A
Cp
Cp)p
Cpyp
Cpy

Cpo

Joint Effects of Virtual Surfaces on Anti-icing and Drag

Reduction
Yijun Lu *
Beijing Institute of Technology, Beijing 100081, People’s Republic of China

Qianggiang Sun " and Kwing-So Choi
University of Nottingham, Nottingham, NG7 2RD, United Kingdom

Xin Zhang *

China Aerodynamics Research and Development Center, Mianyang 621000, People’s Republic of China

Xuerui Mao 1
Beijing Institute of Technology, Beijing 100081, People’s Republic of China

The operation of the anti-icing system of an airplane can modulate its aerodynamics, whilst
an aerodynamic control can alter the icing condition. Therefore, one well-designed control
strategy can be expected to yield two benefits, which, however, has not been actively investigated.
In this work, the constant leading edge blowing technique is deployed to achieve joint effects on
anti-icing and drag reduction, first on an airfoil and then on a half-airplane model. The results
indicate that dual virtual surfaces (an inner one and an outer one) wrapping the leading edge
are generated by the blowing control. The inner one prevents water droplets from impacting
and accumulating on the airfoil by changing their trajectories. The outer one redirects the
shear generated by the blowing and promotes its rolling up and vortex shedding, generating low

pressure zones around the upper leading edge and subsequently reducing drag significantly.

Nomenclature

= blowing jet amplitude

= drag coefficient

= pressure drag coefficient

= momentum drag coefficient
= frictional drag coefficient

= drag coeflicient of the baseline (uncontrolled) case
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CL = lift coefficient

Cro = lift coefficient of the baseline (uncontrolled) case
Cp = pressure coefficient

C, = local skin friction coeflicient

Cy = blowing jet momentum coefficient

c = chord, m

fa = water volume fraction

F, = Froude number

g = gravitational acceleration, m /s>

h = blowing width, m

LWC = liquid water content in air, g/m?>

MVD = median volumetric diameter of water droplets, um
Py = power required to generate the blowing control, W
Pb = local static pressure of the blowing slit, Pa

Poo = pressure of freestream, Pa

Re = Reynolds number

up = blowing velocity vector, m/s

/¥ = droplets velocity vector, m/s

Uy = mean streamwise velocity, m/s

Uoo = freestream velocity, m/s

@ = angle of attack, °

Tw = wall shear stress, N/ m?

I. Introduction

Icing on the surface of an airplane, especially on the leading edge of the wing, has been notorious for leading to flight
catastrophes. In icing conditions, the water droplets in the clouds impact the airplane surface, resulting in degradation
of the aerodynamic performance and malfunction of essential instruments. It has been demonstrated in experiments
that a layer of 1 mm ice accumulating on the leading edge or upper surface of the wing can cause a reduction in lift
of over 30% and an increase in drag of over 50% [[1]. Therefore, extensive research has been devoted to developing
anti-/de-icing techniques and revealing the underlying physical mechanisms [2H5]].

Conventional (i.e., mechanical, thermal, and chemical liquid) anti-/de-icing techniques have various drawbacks,

such as high energy consumption, complex mechanical structures, and deterioration of aerodynamic performances.



For example, the pneumatic ice removal system is widely used in relatively small airplanes, and it alters the airplane’s
aerodynamic shape and increases drag as pneumatically inflated rubber boots on the leading edge of the wing expand
during operation [6]. Similarly, in icing conditions, severe separation of the airflow behind the ice ridges that form
outside the anti-icing area can lead to decrement in the lift-to-drag ratio if the energy supply of the hot air anti-icing
system is insufficient [[7]. Additional active flow control techniques are usually required to compensate the loss of
aerodynamic performances caused by these methods, resulting in redundancy of control systems.

In recent years, various novel methods have been developed to address anti-/de-icing. To name a few, Nagapan et
al. [819] used an array of thermally activated synthetic jet actuators embedded in the ice accumulation region of an
airplane surface to achieve anti-/de-icing efficiently. Also, an anti-icing method based on the dielectric barrier discharge
plasma actuators was presented by Zhou et al. [[10], and the aerodynamic and thermal effects were found to be the main
mechanisms for anti-/de-icing. Then, Yang et al. [11] proposed a hybrid anti-icing method combining thermoelectric
systems and synthetic jet actuators. Although these anti-/de-icing techniques are mainly realized by various control
systems, their effects on aerodynamic forces have not been actively discussed. In a broad view, the controls of icing and
aerodynamics are naturally coupled, and one strategy would receive conflicting or co-benefiting effects.

In this work, a well-tested flow control technique, namely, leading-edge blowing, is studied to explore its joint effects
on aerodynamics and anti-/de-icing. The concept, parameter dependence, and mechanism are first revealed in an airfoil
case and then extended to a half-airplane model. It is illustrated for the first time that the blowing control achieves
anti-icing effects by creating dual virtual surfaces, preventing the droplets from reaching the airfoil surface. In the
following, the numerical algorithms to simulate the airflow and the impact characteristics of water droplets are outlined
in Section II. The computational setup and theoretical formulations for the joint control are presented in Section III,
followed by extensive validations in Section I'V. The effects of joint control, as well as the mechanisms underpinning
anti-icing and drag reduction, and the demonstration of these effects in engineering applications are presented in Section

V. Finally, conclusions are drawn in Section VI.

I1. Methodology
The incompressible Navier-Stokes equations are used as the governing equations, and large eddy simulation (LES)
is adopted:
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where the components of the velocity vector in x;, x ; and x; coordinate directions are given by u;, u; and uy, respectively,

p is the density, p is the pressure, v is the kinematic viscosity, ¢ is the Dirac delta function, ~ is the spatial filtering



operator, and 7~ is the subgrid-scale stress given by
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where y; is the subgrid-scale turbulent viscosity, and S;; is the rate-of-strain tensor.

An algebraic Wall-Modeled LES model [[12] is adopted to solve the eddy viscosity u;. The pressure velocity
coupling is achieved using a numerical scheme based on the SIMPLEC algorithm [13]. The finite volume discretization
of a bounded central differencing scheme is used for momentum discretization, while a bounded second-order implicit
scheme is adopted for temporal discretization [[14]. To ensure the full development of the flow field, the steady-state
solution calculated by the k—w—SST model was used as the initial condition of the flow field [15].

The force acting on the surface of the airfoil is defined as [16]:

f= / (pn —Re '0,u +upup ~n) dc, %)
c

where u = (ul-, uj,u k)T, up is the blowing velocity on the surface, and n is the wall-normal unit vector of the airfoil.
The three terms integrated on the right-hand side in Equation (@) denote the pressure, viscous, and blowing forces,
respectively. Clearly, it becomes the uncontrolled case at #p = 0. Then, the lift and drag coefficients denoted as Cy, and
Cp can be obtained by projecting f to the streamwise and normal directions respectively, and divided by 0.5puZ bc,
where u., is the velocity of freestream, b is the spanwise length of the airfoil and c is the chord length, and they can be

further decomposed as:

CL=CLp+CLy,+CLp, Cp =Cpp+Cpy,+Cpyp, Q)

where the subscripts p, v, or b are the terms contributed by pressure, viscous, and blowing forces, respectively.
The fluid physics of the control effect can be examined by studying the distribution of the pressure coeflicient C),

and the skin friction coefficient C,,, defined as:
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where p, is the pressure of freestream and 7, is the wall shear stress.

Both Lagrange and Euler methods have been utilized to investigate the impact characteristics of water droplets on



the airfoil surface. In the Lagrange one, the water droplets are considered as particles affected by airflow. The trajectory
of water droplets obtained through solving the kinematic equations is deployed to determine the impact characteristics
and the local water droplet collection coeflicient (it represents the impact range and distribution of water droplets on
the surface) [17]]. Moreover, one should note that, in the Lagrange method, the trajectory of each water droplet has to
be solved individually, which leads to almost unaffordable computational costs, especially for the three-dimensional
simulations. In contrast, water droplets are regarded as a continuously distributed medium resembling the airflow in the
Euler method. The spatial distribution and other quantities (i.e., velocity and local water droplet collection coefficient)
of water droplets are then computed using the identical method as solving the airflow field [18]]. Therefore, the impact
characteristics of water droplets are systematically analyzed based on the Euler method in the current work, wherein
water droplets satisfy the conservation of mass and momentum:
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where p, is the droplets density, f; is the volume fraction of droplets, u4 denotes the droplets velocity, Re, is the
droplets Reynolds number, C4 = (24/Re ) (1 + 0.15Reg~687) for Rey < 1000 and C4 = 0.4 for Rey > 1000 is the drag

coefficient for droplets [19], K is an inertia parameter, Fr is the Froude number, and g is the gravitational acceleration.

II1. Numerical Setup

A. NACA0012 Airfoil

As an initial study, the NACAOQ012 airfoil with a chord length of 0.5 m and spanwise length of 0.1 m with periodic
spanwise boundary conditions is used to test the proposed method. The computational domain is shown in Fig[I] and
the non-dimensional wall distance of the first mesh layer remains y* < 1 on the entire surface. The density (p), viscosity
(), and angle of attack («) of the inflow are 1.317 kg/m?>, 1.691 x 10 kg/(m - 5) and 2°, respectively. The freestream
velocity (#«) varies from 10 to 50 m/s corresponding to Reynolds number (Re) based on the freestream velocity and
chord length from 3.89 x 103 to 1.94 x 10°. A total of 26,709,600 cells are generated with a significant concentration
around the leading edge.

A blowing slit near the leading edge is created as sketched in Fig[I(b). This slit does not vary in the spanwise
direction and its streamwise length ranges from 3.8% to 6.25% of ¢ from case to case. The magnitude of the control
||up || ranges from 25% to 30% of u., and its direction is perpendicular to the airfoil surface. This form of control is
generally characterized by a non-dimensional momentum coeflicient (C,,) describing the non-dimensional force due to
the added momentum to the flow [20422]:
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where 4 is the blowing slit width and A is the blowing amplitude. Throughout this work, C,, and A are employed to

evaluate the effectiveness of joint control on both anti-icing performance and aerodynamic characteristics of the airfoil.

B. High Lift Common Research Model

The Common Research Model (CRM) in high-lift condition is chosen to demonstrate the effectiveness of the
proposed method in an engineering scenario. CRM, a publicly available geometry [23]], is designed to epitomize
contemporary civil transport jets. The high-lift version of this geometry [24] embodies the landing configuration and
has been computationally studied in various AIAA high-lift workshops. Subsequently, the High Lift Common Research
Model (HL-CRM) with a mean aerodynamic chord of 7 m from the 4th AIAA CFD high-lift prediction workshop
(HLPW-4) [25]] is then employed to evaluate the efficacy of the joint control in a more applied sense. The angle of
attack and Reynolds number based on the mean aerodynamic chord and freestream velocity are 7° and 5.49 x 10°,
respectively. The static pressure (p) is configured as 170,093 Pa to ensure that the simulation case aligns with the wind
tunnel experiment provided in the 4th ATAA CFD high-lift prediction workshop (HLPW-4) [26]. The computational
grid with a total of 21,868,681 cells is generated, and the part around the model is shown in Fig[2} (This grid is publicly
available on the HLPW-4 website [23]].)

(a) Global mesh in the x-y plane (b) Local mesh near the leading edge

Fig.1 (a) and (b) : overall and local mesh for flow around NACA0012, respectively.

Fig.2 Computational grids around the HL-CRM.



IV. Validation
In this section, three quantities, including the lift coefficient and water droplet collection efficiency of the NACA0012
airfoil, and the pressure coefficient of HL-CRM, are computed and averaged over ten periods to validate the accuracy of

the numerical simulation.

A. Lift Coefficient
Figure[3]shows the comparison of the lift coefficient obtained in the current work with references [27H30] for the
NACAO0012 airfoil at Re = 1 x 10° and @ = 0 ~ 12°. It is clear that the present data is in good agreement with published

experimental and numerical results [27H30].

B. Local Collection Efficiency

Then, the local collection efficiency of droplet around the NACAO0012 airfoil with ¢ = 0.5334 m is computed and
compared with the reference [31]]. It can be seen from Fig4]that the impingement thresholds and peak values obtained
in this work coincide with those reported in previous efforts [31]. The parameter S represents the distance from the
stagnation point xo where the local collection efficiency of droplet reaches the maximum value. Moreover, one can

observe that the local collection efficiency peaking at the stagnation point decreases rapidly downstream.
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Fig.3 Comparison of the computed lift Fig.4 The distribution of the droplet
coefficient of the NACA0012 airfoil with the collection efficiency in flow around NACA0012
published ones at @ = 0 ~ 12° and Re = 1 x 10° at ||ug|l =112 m/s, @ =7°, LWC =1 g/m3,
(Num and Exp represent numerical and and MVD =20 um (S/c = 0 corresponds to
experimental data, respectively). the stagnation point).

C. Pressure Coefficient of The HL-CRM
Flow over the HL-CRM is considered as another case to further validate the accuracy of the applied numerical
method. A slice F illustrated in Fig[5{a) showing the distribution of the pressure coefficient over the surface of the

HL-CRM is extracted, and the corresponding pressure coefficient is shown in Fig[5(b~d). There are considerable



differences between present CFD results and the experimentally measured local pressure [25]], which might be attributed
to the noise associated with individual pressure sensors. After integrating over the surface, the simulated aerodynamic

force agrees with the experimental one well, as shown in Table[T]
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F slice . X/L
(a) F slice on the HL-CRM (b) Slat
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(c) Wing (d) Flap

Fig. 5 Distributions of the pressure coefficient of (a) F slice (y = 20.1 m) on the HL-CRM at (b) slat, (c) wing
and (d) flap (Num and Exp represent numerical and experimental data, respectively; X=0 represents the position
of the leading edge of the slat/wing/flap).

Table 1 Validation results of lift and drag coefficients on the HL-CRM

CASE Cr Cp
Experiment Data [25] 1.7786 0.1867
Present Work 1.7076  0.1895
V. Results

After validating the employed numerical methodology, the influences of control parameters such as the blowing
width & and amplitude A on aerodynamic performances (i.e., lift and drag coefficients), as well as water droplets

impingement characteristics are investigated in Section A, followed by the analyses of mechanisms on anti-icing and drag



reduction in Section B and C, respectively. The effectiveness of the proposed method in a more engineering-relevant

example, i.e., the HL-CRM, is then demonstrated in Section D.

A. Control Effect on Icing and Aerodynamic Forces

The aerodynamic characteristics of the NACA0012 airfoil are investigated across a range of freestream velocities
(ueo = 10,26, 40,50 m/s). The dependencies of lift and drag coefficients normalized by the uncontrolled value on the
blowing amplitude A are depicted in Figl[a) and (b), respectively. The blowing width is the optimized value that
will be discussed later with Fig@ka). One can observe a discernible downward trend in the lift, which is consistent
with the effect of leading-edge blowing on lift performances in a previous study [27]. A strong downward trend is
observed for the drag coefficient, and the underlying mechanism will be discussed later in Section C. However, in the
case U = 26 m/s, the lift coefficient is almost invariant (within 2% error) despite changes in the blowing amplitude,
while the drag reduction progressively increases with A and reaches 87%. In the following investigations of the airfoil

flow, the freestream velocity will be fixed at 26 m /s so as to concentrate on the effects of the control parameters.
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Fig. 6 Effects of the blowing amplitude A on (a) the lift and (b) drag coefficients of the NACA0012 airfoil. The
corresponding blowing width is determined by the optimal control schemes at u ., = 26 m /s, as will be illustrated

in Fig{8(a).

The behavior of droplets, including their collection efficiencies and impact characteristics, is crucial in determining
the resulting ice shape on the airfoil surface. As such, the current work focuses on the changes in the water droplets’
trajectories caused by the constant blowing flow control. As illustrated in Fig[7(a), water droplets predominantly
accumulate near the leading edge rather than on the upper/lower surface of the airfoil. This poses a significant challenge
as it would freeze into ice and then disrupt the airflow in icing conditions, resulting in undesirable aerodynamic effects,
such as increased drag and reduced lift. However, by imposing blowing control within a small region, icing around the

leading edge can be effectively eliminated, as evidenced by Fig[7[b). This is because the blowing control redistributes



the water droplets and prevents their accumulation at the critical leading edge region. Moreover, although limited
water droplets adhere to the upper surface of the airfoil due to the separation bubble downstream of the blowing jet
and form a very thin water film, they do not lead to significant icing hazards as the aerodynamics is not sensitive to
geometry changes in this region [16]. As a result, the icing problem can be considered to be eliminated by avoiding the

impingement of water droplets on the leading edge of the airfoil.
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Fig. 7 Water droplet collection efficiency of the NACA0012 for the (a) control-off and (b) control-on cases at
U =26m[s, A =0.30, h = 5.25%c.
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Fig. 8 Effects of the blowing jet amplitude and width on (a) anti-icing and (b) lift coefficient at different blowing
momentum coefficients in the NACA0012 flow at u, = 26 m/s.

Effective anti-icing capability can be obtained by optimizing the blowing velocity and width, as delineated by the
shadow region in Fig[§|(a) for the case of us =26 m/s. The control schemes can be classified into two distinct groups
based on whether they can suppress the ice formation, with P; to P¢ representing the boundary between these categories.
It should be noted that, from P, to Pg, the lift is observed to attenuate progressively with the increasing of blowing
amplitude (see Fig[[b)). To ensure that the lift does not reduce significantly, the blowing width is further optimized, and
the corresponding results (namely, Q; to Q) are also shown in Fig[8(a). With these optimized control parameters, the

lift coefficient closely approximates that of the baseline case (within 2% error, see Fig[§[b)), while the drag coefficient
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can be attenuated by up to 87%, as shown in Table[2] This elucidates that, by varying the blowing width and amplitude,
the joint control of anti-icing and drag reduction can be achieved without compromising the lift performance. In
the following of this work, the case A = 0.30 and & = 5.25%c where the additional power Pp=(pp-p)|lp ||k [32]

required to generate the blowing control is 8.29 W will be adopted unless otherwise stated.

B. Anti-icing Mechanism

In this section, the mechanism of anti-icing observed in section A is revealed by examining the interaction between
water droplets and the surrounding airflow. Figure[9[a) and (b) describe the distribution and trajectory of water droplets
on the airfoil surface with/without the blowing control. When the control is off, water droplets predominantly accumulate
along the suction side of the leading edge due to surface adhesion before eventually dispersing downstream [18].
However, a long and narrow sheltered region, characterized by no droplets near the airfoil surface, expands on both
sides of the airfoil and even envelops the entire airfoil when imposing the blowing control. Therefore, the blowing
jet facilitates the expulsion of water droplets away from the airfoil, thereby disrupting the potential formation and

accumulation of ice.
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Fig. 9 Distribution of the water volume fraction on the surface of NACA0012 for the (a) control-off and (b)
control-on cases.

As depicted in Fig[T0] the dashed lines are streamlines, whereas the solid ones mark the incoming water droplets
trajectories. When the jet flow interacts with the main flow, a “bubble” (see the light blue region) is generated upstream
of the leading edge, and its outer boundary forms a virtual airflow surface, i.e., the outer one. Owing to the interaction
between water droplets and the blowing jet, a smaller “bubble” indicative of a region impeding water droplets movement
is discerned within the dark blue region, and its outer boundary represents a virtual surface of water droplets, i.e., the

inner one. It can be seen from Fig[T0|that even if water droplets penetrate the first “bubble”, they cannot traverse the
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second one, which functions as a barrier to impede the collision of water droplets with the airfoil surface. Therefore,
this dynamic process, characterized by the creation of virtual surfaces through the blowing jet, effectively modifies the
trajectories of water droplets. By altering the distribution of droplet collection rates on the airfoil surface, the joint

control ensures that the airfoil surface remains free from water droplets, achieving anti-icing effects.

= Streamline of airflow
«— Streamline of droplets
( Blowing jet

B Region wrapped by inner virtual
surface, blocking droplets

Region wrapped by outer virtual
surface, blocking freestream flow

Fig. 10 The schematic of dual virtual surfaces created by the blowing control.

C. Drag Reduction Mechanism

In this section, the mechanism of drag reduction is revealed by examining the components of aerodynamic forces
and the flow field. The time-averaged pressure coefficient distribution over the suction/pressure surface of the airfoil is
shown in Fig[TT{a). For the controlled cases, a low pressure region is observed at x/c = 0 ~ 0.3 where the pressure
coefficient is almost invariant. Also, the skin friction exhibits small variations immediately downstream of the controlled
region. This effect can be attributed to the introduction of a local pressure jump at the onset of the control, as also
observed in the flat-plate turbulent boundary layers [33]]. Downstream of this region, pressure recovers gradually before
the flow separates at x/c ~ 0.22 and reattaches at x/c ~ 0.38 in Fig[TI[b). Clearly, over this separation zone, the skin
friction coefficient is negative.

For the uncontrolled case, it can be seen from Fig[T2|a) that the flow development is normal. Two-dimensional
structures related with Tollmien-Schlichting (T-S) waves are generated downstream of the leading edge. These waves
are subject to instabilities and develop into three-dimensional A structures with a clear spanwise wavenumber, whose
breakdown finally completes the transition to turbulence. Interestingly, the control promotes separation and moves the
transition point upstream, as illustrated in Fig[I2{b). The separated shear layer rolls up, evolves into spanwise vortical
structures and then loses stability manifesting three-dimensional structures. Further downstream, hairpin vortices well
observed in boundary layer flow appear [34]]. These shedding vortices are associated with low pressure and subsequently
reduce the pressure on the suction side of the airfoil and contribute to the reduction of pressure drag. In this process, the

two-dimensional base flow supporting the growth of TS waves is broken, and therefore, these waves are not observed in
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the controlled case.
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(a) Pressure coeflicient (b) Skin friction coefficient

Fig. 11 Distribution of time-averaged (a) pressure coefficient and (b) skin friction coefficient on the NACA0012
airfoil surface with or without blowing control.

This drag reduction mechanism is closely associated with the virtual surface between the jet and the freestream. As
shown in Fig[T3{a), the outer virtual surface redirects the blowing-induced shear, which is analogous to the separated
shear layer at high angles of attack and is subject to instabilities and vortex shedding. The consequence is the generation
of a low pressure zone (see Fig[T3|b)) and drag reduction. Similar mechanisms have been reported in other studies
135.136].

This reduction of pressure drag is one order higher than the reduction of the viscous drag and the momentum drag, as
evidenced by the data presented in Table[2] It is worth noting that despite the flow transition point being much closer to

the leading edge in the controlled case, the corresponding lift coefficient is approximately the same value as the baseline.
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(a) Control off (b) Control on

Fig. 12 Isosurfaces of Q=300,000 colored by pressure coefficient for the (a) control-off and (b) control-on cases.
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Fig. 13 (a) Spanwise vorticity contours around the leading edge, showing the redirection of the blowing flow. (b)
The resultant low pressure zone.

Table 2 Analysis of drag coefficient of NACA0012 with or without control

C,=0 C,=0.0039 C,=0.0041 C,=00043 C,=0.0044 C,=0.0045 C, =0.0047

Cp, 0.0039 -0.0018 -0.0028 -0.0040 -0.0057 -0.0036 -0.0058
Cp, 0.0050 0.0017 0.0018 0.0019 0.0019 0.0019 0.0020
Cpyp 0 0.0042 0.0045 0.0047 0.0049 0.0053 0.0055
Cp  0.0089 0.0041 0.0035 0.0026 0.0011 0.0036 0.0017

After discussing the pressure distribution, we shift our focus to the shear stress on the pressure side of the airfoil.
Figure[I4{a), (b) and (c) depict the distribution of mean streamwise velocity u/U., where U, represents the velocity at
the edge of boundary layer, as determined by a diagnostic plots-derived method [37]]. After imposing the blowing control,
the velocity gradient (duy/dy),, on the airfoil surface reduces compared with that for the baseline case, resulting in the
reduction of the local frictional factor. Notably, a discernible shift-up in the velocity profile towards the downstream
direction is observed. This is likely a consequence of the increased boundary layer thickness, which persists downstream
the control region [33} 38]]. The thickening of boundary layer suggests the reduction of the skin friction on the pressure
surface of the airfoil after imposing the blowing control near the leading edge, as illustrated in Fig[TT|(b).

For conventional studies without active flow control, the aerodynamic force is only dependent on the pressure and
viscous terms as there is no momentum transfer through the geometry. However, in this study, there is momentum
injected through the surface, and therefore, the contribution of the momentum to the overall drag coefficient needs to
be considered (see Eq.(@)). Given that the blowing jet is effectively oriented upstream, momentum drag is expected

to increase with blowing jet implementation. Consequently, the momentum drag coefficient exhibits a progressive
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increase with escalating blowing amplitudes. Nevertheless, the overall drag reduces as the increased momentum drag is

compensated by the reduction of pressure and frictional drag.
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Fig. 14 Mean streamwise velocity profiles on the pressure surface of NACA0012 at (a) x /¢ = 0.05, (b)
x/c =0.10 and (c) x /¢ = 0.35. The gray filled region represents the airfoil surface.

D. Engineering Application

The preceding results have shown the impact of the proposed joint control strategy on the NACAQ0012 airfoil. To
further investigate the effectiveness of the joint control in real conditions, the HL-CRM with a mean aerodynamic
chord of 7 m is employed as a representative example to examine the robustness of the reported control effect and
mechanism in this section. The freestream conditions correspond to a Re = 5.49 X 10°, @ = 2°, and temperature of 268
K. Compared with the baseline case in Fig[I5]a), the ice prevention at the leading edge is effectively achieved upon the
activation of the joint control (C,, = 0.0047, A = 0.30, 2 = 5.25%c), as illustrated in Fig@b). This is caused by the
modification of water droplets trajectories after imposing the constant blowing jet control, as analyzed in Section B.

Compared with the baseline case in Fig[T6[a), one can observe from Fig[I[b) that the area of the negative pressure
zone on the suction side of the HL-CRM expands after applying joint control, aligning with the observations in Section
C. The aerodynamic parameters of the HL-CRM with or without joint control are shown in Table 3] A marginal
reduction in the lift coefficient is noted, attributed to the generalization of joint control parameters optimized for the
NACAO0012 airfoil to the HL-CRM configuration. As expected, a notable decrease of 30.6% in the drag coefficient is
observed, resulting in a 33.0% improvement in lift-to-drag ratio. Hence, the overall aerodynamic performance of the
HL-CRM is significantly improved.

Similar to the efficient control effect on the NACAO0O012 airfoil introduced in Section A, the joint control also exhibits
effects on both anti-icing and drag reduction on the HL-CRM. This test underscores the generalization and effectiveness

of the joint control approach across different configurations, illustrating its potential as a robust solution for improving



aerodynamic efficiency and enhancing safety in icing conditions.

(a) Control off (b) Control on

Fig. 15 Distribution of ice quantified by ice layer thickness on the HL-CRM for the (a) uncontrolled and (b)
controlled cases.

_ Pressure Coefficient

04 [

(a) Control off (b) Control on

Fig. 16 Profiles of the pressure coefficient and streamline on the HL-CRM for the (a) uncontrolled and (b)
controlled cases.

Table 3 Aerodynamic parameters of the HL-CRM with or without control

CASE CL Cp CL/Cp

Control off 0.3170 0.0150 21.13
Controlon 0.2924 0.0104 28.11

VI. Conclusion
This work introduced a novel strategy for the joint control of ice prevention and drag reduction by employing the

constant blowing jet around the leading edge. Adopting the NACAO0012 airfoil as an example, numerical simulations

16



were carried out to optimize the joint control parameters, including the blowing width and amplitude. After analyzing
the control effect on the NACAO0012 airfoil and the mechanisms, the control method and parameters were subsequently
applied to the HL-CRM. The results indicate that the proposed control method is robust, and it effectively prevents ice
formation and enhances aerodynamic performance on the HL-CRM.

After activating the joint control, the inner virtual surface created by the constant blowing control modulates the
kinematic parameters of water droplets (i.e., droplet collection efficiency and velocity), blocking droplets from colliding
with the wing surface and even freezing to ice. On the other hand, the outer virtual surface redirects the shear created by
the blowing and promotes its rolling-up and vortex shedding, which then leads to the formation of a low-pressure core
and the reduction of pressure drag. Furthermore, the increased boundary layer thickness persisting downstream on the
pressure surface of the airfoil is induced by the blowing jet and consequently contributes to a reduction in skin friction.

From the mechanisms revealed, alternative strategies leading to virtual surfaces would yield comparable control
effect. For example, plasma actuation (e.g., DBD plasma actuation) imposed around the leading edge can be another

promising option that does not require a continuous supply of blowing air.
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