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Abstract  

A wing-body-tail (WBT) configuration is 

proposed without the conventional tailplane, 

allowing for new requirements for the 

aerodynamic shape of the fuselage. A shorter, 

low drag body can be employed with a deflector 

trailing edge (Kutta edge/KE) to modify the flow 

around the body so as to allow wing-body 

circulation to be more uniform. Initial 

experimental and numerical work indicates 

benefits from both the low drag body profiles, as 

well as the addition of the deflector plate. The 

design space for such a deflector plate for the 

proposed WBT has not been explored. 

Therefore, the purpose of this study was to use 

an optimisation procedure to vary the aftbody 

deflection and KE shape to produce an optimum 

aerodynamic efficiency (L/D). The geometry 

varies by changing the KE spread angle and 

length, and deflecting the aftbody to optimise 

the WBT at Reynolds numbers of 1x105, with the 

wing at a fixed α = 6°, to determine whether a 

unique combination of these three parameters 

exists. Finally, the body is replaced with a low 

drag body, F-57 and KE shapes and aftbody 

deflections are optimised again. This work 

indicates a greater sensitivity to KE spread to 

achieve the best L/D than the other design 

variables. However, at a higher KE spread, L/D 

is increasingly affected by the other two 

variables. 

1 Introduction  

New aircraft configurations are predominantly 

proposed in order to improve the aerodynamic 

efficiency of the current standard tube-and-wing 

model, which is unlikely to represent an 

optimum. Static longitudinal stability can be 

achieved through the main wing geometry [1], 

alleviating the fuselage from the requirement to 

carry a tailplane. Therefore, the requirements 

for fuselage design are reconsidered. Two 

proposed requirements are to reduce drag by 

replacing the long, tubular body with a shorter 

low drag body, and to provide some circulation 

control over the body and aftbody portions to 

restore the lift portion that is lost by the wing 

from the addition of the fuselage. 

Low drag bodies (LDBs) are traditionally 

investigated as airships, missiles and 

submarines without appendages, such as wings 

and tails [2-8]. These LDBs are typically shorter 

and wider, with the nose contours shaped to 

delay transition and aftbody contours to prevent 

separation. An overall body geometry 

improvement leads to a reduction of the viscous 

drag components.  

If a different, shorter body is employed, then 

it can be possible to modify the flow around that 

body so that the circulation distribution between 

the body and wings is much more uniform. The 

proposed wing-body-tail (WBT) configuration 

[9, 10] employs a modified trailing edge 

deflector flap to the fuselage aftbody, termed 

Kutta Edge (KE). The KE controls the rear 

stagnation point, and therefore the lift on the 

main body/fuselage, which is otherwise 

uncompromised from its primary function as the 

payload carrier. This leads to an induced drag 

reduction since the downwash distribution can 

return to that of an ideal wing.  

Two previous studies [9-12] deal with the 

characteristics of the WBT. The WBT sub-

components are generally selected as a shorter, 

wider body, without regards to exact contours, a 

flat plate trailing edge, and a NACA0012 wing 
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(AR = 6.67). First some particle image 

velocimetry (PIV) flow field analysis results for 

the WBT at aftbody deflection angles, δ, of 0, 2, 

4, 6, and 8° were compared to the force balance  

measurements in an attempt to provide an 

indication of drag reduction sources [10]. 

Because of the lumped measurement of forces, 

it was not possible to identify the specific 

contributions of the various aerodynamic 

surfaces to the experimental global force 

coefficient. A computational fluid dynamics 

(CFD) study [11] used the commercial code 

STAR-CCM+ to predict various aerodynamic 

properties of the WBT. There was an increase in 

lift for increasing δ, which was even more 

pronounced when the KE was added, but the 

penalty of drag led to a maximum L/D to 

existing at around δ = 4°.   

Smith et al., 2016 [12] investigated 

combinations of LDBs with the KE. When the 

KE was combined to a LDB, the width of the 

KE relative to the LDB geometry influenced the 

overall efficiency of the LDB-KE. However, no 

attempt was made to provide an optimal 

arrangement of the LDB-KE or to combine the 

LDB-KE with a wing.  

Therefore, the purpose of this study was to 

first consider the original body [9, 10] and KE 

combination in isolation and compare these 

results to the WBT. The KE and aftbody 

geometry will be changed to achieve a 

maximum L/D for a fixed wing angle of attack, 

α = 6° and Re = 1x105. Some general guidelines 

about the combination within the WBT were 

considered before adding a LDB and estimating 

the sensitivity of this combination. The 

investigation does not take any stability aspects 

into account. It merely provides a guideline for 

further WBT investigations and optimisations to 

determine if there is a unique aftbody-KE 

design for an aerodynamically more efficient 

WBT. 

2 Computational Model Implementation 

2.1 Geometric Model, Solution Domain and 

Mesh Generation 

The WBT is a short body with the body length, l 

divided by the maximum body diameter, d of 

5.33, a NACA0012 wing with AR = 6.67 and a 

reduced chord length, c, of 0.074m, 1mm 

shorter than the experimental model [9, 10] 

(wings were made blunt for ease of meshing). 

The wing was modelled at an angle of attack, α 

of 6°, a tail spread angle, TS of 30°, and a tail 

length, TL/l of 1.08. The second model used the 

same wing and KE but replaced the body with 

the F-57 LDB with l/d = 4.75. 

The WBT was modelled in a simplified 

cylindrical shape representing the octagonal 

Dryden wind tunnel test section [9, 10]. The 

simplified geometry had less than 0.25% 

influence on the force components. The solution 

domain was only one half of the full domain 

with a symmetry plane in the centre of the 

model. The WBT was positioned at 6l from the 

inlet plane of the flow domain and the outlet 

plane was stretched downstream at 18l. The 

diameter of the wind tunnel is 1.36m, and the 

full test section length of the CFD model is 8m 

as shown in Fig. 1a. The domain for the F-57 

LDB-KE with a wing was also modelled as a 

half-cylinder with a diameter of 7.4m, with the 

model 4l from the inlet and 10l from the outlet 

with a full test section length of 17.5m (Fig. 1b). 

 
Fig. 1. Solution domain with boundary conditions for the 
WBT 
 

 The flow conditions were modelled as steady 

and incompressible, making use of a constant 

velocity inlet boundary condition, with 

Re = 1x105 based on c and the outlet pressure 
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boundary set at atmospheric conditions as 

shown in Fig.1a and b. The outer domains were 

modelled as no-slip wall boundaries.  

 All bodies were meshed using the same 

mesh functions and boundary layer mesh 

growth rate as [11, 12]. The WBT model had 15 

boundary layer cells and two cells on the outer 

wall boundary were sufficient for force 

predictions. The volumetric mesh was 

subdivided in the same way as described in [11], 

but the refinements were less fine. Figure 2 

shows the mesh around the WBT models. 
 

 
Fig. 2. Unstructured mesh around a) WBT and b) F-57 

 

 A mesh independence study on the most 

deflected aftbody angle (δ = 8°) model, 

confirms that the mesh count is adequate to 

capture the flow variables of interest. The Grid 

Convergence Index (GCI) method [13], was 

used on three different mesh sizes, to ensure that 

mesh independent grids were used. The final 

mesh counts for the WBT configuration was 

2x106 cells and for the F-57 2.6x106 cells and 

the criterion y+ < 1 was satisfied in both cases. 

2.2 Turbulence and Transition Models 

The turbulence and transition models were 

selected as prescribed for aerospace application 

at low Re. The shear-stress transport (SST) k-ω 

turbulence model [14] coupled to γ-Reθ 
transition model [15] was selected as in [11, 

12]. The transition model is required for Re 

number (Re < 106) where laminar separation 

bubbles and transition become important to 

predict the aerodynamic forces with reasonable 

accuracy.  

2.3 Optimisation 

STAR-CCM+ /Enabling Optimate+ adds the 

capability to perform automated design 

optimisation studies coupled to the CFD 

simulations. The simultaneous hybrid 

exploration that is robust, progressive and 

adaptive (SHERPA) algorithm is embedded into 

the add-on and provides a best in class, easy to 

use and robust optimisation tool. SHERPA uses 

a combination of global and local search 

methods simultaneously, taking advantage of 

the best attributes of each method and reduces 

the search method’s participation if the method 

is determined ineffective. Each method contains 

tuning parameters that are modified 

automatically during the search according to 

knowledge gained about the nature of the design 

space. The evolving knowledge about the design 

space also determines when and to what extent 

each method is being used. It has proven to be 

very effective and efficient for practical 

engineering problems [16].  

3 Description of the Optimisation Study 

The purpose of the optimisation study was to 

evaluate and comment on geometric sensitivities 

when considering the KE shape and aftbody 

deflections for WBT in terms of aerodynamic 

efficiency L/D. This served as a preliminary 

investigation where further detailed 

investigations will consider the underlying fluid 

mechanism responsible for these global force 

domain features. 

In order to evaluate the influence of certain 

geometric changes, three variables were 

selected to optimise for L/D. Table 1 shows the 

initial geometric change values and number of 

intervals selected through which the geometric 

changes can occur. These changes were made in 

order to find the maximum L/D at body angle of 

0° without any constraints applied. These three 

variables are illustrated in Fig. 3. 
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Geometric change Conditions Intervals 

KE length (TL/l) 1.005≤ TL/l ≤ 1.3 0.005m 

KE spread (TS) 4° ≤ TS ≤ 30° 2° 

Aftbody angle (δ) 0° ≤ δ ≤ 8° 1° 
Table 1. Geometric changes applied during the 
optimisation simulation 

 

 
Fig. 3. Schematic of the geometric changes applied during 
the optimisation simulation 

3.1 Optimisation Test Cases 

The initial optimisation case study had a fixed 

wing position (α = 6°) and only varied the KE 

geometry (TL/l and TS) and δ. The relationship 
between these three parameters in terms of ideal 

L/D was evaluated in terms of the global forces 

and was also compared to the lift coefficient, CL 

of a NACA0012 wing without the body and KE 

sections at α = 6°.  

The second optimisation case study 

substituted the F-57 LDB into the WBT to 

determine whether the sensitivities remained the 

same for TL/l, TS and δ. 

3.2 Sensitivity Study 

3.2.1 Prior investigations on the proposed wing-
body-tail configuration   

The WBT configuration was modelled with 

δ = 0° to 8° with CL and L/D shown in Fig. 4a 

and b respectively. The results for the 

NACA0012 wing alone are predicted using the 

values from the CFD simulations that were 

compared to the Vortex-Lattice (VL) method 

provided by XFRL5 in [11].  

CL of the numerical simulations [11] 

compared to a wing alone at the same α = 6° 

shows that at δ = 4° the WBT provides the same 

lifting capabilities and at the same δ the L/D is 

at the maximum point in Fig. 4b. The existence 

of an ideal δ shown by the CFD results, might 

suggest that there is a unique aftbody deflection 

for a given KE shape. The CFD results also 

suggest that there exists some threshold δ where 

the WBT would be more efficient than a wing 

alone, and that the KE can be used as a high-lift 

device, and so the question posed is whether this 

would be a global optimum or whether it would 

be unique for each KE shape and for every 

different body. 

 

 
Fig. 4.  Variation of a) CL and b) L/D with δ for the WBT. 
Adapted from [11] 

3.2.2 KE and aftbody geometry optimisation   

The KE geometry (TS and TL/l) is varied with δ 
and L/D is estimated for 50 different 

simulations. From [12] it was expected that TS 

would reduce to a small angle so as to avoid the 

KE interacting with the freestream outside the 

wake of the body. The wake diameter was 

assumed to be 10% of the body length based on 

experiments on seven different body shapes that 

were tested at Re on the order of 106 [17]. This 

assumption leads to a wake diameter estimate of 

0.032m, resulting in an estimated ideal TS < 17°.  

Fig. 5 compares the KE geometry variables 

to the L/D values. L/D is less affected by the 

TL/l changes, and for a given TS there is a 

prescribed TL/l. A shorter, narrower KE would 
lead to the best L/D with TS = 4°, which is well 
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within the predicted TS range, based on the 

wake diameter. 

   
Fig. 5.  L/D as a function of to TS and TL/l for the WBT  
 

Comparing δ to TS in Fig. 6 in terms of L/D, 

a specific TS does not show much variation in δ 

but that a TS < 12° is preferred to maximise L/D. 

A general guideline can therefore be assumed 

that for any δ a shorter, narrower KE would 

offer a better overall L/D and that the design is 

more sensitive to TS variation compared to both 

TL/l and δ.  

 
Fig. 6.  L/D as a function of to TS and δ for the WBT  
 

Figure 7a indicates the percentage increase 

in CL to be greater than that of a NACA0012 

wing alone at α = 6° for the WBT at different TS 

and δ. The dark blue regions indicate a design 

space where the WBT can provide the same CL 

as the wing alone and for all other colours, the 

aftbody deflections and KE shape can be used 

as a high-lift device. Again for TS < 12° there is 

hardly any sensitivity to δ, however as TS 

increases, δ has a larger impact and should be 

optimised. 

In [12] it is concluded that for an ideal 

combination of LDB-KE the KE will remain 

within the bounds of the viscous wake, which is 

confirmed by Fig. 7a. A larger TS increases the 

sensitivity of TL/l and δ since they will lead to 
either a larger portion of the KE outside of the 

viscous wake or at a larger local angle, leading 

to a reduced L/D. 

 For the majority of the 50 cases there is an 

average of 3% increase in CL compared to the 

wing alone at α = 6° as shown in Fig. 7b. There 

are a couple of exceptions where the CL is 5% 

or more but at a drag penalty shown by the 

reduction in L/D compared to the optimum case. 

 
 

Fig. 7.  a) The percentage increase of CL for the WBT 
compared to the wing alone for a) different TS and δ and 
b) the percentage variance in L/D from the original WBT 

[9-11] compared to the optimised case  

 

The results from Fig. 7 show the potential of 

the WBT to contribute to lift and in restoring a 

more uniform downwash distribution, there is 

further the possibility of reducing α of the wing, 

which would lead to a drag reduction of the 

overall configuration. A small immediate 

penalty in L/D shown by Fig. 7b, could be 
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rectified by adjusting α, but at different α there 

could be a different sensitivity in TS, TL/l and δ. 

3.3 Discussion of results 

Initial results [10, 11] suggest that for a constant 

TS and TL/l there is a unique and optimal δ, but 

this was found in this optimisation study. Even 

though L/D was maximised in each case the 

sensitivities to the varying parameters were not 

as great as [10, 11] suggested. 

The optimisation simulations (varying TS, 

TL/l and δ) showed that at a specific α, the WBT 

is fairly insensitive to variations in δ when TS 

and TL/l is optimised for a maximum L/D. The 

ideal KE geometry requires a reduced TS and 

TL/l from the initial case, with a final optimised 

L/D = 12.4 for TS = 4° and TL/l = 1.08 at δ = 2°.  

The purpose of the KE is not primarily to add 

lift to the wing alone, but to recover the lift lost 

due to the presence of the body. The results 

suggest that for an ideal WBT, the KE as a 

discrete flat plate deflector flap can recover the 

lost lift as well as increase the total, but there is 

a penalty in drag. Primarily the drag penalty is 

due to the pressure drag [12] which increases 

with increasing δ due to the increase of the 

effective base area of the aftbody. For a KE 

with higher TS, the base area increases with 

increasing δ, explaining the sensitivity to TS.  

4 Low drag bodies with WBT configuration 

4.1 Optimisation with F-57  

The F-57 LDB was selected from [12] and used 

to evaluate the impact of a LDB geometry and 

pressure recovery on a WBT configuration. 

Another 50 simulations were completed with 

the F-57 LDB. Figure 8 shows the KE geometry 

parameters, TS and TL/l with the estimated   L/D 

of the F-57. The same trend was observed as for 

the WBT where TS is the sensitive design 

variable. 

 
Fig. 8.  L/D as a function of TS and TL/l for the F-57   

 

 The influence of TS and δ is also the same 

for the two configurations, with a decrease in 

L/D as TS is increased and a smaller sensitivity 

to δ (Fig. 9).  

 

 
Fig. 9.  L/D as a function of TS and δ for the F-57   

 

Figure 10a shows the same trend as for the 

WBT, where for TS < 12°, the δ is not a 

sensitive design variable but as TS increases δ 

will have to be adjusted. The F-57 shows a 

reduction in CL from the wing alone in all the 

simulated cases as shown in Fig. 10b. In 

contrast to the WBT the F-57 does not restore 

the downwash distribution but shows a 

significant decrease in CL. 
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Fig. 10.  a) The percentage reduction of CL for the WBT 

compared to the wing alone for a) different TS and δ and 
b) the percentage variance in L/D from the F-57  
compared to the optimised case  

4.2 WBT and F-57 Comparison 

The optimisation simulation using the F-57 has 

an optimum of L/D = 11.3 for TS = 4° and 

TL/l = 1.08 at δ = 2° which has the same KE 

shape and aftbody deflection as for the WBT 

without the LDB but at a 9% reduction of 

overall L/D. The reason for this reduction was 

due to a reduction of lift as well as an increase 

in drag for the F-57.  

Figure 11 shows the spanwise distribution of 

the vertical velocity component for the WBT 

and the F-57, where the F-57 is providing less 

lift than the more bluff aftbody WBT, similar to 

the findings in [12] for the LDB-KEs alone. 

This might suggest that the Myring LDB 

investigated in [12] might produce an 

improvement in L/D, by reducing the overall 

drag rather than the F-57 LDB, since the Myring 

LDB has a more bluff aftbody, similar to the 

WBT body. 

The purpose of the LDB is to reduce the drag 

of the body with the prospect of an overall 

further reduction in drag for the WBT.  

However, with the addition of the KE the flow 

separation over the aftbody of the F-57 is 

substantially more than for the WBT. Figure 12 

shows a normalised streamwise wake velocity 

profile at x/l = 1.08 for the F-57 and the WBT, 

where it is shown that the wake diameter and 

defect magnitude are both larger, leading to a 

larger pressure drag component for the F-57.  

 
Fig. 11.  Vertical velocity component Uz/U as a function 
of spanwise normalised by wing span y/b, at location 
x/l = 1.08 for WBT and F-57 at the optimum cases 
(TS = 4°, TL/l = 1.08 and δ = 2°) 

 

 
Fig. 12. Normalised streamwise wake velocity profiles for 
WBT and F-57 optimum cases (TS = 4°, TL/l = 1.08 and 
δ = 2°). Insert shows the relative velocity magnitude 
contours on the symmetry plane in the wake region.  

5 Conclusions and final remarks 

The optimisation algorithm SHERPA was used 

to search 50 different aftbody deflections and 
KE geometries of a WBT with a fixed wing for 

the variation in total L/D. A second set of 50 

simulations was conducted, where the F-57 

LDB replaced the conventional body in the 

WBT. In both cases, the optimum seemed to 

point to TS as the most sensitive design variable, 

with TL/l and δ only becoming important at TS > 

12°. 
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The replacement of the conventional body 

with the F-57 LDB does not prove to reduce the 

overall drag but rather causes an overall 

decrease in efficiency due to a reduced ability to 

provide lift and an increase in drag due to 

increased separation over the aftbody. However, 

the results suggest that a more bluff body in the 

WBT could provide a design space where the 

drag can be reduced and by a slight deflection 

and a short narrow KE can improve the overall 

efficiency. Most importantly, the aftbody and 

KE should not be designed in isolation but 

rather as a single continuous aftbody-KE unit. 
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