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The optimization method of wing
ice shape regulation based on flight
dynamics characteristics

Pengfei Dou, Zhe Li**, Zehong Dong & Li-ke Xie

Ice on aircraft wing changes the aircraft aerodynamic shape, and has negative effects on flight
dynamic characteristics, seriously threatening flight safety. Plasma ice shape regulation is a new
de-icing method. Plasma actuator produces an apparent thermal effect, which is designed to dissolve
the continuous ice into intermittent ice pieces. How to achieve the optimal regulation ice shape to
improve the flight dynamics characteristics under icing conditions is a technical problem restricting
the application of this method. A simulation ice shape based on previous ice tunnel experiments

and a scale model of swept wing were established. The aerodynamic parameters of no ice, full ice,
and two regulation ice schemes were obtained based on wind tunnel. Six degrees of freedom flight
dynamics model was established, and flight simulation had been carried out. As the analysis of trim
characteristics, dynamic stability, and maneuverability, flight dynamics characteristics were better
improved when the ratio of ice width to the mean aerodynamic chord was 0.15. The evaluation
method of plasma ice shape regulation schemes was proposed. The proposed method, which can
compare and optimize the arrangement of plasma actuators, realized the optimal regulation ice shape
on the premise of balancing flight safety and energy consumption.

Ice on an aircraft wing changes the aerodynamic shape’, causing damage to the flight mechanical steering system?.
In severe cases, it may even lead to losing control of the aircraft.’. In recent years, many serious flight accidents
have been caused by icing*. Russian Saratov airliner An-148 got the wrong speed information for pilots due to
icing on the airspeed tube, eventually crashed in 2018. General Aviation B-10GD Model Precipitation Enhancer
crashed because of propeller icing in 2021 and five crew members were killed. Research showed that UAV's were
more sensitive to ice conditions than that larger and faster manned aircraft and aircraft icing was one of the
major hazards for airplane operation during takeoff and climbing missions at low temperature regions’,°. The
aerodynamic characteristics of the aircraft are greatly affected by the ice accretion problems’. Innovative de-icing
techniques are urgently needed.

At present, the two common de-icing techniques are heating and vibration®. Compared with vibration, heat-
ing de-icing system is mostly used for small components such as airspeed tubes, which has a slow response and
low thermal efficiency®. Meanwhile, the low reliability of the vibration de-icing system would greatly damage
the original aerodynamic shape of the aircraft'®, and reduce the aerodynamic performance of the wing'!. The
de-icing technology of plasma has the advantages of low power consumption'?, quick responses, and simple
geometry". Experiments have shown that its total energy efficiency is better under certain conditions'. Meng
Xuanshi found that plasma de-icing method can improve the loss of aerodynamic characteristics'>. Cem Kolbakir
found that actuators in the stream wise laid out had a better de-icing effect than the actuators in the span wise
layout. The results showed that plasma actuators in stream wise lay out not only prevented ice accretion near the
airfoil leading edge but also allowed plasma-induced surface heating to further downward convection to prevent
ice accretion near the airfoil trailing edge'®'. Rodrigues F. F found that de-icing technology based on plasma
excitation had a better effect. The team studied the influence of the thickness of the exposed electrode on the
performance of plasma actuators in the de-icing system, which found that the actuators with thicker exposed
electrodes can induce higher average surface temperature, compared with the traditional actuator'*-?'. Isaac Ball
found that the water film formed a virtual cathode on the surface of the plasma actuators, resulting in higher gas
temperature and a larger heating area®. The ice shape regulation experiments with simulation ice were carried
out. The results were consistent with the ice wind tunnel experiment. Compared with continuous ice, WU Yun
found that plasma ice shape regulation can significantly improve aerodynamic performance, which can save
about half of electric power and is very beneficial for application®.
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Figure 1. Diagrammatic drawing of plasma ice shape regulation actuator?.
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Figure 2. The process of plasma ice shape regulation at different moments?.

Under certain conditions, the plasma actuator has a significant thermal effect. Its application has become a
promising technique in the field of de-icing in the future*. However, due to the residual energy limit of the air-
craft, ice-tolerant flight still exists®®. The application of the plasma ice shape regulation method aims to improve
the flight dlynamic characteristics. The above scholars have studied the mechanism of plasma de-icing tech-
nology but did not carry out the flight dynamics characteristics. Obtaining the variation law of flight dynamics
characteristics under plasma excitation is the premise of the application of this method. It is also the basis for
optimizing the plasma ice shape regulation. Overall, this paper mainly studied: aerodynamic parameters under
two kinds of regulation ice shapes based on wind tunnel experiments; six-degree-of-freedom flight dynamics
model of the background aircraft is established; stimulation and comparison of the trim characteristic, dynamic
stability, and maneuverability.

Experiments and analysis of aerodynamic parameters

The process of plasma ice shape regulation. Plasma ice shape regulation mainly uses the thermal
effect of the actuator to cut the continuous ice into intermittent ice. Figure 1 is a diagrammatic drawing of
plasma ice shape regulation actuator, mainly composed of the heater and Non-Heater Elements. The width of a
single heater element is 1 cm. According to the size of the scaled wing model, two heater elements are arranged
at the wing leading edge. The spacing between each heater Element is 4 cm. It ensures that each Heater element
does not affect the other, which can appear obvious wave leading edge?’. The measurement of aerodynamic
parameters of a wing with natural ice accretions is very difficult and expensive®. Icing wind tunnels are a critical
engineering tool for simulating natural ice accretion on aircraft surfaces””. Our group has realized the ice shape
regulation in the previous plasma de-icing experiment. Based on the ice wind tunnel, a preliminary exploratory
experiment was conducted to study the plasma ice shape regulation under two meteorological conditions. As
shown in Fig. 2, where the plasma actuator was arranged, ice was removed. Oppositely, where the plasma actua-
tor was not arranged, ice accretion was serious. It showed that the continuous ice is cut into intermittent ice
on the macro level. The width of the interval ice can be modulated by adjusting the arrangement of the plasma
actuator. The research group called it ice shape regulation. According to the results of previous ice wind tun-
nel experiments, two-dimensional and three-dimensional data of ice shape regulation were collected based on
three-dimensional scanning. The typical regulation ice shape is obtained?.

How to select the optimal ice shape regulation parameter which achieves the best de-icing effect is a new
problem. Due to the high cost of the ice wind tunnel test®, a wind tunnel test with simulation ice based on a typi-
cal icing configuration was carried out. The aerodynamic parameters were analyzed under different conditions.
In addition, due to the intense coupling relationship between flight parameters, the measurement of de-icing
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Figure 3. Background aircraft wing regulation ice shape.

(a) Schematic diagram of three-dimensional scaled wing

model (b) wing scale model by 3D print

Figure 4. Background aircraft wing scaling model.

technology needs to be reflected in the flight dynamic characteristics. Aerodynamic parameters provide input
for the simulation analysis of flight dynamic characteristics below.

Background aircraft wing scale model and simulated ice shape. In reference®, the laws of swept
wing icing were obtained by numerical simulation. The results showed icing thickness gradually increased from
the wing root to the tip, which provides ice shape model support for the ice shape regulation experiment of the
background aircraft wing scaling model. As shown in Fig. 3, combined with the icing laws of the swept wing
and the typical regulation ice shape, the simulation regulation ice shape is established. Figure 3a is schematic
diagram of two-dimensional regulation ice shape and Fig. 3b is three-dimensional. Figure 3c is a single regula-
tion ice shape by 3D print. d is the width of single regulation ice. The material used in 3D printing is nylon. The
roughness of the model is 3.2, which is similar to those used in reference®. As shown in Fig. 4a, [ is span length,
which is 371 mm. Sref is the area of the wing scale model, which is 41910mm?. by is the mean aerodynamic chord,
which is 110 mm. In Fig. 4b, the wing scale model by 3D printing is used in the experiment. The material used in
3D print is resin. The roughness of the model is 6.3, which is similar to those used in reference®.

As shown in Fig. 5, regulation ice A and B, full ice and no ice are arranged at the leading edge of the scaled
wing model. d is the width of single regulation ice. b4 is the mean aerodynamic chord of the wing. This paper
defined the width of single regulation ice as dimensionless ice size ¢ = d/b. The regulation ice A was set as the
dimensionless ice size ¢ = 0.15. The regulation ice B was set as the dimensionless ice size ¢ = 0.2. In the experi-
ment, the simulation ice shapes were arranged in the leading edge of the wing model.

Experimental equipment. Ice shape regulation experimental system includes a low-speed backflow wind
tunnel, swept wing scale model, 3D simulation ice shape, and six-component force balance. Figure 6 shows the
low-speed backflow wind tunnel used in the experiment, which consists of six parts. It is divided into an experi-
mental section, diffuser section, transition section, stable section, contraction section, and dynamic section. The

Scientific Reports |

(2022) 12:18219 | https://doi.org/10.1038/s41598-022-22824-7 nature portfolio



www.nature.com/scientificreports/
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Figure 5. Different ice shape attached to wings.

Figure 6. Low-speed backflow wind tunnel.

Figure 7. The schematic diagram of six-component for force-measuring balance.

single reflux closed wind tunnel can produce a stable approaching flow. The length of the test section is 3 m. The
test section is 1 m*1.2 m boxes. The wind speed is 5-75 m/s in the test section. Figure 7 shows the six-component
aerodynamic force balance. The accuracy of the balance determines the credibility of the experimental results.
Before the experiment, the static calibration frame was used for the static calibration of the balance. Since the
model had no sideslip angle and roll angle in the experiment, the static calibration results in x and y directions
were given. The results are shown in Table 1. The accuracy index of the balance has reached or exceeded the Gen-
eral specification for wind tunnel strain balances QJ 1884-1999. Where, the qualified index of balance precision
is not less than 0.5% and the accuracy is not less than 0.7%.
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Balance component | x/kg | y/kg | m;/kg* m
Limit load 10 45 3

Precision 0.024 |0.004 |0.202
Accuracy 0.156 |0.092 |0.128

Table 1. Experimental scheme of ice shape regulation.

26 G2UPM

Figure 8. Diagram of ice shape regulation test.

Ice state Dimensionless ice size ¢

No ice 0

Regulationice A | 0.15

Regulation ice B 0.2
Full ice 4

Table 2. Experimental scheme of ice shape regulation.

As shown in Fig. 8, the incoming flow was 40 m/s and the air temperature was room temperature. The range
of angle of attack (AOA) was from 0° to 22°. The lift coefficient, drag coeflicient, and pitching moment coefficient
of the scaled wing model were measured in the wind experiment test under the configuration of full ice, no ice,
regulation ice A (0.15), and regulation ice B (0.2).

Analysis of aerodynamic characteristics. The experimental schemes are shown in Table 2. To avoid the
effects of uncertainties in the experiment, two wind tunnel force measurements were performed on the model
in each state. As shown in Fig. 9, the lift coefficient Cy, drag coefficient C; and pitching moment coefficient C,,
under four states were measured. The dot dash is the first experimental result. The imaginary line is the second
experimental result. The green solid line is the average of the aerodynamic parameters of the two experiments
under no ice. The red is under full ice. The black is under regulation ice B. Blue is under regulation ice A. Observ-
ing the curves of the two experiments, it is found that the aerodynamic characteristic curves basically coincide
in the linear region and was slightly different in the nonlinear region.

(xi—%)>
5= (1)
X

The reproducibility parameters 8; were calculated by Eq. (1) under different angles of attack (AOA) in each
state. Where, x; is the measured values. X is the average of two experimental measurements experimental®'. As
shown in Table 3, the results show that the average of reproducibility parameters (§) at all angles of attack does
not exceed 5%, with good repeatability.

As shown in Fig. 9, the maximum lift coefficient of the full ice state (Cpprax4) reduces by 53.4% and the stall
angle reduces by 42.9% compared with the no ice state. This is because ice accretion changes the aerodynamic
shape of the wing surface. The flow field characteristics become worse, and the aerodynamic performance gradu-
ally deviates from the stable state. By the method of ice shape regulation and compared with the full ice state, the
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Figure 9. Cy, Cy, Cyy, of background aircraft under four states.

Ice state Lift coefficient § | Drag coefficient§ | Pitching moment coefficient &
No ice 0.0475 0.0401 0.0112
Regulation ice A (0.15) 0.0354 0.0482 0.0421
Regulation ice B (0.2) 0.0351 0.0346 0.0257
Full ice 0.0417 0.0384 0.0286

Table 3. Calculation results of repeatability parameters (3).

maximum Cy, under regulation ice B and A state (Cryax3, Crmax2) increases by 31.4% and 38.5%, and the stall
Angle of Attack (AOA) increases by 25.1% and 51.2%.

The drag coefficient C; changes slightly under four states from 0° to 10°, which indicates that the repeatability
of the wind tunnel force measurement system is better. The drag coefficient C, increases rapidly within the range
of large AOA. Taking o = 12° as an example, the drag coefficient C; increases by 104.5% under the full ice state
and compared with no ice. Compared with the full ice state, the increasing extent of drag coeflicient C; reduces
by 72.3% and 17.8% under regulation ice B and A states. Between them, the decreasing extent of drag coefficient
C4 under regulation ice A state is higher than B state. Under the regulation ice A state, it better improves the
phenomenon that the drag increases significantly.

The pitching moment coeflicient C,, is not significantly different from the no ice state within the range of
small AOA. The pitching moment coefficient C,, decreases sharply within the range of large AOA. Under the full
ice state and compared with the no ice state, the pitching moment coefficient C,, reduces by 56.2% at the stall
AOA. Under regulation ice B and A state, the decreasing extent of the pitching moment coefficient C,, increases
by 11.5% and 51.2% compared with the full ice state. The aerodynamic characteristics of background aircraft in
pitching direction are better improved under regulation ice A state.
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Figure 10. Lift-drag characteristic curves under four states.
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Figure 11. Polar curves under four states.

The lift-resistance ratio is K = Cr,/C,. Figure 10 is the lift-resistance characteristic curves under four states.
Compared with the no ice state, the maximum lift-drag ratio K reduces by 62.9% under the full ice state. Com-
pared with the full ice state, the maximum K increases by 12.5% and 38.5% under the regulation ice B and A
states. Figure 11 is the polar curves under four states. The slope of every point represents the lift-drag ratio K in
the polar curve. Under the regulation ice A state and compared with B state, the lift coefficient Cy, increases faster
and the drag coefficient C; increases slowly from zero lift AOA to favorable AOA. When exceeds critical AOA,
the results show that an increasing extent of lift-drag ratio (K) is more obvious under regulation ice A state. The
airfoil aerodynamic efficiency is improved.

This section analyses lift-resistance characteristics and pitching moment characteristics under four states. It
can show that the method of ice shape regulation can improve the aerodynamic efficiency under the full ice state
and slow down the damage to the aerodynamic characteristics under the ice accretion state. When the scheme
of regulation ice A (0.15) is selected, the aerodynamic characteristics are better improved compared with the
scheme of regulation ice B (0.2).

Dynamics modeling of background aircraft under ice condition
Figure 12 is the American coordinate system used in the flight dynamics simulation and the schematic diagram
of the geometric parameters of the model and surface force. Here: The origin O is located in the center of mass.
Xq1s along flight velocity direction. z, is in the plane symmetry plane, which is perpendicular to the direction of
xq below. y, is perpendicular to the plane where x, and z, are located to the right.

Taking the longitudinal Dynamics Characteristic as an example, the mathematical model of background
aircraft is constructed as shown in Egs. (2)-(5)%
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Figure 12. Diagram of American coordinate system and scale model parameter.
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Here: m is the aircraft quality. V' is flight velocity. o is the AOA. 0 is pitch angle. q is pitch angle rate. I, is the
longitudinal moment of inertia. M), is the pitching moment. F, and F, are the component of the resultant force
on the body axis in the x and z direction. In Eqs. (6)-(8), Fx, F, and My are as follows:

Fy = gSef [Cx(@) + Clt, 80) 4 Cx (e, ) | + 2Tx (8) — mgsin® (6)
F; =§Syf [Co (@) 4+ C(at,8e) + C (e, q)] + 2T2(8) — mg cos 6 7
My = qsrefz[cm(a) + Ci(a, 8e) + Cpy (Ola 2]” + 2AZgnG Tx (8h) (8)

Here: g is dynamic pressure. Sy, is the area of wings. Cy, C, C;, is force and moment coefficient respectively.
Ty and T), is projection of engine thrust in the axis and direction of the body. g is gravity acceleration. &, is the
elevator angle. 8, is throttle position. AZgng is projection of the relative position vector of the engine moment
centroid in the axial direction of the body.

In Eq. (9), the pitch-holding control configuration is adopted in the study, the specific expression is as follows:

de = Ko(0.—0)+Ko Aa+Kyq 9)

where Ky, K, Kjare feedback gain of flight state 6, o and q. The values are invoked by cubic spline interpolation
at different state points. The control parameters are:

Ky=2 (10)
K, =15 (11)
Ky =02 (12)

Analysis of dynamic characteristics

Analysis of trim characteristic. In order to ensure the stable level flight of the aircraft, the force and
torque acting on the aircraft must be balanced. The process of a stable balance of the aircraft is called balanc-
ing. At present, there are two ways to maintain the balancing state of the aircraft in horizontal flight. To make
longitudinal torque zero, one is that pilot manipulates the control stick changing the size and direction of the
pitching torque. The other is using trim tab, and the pilot operates without a control stick*>. When the aircraft
speed changes, the aircraft is required to balance again. The longitudinal trim characteristics are as an example.
Several parameters are selected in the balancing process, such as the Angle of Attack (AOA), the elevator angle,
and the throttle equivalent. The elevator angle for balancing refers to the angle of the elevator required to main-
tain the aircraft balance. The AOA for balancing refers to the angle required to maintain the pitch balance. The

Scientific Reports|  (2022)12:18219 | https://doi.org/10.1038/s41598-022-22824-7 nature portfolio



www.nature.com/scientificreports/

12
-+ Angle of Attack ///?
10 ~
SN
S ’ B
8 e
[ s
E
6
/l/
SN
4 A
v
2 L 1 1 1 1 )
0 0.1 0.2 0.3 0.4 0.5
Miced

Figure 13. Balancing value of angle of attack.
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Figure 14. Balancing value of elevator angle.

throttle equivalent for balancing refers to the thrust equivalent provided by the engine during balancing, which
represents the position of the throttle rod. This section calculated the AOA, elevator angle, and throttle equiva-
lent for balancing under four states of no ice, full ice, regulation ice A and B. And the trim characteristics were
compared and analyzed under four states.

In order to characterize the icing severity under different regulation ice shapes, the concept of icing factor
Niced 18 introduced. Professor Bragg proposed a universal icing impact model based on estimates. In Eq. (13), the
aerodynamic derivative relationship before and after icing is as follows**:

Ciayiced = (1 + Niceakca)Cia) (13)

where C4) is any aerodynamic derivative. Ca)iceq is the corresponding aerodynamic derivative under icing
state.Kc4 is the ice factor, usually obtained by flight simulation. For the aircraft, 1.4 is a constant. As a mete-
orological factor, the more serious aircraft icing is, the greater the icing factor has, and 1;.,, is usually 0-0.4%.

Figures 13, 14 and 15 shows AOA («), elevator angle (8.), and throttle equivalent (8,;) for balancing under
four states of regulation ice A and B, no ice and full ice state. In Figs. 13, 14 and 15, points A, B, and C separately
expresses the state of regulation ice A and B and full ice.

Compared with the no ice state, the AOA « for balancing is larger under the full ice state. With the increase
of icing factor njced, the AOA « for balancing increases. This is because that icing leads to the decrease of the lift
coefficient. In order to maintain stable level flight, it is necessary to increase AOA « to compensate loss of the
lift. The increase of AOA & needs to increase the elevator angle §, to maintain the longitudinal balance. Because
elevator efficiency reduces under the ice state, the elevator angle . for balancing is also larger than that under
the no ice state. The drag coefficient C; of the aircraft increases under the icing state, so it requires the engine to
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Figure 15. Balancing value of throttle equivalent.

Ice state Angle of attack «/° | Elevator angle §./° | Throttle equivalent &, (%)
No ice 3.52 0.96 13
Regulation ice A (0.15) 4.59 0 22
Regulation ice B (0.2) 8.52 -3.72 46
Full ice 10.1 —-5.96 61

Table 4. The initial values for dynamic simulation.

provide greater thrust. The throttle equivalent §;, for balancing is also increased by the increase of 1;c.4. Under
regulation ice shape A and B, the AOA « for balancing reduces by 10% and 45.5%. The elevator angle &, for
balancing reduces by 33.3% and 94.5%. The throttle equivalent &, for balancing reduces by 23.6% and 35.2%,
compared with the full ice state.

The results show that the AOA, elevator angle, and throttle equivalent for balancing is reduced by the decrease
of dimensionless ice shape value. Especially, the scheme of the regulation ice A (0.15) is selected, which can better
improve the longitudinal trim characteristics of the aircraft. The efficiency of balancing is enhanced.

Analysis of dynamic stability characteristic. The flight height was set to 400 m. The speed was set to
0.21 Ma. Under this state (height: 400 m, speed: 0.21 Ma), the AOA «, elevator angle §, and throttle equivalent
8, for balancing was set as the initial value. The initial values of «, &, and 8, for simulation are shown in Table 4.
A disturbance with Ao = 1.5° was given. Simulating 30 s, the dynamic response of pitching angle (9), AOA (),
and pitching angular rate (g) is obtained as shown in Figs. 16, 17 and 18.

Under the disturbance with Aa = 1.5°, the flight state parameters have a dynamic oscillation process. Under
the full ice state, the AOA « increases sharply. The initial response peak of AOA is 9.5°, which is close to the stall
AOA under the full ice state. If the pilot mishandles slightly, which is easy to cause the aircraft stall and flight
accident. In addition, AOA «, pitching angular rate g, and pitching angle 6 in the short period has sharp oscil-
lation and the oscillation amplitude is larger under the full ice state. It may lead to the uncontrollable situation
of aircraft.

However, compared with the full ice state, the peak value of the initial AOA « reduces by 11.2% and 31.2%
under regulation ice shape B and A. The AOA « can converge back to steady state faster. The pitching angular
rate ¢ is the main influence factor of short period mode. Under full ice state, pitching angular rate g converges
back to the steady state at 10 s. Under regulation ice shape A and B, pitching angular rate q converges back to the
steady state at 5 s and 8 s, which reduces by 50% and 20% compared with the full ice state. When the disturbance
disappears, the pitching angle 6 is the main influence factor of long period mode. Under the full ice state, the
pitching angle 6 has sharp oscillation and converges back to the stable state at 25 s. Under regulation ice shape
A and B, it gradually stabilizes at 5 s and 10 s.

Under disturbance, the results show that the oscillation period and amplitude of the short/long period mode
parameters are significantly reduced and can converge back to a stable state faster by ice shape regulation. Espe-
cially, the scheme of the regulation ice A (0.15) is selected, the longitudinal dynamic stability characteristics are
better improved compared with the full ice state.
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Figure 20. Dynamic response of pitching angle.

Analysis of maneuverability. A step signal with width of 5 s and amplitude of 2° was imposed on the
elevator. The dynamic response including pitching angle (6), AOA (), and pitching angular rate (g) under four
states are shown in the Figs. 19, 20 and 21.

Under a step input to the elevator, the results show that the state parameters occur typical dynamic oscillation
process under the full ice and no ice states. Under no ice state, parameters of short period mode including AOA
« and pitching angular rate g rapidly show a convergence trend. Because the damping ratio becomes smaller after
icing, the flight state parameters tend to diverge. The dynamic response of long and short period parameters gets
the process of nonlinear oscillation under the full ice state. The mode parameters slowly converge back to the
equilibrium point. The AOA « that maintains level flight is larger compared with the no ice state. This is mainly
because the lift coefficient reduced under icing state. The pitching angle 6 of long period mode parameter has
larger oscillation period and amplitude.

By ice shape regulation, oscillation amplitude and period of long/short model parameters decrease and con-
verge to an equilibrium point faster compared with the full ice state. Under the regulation ice A state, short period
mode parameters of AOA « and pitching angular rate q converge back to the equilibrium point at the 3 s and
4 s. Under the regulation ice B state, the short period mode parameters converge back to the equilibrium point
at the 5 s and 8 s. The long period mode parameter of pitching angle 6 converges back to the equilibrium point
at the 3 s and 5 s under the regulation ice A and B. The main reason is that the mode damping ratio of long and
short periods increases by ice shape regulation and the oscillation period decreases. Especially, when the scheme
of the regulation ice A (0.15) is selected, maneuvering efficiency of elevator has been enhanced and the mode
parameters of aircraft respond faster. The ability to maintain balance increases and the flight quality is improved.
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Figure 21. Dynamic response of pitching angular rate.

Conclusions

Based on aerodynamic characteristics, flight dynamic characteristics, and flight quality evaluation, the researchers
proposed a comparison method of schemes of plasma ice shape regulation. Results show that the aerodynamic
and flight dynamics characteristics are better improved when the scheme in which the ratio of ice width to mean
aerodynamic chord is 0.15 (regulation ice A).

1. By ice shape regulation, the lift and pitching moment coefficient increases and the drag coefficient decreased
compared with the full ice state. Especially, the maximum lift coefficient configuration increased by 38.5%
and the stall AOA increased by 4 ° under regulation ice A state. The aerodynamic characteristics of the aircraft
were better improved.

2. With the increase of icing factor njceq, AOA, elevator angle, and throttle equivalent for balancing increased.
The parameters for balancing were decreased by the ice shape regulation, which indicates the maneuver-
ability is improved. Especially, AOA « for balancing reduced by 45.5%. Elevator angle &, reduced by 94.5%
and throttle equivalent 4, reduced by 35.2% under the regulation ice A state.

3. A disturbance with Ao = 1.5° was given. Under full ice state, the AOA « increased sharply and the initial
response peak was 9.5 °. The peak of the initial AOA « decreased by 11% and 31.2% under the regulation
ice shape B and A state. A step signal was applied to the elevator. Under the full ice state, the long and short
period model parameters slowly converged back to the equilibrium point. The mode parameters can con-
verge back to the equilibrium point in a shorter time by ice shape regulation. Especially, the long and short
period model characteristics were better improved and the flight quality was improved when a scheme of
the regulation ice A was selected.

In the future, schemes of different regulation ice shapes will be studied under different airfoils and different
icing conditions. More detailed work will be studied on the laws of ice shape regulation schemes with aerody-
namic and flight dynamics characteristics and flight quality. The essay is supposed to offer technical support for
plasma ice shape regulation technology and reference for disaster mechanism of icing.

Data availability
All data generated or analyzed during this study are included in this published article and the datasets used dur-
ing the current study available from the corresponding author on reasonable request.

Received: 26 April 2022; Accepted: 19 October 2022
Published online: 29 October 2022

References

1. Dai, H. et al. An unsteady model for aircraft icing based on tightly-coupled method and phase-field method. Aerospace 8(12), 373
(2021).

2. Cao, Y, Tan, W. & Wu, Z. Aircraft icing: An ongoing threat to aviation safety. Aerosp. Sci. Technol. 75, 353-385 (2018).

3. Alam, M. E, Thompson, D. S. & Walters, D. K. Hybrid Reynolds-Averaged Navier-Stokes/Large-Eddy simulation models for flow
around an iced wing. J. Aircr. 52(1), 244-256 (2015).

4. Li, Z., Xu, H.,, Xue, Y. et al. On flight risk quantitative evaluation under icing conditions. Math. Probl. Eng. (2019).

5. Hann, R, Johansen, T.A. UAV icing: The influence of airspeed and chord length on performance degradation. Aircr. Eng. Aerosp.
Technol. (2021).

6. Prasad, G. Experimental and computational study of ice accretion effects on aerodynamic performance. Aircr. Eng. Aerosp. Technol.
92, 827-836 (2020).

7. Raj, L. P. & Myong, R. S. Computational analysis of an electro-thermal ice protection system in atmospheric icing conditions. J.
Comput. Fluids Eng. 21(1), 1-9 (2016).

Scientific Reports|  (2022)12:18219 | https://doi.org/10.1038/s41598-022-22824-7 nature portfolio



www.nature.com/scientificreports/

8.
9.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.
32.

33.

34.
35.

Gao, T. et al. Novel deicing method based on plasma synthetic jet actuator. AIAA J. 58(9), 4181-4188 (2020).

Liu, Y. et al. A comparison study on the thermal effects in DBD plasma actuation and electrical heating for aircraft icing mitigation.
Int. J. Heat Mass Transf. 124, 319-330 (2018).

Yamazaki, M., Jemcov, A. & Sakaue, H. A review on the current status of icing physics and mitigation in aviation. Aerospace 8(7),
188 (2021).

Cai, J. et al. An experimental study of icing control using DBD plasma actuator. Exp. Fluids 58(8), 1-8 (2017).

Wei, B. et al. SDBD based plasma anti-icing: A stream-wise plasma heat knife configuration and criteria energy analysis. Int. J.
Heat Mass Transf. 138, 163-172 (2019).

Wang, J. J., Choi, K. S., Feng, L. H., Jukes, T. N. & Whalley, R. D. Recent developments in DBD plasma flow control. Prog. Aerosp.
Sci. 62, 52-78. https://doi.org/10.1016/j.paerosci.2013.05.003 (2013).

Meng, X., Cai, J., Tian, Y., Han, X., Zhang, D., & Hu, H. Experimental study of deicing and anti-icing on a cylinder by DBD plasma
actuation, in 47th AIAA Plasmadynamics Lasers Conference, AIAA Paper 2016-4019 (2016). https://doi.org/10.2514/6.2016-4019.
Meng, X. et al. Mechanism study of coupled aerodynamic and thermal effects using plasma actuation for anti-icing. Phys. Fluids
31(3), 037103 (2019).

Zhou, W. et al. Utilization of thermal effect induced by plasma generation for aircraft icing mitigation. AIAA J. 56(3), 1097-1104
(2018).

Kolbakir, C. et al. An experimental study on different plasma actuator layouts for aircraft icing mitigation. Aerosp. Sci. Technol.
107, 106325 (2020).

Liu, Y. et al. An experimental study on the thermal characteristics of NS-DBD plasma actuation and application for aircraft icing
mitigation. Plasma Sources Sci. Technol. 28(1), 014001 (2019).

Rodrigues, E. E, Abdollahzadeh, M., Pascoa, J., & Pires, L. Influence of exposed electrode thickness on plasma actuators perfor-
mance for coupled deicing and flow control applications. ASME 2021 fluids engineering division summer meeting (2021).
Rodrigues, F. et al. An experimental study on segmented-encapsulated electrode dielectric-barrier-discharge plasma actuator for
mapping ice formation on a surface: A conceptual analysis. J. Heat Transf. 143(1), 011701 (2021).

Abdollahzadeh, M., Rodrigues, F. & Pascoa, J. C. Simultaneous ice detection and removal based on dielectric barrier discharge
actuators. Sens. Actuators A 315, 112361 (2020).

Xu, S. et al. Characteristics of a nanosecond pulsed dielectric barrier plasma actuator with a surface water film. Phys. Plasmas
29(1), 013505 (2022).

Yun, W. U. et al. Flight safety oriented ice shape modulation using distributed plasma actuator units. Chin. J. Aeronaut. 34(10),
1-5 (2021).

Yonggiang, T. et al. Experimental study of an anti-icing method over an airfoil based on pulsed dielectric barrier discharge plasma.
Chin. J. Aeronaut. 31(7), 1449-1460 (2018).

Caliskan, F. & Hajiyev, C. A review of in-flight detection and identification of aircraft icing and reconfigurable control. Prog. Aerosp.
Sci. 60(07), 12-34 (2013).

Broeren, A. P. et al. Three-dimensional ice-accretion measurement methodology for experimental aerodynamic simulation. J.
Aircr. 55(2), 817-828 (2018).

Broeren, A. P. et al. Effect of high-fidelity ice-accretion simulations on full-scale airfoil performance. J. Aircr. 47(1), 240-254 (2010).
Li, Y. H. & Wu, Y. Research progress and outlook of flow control and combustion control using plasma actuation. Sci. Sin. Technol.
50(10), 1252-1273 (2020).

AIR5666 S A E. Icing wind tunnel interfacility comparison tests (2012).

Bourgault-Cote, S., & Laurendeau, E. Two-dimensional/infinite swept wing ice accretion model. 53rd AIAA aerospace sciences
meeting 2015: 0535.

Evaluation method of precision and accuracy of wind tunnel force measurement test: QJ 1964-1990 (1990).

Li, Z. et al. On flight risk analysis method based on stability region of dynamic system under icing conditions. IEEE Access 8,
54833-54842 (2020).

Dussart, G., Portapas, V., & Pontillo A. ef al. Flight dynamic modelling and simulation of large flexible aircraft. Flight Phys. Models
Tech. Technol. (2018).

Bragg, M. B., Hutchison, T., Merret, J. et al. Effect of ice accretion on aircraft flight dynamics. AIAA-2000-0360 (2000).

Bragg, M. B., Basar, T., Perkins, W. R. et al. Smart icing systems for aircraft icing safety. SAE technical paper 2003-01-2100 (2003).

Author contributions
P.D. wrote the main manuscript text; Z.L. provided guidance and is our a corresponding author; Z.D. and L.-
K.X. provided experimental guidance.

Funding
The research work is supported by the National Basic Research Program of China (No.: 62003368).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:18219 | https://doi.org/10.1038/s41598-022-22824-7 nature portfolio


https://doi.org/10.1016/j.paerosci.2013.05.003
https://doi.org/10.2514/6.2016-4019
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:18219 | https://doi.org/10.1038/s41598-022-22824-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	The optimization method of wing ice shape regulation based on flight dynamics characteristics
	Experiments and analysis of aerodynamic parameters
	The process of plasma ice shape regulation. 
	Background aircraft wing scale model and simulated ice shape. 
	Experimental equipment. 
	Analysis of aerodynamic characteristics. 

	Dynamics modeling of background aircraft under ice condition
	Analysis of dynamic characteristics
	Analysis of trim characteristic. 
	Analysis of dynamic stability characteristic. 
	Analysis of maneuverability. 

	Conclusions
	References


