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The ice crystal supercooled droplet mixed phase icing problem is an important research direction in aircraft icing and has received
more attention in recent years. The thermodynamic process of the water film after the ice crystals impact on the surface
determines the final ice shape, which is an important part of the accurate prediction of aircraft icing. In this paper, a
thermodynamic model of ice crystal supercooled droplet mixed phase icing is proposed based on the extended Messinger
model, according to the results of flow field and particle trajectory calculations. In this model, the mass and energy
conservation equations of ice crystals, supercooled droplets, and liquid water are considered. The equations take the process of
ice crystal adhesion and erosion into account, and the solution method of the equations is given. Ice shapes are calculated
under various ice crystal supercooled droplet mixed phase conditions and compared with experimental results to demonstrate
the validity of the numerical method. The effects of ice crystal erosion rate, melting ratio, and adhesion coefficient on the
calculation results are analyzed by a numerical method. The results show that the ice crystal erosion rate has little effect on the
ice shape, while a larger melting ratio and adhesion coefficient lead to more ice accretion.

1. Introduction

Icing phenomenon is a noteworthy problem in modern civil
aviation. It is generally accepted that aircraft icing is caused
by supercooled droplets impacting on the surface and freez-
ing [1, 2]. Aircraft icing will destroy the original aerody-
namic shape of the aircraft, resulting in a decrease in lift
and an increase in drag, affecting the flight performance of
the aircraft. At present, a lot of research has been carried
out on the icing problem caused by supercooled droplets,
and a large number of results have been achieved [3, 4]. In
the amendment to FAR25 Appendix O [5], supercooled
large droplets and ice crystals are included in the aircraft air-
worthiness certification. There is a growing concern about
icing problem caused by ice crystals [6, 7].

There is a great difference between ice crystal icing and
supercooled droplet icing. Firstly, ice crystals exist in high-
altitude clouds above 6700m, with a maximum water con-

tent of 9 g/m3 and a maximum diameter of 200μm [8].
The water content and diameter of the ice crystals are much
larger than that of conventional supercooled droplets, and
the meteorological conditions for icing between the two are
quite different. Secondly, when the ice crystals impact on
the dry surface of the aircraft, the ice crystals will not adhere
to the surface and will not freeze due to the low surface tem-
perature. However, when the ice crystals impact on the wet
surface of the aircraft, they will transfer heat and mass with
the water film on the surface, and thus, icing will occur. At
the same time, rebound, adhesion, and erosion will occur
during the ice crystal impact, and the adhesion process is
related to the content of ice crystal and the thickness of the
water film. Therefore, the mechanism of ice crystal icing is
quite different from that of supercooled droplets [9–11].
Finally, the icing range of supercooled droplet is determined
by surface water film flow processes, whereas ice crystal icing
is more complex. Ice crystals will increase the mass flux of

Hindawi
International Journal of Aerospace Engineering
Volume 2023, Article ID 6696084, 12 pages
https://doi.org/10.1155/2023/6696084

https://orcid.org/0000-0001-9164-1839
https://orcid.org/0000-0002-1940-8706
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/6696084


the surface water film during the icing process, leading to an
increase in the range of water film flow. The increase of
water film flow range will lead to more ice crystals impacting
on the surface to participate in ice accretion. Ice crystal icing
is therefore more extensive and hazardous than supercooled
droplet icing. It is the fact that ice crystal icing is more severe
and hazardous than supercooled droplets, which requires
special attention.

At present, the icing problem caused by ice crystals has
been studied by many researchers and numerous results
have been obtained. Khalil et al. [12] carried out wind tunnel
experiments on the performance of thermal anti-icing sys-
tems under mixed phase icing meteorological conditions,
and significant erosion phenomenon was observed. Struk
et al. [13] carried out rational research on ice crystal icing
of many small samples using ice crystal experimental device,
and icing and shedding processes were observed. Bartkus
et al. [14] analyzed the mixed phase icing experiment of
NACA 0012 airfoil and proposed two different types of ice
accretion based on different surface energy balance. Baumert
et al. [15] studied the mixed phase icing of NACA 0012 air-
foil and cylinder through experiments. By adjusting the con-
tent of supercooled droplets and ice crystals, the icing
conditions of different mixed phases were obtained and it
was found that the lower the temperature, the lower the icing
amount. In a numerical simulation, Wright et al. [16] added
the mass and energy terms related to ice crystals to the ther-
modynamic model of supercooled droplet icing and
obtained the thermodynamic model of mixed phase icing.
Nilamdeen and Habashi [17, 18] developed a mixed phase
icing model considering air, supercooled droplets, and ice
crystals to simulate the icing growth. In the absence of
experimental results, the effectiveness of the model was ver-
ified by using NACA0012 airfoil and cylinder. Trontin et al.
[19] proposed a semiempirical model considering the effect
of ice crystals on the mass and momentum conservation.
By adjusting the parameters in the model, the predicted
results of the model were consistent with the experimental
data. Norde et al. [20] used the Eulerian method to calculate
the trajectory of ice crystals and calculated the ice accretion
of ice crystals after impact. Zhang et al. [21] studied the
mixed phase icing of ice crystal based on a secondary devel-
opment of Fluent. Rios and Cho [22] divided the ice accre-
tion of ice crystals into two stages: the first stage is that the
ice crystals form a water film on the blade surface, and the
second stage is that the subsequent ice crystals are captured
by the water film, and then, ice accretion was calculated
using a modified Messinger thermodynamic model. Tsao
et al. [23] developed a thermodynamic model to describe
the icing of ice crystals on the unheated surface within the
compression system of a turbofan engine. Through the anal-
ysis of the experimental data, it is believed that the model
was able to capture some important qualitative trends of
the ice crystal icing process in the target region of low-
pressure compressor under different icing conditions.

In this paper, the numerical simulation method of the
icing process under the mixed phase of ice crystal and super-
cooled droplet is studied. The physical phenomena in the
process of ice crystal impacting on the surface is analyzed,

and the physical model of ice crystal impacting is developed.
Based on the improved Messinger model, the heat and mass
transfer process between the ice crystal and water film is
analyzed, and the phase transition model of icing after the
ice crystal impact is built to simulate the ice shapes of mixed
phase. The numerical simulation results are compared with
the experimental results to verify the correctness of the
method. Finally, the effect of different model parameters
on the calculation results is investigated.

2. Numerical Simulation Methods

The numerical simulation of mixed phase icing of ice crys-
tals and supercooled droplets mainly includes many mod-
ules such as mesh generation, flow field calculation, ice
crystal/supercooled droplet trajectory calculation, and ice
accretion model [24, 25]. In this paper, a two-dimensional
structural grid is used to mesh around the airfoil. The flow
field data is obtained by solving the N-S equation, and the
standard SST model is selected as the turbulence model.
Ice crystal/supercooled droplet trajectory calculation uses
Lagrangian method to calculate single particle trajectory,
and the surface collection coefficient is obtained by calculat-
ing a large number of particle trajectories in space. The col-
lection coefficient and air flow field data are used as the
input conditions of the ice accretion model. Mesh genera-
tion, flow field calculation, and ice crystal/supercooled drop-
let trajectory calculation methods have been relatively
mature, and this paper describes the ice accretion model in
detail.

2.1. Mixed Phase Icing Model. In order to simulate icing, it is
necessary to establish control units on the surface, and sub-
sequently, the mathematical model is constructed. The con-
trol units for icing calculations are distributed mainly on the
icing surface. The upper surface of the control unit is in con-
tact with the air, and the lower surface is a solid surface,
which can be an impingement surface or an ice layer. The
ice accretion model of mixed phase is extended based on
the Messinger theory. Ignoring the heat conduction inside
the ice layer and between the ice layer and the surface, the
mass and energy conservation equations of the control unit
are analyzed by using the control volume method.

2.1.1. Mass Conservation Equation. The mass conservation
equation within the control unit can be established as fol-
lows:

_Mclt,ic,w + _Mclt,ic,i + _Mclt,d + _Min = _Mevp + _Mout + _Mice, ð1Þ

where _Min is the mass flux of the liquid water flowing from
the upstream control unit into the current control unit,
_Mclt,d is the mass flux of the supercooled droplets impacting
on the surface, _Mclt,ic,w is the mass flux of the melted parts of
the ice crystals impacting on the surface, _Mclt,ic,i is the mass
flux of the unmelted parts of the ice crystals impacting on
the surface, _Mevp is the mass flux of water evaporated within

the control unit, _Mout is the mass flux of liquid water flowing
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from the current control unit into the downstream control
unit, and _Mice is the mass flux of liquid water frozen into ice.

In the mass equation, _Mclt,d is the mass flux of the super-
cooled droplets impacting on the surface, that is, the mass
flux of liquid water collected by the surface, which can be
expressed by the following equation after the flow field and
droplet trajectories have been calculated:

_Mclt,d = LWC ⋅ V∞ ⋅ βd , ð2Þ

where LWC is the liquid water content, V∞ is the far-field
inflow velocity, and βd is the droplet collection coefficient.

The mass flux of the melted parts of the ice crystals
impacting on the surface is as follows:

_mc,ic,i = IWCηicV∞βic: ð3Þ

The mass flux of the unmelted parts of the ice crystals
impacting on the surface is as follows:

_mc,ic,i = IWC 1 − ηicð ÞV∞βic, ð4Þ

where IWC is the ice crystal content, βic is the ice crystal col-
lection coefficient, and ηic is the ice crystal melting ratio.

The mass flux of water evaporated within the control
unit _Mevp can be obtained by the heat and mass transfer
analogy as follows:

_Mevp =
htc

CpaρaRvL
2/3
ew

es Twð Þ
Tw

−
es T∞ð Þ
T∞

� �
, ð5Þ

where htc is the convective heat transfer coefficient, which
can be obtained by boundary layer integration method;
Cpa is the specific heat capacity of air at constant pressure,
which can be taken as 1003:5J/ðkg ⋅ KÞ; ρa is the air density;
Rv is the water vapor gas constant, which can be taken as
461J/ðkg ⋅ KÞ; Lew is the Lewis number of the heat and mass
transfer analogy criterion, whose value is related to the water
content in the air, and can be taken as 1 under icing condi-
tions; and esðTwÞ and esðT∞Þ are the saturated water vapor
pressure corresponding to the surface temperature of the
control unit Tw and incoming flow temperature T∞, respec-
tively, which can be expressed as follows:

when Tw ≥ Tm,

es Twð Þ = 611:011 + 44:481 Tw − Tmð Þ + 1:419 Tw − Tmð Þ2
+ 0:0239 Tw − Tmð Þ3 + 1:744 × 10−4 Tw − Tmð Þ4:

ð6Þ

When Tw < Tm,

es Twð Þ = 609:603 + 49:495 Tw − Tmð Þ + 1:739 Tw − Tmð Þ2
+ 0:031 Tw − Tmð Þ3 + 2:292 × 10−4 Tw − Tmð Þ4:

ð7Þ

Tm is the phase change equilibrium temperature of
water, which is 273.15K.

As a result, the mass flux of flowing from the current
control unit into the downstream control unit _Mout can also
be obtained:

_Mout = _Mclt,ic,w + _Mclt,ic,i + _Mclt,d + _Min − _Mevp − _Mice: ð8Þ

Under the assumptions of the Messinger model, the
mass flux of water flowing into a particular control unit is
equal to the mass flux of water flowing out of its upstream
control unit.

2.1.2. Energy Conservation Equation. After defining the
meaning of each item in the mass equation, the expression
for the energy equation can be obtained. The energy conser-
vation equation in the control unit is established as follows:

_Qclt,ic,w + _Qclt,ic,i + _Qclt,d + _Qin + _Qcond = _Qevp + _Qout + _Qice + _Qhtc,
ð9Þ

where _Qin is the heat flux of the liquid water flowing from
the upstream control unit into the current control unit,
_Qclt,d is the heat flux of the supercooled droplets impacting
on the surface, _Qclt,ic,w is the heat flux of the melted parts
of the ice crystals impacting on the surface, _Qclt,ic,i is the heat
flux of the unmelted parts of the ice crystals impacting on
the surface, _Qcond is the heat flux conducted by the surface,
_Qevp is the heat flux of evaporation, _Qout is the heat flux of
the liquid water flowing out of the current control unit,
_Qice is the heat flux of liquid water frozen into ice, and
_Qhtc is the heat flux of convective heat transfer.

As the temperature of water remains constant during the
freezing phase change, the heat flux in the energy equation
are expressed in terms of enthalpy in order to better simulate
the icing process.

The heat flux of the supercooled droplets collected
within the control unit consists of the internal and kinetic
energy of the supercooled droplets.

_Qclt,d = _Mclt,d Cpi ⋅ Tm + Lf + Cpw T0 − Tmð Þ + 1
2V

2
d

� �
: ð10Þ

Similarly, the heat flux of the ice crystals collected within
the control unit includes both the internal and kinetic energy
of the ice crystals.

_Qclt,ic,w = _Mclt,ic,w Cpi ⋅ Tm + Lf + Cpw T0 − Tmð Þ + 1
2V

2
d

� �
,

ð11Þ

_Qclt,ic,i = _Mclt,ic,i Cpi ⋅ T0 +
1
2V

2
d

� �
, ð12Þ

where Cpi is the specific heat capacity of ice at constant pres-
sure, which can be taken as 2261J/ðkg ⋅ KÞ; Lf is the latent
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heat of ice melting, which can be taken as 3:35 × 105J/kg;
Cpw is the specific heat capacity of water at constant pres-
sure, which can be taken as 4187 J/ðkg ⋅ KÞ; and Vd is the
velocity of supercooled droplets or ice crystals impacting
on the surface, which can generally be approximated as the
inflow velocity, namely, Vd ≈V0.

The heat flux taken away by evaporation _Qevp can be
described by the following expression:

_Qevp = _Mevp Cpi ⋅ Tm + Lf + Cpw Tw − Tmð Þ + Le
È É

, ð13Þ

where Le is the latent heat of water evaporation, which can
be taken as Le = 2:5 × 106J/kg in the calculation.

The heat flux of the liquid water flowing from upstream
control unit _Qin can be expressed as

_Qin = _Min Cpi ⋅ Tm + Lf + Cpw Tw − Tmð ÞÂ Ã
: ð14Þ

The heat flux of the liquid water flowing from the con-
trol unit to the downstream control _Qout can be expressed as

_Qout = _Mout ⋅ Cpi ⋅ Tm + Lf + Cpw Tw − Tmð ÞÂ Ã
: ð15Þ

In the icing calculation, the anti-icing and deicing system
is generally not considered, and the surface is considered to
be adiabatic, so the heat flux conducted by the surface is
equal to 0:

_Qcond = 0: ð16Þ

The heat flux of convection heat transfer _Qhtc can be
obtained from the convection heat transfer calculation equa-
tion:

_Qhtc = htc Tw − Trecð Þ, ð17Þ

where htc is the convective heat transfer coefficient, which
can be solved by the boundary layer integral method in icing
calculation, and Trec is the boundary layer recovery temper-
ature, which can be expressed as follows:

Trec = r
V2

b

2Cpa
, ð18Þ

where r is the recovery coefficient and Vb is the airflow
velocity at the outer boundary of the boundary layer.

The heat flux of liquid water frozen into ice _Qice is

_Qice = _MiceCpiTw ð19Þ

2.2. Adhesion Effect of Ice Crystal. In the study of supercooled
droplet icing, it is generally assumed that droplets fully adhere
to the surface after impacting on the surface and participate in
the process of icing phase change, but the physical process of
ice crystal impingement is quite different from that of super-
cooled droplets. The adhesion of the ice crystal impingement
varies depending on the surface condition. When there is no

liquid water on the surface, ice crystals will rebound after hit-
ting the surface, and no ice crystals will adhere to the surface.
According to ice crystal experiments by Baumert et al. [15],
only a small part of the rebound ice crystals will impact on
the surface again, which has little effect on the whole icing pro-
cess. Therefore, the rebound process can be considered that
the ice crystal does not adhere to the surface and does not
affect the movement of other ice crystals.When the ice crystals
impact on the surface of water film, adhesion phenomenon
will occur, especially under the mixed phase of ice crystals
and supercooled droplet conditions. Trotin and Villedieu
[26] analyzed the effect of liquid water content in the mixed
phase on the adhesion of ice crystal impingement based on
the experiment and given the corresponding empirical equa-
tions. According to this equation, the adhesion coefficient of
the ice crystal under mixed phase conditions can be obtained.
By introducing the adhesion coefficient that only takes into
account the melting of ice crystals without supercooled drop-
lets εs,ic and the adhesion coefficient that takes into account the
combined effect of supercooled droplets and ice crystals εs,d,
the final adhesion coefficient used ε is the larger of the two:

ε =max εs,ic, εs,dð Þ, ð20Þ

where

εs,ic = K ic − 2ð Þη3ic + 3 − 2K icð Þη2ic + K icηic, ð21Þ

εs,d = Kd Yd + ηicY icð Þ, ð22Þ
where ηic is the melting ratio of ice crystal, which is 0 when the
ice crystal does not melt completely. According to the experi-
ment under the ice crystal condition, it can be taken as 0 <
ηic < 0:2. Yd is the ratio of the mass of supercooled droplets
impacting on the surface to the total mass of particles impact-
ing on the surface. Y ic is the ratio of the mass of ice crystals
impacting on the surface to the total mass of particles impact-
ing on the surface. It can be found that the sum of Yd and Y ic
is 1, which can be expressed as follows:

Yd =
_Mclt,d

_Mclt,d + _Mclt,ic
, ð23Þ

Y ic =
_Mclt,ic

_Mclt,d + _Mclt,ic
: ð24Þ

K ic and Kd are constants. Considering that the lower the
surface temperature is, the less ice crystals will adhere, espe-
cially on the dry surface with lower temperature, the ice crys-
tals will not adhere. Thus, the constants Kd in the adhesion
model are related to the surface temperature.

K ic = 2:5, Kd =
0:6 Ts ≥ Tm,
0 Ts < Tm:

(
ð25Þ

From the above definition,Yd + ηicY icthe ratio of all the
water in liquid form impacting on the surface to the total mass
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of the impingement particles can be found. Thus, if the ice
crystal in the mixed phase does not melt, ηic = 0; then, ε =
max ðεs,ic, εs,dÞ = εs,d = KdYd.

When ice crystals and supercooled droplets impact on the
surface under mixed phase conditions, due to the low ambient
temperature, it can be assumed that the ice crystals do not melt
during the movement process, and the adhesion coefficient is
simplified to ε = KdYd. Considering the ice crystal adhesion
effect, the mass flux of ice crystals that actually adhere to the
icing surface and participate in the icing process l is as follows:

_Mclt,ic,i = εV∞IWC 1 − ηicð ÞβicA: ð26Þ

2.3. Erosion Effect of Ice Crystal. Another major difference
between the process of ice crystal and supercooled droplet
impacting on the surface is that the erosion phenomenon will
occur when the ice crystal impact on the surface of the ice
layer. As ice crystals are brittle particles, part of the ice flies
out under the impingement of ice crystals, resulting in the
reduction of ice layermass. The icing wind tunnel experiments
have found that the erosion phenomenon has a strong influ-
ence on the icing process of ice crystals, which will lead to
the reduction of ice amount. At present, the research on ice
crystal erosion usually uses the erosion rate εer to characterize
the effect of erosion on ice accretion. It can be found that the
erosion rate is related to many parameters such as the velocity,
angle, and mass of ice crystal impingement, and the relevant
empirical relationship can be established according to the
experimental data. Trontin and Villedieu [26] developed an
erosionmodel based on the results of wind tunnel experiments
with icing and obtained an empirical model of erosion rates in
the following equation:

εer = E′ Vt,ic
V0

� �2 yl0
yl0 −min yl, yl0ð Þ 1 + l0kð Þ2Â Ã

, ð27Þ

where yl is the mass fraction of liquid water in the ice layer.
E′ = 0:3, yl0 = 0:6, l0 = 0:015c, and V0 = 84:5m/s.

Based on the existing wind tunnel experimental data, the
empirical coefficient is obtained, and the mass fraction of liq-
uid water in the ice layer is considered. The higher the liquid
water content is, the more obvious the ice crystal erosion effect
is. Empirical coefficients were obtained based on available
wind tunnel experimental data, and the mass fraction of liquid

water in the ice layer was taken into account. It was concluded
that the higher the liquid water content is, the more obvious
the ice crystal erosion effect is. The higher the content of solid
ice crystals, the weaker the erosion effect. The erosion effect is
infinitely greater when the mass fraction of liquid water
reaches 0.6. At the same time, the model considers that the
erosion effect is related to the tangential velocity of ice crystal
impact, but this will lead to the abnormal calculation results
near the stagnation point. Therefore, the model considers that
the erosion effect increases with the increase of surface curva-
ture, and the erosion rate is corrected by curvature.

According to the assumption of empirical equation, the
mass flux of erosion is determined by the erosion rate and
the impingement mass of ice crystals:

_Mer = min _Mice, min 1, εerð Þ _Mclt,ic,i
À Á

: ð28Þ

It can be seen that the erosion must be less than the icing
on the surface.

2.4. Solution Method of Model. For a two-dimensional airfoil,
the mass flux of liquid water flowing into the control unit at
the stagnation point is considered to be 0. The liquid water
within the control unit at the stagnation point is divided
equally into two parts, which overflow to the upper and
lower surfaces, respectively. There is a constraint relation-
ship between the water flowing into and out of the control
unit, that is, the mass flux of the water flowing out of the
upstream control unit is equal to the mass flux of the water
flowing into the downstream control body.

The specific method for solving the ice accretion model
of mixed phase icing is as follows: the icing surface is divided
into upper surface and lower surface from the stagnation
point. First, the control body at the stationary point is calcu-
lated. Then, the downstream control units are solved
sequentially for the upper and lower surfaces, respectively,
until the surface water overflow limit is reached, and the
solution of all control units is completed.

For each control unit, the ice accretion model is solved
by an iterative process. It is assumed that the surface temper-
ature Tw is equal to the melting temperature Tm. According
to the energy conservation equation, the mass flux of frozen
ice _Mice is obtained as follows:

The results within the control unit can be determined
from the mass flux of frozen ice _Mice as follows:

(1) If _Mice > _Mclt,ic,w + _Mclt,ic,i + _Mclt,d + _Min, it means
that the mass flux of frozen ice is greater than the

total mass flux of liquid water in the control unit,
and all liquid water within the control unit is frozen
into ice. Then, the assumption of Tw = Tm is not ten-
able. At this time, Tw < Tm, icing state is glazed ice.
Set _Mice = _Mclt,ic,w + _Mclt,ic,i + _Mclt,d + _Min, Tw can

_Mice =
_Qclt,ic,w + _Qclt,ic,i + _Qclt,d + _Qin − _Qevp − _Qhtc

� �
− _Mclt,ic,w + _Mclt,ic,i + _Mclt,d + _Min − _Mevp

À Á
Cpw Tw − Tmð ÞÂ Ãn o

Cpi Tw − Tmð Þ − Lf − Cpw Tw − Tmð ÞÂ Ã : ð29Þ
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Figure 1: Continued.
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be obtained by the iterative calculation of the energy
conservation equation

(2) If 0 < _Mice < _Mclt,ic,w + _Mclt,ic,i + _Mclt,d + _Min, it means
that the solid ice crystal impingement within the con-
trol unit are not completely melted, and the liquid
water within the control unit is not completely frozen.
Ice and water exist at the same time. The assumption
of Tw = Tm is valid, and the icing state is rime ice

(3) If _Mice < 0, it means that the solid ice crystal
impingement within the control unit is melted, and
there is no ice in the control unit; only liquid water
is present. Then, the assumption of Tw = Tm is not
tenable. At this time, Tw > Tm, the surface is in a
wet state. Set _Mice = 0, Tw can be obtained by itera-
tive calculation of the energy conservation equation

Through the above process, the ice accretion model is
solved, and the surface temperature Tw and the mass flux
of frozen ice _Mice of each control unit on the surface are
obtained. After solving the ice accretion model, the freezing
rate can be defined as follows:

f =
_Mice

_Mclt,ic,i + _Mclt,ic,w + _Mclt,d + _Min
: ð30Þ

The mass flux of frozen ice is first solved from the equa-
tions of mass and energy conservation. The icing growth rate
can be obtained by subtracting the mass flux of frozen ice of
each control unit from the mass flux loss caused by erosion
[26]. The ice shape can be obtained by converting icing
growth rate into ice thickness and increasing it along the
surface normal direction. The ice thickness calculation equa-
tion is as follows:

H =
_Mice − _Mer

À Á
t

ρice
, ð31Þ

where t is the icing time and ρice is the ice density.

3. Method Validation

In order to verify the correctness of the method in this
paper, several calculation conditions are used [27]. As pure
ice crystals do not lead to icing, the ice crystal supercooled
droplet mixed phase icing conditions are used for calcula-
tion. The calculation model is NACA0012 with the chord
length of 0.9144m, so the same grid is used in the calcula-
tion. As shown in Figure 1(a), the two-dimensional struc-
tured grid is used to mesh the flow field grid around the
airfoil. The far field distance is set at 10m to ensure that
the flow field is not affected by the boundary condition.
The total number of grid nodes is 22000, of which the num-
ber of grid nodes on the airfoil surface is 200. The grid inde-
pendence calculations are performed by selecting the grid
heights of 0.05mm, 0.01mm, 0.005mm, and 0.001mm for
the first layer, respectively. It is confirmed that when the grid
height of the first layer is 0.005mm, y+ ≈ 1 and the flow field
calculation results changed slightly, and the grid meet the
calculation requirements. In the flow field calculation, the
results shown in Figure 1(b) are obtained by solving the N-
S equations, and the standard SST model is selected as the
turbulence model. Figure 1(c) shows the motion trajectory
of 150μm ice crystals calculated using the Lagrangian
method [28], and the collection coefficients are shown in
Figure 1(d). The calculated icing results will be compared
with the experimental results and the calculation results of
existing method in the reference [19].
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Figure 1: Icing calculation process.

7International Journal of Aerospace Engineering



3.1. Condition (1). The inflow Mach is 0.163, the ambient
pressure is 98 kPa, and the angle of attack is 0°. The droplet
diameter is 20μm, LWC = 0:7 g/m3, the ambient tempera-
ture is 266.18K, and the icing time is 600 s. The calculated
ice shape is compared with the experimental result and ref-
erence result as shown in Figure 2.

3.2. Condition (2). The inflow Mach is 0.163, the ambient
pressure is 98 kPa, and the angle of attack is 0°. The droplet
diameter is 20μm, LWC = 0:7 g/m3, the ice crystal diameter
is 200μm, IWC = 0:7 g/m3, the ambient temperature is
266.18K, and the icing time is 600 s. The calculated ice shape
is compared with the experimental result and reference
result as shown in Figure 3.

3.3. Condition (3). The inflow Mach is 0.165, the ambient
pressure is 98 kPa, and the angle of attack is 0°. The droplet
diameter is 20μm, LWC = 0:3 g/m3, the ice crystal diameter
is 150μm, IWC = 0:7 g/m3, the ambient temperature is

260.65K, and the icing time is 600 s. The calculated ice shape
is compared with the experimental result and reference
result as shown in Figure 4.

3.4. Condition (4). The inflow Mach is 0.165, the ambient
pressure is 98 kPa, and the angle of attack is 0°. The droplet
diameter is 20μm, LWC = 0:7 g/m3, the ice crystal diameter
is 150μm, IWC = 0:3 g/m3, the ambient temperature is
260.65K, and the icing time is 600 s. The calculated ice shape
is compared with the experimental result and reference
result as shown in Figure 5.

Through the above comparison between the calculation
results and the experimental results under the different con-
ditions [27], it can be seen that the calculation results of this
paper are in good agreement with experimental results,
which show the feasibility of the calculation model. Com-
pared with condition (1), condition (2) increased the ice
crystal content. It can be seen that the experimental results
of condition (2) decreased compared with condition (1),
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Figure 2: Comparison of ice shapes for condition (1).
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Figure 5: Comparison of ice shapes for condition (4).
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indicating that there is an erosion effect in addition to the
adhesion effect of the ice crystals. Conditions (3) and (4)
are glazed ice conditions and the calculations agree well with
the experimental results. Compared with the ice accretion
model in reference [19], it can be found that the model in
this paper can effectively simulate ice shapes under different
conditions, and the calculation results are closer to the
experimental values under some conditions. From the per-
spective of engineering applications, the predicted ice shape
results in this paper are more conservative and more mean-
ingful for aircraft icing and anti-icing design.

It is worth noting that the calculation results for other
conditions are very similar, but the ice shapes for condition
(2) are larger than the experimental values. This is due to the
higher ice crystal content and the higher icing temperature
in condition (2), which makes the erosion effect more obvi-
ous. The erosion rate of 0.3 selected from the reference is not
suitable for this condition, which indicates that it is neces-
sary to study the effect of various model parameters on the
icing characteristics.

4. The Effect of Different Model Parameters on
the Icing Characteristics of Ice Crystal

In order to investigate the effect of different model parame-
ters on the calculated results, the effects of erosion rate, melt-
ing ratio, and adhesion coefficient on the calculated ice
shape are compared, respectively.

4.1. The Effect of Ice Crystal Erosion Rate on Icing
Characteristics. The erosion effect is mainly reflected in the
erosion rate in the calculation model, and the magnitude
of the erosion rate is expressed as an effect on the ice crystal
to icing rate. Therefore, this paper mainly studies the effect
of erosion rate on ice shapes.

Validation condition (2) is chosen for the calculation
model and conditions. According to the basic erosion rate
in the reference being 0.3, the ice shapes for erosion rates
of 0, 0.3, 0.5, 0.8, 1, and 1.2 are studied in this paper,
respectively.

The ice shapes under different erosion rates are shown in
Figure 6. As can be seen from the figure, with the increase of
the erosion rate, the overall amount of ice gradually
decreases. This is due to the enhancement of erosion, and
the erosion effect on the icing is gradually reduced. Different
erosion rates have a certain effect on the calculation results.
The erosion effect will lead to the removal of a portion of the
ice layer during the ice crystal impact process. The stronger
the erosion effect, the smaller the amount of ice accretion.
For condition (2), comparing the calculation results under
different erosion rates, it can be seen that the calculation
results obtained with larger erosion rates are closer to the
experimental values.

The erosion mainly occurs on the upper and lower sides,
and erosion near the stagnation point is relatively small. This
is because according to the erosion calculation equation, ero-
sion is related to the tangential velocity of the impingement,
while the tangential velocity near the stagnation point is rel-
atively small; hence, the erosion amount is relatively small.

4.2. The Effect of Ice Crystal Melting Ratio on Icing
Characteristics. The ice crystal melting ratio is the percent-
age of ice crystals that have become liquid during the ice
crystal movement. Different melting ratios of ice crystal will
lead to changes in the physical process of ice crystal icing,
which will have a great effect on the final ice shape. There-
fore, the effect of melting ratios on the ice shape is mainly
studied.

Validation condition (2) is chosen for the calculation
model and conditions. Normally, the ice crystal melting ratio
is 0 because the temperature of the ice crystals is the same as
the ambient temperature and lower than 0 degrees centi-
grade. In certain conditions, especially when ice crystals
enter the engine inlet, melting may occur. The ice shapes
for melting ratios of 0, 0.1, 0.2, 0.5, and 0.8 are investigated,
respectively, and the results are shown in Figure 7.

It can be seen from the figure that with the increase of
the melting ratio, the overall amount of icing gradually
increases and the icing range gradually expands. As the
melting ratio increases, the proportion of liquid water in
ice crystals gradually increases. More ice crystals will be
involved in surface heat and mass transfer after impacting
on the surface, which is equivalent to an increase in the total
amount of liquid water collected on the surface. The liquid
water on the surface flows to the upper and lower sides
and gradually freezes under the influence of the ambient
environment. Therefore, with the increase of melting ratio,
the amount and range of ice accretion will increase.

When the melting ratio exceeds 0.5, the range of ice
accretion will increase more and the amount of ice accretion
will also be greater. This is because the impact range of ice
crystals is larger than the impact range of droplets. When
the melting ratio is small, only a small portion of the melted
ice crystals collected outside the impact range of droplets.
Although this portion of the melted ice crystals can form
ice, under the impact of a large number of unmelted ice
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Figure 6: Comparison of ice shapes for different erosion rates.
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crystals, these small amounts of ice will fly away due to the
erosion effect, making it difficult to generate an ice layer.
When the melting ratio is relatively large, more melted ice
crystals participate in the icing process, while the erosion
effect of unmelted ice crystals decreases. More molten ice
crystals enter the mixed phase icing phase transition,
increasing the amount and flow range of liquid water, result-
ing in a significant increase in icing amount and icing range
of ice crystals.

4.3. The Effect of Ice Crystal Adhesion Coefficient on Icing
Characteristics. The ice crystal adhesion coefficient refers to
the percentage of ice crystals that will adhere to the surface
during the impingement of ice crystals. The difference of
the adhesion coefficient will affect the amount of collected
ice crystals, which in turn affect the icing process of ice crys-
tals, and ultimately have a greater impact on the ice shape.
Thus, the effect of the adhesion coefficient on the ice shape
is mainly investigated.

Validation condition (2) is chosen for the calculation
model and conditions. The adhesion coefficient can be cal-
culated to be around 0.2 according to the equations. In this
paper, the adhesion coefficients are set to 0.2, 0.5, 0.8, and
1, respectively, and the ice shapes are calculated as shown
in Figure 8.

As can be seen from the figure, with the increase of the
adhesion coefficient, the overall amount of icing gradually
increases, but the icing range does not expand significantly.
This is due to the fact that as the adhesion coefficient
increases, it indicates that ice crystal impinging on the wet
surface are more likely to adhere to the surface rather than
splash out. The amount of ice crystals adhering to the sur-
face gradually increases, and more ice crystals are involved
in the heat and mass transfer on the surface. Under the
action of the external environment, ice crystals and droplet
icing, resulting in an increase of ice accretion. However, out-

side the droplet impingement area, due to the absence of liq-
uid water, ice crystals do not adhere to the dry surface after
impact. The adhesion coefficient is meaningless for dry sur-
faces, and no ice crystals participate in the icing process.
Therefore, the increase in the adhesion coefficient will not
lead to ice accretion outside the icing range of droplets.

5. Conclusion

The numerical simulation method of icing under the mixed
phase of ice crystal supercooled droplet is studied, and a ther-
modynamic model of mixed phase icing is proposed. Based on
the improved Messinger model, the mass and energy conser-
vation equations of ice crystals and supercooled droplets
impacting on the surface are established. The erosion and
adhesion phenomena during ice crystal impingement are
investigated in the model, and the solution method of the con-
trol equations is given. In order to verify the numerical calcu-
lation method in this paper, the ice shapes of several mixed
phase conditions are calculated, and the results are compared
with the experimental results, which prove that the model pro-
posed in this paper is effective. The ice shapes of the mixed
phase condition are investigated under different model
parameters, and the effects of erosion rate, melting ratio, and
adhesion coefficient on the ice shape are mainly studied. Based
on the numerical simulation method in this paper, the follow-
ing conclusions are obtained:

(1) The ice accretion model of ice crystal supercooled
droplet mix phase proposed in this paper can simu-
late the ice shape under different conditions, and the
calculated results are in agreement with the experi-
mental results

(2) Under the mixed phase condition of ice crystal
supercooled droplet, the erosion rate has a relatively
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Figure 7: Comparison of ice shapes for different melting ratios.
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small effect on the ice shape. The larger the erosion
rate is, the smaller the ice shape is

(3) Themelting ratio in the process of ice crystalmovement
has a great impact on the ice shape. The higher the
melting rate, the more liquid water film on the surface,
and the larger the amount and range of ice accretion

(4) The coefficient of adhesion of ice crystals has a cer-
tain influence on icing; the larger the coefficient of
adhesion, the greater the amount of icing, but the
range of icing is almost constant

(5) The ice crystal adhesion coefficient has a certain
effect on ice accretion. The larger the adhesion coef-
ficient, the greater the amount of icing, but the icing
range is almost unchanged
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