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Abstract. Paper describes the effect of the distributed electric propulsion 
system (DEP) on the aerodynamic characteristics of the airplane wing. 
Using CFD simulation is described the influence of the wake of the 
propeller on the wing for various ratios of the propeller diameter to the 
wing chord. Unlike the normal case of wing-propeller interaction, periodic 
boundary conditions are used, i.e. a rectangular wing with infinite span 
with propellers installed periodically its span is considered. A wind tunnel 
experiment will be used to verify the calculations. Propeller thrust is set to 
compensate for airplane drag in horizontal flight, i.e. equal to the wing 
segment drag, which is increased by the corresponding part of the expected 
drag of other parts of the airplane. The increase of the drag was determined 
by the aerodynamic design of a generic airplane with DEP. The benefit of 
the work are the input data usable for the conceptual design of the airplane 
wing with DEP.  

1 Introduction  

Distributed electric propulsion (DEP) represents modern direction of research. The main 
idea is to use accelerated air flow behind propellers for lift increase during take-off and 
landing. This leads to the smaller wing area and thus to the higher efficiency in cruise. 
However, aircraft design and optimization become more complex and bring new 
challenges. 

Standard DEP concepts use many small propellers in front of wing leading edge [1]. 
This is used e.g. at X-57 Maxwell experimental aircraft, see [2] or EcoPulse project, see 
[3]. Lithium project, see [4], should have also vertical take off and landing characteristics 
(VTOL) and uses many small fans on the wing upper surface near the trailing edge. 
Especially NASA has done research in the field of DEP physics and the interaction of the 
wing and propeller (see [5-9]).  

Main motivation for this paper is to bring more information about the interaction of 
wing and propeller in the typical DEP configuration, especially understanding of wing 
propeller interactions. It should help to answer the question how to size up propellers with 
the respect to wing chord and how big the propeller distance should be in order to reach 
maximum performance of the propulsion system. Results can be used for the design and 
optimization of the DEP aircraft. 
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2 Problem definitions 
The influence of propeller slipstream on the aerodynamic characteristics of the wing, 

especially  lift,  is  studied.  The  propeller  is  designed  by  Larrabee’s  method (see [10]). Input 
parameters can be found in Table 1. Propeller diameter remains the same all cases. 
TsAGI B airfoil is used for the wing. Various combinations of wing chard and various 
distances between propellers are used. Periodic boundary conditions are used, so only one 
wing segment is analysed (see Fig. 1). The aim is to compute wing lift and drag for every 
configuration. Following wing geometries are used: 

 Propeller distance 250 and 600 mm 
 Wing chord 100, 200 and 400 mm 

 

 
Fig. 1. Schematic front view on the wing, periodic boundary condition is used. 

 

Table 1. Input parameters for propeller design. 

Number of blades 2 

Diameter [m] 0.2 

Flight velocity [m.s-1] 20 

Propeller RPM 17,400 

Consumed power [W] 500 

 
3 Methods  

3.1 CFD simulation 

Computational Fluid Dynamics (CFD) simulation is used for wing-propeller interaction 
analysis. OpenFoam solver is used with RANS Spallart-Almaras turbulence model. The 
solver is steady, segregated and compressible. No wall functions are used. Propeller is 
modelled by the means of actuator disc with customized interpretation, see [11], where 
radial distribution of twist and chord is used. As input data for propeller sections the 
aerodynamics characteristics were calculated in JavaFoil. Calculated velocities in front of 
and behind the actuator disc and also thrust of propeller is within 2% tolerance compared to 
values obtained from design method. 

Castellated computational mesh is used with prismatic layers near wall boundary 
condition. 

On flat sides of cylindrical computational domain is used periodic boundary condition. 
Usage of symmetrical boundary condition on cylinder bottoms was tested at one angle of 
attack. 
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Fig. 2. Wind tunnel testing experimental setup 

3.2 Analysis of results 

Transformation of lift and drag coefficients is used so that results for different wing 
geometries can be compared. The equivalent aerodynamic coefficients are determined as 
standard coefficient for given conditions multiplied by ratio of actual and reference wing 
area. Reynolds number range is from 138000 for 100 mm chord to 552000 for 400 mm 
chord. 

4 Results 

Flow fields for various configurations are presented in Figs. 3 to 10. Case without 
propeller in Fig. 3 is shown for comparison purposes. Polar graphs (i.e. dependence of 
equivalent lift coefficient on the equivalent drag coefficient) for wingspan to propeller 
radius equal to 2.5 and 6 are presented in Figs. 10 and 11. 

From figures 4 and 6 to 8 is visible influence of wing, which splits air flow to two 
separate flows which starts to interact behind wing. Air flow twist behind rotor is limited 
due to propeller configuration, especially advance ratio, which limits final efficiency. 
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Fig. 3. Streamlines for the configuration with 200 mm chord and 600 mm wingspan without 
propeller. 

 

 
Fig. 4. Streamlines for the configuration with 100 and 200 mm chord with 600 mm wingspan. 

 
Fig. 5. Surface static pressure for 100 mm chord with 600 mm and 250 mm wingspan. 
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Fig. 4. Streamlines for the configuration with 100 and 200 mm chord with 600 mm wingspan. 

 
Fig. 5. Surface static pressure for 100 mm chord with 600 mm and 250 mm wingspan. 

 

 
Fig. 6. Streamlines for the configuration with 100 mm chord and 250 mm wingspan. 

 
Fig. 7. Streamlines for the configuration with 200 mm chord and 250 mm wingspan. 
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Fig. 8. Streamlines for the configuration with 400 mm chord and 250 mm wingspan. 

The axial velocity magnitude is shown on Fig. 9, which corresponds to variant with 600 
mm wingspan and 100 mm chord. Section plane is located in wake, 100 mm behind wing. 
Figure 9 shows the rotational effect behind propeller. 

 
Fig. 9. Streamlines and axial velocity filed in distance 100 mm behind TE for 100 mm chord and 
600  mm wingspan – frontal view. 

6

MATEC Web of Conferences 304, 02019 (2019)	 https://doi.org/10.1051/matecconf/201930402019
EASN 2019



 
Fig. 8. Streamlines for the configuration with 400 mm chord and 250 mm wingspan. 

The axial velocity magnitude is shown on Fig. 9, which corresponds to variant with 600 
mm wingspan and 100 mm chord. Section plane is located in wake, 100 mm behind wing. 
Figure 9 shows the rotational effect behind propeller. 

 
Fig. 9. Streamlines and axial velocity filed in distance 100 mm behind TE for 100 mm chord and 
600  mm wingspan – frontal view. 

  
Fig. 10. Unit aerodynamic forces graphs for various ratios of wing cord to propeller radius for 
wingspan to propeller radius equal to 2.5. 

 

  
Fig. 11. Aerodynamic polar graphs for various ratios of wing cord to propeller radius, wingspan to 
propeller radius equal to 6. 

5 Discussions 

Results in Figs. 10 and 11 show dependence of lift and drag unit forces for different 
configurations. It is clearly visible that decrease of wing area leads to lower drag in cruise 
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condition. However, maximal lift per unit area is also considerably lower. This means that 
further optimization of the system is needed in order to meet both requirements, i.e. low 
energy consumption in cruise regime and low landing and take-off speeds. 

From charts is also visible that optimum chord to propeller radius ratio for desired 
propeller is higher than two and lower than four, determined by comparison of L/D ratio. 

Comparison of Figs. 10 and 11 shows that big influence to L/D has ratio between 
“propeller   density”   – propeller diameter to wingspan, or ratio between affected and 
unaffected wingspan. 

6 Conclusion and future work 

CFD analysis of the wing-propeller interaction with special respect to distributed 
electrical propulsion is presented. Three different wing chords and two distances of the 
propellers are used. The results show potential of possible decrease of cruise drag and thus 
lower energy consumption. However, the system has to be optimized in order to meet all 
requirements, i.e. low take-off and landing speed and high cruise efficiency. Wind tunnel 
tests will be done for verification of the CFD computation. 

 
This project is supported by the Grant Agency of the Czech Technical University in Prague, grant 
number: SGS19/054/OHK2/1T/12. 
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