. The
temperatures of cases 1 and 2 are lower, the ice
shapes are rime ice, and the ice shapes are
generally consistent with the leading edge of the
NACA 0009. The temperature in case 3 is higher,
and the ice shape is glazed ice. An ice horn can be
seen on the upper leading edge of the NACA
0009. Compared with the ice shapes in Figure 4,
the ice shapes in Fig. 8 appear more regular. This
is because the ice accretion is a continuous
accumulation process and the ice generated has an
impact on the airflow field and the droplet




J. Niu et al. / JAFM, Vol. 16, No. 2, pp. 325-336, 2023.

impingement characteristics, while these changes
also affect the ice formation. Compared with the
icing condition in Fig. 4, the greatest difference in
the icing condition in Fig. 8 is its lower velocity.
The indicated velocity is only 10 m/s. Eq. (13)
shows that the amount of collected water shown
in Fig. 4 is larger than that in Fig. 8 for the same
time, indicating that the ice formed is larger and
the impact on the airflow field and droplet
impingement characteristics is greater than those
in Fig. 8. Therefore, the ice shapes appear more
regular.

09
osl —T=273.15K
——T=263.15K
07r T=253.15 K
. 06) T=243.15K
T *  Sampl
_Eﬂ sl amples
—~ .
O opal
=
= o3f
) [
02
0.1k
0.0 ‘ . . . . ‘
10 15 20 25 30 35 40 45
MVD (pm)
(a) Continuous maximum icing conditions
3.5
ol ——T=273.15K
——T=263.15K
25t T=253.15K
o T=243.15K
£ 200 T=233.15K
5 =233.
o s . e Samples
z .
= ot
L ]
0.5
0.0
05 R

10 15 20 25 30 35 40 45 50 55
MVD (um)
(b) Intermittent maximum icing conditions

Fig. 7. Samples of continuous/intermittent
maximum icing conditions.

Tables 5 and 6 list the ice mass and the coefficients
of lift, drag, and pitch moment of cases 1-3 at
different moments. Table 5 shows that the ice mass
increases with an increase in time. Different ice types
have different effects on the aerodynamic
characteristics. Cases 1 and 2 are rime ice. The ice
has little effect on the coefficients of lift and drag
owing to the shape consistency of the rime ice. Case
3 is glazed ice. The glazed ice results in a reduction
in lift and an increase in drag. However, ice accretion
in all the cases leads to an increase in the pitch
moment coefficient.

Table 5 Ice mass of the cases 1-3 at different
moments (kg/m)

No. 5 min 15 min 30 min
1 | 6.3630E-03 | 1.9366E-02 | 3.8433E-02
2 | 2.2047E-02 | 6.6198E-02 | 1.2968E-01
3 | 3.0559E-02 | 9.3401E-02 | 1.9179E-01

Table 6 Lift/drag/pitch moment coefficients of
cases 1-3 at different moments

5 15 30
No. . ; -
min min min
1 3.386 | 3.383 3.382
Cl (*0.1) 2 3.386 3.387 3.381
3 3.357 3.337 3.218
cd 1 1.282 | 1.285 1.279
(*0.01) 2 1.313 1.314 1.315
' 3 1.269 | 1.363 1.413
cm 1 2.642 2.728 2.784
(*0.001) 2 2.185 2.289 2.584
' 3 3.824 | 4.260 10.337
0. 04
—— NACA 0009
0.03F Case 1-5 min
0.0z F Case 1-15 min
Case 1-30 min
0.01
< 0.00F
-0.01
-0.02
0.03 1

0.04 . L L L . . . L
~0.05-0. 04-0. 03-0. 02-0. 010.00 0.01 0.02 0.03 0.04 0.05
x/e

(a) case 1
0.04
—— NACA0009
0.03 Case 2-5 min
0.02 | Case 2-15 min
Case 2-30 min
0.01F
£ 0.00f
-0.01}
-0.02 |
0.03

-0 1 L L 1 L L 1 1 1

. 04
=0. 05-0. 04-0. 03-0. 02-0.01 0. 00 0.01 0.02 0.03 0.04 0.05
x/e

(b) case 2

0. 04

—— NACA 0009

0.03 1 Case 3-5 min

Case 3-15 min
Case 3-30 min

0.0l

-0.02

—-0.03

-0. 04 : - -
0. 05-0. 04-0. 03-0. 02-0. 01 0. 00 0. 01 0.02 0.03 0.04 0. 05
x/c

(c) case 3
Fig. 8. Ice shapes of cases 1-3 at 5, 15, and 30
min.

Figure 9 illustrates the pressure contours and
streamlines of the cases 1-3 at 30 min. Because the
ice accretion of cases 1 and 2 is small, the ice shape
does not significantly change the shape of the leading
edge; therefore, the streamline does not change
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considerably as well. In contrast, case 3 has a larger
ice shape that changes the shape of the leading edge
more, forming horns on the upper and lower surfaces
of the leading edge of the wing, and resulting in
separation in the area behind the horns. Figure 10
shows the pressure coefficient distribution of the
three cases at 5, 15, and 30 min. Clearly, case 3 has
a drastic change in the pressure coefficient at the
leading edge of the upper and lower airfoils because
of the separation at 30 min, leading to a large change
in its pitch moment at 30 min.

Pressure’Pa 55460 55470 55480 55490 55500 55510 55520 55530 55540 55550

(a) case 1

Pressure/Pa 35970 36980 36990 37000 37010 37020 37030 37040 37050 37060

(b) case 2

-

Pressure’Pa

(c) case 3

79590 79600 79510 79620 79630 79640 79650 79660 79670

Fig. 9. Pressure contour and streamlines at 30

min.
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Fig. 10. Pressure coefficient distribution at
different moments.

4.2 Prediction of the Surrogate Model

Numerical simulations of ice accretion were
performed for 80 samples for 5, 15, and 30 min, and
the ice mass and ice shapes were obtained at different
moments. Numerical simulations of the aerodynamic
characteristics of the NACA 0009 with iced
configurations were performed, and the lift, drag,
and pitch moment coefficients were obtained. Based
on the obtained data, surrogate models were
established based on POD and kriging interpolation
to predict the operating conditions at nonoperating
points. Three cases were selected to validate the
accuracy of the surrogate model. Table 7 lists the
conditions for these cases.

Table 7 Conditions of validation cases.

No. | T,K | H,m | MVD,um | LWC, g/m®
1 255 | 3000 25 0.1500
2 265 | 1000 20 0.1978
3 250 | 5000 30 0.6992
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Figures 11-13 illustrate the ice shape comparison of
the results between the surrogate models and icing
numerical simulation at 5, 15, and 30 min. The ice
accretion of the cases at 5 min was slight for the short
icing time, as shown in Fig. 11. The results of the
surrogate models and numerical simulation are
nearly the same. As time progresses, ice accumulates
on the leading edge of the NACA 0009. Figure 12
shows the ice shapes at 15 min, comparing the
surrogate models and numerical simulation. Figure
12 shows that the ice shapes of the surrogate model
match well with the ice shapes of the numerical
simulation. Ice accumulates increasingly over time,
leading to large changes near the leading edge, as
shown in Fig. 13(c). However, the ice shape
predicted by the surrogate models is consistent with
the simulation results. Compared with Fig. 8, the
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Fig. 11. Ice shape comparison of the cases at 5
min.

biggest difference between the conditions in Fig.
13 is that the LWC is lower. Ice accretion is
affected by temperature, LWC, MVD, speed, etc.
According to a previous study (Makkonen 1981),
ice accretion can be divided into glazed ice and
rime ice, which correspond to wet and dry growth,
respectively. The regimes of dry and wet growth
and the critical LWC can be found in the
literature. When the LWC exceeds the critical
LWC, the result is glazed ice. The critical LWC is
a function of the wvelocity, temperature, and
maximum droplet collection coefficient. For
cases 1 and 2 in Fig. 8 and cases 1-3 in Fig. 13,
the growth type is dry growth, indicating the
formation of rime ice. For case 3 in Fig. 8, the
growth is wet growth, resulting in the formation

of glazed ice.
0. 06
——NACA 0009
0. 04 Case 1-15 min-simulated
Case 1-15 min-predicted
0.02
< 000t
-0.02 F
-0.04 |
0. 06 . : L : L .
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
x/e
(a) case 1
0.06
——NACA 0009
0.04 F Case 2-15 min-simulated
Case 2-15 min-predicted
0.02
R
-0.02 |
—0.04 |
0. 06 . . . | 1 .
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
x/e
(b) case 2
0.06
—— NACA 0009
0.04F Case 3-15 min-simulated
Case 3-15 min-predicted
0.02
< oot
-0.02
-0.04 |
0,06 L L L . ) .
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
x/e
(c) case 3
Fig. 12. Ice shape comparison of the cases at
15 min.
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Fig. 13. Ice shape comparison of the cases at
30 min.

Figures 14-17 illustrate the ice mass and coefficients
of lift, drag, and pitch moment, comparing the
predicted results with the numerical simulation and
absolute error. The surrogate models accurately
predict the parameters related to the iced airfoil at
different moments. The maximum relative errors of
the ice mass and the coefficients of lift, drag, and
pitch moment are 7.8% for case 2 at 30 min, 3.4%
for case 2 at 30 min, 3.9% for case 2 at 30 min, and
7.6% for case 2 at 5 min, respectively. A large
relative error occurs under the conditions of case 2
because there were fewer sampling conditions near
case 2. The prediction accuracy can be improved by
adding sampling conditions near case 2.

5. CONCLUSIONS

Icing limits the wide application of UAVs. The fast
prediction of ice shapes and variation in aerodynamic
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results.
0.016
P Case 1
0.014-
Z0.012-
0.010-
0.008 ' ' ' '
0 5 10 15 20 25 30 35
0.016
—=—Case 2
0.014
Z0.012- 5 —3
0.010-
0.008
0 5 10 15 20 25 30 35
0.016
r Case 3
0.014 -
Z0012- 2 ¥ —F
0.010
0.008 . . ' .
0 5 10 15 20 25 30 35
t(min)

Fig. 16. Drag coefficient comparison of
surrogate models and numerical simulation
results.

characteristics is beneficial to UAV safety. Herein,
80 samples were obtained by OLHS, and the ice
accretions and aerodynamic characteristics of the
iced configuration were numerically simulated for 5,
15, and 30 min to obtain the ice shape, ice mass, and
coefficients of lift, drag, and pitch moment at
different times. Based on POD and kriging methods,
surrogate models were constructed for the ice shape,
ice mass, and aerodynamic coefficients at different
times. The results demonstrate that the ice shape
predicted by the surrogate model is consistent with



J. Niu et al. / JAFM, Vol. 16, No. 2, pp. 325-336, 2023.

0.0040
0.0033
£ 00030
= 0.0025
0.0020
0.0015
1.0040
0.0035
£ 00030
~0.0025
0.0020
Q0015
0.0040
0.0035
£ 0.0030
~ 0.0025
0.0020
Q0015

Case 3

50 2I5 Bb

t (min)
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results.
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the results obtained by numerical simulations. The
maximum relative error of ice mass predicted by the
surrogate model is 7.8%, and the maximum relative
errors of the lift, drag, and pitch moment coefficients
are 3.4%, 3.9%, and 7.6%, respectively. The results
indicate that the surrogate model based on POD and
kriging methods can quickly and accurately predict
the changes in the ice shape, ice mass, and
aerodynamic characteristics at different times. This
is beneficial to the flight safety of UAVs under icing
conditions.
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