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Abstract 

The paper conducts a study on the flow characteristics of distributed propulsion systems. The layout 

parameters of the distributed propulsion system are designed as dimensionless, and the primary focus is on 

the aerodynamic performance of the distributed propeller under different distributed propeller spanwise 

distance and multi angles of attack. Based on the experimental validation of the numerical simulation method, 

a high-fidelity quasi-steady RANS simulation is performed on the aerodynamic characteristics of the coupled 

configuration of distributed propeller-wing-flap using the Multiple Reference Frame (MRF) method. The results 

show that under a small spanwise distance, the additional tip vortex generated will reduce the propeller 

efficiency. But as the angle of attack increases, the propeller efficiency first increases and then tends to flatten. 

The flow relationship between the angle of attack and the distributed propeller spanwise distance can be 

divided into three flow states: small, medium, and large spanwise distance. In general, a small spanwise 

distance is conducive to the lift enhancement of the distributed propulsion system, but the existing results show 

that there is a relationship between the vertical position and spanwise distance of the distributed propeller, 

which will be discussed in the following research. 

Keywords: Distributed propulsion, RANS, Aerodynamics. 

 

1. Introduction 

The aviation industry technology has matured after a long period of development, and major aircraft 

manufacturers around the world are facing fierce competition. Currently, most companies are 

committed to increasing their market share by reducing aircraft operating costs and negative 

environmental impacts, with a focus on reliable propulsion systems, low fuel consumption, aviation 

flight safety, low noise, and multidisciplinary optimization design to achieve ideal flight requirements. 

Distributed propulsion technology has become one of the revolutionary solutions for the design of 

intelligent aircraft in the future[1]. Most all-electric/hybrid-electric aircraft represented by models such 

as NASA Maxwell X-57 and Airbus E-Fan adopt distributed propulsion technology. Taking the X-57 

distributed propulsion aircraft as an example, it is equipped with 12 small propellers on the leading 

edge of the wing, aiming to significantly increase lift by increasing the dynamic pressure and 

circulation of the downstream wing under low-speed conditions. The presence of the wing reduces 

the effective vortex flow downstream of the propeller, further improving propeller efficiency and the 

induced drag of the wing[2]. 

Based on previous research, Gohardani[3] has provided a detailed definition of distributed propulsion 

technology: Distributed propulsion technology is primarily applied to subsonic fixed-wing aircraft, and 

its propulsion system consists of three or more propulsion units (engines/propellers/other propulsion 

units). Different aircraft have varying array positions, layout positions, number of propulsion units 

(ranging from five levels A to E), thrust-to-weight ratio (three levels), etc. If the total thrust distribution 

can cover a specified area of the fuselage, only one propulsion unit may be required; otherwise, the 

total thrust needs to be achieved through three or more propulsion units to achieve jet diffusion. In 

addition to providing propulsion performance, the distributed propulsion system also needs to 
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provide other additional functions. According to the definition of distributed propulsion technology, 

the coupling effect between the propeller and the wing is crucial. The propeller, as a traditional 

propulsion unit that has been active since the last century, has gained new design freedoms with the 

development of distributed propulsion technology. 

Drawing from previous research experience, there should be more significant coupled flow effects 

between distributed propellers and wings. As a result, researchers have conducted a series of 

studies on relevant flow mechanisms to provide guidance and theoretical foundations for the optimal 

design of aircraft. Professor Veldhuis from Delft University of Technology has revealed the coupled 

flow mechanism between an isolated propeller and wing through numerical simulations and 

experiments[4-7]. Ameyugo[8] believes that one of the key reasons why distributed propulsion 

systems can improve the aerodynamic performance of aircraft is that the jets from the distributed 

propellers can uniformly fill the wake of the aircraft's wing, thus optimizing the drag characteristics of 

the aircraft. Researchers[9-14] have conducted preliminary aerodynamic analyses on the coupled 

configuration of wings and distributed propellers, verifying the correctness of the computational 

methods. They have focused on studying the aerodynamic effects of the distributed configuration 

during the take-off, landing, and cruise phases, such as the interaction between wingtip vortices and 

propellers. Wang[15] proposed and investigated a propeller-assisted high-lift biplane configuration, 

which achieved a 2.33% increase in wing lift and a 4.64% reduction in drag compared to a clean 

wing configuration. The Zhou Zhou team at Northwestern Polytechnical University[16, 17] conducted 

high-precision quasi-steady numerical simulations (using the MRF method) of the aerodynamic 

characteristics of low Reynolds number propeller-wing configurations. By analyzing the aerodynamic 

force coefficients and surface flow field structures of the wing, they revealed the aerodynamic effects 

of the distributed propeller slipstream on the wing. The study showed that the propeller slipstream 

increases the total pressure and flow velocity behind the propeller, resulting in an increase in the 

wing lift. This expansion of the turbulent flow range and the attached flow region on the wing surface 

was observed, with distinct spanwise distance vortex structures at the boundary of the slipstream 

area. During the take-off and landing phases, in order to enhance the lift-increasing effect, the 

distributed configuration is often used in combination with flaps. Researchers[11, 18, 19] such as 

Viken have conducted numerous numerical simulation studies on the propeller-wing-flap 

configuration, primarily designing a cruise wing profile with a low-resistance distributed propulsion 

system and flaps. For this wing profile, they have quantified the lift enhancement effect of the 

distributed propeller on the wing lift under a 40° flap deflection. Cusati[20] studied the optimal flap 

deflection angle, gap, and overlap values for distributed propulsion systems to achieve optimal high-

lift characteristics. Due to the gains from the distributed propulsion system, the take-off length was 

reduced by 27%, and the author emphasizing the importance of flap design in improving the low-

speed performance of distributed systems. 

The layout design parameters such as the number, spanwise distance, and relative position of 

distributed propellers have a significant impact on the aerodynamic characteristics of distributed 

propulsion systems. Researchers often utilize high-fidelity CFD numerical simulations to reveal the 

flow mechanisms. Wang[21] used the RANS method to numerically simulate the impact of different 

spanwise distance and chordwise positions of propellers above the wing on aerodynamic 

performance. Beckers[22] studied the interaction between distributed propellers and wings under 

high-lift conditions (with flaps deployed and high angles of attack). Beckers employed RANS 

simulations to determine the sensitivity and interaction of design parameters at high angles of attack. 

Through comparative parametric studies, it was found that the design parameter that had the 

greatest impact on system performance was the relative vertical position of the propellers with 

respect to the wings. Significant improvements in propulsion performance could be achieved by 

tilting the propellers towards the incoming airflow direction and reducing the spacing between them. 

Propulsive performance could be significantly improved by tilting the propeller downward toward the 

inflow (by about +30% for θ=20 deg as compared to a nontilted propeller). Researchers such as 

Rosa[23-26] have conducted multi-fidelity numerical simulation studies and experimental studies on 

different distributed propeller configurations, mainly focusing on the key factors including the number 

of propellers, propeller diameter, vertical position of propeller, and flow direction position. Wang[27] 

studied the flow characteristics of the distributed propulsion system and optimized it: compared with 
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the basic propeller/wing integration, the distributed propulsion system has a lift-to-drag ratio 

improved by 21.08% and weakened the average vortex intensity distribution of the propeller flow. 

In the past decade or so, the research on distributed propulsion technology has made significant 

progress from the stage of verifying feasibility to multidisciplinary overall optimization. Most of the 

previous aerodynamic studies have focused on: how to establish a theoretical aerodynamic model 

for the distributed propulsion system and conduct preliminary aerodynamic and overall conceptual 

design; how to use simplified models to quantitatively and qualitatively obtain the aerodynamic 

characteristics of the distributed propulsion system. There are relatively few studies on the 

mechanism of bidirectional aerodynamic interference and coupling effects between propeller and 

wing. Based on the key points summarized above, this paper utilizes CFD methods to conduct a flow 

mechanism analysis of the distributed propeller-wing-flap model under takeoff and landing conditions, 

focusing on the coupling effects between different angles of attack and the spanwise distance of 

distributed propellers. Considering the flow characteristics of distributed layout positions under wide 

angle of attack. The aim is to provide theoretical guidance for the subsequent optimization design of 

distributed propulsion systems. 

2. Methodology 

This study is a CFD numerical simulation analysis of the propeller-wing interaction under the 

requirement of high lift, aiming to determine the significant aerodynamic effects and sensitivity of the 

design parameters of the distributed propeller system. The aerodynamic relationship between the 

angle of attack and the spanwise distance of the distributed propeller is mainly calculated, and the 

performance of the distributed propeller with different parameters is compared with the results of the 

aerodynamic characteristics of the wing to guide the follow-up optimization of the wing. 

2.1 Geometry 

The 2.5D research object of this paper is shown in the Figure 1, which mainly consists of a high-lift 

wing with flaps and a distributed propeller configuration arranged at the leading edge of the wing. 

The wing-flap model is based on the method described in Reference[28] and the results of a two-

segment airfoil optimization targeting take-off conditions and high lift based on the FX 63-137 airfoil. 

The propeller used in this study is the APC series electric propulsion propeller 24x12E-PERF with 5 

blades. The specific parameters of the distributed propulsion configuration are shown in the Table 1. 

The distributed propulsion model features a rectangular wing segment with a constant chord length 

and airfoil. The side boundaries of the wing-flap are periodic boundary conditions, which can 

effectively simulate the arrangement of an infinite number of propellers on a wing segment of infinite 

span. Using periodic boundary conditions for the side boundaries of the wing-flap implies that the 

distributed propellers are rotating in the same direction, while the use of symmetric boundary 

conditions would indicate counter-rotation. This study investigates the relationship between the angle 

of attack and the distributed propeller spanwise distance ΔZtip (expressed as a percentage of the 

diameter of adjacent propellers), and analyzes its flow mechanism characteristics in detail. The 

numerical simulation method adopted in this paper is the Multiple Reference Frame (MRF) method. 

Fully turbulent steady-state Reynolds-averaged Navier–Stokes (RANS) equations were solved with 

the K-ω SST（Shear Stress Transport） turbulence model To ensure a y+ value of approximately 1, 

the height of the first grid layer on the solid wall is set at 1e-5m. The model is discretized using 

hexahedral grid generation, and a schematic diagram of the grid is presented in Figure 1. The flight 

condition calculated in this paper is for the takeoff phase, with an incoming flow velocity of 32 m/s 

and a flight altitude of 0 km. 



AERODYNAMIC CHARACTERISTICS RESEARCH OF A DISTRIBUTED PROPULSION AIRCRAFT 

4 

 

 

 
Figure 1 Diagram of the 2.5D model and its grid partitioning 

Table 1 Specific parameters of the distributed propulsion configuration (default setting) 

Description Value 

Wing Chord(m) 0.7176 
Wing Area(m2) 0.447 

Number of Propeller Blades 5 
Propeller Diameter(m) 0.6096m 

Hubs Diameter 0.1585m 

2.2 Grid Dependence Verification 
The numerical computational model for the distributed propulsion configuration is divided into a 
moving domain (propeller) and a static domain (wing-flap). This study conducts a grid independence 
verification by varying the number of grid cells in local refinement regions of the propeller and the 
wing/flap separately. The evaluation metrics for the propeller and the wing/flap are the thrust 
coefficient and the lift/drag coefficient, respectively. The results of the grid independence study are 
presented in Table 2, Table 3. Taking into account both the capture of flow field details and 
computational efficiency, the final total grid count for the distributed propulsion model (moving domain 
+ static domain) is determined to be approximately 8 million cells. After computational iterations, the 
fluctuation range of the monitored values is approximately 0.1%, which can be deemed as a 
converged state. 

Table 2 Grid independence verification for isolated propeller 

Prop cases Coarse Moderate1 Moderate2 Refined 

Grid number 240w 340w 440w 540w 
CT 0.07443 0.06573 0.06539 0.06514 

Table 3 Grid independence verification for wing-flap 

Wing-Flap 
cases 

Coarse Moderate1 Moderate2 Refined 

Grid number 85w 135w 195w 250w 

CD 0.02326 0.02326 0.02322 0.02324 
CL 1.7013 1.7011 1.7014 1.70140 

2.3 Numerical Simulation Results Compared with Experimental Results 
To validate the accuracy of the numerical simulation method used, the paper refers to the 
experimental results reported in Reference[29] The problem was set up in ANSYS Fluent, which was 
based on a pressure-based, steady, implicit Reynolds-Averaged-Navier-Stokes (RANS) solver. The 
solver used the k-ω Shear Stress Transport (SST) and Reynolds Stress models for closure between 
the mesh scale and the eddy dissipation scale. The rotation of the propeller is simulated using the 
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quasi steady method(Multi-Reference Frame, MRF)。 

(1) Experimental Verification of Calculation Method for Isolated Propeller Performance 
The Reference[29] includes measurements of the propeller thrust coefficient, power coefficient, and 
propeller efficiency at different advance ratios. The Reynolds number corresponding to the reference 
length of the propeller diameter is 640000. The propeller thrust coefficient at different Reynolds 
numbers (ReD =640000 or ReD =470000) was obtained by changing the inflow velocity (30m/s or 
40m/s) in the experiment. Figure 2 is a characteristic curve diagram of propellers with different 
advancing ratios at ReD =640,000. The maximum difference between numerical simulation results 
and experimental results for different coefficients is about 6%, which meets the requirements of 
engineering. When the Reynolds number is 470000, the numerical simulation results are still in well 
agreement with the experimental results. 

  

(a) Thrust coefficient (ReD =640000) (b) Power coefficient (ReD =640000) 

  

(c) Propeller efficiency (ReD =640000) (d) Thrust coefficient (ReD =470000) 

Figure 2 Propeller performance at different Reynolds numbers 

(2) Experimental Verification of the Coupling Effect of Wingtip Propeller and Wing with Flaps 
The experimental model is a symmetric airfoil with flaps coupled with a propeller at the wingtip. The 
experimental model uses a wing with a low aspect ratio and a high ratio of diameter to spanwise 
distance, which facilitates the exhibition of the mechanism of aerodynamic interference between the 
propeller and wing. The propeller rotates in the same direction as the rotation of the wingtip vortex, 
and the flap is rotated downward by 10 degrees at this time. The numerical simulation and 
experimental comparison of lift coefficient and drag coefficient are shown in the Figure 3. 
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Figure 3 The numerical simulation and experimental comparison of lift coefficient and drag coefficient 

3. Studies and Results 

3.1 Propeller Performance Study 
With a certain takeoff speed determined, not all operating conditions can effectively benefit the 

distributed propulsion system. As shown in the Figure 4, for the selected 2.5D isolated wing section, 

the propeller efficiency first increases and then decreases with the increase of the advance ratio. The 

blocking effect created by the wing in the slipstream significantly increases the pressure behind the 

propeller. Compared to an isolated propeller, the propeller-wing configuration increases the propeller's 

thrust coefficient and power coefficient, but the increase in the propeller's thrust coefficient is more 

significant, resulting in an increase in propeller efficiency. With a fixed inflow velocity, the propeller 

rotation speed will increase and the wake velocity behind the propeller will also increase as the advance 

ratio decreases. The lift coefficient of the wing surface presents a quadratic growth trend with the 

decrease of the advance ratio. When the advance ratio of the propeller is greater than 0.5, the gain in 

lift generated by the propeller's slipstream on the wing is less than the lift enhancement effect produced 

by the free inflow on the wing. Considering the propeller efficiency and its lift enhancement effect on 

the wing, an advance ratio of 0.3 for the propeller is selected for further research. 
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Figure 4 The impact of different advance ratios on propeller efficiency and wing lift coefficient 

The propeller layout of the distributed propulsion system is relatively compact, and the coupling effect 

between distributed propellers is evident. The circumferential induced vortex flow at the tip of 

distributed propellers affects the performance of individual sub-propellers. Most past studies have 

focused on analyzing the lift-enhancing effect of propeller slipstreams on airfoils, while fewer studies 

have revealed the impact of distributed propulsion systems on propeller performance. Figure 5 

compares the impact of different angles of attack and ΔZtip on the propeller efficiency. As the spanwise 

distance increases, the interaction between distributed propellers is bound to decrease. This study 

suggests that when ΔZtip= 100%D, the mutual interference between propellers is relatively weak. With 
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the increase in angle of attack, the propeller efficiency of both distributed propeller configurations with 

ΔZtip=100%D and ΔZtip=25%D changes relatively little; When ΔZtip is small, the propeller efficiency of 

the distributed propellers first increases and then tends to flatten out as the angle of attack increases. 

Moreover, as the angle of attack increases, the smaller ΔZtip results in higher propeller efficiency.  
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Figure 5 The influence of ΔZtip on propeller efficiency under different angles of attack 

Figure 6 is a schematic diagram of different slice selected for studying flow characteristics: slice Y-Z, 

slice Z-X. Figure 7 depicts the vortex lines and vorticity distribution under different spanwise distance 

and angles of attack. When ΔZtip= 2.5%D, a significant amount of induced vortex structures emerges 

near the propeller tips due to the interaction between distributed propellers. The viscous dissipation 

caused by this tip vortex interaction results in a reduction in the propeller efficiency of distributed 

propellers under low angles of attack. When ΔZtip= 100%D, the circumferential airflow near the propeller 

tips is entrained as the blades rotate, and there is no significant vorticity distribution near the tips except 

for the free vortices escaping from the trailing edges. In this case, the mutual interference between 

distributed propellers can be neglected. As shown in the Figure 7(a), (c), with the increase in angle of 

attack, when ΔZtip≤ 25%D, the circumferential velocity component increases rapidly, enhancing the 

rotational kinetic energy of the propeller. The induced vortex structures originally present near the 

propeller tips disappear, resulting in an increase in propeller efficiency. 

Figure 8 shows the impact of the distributed propeller spanwise distance and angle of attack on the 

velocity field of the distributed propulsion system, namely, the velocity vector distribution diagram in 

the slice Z-X of the computational domain. In Figure 8 (a), the velocity vector profiles are presented 

when the angle of attack is 0° and ΔZtip is 2.5%D and 100%D, respectively. The red arrows and black 

arrows represent the velocity vector distributions of ΔZtip=100%D and ΔZtip=2.5%D. The larger ΔZtip 

velocity vectors (red) exhibit a significant spanwise component due to the contraction of the slipstream 

flowing through the propeller, while the smaller ΔZtip velocity vectors (black) show no obvious spanwise 

contraction flow in the upstream flow field that should have been generated by the propeller interaction. 

Figure 8 (b) depicts the velocity vector profiles at different angles of attack with a fixed ΔZtip. It can be 

observed that as the angle of attack increases, there is also a significant spanwise flow (pink). 

 
Figure 6 Schematic diagram of slice Y-Z and slice Z-X 
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(a) ΔZtip=2.5%D, AoA=0°, descending (b)ΔZtip=100%D, AoA=0°, descending 

  

(c)ΔZtip=2.5%D, AoA=16°, descending (d)ΔZtip=100%D, AoA=16°, descending 

  

(e)ΔZtip=10%D, AoA=0°, descending (f)ΔZtip=10%D, AoA=16°, descending 

Figure 7 Vortex distribution near the blade tip under different ΔZtip and angles of attack 
(slice Y-Z) 
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(a) AoA= 0°, ΔZtip=2.5%D/ ΔZtip= 100%D (b) AoA= 0°/ 10°, ΔZtip= 2.5%D 

Figure 8 Diagram of speed vector for the rotational slice (slice Z-X) 

3.2 Correlation Between Angle of Attack and Distributed Propeller Spanwise Distance 
During takeoff and landing, to achieve optimal lift augmentation, the distributed propellers inevitably 

interact with the wing-flap system under an angle of attack. This section studies the variation between 

the angle of attack and the spanwise distance of the distributed propellers (ΔZtip), aiming to reveal the 

lift augmentation and flow mechanisms on the wing-flap surface under the influence of slipstream. The 

Figure 9 (a) uses the curve of the clean wing's lift coefficient varying with the angle of attack as a 

reference to demonstrate the lift augmentation effect of distributed propulsion and the flow separation 

point of the clean wing. Therefore, a dual Y-axis is introduced to plot the curves. It can be observed 

that the flow separation points of different distributed propulsion configurations occur earlier compared 

to the clean wing, but all ΔZtip configurations exhibit lift augmentation. When ΔZtip < 25%D, the flow 

separation point advances from 14° to 10° angle of attack, and the lift coefficient varies consistently 

with the angle of attack. The lift coefficient of the wing with distributed propulsion can increase by up 

to 50% compared to the clean wing. However, when ΔZtip > 25%D, the flow separation point advances 

to 6° angle of attack. When ΔZtip = 25%D, the lift coefficient first increases, then decreases, and then 

continues to increase, finally reaching its peak when the angle of attack equals 22°. Figure 9(a) 

compares the influence of the lift coefficient of the distributed propulsion system (CL, tot) and the wing 

lift coefficient (CL) as the angle of attack and spanwise distance change. The lift coefficient of the 

distributed propulsion system is composed of the wing lift coefficient and the propeller lift (i.e., the thrust 

component perpendicular to the incoming flow direction). Figure 9(b) displays the lift coefficient 

intended to represent the influence of propeller-wing coupling on the wing lift coefficient, while Figure 

9(b) aims to evaluate the overall lift gain of the distributed propulsion system. It can be observed that 

the thrust component of the propeller can compensate for the decrease in the wing lift coefficient at 

high angles of attack, resulting in minimal variation in the lift coefficient of the distributed thrust system 

at high angles of attack. Compared to the wing lift coefficient, the lift coefficient of the distributed 

propulsion system increases by a maximum of approximately 30%, and by a maximum of about 169% 

compared to a clean wing. This indicates that flight at high angles of attack better demonstrates the 

advantages of the distributed propulsion system. 
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(a) Wing lift coefficient (CL) (b) Distributed propulsion system lift coefficient (CL, tot) 

Figure 9 Lift coefficient variation with ΔZtip under different angles of attack 
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To analyze the relationship between the spanwise distance of distributed propellers (ΔZtip) and the 

angle of attack in detail, the Figure 10 below demonstrates the pressure and flow field distributions of 

the distributed propulsion system under different ΔZtip and angle of attack conditions. According to the 

graph in Figure 9 and the analysis of the visualized flow field, within the scope of parameter research, 

the propeller-wing-flap interaction can be classified into three flow states: small spanwise distance 

(ΔZtip≤10%D), medium spanwise distance (ΔZtip=25%D), and large spanwise distance (ΔZtip=100%D). 

In addition, the flow state corresponding to the change of angle of attack at different ΔZtip also 

undergoes significant changes. To better explain the flow mechanism on the wing surface, Figure 10 

illustrates the flow diagrams at different angles of attack across different ΔZtip, summarizing the flow 

field and pressure distributions presented in Figure 11.  

The flow mechanisms at low angles of attack across different ΔZtip are largely similar: On the ascending 

blade (P- side), the effective angle of attack of the wing increases, enhancing the suction peak at the 

leading edge of the wing and tilting the suction zone forward (reducing induced drag). On the 

descending blade (P+ side), the effective angle of attack of the wing decreases, weakening the suction 

peak, resulting in a backward tilt of the generated force (increasing induced drag). This pressure 

gradient leads to significant spanwise flow on the wing surface. The distributed propeller with a small 

ΔZtip restricts the escaped tip vortex flow, presenting a contracted state on the ascending blade (P- 

side), which intensifies as the angle of attack increases (as shown in Figure 11). The flow separation 

that occurs on a clean wing at high angles of attack disappears due to the presence of the distributed 

propeller. 

At medium spanwise distance(ΔZtip=25%D), the coupling effect of the distributed propeller on the wing 

surface weakens. When the angle of attack is small, the flow on the suction side of the main wing 

exhibits a slightly expanded state. As the angle of attack increases, the flow on the suction side 

gradually contracts, and the high-pressure zone on the suction side surface moves from the suction 

side to the pressure side, thus increasing the low-pressure region on the suction side of the wing. It 

can be inferred that positioning the distributed propeller vertically lower should be beneficial for 

expanding the low-pressure region on the suction side of the wing. 

At large spanwise distance(ΔZtip=100%D), the area of the non-slipstream region increases, and the 

distributed propulsion coupling continues to weaken. The flow field on the wing surface becomes similar 

to that of an isolated propeller-wing configuration: The escaped wingtip vortex causes an expanded 

state on both sides of the propeller. Due to the propeller increasing the suction peak near the leading 

edge of the wing, the flow separation in the non-slipstream region occurs earlier compared to a clean 

wing. The separation vortex in the non-slipstream region rapidly develops along the leading edge of 

the wing under the influence of the distributed propeller. The propeller slipstream on both sides tends 

to contract due to the compression of the separation vortex. The large separation region significantly 

reduces the lift, but the lift generated at the same angle of attack is still higher than that of a clean wing. 

As shown in Figure 11, the flow over the flaps is also noteworthy. Because of the distributed propeller, 

the flaps exhibit a flow opposite to that of the main wing: The flow over the flaps on the descending 

blade (P+ side) presents a contracted state, resulting in a more pronounced and uniform low-pressure 

region at their leading edges, which is beneficial for increasing lift in a distributed propulsion system. 

The flow characteristics on the flap surfaces across different spanwise distance are similar, and this 

flow feature is more prominent at small spanwise distance. As the angle of attack increases, the low-

pressure region gradually moves spanwise from the descending blade (P+ side) to the ascending blade 

(P- side), and the area of the low-pressure region decreases. 

As shown in Figure 12, with the increase of the angle of attack, while flow separation does not occur 

on the surface of some configurations of the wing, the airflow behind the propeller is no longer able to 

adhere to the upper surface of the wing (this is also evident in the misalignment of the volume 

streamlines and surface streamlines in Figure 10). Instead, the propeller vortex is formed above the 

suction surface of the wing, resulting in a decrease in the lift coefficient of the distributed propulsion 

system. 
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(a) ΔZtip=2.5%D, AoA=0° (b) ΔZtip=2.5%D, AoA=10° (c) ΔZtip=2.5%D, AoA=16° 

   

(d) ΔZtip=25%D, AoA=0° (e) ΔZtip=25%D, AoA=10° (f) ΔZtip=25%D, AoA=22° 

   

(g) ΔZtip=100%D, AoA=0° (h) ΔZtip=100%D, AoA=10° (i) ΔZtip=100%D, AoA=16° 

Figure 10 Pressure and flow field distributions under different angles of attack and ΔZtip 

   

(a) ΔZtip=2.5%D (b) ΔZtip=25%D (c) ΔZtip=100%D 

Figure 11 Schematic diagram of the flow state of distributed propeller-wing interaction 

   

(a) AoA=0° (b) AoA=10° (c) AoA=16° 

Figure 12 The streamline distribution on the suction side of the airfoil in the wake flow under different 
angles of attack 
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4. Conclusions 
The present study utilizes the MRF (Multiple Reference Frame) method to investigate the relationship 
between spanwise distance(ΔZtip) and angle of attack in high-lift scenarios of distributed propulsion 
systems. The distributed propulsion system is simplified into an is infinite wing and an infinite number 
of propellers through the 2.5D approach. The results of the parametric study are used to guide the 
future optimization design of distributed propulsion systems. The study draws the following 
conclusions: 

(1) At low angles of attack, the propeller efficiency increases with the increase in spanwise distance. 
However, as the angle of attack increases, the propeller efficiency decreases with the increase in 
spanwise distance. 

(2) Distributed propellers with a smaller spanwise distance generate a large number of vortex 
structures at the blade tips, which can reduce the propeller efficiency. 

(3) The small spanwise distance enhances the lift-increasing effect of the distributed propulsion 
system. However, as the angle of attack increases, the incoming flow passing through the 
propeller gradually fails to adhere to the wing surface, resulting in a decrease in the wing's lift 
coefficient. In a particular case, at a high angle of attack when ΔZtip=25%D, the incoming flow 
directly interacts with the pressure side of the wing, positioning the P+ region at the leading edge 
of the wing's pressure side, while a low-pressure area emerges at the leading edge of the suction 
side. This condition favors an increase in lift. It can be speculated that there exists a coupling 
relationship between the vertical arrangement of the propeller and the spanwise distance of the 
distributed propeller, which will be further explored in subsequent studies. 

(4) The three different spanwise distance of the distributed propulsion system correspond to distinct 
aerodynamic characteristics, but all operating conditions exhibit an increase in lift compared to 
isolated wings, and the angle of attack for flow separation occurs earlier. In this scenario, the 
large spanwise distance will significantly reduce the lift-increasing effect of the distributed 
propulsion system. 
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