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Abstract: This study investigates the dynamic behavior and heat transfer of ice crystals in high⁃temperature air flow 
after being ingested by an aero⁃engine. A numerical model under the Lagrange framework is built to simulate ice 
crystal motion， heat and mass transfer. Different ice crystal melting models and ice crystals with various shapes and 
sizes are also compared. The results show that when using the “naked” ice particle model， it takes longer to 
completely melt compared with the water cover model. It takes 0.04 s for a 20 μm particle to melt， but the melting 
rate of a “naked” ice particle is faster before 0.023 s. Under the same condition， the liquid water content of a spherical 
ice crystal is high， and that of a 20 μm spherical one is 49.05% at the outlet. The liquid water contents of ellipsoidal 
and hexagonal plate ice crystals are close， which are roughly 40% at the outlet. The smaller the size， the earlier the 
crystals start to melt， and the higher the liquid water content of the crystals. The liquid water content is 60.4% of a 
20 μm ice crystal and only 15.5% of a 40 μm one at the outlet.
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0 Introduction 

Aircraft icing problems were recognized as ear⁃
ly as the beginning of modern flight. The first report⁃
ed aircraft icing can be traced back to 1920s［1］. Re⁃
searchers first discovered and studied the phenome⁃
na of supercooled water droplets icing. Related pre⁃
diction and protection have also been widely applied 
in practice［2］. However， since 1990s， there has 
emerged an increasing number of accidents caused 
by engine thrust loss at the altitude of 6.7 km even 
though supercooled water droplets rarely exist 
there. According to the accident investigation and 
analysis conducted by the relevant authorities， the 
main cause of accidents is the adhesion and freezing 
of ice crystals after being ingested by the engine［3］.

In recent years， intensive investigations have 
been conducted to resolve the problem of ice crystal 
icing inside engines via theoretical and numerical 
modelling， and experiment［4⁃5］. For the ice crystal 
melting and freezing process， Villedieu et al.［6］ and 
Trontin et al.［7］ proposed the ice crystal freezing 
model based on the supercooled water droplet freez⁃
ing model， which divided the ice crystal melting 
phase transition into three processes， namely subli⁃
mation of supercooled ice crystal， ice crystal melt⁃
ing and evaporation of droplets after melting com ⁃
pleted. Lou et al.［8］ proposed three models of ice 
crystal melting， which are respectively the “naked” 
ice model， the water film cover model and the po⁃
rous model. They compared the first two models 
and showed that the water film cover model had a 
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faster melting rate. Norde［9］ and Nilamdeen et al.［10］ 
used the Euler method to simulate ice crystal freez⁃
ing in airfoils and engines， considering the complex 
processes of ice crystal adhesion， fragmentation and 
erosion of ice crystals. Veres et al.［11⁃13］ applied an 
engine icing computational tool to simulate the flow 
through a turbofan engine and assess the risk of ice 
accretion. They found that the ice accumulation was 
affected by the local wet bulb temperature，ice crys⁃
tal speed and ice crystal liquid water content. Feul⁃
ner et al.［14⁃15］ used the Monte Carlo particle trajecto⁃
ry simulation method and studied the motion and 
crushing process of ice crystal particles ingested by 
the engine， and found that the ice crystal fragmenta⁃
tion mainly occurred on the low⁃pressure compres⁃
sor blades. The internal flow field， ice crystal iner⁃
tia and centrifugal effect of the compressor had great 
effects on the radial distribution of ice crystals. Nil⁃
amdeen et al.［16⁃17］ extended the original supercooled 
water icing software and developed a mixed⁃phase 
icing calculation program for air， water droplets and 
ice crystals， and conducted the three⁃dimensional 
modeling on the ice crystal freezing in an engine to 
obtain the evolution process of ice shape on the sur⁃
face of stator blades.

However， relevant research in China is still in 
its infancy stage. Especially， the motion， heat trans⁃
fer and icing characteristics of ice crystal ingested in 
the turbofan engine are rarely studied. Tan［18］ used 
the Euler method to simulate the freezing of airfoil 
ice crystals， used the Messinger model to obtain the 
ice shape， and found that freezing is easier to occur 
in a low⁃pressure environment. Bu et al.［19］ and Guo 
et al.［20］ modified the Messinger model to calculate 
the icing of NACA0012 airfoil under mixed⁃phase 
conditions. The results showed that liquid water 
content， airflow temperature and ice crystal adhe⁃
sion effect have great influences on the amount and 
profile of icing. Jiang et al.［21］ used the Lagrange 
method to study the motion， heat transfer and adhe⁃
sion of ice crystals to the engine. They obtained ice 
profile of the surface area of stator. Guo et al.［22］ sim⁃
ulated the movement and heat transfer of ice crystals 
in a typical large icy wind tunnel configuration based 

on Euler method， and clarified the thermal/force 
balance characteristics of medium ice crystals in 
large icy wind tunnels. Ma et al.［23］ developed an air⁃
foil icing model on the NNWICE platform， and ana⁃
lyzed the influence of ice crystal shape and flow pa⁃
rameters on the phase transition and adhesion of 
moving ice crystals.

Most of the reported studies simplify ice crys⁃
tals as spherical particles. Ice crystals in clouds can 
undergo freezing and condensation， leading to com⁃
plex shapes and size distributions. Therefore， in 
simulations of ice crystal freezing， it is crucial to 
take into account the impact of irregular particles 
which can affect the behavior of ice crystals. 
Naturally⁃formed ice crystals also have different 
melting phase transition processes under high⁃speed 
air flows， so it is necessary to compare and analyze 
different melting models. In this study， by using the 
Lagrange method， the dynamic behavior and heat 
and mass transfer of ice crystals after being ingested 
into an engine are investigated numerically. The 
heat transfer characteristics of ice crystals inside an 
aircraft engine are obtained. In the model， different 
melting models of crystals are compared， and the ef⁃
fects of shape irregularity of ice crystals and com ⁃
pressor blade thickness are examined. This study 
consolidates the foundation for further numerical 
simulation on ice crystal icing phenomena in aircraft 
engines.

1 Numerical Modeling

According to the two⁃phase flow theory， the ic⁃
ing condition of aircraft ice crystals is in the range of 
unidirectional coupled dilute two⁃phase flow， and 
the following assumptions are made.

（1） Only consider the effect of air flow on ice 
crystals， and neglect the effect of ice crystals to air 
flow.

（2） Ice crystals neither condense nor break in 
motion.

（3） Neglect internal temperature variation of 
an ice crystal， and the viscosity and density remain 
unchanged during the movement.
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1. 1 Motion and heat transfer model of ice crys‑

tals　

In the engine flow channel， the ice crystal parti⁃
cles are affected by a variety of forces， including vis⁃
cous force FD， gravity and buoyancy FG， Magnus 
force FM， Basset force FB， etc. According to New⁃
ton’s second law

M ice
du ice

dt
= FD + FG + FB + FM (1)

where M ice is the mass of the ice crystal and duice/dt 
the acceleration of the ice crystal. M ice is a function 
of the radius of ice crystals shown as

M ice = 4πρ ice R 3
ice /3 (2)

where ρice is the ice density and R ice the radius of ice 
crystals.

Since ice density is much greater than that of 
air， and the size of an ice crystal is small， the vis⁃

cous force is two to three orders of magnitude great⁃
er than gravity， only the viscous force is consid⁃
ered， and other forces such as gravity with smaller 
magnitude are negligible. Combined with the drag 
coefficient， the equation of motion can be expressed 
as

du ice

dt
= 3CD ρ air

8ρ ice R ice
| u air - u ice |( u air - u ice ) (3)

where ρair is the air density， CD the drag coefficient 
of ice crystals， uair the airflow velocity， and uice the 
ice crystal velocity.

Lawson et al.［24］ measured and generalized the 
size and shape of ice crystal particles in cirrus 
clouds. The classification of the ice crystal shape is 
shown in Fig.1（a）. They are categorized into the 
following mathematical models： Spherical， ellipsoi⁃
dal， columns， hexagonal plate ice crystals， as 
shown in Fig.1（b）.

The sphericity is defined by Φ =Ap /A， where 
Ap is the surface area of the sphere with the same 
volume as the ice crystal， and A the actual surface 
area of the ice crystal. Φ is used to measure the de⁃
gree to which the non⁃spherical ice crystal approxi⁃
mates the spherical shape， and then further correct 
the drag coefficient and heat and mass transfer coeffi⁃
cient of the movement. By comparing the CD correc⁃
tion methods of various non⁃spherical particles pro⁃

posed in the studies［9，25⁃26］， the empirical correlation 
of spherical， ellipsoidal and Columns is

CD ( Re,Φ )= 24
Re

( 1 + A ⋅ ReB )+ C
1 + D/Re

(4)

where A ( Φ )= exp ( 2.328 8- 6.458 1+ 2.448 6Φ 2 )；
B ( Φ ) =0.096 4+0.556 5Φ ；C ( Φ ) = exp ( 4.905 -
13.894 4Φ + 18.422 2Φ 2 - 10.259 9Φ 3 ) ； D ( Φ ) = 
exp( 1.468 1+12.258 4Φ-20.732 2Φ 2+15.885 5Φ 3 ) .

Calculation empirical correlation of CD with a 

Fig.1　Classification of the shape of ice crystal particles in clouds and simplifying mathematical models[24]
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hexagonal plate ice crystal

CD = ( )64
πRe

( 1 + 0.142Re0.887 ) (5)

where Re is the relative Reynolds number.
The ice crystals that are sucked into the engine 

experience a temperature difference with the sur⁃
rounding hot air. As a result， the outer surface of 
the ice crystal melts into a water film， which either 
falls off or covers the surface of the ice crystal and 
continues to evaporate. Due to this melting process， 
the diameter of the ice crystal particles decreases. 

This phase change melting process can be simplified 
into the following two idealized models.

The first model is the “naked” ice particle mod⁃
el， where the ice crystal particles are always in con⁃
tact with air without any external water layer. In this 
model， once the outer surface melts， the resulting 
water film is blown away from the surface of the ice 
particles. The second model is the water cover mod⁃
el， where the water film resulting from melting cov⁃
ers the outer surface of the ice crystal particles， as 
shown in Fig.2.

The initial stage of both models involves the 
sublimation process of supercooled ice crystals， 
with a heat transfer relationship as

hA ( T air - T ice )+ L sg
dM ice

dt
= C pi M ice

dT ice

dt
(6)

The mass transfer relation is
dM ice

dt
= hm A ( ρga - ρgi ) (7)

where h is the convective heat transfer coefficient on 
the surface of the ice crystal， Cpi the specific heat ca⁃
pacity of ice crystals， hm the mass transfer coeffi⁃
cient on the surface of ice crystals， ρga the density of 
water vapor in the air， ρgi the saturation vapor densi⁃
ty on the surface of the ice crystal， Tair the airflow 
temperature， Tice the ice temperature， and Lsg the 
sublimation heat of ice.

For the “naked” ice model， after the ice crys⁃
tals begin to melt， all the heat absorbed from the air 
is used for the melting process， and the energy bal⁃
ance equation is

dM ice

dt
⋅ L sl = hA ( T air - T ice ) (8)

where Lsl is the melting heat of ice crystals.

For the water cover model， after the ice crys⁃
tals begin to melt， the heat absorbed from the air is 
used for the melting of ice crystals and the evapora⁃
tion of the water film. The energy conservation rela⁃
tionship therefore is

hA ( T air - T ice )= L lg
dM g

dt
+ L sl

dM ice

dt
(9)

where Llg is the heat of vaporization of water， Lsl the 
heat of melting of ice crystals， and Mg the mass of 
water film evaporated into vapor.

The mass of the ice⁃water mixture is the sum ⁃
mation of those of ice and water， which is also 
equivalent to the mass of the ice⁃water mixture at 
the initial moment of melting minus the mass of 
evaporated water vapor

M mix = M ice + M water = M sm - M g (10)
where Mmix is the mass of the ice⁃water mixture， 
Mwater the mass of water in the ice⁃water mixture， 
and Msm the mass of the ice⁃water mixture at the ini⁃
tial moment of melting.

The equivalent density ρmix of ice⁃water mix⁃
tures can be determined by the mass of ice and wa⁃

Fig.2　Schematic diagram of two melting models
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ter as

ρmix = M ice

M mix
ρ ice + M water

M mix
ρwater (11)

Assuming that the water film produced after 
the melting of ice crystals evenly covers the surface 
of the particles， the equivalent radius Rmix of the 
ice⁃water mixture can be calculated from the equiva⁃
lent density

Rmix = 3M mix / ( )4πρmix
3

(12)

Similarly， the heat transfer of non⁃spherical 
particles is corrected， and the number of 
non⁃spherical particles Nu is calculated as［26］

Nu = 2 Φ + 0.55Pr 1/3 Φ 1/4 Re (13)
where Pr is the Prandtl number.

The mass transfer coefficient of ice crystal or 
ice⁃water mixture is obtained by heat and mass 

transfer analogy as

hm = h
ρ air C pa Le2/3 (14)

where Cpa is the specific heat capacity of air， and Le 
the Lewis number.

The density of ice crystals is 919.1 kg/m3 in 
this study， and the thermophysical parameters of 
water and air including density， viscosity， specific 
heat capacity and thermal conductivity are calculated 
according to temperature interpolation.

1. 2 Engine flow channel model　

This study uses the typical low⁃pressure stage 
compressor model of Ref.［27］ for calculation. 
Fig. 3 shows a five⁃stage compressor planar blade 
grid， with each stage composed of rotors and 
stators.

The NACA airfoil family thickness distribution 
is adopted［28］. In order to facilitate the calculation， a 
polynomial expression is selected as

y=± c
0.2 ( 0.296 90 x - 0.126 00x- 0.351 60x2 +

0.284 30x3 + 0.101 50x4 ) (15)
where c = 5% is the relative thickness， and x and y 
are dimensionless horizontal and ordinate coordi⁃
nates of the blade profile line relative to the chord 
length， respectively.

Ref.［22］ is used to perform triangulation on 
the inlet and outlet of the rotor. This provides the 
axial and circumferential velocities of airflow within 
the flow channel. Interpolation and calculation are 
then used to determine the temperature and pressure 
of the airflow at all stages. The calculation follows a 
discrete time and progressive space method， as de⁃
picted in Fig.4.

2 Result Analysis 

2. 1 Comparison of two melting models　

The “naked” ice particle model and the 
water⁃covered model are both simplified. It is neces⁃

Fig.3　Schematic diagram of ice crystals passing through the interior of a low⁃pressure stage compressor[27]

Fig.4　Calculation flow chart
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sary to compare the two models as they both exist in 
actual processes.

In Fig.5， a comparison is made between the 
melting processes of the “naked” ice particle model 
and the water⁃covered model under the same 
high⁃temperature air flow environment and with the 
same initial conditions of ice crystals. The specific 
running parameters are： constant airflow environ⁃
ment with Uair =50 m/s， Tair=50 ℃ ， h=10%； 
R ice=20 μm， Tice =-20 ℃ for ice crystal initial con⁃
ditions. The melting trends of the two models are 
similar， but the “naked” ice particle model takes 
longer to completely melt under the same working 
conditions. Specifically， the 20 μm particle takes 
0.038 s to completely melt in the “naked” ice parti⁃
cle model. This is because， in the “naked” ice parti⁃
cle model， the radius of the ice crystal decreases 
over time， resulting in a reduction of the surround⁃
ing air convection heat transfer area. This， in turn， 
it leads to lower convective heat transfer during the 
later stages of melting compared to earlier stages. In 
contrast， when covered with a water film， the out⁃
side of the ice particle is wrapped with a water film， 
which keeps the heat exchange area and heat ex⁃
change rate essentially constant. Therefore， the 
melting time is shorter in the water-covered model.

Furthermore， it can be observed that， during 
the initial melting stages before 0.023 s， the “na⁃
ked” ice particle model actually melts slightly faster 
than the water-covered model. This can be attribut⁃
ed to the fact that， in the water-covered model， the 

presence of the water film means that some of the 
convective heat transfer must be used to evaporate 
the water film. This results in less heat being avail⁃
able for melting the ice crystals.

Therefore， in the early stages of melting， the 
presence of the water film slows down the melting 
rate due to the energy required for evaporation. 
However， in the middle and late stages of melting， 
the water film increases the convective heat transfer 
area such that it is much larger than that of the anhy⁃
drous film in the “naked” ice particle model. This 
leads to a more significant heat exchange， thereby 
accelerating the melting speed. Overall， the pres⁃
ence of the water film covering accelerates the melt⁃
ing of ice crystals.

2. 2 Effect of initial conditions of ice crystals on 
motion heat transfer　

Fig.6 shows the movement of ice crystals 
（equivalent volume diameter is 40 μm） of different 
shapes inside the compressor after being sucked in 
from the same position. The columns ice crystals 
collide in turn with the third and the fourth stage sta⁃
tor， with a liquid water content of 15.3% when col⁃
liding with the fourth stage stator. The hexagonal 
plate ice crystal collides with the third stage rotor 
and third stage stator with the liquid water content 
of 12.3%.

In Fig.7， the change in liquid water content 
along the axial position is shown after ice crystals of 
different shapes， but at the same initial position， are 
sucked into the compressor. The percentage content 
of liquid water mass of different shapes of ice crys⁃
tals along the axial direction gradually increases. 
The liquid water content of spherical ice crystals is 
the largest at the same position， while the liquid wa⁃
ter content of ellipsoidal and hexagonal ice plate 
crystals is similar. Specifically， at the outlet of the 
low-pressure compressor， the liquid water content 
of spherical， ellipsoidal， column-shaped， and hex⁃
agonal ice plate crystals is 49.05%， 44.32%， 
29.74%， and 37.13%， respectively.

Fig. 8 shows the speed variation of ice crystals 

Fig.5　Comparison of melting processes in the “naked” ice 
particle model and the water cover model
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along the axial positions after different shapes of ice 
crystals are sucked in from the same position. The 
gray dotted line is the axial velocity of air， and colli⁃
sions between the first stage of rotor and stator are 
absent before 400 mm. The ice crystals continue to 
accelerate in the air flow， and their final speed ap⁃
proaches that of air. The subsequent velocity change 
follows the same trend as air. The occurrence of col⁃
lision can also be found in the distribution of axial 
velocity， such as ellipsoidal ice crystals （red curve） 
violently colliding at the head of the third stage ro⁃
tor. This results in greatly reduced axial velocity and 
an almost total loss of axial momentum due to a di⁃
rect impact at the front end of the fifth stage rotor.

It is evident that there is a noticeable difference 

between spherical and non-spherical ice crystals in 
terms of their motion during the phase transition. 
Combining Figs.7 and 8， it can be found that when 
there is no collision effect， the speed of columnar 
particles increases the fastest ， and that of spherical 
particles increases slower， because non-spherical 
particles have greater viscous force and greater ac⁃
celeration in the air flow. Since spherical particles 
move more slowly in the air flow， the same axial 
displacement takes longer， which increases the heat 
and mass transferred between the hot air and the ice 
crystals， resulting in the maximum water content of 
spherical liquids and the lowest water content of co⁃
lumnar liquids. Due to the consistency of motion 
and melting laws， it can also be concluded that non-

spherical characteristic indirectly affects the melting 
behavior through the particle trajectory and velocity 
in this study.

Fig.9 shows the variations in heat transfer coef⁃
ficient for three ice crystal shapes in the engine run⁃
ner. The heat transfer coefficient of the three ice 
crystal shapes are basically the same following the 
axial position trend with oscillatory fluctuations. 
The heat transfer coefficient of spherical ice crystals 
is large， and that of column ice crystals is small， at⁃
tributed by the large difference between spherical ice 
crystals and air velocity. This difference not only af⁃
fects the movement of ice crystals but also influenc⁃
es heat exchange. At an axial position of approxi⁃
mately 0.8 m， the ellipsoidal ice crystal had a vio⁃
lent collision， resulting in a significant difference be⁃
tween its axial velocity and air velocity， and a sud⁃
den increase in the heat transfer coefficient.

Fig.8　Changes in axial velocity of ice crystals with different 
shapes after suction

Fig.6　Trajectory of ice crystals with different shapes after inhalation

Fig.7　Changes in liquid water content after inhalation of ice 
crystals with different shapes
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Fig.10 shows trajectories of ice crystals as they 
move within the compressor at various radii after be⁃
ing ingested. The larger the radius of the ice crystal， 
the stronger the inertia which results in upward drift 
of the trajectory. Ice crystals with a radius of 10 μm 
（yellow trajectory） collide with the third rotor and 

fourth stage stator where the liquid water content 
reaches 86.96%. As a result， the possibility of adhe⁃
sion of 10 μm ice crystals on the fourth stage stator 
is greater. Ice crystals with a radius of 20 μm （pur⁃
ple trajectory） collide with the third stage stator， 
the fourth stage rotor and the fifth stage rotor. The 
liquid water content at the collision point is 
45.53%， so the ice crystal with a radius of 20 μm is 
more likely to adhere to the third stator. Ice crystals 
with a radius of 100 μm （blue trace） collide with the 
first stage rotor， the first stator， and the third stage 
rotor， with the liquid water content still less than 
10% at the outlet of the compressor. Therefore， ice 
crystals with a radius of 100 μm may not adhere nor 
freeze inside the low-pressure stage compressor.

Fig.11 shows the axial temperature variation in⁃
side the compressor after inhalation of ice crystals 
with different radii and the same initial temperature. 
Ice crystals are warmed up from supercooled to 0 ℃ 
along the axis before starting to melt. The smaller 
the ice crystals， the faster the temperature increases 
to reach 0 ℃ . Ice crystals with a large size， such as 
those with a radius of 100 μm （purple curve）， trav⁃
el farther inside the compressor and enter the fifth 
stage of rotor and stator before they start melting. 
Due to their low liquid water content， the likelihood 
of adhesion and freezing is also low.

Figs.12 and 13 respectively show the melting 
rate and percentage variation of liquid water mass in 
the compressor after inhalation of ice crystals with 
different radii. The melting rates of ice crystals with 

different radii remain stable after melting starts. The 
liquid water content also increases slowly after melt⁃
ing starts. However， ice crystals with different radii 
begin to melt at different locations. The smaller the 
size， the earlier the crystals begin to melt. The melt⁃
ing rate for a larger size is faster， which is due to the 
larger surface area for heat transfer.

Fig.9　Changes in heat transfer coefficient after inhalation of 
ice crystals with different shapes

Fig.10　Trajectory of ice crystals with different radii after inhalation

Fig.11　Temperature changes after inhalation of ice crystals 
with different radii
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The 80 μm particles exhibit a unique behavior 
in the front of the third stage stator （at approximate⁃
ly 0.6 m）， which is due to their violent collision 
with the front of the blade. This collision results in a 
great decrease in the axial velocity of ice crystals， 
causing its speed to be greatly different from air flow 
speed， thereby enhancing heat exchange. Further⁃
more， due to the decreased velocity， the heat trans⁃
fer time is longer under the same displacement， re⁃
sulting in a sudden increase in the temperature， 
melting speed and liquid water content of the parti⁃
cle. Fig.13 shows that the liquid water content of 
20， 40， 60， 80， and 100 μm at the outlet of the 
low-pressure compressor is 60.4%， 15.5%， 6.3%， 
6.3%， and 1.9%， respectively. The liquid water 
content of the 60 μm ice crystal is less than 10% as 
it reaches the outlet. Therefore， ice crystals with 
size greater than 60 μm are difficult to adhere and 
freeze in the flow channel of the low-pressure com ⁃
pressor.

3 Conclusions 

The study utilized a numerical model under the 

Lagrange framework to analyze the dynamic behav⁃
ior and heat and mass transfer of ice crystals in the 
flow channel of an aeroengine after ingestion. The 
main conclusions are as follows：

（1） Two melting models of ice crystal particles 
were compared and analyzed. The results showed 
that the “naked” ice particle model took longer to 
fully melt compared to the water-covered model. 
The 20 μm particle took 0.04 s to melt， while the 

“naked” ice particle melted faster before 0.023 s.
（2） The liquid water content of spherical ice 

crystals was higher compared to other shapes under 
the same conditions. Specifically， at the outlet， the 
liquid water content of 20 μm spherical ice crystals 
was calculated to be 60.7%. On the other hand， the 
liquid water content of ellipsoidal and hexagonal 
plate ice crystals was close， with both shapes hav⁃
ing a liquid water content around 40% at the outlet.

（3） The initial diameter affected motion and 
heat transfer of ice crystals in the compressor. The 
smaller the size， the earlier it started to melt， and 
the higher the liquid water content. The 20 μm crys⁃
tal’s liquid water content at the outlet was as high 
as 60.7%， while the 40 μm one was only 17.8% un⁃
der the same condition. The liquid water content at 
the outlet of the 60 μm ice crystal was close to 
10%， enabling difficulty for the crystal to adhere to 
the ice.
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热气流环境下非球形冰晶的运动换热特性

钟富豪 1， 魏 震 1， 陈佳军 1， 苗庆硕 1， 郑 勉 1， 侯 予 1， 刘秀芳 1，2

（1.西安交通大学能源与动力工程学院，西安  710049，中国； 
2.中国空气动力研究与发展中心结冰与防除冰重点实验室，绵阳  621000，中国）

摘要：针对冰晶被航空发动机吸入后在热气流环境下的运动换热问题，建立了拉格朗日框架下冰晶运动⁃传热传

质耦合的数值计算方法，对比了不同的冰晶融化模型和不同形状、粒径冰晶的运动换热差异。结果表明，相较于

水覆盖模型，使用“裸”冰粒子模型时完全融化需要更长时间，20 μm 粒子需要 0.04 s 才能完全融化，但 0.023 s 之

前“裸”冰粒子的融化速率却更快；相同条件下球形冰晶液态水含量较高，20 μm 球形冰晶在计算出口处液态水含

量为 49.05%。椭球形和宽六角形冰晶液态水含量很相近，出口处液态水含量为 40% 左右；粒径越小，越早开始

融化，冰晶液态水含量总是更高。20 μm 的冰晶在出口处液态水含量高达 60.4%，而 40 μm 冰晶在出口处液态水

含量只有 15.5%。

关键词：冰晶；航空发动机；拉格朗日法；传热传质；非球形
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