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In order to study the icing mechanism and anti-icing technology, a small low-speed reflux icing wind tunnel test system was
designed and constructed. The refrigeration system and spray system were added to the small reflux low-speed wind tunnel to
achieve icing meteorological conditions. In order to verify the feasibility of the test system, the flow field uniformity,
temperature stability, and liquid water content distribution of the test section were tested and calibrated. On this basis, the icing
tests of an aluminium cylinder, an NACAOQ018 airfoil, and an S809 airfoil were carried out, and the two-dimensional ice shape
obtained by the test was compared with the two-dimensional ice shape obtained by the numerical simulation software. The
results show that in the icing conditions and icing time studied, the parameters of the test system are stable, and the

experimental ice shape is consistent with the simulated ice shape, which can meet the needs of icing research.

1. Introduction

Surface icing is a typical natural phenomenon, which can
bring many problems in the thermal management of HVAC
systems, aviation industries, and power networks during
winter time [1]. At present, the research on the icing problem
is mainly on the mechanism of surface icing and the method
of anti-icing/deicing. The main research methods are theo-
retical analysis, numerical simulation, and icing wind tunnel
test [2-4]. In the research of the theoretical derivation of
icing, the numerical simulation development of icing, and
the development of anti-icing systems, the icing wind tunnel
test data are important for design and verification basis.
Therefore, an icing wind tunnel plays an indispensable role
in icing research [5].

The icing wind tunnel is based on the conventional wind
tunnel, with the addition of a refrigeration system and a spray
system to achieve icing weather conditions. According to the
construction scale, it can be divided into large icing wind tun-
nels and small icing wind tunnels. Among them, for typical
large icing wind tunnels, such as the NASA Glenn Research
Center icing wind tunnel (IRT) [6], the Canadian National

Research Center icing wind tunnel (PIWT) [7], and the Ital-
ian Aerospace Research Center icing wind tunnel [8], the
large icing wind tunnel system is complex and its construc-
tion and utilization costs are high. The current stage of sur-
face icing research is mainly focused on verification
experiments of icing mechanisms and anti-icing/deicing sys-
tems by building small icing wind tunnel test systems. The
Iowa State University [9] built a small icing wind tunnel with
a size of 0.4 m x 0.4 m, which mainly studied a hybrid anti-
icing system combined with electric heating and hydropho-
bic coating on small blades. Zhang et al. [10] used a closed-
loop icing wind tunnel with a diameter of 0.6m to carry
out experimental studies on rotating cone icing. Zhu et al.
[11] completed the icing process and tested the bond strength
of ice in a wind tunnel with a size of 0.5 m x 0.3 m. Gonzales
et al. [12] built a simpler icing wind tunnel at the Kanagawa
Institute of Technology in Japan to study solar absorption
materials on new superhydrophobic surfaces to improve
anti-icing performance. Concordia University [13] built a
small reflux icing wind tunnel with a cross section of 0.1 m
x 0.1 m to study the anti-icing and deicing performance of
a superhydrophobic coating on the wing. Rivero et al. [14]
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F1GURE 1: Principle of icing wind tunnel.
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FiGUure 2: Curve of the contraction section.

built an open icing wind tunnel to evaluate the anti-icing per-
formance of functional coatings by placing the channel sys-
tem in a low temperature freezer. Jin and Virk [15] built a
small nonreflux wind tunnel at the University of Clandfield
Ice Wind Tunnel Laboratory, and carried out an ice accretion
experiment on S826 and S832 wind turbine blade profiles. In
summary, in addition to using a large icing wind tunnel to
carry out icing research, building a small icing wind tunnel
is also an important means to carry out icing and anti-icing
research.

However, there are few reports on the construction of
small icing wind tunnels, and only the wind tunnel construc-
tion results are given. At present, there is an icing wind tun-
nel built by the Technical University of Braunschweig [5],
and the design, construction, and commissioning processes
of the wind tunnel are introduced in detail. However, the
wind tunnel structure is relatively complex, and the construc-
tion and utilization costs are high. In order to study the icing
mechanism of a small model and verify the effectiveness of
the anti-icing coating and deicing device, a small low-speed
backflow icing wind tunnel test system is designed and built
in this paper, and the design, commissioning, and test pro-
cesses are described. The icing growth of typical models such
as a cylinder, an NACA0018 airfoil, and an S809 airfoil is
tested and compared with numerical simulation results.
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FIGURE 3: Modeling image and object picture of the reflux airway:
(a) modeling image and (b) object picture.

The construction and utilization costs of the wind tunnel is
lower, and some typical experimental cases are obtained, pro-
viding reference cases for other researchers to carry out ice
shape verification.

2. Development of the Icing Wind Tunnel
Experimental System

2.1. Working Principle. In this paper, the icing wind tunnel is
mainly aimed at the solving the problem of small icing mech-
anism models, anti-icing coating performance, and deicing
device effectiveness. The system is aimed at obtaining uni-
form velocity, uniform wind speed distribution, and control-
lable icing environment in the test section at low cost.
Therefore, a small low-speed reflux icing wind tunnel is
selected. The cross section of the wind tunnel test section is
a rectangle with a dimension 0f250 mm x 200 mm. The
designed maximum wind speed is 20m/s. The simulated
meteorological temperature range is -20°C~0°C, the liquid
water content (LWC) is 0.1 g/m3 ~5 g/m3, and the medium
volume diameter (MVD) of the supercooled water droplets
is 20 um~100 pm.

The schematic diagram of the small reflux icing wind
tunnel is shown in Figure 1. A closed reflux duct is set up.
The cooling section is arranged in the duct, and the evapora-
tor is installed in the cooling section. The low temperature air
cooled by the evaporator is pumped and pressurized by the
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FIGURE 6: 18 m/s wind speed nephogram.

centrifugal fan, and then flows through the bend section.
After rectification by the cellular net, it enters the stable sec-
tion and the contraction section in turn. Finally, a stable air-
flow is formed in the test section. After the test section, it
returns to the cooling section through the bend section to
form a reflux. A nozzle is arranged in the stable section,
and the droplet is cooled into an undercooled droplet during
flight and then collides with the experimental model in the
test section.

2.2. Reflux Duct. Since the cooling section is added in the
return airway and the finned evaporator is installed inside,
the overall aerodynamic characteristics of the reflux airway
will be greatly affected. Therefore, it is unpractical to carry
out aerodynamic design and analysis on all components of
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the backflow channel. We focus on the design of the flow
channel from the outlet of the centrifugal fan to the inlet of
the refrigerator.

The power of the reflux airway is provided by the CF-3.5-
type centrifugal fan, equipped with YVF2-100S-4-type
variable-frequency speed control motor with a power of

LWC (g/m3)



TasBLE 1: Cylindrical icing conditions.
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Contrast condition Diameter, @ (m) Temperature, T (°C) Windspeed, v (m/s) LWC (g/m3) MVD (um) Time, ¢ (s)
Case 1 0.03 -8 18 3.5 40 60
Case 2 0.03 -12 18 3.5 40 60
Case 3 0.03 -16 18 3.5 40 60

(a)

(0

FIGURE 10: The icing types on a cylinder surface: (a) glaze ice, (b) mixed ice, and (c) rime ice.
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FIGURE 11: Mesh generation of a cylinder: (a) calculated three-dimensional domain and (b) mesh.

3kW and a constant torque frequency range of 5-50 Hz. The
inlet diameter is 300 mm, and the outlet size is 250 mm x
150 mm. The outlet of the centrifugal fan is connected to
the inlet of the bend section, which can convert the kinetic
energy of the gas into pressure energy. Due to the insufficient
conversion, the airflow will enter the bend section at a certain
speed; thus, it is necessary to arrange guide plates in the bend
section to improve the flow field. Both the inlet size of the
bend section and the outlet size are 500 mm x 400 mm, and
19 circular arc guide plates are arranged.

The stable section is connected to the outlet of the bend
section to improve the airflow uniformity and reduce the tur-
bulence degree. At the same time, the spray droplets are fully
precooled. The length of the stable section is 1000 mm, and
the inlet of the spray pipe is left on the side. The entrance is
equipped with a 500 mm x 400 mm cellular net. The cellular
net is a hexagonal hole with a side length of 2mm and a
thickness of 10mm. The stable section is connected to the
contraction section to accelerate the airflow to reach the
required speed in the test section. The inlet of the contraction
section is 500 mm x 400 mm, the outlet is 250 mm x 200 mm,
and the length is 300 mm. The cubic contraction curve is
used. It is defined by formula (1) [16]. The actual contraction
curve is shown in Figure 2.

D-D, _ 1—%(;)3,(%)Sxm, W
P N O @

where x,, is the connection point before and after two curves,
D is the axial distance x out of the section diameter, D, is the
shrinkage section inlet equivalent radius, D, is the shrinkage
section outlet equivalent radius, and L is the total length of
contraction section.

After the contraction section, the section size of the test
section is 250 mm x 200 mm, and the length is 1000 mm.
There are observation windows and test model fixing devices
on it. After the test section is the diffusion section, with an
outlet size of 500 mm x 400 mm and a length of 340 mm.
Subsequently, the bend section was arranged to introduce
the airflow into the cooling section, and 19 circular arc guide
plates were arranged in the bend section. The reflux airway
modeling image is shown in Figure 3(a), and the object pic-
ture is shown in Figure 3(b).

2.3. Cooling System. A Bitzer KP-4TES9Y air conditioning
refrigeration compressor [17] is used in the wind tunnel
refrigeration system. The compressor power is 6.62kW, the
average refrigerating capacity is 18.4kW, and the refrigerat-
ing capacity at -20°C is 7.76kW. The refrigerant used is
R143a. The maximum cooling condition is selected to calcu-
late the cooling capacity. At this time, the minimum operat-
ing temperature of the wind tunnel system is -20°C, and the
maximum wind speed is 22 m/s. Under this condition, the
energy balance equation of the wind tunnel is defined as fol-
lows:

Qc = Qs + Qm + Ql’ (2)
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FIGURE 12: Icing shape comparison between test and simulation: (a) glaze ice, (b) mixed ice, and (c) rime ice.

where Q, is the compressor refrigeration capacity, Q; is the
heat transfer by the airway and the environment, Q,, is the
calorification by airflow friction, and Q; is the heat carried
away by leakage.

The heat transfer area S is calculated by the 3D model of
the icing wind tunnel. The total thermal conductivity of the
tunnel is defined by the following:

1

A= G T dhd) T @)’ ®)

where A is the total thermal conductivity of the tunnel wall,
A, is the thermal conductivity of 304 stainless steel with a
value of 16.3 W/mk, A, is the thermal conductivity of the
rubber insulation cotton with a value of 0.034 W/m-k, d is
the total thickness of the tunnel wall, d; is the thickness of
the inner wall with a value of 2mm, d, is the thickness of
the rubber insulation cotton with a value of 40 mm, and d,
is the thickness of the outer wall with a value of is 1 mm.
Based on the thermal conductivity formula (3), the total ther-

mal conductivity of the tunnel wall is 0.036 W/m-k. The heat
transfer between the airway and the environment during the
operation of the wind tunnel is defined by formula (4),
namely, where Q, is 0.82kW.

Q= (4)

Ul >

'(Tl —T2> -5,

where T is the environmental temperature with a value of
20°C, T, is the testing temperature with a value of -20°C, S
is the heat transfer area with a value of 24.5m”.

The heat generated by airflow friction takes all the cen-
trifugal fan power into heat under the limit state, namely,
where Q,, is 3kW. In the calculation, the heat absorption of
water droplets increases with the increase of spray volume
[8]. We take three times the wall heat transfer, where Q; is
2.46kW and where Q. is 6.28kW. This is lower than the
-20°C refrigeration capacity of the compressor of 7.76 kW,
which meets the refrigeration requirements.
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TABLE 2: Symmetric airfoil icing conditions.

Contrast condition ~ Chord length, I (mm)  Temperature, T (‘C)  Windspeed, v (m/s) LWC (g/m3) MVD (pym)  Time, ¢ (s)
Case 1 100 -8 18 3.5 40 120
Case 2 100 -12 18 35 40 120
Case 3 100 -16 18 3.5 40 120

FIGURE 13: NACAO0018 icing shape: (a) glaze ice, (b) mixed ice, and (c) rime ice.
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2.4. Spray System. The spray system adopts a two-phase flow
spray, which is divided into a gas path and a water path. The
pressure of the air in the gas path is adjusted by the pressure-
reducing valve and preheated by the air heater before the
pressure-reducing valve. The distilled water in the water
channel is stored in the water tank in advance, and the tem-
perature control system is added to the water tank to preheat
the water. The water passes through the filter and enters the
plunger pump to create pressure. The pressure of the water
channel is adjusted by the pressure-regulating valve.
Through the air heater and rectifier, water is preheated to
ensure that the water and nozzle will not freeze. The spray
system schematic diagram is shown in Figure 4.

The liquid water content (LWC) and the medium volume
diameter (MVD) are important icing meteorological param-
eters, and the key is the performance of the nozzle. The sys-
tem uses a CBIMJ2001 mist two-phase flow nozzle from
Ikeuchi Co. Ltd., with a spray volume of 0.51/h~12.41/h
and a droplet size of 20 um~100 ym, the droplet diameter

(®)

FIGURE 14: Mesh generation of NACA0018: (a) calculated three-dimensional domain and (b) mesh.

can be controlled by adjusting the pressure ratio of the gas
and the liquid. With reasonable wind speed, the required
icing conditions can be achieved, so we can simulate the
MVD and LWC required for the freezing conditions.

3. Measurement of Meteorological
Parameters of Icing Wind Tunnel

3.1. Flow Field. The wind speed of the test section under dif-
ferent wind speeds was measured by a hotline anemometer
(model: testo 405i). The test position is shown in Figure 5.
The cloud images of the test section under different wind
speeds are shown in Figure 6. It can be seen that the wind
speed is uniform, which meets the test requirements.

3.2. Temperature. The cooling process of the test section is
tested by a hot-wire anemometer. The temperature change
at the center of the test section during a certain test process
is shown in Figure 7. The temperature at the initial stage is
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FIGURE 15: Ice shape comparison of NACA0018 icing: (a) glaze ice, (b) mixed ice, and (c) rime ice.

the same as that at room temperature. When the centrifugal
fan is opened to make the air circulate in the duct, the refrig-
eration device is opened. The temperature of the test section
begins to decline. When the temperature drops to the preset
temperature of -20°C, it remains constant. It can be seen that
the wind tunnel can meet the needs of the refrigeration
system.

3.3. LWC and MVD. The LWC in the test section was mea-
sured by the ice knife method [18]. The ice knife was

200 mm in length, 20 mm in width, and 3 mm in thickness,
and the material was stainless steel. According to the refer-
ences, the ice thickness is controlled between 1.6 mm and
4.5 mm, the ice width is kept at less than 5 mm, and the dis-
tribution of liquid water content is based on the following
formula:

) h.
LWC = % (5)
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TaBLE 3: Asymmetric airfoil icing conditions.

Contrast condition ~ Chord length, I (mm)  Temperature, T (‘C)  Windspeed, v (m/s) LWC (g/m3) MVD (um)  Time, ¢ (s)
Case 1 100 -8 18 3.5 40 120
Case 2 100 -12 18 3.5 40 120
Case 3 100 -16 18 3.5 40 120

FIGURE 16: S809 icing shape: (a) glaze ice, (b) mixed ice, and (c) rime ice.
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FIGURE 17: Mesh generation of S809: (a) calculated three-dimensional domain and (b) mesh.

where p,_, is the ice density (at 720 kg/m?), h; is the ice thick-
ness on the ice knife, v is the wind speed in the test section.

The obtained LWC distribution nephogram on the cross
section of the test section at 18 m/s wind speed is shown in
Figure 8, it can be found that the spray has a certain degree
of inhomogeneity due to the influence of the nozzle’s own
properties. Zone A and Zone B are distinguished. The liquid
water content of the spray in Zone A is 0.35 g/m’, and that in
Zone B is 0.2 g/m’. The models used in this experiment were
all carried out in Zone A to adapt to the spray inhomogene-
ity. According to the inherent spray characteristics of the
nozzle, as shown in Figure 9, the medium volume diameter
(MVD) of the spray can be calculated to be 40 ym based on
the spray amount of the nozzle.

4. Icing Wind Tunnel Test
Performance Verification

The icing wind tunnel was used to test the cylinder, the sym-
metrical airfoil NACA0018 blade section, and the asymmet-

ric airfoil S809 blade section under glaze ice, mixed ice, and
rime ice conditions.

4.1. Cylinder Icing Test. The selected cylindrical model is
made of aluminium with a diameter of 0.03 m and a thick-
ness of 0.02m. In each experiment, the test system needs
to be calibrated to determine the nozzle water spraying
amount. The installation position and spray angle are con-
sistent with the calibration of meteorological parameters.
The air duct was precooled by opening the refrigeration
system, and the uniformity of LWC was checked again
by ice knife. After the wind tunnel debugging, the test
model was installed in the test section. Before icing spray,
the airway and test model should be fully precooled to
ensure the temperature consistency of the whole test sys-
tem. The precooling time was at least 3min. After the
icing condition is completed, the spray system is closed
to keep the airway in a low temperature state. The exper-
iment is completed after the two-dimensional image of
icing is collected by CCD camera [19]. Each group of tests
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FIGURE 18: Ice shape comparison of S809 icing: (a) glaze ice, (b) mixed ice, and (c) rime ice.

should be repeated more than three times to ensure the
consistency of the test results.

Table 1 is the test medium volume diameter conditions.
Figure 10 shows the test results. It can be found that the cor-
responding working condition Case 1 in Figure 10(a) is glaze
ice icing. From the side pictures, it can be seen that the icing
is transparent and the ice ridge appears. Figure 10(b) is Case
2 for mixed ice, and Figure 10(c) is Case 3 for rime ice. From
the side diagram, it can be seen that mixed ice is combined

with glaze ice while rime ice is not, and the ice shape is
slightly larger than that of glaze ice.

In order to further verify the accuracy of the system, the
obtained two-dimensional ice shapes had been compared
with the icing ice shapes which were calculated by the numer-
ical simulation software FENSAP-ICE [20]. ICEM is used for
mesh generation, and the calculated three-dimensional
domain and mesh are shown in Figure 11. The flow field
around the model is simulated by the FENSAP Solver, and
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the air flow field is solved by the N-S equation with viscous
calculation and analysis. The turbulence model is the k-
omega SST model. The water droplet trajectory is solved in
the DROP3D Solver, and the solution model is the Eulerian
two-fluid model. Simulation of an ice shape was conducted
in the ICE 3D Solver by the improved Messinger thermody-
namic model.

The ice shape obtained is shown in Figure 12. It can be
found that the trend of the ice shape is roughly the same. In
the rime ice state, the coincidence degree is particularly
higher. In the glaze ice state, the coincidence degree is slightly
worse, which is due to the occurrence of ice ridges leading to
a partial deformation of the ice.

4.2. Symmetric Blade Airfoil Icing Test. The airfoil is
NACAO0018, and the material is aluminium. The chord
length c is 0.1 m, and the thickness is 0.02 m. The test process
is the same as that of cylinder icing, and the test scheme is
shown in Table 2. The ice shape obtained is shown in
Figure 13. In Figure 13(a), the corresponding Case 1 is glaze
ice, and there is no uniform distribution of ice at the edge of
the icing. Figures 13(b) and 13(c) correspond to Case 2 and
Case 3, respectively, which are mixed ice and rime ice.

The obtained two-dimensional ice shape is compared
with the ice shape of the numerical simulation software
FENSAP-ICE. Mesh generation is shown in Figure 14,
and the calculation method is the same as that of cylinder
icing.

As shown in Figure 15, it can be found that the trend of
the ice shape is roughly the same, and the coincidence degree
is higher in the rime state. In the glaze ice and mixed ice
states, the ice shape coincidence is slightly worse due to the
formation of a nodular structure. Overall, the experimental
ice shape has a high coincidence degree with the calculated
ice shape.

4.3. Asymmetric Blade Airfoil Icing Test. The typical airfoil
S809 was selected for the icing test. The material is aluminium,
the chord length ¢ is 0.1 m, and the thickness is 0.02m. The
test process is the same as that of cylinder icing, and the test
scheme is shown in Table 3. The glaze ice obtained under Case
1 is shown in Figure 16(a). There is no nodular ice on the
upper surface of the airfoil, which has the characteristics of
partially mixed ice. Case 2 and Case 3 are mixed ice and rime
ice, respectively. As shown in Figures 16(b) and 16(c), rime ice
features are more obvious, and the mixed ice is mainly mani-
fested at the leading edge, which is due to the difference in the
heat transfer caused by the different aerodynamic characteris-
tics of $809 and NACA0018.

The obtained two-dimensional ice shape is compared
with the ice shape of the numerical simulation software
FENSAP-ICE. Mesh generation is shown in Figure 17, and
the calculation method is the same as that of cylinder icing.
As shown in Figure 18, it can be found that the trend of the
ice shape is roughly the same, which intersects with
NACAO0018. The ice shape overlap is slightly worse when
the asymmetric airfoil is icing, and the leading edge of the
ice shape is sharper.
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5. Analysis of Icing Overlap
Characteristic Quantity

In order to study the similarity degree of the ice shape more
intuitively, the irregular ice shape is analyzed quantitatively
and the typical characteristic quantity is determined to evalu-
ate the obtained two-dimensional ice shape [19]. As shown in
Figure 19, the icing area is s, the icing thickness is o, the icing
upper limit is L, and the icing lower limit is L;. They are
selected to evaluate the coincidence degree of icing through
the difference rate, where the e-subscript represents the test
data and the s-subscript represents the calculation data.
Here, the area difference rate is as follows:

=) (6)

— ) (8)

where, the ice inferior limit difference rate is as follows:

_ | (ELa), — (La),
ELd - ’ (Ld)e .

The influence weight r; of different typical characteristic
quantities are defined. Because the icing area and leading-
edge thickness can better reflect the icing difference, the
weight of the icing area rg is 0.3, the weight of the leading-
edge thickness r, is 0.3, the limit weight of the icing r; is
0.2, and the limit weight of icing r; is 0.2, that is, the overall
difference of the ice shape is as follows:

©)

Sim=[1- (&rg+&,r, + §rp + ELerd)]

(10)
= [1- (0.38 + 0.3, +0.28, +0.2, )]
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TABLE 4: Asymmetric airfoil icing conditions.
Cylinder NACA0018 S809
Glaze ice Mixed ice Rime ice Glaze ice Mixed ice Rime ice Glaze ice Mixed ice Rime ice
Sim 67.8% 87.5% 90.1% 70.5% 71.1% 83.7% 72.7% 76.0% 80.9%

Table 4 shows the similarity between the experimental ice
shape and the numerical simulation ice shape. The results
show that in the rime ice state, the icing similarity of the cyl-
inder, the symmetric airfoil, and the asymmetric airfoil is
high, and the highest cylinder reaches 90.1%, while the differ-
ences of the airfoil are 83.7% and 80.9%, respectively. The
overlap degree of the mixed ice and the glaze ice is slightly
worse, and the overlap degree of the ice shape is about 70%
in the open ice state. The reasons for the observations above
are not only because the conventional icing numerical simu-
lation cannot completely reproduce the actual icing condi-
tions but also because the working conditions in this paper
are all carried out at low Reynolds numbers, and the inflow
wind speed is only 18 m/s. During the icing process, a certain
degree of settlement occurs during the droplet flight, which
leads to the difference in icing shape, which also indicates
the necessity of an icing wind tunnel test. In summary, the
development trend of icing is roughly the same, which can
reflect the actual icing situation. The system can meet the
experimental requirements of icing research on a blade
model.

6. Conclusions

In order to study the icing of a wind turbine more conve-
niently, a small reflux type low-speed icing wind tunnel test
system is designed and built. The conclusions are as follows:

(1) After the overall structure of the wind tunnel was
determined, the reflux airway, the refrigeration sys-
tem, and the spray system were designed. After the
wind tunnel was built, the flow field distribution,
the temperature stability, and the liquid water con-
tent (LWC) distribution of the three typical environ-
mental variables of the test system were measured
and analyzed. The measurement and analysis of icing
wind tunnel meteorological parameters are obtained
through many tests. The results show that the test
system has good repeatability and stable performance

(2) Ice test was carried out by using the cylindrical model
and the blade model, and the ice shape obtained by
the test was compared with that obtained by a com-
mercial numerical simulation software. The coinci-
dence degree of an irregular ice shape is evaluated
by icing overlap characteristic quantity. The results
show that the coincidence degree of the icing ice
shape is higher in the rime ice state and slightly worse
in the glaze ice state. Overall, the development trend
of icing is roughly the same, which can reflect the
actual icing situation. The system can meet the test
requirements of blade model icing research
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