
Research Article
Experimental Research on the Similarity of Rime Icing on a
Cylinder Rotating around Its Horizontal Axis

Lei Shi ,1,2 Yan Li ,1 Wenfeng Guo ,1 and Ce Sun 1

1College of Engineering, Northeast Agricultural University, Harbin 150030, China
2College of Mechanical and Electrical Engineering, Hebei Normal University of Science and Technology,
Qinhuangdao 066600, China

Correspondence should be addressed to Yan Li; liyanneau@163.com

Received 19 March 2021; Revised 23 September 2021; Accepted 12 October 2021; Published 8 November 2021

Academic Editor: Kenneth Van Treuren

Copyright © 2021 Lei Shi et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Ice accumulation on the blade of a wind turbine surface seriously threatens the operational safety of the turbine; therefore, the
research on this problem is very important. In this paper, a new similarity criterion of icing shape for a rotational model was
proposed based on the similarity criterion for translational motion models in the aviation field, and experimental studies on
the similarity of the rotational model icing were carried out. To validate the similarity criterion, icing wind tunnel tests were
carried out with aluminum cylinders with diameters of 40mm and 20mm. Key parameters for the experiment, such as wind
speed, temperature, liquid water content, medium volume diameter, and test time, were selected based on the criterion. All the
icing tests were carried out in a new self-designed icing wind tunnel test system based on natural low-temperature conditions.
The icing shapes observed in the tests were confirmed after many repetitions. To quantitatively analyze the similarity between
different sizes of ice shapes, a dimensionless method for evaluating the similarity of ice shapes of different sizes was defined
based on the typical characteristics of ice shapes. The research results show that the similarity score between two sizes of ice
shapes under different test conditions is 81%~90%. The accuracy and applicability of the icing shape similarity criterion were
thus validated. The research results in this paper lay a theoretical and experimental foundation for exploring the icing shape
similarity of a rotating model.

1. Introduction

A wind turbine, when operating in low-temperature and
humid environments, collides with supercooled water drop-
lets in the air. Then, ice is generated on the surface of the
turbine blades [1–5]. Ice on the surface of wind turbine
blades changes the characteristics of the blades, such as the
aerodynamic performance, mass distribution, and surface
morphology. This reduces the power generation efficiency
of the wind turbine. In some cases, ice on the rotating blade
even threatens its safe operation, as observed with a helicop-
ter propeller and engine intake of an airplane [3–10]. Pres-
ently, the methods of researching icing characteristics
include icing wind tunnel tests and numerical simulation
[11–13]. The icing wind tunnel test is an effective method
for researching icing rotating machines. This test can provide
fundamental data to validate theoretical research and numer-

ical simulations. However, an icing wind tunnel in the lab
hardly simulates the large size of a rotating machine. There-
fore, in the aeronautic field, a similarity criterion is used to
scale the large size of a model into a small model and test it
in either an icing wind tunnel or numerically [14]. However,
most of the research methods involve translational motion
models, such as aircraft wings, and there has been a wide range
of understanding and well-developed research methods for
plane wing icing. Well-known icing similarity criteria for
translational motion models include the AEDC criterion pro-
posed by the American Arnold Engineering Development
Center (AEDC) and the ONERA criterion proposed by the
French Space Agency [15, 16]. Each criterion has its own
characteristics and application conditions according to the
research object. However, for surface icing under rotating con-
ditions, there are obvious deficiencies in research methods,
and a convincing similarity criterion for rotating icing has

Hindawi
International Journal of Rotating Machinery
Volume 2021, Article ID 9986733, 14 pages
https://doi.org/10.1155/2021/9986733

https://orcid.org/0000-0001-5546-0133
https://orcid.org/0000-0003-2052-6862
https://orcid.org/0000-0002-8436-4033
https://orcid.org/0000-0002-7091-7047
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/9986733


not yet been developed to guide icing tests and calculations.
Few studies on the icing similarity theory of rotating models,
such as wind turbine blades, have been carried out. Therefore,
expanding the application range of the icing similarity crite-
rion to rotating models is needed. Han et al. used the AEDC
criterion proposed by Ruff to conduct icing similarity tests
on the rotor of a wind turbine (model NREL Phase VI) [12].
Experiments were carried out on rime ice and glaze ice. The
results showed that to a certain extent, icing shapes of different
scales have similarities under different working conditions.
According to studies on the similarity criterion of icing shape
for translational motionmodels and rotatingmodels, the char-
acteristics and mechanisms of icing by glaze ice and rime ice
were of obvious difference.

Icing similarity problems include complex aerodynamic
processes, such as droplet impingement, flow phase transition,
heat and mass transfer, and dynamic growth of ice accretion.
Presently, there are still many deficiencies in understanding
these problems, which need to be explored further. In addition,
academic research on the icing similarity theory of the rotating
state is still in its initial stages. As the icing similarity theory of
aircraft wings is relatively well developed, based on the static
icing similarity theory of wings, this paper discusses the droplet
trajectory, impact characteristics, surface impact water quan-
tity, and heat mass transfer characteristics of wind turbine
blade icing under rotating conditions and develops a set of
universal dynamic and static icing similarity criterion. For cases
of rotational model icing under dynamic conditions, only
additional rotation similarity parameters can be considered.

In this paper, research on the similarity criterion of icing
shape on a rotating cylinder surface under rime ice conditions
was carried out. A set of parameters was selected based on the
Weber number of the water film thickness, which was suitable
for the similarity criterion under rime ice conditions, and the
tensile stress generated by the centrifugal force was supple-
mented as a similarity parameter describing the rotating state.
Similarity experiments on the icing shapes of rotating alumi-
num cylinders with different sizes in an icing wind tunnel were
carried out. A set of parameters used to evaluate the ice shape
similarity is defined. Thus, a set of ice similarity methods for
rotating conditions was formed. Additionally, to determine
the icing similarity under two different scales and to quantita-
tively analyze this similarity, this paper also studies a set of
icing similarity evaluation methods. Different scales of rime
icing shapes on cylinder surfaces were quantitatively analyzed.
The significance of this study lies in the establishment of a
novel icing shape similarity theory and the formation of icing
experimental methods for further exploring the icing charac-
teristics of rotary machines in the future.

2. Similarity Criterion of Icing Shape

The similarity criterion of icing shape used in the aeronautic
field for translational motion models has four aspects: (1)
similarity with respect to the flow field passing the body, (2)
similarities with respect to droplet trajectory and impinge-
ment, (3) similarity with respect to water mass impinging a
wall, and (4) similarities with respect to heat and mass transfer
[17]. For the similarity criterion of icing shape for a rotating

model, it is also necessary to consider the effect of rotation
based on the above four aspects being satisfied. In other words,
the similarity of icing on surfaces during rotation should be
considered when the icing similarity criterion is applied under
specific rotation conditions, such as the influence of centrifu-
gal force or Coriolis force on icing.

Therefore, all of the above five aspects of similarity and
their parameters were selected and defined in this paper.

2.1. Geometric Scaling Requirement. To test the icing shape
similarity of a rotating model, the scale model should have
a geometric profile identical to that of the full-scale model.
Their characteristic lengths should be proportional, and
the mounting angles, surface roughness, material properties,
and other parameters should be the same.

For an airfoil model, the geometric similarity parameter
is the chord length of the airfoil, and it is proportional
between two models. It is defined by

cm = kcf , ð1Þ

where cm is the chord length of the subscale model, cf is the
chord length of the full-scale model, and k is the ratio of the
chord length of the full-scale model to that of the subscale
model. Subscript m stands for the subscale model, and sub-
script f stands for the full-scale model.

2.2. Flow Field Scaling Requirement. According to the find-
ings of previous researchers [16], when the flow velocity in
the experiment is higher than that whose Reynolds number
is 2:0 × 105, the principle of constant speed can be used. In
such an instance, the flow velocities between the subscale
model and full-scale model are the same. That is,

vm = vf , ð2Þ

where vm is the wind velocity for the subscale model and vf
is the wind velocity for the full-scale model.

2.3. Droplet Trajectory and Impingement Scaling Requirement.
Tomeet the similarity criterion of trajectory and impingement
characteristics of water droplets colliding with the model sur-
face, Langmuir et al. proposed an inertial correction parameter
�K [18]. It is defined by the following formulas:

�K = K

ReK∞
,

�K = ρdR
K
a

18μ1−Ka

� �
d2−K0 U1−K

∞ TK

Lpk
,

ð3Þ

whereK is the inertial parameter,Re∞ is the Reynolds number
in the far field, ρd is the density of the droplets, Ra is the gas
constant of air, μa is the viscosity coefficient of the air, d0 is
the diameter of the droplets, U∞ is the velocity of the air, T
is the temperature of the air, L is the characteristic length,
and p is the pressure of the air.

To ensure that the subscale model has trajectories similar
to those of the full-scale model, the inertial correction
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parameters of the two models should be equal [12]:

�K
� �

m
= �K
� �

f
: ð4Þ

2.4. Mass of Water Droplet Impingement on the Wall Scaling
Requirement. According to studies [16] on the similarity the-
ory of icing on aircraft wings, the mass of water droplets
impinging on the wall should satisfy the following formula:

mi
L

� �
S
= mi

L

� �
R
, ð5Þ

where mi is the mass of icing and L is the characteristic
length.

To simplify the similarity criterion of the mass of water
droplets impinging on the wall, in this paper, a dimension-
less parameter, the accumulation parameter Ac, is intro-
duced based on the icing similarity theory. The parameter
is defined by the following formula:

Ac =
mi
ρiceL

= LWC∙U∞∙t∙β
ρiceL

, ð6Þ

where ρice is the density of ice, L is the characteristic length,
LWC is the liquid water content, t is the icing time, and β is
the water droplet collection rate.

According to formula (6), when the water droplet trajec-
tories are similar and the experimental model and the full-
scale model are strictly scaled, the density and the type of
ice are the same.

Therefore, when the accumulation parameter is con-
stant, as shown in formula (7), the icing mass generated by
the impinging water droplet is similar.

Acð Þm = Acð Þf : ð7Þ

2.5. Thermodynamic Scaling Requirement. Icing on a rotat-
ing model involves phase change and heat mass transfer pro-
cesses. To ensure that the icings on the full-scale model and
the subscale model have the same type and characteristics,
the thermodynamic characteristics on the surface of the
full-scale model and the subscale model should be similar.

According to both the AEDC and ONERA criteria, the
thermodynamic similarity of the icing process should meet
the similarities of four parameters, which are defined and
expressed as follows:

Freezing fraction n:

n = mi
mw

, ð8Þ

where mi is the mass of ice and mw is the mass of water that
impacts the surface of the blade.

Relative heat factor b:

b =
miCp,w
hc

=
LWC∙U∞∙β∙cp,w

hc
, ð9Þ

where cp,w is the specific heat capacity of water at constant
pressure, hc is the heat transfer coefficient, β is the collection
coefficient of water, mi is the total mass of icing, me is the
evaporation mass, mw is the total mass of the water droplets
impinging on the wall, hc is the convective heat transfer coef-
ficient, hv is the heat of evaporation, and Tsur is the temper-
ature of the model surface.

When formulating the icing similarity criterion under
rime ice conditions, the freezing fraction is equal to 1. The
temperature is an important condition to ensure that super-
cooled water droplets are frozen into rime ice. Therefore,
when the icing shape similarity test is carried out under rime
ice conditions, the test temperatures of two models with
different sizes can be the same, but they must be low enough.
That is,

Ts = T f : ð10Þ

When the above conditions are met, the values of the
freezing fractions of supercooled water droplets on model
surfaces of different sizes are both equal to 1. This means
that the freezing fractions are similar. Therefore, under this
similarity, the relative heat factors b are also similar when
the convective heat transfer coefficient hc is the same. The
droplet energy transfer driving potential ϕ is a function of
parameters, such as the ambient temperature, the absolute
temperature lower than 0°C, the incoming flow velocity,
and the specific heat capacity of droplets. Similarly, the air
energy transfer driving potential θ is a function of parame-
ters, such as the ambient temperature, the model surface
temperature, the incoming flow velocity, the heat of evapo-
ration, and the evaporation mass. Therefore, the tempera-
ture of the model surface, the heat of water evaporation,
and the evaporation mass are identical when the ambient
temperatures are the same. Under conditions of similar flow
fields over the body, the air energy transfer driving potential
θ can also be similar.

2.6. Dynamic Pressure Scaling Requirements. The rotating
model has the problem that ice generated on the surface
can be shed. According to the studies by Xian on icing sim-
ilarity [19], this problem can be solved by the relation
between shear force and dynamic pressure. The shear force
is proportional to the dynamic pressure. When the dynamic
pressures of the two models are similar, the shear forces on
both model surfaces are also similar. The expression of
dynamic pressure is

q = 1
2 ρaV

2
∞: ð11Þ

Substituting the ideal gas state equation into equation
(11) gives

q = 1
2
map
nRT

V2
∞: ð12Þ

When the icing shapes are similar, the characteristics of ice
shedding are also similar as the dynamic pressure is similar.
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That is,

qm = qf : ð13Þ

2.7. LiquidWater Dynamic Scaling Requirement.Tomatch the
freezing fraction of the subscale model with that of the full-
scale model, the surface liquid droplets of both models must
have dynamic similarity. Therefore, it is necessary to match
the ratio of the aerodynamic force to the surface tension of
water droplets, that is, to match the Weber numbers. Kind
and Potapczuk proposed aWeber number based on the thick-
ness of water films, in which the density of air replaces that of
water [20]. The results of this research show that the deviation
of Weber numbers based on the water film thickness in icing
similarity tests is not more than 25%. This indicates that the
Weber number based on the water film thickness is an impor-
tant parameter of the icing similarity theory. It is expressed by
the following formula:

Wew
= U2

∞δw,Aρa
σ

: ð14Þ

When the Weber numbers based on water film thickness
are matched, the relation between the subscale model and
the full-scale model is as follows:

Wew

� �
m
= Wew

� �
f
: ð15Þ

2.8. Rotation Parameter Scaling Requirement. The difference
in icing characteristics between rotating machines and aircraft
wings is that the icing process of rotating machines, such as
wind turbines, is also affected by rotation. Therefore, when
formulating the icing similarity criterion for a rotating model,
factors such as centrifugal force and Coriolis force should be
considered [21]. In the formula of centrifugal force and Corio-
lis force, there are only three parameters: mass, rotating angu-
lar speed, and rotating radius. Consequently, centrifugal force
is selected as a rotating parameter to formulate the similarity
criterion. In this paper, the ratio of centrifugal force to surface
area is defined as a rotating similarity parameter called
“centrifugal tensile stress.” It is expressed by the following
formula:

σc =
mω2r
Scov

, ð16Þ

where Scov is the area of blade covered by ice.
As a result, the subscale model and the full-scale model

shall have similar centrifugal tensile stresses:

σcð Þm = σcð Þf : ð17Þ

2.9. Selection Principles of Experimental Parameters. The
icing similarity criterion under rotating and rime ice condi-
tions was deduced in this paper. Specifically, the similarity
criterion was formulated by the modified inertia parameter,
the accumulation parameter, the freezing fraction, the rela-
tive heat factor, the air energy transfer driving potential,

the droplet energy transfer driving potential, the Weber
number based on water film thickness, and the centrifugal
tensile stress. The selection sequence of the icing similarity
parameters under rime ice conditions for a rotating model
is determined as follows:

(1) Characteristic length of the subscale model:

cm = kcf : ð18Þ

(2) Wind speed in the test of the subscale model:

vm = vf : ð19Þ

(3) Test temperature:

Tm = T f : ð20Þ

(4) Diameter of water droplet:

dm = cm
cf

 !1/ 2−κð Þ
pm
pf

 !κ/ 2−κð Þ
Tm

T f

 !−κ/ 2−κð Þ
vm
vf

 ! κ−1ð Þ/ 2−κð Þ
df :

ð21Þ

(5) Liquid water content (LWC):

LWCð Þm = LWCð Þf
vm
vf

 !3
d0ð Þm
d0ð Þf

 !
ρað Þm
ρað Þf

 !
: ð22Þ

(6) Test pressure:

Pm = Pf
vm
vf

 !
Tm

T f

 !2

: ð23Þ

(7) Test time:
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tm = t f
cm
cf

 !
vm
vf

 !−1 LWCm

LWCf

 !−1

: ð24Þ

(8) Rotating angular velocity:

ωm = ωf

βf

βm

� 	0:5 LWCf

LWCm

� 	0:5 Cf

Cm

� 	0:5 t f
tm

� 	0:5 r f
rm

� 	0:5 Scovð Þm
Scovð Þf

 !0:5

:

ð25Þ

3. Experimental System and Scheme

3.1. Experimental System. In this paper, a self-developed
icing wind tunnel system was utilized to conduct the icing
test on a rotating model, as shown in Figure 1. Images of
the test system are shown in Figure 2. Wind tunnels were
rebuilt on the basis of existing low-speed aerodynamic wind
tunnels. A stable cooling environment could be achieved by
connecting the wind tunnel entrance section to the outdoors
based on the natural low-temperature climate in Northeast
China. A two-phase flow spray system was added to the out-
let of the airway. The spray section consisted of a microspray
nozzle from Tanaka, Japan, in which the spray volume was
0.5~12.4 l/h and the droplet size was 20~100μm. The model
icing test was completed in the test section when the water
droplets and cold air were fully mixed in the mixing section.
The rotating system drove the model to rotate and complete
icing in the test section. Due to wind tunnel size limitations,
the radius of rotation could not be very long; it is necessary
to increase either the wind speed or the model rotating
speed. This situation posed a challenge to the system, so
the structure of the traditional test section was further opti-
mized. The test section is comprised of a spray zone and a
nonspray zone. The axis of the rotating model is located at
the nonspray zone. When the model rotates into the spray
zone, ice is frozen on the model surface. In this system, the
rotating radius of the sample can be adjusted, and the rotat-
ing center is aligned with the center of the cross section of
the wind tunnel. The motion diagram of the rotating model
in the icing wind tunnel is shown in Figure 3. This method
can reduce the size of the icing in the wind tunnel as well
as the cost of the experimental system. In the test process,
due to many environmental factors, the natural environment
was monitored over time to ensure that the temperature
change of the natural environment was less than 1°C during
the testing period. The spray system was initially calibrated,
its spray characteristics were optimized, and the spray
volume was also calibrated before each test. Throughout
the test, the whole duct was fully precooled. The thermocou-
ple installed in the nonspray section ensured that the duct
remained below 0°C, and the uniformity of the spray posi-
tion was calibrated to ensure that the LWC and MVD in
each system test are consistent. In this paper, each test was
carried out under the condition of stable external tempera-
ture. After many tests, the results showed that the parame-

ters of the test system were stable. The average deviation of
temperature in the duct was ±0.5°C, the average deviation
of wind speed was ±0.1m/s, the turbulence degree of the
wind tunnel was 0.04%, the average deviation of LWC was
±0.02 g/m3, and the average deviation of MVD was ±2μm
[22]. Each test result was repeated 2~3 times for real-time
recording with a CCD camera to ensure reproducibility.

The test model was exposed to icing in the tunnel at a
ninth of the circular trajectory. Then, eight-ninth of its tra-
jectory was exposed to the nonspray section. We verified
that the icing trend did not change, and the experimental
parameters for the original test system were determined.
The experimental parameters for the new test system were
selected and calculated as follows: (1) characteristic length
dm was 20 and 40mm, (2) wind velocity vf was 10m/s, (3)
experimental temperature T f was -15°C, (4) experimental
environment pressure Pf was 101325Pa, (5) medium vol-
ume diameter ðMVDÞf was 50μm, (6) liquid water content
ðLWCÞf was 0.58 g/m3, (7) test time length t f was
68.3min, (8) rotating radius rf was 0.45m, and (9) rotating
velocity nf was 333 r/min. The results are shown in Figure 4.
The ice shape trends of the two systems were roughly the
same, and the ice shapes were highly consistent. This shows
that the new system does not change the icing trend.

3.2. Experimental Scheme. Based on the traditional icing test
method in the aviation field, a solid aluminum cylinder was
selected as the experimental object in this paper. The icing
process is a physical and complex process with heat mass
transfer. To decrease the influence of the thermal conductiv-
ity of the material on the test, aluminum was selected as the
material because of its good thermal conductivity, high stiff-
ness, and high hardness. In this paper, two sizes of cylinder
samples were selected with diameters of 20mm and 40mm.
The heights of both samples were 20mm, and their rough-
ness was 3.2μm. Schematic diagrams of the 3D models
and samples are shown in Figures 5 and 6, respectively.

In this paper, a cylinder with a diameter of 40mm was
selected as the full-scale sample, while a cylinder with a
diameter of 20mm was selected as the subscale sample. To
validate the accuracy of the icing shape similarity criterion
for the rotating model proposed in this study under rime
ice conditions, an experimental scheme was designed
according to the above selection order and test parameter
principles. The experimental scheme is provided in Table 1.

As shown in Table 1, case 1, case 3, and case 5 are the
experimental conditions for the subscale sample; case 2, case
4, and case 6 are the experimental conditions for the full-
scale sample.

These two sample groups have the following corresponding
scale relations: the sample in case 1 is the subscale model that
corresponds to the full-scale model in case 2, the sample in case
3 is the subscale model that corresponds to the full-scale model
in case 4, and the sample in case 5 is the subscale model that
corresponds to the full-scale model in case 6. Each scheme
selects 6 time lengths for the icing test to investigate the effect
of time on the icing shape similarity under rime ice conditions.
For example, the process of selecting the experimental
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parameters based on the icing shape similarity criterion in cases
1 and 2 is explained as follows.

The experimental parameters for the full-scale sample
were decided, and these parameters are listed as follows:
(1) characteristic length df was 40mm, (2) experimental
wind velocity vf was 10m/s, (3) experimental temperature
T f was -15°C, (4) experimental environment pressure Pf

was 101325Pa, (5) medium volume diameter ðMVDÞf was
50μm, (6) liquid water content ðLWCÞf was 0.58 g/m3, (7)
test time t f was 12min, (8) rotating radius r f was 0.5m,
(9) and rotating velocity nf was 400 r/min.

According to the selection principle of the experimental
parameters of the icing shape similarity criterion, the exper-
imental parameters of the subscale sample were selected and
calculated as follows: (1) characteristic length dm was
20mm; (2) subscale ratio κ was 1/2; (3) experimental wind
velocity vm was 10m/s, which was the same as vf ; (4) exper-
imental temperature Tm was -15°C; (5) experimental envi-
ronment pressure Pm was 101325Pa, which was calculated
by formula (23); (6) medium volume diameter ðMVDÞm
was 50μm, which was calculated by formula (21); (7) liquid
water content ðLWCÞm was 0.58 g/m3, which was calculated
by formula (22); (8) test time tm was 6min, which was

Water vapor

Blade rotation system
Test section

Spray section
Mix section Conventional wind tunnel Cold air absorb section

Cold air

Image acquisition system

Figure 1: Schematic diagram of the icing wind tunnel test system.

Figure 2: Images of the test system.

Non-spray area

Spray area

Rotation area

(a) (b)

Figure 3: Schematic diagram and ice grid of the test system.
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calculated by formula (24); (9) rotating radius rm was 0.5m;
and (10) rotating velocity nm was 200 r/min, which was cal-
culated by formula (25).

4. Results and Discussion

4.1. Experimental Results. The distributions and shapes of
icing on the surfaces of rotating cylinders of different sizes
are shown in Figure 7. As shown in Figure 7(a), the icing
shapes at different cross sections of the icing cylinder are
approximately the same. Therefore, the icing shape at the
end of the cylinder was selected as the research object instead
of the icing shape on the whole rotating cylinder surface, and it

was used to analyze the distribution and shape of icing on the
surface of the rotating cylinder, as shown in Figure 7(b).

The images of icing distributions on the cylinder surface
under different experimental conditions were captured by a
high-speed camera and are shown in Figure 8.

As seen in Figure 8 under three contrast conditions, the
icing shapes on the surfaces of full-scale cylinders are
approximately the same as those on the surfaces of subscale
cylinders and have good similarities. According to the exper-
imental results, the icing shapes grow layer-by-layer over
time. The amount of icing is directly proportional to the
length of time. When the rotation speed is 400 r/min, the
icing shapes of the full-scale samples and subscale samples

Present system Present system

Original system Original system

40

40 40

20

20

0

0 0

–20

20–20–20
–40

–40 –40
X (mm) X (mm)

Ф = 40 mmФ = 20 mm

Y
 (m

m
)

40

20

0

–20

–40

Y
 (m

m
)

Body
Ice before transformation
Ice after transformation

Figure 4: Comparison of cylinder icing.

40 mm

20
 m

m

(a)

20 mm

20
 m

m

(b)

Figure 5: 3D model cylinder: (a) ϕ = 40mm cylinder; (b) ϕ = 20mm cylinder.
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are both approximately circular arcs at the initial stage of
icing. Subsequently, the icing shape changes to an elliptical
arc with increasing icing time. When the rotation speed is
800 r/min or 1200 r/min, the icing shapes on the full-scale
and subscale sample surfaces all display bulge-like shapes
with circular arcs at the initial icing stage, and these bulge
arcs change to straight lines with increasing icing time.

According to the experimental results in Figure 8, not all
upwind surfaces of the cylinders are covered by ice layers,
and the scope of icing has a downward movement with
increasing rotation speed. In contrast, the scope of icing on
the downwind surfaces of the cylinders shows an upward
movement. The reason for this trend is that the relative wind
speed, which is the resultant velocity of the rotating speed

(a) (b)

Figure 6: Cylinder sample: (a) ϕ = 20mm cylinder; (b) ϕ = 40mm cylinder.

Table 1: Experimental scheme.

Contrast condition Case v (m·s−1) T (°C) MVD (μm) LWC (g·m−3) P (Pa) n (rpm) d (mm)
Time (s)

t1 t2 t3 t4 t5 t6

C1
No. 1

10 -15 50 0.58 1 × 106

400 20 6 12 18 24 30 36

No. 2 400 40 12 24 36 48 60 72

C2
No. 3 800 20 6 12 18 24 30 36

No. 4 800 40 12 24 36 48 60 72

C3
No. 5 1200 20 6 12 18 24 30 36

No. 6 1200 40 12 24 36 48 60 72

𝜈

Transection surface

Side surface

Windward side
𝜔

Non-windward
side

Ice

(a) (b)

Figure 7: Icing distributions on surfaces of rotating cylinders: (a) schematic diagram of the rotating cylinder; (b) distributions of icing on the
cylinder.
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and wind speed, changes and influences the position and
scope of icing on the cylinder surface. The relative wind
speed is one of the important factors that influences icing
shape and distribution. Detailed research on this issue was
carried out in the previous paper [23].

As shown in Figure 9, the icing distribution and shapes
on the different sizes of cylinders are approximately the
same. The location of the starting point and the changing
trend of the icing shapes are consistent. These research
results validate the correctness of the icing shape similarity
criterion for the rotating models proposed in this paper
under rime ice conditions.

4.2. Evaluation of Icing Shape Similarity. To quantitatively
analyze the icing shapes on different sizes of cylinders, a
method for evaluating the similarity of irregular icing shapes
on cylinders with different scales was defined based on the
previous work [15]. This method was based on five typical
characteristics of icing shape, including icing area S, thick-
ness of icing stagnation point σ, deflection angle of icing
stagnation point α, superior limit of icing Lu and inferior
limit of icing Ld, as shown in Figure 10.

Because the sizes of cylinders are different, the bench-
marks for comparatively analyzing the typical characteristics

of icing shapes on different sizes of cylinders are inconsistent.
Therefore, several dimensionless parameters are defined as
follows in this paper.

Dimensionless icing area ηs:

ηs =
S

π d/2ð Þ2
, ð26Þ

where d is the diameter of the cylinder.
Dimensionless thickness of icing stagnation point ησ:

ησ =
σ

d
: ð27Þ

Dimensionless superior limit of icing Lu:

ηLu =
Lu
d
: ð28Þ

Dimensionless inferior limit of icing Ld :

ηLd =
Ld
d
: ð29Þ

Condition

NO.1

NO.2

NO.3

NO.4

NO.5

NO.6

t1 t2 t3 t4 t5 t6

n = 400 rpm n = 400 rpm
d = 20 mm d = 20 mm

n = 400 rpm
d = 20 mm

n = 400 rpm
d = 20 mm

n = 400 rpm
d = 20 mm

n = 400 rpm
d = 20 mm

t = 6 min t = 12 min t = 18 min t = 18 min t = 30 min t = 36 min

n = 400 rpm
d = 40 mm

n = 400 rpm
d = 40 mm

n = 400 rpmn = 400 rpm n = 400 rpm n = 400 rpm
d = 40 mmd = 40 mmd = 40 mm d = 40 mm

t = 12 min

t = 18 min t = 24 min t = 30 min t = 36 min

n = 800 rpm
d = 20 mm

n = 800 rpm
d = 20 mm
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t = 6 min
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d = 20 mm d = 20 mm d = 20 mm d = 20 mm d = 20 mm d = 20 mm
t = 6 min t = 12 min t = 18 min t = 18 min t = 18 mint = 18 min

n = 1200 rpm n = 1200 rpm n = 1200 rpm n = 1200 rpm n = 1200 rpm n = 1200 rpm
d = 40 mmd = 40 mm d = 40 mm d = 20 mm d = 40 mm d = 20 mm

t = 6 min t = 12 min t = 18 min t = 28 min t = 36 mint = 30 min

Figure 8: Images of icing distributions on surfaces of cylinders with different sizes.

9International Journal of Rotating Machinery



The comparative results of dimensionless icing areas on
different sizes of cylinders are shown in Figure 11.

As shown in Figure 11, the changing trends of the dimen-
sionless icing areas on cylinder surfaces of different sizes are
almost the same with increasing icing time. The growth trends
are approximately directly proportional to the time of the icing
test. In the same icing period, the dimensionless icing area
under 400 r/min conditions is the smallest. The reason for this
result is that the cylinder can collect more supercooled drop-
lets per unit time with increasing rotation speed. In addition,
the dimensionless icing areas are nearly equal in the same
icing period under 800 r/min and 1200 r/min conditions.

The comparative results of the dimensionless thickness
of the icing stagnation point in different sizes of cylinders
are shown in Figure 12.

As shown in Figure 12, the coincidence ratio of the
curves between the dimensionless thicknesses of the icing
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Figure 9: Icing shapes on surfaces of different sizes of cylinders in the same coordinate system with the same scale: (a) comparison of icing
shapes between conditions no. 1 and no. 2; (b) comparison of icing shapes between conditions no. 3 and no. 4; (c) comparison of icing
shapes between conditions no. 5 and no. 6.
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Figure 10: Typical characteristics of icing shape on the cylinder.
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stagnation point on cylinders of different sizes is high. The
growth trend is similar to that of the dimensionless icing
area. The dimensionless thickness of the stagnation points
increases with rotation speed. When the rotation speed is
higher than 800 r/min, the dimensionless thickness of the
icing stagnation point shows little difference in the same
icing period under different rotation speeds. The reason for
this result is that the droplet collection coefficient of the
icing cylindrical surface reaches a limit with increasing rota-
tion speed.

The comparative results of the dimensionless icing supe-
rior limit and inferior limit for cylinders of different sizes are
shown in Figures 13 and 14, respectively. Here, the dimen-
sionless icing limit curves for cylinders of different sizes have
obvious discrepancies. The reason for this result is that the
experiments with cylinders of different sizes have the same
MVD, and the MVD is a key factor that determines the loca-
tion of icing on the object surface. However, this has little
effect on the icing area and other dimensionless parameters.
This leads to the discrepancies in the icing limit of cylinder
surfaces with different sizes.

The comparative results of the deflection angles of icing
stagnation points on cylinder surfaces with different sizes are
shown in Figure 15.

As shown in Figure 15, the deflection angles of icing
stagnation points on icing cylinders at both scales distinctly
fluctuate with increasing test times, but they ultimately tend
to coincide. The reason for this result is that the thickness of
the icing layer grows with increasing icing time, and the
process of icing, which involves heat and mass transfer that
is influenced by the temperature of the cylinder surface,
becomes weaker. The processes of heat and mass transfer
between the droplet and ice layer greatly influence the pro-
cess of icing. When the experimental conditions are the
same, the characteristics of heat and mass transfer between
the ice layer and the droplet are also the same for cylinders
of different sizes.

Based on the above analysis, there are discrepancies in
the typical characteristics of icing shapes for the cylinder
surfaces of different sizes. To analyze these discrepancies,
some characteristic parameters, which are utilized to quan-

tify the discrepancy in icing shape, are defined based on
the 5 typical icing characteristics mentioned above. The def-
initions and expressions of these parameters are listed as fol-
lows [22]:

Dimensionless icing area discrepancy rate ςS:

ςS =
ηSð Þp − ηSð Þm

ηSð Þp












: ð30Þ

Dimensionless thickness of icing stagnation point dis-
crepancy rate ςσ:

ςσ =
ησð Þp − ησð Þm

ησð Þp












: ð31Þ

Dimensionless icing superior limit discrepancy rate ςLu :

ςLu =
ηLu

� �
p
− ηLu

� �
m

ηLu

� �
p
















: ð32Þ

Dimensionless icing inferior limit discrepancy rate ςLd :

ςLd =
ηLd

� �
p
− ηLd

� �
m

ηLd

� �
p
















: ð33Þ

Dimensionless deflection angle of icing stagnation point
discrepancy rate ςα:

ςα =
ηαð Þp − ηαð Þm

ηαð Þp












: ð34Þ

where the parameters with subscript p belong to the full-
scale model and those with subscript m belong to the
subscale model.

t1 t2 t3 t4 t5 t6
0.0

0.2

0.4

0.6𝜂
s

0.8

1.0

1.2

t1 t2 t3 t4 t5 t6 t1 t2 t3 t4 t5 t6
Contrast.3Contrast.2Contrast.1

Case1
Case2 Case4

Case3 Case5
Case6

Figure 11: Comparative results of dimensionless icing areas.
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Figure 12: Comparative results of the dimensionless thickness of
the icing stagnation point.
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For assessing similarity, the degree of influence of each
characteristic should also be considered. Based on previous
work, weighting factors are given to different characteristics,
and their values are 0.3 (rσ), 0.3 (rS), 0.1 (rα), 0.15 (rLu ), and
0.15 (rLd ).

According to the previous work [18], the icing area and
thickness of the icing stagnation point are key factors for
evaluating the icing shape. The icing superior and inferior
limits have little influence. To quantitatively analyze the
similarity of icing shapes, the parameter “icing similarity
rate” is defined and expressed in this paper as follows.

Sim = 1 − rσςσ + rSςS + rαςα + rLuςLu + rLdςLd
� �� �

, ð35Þ

where Sim is the icing similarity rate.
The icing shape similarity criterion and the evaluation

method proposed in this paper are used to quantitatively ana-
lyze the icing shapes on two sizes of cylinder surfaces under
different experimental conditions. The dimensionless icing
area, the dimensionless thickness of the icing stagnation point,
the dimensionless icing superior and inferior limits, and the
dimensionless deflection angle of the icing stagnation point
are substituted into formula (35). The resulting bar chart of
icing similarity rates is shown in Figure 16.

As shown in Figure 16, the icing time has little influence
on the icing similarity rate. Under the same experimental con-
ditions, the icing similarity rates for two cylinders of different
sizes change slightly with increasing icing time. When the
icing time is the same, the higher the rotation speed is, the
higher the icing shape similarity rate is. The similarity rate
under the contrast 3 condition reaches 91%. The reason for
this result is that when LWC and MVD are constant, the unit
surface areas of the cylinders of different sizes collect the same
amount of droplets per unit time, and the capacity for col-
lecting droplets increases with increasing rotation speed until
the maximum limit is reached. This factor leads to the increase
in the icing similarity rate with the increase in rotation speed.
For the special case of t5, the Sim of contrast 2 was lower than
that of contrast 1 and contrast 2. The reason for this result may
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Figure 13: Comparative results of dimensionless icing superior
limits.
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be related to the abnormal fluctuation of wind speed and turbu-
lence in the wind tunnel within such a small range, or the noz-
zle in the spray systemmay have some problems. However, this
single result does not affect the overall results of the test because
in looking at the overall effect of the test, the laws of other
working conditions are the same (except t5, where the similar-
ity rates are as follows: contrast 1 is less than contrast 2, which
is less than contrast 3). Therefore, this very special phenome-
non does not affect the overall conclusion of the experiment.
By quantitatively analyzing the icing shape similarity rate with
different sizes, the accuracy of the icing shape similarity crite-
rion proposed in this paper is validated. The results lay the
foundations for icing similarity tests of rotating parts, such as
wind turbine blades, in icing wind tunnels.

5. Conclusions

In this paper, studies on the icing shape similarity on a rotat-
ing cylinder were carried out, and three conclusions are
summarized as follows:

(1) A novel icing shape similarity criterion was estab-
lished. The parameter “centrifugal tensile stress” was
proposed and defined as an icing similarity parameter
for evaluating the similarity of the rotating model. The
icing shape similarity criterion for the rotating model
under rime ice conditions was subsequently formu-
lated based on the Weber number of the water film
thickness. The primary principle and sequence of
experimental parameter selection were determined

(2) Experimental studies on the icing shape similarity
criterion for the rotating model under rime icing
conditions were carried out based on cylinders of
two different sizes. The experimental results show
that icing shapes on cylindrical surfaces of two
different sizes under different working conditions
had high similarities. The location of icing, the icing
shape, and the trend of changes in icing with increas-
ing time had high consistency

(3) Several dimensionless parameters and discrepancy
rates were defined to characterize the similarity of
icing shapes. The dimensionless icing areas were
approximately directly proportional to the test time.
The dimensionless thicknesses of icing stagnation
points on cylinders of different sizes had high coinci-
dence and little difference when the rotation speed

was high. The deflection angles of the icing stagna-
tion points at both scales tended to coincide as the
test time increased. As shown in Table 2, the similar-
ity rate ranged from 81% to 90%.

This study carried out a prospective study only for the
specific conditions of rime ice, which is also a common idea
in the field of aviation icing research. However, in this paper,
icing similarity research based on cylinders was carried out,
though its aerodynamic performance is obviously different
from that of airfoils. The icing similarity of airfoils requires
further exploration and demonstration, and more research
work will be carried out.

Nomenclature

c: Chord length (m)
b: Blade
D: Rotor diameter (m)
E: Energy (J)
f : Full-scale model
L: Icing limit (mm)
LWC: Liquid water content (g/m3)
MVD: Medium volume droplet diameter (μm)
m: Subscale model
Q: Quantity of heat (J)
U : Velocity of wind flows (m/s)
Sim: Similar degree (%)
ri: Weighting factor
η: Dimensionless method
δS: Stationary point thickness (mm)
Ld: Downer impingement limit
Lu: Upper impingement limit
v: Peripheral speed (m/s)
αs: Deflection angle of icing
θ: Rotation angle of airfoil (°)
cov: Cover
Scov: Icing area (mm2)
t: Icing time (s)
T : Temperature (°C)
ς: Difference rate factor.

Data Availability

The data used to support the findings of this study are
included within the article.

Table 2: Similarity rate of different conditions.

Contrast condition Case v (m·s−1) T (°C) MVD (μm) LWC (g·m−3) P (Pa) n (rpm) d (mm)
Sim (%)

t1 t2 t3 t4 t5 t6

C1
No. 1

10 -15 50 0.58 1 × 106

400 20
81 83 84 82 88 83

No. 2 400 40

C2
No. 3 800 20

85 88 85 89 89 85
No. 4 800 40

C3
No. 5 1200 20

87 89 87 90 90 86
No. 6 1200 40
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