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Abstract: In this paper, we addressed the flow patterns over a light boxplane scale model to ex-
plain the previously discovered disagreement between its predicted and experimental aerodynamic
characteristics. By tuft flow and CFD visualization, we explored the causes yielding a large zero
lift pitching moment coefficient, lateral divergence, difference in fore and aft elevator lift, and poor
high lift performance of the aircraft. The investigation revealed that the discrepancy in the pitching
moment coefficient and lateral stability derivatives can be attributed to insufficient accuracy of the
used predictive methods. The difference in fore and aft elevator lift and poor high lift performance of
the aircraft may occur due to the low local Reynolds number, which causes the early flow separation
over the elevators and flaperons when deflected downward at angles exceeding 10◦. Additionally,
some airframe changes are suggested to alleviate the lateral divergence of the model.

Keywords: boxplane; tuft flow visualization; flaperons; static stability; flow separation; CFD
flow visualization

1. Introduction

With a given take-off weight, an aircraft lift-to-drag ratio can be improved by reducing
its drag. In cruise, the induced drag comprises about 40% of the aircraft total drag. Under
high lift conditions, the shear of induced drag can reach up to 90% [1]. Therefore, the
reduction of this component is an efficient way to enhance aircraft performance, particularly
of a general aviation type.

Among various wing layouts, the boxwing is considered to be “the best wing system”
with respect to its induced drag according to Prandtl [2]. From a structural viewpoint, the
boxwing is a statically indeterminate system of lifting surfaces with a larger structural
depth; therefore, its structure could be lighter if compared to an equivalent monoplane,
designed from the same requirements specification. The structural strength and weight of
a boxwing were studied in [3,4]. Stability and aerodynamic issues arising due to the inter-
ference of the two lifting surfaces were analyzed by Schiktanz et al. and Van G. et al. [5,6].
Some patents of this concept date back to the early 1970s and up into the 2000s [7,8].
Boxplane conceptual design options were investigated in a study by Andrews [9] and Fre-
diani [10]. Projects employing a boxwing layout include commercial airliner concepts such
as the “PrandtlPlane” and ultralight aircraft designed by Aldo Frediani [11,12], as well as
projects by Parsifal [13] and Idintos [14]. Among operational aircraft with a boxwing layout
that were successfully built and tested, those worth mentioning are the ultralights “Sunny”
designed by Dieter Shulz [15] and “Ligeti Stratos” designed by Cristofer Ligeti [16].

The conceptual design of a light boxplane was conducted at the Moscow Aviation
Institute to investigate both advantages and disadvantages of a boxwing layout for general
aviation applications, as compared to an equivalent monoplane [17,18].

Concept studies of this light boxplane included configuration layout, sizing, perfor-
mance analysis, and trade studies. The performance of this aircraft is compared with that
of an equivalent monoplane, which has led to a better understanding of both the benefits
and drawbacks of boxplane configurations. This investigation represents a further iteration
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of the previous research with a focus on flow field visualization and local aerodynamics
analysis. Whereas the previous experiments were aimed at obtaining total aerodynamic
forces and moment data of the model, the current paper is aimed at optimizing the geome-
try. For this reason, an explanation of the obtained results should be performed through
careful analysis and comparison of the local flow fields near both lifting surfaces, on the
fuselage and at the wing-fuselage junction areas. This has allowed for identification of
sources of the wing root separation bubbles and interference drag, elevator inefficiency,
and lateral stability issues. Additionally, the true extent of the fuselage contribution in total
lift is clarified.

The novelty of this investigation lies in using the results of a physical (wind tunnel)
experiment supported with the results of computational modelling of the local flow field
to qualitatively reveal the sources of lift, drag, and stability of this aircraft configuration.
This is a relatively new approach that would allow refining the geometry of an aircraft,
including the multiple lifting surfaces type. This will allow for better and fully using the
potential that this concept provides for general aviation. Additionally, among recent papers
dealing with boxwings and joined wing configurations, there are very few papers focusing
on issues of their local aerodynamics and their remedies, as opposed to “feasibility studies”
of the concept by comparing its totally integrated forces and moments to conventional
monoplanes. Without local analysis, drag onset and/or lift deficiency might be attributed
to the wrong reasons; having multiple lifting surfaces, it is especially important to identify
which of them separates first, the reasons for stall, and its immediate results on longitudinal
stability. In this investigation, through analysis of tuft patterns and the computed pressure
and velocity fields, the stalling patterns of both wings of a boxplane aircraft configuration at
different angles of attack are revealed and explained. Among other sources contributing to
the stall behavior of the upper and lower wings, and hence the different elevator efficiency
observed in wind tunnel tests, the fuselage geometry is identified, the shape of which
induces regions of pressure gradients that do affect the pressure field of the wing surface
adjacent to it. Based on these results, a few recommendations towards improving the
fuselage geometry are formulated. Wing root separation was also found to be likely linked
to the wing-fuselage shading effect; hence, optimal locations of the wings with respect to
the optimized fuselage geometry are identified.

2. Materials and Methods
2.1. Wind Tunnel Experiment
2.1.1. Geometry

For verification of the predicted earlier aerodynamic characteristics, as well as for a
deeper understanding of the boxplane local aerodynamics, we designed and built a wind
tunnel model of this aircraft (Figure 1) and then fitted it with tufts for flow visualization.
This is a model representing a very light two-seater piston engine pusher airplane with
a boxwing and non-retractable tricycle landing gear. It does not possess a classical tail
empennage. Rudders are located on the vertical fins at wing tips, while elevators and
flaperons were mounted on the main wings (Figure 2).

Detailed description of the main geometry of the wind tunnel model can be found
in [19], including the following:

- Dimensions (fuselage length x wingspan x fuselage height): 0.709 × 1.1 × 0.207 m;
- Wing aspect ratio: 12 (both wings);
- Fuselage aspect ratio: 3.42;
- Wing sweep angle at 1

4 chord: 1.6◦ (fore wing), 3.2◦ (aft wing);
- Airfoil: NACA 3413 (fore wing), NACA 4415 (aft wing);
- Airfoil relative thickness: 15% (both wings);
- Wing incidence angle: 2.5◦ (fore wing), 2◦ (aft wing);
- Elevator-to-wing area ratio: 0.17 (both wings);
- Flaperon-to-wing area ratio: 0.03 (both wings).
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Figure 1. General view of the light boxplane model, geometry taken from [19]. 

 
Figure 2. Arrangement of control surfaces on the boxplane wings, geometry taken from [19]. 
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Wind tunnel tests of this aircraft model revealed some interesting features of the 
model [19]. Among the conclusions outlined are sufficient longitudinal static stability 
(CmCl = −0.07), excessively high zero lift pitching moment (Cm0 = 0.16), high efficiency of 
rudders and elevators (with aft and fore elevators being non-equally efficient), high lat-
eral instability, and poor flaperon efficiency.  

Figure 1. General view of the light boxplane model, geometry taken from [19].
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Figure 2. Arrangement of control surfaces on the boxplane wings, geometry taken from [19].

Wind tunnel tests of this aircraft model revealed some interesting features of the
model [19]. Among the conclusions outlined are sufficient longitudinal static stability
(CmCl = −0.07), excessively high zero lift pitching moment (Cm0 = 0.16), high efficiency of
rudders and elevators (with aft and fore elevators being non-equally efficient), high lateral
instability, and poor flaperon efficiency.

To explore the causes of these peculiarities, we selected the tuft flow visualization
technique, allowing the instantaneous flow direction to be identified and the unsteady
regions of reverse flows to be detected. The tuft flow visualization was supported with
results obtained from a high fidelity ANSYS Fluent computational model, consisting of
25 mln cells and replicating the clean geometry in cruise configuration and experimental
flow conditions of the wind tunnel experiment. In combination, experimental and com-
putational visualization techniques complete each other, where the experiment is used to
validate the computational model and enhance grid convergence, while results of CFD
visualizations in return provide extended colorful information about local flow variables
and gradients, hence explaining local flow instabilities.

In the literature, some techniques combining the traditional tuft flow visualization
with digital imaging and processing to extract quantitative data are described [20–23].
Digital processing of tuft patterns provides information about the local flow state through
the single-tuft statistics, or polar histograms. For this study, digital processing was not applied.
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From previous tests, we defined the characteristic angles of attack for tuft studies:

• α = 15◦ (aircraft stall angle in cruise configuration, non-linearity in dependence Cm = f(α));
• α = 10◦ (local stall, bend in Cnβ (α) and Cyβ (α), reduced elevator efficiency);
• Additionally, we set α = 0◦, 5◦, 20◦, 25◦.

The following objectives are defined for this study:

- Investigate why the model has a large value of Cm0;
- Evaluate the fuselage contribution to lateral divergence of the aircraft;
- Determine why the rear elevators generate lift twice as large as that of the front elevators;
- Explore why the flaperons do not perform as expected.

2.1.2. Wind Tunnel Test Conditions

The main geometry of the test model is presented in [19]. For flow observations, the
model was equipped with fine thin silk tufts glued to its surface. The length and spacing of
the tufts were about 10 mm, as a compromise between reducing the influence on the flow
field and sustaining a good visibility of tufts. The initial tuft orientation was parallel to
the X-axis. Tests were conducted in the T-1 open jet type wind tunnel at Moscow Aviation
Institute, with an average relative measurement error not exceeding 3% . . . 5%. The test
conditions in the T-1 wind tunnel are presented in Table 1.

Table 1. Experimental conditions in MAI T-1 wind tunnel.

Parameter Value

Velocity, V∞ 37 m/s
Pressure, p∞ 100,500 Pa
Temperature, T∞ 293 K
Turbulence intensity, ε 0.35%
Reynolds number, Re 328,433

Observations were made at fixed angles of attack to obtain flow patterns for steady
conditions. Additionally, we recorded a video with the angle of attack and angle of sideslip
gradually varying to identify any time-dependency in the flow patterns. The range of
angles of attack was 0◦ . . . 25◦, while the range of angles of sideslip was 0◦ . . . 20◦.

In tuft visualization analysis, different approaches are used to describe and distinguish
the flow phenomena. In [22], a set of quantitative definitions on the detachment state near
the wall has been proposed, with definitions based on the fraction of time that the flow
moves downstream:

• Incipient detachment (ID) occurring with instantaneous backflow 1% of the time;
• Intermittent transitory detachment (ITD) occurring with instantaneous backflow 20%

of the time;
• Transitory detachment (TD) occurring with instantaneous backflow 50% of the time;
• Detachment (D) occurring where the time-averaged wall shearing stress is zero.

To use this approach, the fraction of time that the flow moves downstream is required.
Alternatively, in [22], the following set of terms to describe the tuft observations is proposed:

• Unseparated flow;
• Separated flow;
• “Momentarily separated”;
• “Intermittently separated”.

The type of separation is governed by both airfoil section and Reynolds number.
In [22], the terms “momentarily separated” and “intermittently separated” are used to
describe a time-dependent flow over symmetric and relatively thin NACA 0009 and NACA
0012 airfoils (at the specified Reynolds number). The leading-edge laminar separation,
followed by transition and reattachment, was captured by tuft patterns. During tuft flow
visualization over the light boxplane model, the unsteady phenomena and leading-edge
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laminar flow separation were not observed. Hence, the terms “momentarily separated”
and “intermittently separated” are not used in this paper.

Vey et al. [24] use the quantitative angular deviation of tufts to distinguish between
attached and separated flows. The corresponding data are presented in Table 2.

Table 2. Angular deviation of tufts as a flow state indicator 1.

Average Angular Deviation of the Tufts, ◦ Flow State

180◦ ± 5◦ Attached turbulent or laminar

180◦ ± 40◦ Attached flow, increased turbulence

270◦ ± 40◦

90◦ ± 40◦ Turbulent crossflow

The separation line is where the chordwise velocity component is zero.
1 Attached flow direction: 180 deg. Adapted from [24].

2.2. CFD Model
2.2.1. Meshing

For RANS CFD simulations of the cruise configuration of this aircraft model, ANSYS
Fluent is used. In ANSYS meshing, a mesh is generated with 25–50 million unstructured
tetrahedron cells with a prismatic layer (12 layers total) for boundary layer resolution.
Proximity and curvature automatic refinement algorithm is set to capture local geometric
features of the wings and fuselage. Extensive refinement is performed using face sizing
and local size controls on the wings’ surfaces with the aim of better resolving local flow
patterns on the wings (Figure 3). A coarser mesh without face sizing is built around the
fuselage for computational and meshing time economy. For this purpose, a half-span of the
model is also calculated with a “symmetry” condition set at the aircraft plane of symmetry.
The CFD model has been validated using the obtained experimental data of aerodynamic
forces and moment coefficients. In Figure 4, the wall Y+ function distribution is provided.
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2.2.2. Governing Equations and CFD Setup

For the studied case of a steady flow external aerodynamics, conservation equations
are solved, including the continuity equation for mass, which can be expressed in a general
form as follows:

∇·(ρ→v ) = 0,

as well as for momentum conservation:

∇·(ρ→v→v ) = −∇p +∇·(τ).
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Given that the flow over the three-dimensional boxplane configuration is at a low
subsonic velocity, the flow is considered incompressible (M ≤ 0.3). Therefore, the energy
conservation equation has not been included in the final settings and was only tested during
the validation stage to check whether drag prediction accuracy could be improved at near-
stall and maximum lift conditions, using an ideal gas law. As no significant improvements
were noted, this setting was dropped. For reference, the energy conservation equation and
the ideal gas law can be expressed as follows:

∇·(→v (ρE + p)) = ∇·
[

ke f f∇T − (∑
j

hj
→
J j) + (τe f f ·

→
v )

]
,

ρ = Pabs/(R/MwT).

Given the incompressible flow field and constant temperature of T~293 K, viscosity
is set as a constant, and its value calculated by the software based on parameters of the
chosen fluid material “air”: µ = const.

With a pressure-based solver, a coupled scheme was used for pressure–velocity cou-
pling. Spatial discretization methods include a Green–Gauss node-based gradient evalua-
tion algorithm and a second-order upwind convective scheme for flow variables including
pressure, density, and momentum. For the studied cruise configuration, quasi-fully con-
verged solutions were observed after approximately 700 iterations at small to moderate
angles of attack and up to 3500 iterations at near stall and beyond.

Turbulence Modelling

Based on numerous validation studies of turbulence modelling and external flow
problems—for instance [25–28]—the shear stress transport (SST) k-v turbulence model was
chosen for this study, providing the best accuracy to computational cost for the studied case.
Bardina et al. [25] demonstrated the advantages of SST k-v for flow separation prediction,
both its onset and the size of separated area. This is most important for local flow fields
and aircraft aerodynamics problems, including the studied model. Wilox [29] developed
the standard k-v turbulence model based on modifications for effects of low Reynold’s
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number, compressibility, and shear flow spreading, where the turbulence kinetic energy, k,
can be approximated through the following transport equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj
(Γk

∂k
∂xj

) + Gk −Yk

and the specific dissipation rate, v:

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj
(Γω

∂ω

∂xj
) + Gω −Yω

2.2.3. Validation of the CFD Model against Wind Tunnel Data

Shown in Figures 5 and 6 below is a comparison of values of lift and drag coefficients
obtained from the wind tunnel experiment and the computed values. As can be deduced,
the linear part of the lift curve is well captured by the CFD model, with the lift being
slightly underestimated, and the drag coefficient slightly over predicted. At near stall
conditions, the CFD fails to capture the little “bend” observed during the experiment
for both lift and drag dependencies at around the 17◦ critical angle of attack, probably
due to transition effects and unsteady flow behavior. Beyond stall, the predicted growth
rate of drag with further increasing alpha is close to the wind tunnel observed growth
rate. Post-stall lift coefficient is, however, poorly predicted given that the computed flow
becomes fully separated against the occasionally captured-by-tufts reattachment near the
wings’ trailing edges.
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Figure 7 below demonstrates the CFD model prediction accuracy of flow separation
and the extent of the separated area at the aft fuselage section, where the computed velocity
field and wind tunnel tuft-visualized patterns are very similar. In the drag prediction study
by Sclafani et al. [28], the authors examined the impact of turbulence modeling, including
that of SST k-v, on accurate prediction of the tail root separation bubble size, the angle of
attack at which it onsets, and its overall impact on drag prediction accuracy.
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Figure 7. Test conditions: α = 15◦, β = 0◦, cruise configuration (high-lift devices retracted).

3. Results
3.1. General Overview

Before interpreting the test results, it is important to recognize the limitations associ-
ated with the selected visualization technique [22]:

• The possibility that tufts’ presence may change the flow nature. This effect is believed
to be small enough.

• The flow pattern resolution dependency on the size of tufts. Relatively long tufts fail
to show local separations, indicating a shallow reversed flow instead.

• The low reproducibility of tuft visualization due to the fact that geometry, bending
stiffness, and spacing of the tufts are not identical.

• In some cases, the interpretation of tuft patterns is doubtful.
• Characteristic deflection behavior of the tufts changes over time as irreversible defor-

mation of the tufts occurs after being exposed to air flow.
• Development of turbulent boundary layer and separated flow on the scale model

(CFD and wind tunnel visualizations).

The flow on the aft bottom fuselage is separated in all conditions tested (a strong
crossflow with a tuft deviation of ±45◦ is observed). At α = 5◦, a turbulent attached flow
is observed over the root of the aft wing (under the influence of the aft bottom fuselage,
the tuft deviation is about ±30◦). A slight inboard inclination of tufts is observed at the
aft wing trailing edge. At α = 10◦, the region of the turbulent flow on the inner aft wing
grows and eventually separates, and the angular deviation of tufts increases. The stalling
angle of attack where the flow over the trailing edge of the aft wing is separated is α = 15◦

(the deviation is roughly ±90◦, Figure 7). The tuft patterns reveal an attached turbulent
boundary layer at the root of the fore wing (the tuft deviation is of the order of ±30◦). At
the trailing edge of the fore wing, a strong stable crossflow towards the root is observed.
Additionally, a crossflow is observed on the fore portion of the side wing.

The lift distribution and separation onset patterns as a function of angles of attack at a
zero-sideslip angle are presented in Tables 3 and 4 below.
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Table 3. Top surface pressure coefficient visualization at different angles of attack and conclusions about flow separation
within the linear part of the lift curve (up to αo = 15◦).

α◦ 5◦ 10◦ 15◦

Cp scale
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Remarks Fore wing fully separated; aft wing almost
fully separated. Both wings fully separated.

Conclusion Further increasing α shifts lift contribution towards the aft wing, which maintains unseparated flow up
until 17.5◦. Above 20◦, both wings are separated.

At moderate flight angles of attack, the fore wing maintains a lift advantage due to
its aerodynamic design, a cleaner undisturbed flow, and a beneficial interaction with the
fuselage, whereas the aft wing is slightly in the downwash from the fore wing and the
disturbed flow behind the body. Lift advantage, however, shifts progressively from the
fore to aft wing at a high α, due to the onset of separation on the fore wing. Hence, this
back-shift in the aircraft AC due to large αs also contributes to the observed large values of
pitch-down moment and the lower efficiency of control surfaces experienced by the fore
wing as compared to the aft wing.

An insight into the wing–fuselage interference can be provided by CFD pressure
coefficient distribution (Figure 8: velocity vectors below indicate flow directions; vector
lengths are normalized to show the flow direction). Low pressure on the suction side of the
wing is extended towards the body, leading to a strong adverse pressure gradient on the
fuselage part adjacent to the wing root.
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Pressure and velocity data on the aft body indicate a similar pattern (Figure 9), 
where the origin of adverse gradients can be traced to a low-pressure area just beneath 
the low wing trailing edge. The reason why this low-pressure area formed beneath the 
wing (where a higher pressure is expected instead) is due to the abrupt change in the aft 
body line, where a sharp angle leads to accelerating the flow. In this regard, streamlining 
the aft body is done either by increasing its aspect ratio and/or relocating the lower wing 
closer to its bottom for achieving a positive interference where a higher pressure beneath 
the airfoil will be shifted towards the adjacent body surface.  

 
Figure 9. Aft–wing–body flow field visualization and direction of reverse flow on the aft body. 

Further analysis of the fore body using true-scale velocity vectors reveals a flow ac-
celeration well upstream of the upper wing, probably due the streamlined, airfoil-like 
shape of this part of the fuselage with a significant contribution to lift (Figure 10). 

Figure 8. Front wing–body junction area flow field visualization and directions of reverse flow from
beneath the wing to the fuselage and into the wing upper surface.

Pressure and velocity data on the aft body indicate a similar pattern (Figure 9), where
the origin of adverse gradients can be traced to a low-pressure area just beneath the low
wing trailing edge. The reason why this low-pressure area formed beneath the wing (where
a higher pressure is expected instead) is due to the abrupt change in the aft body line,
where a sharp angle leads to accelerating the flow. In this regard, streamlining the aft body
is done either by increasing its aspect ratio and/or relocating the lower wing closer to its
bottom for achieving a positive interference where a higher pressure beneath the airfoil
will be shifted towards the adjacent body surface.
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Figure 9. Aft–wing–body flow field visualization and direction of reverse flow on the aft body.

Further analysis of the fore body using true-scale velocity vectors reveals a flow
acceleration well upstream of the upper wing, probably due the streamlined, airfoil-like
shape of this part of the fuselage with a significant contribution to lift (Figure 10).

The observed above flow is overall beneficial given the fuselage contribution in
generating lift; however, minor improvements in the wing–body junction area are required
to soften or delay the wing root separation. For instance, raising the upper wing a little will
make its airfoil benefit from the flow acceleration and maintain an attached flow therein.
Additionally, a junction-area separation bubble could be well mitigated through enhanced
fairings and gradually blending the wing geometry with the upper fore body.
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Presented below is a hypothetically optimized fuselage cross section and slightly 
relocated wings (upper wing raised to benefit from the flow acceleration on the fuselage 
as well as to reduce its shading at high angles of side slip, and aft wing was lowered to 
improve interference with the fuselage and similarly reduce its shading during side slip) 
(Figure 11).  

 
Figure 11. Hypothetical optimized fuselage geometry (nose and aft sections) and airfoil locations 
based on the flow field at the symmetry section plane. 

The stall occurs by progressive separation from near the trailing edge of both wings 
and moves from root to tip. There are no sudden changes in the character of the flow in 
the region of the stall. Even at the stalling angle of attack, the fore portion of the aft wing 
maintains the unseparated flow. 

Figure 10. Pressure and velocity in a section plane near the fore–wing–body junction area showing
the fuselage lift contribution.

Presented below is a hypothetically optimized fuselage cross section and slightly
relocated wings (upper wing raised to benefit from the flow acceleration on the fuselage
as well as to reduce its shading at high angles of side slip, and aft wing was lowered
to improve interference with the fuselage and similarly reduce its shading during side
slip) (Figure 11).
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Figure 11. Hypothetical optimized fuselage geometry (nose and aft sections) and airfoil locations
based on the flow field at the symmetry section plane.

The stall occurs by progressive separation from near the trailing edge of both wings
and moves from root to tip. There are no sudden changes in the character of the flow in
the region of the stall. Even at the stalling angle of attack, the fore portion of the aft wing
maintains the unseparated flow.

At α = 20◦, a strong crossflow occurs at the fore wing, middle upper and aft fuselage,
and aft portion of the aft wing.

At an angle of sideslip, the angle of deviation of tufts on the downwind surfaces of
the scale model is greater than that on the upwind side. As the angle of sideslip increases,
the flow separation region over the aft bottom upwind fuselage decreases.

3.2. Large Value of Cm0

The AC location identified in the experiment is 23.5% of the equivalent MAC, which
is 10% forward of the predicted value. With the center of gravity location corresponding
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to a static longitudinal stability margin of 7% of the equivalent MAC, the aft elevator
deflection angle required to trim the aircraft in cruise is approximately 10◦ (see the trim
crossplot, Figure 12).
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Figure 12. The trim crossplot.

The observation of tuft patterns does not reveal any peculiarities of the flow respon-
sible for the discrepancy between predicted and test values for the AC location. Hence,
future efforts must be primarily aimed at improving the prediction accuracy of the AC
location of boxwing configurations. For the current configuration, geometry optimization
may be performed to reduce the zero-lift moment coefficient at a fixed stability margin and
aircraft lift coefficient. As optimization variables, the following can be used: the wings’
angle of incidence, camber, and point of maximum camber chordwise. An optimization
of this sort, however, may lead to no feasible design or to a design with an unfavorable
stall behavior.

3.3. Fuselage Contribution to the Lateral Instability of the Aircraft

The tuft patterns and CFD visualizations reveal a crossflow on the bottom aft fuselage
in all test conditions, even at a zero angle of attack and sideslip (Figure 13). We believe that
with a propeller rotating, this effect would be relieved [23]. At an angle of sideslip, the
crossflow area reduces on the upwind side of the fuselage and increases downstream of
the fuselage. As the angle of attack increases, a turbulent boundary layer followed by flow
separation develops on the fuselage over the aft wing. At α = 20◦, the same tuft pattern
shows signs of increased turbulence and flow separation on the top fuselage between the
front wings.
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The vertical fins, located far enough from the fuselage wake, maintain attached flow
in the whole range of angles of attack. Therefore, the results of the tests imply that the
analytical procedure used to predict the lateral stability characteristics of the model was
not as precise as expected and should be refined.

To shift the lateral aerodynamic center backward, some modifications to the airframe
can be considered:

1. Increased area of the fairing covering the aft wing–fuselage junction area (at the cost
of increased wetted area and viscous drag).

2. Giving the fuselage shape a flattened top line for a reduced flow acceleration on its
front upper surface.

3. Increased length of the fuselage (at the cost of a significantly increased wetted area,
increased aircraft weight, and reduced performance).

4. Increased sidewing area.
5. Increased sidewing arm through aft and fore wing planform modifications.
6. Additional small stabilizers mounted on the aft fuselage.
7. Wing vertical arrangement modification with low front wings and high aft wings

mounted on a vertical stabilizer (as proposed in several large boxwing transport
aircraft concepts).

8. Distributed electric propulsion system with a differential thrust control of the propellers.

We believe that among the proposed measures, (7) and (8) would be the most effective.
The seventh option brings about the penalty of a deteriorated wing performance due to
sweep and the vertical stabilizer shaded by the fuselage at moderate angles of attack. The
eighth option looks promising but requires a reliable electric propulsion system.

3.4. Elevators

The elevators demonstrate a high degree of efficiency (in terms of the derivative of the
pitching moment coefficient with respect to the elevator deflection angle), as seen in Figure 14.
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Figure 14. Elevators’ efficiency (fore and aft elevators are deflected simultaneously). Data taken from [19].

To ensure the given static stability margin, the aft wing was designed to generate a lift
10% higher than the fore wing (NACA 3413 for the fore wing and NACA 4415 for the aft
wing, with a 0.5◦ difference in incidence angle). Additionally, with the current center of
gravity location (16.5% MAC equivalent), the moment arm of the aft elevators is greater
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than that of the fore elevators (the arm of the front elevators is 0.56 m, and the arm of the
rear elevators is 1.291 m). When deflecting the elevators down at 10◦, 20◦, and 30◦, the
tuft patterns reveal increased turbulence and eventually flow separation (Figure 15). The
difference in lift generated by fore and aft elevators demonstrated in Figure 16 might be
due to an increased aft wing loading, but as can be seen on the graph, the aft and fore
elevators deflected upward cause approximately the same lift decrement. Additionally,
the fore elevators deflected upward and downward cause different lift increments for the
aircraft. The tuft patterns on the front elevator deflected downward reveal signs of flow
separation, in contrast with tuft patterns on the aft elevator deflected upward at the same
angle. Hence, non-equal efficiency of the fore and aft elevators deflected to pitch the aircraft
up or down can be attributed to the flow separation at the upper surface of the elevators.
When aft and fore elevators operate simultaneously, the downward and upward pitching
moment increment is roughly identical (Figure 12).
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3.5. Flaperon Performance

The flaperons deflected downward do not increase the aircraft lift as was expected
(Figure 17). In fact, the use of flaperons reduces the aircraft lift, which means that the
lift-generating surface of the wing decreases. This conclusion is supported by the tuft
patterns shown in Figure 18. The tuft patterns reveal a turbulent boundary layer at δfl = 10◦

and separation starting from δfl = 20◦.
At the wingtip Reynolds number (test conditions Re = 155,000) the trailing edge

boundary layer fails to resist the high adverse pressure gradient due to the flaperon
deflection. The gap between the wing trailing edge and the leading edge of the flaperons
(located at 70% of the chord) may cause the laminar boundary layer to transit to turbulent
and/or to separate.
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Figure 17. Lift curve for cruise, take-off, and landing configuration. Data taken from [19].

Additional tests with a larger model, along with a full CFD model of the aircraft high-
lift configuration, would enhance our understanding of the aircraft high lift performance
in more realistic conditions.
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4. Discussion

In this paper, we addressed some peculiarities of the flow over a light boxplane. By
tuft flow visualization and CFD visualization, we explored the causes of a large zero lift
pitching moment coefficient, lateral instability, difference in fore and aft elevator lift, and
poor high lift performance of the aircraft. The investigation revealed that we should refine
the methods for predicting the boxplane pitching moment coefficient and lateral stability
derivatives. The low local Reynolds number causes an early flow separation from the
elevators and flaperons when deflected downward at angles exceeding 10◦.

Wind tunnel experiments provide an objective truth about values of the integrated
aerodynamic coefficients of lift, drag, and moments. CFD codes, although generally failing
to capture the correct values of total coefficients beyond the linear portion of the lift curve
and near-stall conditions, still provide unmatched visualization insights into local flow
fields. Particularly useful is the pressure field analysis adjacent and away from the test
model surface, which is either impossible or very expensive to achieve in wind tunnels,
and it reveals the true scale of both pressure drag and lift sources. Similarly, tufts in a
turbulent flow do reveal separation onsets yet fail to show local directions of a turbulent
flow, which is much better demonstrated by the computed velocity vectors, duplicating
and supplementing pressure gradients and pointing towards the right directions where
geometry should be improved.

Future work will include:

• Refinement of the analytical predictive models for a light boxplane;
• Trade studies and optimization of the aircraft geometry to better meet the perfor-

mance requirements;
• Development of a code, specifically designing a light boxplane;
• Investigation of the effect of the airframe on the efficiency of the pusher propeller for

this layout;
• Flight tests of the boxplane model.
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