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Abstract 

In order to investigate the aerodynamic behaviour arising 

from the icing of UAV wings, a numerical simulation was 

conducted on a RG15 aerofoil using Large Eddy 

Simulation (LES) at a Reynolds number of 1 × 105. The 

investigation was conducted on both a clean and an ice-

accreted aerofoil, at 0° and 6° angles of attack (AoA). It is 

found that even at very low angles of attack, the leading-

edge ice accretion causes the formation of an ice induced 

separation bubble (ISB) which generates leading-edge 

vortices at a very high frequency. The formation of 

laminar separation bubble (LSB) was not observed at 0° 

AoA for the clean aerofoil, where the flow was separated 

through the trailing-edge. As the iced aerofoil angle of 

attack was increased to 6°, the size of the ISB lengthened, 

reattaching to the surface further downstream. In contrast, 

the laminar separation from the clean aerofoil moved 

towards the leading-edge. The formation of the ISB at the 

leading-edge of the iced aerofoil forced the boundary 

layer to immediately become turbulent at both 0° and 6° 

AoA, in contrast to the laminar boundary layer formed 

ahead of the LSB for the clean aerofoil. As expected, the 

boundary layer on the clean aerofoil was turbulent after 

the reattachment of the LSB. 

Introduction 

Aerial vehicles are generally designed to operate in many 

types of meteorological conditions. Operating under 

extreme weather conditions is an unavoidable factor for 

many aircraft. Icing is the most common problem 

associated with flying vehicles when the surrounding 

temperature is lower than water freezing point (0℃). In 

recent years research on Unmanned Aerial Vehicles 

(UAVs) has surged because of its applicability in a broad 

spectrum of applications ranging from household to 

military operations. However, the huge potential of UAVs 

gets constrained when they have to operate under adverse 

weather conditions, for example, when the vehicle is 

under severe turbulence and/or icing condition [1]. To 

avoid this scenario in unmanned aircraft and micro aerial 

vehicles (MAVs), it has been suggested not to fly under 

icing weather conditions as no promising technique has 

been developed to overcome performance deterioration. 

According to Szilder and Mcilwain [2], UAVs are 

normally designed to cruise at low altitude as well as low 

flying velocity which increases the duration for ice 

formation on the surface.  

With accretion of ice on the lifting surfaces of an aircraft, 

the aerodynamic profile of the wing gets altered, which 

results in unsteadiness in the flow field, decreases the 

maximum lift coefficient and increases the drag 

coefficient, along with premature stall. The significant 

aerodynamic challenges induced by the presence of the 

leading-edge ice accretion in the stagnation region has 

attracted the interest of several researchers [3-8].   This 

includes a variety of ice shapes accreted at the leading 

edge, and a range of Reynolds number from 0.5 × 106 

to1.8 × 106. Liu and Wang [8] show that the maximum 

lift reduces drastically (by up to 63.9%) due to the 

presence of leading-edge ice while Jackson and Bragg [9] 

report that the drag coefficient increases up to 486% 

compared to the clean aerofoil. Maximum lift is further 

reduced by premature stall. Sometimes in extreme icing 

condition, stall can occur even at very low AoA, as low as 

3° [8]. 

Flying fixed wing aircraft at low Reynolds numbers 

comes with several challenges. The obvious example is 

the flow transition from laminar to turbulence while in 

flight. Depending on the shape and position (inclination 

angles) of an aerofoil, the formation of laminar separation 

and reattachment is often observed. The form of Laminar 

Separation Bubbles (LSB) depends strongly on the 

aerofoil geometry and its flying speed at a range of 

Reynolds number starting from 5 × 104 to 3 ×  106 [10]. 

The adverse pressure gradient resulting laminar separation 

induces an increment of drag and flow instabilities. The 

form of separation bubble is typically classified into short 

and long bubbles [11]. Short LSBs are found at higher 

angles of attack whereas long bubbles occur at lower 

angles of attack. On the other hand, having ice accretion at 

the leading-edge of an aerofoil forces a separation bubble 

known as Ice-induced separation bubble (ISB). Brag et al 

[12] suggest the characteristics of the ISB are similar to 

that of laminar separation bubble (LSB) which is formed 

due to the adverse pressure gradient. Unlike an LSB, 

which moves upstream with an increase of the angle of 

attack, the size of an ISB tends to increase with increasing 

AoA. Consequently, the separated flow from the ISB 

promotes leading-edge vortices even at lower angles of 

attack [13]. This further induces a drag increment and 

flow instabilities around the profile.  

This study aims to address the instabilities of the ice 

induced separations at low Reynolds number in 

comparisons with the well-known instabilities of the 

laminar separation bubble. 

Numerical Simulations 

Numerical simulations were carried out on a clean and an 

ice-accreted RG-15 aerofoil. The ice accretion model at 

the leading-edge of the RG-15 aerofoil was adopted from 
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one of the previous studies conducted by Williams et al. 

[3] at low Reynolds number. The ice was generated 

according to the standard of Federal Aviation Regulation 

(FAR) Appendix C to Part 25 [14] in an icing tunnel. The 

reference altitude was kept at 5000 ft at an air velocity of 

14.3 m/s with zero inclination angle, and the generated 0 

CM (continuous maximum) ice shape is shown in    

Figure 2.  

 

Figure 1 Leading edge 0-deg Continuous Maximum ice accretion 

on RG-15 aerofoil adopted from Williams et al. [3] 

The chord of the reference aerofoil (without ice accretion) 

was c=210mm which corresponds to a Reynolds number 

of 1.07 × 105 at an air velocity of 7.25 m/s with inviscid 

irrotational boundary condition at the inlet . A sub-grid 

scale model is used in the current study using LES (wall-

adapting local eddy viscosity)[15]. For the numerical 

solver option, a central difference method was employed 

in ANSYS CFX [16].  

The size of the domain was kept the same for both ice 

accretion and clean aerofoil cases. In both cases, a C-grid 

domain was employed with a 3c radius for the inlet and 

the outlet/opening located 6c downstream from the 

reference leading-edge of the aerofoil. The size of the 

domain was sufficiently large to be numerically 

independent, but as small as possible to reduce the 

computational cost. As the LES was solved in 3-D, the 

domain’s span should be wide enough for a 3-dimensional 

flow to be developed fully. According to Frere et al. [17], 

the domain for LES is sufficient if the span is equivalent 

to 10.5% of the chord. In this study, an aerofoil span of 

11.4% of the reference chord was used which also gives 

room for the chord length extension due to the ice 

accretion. The numerical domain is shown in Figure 3.   

 

Figure 2 Schematic diagram of numerical domain  

The computational domain was meshed using ICEM CFD 

according to the requirement of the LES for transitional 

flow where the chord-wise resolution was kept at 16 ≤

∆𝑥+ ≤ 27 , with higher concentration near the leading 

and trailing edges. The spanwise direction was meshed 

uniformly with ∆𝑧+~12 and the ∆𝑦+ < 1. This leads to a 

total of 12 million elements for the clean aerofoil case and 

approximately 12.5 million elements for the ice accretion 

case.  

 

Figure 3 Reference aerofoil, RG-15 mesh 

Large eddy simulation of a transitional flow requires a 

sufficiently small time step to allow the solver to resolve 

all the small eddies present in the flow field. For the 

current study, a numerical time step of 5 × 10−5𝑠, 

equivalent to a maximum Courant-Friedrichs-Lewy (CFL) 

of 0.44 [18] was employed which gives a total of 20,000 

samples per second. After performing a Fast Fourier 

Transformation (FFT), the maximum frequency of 

10,000Hz will be acquired which is sufficient to develop 

the flow field for obtaining the maximum frequency of 

interest which is less than 1000Hz in this study. The 

numerical stability was usually obtained at 4000 time 

steps. For obtaining the high-resolution spectra, the steady 

numerical simulation data was collect up to 16,000 time 

steps.  

Results and Discussion 

The formation of separation can be observed either from 

the wall shear stress (skin friction coefficient) or the 

pressure coefficient. In this study, pressure coefficient was 

used for determining the separation and reattachment 

locations of the separation bubbles, ISB and LSB 

respectively. The major differences between the two 

separation bubbles are – the LSB starts to form well 

downstream on the aerofoil and gradually moves towards 

the leading edge with increasing AoA, whereas, the ISB 

always starts to form immediately downstream of the ice 

which is near the leading edge for leading-edge ice 

accretion case. The ISB on the leading edge grows 

gradually as the angle of attack (AoA) increases. A unique 

property of LSB is the transformation into a short 

separation bubble when the bubble approaches the 

leading-edge at higher AoA, whereas, the size of the ISB 

increases with the increase in angle of attack (shown in 

Figure 4 (b and d)).  

At 0° AoA, an ISB was observed on the ice-accreted 

aerofoil due to backward facing step created by leading-

edge ice. However, for the clean aerofoil, while no 

formation of laminar separation bubble was found, the 

flow is observed to be separated from the trailing-edge 

(shown in Figure 4(a)).  

At 6° AoA, a LSB was formed at the upstream of the 

clean aerofoil which reattached back to the surface at 0.4c 

as shown in Figure 4(c).    
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Figure 4 Average velocity contour illustrating the formation of 

separation bubbles (a) 0° reference (b) 0° ice-accereted (c) 

6° reference (d) 6° ice-accereted      

 The formation of either ISB or LSB on the profile surface 

instantly changes the laminar boundary layer (before 

separation) to a turbulent boundary layer (after 

reattachment). Figure 5 represents the pressure coefficient, 

Cp, distributions for both configurations i.e. reference an 

ice-accreted aerofoil at 0° and 6°. Under ice-accretion, the 

presence of a distinct plateau confirms the presence of 

flow separation, namely the ISB, at both AoA where the 

flow was instantly separated from the 0c location of the 

reference aerofoil. That separated flow goes under 

transitional stage at approximately 0.08c for 6°  and 0.07c 

for 0°  AoA, can be seen from the pressure plateau in 

Figure 5. This further reattaches to the surface at about 

0.09c at 0° and 0.12c at 6°  AoA which signifies the 

increase in AoA increases the size of the Ice-induced 

separation.  

 

Figure 5 Pressure Coefficient comparisons between the reference 

clean aerofoil and ice-accreted aerofoil at  0° (top) and 6° 

(bottom) AoA 

Instabilities at ISB and LSB 

After the separation of the shear-layer, it goes into a phase 

of transition which has been found from pressure 

coefficients in both ISB and LSB. The instabilities in the 

transitional region have been studied extensively. The 

transition is a region where the two-dimensional flow 

breaks down into three-dimensional instabilities. Before 

reaching the three-dimensional instability, the flow field 

inside the transitional region possess a high frequency 

oscillation. These phenomena have been reported by many 

researchers [11, 19-21].  

A similar pattern of instabilities was observed in the ice 

induced separations as well, in the present study. It is 

found that the fundamental (instability) frequency 

increases at the ISB transition from 597 Hz at 0°  to 633 

Hz at 6° AoA; see the power spectra plotted in Figure 7.   

 

Figure 6 PSD at the transitional location of Ice-induced 

separation bubble taken at y/c = 0.001. 0° is decreased by three 

order of magnitude for clarity 

As mentioned previously, a laminar separation bubble 

does not form on the clean aerofoil at 0° AoA, however, a 

transitional type of instability was found at the trailing 

edge with the fundamental frequency of 537 Hz; see 

Figure 8. After the trailing edge, the flow quickly 

transformed into turbulence with 3-dimensional 

instability. For 6° AoA, the transitional regime is found to 

be similar to the conventional transitional process with the 

flow oscillation at 651Hz. 

 

Figure 7 PSD at the transitional location of laminar separation 

bubble taken at y/c = 0.001. 0° is decreased by three order of 

magnitude for clarity 

The Fundamental frequency obtained at the transitional 

separation has been non-dimensional in terms of Strouhal 

number, 𝑆𝑡 = 𝑓𝑙/𝑈0, where, f is the fundamental 

frequency, l is the projected high of aerofoil on vertical 

plane (or aerofoil thickness) and Uo is the freestream 

velocity.  
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According to Gerakopulos [22] and LeBlanc [19], the 

Strouhal number increases with the increase in angle of 

attack for the same Reynolds number. In this study with 

two different angles of attack, an increment in Strouhal 

number has been found at the transitional flow regime 

with the increase in aerofoil angle of attack. The increase 

in the Strouhal number on the clean aerofoil was found to 

be higher than that of the ice accreted aerofoil; see   
Figure 9.  

 

Figure 8 Variation in Strouhal number according to angle of 

attack at Re=100,000  

Conclusion 

Large Eddy Simulations of a clean (reference) and an ice-

accreted aerofoil have been conducted at 0° and 6° AoA 

to investigate the formation of ice-induced and laminar 

separation bubbles, ISB and LSB. Both separation bubbles 

formed at a low Reynolds number possess similar 

characteristics which are the result of adverse pressure 

gradient on the profile. Especially at low Reynolds 

number, it was obvious from the pressure coefficient 

distribution, that the ISB also exhibits transitional 

behaviour before reattaching to the surface, and these 

phenomena are similar to that around the backward facing 

step. The transitional region in the ISB was found to be 

dominated by high frequency oscillations, similar to that 

of LSB where the fundamental frequency increases with 

the increase in Angle of attack. In the case of the reference 

clean aerofoil at  0°  AoA, while a LSB was not found, a 

transitional behaviour was nevertheless observed at the 

trailing-edge.  It can also be concluded that, the process of 

transition is almost identical in both LSB and ISB’s. 
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