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Abstract 

Steady, three-dimensional viscous numerical analysis of airflow over a rectangular 

NACA 0012 base wing (BW) with a rounded tip and with three NACA 0015 tip-sails 

(WTS) is performed.  The flow physics and aerodynamic forces are studied at Reynolds 

numbers (Re) of 60,000 and 600,000, angles of attack (α) of 0, 5, 7.5, and 10°, and two 

sets of tip-sail dihedral angles (leading to trailing tip-sail): 50, 45, and 40° and 60, 45, 

and 30°. The Shear Stress Transport turbulence and intermittency-transition Reynolds 

number (γ- ̃   ) transitional turbulence models were used. For α > 0°, the WTS produced 

higher lift coefficients (CL) and drag coefficients (CD) than the BW. At Re = 600,000 and 

α > 0°, the CL/CD was higher for the WTS than the BW. Good agreement was seen with 

experimental data at Re = 600,000 for the BW results and the WTS CL but not the WTS 

CD. 
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Nomenclature 

AR  =  wing aspect ratio,    
  

 
 

b  =  wing span [m] 

b000  =  cross-section located at the root of the wing 

b025  =  cross-section located 25% from the root to the tip of the wing or tip-sail 

b050  =  cross-section located 50% from the root to the tip of the wing or tip-sail 

b075  =  cross-section located 75% from the root to the tip of the wing or tip-sail 

b100  =  cross-section located at the tip of the wing or tip-sail 

BW  =  base wing with rounded wing tip 

c  =  chord length [m] 

Cd  =  two-dimensional drag coefficient,    
  

 

 
   

  
 

CD  =  three-dimensional drag coefficient,    
  

 

 
   

  
 

CD,i  =  induced drag coefficient,      
  
 

    
 

Cf  =  skin friction coefficient,    
 

 

 
   

 
 

Cl  =  two-dimensional lift coefficient,    
  

 

 
   

  
 

CL  =  three-dimensional lift coefficient,    
  

 

 
   

  
 

Cm,c/4  =  moment coefficient about c/4 

Cp  =  pressure coefficient,    
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e  =  span efficiency factor 

Eγ1, Eγ2 =  destruction rates of turbulence intermittency [kg/m
3
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F1  =  blending function 

Fd  =  drag force per unit span [N/m] 

FD  =  drag force [N] 

FD,f  =  skin friction drag force component [N] 

FD,i  =  induced drag force [N] 

FD,p  =  pressure drag force component [N] 

Fl  =  lift force per unit span [N/m] 

FL  =  lift force [N] 

Flength =  empirical function for transition region length 

Fonset  =     function that controls the onset of turbulence with the Pγ1 term 

Fturb  =  function to disable Pγ1 in the fully turbulent regime 

Fwake  =  function to ensure that Fθt is not active in wake regions 

Fθt  =  function in Pθt 

  ⃗⃗  ⃗  =  surface forces on a control volume 

  
⃗⃗⃗⃗   =  buoyant forces on a control volume 

I  =  fractional turbulence intensity,   
√

 

 
 

 
 

k  =  turbulent kinetic energy [m
2
/s

2
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LE  =  leading edge 

LSB  =  laminar separation bubble 
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MI  =  momentum integral force calculation method 

P  =  local static pressure [Pa] 

P∞  =  freestream static pressure [Pa] 

P’  =  modified pressure [Pa] 

Pk  =  production rate of turbulence [kg/m∙s
3
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Pγ1, Pγ2 =  production rate of turbulence intermittency [kg/m
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S  =  planform (projected) wing area, [m
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RT  =  viscosity ratio 

    =  chord-based Reynolds number 

     =  critical Reynolds number where boundary layer turbulence intermittency 
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     =  vorticity Reynolds number 

     =  turbulence dissipation rate Reynolds number 

 ̃     =  transition onset Reynolds number 

RNRD =  range-normalized relative difference,      
(
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RNRMS =  range-normalized root mean square,       
   

     
 

s  =  distance along airfoil curve, [m] 
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s
*
  =  dimensionless distance along the airfoil curve,    

 

 
 

S  =  strain rate magnitude,   |
  

  
| [s-1
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t  =  time [s] 

TE  =  trailing edge 

TS1  =  tip-sail 1, leading tip-sail 
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1. Introduction  

The following section provides the background information and motivation for the work 

presented herein. Additionally, a comprehensive literature review provides context for the 

research and the scope of the thesis is outlined. 

1.1 Background and Motivation 

The motivation for the thesis is discussed and a problem overview is presented. The 

scope of the thesis is then defined. 

1.1.1 Problem Overview 

The two key aerodynamic force components on a wing during flight are lift and drag. 

Consider the wing cross-section, or airfoil, shape shown in Figure 1. The lift force,   , is 

defined as the force perpendicular to the freestream velocity vector. The drag force,   , is 

orthogonal to the lift force and defined as the force parallel to the freestream velocity 

vector. The freestream far from the airfoil has a velocity,   , and the airfoil is inclined at 

an angle of attack,  , to the freestream vector. Finally, the chord length,  , of the airfoil is 

defined as the distance between the leading edge,   , and trailing edge,   .  
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Figure 1: Airfoil with key aerodynamic forces 

 

In general, the lift force is in opposition of the force of gravity on an aircraft and is 

generated by the pressure distribution that exists on the surface of the wing.  

 The airfoils used in the present study are all symmetric airfoils, having the same 

shape above and below the chord line. Symmetric airfoils must have a positive   to 

produce lift. The positive   forces the air flowing over the top surface to travel faster than 

the air flowing over the bottom surface. Consequently, the static pressure decreases as the 

velocity of the air increases over the top surface of the wing to conserve momentum. The 

air on the bottom surface of the wing is travelling slower, leading to a higher static 

pressure. This pressure difference between the top and bottom surfaces of the airfoil is 

what creates the lift force on the wing. 

The lift and drag forces are normalized into lift and drag coefficients,    and   , 

respectively, defined as: 

    
  

 

 
    

  
  (1.1.1.1) 

𝑉  

𝐹𝐿 

𝐹𝐷 
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  (1.1.1.2) 

where    is the air freestream density, and   is the planform (projected) area of the wing.  

The drag force opposes the motion of the aerodynamic body and, for low Mach 

numbers, two distinct drag force components exist: the skin friction drag force,     , and 

the pressure drag force,     : 

              (1.1.1.3) 

Skin friction drag is a consequence of the viscous fluid shear forces that exist along the 

surface of the aerodynamic body known as the wall shear stress. It acts parallel to the 

surface and the rougher a surface is, the higher the skin friction drag will be. In contrast, 

pressure drag acts normal to the surface and is a consequence of the static pressure 

distribution.  

 At low Reynolds numbers (typically below 1,000,000), a significant amount of 

drag originates from what is known as a laminar separation bubble, (LSB). A LSB is a 

phenomenon that occurs as the flow transitions from the laminar to turbulent regime. 

 
Figure 2: Laminar separation bubble 

 

Laminar flow 

Laminar separation bubble 

Turbulent flow 

Increasing static pressure 
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 The flow is laminar as it reaches and travels over the front of the airfoil. The 

decreasing pressure allows the accelerating flow to remain laminar but, as the pressure 

begins increasing again, the flow does not have enough energy to stay attached to the 

surface and separation occurs. After separation, a gradual transition to turbulence occurs, 

increasing its energy and allowing it to reattach to the airfoil surface. A small zone of 

recirculating flow is formed between separation and reattachment points and is known as 

the LSB. 

In addition to the LSB drag, induced drag induced drag,     , is created as a 

consequence of the wing generating a lift force. At the tips of the wing, the high pressure 

air from beneath spills over to the low pressure air on the top surface.  

 

Figure 3: Front view of a wing with wingtip vortices illustrated 

 

This mixing causes a tip vortex to form and can significantly reduce the performance of a 

wing. As these tip vortices have significant rotational kinetic energy, producing this 

energy produces drag. Another perspective of the same phenomenon is that the tip 

vortices alter the pressure and wall shear stress distributions on the wing in such a way 

that increases the drag force. Yet another explanation is that the tip vortices create a small 

Low pressure 

High pressure 

Tip vortex Tip vortex 
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velocity component in the downward and backward directions known as downwash. This 

downwash effectively tilts the lift vector slightly in the drag direction which increases the 

drag force. All three explanations are simply different ways to observe the same 

phenomenon. 

 For incompressible flow, the induced drag coefficient (    ) can be calculated as 

follows: 

      
  
 

    
 (1.1.1.4) 

where   is the span efficiency factor, and    is the wing aspect ratio. The span efficiency 

factor is a measure of the spanwise lift distribution of the wing.  

 

Figure 4: Front view of a wing with an elliptical lift distribution 

 

A perfectly elliptical lift distribution is optimal to minimize induced drag and 

corresponds to    . All other distributions have    . There are several ways of 

achieving an elliptical lift distribution including wing taper, twist, and dihedral angle but 

such design elements are beyond the scope of this document. 

The wing aspect ratio is defined as follows: 

    
  

 
 (1.1.1.5) 

where   is the span or length of the wing.  

Spanwise lift distribution 
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Figure 5: Top view of two wings with high and low aspect ratios 

 

Low AR wings have relatively more of their lift generated near their tips, thus, they 

create a larger tip vortex and more induced drag compared to a high AR wing. 

Ideally, a wing designer will design long slender wings with a high AR to achieve 

an elliptical lift distribution. However, in certain situations, low AR wings are very 

important. For instance, the secondary wing of an aircraft such as the rear horizontal 

stabilizer used for stability generally has a lower AR. These wings are not required to 

produce large amounts of lift so they tend to be of a shorter span, which leads to their 

lower AR. Another example is airports have size restrictions on overall aircraft 

dimensions. Aircraft such as the Boeing 737 and Airbus A380 require lower AR wings 

and must use advanced wing tip designs to mitigate the issue of unwanted induced drag 

and the loss of lift near the wing tips. 

Wing tip geometry has been an important aspect of wing design across a wide 

range of applications. Several types of wing tip designs exist, such as: winglet, end plate, 

High AR Wing 

Planform (projected) area, S 

Wing span, b 

 

Low AR Wing 
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and split tip design. Each with the goal of reducing induced drag and mitigating the loss 

of lift near the wing tips. However, one of the more unconventional and promising wing 

tip designs is the wing tip-sail design.  

 

Figure 6: Wing tip with three tip-sails 

 

Inspired by the outermost feathers of gliding birds such as the Peruvian condor 

(Coiro et al. (2008)), tip-sails have been proven to offer significant performance benefits 

in a variety of scenarios (Miklosovic & Bookey (2005)). Next, a comprehensive survey 

of the available literature is presented to characterize the current state of knowledge on 

tip-sails.  

1.2 Literature Review 

The concept of wing tip-sails is one that can be traced back to Spillman’s (1978) original 

experimental studies. Since that time, a variety of subsequent studies have been 

performed by several researchers. The following section provides a concise overview of 

the experimental and numerical tip-sail research conducted that is available in the open 

literature. 
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1.2.1 Experimental Studies 

Some of the earliest tip-sail research has been published by Spillman from 1978 to 1987. 

Spillman and Allen (1978) initially studied the effects of 1,2,3,4 and 6 tip-sails on a 

Morane-Soulnier Paris aircraft. He concluded that three tip-sails were optimal and that 

they increased the effective aspect ratio of the wing by over 40% and increased the 

maximum       ratio from 12.5 to 15.8. Spillman et al. (1979) conducted a second study 

on the Morane-Soulnier Paris aircraft with three tip-sails and found that the induced drag 

of the wing was reduced by 27%. Additionally, the pilots who flew the aircraft for the 

study remarked that the climb rate was increased as well when the tip-sails were installed. 

 Fell and Spillman (1983) examined the effects of four tip-sails on a British 

Aerospace (BAe) Jetstream aircraft model. With the small size of the model, the study 

was hindered due to the use of wires and ballotini spheres to force the transition to 

turbulence on the wing and tip-sails. Only small drag reductions were achieved by the 

tip-sails and skin drag was high due to these transition forcing devices.  

Parkin and Spillman (1980) studied three tip-sails on a Cessna Centurion aircraft. 

The study saw improvements in crop spraying performance by reducing the amount of 

off-target spray by 40% with the addition of tip-sails. An important conclusion drawn 

from the work was that, while three tip-sails were optimal to minimize the induced drag 

on the aircraft, five tip-sails may have performed better at reducing the off-target spray.  

Spillman and McVitie (1984) conducted a second study on the Cessna Centurion aircraft 

with three tip-sails. This study concluded that a fuel savings of 3.5-5% could be expected 
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with the addition of the tip-sails and that at high speeds, the roll rate of the aircraft was 

significantly increased.  

Spillman (1987) reviewed the state of tip-sail research. He emphasized how tip-

sails had been proven to reduce induced drag, increase roll speed, reduce stall speed, and 

even reduce the root bending moment of the wing. The latter finding, he suggested, could 

lead to a reduction in weight due to the reduced load on the wing. While this review was 

comprehensive at the time, a large volume of research has been published in the time 

since then. 

Up until 1987, all of the research mentioned had been centred on commercial 

aircraft. However, Smith et al. (2001) published research on a wing with a standard 

NACA 0012 airfoil shape and five tip-sails. They concluded that negative angles of 

attack on the tip-sails can improve the overall       of the wing and that tip-sails at an 

angle of attack of zero were able to increase the lift coefficient and lift slope more than an 

equivalent area of wing. Additionally, they observed that the varying dihedral angles of 

the tip-sails effectively split up the tip vortex of the wing into smaller vortices.  

Catalano and Ceron-Muñoz (2004, 2006) studied the effects of three tip-sails on a 

wing with a NACA 653-018 airfoil profile. Catalano and Ceron-Muñoz (2004) tested 

several tip-sail dihedral arrangements and found that angles of 45, 15, and -15° produced 

the highest      . In addition, a hot wire anemometry study of the wake revealed that the 

tip-sails reduced the amount of turbulence in the wake. In 2006, Ceron-Muñoz and 

Catalano tested a low aspect wing with three adaptive tip-sails and found that they 
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improved both climb rate and range. 

Miklosovic (2005, 2008) produced important studies on the subject of tip-sails, 

with in-depth parametric studies conducted on the three tip-sails’ dihedral angles on 

wings with NACA 0018 airfoil profiles. The configurations studied were able to produce 

improvements in       of up to 57%. The studies also suggested that tip-sail dihedral 

angles of 40, 20, and 0° would produce the highest lift coefficient whereas dihedral 

angles of 50, 45, and 40° produced the highest      . Again, the effect of tip-sails on the 

slope of the pitching moment coefficient was observed and the authors suggest that this 

may be used to improve static stability and manoeuvring performance. 

Coiro et al. (2008) studied tip-sails on a hang-glider platform. Three and five tip-

sails were tested but five were found to offer the highest increase in endurance. Like 

Smith et al. (2001), Coiro et al. (2008) noted that the tip vortex was split into smaller 

vortices when tip-sails were added. 

Cosin and Catalano (2009) performed a study of three tip-sails on a wing with a 

NACA 23015 airfoil profile. They found that tip-sail dihedral angles of 30, 15, and 0° 

produced a 12% increase in endurance. The study also found that the tip vortex was 

decreased with tip-sails added. 

Table 1 summarizes the important parameters used in the aforementioned 

experimental tip-sail studies. 
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Table 1: Summary of relevant previous experimental studies 

 

All studies used balances to measure the aerodynamic forces on the wings. Smith 

et al. (2001) had the lowest of all experimental Reynolds numbers at 161,000 while 

Spillman and McVitie (1984) had the highest Reynolds number of 1,750,000. The use of 

three tip-sails is the most common number across all studies. 

1.2.2 Numerical Studies 

A numerical model is a tool used to accurately predict or simulate the physics of the 

real world. In the field of aerodynamics, several types of numerical models have been 

developed with the goal of aerodynamic performance prediction in mind. While studies 

conducted by Miklosovic (2005, 2008) and Coiro et al. (2008) used panel methods in the 

preliminary design stages, very few studies have used numerical methods to predict tip-

sail performance.  

Fell & Spillman (1983) used a subsonic panel method and a vortex drag analysis 

Reference Methodology Rec ∙ 10
-5 Tip-sails Wing

Catalano & Cerón-Muñoz (2004) Balance 3.50 3 NACA 653-018 airfoil

Cerón-Muñoz & Catalano (2006) Balance 3.50 3 NACA 653-018 airfoil

Coiro et al. (2008) Balance 5.00 3, 5 Stratos Hang-glider

Cosin & Catalano (2009) Balance 4.00 3 NACA 23015 airfoil

Fell & Spillman (1983) Balance 6.37 4 BAe Jetsream aircraft

Miklosovic (2008) Balance 6.00 3 NACA 0018 airfoil

Miklosovic & Bookey (2005) Balance 6.00 3 NACA 0018 airfoil

Parkin & Spillman (1980) N/A N/A 3 Cessna Centurion aircraft

Smith et al. (2001) Balance 1.61-3.00 5 NACA 0012 airfoil

Spillman & McVitie (1984) Balance 17.50 3 Cessna Centurion aircraft

Spillman et al. (1979) Balance N/A 3 Morane-Soulnier Paris aircraft

Spillman & Allen (1978) Balance 11.40 1,2,3,4,6 Morane-Soulnier Paris aircraft
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program to predict tip-sail performance on a BAe Jetstream aircraft. Experiments were 

also performed on a scaled down model of the aircraft to compare the numerical model 

with. However, due to the size of the model, artificial transition devices had to be used on 

the wing and tip-sails and the experimental results were far less promising than the 

predicted numerical results. It is likely that the panel method used was too simple to 

capture the complex viscous forces that affected the aerodynamic performance in the 

experiments. While the Reynolds number based on the wing chord length was fairly high, 

the Reynolds number of the tip-sails is significantly smaller and likely to be affected by 

viscous effects. 

Shelton et al. (2004) studied the performance of five tip-sails added to the Dragon 

Eye UAV platform using another panel method called PMARC-12. Key findings of the 

study were that the length of the tip-sails had a significant effect on the range and 

endurance of the aircraft with 12 inch tip-sails performing best. 12 inches was the longest 

length tested in the study, which could suggest that perhaps even longer tip-sails would 

be beneficial. It was also noted in the study that the addition of tip-sails shifted the 

maximum L/D point to a higher lift coefficient. This study represents the lower end of the 

Reynolds number range studied in the open literature with Reynolds numbers varying 

from 73,000 to 167,000. While the numerical method used was capable of predicting the 

trends associated with the tip-sails after it was calibrated with experimental data, the 

aerodynamic coefficients were not highly accurate. 

Finally, Smith et al. (2001) compared their experimental results to those generated 
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by a CFD code named Cobalt. The unstructured grid code solved the time-averaged 

Navier-Stokes equations and the inviscid Euler equations. Unfortunately, the CFD code 

significantly and consistently under-predicted the lift coefficient, especially at higher 

angles of attack, and over-predicted the drag.  

Table 2 summarizes the important parameters used in the aforementioned 

numerical tip-sail studies. 

Table 2: Summary of relevant previous numerical studies on tip-sails 

 

The present work aims to develop a numerical model for low Reynolds number 

wings with tip-sails. Furthermore, it aims to perform simulations at two Reynolds 

numbers, one of which is significantly lower than all previous experimental and 

numerical studies. These low Reynolds numbers are applicable to smaller aircraft such as 

model aircraft and some unmanned aerial systems. 

1.2.3 Studies Using the γ- ̃    Model 

The γ- ̃    model was first presented in 2005 and appears in several papers, Menter et al. 

(2005), Langtry & Menter (2005), and Menter et al. (2006). It is based entirely on local 

quantities that the authors mention make it well-suited for unstructured grids and parallel 

computing. Several test cases were presented across these ranging from a two-

dimensional flat plate, turbine cascades, and multi-element wings a three-dimensional 

Reference Methodology Rec ∙ 10
-5 Tip-sails Wing

Fell & Spillman (1983) Panel 6.37 4 BAe Jetsream aircraft

Shelton et al. (2004) Panel 0.73-1.67 5 NACA 0015

Smith et al. (2001) Euler (Inviscid) 1.61-3.00 5 NACA 0012 airfoil
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wing and helicopter cabin. Of the cases presented, very good agreement is seen between 

the data predicted by the γ- ̃    model and experimental data sets. Table 3 summarizes 

the various studies using the γ- ̃    model and their relevant parameters. 

 One limitation observed by the authors in all three publications was the model's 

inaccuracy in predicting the point of laminar-to-turbulent transition near the root of the 

three-dimensional wing. They concede that the model must still be updated to accurately 

recreate the true three-dimensional nature of the flow in this region. 

 While the γ- ̃    model was presented in 2005, it wasn't until 2009 that two key 

formulas of the model were published in Langtry & Menter (2009). These last two 

formulas were proprietary in the interim and defined the         and      variables. 

However, even though the formulas were proprietary, researchers could use the γ- ̃    

model through the ANSYS software packages. 

 Bohm & Graf (2007) used the model to perform a two-dimensional simulation of 

the NACA 642-015 airfoil performance and a three-dimensional simulation of various 

ballast bulbs seen on yachts. Bohm & Graf noted "reasonable" agreement between 

predicted and experimental results for the airfoil profile. The best agreement between the 

two datasets was at 0 ≤ α ≤ 2
°
 but, as the α increased, the datasets began to diverge. In 

particular, the CD was over-predicted by the γ- ̃    model by approximately 20-50% 

between 5 ≤ α ≤ 8°. The higher alpha are of more interest in practice as they are more 

representative of what an airplane wing may commonly experience. Nevertheless, despite 

the poor performance at the higher α, the γ- ̃    model still performed significantly better 
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than existing turbulence models without a transition model at predicting the flow forces. 

 Since the two formulas completing the γ- ̃    model weren't published until 

2009, two separate studies created their own equations. Corral & Gisbert (2010) used 

their in-house formulas along with the remainder of the γ- ̃    model to perform two- 

and three-dimensional simulations on several turbomachine cascades. They too found 

that the new model significantly outperformed the fully turbulent k-ω model in predicting 

the variation of total pressure losses with Re, swirl angle, and pressure distribution along 

the blade profile.  

 Zhang & Gao (2010) also decided to write their own equations to complete the γ-

 ̃    model. Their higher Re and higher Mach number two-dimensional simulations a flat 

plate, airfoils, and a double wedge yielded poor results with CL being under predicted. 

Lastly, a third study, Content & Houdeville (2010), also used their own formulas along 

with the remainder of the γ- ̃    model. They found good agreement between predicted 

and experimental results for two-dimensional geometries including an Ogive-cylinder 

and several airfoils. 

 Also in 2010, Seyfert & Krumbein (2010) performed several two-dimensional 

simulations on a flat plate and several airfoils. Good agreement was seen with 

experimental data for the Aerospatial A & B and Somers airfoils but the model was ill-

suited for high freestream turbulence intensity simulations. In an effort to mitigate the 

issue, the authors modified the model to stop the decay of turbulence below a certain 

limit but this caused poor Cf agreement and inaccurate laminar-to-turbulent transition 
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points.  

 You & Kwon (2012) simulated a three-dimensional circular cylinder and found 

that the predicted CD and transition locations agreed well with experiments. However, far 

field turbulent structures observed in experiments were not recreated by the model.  

 To assess the γ- ̃    model against the existing e
N
 transition model used in XFoil, 

Counsil & Boulama (2012) simulated the NACA 0012 airfoil in both two- and three-

dimensional simulations. They noted that the γ- ̃    model was more accurate than the e
N
 

model when compared with experimental and higher order numerical data. 

 Finally, Delafin et al. (2014) performed a two- and three-dimensional study on the 

NACA 66 hydrofoil. Good agreement was observed with experimental data overall with 

very good agreement in velocity profiles near the LSB and CP. Again, it was noted that 

the model significantly outperformed the SST model alone and was necessary to predict 

the LSB. In addition, the three-dimensional simulations were more accurate to the 

experimental data than the two-dimensional simulations in terms of CL, CD, and CM. 

Finally, for α ≥ 9
°
, CL differed from experimental values. This is a similar observation to 

Böhm & Graf (2007) concerning higher α simulations. 

Throughout the various publications, it is clear that the γ- ̃    model is essential 

for accurate low Re simulations where fully turbulent models are unable to produce 

physically realistic results. However, it is also noted that the model has limitations when 

it comes to transition in more complex three-dimensional geometry such as the wing seen 

in Menter et al. (2005), Langtry & Menter (2005), and Menter et al. (2006). Another 
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recurring weakness of the model was airfoil performance prediction at higher α. 

Unfortunately, these higher α are of higher practical value than lower α. Nevertheless, 

due to its advantages over existing, fully turbulent models and accuracy in previous 

studies by the author, including Ferley & Smith (2011), the γ- ̃    model was chosen for 

the current study. 

Table 3: Summary of relevant previous studies using the γ- ̃    model 

 

1.3 Scope of the Thesis 

The present work consists of extensive validation of a fully viscous numerical model to 

accurately predict the performance of wings with tip-sails at low Reynolds numbers. The 

wing and tip-sail geometry were chosen to correspond with the experimental work of 

Reference Rec ∙ 10
-5 2D/3D Geometry

Bohm & Graf (2007) 30.00 2D & 3D NACA 642-015 airfoil (2D) & Ballast bulbs (3D)

Content & Houdeville (2010) 33.41-46.50 2D Ogive-cylinder & Aerospatial B, Somers NLF(1)-0416, & 

RA16SC1 with slat and flap airfoils

Corral & Gisbert (2010) 0.75-3.00 2D & 3D T108, T106C, Linear, & Annular cascades

Counsil & Boulama (2012) 0.50-2.50 3D NACA0012 airfoil

Delafin et al. (2014) 7.50 2D & 3D NACA66 hydrofoil

Langtry et al. (2006) Various 2D & 3D Flat plate (2D), Zeirke and Deutsch, VKI MUR 241, VKI 

MUR 116, PAK-B, RGW, & T106 cascades (2D), Cylinder in 

cross-flow (3D), GE Wind turbine (2D), & GE low pressure 

turbine vane (3D)

Langtry & Menter (2005) Various 2D & 3D NREL wind turbine (3D), McDonald Douglas 30P-30N flap 

(2D), DLR F-5 wing (3D), Eurocopter Cabin (3D)

Langtry & Menter (2009)

Menter et al. (2005) Various 2D & 3D Flat plate (2D), Zeirke and Deutsch, VKI MUR 241, VKI 

MUR 116, & RGW cascades (2D), GE Wind turbine (2D)
Menter et al. (2006) Various 2D & 3D Same as Menter et al. (2005)

Seyfert & Krumbein (2010) 20.00-40.00 2D Flat plate & Aerospatial A & B, Somers NLF(1)-0416, & 

Messerschmidt-Bolkow-Blohm airfoils

You & Kwon (2012) 8.50 3D Circular cylinder

Zhang & Gao (2010) 20.00-40.00 2D Flat plate, S809 airfoil, HS-NLF0213 airfoil, Hypersonic 

double wedge
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Miklosovic & Bookey (2005) as it provides experimental data to validate against. Two 

tip-sails dihedral angle configurations are studied at α 5, 7.5, and 10°.  

Two Reynolds numbers have been chosen, 600,000 & 60,000, the former to 

validate the model against the data of Miklosovic & Bookey (2005) and the latter to 

explore the lower Reynolds number range below what has been done in the literature. 

A commercial computational fluid dynamics software package was used to 

perform the numerical analysis. The parametric style was designed to expose the 

underlying trends related to the aforementioned geometric variations in addition to 

validating the numerical model against the experimental data. The full problem definition 

can be found in section 2.1. 
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2. Mathematical Model 

The following section serves to define the problem and present the mathematical model 

used for the present work. 

2.1 Wing and Tip-Sail Geometry 

The geometry chosen for the present study was based on that of Miklosovic & Bookey 

(2005). The wing has a half-span of 0.559 m and a chord of 0.178 m giving it an effective 

AR of 6.29. The wing tip is rounded with a semi-circular cross-section and the root of the 

tip-sails are attached to it as needed. Each tip-sail has a span of 0.178 m and a chord of 

0.005 m giving an AR of 3.6. The distance between tip-sails is equal. This distance is also 

equal to the distance between the first tip-sail and the leading edge of the wing and the 

third tip-sail and the trailing edge of the wing. 

The airfoil used for the wing was the NACA 0018 and the NACA 0015 airfoil 

was used for the tip-sails. Tip-sail dihedral angles (γ1, γ2, & γ3) are defined in Figure 8 

and expressed henceforth in the form γ1-γ2-γ3. 
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Figure 7: Wing and tip-sail geometry (60-45-30 configuration shown) 

 

2.2 Mathematical Method 

In developing the model, the physical properties of the air were assumed constant 

throughout the domain at a temperature of 25°C. In addition, the flow was assumed to be 

incompressible and buoyancy effects were neglected. Finally, the air was treated as an 

ideal gas and a Newtonian fluid. 

The Reynolds Averaged Navier-Stokes (RANS) momentum conservation 

equations with the eddy viscosity assumption are: 

γ1 

γ2      0.178 m 

   γ3 

        

           0.559 m 

    

         0.178 m 

        0.050 m 
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The continuity equation is as follows, 
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While the equations were solved in all three-dimensions, all spanwise gradients 

were zero due to the two-dimensional nature of the problem. 

In order to predict the behaviour of the turbulent flow, the Shear Stress Transport 

(SST) turbulence model was used. The k and ω transport equations are, 
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F1 is the following blending function,  
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where y is the distance to the nearest wall. The constants in equations (2.2.5)-(2.2.10) are, 
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where     = 1.17647,     = 1,     = 2,    = 0.553167,    = 0.44035,    = 0.075, and    

= 0.0828. 

Finally, the eddy viscosity is computed from ω and k using, 
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where    = 0.31,    is a blending function, and   is the magnitude of the strain rate tensor 
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The SST model was supplemented with the transitional turbulence model by 

Langtry & Menter (2005). The two transport equations for γ and  ̃    solved in their 

model are, 
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The transition source terms are defined as, 
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          (2.2.26) 

        is an empirical correlation found in Langtry & Menter (2009). They note that, in 

some cases, the above formulation for         can create a sharp and nonphysical 

increase in skin friction. Thus, they have implemented the following correction which 

affects the viscous sublayer: 
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The relaminarization source terms are defined as, 
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In equation (2.2.38), y is the distance to the nearest wall. The constants for equations 

(2.2.22), (2.2.24), (2.2.30), and (2.2.31) are, 
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The source term for equation (2.2.23) is, 
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The overall range of validity of the equations above is -0.1 ≤    ≤ 0.1, Tu ≥ 0.027, and 

     ≥ 20. The constants for equations (2.2.23) and (2.2.46) are, 

          (2.2.63) 

         (2.2.64)  

Equations (2.2.48) and (2.2.49) must be solved iteratively due to   appearing in the    

parameter. An initial guess for   is obtained using the zero pressure gradient solution of 

Equation (2.2.48) and then iterated. 

The γ and  ̃    model interacts with the k equation of the SST model as follows: 
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where Pk and Dk are the production and destruction terms from the original SST model. 

In addition, the F1 blending function in the ω equation is modified while still being 

related to the original blending function, F1orig (Equation (2.2.8)), as follows: 
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The production terms in the ω equation are not modified. 

In terms of boundary conditions for γ and  ̃   , at the inlet and in the freestream, 

γ = 1 and  ̃    is determined using Equation (2.2.48) with the specified inlet Tu and 

properties of the freestream flow. At a wall, or the wing surface for the present work, γ 

has a zero normal gradient and  ̃    has a normal flux of zero. 

The γ and  ̃    equations are required to predict the complex laminar separation 

bubbles that exist within the Reynolds number range of the present study. The transitional 

turbulence model is empirical in nature and was developed to predict the turbulent 
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transition in the case of an adverse pressure gradient. An important adverse pressure 

gradient exists on the top surface of an airfoil, or wing cross-section, as the flow expands 

back to atmospheric static pressure from the low pressure zone it creates to generate lift. 

Thus, the transitional turbulence model is well suited for the current application. 

 

Figure 8: Solution Domain (Not to Scale) with Bounding Surfaces Highlighted  

 

To complete the mathematical model, the following boundary conditions were 

prescribed on the solution domain’s various constituent surfaces shown in Figure 8. First, 

the surface of the wing was set as a no-slip wall with a smooth surface. Second, a 

symmetry boundary condition was specified on the x-y symmetry plane located at the 

root of the wing. The symmetry boundary condition allows the simulation domain to be 
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limited to only one half of the wing, reducing the number of nodes by a factor of two. 

Third, an outlet boundary condition was set on the outlet surface. The "Average Static 

Pressure" option within CFX was used with a pressure profile blend of 0.05 and a 

reference pressure of 0.0 Pa was specified. The pressure averaging option within CFX 

used for the outlet boundary condition was "Averaged Over Whole Outlet". Finally, the 

inlet boundary condition was specified on the inlet surfaces using Cartesian velocity 

components corresponding to the Reynolds number and angle of attack of a given case. 

The inlet boundary condition also specifies the values for the k and ω turbulence 

equations using the following relations, 

   
 

 
     (2.2.74) 

   
 
 
 

    
 (2.2.75) 

where I is the fractional turbulence intensity, U is the inlet velocity, l is the length scale, 

and Cμ is a constant with a value of 0.09. For the present study, a fractional turbulence 

intensity of 1.5% was set and the chord length of 0.178 m was chosen as the appropriate 

length scale. 

The boundary condition applied to the outer boundary surfaces varied for zero and 

non-zero angles of attack. For non-zero angles of attack, the inlet boundary condition was 

also applied to the outer boundary surface and this acted as the far-field freestream. 

Finally, at an angle of attack of zero, a free-slip wall boundary condition was applied to 

the outer boundary surface. 
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3. Mesh Generation 

The computational meshes were generated using ICEM CFD (version 14.5). Three 

geometry types were used throughout the study: a two-dimensional airfoil, BW, and 

WTS.  

Generating a high quality computational mesh was the most challenging aspect of 

the study. Mesh generation for the three-dimensional BW involved nearly ten 

significantly different approaches until a suitable approach was found. The mesh then 

required extensive manual fine-tuning, moving and modifying the points and lines that 

defined the structure of the mesh, until it met the criteria for acceptability. For example, 

the mesh near the wing tip was particularly difficult to form due to the hexahedral shape 

of the mesh elements and the curved geometry. Another example of a location where 

difficulties were encountered is the trailing edge of the main wing. It required a very 

small thickness for the mesh to be created, something that was only determined through 

trial and error.  

The complexity of the mesh increased exponentially with the addition of tip-sails 

as each new tip-sail mesh region affected the others. The final tip-sail mesh pushed 

ICEM CFD to its limits, often crashing the software, and is the product of nearly six 

months of full-time effort. This time was necessary to iteratively determine suitable 

designs for how the mesh would be mapped to the geometry and to perform the manual 
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work required to implement these designs. 

The following section presents the background and purpose of the mesh, the 

process in generating a mesh, and provides an overview of the three mesh designs.  

3.1 Mesh Background 

A computational mesh is what discretizes the solution domain by dividing it into 

typically millions of control volumes. It is these control volumes over which the 

governing equations for the flow that constitute the mathematical model are solved. 

ANSYS CFX (version 14.5) is the three-dimensional commercial computational fluid 

dynamics code used to compute the solutions for the present study.  

The mesh defines the nodal locations, henceforth referred to as nodes, of the 

mesh. A node is generally located at the centre of a control volume. The meshes used for 

the present study define the nodes at the intersection of any three lines in the mesh. This 

is known as a “vertex-centered” approach and is in contrast to a “cell-centered” approach 

where the nodes are centered between the lines of the mesh. Figure 9 shows a two-

dimensional example of a vertex-centered node defined by a mesh. The control volumes 

are hexahedral in geometry and the mesh is considered “structured” as the mesh lines run 

continuously through the domain.  
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Figure 9: Example two-dimensional vertex-centered node 

 

The meshes were generated using a manual blocking approach. Blocking is a 

means of splitting the domain into various large hexahedral blocks which then control 

and define the nodal distribution of the mesh. The manual blocking approach is the most 

time-consuming of the various meshing approaches but also offers the deepest control 

over the mesh geometry and nodal distribution. In general, due to their regular and 

symmetric shape, hexahedral control volumes offer more stable convergence of the 

solutions and shorter solution times compared to tetrahedral control volumes. 

3.2 Overview of Mesh Creation Process 

There are several steps involved in mesh creation: geometry generation, blocking and 

association, edge parameter specification, premesh generation and checking, and 

exporting the final mesh. The following section explains these steps in detail.  

3.2.1 Geometry Generation 

The first step when generating a mesh is to import and create the geometry required. For 
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the present study, the airfoil shape was imported from a text file of coordinate data for the 

series of points that defined the airfoil shape. The file was formatted in a specific format 

such that ICEM could recognize the data and create the points and the points originated 

from the polynomials defining the NACA four-series airfoils used throughout the study. 

Figure 10 shows a typical two-dimensional airfoil domain geometry. Note that the 

domain does not include the interior of the airfoil shape. 

 

Figure 10: Example of Airfoil Mesh Geometry (two-dimensional Representation Only) 

  

The airfoil coordinate data was also used to create the geometry for the BW and 

WTS was in Dassault Systems’ SolidWorks software. Once the geometry was created, 

the curves and points were exported in IGES format and imported into ICEM. 

 Once in ICEM, the remainder of the points for the far field and blocking were 

created. Then, lines and curves were created from the points to define the various edges 

required for the domain and blocking. It is important to have curves defined for all edges 

Domain 

boundary 
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that the final mesh must respect.  

 From the curves and lines, surfaces were created defining the extents of the flow 

field and surfaces of the airfoil, BW, and WTS. The accuracy of these particular surfaces 

is extremely important. Unfortunately, ICEM has a limitation to how closely surfaces will 

approximate a given curve. A finite number of flat, rectangular subsurfaces are used by 

the program to approximate a curved surface. The limitation exists whether creating the 

surfaces within ICEM or importing them from an external source. 

It is important to be aware of this limitation when generating surfaces for fine 

meshes. If the resolution of the mesh is smaller than the size of the subsurfaces then the 

results will be affected. This will introduce artificial noise in the final flow solution. The 

wall shear stress is especially vulnerable to this type of noise. This was a major issue seen 

in Ferley & Smith (2011). 

Finally, once the faces have all been created, a body consisting of all of the 

geometry is created in ICEM that represents the entire flow domain. 

3.2.2 Blocking and Association 

With all the geometry finished, the next step in the mesh generation process is creating 

the blocking. A blocking is one or more hexahedral blocks used to define the shape and 

structure of the mesh. Mesh lines run from each face of a block to its opposing face. The 

same is true for adjacent blocks that share a common face. Figure 11 shows a typical two-

dimensional airfoil blocking strategy known as a C-grid. 
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Figure 11: Example Airfoil Blocking (two-dimensional Representation Only) 

 

 The process of developing an appropriate blocking is often difficult and time-

consuming. When the geometry is quite complex, it is difficult to find a suitable means of 

dividing the domain into a series of hexahedral blocks that form the blocking. For the 

complex geometry of the three-dimensional wing with three tip-sails, it took nearly six 

months for a preliminary mesh to be created. Extensive optimization and diagnostics was 

then required before a final mesh was complete. Three metrics, minimum orthogonality 

angle, maximum volume change, and maximum aspect ratio, are used to gauge the 

quality of the mesh. Each metric is defined and discussed in Section 3.2.4. Adequate 

mesh quality is essential to ensure solution convergence. Further details on the meshing 

process for the WTS geometry can be found in Section 3.5. 

 Once a blocking has been created, the faces, edges, and vertices of the constituent 

blocks must be associated to the geometry. First, vertices are associated to points. While 
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it is not always necessary to associate every vertex to a point, it is a good practice to do 

so and will minimize errors with mesh generation. The same is true for edges. Figure 12 

shows typical edge associations for a two-dimensional airfoil. 

 

Figure 12: Example Edge Association (two-dimensional Representation Only) 

 

 Due to the complex blocking required for the WTS mesh, the association process 

is very time consuming. Often the associations can be straight-forward and it is simple to 

create any additional curves or points needed. However, in some instances, trial-and-error 

must be used to iteratively develop curves or properly locate points to ensure that the 

mesh will be of high quality. The association process, along with the creation and 

manipulation of additional geometry, represents the most time-consuming and tedious 

step in the mesh generation process. 

After the vertices have been associated, the edges are associated to lines and 

curves and the faces are associated to surfaces. In general, faces do not need to be 
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associated to surfaces as they will automatically associate to the appropriate surfaces. 

However, if errors are encountered during the mesh generation process, they can 

sometimes be avoided by manually associating faces to surfaces.  

3.2.3 Edge Parameter Specification 

With the association process complete, the nodal distribution must be specified for each 

edge. ICEM is capable of recognizing which edges will share the same nodal distribution 

and refers to these as “parallel edges”. This way, a nodal distribution can easily be 

applied to all “parallel edges” at once. 

There are two aspects to nodal distributions: the number of nodes, and the spacing 

between the nodes. The number of nodes is set based on a mesh independence study to 

ensure that the data produced by the mesh is not dependent on the number of nodes used 

in the mesh. Ideally, if an adequate number of nodes is used, an increase in nodes will not 

change the key results by more than approximately 1%. Figure 13 shows a simplified 

nodal distribution along the edges of the blocking of a two-dimensional airfoil. In a 

typical two-dimensional mesh for the current study, there are 434 nodes along the airfoil 

surface and half-circle inlet, 202 nodes on the outlet, and 97 nodes on the top and bottom 

surfaces. With these distributions, the resulting mesh has 62,927 nodes in a two-

dimensional plane and 188,781 nodes total with three nodes across the thickness of the 

domain.  
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Figure 13: Example Edge Parameter Specification (two-dimensional Representation Only) 

 

There are several means of specifying the spacing between the nodes along an 

edge. The present study used a combination of uniform distributions and geometric or 

bigeometric nodal spacings. The latter types of spacings allow for higher node counts 

near areas where large gradients exist in the flow (for example, in the boundary layer near 

a wall) and fewer nodes in areas further away where the flow is more uniform. A high 

quality mesh will use as few nodes as acceptable to achieve a mesh-independent result in 

order to minimize computational costs and time. 

3.2.4 Premesh Generation and Checking 

The premesh is a preview of the mesh. It is a precursor to generating a mesh and is 

computed more rapidly. The premesh must be checked for any errors and for quality. 

ICEM has several checks for errors that may occur within a premesh that would cause the 

solver to fail. In addition, the quality of the mesh must be checked and the mesh must be 
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refined and optimized. 

 While the BW meshes weren’t an issue, the premesh quality of the WTS meshes 

needed to be very high in order to ensure convergence. Through discussions with ANSYS 

Support Technology Specialist, Bryan Lobo, three mesh quality criteria were identified as 

being necessary for the meshes to be stable and produce converged results: minimum 

orthogonality angle ≥ 10°, maximum volume change ≤ 2,000, and maximum aspect ratio 

≤ 10,000. The following section details the three mesh quality metrics. 

 The minimum orthogonality angle of a mesh is defined as the “minimum internal 

angle for each element” by the ANSYS ICEM CFD v14.5 Help Manual. Figure 14 

illustrates high and low minimum orthogonality angles.  

 

Figure 14: Mesh minimum orthogonality angle 

 

Ideally, all elements would have 90° internal angles but this is never the case for complex 

geometries with non-Cartesian boundary shapes. The closer the global minimum 

orthogonality angle of the mesh is to 90° the better and Bryan Lobo recommended 

designing around a target of ≥ 10°. 

The maximum volume change of a control volume is found by taking the 

“maximum volume of all its neighboring [control volumes] and dividing it by the volume 
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of the [control volume] itself” in the ANSYS ICEM CFD Help Manual. Figure 15 shows 

low and high mesh volume changes. 

 

Figure 15: Mesh volume change 

 

Low volume changes are desired and increase the stability of the mesh with the minimum 

possible volume change being one for elements with the same volume. Bryan Lobo 

suggested a target global maximum mesh volume change of ≤ 2,000.  

Finally, maximum aspect ratio is defined as the size of the maximum control 

volume edge divided by the size of the minimum control volume edge. 

 

Figure 16: Mesh aspect ratio 

 

A lower global maximum aspect ratio ensures a more stable mesh with the minimum 

possible value being one for cubic elements. Bryan Lobo suggested a maximum mesh 

aspect ratio of ≤ 10,000. 
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3.2.5 Exporting the Final Mesh 

Finally, once a suitable premesh has been developed, it can be converted to an 

unstructured mesh by ICEM and then exported. ICEM supports several output formats 

and also allows for scaling of the mesh. This process can take anywhere from 30 seconds 

to 30 minutes, depending on the complexity of the mesh. 

3.3 Two-Dimensional Airfoil Mesh 

All airfoil meshes were based on the work of Ferley & Smith (2011). After revisiting the 

ANSYS CFX Help (v14.5) manual, it was found that while the Ferley & Smith (2011) 

meshes were designed around       , the manual suggested that        should be 

sufficient. Thus, in order to minimize computational costs, a new mesh was developed. 

The domain and blocking are shown in Figure 17.  

 The mesh spacing along the surface of the airfoil remained uniform with 434 

nodes used, compared to the 400 nodes used by Ferley & Smith (2011), to better resolve 

the flow around the leading edge of the airfoil. However, the first spacing near the airfoil 

surface was increased to       c from       c bringing the number of nodes 

normal to the surface of the airfoil down from 116 to 101. The initial height of the mesh 

normal to the trailing edge of the airfoil was also increased to       c from       c 

bringing the number of nodes downstream of the airfoil down to 97 from 121. Overall, 

the new airfoil mesh had 188,781 nodes compared to the 221,661 nodes used by Ferley & 

Smith (2011). The results from both new and old meshes were compared to ensure the 
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accuracy of the new mesh in the mesh independence tests (Section 4.3).  

 

 

Figure 17: Airfoil mesh domain extents (a) and blocking (b) 

 

 Figure 18 shows a sample mesh that was used for the airfoil study; the mesh has 

been coarsened by a factor of two to better show the areas of refinement. An arbitrary z-

direction domain thickness of 0.05c was given as ANSYS CFX requires a three-
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dimensional mesh. 

 

Figure 18: Airfoil mesh (a) far field and (b) airfoil surface (with front surface shell mesh 

suppressed) for Re=60,000 coarsened by a factor of two 

 

a) 

b) 



45 

 

The mesh was refined near the surface of the airfoil and expands normal to the surface 

with a geometric expansion factor of 1.1 to resolve the gradients that exist near the 

surface and reduce computational requirements as much as possible away from the 

surface.  

 At the higher Reynolds number of 600,000, the initial height of the mesh needed 

to be reduced in order to meet the target of       . The complete set of airfoil mesh 

statistics can be found in Table 5 in Section 4.3.1. 

3.4 BW Mesh 

The BW meshes were based around the airfoil meshes described in the previous section. 

Figure 19 shows the coarsened (1/2 nodal density) surface mesh on the wing geometry. 

The wing top and bottom surfaces of the wing are red, the wing tip is orange, and the 

domain boundaries are blue.  

One of the challenges of creating the BW mesh was how to handle the wing tip. 

The wing tip has a curved shape near the leading edge that tapers away to a single point 

as it approaches the trailing edge. It is this complex shape that is difficult to mesh using 

the hexahedral blocking desired. After numerous different styles were attempted, the final 

mesh and blocking were reached. Figure 20 shows how the coarsened mesh conforms to 

the curved surface of the wing tip.  
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Figure 19: BW Mesh - Wing (Re = 60,000 mesh coarsened to ½ nodal density) 

 

 

Figure 20: BW Mesh - Wing Tip (Re=60,000 mesh coarsened to ½ nodal density) 

 

Another significant challenge was the trailing edge of the wing. Because the 
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trailing edge is theoretically defined as a single line, the wing tip nodes would have to 

reach a point at the trailing edge. This is impossible for a mesh that requires hexahedral 

nodes. Thus, after several attempts to modify the blocking, the trailing edge was given a 

finite thickness of 0.00378c. This distance is extremely small to minimize any effects on 

the flow and the distance actually corresponds to the last two coordinates that define the 

NACA 0018 airfoil profile used for the wing cross-section. This allows for the blocking 

around the trailing edge of the wing tip to be much simpler on the wing tip surface. One 

of the main reasons this strategy was chosen is to ensure that subsequent meshes that 

include tip-sails will have simpler blockings without significantly affecting results. 

Figure 21 shows the circular wing tip and trailing edge geometry and the “C-grid” type 

blocking strategy used. 

 

Figure 21: BW Mesh - Trailing Edge (Re=60,000 mesh coarsened to 1/2 nodal density) 
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 The BW fluid domain is pictured in Figure 22. While, ideally, the outer far field 

shell would be smooth and spherical, ANSYS ICEM CFD was unable to generate a mesh 

that would conform to such a geometric shape. This was due to limitations in the software 

to generate highly accurate and precise geometry. While the exact dimensions of the far 

field are less than what would be ideal based on the airfoil simulations, the variation in 

geometry was minimal and the far field surface was not critical.  

Using this strategy, meshes with total numbers of nodes between approximately 

4.2M and 15.3M were generated. Further mesh statistics for the BW mesh can be found 

in Section 4.3.2 along with the results from the validation tests performed. 
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Figure 22: BW domain, blocking, and mesh (Re=60,000 mesh coarsened to ½ nodal density) 

 

a) 

b) 
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3.5 WTS Mesh 

The WTS mesh was based on the BW mesh. However, the mesh was exponentially more 

difficult to complete and time-consuming. Numerous challenges arose throughout the 

process of developing a suitable mesh including how the mesh would conform to the 

main wing tip, how to mesh the tip of a tip-sail, and how the mesh must adapt between 

the tip-sails. The coarsened final mesh can be seen in Figure 23 with the first tip-sail in 

green, the second in blue, and the third in pink.  

 

Figure 23: WTS Mesh - Wing (Re=60,000 mesh coarsened to ¼ nodal density) 

 

The first challenge was to create a suitable blocking for the tip of the main wing. Due to 

the tip-sails intersecting with the main wing tip, the mesh had to accommodate the 

complex geometry of the tip-sail airfoils while also conforming to the curved surface of 
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the wing tip. Again, this required extensive effort and several different strategies before a 

suitable solution could be reached. The coarsened final main wing tip mesh is shown in 

Figure 24. 

 

Figure 24: WTS Mesh - Main Wing Tip (Re=60,000 mesh coarsened to ½ nodal density) 

 

In the end, the trailing edges of the tip-sails were given a rounded profile instead of a 

finite thickness to allow for a smooth transition between tip-sails. The radius of the 

rounded trailing edge was minimized to be 0.0025c and less than the last 1% of the tip-

sail profile was affected. 

 In fact, all three of the challenges presented by the complex geometry were 

related to each other and any changes had an impact on all three. The remaining two 

challenges were to develop a blocking that could transition the mesh between tip-sails 

and around the tips of each tip-sail. This was made more difficult by the fact that the 
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distance between adjacent tip-sails increased as the distance away from the main wing tip 

increased. Several layers of blocks needed to be developed to accommodate the geometry 

and they can be seen in Figure 25 as the black (associated to a surface), green (associated 

to a curve), and light blue (not associated) lines. This association strategy was determined 

through trial and error to be best. 

 

Figure 25: WTS Mesh - Blocking Layers 

 

The main structure of the blocking is best seen with the black and green lines on 

the blue symmetry surface. Several blocks are used to control how the mesh expands 
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away from the wing surface. At a further distance from the wing, there is an additional, 

middle layer of blocks adjacent to the blocks used for the surface of the wing. This layer 

of blocks is required due to the complex blocking needed for the tips of the tip-sails. The 

tip-sail tips were the most complex region of the blocking.  

Figure 26 and Figure 27 show the final blocking around and between the tip-sail 

tips. While the blocking was fairly linear between the leading and trailing edges of 

adjacent tip-sails on the main wing tip, at the tips of the tip-sails, the blocks were forced 

into complex curves to remain smooth. This strategy affected the blocking on the tips of 

the tip-sails and, in the end, an O-grid type mesh was developed for each one. An O-grid 

is where mesh lines form “O” shapes. The mesh lines of the tip-sails form concentric “O” 

shapes as the mesh wraps around the edges of the tips nearest the upper and lower tip-sail 

surfaces. Note that there are two internal blocks inside each tip-sail tip’s O-grid where the 

mesh is a standard grid. 

The blocks that control how the mesh expands away from the surface of the tip-

sail tips are designed such that the mesh lines running length-wise along the top surface 

of the tip-sails wrap around the tip and continue along the bottom surface. Similarly, the 

mesh lines that run length-wise along the tip-sails in the leading edge blocks also wrap 

around the tip and continue length-wise along the trailing edge blocks. 
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Figure 26: WTS Mesh - Tip-Sail Tip Blocking 

 

 

Figure 27: WTS Mesh - Blocking Between Tip-Sails 

 

 The flow domain for the Wing with Tip-Sail meshes remained very similar to that 
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of the BW meshes. More surfaces were needed due to the complexity of the blocking but 

the overall shape and extents are largely the same. Figure 28 shows the inner and outer 

views of the WTS flow domain. 

 The rounded inlet of the domain effectively accommodated the blocking 

expanding away from the WTS surfaces similar to the BW mesh. Several regions of 

higher mesh density can be seen on the outer view of the WTS mesh. These correspond 

to areas on the WTS surfaces that required higher nodal densities. They are a 

consequence of the WTS surface mesh design and are the changes in nodal density are 

not necessarily required on the outer domain surfaces. One exception to this observation 

is the mesh that expands downstream of the main wing’s trailing edge where the domain 

is cylindrical. Here the nodal density of the mesh increases as it approaches the WTS to 

accurately capture the complex flow details. 

Using this strategy, meshes with total numbers of nodes between approximately 

9.5M and 32.0M were generated. Further mesh statistics for the BW mesh can be found 

in Section 4.3.3 along with the results from the validation tests performed. 
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Figure 28: WTS Mesh - Inner (a) and Outer (b) views of flow domain (Re=60,000 mesh 

coarsened to ½ nodal density)  

  

a) 

b) 
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4. Numerical Model 

Fundamental to the CFD process is the discretization of the mathematical model over the 

solution domain. Discretization is the process of approximating the solution of the 

continuous governing equations at a finite set of locations: the nodes of the computational 

mesh. ANSYS CFX uses a finite volume method to discretize the governing equations. 

The following section details the means in which the governing equations were derived 

and solved and the mesh independence tests performed for the airfoil, BW, and wing with 

tip-sail meshes. 

4.1 Solution of Governing Equations 

The numerical solution of the governing equations with boundary conditions was 

obtained using a commercial CFD code (ANSYS CFX, version 14.5). A finite-volume 

method with Cartesian velocity components was used on a block structured non-

orthogonal grid. Standard finite element derivative approximations using shape functions 

were employed for diffusion terms and the high-resolution scheme from Barth & 

Jesperson (1989) was used for the advection terms. The coupled discretized mass and 

momentum equations were solved iteratively using additive correction multi-grid 

acceleration. The computations were performed in double precision. 

There are three distinct CFX programs: Pre, Solve, and Post. Pre allows the user 

to import meshes and specify all the fluid, solution, and domain properties including the 
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various boundary conditions. Solve obtains the solution of the governing equation for the 

given simulation. Finally, Post is used to analyze the solution by performing calculations 

and preparing various plots and figures. 

4.2 Establishing Convergence 

Solutions were considered converged when the root mean square of the 

normalized residual of all the governing equations was less than       , overall 

domain imbalances for all the governing equations were each less than      , and the 

velocity components at arbitrarily selected monitor points remained reasonably constant. 

The monitor points were plotted with each timestep and the solution was deemed 

converged when a relatively small change (typically less than 0.1 m/s) could be seen in 

any of the monitor points with time. 

The monitor points were used to observe the behaviour of the Cartesian velocity 

components within ANSYS CFX Solve. The monitor point locations were chosen based 

on preliminary solutions to be in regions of high numerical solution fluctuations near the 

surface of the WTS. The Cartesian coordinates of each monitor point used can be found 

in Table 4. Monitor points 7 to 13 were not used in the BW results. The locations of the 

monitor points can be seen in Figure 29 with the wing and tip-sail shells shown for 

reference. 
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Table 4: Cartesian coordinates of monitor points 

 x [m] y [m] z [m] Description 

1 0.18000 0.000000 0.00010 

Just downstream of trailing edge 
2 0.18000 0.000000 0.13975 

3 0.18000 0.000000 0.27950 

4 0.18000 0.000000 0.41925 

5 0.35600 0.000000 0.55900 1c downstream of the wing tip 

6 0.18000 0.178000 0.55900 1c above the trailing edge at the wing tip 

7 0.05960 0.011800 0.56980 

Between tip-sail 1 and 2 8 0.06121 0.000000 0.57490 

9 0.06121 0.015920 0.55890 

10 0.11660 0.007387 0.56710 

Between tip-sail 2 and 3 11 0.11710 0.010840 0.55890 

12 0.11720 0.000000 0.56980 

13 0.17100 0.001140 0.56030 Behind tip-sail 3 

 

 
Figure 29: Monitor point locations 
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 Several difficulties arose when attempting to achieve convergence. Low 

timesteps, varying from        to        seconds, were required throughout the 

various cases performed. In addition, for all cases performed using parallel processing, 

the partitioning method had to be specified manually to subdivide the domain into pieces 

between two given x-coordinates. It was found that this method of partitioning would 

cause the solutions to converge in certain cases when the default partitioning method 

would only produce oscillations. However, the mesh quality had the largest effect on 

convergence. The next section discusses the mesh quality metrics and mesh independence 

tests undertaken. 

4.3 Mesh Independence Tests 

Mesh independence testing is important to ensure that a given set of results are 

acceptable. A result is considered mesh independent if no significant changes are seen in 

the key results when the same case is performed on a mesh with significantly higher 

nodal density. This ensures that the results are not being affected by insufficient mesh 

resolution. 

Mesh independence tests were conducted at α = 10° as it produces the most lift 

and, thus, largest tip vortices. Meshes for both the 60,000 and 600,000 Reynolds numbers 

were examined to determine the changes in    and   . Both the BW and WTS 

geometries were tested. Airfoil meshes were based on and compared against those from 

Ferley & Smith (2011) who rigorously demonstrated their mesh independence.  
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4.3.1 Two-Dimensional Airfoil Mesh Independence Tests 

Airfoil mesh independence testing was very important to ensure that the same results as 

Ferley & Smith (2011) had achieved could be recreated with the new, coarser meshes. 

Additionally, the exercise doubled as a validation procedure, as the older meshes had 

already been validated against experimental data in the same study. 

 First, the local pressure coefficient was plotted along the chord of the airfoil for 

both top and bottom surfaces. The pressure coefficient is defined as 

    
    
 

 
    

 
 (4.3.1.1) 

where   is the local static pressure and    is the freestream static pressure. It is also 

worth noting that 
 

 
    

  is the dynamic pressure of the freestream flow. Thus, a      

corresponds to a stagnation point in the flow where the local velocity is zero and all 

pressure is static with no dynamic pressure. Figure 30 shows the    plotted against    

which is defined as the dimensionless distance along the chord: 

    
 

 
 (4.3.1.2) 

 where the origin of the  -axis is located at the leading edge of the airfoil. 
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Figure 30: Cp vs. x
*
 airfoil mesh independence at Re = 60,000 

 

The results from Figure 30 are nearly identical for the two meshes with only small 

variances in the laminar separation bubble region. However, these differences are not 

considered significant. The range-normalized RMS, RNRMS, difference between the two 

datasets is 0.39%. Figure 31 shows the wall shear stress plotted against   . 

Bottom Surface 

Top Surface 
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Figure 31:       vs. x* airfoil mesh independence at Re = 60,000 

 

Similar to Figure 30, the results are nearly identical between the two meshes with only 

small variances near       and in the laminar separation bubble region (this is the 

region where the wall shear is negative, approximately            ). The RNRMS 

difference between the two datasets is 1.47%. Again, as these variances not considered 

significant. Thus, the new, coarser mesh was considered valid and the results mesh 

independent for the Reynolds number of 60,000. 

 Next, the higher Reynolds number was tested with meshes that were created to the 

smaller    criterion of Ferley & Smith (2011) as well as a coarser mesh. Figure 32 shows 
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the    vs.    plot for a Reynolds number of 600,000. 

 

Figure 32: Cp vs. x
*
 airfoil mesh independence at Re = 600,000 

 

The results for    were nearly identical between the two meshes with differences being 

smaller than at the lower Reynolds number of 60,000. The RNRMS difference between 

the two datasets is 0.26%.  

 Finally, Figure 33 shows the wall shear stress plotted against    at a Reynods 

number of 600,000.  
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Figure 33:       vs. x* airfoil mesh independence at Re = 600,000 

 

Small variances exist between the two meshes but these were, again, too small to be 

considered significant. The RNRMS difference between the two datasets is 1.10%. Thus, 

the new, coarser mesh was considered valid and its results, mesh independent at a 

Reynolds number of 600,000. 

 A summary of the relevant mesh statistics is presented in Table 5. The airfoil lift 

coefficient,   , is defined as: 

    
  

 

 
    

  
 (4.3.1.3) 

where    is the lift force per unit span or airfoil lift force. The    is determined by both 
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the    and wall shear stress along the airfoil but principally affected by the   . The    is 

also determined by the    and wall shear stress but principally affected by the latter.    is 

defined as: 

    
  

 

 
    

  
 (4.3.1.4) 

where    is the drag force per unit span or airfoil drag force. 

Table 5: Mesh Independence Results – NACA 0018 Airfoil 2D analysis 

NACA 0018 α=10° 

Re = 60,000 Re = 600,000 

Ferley & 

Smith (2011) 

Present 

Study 

Ferley & 

Smith (2011) 

Present 

Study 

Nodes 221,661 188,781 268,509 222,477 

Surface Nodes 400 434 400 434 

Spanwise Nodes 3 3 3 3 

Expansion ratio 1.100 1.100 1.100 1.100 

First Near Wall 

Spacing 
2.00×10

-5
 8.00×10

-5
 3.75×10

-6
 1.5×10

-5
 

Max |y
+
| 0.22 1.13

‡
 0.28 0.96 

Min. Angle 47.97° 43.74° 62.55° 27.81° 

Max. Aspect Ratio 98,600 24,800 526,000 131,000 

Max. Volume Change 1,420 111 7,580 111 

   0.73449 0.73005 0.92784 0.91993 

% Difference 0.60% 0.85% 

   0.04640 0.04666 0.01857 0.01880 

% Difference -0.56% -1.24% 
‡
Only 0.92% of airfoil surface has |y

+
| > 1. 

The    and    for the two meshes are quantitatively very similar. The small relative 

percentage differences were considered acceptable for the purposes of the current study. 

4.3.2 BW Mesh Independence Tests 

For each Reynolds number, the mesh independence tests were conducted by varying 

three parameters: the first grid spacing next to the surface of the wing, the expansion ratio 

of the mesh away from the wing, and the number of spanwise nodes on the wing. 
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 A variety of meshes were used to examine the effects of the three parameters. 

Table 6 summarizes the mesh characteristics used. Three mesh statistics are also quoted: 

the minimum angle, maximum aspect ratio, and maximum volume change. These three 

criteria can be used as guidelines for future mesh design. 

Table 6: Mesh Independence Results – BW 3D analysis 

BW α=10° 
Re = 60,000 Re = 600,000 

Coarse Medium Fine Coarse Medium Fine 

Nodes 4,224,948 7,286,212 12,472,152 4,965,434 9,541,260 15,258,510 

Expansion 

ratio 
1.125 1.100 1.075 1.125 1.100 1.075 

First Near 

Wall Spacing 
8.00×10

-5
 8.00×10

-5
 8.00×10

-5
 1.5×10

-5
 1.5×10

-5
 1.5×10

-5
 

Max. |y
+
| 1.16 1.19 1.20 7.76 8.14 8.18 

Wing Area 

Where |y
+
|>1 

4.7×10
-4

% 5.4×10
-4

% 5.7×10
-4

% 0.09% 0.13% 0.17% 

Spanwise 

Nodes 
52 71 96 52 71 96 

Min.  

Angle 
3.38° 2.97° 2.97° 24.21° 24.21° 24.21° 

Max. Aspect 

Ratio 
20,100 27,800 20,100 65,200 69,900 64,600 

Max. 

Volume 

Change 

190,000 130,000 134,000 298 791 295 

 

Local CP and wall shear plots were generated at five cross-sections, equally-

spaced along the span of the BW. The b000 cross-section is located at the symmetry 

plane while the b100 cross-section is located at the wing tip as a last full airfoil cross-

section, just before the rounded tip. Figure 34 shows CP vs s* for the BW at Re = 60,000. 

s* is the normalized distance along the airfoil curve defined as: 

    
 

 
 (4.3.2.1) 
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where s is the distance along the airfoil curve. 

 

Figure 34: Mesh Independence - BW - Re = 60,000 - CP 

 

All CP profiles agree very well with each other in all regions with even the Coarse mesh 

agreeing well with the Fine mesh. The RNRMS between the Coarse and Medium meshes 

at b000, b050, and b100 were 0.44%, 0.33%, and 0.66%, respectively. The RNRMS 
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between the Medium and Fine meshes at b000, b050, and b100 were 0.10%, 0.09%, and 

0.33%, respectively. 

 More significant mesh effects are seen in profiles of the magnitude of the wall 

shear as shown in Figure 35 and Figure 36. The Coarse mesh produces slightly different 

results compared to those of the Medium and Fine meshes in the laminar separation 

bubble near the point of turbulent transition (approximately s* = 0.3 on the top surface). 

However, the Medium and Fine meshes agree well with each other throughout. The 

RNRMS between the Coarse and Medium meshes at b000, b050, and b100 were 0.66%, 

0.46%, and 12.49%, respectively. The RNRMS between the Medium and Fine meshes at 

b000, b050, and b100 were 0.13%, 0.11%, and 0.92%, respectively. Figure 35 and Figure 

36 show the top and bottom wall shear distributions of the BW at Re = 60,000, 

respectively. 

Similar results have been found for the higher Reynolds number BW meshes. For 

this reason, all BW mesh independence figures are located in Appendix C. In terms of 

CP, all three meshes produced very similar results with the exception of the Coarse mesh 

at the b100 (wing tip) location. Throughout, the Medium and Fine meshes performed 

consistently with each other in terms of CP. The RNRMS between the Coarse and 

Medium meshes at b000, b050, and b100 were 0.39%, 0.20%, and 0.44%, respectively. 

The RNRMS between the Medium and Fine meshes at b000, b050, and b100 were 

0.03%, 0.04%, and 0.14%, respectively. 



70 

 

 
Figure 35: Mesh Independence - BW - Re = 60,000 - Wall Shear - Top 

 
Figure 36 : Mesh Independence - BW - Re = 60,000 - Wall Shear - Bottom 
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In terms of wall shear along the top surface, the results using the Medium and 

Fine meshes are very similar. The RNRMS differences are larger than those found at the 

lower Reynolds number. The RNRMS between the Coarse and Medium meshes at b000, 

b050, and b100 were 0.39%, 0.20%, and 0.44%, respectively. The RNRMS between the 

Medium and Fine meshes at b000, b050, and b100 were 0.03%, 0.04%, and 0.14%, 

respectively. Specifically, the Coarse mesh does not agree as well with the Medium and 

Fine meshes in the turbulent transition region or near the trailing edge at b100. 

The bottom surface wall shear distributions are consistent with those from the top 

surface. The Medium and Fine meshes agree very well, even more so than on the top 

surface. The regions of inconsistency between the Coarse mesh and the other two still 

exist and can be found near the trailing edge for b100 and around s* = 0.8 for all other 

locations. The RNRMS between the Coarse and Medium meshes at b000, b050, and b100 

were 1.37%, 0.56%, and 4.00%, respectively. The RNRMS between the Medium and 

Fine meshes at b000, b050, and b100 were 0.36%, 0.49%, and 0.50%, respectively.  

The overall CL and CD for all three mesh densities are presented in Table 7. 

Table 7: Mesh Independence Results - BW 3D analysis - CL and CD 

BW α=10° 
Re = 60,000 Re = 600,000 

Coarse Medium Fine Coarse Medium Fine 

   0.59784 0.60472 0.60708 0.68562 0.68945 0.68869 

% Difference 1.14% 0.39% -0.56% 0.11% 

   0.05621 0.05570 0.05543 0.04074 0.04038 0.04001 

% Difference 0.92% 0.48% 0.89% 0.92% 

 

For both Reynolds numbers, the relative percent differences in    and    were below 
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1%. Thus, the Medium meshes were selected for the remainder of the study. The 

differences between the results produced by the Medium and Fine meshes were deemed 

to be sufficiently small for the purposes of the current study. The Medium mesh density 

was used throughout for both Reynolds numbers. 

4.3.3 WTS Mesh Independence Tests 

For each Reynolds number, the mesh independence tests were conducted by varying 

three parameters: the first grid spacing next to the surface of the wing, the expansion ratio 

of the mesh away from the wing, and the number of spanwise nodes on the wing. 

 A variety of meshes were used to examine the effects of the three parameters. 

Table 5 summarizes the mesh characteristics used. Three mesh statistics are also quoted: 

the minimum angle, maximum aspect ratio, and maximum volume change. These three 

criteria can be used as guidelines for future mesh design. 

Local CP and dimensionless wall shear stress, τwall
*
, plots were generated for both 

Reynolds numbers to examine the differences between the three meshes. τwall
*
 is defined 

as: 

      
  

     
 

 
    

 
 (4.3.3.1) 
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Table 8: Mesh Independence Results – WTS 3D analysis 

50-45-40  

α=10° 

Re = 60,000 Re = 600,000 

Coarse Medium Fine Coarse Medium Fine 

Nodes 9,525,270 13,027,575 19,166,683 14,813,125 20,870,406 32,039,132 

Expansion  

Ratio 
1.125 1.100 1.075 1.125 1.100 1.075 

First Near 

Wall Spacing 
8×10

-5
 8×10

-5
 8×10

-5
 1.5×10

-5
 1.5×10

-5
 1.5×10

-5
 

Max. |y
+
| 0.97 1.02 0.99  4.48 3.89 

Wing Area 

Where |y
+ 

|> 1 
0% 2.7×10

-5 
% 0%  0.66% 4.90% 

Spanwise  

Nodes 
52 71 96 52 71 96 

Min.  

Angle 
19.17° 19.62° 23.20° 19.17° 23.22° 19.89° 

Max. 

Dihedral  

Angle 

164° 164° 165° 164° 166° 164° 

Max. Aspect  

Ratio 
7,740 6,260 6,449 11,300 9,560 9,340 

Max. Volume  

Change 
467 467 117.6 467 467 467 

 

Figure 37 through Figure 40 shows the CP distribution at Re = 60,000 along the MW, TS1, 

TS2, and TS3, respectively. For the Main Wing, all profiles agree very well except at the 

b100 location. At b100, all three meshes show different CP distributions along the top 

surface where the flow is very complex and is affected by all three tip-sails. The profiles 

along the first tip-sail agree well between the Medium and Fine meshes with the Coarse 

mesh slightly less consistent. However, the Coarse mesh agrees better with the Fine mesh 

than the Medium mesh along the second tip-sail. For the third tip-sail, the meshes agree 

well with the largest deviations seen near the trailing edge. 
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Figure 37: Mesh Independence - WTS - MW - Re = 60,000 - CP 

 
Figure 38: Mesh Independence - WTS - TS1 - Re = 60,000 - CP 
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Figure 39: Mesh Independence - WTS - TS2 - Re = 60,000 - CP 

 
Figure 40: Mesh Independence - WTS - Re = 60,000 - CP 
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In terms of |τwall
*
|, very similar trends exist as in the CP plots. Again, the b100 location on 

the top surface of the Main Wing was the most inconsistent with minor differences seen 

throughout the tip-sails.  

Figure 41 through Figure 48 show the |τwall
*
| distribution at Re = 60,000 along the 

bottom and top surfaces for MW, TS1, TS2, and TS3, respectively. 

The CL and CD for the three mesh densities are presented in Table 9. For both 

Reynolds numbers, the relative percent differences in CL and CD were below 1%. Thus, 

the Medium meshes were selected for the remainder of the study. The results produced 

using these meshes are considered to be mesh-independent with the differences between 

Medium and Fine meshes quoted earlier. 

 At the higher Reynolds number, the CP data agrees better between the three 

meshes. Throughout, all three meshes are very consistent in terms of CP along the Main 

Wing and all three tip-sails. Due to their similarity with the lower Reynolds number plots, 

all BW mesh independence figures are located in Appendix C  

 

  



77 

 

 
Figure 41: Mesh Independence - WTS - MW - Bottom - Re = 60,000 – |τwall

*
| 

 
Figure 42: Mesh Independence - WTS - MW - Top - Re = 60,000 – |τwall

*
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Figure 43: Mesh Independence - WTS – TS1 - Bottom - Re = 60,000 – |τwall

*
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Figure 44: Mesh Independence - WTS - TS1 - Top - Re = 60,000 – |τwall
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Figure 45: Mesh Independence - WTS – TS2 - Bottom - Re = 60,000 – |τwall
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Figure 46: Mesh Independence - WTS - TS2 - Top - Re = 60,000 – |τwall
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Figure 47: Mesh Independence - WTS - TS3 - Top - Re = 60,000 - |τwall
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Figure 48: Mesh Independence - WTS - TS3 - Top - Re = 60,000 – |τwall
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Table 9: Mesh Independence Results - WTS 3D analysis - CL and CD 

50-45-40 α=10° 
Re = 60,000 Re = 600,000 

Coarse Medium Fine Coarse Medium Fine 

   0.74604 0.76010 0.75281 0.95302 0.95230 0.95398 

% Difference -1.85% -0.959% 0.0756% 0.176% 

   0.07926 0.07820 0.07793 0.04896 0.04884 0.04884 

% Difference 1.36% -0.345% 0.246% 0.000% 

 

 In terms of |τwall
*
|, slight differences can be seen between the three mesh densities. 

These occur predominantly at the b100 location and are largest on the top surface of the 

Main Wing and Tip-Sail 1 and the bottom surface of the three tip-sails. 

 Despite the inconsistencies in the local profiles that appear in select regions of the 

geometry, the Medium mesh was still used throughout the study as the overall CL and CD 

values still agreed very well between the Medium and Fine meshes. 
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5. Results and Discussion 

The following sections present and discuss the numerical results and then compare some 

of the results with an experimental study by Miklosovic & Bookey (2005). 

5.1 Effect of Tip-Sails 

The following section serves to analyse and contrast the effect of adding tip-sails to the 

BW. Results were computed for α = 0, 5, 7.5, and 10° for the BW and 50-45-40 and 60-

45-30 WTS geometries at Re = 60,000 and 600,000. The physics of the flow will be 

covered in-depth and both Reynolds numbers of the study will be examined individually. 

5.1.1 Re = 600,000 

The flow around the BW at Re = 600,000 is typical for a rectangular wing. No separation 

occurs on top or bottom wing surfaces for all α simulated. At the wing tip, flow circulates 

from the bottom to the top surface due to the pressure differential. Figure 49 shows 

velocity vectors for the BW, at an arbitrary distance of 1 mm from the wing surface, that 

have been normalized to be a uniform size. The vectors clearly show the flow flowing 

around the wing tip from the bottom to the top surface of the wing. This is evidence of a 

strong wing tip vortex and significant induced drag. 
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Figure 49: BW normalized vector plot at α = 10
°
 and Re = 600,000; view from above 

(vectors arbitrarily offset 1mm from the wing surface) 

 

When tip-sails are added to the wing tip, there is a significant effect on the 

surrounding flow. There are regions of flow separation that occur on the top surface of 

the first and second tip-sail. There is also a region of clock-wise circulating flow near the 

trailing edge. Figure 50 shows velocity vectors, at an arbitrary distance of 1 mm from the 

wing surface, for the WTS 50-45-40 configuration near the wing tip that have been 

normalized to be a uniform size. 

𝑉  
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Figure 50: WTS 50-45-40 normalized vector plot at α = 10
°
 and Re = 600,000; view from 

above (vectors arbitrarily offset 1mm from the wing surface) 

 

While there was significant flow from the bottom to top surfaces around the wing 

tip for the BW, when tip-sails are added, the flow is significantly straightened. The flow 

velocity tends to have a slight y component in the positive direction near the leading edge 

and a slight negative y component near the trailing edge. Velocity vector plots, at an 

arbitrary distance of 1 mm from the wing surface, of the wing tips of both the BW and 

WTS 50-45-40 configurations can be seen in Figure 51 below. The vector plot shows that 

the flow is highly rotational near the wing tip for the BW. This is evidence of a loss of lift 

near the wing tip and the generation of a wing tip vortex leading to induced drag. 

 

𝑉  
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Figure 51: Normalized vector plots at α = 10
°
 and Re = 600,000 for a) BW and b) WTS 50-

45-40; wing tip view (vectors arbitrarily offset 1mm from the wing surface) 

 

Finally, the vectors, at an arbitrary distance of 1 mm from the wing surface, representing 

the flow around the tip-sails themselves can be seen in Figure 52. There are no LSBs 

present on the tip-sails although there is separation near the main wing tip as previously 

discussed. Also, of note is that the flow around each of the tip-sails is similar to a BW 

with some flow mixing occurring at each of the tips. 

a) 

 

 

 

b) 

𝑉  

𝑉  
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Figure 52: WTS 50-45-40 TS vector plot at α = 10
°
 and Re = 600,000; view from above 

(vectors arbitrarily offset 1mm from the wing surface) 

 

Plots of the normalized wall shear are presented in both x and z components. Figure 53 

shows the x component of the normalized wall shear along the bottom surface for the BW 

and WTS 50-45-40 configurations. Both the BW and WTS 50-45-40 configurations are 

very similar near s
*
 = 0. The stagnation point is located where        

  is equal to zero 

between 0.0 < s
*
 < 0.1.  The        

  is negative between the stagnation point and s
*
 = 0 as 

the flow must get to the top surface around the rounded leading edge. Near the trailing 

𝑉  
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edge, between 0.7 < s
*
 < 0.8, the        

  increases as the flow transitions from laminar to 

turbulent flow. For b000 to b075, the        
  profiles are very similar for both BW and 

WTS 50-45-40 geometries as they are not significantly affected by the influence of the 

wing tip. However, at b100 the stagnation point is moved closer to the leading edge for 

both configurations. 

 At b100, the effects of the tip-sails are more significant. The        
  is reduced 

slightly for the WTS 50-45-40 configuration from s
*
 = 0.1 to the trailing edge. The most 

pronounced effect can be seen near the trailing edge where there is an increase in wall 

shear due to the turbulent transition. For the BW, the increase in        
  and transition to 

turbulence at b100 is delayed compared to the other locations due to the flow around the 

wing tip surface. Conversely, for the WTS 50-45-40 configuration,        
  is reduced near 

the trailing edge due to the reduced mixing of the flow between the top and bottom 

surfaces caused by the tip-sails. The transition to turbulence at b100 is much more similar 

to the other locations for the WTS 50-45-40 case. A similar reduction can be seen in 

       
  on the top surface in Figure 54. 
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Figure 53: τ

*
wall,x vs. s

*
 at α = 10

°
 and Re = 600,000 for a) BW and b) WTS 50-45-40; bottom 

surface 
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 Figure 54 shows that the variation between the two configurations along the top 

surface is even more pronounced than along the bottom surface at b075 and b100. Again, 

the b000 to b075 profiles are very similar between BW and WTS 50-45-40 

configurations. The b000 to b075 profiles are more tightly collapsed upon each other near 

s
*
 = 0.2 for the WTS 50-45-40 configuration than the BW. This indicates that flow 

around the wing tip has an effect further down the span of the top surface and this is 

greater than what was observed on the bottom surface. The sharp increase in        
  seen 

between 0.1 < s
*
 < 0.2 is due to the abrupt turbulent transition. From there, a maximum is 

reached and the        
  and the x component of the velocity then decreases as the flow 

approaches the trailing edge and the pressure increases back to atmospheric pressure.  

 The b100 profile is more varied for the WTS 50-45-40 configuration but it more 

closely resembles the profiles at the b000 to b075 locations than that of the BW. At b100, 

for the BW, the transition to turbulence occurs further downstream around s
*
 = 0.5. There 

is also a higher        
  near the trailing edge as the influx flow from the bottom surface 

accelerates the flow on the top surface of the BW. For the WTS 50-45-40 configuration, 

the location of the transition to turbulence at b100 is closer to the other locations along 

the span of the wing than the b100 profile of the BW. Several local maxima and minima 

can be seen downstream that correspond to the various regions of separated or 

recirculating flow generated from the tip-sails.  
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Figure 54: τ

*
wall,x vs. s

*
 at α = 10

°
 and Re = 600,000 for a) BW and b) WTS 50-45-407; top 

surface 
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Similar to the        
  plots, the b000 to b075        

   profiles tend to be very similar and 

collapse onto each other for both geometries. Figure 55 shows        
  plotted along the 

bottom surface of the BW and WTS 50-45-40. At b100, the        
  is significantly higher 

for the BW configuration due to the flow from the bottom to the top surfaces. This is 

especially large near the trailing edge of the BW. In contrast, the WTS 50-45-40 b100 

profile is greatly reduced from leading to trailing edge. This shows that the addition of 

tip-sails has successfully prevented the mixing of the flow near the wing tip. 

The        
  is plotted along the top surface of the BW and WTS 50-45-40 

configurations in Figure 56. The b075 profile is reduced in the WTS 50-45-40 

configuration compared to the BW. At b100,        
  is greater near the trailing edge for 

the BW compared to the WTS 50-45-40 configuration. Again, several minima and 

maxima can be seen along the WTS 50-45-40 b100 profile due to the presence of the 

separation or recirculation zones created by the tip-sails. 
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Figure 55: τ

*
wall,z vs. s

*
 at α = 10

°
 and Re = 600,000 for a) BW and b) WTS 50-45-40; bottom 

surface 
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Figure 56: τ

*
wall,z vs. s

*
 at α = 10

°
 and Re = 600,000 for a) BW and b) WTS 50-45-40; top 

surface 
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 To gain a better understanding of the wing tip vortex created by the BW and WTS 

50-45-40 geometries, contours of a normalized wake velocity have been plotted in Figure 

57 and Figure 58. These types of contour plots were used by Miklosovic (2008). A plane 

is created 1c downstream of the trailing edge of the wing and oriented perpendicular to 

the freestream direction. Velocity vectors and contours of normalized wake velocity are 

plotted on the surface. Normalized wake velocity,      
 , is defined as follows: 

      
  

√(     )  (     )    

           
 (5.1.1.1) 

Figure 57 shows the wing tip vortex plot for the BW at Re = 600,000 and α = 7.5°. Note 

that the trailing edge of the wing is shown as a black line on Figure 57 for reference. The 

plot shows that the tip vortex is strong near the tip of the wing and the downwash of the 

flow near the trailing edge of the wing and tip-sails can also be seen. Figure 58 shows the 

same plot for the WTS 50-45-40 at Re = 600,000 and α = 7.5°. Again, the trailing edge of 

the main wing and each of the tip-sails is shown as a black line for reference. 
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Figure 57:      

  contours and velocity vectors 1c downstream of the BW (trailing edge 

shown in black) at Re = 600,000 and α = 7.5° 

 

Figure 58 shows, by comparison with Figure 57, that the wing tip vortex has 

shifted from the tip of the main wing to the tip of the tip-sails. The core of the vortex has 

a reduced velocity and the surrounding vortex has grown in size slightly. The area of low 

values of      
  has shifted from the trailing edge of the wing in the BW case to be near 

the main wing tip near the upper surfaces of the main wing and tip-sails. It is clear that 

the addition of the tip-sails has significantly altered the wing tip vortex position.  
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Figure 58:      

  contours and velocity vectors 1c downstream of the WTS 50-45-40 (wing 

and tip-sail trailing edges shown in black) at Re = 600,000 and α = 7.5° 

 

 The area-averaged      
  and vorticity have been calculated at several 

downstream locations to assess whether the tip-sails have had an effect on the strength of 

the wing tip vortex and, consequently, the wake of the wing overall.  

Table 10: Wake vortex strength for BW and WTS 50-45-40 at Re = 600,000 and α = 7.5° 

 BW WTS 50-45-40 

Downstream 

Distance [c] 

Vorticity 

[s
-1

] 
     

  
Vorticity 

[s
-1

] 
     

  

1 1.1674 0.118038 1.4390 0.118108 

2 0.8414 0.118020 1.0739 0.118104 

4 0.5952 0.117985 0.8243 0.118077 

8 0.4896 0.117934 0.6735 0.118028 

16 0.5664 0.117857 0.5813 0.117973 
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The data in Table 10 show that, in terms of      
 , the BW and WTS 50-45-40 

geometries produce very similar results. Both the vorticity and      
  data from both 

geometries seem to indicate that the vortex is stronger in the case of the WTS 50-45-40. 

This may indicate that the vortex is stronger when tip-sails are added leading to more 

induced drag. However, the WTS geometry generates more lift than the BW and this also 

affects the strength of the vortex. The vorticity is reducing in magnitude with distance 

away from the trailing edge except for the case of the BW at 16c. The calculation for this 

data point was double-checked as it does not follow this expected trend but the cause of 

this deviation is unclear. It is possible that the solution may have not been fully 

converged in this particular region of the domain. 

5.1.1.1 Lift Force Comparison with BW 

The effect of the addition of tip-sails can also be seen by examining the lift and drag 

forces. To gain a deeper understanding of the lift force, it was broken down into 

components due to pressure and wall shear. Table 11 shows the lift force breakdown for 

the BW at Re = 600,000. The wing tip is the rounded, outermost surface of the main wing 

bounded by the b100 location. A negative lift force indicates that the force on the given 

surface is a downward force, opposite in direction to the lift force.  



98 

 

Table 11: BW lift force breakdown at Re = 600,000 

  α = 0° α = 5° α = 7.5° α = 10° 

Total Lift [N] -0.012 57.815 86.016 113.422 

Top Wing Surface Lift [N] 42.446 73.336 89.928 106.963 

Bottom Wing Surface Lift [N] -42.458 -15.777 -4.310 5.913 

Wing Tip Lift [N] 0.000 0.257 0.398 0.546 

Total Pressure Lift [N] -0.012 57.833 86.037 113.439 

Top Wing Surface Pressure Lift [N] 42.391 73.302 89.908 106.955 

Bottom Wing Surface Pressure Lift [N] -42.403 -15.722 -4.263 5.945 

Wing Tip Pressure Lift [N] 0.000 0.252 0.392 0.539 

Total Wall Shear Lift [N] 0.000 -0.017 -0.021 -0.017 

Top Wing Surface Wall Shear Lift [N] 0.055 0.034 0.019 0.008 

Bottom Wing Surface Wall Shear Lift [N] -0.055 -0.055 -0.047 -0.032 

Wing Tip Wall Shear Lift [N] 0.000 0.004 0.006 0.008 

 

Most of the lift originates from the low pressure distribution on the top surface of 

the wing but the bottom surface also contributes with its high pressure distribution. The 

wall shear is a not an important part of the lift force and has a negligible effect 

throughout. Also, as expected, at α = 0°, there is no significant lift because of the 

symmetry of the NACA 0018 airfoil of the wing.  

Table 12 shows the lift force breakdown for the WTS 50-45-40 configuration at 

Re = 600,000. 
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Table 12: WTS 50-45-40 lift force breakdown at Re = 600,000 

  α = 0° α = 5° α = 7.5° α = 10° 

Total Lift [N] 1.995 78.767 116.297 152.299 

Main Wing Lift [N] 0.935 69.068 102.121 133.669 

Top Wing Surface Lift [N] 43.599 81.348 101.504 121.868 

Bottom Wing Surface Lift [N] -42.524 -12.886 -0.351 10.490 

Wing Tip Lift [N] -0.141 0.607 0.968 1.311 

Tip-Sail Lift [N] 1.060 9.700 14.176 18.631 

Tip-Sail 1 Lift [N] 0.667 5.087 7.359 9.553 

Tip-Sail 2 Lift [N] 0.536 3.032 4.374 5.772 

Tip-Sail 3 Lift [N] -0.144 1.581 2.443 3.306 

Total Pressure Lift [N] 1.998 78.771 116.296 152.283 

Main Wing Pressure Lift [N] 0.935 69.080 102.134 133.674 

Top Wing Surface Pressure Lift [N] 43.543 81.308 101.478 121.853 

Bottom Wing Surface Pressure Lift [N] -42.469 -12.836 -0.313 10.508 

Wing Tip Pressure Lift [N] -0.139 0.608 0.969 1.312 

Tip-Sails Pressure Lift [N] 1.063 9.691 14.162 18.609 

Tip-Sail 1 Pressure Lift [N] 0.667 5.081 7.350 9.540 

Tip-Sail 2 Pressure Lift [N] 0.537 3.029 4.370 5.765 

Tip-Sail 3 Pressure Lift [N] -0.142 1.581 2.442 3.304 

Total Wall Shear Lift [N] -0.003 -0.004 0.001 0.016 

Main Wing Wall Shear Lift [N] 0.000 -0.012 -0.013 -0.005 

Top Wing Surface Wall Shear Lift [N] 0.057 0.039 0.026 0.015 

Bottom Wing Surface Wall Shear Lift [N] -0.055 -0.050 -0.038 -0.019 

Wing Tip Wall Shear Lift [N] -0.002 -0.001 -0.002 -0.002 

Tip-Sails Wall Shear Lift [N] -0.003 0.008 0.014 0.021 

Tip-Sail 1 Wall Shear Lift [N] 0.000 0.005 0.009 0.014 

Tip-Sail 2 Wall Shear Lift [N] -0.001 0.003 0.004 0.006 

Tip-Sail 3 Wall Shear Lift [N] -0.002 0.000 0.001 0.002 

 

 Similar trends exist in the WTS data as in the BW data. The majority of the lift 

originates from the low pressure distribution on the top surface of the main wing but the 

pressure distribution on the bottom of the main wing doesn’t contribute lift until α = 10°. 

Wall shear does not have a significant effect on the lift force. Again, at α = 0°, there is 

very little lift and lift increases with α. The main wing surfaces generate approximately 

18-20% more lift overall for the WTS 50-45-40 configuration than the BW. 
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 The three tip-sails all generated lift with the exception of TS3 at α = 0°. TS1 

produces the most lift, followed by TS2 and then TS3. The three tip-sails account for 

approximately 14% of the total lift for α = 5 to 10°. Overall, a lift force is produced by 

the WTS 50-45-40 that is approximately 35% higher overall compare to the BW for α = 5 

to 10°. 

5.1.1.2 Momentum Integral Drag Calculation 

As a means to verify the accuracy of the built-in force-based drag calculation method 

available within CFX, momentum integral drag calculations were performed. A control 

volume was arbitrarily formed at a distance of 2c away from the wing using six planes 

with x, y, and z normal vectors to perform a momentum integral drag calculation. The 

two planes normal to the x-axis were at a distance of 2c in front of the leading edge and 

2c behind the trailing edge. The two planes normal to the y-axis were at a distance of 2c 

above and below the chord line joining the leading and trailing edges. The two planes 

normal to the z-axis were located on the symmetry plane and at a distance of 2c away 

from the plane of the b100 location at the beginning of the wing tip surface. Similarly, 

control volumes were also created at distances of 4c and 6c. 

The motivation to use this secondary force calculation was to verify the validity 

of the built-in force calculations performed by the CFX Post software. Figure 59 shows 

the 4c control volume used (in semi-transparent grey) for the momentum integral drag 

calculation. 
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Figure 59: 4c control volume used for the momentum integral drag calculations  

 

The momentum equation (Newton’s second law for a nonaccelerating control 

volume) is: 

 ∑    ⃗⃗  ⃗    
⃗⃗⃗⃗  

 

  
∫  ⃗      
  

 ∫  ⃗     ⃗     
  

 (5.1.1.2.1) 

where   ⃗⃗  ⃗ represents the surface forces and   
⃗⃗⃗⃗  represents the buoyant forces. The solution 

is steady so it follows that, 
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∫  ⃗      
  

   (5.1.1.2.2) 

Buoyant forces are neglected in the solution, so it follows that, 

   
⃗⃗⃗⃗    (5.1.1.2.3) 

For the force calculations, due to the symmetry plane perpendicular to the z axis at the 

centre of the wing, only the x and y directions are of interest. Thus, in x and y component 

form, we obtain, 

         ∫      ⃗     
  

 (5.1.1.2.4) 

         ∫      ⃗      
  

 (5.1.1.2.5) 

The surface forces acting on the control volume are as follows, 

      ∫     
    

 ∫     
    

    (5.1.1.2.6) 

      ∫     
    

  ∫     
    

    (5.1.1.2.7) 

where the subscripts      and      denote the upstream and downstream surfaces 

perpendicular to the x axis, respectively. The pressure term is negative for an inlet surface 

(     or     ) where the velocity vector is opposite in direction to the area vector which 

is a positive outward normal. It follows that the pressure term is positive for an outlet 

surface (     or     ). Note that    and    are the component forces acting on the wing 

surfaces. Substituting Equations (5.1.1.2.6) and (5.1.1.2.7) into Equations (5.1.1.2.4) and 

(5.1.1.2.5), respectively, produces, 

    ∫     
    

 ∫     
    

 ∫          
    

 ∫          
    

 

  ∫          
    

 ∫          
    

 ∫          
    

 (5.1.1.2.8) 
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    ∫     
    

 ∫     
    

 ∫          
    

 ∫          
    

 

  ∫          
    

 ∫          
    

 ∫          
    

 (5.1.1.2.9) 

where      is the control surface perpendicular to the z-axis beyond the wing tip. 

Finally, the lift and drag forces on the wing can be calculated as follows: 

          ( )       ( ) (5.1.1.2.10) 

         ( )       ( ) (5.1.1.2.11) 

The integrations in Equations (5.1.1.2.8) and (5.1.1.2.9) were performed in CFX Post. 

The final lift and drag coefficient results were then calculated and compared with the 

results from the built-in force functions of CFX Post. Results for the BW are summarized 

in Table 13. In the table, MI represents the momentum integral method results. 

Table 13: Force calculation method comparison for BW at Re = 60,000 

 

Angle
Built-In 

Method
MI at 2c

% Diff. 

for MI 

at 2c

MI at 4c

% Diff. 

for MI 

at 4c

MI at 6c

% Diff. 

for MI 

at 6c

0° 0.026087 0.026083 -0.02% 0.024866 -4.68% 0.026696 2.33%

5° 0.037319 0.037325 0.02% 0.036629 -1.85% 0.037619 0.80%

7.5° 0.046953 0.046951 0.00% 0.046976 0.05% 0.046853 -0.21%

10° 0.057292 0.057512 0.38% 0.057512 0.38% 0.056668 -1.09%

0° -0.000044 -0.000044 0.00% -0.000044 0.00% -0.000044 0.00%

5° 0.429846 0.429960 0.03% 0.429832 0.00% 0.429839 0.00%

7.5° 0.560790 0.560925 0.02% 0.560744 -0.01% 0.560752 -0.01%

10° 0.622041 0.622180 0.02% 0.622027 0.00% 0.622016 0.00%

C D

C L
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Table 14: Force calculation method comparison for BW at Re = 600,000 

 

Good agreement can be seen throughout the data with the exception of the momentum 

integral calculation for CD  at 6c for Re = 600,000 at 0°. This number is significantly 

lower than the others and this deviation is not expected. At 6c away from the wing, this 

region of the domain was not directly monitored during the run and it is possible that it 

was still developing when the run was stopped. Nevertheless, the rest of the data seems 

unaffected and the other MI calculations support the accuracy of the built-in method. It is 

worth noting that although the percent differences are large for the CL for Re = 600,000 at 

0°, they are not significant as the magnitude of CL is very small. Throughout the rest of 

the results, the good agreement between all four calculation methods suggests that built-

in method is a suitable means of determining the lift and drag coefficients. Table 15 

shows the same calculations performed for the WTS 50-45-40 configuration. 

Angle
Built-In 

Method
MI at 2c

% Diff. 

for MI 

at 2c

MI at 4c

% Diff. 

for MI 

at 4c

MI at 6c

% Diff. 

for MI 

at 6c

0° 0.010604 0.010796 1.81% 0.010523 -0.76% 0.007075 -33.28%

5° 0.018374 0.018215 -0.87% 0.017739 -3.46% 0.017948 -2.32%

7.5° 0.028202 0.028095 -0.38% 0.027946 -0.91% 0.028142 -0.21%

10° 0.041538 0.041402 -0.33% 0.041231 -0.74% 0.041189 -0.84%

0° -0.000078 -0.000063 -19.23% -0.000064 -17.95% -0.000067 -14.10%

5° 0.361095 0.361183 0.02% 0.361403 0.09% 0.356991 -1.14%

7.5° 0.537761 0.538072 0.06% 0.538756 0.19% 0.540064 0.43%

10° 0.709204 0.709606 0.06% 0.710325 0.16% 0.711966 0.39%

C L

C D
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Table 15: Force calculation method comparison for WTS 50-45-40 at Re = 60,000 

 

Table 16: Force calculation method comparison for WTS 50-45-40 at Re = 600,000 

 

Similar to the BW results, good agreement is seen throughout. For simplicity, the built-in 

method was chosen to extract the lift and drag coefficients for the remainder of the study. 

5.1.1.3 Drag Force Comparison with BW 

The drag force was broken down into pressure and wall shear components to further 

Angle
Built-In 

Method
MI at 2c

% Diff. 

for MI 

at 2c

MI at 4c

% Diff. 

for MI 

at 4c

MI at 6c

% Diff. 

for MI 

at 6c

0° 0.035803 0.036065 0.73% 0.034721 -3.02% 0.036979 3.28%

5° 0.050228 0.050743 1.03% 0.050549 0.64% 0.050210 -0.04%

7.5° 0.062998 0.063341 0.54% 0.063433 0.69% 0.062603 -0.63%

10° 0.078199 0.078964 0.98% 0.077992 -0.26% 0.077969 -0.29%

0° 0.002492 0.002503 0.44% 0.002503 0.44% 0.002500 0.32%

5° 0.532322 0.532221 -0.02% 0.532428 0.02% 0.532510 0.04%

7.5° 0.657276 0.657072 -0.03% 0.657280 0.00% 0.657349 0.01%

10° 0.760098 0.760328 0.03% 0.759999 -0.01% 0.759467 -0.08%

C D

C L

Angle
Built-In 

Method
MI at 2c

% Diff. 

for MI 

at 2c

MI at 4c

% Diff. 

for MI 

at 4c

MI at 6c

% Diff. 

for MI 

at 6c

0° 0.013899 0.014349 3.24% 0.013945 0.33% 0.010626 -23.55%

5° 0.022895 0.022818 -0.34% 0.023612 3.13% 0.022502 -1.72%

7.5° 0.033729 0.034025 0.88% 0.033228 -1.49% 0.033172 -1.65%

10° 0.048845 0.048885 0.08% 0.048893 0.10% 0.049046 0.41%

0° 0.012472 0.012469 -0.02% 0.012464 -0.06% 0.012473 0.01%

5° 0.492520 0.492439 -0.02% 0.492500 0.00% 0.492496 0.00%

7.5° 0.727186 0.726995 -0.03% 0.727185 0.00% 0.727417 0.03%

10° 0.952302 0.951940 -0.04% 0.952034 -0.03% 0.952528 0.02%

C D

C L
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analyze the WTS results. Table 17 summarizes the BW drag at Re = 600,000.  

Table 17: BW drag breakdown at Re = 600,000 

  α = 0° α = 5° α = 7.5° α = 10° 

Total Drag [N] 1.696 2.942 4.511 6.643 

Top Wing Surface Drag [N] 0.869 -2.942 -2.910 -2.871 

Bottom Wing Surface Drag [N] 0.868 5.141 7.286 9.248 

Wing Tip Drag [N] -0.041 0.037 0.134 0.265 

Total Pressure Drag [N] 0.529 1.767 3.333 5.485 

Top Wing Surface Pressure Drag [N] 0.298 -2.880 -3.593 -3.574 

Bottom Wing Surface Pressure Drag [N] 0.297 4.636 6.821 8.828 

Wing Tip Pressure Drag [N] -0.066 0.010 0.105 0.231 

Total Wall Shear Drag [N] 1.167 1.175 1.178 1.157 

Top Wing Surface Wall Shear Drag [N] 0.570 0.643 0.684 0.703 

Bottom Wing Surface Wall Shear Drag [N] 0.571 0.505 0.465 0.420 

Wing Tip Wall Shear Drag [N] 0.025 0.026 0.030 0.034 

 

The total drag for the BW at Re = 600,000 increases with α as expected. This 

increase is due to the increase in pressure drag as α increases. The bottom wing surface 

experiences a consistent increase in pressure drag which outpaces the increasingly 

negative drag experienced by the top surface. In contrast, the wall shear drag on all wing 

surfaces remains relatively constant overall throughout.  

Table 18 shows the drag breakdown for the WTS 50-45-40 at Re = 600,000.  
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Table 18: WTS 50-45-40 drag breakdown Re = 600,000 

  α = 0° α = 5° α = 7.5° α = 10° 

Total Drag [N] 2.223 3.662 5.394 7.812 

Main Wing Drag [N] 1.701 2.847 4.270 6.242 

Top Wing Surface Drag [N] 0.893 -2.824 -3.734 -3.792 

Bottom Wing Surface Drag [N] 0.830 5.627 7.904 9.859 

Wing Tip Drag [N] -0.021 0.043 0.100 0.174 

Tip-Sail Drag [N] 0.522 0.814 1.124 1.570 

Tip-Sail 1 Drag [N] 0.124 0.162 0.167 0.206 

Tip-Sail 2 Drag [N] 0.149 0.315 0.492 0.710 

Tip-Sail 3 Drag [N] 0.249 0.337 0.465 0.653 

Total Pressure Drag [N] 0.785 2.211 3.934 6.361 

Main Wing Pressure Drag [N] 0.528 1.675 3.103 5.095 

Top Wing Surface Pressure Drag [N] 0.320 -3.469 -4.418 -4.498 

Bottom Wing Surface Pressure Drag [N] 0.259 5.127 7.447 9.445 

Wing Tip Pressure Drag [N] -0.050 0.016 0.073 0.148 

Tip-Sails Pressure Drag [N] 0.256 0.536 0.831 1.266 

Tip-Sail 1 Pressure Drag [N] 0.036 0.064 0.059 0.093 

Tip-Sail 2 Pressure Drag [N] 0.059 0.225 0.402 0.620 

Tip-Sail 3 Pressure Drag [N] 0.157 0.245 0.372 0.558 

Total Wall Shear Drag [N] 1.438 1.451 1.460 1.450 

Main Wing Wall Shear Drag [N] 1.173 1.172 1.168 1.146 

Top Wing Surface Wall Shear Drag [N] 0.573 0.645 0.683 0.705 

Bottom Wing Surface Wall Shear Drag [N] 0.571 0.500 0.457 0.415 

Wing Tip Wall Shear Drag [N] 0.029 0.027 0.027 0.026 

Tip-Sails Wall Shear Drag [N] 0.265 0.278 0.292 0.304 

Tip-Sail 1 Wall Shear Drag [N] 0.088 0.098 0.108 0.113 

Tip-Sail 2 Wall Shear Drag [N] 0.086 0.088 0.091 0.095 

Tip-Sail 3 Wall Shear Drag [N] 0.091 0.092 0.093 0.095 

 

Similar to the BW, the drag increases with α due to an increase in the pressure 

drag while the wall shear drag remains relatively constant. The overall drag is greater 

with tip-sails present due to their added surface area while the drag experienced by the 

main wing is lower than the BW. As the α increases, the main wing drag for the WTS 50-

45-40 decreases relative to the BW. Total drag on the main wing surfaces is lower 

compared to BW case by approximately 3% (at α = 5°) to 6% (at α = 10°). 
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 The tip-sails represent a significant amount of added drag, approximately 20% of 

the total drag. TS1 produces the least drag with TS2 and TS3 creating significantly more 

in all cases but α = 0°. This difference in drag is seen in the form of pressure drag as the 

wall shear drag is nearly identical between all three tip-sails at a given α.  

 Finally, the wing efficiency has been calculated in terms of the ratio L/D and is 

presented in Table 19. 

Table 19: BW and WTS 50-45-40 L/D at Re = 600,000  

α [°] 
BW WTS 50-45-40 

% Diff. 
CL/CD CL/CD 

5.0 19.6565 21.5168 9.46% 

7.5 19.0660 21.5591 13.08% 

10.0 17.0740 19.4984 14.20% 

 

At all α, the CL/CD of the wing has increased due to the addition of the tip-sails. In 

addition, the WTS has a maximum CL/CD at α = 7.5° compared to a maximum at α = 5° 

for the BW. 

5.1.2 Re = 60,000 

The effect of tip-sails is similar at Re = 60,000 and Re = 600,000 with the main 

difference being more flow separation at Re = 60,000. Figure 60 shows normalized 

velocity vectors near the tip of the BW configuration at Re = 60,000. 



109 

 

 

Figure 60: BW vector plot at α = 10
°
 and Re = 60,000; view from above (vectors arbitrarily 

offset 1mm from the wing surface) 

 

A large LSB is present on the top surface of the BW near the thickest portion of the 

wing’s airfoil cross-sectional profile (0.3c). This LSB continues down the remainder of 

the span to the root of the wing and is discussed further when Figure 65 is presented. 

Also of interest is the large region of clock-wise circulating flow near the trailing edge. 

Neither of these phenomena were present at Re = 600,000. The corresponding WTS 50-

45-40 plot is shown in Figure 61. 

𝑉  
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Figure 61: WTS 50-45-40 normalized vector plot at α = 10° and Re = 60,000; view from 

above (vectors arbitrarily offset 1mm from the wing surface) 

 

Again, there is a large LSB near the point of maximum thickness of the main wing’s 

cross-sectional airfoil profile for the WTS 50-45-40 configuration. It too continues along 

the span to the root of the wing. At the lower Re, the zones of separation created near the 

top surfaces of the first two tip-sails are much larger relative to the Re = 600,000. There 

is also two large zones of clock-wise circulation near the trailing edge. The first is near 

the top surfaces of the tip-sails and extends approximately half-way down the chord of 

the main wing. The second is a large zone of flow separation that extends the rest of the 

span of the main wing to its root. 

 

𝑉  
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Figure 62: Normalized vector plot at α = 10° and Re = 60,000 for a) BW and b) WTS 50-45-

40; wing tip view (vectors arbitrarily offset 1mm from the wing surface) 

 

The normalized velocity vectors around the wing tips, shown in Figure 62, are 

very similar qualitatively to those seen at Re = 600,000. The flow is straightened and 

mixing is reduced in by the tip-sails.  

Finally, the flow around the tip-sails themselves can be seen in Figure 63. The 

flow is separated and recirculating on a large portion of all three tip-sails and these 

regions interact with the flow near the main wing tip.  

a) 

 

 

 

b) 

𝑉  

𝑉  
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Figure 63: WTS 50-45-40 TS vector plot at α = 10
°
 and Re = 60,000; view from above 

(vectors arbitrarily offset 1mm from the wing surface) 

 

 

Figure 64 shows        
  for the bottom surfaces of the BW and WTS 50-45-40. 

𝑉  
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Figure 64: τ

*
wall,x vs. s

*
 at α = 10

°
 and Re = 60,000 for a) BW and b) WTS 50-45-40; bottom 

surface 

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

τ*
w

a
ll

, 
x
 

s* 

b000

b025

b050

b075

b100

NACA0018 Base Wing 

Re = 60,000 

α = 10° 

Bottom Surface 

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

τ*
w

a
ll

, 
x
 

s* 

b000

b025

b050

b075

b100

WTS 50-45-40 

Re = 60,000 

α = 10° 

Bottom Surface 

a) 

 

 

 

 

 

 

 

 

b) 



114 

 

The shapes of the profiles are similar to those at Re = 600,000. The b000 to b075 profiles 

are similar between themselves and for both BW and WTS as in Re = 600,000. The 

       
  is slightly higher for the WTS b000 to b075 profiles than the BW overall. 

However, there is no transition to turbulence near the trailing edge at Re = 60,000. There 

is also a larger spike of        
  at the trailing edge for the WTS 50-45-40 configuration at 

b100 compared to the Re = 600,000 profile. 

The        
  profile along the top surface, seen in Figure 65, is also similar to that 

at Re = 600,000 with one major difference. The LSB causes a distinct region of negative 

       
  beginning with laminar recirculation, a sharp decrease where the flow transitions 

to turbulence, and finally reattachment at        
  = 0. Between the BW and WTS, the 

b000 to b075 profiles are again very similar but the b075 is slightly more similar to the 

b000 to b050 profiles for the WTS compared to the BW. 

The z component of the normalized wall shear is plotted on the bottom surface for 

both BW and WTS 50-45-40 geometries in Figure 66. 
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Figure 65: τ

*
wall,x vs. s

*
 at α = 10

°
 and Re = 60,000 for a) BW and b) WTS 50-45-40; top 

surface 
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Figure 66: τ

*
wall,z vs. s

*
 at α = 10

°
 and Re = 60,000 for a) BW and b) WTS 50-45-40; bottom 

surface 
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The b000 to b075 profiles are similar and nearly zero for both the BW and WTS 50-45-

40 configurations. At b100,        
  is significantly greater magnitude for both BW and 

WTS than at Re = 600,000 although the overall shapes are similar. The WTS b100        
  

profile is again greatly reduced compared to the BW. There is a small region in WTS 50-

45-40 where the wall shear is negative near the trailing edge of the second tip-sail. Here, 

the flow is travelling around the top of the wing tip surface from the top of the wing due 

to a zone of recirculating, separated flow that can be seen in Figure 63.  

 The        
  is plotted along the top surface of the BW and WTS 50-45-40 in 

Figure 67. 

In general, the same trends exist as were present at Re = 600,000 with the 

magnitude being increased overall at Re = 60,000. The location of one of the maximums 

for the BW has shifted further upstream to approximately s
*
 = 0.7 compared to its 

position at Re = 600,000. The WTS 50-45-40 configuration has a significantly different 

b100 profile due to the various zones of flow separation and their increased size at Re = 

60,000. 
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Figure 67: τ

*
wall,z vs. s

*
 at α = 10

°
 and Re = 60,000 for a) BW and b) WTS 50-45-40; top 

surface 
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5.1.3 Induced Drag Calculation 

An induced drag calculation was performed using the following equation: 

            (5.1.3.1) 

In Equation (5.1.3.1),    is the drag coefficient from the 2D (infinite wing) CFD 

analysis and    is the drag coefficient from the 3D BW CFD analysis. The value of the 

induced drag coefficient,     , was determined from the CFD results for Reynolds 

numbers of 60,000 and 600,000 for α = 10°. The value of      was also determined using 

Equation (1.1.1.4). In that equation, the value of    was taken from the CFD results and 

values of e of 0.7 and 1.0 were used to represent a typical rectangular wing and a wing 

with an elliptical lift distribution (the theoretical maximum), respectively.  

Table 20 presents a summary of the      values determined from the CFD results 

(Present Study) and Equation (1.1.1.4) using the two e values.  

Table 20: Induced Drag Calculation Results for BW at α = 10°  

Re 

CD,i 

Present 

Study 

Assuming  

e = 0.7 

Assuming  

e = 1.0 

60,000 0.00904 0.02644 0.01851 

600,000 0.02158 0.03436 0.02405 

 

The results in Table 20 indicate that the      values predicted by Equation 

(1.1.1.4) are significantly higher than the values predicted by the CFD analysis. The      

values at Re = 60,000 and 600,000 from the CFD results (Present Study) represent 16.2% 

and 53.4% of the total drag, respectively. The      predicted by the CFD analysis is 
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expected to be reasonable due to reasonable agreement between the CFD results and 

experiments presented next in Section 5.3. Therefore, the discrepancy seen in Table 20 

likely comes from applying Equation (1.1.1.4) outside its range of validity in this case.  

5.2 Effect of Re and Tip-Sail Dihedral Angle 

The Reynolds number has a significant effect on the lift and drag coefficients of the wing 

for Re = 60,000 (denoted R060 in subsequent figures) and 600,000 (denoted as R600 in 

subsequent figures). In contrast, the effect of the tip-sail dihedral angles is far more 

subtle. The two tip-sail dihedral configurations were WTS 50-45-40 and WTS 60-45-30. 

Figure 68 shows the lift coefficients plotted against α for both Re and tip-sail 

configurations. 

There appears to be a much more linear relationship between CL and α at the 

higher Reynolds number. This indicates that the wing is not yet beginning to stall in the α 

range considered at Re = 600,000. However, at Re = 60,000, the CL slope is decreasing as 

the α increases, which appears to indicate that the higher values of α are near the stall 

point for this Reynolds number.  

 Stalling is when the flow separates from the upper surface of the wing and cannot 

reattach itself. When this occurs, there is a large loss of lift and this is not generally 

desirable behaviour. The difference in linearity between the two Reynolds numbers 

suggests that the α at which stall occurs is lower for Re = 60,000 and higher for Re = 

600,000. This is due to the increased importance of the viscous effects of the air at the 

lower Reynolds number and is expected.  
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Figure 68: CL vs. α for the BW and WTS geometries 

 

 Interestingly, the lower Reynolds number produces higher CL both with and 

without tip-sails at α = 5°. Furthermore, in the case of the BW, the lower Reynolds 

number produces a higher CL at α = 7.5° as well. This indicates that the airfoil geometry 
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is creating lift more effectively at these lower angles of attack for Re = 60,000. 

 Conversely, at the higher angles of attack, the higher Reynolds number case 

shows a higher CL due to its higher stall angle. At α = 10°, the difference in CL is 

significant for all three geometries with the greatest increase being 25.29% for the WTS 

50-45-40 configuration. The change in CL due to the increase in Reynolds number is 

approximately twice as large when tip-sails were present than when they were not. 

Finally, the Re effect is consistent between the two different WTS configurations 

studied, affecting both geometries very similarly. Excluding α = 0
°
, the largest difference 

between the two sets of lift coefficients was 4.52% at α = 7.5
°
 for Re = 60,000 and 2.45% 

at α = 5
°
 for Re = 600,000. In all cases, the WTS 60-45-30 configuration generated higher 

CL than WTS 50-45-40. 

The CL is plotted against CD in Figure 69 for all three geometries. CD significantly 

and consistently decreases with the increase in Reynolds number across all geometries. 

As the α increases, the change in CD increases for all geometries. The relative decrease in 

CD ranges from 27.50% to 59.50% for the BW and approximately 38% to 61% when tip-

sails are present. 
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Figure 69: CL vs. CD for the BW and WTS geometries 

 

The Re has a significant effect on the CD. The Re of 600,000 produces drag 

coefficients that are roughly two times smaller than those at 60,000 for both WTS 

configurations. The CD between the two WTS configurations are very close in value with 

the largest difference being 3.36% at α = 5
°
 for Re = 60,000 and 1.27% at α = 5

°
 for Re = 

600,000. 

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.02 0.04 0.06 0.08 0.10

C
L

 

CD 

BW - R060

BW - R600

WTS 50-45-40 - R060

WTS 50-45-40 - R600

WTS 60-45-30 - R060

WTS 60-45-30 - R600



124 

 

5.3 Comparison with Experimental Data from 

Miklosovic & Bookey (2005) 

After describing the experimental work of Miklosovic & Bookey (2005), both the BW 

and WTS results are compared with their experimental results at Re = 600,000. 

5.3.1 Experimental Details from Miklosovic & Bookey (2005) 

Miklosovic & Bookey (2005) performed an experimental study of wings with and 

without tip-sails with the similar geometry and flow conditions as the present study. The 

closed-circuit wind tunnel at the United States Naval Academy was used throughout their 

study. While no inlet turbulence intensity was quoted, a similar tip-sail paper, Miklosovic 

(2008), quotes the inlet turbulence intensity of the wind tunnel to be approximately 

0.161%. 

Half-span wings were used throughout the experiments. They were mounted on a 

boundary layer splitter plate on the test section of the wind tunnel. Miklosovic (2008), 

used the same BW geometry and wind tunnel and quoted a planform to tunnel cross-

section ratio of 0.077, 4% frontal area blockage of the wind tunnel due to the wing, and 

54% span ratio for the wing.  

Force measurements were recorded from a six-component compact platform balance 

located beneath the test section. In total, nine channels of data were acquired 

simultaneously: six balances, the balance excitation voltage, freestream dynamic 

pressure, and freestream air temperature. The data were gathered at 6.5 digit precision 
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over an integration aperture of 20 power cycles throughout the study. A digital 

inclinometer was used after each test to ensure tip-sail dihedral angles were correct and 

the “Pitch-pause” technique was used to perform the α sweeps of the study. 

To assess the measurement repeatability, a series of 20 consecutive measurements 

were taken at α = 11°. Table 21 summarizes the data they presented. 

Table 21: Measurement uncertainty from Miklosovic & Bookey (2005) 

       

Range 0.0079 0.0048 

Standard Deviation 0.0025 0.0017 

 

Unfortunately, no direct comment on the accuracy of the devices used in the experiment 

was provided. The experimental data were compared to numerical predictions using a 

vortex lattice calculation method. In comparison, however, the experimental drag 

coefficient at zero lift, CD,0, was used to offset the calculated data. This allows them to 

adjust the predicted CD data curve uniformly up to the correct value at zero lift. The 

authors concede that this is theoretically imprecise but maintain that it is common 

practice. The vortex lattice method assumes steady, irrotational, inviscid, incompressible, 

and fully attached flow. While it is not possible to know for certain, the assumptions of 

inviscid and fully attached flow may also be potential sources of error for this method.  

The authors state that the main value of the results is the comparison of the data 

between the wing with and without tip-sails. They also note that no wall interference 

corrections were used. Miklosovic (2008), employed corrections for buoyancy, solid and 

wake blockages, streamline curvature, and downwash. He noted the following changes as 
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a consequence of the corrections: Δα ≤ 0.46, ΔCL ≤ 0.016, ΔCD ≤ 0.0069, ΔU ≤ 3% (due 

to solid & wake blockages). 

Finally, a large Re effect was observed in tests between Re = 200,000 and 750,000. 

Miklosovic & Bookey (2005) reported that the point of deep stall moved between α = 16 

to 23° and the minimum drag magnitude shifted from -3 to +31% of the value at Re = 

600,000. The Reynolds number variability introduced by the wind tunnel throughout the 

experimental study, Re = 600,000 ± 50,000, may also introduce some error into the 

results.  

In summary, while much is known about the experimental procedure undertaken 

by Miklosovic & Bookey (2005), an overall accuracy estimate was never included. 

Without knowing the accuracy of the data, it is difficult to make any strong conclusions 

about the agreement between the experimental data and the numerical data from the 

present study. Nevertheless, it is by far the most extensive collection of experimental data 

available on WTS geometries. 

5.3.2 BW Comparison 

The BW lift and drag coefficients are compared with the experimental data from 

Miklosovic & Bookey (2005) in the following subsection. 

5.3.2.1 Lift Force Comparison with Experimental Data 

Figure 70 shows the CL plotted against α. The numerical lift coefficient data agree well 

with the experimental data but the two datasets begin to diverge as the α increases. The 

maximum relative difference in CL is -8.78% and occurs at α = 10°. 
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Figure 70: CL vs. α for BW at Re = 600,000 

 

5.3.2.2 Drag Force Comparison with Experimental Data 

The predicted CD was also compared against experimental data. Figure 71 shows a plot of 

CD plotted against α. Again, good agreement can be seen between the numerical and 

experimental data sets. The maximum range-normalized relative difference, RNRD, is 

1.17% at α = 10° with the range of CD used calculated to be -0.18125 from the 

experimental data. 
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Figure 71: CD vs. α for BW at Re = 600,000 

 

It is worth noting that the experimental data values of CD in Figure 71 were 

obtained by linear interpolation because the values published were not at the same α and 

were plotted vs. CL. The experimental data can be found in Figure 72. The experimental 

value of CD at α = 0° is higher than the numerical value. This may be due to increased 

surface roughness on the physical wing model used by Miklosovic & Bookey (2005). In 

addition, the accuracy of the wing geometry was never disclosed and even minor 

geometric variations could be a source of error.  
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The plot of CL vs. CD is shown in Figure 72. Again, the data sets agree best at α = 

5° and diverge slightly as the α increases. Potential sources of error are the surface 

roughness of the experimental wing, any geometric variation that may be present, and the 

accuracy of the turbulence model. Not knowing the true experimental error associated 

with the data makes it difficult to determine exactly how valid the agreement between the 

two datasets is, even though the agreement is good in general. 

 

Figure 72: CL vs. CD for the BW at Re = 600,000 
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5.3.3 WTS Comparison 

5.3.3.1 Lift Force Comparison with Experimental Data 

Figure 73 shows the CL plotted against α for the present study and Miklosovic & Bookey 

(2005) at Re = 600,000 for two WTS geometries. 

 
Figure 73: CL vs. α comparison with Miklosovic & Bookey (2005) at Re = 600,000 
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The CL for the WTS geometries compare well between the present study and the 

data from Miklosovic & Bookey (2005). The largest RNRD between the two data sets is -

9.50% and occurs at α = 10° for the WTS 50-45-40 configuration. The range of the 

experimental data was used for normalization and was calculated to be 1.1076. Overall, 

the deviation between numerical and experimental data is slightly higher when tip-sails 

are present. It is interesting to note that, the experimental datasets for the tip-sails become 

different from each other only in a narrow range of α approaching the stall point from a 

lower α. 

5.3.3.2 Drag Force Comparison with Experimental Data 

Figure 74 shows the CD plotted against α at Re = 600,000 for both numerical and 

experimental datasets. 

The present predictions for CD for both WTS configurations were very similar and 

both are higher than the results from the BW in all cases. However, the experimental CD 

data for the WTS configurations was consistently lower than the BW. The maximum 

RNRD between numerical and experimental tip-sail CD data was 54.48% at α = 10° for 

the 50-45-40 configuration. The range of the experimental data was used for 

normalization and was 0.0367. 
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Figure 74: CD vs. α comparison with Miklosovic & Bookey (2005) at Re = 600,000 

 

Figure 75 shows the drag polar plot at Re = 600,000 with both the present study 

and the Miklosovic & Bookey (2005) data. 
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Figure 75: CL vs. CD comparison with Miklosovic & Bookey (2005) at Re = 600,000 
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(2005). These include, but are not necessarily limited to, minor geometrical 

inconsistencies, uncertainty in the experimental data, and the mathematical model. 

First, there were small geometric differences between the wing and tip-sail 

geometry used between the two studies. Miklosovic & Bookey (2005) used tip-sails with 

a span-wise circular taper on the leading edge near the tip. The trailing edge stayed 

straight but the taper on the leading edge was not defined in the publication. For this 

reason, and to facilitate the meshing process, the decision was made to use a rectangular 

planform with a rounded wing tip similar to the geometry of the main wing for the 

present study. 

In addition, the main wing tip surfaces were not rounded smoothly in all areas due 

to difficulties encountered when meshing the wing tip. Within ANSYS ICEM CFD 

(v14.5), the blocking was unable to associate properly to the smoothly curved surface and 

new surfaces corresponding to individual block faces were necessary to avoid meshing 

errors. Figure 76 shows the wing tip surface geometry with the affected areas of surface 

deviations circled. These new surfaces were smooth but do not create a perfectly smooth 

wing tip geometry overall.  
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Figure 76: WTS 50-45-40 main wing tip surface geometry 

 

Next, Miklosovic & Bookey (2005) never commented on the measurement 

accuracy of the six-component balance or quote an overall experimental error estimate. 

While they presented the measurement uncertainty, without knowing the true accuracy of 

the results it is difficult to ascertain the accuracy of the numerical results. The authors 

also note the lack of any wall interference corrections throughout the study, stating that 

the primary value of their results is the comparisons between the wing with and without 

tip-sails. 

 Another possible source of error is the uncertainty in the experimental Reynolds 

number. Miklosovic & Bookey (2005) noted that both the angle of attack of deep stall 

and the minimum drag magnitude shifted dramatically with variations in Reynolds 
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number. Over a Reynolds number range of 200,000 to 750,000, the point of deep stall 

varied from α = 16 to 23° and the magnitude of the minimum drag shifted from -3 to 

+31% of the value at Re = 600,000. For this reason, they chose to limit the acceptable 

Reynolds number range for the study to ±50,000 of 600,000. This heavy dependence on 

the Reynolds number could be a source of error depending where within the acceptable 

range the data were gathered.  

 Finally, the mathematical model is empirical in nature and has not been 

specifically calibrated for this particular application. The model has proven to be 

reasonably accurate in the prediction of the transition locations and local skin friction 

coefficient of a McDonald Douglas flap in Langtry & Mentor (2005). Also in Langtry & 

Mentor (2005), it produced results in good agreement with experimental results for a 

DLR F-5 wing, which is a similar case to the BW in this study. However, the authors 

noted that there were areas near the root of the wing that were not predicted correctly and 

a complex cross-flow transition was not predicted but appeared in the experiment. Due to 

the complicated three-dimensional geometry in the WTS cases it is possible that complex 

flow phenomena may exist in experiments but are not predicted by the model. The WTS 

is a new case for the model that has yet to be proven accurate. Also, Delafin et al. (2004) 

and Böhm & Graf (2007) noted that their simulations using the model were not as 

accurate at the higher α seen in the present study.  

 All in all, there are several sources of potential error that may each contribute in 

their own way to the large discrepancy seen between the drag predicted by the numerical 
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model and that measured by Miklosovic & Bookey (2005). Further experimental research 

into the local quantities along the surface of the wing is required to ascertain the true 

nature of the inconsistency. 

 Based on the present study, it seems reasonable to speculate that the most 

questionable and sensitive area of the simulation is the tip of the main wing and root of 

the tip-sails. The complex geometry in this region could potentially create cross-flow 

effects that are not accounted for correctly in the model at the time the present study was 

performed. A secondary area of potential error is near the second and third tip-sail tips. 

Here, the wake of the upstream tip-sail(s) interacts with the flow around the tip-sail and 

this is another case that has not been examined in the literature.     
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6. Summary and Conclusions 

A numerical analysis of three-dimensional steady viscous airflow over a wing with and 

without three tip-sails. The flow was assumed to be incompressible, buoyancy effects 

were neglected, and the air was treated as an ideal gas and a Newtonian fluid.  

A rectangular base wing with a half-span of 0.559 m, chord of 0.178 m, and 

effective AR of 6.29 was common to all cases considered. The wing tip geometry 

classified the geometry as either BW, WTS 50-45-40, or WTS 60-45-30 based on the 

presence and dihedral angles of three chord-wise mounted tip-sails. The BW geometry 

consisted of a rounded wing tip with a semi-circular cross-section. WTS geometries also 

had a rounded wing tip to interface with the tip-sails. Each tip-sail has a span of 0.178 m, 

chord of 0.005 m, and AR of 3.6. The base wing and tip-sails consisted of the NACA 

0018, and NACA 0015 airfoils, respectively.  

Symmetry was used to restrict the solution domain to the flow around a half-span 

wing. The computations were performed using a commercial CFD code: ANSYS CFX 

(version 14.5). The SST turbulence model was used and supplemented with the γ- ̃    

transitional turbulence model. Results were presented for two Reynolds numbers, 60,000 

and 600,000, and four α: 0, 5, 7.5, and 10°. 

Computational meshes were developed for a two-dimensional airfoil as well as the 

three-dimensional BW and WTS geometries. The mesh generation process was the most 

challenging and time-consuming aspect of the study. A blocking structure was developed 
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and manually fine-tuned until each mesh satisfied several criteria related to its quality. 

The trailing edge of the base wing required a finite thickness to facilitate meshing and the 

curved geometry of the wing tip and tip-sail tips presented a difficult challenge.  

The two-dimensional airfoil mesh was based-on and then optimized from the final 

mesh parameters used by Ferley & Smith (2011). This was done to minimize 

computational costs and, in turn, minimized computation costs of the three-dimensional 

meshes that were based on the airfoil mesh. 

 Solutions were considered converged when the root mean square of the normalized 

residual of all the governing equations was less than       , overall domain 

imbalances for all the governing equations were each less than      , and the velocity 

components at arbitrarily selected monitor points remained constant. 

The tip-sails had a significant effect at both Reynolds numbers. At Re = 600,000, 

the tip-sails effectively straightened the flow near the wing tip and prevented it from 

travelling from the bottom to the top surface of the wing as seen in the case of the BW. 

However, several recirculation zones were created on the top surface of the wing and 

near the wing tip. The tip-sails increased the vorticity of the flow downstream of the wing 

compared to the BW case.  

At Re = 60,000, the flow near the wing tip was again straightened significantly 

when tip-sails were present. However, much larger regions of recirculation were present 

at Re = 60,000 and a large LSB was observed on the top surface along nearly the entire 

span of the wing. There were also large zones of separation and recirculation on the top 
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surfaces of the tip-sails and near the wing tip that were not present at Re = 600,000.  

Tip-sails provided a significant increase in CL over the BW for α = 5, 7.5, and 10° 

at both Re. At the Re = 60,000, tip-sails increased the CL by 20.56% to 32.40% and at Re 

= 600,000 by 38.12% to 43.61%. At Re = 600,000 the main wing surfaces generated 

approximately 18-20% more lift overall for the WTS 50-45-40 configuration than the 

BW. The tip-sails also generated lift, contributing to the overall CL increase over the BW. 

The lower Reynolds number produced higher CL both with and without tip-sails at 

α = 5°. Furthermore, in the case of the BW, the lower Reynolds number produced a 

higher CL at α = 7.5° as well. This indicated that the airfoil geometry is creating lift more 

effectively at these lower angles of attack for Re = 60,000. 

In terms of drag, the tip-sails produced a significant increase in CD ranging from 

38.45% to 43.11% at Re = 60,000 and 20.95% to 29.14% at Re = 600,000. The overall 

drag was greater with tip-sails present due to their added surface area while the drag 

experienced by the main wing was lower than the BW by approximately 3% (at α = 5°) to 

6% (at α = 10°). The tip-sails represented a significant amount of added drag, 

approximately 20% of the total drag. TS1 produced the least drag with TS2 and TS3 

creating significantly more in all cases but α = 0°.  

The Re of 600,000 produced drag coefficients that were roughly two times smaller 

than those at 60,000 for both WTS configurations. The CD between the two WTS 

configurations were very close in value with the largest difference being 3.36% at α = 5
°
 

for Re = 60,000 and 1.27% at α = 5
°
 for Re = 600,000.  
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Overall, at Re = 600,000, the WTS 50-45-40 geometry produced slightly higher 

CL/CD than the BW at α = 5, 7.5, and 10° ranging from 9.46% at α = 5° to 14.20% α = 

10°.  

The accuracy of the built-in force-based drag calculation methods was confirmed 

through momentum integral drag calculations performed at distances of 2c, 4c, and 6c 

from the BW and WTS 50-45-40 geometry. 

The Re = 600,000 results were compared with experimental data from Miklosovic 

& Bookey (2005). For the BW, good agreement was seen between the two data sets in 

terms of CL with the maximum relative difference being -8.78% at α = 10°. The two 

datasets began to diverge slightly as the α increased. Good agreement was also seen 

between the numerical and experimental data sets in terms of CD with the maximum 

RNRD being 1.17% at α = 10°.  

For the WTS geometries, the data agreed well in terms of CL but not as well in 

terms of CD with the experimental data from Miklosovic & Bookey (2005). The largest 

RNRD between the CL of the two data sets was -9.50% at α = 10° for the WTS 50-45-40 

configuration. The maximum RNRD between the CD of the two data sets was 11.03% at 

α = 10° for the 50-45-40 configuration. However, the WTS geometries produced higher 

CD than the BW geometries in the numerical results when the opposite was seen in the 

experimental data. 

Potential sources of error that may have contributed to the discrepancy between the 

numerical and experimental data include small geometric differences between the studies 
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and limitations of the numerical transitional turbulence model. Geometric differences 

include, but may not be limited to, an undefined span-wise circular taper on the leading 

edge near the tip of the tip-sails in Miklosovic & Bookey (2005), potential surface 

roughness on the experimental model, and wing tip surfaces that were not rounded 

smoothly in all areas in the present study due to meshing difficulties. Next, while the 

measurement uncertainty is presented, Miklosovic & Bookey (2005) do not quote an 

experimental accuracy or error figure. The experimental variability in the Re was 

±50,000 and this may contribute due the dependence of the results on Re. Miklosovic & 

Bookey (2005) also did not quote a turbulence intensity in the wind tunnel used for 

testing and this is an important parameter for the numerical model. 

In terms of potential sources of error in the numerical model, the model itself is 

empirical in nature and has not been specifically calibrated for the geometry or flow 

conditions of the current study. The model also has known limitations at higher α and 

with complex transition location prediction in three-dimensional simulations. 

For future studies, it is recommended that additional experimental data for local 

quantities be obtained for a more in-depth comparison to be made with the numerical 

data. Another possible approach would be to analyze a simpler geometry such as a wing 

with a single winglet.  
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Appendix A: Details of Grid Generation Process 

The following appendix is intended to provide a brief set of recommendations that shed 

light on some of the subtleties of grid generation that are important in mesh generation 

for the complex geometry in this study.  

 At the beginning of the present study, the author attempted several methods of 

generating an automatically-generated mesh. Had this method been successful, the mesh 

generation process could have been significantly simpler and quicker. While the 

automatic mesh generation was not used for this study, it is recommended that any future 

studies attempt this method of mesh generation first. Note that the    ̃    transitional 

turbulence model is highly sensitive to the initial height of the mesh off of a no-slip wall 

surface, such as the wing or tip-sails. For this reason, the use of prism layers is 

recommended. At the time of writing, several meshing tutorials were found online 

(videos) and in the ICEM CFD help manual. 

 In the event that automatic mesh generation is not successful, a manual blocking 

hexahedral mesh generation process is recommended. Unfortunately, this method 

requires a trial and error approach at times but the resulting mesh is suitable provided the 

mesh quality criteria specified in Section 3.2.4 are met. Once an overall blocking 

geometry is created, the association process is very important. There is no association 

strategy that is universal and best for all situations. For the complex regions of the BW 

and WTS meshes, some points and curves were associated to points and curves, some 

were associated to surfaces and allowed to move freely as needed, and some were not 
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associated to any geometry at all. Association to designated curves and points in the 

geometry may only be necessary near domain surfaces and areas of the mesh where the 

mesh is sensitive and must be controlled to meet the quality criteria.  

 In these cases, it is recommended to first attempt to automatically smooth the 

mesh using the built-in ICEM CFD functions. Unfortunately, these methods did not prove 

to be successful for the current study. In this case, it is recommended to first experiment 

with the positioning of the vertices of the blocking before the curves. It is best not to 

associate these vertices to points until an optimal position has been found. To experiment 

with their position, one method is to associate a vertex to a surface and then manually 

drag it to various positions, recomputing the premesh and verifying the quality criteria 

after each iteration. This is a suitable method to quickly find rough positions for the 

vertices that will work best. 

 Once the vertices have been adjusted, if the mesh quality criteria are still not 

satisfied, it may be necessary to associate the edges. For the current study, several edges 

required very carefully designed curves for them to be associated to. These edges were 

located near the tips of the tip-sails and the tip of the main wing where the tip-sails are 

attached. One trick that was used when generating curves in ICEM was to create two 

adjacent points that were very close to each other at the beginning and end of the curve. 

This way, depending on the position of these two points, the angle of the curve could be 

tightly controlled near the surfaces ensuring the desired minimum mesh angles would be 

met. Another benefit was that the curve was still allowed to gradually and smoothly bend 
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between the remaining points defining its shape to ensure a smooth mesh that isn’t 

skewed. 

 It is important to check the mesh for errors often, even as much as after each 

change made, in addition to checking the mesh quality criteria. It is common for negative 

volumes or penetrating elements to be created when there is an issue with the various 

associations of the mesh. The offending associations are generally near the region where 

the negative volumes or penetrating elements are found. This is common if a vertex or 

edge is located below a surface or the geometry is not created very precisely. Often, it 

may be necessary to zoom very far into the affected area before the error is found as the 

mesh is required to be very dense near no-slip walls (i.e. the wing surfaces).  

 Finally, it is important to be aware of the limitations of ICEM CFD in terms of 

geometry. The most significant limitation is that ICEM CFD has limited surface 

resolution. Each surface within the program is made up of the same number of flat 

sections or smaller surfaces regardless of its size. For this reason, to achieve a very 

smooth wing surface, it is necessary to break the surface into several surfaces. This way, 

the wing surface will be made up of a larger collection of smaller flat surface sections. 

This can be a significant source of error and manifests as scalloping seen in the local data 

along the surface in question. Other geometrical limitations include certain methods of 

generating or modifying curves and surfaces. Always exercise caution when 

manipulating geometry and it is recommended to do mesh checks often. 
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Appendix B: Formulas Used in CFX Post 

The following formulas are examples of how the integrals for the momentum integral 

calculations were translated into CFX Post code: 

 ∫     
    

   areaint(Pressure)@PlaneUSx (B.1) 

∫          
    

 areaint(Velocity u*(areaave(Density)@Inlet)*Velocity v)@PlaneUSy 

  (B.2) 
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Appendix C:  Additional Mesh Independence Figures 

 

Figure 77: Mesh Independence - BW - Re = 600,000 - CP 
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Figure 78: Mesh Independence - BW - Re = 600,000 – τwall
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Figure 79: Mesh Independence - BW - Re = 600,000 - τwall
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Figure 80: Mesh Independence - WTS - MW - Re = 600,000 - CP 

 
Figure 81: Mesh Independence - WTS - TS1 - Re = 600,000 - CP 
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Figure 82: Mesh Independence - WTS - TS2 - Re = 600,000 - CP 

 
Figure 83: Mesh Independence - WTS - TS3 - Re = 600,000 - CP 
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Figure 84: Mesh Independence - WTS - MW - bottom surface - Re = 600,000 - τwall
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Figure 85: Mesh Independence - WTS - MW - top surface - Re = 600,000 - τwall
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Figure 86: Mesh Independence - WTS - TS1 - bottom surface - Re = 600,000 - τwall

*
 

 
Figure 87: Mesh Independence - WTS - TS1 - top surface - Re = 600,000 - τwall
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Figure 88: Mesh Independence - WTS - TS2 - bottom surface - Re = 600,000 - τwall
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Figure 89: Mesh Independence - WTS - TS2 - top surface - Re = 600,000 - τwall
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Figure 90: Mesh Independence - WTS - TS3 - bottom surface - Re = 600,000 - τwall

*
 

 
Figure 91: Mesh Independence - WTS - TS3 - top surface - Re = 600,000 - τwall
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