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ABSTRACT 
Title:  Investigation of a modified low-drag body for an alternative wing-body-tail 

configuration 

Supervisors:  Prof JP Meyer, Prof KJ Craig and Prof GR Spedding (University of Southern 

California) 

Department:  Mechanical and Aeronautical Engineering 

Degree:  Doctors of Philosophy in Engineering 

A wing-body-tail (WBT) configuration has been proposed without the conventional tailplane, 

allowing for new design objectives for the aerodynamic shape of the fuselage. A shorter, low-

drag body (LDB) can be employed with a lower structural mass and lower drag per unit volume. 

There is an additional possibility that a carefully-designed deflector flap (Kutta edge or KE) 

can modify the flow around the body to allow for a more uniform circulation between the body 

and the wing. This basic idea has been tested and supported in wind tunnel tests but there have 

been no systematic attempts to quantify or explore the design space for these WBT geometries. 

All prior investigations were experimental on the full configuration at a low Reynolds number 

(Re) range where the aerodynamics of simple, rigid, fixed wings becomes extraordinarily 

sensitive to small changes in geometry and the environment. Therefore, the purpose of this 

study was to first investigate a simple case of the NACA0012 airfoil and wing, which becomes 

non-trivial when making baseline comparisons for experimentation and computation purposes. 

A diagnostic procedure then guides comparisons and predictions in subsequent more complex 

cases. In a preliminary attempt to bring specifically-designed low-drag bodies (LDB) into the 

design space, a numerical study was conducted to investigate the effect of adding a KE to two 

LDBs whose properties have been well established in the technical literature. Initial 

experimental tests on KE deflection were always accompanied by aftbody deflection, and the 

same procedure was adopted in the numerical studies, so tail deflection was achieved through 

deflection of the entire aftbody. It was further noted that such measures were quite sensitive to 

details of separation over the body and tail and that, paradoxically, a preferred arrangement 

would be to locate the KE entirely within the bounds of the viscous wake. Finally, the notion 

that the body-tail combination can be used in conjunction with the wing to improve the net 

downwash of the configuration was considered. The two bodies used previously with the KE 

were fitted with an NACA0012 wing at a fixed angle of attack of 6°. The overall purpose of 

this study was to provide some insight into the differences between the previous experimental 

and numerical studies and to investigate a potential design space of the initially tested WBT 

configurations. Then further exploration of the design space was conducted by using 10 

discrete WBT configurations (five deflection angles with and without KE) for the original 

experimental WBT at chord-based, Rec = 105 and two LDBs at their specific design length-

based, Rel (1.2 x 106 for F-57 LDB and 107 for Myring LDB). This work confirms that the KE 

can influence the WBT wake structure as initially estimated in experiment. The results here 

suggest that the original KE concept requires careful matching in the reality of viscous flows 

over bodies and wings at finite Re. In particular, if the KE is wholly or partially immersed in a 

wake that derives from earlier upstream separation or wing-induced wake effects, then the KE 

cannot operate effectively and the body termination conditions must already be judged to be 
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sub-optimal. Adding the trailing-edge increased the total drag coefficient and the expected 

improvement of induced drag did not lead to a net benefit. If there is an optimal WBT 

configuration that leads to significant benefits in lift-to-drag, L/D, then it presumably would 

have to live in a domain where separation is almost completely avoided. The second modifying 

consideration is that if an entire system is designed for a certain lifting objective, then the option 

of providing that weight support through a modified geometry that includes a KE might not be 

well described by a single number such as L/D. When system benefits of reduced wing length, 

area and weight are included (and subsequently fed back into the new design set-point for the 

lift coefficient), the interlocked design benefits of each component might be difficult to isolate. 

The properties of the idealized WBT project with real bodies at finite Re are not easy to predict, 

this work offers useful guidelines and a helpful start, with recommendations for further 

numerical and experimental investigations. 
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NOMENCLATURE 

AKE =  Surface area of the Kutta edge     (m2) 

Am =  Body cross-sectional area at maximum diameter   (m2) 

AR =  Aspect ratio, b2/S 

b = Wing span       (m) 

c = Chord length       (m) 

Cd = Sectional drag coefficient 

CD = Drag coefficient 

CDA = Drag coefficient based on frontal area 

CD,i = Induced drag coefficient 

CDV = Volume-based drag coefficient  

Cf = Skin friction coefficient 

CN = Normal to the body force coefficient 

Cl = Sectional lift coefficient 

CL = Lift coefficient 

CP = Pressure coefficient 

D = Drag force        (N) 

d = Body diameter        (m) 

e = Oswald efficiency factor 

fsb = Blockage correction factor 

fwb = Wake blockage correction factor 

Flength = Function of control transition length 

Fonset = Function of control transition onset location 

Fs = Safety factor 

Fθt, F1 = Blending functions 

G = Observed parameter for mesh convergence 

I = Turbulence intensity 

k = Turbulent kinetic energy      (J/kg)  

K = Interference factor  

L =  Lift force         (N) 

l =  Body length        (m) 

Ncrit  = critical amplification number 

p =  Order of convergence 

P = Static pressure        (Pa) 

PTotal = Total pressure (P + ρU2)       (Pa) 

q =  Constant refinement ratio 

r = Body radius        (m) 

Rel = Reynolds number based on body length 

Rec = Reynolds number based on wing chord length 

Reθt = Transition onset momentum thickness Reynolds number, ρUθt/μ 

Re t
 = Transport scalar 

S = Surface area of the wing      (m2) 
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Sm = Semi-span of the KE      (m) 

t = Time         (s) 

TW = KE width        (m) 

u* = Friction velocity       (m/s) 

U =  Freestream velocity       (m/s) 

ǁUǁ = Velocity magnitude, ( 222
zyx UUUU  )    (m/s) 

Ux =  Streamwise velocity component      (m/s) 

Uz =  Vertical velocity component      (m/s) 

Vb =   Body volume        (m3) 

WD = Wake diameter       (m) 

x = Streamwise direction       (m) 

y = Horizontal spanwise direction      (m) 

y+ = Non-dimensional wall distance 

z =  vertical (wall-normal) direction     (m) 

 

Greek letters 

 

α =  Angle of attack       (°) 

β =  Turbulent viscosity ratio 

γ = Intermittency  

δ = Aftbody deflection angle      (°) 

δ* = Boundary layer displacement thickness    (m) 

δij = Kronecker delta 

ε = Relative error (or turbulent dissipation) 

θt = Transition onset momentum thickness 

Λ0 = Angle between the body and the KE    (°) 

λ = Fineness ratio 

μ = Dynamic viscosity       (kg/(m.s)) 

σ = Streamline curvature correction factor 

ρ = Density         (kg/m3) 

τw = Wall shear stress        (Pa) 

τij = Reynold shear stress      (Pa) 

ν = Kinematic viscosity      (m2/s) 

ω = Vorticity magnitude or specific dissipation rate    (1/s) 

 

Subscripts 

 

B =  Related to the body 

B(KE) = Body influence on KE 

c = Parameter based on chord 

C =  Combination 

F = F-57 LDB 

f =  Friction component 
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i, j, k = Nodal point indexing in the x-, y- and z-directions, respectively 

KE = Related to the KE 

KE(B) = KE influence on body 

L = Parameter based on bod length 

L, B = Lift slope of the body 

L, KE =  Lift slope of the KE 

L, T = Lift slope of the body and KE 

L, wing = Lift slope of the wing 

L, α = Lift slope at angle of attack 

L, δ =   Lift slope at angle of deflection 

M =  Myring LDB 

mod = Modified parameter 

p =  Pressure component 

t = Turbulent 

θt = Transition onset momentum thickness 

1, 2, 3 = Mesh refinement index number 
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1. INTRODUCTION 

1.1 Research background 

In the last two decades, major research initiatives around the world have been working on new 

aircraft configuration development, under the priority heading of “The Green Aircraft”. The 

most well-known of these initiatives is the National Aeronautics and Space Administration 

(NASA)’s Environmentally Responsible Aviation (ERA) project, the European Commission’s 

New Aircraft Concepts Research (NACRE) and the Clean Sky project. Spurred by the growing 

consensus that the current dominant aircraft configuration will have to be substituted, the 

search is intensifying for a superior new configuration as the pressure of the growing aviation 

industry on the environment demands substantially better flight efficiency.  

The current dominant configuration (CDC) in commercial air transport is that of the tube-and-

wing. The Douglas DC-3 entered service in 1936, having all the elements now common to all 

commercial transport aircraft. It is composed of a long tubular body, (hard, load-bearing 

external shell) supporting a single main pair of wings and a tailplane at the aft end, the purpose 

of which is to ensure static longitudinal stability. In the 80 years since then, very little has 

changed (perhaps engines may be mounted on the fuselage, perhaps on the wings). However, 

in times of continued scarcity and cost increases in fossil fuel, we are ever more concerned 

about whether potentially fundamental changes are necessary.  

One of the favoured alternative configurations is the blended wing body (BWB) (Liebeck et 

al., 1998; Liebeck, 2004). Although a review of the CDC is necessary, the general suitability 

of the CDC should not be lost (Huyssen et al., 2016). Some of the BWB’s most renowned 

qualities are the lift-producing centre-body, the elimination of the wing-body junction 

interference effects and the improvement of volumetric efficiency – all these qualities 

accumulate to a drag reduction of approximately 27% (Liebeck, 2004; Kuntawala, 2011). If 

general suitability of the configuration is to be maintained, a tube-and-wing configuration, with 

a similar fuel reduction, would be a meaningful avenue to explore. One such candidate already 

exists which could replace the CDC, known as the N+3 D8 configuration by Drela (2011). 

The reasons for apparent penalties of the tube-and-wing configuration are mostly associated 

with the fuselage, and its existence as volume-carrying structure. Multhopp (1942), Dodbele et 

al. (1987), Wickens (1990), Zedan et al. (1994), Coiro and Nicolosi (1994) and Reneaux (2004) 

have emphasised the importance of reducing drag over the fuselage surface by noting that all 

turbulent airplane fuselage drag comprises 50% of the total profile drag (friction and form 

drag). The fuselage is not required to provide a portion of the lift, in fact, the necessary addition 

of the fuselage to the wing leads to a local loss of lift (Munk, 1923; Prandtl, 1932; Jones, 1980) 

and associated drag increase (Hoerner, 1965). 
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A side-by-side comparison between the fuselage of the BWB and an adjusted tube-and-wing 

configuration (D8) shows design principles considered in the search for an improved 

configuration Drela (2011): 

a. Lower wetted surface area 

 D8 has the advantage of a shorter body with a reduced centre of gravity range, allowing 

the tail to shrink. 

 BWB will find it challenging to achieve low-drag and generate sufficient lift at a 

reasonable deck angle for a thick airfoil shape. 

b. Fuselage or centre-body contributes to lift 

 D8 has a potential disadvantage since a substantial increase to lift over the fuselage 

could mean an increase in induced drag.  

 BWB has a disadvantage since the centre-body needs to maintain trim and positive 

static margin. 

c. Airfoil-shaped fuselage 

 Both the D8 and BWB could benefit from the airfoil shape to reduce pressure drag or 

for the rear mounting of the engines to improve propulsion efficiency via fuselage 

boundary layer ingestion. 

Although only some aspects of the two are similar, these points could serve as a good starting 

point for what the ideal fuselage body should be. 

Huyssen et al. (2012) proposed an alternative wing-body-tail (WBT) arrangement. The key 

argument is that, in principle, a tailplane is unnecessary, since static longitudinal stability can 

be achieved with variations in the main wing geometry alone (Agenbag et al., 2009). Without 

this requirement, the long tubular body is neither necessary, nor close to an optimum, for either 

drag reduction or for packing efficiency (minimum wetted area per unit volume). If a different, 

shorter body is employed, it is possible to modify the flow around that body so that the 

circulation distribution between the body and the wings is much more uniform than with a 

tailplane. If that is so, both the induced drag and the total viscous drag can be reduced, owing 

to an improved body shape with a reduced wetted area. Therefore, two design objectives are 

proposed: a body with lower drag and a body that can provide some lift to the whole aircraft. 

In terms of drag reduction, the fuselage design can consider a low-drag body (LDB) shape, 

which is typically shorter than traditional fuselage bodies. Various studies have found 

(experimentally and computationally) that the optimum drag body would have a fineness ratio, 

λ, (length to maximum body diameter ratio, l/d) of between 4 and 6, which is significantly 

different from the current dominant passenger transport configuration (the so-called “tube-and-

wing”) that uses 9 < λ < 13. These studies include Young (1939), Gertler (1950), Stoney (1961), 

Boltz et al. (1960), Carmichael (1964; 1966), Chevray (1968), Krauss (1968), Parsons and 

Goodson (1972), Patel et al. (1974), Myring (1972; 1981), Hess and James (1976), Patel and 

Lee (1977), Chappell (1978), Meier and Kreplin (1981), Pinebrook and Dalton (1983), 

Markatos (1984), Patel and Chen (1986), Cebeci (1989), Lutz and Wagner (1998), Hammache 

et al. (2002) and Li et al. (2011) and mostly relate to underwater bodies and airships. 
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Figure 1.1 shows a schematic summary of aircraft fuselage and research bodies in terms of the 

relationship between λ and the Reynolds number (Re). Although the λ range is the same as in 

the case of practical aircraft design, the fuselage/body length-based Re ranges of practical 

aircraft design far exceed those of experimental work available.  

 
Figure 1.1: Past research on bodies of revolution including low-drag bodies. 

In terms of the second design objective, the proposed WBT configuration would modify the 

flow around the wing-body by using a deflector plate called the Kutta edge (KE), shown in 

Figure 1.2. This KE would control the downwash distribution in order to maintain the highest 

possible span efficiency for the wing during all flight conditions. This implies that lift can be 

supported on an LDB simply by adding camber to the body of revolution. When combined 

with a trailing-edge tail/plate it could yield quite significant performance benefits by improving 

wing effectiveness and at some deflection positions, act as a high-lifting device. In principle, 

if a KE contributes to the lift of an aircraft, it allows flight at a lower lift coefficient, CL, of the 

main wing, further reducing the drag of the overall system, offsetting any additional wetted 

surface area required for the KE. 

The experimental investigations were conducted at Re = 5 x 104 (Huyssen et al., 2012) and 

Re = 105 (Davis and Spedding, 2015). The KE appeared to modify the global flow around the 

body so that the circulation distribution between the body and the wings was more uniform, 

which, in principle, leads to a reduction in induced (inviscid) drag. However, the argument was 

only indirectly supported by the findings of modified downwash profiles in the near wake, and 

the mechanism by which the global flow-field was changed could not be directly identified, 

either from particle image velocimetry (PIV) in the wake (Huyssen et al., 2012; Davis and 

Spedding, 2015) or with global force balance measurements (Davis and Spedding, 2015). It is 

also noted that no attempt was made to optimise the WBT, and both studies used a NACA0012 

wing, a simple geometric form for the shorter body (not an LDB), and a discrete KE, which 

was not blended or integrated into the body shape. The KE itself was also fixed to the conical 
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aftbody, so that KE deflection was always linked with deflection of the aftbody. The deflection 

was described by a single angle, δ. 

 
Figure 1.2: Geometry of the WBT configuration, top and side view, showing the aftbody deflection angle. 

The assumption was made that global flow-field phenomena observed at these low Re, where 

accurate measurements are sensitive to small changes in geometry and the environment, would 

be similar than to those at a higher Re where these sensitivities do not play a role - a fair 

assumption given the deliberate use of boundary layer tripwires. Re < 105 is considered to be 

low Re and typically Re > 106 is the higher Re numbers. Leo1840727 

The baseline comparison for experimentation and computation at a low Re is non-trivial since 

the lower limits of most turbulence models is 105 (Catalano and Tognaccini, 2010; Rumsey 

and Spalart, 2009). The simple NACA0012 airfoil case at a low Re has been investigated by 

Jones et al. (2008) and Rumsey and Spalart (2009) who provide some insight into the difficulty 

of the modelling, but do not offer a full set of results for purpose of comparison. No attempt 

has been made to provide experimental and numerical force coefficient data with careful 

comparisons of the sensitivities around obtaining results for a NACA0012 airfoil at Re = 105. 
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1.2 Importance of the proposed work 

1.2.1 Low-drag bodies and the Kutta edge in the wing-body-tail configuration 

Fuselage design objectives can be reconsidered if a payload-carrying fuselage is no longer 

required to support the tailplane. Replacing the fuselage with a LDB that is typically shorter 

and wider compared to the conventional fuselage, will lead to a lower drag per unit volume and 

lower structural mass. An overall fuselage geometry improvement (delayed transition over the 

nose and preventing separation over the aftbody) also leads to a reduction to the viscous drag. 

There is an additional possibility that a carefully-designed deflector flap at the aft margin can 

be used to control the location of the rear stagnation point, and hence, the circulation on the 

preceding body in subsonic flow. Converting the body into a lifting device is obviously 

advantageous, but there are also secondary effects, one of which is that the more uniform 

spanwise loading distribution (even over the central body) can yield a reduction in drag, as 

there are fewer losses in kinetic energy associated with numerous strong streamwise vortices. 

This basic idea has been tested and supported in wind tunnel tests (Huyssen et al., 2012; Davis 

and Spedding, 2015) but the precise nature of the Kutta edge and body interaction were not 

considered, rather only the global flow-field effects. There have also not been any systematic 

attempts to quantify or explore the design space for these WBT geometries.  

1.2.2 Agreement between experimental and computational results at a low Re 

There is great uncertainty over rather basic quantities such as time-averaged lift and drag for 

wings and wing sections, simply because the Re is interesting and/or inconvenient. This 

unfortunate state is a consequence of the high sensitivity to small variations in conditions, and 

to the fact that most testing facilities are not well-suited to measuring such small forces with 

small tolerances. If a sound technical database is required, there is much work be done for low 

Re. Furthermore, many sensitive problems of laminar boundary layer stability, separation, 

transition and reattachment combine in complex ways that are intrinsically interesting. 

Various authors (Abbott and Von Doenhoff, 1959; Selig et al., 1995) provide comparative 

experimental resources for simple, rigid, fixed wings at a high Re. It has also been the focus of 

most commercially developed computational codes to predict flow-fields around these wings 

with good agreement. The same is not true for a low Re range where there is an increasing 

interest in the flight prediction of micro-air vehicles (Ol et al., 2005; Yuan et al., 2005; Rumsey 

and Spalart, 2009; and Catalano and Tognaccini, 2010). Quantitative experiments and plausible 

simulations on the peculiar behaviour of airfoils and wings at a low Re are now converging in 

a search for optimising tools, but the standards for agreement are vague as the usual supposedly 

simple problems are neither simple nor necessarily general. The agreement between 

experimental measurements and computational predictions will establish one or more baseline 

results and provide some insight into sensitivities at these low Re. The idea was that the 

diagnostic procedures will help guide such comparisons in subsequent more complex cases for 

example the proposed WBT configuration in this work. 

1.3 Aim 

The purpose of this study was to investigate the lift potential of low-drag bodies with Kutta 

edges, by numerically solving the flow-field around two low-drag bodies selected from 
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literature. This was then extended to the full WBT to determine the important characteristics 

of LDBs in the WBT. Also exploring a section of the design space of the WBT to establish 

sensitive variables in terms of the KE geometry and deflection angle for future more detailed 

shape optimisation studies. 

As a secondary aim, a set of experimental results for the NACA0012 at Re = 105 was compared 

to the numerical model. Reasonable comparison of the simple NACA0012 provided further 

confidence in the subsequent numerical evaluation of the LDB-KE and WBT configurations. 

1.4 Research objectives 

The primary research objectives for the study are as follows: 

 Establish the characteristics of LDBs from literature and select LDBs that have 

experimental or numerical data from literature to model using Reynolds-averaged Navier-

Stokes (RANS). Compare experimental and numerical results with literature and ensure 

good agreement is achieved.   

 Modify the bodies selected from literature by adding short Kutta edges, for aftbody 

deflection angles of 2, 4, 6 and 8° at body length based Reynolds numbers of 1.2 x 106 and 

107 and compare these to that of the reference body used in (Huyssen et al.,2012; Davis 

and Spedding, 2015). Determine a measure for the effective use of the LDB-KE in terms 

of providing lift. Describe the LDB characteristics at play when adding the KE and define 

the function of a KE. 

 Establish a numerical baseline agreement by modelling a simple NACA0012 airfoil and 

wing with a low Re, similar to the wing used in the reference WBT, and compare these 

results to the new experimental results. Comment on reliability of both sets of data. 

 Expand the series of RANS computations used previously on LDBs and reference body by 

fitting them with a NACA0012 wing at a fixed angle of attack of 6°. These configurations 

were modelled at wing chord based Reynolds numbers of 2.7 x 105, 2.4 x 106 and 105 

respectively.  

 Consider low-drag bodies within the WBT configuration to establish important 

characteristics of these bodies when combined with a wing and tail. Establish the sensitive 

variables in a design space. 

1.5 Structure of the dissertation 

Chapter 2 gives a detailed description of LDBs and the history of their development. A short 

overview is given in terms of the lift on bodies, wings and the body-tail interactions as 

described by existing literature. The basic principles of the proposed WBT configuration and 

experimental work that has been completed is summarised. A basic description is given of 

turbulence and transition models applicable to aerospace applications and their limitations at a 

low Re. 

Chapter 3 shows the experimental set-up and compares the results of a NACA0012 at Re = 105 
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which are investigated in terms of modelling and experimental sensitivities. 

Chapter 4 considers the numerical investigation of the LDB-KE to provide lift. It also details 

the fluid dynamics that enables this. Making use of two well-defined LDBs from literature, the 

KE is added and its effectiveness is evaluated and compared to the reference body (RB-KE 

combination). 

Chapter 5 describes the numerical investigation of the experimental WBT configuration. 

Thereafter an LDB is introduced into the design space as part of the WBT. In all configurations 

the KE is found to be less efficient than without a KE. 

Chapter 6 summarizes the research and provides a conclusion of the results. 

Recommendations for future work and improvements are suggested. 
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2. LITERATURE SURVEY 

2.1 Introduction 

The investigation of the proposed WBT configuration led to the consideration of three external 

aerodynamic applications, low-drag bodies, slender and delta wings as the tail and the wing. 

This chapter provides relevant knowledge in order to understand the reasoning behind the 

proposed WBT configuration selected. Some fundamental concepts that are key to various parts 

of the WBT are summarised. First, low-drag body characteristics are identified and two bodies 

are selected from literature to introduce to the WBT. Second, modifying bodies to provide lift 

are investigated. In this regard, low aspect ratio wings and delta wings as well as the slender 

wing-body theory are considered as it will make up the KE tail of the WBT. Third, the 

NACA0012 wing is considered in the context of agreement between experimental and 

computational results. Finally, the previous experimental measurements of the proposed WBT 

configuration are outlined. The computational model used is briefly discussed to provide 

insight into the selection of the specific models used in the study. 

2.2 Non-dimensional parameters 

To evaluate and compare flow regimes and aerodynamic forces, the non-dimensional Re, drag 

and lift coefficients are used. However since this study consists of bodies of revolution, wings 

and full aircraft configurations, the difference in reference area in each case becomes important. 

2.2.1 Reynolds number 

The Rel for a body of revolution is defined as the ratio between viscous forces (μU/l2) and 

inertial forces (ρU2/l) as: 



Ul
l Re ,     (2.1) 

where ρ is the density, U is the freestream velocity, l is the body length and μ is the dynamic 

viscosity. When considering an airfoil or a wing the reference length is the chord, c, and the 

Re is referred to as Rec. 

Re indicates the influence between the inertial and viscous forces in the fluid by defining three 

different regimes: laminar, transitional and turbulent. Laminar flow, for example, is where 

viscous forces dominate the inertial forces. In classical aerodynamics a Rec ranging between 

106 and 108 is considered a large number. In such cases the effects of viscosity are either easily 

ignored entirely, or are limited to a thin region close to the lifting surface, the boundary layer, 

where the outer potential flow adjusts to the presence of a solid body. Transition in external 

fluid dynamics is considered to be around Rec = 105 and is important for selecting models for 

the numerical simulations to understand whether transition modelling is relevant or important 

(White, 2009). 

2.2.2 Lift coefficient 

Lift generation for a body and a wing depends on different areas. The lift coefficients are 

therefore also defined using different reference areas. The body lift, L, depends on the 
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displacement of streamlines over the body, so the appropriate reference area is the cross-

sectional area at the maximum body diameter, Am, and CL is defined as: 

m

L
AU

L
C

25.0 
 .         (2.2) 

The lift coefficient for a wing or aircraft uses the planform area of the wing S, as reference 

area. For an airfoil, lift coefficient is defined as, Cl and uses c as the reference length. 

2.2.3 Drag coefficient 

When considering bodies of revolution or body-tail combinations, the volume of the specific 

body is used rather than the maximum diameter cross-sectional area. Specifically, LDBs might 

have similar diameters, but the streamwise profile of the body could be significantly different, 

so a volume-based drag coefficient is preferred: 

3225.0 b

DV
VU

D
C


 ,    (2.3) 

where Vb is the volume (used as the reference “area”) and D is the drag force. The drag 

coefficient is further defined as either pressure based (normal forces), CDV,p, or friction based 

(tangential forces), CDV,f. 

For the drag coefficient for an airfoil, c, is the reference length and the coefficient is defined as 

Cd. For a wing or full configuration, the wing planform area, S, is used with the coefficient 

defined as CD. 

2.2.4 Body fineness ratio 

Hoerner (1965) and Myring (1972) developed empirical correlations to describe the 

relationship of the body λ in terms of drag. These expressions are based on the experimental 

studies referred to in Section 1.1, and either the frontal area-based, CDA or the volume-based 

drag coefficient, CDV was used to determine what the ideal λ would be. Figure 2.1 shows the 

results of these empirical correlations, as well as for an ellipsoid in terms of CDA. 

Both the correlations assume fully turbulent flow and are valid for Re > 106. Each of these three 

lines has a different local minimum, according to Hoerner (1965), at a λ of approximately 2.6, 

and according to Myring (1972), at approximately 2. At any given λ, CDA is very dependent on 

the body geometry, so a more appropriate way to analyse the drag coefficient of a body of 

volume would be CDV as described in Equation 2.3. 
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Figure 2.1: Frontal area-based drag coefficients, CDA, as a function of λ. 

Figure 2.2 illustrates the CDV as a function of λ, where the minimum for the approximation of 

Hoerner as 4.6 and for that of Myring as 4.3. The suggested practical ideal based on the work 

of Myring (1981) on low-drag fuselages, however, shifts the λ to 5.56, to allow for realistic 

delay of transition over the nose and packing efficiency. Although from Figure 2.2 the increase 

in CDV between λ = 5 and 10 seems small, it does offer a potential 11% reduction in drag which 

is quite significant. These correlations were found to be accurate within 2% of validated 

experimental results for 106 ≤ Re ≤ 109, where transition could go up to 20% of the body length 

and Mach numbers below 1.  

 
Figure 2.2: Volume-based drag coefficients, CDV at Re = 107 as a function of λ. 
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2.3 Description of drag sources for external fluid dynamics 

The description of drag is often somewhat ambiguous between various authors due to the 

interconnected nature of the force components. The description provided by Torenbeek (1982) 

is used in this study. as illustrated in Figure 2.3. 

 
Figure 2.3: Drag breakdown of drag components (adapted from Torenbeek, 1982). 

Aerodynamic drag is primarily divided into inviscid and viscous drag. Inviscid drag consists 

of lift-dependent drag generated by trailing vortices shed by a lifting device (vortex drag), lift-

induced wave drag and also a variant of profile drag with angle of attack. Viscous drag is 

dependent on the surface area of the body (friction drag), volume of the body (form drag), the 

pressure recovery of the trailing-edge of the body and the growth of the boundary layer in 

unseparated flow (wake drag). Typically, when considering fuselage shapes, the viscous drag 

is minimised since a body is considered to be a non-lifting device, meaning that only form drag 

as part of the pressure component is taken into account. 

2.3.1 Drag on bodies of revolution 

Viscous drag involves the influence and characteristics of the velocity and pressure distribution 

across a body of revolution and the associated boundary layer development. In this regard, the 

body geometry effects (nose and tail fineness ratios) and the flow conditions (Re, Mach number 

and boundary layer transition position) are important variables to consider when finding an 

optimum λ.  
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The most important aspect of boundary layer development when considering a body of 

revolution, apart from preventing separation, is the position of transition. Along the nose 

section, the pressure gradient is favourable in order to delay transition. As the body starts to 

shrink in the aftbody, the boundary layer thickness increases due to the adverse pressure 

gradient, and the local shear force reduces to zero, reducing the friction drag. In the case of an 

adverse pressure gradient, the possibility of separated flow increases, which would affect the 

form and wake drag components. In low λ bodies, separation will occur and pressure drag will 

be high. As the λ increases, the flow would remain attached for longer, and hence friction drag 

ultimately dominates since the wetted surface area increases (Cebeci, 1989 and Zedan et al., 

1994). Figure 2.4 shows the boundary layer development over a streamlined body of 

revolution. 

 
Figure 2.4: Boundary layer development over a streamlined body of revolution (Adapted from Granville, 

1953). 

Therefore, when considering a body of revolution, two aspects are of interest to create an LDB 

at a low λ: delay the transition over the nose and prevent separation over the aftbody. 

2.3.2 Transition over the nose 

For a low Re, the transition location is very dependent on pressure gradients where, for a higher 

Re, the aircraft transition location happens on the nose. At a higher Re, the aftbody recovery 

will also be better since pressure drag is less as the boundary layer thickness is less. The nose 

shape and its boundary layer characteristics have a strong influence on the final aftbody shape 

(Smith et al., 1981; Myring, 1981; Chappell, 1978). Therefore, the aftbody design is not an 

independent problem from the nose shape since the upstream influence of an aftbody will alter 

the pressure distribution on the nose in subsonic flow.  

Delay of transition over a fuselage body has a practical limitation because of wing-body 

interference factors. Zedan et al. (1994) optimised an axisymmetric body for a business or 

commuter aircraft by using a modern low-drag aircraft, the Piaggo P.180 Avanti with a λ of 

5.85, and the shape developed by Dodbele et al. (1987) has a λ of 6.14, x/ltrans = 0.36 at Re = 

40.86 x 106. A reduced λ ≤ 5 may present some limitations for the aircraft designer in terms of 

stability and space utilisation (Zedan et al., 1994).  
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2.3.3 Separation over the aftbody 

Form drag in bodies of revolution (non-lifting bodies) happens primarily in the aftbody section 

due to the thickening of the turbulent boundary layer, and increases where there is separation 

due to body shocks or ill-shaped aftbody geometry. A streamlined body implies that the body 

does not have appreciable separation of flow from its surface, and therefore has little form drag 

resulting from the generation of separation eddies. Some form drag is still present even in 

perfectly streamlined bodies owing to the effect of the boundary layer in displacing the main 

flow outward, especially near the aftbody (Granville, 1953).  

In the aftbody geometry, short sections lead to thicker boundary layer displacement than longer 

aftbodies; a decrease in λ increases the form drag since the boundary displacement thickness 

increases. In the case of Re ≤ 105, there is a greater possibility of separated flow as the body 

thickness decreases on the aftbody. The point of separation in laminar boundary layers is 

dependent on the body geometry, whereas for turbulent boundary layers, separation is due to 

strong adverse pressure gradients (Myring, 1981).  

Aftbody geometry and the detailed shape of the pressure distribution are significant factors for 

a low-drag design. Patel and Chen (1986) commented that there is an added complexity to the 

flow over aftbody regions due to a rapid growth of the boundary layer, strong viscid-inviscid 

interaction and the effects of streamline curvature (Patel et al., 1974; Parsons and Goodson, 

1972; Markatos, 1984). 

2.3.4 Reynolds number sensitivity 

Boundary layer development exhibited by axisymmetric bodies is very Re dependent, similar 

to that of boundary layer development over a flat plate. The optimal laminar body is a strong 

function of Re and very sensitive to early transition, λ and aftbody curvature. For fully turbulent 

flow, both the aftbody and nose becomes insensitive to geometric changes and the λ can be 

used here to optimise the combination of skin friction and pressure drag (Chappel, 1978; 

Myring 1981; Smith et al. 1981). Parson and Goodson (1972) optimised LDBs and showed 

that for each Re, a unique LDB exists in the laminar flow regime. When the shape of the body 

is not at the optimum λ, the body drag becomes extremely sensitive to Re. 

Smith et al. (1981) found that aftbody shapes of axisymmetric bodies in fully turbulent flows 

are not appreciably affected over a wide range of Re. An optimal aftbody design for Re ≤ 106 

will also be nearly the optimum with an increasing Re. However, this will only be true when 

the nose remains turbulent; if it becomes laminar or partly laminar the aftbody design is 

conservative and will not lead to separated flow (Cebeci, 1989). This indicates that the benefits 

gained from a body that reaches pressure recovery quickly (short aftbody) can be very useful 

for low Re ranges, but can also be more sensitive to early separation over the aftbody (ESDU, 

1984). Geometry-wise, a short body, combined with a short aftbody or trailing-edge, reduces 

the viscous drag effects. 

2.3.5 Low-drag bodies 

In order to achieve a feasible LDBs the CDV should, of course, decrease. However, if the 

pressure distribution shows a large adverse gradient, the critical Mach number is reduced and 
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significant wave drag may appear. In addition, the first velocity peak (minimum pressure point) 

should occur as far downstream as possible to delay transition.  

Myring (1981) found that in a body where the nose is 50% of the total length and is relatively 

blunt, the velocity peaks are lower and move further back in order to reduce skin-friction drag. 

If the nose length moves further back, the possibility of large adverse pressure gradients in the 

thick boundary layer in the aftbody section arises. By removing the midsection and allowing 

the aftbody to be longer, the second velocity peak can be removed to produce a smaller adverse 

pressure gradient over the aftbody. An aftbody length of 50% of the total length can be used 

and for a lower λ the aftbody shape can be blunter to lower velocity peaks and reduce the overall 

drag. 

Myring (1981) compared an LDB with λ = 5.56 to a regular fuselage body with λ = 10, and 

noted that the LDB experiences a greater pressure drag and is therefore more sensitive to a 

Mach number increase. However, there is still an overall decrease of CDV of 10% with this 

sensitivity. 

2.3.5.1 F-57 low-drag body 

Parson and Goodson (1972) developed a series of LDBs by means of an optimisation algorithm. 

Drag reduction is solely accomplished by rough manipulation of the body of revolution 

geometry for a fixed volume in incompressible flow at a fixed speed. A potential flow model, 

coupled with the drag model based on the formulation of Young (1939), assumed fully attached 

flow. Young (1939) made use of a modified airfoil method to predict profile drag for smooth 

bodies of revolution, though he found this method to have some restrictions. At a higher Re > 

107 and low λ (3.25 ≤ λ ≤ 5.9), where there is early transition on the nose at x/l ≤ 0.05, the 

method gave reasonable results compared to experimental cases. However, when both Re and 

λ are lower, the assumption of negligible pressure variation in the boundary layer on the aftbody 

is not correct, since the thickening boundary layer can support substantial pressure variation 

(Parsons and Goodson, 1972; Patel and Lee, 1977). 

All the optimal designs exploited laminar boundary layers. The optimal shapes were strong 

functions of Re, with a high sensitivity to early transition. The Michel-e9 correlation was used 

to model the transition. Parsons and Goodson (1972) compared their numerical model to two 

experimental bodies from literature, “the dolphin” (Carmichael, 1966) and Model 4165 of 

Series 58 (Gertler, 1950) and found fairly good agreement in terms of drag prediction although 

the transition prediction was not able to find the transition location at the point the experiments 

showed. 

The F-57 LDB is selected here from the multiple LDBs Parsons and Goodson (1972) generated 

because data (pressure distribution, mean velocity distribution and Reynolds stresses) was 

published by Patel and Lee (1977) for the same geometry in wind tunnel experiments. 

2.3.5.2 Myring’s low-drag body 

Myring (1972) developed a viscid-inviscid method that could predict profile drag of a body of 

revolution in attached subsonic axisymmetric flow conditions. The prediction method assumes 

early transition on the nose which leads to only a turbulent boundary layer and wake analysis 
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being required. An integral method was preferred over a finite difference method purely 

because it meant a shorter computation time and had a small effect on the final drag predictions. 

The computational method was compared to experimental measurements on the Akron airship 

(Freeman, 1932a, 1932b) with a general agreement of well within 1% of weighted mean values 

of external velocity. The region near the aftbody showed a fairly good prediction despite acute 

theoretical and experimental problems. In terms of boundary layer parameters of momentum 

and boundary layer thickness there was a 5% difference in results, which was contributed to 

uncertainties in the experimental investigation (Myring, 1972). 

Within the family of shapes, Myring considered an LDB to be a shape with a continuously 

varying cross-sectional area, an ellipsoid nose (transition was forced at x/l = 0.05) and λ = 5.56. 

The Myring LDB is selected here since it was specifically developed as a low-drag fuselage 

body (unlike the hydrodynamic and airship bodies in most other studies) and the theoretical 

velocity distribution results were available. 

2.4 Lifting bodies and low aspect ratio tails 

Typically, the fuselage is not used as a lifting body, but in more recent aircraft configurations, 

like the BWB (Liebeck, 2004; Kuntawala, 2011) and the N+3 D8 configuration (Drela, 2011), 

a lift-providing centre-body is present. In this study, one of the requirements the fuselage can 

have in the WBT configuration is to provide a portion of lift. A fuselage body does not generate 

any lift when placed in-line with the flow direction in inviscid flow. However, when taking 

into account the viscosity (boundary layer development) and subsequent viscid-inviscid 

interaction over the aftbody, this scenario changes. Lift and vortex-induced drag of bodies are 

more sensitive to viscous effects than wings. The design objective of a body providing a portion 

of lift requires a means to reduce the lift-dependent drag component that arises as a result of 

the lift.  

2.4.1 The Kutta edge 

Huyssen et al. (2012) and Davis and Spedding (2015) showed experimentally that the trailing-

edge of a fuselage can be used to control circulation in the central region of the aircraft, in 

support of the original notion that the primary role of the KE was to enforce a particular location 

of the aft stagnation point. The force balance and PIV measurements (Davis and Spedding, 

2015) showed that the lift experienced by the aircraft with a KE increased with δ up to a certain 

maximum. The aftbody deflection makes a positive camber of the body, and thus potentially a 

non-zero circulation over it. The addition of the KE achieved the same effect at a lower δ and 

contributed to lift as δ increased. It was concluded that the most effective means of generating 

asymmetry and net lift on a body was through deflection of the KE. 

For bodies of revolution, the boundary layer thickens over the aftbody and as a result, there is 

substantial variation of pressure across the boundary layer, leading into the near wake, 

characterised by strong viscous-inviscid interaction (Parsons and Goodson, 1972; Smith et al., 

1981). The added KE geometry now forms part of this aftbody, and will therefore not only be 

influenced by the complex flows taking place in this region, but also by the potential separation 

that can occur with LDBs due to the adverse streamwise pressure gradient. If separation occurs, 
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the KE would be situated in the viscous wake of the body, and the KE shape and size would 

no longer greatly influence the lift, since the Kutta condition is not reached. Effective 

(increased L/D) LDB-KE interaction would depend on the flow remaining attached over the 

aftbody and the KE. 

The KE in this study was modelled as a low aspect ratio or delta-like wing attached to the 

aftbody of the fuselage. However, since it is within the near-wake of the body of revolution, 

the behaviour cannot be modelled or predicted in terms of a delta-like wing, but rather by the 

slender-body theory, which includes the body-tail interference.  

2.4.2 Low aspect ratio wings 

Low aspect ratio wings are defined as wings with AR = b2/S < 3, where b is the wing span. In 

the case where c is longer than b with a low AR wing, the trailing-edge of the wing is exposed 

to the flow that is deflected from the leading-edge. The downwash angle produced by this 

deflection is reached before the trailing-edge, which implies that when the edge is shortened, 

there is no loss in lift for a given span length. Therefore, CL for slender wings is defined by 

span area, b2, rather than by the wing surface, S, and leads to a lift slope, dCL/dα = π/2α (with 

α the angle of attack of the wing) since lift at such a low AR is independent of its chord. This 

is known as the basic circulation lift of a low AR wing (Weinig, 1947). 

In addition, when considering low AR wings, the flow about the lateral edges becomes 

important as a secondary nonlinear lift slope component. Lift is produced by the downward 

deflection of the air flow or by imparting momentum on a certain cross-section of the air flow 

by the pair of vortex sheets curling around the lateral edges from the lower to the upper surface 

of the wing. In general, wings with straight sides and trailing-edges are more efficient than 

those that are rounded (Hoerner, 1985). 

The lateral vortices do not only produce lift, but can also increase circulation over the entire 

portion of the wing area. As the AR reduces, there would be less surface area over which to 

increase circulation and the lateral vortices become the main source of lift (Hoerner, 1985). 

Therefore, the KE geometry should be more sensitive to spread compared to length for an 

improved L/D performance. 

2.4.3 Delta wings 

A delta wing is a triangular low AR wing, which the KE resembles. The strength of the vortex 

pair that develops over a delta wing is influenced by the cross-sectional shape, its angle of 

attack and the leading-edge angle. Typically, these vortex cores originate at the apex of the 

delta wing, increase in intensity over the top of the wing and continue after the trailing-edge at 

a downwash angle proportional to the lift. These vortices are referred to as leading-edge 

vortices that develop due to the downward momentum, produced by the counter-rotating 

vortices above the wing, result in the vortex lift component. If the angle of attack of the delta 

wing increases, the vortex cores move away from the surface and the strength increases as a 

function of an increasing pressure differential between the bottom and top surface of the wing 

(Hoerner, 1985). This leads to an increase in vortex lift as the angle of attack increases. 
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The leading-edge suction analogy (Polhamus, 1971) can predict the lift components 

(circulation and vortex lift) of a sharp-edged, flat plate delta wing. However, there are many 

limitations to the analytical model, including effects of the planform shape. The lift based on 

circulation can be predicted by assuming zero leading-edge suction, which translates into a 

Kutta-type condition being reached. This method also assumes that flow remains attached, 

leading to a normal force to the wing (lift) solely based on circulation over the wing, and the 

flow remains parallel over the trailing-edge. The leading-edge suction analogy can also predict 

vortex lift components with reasonable success at angles of attack lower than 20° where the 

vortex lift becomes the dominating component, which increases as the apex angle increases 

(Hoerner, 1985). 

Polhamus’s (1971) suction analogy was expanded by Lamar (1974) to include the estimation 

of the vortex lift on the side-edge along the wing. However it could be reasoned that since the 

KE ends in a sharp wing tip and there is no side edges to the wing, there will be no tip suction 

effect and therefore no need for Lamar’s expansion. 

Since the KE is not a delta wing alone, but has a body upstream attached to it and no distinct 

leading-edge, it becomes very difficult to predict the behaviour of the KE considering delta 

wing theory. When the KE is attached to the aftbody and later deflected, the angle as the flow 

approaches the portions of the KE is unpredictable and the viscous flow close to the body could 

interfere with the expected function of the KE. The tip shape leads to a loss in the circulation 

lift component too, which could imply that the aftbody shape has a strong influence on the 

effectiveness of the KE. 

2.4.4 Lift from body-tail combinations 

Lift develops over the nose of the body with fully attached flow at small angle of attack as the 

cross-sectional area changes. When integrating over the length of the body, positive lift over 

the nose and negative lift over the aftbody lead to a resultant lift force of zero. Streamlined 

bodies form vortices and develop normal forces (lift) similar to delta wings. The flow pattern 

develops in both cases as a pair of symmetrical vortex sheets from the sides of the body or the 

tips of the low aspect ratio wing. As the angle of attack increases, the location of the origin of 

these vortices moves upstream on the body, and the lateral distance between the vortex cores 

becomes an indication of effective lift provision. The larger this distance is, the more effective 

the tapering of the aftbody. A blunt cylindrical body has a lateral distance of approximately 

2/3dmax (Hoerner, 1985). 

However, if the body boundary layer separates over the aftbody (which could be the case even 

at zero angle of attack for a badly designed aftbody) at increasing angles of attack, there will 

be an increase in the pressure drag component. The cause for this increase is an increase in the 

effective base area of the body by virtue of the boundary layer displacement (Nielsen, 1988). 

The boundary layer rolls up into vortices enclosing a separation region, enlarging the area the 

forces act on, which leads to a drag component due to lift. 

When the body is combined to a delta-like tail, there would be a strong interaction between the 

vortex pairs of these two components. This requires an investigation into the influence of the 
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KE vortices on the body and on itself, as well as the body vortices on the KE and itself, further 

defined in Section 2.4.6. In principle, this would mean that the further forward the KE moves 

(or integrates into the body), the less interference there is between the vortices and the more 

effectively the combination provides lift. 

2.4.5 Modification of the slender-body theory for the Kutta edge 

Pitts et al. (1957) introduced a method to calculate the lift of circular-cylindrical bodies in 

combination with various tail shapes in subsonic flow. Certain parameters were defined to 

quantify the interference between the body and the tail at small angles of incidence. These 

parameters were defined as ratios of the lift of the components in the body-tail combination 

and the tail alone. These ratios were obtained by using the slender-body theory (Nielsen, 1988). 

Pitts et al. (1957) defined this method to describe large fuselage radii and to compare the tail 

spans of a typical missile application.  

Two models were proposed to predict the lift of a body-tail combination. The first model was 

based on the assumption that the body and tail each provides a local lift force. Considering the 

body as a slender-body, the estimated lift coefficient was given as CL,B = 2δ, where δ is the 

aftbody deflection angle of the WBT as shown in Figure 1.2, and the KE as a slender wing of 

which the estimated lift coefficient was given (Hoerner, 1985) as:  

CL,KE = (π/2)ARδ,     (2.4) 

where AR = b2/S and b is the wing span. This model is quite crude and is referred to as the 

simple model (SM) for convenience of notation in this study. A total lift coefficient was then 

described as: 

CL,T = 2δ + (π/2)ARδ,    (2.5) 

The second model made use of the method of Pitts et al. (1957) where lift was broken up into 

the sum of principle components of the body-tail combination, referred to as the slender-body 

theory (SBT). The lift from the body alone, LB, the lift from the KE in the presence of the body, 

LKE(B), the change of the lift on the body due to the presence of the KE, LB(KE), and the lift of 

the tail alone, LKE were defined. Simple closed expressions for the lift curve slopes can be 

obtained for the body-tail combination. However, these tend to overestimate the lift curves. 

This method has shown reasonably good agreement with experimental results (Pitts et al., 

1957).    

The method presented by Pitts et al. (1957) employs the model of Morikawa (1952) for 

presenting lift interference. In this method, the tail alone is defined as the exposed half-wings 

joined together. The lift of the combination, LC, is then related to LKE by an interference factor 

KC (ESDU, 1995): 

LC = KCLKE      (2.6) 

The interference factor KC is decomposed into three factors: 

KC = KKE(B) + K(B)KE + KB    (2.7) 
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Each decomposed component is defined as: 

 
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  ,    (2.8) 

where r is the maximum body radius, Sm is the semi-span of the KE, (∂CN/∂δ)B is the lift curve 

slope of the body alone and can be approximated to 2 for all cylindrical bodies and (∂CL/∂δ)KE 

is the lift curve slope on the KE alone approximated by the slender wing theory (ESDU, 1995). 

The (∂CL/∂δ)KE relies on the aspect ratio (AR = 2Sm
2/AKE, where AKE is the KE surface area) 

and the angle between the body and the KE, Λ0 as shown in Figure 2.5.  

       
KELBKEBKEL CKC      (2.9) 

       
KELKEBKEBL CKC    ,  (2.10) 

where KKE(B) and KB(KE) are obtained from the SBT as a function of r/Sm. KKE(B) can be 

considered as the interference fraction that the upwash from the body upstream has on the lift 

of the KE. Typically, the body upwash increases the lift provided by the KE. KB(KE) is the 

interference fraction of lift that is carried over by the KE to the aftbody due to the close 

proximity of the KE to the aftbody (ESDU, 1995).  

Finally, the lift coefficient curve can be approximated by: 
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  (2.11) 

In order to apply the two methods the geometry of the LDB-KEs has to be defined in terms of 

the SBT. Figure 2.5a shows the straight-forward definition of the body-KE geometric 

description compared to that of the prescribed SBT method. However there are two main 

differences in the geometric definition of the SBT compared to the LDB-KE combination. First, 

the cross-section of the body remains constant and has a blunt aftbody end, and for the LDB, 

the cross-section is continuously varying and can taper down to a very small tail edge. Second, 

a portion of the KE is located behind the body compared to the slender wing body definition 

where the tail-edges are only located on the sides of the body. 

 
Figure 2.5: Geometric definition of the LDB-KE based on (a) slender-body theory and (b) a modified 

approach.  
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The proposed adjustment to the geometric definition is shown in Figure 2.5b. A modified body 

radius, rmod, was defined as the wake diameter, WD, for which Patel and Chen (1986) suggested 

that, for the majority of bodies of revolution, including LDBs WD = 0.1l. The semi-span was 

adjusted to only consider the portions of the KE outside the body wake, which were exposed 

to the freestream velocity, Sm,mod = Sm - rmod. 

2.5 Lack of agreement of experimental and computational fluid dynamics at 

low Reynolds numbers for the NACA0012 

There is great uncertainty (experimentally and numerically) over rather basic quantities, such 

as time-averaged lift and drag for wings and wing sections, simply because the Re lies in a 

particular range (104 < Rec < 1.5 x 105). Both previous studies (Huyssen et al., 2012; Davis and 

Spedding, 2015) conducted experiments within this Re range and avoid these sensitivities by 

placing tripwires on the wings to ensure turbulent flow. The performance of wings at a low Rec 

is dictated by the dynamics of the laminar boundary layer, specifically, whether it separates or 

later reattaches. In the case where the boundary layer reattaches, the resulting laminar 

separation bubble (LSB) dynamics can be quite influential in determining global force 

coefficients, both instantaneous and time-averaged (Lissaman, 1983).  

The sensitivity to boundary layer separation and reattachment can make accurate and 

repeatable measurement, even of time-averaged Cl and Cd difficult at Rec < 105. The extreme 

sensitivity can be problematic, but also can present an opportunity if it can be reliably exploited 

for control, and a number of publications by Yang and Spedding (2013b, c, 2014) concluded 

that the sensitivity to either passive or active acoustic forcing can be used to produce local 

sectional changes in L/D of up to 80%. 

2.5.1 Experimental difficulties 

McCroskey (1987) conducted a thorough review of experimental studies in more than 40 wind 

tunnel test facilities and found that there were quite substantial disagreements between 

experimental results even at Rec > 106. This was the situation even with the suggested criteria 

by which to achieve reasonable agreement at a higher Rec was followed. However, for a lower 

Rec, the data were almost absent and agreement worse. 

Aerodynamic force measurements at a low Rec have particular sensitivities to the freestream 

conditions and surface geometry (Marchman, 1987; Mueller, 1999; Guglielmo and Selig, 1996; 

Laitone, 1996), making reliable data difficult to obtain. In addition to these sensitivities, there 

are compounding factors of surface finish/polish, acoustic environment (Grundy et al., 2001) 

and the non-negligible influence of viscous corner flows on end-plate configurations (Pelletier 

and Mueller, 2001). 

A number of experimental studies (Huang and Lee, 1999; Kim et al., 2011; Tsuchiya et al., 

2013) on the NACA0012 near Rec = 5 x 104 have shown non-linearities in the curves of Cl(α), 

even at a small α when the thin airfoil theory would predict a linear relation of Cl = 2πα. The 

non-linear shapes have not been the same from study to study, and no consistent explanation 

has been given for the phenomenon based on flow physics. An exception is (Tsuchiya et al., 

2013), but their results are quite different from those given here, perhaps because of the 
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relatively higher turbulence levels. The non-linearities may sometimes be evident only in small 

α intervals, and many studies lack such resolution (Lee and Su, 2012; Bhat and Govardhan, 

2013).   

2.5.2 Computational fluid dynamics difficulties 

Aeronautical flows at a low (transitional) Re are becoming accessible to computations of varying 

degrees of fidelity. The most rapid calculations are based on inviscid solutions with varying 

degrees of viscous correction. Of these, XFOIL (Drela, 1989; Drela and Youngren, 2001) is 

the best known and most accessible. XFOIL consists of a panel code to approximate the 

potential flow, coupled to a two-equation integral boundary layer formulation, which describes 

the boundary layer and wake. This viscid-inviscid coupling allows both transonic and low Re 

flows to be modelled (Drela and Giles, 1987) with some success. 

Computational fluid dynamics (CFD) codes are well-packaged and readily adaptable to 

aeronautical flows at a transitional Rec. Direct numerical simulation (DNS) and large-eddy 

simulation (LES) remain computationally expensive, with most turbulence models unable to 

capture the viscous boundary layers and their transition, separation and possible reattachment. 

Lee et al. (2015) compared various numerical codes for the NACA0012 at a low Rec, including 

results from a two-dimensional (2D) laminar code (with no turbulence model), 2D RANS with 

turbulence modelling (Baldwin-Lomax) and an implicit 3D large-eddy simulation (iLES). The 

computations were described as satisfactory, but one may only be able to say so after the fact, 

when it is clear which model works best. For example, Cl at α = 4.5° varied from 0.22 (2D 

RANS) to 0.52 (3D iLES) for reference, 2πα = 0.49 for α = 4.5°.   

The dangers of running a turbulence model at a lower Rec are that the successful matching of 

the observed physics (laminar separation bubbles) requires a coupling to a transition model 

(Rumsey and Spalart, 2009). Also, in cases of relaminarisation in transitional flows, the 

predictions are often inconveniently sensitive to model parameter selection. Windte et al. 

(2006), Radespiel et al. (2007) and Yuan et al. (2005) coupled transition prediction models to 

RANS to simulate flow around an SD7003 airfoil at Rec = 6 x 104. They all used the so-called 

en-method based on local linear stability theory to predict the transition location. The drag polar 

results compared fairly well to experimental data, but a systematic over-prediction of the lift 

coefficient was observed. The final observations concluded that even though LES-based 

simulations lead to deeper insight into the flow physics at such low Rec, the coupling of RANS 

models with transition prediction models serves as a good practical engineering tool for 

aerodynamic analysis and design (Yaun et al., 2005). However, for simulations where a more 

qualitatively accurate evaluation is needed special operations, such as obtaining the transition 

point by the 3-D iLES or experimental results and setting the turbulence model after the derived 

transition point, might be needed (Lee et al., 2015). 

The most extensive calculations to date are the DNS of Jones et al. (2008), who used a fourth-

order central difference scheme to compute the flow over a NACA0012 at α =5° and Rec = 5 x 

104. The full 3D calculations were initialized by expanding initial 2D simulations, and the 

naturally observed process of transition was stimulated by a suitable 3D forcing, which was 

then relaxed after some time. The 2D CL values fluctuated around 0.5, and then rose to 0.6 
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when forcing was applied in the 3D case. After a transient, CL varied between 0.6 and 0.64. 

The unforced 3D flow was not steady, but transition around the periphery of the separation 

bubble was self-sustaining with persistent pressure fluctuation amplitudes. The separated shear 

layer from the bubble was identified as a possible source of absolute instability that could 

account for the self-sustained turbulence (Tank et al., 2016). These computations were 

performed at a single α, with no appropriate experimental data for comparison. 

Almutairi et al. (2010) compared the DNS results of Jones et al. (2008) with filtered DNS, LES 

and a viscous-inviscid interaction model similar to the XFOIL formulation, except for 

including unsteady terms. In the LES, similar to Jones et al. (2008), the length of the spanwise 

domain length was influenced by the bubble length, growth, bursting and fluctuation as well 

as the mean Cl. This sensitivity was attributed to the fraction of the chord that the LSB occupies. 

Comparison of the results from the LES and the unsteady viscous-inviscid model were 

promising, suggesting that considerably cheaper computations could be made at a low Rec, 

over a range of α (Tank et al., 2016). 

2.6 Proposed wing-body-tail configuration 

Traditionally, the fuselage acts as a load-carrying structural member, holding the wings, 

landing gear and empennage. In the CDC, the empennage is placed sufficiently far rearwards 

from the centre of gravity to provide stability, control, trim and damping to the aircraft. This 

leads to the long, slender fuselage shape observed in the CDC described by the fuselage λ. The 

fuselage, shaped essentially like a long, streamlined tube, disrupts the wing. The fuselage itself 

is not usually designed to produce lift, and the adverse effects of having the fuselage interfere 

with the wing must be tolerated as part of the design compromise.  

Assuming that longitudinal stability can be obtained by other means (Agenbag et al., 2009), 

the fuselage is not required to accommodate tail wings far behind the aircraft centre of gravity. 

The fuselage design objectives can be revised, and it is likely that a shorter body with a low λ, 

while retaining the elliptical cross-section of the current dominant arrangement becomes a 

feasible alternative. Another design objective could be to provide circulation control on the 

body itself. By modifying the fuselage aftbody one can potentially contribute to lift by 

improving the span efficiency and therefore reducing the induced drag (Huyssen et al., 2012). 

2.6.1 Downwash distribution of an ideal wing 

Minimum induced drag is interpreted as a constant spanwise downwash distribution, which 

exists as a result of an elliptical circulation distribution (Munk, 1923; Prandtl, 1932; Jones, 

1980). The unique value of the local circulation on a lifting wing is determined by the Kutta 

condition at the trailing-edge. If a prominent body interrupts the wing trailing-edge, then the 

Kutta condition will not, in general, be maintained over the body itself and the local circulation 

will change. Figure 2.6a shows the ideal wing constant downwash and elliptical circulation 

distribution, with Figure 2.6b representing a more energetically wasteful solution where the 

fuselage is present (Huyssen et al., 2012). 
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Figure 2.6: Schematic representation of (a) an elliptic spanwise distribution over a wing alone and (b) a 

spanwise distribution over a wing-body combination of circulation and downwash (Adapted from Prandtl, 

1932). 

Induced drag is described as a function of the Oswald efficiency, e, as a percentage deviation 

from the ideal elliptical distribution as: 

eAR

C
C L

iD


2

,  ,     (2.12) 

Alternative configurations like the BWB consider the design of the fuselage to support, 

maintain and control a non-zero circulation profile to reduce induced drag (Porstdam et al., 

1997; Liebeck, 2004; Qin et al., 2005). However, control surfaces could also provide a fixed 

rear stagnation line for the fuselage, to match that of the wing, allowing the fuselage to become 

a lifting body and a dynamic part of the wing. As a result, there would be very little variation 

in the spanwise downwash distribution and it would seem to the near-wake observer that there 

was no body present (Huyssen et al., 2012). In theory, e increases, leading to an overall 

decrease in the CD,i. 

Huyssen et al. (2012) and Davis and Spedding (2015) describe initial experiments to test the 

hypothesis that a suitable body circulation control device can be deployed to modify the 

circulation on the body and effectively erase its inviscid signature in the wake. PIV showed 

that the WBT can potentially approach the ideal wing-alone wake quality. 

2.6.2 Initial experimental work of Huyssen et al. (2012) and Davis and Spedding (2015) 

The KE appeared to modify the global flow around the body so that the circulation distribution 

between the body and the wings was more uniform, which, in principle, leads to a reduction in 

induced (inviscid) drag. However, the argument was only indirectly supported by the findings 

of modified downwash profiles in the near wake, and the mechanism by which the global 

flowfield was changed could not be directly identified, either from PIV in the wake (Huyssen 

et al., 2012; Davis and Spedding, 2015) or with global force balance measurements (Davis and 

Spedding, 2015). 

The force balance and PIV measurements (Davis and Spedding, 2015) showed that the lift 

experienced by the aircraft with a KE increased with δ up to a certain maximum. The aftbody 

deflection makes a positive camber of the body and thus potentially a nonzero circulation over 

it. The addition of the KE achieved the same effect at a lower δ and contributed to lift as δ 
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increased. It was concluded that the most effective means of generating asymmetry and net lift 

on a body was through deflection of the KE. 

The PIV seemed to suggest that the KE can control the circulation and act as a high-lift system. 

If this is the case, it would be conceivable to suggest that the KE can be used to provide the 

highest possible span efficiency during all flight conditions. This, in turn, leads to a potential 

reduction in wing size and angle of attack, α, for a given design objective. This may be 

significant for wide bodies of reduced λ and, in theory, should offset any additional wetted 

surface required by the KE (Huyssen et al., 2012). The tube-and-wing configuration can be 

retained to benefit from its general suitability and elaborate wing-body blending will not be 

required.  

2.7 Numerical modelling at low Reynolds numbers 

Low Re applications are becoming more common with micro-aerial vehicles, but a lot of wind 

tunnel experiments also take place in this Rec regime. It is, therefore, important to be aware of 

the inherent limitations of the turbulent and transition models and how they will behave in 

certain cases in order to evaluate the reliability of the computed results. 

The majority of CFD studies have been conducted at a higher Rec (> 106) in aerospace 

applications. RANS is routinely used in the aerospace industry to predict flow-fields at a higher 

Rec. RANS focuses on the mean flow and the effects of turbulent fluctuations on the mean 

flow. With the time-averaging process, extra terms appear in the Navier-Stokes equations due 

to the interaction between these turbulent fluctuations. These additional terms are modelled 

using turbulence models to close the mean flow equations. 

Although RANS can model turbulence and separation effects with reasonable accuracy at a 

higher Rec, at a low Rec (104 – 105), the presence of separation bubbles means that the 

separation is laminar and transition points are very difficult to set (Windte et al., 2006; Yuan 

et al., 2005; Rumsey and Spalart, 2009; Catalano and Tognaccini, 2010). Turbulence models 

are calibrated for separation in the turbulent flow regime and rely on modifications or couplings 

with transition models at Rec ≤ 105 to predict transitional behaviour.  

2.7.1 Shear-stress transport k-ω turbulence model 

The most reliable turbulence model (Menter, 1992b) to deal with the difficult numerical 

challenges associated with separation is the shear stress transport (SST) k-ω turbulence model 

of Menter (1994). The SST k-ω model has seen fairly wide application in the aerospace 

industry, where viscous flows are typically resolved and turbulence models applied throughout 

the boundary layer, as well as having the ability to successfully predict the onset of flow 

separation (Menter et al., 2006). 

The SST k-ω turbulence model (Menter, 1994) effectively combines the k-ε model in the far-

field and k-ω model in the near-wall regions. This combines the free-stream/inlet insensitivity 

of the k-ε model with the improved performance of the boundary layer and adverse gradient 

solutions of the k-ω model. The modelled equations for the turbulence kinetic energy, k, and 

the turbulence frequency, ω, are: 
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where the Reynolds stress tensor is described as:  
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,   (2.15) 

which is the production and destruction terms of the turbulence kinetic energy equation, and 

F1 is the blending function combining the two models. The modelling constants remained 

unchanged from the recommended settings in Star-CCM+. 

2.7.2 Transition modelling 

The transition model needs to be responsible for modelling the weak disturbances within the 

laminar boundary layer that lead to natural transition, as well as the potential reattachment of 

the laminar boundary layer and separation bubbles. The γ-Reθ transition model is a correlation-

based model that is coupled with the SST k-ω turbulence model to provide a predictive 

capability specifically formulated for unstructured CFD codes and also applies to low Re cases 

(Menter et al., 2006; Langtry et al., 2006). The transition model is comprised of two transport 

equations. First, an intermittency, γ, transport equation attempts to predict the percentage of 

the flow that is turbulent (triggers the transition process). The intermittency function is coupled 

with the SST k-ω turbulence model (Menter, 1994). It is used to turn on the production term of 

the turbulent kinetic energy downstream of the transition point in the boundary layer (Langtry, 

2006). 
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The second transport equation is responsible for providing an empirical correlation for 

transition onset momentum thickness Re, Reθ.  
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These correlations are typically based on freestream values, like the turbulence intensity or the 

pressure gradient outside the boundary layer. Outside the boundary layer, the transport variable 

is forced to follow the value of Reθt provided by experimental correlations. This information is 

then diffused into the boundary layer by a standard diffusion term. By this mechanism, strong 

variations of the turbulence intensity and the pressure gradient in the freestream can be taken 

into account (Langtry, 2006). One of the main advantages of the present approach is its 

suitability to predict separated flows. 

Recognising, however, that the process of calibrating the needed correlations is complex and 

time consuming (Malan and Suluksna, 2009), the required correlations have been carefully 

calibrated and are provided by default within the model in Star-CCM+. The detailed 

formulation of both the SST k-ω turbulence model and the γ-Reθ transition model in Star-

CCM+ can be found in the User Manual of Star-CCM+ V8.06 (Star-CCM+, 2013) or a 

summary can be found in Malan and Suluksna (2009). All application cases in this study make 

use of the coupling of these models in Star-CCM+. 

2.7.3 Modelling conditions 

The numerical modelling boundary conditions are selected to determine that the appropriate 

physics is used, with the correct input parameters and with an adequate mesh. Within the 

physics modelling, two conditions relate to these tests. First, using the correct wall y+ treatment 

to ensure that the mesh resolves the boundary layer, and second, by selecting the transition 

input parameters to ensure that the laminar to turbulent transition of the flow can be predicted. 

2.7.3.1 Wall y+ condition 

The non-dimensional wall distance for wall-bounded flow is defined by: 

*u y
y



    where, 𝑢∗ = √𝜏𝑤 𝜌⁄    (2.19) 

where y is the distance to the nearest wall and ν is the local kinematic viscosity of the fluid. 

The y+ value is used as an indication in turbulence models of whether the cell count and size at 

the wall is sufficient to capture the flow gradients close to the wall. The low y+ wall treatment 

used in Star-CCM+ assumes that the viscous sublayer is well resolved and that the typical wall 

laws are not required. This wall treatment is typically used with low-Re models. In these cases, 

it is important to model the boundary layer flow 1y  . 

The low y+ wall treatment is the most accurate model to resolve the viscous sublayer, but 

requires more cells in the boundary layer, and will therefore be computationally more 

expensive. 

2.7.3.2 Transition model inputs 

The turbulent inlet boundary conditions (turbulent intensity, I, and turbulent viscosity ratio, β) 

are important when using the γ-Reθ transition model to attempt to reflect the influence of the 

freestream on the transition location (Langtry, 2006).  

 

Turbulent intensity is generally defined as: 
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 2 3 k
I

U
 ,             (2.20) 

and turbulent viscosity ratio (μt/μ): 

𝛽 =
𝜌𝑘

𝜔𝜇
.     (2.21) 

In the absence of measured data, the proper turbulent inflow boundary conditions become a 

delicate balance between an acceptable turbulent decay rate and an acceptably low turbulent 

viscosity ratio (μt/μ). In some situations, such as wind tunnels with very low background 

turbulence, it might be a challenge to obtain a suitable compromise between these two 

variables. This issue is often exacerbated when a far-field boundary is specified a large distance 

away from the body. 

The boundary condition for  in Equation 2.18 is calculated from the empirical correlation 

based on the inlet turbulence intensity, which is an important inlet condition to set when using 

this model. 

The blending function, Fθt, is used to turn off the source term in the boundary layer and allow 

the transported scalar, Re t
, to diffuse in from the freestream. Fθt becomes 0 in the freestream 

and 1 in the boundary layer. The γ-Reθ transition model relies on a definition of Reθt in the 

freestream (Langtry, 2006). Star-CCM+ allows for a user-defined field function by which the 

location of the freestream edge is typically specified in terms of an iso-surface based on the 

distance from the cell centroid to the nearest wall (Malan and Suluksna, 2009). The transition 

model conditions and wall y+ treatment are considered in Chapter 3 as part of the verification 

procedure. 

2.8 Summary and conclusions  

Investigation of the proposed WBT configuration has various avenues to explore. Not only 

does the configuration pose a couple of questions regarding the conventional design objectives 

of the fuselage, but the original experimental condition also pose some aspects to consider and 

investigate. As such, this study considers a variety of external aerodynamic applications of 

which the basic fundamentals are reported in this chapter. 

The first design objective for the fuselage was to consider its replacement with an LDB and 

thereafter the body-tail dynamics when the KE was added. The literature reviewed here 

indicated two candidate LDBs: the F-57 LDB from Parsons and Goodson (1972) and the LDB 

from Myring (1981). The F-57 LDB is a good candidate since there are experimental results 

from Patel and Lee (1977) with which the numerical model can be compared. The Myring 

LDB, on the other hand, is selected since it is specifically designed to be a low-drag fuselage 

body, unlike the F-57 LDB, which was designed to be a low-drag hydrodynamic or airship 

body. 

The secondary requirement of the fuselage to provide some lift leads to the addition of the KE. 

The KE attached to the aftbody of the fuselage resembles a low aspect ratio or delta-like wing. 

Two sources of lift were identified, which affects the spread of the KE (vortex lift component) 

and the length (circulation lift) of the KE. Of these two, the length would be independent of 

Re t
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the lift, but the spread can provide greater lift at wide angles and when deflected. However, not 

only was the KE within the near-wake of the body (which deflects the streamlines), but the 

presence of the body upstream also means that the KE has no distinct tip shape similar to the 

delta wing. This would influence the effectiveness of the KE, but would also means that the 

KE does not work exactly like the delta wing. In order to predict the effectiveness of the KE in 

combination with a body to provide lift, the SBT was used. Interference factors between the 

body and the KE provide guidelines in terms of the KE geometry.  

Finally, as part of the numerical validation to follow, a NACA0012 wing at a low Rec is 

evaluated using CFD and compared with force measurements. Since previous studies on the 

WBT were conducted at these low Rec, it was important to test the CFD models used and be 

aware of the limitations in both CFD and experimental results. With low Rec studies, there are 

particular sensitivities when conducting experiments and CFD simulations. DNS and LES 

remain computationally expensive and RANS models have to be coupled with transition 

models to attempt to predict the boundary layer features. Some computational studies exist at 

a single α, with no appropriate experimental data for comparison. 

Initial experimental work on the WBT by Huyssen et al. (2012) and Davis and Spedding (2015) 

indicated a potential for aerodynamic improvement when the KE was added to a short fuselage 

body. It was, however, unclear whether the KE truly achieved the design goals of circulation 

control and what the effects of its presence were to the overall performance. Therefore, the 

purpose of this study is to conduct a more in-depth investigation, not only in terms of the 

influence of the KE, but also whether the whole configuration would benefit from an LDB. 

These questions could not be answered by the experimental work to date, and no numerical 

simulations have been used to investigate the WBT. 
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3. EXPERIMENTAL AND NUMERICAL                    

COMPARISON: A NACA0012 CASE STUDY 

3.1 Introduction 

Experimental measurements and computations of aeronautical flows in the transitional Re 

regime are extremely challenging, characterised by a large sensitivity to small disturbances or 

variations in boundary conditions. In this Re regime precisely acquiring aerodynamic forces 

by experiment are made difficult since the flow velocity is low and the forces consequently 

very small (Lee et al., 2015). Few have paid attention to the scarcity of reliable information 

until recently, as studies of natural and artificial flyers overlap this Rec domain. Although 

numerical simulation is able to set ideal conditions and in some way compensate for the 

uncertainty of experimental measurements there is an equal amount of computational factors 

that cast doubt over the simulated flow features in the transitional regime. Without calibrating 

the turbulent and transition models it becomes impossible to predict exact flow features and 

without reliable wind tunnel measurements such calibration does not exist. The purpose of this 

chapter is to present reliable data for one specific case of the simple symmetrical airfoil 

NACA0012 at Rec = 105 that is proposed as a test case for codes and experiments that aim to 

make predictions of aerodynamics in such a range of Rec.   

Huyssen et al. (2012) and Davis and Spedding (2015) both conducted experimental 

investigations of the proposed WBT at a low Rec (5 x 104 and 105) and concluded that 

phenomena appearing in this low Rec range would also appear in larger Rec cases. Although 

ostensibly simple, the boundary layer and separation dynamics are quite subtle, leading to 

shapes of time-averaged force coefficients that would not readily have been predicted. In 

previous experimental work, these laminar boundary layer difficulties were circumvented by 

using tripwires over the body and wing.  

In an attempt to show reliability of computations on a simple NACA0012 wing, RANS is used 

to estimate the average force coefficients before attempting the more complex LDB-KE 

combination in Chapter 4 and the WBT in Chapter 5. All the results in this Chapter only refer 

to Rec = 105 and not the Rec = 5 x 104 test case. The Rec = 5 x 104 experimental results for the 

WBT in Huyssen et al. (2012) were merely qualitative. However the same procedure of 

investigation was followed for the NACA0012 at Rec = 5 x 104 and is documented in Appendix 

A. 

3.2 Dryden wind tunnel set-up 

The experiments were conducted in the Dryden wind tunnel at the University of Southern 

California. Figure 3.1 shows the closed-loop wind tunnel with a contraction ratio of 8:1, an 

octagonal cross-section of 1.37m and a test section with a streamwise length of approximately 

6m. Twelve screens ensure a low turbulence level of 0.03% over a velocity range of 

5 ≤ U ≤ 26m/s with flow uniformity measurements showing less than 0.5% velocity deviation 

from the mean velocity for a given cross-section (Yang and Spedding, 2013). This was 

measured in an empty test-section for spectral frequencies between 2 and 200Hz. 
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3.2.1 NACA0012 wing model 

The NACA0012 wing model used for Rec = 105 was a solid model, computer numeric control 

(CNC) machined from aluminium, with AR = 3.7 (b = 28 cm and c = 7.5 cm). The model can 

either be mounted directly on the pedestal floor mounting with one free-end to conduct the 3D 

test or between end-plates to conduct the 2D tests.  

 
Figure 3.1: Dryden wind tunnel set-up for the force balance system and the NACA0012 wing model. 

For the 2D tests, an infinite aspect ratio was approximated by placing endplates at either tip of 

the wing. The endplates were 9.48c (in x) x 4.75c (in z) x 0.17c thick, with sharp leading-edges 

and were aligned carefully, parallel with the flow. The ends of the model were kept within about 

0.013c of the endplates. The actual value was 1mm, which is within the acceptable distance 

given by Mueller (1999) of 0.1mm to 1.4mm. This is within the separation distance of 0.005b 

(1.4 mm) recommended by Barlow et al. (1999) and less than the laminar boundary layer 

displacement thickness on the plates themselves, δ* = 5.2x/Rec
½ = 2.7 mm. The model support 

rod passed through a hole in the bottom endplate, 1.13c behind the leading-edge and equidistant 

from the edges in z. The bottom end of the model itself is 0.85b above the wind tunnel floor. 

The freestream was corrected by 0.4% based on a correction suggested by Barlow et al. (1999) 

for unusually shaped objects where the model volume includes the wing, supports, endplates 

and shroud at a maximum α. An empirical procedure described in Selig et al. (1995) yields a 

blockage correction factor, fsb = 0.0044. The wake blockage correction factor and the streamline 

curvature correction was estimated as fwb = 0.0024 and σ = 0.0007 respectively (Tank et al., 

2016). 

3.2.2 Force balance 

Force balance measurements were performed with a custom, three-component, cruciform-

shaped force balance with a parallel plate structure design (Zabat et al. 1994). A final 3 x 4 

calibration matrix that consisted of an average of the three most recent calibration sets was 

used during the test. During the calibration process, the sensitivities of the off-diagonal terms 

in the calibration matrix to estimated drag were carefully controlled. The uncertainty of lift and 

drag measurements was estimated to be less than 8 mN, which was 0.13% of the minimum 

expected drag force on a model of this size. 
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The force balance was located below the tunnel and was connected to the model via a pedestal 

floor mount that extended through the tunnel floor and was shielded by an aerodynamic shroud 

as shown in Figure 3.1. The model support rod was inserted into the pedestal floor mount and 

secured with a screw. Lift and drag measurements were zeroed with forces corresponding to 

the empty mount, the weight of the model, and freestream flow interaction with the mount. 

Because the mount was shielded by a shroud, the freestream flow interaction component was 

much smaller than the others, generally less than 5 mN. For 3D tests, in order to reduce the 

interference of the shroud with the lower wing tip vortex, the length of the shroud was reduced 

so that the lower end of the model was raised 1.5c above the top of the shroud, exposing the 

support rod to the air flow. To correct for this, the drag force on a matching rod was also 

measured as CD = 0.007 and subtracted from the test results.  

Five sweeps produced ten measurements of each α range of -5° ≤ α ≤ 9° in increments of 0.5°, 

which were averaged to give a single value. After each α step, the flow was allowed to settle 

for ten seconds before ten seconds of data were collected at 1kHz and averaged. The uncertainty 

of each resulting force value was taken as the standard deviation of the ten averages. The entire 

test procedure was repeated for the 2D and 3D configurations at each Rec until three 

consecutive data sets gave the same drag coefficient values within the uncertainty limits. In the 

case of a symmetric model, curves were shifted by a small α to ensure zero net lift force at α = 

0°. After stall, the model begins to oscillate considerably, so measurements were not taken for 

post stall α (Tank et al. 2016). 

Repeated testing showed that the drag results were extremely sensitive to the off-diagonal terms of 

the calibration matrix, caused by small alignment errors during calibration. Because a symmetric 

model was being used, non-symmetric drag results were identified as incorrect and discarded. The 

lift curve was relatively insensitive to these small calibration errors, and there was generally a 

negligible difference between lift results from test to test. Tests were generally performed on 

separate days, but even when two tests were performed on the same day, the entire procedure, 

including calibration and collection of zeroing forces, was repeated for each test.  

The uncertainty for the force measurements was an accumulation of the force measurement 

(< 8mN), the flow speed uncertainty of 0.1m/s and the model dimension uncertainty was 

estimated at an conservative value of 0.5mm. The propagated uncertainty of the force 

coefficients was then less than 1.5%. 

3.3 Computational modelling of the NACA0012 

Two types of simulation techniques were used in Star-CCM+ to model the 2D solution. First, 

the 2D mesh option in Star-CCM+ was used, and second, a thin 3D mesh was created, referred 

to as pseudo two-dimensional or P2D, which was computationally less efficient than the 

former. The 3D model, as it is oriented in the Dryden wind tunnel, was then simulated. Both 

the airfoil and wing models were truncated at 0.99c for meshing convenience. 

3.3.1 Two-dimensional model geometry 

The NACA0012 airfoil was modelled in a circular two-dimensional plane as shown in Figure 

3.2a. The total domain size consists of a 16c diameter with the inlet 8c from the airfoil leading-

edge and 7c towards the outlet from the airfoil trailing-edge.   
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3.3.2 Pseudo two-dimensional model geometry 

The P2D model consisted of the same NACA0012 airfoil with a spanwise length of 0.55c 

which falls in the suggested range by Almutairi et al. (2010). The rectangular domain 

represents an infinite span wing and was therefore regarded as P2D. The inlet was 5c from the 

leading-edge and the outlet 13c from the trailing-edge with a domain height of 11c as shown 

in Figure 3.2b. 

3.3.3 Three-dimensional model geometry 

The NACA0012 wing had c = 0.075m and AR = 3.7 at Rec = 105. The full NACA0012 wing 

was modelled in a simplified cylindrical shape representing the octagonal Dryden wind tunnel 

test section (Huyssen et al., 2012; Davis and Spedding, 2015). The wing was positioned at 24c 

(roughly translating to 6l, where l is the length of the full WBT model) from the inlet plane of 

the flow domain, and the full domain size was 75c. The diameter of the wind tunnel was 1.37m 

(18c), as shown in Figure 3.2c. 

 
Figure 3.2: Model and domain geometries for (a) 2D; (b) P2D and (c) 3D for the NACA0012 airfoil at 

Rec = 105. 

3.3.4 Solution domain and mesh generation 

The computational meshes that were generated for all geometries consisted of polyhedral cells 

and were meshed using the Advancing Layer Mesher in Star-CCM+ (Star-CCM+, 2013). This 

mesh function enabled the mesh to grow around sharp corners on the body without collapsing. 

The advancing layer mesh approach allows a homogeneous, body-conforming mesh to be 

generated. All models had 20 cells across the boundary layer height for accurate drag 
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estimation, except for the 2D NACA0012 airfoil that had 22 boundary layer cells. Two 

boundary layer cells were sufficient for the simulated tunnel walls where these were present.  

Mostly, three to four volumetric mesh refinements were used for the mesh domains. The first 

and second drove the cells to be finer around the bodies and to gradually increase the cell size 

away from the bodies, while the third drove the sections at the trailing-edge and wake regions 

to be finer. Primarily, these refinements increased the mesh density where viscous effects were 

expected to be more prevalent. Figure 3.3 shows the mesh around the 2D model. The full 3D 

mesh consists of 4 x 106 cells, the P2D of 1.5 x 106 cells and the 2D of 106 cells. 

 
Figure 3.3: Mesh for the two-dimensional NACA0012 airfoil at Rec = 105, boundary layer refinement cells 

enlarged in the red box by 7x4c. 

The boundary conditions used for all the test cases are shown schematically in Figure 3.2. For 

all bodies, the flow was assumed to be steady and incompressible, with a constant velocity inlet 

boundary condition, with Rec for the NACA0012 airfoil and wing. The outlet boundaries were 

pressure boundaries set at atmospheric conditions. The NACA0012 wing’s outer surface 

domains were modelled as no-slip wall boundaries, where the outer boundaries for the 2D and 

P2D NACA0012 model had symmetry boundaries. The non-dimensional wall distance 

criterion, y+ < 1, was satisfied for all cases (the predicted wall boundary thicknesses are less 

than a wall-bounding computational cell and the boundary layer could therefore be modelled 

on that cell).  

The Star-CCM+ solver for the RANS equations with the SST k-ω turbulence model (Menter, 

1994) was used in all cases. Although details of the turbulent fluctuations are not required to 

model global lift, drag is more sensitive to these details. The SST k-ω turbulence model was 

selected because it has successfully been used in predicting onset of flow separation (Menter, 

1992a). The γ-Reθ transition model (Menter et al., 2006) was used to predict laminar-turbulent 

transition. Not only was this important for the low Re NACA0012 case where separation 

bubbles were expected over the aftbody, but also for the LDB simulations in Chapter 4 where 

there was the possibility of laminar separation over the aftbody. 

3.4 Computational model verification and validation 

A wide variety of results does not exist in literature (Lee et al., 2015; Castiglioni and 

Domaradzki, 2015; Rumsey and Spalart, 2009; Jones et al., 2008) of the NACA0012 airfoil at 

Rec = 105. The need for reliable wind tunnel results therefore arose, and hence forms part of 

this work as an independent validation study. The simulation sensitivities and wind tunnel 
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result sensitivities were investigated, and provided some insight into the difficulties and 

discrepancies in both cases. 

The verification process refers to the numerical accuracy of the code for a specific problem and 

was conducted by means of a mesh convergence study. Other than the mesh convergence study, 

the level of uncertainty for the simulation was considered to some degree in terms of modelling 

assumptions and approximations and the uncertainty due to the input parameters. 

3.4.1 Uncertainty related to modelling assumptions and approximations 

Some modelling assumptions were made to reduce the set-up time, meshing complexity and 

simulation time. First, the influence of the wind tunnel’s cross-sectional shape as a cylinder 

instead of the Dryden wind tunnel’s octagonal shape was investigated by comparing the lift, L, 

and drag, D, forces from the simulations. Second, the simulation domain was halved with a 

symmetry plane at the centre of the domain with a mesh of 4.5 x 106 cells for the half domain 

and 8 x 106 cells for the full domain. The L and D were again compared to see what the 

influence of the symmetry boundary condition would be. The final results are shown in Table 

3.1. 

Table 3.1: Simulation domain (geometry and symmetry) set-up verification tests results for L and D. 

Assumption D [N] L [N] Percentage 

difference 

Wind tunnel cross-

sectional shape 

Octagon Cylinder Octagon Cylinder D L 

0.377  0.376 4.74 4.62 0.3% 2.6% 

Full to half domain Half Full Half Full D L 

0.376 0.368 4.62 4.52 2.2% 2.2% 

Both the domain shape and symmetry plane assumption showed a larger percentage difference 

when computing the lift force component. The symmetry plane assumption also showed a 

sensitivity for the computed drag force. For the purpose of this study, these were acceptable 

variations in the force components to benefit from the reduced computational time. 

Besides the symmetry boundary conditions, no explicit simulations with comparisons were 

conducted to investigate the inlet and outlet boundary conditions and positions. The 

conventional velocity inlet boundary and pressure outlet boundary condition were used. The 

outlet boundary was modelled at least 8 to 10 body or chord lengths downstream of the 

geometry.  

3.4.2 Uncertainty due to input parameters 

RANS models without transition models are unable to resolve LSBs present at a lower Rec 

(Lee et al., 2015; Rumsey and Spalart, 2009). A comparison of RANS with and without the γ-

Reθ transition model is shown in Figure 3.4, making use of a greyscale vorticity 0 to 150 on a 

NACA0012 airfoil at α = 5º with Rec = 105. It is clear that, without the transition model, RANS 

does not predict separation bubbles. However, whether the amount and location of the predicted 

separation bubbles were accurate when the transition model was added was unclear without 

any experimental verification. 
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Figure 3.4: Vorticity contours for the NACA0012 airfoil at α = 5º with Rec = 105, a) without and b) with 

transition modeling. 

The addition of the transition model to predict the onset of turbulence provides a significant 

improvement in drag predictions when compared to simulations that assume fully turbulent 

flow in RANS. An analysis of the sensitivity to input parameters for the transition model was 

conducted making use of the NACA0012 airfoil at α = 5º with Rec = 105. The turbulent 

intensity, I (Equation. 2.20) and turbulence viscosity ratio, β (Equation 2.21), were tested by 

considering the global force coefficients (CD and CL).  

The turbulence level of the Dryden wind tunnel is 0.03% which means I = 3 x 10-4. For 

10- 4 ≤ I ≤ 3 x 10-4, there was less than 0.2% influence on the global forces, where the difference 

can go up to 5% if I = 3 x 10-2. Therefore, the specified input values based on the Dryden wind 

tunnel values were seen to be a good choice for the assumption that only a minor potential 

uncertainty of turbulent intensity of 0.01% might exist.  

The value for β acts as an indication of whether the flow was turbulent or laminar and is a 

strong function of Re. The flow is considered to be turbulent in the boundary layer if the value 

is greater than 1. The default setting (β = 10) implies that the flow domain is all turbulent. A 

tested sensitivity of less than 0.5% was present for 10 ≤ β ≤ 80, with a 5% sensitivity for 0.015 

≤ β ≤ 10. Catalano and Tognaccini (2010) propose β = 0.1 as an adjustment to low Re airfoil 

cases, but a difference of less than 0.5% was observed for the NACA0012 wing at Rec = 105 

when using the default setting of β = 10. 

3.4.3 Mesh convergence study 

A consistent numerical analysis provides a solution that approaches the actual results as the 

mesh resolution gets closer to zero. A mesh convergence study refers to the process of 

discretisation convergence tests where the discretisation error is then monitored as the mesh is 

systematically refined. This assessment procedure of the mesh can indicate whether it is 

adequate to capture the flow variables of interest (ASME V&V 20, 2009). 
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Roache (1997) suggested a method called the Grid Convergence Index (GCI), which results in 

supplying an error band on the computational solution that indicates the possible difference 

between the discrete and continuum values. The GCI relates the results from any mesh 

refinement study to the expected results from a grid doubling using a second-order method, 

with the objective of identifying the measure of uncertainty in grid convergence. The GCI 

indicates how much the solution would change with a further refinement of the grid and gives 

an estimate of the solution at a zero-grid size (Roache, 1997). 

Roache (1997) outlines the GCI method by defining a constant refinement ratio, q, between all 

the tested grids. The observed order of convergence, p, can be obtained directly from three grid 

solutions as follows: 
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where G1, G2, and G3 are the sequential approximate solutions for the selected parameter (G1 

being the most refined), in this case CD. A minimum of three mesh solutions are performed to 

calculate two GCI values. The GCI for a fine grid is expressed as: 
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where Fs is the safety factor 1.25 for a three grid case and the relative error, ε, is defined as: 
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 .    (3.3) 

The relationship between the fine and intermediate grid (GCI12) and the intermediate and coarse 

grid (GCI23) indicates whether the mesh level yields solutions that are close to the asymptotic 

range of convergence for the computed solution. This relationship is expressed as: 

1223 GCIqGCI p          (3.4) 

In the case where this relationship holds, the mesh count is deemed adequate to capture the 

flow variables of interest, and mesh independence is assumed. 

3.4.3.1 Quantitative study: drag coefficients 

A mesh independence study on the 2D and 3D NACA0012 models confirmed that the mesh 

count was adequate to capture the flow variables of interest. Using the GCI method described, 

all the mesh cases were deemed independent of the mesh sizes and the mesh conditions were 

simulated for the rest of the cases where the models were similar. Table 3.2 describes the mesh 

domains in terms of refinement of the boundary layer mesh, the body and the wake regions. 

Figure 3.5 show a generic illustration of the position and sizes of the wake and on-body mesh 

domains for the airfoil. The number of cell layers normal to the airfoil surface refers to the flat 
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polyhedral mesh layers that grow from the airfoil surface to the boundary layer edge shown in 

Figure 3.3. The first cell is 0.0001 from the airfoil surface and has a growth rate of 10%. 

Table 3.2: Refinement domains for mesh independent models for the NACA0012 airfoil and wing at α = 5° 

at Rec = 105. 

Test 

case 

Mesh sizes Wake mesh 

dimensions 

On-body mesh 

dimensions 

Number of 

cell layers 

normal to 

the airfoil 

surface 

2D G1 = 2.2x106 

G2 = 1.1x106 

G3 = 0.5x106 

 

G1 = 0.0015c  

cell growth rate = 1.01 

G2 = 0.003c  

cell growth rate = 1.05 

G3 = 0.0035c 

cell growth rate = 1.1 

0.00005c < G1 < 0.00075c  

0.0001c < G2 < 0.0005c 

0.001c < G3 < 0.002c 

 

G1 = 25 layers  

G2 = 25 layers 

G3 = 20 layers 

3D G1 = 7.8x106 

G2 = 4.1x106 

G3 = 2x106 

G1 = 0.034c 

G2 = 0.047c 

G3 = 0.034c 

0.007c < G1 < 0.034c  

0.02c < G2 < 0.041c 

0.007c < G3 < 0.034c 

 

G1 = 20 layers  

G2 = 17 layers 

G3 = 15 layers  

 

Figure 3.5: The wake and on-body mesh domain layout and sizes. 

Figure 3.6 indicates the observed quantity, CD, for the two benchmark cases specified in Table 

3.2. The 2D RANS mesh models all had a variance in CD indicated by the error bars, however 

the average CD for the 2D NACA0012 airfoil showed the meshes fall within the asymptotic 

range of convergence. The 3D RANS models converged to solutions well within the asymptotic 

range of convergence.  
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Figure 3.6: Drag coefficient of a NACA0012 at α = 5° as the observed mesh refinement quantity for each 

model and subsequent mesh cases. 

3.4.3.2 Qualitative study: wake structures 

In Section 3.4.3.1, a quantitative study was performed to determine the best suited mesh for 

force coefficient values in terms of computing solution accuracy. In this section, the mesh 

refinement study is considered from a qualitative point of view, visualizing wake structures 

resolution and separation bubbles. In order to compare averaged flow-field with the PIV results, 

the mesh resolution should be significantly refined to capture small-scale fluid features. These 

refinements show no sensitivity in terms of the global force coefficient results, therefore when 

simulations are not required to compare flow-fields, the mesh refinement in the wake and on 

the body does not need to be that well defined.  

Figure 3.7 shows the wake of the airfoil by means of normalized streamwise velocity Ux/U 

contour plots. The difference in wake structures modelled for the three different meshes of the 

NACA0012 airfoil at α = 5º and Rec = 105 are shown. The finer mesh, G1, shows a more 

fluctuating wake structure in the near wake, with a more defined downstream wake than the 

less-refined wake meshes G2 and G3.  
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Figure 3.7: Velocity flow-fields in the wake of the three mesh cases for the 2D NACA0012 at Rec = 105 and 

α = 5º. 

Figure 3.8 shows the differences due to body mesh refinements for three different refinement 

cases of a 2D NACA0012 at Rec = 105 and α = 5º by plotting the vorticity contours. Jones et 

al. (2008) describe separation near the leading-edge of the airfoil at Rec = 5 x 104 and α = 5º. 

At Rec = 105 the separation point is fairly close to the leading-edge (x/c = 0.12), but there was 

an early reattachment point at x/c = 0.24 for the coarse mesh, G3. After refinements on the 

surface and in the boundary layer, as described in Table 3.2, the separation point and 

reattachment point moved to approximately x/c = 0.2 and x/c = 0.3, respectively.  

The separated shear-layer roll-up and periodic vortex shedding shown in Figure 3.7 and Figure 

3.8 give rise to the oscillating flow patterns on the body and into the wake. Ideally, these cases 

should be solved using unsteady RANS, but for average global force estimations, comparisons 

using the steady RANS simulations are assumed to be sufficient. 
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Figure 3.8: Vorticity flow-fields for the three meshes of the 2D NACA0012 at Rec = 105 and α = 5º. The red 

line indicates the predicted initial point of laminar separation and the blue line the point of reattachment 

on the upper surface. 

3.5 NACA0012 experimental and numerical comparison 

Results obtained from Star-CCM+ on the NACA0012 airfoil using two different domain set-

up techniques are compared with simulations of the same airfoil at Rec = 105 from XFOIL 6.9 

(Drela and Youngren, 2001). The critical amplification number, Ncrit was set at 9 which is 

common for low turbulence wind tunnel comparisons. XFLR5 (2013) is used to model a finite 

NACA0012 wing by using the vortex-lattice model (with viscosity excluded) with 3D panels 

to estimate the aerodynamic properties at Rec = 105. A full set of experimental data using force 

balance measurements was collected, as described in Section 3.2, for comparison to the 

Rec = 105 simulations.  

3.5.1 Two-dimensional results 

The NACA0012 airfoil at Rec = 105 was simulated for -5º ≤ α ≤ 9º and compared to the XFOIL 

numerical prediction and force balance measurements. Figure 3.9a shows the sectional lift 

coefficient, Cl, as a function of α for the airfoil comparisons, as well as the expected Cl = 2πα 

line. The 2D RANS Cl show averaged values with a variance of approximately 0.022. For            

-2º ≤ α ≤ 2º, the lift slope dCl/dα has a larger positive angle than the expected 2π for the 

experiments, as well as XFOIL and P2D simulated results. The difference in lift slope was 3.4π 

for XFOIL, 3π for the P2D and 2.3π for the experimental results. The 2D model does not show 

any non-linearity, but also has the largest variation in Cl values per iteration (Figure 3.10a). 

Normally, Cl(α) is considered a simple calculation, determined by the pressure field, which at 

a higher Re is well-approximated by potential flow. Here, the lack of agreement shows that the 
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RANS performance is largely determined by boundary layer and model coefficients, and not 

by the outer potential flow. 

 
Figure 3.9: (a) Lift coefficients and (b) polar curves for a NACA0012 wing modelled at Rec = 105 compared 

to results from XFOIL.  

At α > 4°, the P2D model only differs by 6.6% on average from the experimental Cl. Since this 

phenomenon was related to viscous separation and reattachment the agreement between two 

different modelling strategies suggests that physically realistic, or at least similar, viscous 

boundary layers were realised which was not the case when a 2D model was used. The 

sensitivity in both CFD models relates to the fact that the separation bubble formation and 

shedding was not a steady-state condition, therefore the model was unable to settle on a single 

value for Cl by using a steady-state CFD model as mentioned in Section 2.6. 
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The polar curves in Figure 3.9b show the sectional drag coeffcients, Cd, for 2D, P2D and 

XFOIL. Again, the 2D mesh shows a different trend to the XFOIL and P2D meshes. The γ-Reθ 

transition model is 3D and the physics does not seem to correspond with the pure 2D meshes, 

rather a thin slice domain would be required to resolve forces for these low Re airfoil models.  

The difficulty here to estimate the flow-field, even at small α, is that the true flow-field is not 

steady, and therefore an unsteady RANS would give a better prediction or indication of the 

oscillating nature of the flow-fields. Figure 3.10a shows the variation in Cl with an increasing 

iteration number for the steady-state solution, first for the 2D model and then for the P2D 

model. The last 250 iterations of a converged 2D solution is shown from 0 to 250 and from 250 

to 600 the last 350 iterations of a converged P2D solution. The variations increase as the α 

increases, with the higher α showing a tendency to develop a low frequency oscillation pattern 

due to the unsteady nature of the bubble formation. The P2D model stabilises the solution and 

fluctuations in amplitude are reduced. However, the flow remains unsteady since although the 

residuals all achieve numerical convergence to a stable solution they still have large 

fluctuations.  

 
Figure 3.10: Cl values over number of iterations for the 2D and P2D models for α = 0º, 4º and 6º in a steady 

simulation. 

The Ux/U and Uy/U flow-fields for the α range 0, 0.5, 2, 4, 6, 8° for the 2D and P2D models 

are shown in Figure 3.11 and Figure 3.12, respectively. Except at α = 8°, the 2D flow-field has 

numerous vortex-like structures that cannot be steady, and cannot be time averages. The P2D 

fields look more likely to be converged on an average. The average vorticity flow-field was 

used to show the separation and reattachment points as predicted by the 2D and P2D models 

(Figure 3.13). In numerical results the first separation and reattachment points can be defined 

by successive zero crossings for the wall shear stress, and these locations are superimposed on 

the maps of spanwise vorticity in Figure 3.13. The two computations differ from each other, as 

in Figure 3.11 and Figure 3.12, in the marked separation and reattachment points. The 2D 

simulation is not steady at any α and the P2D will be unsteady for α > 4°. Regardless, the flow-

fields in Figures 3.11 to 3.13, if not true averages, are still solutions to the RANS equations 

even if they are best regarded as snapshots of an underlying unsteady flow-field. This gives an 
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indication to what might be expected when visual flow-field experiments are conducted. Also, 

even though the flow-fields are mere snapshots, the force values compare within 6% to that of 

the experimental measurements, which mean even RANS models can give reasonable 

estimates for wing analysis without the computational cost of unsteady, LES or DNS 

simulations. 

At α = 0°, the flow about the NACA0012 has a fairly symmetrical flow pattern and separates 

on both sides before the trailing-edge. At α = 0.5°, the separation point has moved forward on 

the upper (suction) surface, but has moved aft on the lower (pressure) surface (Figure 3.11 and 

Figure 3.11, row 2). As the boundary layer moves over the trailing-edge, the near-wake pattern 

is deflected downwards (Figure 3.11, row 2). Regions of Uy/U < 0 are more prominent on the 

upper surface and Uy/U aft of the trailing-edge is asymmetric, with stronger, positive Uy/U on 

the lower side (Figure 3.12, row2). The laminar separation before the upper surface trailing-

edge assures that streamlines here are also deflected slightly away from the upper surface.  

 
Figure 3.11: Velocity magnitude contours for the 2D and P2D models of a NACA0012 airfoil at Rec = 105.  

At α = 2° (Figure 3.11, row 3), the streamlines are deflected upwards on the lower surface in 

the near-wake. Although the separation line has moved further forward (Figure 3.13, row 3) on 

the upper surface, it still maintains the net flow downwards. The trailing wake shows a small 

streamwise extension, like an attached recirculation bubble.  

At α = 4°, the initial point of separation and reattachment (Figure 3.13) moves further upstream 

and a separation bubble is present on the upper surface (Figure 3.12, row 4), close to where 

Uy/U has its highest negative value. The flow experiences a higher convex curvature on the 

upper surface, formed by the combination of the airfoil surface and separation bubble. The 

changed effective camber leads to a better approximation to the Cl around this α in Figure 3.8a. 

As the laminar separation bubble moves forward on the upper surface with further increases in 

α (6° and 8°, Figure 3.11-3.13, rows 5 and 6) the bubble shrinks in streamwise length and the 
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spanwise vorticity becomes more strongly negative at the outer shear layer. This phase is 

associated with reduced Cl. There is a broad downwash region in Uy/U from the mid-point of 

the bubble to the airfoil trailing-edge.  

 
Figure 3.12: Uy/U contours for the 2D and P2D models of a NACA0012 airfoil at Rec = 105. 

A broad maximum in L/D is observed at 4º ≤ α ≤ 8º shown in Figure 3.14, for the experimental 

results. However, the same broad maximum in L/D does not exist for the XFOIL and P2D 

results which suggest a maximum L/D for α = 5° and α = 6° respectively. This is similar to the 

maximum L/D in literature of the NACA0012 at higher Rec. The LSB observed here is 

associated with improved L/D over this range of α for the experimental results, which is 

contrary to most literature interpretations based on observations at higher Rec. As the LSB 

moves forward on the upper surface with further increases in α (6° and 8°) the LSB shrinks in 

streamwise extent as for the Rec = 5 x 104 results (Tank et al., 2016).  

Bastedo and Mueller (1986), Hsiao et al. (1989), Huang et al. (1996) and McGhee et al. (1988) 

shows similar observations to Tank et al. (2016) that an LSB that extends over a large portion 

of the chord but moves forward and shortens with increasing α at low Rec. All support the claim 

by Lissaman (1983) that bubbles covering a large percentage of the chord can have a significant 
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effect on airfoil performance by altering the outer potential streamlines. It is not always 

acknowledged, however, that the separation and reattachment of the flow to form an LSB, 

while associated with lower Cl,α, is also associated with the highest L/D, or aerodynamic 

efficiency. The increase in L/D can be deliberately exploited, for example by acoustic forcing 

(Yang and Spedding, 2013b,c). In the experimental work, L/D has a broad maximum over 4o 

≤ α ≤ 8o, when the LSB reattaches and moves forward on the upper surface. 

 
Figure 3.13: Vorticity contours for the 2D and P2D models of a NACA0012 airfoil at Rec = 105. The red 

dashed line indicates the first point of separation and the blue dashed line the first point of reattachment 

on the upper surface of the airfoil. 

The attempt to model the unsteady separation bubbles that exist over a low Re airfoil becomes 

extremely challenging using RANS. Not only is RANS unable to predict the points of 

separation and reattachment without the coupling of a transition model, but the steady-state 

assumption completely disregards the low frequency oscillations of the laminar separation 

bubbles described by Almutairi et al. (2010). In terms of the modeling domain the 2D model 

is unable to capture the 3D nature of the laminar bubbles, where the P2D model would be a 

better practice, but the thickness of the domain also has an unquantified influence on the results 

(Almutairi et al., 2010; Jones et al., 2008).  
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Figure 3.14: L/D curves for a NACA0012 wing modelled at Rec = 5 x 104 compared to results from the 

experimental measurements. 

3.5.2 Three-dimensional results 

A NACA0012, rectangular, AR = 3.7 wing was modelled at various angles of attack for 

Rec = 105. The results were compared with those from XFLR5 (XFLR5, 2013), which has a 

linear slope. Figure 3.15a shows CL as a function of α for all cases with the analytical estimate 

of CL = 2πα(AR/(AR+2)) plotted as reference. There is a similar, non-linear phenomena at a 

lower α, with a smaller variation around the predicted CL compared to the airfoil. However, the 

CFD and experimental results show a different high lift at approximately α = 3° and α = 2° 

respectively. The laminar separation bubbles now also have a spanwise component, which is 

unsteady. The experimental results in Kim et al. (2011) as well as those performed by Tank et 

al. (2016) show Cl,α < 0 around α = 0° for the NACA0012 at Rec = 5 x 104. The only numerical 

result that shows this negative slope is the laminar 2D simulations by Lee et al. (2015). The 

2D and P2D RANS both show a positive slope around α = 0° at Rec = 5 x 104 (Appendix A) 

and Rec = 105 reported here. 

Figure 3.15b shows the polar curves for the wing at various angles of attack. The CD differs on 

average by about 10% between the CFD and XFLR5. Results are fairly inconsistent for                 

-4º ≤ α ≤ 4º. However, for the more complex WBT to be discussed on Chapter 5, the 

NACA0012 wing is used at α = 6º, for which there is a difference of less than 5% between the 

XFLR5 and RANS results for CL. 
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Figure 3.15: (a) CL and (b) polar curves for a NACA0012 wing modelled at Rec = 105 compared to results 

from XFLR5 and experimental measurements. 

3.6 Poor agreement between experimental results and computations 

The attempt to provide an accurate set of data with a comparison to RANS is quite challenging, 

even on a simple NACA0012 wing, since both the computational model and the experimental 

results are extremely sensitive to multiple sources of environmental or modelling conditions. 

The point of the simulations is not to make the best possible outcome, but to find the outcomes 

when readily-available commercial codes were applied to this problem. The critical part is in 

the viscous boundary layer and the results are affected by modelling the transition, coupled to 

the SST k-ω turbulence model. XFOIL is, in some respects, a much simpler code. The outer 

potential flow is inviscid and a viscous boundary layer model with explicit accommodation for 
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separation and transition is coupled with it. Both simulations are therefore quite dependent on 

the boundary layer modelling. 

The wind tunnel experiments only agree well with the P2D RANS in Cl for 4° ≤ α ≤ 8° and for 

the 3D RANS only for -2° ≤ α ≤ 2°. This range of α is where the flow is dominated by the 

separation bubble, while small α results are mainly influenced by details of trailing-edge 

separation. XFOIL has much worse qualitative agreement, compared to the experiment over 

most αs. Almutairi et al. (2010) mentions that the overall agreement between experiment and 

DNS with varying degrees of sophistication is not much better than with a simpler and faster 

viscous boundary model, coupled with outer potential flow, such as XFOIL.  

All figures in Chapter 4 and 5 showing results from the CFD simulations are based on a steady 

converged RANS solution. Even though this limits the ability to give specific insight on the 

exact flow features that could have been solved using unsteady simulations, the exact location 

and size of these features were not part of the purpose of this work. These highly transitional 

flows are potentially the most complicated to predict accurately with CFD, since the majority 

of the turbulence models used in RANS calculations were not meant for this type of flow 

regimes. 

3.7 Summary, conclusions and recommendations 

In this chapter, a simple case of the NACA0012 airfoil was used to make a careful comparison 

between new experiments and computations within this Rec regime. The diagnostic procedures 

were intended to help guide the numerical domain set-up for comparisons and predictions in 

subsequent more complex cases. 

The performance of wings at a low Rec is substantially dictated by the dynamics of the laminar 

boundary layer as described in Chapter 2.6. The sensitivity to boundary layer separation and 

reattachment can make accurate and repeatable measurement, even of time-averaged Cl and 

Cd, difficult, where the similarity between measured Cl(Cd) polars breaks down. A carefully 

performed wind tunnel test showed an uncertainty of the force measurements of less than 1.5%. 

Similarly, the CFD set-up and procedure made sure that the global force coefficients obtained 

from the simulations were as accurate as possible. Although all models predicting Cl had 

different lift slopes, there was a similarity in the non-linear trends observed for -2º ≤ α ≤ 2º, 

also for the experimental results. The 2D model shows the worst results with no non-linearity 

present and multiple separation bubbles that cannot be steady, and cannot be time averages. 

The difficulty in modelling the flow physics at a low Rec is that the true flow-field was not 

steady and the model was unable to settle on a single value for Cl as a result of the low-

frequency oscillation pattern due to the unsteady nature of the bubble formation. The P2D 

model stabilises the solution, and fluctuations in amplitude are reduced, but the flow remains 

unsteady. 

The separated shear-layer roll-up and periodic vortex shedding give rise to an oscillating 

behaviour of the force coefficient values. The attempt to model the unsteady separation bubbles 

that exist over a low Rec airfoil becomes extremely challenging using RANS, even with the 

transition model to predict the onset of turbulent flow. Ideally, these cases should be solved 
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using unsteady RANS, but for average global force estimations, comparisons using the steady 

RANS simulations are assumed to be sufficient. The criteria for sufficiency was measured by 

obtaining results within 10% of the experimental data without adding computational cost for 

unsteady flow solutions or LES solutions.  

The NACA0012 has been used as a test case, a canonical example of a smooth airfoil. It has 

no special design features that make it suitable for use at low Rec. Since it continues to be used 

as a test case for the emerging computations of low Re aerodynamics, establishing a reliable 

set of baseline measurements is a matter of some urgency. The difficulty in doing so is 

symptomatic of the challenges at low Rec, for which it remains a sensitive diagnostic and test 

case. The mechanism proposed for the curious and counter-intuitive result of the negative lift 

is quite general, and we predict will be shared by any sufficiently smooth, thick, symmetric 

airfoil in a sufficiently low turbulence environment. 

Reasonable agreement of the force prediction compared to XFOIL and XFLR5 results were 

obtained. The study, however, showed that at α = 6º, which was used for the WBT in Chapter 

5, there was a difference of less than 5% between the XFLR5 and RANS results. 
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4. LOW-DRAG BODIES MODIFIED TO 

IMPROVE LIFT 

4.1 Introduction 

The purpose of this chapter is to investigate the potential of a KE to modify the flow over 

LDBs, as well as to establish some means of predicting the effectiveness of the LDB-KE 

combination. A numerical investigation of two LDBs as described in Section 2.3.5, was 

conducted, after which the geometries were modified by deflecting the aftbody with and 

without a KE attachment. Forces and flowfields with and without a KE (which are subsequently 

termed, KE and NKE conditions) at varying δs, were computed to determine the mechanism 

of the KE/body deflection on both local and global lift and drag, computed from the normal 

and shear stresses over the whole body assemblage. The experimental body (B-0-NKE/KE) 

without the wing used in Huyssen et al. (2012) and Davis and Spedding (2015) was also 

modelled to compare the use of the KE to the LDB-KE. The modified slender-body wing theory 

with an adapted geometric definition (outlined in Section 2.4.5) was used to estimate the 

effectiveness of the body-tail combination, to confirm guidelines observed from the body-tail 

interaction. 

4.2 Numerical modelling 

4.2.1 Geometric model and mesh generation 

All three bodies were modelled as 3D axisymmetric bodies inside a 3D computational flow 

domain, the B-0 as shown in Figure 1.2 and LDBs as shown in Figure 4.1. Three-dimensional 

(not axisymmetric) grids were necessary to accommodate the later addition of symmetry-

breaking KE tails. The simulation of the wind tunnel experiments for the F-57 includes an 

approximation of the wind tunnel walls, which were originally in octagonal cross-section (Patel 

and Lee, 1977), but simplified to a square cross-section here (with less than 0.5% influence on 

the force coefficient results). The λ of the body was 4.75, the height and width of the wind 

tunnel were 1.25lF, and the length of the test section was 6lF, as in the experimental 

investigation (Patel and Lee, 1977). 

The Myring LDB with body length, lM, and λ = 5.56, was modelled inside a cylindrical domain 

with a diameter of 4lM. The nose of the body was positioned 4lM from the inlet of the grid, and 

the outlet was 9lM downstream of the tail. The body of the B-0-KE has a λ = 5.33 (nose length 

= 0.33l and midsection 0.29l) and was modelled in the same domain as the 3D NACA0012 

wing (Figure 3.2c). Based on the body length of the B-0-KE, the domain was 4.25l, and the 

nose was positioned 6l from the inlet and 18l from the outlet. 

The computational grids (Figure 4.2) also consisted of polyhedral cells and were meshed using 

the Advancing Layer Mesher in Star-CCM+. The growth of the boundary layer along the body 

and KE starts with a very thin boundary layer over the nose, gradually thickening towards the 

trailing-edge. Both the LDB-KEs and the B-0-KE had 20 cells across the boundary layer height 

for accurate drag estimation, while two boundary layer cells were sufficient for the simulated 

tunnel walls. 
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Figure 4.1: Geometric model and the assigned boundary conditions for (a) the F-57 LDB and (b) the Myring 

LDB.  

Three volumetric mesh refinements were used for the two LDB-KE grids and the B-0-KE, 

refined in the same way as the NACA0012 wing in Section 3.3.4. Additional refinements were 

applied at the streamwise location on the F-57 LDB, where transition was experimentally 

forced with a tripwire (Patel and Lee, 1977) (x/l = 0.475), as well as for the nose and tail 

sections on both bodies. 

To ensure mesh independence, the GCI method, as described in Section 3.4.3, was used on the 

three different mesh sizes of the F-57 LDB. The results are shown in Figure 4.3. The final mesh 

counts for the F-57 and Myring LDB-NKEs were about 3.6 x 106 and 3.3 x 106 cells 

respectively. The B-0-NKE had 3 x 106 cells. 

The KE tails had the same geometry as described in Huyssen et al. (2012) and Davis and 

Spedding (2015), with the same ratios of tail width to body diameter, and KE length to total 

body length. The addition of the KE tails increased the body lengths by 10%, but it proved 

unnecessary to extend the domain length correspondingly. The KE tails increased the cell 

counts to 4.6 and 3.4 x 106 for the F-57 and Myring LDB-KEs respectively and to 3.2 x 106 for 

the B-0-KE.   
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Figure 4.2: Unstructured meshes around (a) the axisymmetric F-57 LDB and (b) Myring’s LDB and (c) the 

B-0. Predicted transition location are indicated on LDBs. 

 
Figure 4.3: CD as the observed mesh refinement quantity for three mesh sizes on the F-57 LDB. 

4.2.2 Boundary conditions, turbulence and transition models 

The boundary conditions used for the bodies are indicated in Figure 4.1. The flow was assumed 

to be steady and incompressible, with a constant velocity inlet condition. Rel based on body 

length was 1.2 x 106 for the F-57 LDB, 107 for the Myring LDB and 4.3 x 105 for the B-0-KE. 

The outlet boundaries were pressure boundaries set at atmospheric conditions. The F-57 LDB’s 
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outer surface domains were modeled as no-slip wall boundaries, where the outer boundaries 

for Myring’s LDB had symmetry boundaries. The non-dimensional wall distance criterion, y+ 

< 1, was satisfied for all cases (the predicted wall boundary thicknesses are less than a wall-

bounding computational cell and the boundary layer can therefore be modeled on that cell). 

The inlet velocity was specified to give the Rel at which the literature/reference cases were 

completed. The Star-CCM+ solver settings were the same as for the simulations in Chapter 3.  

4.2.3 Comparison with reference bodies 

4.2.3.1 F-57 Low-drag body 

Figure 4.4a shows the numerically generated pressure coefficients, CP, over the F-57 in the 

normalized axial direction, x/l, together with the experimental results of Patel and Lee (1977) 

at Rel = 1.2 x 106 and the theoretical predictions of Young (1939). Young made use of a 

modified airfoil method to predict profile drag for smooth bodies of revolution, although he 

found this method to have some restrictions. At a higher Rel (107 – 108) and low λ (3.25 – 5.9), 

where the transition region did not exceed x/l = 0.05, the method gives reasonable results 

compared with experimental cases. However, when both the Re and λ are lower, the assumption 

of negligible pressure variation in the boundary layer on the aftbody is not correct, since the 

thickening boundary layer can support substantial pressure variation (Parsons and Goodson, 

1972; Patel and Lee, 1977). 

There are negligible differences between theory, experiment and simulation (< 7%) up to 

x/l = 0.4. Further aft, close agreement cannot be expected because the experiments were 

conducted with a tripwire at x/l = 0.475 to avoid a separation bubble. The numerical departure 

in CP at about x/l = 0.57 shows the location of the natural separation bubble without a tripwire. 

From x/l = 0.7 the wind tunnel and simulation results agree well, and depart from the high CP 

theoretical line, likely due to finite Rel effects. 
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Figure 4.4: Pressure coefficients as a function of body length over (a) F-57 LDB at Rel = 1.2 x 106 and (b) 

the Myring LDB at Rel = 107, comparing the simulations to literature results (Young, 1939; Patel and Lee, 

1977; Myring, 1981). 

4.2.3.2 Myring’s Low-drag body 

Figure 4.4b compares the pressure coefficients with the theoretical predictions of Myring 

(1981) for Rel = 107. The overall agreement is reasonable for x/l < 0.4. Theory and computation 

differ downstream of this point, as numerical results show an initial reduction in –CP before it 

recovers to a positive tail towards the trailing-edge. Consequently, theory and numerical values 

have a difference in phase in the undulation in CP(x). Analogous to the previous F-57 case, 

Myring (1981) prescribed a transition location at x/l = 0.05, where the numerical simulation 

allows transition to occur naturally at approximately x/l = 0.48, which is partially the cause of 

the difference in phase seen in Figure 4.4b. 

4.3 Numerical results for the experimental body-KE  

The pressure distributions along the B-0-NKE/KE at varying aftbody deflection angles, δ, are 

shown in Figure 4.5a. All the cases are similar over the nose and up to x/l = 0.5; beyond this 

point there is a large fluctuation for the pressure distribution from x/l > 0.6. This fluctuation is 

further evaluated in Figure 4.5b with Ux/U contours of off-surface flow over a section of the 

body (0.6 < x/l < 1.1) where various points of separation and reattachments are observed for 

both NKE and KE. At a lower Rel, the aftbody design was expected to be more susceptible to 

flow separation if the body was not specifically optimised for the Rel regime.  
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Figure 4.5: (a) CP of the B-0-NKE/KE at different δs and (b) Ux/U over the section of the body, 0.6 < x/l < 1 

with and without KE at δ = 0°. Ux/U contours show separation patterns as dark blue patches over the 

aftbody and KE. 

Figure 4.6 shows the normalized streamwise wake velocity profile, Ux/U, for δ = 4° with and 

without a KE. The downward deflection of the defect profile with KE implies a higher lift, and 

the colour inset of velocity contours, ||U||, shows that the displacement is a global field 

phenomenon. 
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Figure 4.6: Normalized streamwise wake velocity profile at δ = 4º for the B-0-NKE/KE. Profiles are taken 

at x/l = 1.005 for NKE and x/l = 1.105 for KE (0.5% after either the body or tail ends). Insert shows velocity 

magnitude contours on the symmetry plane in the wake region. 

Figure 4.7a and Figure 4.7b show Ux/U, for δ = 2° and 6°, combined with contours of the 

relative vertical velocity, Uz/U, on the symmetry plane of the B-0-NKE/KE. Similar to Davis 

and Spedding (2015), the Ux/U profile has a double-lobe form, as though the upper and lower 

boundary layers were shed separately into the wake with the KE, which acts like a splitter plate.  

The lower lobe becomes more pronounced as the δ increases. The boundary layer over the 

aftbody’s top and bottom is split by the KE, which prevents the formation of a proximate 

mixing zone between these two shear layers.   

If the aftbody-KE is not optimised for these low Rel cases, the benefit of the KE will be lost 

due to flow separation over the aftbody, which diminishes the function of the KE as it becomes 

a small movement in an already unstable flow-field. Figure 4.8 shows the additional shed 

vortices present at x/l = 1.005 for the B-0-NKE/KE at δ = 4º to visualize this disturbed flowfield 

in which the KE has to function. The red circles show the vortex cores for the B-0- KE and the 

blue circle for the B-0-NKE. When the KE is added the streamlines from the bottom surface of 

the body, that curve upward over the aftbody shows a single vortex core just below the body 

central point. When the KE is added this vortex core is pushed downward by the KE blocking 

the streamlines from curving upward around the aftbody. The flow over the KE and over the 

top of the aftbody form additional vortices. 
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Figure 4.7: Comparison of the normalized streamwise wake velocity profile of (a) δ = 2º and (b) δ = 6º for 

the B-0-NKE/KE. Inserts show relative vertical velocity contours on the symmetry plane in the wake region. 
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Figure 4.8: The velocity vectors at x/l = 1.005 for B-0-NKE/KE at δ = 4º with (right) and without (left) KE.  

The B-0-KE shows an overall increase in both the NKE and KE cases for CDV,p shown in Figure 

4.9a, which was expected from the velocity wake profiles in Figure 4.6 and Figure 4.7. The 

sharper gradient of the CDV,p in both NKE/KE cases indicates the drag penalty from the 

separation over the aftbody portion of the B-0-KE. 

In Figure 4.9b, when the KE is added, CL for the body-tail combination increases almost 

linearly with δ. One can define an average lift slope, ΔCL/Δδ = CL,δ = 4.7/rad. The lift slope, 

CL,α, of a 3D delta wing is ARπ/2, and if the AR for the KE tail is set to be about 1, the expected 

lift slope is π/2 = 1.6 /rad. The fact that CL,δ is approximately 3 times this value indirectly 

argues for the effect of the tail being non-local, increasing lift on the whole body. 

Figure 4.10a and Figure 4.10b show the vertical velocity component Uz/U as a function of the 

spanwise normalized body radius, y/r, with and without a KE for (a) δ = 0º to 4º and (b) δ = 6º 

and 8º. At all nonzero δs, the NKE and KE profiles are very different, with a much stronger net 

downwash for all δs for the KE. A larger downwash peak is observed at the centre of the body 

for the B-0-NKE compared to the B-0-KE. For the B-0 no specific attention was given to the 

overall geometry.  

 

Figure 4.9: (a) CDV,p and CDV,f and (b) CL for B-0-NKE/KE at different δs.  
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Figure 4.10: Vertical velocity component Uz/U as a function of the spanwise normalized body radius, y/r, 

at location z/r = 0.7 and x/l = 1.005 without a KE and 1.105 with a KE, for the reference body, (a) δ = 0º to 

4º and (b) δ = 6º and 8º.  

4.4 The aerodynamic effect of deflected tail plates on low-drag bodies 

The pressure distributions along the F-57 LDB for both the NKE/KE conditions at varying 

aftbody deflection angles, δ, are shown in Figure 4.11a. All the cases are similar over the nose 

and up to x/l = 0.57, after which a separation bubble occurs up to approximately x/l = 0.6. This 

separation bubble is shown in Figure 4.11b with the τw over a section of the body (0.55 < x/l < 

0.62) where a recirculation zone occurs inside a separation bubble for both the KE and NKE. 

The details of the bubble geometry are sensitive to the numerical stability of the transition 

model and the prescribed turbulence intensity, but its existence is not unreasonable. 

The aftbody deflection point is at x/l = 0.63 in Figure 4.11a. Immediately afterwards, dP/dx is 

strongly positive, and CP changes sign at about x/l = 0.72. For NKE, dP/dx increases with an 

increasing δ. The peak amplitude of the positive CP is much higher for NKE than KE and when 
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δ = 8°, the KE case has a very shallow plateau (shown by the black solid and dashed lines). 

The KE starts at x/l = 0.77 where it is immediately associated with a reduction in CP (relative 

to NKE), and the maximum positive CP is found further downstream. 

 

 
Figure 4.11: (a) Pressure coefficient of the F-57 LDB-NKE/KE at different δs and (b) wall shear stress over 

the section of the body 0.55 < x/l < 0.62 with and without the KE at δ = 0°.  

Figure 4.12 shows the pressure distribution over the Myring LDB for NKE/KE cases at varying 

δs. The Myring LDB (at the higher Re) does not have a prominent separation bubble (unlike 

the F-57 LDB). There is, however, a brief and abrupt pressure drop as the flow accelerates over 

the aftbody deflection point at x/l = 0.63. After this point the KE curves are all lower than the 

NKE cases for much of x/l > 0.7 (as they were for the F-57 in Figure 4.11a). The B-0-KE 

(Figure 4.5a) has a similar CP profile compared to the Myring LDB over the nose. However, 

the fact that the Myring LDB does not have larger negative peaks or variation in CP over the 

majority of the body means that it would be an improved body compared to the B-0-KE. 
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Figure 4.12: Pressure coefficient as a function of dimensionless body length for the Myring LDB-NKE/KE 

at different δs.  

Figure 4.13 shows the normalized streamwise wake velocity profile, Ux/U, for δ = 4° for (a) F-

57 LDB-NKE/KE and (b) Myring LDB-NKE/KE. The Myring LDB-KE has a stronger 

downward deflection of the wake than the F-57 LDB-KE. Overall the wake deficit for the B-

0-NKE/KE is far greater than that of the LDB-NKE/KEs, with the double-lobe profile being 

more pronounced for the B-0-KE.  
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Figure 4.13: Normalized streamwise wake velocity profile at δ = 4º for (a) F-57 LDB-NKE/KE and (b) 

Myring LDB-NKE/KE. Profiles are taken at x/l = 1.005 for NKE and x/l = 1.105 for KE (0.5% after either 

the body or the tail ends). Insert shows velocity magnitude contours on the symmetry plane in the wake 

region. 

Figure 4.14a and Figure 4.14b show Ux/U for δ = 2° and 6°, combined with contours of the 

relative vertical velocity, Uz/U, at the symmetry point of the F-57 LDB with and without a KE. 

The flow around the F-57 LDB-KE shows a larger vertical deflection over the aftbody than the 

equivalent NKE. Again, the double-lobe profile is present, but far less pronounced than for the 

B-0-KE. The B-0-NKE/KE wake velocity profile differences are more significant than for the 

F-57 LDB-KE. The wake diameter is also markedly thicker than for the F-57 LDB-KE, which 

would lead to a larger potential lift, but also a larger drag penalty.  

In the absence of the KE, the presence of a pressure differential between the upper (low 

pressure) and lower (high pressure) surface of the body leads to an upward and swirling flow 

around the aftbody edge as indicated in Figure 4.15. The addition of the KE blocks the upward 

flow on the body of the LDB and the pressure difference now drives the flow to form a tip 

vortex on the outer edge of the KE. The blockage of the LDB on-body vortex formation and 

consequent transverse flow around the KE forms the double-lobe in the velocity profile (Figure 

4.14). 
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Figure 4.14: Comparison of the normalized streamwise wake velocity profile of (a) δ = 2º and (b) δ = 6º for 

the F-57 LDB with and without the KE. Inserts show relative vertical velocity contours on the symmetry 

plane in the wake region. 
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Figure 4.15: The velocity vectors at x/l = 1.005 for F-57 LDB-KE at δ = 4º with (right) and without (left) 

KE. 

Figure 4.16a and Figure 4.16b show that the KE condition is always associated with a greater 

deflection of the Ux/U profiles, which are nonetheless weaker than the NKE equivalents. Again 

the addition of the KE leads to a transverse flow over the aftbody to produce the double-lobe 

velocity profile as with the F-57 LDB. However, the double-lobe is less pronounced for the 

Myring LDB, a fact that can be traced back to differences in boundary layer development across 

the aftbody. The Myring LDB was designed with a combination of delay of transition and 

reduction of adverse pressure over the aftbody, without a large amplitude streamwise variation 

in pressure (Figure 4.5a and Figure 4.5b). The F-57 LDB was designed only on the condition 

for delayed transition. The differences in aftbody design criteria lead to differing boundary 

layer conditions at the LDB-KE interface.   
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Figure 4.16: Comparison of the normalized streamwise wake velocity profile of (a) δ = 2º and (b) δ = 6º for 

the Myring LDB with and without the KE. Inserts show relative vertical velocity contours on the symmetry 

plane in the wake region. 

Figure 4.17 shows the profiles of the top and bottom surface boundary layers for the two LDBs 

with and without the KE, with inserts of velocity vector profiles through the boundary layers 

over the aftbodies at x/l = 0.99. The boundary layer for the F-57 LDB-KE has a steeper dU/dz 

than the Myring LDB-KE because of the sharper tapered aftbody geometry and more gradual 

pressure recovery (Figure 4.5a and Figure 4.5b).   

 
Figure 4.17: Profiles of the top and bottom surface boundary layers for the two LDBs with and without the 

KE at δ = 4º. Insert shows velocity vectors of the boundary layers over the aftbodies on the symmetry plane 

at x/l = 0.99. 
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Figure 4.18 shows that the ΔP for the Myring LDB-KE from y/r = 0 to 6 is about twice that of 

the F-57 LDB-KE under the same conditions. The Myring LDB has a better interaction with 

the KE owing to the bluffer aftbody geometry and gradual pressure recovery, and the attendant 

less pronounced double-lobe wake profile (Figure 4.16). 

 

Figure 4.18: CP at x/l = 0.96 for the F-57 and Myring LDB-KE at δ = 4°. Insert shows pressure contours on 

the cross-stream plane at x/l = 0.96. 

Figure 4.19a shows that neither the pressure CDV,p nor the friction CDV,f components of CDV for 

the F-57-NKE vary significantly with δ. However, with KE, CDV,p increases by almost a factor 

of four from δ = 0° to δ = 8°. This CDV,p increase is due to the increase in the effective base 

area when the KE deflects downwards, indicated by the schematic inset of Figure 4.19a. The 

wake deficits shown in Figures 4.14 and 4.16 also show that as δ increases the defect increases 

and is deflected downwards more. Although it general it seems like the KE combinations 

reduce the wake diameter, the three-dimensional wake effects lead to an overall increase in the 

pressure drag rather than a decrease as the two-dimensional slices in Figures 4.14 and 4.16 

would suggest. 

In Figure 4.19b, CL is shown as a function of δ for the F-57 LDB, with and without KE. Without 

KE, the maximum increase in CL based on the frontal area is only 3% for the largest δ = 8º. 

With KE, CL for the body-tail combination increases almost linearly with δ. The average lift 

slope for the F-57 LDB-KE is CL,δ = 4.3/rad, which is less than the B-0-KE but still 

approximately 2.7 times the value of the delta wing alone.  
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Figure 4.19: (a) Volume-based drag components of pressure and friction and (b) lift coefficients for the F-

57 LDB-NKE/KE at different δs. Insert illustrates the effective base area for the NKE and KE. 

Figure 4.20a shows CDV,f,p(δ) for the two NKE/KE configurations. According to Myring 

(1981), the skin friction drag contributes 90% of the total drag experienced by the unmodified 

body, Figure 4.20a for the NKE case at δ = 0º shows that the CDV,f is approximately 85% of 

CDV. The Myring LDB and F-57 LDB show similar, and quite large, increases in CDV,f when 

the KE is added, with little sensitivity to increasing δ. The CDV,p for the Myring LDB-KE at δ 

= 0º initially contributes to 33% of the CDV and becomes the leading contribution to CDV after 

δ = 4º. By contrast, CDV,p previously shown for the F-57 LDB-KE in Figure 4.19a, initially 

contributes 45% of the total at δ = 0º, but then has a sharper increase with δ, rising to CDV = 0.07 

at δ = 8º, compared with about 0.04 here for the Myring LDB. 

The drag penalty from the separation over the aftbody portion of the B-0-KE, is larger than that 

of the LDB-KEs. The B-0-KE has approximately 58% more CDV,p than the F-57 LDB-KE and 

81% more CDV,p than the Myring LDB at δ = 0°. 

Figure 4.20: (a) CDV,p and CDV,f and (b) CL for the Myring LDB-NKE/KE at different δs.  

The Myring LDB also has a steep increase of CL with δ (Figure 4.20b), with a mean lift slope, 

CL,δ = 4.8 /rad, which is higher than for the F-57 LDB but close to the 4.7 /rad of the B-0-KE. 

The mean lift slope of the Myring LDB and the B-0 is very similar, where both have more bluff 

aftbodies leading to a larger CL slope, but with the improved geometry of the Myring LDB the 

CDV reduces by almost 60% compared to the B-0-KE at δ = 8°. The reasons may be traced to 

the different environments in which the KE is immersed, which come from the differing design 

emphases. 
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The different conditions can be seen in the contours of skin friction distribution on the upper 

and lower KE surfaces for the two bodies (Figure 4.21). If one sets a threshold, Cf, at the 

expected flat plate boundary layer value for the inlet conditions onto the KE for both, then a 

central wake can be distinguished from an exterior region that has much higher Cf fluctuation 

amplitudes, and might be imagined to be exposed to freestream conditions. More of the 

outboard surface of the F-57 LDB-KE is exposed to freestream conditions than the Myring 

LDB. If the desired effect of the KE is to modify streamlines that have passed over the body, 

then the larger wake influence of the Myring body might be preferred. Since the KE is already 

immersed in a low-speed wake, the smaller increase in CDV may also be both preferred and 

expected. 

 

Figure 4.21: Skin friction coefficients on the top and bottom surface of the KE for the F-57 and Myring 

LDB-KE at δ = 4°. Dashed lines show the wake edge on the body surface.  

Figure 4.22 shows Uz/U as a function of y/r for (a, b) F-57 LDB-NKE/KE and (c, d) Myring 

LDB-NKE/KE at similar location to the B-0-NKE/KE in Figure 4.10. The maximum body 

diameter is at y/r = 1 and the KE ends at approximately y/r = 1.45. The downwash profiles at 

δ = 0º (Figure 4.24a) aft of the body are indistinguishable for NKE and KE, as one might 

expect. As δ increases to 4º, the KE leaves a much stronger and broader downwash signature.  

With further increases in δ (Figure 4.22b,d), although the centreline value of Uz may be similar 

between KE and NKE, the spanwise region that is influenced is more extensive in the KE 

condition. The KE case at a high δ is associated with significant upwash for y/r > 1.1, and the 

net integrated downwash increment (and hence lift) might be expected to be smaller, based on 

this observation alone. One may again be able to infer that the lift is determined to a large 

extent by the global influence of deflected streamlines over the entire body, and not just 

localised at the tail. 

The B-0-NKE/KE has greater downwash peaks compared to the LDB-NKE/KEs, this is 

attributed to the greater wake diameter to body diameter ratio of the B-0-NKE/KE (Figure 4.7) 

and also has the consequence of a larger drag penalty shown in Figure 4.9.  
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Figure 4.22: Vertical velocity component Uz/U as a function of spanwise normalized body radius, y/r, at 

location x/l = 1.005 without a KE and 1.105 with a KE, for the F-57 LDB (a) δ = 0º to 4º and (b) δ = 6º and 

8º and for the Myring LDB, (c) δ = 0º to 4º and (d) δ = 6º and 8º. 

The KE influence for the three bodies are compared for δ = 4º in Figure 4.23. The Myring 

LDB-KE has much larger positive and negative peaks in Uz compared to the F-57 LDB-KE, 

which nevertheless leads to it having a larger CL,δ (compare Figures 4.22a and c). The B-0-KE 

shows a larger negative peak and slightly lower positive peak, leading to a slightly lower CL,δ 

(see Figure 4.10a). 
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Figure 4.23: Comparison of Uz/U as a function of y/r, for the F-57 LDB, Myring LDB and B-0-NKE/KE at 

δ = 4°.  

Figure 4.24 shows L/D (δ) for both LDBs and the B-0. L/D is about 3 to 4 times higher for the 

KE than for the NKE for all bodies. If L/D is a performance objective, then it is much better to 

have a deflector plate than to simply camber the body itself at this Re. At all δ, the Myring 

LDB has superior L/D, for -either KE or NKE condition. 

 
Figure 4.24: The efficiency, L/D for the F-57 and Myring’s LDBs and B-0-NKE/KE at different δs.  

4.5 Effectiveness of the Kutta edge to provide lift 

In order to predict the effectiveness of the KE in combination with a body to provide lift, the 

SBT was used, as described in Section 2.4.5. Interference factors can be quantified between 

the body and the KE in order to provide guidelines in terms of the KE geometry.  
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For all three cases, AKE,mod = 0.63AKE and the remaining geometric values are shown in Table 

4.1. The r/Sm values are all similar as per the definition in Section 2.4.5, where the tail 

geometries were kept proportionally similar to evaluate the effect of the body-tail 

combinations. 

Table 4.1: Geometric properties for the B-0-KE, F-57 and Myring LDB-KE 

 B-0-KE F-57 LDB-KE Myring LDB-KE 

r/Sm 0.7 0.7 0.7 

rmod/Sm,mod 0.73 0.49 0.63 

Λ0 75 52.5 78 

AR 1.07 1.84 1.47 

ARmod 0.57 1.05 0.88 

Figure 4.25 shows CFD results for (∂CL/∂δ)C compared to the predicted values for the three 

different methods, SM, SBT and SBTmod (slender-body theory using the equivalent geometric 

definition), as well as an inserted table of the overall results of increasing aftbody-KE 

deflection angles for the B-0-KE. SM shows the closest match to the CFD results to predict CL 

with an average difference of less than 3% for (∂CL/∂δ)C. The SBT method as well as the 

SBTmod over-predicts the KKE(B). The SBT method over-predicts KB(KE) expecting more lift 

carry-over from the KE to the aftbody. The SBTmod expects slightly less carry-over, but gives 

a far better estimation.  

 
Figure 4.25: Estimation of CL for the B-0-KE combination using the SM, SBT and SBTmod method in 

comparison to the predicted CFD results. 

Figure 4.26 shows the CL results for the different approaches with increasing aftbody-KE 

deflection angles for the F-57 LDB-KE. The F-57 LDB has a sharp nose and tail section, which 

would mean that the SM method assumption that the nose and front part of the body can be 

assumed to be a cylindrical body will lead to an inaccurate prediction of the lift over the nose. 
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Also, the sharp tail section leading into the KE, the values for the body aiding the KE in terms 

of lift and the lift carried over by the KE onto the body are much less than the theoretical models 

predict. 

 
Figure 4.26: Estimation of CL for the F-57 LDB-KE combination using the SM, SBT and SBTmod method 

in comparison to the predicted CFD results. Table insert shows the values to calculate the (∂CL/∂δ)C. 

The Myring LDB-KE combination has the highest CL slope for increasing δ, shown in Figure 

4.27. Again, SM shows the closest match to the CFD results with an average difference of less 

than 1.5% for (∂CL/∂δ)C. Again, the expected upwash predicted by the SBT from the body 

adding to the lift of the KE is greater than the simulation results. When the geometry is adjusted 

for SBTmod there is a much closer estimation for the contribution of lift. In terms of the carry-

over lift of the KE onto the aftbody, KB(KE) is under-predicted with both SBT and SBTmod 

indicating that the body is providing a larger portion of the lift than expected.  

Overall, the SM method seems to be able to predict (∂CL/∂δ)C reasonably well with bodies that 

do not have a large continuous cross-sectional variation like the F-57 LDB. However, as a 

measure of effectiveness of the body-tail combination, the SBTmod allows a means to indicate 

the estimated percentage of lift contributed by the aftbody to the KE, as well as the amount of 

carry-over lift the body contributes to the KE.  
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Figure 4.27: Estimation of CL for the Myring LDB-KE combination using the SM, SBT and SBTmod method 

in comparison to the predicted CFD results. 

In terms of KE effectiveness, the Myring LDB-KE was found to be the best combination based 

on KKE(B) and KB(KE) with more than 80% contribution from the body upwash to lift on the KE 

and more than 60% carry-over lift supported by the aftbody from the KE. The B-0-KE had the 

worst combination in terms of contribution of the aftbody upwash to the KE, providing less 

than 30% additional lift, due to the separation over the aftbody as discussed in Section 4.3.3. 

The F-57 LDB-KE has the worst carry-over lift from the KE, primarily due to the fact that such 

a small ratio of the body is actually part of the KE due to the sharp aftbody taper. 

4.6 Summary, conclusions and recommendations on the function of the KE 

RANS simulations were conducted for two LDBs and compared with theoretical and 

experimental literature, as well as the B-0 used in Huyssen et al. (2012) and Davis and 

Spedding (2015). The comparisons were close enough to encourage the subsequent testing of 

novel body-tail combinations, where the B-0, F-57 LDB and Myring LDB shapes were 

combined with a deflected tail plate (termed a Kutta edge, from its design objective to 

manipulate a trailing Kutta edge condition). The configurations were thus B-0-KE/NKE, F-57 

LDB-KE/NKE and Myring LDB-KE/NKE. In all cases, the plate deflection was achieved by 

deflecting the entire aftbody, so a deflection angle, δ, describes both the plate and aftbody 

deflection. 

Lift can be supported on a body simply by adding camber to the body of revolution. This 

strategy, combined with a trailing-edge tail/plate yields quite significant performance benefits. 

In summary, the Myring LDB seems to adhere to the main principles of an ideal body-tail 

combination. The highest lift contribution was attributed to the fact that the aftbody was 

designed to be bluff, as well as the fact that the KE stays within the wake of the body fairly 

well. Overall, there was also a reduction in the drag contribution due to the geometry of the 

Myring LDB, which had no separation over the aftbody like the other two bodies. Finally, in 
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terms of the effective use of the body-tail combination, the Myring LDB-KE offers the lowest 

interference factor between the two parts, allowing for a beneficial interaction between the 

body and the KE. 

The flow around all three bodies showed a larger vertical deflection over the aftbody than the 

equivalent NKE as δ increases. The Myring LDB had the best overall performance when fitted 

with a KE, explained by the boundary layer development across the aftbody. The Myring LDB 

was designed for delayed transition and a gradual pressure recovery over the aftbody, whereas 

the F-57 LDB was only designed for delayed transition and the B-0-KE was merely fitted with 

a truncated cone as the aftbody.   

Simple deflection of the aftbody provided camber and so, predictably, increases lift in all cases, 

even with no tail. This lift increase was greatly enhanced with the addition of the KE, and the 

average lift slope of the Myring LDB-KE was higher than for the F-57 LDB-KE and the B-0-

KE. In all cases, the lift was significantly greater than that of a delta wing alone, which indicates 

that the effect of the tail is non-local and increases the lift over the whole body-tail combination.  

The B-0-KE and Myring LDB-KE had the largest potential to provide lift (since both aftbodies 

were quite bluff), with which a larger drag penalty was associated (as the effective base area 

increases). However, the Myring LDB had approximately 81–60% less CDV as the δ increased, 

compared to the B-0-KE. The multiple separation and reattachment areas on the B-0-KE 

aftbody led to a larger drag penalty, as well as lower Re environments in which the KE was 

immersed, meaning that the flow was more sensitive to the non-optimal aftbody design of the 

B-0-KE. Although the F-57 LDB-KE had a smaller lift slope, the drag penalty was equally 

high, again due to separation over the aftbody, but also because the outboard surface KE was 

more exposed to freestream conditions compared to the Myring LDB-KE. 

As a measure of effective use of the KE, the SBT with a modified geometric description gives 

a fairly reliable means to estimate the percentage of lift contributed by the aftbody to the KE, 

as well as the amount of carry-over lift the body contributes to the KE. Both the F-57 LDB-KE 

and the B-0-KE were less effective than the Myring LDB, but for different reasons. The 

definitions used by the SBT indicated that the B-0-KE was largely ineffective due to the amount 

of separation over the aftbody, leaving the KE within the viscous wake without the ability to 

control circulation. The F-57 LDB also tapered too sharply towards the KE, indicating that the 

body and KE work as separate units with an accumulated penalty.  

It appears that the width of the KE, relative to the LDB geometry, influences the overall 

efficiency of the LDB-KE configuration. Therefore, it is recommended that the aftbody and 

tail geometry be designed as a continuous unit and not in isolation, on the condition that the 

KE should be located entirely within the bounds of the viscous wake. This maximises the 

favourable manipulation of streamlines over the preceding body contours, while minimising 

the drag penalty of being exposed to the freestream. 
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5. WING-BODY-TAIL CONFIGURATION  

5.1 Introduction 

The purpose of the study done in Chapter 3 was to provide confidence in the numerical 

simulation domain for a basic wing (NACA0012) and body in order to expand to a more 

complex WBT configuration. Previous investigations were only experimental studies (Huyssen 

et al., 2012; Davis and Spedding, 2015) and initial CFD investigations on the WBT were 

reported in Smith et al. (2016). The specific influence of the wing, body and tail could not be 

determined by only regarding the global flow-field.  

Two LDBs with aftbody deflections and a short KE tail were numerically investigated to 

determine the nature of the KE and body interactions in Chapter 4 without adding the 

NACA0012. Therefore, it is the purpose of this chapter to investigate the LDB-KE when fitted 

with a NACA0012 wing at α = 6°. The proposed WBT is modelled in two different ways: with 

the tail and without. Each configuration is modelled at aftbody deflection angles of 0, 2, 4, 6 

and 8°. The three different WBT configurations are modelled at their design Rec in this chapter 

based on chord instead of body length, as in Chapter 4. Therefore, the Rec are 2.7 x 105, 2.4 x 

106 and 105 for the three respective bodies: F-57, Myring and the B-0 used in Huyssen et al. 

(2012), Davis and Spedding (2015) and Smith et al. (2016; 2017).  

The overall purpose of this study was to provide some insight into the differences between the 

previous experimental and numerical studies and to investigate a potential design space of the 

initially tested WBT configurations. This exploration of the design space was conducted by 

using 10 discrete WBT configurations (five δ with and without KE) for the WBT-0 at chord 

based Reynolds number, Rec = 105 (Huyssen et al., 2012; Davis and Spedding, 2015; Smith et 

al., 2016) and two LDBs at their specific design body length based Reynolds number, Rel (1.2 x 

106 for F-57 LDB and 107 for Myring LDB).  

5.2 Numerical modelling 

5.2.1 Geometric model, solution domain and mesh generation 

The WBT geometries have fineness ratios, l/d = 4.75, 5.56 and 5.33, for the WBT-0, F-57 and 

Myring profiles, as shown in Figure 5.1. A NACA0012 section, rectangular wing with set angle 

of attack, α = 6°, AR = 6.67 was prescribed with a reduced chord length, 0.98c for a numerically 

convenient blunt trailing-edge. The wing leading-edge was placed at x/l = 0.4 from the nose 

and z/r = 0.8 down from the largest vertical extent of the fuselage. Rec was different in each 

case, based on the specific design Rel for the LDBs (Rec = 2.7 x 105, 2.4 x 106 for F-57, Myring). 

Since the LDBs are designed for specific Rel, changing the Rec based on the wing was a better 

option. 
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Figure 5.1: The F-57, Myring and WBT-0 geometries. 

In the 6 cases for each WBT-NKE/KE combination, the KE was set to have the same geometric 

ratios of tail width, TW to body diameter, d and KE length, defined by two ratios l1/l and l2/l 

shown in Figure 5.2. The wings are also placed in the same geometric ratio to the reference 

WBT (the same horizontal and vertical distance away from the KE).  

 

Figure 5.2: KE width and length dimension relationships for all three WBTs. 

The WBT-0 was modelled in a simplified cylindrical shape representing the octagonal Dryden 

wind tunnel test section (Huyssen et al., 2012; Davis and Spedding, 2015) which was a 

reasonable simplification since, the difference on the lift and drag forces were only 0.25%. 

Modelling a wall boundary compared to having an open domain increased the force values 

approximately 2%, due to the blockage effects present when the walls were added. All solution 
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domains were of half models with a symmetry plane. The diameter of the wind tunnel is 4.5l 

(since b/2 = 0.8l this leaves 1.45l as the distance to the wall from the wing tip) and WBT-0 was 

positioned 6l from the inlet and the total domain was 25l as shown in Figure 5.3.  

 

Figure 5.3: Solution domain with coordinate system and boundary conditions for the WBT-0. 

All bodies were meshed using the same mesh functions and boundary layer mesh growth rate 

as Chapter 4. The WBT model had 15 boundary layer cells and two cells on the outer wall 

boundary were sufficient for force predictions (without the wall cells there is a 2% difference 

of the force values). The domain refinements were modelled in the same way as described in 

Chapters 3 and 4. Additional refinements were placed around the wing and downstream of the 

wing into its wake. Figure 5.4 shows the mesh around the WBT-0 model. 

 
Figure 5.4: Unstructured mesh around the WBT-0-KE model. 
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The GCI method described in Chapter 3.4.3 was used to ensure that drag estimates were not 

sensitive to further mesh refinement. All mesh sizes were in the order of 3-5 x 106 and the 

criterion y+ < 1, which is a measure of boundary layer resolution, was satisfied for all cases. 

5.2.2 Boundary Conditions, Turbulence and Transition Models 

The flow was steady and incompressible, with constant velocity inlet and outlet pressure 

boundary set at atmospheric (Figure 5.3). The outer domains for the WBT-0 and-F57 were 

modelled as no-slip wall boundaries, whereas WBT-M had symmetry plane outer domain 

boundaries. The shear-stress transport (SST) k-ω turbulence model (Menter, 1994) coupled to 

a γ-Reθ transition model (Menter et al., 2004) was selected as in Chapters 3 and 4. The transition 

model is required for Rec < 106 where laminar separation bubbles and transition become 

important to predict the aerodynamic forces with reasonable accuracy.  

5.3 Simulations of the experimental WBT configuration at Rec = 105 

First the global force values of the experimental model WBT-0 were considered after which 

the flow mechanisms responsible for the force trends were investigated. Figure 5.5a shows the 

variation with δ of the pressure and friction drag coefficients components (normalized by wing 

planform area, A as is the standard for aircraft configurations) for the WBT-0. Friction drag is 

almost unchanged at all δ, while pressure drag increases noticeably in the KE configuration. 

The WBT-0 CD curves shows that a shallow minimum total drag for the KE condition occurs 

at δ = 2° for KE and δ = 4° for NKE. 

 

Figure 5.5: The effect of varying δ on CD (a) and CL (b) for the WBT-0-NKE/KE.  

Figure 5.5b shows that in general, the lift coefficient, CL for the KE increases with δ, and it 

does so much faster than the NKE configuration. At δ = 0°, CL for both WBT-0-NKE/KE are 

lower than that of the wing alone since part of the wing span, b is situated within the non-lifting 

fuselage. CL of the WBT at δ = 5° is about the same as for the NACA0012 wing alone at α = 

6°. It is not obvious from the dissimilar scales of Fig 5.5a and b, but the relative change in drag, 

dCD/CD,δ=2° is approximately 0.17 (taken between δ = 2° and δ = 8°), which is larger than the 

relative change in lift dCL/CL,δ=2° of approximately 0.11.  

In Figure 5.6 the normalized streamwise velocity, Ux/U, of the first boundary layer mesh cell, 

over the top of the body at δ = 4°, shows the regions of recirculation indicated in dark blue on 

the colour insert (the lower Ux/U value was restricted to zero to show negative velocities as a 

uniform dark blue section). For both the KE and NKE cases there are large areas of 
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recirculation over the aftbody with separation occurring eventually at x/l = 0.88. Even though 

there are regions of recirculation over the top of the aftbody, the KE still shows attached flow 

over the largest part of its area. The pressure drag penalty due to the large sections of 

recirculation on the aftbody overshadows the gain of lift from the KE. These recirculation 

regions are common in low Re flow-fields and specifically in bodies of revolution if the aftbody 

is not designed to avoid separation (Parsons and Goodson, 1972; Smith et al., 1981).  

 

Figure 5.6: Ux/U over the aftbody section (0.5 < x/l < 0.9) of the WBT-0-NKE/KE at δ = 4° on the symmetry 

plane. Colour insert shows the Ux/U contours over the top of the aftbody for the WBT-0-NKE/KE. 

Figure 5.7 shows the wake velocity profile for δ = 4° of the WBT-0-NKE/KE on the symmetry 

plane. There are three lobes present for the WBT-0-KE in the wake profile. The bottom and 

top lobes are due to the separation of the upper and lower boundary layers from the aftbody 

and the middle lobe the boundary layer over the KE. For the WBT-0-NKE there are only two 

lobes for the bottom and top aftbody boundary layer separation. Both cases have a faster central 

Ux/U approximately at z/l =0.015 due to the wing-induced wake. The same wake profiles are 

observed for other δ with Figure 5.8 showing the Ux/U contours for δ = 0°, 4° and 8° on the 

symmetry plane. At δ = 0° the wake is deflected slightly upward even with the KE. This is due 

to the downwash of the wing which then meets the upwash from the body and the interaction 

creates an initial slight upwash in the near-wake. 
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Figure 5.7: Ux/U as the wake profile for the at δ = 4º for the WBT-0-NKE/KE.  

 

Figure 5.8: Ux/U colour contours on the symmetry plane at δ = 0º, 4º, 8º for the WBT-0-NKE/KE. 

Figure 5.9 shows the PTotal contours (left) over the aftbody section at different locations for the 

WBT-0-NKE/KE. To visualize the complexity of the three-dimensional wake structure, 

vorticity magnitude, ω, iso-surfaces with streamlines are shown in Figure 5.9 (right). The iso-

surfaces are created by restricting the vorticity range to show only the viscous wake and each 

colour is made transparent with an opacity of 0.5. Figure 5.9a and b shows the WBT-0-

NKE/KE at δ = 0° and Figure 5.9c and d at δ = 4°. The PTotal contours show lower values at the 

center of the vortices that are formed along the aftbody and PTotal increases outward from these 

low points to create the curved path of the flow particles shown by the streamline plots. At both 

δ there is an interaction between the boundary layer forming on the KE as well as the thickening 

of the boundary layer over the top and bottom of the aftbody which is clear from the vorticity 
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iso-surfaces and streamlines. The wing-induced flow-field modifies the flow over the aftbody-

KE and at δ = 0° the KE lies inside the deflected viscous wake behind the wing which leads to 

complex interaction and the leading-edge vortices on the top of the KE cannot form properly 

(compare Fig 5.9b and 5.9d PTotal contours). At δ = 4° the downwash of the wing and thickening 

of the boundary layer over the aftbody adjusts the effective angle of attack of the flow as it 

reaches the leading-edges of the KE and the vortex pair is formed on top of the KE. Ideally the 

KE should be integrated into the aftbody to avoid the interaction with the wing-induced flow-

field and the aftbody-KE should be shaped in a way where there is no separation. 
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Figure 5.9: PTotal contours at different streamwise locations over the aftbody (left) and vorticity iso-surfaces 

and streamlines (right) for the WBT-0-NKE/KE at (a) and (b) at δ = 0º, and (c) and (d) at δ = 4º. 

For comparative purposes Figure 5.10a and b shows the PTotal contours over the aftbody of the 

BT-0-NKE/KE at δ = 0° and 4°, to show the influence the wing has on the downstream wake 

structure of the aftbody and KE. At δ = 0° the BT-0-NKE/KE both have a symmetrical wake 

structure which is not the case for the WBT-0-NKE/KE in Figure 5.9a and b. Also at δ = 4° 

there is a larger leeward PTotal for the BT-0-NKE/KE and a more gradual distribution spanwise 

across the KE than when the wing is added (Figure 5.9d).  
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Figure 5.10: PTotal contours at the same location as Fig. 9 for BT-0-NKE/KE at (a) δ = 4º and (b) δ = 0º. 

The overall objective of the KE is to restore the circulation over the (previously non-lifting) 

body so that the downwash distribution is (a) more uniform (lower induced drag) and (b) 

overall stronger so that the integrated total yields higher lift. The current geometry appears to 

be achieving some of these goals simply by body deflection alone, with no KE. Figure 5.11 

shows the downwash distributions as the normalized cross-stream velocity, Uz/U, along the 

normalized half span (2y/b), behind the WBT-0-NKE/KE at each δ. The profiles were taken at 

x/l = 1.105 and z/r = -1.5 and the orange line indicates the position behind a NACA0012 wing 

alone at α = 6º. The wingtip is at 2y/b = 1 and the KE ends at approximately 2y/b = 0.17. For 

all δ there is a large spanwise variation at the center. At δ = 0º, the KE configuration appears 

worse than the NKE, with a greater downwash defect behind the body. This is due to the 

upwash from the body-KE and downwash from the wing-induced wake interacting (c.f. Figure 

5.8). When δ = 2º, the KE and NKE has very little difference in downwash distribution, but as 

δ increases the KE seems to offer an improvement. If the objective has been to restore the 

circulation profile to the wing only case, then the KE can produce the downwash centrally but 

at the expense of having upwash around the KE tip. Clearly some careful matching would need 

to be done if a uniform downwash were to be achieved. 
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Figure 5.11: Spanwise distribution Uz/U at z/r = -1.5 and x/l = 1.105 as a function of 2y/b for the WBT-0-

NKE/KE, (a) δ = 0° to 4° with a schematic of the WBT-0-KE and (b) δ = 6° to 8°.  

Figure 5.12 shows the Uz/U contour plots for δ = 0º, 4º and 8º at the same x/l location as the 

profiles in Figure 5.11. There are multiple traces of upwash and downwash regions from the 

body and KE and these will have to be reduced to obtain a uniform spanwise downwash as 

shown by the wing only Uz/U contour in Figure 5.13.  
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Figure 5.12: Uz/U contours for the WBT-0-NKE/KE at δ = 0°, 4° and 8°. Dashed line indicating the location 

z/r = -1.5.  

 

Figure 5.13: Uz/U contours for the NACA0012 wing alone. Dashed line indicating the location z/r = -1.5.  

Figure 5.14 shows a systematic breakdown of the lift provided by the body and KE relative to 

the wing alone CL/CL,wing of the WBT-0-NKE/KE as well as for the wingless case, BT-0. The 

WBT-0 body shows a larger increase in CL/CL,wing than the BT-0 body since the wing that is 
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added contributes to normal forces over the body to increase the overall lift. However the KE 

has a reduction in the CL/CL,wing when the wing is added due to the change of the effective angle 

of attack the KE experiences from the upstream wing.  

 
Figure 5.14 CL/CL,wing for the WBT-0-KE and BT-0-KE combinations at varying. 

Even though the KE does seem to be a step in the right direction to restore the downwash 

distribution, its effectiveness is influenced by the separation over the aftbody and the wing-

induced wake. Separation over the aftbody-KE will lead to a drag penalty that outweighs this 

potential benefit. As an attempt to investigate the contribution of the aftbody design, the two 

LDBs considered in Chapter 4 were used in the WBT. 

5.4 Numerical investigation of LDBs in the WBT 

Figure 5.15a shows the variation of CD with δ for the WBT-F57 and WBT-M, both in NKE/KE 

configurations. The CL values for WBT-F57 and WBT-M both show a linear increase as δ 

increases similar to the WBT-0 as one might expect. CL increases much more visibly with KE, 

and CL has been restored almost to the wing alone value at δ > 3º for WBT-F57-KE and at δ > 

7º for WBT-M-KE, as shown in Figure 5.15b. The relative change in drag dCD/CD,δ=2° for the 

WBT-F57-KE it is approximately 0.21 and for WBT-M-KE approximately 0.18, which is 

larger than their respective dCL/CL,δ=2° of approximately 0.12 and 0.09. All three WBTs share 

a similar trend in dCD/CD,δ=2° but the WBT-M-KE has the lowest CD values overall. CL 

increases for all three WBTs with the WBT-F57-KE at a higher rate than the WBT-0 and WBT-

M-KE. 
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Figure 5.15: (a) Drag coefficient, CD and (b) lift coefficient CL varying with δ for the WBT-F57 and WBT-

M-NKE/KE. 

The reduction in the dCL/CL,δ=2° for the WBT-M compared to the WBT-F57-KE is attributed 

to the aftbody shape, where the WBT-F57 has a sharper taper there is larger surface area of the 

KE exposed (approximate 26% more) that can provide a lift force than the more bluff Myring 

aftbody-KE. However Figure 5.15a shows that the benefit in lift when considering the WBT-

F57-KE is outweighed by the drag penalty. The F-57 and Myring LDB were originally 

designed to reduce drag (Parsons and Goodson, 1972) but not with wings attached.  

Even without the wing, the Myring LDB-KE outperformed the F-57 LDB-KE in terms of drag 

and lift components In Chapter 4. Figure 5.16 shows the portions of separation and 

reattachment over the aftbody of the F-57 WBT where the same flow features are not present 

for the Myring WBT. The interference from the wing-body connection aggravates the already 

unstable flow over the aftbody of the F-57 WBT, leading to a larger drag component. 

 
Figure 5.16: Normalized streamwise velocity contours over the aftbodies of the WBT-F57- and WBT-M-

KE. 

The F-57 LDB design focused on primarily transition delay to reduce drag while the Myring 

LDB focused on the reduction of separation over the aftbody. Both LDBs have lower drag 

compared with the WBT-0-KE. Figure 5.17a shows colour contours of Ux/U at δ = 0º, 4º and 
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8º for the WBT-F57-NKE/KE and Figure 5.17b for WBT-M-NKE/KE. The vertical wake 

thickness is reduced when the KE is added and the downward deflection of the wake increases 

with increasing δ in both cases. This was not clear in Figure 5.8 of the WBT-0 and overall all 

the wake thicknesses of the WBTs with LDBs are smaller, consistent with the observed 

reduction in drag. The WBT-F57 shows areas of separation (shown by the Ux/U < 0) over the 

aftbody similar to the WBT-0, more so for the NKE than KE, but these separation areas are 

smaller for the WBT-M-NKE/KE. Also, for all WBTs at δ = 0º there is an initial upwash 

deflection of the streamwise wake defect present as the downwash from the wings interact with 

the upwash from the aftbody.  

 

 

Figure 5.17: Ux/U colour contours for the (a) WBT-F57-NKE/KE and (b) WBT-M-NKE/KE at δ = 0º, 4º, 

8º. 
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Figure 5.18 shows the streamwise velocity profiles, Ux/U, for δ = 4° of the WBT-F57-NKE/KE 

with and without the wing. The velocity profiles and contours of ǁUǁ both show that the wings 

cause the wake behind the body to thicken, as though separation were occurring further 

upstream. There is little difference when the KE is present. With no wings, the KE appears to 

protrude upwards through the thin wake (Figure 5.18b) and with wings, it is always inside a 

presumed separated wake. It is clear that the wing has a direct and negative influence on the 

trailing-edge conditions, again emphasizing the importance of careful matching within the 

WBT when any sort of trailing-edge device is added or the aftbody deflected. 

 

 
Figure 5.18: Ux/U as the wake profile for the F-57 LDB and WBT (a) without KE and (b) with KE at δ = 4º. 

Red arrows indicate the difference between the wake profile with and without a wing.  
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Ux/U, for δ = 4° of the WBT-M-NKE/KE and WBT-F57-NKE/KE is shown in Figure 5.19. 

Again the downward deflection of the wake is observed with the addition of the KE and for the 

WBT-M, a double-lobe profile is not present, in contrast to the WBT-F57. The gradual aftbody 

taper to the sharp trailing-edge of the WBT-F57, actually leads to premature separation on the 

aftbody when wings are present. The WBT-M has a smoother wake profile and a smaller wake 

defect which explains the smaller pressure drag increase compared with the WBT-F57 in 

Figure 5.15.  

 
Figure 5.19: Ux/U at δ = 4º for the WBT-M-NKE/KE compared with the F57 WBT-NKE/KE at x/l = 1.105. 

Figure 5.20a to d shows the spanwise distribution for the WBT-F57 and WBT-M-NKE/KE at 

δ = 0º to 8º. These values were extracted at the same streamwise location as for the WBT-0-

NKE/KE. Similar to the WBT-0-NKE/KE in Figure 5.11, the downwash profiles for δ = 0º and 

KE show an increased upwash as the KE is immersed in a wing downwash so the local KE 

incidence angle is negative, generating negative lift (Figure 5.14). The WBT-F57-NKE has 

very little variation with changes in δ, possibly due to the more rapid termination of the aftbody 

of the F-57 LDB. For WBT-F57- and -M-KE, at δ > 6º the central downwash distribution of 

the wing alone is exceeded and much stronger than the WBT-0-KE, though uniform downwash 

distribution was never realised. Overall WBT-F57 and -M show similar spanwise distributions 

with δ = 2º and 4º seeming most promising. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



92 

 

 

Figure 5.20: Uz/U as a function of 2y/b for the WBT-F57-NKE/KE, (a) δ = 0° to 4° and (b) δ = 6° to 8° and 

WBT-M-NKE/KE, (c) δ = 0° to 4° with a schematic of the WBT-0-KE and (d) δ = 6° to 8° at the same 

location as Figure 5.11. 

Figure 5.21a and b shows the Uz/U contours for the (a) WBT-F57 and (b) WBT-M-NKE/KE 

at x/l = 1.105, respectively, with the view direction and location of the contour plot shown at 

the top of Figure 5.21. There are far less local upwash and downwash regions behind the body 

and KE of the WBT-F57 and WBT-M-NKE/KE compared to the WBT-0-KE/NKE in Figure 

5.12. WBT-M-NKE/KE has a smaller and more central upwash region at δ = 0° (Figure 5.21b) 

than the WBT-F57-NKE/KE. However, at δ = 4° and 8° the WBT-M-NKE/KE has a larger 

central downwash region than the WBT-F57-NKE/KE.  
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Figure 5.21: Uz/U contours for the (a) WBT-F57-NKE/KE and (b) WBT-M-NKE/KE at δ = 0°, 4° and 8° 

downstream at x/l = 1.105. The location of the contour plot as well as the view direction is shown at the top. 

5.5 Discussion 

The WBT-0 aftbody was not designed to provide any pressure recovery or reduce separation 

over the afbody and as a result the boundary layer separates, leading to a high pressure drag, 

and thick associated wake. For both the WBT-F57 and WBT-M-NKE/KE, the wakes have 

lower fluctuation in Ux/U, a reduced wake deficit and lower pressure drag.  

In terms of lift provided by the different WBT arrangements Figure 5.22 gives an breakdown 

of CL relative to the CL,wing (based on the amount of lift provided by the wing alone) for the 

body and KE components. All of the WBT-KEs show (c.f. Figures 5.8 and 5.17) an upward 

deflection of the wake for the δ = 0° with the largest upward deflection seen at WBT-0 and 

WBT-F57-KEs. At all increasing δ the WBT-KEs shows an increase in lift on the body, with 

the WBT-F57-KE body showing a larger contribution compared to the other two WBT-KEs.  
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Figure 5.22: CL/CL,wing for the three WBT-KEs at varying δ (E refers to WBT-0). 

The KE of the two bluff bodies WBT-0 and WBT-M have a smaller lift contribution compared 

to the KE of WBT-F57 with an overall rate of increase that is smaller as well. This, as suggested 

before, is due to the sharper taper of the F-57 LDB leaving a larger surface area exposed and 

also allowing the leading-edge vortices to develop without as much interference from the body 

vortices, but as a consequence is more sensitive to the wing-induced downwash. The WBT-0 

body shows a largest contribution in lift compared to the WBT-F57 body. The large 

contribution by WBT-0 body is attributed to the strong upper and lower body vortices that 

developed over the aftbody. 

Any given wing-fuselage geometry has a higher L/D for a simple body deflection (NKE) then 

with tail (KE) (Figure 5.24). Though the KE adds lift, it does so with a drag cost that is 

relatively higher. For increment in lift alone, the WBT-F57 seems to be the most feasible option 

(Figure 5.15), but the drag increment reduces L/D, so if this is the figure of merit, the WBT-M 

would be considered the best candidate to further explore. 
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Figure 5.23: The effect of varying δ on L/D for KE and NKE for all three WBT combinations. 

5.6 Summary, conclusions and recommendations 

As an extension of the RANS simulations LDB-NKE/KEs, a NACA0012 wing was added (at 

α = 6°) to form the proposed WBT with an LDB. The two proposed fuselage design objectives 

that were tested were to reduce the overall drag by using an LDB and to add a KE to restore 

the circulation over the (previously non-lifting) body so that the downwash distribution returns 

to that of a wing alone. The KE provided additional lift to restore the downwash distribution 

of the WBT and, in principle, should reduce the induced drag. However, this had a pressure 

drag penalty in the current configuration, primarily from the pressure drag component. The 

penalty was due to the specific geometry of the aftbody-tail section, where multiple separation 

and reattachment points were seen in the CFD results. 

This work confirms that the KE can influence the WBT wake structure as initially estimated in 

experiment (Huyssen et al., 2012; Davis and Spedding, 2015). The results here suggest that the 

original Kutta Edge tail concept requires careful matching in the reality of viscous flows over 

bodies and wings at finite Rec. In particular, if the KE is wholly or partially immersed in a wake 

that derives from earlier upstream separation, then the KE cannot operate effectively and the 

body termination conditions must already be judged to be sub-optimal. If there is an optimal 

WBT configuration that leads to significant benefits in L/D, then it presumably would have to 

live in a domain where separation is almost completely avoided. The second modifying 

consideration is that if an entire system is designed for a certain lifting objective, then the option 

of providing that weight support through a modified geometry that includes a KE might not be 

well described by a single number such as L/D. When system benefits of reduced wing length, 

area and weight are included (and subsequently fed back into the new design set-point for CL), 

the interlocked design benefits of each component might be difficult to isolate. The properties 

of the idealized WBT project with real bodies at finite Re are not easy to predict, and a helpful 

start might involve selected parameter sweeps that test design sensitivities close to realistic 

operating conditions. 
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6. CONCLUSIONS AND PROPOSED FUTURE 

WORK  

6.1 Summary 

When an aircraft fuselage is relieved of the requirement of supporting an empennage, it can 

immediately assume a lower fineness ratio, with lower drag per unit volume and lower 

structural mass. Moreover, a carefully-shaped aftbody can be constructed, with a terminating 

trailing-edge, so as to impose the location of the rear stagnation point and generate circulation 

(and hence lift) over the body itself. Providing some lift by the body has advantages, one of 

which is that a more uniform spanwise lift distribution could improve the span efficiency. The 

initially proposed WBT configuration Huyssen et al. (2012) had a trailing-edge deflector flap, 

termed a Kutta Edge (KE), as it fixes the location of the rear stagnation point. The KE was 

affixed to a body with low fineness ratio (l/d = 4.75), which, although much closer to an optimal 

shape for low drag per unit volume, did not have any particular geometric features to assure 

low drag of the body itself.  

The investigation of the proposed WBT configuration led to the consideration of three external 

aerodynamic applications, a wing, a low-drag body and the wing-body-tail combination. 

Although the study focuses on the changes in terms of the body and the KE, the addition of the 

wing in the final configuration and the low Rec, at which the previous experimental work was 

done, led to an investigation of the wing alone. The NACA0012 used in the WBT is modelled 

at Rec = 105 using steady, incompressible RANS in three different domains: 2D, pseudo-2D or 

P2D (a thin three dimensional slice) and 3D. The RANS results are compared to carefully 

conducted wind tunnel experiments at both Rec = 105 and Rec = 5 x 104.  

In a preliminary attempt to bring specifically-designed low-drag bodies (LDB) into the design 

space, Smith et al. (2017) conducted a numerical study to investigate the effect of adding a KE 

to two LDB’s whose properties have been well established in the technical literature (Parsons 

and Goodson, 1972; Myring, 1981). LDBs are typically shorter and wider than a conventional 

fuselage, with the nose contours shaped to delay transition and aftbody contours to prevent 

separation. The combined effect can be a reduction of viscous and pressure drag. Initial 

experimental tests on KE deflection were always accompanied by aftbody deflection, and the 

same procedure was adopted in the numerical studies, so tail deflection was achieved through 

deflection of the entire aftbody.  

Finally, a NACA0012 wing was added to the LDBs. The assemblage was expanded to include 

the KE and compare the drag, lift and span efficiency of the models. Two previous 

experimental studies (Huyssen et al., 2012; Davis and Spedding, 2015) deal with the 

characteristics of what we term the WBT-0 configuration, with simply-specified geometry and 

no special attention to separation control. PIV measurements were made for the WBT-0 at 

various δ, (Huyssen et al., 2012; Davis and Spedding, 2015) and in Davis and Spedding (2015) 

were compared with preliminary force balance measurements. Because of the lumped 

measurement of forces, it was not possible to identify the specific contributions of the various 
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aerodynamic surfaces to the experimental global force coefficient. The overall purpose of this 

study was to provide some insight into the differences between the previous experimental and 

numerical studies and to investigate a potential design space of the initially tested WBT 

configurations. This exploration of the design space was conducted by using 10 discrete WBT 

configurations (five δ with and without KE) for the WBT-0, WBT-F57 and WBT-M. 

6.2 Conclusions 

A baseline result between experimental and numerical work provided some insight into 

sensitivities at these low Rec. The 2D and P2D modelling domains were compared to XFOIL 

and with 2D wind tunnel data, with a force measurement uncertainty of less than 1.5%. The 

3D model was compared to XFLR5 and 3D wind tunnel data. The P2D model, XFOIL and the 

experimental data showed a similar non-linearity of the Cl(α) profile at a small α. The wind 

tunnel experiments only agree well with the P2D RANS in Cl for 4° ≤ α ≤ 8° and for the 3D 

RANS only for -2° ≤ α ≤ 2°.This range of α was where the flow was dominated by the 

separation bubble. XFOIL had much worse qualitative agreement, compared to the experiment 

over most αs.  

The strong dependence on the dynamics of the laminar boundary layer when considering a low 

Rec influenced the choice of RANS model, the coupling and modelling of the transition, as 

well as the mesh domain and refinement. Repeatable and accurate measurements, even of time-

averaged Cl and Cd are also made difficult by the sensitivity to boundary layer separation and 

reattachment as similarity between measured Cl(Cd) polars breaks down. The prediction of the 

separation and reattachment regions and periodic vortex shedding, which gave rise to an 

oscillating behaviour of the force coefficients, becomes challenging when unsteady RANS is 

not used. Coupling of the transition model offers an improvement to the steady RANS and 

would be much less computationally expensive than the unsteady equivalent. Ideally, these 

cases should be solved using unsteady RANS, but for average global force estimations, 

comparisons using the steady RANS simulations were assumed to be sufficient. There was a 

lack of agreement, as expected, at these lower Rec due to various numerical and experimental 

sensitivities. However, a diagnostic procedure was established, which guided the numerical 

domain set-up for the subsequent more complex cases. 

Making use of the RANS, coupled to the transition model, the more complex LDBs from 

literature were modelled and showed reasonable comparison to available experimental results. 

Simple deflection of the aftbody provides camber and so predictably, increases lift in all cases, 

even with no tail. This lift increase is greatly enhanced with the addition of the KE, and the 

average lift slope of the Myring LDB-KE is higher than for F-57 LDB-KE. The lift contribution 

when the KE is added is far greater than what was expected from a delta-like wing alone, 

leading to the conclusion that the effect of the tail is non-local and increases the lift over the 

whole body-tail combination.  

It appears that the width of the KE relative to the LDB geometry influences the overall 

efficiency of the LDB-KE configuration. Though the lift increment was larger when a tail was 

added (KE condition), the drag would also increase. It was further noted that such measures 

were quite sensitive to details of separation over the body and tail and that, paradoxically, a 
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preferred arrangement would be to locate the KE entirely within the bounds of the viscous 

wake. This maximizes the favourable manipulation of streamlines over the preceding body 

contours while minimizing the drag penalty of being exposed to the freestream. 

Overall, the Myring LDB-KE showed the best performance (L/D) compared to the F-57 LDB- 

and B-0-KE, not only because of the effective use of the KE to provide lift, but also since its 

design for delayed transition and preventing aftbody separation had the lowest drag penalty. 

Important design principles could be derived from the Myring LDB. These included the 

presence of a bluff aftbody that prevents separation and allows for the KE to remain within the 

viscous wake.  

Finally, the NACA0012 wing was added to the LDBs-KE. The two bluff bodies WBT-0 and 

WBT-M had a larger portion of the KE embedded into the aftbody and therefore had a lower 

exposed surface area of the KE compared to the WBT-F57. As a consequence the WBT-F57 

had a larger lift contribution but is also more sensitive to aftbody boundary layer and wing-

induced wake interferences. If considering the increments in lift alone the WBT-F57 seems to 

be the most feasible solution however its drag increase reduces the overall L/D of the 

configuration. Therefore, if L/D was considered as the figure of merit for performance, as with 

the LDB study, the WBT-M would be considered the best candidate to further explore. 

Initial speculation in terms of successful implementation of the KE by Huyssen et al. (2012) 

identified that with the fuselage contributing a portion of the lift for a given design objective, 

the wing size could be reduced. This in turn will lead to an improved transport efficiency as 

the overall aircraft mass and wetted surface could be reduced. L/D is an incomplete measure of 

such total system benefits and these design modifications may offer an overall benefit to the 

configuration that outweigh drag penalties observed here. However an optimisation study with 

a fully parameterised body of revolution at a given volume and flight speed could be useful to 

find a fuselage for low drag, and there are additional potential payoffs from lift provision by 

means of a blended aftbody-KE, rather than the somewhat piecemeal attachment offered here. 

6.3 Recommendations and proposed future work 

The exploration of this design space is far from complete. Although some preliminary 

guidelines in terms of the proposed WBT have been addressed there are multiple avenues along 

which the current study can continue.  

A couple of immediate studies that may proceed from recommendations made in this work are 

as follows: 

 Reliable wind tunnel and numerical datasets need to be established for bodies and wings 

at low Rec. 

A careful consideration of transition models and the implications of conducting 

experimental tests at Rec < 105 for LDBs and simple wing sections is necessary. 

Experiments reported here at Rec = 105 do not have other reported datasets in the literature 

to compare to, and none agree with existing computations either. The results have been 

comprehensively established at Rec = 105 and Rec = 5 x 104 for one single airfoil shape, the 
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NACA0012. The NACA0012 provided, at a Rec range far below its original design point, 

a delicate and sensitive laboratory for the study of the viscous-inviscid balance that can 

have far-reaching effects in global aerodynamics.  

Steady SST k-ω turbulence model coupled to the γ-Reθ transition model were the only 

models used with variations in the 2D domain set-up. There are various alternatives in terms 

of the transition model as well as the turbulence models that can be tested. Jones et al. 

(2008), Almutairi et al. (2010) and Lee et al. (2015) consider a variety of models including 

2D Laminar, LES and DNS, but even these results vary quite substantially.  

At present, we cannot claim to have agreement on even the integrated aerodynamics of the 

time-averaged, steady, rigid case. A reasonable criterion for agreement would be when any 

two studies show overlap of their aerodynamic coefficients within experimental or 

numerical uncertainty. There is one such data set in Tank et al. (2016) and a technically 

sound baseline would require more to calibrate RANS models to ensure reasonable results 

in this Rec without the computational expense of LES and DNS. 

 The aftbody KE should be an integrated blended optimised design with the full WBT. 

The results here suggest that the original KE concept requires careful matching in the reality 

of viscous flows over bodies and wings at finite Rec. If there is an optimal WBT 

configuration that leads to significant benefits in L/D, then separation would be almost 

completely be avoided. The LDBs used in this study were not optimised to reduce drag 

within a WBT configuration. If such a body is parameterised and then optimised in the 

presence of a wing-induced wake with an option to blend and camber the aftbody into a 

trailing-edge, different LDBs would surely be produced. 

The second design requirement of the body shape should be that the entire WBT 

configuration meet a certain lifting objective. The camber and trailing-edge of the body 

will offer an additional lift to the WBT. This would lead to a snowball effect of reduced 

wing length, area and weight. Therefore a parameter sweeps can test design sensitivities 

close to realistic operating conditions of the WBT by allowing the body to be modified 

according to the requirements to avoid separation and contributing to lift, while at the same 

time the wing is allowed to change planform shape and blend to the body to accommodate 

the overall system and feed back into the new design set-point for CL. 

As part of this investigation the WBT can be optimised for different Rec regimes. Parsons 

and Goodson (1972) and Smith et al. (1981) found that there is a unique LDB for each Rel 

in laminar flow. It was also shown that if the body was not at its optimum λ there would be 

additional Rel sensitivities. Whether this would hold for the WBT and overall Rel is unclear 

at present. 

 Detailed application studies for an airliner and glider. 

This work merely considered the flow physics and potential aerodynamic benefits for the 

proposed WBT configuration. However, various avenues of flight mechanics, propulsion 

and practical design would need to be addressed to prove this concept as a feasible 
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candidate to replace the CDC. The guidelines provided here in terms of the LDB and the 

implementation of the KE can be applied to an airliner fuselage to determine the potential 

improvements compared to a reference fuselage. 

An initial investigation by Kruger (2017) compares the CSR-01 reference aircraft (CeRAS, 

2014) (Figure 6.1a) to a Myring LDB (that was suggested as a good starting point from the 

LDB-KE and WBT studies in Chapter 4 and 5) with the fuselage aftbody as a single 

continuous aftbody-KE unit (Figure 6.1b).  

     
Figure 6.1: (a) Double-bubble fuselage design and (b) the CSR-01 fuselage. 

An initial cabin layout design led to a double-bubble concept to evaluate flight economy, 

compared to the CSR-01 reference aircraft (CeRAS, 2014) with flight mission requirements 

listed in Table 6.1. The CSR-01 represents a medium-range single-aisle airliner, two-class 

layout with 12 business and 138 economy class seats. 

Table 6.1: Flight mission requirements for the CSR-01 reference aircraft. 

Requirement Value 

Design range 5093 km 

Maximum payload  20 000 kg 

Initial cruise Ma 0.78 

Initial cruise altitude 10 000 m 

 

The CSR-01 was used to verify low-order physics-based computer software codes, 

SUAVE and TASOPT to determine whether these codes could predict known weight and 

drag values of the CSR-01. The CSR-01 fuselage was then substituted with the double-

bubble concept fuselage, and first-order weight and drag estimations were obtained. The 

purpose of the investigation of Kruger (2017) was to determine whether the LDB will lead 

to an overall fuselage drag and weight reduction, and predict the potential secondary 

reduction effects of the configuration. The potential induced drag reduction was also 

considered based on the original premise by Huyssen et al. (2012) that the fuselage 

trailing-edge can restore the downwash distribution to that of an ideal wing. 
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It was estimated that the primary reductions (for changing the CSR-01 fuselage to the 

double-bubble concept fuselage) in weight and drag directly increase the range of the 

aircraft by 9%, with a potential further improvement up to 33% due to secondary reduction. 

The double-bubble concept has a potential fuel-burn saving of 20–25% with an overall 

L/D improvement of 6.5% at a cruise Mach number of 0.78. If the cruise Mach number is 

reduced, which many other candidate configurations were also considering (D8 

configuration (Drela, 2011)), an overall L/D improvement of 20% at a Mach number of 

about 0.65 can be expected. 

Therefore, it seems that even with the immediate drag increase due to the KE, the overall 

benefits could potentially outweigh this penalty. With further investigation and 

optimisation of the aftbody-KE, the aerodynamic performance could have an even larger 

improvement. This is merely the first study with encouraging results. However, a much 

more rigorous and careful assessment of the system would be required, with detailed CFD 

analysis rather than low-fidelity model estimates.  

Other aspects to explore in terms of the practical application would be a stability analysis 

of the full WBT and also integrate propulsion systems into the configuration. These can 

either be conventional propulsion systems, but the optimisation and reshaping of the 

aftbody can also be explored for benefits when considering boundary layer ingestion 

propulsion systems as with the D8 in Drela (2011). 
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APPENDIX A: NACA0012 AT RE = 5 x 104  

A.1 Introduction 

Experimental datasets were taken at Rec = 5 x 104 and Rec = 105. Only the results for Rec = 105 

was shown and discussed in the main report since all consecutive CFD were done at this Rec. 

However, there are more experimental and numerical datasets on the NACA0012 at Rec = 5 x 

104 and so the same procedure was followed and reported on in this Appendix. 

A.2 Wind tunnel experiments 

The wind tunnel experiments were conducted in the same wind tunnel as describe in Chapter 

3.2. For the Rec = 5 x 104 case the NACA0012 wing has a chord, c = 7.5 cm and span, b = 48 

cm (AR = 6.4). In addition to the force measurements, particle image velocimetry (PIV) 

readings were also recorded. Figure A.1 shows a 3D illustration of this arrangement. 

 

Figure A.1: Dryden wind tunnel set-up for the PIV and force balance system and the NACA0012 wing 

model (Adapted from Yang and Spedding, 2013). 

A.2.1 Particle image velocimetry  

PIV images are used to obtain qualitative flow visualization of velocity fields and profiles and 

spanwise vorticity. The flow in the wind tunnel is seeded with a Pea Soup “Rocket” glycerin-

based smoke typically generating particles that are 0.2 – 0.3μm in size. These specific particles 

are large enough to take up several pixels in diameter to increase the accuracy of the PIV 

displacement calculation and small enough to accelerate in the flow (Fincham and Spedding, 

1997).  
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The particles in the flow are illuminated by a Quantel EverGreen (class IV laser) double-pulsed 

Nd:YAG laser. The laser sheet of 6.35mm thickness is oriented in the zx-plane across the 

tunnel, illuminating a single chordwise span position and can be moved streamwise and 

spanwise for different locations. 

An Image Pro X 2M (CCD) with KAI-2001 image sensor with 1600x1200 pixels (14-bit) and 

a Nikon 70 - 210mm f/4-5.6 NIKKOR AF lens is placed above the wind tunnel at a 

perpendicular position to the laser sheet to acquire images. The camera could transverse in a 

streamwise direction while maintaining a constant distance from the laser sheet.  

Because the model was symmetric, the suction and pressure sides were illuminated by rotating 

the model in positive and negative α. To increase spatial resolution, the flow-field on each side 

of the airfoil was split into two, slightly overlapping sub-regions that were imaged in separate 

experiments. 200 image pairs were captured for each sub-region at a sample rate of 9.6 Hz, and 

the time delay between images in an image pair (t = 8 s – 30 s) was carefully tuned to 

maximize the dynamic range of observable displacements while minimizing peak locking 

errors. 

 The images were processed with LaVision’s DaVis software to produce velocity field 

estimates in the streamwise and vertical directions, on a uniform grid using a multi-pass 

algorithm, with initial 64 x 64 pixel interrogation windows reducing to 16 x 16 pixels by the 

final pass. A 50% overlap gave a final spatial resolution of 8 pixels, which is 0.27 mm, or 

0.0036c.  

All 200 instantaneous velocity fields were averaged to produce one time-averaged velocity 

field for each sub-region. A built in Matlab thin-plate smoothing spline with a single smoothing 

parameter, similar to the spline used in Spedding and Rignot (1993), was applied to the 

averaged results in order to remove random noise. The average change in either velocity 

component in a sub-region due to smoothing was always less than 0.4% of the maximum value 

of that component in the sub-region. All four averaged and smoothed sub-region velocity fields 

were finally stitched together to form one complete velocity field, on both sides of the airfoil, 

for each α (Tank et al., 2016). All PIV flow-fields are shown near the mid-span section through 

the AR = 6.4 wing and therefore should not be affected by the wing tip vortices and could be 

assumed to be 2D. 

A.3 Results 

A.3.1 Force comparisons 

Figure A.2a,b shows Cl and Cd for the 2D and P2D RANS simulations and the wind tunnel 

experiment from Tank et al. (2016). In Figure A.2a both the wind tunnel measurements and 

XFOIL the lift slope, dCl/dα, or Clα, is negative about α = 0° with Cl reaching a local minimum 

value at α = 0.5° for the experimental results and at α = 1° for XFOIL. Both lines then increases 

with a slope significantly below the theoretical thin airfoil result (Cl,α = 2) up to α = 2° for 

the experiment where it then follows the theoretical line up to α = 4° and then follows a smaller 

slope. The wind tunnel experiments only agree well with the RANS in Cl for 4° < α < 8°, which 
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is α where the flow is dominated by the LSB itself, where at small α they are mainly influenced 

by details of trailing-edge separation. 

The P2D RANS results never follow along the theoretical thin airfoil line and have a smaller 

Clα. The 2D RANS simulated results show very little agreement with the experimental results 

and follows the theoretical curve for Cl(α) more closely than the experiment. Here, the lack of 

agreement on the RANS performance is largely determined by 2D approximation of the 

boundary layer and transition model coefficients which could be calibrated to reliable wind 

tunnel or LES values which currently do not exist. There is another problem with a RANS-type 

calculation in that the true flow-field is not steady, even at small α. A RANS estimate will 

converge to some solution, but that state is not necessarily a good measure of a time-average. 

Similar to the results at Rec = 105 in Chapter 3, in the P2D RANS case the 3D flow-field can 

stabilize the solution, even though the flow remains unsteady. The complicated structure of the 

RANS solution in 3D is seen in Figure A.3, where the skin friction coefficient, Cf is used as a 

means to indicate the locations of transition on the airfoil at α = 4°. The variations show 

streamwise streaks in the LSB footprint and irregular wavy structures just upstream of the 

trailing-edge. 

The lift-drag polar (Figure 2.Ab) has a characteristic loop with Cl = 0 at three different Cd 

points for both the experimental and XFOIL results. These multiple Cl = 0 crossings are not 

usual in any circumstance of low Reynolds numbers and their existence is unclear at this stage. 

dCl/dCd is quite steep, up to Cl = 0.4 for the RANS P2D results as well as the experimental 

results. They also follow a different trend line to the XFOIL and 2D RANS results that both 

have minimum Cd values, XFOIL at Cl = 0.55 and 2D RANS at Cl = 0.35.  

 

Figure A.2: (a) Lift coefficients and (b) polar curves for a NACA0012 wing modelled at Rec = 5 x 104 

compared to results from the experiment, CFD and XFOIL.  
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Figure A.3: Skin friction contour plot on the P2D and 3D NACA0012 models for α = 4º in a steady 

simulation.  

Figure A.4 compares the more complete available experimental data at moderate Rec as well 

as computational results from literature with the current results. Tank et al. (2016) include 

uncertainty bands, which Kim et al. (2011) do not show. In Figure A.4a a strict interpretation 

of the line plots is that for 0° < α < 3° the experimental data do not compare well. There is also 

a large disagreement between the SST k-ω 2D and P2D RANS simulations and the 2D Laminar 

and 2D Baldwin-Lomax RANS simulation by Lee et al. (2015). 

Cd of both experiments are significantly different, probably because of the difference in 

turbulence levels, which increase Cd at these Rec. In general, the specific reasons for the 

disagreements are not clear. 

 

Figure A.4: (a) Lift coefficients and (b) polar curves for a NACA0012 wing modelled at Rec = 5 x 104 

compared to results from the experiment, literature sources and CFD.  

The experimental observations from Figure A.2 are not peculiar to the 2D case (as simulated 

with endplates), but are just as evident for the finite wing, AR = 6.4 geometry shown in the 

equivalent Figures A.5. CL is measurably and repeatedly negative for small positive ; the 

three, almost-linear slopes all differ from an expected value, 
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    𝐶𝐿,𝛼 = 𝐶𝑙,𝛼 (
𝐴𝑅

𝐴𝑅+2
),     (A.1) 

where the 2D value, Cl,α = 2 is decreased as AR decreases (we ignore the correction for span 

efficiency, which is close to 1), though it remains a good average value over all α. For 3° < α < 

6°, CL significantly exceeds the theoretical value. In comparison to the RANS simulations a 

similar trend is observed and for -3° < α < 3° after which the RANS simulations have a smaller 

slope than the experiments. 

 

Figure A.5: (a) CL and (b) CD curves for a NACA0012 wing modelled at Rec = 5 x 104 compared to results 

from the experimental measurements and Jones et al. (2008). 

The DNS computations of Jones et al. (2008) were one of the main motivations for making the 

NACA0012 comparison. A strict interpretation of Figure A.5a is that no simulation has results 

that are the same as experiment. In Figure A.5b for CD, there is very little agreement between 

RANS and the experiment. The simulations persistently predict CD lower than experiment, and 

perhaps one might expect this direction of bias when the experiment has low, but not zero 

turbulence. However, CD in the 3D unforced case of Jones et al. (2008) is equal to the wind 

tunnel result. This is the single clear point of agreement. 

A.3.2 Flow-field comparisons 

PIV-derived, CFD 2D and P2D time-averaged streamwise velocity field, Ux/U for the α range 

{0, 0.5, 2, 4, 6, 8}° in Figure A.6 explain the force balance observations. As for the Re = 105 

results, all three cases at α = 0° and α = 0.5° have the same forward movement of the separation 

point on the upper surface and aft movement of the lower (pressure) surface.  

The PIV contour plots show that at this α, the lowest Ux/U of the airfoil is below the trailing-

edge and a slightly favourable pressure gradient allows the streamlines to follow the curvature 

into an upward direction. The net acceleration is upwards, as the lower streamlines have higher 

curvature, and the net lift is negative. At the same time, the laminar separation before the upper 

surface trailing-edge assures that streamlines here are also deflected slightly away from the 

airfoil surface. Although the 2D CFD results also show deflection away from the airfoil surface, 

the steady RANS does not specifically solve the oscillating nature of the flow-field that an 

unsteady RANS or LES could, but rather gives an estimate of the expected flow-field. This 

explains the difference in the 2D, P2D and force measured results from Figure A.4. 
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Figure A.6: Averaged streamwise velocity flowfields for 2D and P2D models at α = 0º, 0.5º, 2º, 4º, 6º and 8º. 

At α = 2°, for all three cases the streamlines are not deflected strongly upwards on the lower 

surface, and though the separation line has moved further forward on the upper surface, the net 

flow has returned downwards. The 2D CFD shows an unrealistic amount and spread of 

recirculation bubbles, and although it agrees with the PIV that such bubbles should exist 

towards the trailing-edge, the PIV shows what appears to be a single large bubble. The flow is 

highly unsteady here, and explanations on time-averaged fields need careful interpretation in 

both PIV and CFD results.  

At α = 4°, all fields show signatures of a separation bubble that reattaches on the upper surface. 

The flow acts as if the airfoil had a higher convex curvature on the upper surface, formed by 

the combination of airfoil surface and separation bubble. The changed effective camber 

accounts for the better than expected Cl around this α (Figure A.2a), with the drag cost 

comparatively small (Figure A.2b). This α-range marks the beginning of the broad maximum 

in L/D (Figure A.7) for the experimental results. However, the same broad maximum in L/D 

does not exist for the RANS results which suggest a maximum L/D for 5° < α < 6° which is 

similar to literature of the NACA0012 at higher Rec. 

If the separation bubble can be termed a Laminar Separation Bubble (LSB) in the classical 

sense, then the LSB is associated with improved L/D over this range of α for the experimental 

results, which is contrary to most literature interpretations based on observations at higher Rec. 

As the LSB moves forward on the upper surface with further increases in α (6° and 8°) the LSB 

shrinks in streamwise extent (Tank et al., 2016). This is somewhat similar for the 2D RANS 

case, but there are still more recirculation bubbles rather than the single bubble suggested by 

the PIV. 
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Figure A.7: L/D curves for a NACA0012 wing modelled at Rec = 5 x 104 compared to results from the 

experimental measurements. 

Qualitatively, the Ux/U flow-fields for the CFD show the LSB signature as reduced in size, or 

absent in comparison to the PIV or rather than one multiple recirculation regions. In this 

respect, though much care has been taken in experiment to not over-smooth the data during 

spline interpolation, recall that all PIV data are spatial averages over the smallest correlation 

box, which is 16 pixels, or two grid points (0.54 mm) in size. This compares with an estimated 

LSB height (normal to the surface) of between 7 and 11 grid points for α = 4 – 11o, so is small 

but may smear out the apparent height by a factor of 2/7 at worst (Tank et al., 2016). 

In numerical results the first separation and reattachment points can be defined by successive 

zero crossings for the wall shear stress, and these locations are superimposed on the maps of 

spanwise vorticity in Figure A.8. The two computations differ, as in Figure A.6, but the marked 

separation and reattachment points in P2D are not as different from experiment as a simple 

inspection would suggest. The 2D simulation cannot be steady, at any , and the P2D will be 

unsteady. Regardless, the fields in Figures A.6 and A.8, if not true averages, are still solutions 

to the RANS equations but are best regarded as snapshots of an underlying unsteady flow-field. 
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Figure A.8: Averaged spanwise vorticity for 2D and P2D models at α = 0º, 0.5º, 2º, 4º, 6º and 8º. 

The initial separation point is indicated by the red arrow and the initial reattachment point by 

the green arrow. 

A.4 Discussion 

A.4.1 Negative lift slope  

The experimental result is quite surprising and opposite of any existing theoretical treatment. 

The correct explanation involves Rec, the airfoil thickness and curvature, and the natural 

laminar separation point at small α. At small positive α, the flow around the lower airfoil 

surface is accelerated upwards because the separation point moves back, since the lowest part 

of the airfoil is below the trailing-edge. The corresponding separation point on the upper 

surface of the airfoil moves forward on the upper surface, decreasing the downward-induced 

velocities there at the same time. 

In a vigorous check of existing literature, it was found that the negative lift had been seen 

before, but in isolated instances and with no general explanation. Most particularly Mueller 

and Batill (1982) showed a similar shaped Cl(α) curve (their Fig. 5), with initial negative Cl for 

0 ≤ α ≤ 3o, and high Cl,α thereafter. This peculiar result has stood alone in the literature – some 

product of the airfoil shape and low to moderate Rec. Here, we propose that the robust 

appearance of this same result for the common NACA0012 shape implies that in careful 

experiments, most smooth, symmetric airfoils with sufficient thickness (t/c ≥ 10%) will show 

negative Cl,α at some Rec, depending also on the surface finish and the ambient turbulence 

levels. The other relevant literature studies do not contradict this contention, though examples 

are isolated. Tsuchiya et al. (2013) measured Cl(α) for a NACA0012 at Rec = 4.7 x 104, and 

reported nonlinear Cl(α) curves but no negative lift. The resolution in α was only 1o and T = 

0.5%. Negative Cl at α = 1o for Rec = 2.5 x 104 (T = 1%) can be seen in their data but is not 

discussed. In 2D Navier-Stokes calculations, Yonemoto et al. (2008) investigated the negative 
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lift observed in experiments by Othake et al. (2007), and proposed that a reversed flow at the 

trailing-edge upper surface could accelerate the corresponding boundary layer on the lower 

surface. Unique challenges with 2D computations have been noted in section A.3.1. 

A.5 Conclusions 

We conclude that the experiments reported here do not agree in a meaningful way with any 

others reported in the literature, and that none agree with existing computations either. The 

result have been comprehensively established at one single Reynolds number for one single 

airfoil shape. 

Serendipitously, the venerable NACA0012 provides, at a low Rec far below its original design 

point, a delicate and sensitive laboratory for the study of the viscous-inviscid balance that can 

have far-reaching effects in global aerodynamics. At present, we cannot claim to have 

agreement on even the integrated aerodynamics of the time-averaged, steady, rigid case. A 

reasonable criterion for agreement would be when any two studies show overlap of their 

aerodynamic coefficients within experimental or numerical uncertainty. There is one such data 

point in this paper, and a technically sound baseline would require more. 
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