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Abstract: In this study, the low-speed performances of the Busemann biplane were clarified, focus-

ing on the relative contributions of the upper and lower elements to the total aerodynamic charac-

teristics of the biplane. Also, the effects of the staggered biplane, which changes the horizontal dis-

tance between two wings in a biplane configuration, were investigated by balance measurements 

and numerical simulations. The flow velocity was 15 m/s, and the Reynolds number based on the 

airfoil chord length was 2.1 × 105. In the tests of the integrated biplane wing, the attack angles of the 

wing elements were varied by a balance system and turntable, which were set in the wind tunnel 

sidewall. The results show that the lower element generated most of the lift and drag of the Buse-

mann biplane (or the baseline biplane model with no stagger) at high angles of attack. At angles 

above 20 deg, the contribution of the lower element to total aerodynamic characteristics is almost 

constant, with 95% of the total lift and 88% of the total drag. The total lift and drag of the baseline 

model were smaller than the sum of the individual elements that were treated as a single configu-

ration. The increments of lift and drag due to the stagger effects were confirmed, especially at high 

angles of attack. When the stagger value increases, the high-pressure area near the leading edge of 

the lower surface of the upper element also increases, which increases the lift and drag of the up-

per element. This is the main reason for the increments of total lift and drag of the biplane model. 

The stagger effects also prevented the leading-edge separation of the lower element in the biplane 

configuration and increased the lift slopes of the biplane model. 
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1. Introduction 

In recent years, many projects and studies have been conducted to develop super-

sonic transport aircraft [1–3]. For a supersonic flight to be accepted by society, it is neces-

sary to solve the problems of the flight path, fuel consumption, and the noise caused by 

sonic booms. The Busemann biplane has been proposed to solve the drag and sonic boom 

problems. Wind tunnel tests and numerical simulations have been carried out to clarify 

the characteristics of the Busemann biplane [4–8]. The Busemann biplane is a diamond-

shaped airfoil (or double-wedge airfoil) that is split and inverted with respect to the chord. 

Previous studies show that a Busemann biplane reduces wave drag more than 80% com-

pared to a diamond wing of similar volume at a design Mach number [4,5]. In addition, 

three-dimensional tapered wings, wing-body shapes, and twin-body fuselage configura-

tions are also being investigated [9–12]. 

Studies of the Busemann biplane have found attractive performance at cruising 

speeds. However, there are several problems that need to be solved to realize the Buse-

mann biplane [5]. The first problem is the choked flow between the wing elements in the 

transonic region and near the design Mach number, which dramatically increases the total 

drag. The second problem is hysteresis due to the different starting Mach numbers, which 
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can cancel the shock waves between the wing elements at the flow acceleration and decel-

eration. To solve the above problems, the morphing wing [4], leading and trailing edge 

flaps [13], and the stagger approach [14,15], which changes the horizontal distance be-

tween two wings in a biplane configuration, have been proposed. Steady computational 

fluid dynamics (CFD) analysis by Patidar [14] have shown that Busemann biplanes with 

a stagger of ≥0.2 times the wing chord length in the transonic regime could avoid choked 

flow and significantly reduce the total drag. The results also show impressive improve-

ment in the lift-to-drag ratio of the biplanes. Ma et al. [15] analyzed the unsteady numer-

ical simulations, which showed that staggered wings could also avoid hysteresis prob-

lems, and proposed a method of changing the stagger with flight speed, which resulted 

in higher performance than baseline and diamond wing models. The previous studies of 

staggered Busemann biplanes focused on the aerodynamic characteristics in the transonic 

and supersonic regimes. However, the effect of stagger on the low-speed performance of 

the Busemann biplane remains unclear. It is necessary to clarify the low-speed character-

istics, which are essential during aircraft take-off and landing. 

In a previous study at low-speed flow, Kuratani et al. [16] investigated the aerody-

namic characteristics of a Busemann biplane by wind tunnel experiments and CFD simu-

lations. Their results show that the lower wing generates most of the biplane’s total lift at 

high angles of attack. To keep the thin wing elements in their positions, a wing tip plate 

was attached to the biplane model. The experimental results agreed well with the three-

dimensional CFD due to the effects of the wing tip plates and the flat plate installed to 

eliminate the boundary layer development from the wind tunnel outlet. In another study, 

Kashitani et al. [17] estimated the two-dimensional lift coefficient from the smoke line 

pattern around the Busemann biplane. The experiments were carried out at relatively 

small angles of attack due to the instability of the smoke line at high angles of attack. The 

results show that the flow separated from the upper element at small angles of attack. At 

5 deg, the flow is reattached around 0.3c from the leading edge. When the angle of attack 

increases, large-scale separation is observed. Due to the experimental setting, the flow 

field between the biplane element remains unclear. Also, further investigations of the con-

tribution of the lower and upper elements to the total performance of the Busemann bi-

plane are required. 

At a low-speed regime, Jones et al. [18] studied a biplane made with flat plate ele-

ments. Their results show that the stall angle of the biplane wing is larger than that of a 

single wing. The reason for this is that the flow between the wing elements is compressed 

and delays the lower wing’s flow separation. For a biplane with a 0.5-chord stagger, the 

gap between the wing elements with a 0.85 chord length was most effective for increasing 

the stall angle from 15 to 25 deg and increasing the maximum lift coefficient from 0.79 to 

0.97. However, the stagger effects on Busemann biplanes, which have thin wing elements 

with an inverted camber, have not been fully investigated. Due to the staggered biplane 

configuration, the flow separation and the flow interference between not only the upper 

and lower elements but also between the front and rear elements are critical to the stag-

gered biplane performances. 

In this study, the low-speed performances of the Busemann biplane were clarified, 

focusing on the relative contributions of upper and lower elements to the total aerody-

namic characteristics of the biplane. Also, the effects of the staggered biplane were inves-

tigated by balance measurements and numerical simulations. The flow interferences be-

tween the biplane elements (upper and lower wings) were also studied by testing the bi-

plane elements as a single configuration. 

2. Experimental Setup 

2.1. Low-Speed Wind Tunnel 

Figure 1 shows an overview of the low-speed wind tunnel used in this study. The 

wind tunnel is a suction type, with a test section of 2000 mm length × 150 mm width × 
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1500 mm height. The maximum flow velocity is 26 m/s. The wind tunnel is equipped with 

a smoke generator (SC-3, Kanto Chemical Co., Inc., Tokyo, Japan), which enables visuali-

zation of the flow field around the test model. 

 

Figure 1. Overview of the low-speed wind tunnel: (a) top view; (b) side view. 

2.2. Balance Measurement System 

In the experiments, the aerodynamic forces acting on the model were measured using 

a three-component force balance system (ML-3FM2, Izumi Seiki Co., Ltd. Ehime, Japan). 

The balance enables adjustment of the angle of the model with a resolution of 0.1 deg. The 

measurable range of drag and lift of the balance is ±20 N. 

Figure 2 shows the setup in the test section. In this study, the models were set up as 

follows to measure the aerodynamic forces acting on each element of the Busemann bi-

plane separately, which is unclear from previous studies. For the biplane experiments, the 

model’s angle was adjusted by the balance system and a turntable set in the wind tunnel 

wall. The unmeasured wing element was fixed to the turntable. The gap between the 

model and the wind tunnel wall was adjusted to allow two-dimensional measurements. 

The gap was determined from the displacement thickness of the boundary layer on the 

wind tunnel walls, where the typical length is the distance from the end of the wind tunnel 

measurement section to the model [19,20]. In the experiments with Re = 2.1 × 105, the gap 

was set to 1.5 mm from the wind tunnel walls. The data obtained by the balance were 

recorded by a data acquisition system (KEYENCE, NR-500). In this study, the balance res-

olutions were 0.0025 N for both lift and drag measurements. 

 

Figure 2. Experimental setting in the test section. 
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The wind tunnel correction must be applied for two-dimensional flow testing to con-

sider free air condition [21,22]. Under the conditions of the tests (M < 0.1, Re = 2.1 × 105), 

the model chord length (c = 200 mm) was sufficiently small compared to the height of the 

test section (h = 1500 mm) [23]. In a previous study, the wind tunnel corrections for similar 

experimental conditions were less than 1% of the measured results [17]. Therefore, no 

two-dimensional wind tunnel correction was applied to the experimental results in this 

study. 

2.3. Test Model 

Figure 3 shows an overview of the experimental models used in this study. The mod-

els were made of acrylic, with a chord length c of 200 mm, a wing thickness t of 10 mm 

(t/c = 0.05), and a spacing between wing elements G of 100 mm (G/c = 0.5). The dimensions 

of the model were calculated at a design cruising Mach number of 1.7 [4]. In the single-

wing tests, a single upper element and a single lower element, Figure 3a,b, were applied. 

In the biplane tests, the baseline model (no stagger) and three staggered models, Figure 

3c,d, were applied. The upper element was set forward for the staggered biplane, and 

stagger values of 0.25c, 0.50c, and 0.75c were applied. Previous studies have shown that a 

forward placement of the upper wing has better performance than a rearward placement 

of the upper wing [24,25]. As the wing was thin, a sting balance with a diameter of 6 mm 

was inserted into the center of the wing model. 

 

Figure 3. Experimental models: (a) single upper element; (b) single lower element; (c) baseline 

model (Busemann biplane—no stagger); (d) staggered models (three stagger lengths). 

2.4. Experimental Conditions 

Table 1 shows the experimental conditions in this study. The wind tunnel tests were 

carried out at a flow velocity U∞ of 15 m/s and a Reynolds number Re of 2.1 × 105 based on 

the wing chord length. The angles of attack were varied from −30 to 30 deg. A three-com-

ponent balance was used for the aerodynamic measurements. The measurement time was 

20 s with 5-Hz sampling. The time average values of the obtained data were used to de-

termine the aerodynamic forces. Each experiment was conducted four times, and the av-

erage value was taken as the measurement result. This paper discusses the results in terms 

of lift and drag coefficients. 

First, experiments were carried out with the single NACA0012 airfoil for evaluation 

of the two-dimensional results and comparison with the results in previous experimental 

studies [26–28]. 

Next, the aerodynamic characteristics of individual single elements were clarified. 
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Table 1. Experimental conditions. 

Parameters  

Flow velocity 15 m/s 

Reynold number 2.1 × 105 

The angle of attack −30~30 deg. 

Balance measurement 20 s for a pattern 

 5 Hz sampling frequency 

Single configuration NACA0012 

 The single upper element 

 The single lower element 

Biplane configuration The Baseline model (No stagger) 

 The 0.25c stagger model 

 The 0.50c stagger model 

 The 0.75c stagger model 

Then, the total aerodynamic performance (total drag and lift coefficient) of the base-

line model and the staggered models were investigated by measuring the forces acting on 

each element in the biplane configuration. The reference length is defined as the chord 

length c of a single element. The total aerodynamic coefficients of the biplane are defined 

by the sum of the elements in the biplane configuration, as shown in Equations (1) and (2) 

below. 

_ ( _ ) ( _ )d Total d Lower Biplane d Upper BiplaneC C C= +  (1) 

_ ( _ ) ( _ )l Total l Lower Biplane l Upper BiplaneC C C= +  (2) 

where Cd_Total and Cl_Total are the total drag and total lift coefficient of the biplane configura-

tion models, respectively, and Cd(Upper_Biplane), Cd(Lower_Biplane), Cl(Upper_Biplane), and Cl(Lower_Biplane) are 

the drag coefficient of the upper element, the drag coefficient of the lower element, the lift 

coefficient of the upper element, and the lift coefficient of the lower element in biplane 

configuration, respectively. 

2.5. Numerical Simulation 

Numerical simulations of two-dimensional incompressible steady flow were carried 

out and compared with the experimental results. The wing chord length was 200 mm. The 

computational mesh file was generated using ICEM software (ANSYS 2019 R3, Ansys Inc., 

USA). Figure 4 shows the computational domain and the grid distribution around the 

wing model. Four hundred grid points were set up on the wing surface, and the y+ value 

was adjusted to about 1. The boundaries of the computational domain were adjusted to 

more than 20 times the wing chord length. The Ansys Fluent solver was used with the 

RANS analysis. The Spalart–Allmaras (S-A) turbulence model was applied in the simula-

tions, as previous biplane numerical studies [5,14,15]. In a previous study, the S-A model 

effectively estimated the flow with multi-wing configurations compared with other high-

order modes [29,30]. Also, the numerical results with the k-ω SST turbulence model and 

mesh independence are discussed in Appendix A and Appendix B. The pressure-based 

solver with couple algorithm is applied. The convergence conditions of the residuals, ve-

locity, and density were set to 10−6. The free-stream conditions were the same as the ex-

perimental conditions. 

The further considerations of three-dimensional effects and the transition may need 

to fully predict the flow field, especially at high angles of attack. These may lead to dis-

crepancies between the CFD predictions and the experimental data, especially in high-

angle regimes near and beyond stall [31,32]. In previous studies, the transition effects can 

be neglected at small angles but show more influence near and beyond stall [32]. How-

ever, in the case of the Busemann biplane wing, unlike a single NACA 0012 wing, the flow 
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turbulence between the wing elements is significant at high angles of attack. Moreover, 

the upper element has a flat upper surface, leading to significant separation even at a small 

angle of attack. So, the “fully turbulent” model may effectively predict the flow field even 

at the Reynold number range of this study. 

 

Figure 4. Meshes used for numerical calculations: (a) computational domain; (b) overview of grid; 
(c) grid distribution around the baseline model; (d) grid distribution around the 0.75c stagger model. 

3. Results and Discussions 

3.1. NACA0012 Airfoil Tests 

First, the experiment with the single NACA0012 airfoil was carried out for evaluation 

of the two-dimensional results. Figure 5 shows the obtained results. The experimental 

conditions are the same as those for the biplane wing described in Section 2.2. Figure 5a,b 

show the drag coefficient and the lift coefficient, respectively. As shown in Figure 5, the 

experimental results show a good agreement with the reference data of the same rage of 

Reynolds number (Refs. [26,27]), indicating the feasibility of measuring the two-dimen-

sional wing aerodynamic characteristics of this system. 
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Figure 5. Results of single NACA0012 for balance measurement: (a) drag coefficient; (b) lift coeffi-

cient. 

3.2. Baseline Model Test 

Figure 6 shows the aerodynamic characteristics of the two-dimensional baseline 

model. The results for the biplane configuration are the sum of the upper and lower ele-

ments, as described by Equations (1) and (2). The standard deviation is also summarized 

from the results of the upper and lower elements. In the range of ±10 deg, the uncertainties 

of the lift and drag coefficients are about 0.04 and 0.014, respectively. When the angle of 

attack increases, the uncertainties increase but do not exceed 5% of the total lift and drag 

coefficients. 

In Figure 6a, the drag coefficient is minimum at an attack angle of 0 deg and increases 

as the angle increases. The drag coefficients are almost constant between ±2 deg and in-

crease rapidly from 5 to 30 deg. The results show a good agreement with Ref. [17] in the 

range from 0 to 8 deg, but the difference becomes larger when the angle of attack increases 

above 10 deg. In Ref. [17], the drag was calculated from the velocity deficit in the wake of 

the model, which has difficulty estimating the drag at a high angle of attack due to a larger 

flow separation and unsteadiness in the flow. The experimental results are in good agree-

ment with the results of CFD and Refs. [5,16]. 

Figure 6b shows the lift coefficient of the baseline model. As the baseline model can 

be regarded as an asymmetrical wing, the zero-lift angle is 0 deg. The lift coefficient in-

creases as the angle of attack increases. The experimental results are agreed with the re-

sults of CFD and Refs. [5,6,17] in the range of 0 to 10 deg. For the angles above 20 deg, the 

CFD results show smaller values than the experimental results. The detailed results will 

be discussed from the following results of the upper and lower elements in the baseline 

configuration. Table 2 shows the lift slopes in the attack angle range of ±10 deg. The lift 

slopes are 0.129, 0.122, 0.127, and 0.124 in the experimental results, CFD simulations, and 

Refs. [16,17], respectively. Therefore, this experiment’s results show good accuracy com-

pared with previous studies of the Busemann biplane. Also, the experimental results show 

good agreement with the lift coefficient estimated by the smoke line pattern method used 

in Ref. [17]. 

Figure 6c shows the lift-to-drag ratio data. In experimental results, the maximum 

value is 8.2 at 3 deg. For angles of attack above 3 deg, the lift-to-drag ratio decreases as the 

angle of attack increases. The CFD shows a larger value compared with experimental re-

sults at 5 deg. For angles of attack above 10 deg, the experimental results show good agree-

ment with the numerical results and Ref. [16]. 
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Figure 6. Aerodynamic characteristics of the baseline model: (a) drag coefficient; (b) lift coefficient; 

(c) lift-to-drag ratio. 

Table 2. Lift slopes of the baseline model. 

 Exp. CFD Ref. [16] Ref. [17] 

Lift slopes (±10 deg.) 0.129 0.122 0.127 0.124 

Figure 7 shows the aerodynamic characteristics of the upper and lower elements for 

the single configuration and baseline configuration. Figure 7a shows the drag coefficient 

results. For the single configuration, the minimum drag appears at 1 deg for the upper 

element and −1 deg for the lower element because of the difference of the inverted camber 

of the elements. When the angle of attack increases, the drag coefficient increases. The 

results of single elements show a bucket-shaped distribution, similar to the drag coeffi-

cient of laminar flow over an airfoil [33]. This is due to the shapes of the elements with the 

camber and their thinness (5% of the chord length). For the baseline model, the results 

show no significant difference with the case of the single wing in the range of ±5 deg. The 

drag coefficient of the upper element is lower than the results for the single wing at angles 

of attack above 5 deg. The reason is that the lower element’s presence changes the up-

stream flow to the upper element. Then, the effective angle of attack for the upper element 
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is reduced due to the effects of the flow interference between the wing elements. The drag 

coefficient of the upper element increases up to 12 deg and decreases in the ranges from 

12 to 22 deg. In contrast, the result for the lower element is larger than that for the single 

wing when the angle of attack increases. The experimental results are in good agreement 

with CFD results for the angle of attack smaller than 20 deg. 

The lift coefficient results are shown in Figure 7b. For the single wing, the lift in-

creases as the angle of attack increases. Stall appears at 11 deg for the single upper element 

and 12 deg for the single lower element. As the elements are thin, the lift slopes of both 

single elements are almost the same, at 0.086 for the upper element and 0.088 for the lower 

element. The upper element in the biplane configuration also stalled at 11 deg as the single 

upper element. The lift of the upper element decreases as the angle of attack increases and 

is almost constant for the angle above 20 deg. On the other hand, the lift coefficients of the 

lower element for the baseline model are lower than those for the single lower element in 

the range of 0 to 12 deg. For the angle above 12 deg, the lift coefficient becomes larger than 

those of the single lower element due to the accelerated flow between the biplane elements 

delaying the flow separation from the lower element. The lift of the baseline model is 

mainly generated from the lower element at high angles of attack, as found in previous 

studies [16–18]. The CFD results show smaller values than the experimental results for the 

angles above 20 deg. Other results for biplane configuration and single upper and lower 

elements are discussed in Appendix C. 

  
(a) (b) 

Figure 7. Comparison of aerodynamic characteristics of the wing elements as single configuration 

and baseline configuration: (a) drag coefficient; (b) lift coefficient. 

3.3. Stagger Effects 

3.3.1. Drag and Lift Coefficient 

Figure 8 shows the effect of different staggers on the total aerodynamic coefficient of 

the Busemann biplane. 

Figure 8a shows the results for the total drag coefficient. The drag coefficient de-

creases as the stagger value increases at negative angles of attack, and it is clearly in-

creased below an attack angle of −15 deg. From −2 to 3 deg, the staggered model results 

do not differ significantly from the baseline results. The increment due to the stagger be-

comes larger at high angles of attack. The reason for the increased drag is that the stagger 

changes the flow interference between the wing elements. Specifically, at high angles of 

attack, the drag coefficient of the upper element in the staggered model is larger than that 
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of the baseline model. This is the main reason for the total drag increase. The experimental 

results show the same trend found with quantitative CFD simulations. 

Figure 8b shows the results for the total lift coefficient. The stagger effect does not 

decrease the lift, even at negative angles of attack. The stagger effect clearly increases the 

lift coefficient at angles below −10 deg. From −10 to −3 deg, the total lift of the staggered 

model is not significantly different from the results of the baseline model. Table 3 shows 

the lift slopes of the staggered models. In the range of ±10 deg, the lift slopes are 0.129, 

0.134, 0.144, and 0.147 for the baseline model, the 0.25c stagger model, the 0.50c stagger 

model, and the 0.75c stagger model, respectively. The lift increment due to the stagger 

effect is larger at attack angles above 10 deg. Also, wing stall does not appear in the stag-

gered models until 30 deg. Although there are differences at high angles of attack, the 

experimental results show relative agreement with the trends of the CFD results. For the 

CFD results, the lift slopes are 0.122, 0.124, 0.135, and 0.152 for the baseline model, the 

0.25c stagger model, the 0.50c stagger model, and the 0.75c stagger model, respectively. 

These values represent good agreement with the experimental results. Further, the results 

clarify that the Busemann biplane, which has upper and lower elements with different 

shapes, shows the same trend of an increased lift coefficient with the staggered configu-

ration as the general biplane [18,25]. 

 

Figure 8. Effect of stagger on aerodynamic characteristics: (a) drag coefficient; (b) lift coefficient; (c) 

lift-to-drag ratio. 
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Table 3. Lift slopes of the staggered models (±10 deg). 

Figure 8c shows the lift-to-drag ratio data. The 0.25c stagger and 0.75c stagger models 

show larger values than the baseline models from 0 to 10 deg. On the other hand, the 

values obtained by using the 0.5c stagger model are smaller than those obtained from the 

baseline model. For the angles above 10 deg, there is no significant difference in lift-to-

drag ratios for all models. The largest lift-to-drag is 10.5, which is confirmed at 3 deg for 

the 0.75c stagger model. 

3.3.2. Contribution of the Lower Element to Total Performances of the Biplane 

The results in Section 3.2 show that the lower element has an important role in overall 

performance of the biplane at high angles of attack. Therefore, in this section, the roles of 

the lower element as a ratio of the total results of the biplane configuration are discussed. 

Figure 9 shows the ratio of the aerodynamic forces of the lower element to the total forces 

of the biplanes. 

Figure 9a shows the ratio for the drag coefficient. In the case of the baseline model, 

the ratio increases when the angle of attack increases. In the range from −30 to −22 deg, 

the drag of the lower element is about 0.1 of the total drag. From −10 to 5 deg, the ratio 

differs about 0.45 to 0.55, which means that the upper and lower elements produce nearly 

the same share of the total drag. Above 20 deg, the ratio is mostly constant, remaining 

about 0.88. In the staggered model, the ratio of the lower element to the total drag de-

creases as the stagger value increases for angles of attack above 0 deg. The results of the 

staggered model also clearly show the same trend as those of the baseline model. Above 

20 deg, the ratios of all cases are mostly constant, precisely about 0.88, 0.75, 0.65, and 0.58 

for the baseline model, the 0.25c stagger model, the 0.50c stagger model, and the 0.75c 

stagger model, respectively. Interestingly, the 0.75c stagger model shows a negative ratio 

below −25 deg. In this case, the drag of the lower element is negative, and the total drag 

coefficient is about 0.4, as shown in Figure 8a. It is considered that the lower element is 

pulled forward by the significant flow interference from the wake of the upper element. 

 

Figure 9. Ratios of the lower wing to the biplane performances: (a) ratio for drag coefficient; (b) ratio 

for lift coefficient. 

 Baseline Model 0.25c Stagger Model 0.5c Stagger Model 0.75c Stagger Model 

Exp. 0.129 0.134 0.144 0.147 

CFD 0.122 0.124 0.135 0.152 
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Figure 9b shows the ratio for the lift coefficient of the lower element to the total lift 

of the biplanes. In the case of the baseline model, the ratio is almost 0 at angles of attack 

below −20 deg. When the angle of attack increases to −8 deg, the ratio also increases, up to 

0.4. From −8 to −1 deg, the ratio decreases rapidly, and the lift ratio of the lower element 

is about −1.5 at −1 deg. The reason for this is that the biplane’s total lift approaches 0 at 

attack angles near 0 deg, as shown in Figure 6b. The ratio decreases at the range of angles 

from 1 to 8 deg because the lifts generated by both the lower and upper elements also 

increase. At this time, both the upper and lower elements of the baseline model generate 

positive lift, as shown in Figure 7b. Next, the ratio increases from 8 to 20 deg, and it is 

about 0.95 for angles of attack above 20 deg. This indicates that the lower element gener-

ates about 95% of the total lift at angles of attack above 20 deg. These results show a trend 

similar to that of a previous study on tandem wings [18], and quantitatively clarify the 

proportion of lift generated by the lower element in the Busemann biplane. In the stag-

gered models, the ratio of the lower element to the total lift decreases as the stagger value 

increases at the angle above −10 deg. Above 20 deg, the ratios of all cases are mostly con-

stant, precisely about 0.95, 0.85, 0.78, and 0.66 for the baseline model, the 0.25c stagger 

model, the 0.50c stagger model, and the 0.75c stagger model, respectively. However, the 

results of the staggered models show a negative value at angles of attack below −20 deg. 

In this case, the vortex generated from the leading edge of the upper element affects the 

flow field around the lower element, which causes the lower element to have a positive 

lift even at negative angles of attack. In this case, the total lift coefficients of the staggered 

models are negative at angles of attack below −25 deg, as shown in Figure 8b. 

3.3.3. Interference Ratio 

Figure 10 shows the interference ratios of the aerodynamic forces, which were calcu-

lated from the results of the biplane configuration and the biplane’s individual elements 

in the single configuration as follows: 

( )

( _ ) ( _ )

d Total

D

d Single Upper d Single Lower

C
I

C C
=

+
 (3) 

( )

( _ ) ( _ )

l Total

L

l Single Upper l Single Lower

C
I

C C
=

+
 (4) 

where ID and IL are the drag and the lift interference ratios, respectively, and Cd (Single_Upper), 

Cd (Single_Lower), Cl (Single_Upper), and Cl (Single_Lower) are the respective drag and lift results for the sin-

gle upper and lower elements, as shown in Figure 7. Note that Cd (Total) and Cl (Total) are de-

fined by Equations (1) and (2) in Section 2.4. 

Figure 10a shows the drag interference ratio calculated with Equation (3). For the 

baseline model results, the ratio is almost 1.0 near an angle of attack of 0 deg. As the angle 

of attack increases, the drag interference coefficient becomes less than 1, and the total drag 

of the biplane is less than the sum of the single upper and lower elements because of flow 

interference. In the staggered models, the same trend is observed for the 0.25c and 0.50c 

stagger models. However, the ratio increases from 0 to 17 deg for the 0.75c stagger model, 

unlike the other cases. Above 10 deg, the drag interference ratio increases with increasing 

stagger. For the 0.50c and 0.75c stagger models, the drag interference ratio is greater than 

1 above 13 deg. 

Figure 10b shows the results of the lift interference ratio calculated with Equation (4). 

For the baseline model, the lift interference ratios are less than 0.95 at all angles of attack, 

which shows that the total lift of the biplane is less than the sum of the single upper and 

lower elements. For angles of attack above 0 deg, the change in the lift interference ratio 

shows the same trend as the results of the drag interference ratio in Figure 10a. The max-

imum value of the interference ratio is about 0.94 at an attack angle of 17 deg. The results 

of the staggered model show a trend similar to that of the baseline model. From 0 deg, the 
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lift interference ratio increases as the stagger value increases. However, the lift interfer-

ence ratio decreases as the stagger value increases at attack angles below 0 deg. 

 

Figure 10. Interference ratios of the biplane aerodynamic forces: (a) drag interference ratio; (b) lift 

interference ratio. 

3.3.4. Pressure and Velocity Distribution around the Models 

Figure 11 shows the pressure coefficient on the airfoil surface of the staggered mod-

els. 

 

Figure 11. Comparison of pressure coefficient in airfoil surface of the staggered biplane configura-

tion (CFD results): (a) upper element; (b) lower element. 
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The angles of attack are 0 deg and 20 deg, respectively. The stagger effects increase 

the pressure coefficient on the lower surface of the upper element. At 20 deg, the effects 

are more significant. The results indicate that the upper elements generated more lift and 

drag when the stagger value increased. In Figure 11b, the pressure coefficient on the lower 

surface shows nearly the same in all cases for the lower element. At 0 deg, the peak value 

of the pressure coefficient at the wing center increases when the stagger value increases. 

At 20 deg, the stagger slightly changes the pressure coefficient on the upper surface from 

0.2c to 0.6c position. Therefore, the increment of lift and drag generated by the upper ele-

ment leads to the increment of the total lift and drag of the biplane model when the stagger 

value increases, as shown in Figure 8. 

Figure 12 shows the CFD results of the velocity distribution around the models. The 

angles of attack are 0 deg and 20 deg, respectively. 

 
(a) 

 
(b) 

Figure 12. Velocity distributions around the staggered biplane configuration (CFD results): (a) 0 

degrees; (b) 20 degrees. 

At 0 deg, the flow is accelerated between the elements of the baseline model. At 20 deg, a 

significant separation and longitude vortex occur beyond the upper surface of all cases. 

Due to the effects of accelerated flow between the biplane elements, the separation beyond 

the lower element is delayed. In Figure 12b, the separated flow from the lower wing’s 

leading edge is pressed more strongly to the wing surface when the stagger value is 

Baseline model The 0.25c stagger model 

The 0.5c stagger model The 0.75c stagger model 

20 degree 

Baseline model The 0.25c stagger model 

The 0.5c stagger model The 0.75c stagger model 

0 degree 
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increased. This indicates the stagger effect of the leading-edge separation of the lower el-

ement in a biplane configuration. The vorticity distribution is discussed in Appendix D. 

Figure 13 shows the pressure distribution around the models. At 0 deg, the baseline 

model shows the vertical symmetric pressure distribution. When the stagger value in-

creases, the high-pressure area near the leading edge of the upper element becomes more 

extensive. At 20 deg, the baseline configuration shows a sizeable high-pressure area near 

the lower surface of the lower element. Also, the high-pressure area below the upper ele-

ment is smaller than that of the lower element. The results show that the lower element of 

the biplane generates more lift than the upper element. Compared with the baseline 

model, the high-pressure positioned near the leading edge of the upper element becomes 

more extensive in the staggered models. As the stagger value increases, the size of the 

high-pressure area also increases. Therefore, the lift generated by the upper element in-

creases when the stagger value increases. 

 

Figure 13. Pressure distributions around the staggered biplane configuration (CFD results): (a) 0 

degrees; (b) 20 degrees. 
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4. Conclusions 

In this study, the low-speed performances of the Busemann biplane and the effect of 

stagger were investigated by wind tunnel tests and CFD simulations. The relative contri-

butions of the lower and upper elements to total aerodynamic characteristics of the bi-

plane were also clarified. 

The lower element generated most of the lift and drag of the Busemann biplane (or 

the baseline biplane model with no stagger) at high angles of attack. At angles above 20 

deg, the contribution of the lower element to total aerodynamic characteristics is almost 

constant, with 95% of the total lift and 88% of the total drag. The total lift and drag of the 

baseline model were smaller than the sum of the individual elements that were treated as 

a single configuration. 

The increments of lift and drag due to the stagger effects were confirmed, especially 

at high angles of attack. When the stagger value increases, the high-pressure area near the 

leading edge of the lower surface of the upper element also increases, which increases the 

lift and drag of the upper element. This is the main reason for the increments of total lift 

and drag of the biplane model. On the other hand, the contribution of the lower element 

to total lift decreased as the stagger value increased. The stagger effects also prevented the 

leading-edge separation of the lower element in the biplane configuration and increased 

the lift slopes of the biplane model. 

The CFD simulations showed good agreement with the experimental results. 
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Nomenclature 

c airfoil chord length, mm 

CL lift coefficient 

CD drag coefficient 

IL lift interference ratio 

ID drag interference ratio 

h height of test section, mm 

t wing thickness, mm 

U∞ freestream velocity 

G spacing between wing elements, mm 

Subscripts 

Upper The upper element (wing) 

Lower The lower element (wing) 

Single The single configuration (individual wing) 

Biplane The biplane configuration 

Appendix A. Grid Independence for Numerical Simulations 

The grid independence of simulation results is investigated. The overview for grid 

generation is discussed in Section 2.5. Table A1 shows the grid settings for the grid 
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independence investigation. Four different sets of grids are used. The y+ value of the grid 

is approximately 1, which means that the height of the first grid element nearest the airfoil 

is approximately 2 × 10−5 m. Simulations were performed using the software ANSYS 2019 

R3. The results are shown in Figure A1. In Figure A1a, the drag coefficient convergence 

when the grid point between the upper and lower elements increases to 300 points. Figure 

A1b shows the lift-and-drag coefficient results when using four sets of grids. The results 

show no significant difference in the results of four grid sets. For the above considerations, 

Mesh 3 with 300 points between the wing elements is chosen for this study’s numerical 

simulations. 

Table A1. The detail of mesh generation for the baseline model. 

 Mesh 1 Mesh 2 Mesh 3 Mesh 4 

Grid point on the element surface 400 400 400 400 

Grid point between the wing elements 120 200 300 500 

Total cells 190,995 233,795 287,295 394,295 

 

  
(a) (b) 

Figure A1. Grid independence of numerical simulation for baseline model: (a) grid convergence at 

0 degrees; (b) lift-and-drag ratio of 4 mesh systems. 

Appendix B 

The effects of turbulence models for the numerical simulations are investigated. The 

FLUENT codes are used in the simulations. Table A2 shows the setting parameters [34]. 

The Spalart-Allmaras (S-A) and the k-ω SST turbulent model, which validated for the 

wide flow ranges, were applied. The results of the baseline configuration are shown in 

Figure A2. Figure A2a,b show the total lift-and-drag coefficient results. From 0 to 10 deg, 

all three models show good agreement with experimental results and Ref. [16]. Above 10 

deg, the S-A (1) and the S-A (2) models show values closer to the experimental results than 

the k-ω SST model. Moreover, the S-A (1) shows a good agreement with Ref. [16]. The 

detailed results of upper and lower elements are shown in Figure A2c,d. The S-A (1) and 

the S-A (2) models show larger values and are closer to the experimental results than the 

results of the k-ω SST model for the upper element at angles above 10 deg. However, the 

S-A (2) and k-ω SST models show smaller values than S-A (1) for the lower element at the 

angles above 10 deg, close to the experimental results. Following upper results, the S-A 

(2) setting is chosen to perform this study’s simulations. 

0.0277

0.02775

0.0278

0.02785

0.0279

1 2 3 4 5

0deg.

C
D

Cells (105)

-0.3

0

0.3

0.6

0.9

1.2

1.5

0 5 10 15

Mesh1_C
D

Mesh2_C
D

Mesh3_C
D

Mesh4_C
D

Mesh1_C
L

Mesh2_C
L

Mesh3_C
L

Mesh4_C
L

C
L
, 

C
D

Angle of attack (deg)



Aerospace 2022, 9, 197 18 of 22 
 

 

 

Figure A2. Investigations of turbulence model in numerical simulations, baseline configuration: (a) 

total drag coefficient; (b) total lift coefficient; (c) drag coefficient of upper and lower elements; (d) 

lift coefficient of upper and lower elements. 

Table A2. The simulation parameters. 

Parameters S-A (1) S-A (2) k-ω SST 

Solver Density-based  Pressure-based Pressure-based 

Turbulence model Spalart–Allmaras Spalart–Allmaras k-ω SST 

Algorithm AUSM Couple Couple 

Spatial discretization Flow: 1-order Pressure: 2-order Pressure: 2-order 

  Momentum: 2-order upwind Momentum: 2-order upwind 

 
Modified Turbulent viscos-

ity: 2-oder upwind 

Modified turbulent viscosity: 1-

order upwind 

Turbulent kinetic energy: 2-oder 

upwind 

Specific dissipation rate: 2-order 

upwind 

Appendix C 

Figure A3 shows the CFD results of pressure coefficient on the airfoil surface of the 

wing elements as a single configuration and the biplane configuration. The angle of attack 
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is 20 deg. In comparison with the single configuration, the pressure coefficients on the 

lower surface of the upper element and the upper surface of the lower element decrease 

in a biplane configuration. Figure A4 shows the pressure distribution results at 20 deg. 

The single upper element and the single lower element show qualitatively similar trends 

because the elements are considered thin, with the thickness being small (5%). The biplane 

configuration shows a sizeable high-pressure area near the lower surface of the lower el-

ement. Also, the high-pressure area below the upper element is smaller than that of the 

lower element. Therefore, it is clear that the lower element of the biplane generates more 

lift than the upper element. 

 

Figure A3. Comparison of pressure coefficient in airfoil surface of the wing elements as single con-

figuration and baseline configuration (CFD results): (a) upper element; (b) lower element. 

 

Figure A4. Pressure distributions around the wing elements as single configuration and the baseline 

configuration (CFD results) at 20 degrees. 
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Appendix D 

Figure A5 shows the CFD results of the vorticity distribution around the models. At 

0 deg, the vorticity distributions without large flow separations have no significant differ-

ence in all cases. At 20 deg, strong vortices are generated at the leading and trailing edge 

of the upper and lower elements. The vortices generated by the leading-edge separation 

of the lower element is pushed to the vicinity of the lower element’s surface due to the 

effects of accelerated flow between the biplane elements. 

 

Figure A5. Vorticity distributions around the staggered biplane configuration (CFD results): (a) 0 

degrees; (b) 20 degrees. 
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