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Abstract— In the presented work, the flow-field around dropped airfoils was investigated to establish a correlation with 

transverse flow on a flat plate. This scenario relates to falling maple seeds and developing a fundamental understanding of the 

how the forces and drag coefficients develop prior to rotation. Understanding the development of these forces will lead to 

understanding the characteristics of maple seeds (and other auto-rotating seeds) that cause auto-rotation and development of 

leading-edge vortices. Using CFD, a thin, almost 2D airfoil was placed in a 3D environment and dropped through free space. 

Flow around the dropped airfoil was accelerated by gravity considerations. The resulting surface forces were evaluated through 

comparison of coefficient of drag values for transverse flow on a flat plate. The analysis of the forces demonstrated that the 

drag coefficient values on the lower surface of NACA 0012 and E63 airfoils profile were found to be similar to the flat plate 

values. The convex NACA 0012 airfoil experienced larger surface forces than flat plate and the concave E63 airfoil 

experienced smaller surface forces than flat plate. This work also demonstrates that coefficient of drag varies with time. 
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I. INTRODUCTION 

The biomimetic inspiration of samara seeds for single rotor 

unmanned aerial vehicles [1][2] and wind turbine blades 

[3][4] has created an increased interest in understanding the 

underlying flow field physics of samara seeds. One of the 

focal points of current studies is the generation of leading 

edge vortices (LEVs) and its impact on the increased lift-to-

drag ratio [5][6]. These same studies have illustrated flow-

field properties of dynamic systems and horizontal flow 

systems to demonstrate the formation of LEVs [5][6]. Other 

works model the dynamic equations of the forces within the 

system [7][8], including the resultant lift on the lower surface 

of the wing caused by the vertical fluid force due to descent. 

 

A noticeable gap exists in literature on the characteristics of 

flow fields around airfoils generated by a freestream flow 

transverse to the chord, both experimentally and theoretically. 

Current work that studies flow that is transverse to the 

planform surface of the wing or blade sections is in the areas 

of wind turbines [9] and samara seeds [5-8]. However, many 

of these studies are on the mechanics and dynamics of the 

system and not the surrounding fluid field. Wind turbine and 

samara seed studies also investigate transverse flows in a 

rotating system [7][9]. An understanding of the flow field 

transverse to the planform surfaces of wings in a rotationally 

static system is not as developed, particularly for accelerating 

flows like those encountered by falling seeds. This inspired a 

deeper investigation into flow characteristics for symmetric 

(NACA 0012) and asymmetric (Eppler 63,  E63) airfoil. This 

work explores the development of the fluid field analysis of 

the drag coefficient (CD) of NACA 0012 and E63 airfoils for 

the purpose of validating the CD values with the CD of a flat 

plate in transverse flow. 

The rest of the paper is organized as follows: Section II 

discusses related work; Section III discusses the 

methodologies utilized, including experimental approach, 

software and simulation environment, and design and 

optimization of mesh; Section IV discusses the experimental 

results; and Section V provides a future scope and concludes 

the paper. 

II. RELATED WORK 

In gaining an understanding of the development of drag 

forces on a dropped airfoil, a more solid foundation of the 

fundamentals of flight dynamics for samara seeds can be 

obtained. CFD simulations of samara seeds have been 

studied, but the cause of the generation of LEVs has not 

entirely been quantified [3]. Investigating drag generated 

through descent provides the first step to developing this 

fundamental understanding. This section details related work 
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in high angle of attack and transverse flow for airfoils, 

blades, and flat plates. 

Sørensen and Michelsen [10] used CFD to investigate the 

drag for blades at high angle of attack and compared with a 

flat plate for transverse flow. The time step size and mesh 

were varied for infinite flat plate simulations. There was a 

significant variation for the calculated CD with respect to 

time, but only a minor variation with respect to different 

mesh. When changing to a finite flat plate with varied aspect 

ratios (2, 20, and 40) and the simulations proved to be similar 

to the measured data for CD. For the blades, Sørensen and 

Michelsen only investigated the case of 90º. 

Tian et al. investigated flow normal to a circular disk through 

large-eddy simulation (LES) [11]. The simulated CD values 

were close to the finite flat plate values of Sørensen and 

Michelsen [10]. The work focused primarily on the vortices 

generated in the wake and wake instability. 

Parked conditions for wind turbines have been investigated 

by several researchers including Ostawari and Naik [12], 

Cox and Echtermeyer [13], Dahlberg et al. [14], and 

Shirzadeh et al. [15]. Ostawari and Naik focused specifically 

on untwisted blades with cross-sections in the NACA 44xx 

family [12]. Cox and Echtermeyer primarily focused on the 

structural integrity and design of a blade with twist in 

extreme loading conditions [13]. The results centered around 

the twist of the blade and tip deflection. Dahlberg et al. 

studied a small wind turbine in a wind tunnel with parked 

conditions [14]. Shirzadeh et al. compared simulated and 

measured data for offshore wind turbines in parked 

conditions, but primarily focused the work on frequency and 

damping data [15]. 

Pesavento and Wang studied the motion of a free-falling 

body (plate) using two dimensional Navier-Stokes equations 

[16]. The investigation revealed that the forces on the plate 

are dominated by a product of the linear and angular velocity 

terms. This is in contrast to an airfoil which is dominated by 

velocity squared for lifting forces. The work also introduces 

an instantaneous circulation, which is viewed as missing 

from traditional lift methods. 

To the best of our knowledge, there is no known literature 

that addresses transverse flow or dropped airfoils, 

specifically in a nearly 2D case, for the purpose of 

understanding the development of drag forces on the surface. 

The same can be said for flat plate simulations. Wind 

turbines with parked loads is a more present area of related 

research but is not gravity driven and many of the blades 

contain twist from root to tip. A constant angle of attack that 

varies only slightly from the transverse nature is a 

consideration for the study. In addition, the focus of this 

work is to begin investigations on dropped airfoils where the 

airfoil geometry is a key consideration, which is not an active 

consideration in much of the related work.  

III. APPROACH AND METHODOLOGY 

A collection of investigations on wind turbines and samara 

seeds exist for dynamics of systems, flow-field trends in 

rotating systems, and LEV formation in horizontal flow over 

a static maple seed. None of these investigations single out 

the flow-field trends related to the forces perpendicular to the 

surface of the blade. In a samara seed, the flow caused by the 

descent of the seed creates a drag force on the lower surface 

of the wing. Some horizontal axis wind turbine blades 

experience a similar load from the transverse flows that 

power them. This work investigates the flow-fields and 

surface forces for NACA 0012 and E63 airfoils to understand 

the differences between a symmetric and an asymmetric 

airfoil. 

A. Experimental Approach 

A flat plate was selected for comparison because the ratio of 

chord length to thickness of the airfoil section resembles that 

of a flat plate. Another consideration was the rounded nature 

of the leading edge of the airfoil, but with sharp trailing edge. 

It was hypothesized that the leading edge would result in a 

smooth transition of flow around the airfoil, while the trailing 

edge would behave in a manner similar to the sharp edges of 

a flat plate, but differing in thickness. The final area of focus 

was to observe the impact of the curvature of an airfoil on the 

drag of the system. In particular, focusing on how an airfoil 

with a concave lower (E63) behaves differently than an 

airfoil with a convex lower surface (NACA 0012). 

 

The transverse flow characteristics of an airfoil are 

anticipated to be similar to that of a flat plate (Figure 1). The 

actual profiles for the airfoils are expected to vary to some 

degree due to geometric difference between the flat plate and 

airfoil, especially at the leading and trailing edges. For 

transverse flow on a flat plate, the forces transverse to the 

surface are often denoted as drag. The standard drag 

coefficient (CD) value for flat plates in turbulent flow varies 

between sources, partially due to the geometry of the flat 

plate. Simiu and Scanlan [17] provide the most complete 

representation CD with a range of ~0.8-2.8 that is dependent 

on the ratio of length to height of the plate. Hoerner [18] 

states that a 2D flat plate has a CD of 1.98 and the CD of a 3D 

flat plate is 1.17. Nedic [19] agrees with Hoerner [18] with a 

CD of 1.17. Proceedings for the Low Reynolds Number 

Aerodynamics Conference [20] provides a slightly larger CD 

of 1.28. For this work, we compare to drag forces to these 

values of CD plus 2.1 as an upper limit, which is within the 

range proposed by Simiu and Scanlan [17]. In this paper, the 

force transverse to the planform will be referred to as drag 

forces to remain consistent with the CD origins. 
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Figure 1: Flow expectations for: a) transverse flow on a flat plate b) 

transverse flow on an airfoil section c) environment of drop simulation tests 

where are flows in through the bottom and out through the top 

B. Software and Methods 

CFD simulations were conducted in SC/Tetra. The airfoil 

drop simulations comprised of free space, a 3D environment, 

and a thin, pseudo 2D airfoil, (Figure 1c). While simulating 

in a 2D environment is less computationally expensive, the 

desire to allow a full blade to rotate in future analysis made 

the 3D environment approach more compelling even when 

the airfoil grid was effectively 2D. The entire environment 

dropped through free space at gravitational acceleration, 

starting from rest. The gravitational acceleration did not take 

into account drag effects that would alter the velocity, i.e. v = 

gt. Transient analysis was selected as the solution process to 

control the length of real time over which the airfoil falls. 

The boundary parameters were set to allow the inflow on the 

bottom surface in the system to accelerate at a gravitational 

rate and the flow out of the system was not restricted. The 

full vertical domain was 10 chord lengths with the airfoil 

centrally located. The free-slip side boundaries were set at 

five chord lengths from the leading and trailing edge to limit 

blocking effects and ensure that the field could fully develop. 

The system was dropped for two real time seconds with data 

recorded every 0.01 seconds. The system remains laminar 

throughout the entire process as the maximum Reynolds 

number reached is 1.33x10
4
, based on chord length.  

 

Using the described method, two sets of degrees of freedom 

were required. The degrees of freedom are relative to the 

coordinate axes in for the samara seed shown in Figure 2. 

The first set of degrees of freedom was for the airfoil within 

the 3D environment and the second was for the 3D 

environment in the free space. The airfoil was fixed in 

location relative to the 3D environment, but the 3D 

environment was allowed to translate in all directions relative 

to the free space to simulate falling. Therefore, any 

translation of the airfoil is relative to the free space and not 

the 3D environment. The rotational directions of the airfoil 

and 3D environment were fixed for these simulations 

because they are not self-balancing like samara seeds. The 

purpose of this work was to obtain transverse flow data for 

predictive methods with the intention to expand imparting 

rotation in future work. 

 

 
Figure 2: Coordinate system in relation to samara seed orientation 

 

C. Mesh Characteristics and Optimization 

The meshes used around the airfoil consist of a relatively thin 

structured grid with the rest of the domain filled with an 

unstructured mesh. Design of the unstructured portion is 

approximately defined by regions of relative mesh density 

and total mesh size, but grid details will vary beyond user 

control. The structured, or prism mesh, is more precisely 

defined by the number of points about the airfoil surface, the 

initial normal spacing of the surface layer, the number of 

layers extending from the surface, and the rate of stretching 
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of the layer thickness from the initial, defined layer. Meshes 

were assessed on their Courant-Friedrichs-Lewy (CFL) 

condition and maximum non-dimensional wall distance (y
+
) 

value. The CFL condition measures the iterative stability of 

the time dependent partial differential equations. The y+ 

value demonstrates how coarse or fine the mesh is at the 

surface of the airfoil.  The wall distance is defined as  

 

   (1) 

 
where y is the thickness of the initial layer, u

*
 is the friction 

velocity defined as the square root of the shear stress at the 

surface divided by density, and ν is the kinematic viscosity. 

The CFL criterion is  

  

             (2) 

 

where C represents the CFL condition number, Δt is the time 

step, uxi is the magnitude of velocity, Δxi is the smallest 

element size, and n is the number of dimensions the CFL is 

calculated in. For a given timestep, a small element size 

yields a small y
+
 value but increases the CFL number. The 

CFL number can then be reduced by reducing the timestep, 

but that can unacceptably increase the runtime.  

 

In order to optimize the simulation run time, a fixed timestep 

of 0.0001 seconds (10,000 steps per second) was used. This 

timestep was used to simulate the performance of 8 mesh 

constructions for the NACA 0012 at 7° AoA. The number of 

elements in the mesh ranged from 800,000 to 1.5 million, 

with initial layer thicknesses of 0.078 to 0.2 mm, 25-27 

prism layers, and stretching value range of 1.1-1.3. Meshes 

were assessed based on trying to minimize the y
+
 and CFL 

values while not generating excessive computation time. The 

selected mesh had 908K elements with a maximum y+ of 

12.25 and an average C of 0.71 after 5 seconds. The 

maximum local CFL value at 5 seconds did exceed the 

desired limit of Cmax = 1 on many elements, but at the 

targeted simulation limit of two seconds (20,000 steps) all 

element CFL values were below one. 

IV. RESULTS AND DISCUSSION 

The NACA 0012 and E63 airfoils were simulated for angles 

of attack of 0°, 2°, 5°, and 7°. The 0° AoA case for each 

airfoil was viewed as a baseline for comparison to flat plate 

coefficients, defined here as when the airfoil chord is 

perpendicular to the fall direction. The full comparison of the 

drag force over time between all angles of attack for the 

NACA 0012 and E63 airfoils are presented graphically in 

Figure 3a. Due to the similarity in results across the AoAs, 

only the 7° AoA for each airfoil is compared to the flat plates 

is represented in Figure 3b. The 7° AoA was selected 

because it is close to a theoretical AoA for a maple seed. The 

CD values for the drag forces on flat plates were assumed to 

be constant over time. While both airfoils projected near the 

CD values of 1.17 and 1.28, the NACA 0012 profiled above 

and the E63 below. This suggests that a convex lower surface 

exhibits a drag force greater than that of the flat plate 

approximation and a concave surface for a transverse flow 

case. 

A final observation to note from Figure 3b is that the profile 

of the drag force on the lower surface becomes more linear 

with time, thus depicting an underlying variation in the drag 

calculation. The drag force on the airfoils in Figure 3b appear 

to become more linear with time, depicting a time variation 

of the CD, which is validated in Figure 4. The change of rate 

of the CD in each system is attributed to the pressure field 

stabilizing as the flow develops and could fully stabilize 

when the flow around the airfoil is fully developed. 

V. CONCLUSION AND FUTURE SCOPE 

The presented study of transverse flows on airfoil sections 

provides initial understanding of the flow physics and 

demonstrates the importance of the curvature of the airfoil on 

generation of forces caused by transverse flow. The convex 

NACA 0012 resulted in a drag force of approximately 3.30 N 

for all tested angles of attack after falling for two seconds. 

Meanwhile, the concave E63 airfoil had a smaller drag force 

of 2.3 N for all tested angles of attack after two seconds. The 

drag forces on the airfoil continue to adjust with time, 

making the direct comparison to the flat plate drag forces and 

CD less precise due to the use of a constant CD. Numerically, 

the NACA 0012 airfoil drag force at two seconds is larger 

than that of the flat plates with CD values of 1.28 and 1.17 

and continues to diverge, indicating that a longer simulated 

time would result in an increasing difference between the flat 

plates and the NACA 0012 airfoil. Conversely, the E63 

airfoil drag coefficient was initially higher than the two flat 

plate cases but continued to decrease until it was less than the 

flat plate standard at the two second mark. The rate of 

variation is due to a dynamic CD value. Further studies on the 

effects of edge geometry and lower surface concavity would 

be beneficial to determine the cause of the diverging trends. 

Despite the lack of CD variance with time for the flat plates, 

the results demonstrated that a flat plate can be a reasonable 

comparison for estimation of transverse flow on an airfoil. 
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Figure 3: a) NACA 0012 and E63 airfoil drop drag force on lower surface comparison for all angles of attack, b) Force on lower surface of dropped NACA 

0012 and E63 airfoils at 7° compared to calculated forces on lower surface of flat plates with varying CD 

 

Figure 4: Variation in CD over time for NACA 0012 and E63 airfoils at 7° AoA 
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