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Abstract: The macroscopic mechanical properties of atmospheric ice are affected by the mesoscopic pore structure， 
while traditional approaches to simulating still have certain limitations. To more accurately represent the mesoscopic 
structure of porous atmospheric ice， a new modeling method based on statistical principles is proposed. Firstly， the 
statistical information of atmospheric ice pore diameter is obtained by image recognition. Then， the optimal 
distribution function that matches the real distribution state of pore diameter is identified using a goodness-of-fit test. 
Next， a novel approach for deriving the geometric size of atmospheric ice models is introduced， and a method for 
generating random pore position and diameter data is provided. Finally， a pore intersection determination module is 
added to construct the mesoscopic model of atmospheric ice. The results demonstrate that the quantitative information 
of the pores in the generated atmospheric ice model is in good agreement with the experimental results， illustrating the 
accuracy and feasibility of the modeling method. Moreover， the influence of model parameters on porosity accuracy is 
systematically discussed. When the number of model pores reaches 50， a good balance between model accuracy and 
cost can be achieved. Thus， this study provides a novel method to characterize the mesoscopic features of atmospheric 
ice， and lays a foundation for the related simulation.
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0 Introduction 

In the atmosphere， dynamic icing occurs when 
supercooled water droplets collide with a low-tem⁃
perature surface， resulting in atmospheric ice forma⁃
tion. The atmospheric ice can form complex and di⁃
verse meso-structures during freezing and growth 
due to the fixation of air between the water film and 
the ice layer， as well as air bubbles in some water 
droplets［1］. The macroscopic view of atmospheric 
ice is opaque and contains numerous bubble pores in 
the mesoscopic view， as shown in Fig.1［2］. These 

pores significantly impact the macroscopic mechani⁃
cal properties of atmospheric ice， such as elastic 
modulus， strength， density， heat transfer coeffi⁃
cient， etc［3-5］. Therefore， obtaining quantitative me⁃
so-structure parameters and understanding the influ⁃
ence mechanism of atmospheric ice pores are neces⁃
sary for fundamental understanding of dynamic icing 
mechanisms and ice thermal/mechanical study［6-7］.

The density of ice is an important parameter for 
the numerical simulation of ice shape［8-10］， the meso⁃
scopic structure of ice is closely related to the wave 
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velocity in icing detection［11-13］， the ice pores has sig⁃
nificant influence on the adhesion strength and ther⁃
mal conductivity in the anti-icing and de-icing de⁃
sign［14-17］. However， most of these parameters deter⁃
mined by the mesoscopic structure of atmospheric 
ice pores are currently given by empirical setting， 
limiting accurate prediction of icing shape， high-pre⁃
cision detection of icing， and efficient design of anti-
icing and de-icing systems. The accurate and rapid 
construction of meso-structure models for atmo⁃
spheric ice pores is thus crucial for the mechanical 
properties analysis of atmospheric ice and the design 
of de-icing systems.

Experimental and simulation studies have fo⁃
cused on the numerical simulation of nuclei forma⁃
tion， crystal growth， and surface contact nucleation 
to understand the microscopic characteristics of dy⁃
namic icing［18-19］. These studies have qualitatively 
shown that the meso-structure of dynamic icing is 
mainly affected by velocity， temperature， particle 
size， and liquid water content in icing conditions. 
The maximum pore size and porosity increase with 
the reduction of temperature. The air bubble volume 
and porosity decrease with the increasing of veloci⁃
ty， which can be attributed to the crushing effect of 
the incoming flow on the bubbles［20］. These studies 
show certain qualitative understanding of the micro⁃
scopic characteristics of icing. However， due to the 
lack of detailed quantitative research， obtaining the 
mathematical expression and refined modeling of the 
meso-structure of atmospheric ice with pores under 
different icing conditions remains difficult. Among 
the prerequisites for accurate simulation of the mac⁃
roscopic mechanical properties of atmospheric ice， 
the most critical step is to construct mesoscopic 

structural models of atmospheric ice with high poros⁃
ity accuracy.

Representative volume element （RVE） model⁃
ing has been used to simulate the micro/mesoscopic 
scale structure as an effective way. The specific 
method is to acquire a 2-D serial image by using CT 
or Micro-CT， processing the image information and 
then reconstructing it in 3-D structure［21⁃22］. In the as⁃
pect of 2-D porosity analysis， the main method is to 
obtain the cross-section microscopic image of icing 
under low temperature environment， and then carry 
out relevant analysis［23］. However， the existing mod⁃
eling methods for atmospheric ice meso-structure 
are not yet well developed. Li et al.［24］ provided a 3-

D modeling method for dynamic freezing microstruc⁃
ture according to the cross-section microscopic im ⁃
age of icing. Based on the assumption that the pores 
are spherical， the spherical center coordinates of the 
pores are randomly generated in a uniform distribu⁃
tion， and the diameter of the pores is randomly gen⁃
erated in a specified distribution. The meso-structure 
model of ice is generated in a given three-dimension⁃
al region by combining the position of the spherical 
center and the pore diameter. This method can con⁃
struct the mesoscopic structure of atmospheric ice 
pores， but there are still some shortcomings in accu⁃
racy and operability. Firstly， the specified pore diam ⁃
eter distribution function leads to a weak generaliza⁃
tion capability. Secondly， it cannot avoid the round⁃
ing error caused by the calculation of pore number in 
the model. Thirdly， it cannot avoid the intersection 
of pores-pores and pores-interfaces， which will be 
detrimental to the construction of high-quality mesh⁃
es for subsequent finite element analysis.

In order to address the limitations of atmospher⁃
ic ice meso-structure modelling technology， this 
study proposes a new stochastic modeling method 
for generating non-specified probability distribution 
function to characterize pore parameters. In addition， 
innovative techniques such as the determination of 
model characteristic edge lengths and pore interfer⁃
ence intersection judgement are used to further in⁃
crease the model’s accuracy. Moreover， the influ⁃
ence of model parameters on porosity accuracy and 
the balance between modeling cost and accuracy are 

Fig.1　Thick section showing air bubbles in ice[2]

556



No. 5 HUANG Yongjie, et al. A Stochastic Modeling Method of Non-equal Diameter Pore with Optimal…

discussed. This study aims to provide a new ap⁃
proach for the refined modeling of the meso-structure 
of atmospheric ice with pores， and to make the mod⁃
eling parameter reference for the numerical simula⁃
tion of the mechanical properties of atmospheric ice.

1 Stochastic Modeling Method 

The modeling process for the meso-structure of 

atmospheric ice is presented in Fig.2， where micro⁃
scopic image technology is utilized to obtain the me⁃
so-structure parameters of atmospheric ice pores. 
Numerical models of atmospheric ice mesoscopic 
structure， matching the real porosity， pore diameter 
size， and distribution law， are constructed through a 
statistical fitting method and pore numerical genera⁃
tion algorithm.

The statistical fitting method and pore genera⁃
tion algorithm of atmospheric ice pores are key to 
the construction of high-accuracy meso-structure 
models of atmospheric ice with pores. In this paper， 
a new stochastic modeling method is proposed to 
make the atmospheric ice modeling process more ef⁃
ficient and accurate. The specific core steps of the 
modeling approach are shown in Fig.3（a）， which 
comprise four steps： （1） Obtaining raw data of 
pores from images， （2） obtaining the optimal distri⁃
bution function of the atmospheric ice pore， （3） cal⁃
culating the meso-structure model side length， and 
（4） generating the meso-structure model （including 
generating pore center location， pore diameters， 
and determining the intersection of pores）.

1. 1 Obtaining raw data of pores from images　

Icing experiments were conducted in a 0.3 m × 
0.2 m icing wind tunnel of China Aerodynamic Re⁃
search and Development Center. The icing micro⁃
scopic images were obtained using an Olympus 
CX31 microscope. The specific steps included slic⁃
ing atmospheric ice in a low-temperature environ⁃

ment， acquiring microscopic 2⁃D images using a mi⁃
croscope， and then using image segmentation to ob⁃
tain the pore sections. The perimeter and area of 
each pore were obtained using Matlab’s own com⁃
mand. Assuming the pore to be spherical， its diame⁃
ter was obtained. Finally， sample data of pore diam ⁃
eter were counted， and the porosity and the histo⁃
gram of pore diameter were derived.

1. 2 Obtaining optimal distribution function of 
atmospheric ice pore　

After obtaining the pore statistics， the optimal 
distribution function that best matched the true dis⁃
tribution of pore diameters in atmospheric ice was 
selected from a variety of common distribution func⁃
tions. Specifically， based on the obtained pore diam ⁃
eter distribution data and histogram， the maximum 
likelihood method was used to estimate the parame⁃
ters of each common distribution function. Then， 
based on the principle of the goodness of fit test， the 

sum of squared errors ∑
i = 1

ndi

( di - d̂ i )2（ndi is the num⁃

ber of atmospheric ice samples，di and d̂ i are the 

Fig.2　Schematic diagram of atmospheric ice modeling process
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measured value and the fitted value of the pore diam ⁃
eter of the ith sample， respectively）is used as the 
goodness of fit parameter. The goodness of fit pa⁃
rameter values of each common distribution function 
were calculated， respectively. Finally， the calcula⁃
tion results of the goodness of fit parameters were 
sorted， and the common distribution function with 
the minimum goodness of fit parameters was select⁃
ed as the optimal distribution function of the atmo⁃
spheric ice pore diameter F ( x ).

1. 3 Calculating meso⁃structure model side 
length　

After obtaining the optimal distribution func⁃
tion F ( x ) of pore diameter， the geometric size of 

the meso-structure model should be derived to en⁃
sure that the porosity and pore distribution of the 
model are consistent with the actual situation of at⁃
mospheric ice.

When desired to construct a 3-D structural at⁃
mospheric ice model， the model feature edge 
lengths are determined according to the following 
equation

L 3⁃D =
N 3⁃D ×∫

0

F-1 ( 1 )

F′( x )× π × 4
3 × ( )x

2

3

dx

λ

3

(1)

where L 3⁃D is the edge length of the 3-D model， λ 
the porosity， F-1( 1) the value of the inverse of the 
optimal distribution function taken at 1， F′( x ) the 
probability density function of the optimal distribu⁃
tion function， x the pore diameter， and N 3⁃D the 
pore number in the 3-D model. λ， F-1( 1)， and 
F′( x ) are obtained from relevant steps in Sections 
1.1 and 1.2. N 3⁃D is self-determined.

When desired to construct a 2-D structural at⁃
mospheric ice model， the model feature edge 
lengths are determined according to the following 
equation

L 2⁃D =
N 2⁃D ×∫

0

F-1 ( 1 )

F′( x )× π × ( )x
2

2

dx

λ
(2)

where L 2⁃D is the edge length of the 2-D model， and 
N 2⁃D the pore number in the 2-D model.

According to the above equations， the side 
length of the model can be accurately calculated， so 
as to ensure the high consistency between the porosi⁃
ty of the model and the real porosity of atmospheric 
ice.

1. 4 Generating meso⁃structure model　

The process of generating a mesoscale model is 
divided into three steps after obtaining the optimal 
distribution function and key parameters such as 
pore diameter， porosity， and the model’s side 
length. Firstly， the pore center location is generat⁃
ed， followed by the generation of pore diameters 
and the determination of pore intersection.
1. 4. 1 Generating pore center location　

To ensure that the subsequent finite element 
analysis yields high-quality， uniform meshes at the 

Fig.3　Modeling methods for meso-structure of atmo⁃
spheric ice with pores
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boundary of the model， the generation space range 
of the pore center is appropriately limited， taking in⁃
to account the influence of pore intersection and 
boundaries. Using the space corresponding to the 
model feature edge lengths as the model reference 
boundary， the pore center coordinates 
O j，3⁃D (X j，Y j，Zj) are generated in a uniformly ran⁃
dom manner in the δL 3⁃D× δL 3⁃D× δL 3⁃D restricted 
space （δ is the restricted scaling factor and the re⁃
stricted space of the 2-D model is δL 2⁃D×δL 2⁃D）.
1. 4. 2 Generating pore diameters　

Once the pore center coordinates are generated， 
the pore diameter dj，3⁃D corresponding to each pore 
center coordinate O j，3⁃D (X j，Y j，Zj) is determined 
based on the random form of the optimal distribution 
function of atmospheric ice pore diameter F（x）.

At this point， all the geometric features of the 
atmospheric ice meso-structure model are generated.
1. 4. 3 Determining intersection of pores　

The self-intersection between pores may result 
in a shorter mesh size at the intersection， leading to 
low computational efficiency in the subsequent finite 
element model. To improve the quality of the mod⁃
el， an adjacent pore intersection judgment module is 
added. If the distance between the center of adjacent 
pores is less than the sum of the radius of adjacent 
pores， it is determined that there is an intersection 
between adjacent pores. The center coordinates of 
each pore and the corresponding pore diameter in 
the model are then regenerated until all pores in the 
model do not intersect. This process yields the final 
mesoscale model of atmospheric ice.

1. 5 Differences from traditional methods　

In this study， the proposed method for generat⁃
ing meso-structure models of atmospheric ice pres⁃
ents several improvements and innovations com ⁃
pared with traditional methods.

（1）The method for generating pore diameters 
is improved by using the optimal distribution func⁃
tion instead of a specified pore diameter distribution 
function. Traditional methods rely on specific distri⁃
bution functions to fit pore diameter distributions， 
which suffer from weak generalization and unclear 
physical meaning. For example， the pore distribu⁃

tion function specified in Ref.［23］ is

F ( x ) = 1 - k1

k2
e-k2 x ( x3 + 3x2

k2
+ 6x

k 2
2

+ 6
k 3

2 ) (3)

where x∈［ 0， + ∞）， and k1， k2 are parameters to 
be fitted. The proposed method in this study uses a 
non-parametric test based on goodness of fit to se⁃
lect the optimal distribution function among dozens 
of common distribution functions， which avoids sin⁃
gularity and specificity and is suitable for fitting pore 
diameter distributions of atmospheric ice under dif⁃
ferent conditions.

（2）The method for determining the geometric 
size of the model is improved by changing the calcu⁃
lation from pore number to model side length. Tradi⁃
tional methods calculate the pore number by giving 
model side length， which can produce rounding er⁃
rors and deviate from the theoretical value， leading 
to differences between the model porosity and the 
actual porosity. The proposed method calculates the 
model side length， avoiding the rounding error.

（3）The proposed method considers the influ⁃
ence of the model boundary conditions when gener⁃
ating the pore center position， whereas traditional 
methods do not. The proposed method limits the 
generation space range when generating the pore 
center position， considering the influence of the in⁃
tersection of pores and boundaries， which can gener⁃
ate high-quality uniform meshes at the boundary of 
the model for subsequent finite element analysis and 
avoid cutting off pores at the boundary of the model.

（4）The traditional method does not include 
pore intersection determination. The proposed meth⁃
od adds an adjacent pore intersection judgment mod⁃
ule to improve the model’s quality， which avoids 
generating too small-sized meshes and causing dis⁃
tortion during finite element calculation.

2 Simulation 

2. 1 Modeling method validation　

To validate the modeling method presented in 
this paper， atmospheric ice generated in a wind tun⁃
nel was used as an example to construct correspond⁃
ing 3-D/2-D meso-structure models. The experi⁃
mental state including liquid water content LWC = 

559



Vol. 40 Transactions of Nanjing University of Aeronautics and Astronautics

0.75 g/m3， mean volume diameter MVD=38 μm， 
wind speed v=25 m/s and temperature T=-6 ℃ . 
According to statistics， the porosity of the atmo⁃
spheric ice is 0.051 2［24］， and the pore diameter his⁃
togram is shown in Fig.4. The Pycharm 2022.2.2 
program was used to develop the models. The com⁃
puter configuration was a 16-core CPU 2.2 GHz 
with 16 GB memory.

The examined pore diameter distribution func⁃
tions included t， Exponpow， Laplace， Norm， Cau⁃
chy， Gamma， Mielke， Burr， Beta， Rayleigh， and 
other common distribution functions. The fitting re⁃
sults of the pore diameter distribution are presented 
in Fig.4. The sum of squared errors was selected to 
test the goodness of fit of the above common distri⁃
bution function. The calculation results of the square 
error sum （goodness of fit parameter） of each distri⁃
bution function are shown in Table 1. The results in⁃
dicate that the Gamma distribution function had the 
smallest goodness of fit parameter value. Therefore， 
the Gamma distribution function was selected as the 
optimal function F（x） of the atmospheric ice pore di⁃
ameter. It should be noted that adding more distribu⁃
tion functions for examination can lead to obtaining 
the global optimal distribution function.

The pore number in the model was specified as 
100. The side length of the 3-D model and 2-D mod⁃
el were determined to be 4.35 mm and 14.81 mm， 
respectively， based on Eqs.（1，2）. The limited 
scale coefficient δ was set at 0.8， and the coordi⁃
nates of each pore center were randomly generated 
in the limited geometric space. Based on the optimal 
distribution function， the pore diameters were ran⁃
domly generated. Intersection judgments were made 

on adjacent pores to ensure that all pores in the final 
models did not intersect.

The meso-structure modeling results of atmo⁃
spheric ice with pores are presented in Fig.5， where 
Fig.5（a） shows the 3-D structure modeling results， 
and Fig.5（b） shows the 2-D structure modeling re⁃
sults. It can be seen that the pore distribution of the 
atmospheric ice model is in good agreement with the 
experimental observation results， as manifested in 
pore size， distribution， and randomness. The poros⁃
ity of the atmospheric ice model was verified by cal⁃
culation to be 0.051 1 （3-D model） and 0.051 4 
（2-D model）， consistent with the porosity value ob⁃
tained from the atmospheric ice experiment 
（0.051 2）. Thus， the model developed in this paper 
has high accuracy and can accurately reflect the po⁃
rosity and pore distribution characteristics of atmo⁃
spheric ice.

Fig.4　Void diameter histogram and distribution func⁃
tion fitting

Table 1　Distribution function fitting degree sorting

Distribution function
Gamma
Mielke

Burr
Beta

Rayleigh
t

Exponpow
Laplace
Norm

Cauchy

Sum square error
9.832

10.112
10.112
10.257
11.281
14.204
15.274
15.563
16.452
16.967

Fig.5　Meso-structure models of atmospheric ice
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2. 2 Mesh generation results　

To demonstrate the effectiveness of the estab⁃
lished atmospheric ice model in obtaining high-quali⁃
ty finite element meshes， the model was imported 
into the general finite element analysis software plat⁃
form ABAQUS. The results of finite element mesh 
generation of the 3-D structure and 2-D structure 
were presented in Fig.6 and Fig.7， respectively.

The generated mesh size was generally uni⁃
form， and the mesh quality was high. Furthermore， 
due to the avoidance of pore truncation by the model 
boundary， the mesh at the model boundary was uni⁃
form and symmetrical， which facilitated the applica⁃
tion of symmetrical and periodic boundary conditions 
for more objective and accurate calculation and anal⁃
ysis of the mechanical properties of atmospheric ice.

2. 3 Influences of parameter　

The performance of the model is directly affect⁃
ed by its parameters， and therefore requires further 
discussion. Among the important atmospheric ice 
characteristic parameters， porosity stands out as a 
key parameter. As the porosity of the model may dif⁃
fer from the actual porosity obtained from experi⁃
ments， this section aims to investigate the influence 

of model parameters on the accuracy of porosity for 
both the 3-D and 2-D models. Specifically， this sec⁃
tion presents the relationship between the model po⁃
rosity and the model pore number， as well as the 
modeling accuracy and costs.
2. 3. 1 Influence of model pore number on 3‑D 

model porosity generation　

To investigate the actual porosity of the atmo⁃
spheric ice 3-D model， with a real porosity of 0.051 2 
obtained from atmospheric ice experiment as input， 
the porosity of the atmospheric ice 3-D model was 
studied when the number of model pores was 10， 
50， 100， 150， and 300， respectively. A correspond⁃
ing relationship exists between the model side 
length and the pore number， with the model side 
length of the 3-D model corresponding to 2.01， 
3.45， 4.35， 4.98， and 6.27 mm， respectively， ac⁃
cording to Eq.（1）. To ensure repeatability， one 
hundred modeling experiments were conducted in 
each group with the same input conditions. The 
mean and standard deviation of the porosity of each 
group of models are shown in Fig.8.

The actual porosity calculation results in Fig. 8 
demonstrate that the mean value of the model porosi⁃
ty is 0.048 3 when the model pore number is 10， 
which is somewhat different from the true porosity of 
0.051 2. However， when the model pore number 
gradually increases， the mean value of the 3-D mod⁃
el porosity gets closer to the true porosity of 0.051 2， 
indicating that the accuracy of porosity generation in⁃
creases significantly. Moreover， the standard devia⁃
tion of the model porosity tends to decrease as the 
model pore number increases， indicating that the 
dispersion of the model-generated results decreases 
as the pore number increases.

Fig.6　Meshing of 3-D meso-structure models of atmospher⁃
ic ice

Fig.7　Meshing of 2-D meso-structure models of atmospher⁃
ic ice
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2. 3. 2 Influence of model pore number on the 
2‑D model porosity generation　

The real porosity of 0.051 2 obtained from the 
atmospheric ice experiment is still used as input. 
The porosity of the 2-D meso-structure model of at⁃
mospheric ice is examined for different model pore 
numbers， namely 10， 50， 100， 150， and 300. 
Based on Eq.（2）， the corresponding model side 
lengths for these pore numbers are 4.68， 10.47， 
14.81， 18.14， and 25.66 mm， respectively. One 
hundred modeling repeatability experiments were 
carried out for each group of 2-D models， with all 

input conditions held constant. Fig.9 shows the 
mean values and standard deviations of porosity for 
each group of models.

Fig.8　Results of 3-D model porosity generation correspond⁃
ing to different model pore numbers

Fig.9　Results of 2-D model porosity generation correspond⁃
ing to different model pore numbers
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From the actual porosity generation results of 
the 2-D models in Fig.9， it can be observed that 
when the model pore number is small （N=10）， the 
porosity of the model is 0.048， which differs signifi⁃
cantly from the real porosity of 0.051 2. As the model 
pore number increases to a certain point （N≥50）， 
the porosity of the model becomes very close to the 
real porosity of 0.051 2， ranging from 0.051 0 to 
0.051 6. Furthermore， as the model pore number in⁃
creases， the standard deviation of the porosity of the 
2-D model decreases. Additionally， compared to 
the generation results of the 3-D models， the porosi⁃
ty dispersion of the 2-D model is smaller under the 
same model pore number.
2. 3. 3 Modeling accuracy and cost　

In regards to the modeling accuracy and cost， 
it was observed that the porosity accuracy of both 
3-D and 2-D models increased as the number of 
model pores increased within a certain range. Specif⁃
ically， when the number of pores in the model 
reached 50 or more， the average porosity of the 
model closely aligned with the real porosity of 
0.051 2， as demonstrated in Fig.10.

In contrast to the literature method， which ne⁃
cessitates a model pore number of 1 000 for compa⁃
rable accuracy of the model porosity［24］， the pro⁃
posed method only requires 50 pores to achieve simi⁃
lar precision. This suggests that our method is more 
accurate and convenient， and capable of modeling 
the meso-structure of atmospheric ice with high po⁃
rosity accuracy at a lower modeling cost.

Furthermore， an increase in the model pore 

number leads to an increase in modeling costs， as 
well as subsequent model meshing and solution 
time. To minimize the modeling cost， it is advisable 
to reduce the model pore number and geometry size 
while maintaining high porosity accuracy. As Table 
2 illustrates， when the pore number in the model is 
50， the modeling time is approximately the 1/40th 
of the time required for 1 000 pores. In comparison 
to the literature method， the proposed method sig⁃
nificantly reduces the required modeling time while 
sustaining equivalent porosity accuracy. Additional⁃
ly， both the modeling time and the model finite ele⁃
ment solution time are directly proportional to the 
pore number and the size of the model. Thus， this 
modeling approach presents notable advantages in 
minimizing the computational cost of batch and para⁃
metric atmospheric ice mechanics analysis， which 
can enhance the efficiency of icing and anti-icing re⁃
search and design.

3 Conclusions 

A novel stochastic modelling method for non-

equal diameter pores with an optimal distribution 
function has been proposed to construct a refined 
meso-structure of atmospheric ice and acquire quan⁃
titative meso-structure parameters. The proposed 
method can provide a technological foundation for 
simulating and investigating the mechanical proper⁃
ties of atmospheric ice， considerably increasing 
modelling accuracy， quality， and efficiency. Specif⁃
ic conclusions and innovations of this study are de⁃
scribed below.

（1） The optimal distribution function that 
strongly matches the actual pore diameter distribu⁃
tion of atmospheric ice can be automatically filtered 
based on the goodness of fit test method. This 
avoids the weak generalization ability and severe 
limitation of traditional specified distribution func⁃

Fig.10　Mean model porosity of 3-D model and 2-D model 
corresponding to different model pore numbers

Table 2　Model generation time corresponding to differ⁃
ent model pore number

Model 
type

3⁃D model
2⁃D model

Model generation time/s
N=10

0.9
0.9

N=50
1
1

N=100
1.3
1.3

N=150
1.8
1.7

N=300
4.7
4.1

N=1 000
41
37
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tion methods.
（2） The model’s geometry is determined us⁃

ing the computation of model side length， rather 
than the calculation of pore number. This can in⁃
crease modelling accuracy by preventing rounding 
mistakes in pore number computation.

（3） Corresponding algorithms are designed to 
avoid the drawbacks caused by the intersection of 
pores-pores and pores-interfaces. This enables ob⁃
taining a high-quality finite element mesh for the cre⁃
ated model and the implementation of periodic 
boundary conditions on the boundary surfaces.

（4） The study examines the balance between 
modelling cost and accuracy， along with the impact 
of model pore number on the actual porosity of 3-D 
and 2-D models. Results reveal that once the pore 
number reaches 50 for both 3-D and 2-D models， the 
model porosity is extremely compatible with the actu⁃
al porosity， and the model modelling costs are much 
lower than using conventional techniques. Thus， it is 
recommended to adjust the pore number to at least 
50 in atmospheric ice meso-structure modelling.

Subsequent work will focus on collecting， mod⁃
elling， and experimenting on atmospheric ice sam ⁃
ples under different icing conditions. The ultimate 
goal is to obtain a mapping between “ icing condi⁃
tions-meso-structure of atmospheric ice-atmospheric 
ice mechanical properties”.
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大气冰非等径孔隙细观结构随机建模方法

黄永杰 1， 倪章松 1， 易 贤 2，3， 于馨凝 1， 薛 明 1

（1.成都流体动力创新中心，成都  610010，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； 3.中国空气动力研究与发展中心空气动力学国家重点实验室，绵阳  621000，中国）

摘要：大气冰内部孔隙细观结构是影响其宏观力学性能的关键因素，然而传统方法在精细化模拟孔隙结构中存

在局限性。为了更准确地模拟大气冰孔隙细观结构，提出了一种基于统计原理的建模新方法。首先，通过图像

识别获得大气冰孔径的统计信息。然后，通过拟合优度检验筛选确定与孔径真实分布相匹配的最优分布函数。

其次，给出大气冰模型边界几何尺寸计算公式，并考虑孔隙相交情况，生成大气冰非等径孔隙细观结构随机模

型。仿真结果表明，所生成大气冰模型中的孔隙定量信息与实验结果吻合较好，验证了建模方法的准确性和可

行性。此外，系统讨论了二维、三维情况下模型参数对孔隙率精度与计算效率的影响。当模型中的孔隙数量达

到 50 时，能够较好地实现孔隙率精度和建模成本之间的平衡，为后续力学性能精细化仿真提供支撑。

关键词：大气冰；孔隙；细观结构；孔隙率；数值模拟
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