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Abstract 

Thrust changes near walls and the ground plane are influenced by the rotor’s position in indoor flight 

environments. This study evaluates variations in rotor thrust near a corner, which includes one wall and 

the ground plane, as well as a vertex, which involves two walls and the ground plane; these phenomena 

are referred to as the corner and vertex effects, respectively. Additionally, the rotor wake in the vertex 

effect was visualised using the laser sheet method, and wake velocity was measured with a hot-wire 

probe. The thrust change in the corner effect on the ground side was minimal, primarily depending on the 

ground effect. In the vertex effect, thrust decreased to 93% of the thrust outside the vertex effect when the 

rotor height above ground was 2.5 times the rotor radius, and the rotor was distanced from the two walls 

by 1.5 times the rotor radius. Flow visualisation and hot-wire velocimetry results suggest that the thrust 

decrease was caused by the flow recirculation structure between the fountain flow developed along the 

vertical corner and rotor inflow. The thrust decreases under conditions where the circulation structure 

appears, and fountain flow velocity accelerates the recirculation. These findings aid in planning the flight 

path of small multirotors in indoor flight conditions by providing guidance on distances that do not alter 

rotor thrust near corners and vertices. 
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Nomenclature 

A area of rotor disk, πR2 

CT thrust coefficient, T/ρA(ΩR)2 

CT, IGE thrust coefficient of isolated rotor in the ground effect 

CT, OGE thrust coefficient of isolated rotor out of the ground effect 

lc horizontal distance from the corner line in the corner effect  

lv horizontal distance from the vertex along the line equidistant from the two walls 

R rotor radius 

T thrust 

TOGE thrust of isolated rotor out of the ground effect 

x distance from the vertex along the x-axis 

y distance from the vertex or corner along the y-axis 

z distance from the ground plane along the z-axis 

zr rotor height above the ground plane along the z-axis 

ρ atmospheric density 

Ω rotational frequency of the rotor 
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1 Introduction 

 

1.1 Background 

Technical developments in miniaturising electronic devices have resulted in small electronic vertical 

take-off and landing (VTOL) unmanned aerial vehicles (UAVs). The 2010s witnessed rapid 

advancements in small multirotor UAVs, facilitating their usage in commercial applications and rescue 

operations. For instance, these UAVs have been utilised for pesticide spraying, film-making, and 

delivering medicine to remote locations. In the 2020s, their application expanded to include the indoor 

exploration of hazardous areas and confined spaces unsuitable for human exploration. Enhancing the 

operational reliability of such indoor flights involves addressing several technical challenges: self-

position detection in GPS-denied environments, and controlling rotor thrust in confined spaces affected 

by the reflection of rotor wake flow [1]. From an aerodynamic perspective, interference between objects 

and rotor wake should be minimised to maintain consistent rotor thrust. Consequently, traditional VTOLs 

operate away from walls, with take-off and landing sites chosen in spacious areas. However, small 

multirotors designed for indoor use inevitably encounter interference between the rotor wake and nearby 

objects such as walls, which can alter rotor thrust and, in extreme cases, lead to crashes. To mitigate this 

risk, rapid thrust control or flight avoidance in areas where rotor thrust is liable to change is essential. 

Quick thrust control technology has been developed for single-rotor helicopters using a variable pitch 

rotor, and multirotor control employing the same technology has also been implemented [2]. However, 

most small multirotors regulate rotor thrust via rotation speed because this method reduces the number of 

mechanical components, thereby simplifying the flight control system and reducing both production costs 

and the weight of the UAV. When operating in indoor environments, the thrust of small multirotors can 

vary even when efforts are made to maintain a constant thrust, due to the current performance limitations 

of the devices. Aside from adopting variable pitch control to stabilise rotor thrust, it is crucial to avoid 

thrust alterations caused by wake flow interactions. 

One approach to avoiding thrust changes involves strategic route planning that maintains a distance 

between multirotors and walls, ensuring that the rotor thrust remains effective. Therefore, understanding 

the impact of flow interactions between rotor wake and obstacles is vital for planning flight routes 

indoors. 

 

1.2 Previous works 

Rotor thrust changes in relation to walls, ceilings, and side walls have been studied separately. These 

effects on a rotor are commonly referred to as proximity effects. 

Concerning ground effect, thrust change was theoretically estimated by Betz in 1937 [3]. The 

phenomenon was later modelled by Cheeseman and Bennet [4]. As the rotor descends towards the ground 

plane, rotor thrust increases when the height above the ground (zr) is less than approximately one rotor 
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diameter. Additionally, flow visualisations of the rotor wake were conducted using particle image 

velocimetry (PIV) and the laser-light-sheet method for single rotors [5]. Since the 2010s, with the 

increased use of small multirotors, studies of ground effects on multiple rotors have been reported [6–8]. 

For a quadrotor configuration, the rotor thrust near the ground plane can be lower than the hovering thrust 

out of the ground effect. Under the ground effect, the quadrotor's wake generates a fountain flow at the 

centre of the quadrotor, creating a recirculation structure that penetrates the rotor, thereby reducing rotor 

thrust [7, 8]. 

For the ceiling effect, Rossow investigated the effects of both the ceiling and the ground planes on 

rotor thrust, both experimentally and theoretically, in 1985 [9]. However, thrust change was scarcely 

investigated before 2013, as manned-scale helicopters rarely needed to fly close to ceilings. In 2013, 

Powers et al. reported the first experimental results on rotor thrust changes of a small quadrotor near a 

wall [10]. Conyers et al. observed that quadrotor thrust increases as the rotor ascends, provided the 

distance between the rotor plane and the ceiling plane is less than the rotor diameter [11]. Sanchez-

Cuevas et al. measured rotor thrust under the ceiling effect and attempted to model the effect to operate a 

quadrotor for bridge inspection [12]. Hsiao and Chirarattananon created a model for the ceiling effect 

using the blade element momentum theory and validated the model based on experiments using a small 

quadrotor [13]. Furthermore, numerical analyses on the ceiling effect on small quadrotors were conducted 

[14, 15], with Nishibe et al. clarifying the flow field using the PIV method [16]. 

For the side wall effect, thrust changes have been minimally investigated compared to ground and 

ceiling effects, as both manned helicopters and small multirotors typically avoid flying near walls to 

prevent rotor damage. Adapting the rotor covers of small multirotors has allowed them to fly closer to 

side walls, increasing the need to investigate thrust requirements for applications such as building wall 

inspections. Tanabe et al. conducted a numerical investigation of the flow field on a small quadrotor 

hovering near a wall, noting that a decrease in thrust at wall-near side rotors can cause the multirotor to 

glide towards the sidewall [17]. Carter et al. summarised the effects of ground, ceiling, and side walls 

[18]. They conducted PIV and thrust measurements using a micro quadrotor, which showed that the 

sidewall effect decreases rotor thrust by approximately 3% when the rotor is close to the wall. Ding et al. 

enhanced the wall effect on rotors using ducts and applied it to estimate the distance between a small 

quadrotor and a side wall with sensor fusion of a range finder and an optical flow sensor [19]. 

To study the combination of object proximity effects, Carter et al. investigated thrust and visualised the 

rotor wake of a quadrotor experiencing the corner effect [20]. The corner effect is a combination of the 

ground and side wall effects. Zagaglia et al. presented PIV results showing rotor wake behaviour in the 

corner effect near a cube object and changes in thrust as the rotor approached a side wall horizontally 

[21]. Both this study [21] and another [22] indicated the formation of recirculation flow in the corner 

effect near a cube. 
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The aim of this study is to assess how the corner and vertex effects impact rotor thrust. The study analysed 

the relationship between rotor position and thrust through thrust measurements. Additionally, the study 

visualised the structure of the rotor wake in the vertex effect using the laser light sheet method to clarify 

the mechanism of thrust change. Clarifying the dynamics of rotor thrust change due to the vertex effect can 

reduce the risk of flight failures during indoor explorations. Vertex structures consist of two walls and either 

a ground plane or a ceiling. This study focuses on the corner and vertex effects on the ground side, as thrust 

losses near the ground are more likely to result in collision accidents compared to those near the ceiling. 

The remainder of this paper is organised as follows: Section 2 describes the measurement results of 

rotor thrust in the corner and vertex effects; Section 3 presents the visualisation of rotor wake; Section 4 

concludes the study. 

 

2 Experimental method 

Rotor thrust changes caused by the corner and vertex effects were evaluated by altering the rotor’s 

position relative to the corner or vertex. Furthermore, flow visualisation and hot-wire velocimetry were 

performed. 

2.1 Experimental system 

Figure 2 illustrates the setup of the experimental system and the walls forming the corner and vertex. 

The walls were constructed from black plastic boards to facilitate flow visualisation using the laser light 

sheet method. Figure 2(a) depicts a wall configuration for the corner effect, and Fig. 2(b) shows the setup 

for the vertex effect. The side lengths of the walls were 990 mm, which is 4.3 times the rotor diameter.  

In vertex situations, plastic board walls were used as both walls and ground planes, enabling the test 

stand to be moved horizontally in alignment with the room floor. The stand's position was set using a 

scale with an accuracy of 1 mm. 

The rotor used in the experiment, an APC 9×6 EP made of glass fibre, has a diameter of 228.6 mm. It 

was driven by an electronic brushless motor, with the rotation speed controlled by an electric speed 

controller featuring closed-loop speed control. This setup maintained the rotation speed within 10 rpm of 

the set speed. The chord at 75% of the rotor radius (R) is 16 mm, as shown in Fig. 3. Additionally, an 

APC 9×4.5 MRP rotor was used to evaluate the effect of a different thrust coefficient (CT) with a smaller 

blade pitching angle compared to the APC 9×6 EP. The thrust coefficient is defined as follows: 

𝐶𝑇 = T/ρA(ΩR)2,  (1) 

where T is the rotor thrust, ρ is the atmospheric density, A is the area of the rotor disk, Ω is the rotor 

revolution frequency, and R is the rotor radius. The chord at 75% rotor radius of the APC 9×4.5 MRP is 

16 mm. The thrust coefficients out of the ground effect (CT, OGE) of the rotors are 1.62×10-2 for APC 9×6 

EP and 1.34×10-2 for APC 9×4.5 MRP at 6000 rpm. CT, OGE was measured with zr maintained above 5.0R, 

and the rotor thrust direction was reversed relative to the ground plane. Furthermore, CT was used to 

account for the variations in atmospheric density across the experimental results. 
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(lv) was used to evaluate the vertex effect. 

Regarding variations in zr from 0.5 to 6.0R for the vertex effect, the thrust was evaluated at 4 × 4 grid 

points on the x–y plane. Moreover, thrust changes in horizontal planes at zr/R = 0.5, 2.5, and 5.5 were 

examined across 7 × 7 grid points on the x–y plane at shorter intervals to increase the resolution of the 

thrust change map in these planes. Thrust was expressed as the ratio of CT to CT, OGE of the isolated rotor.  

The rotor speed for the basic experimental condition was set at 6000 rpm, which was set to lift a 1.6 kg 

quadrotor in a hovering state. To investigate the effect of Reynolds number dependency, the speed was 

adjusted to 3000 and 4500 rpm for specific cases. The Reynolds numbers at 75% of the rotor radius were 

2.83 × 104, 4.24 × 104, and 5.65 × 104 for 3000, 4500, and 6000 rpm, respectively. The respective Mach 

numbers at the blade tip were 0.10, 0.16, and 0.21. 

The conditions of the thrust measurements for the corner and vertex effects are detailed in Tables 1 and 

2, respectively. Parameters for both scenarios are illustrated in Fig. 5. 

2.2.2 Flow visualisation and hot-wire velocimetry 

Tables 3 and 4 list the conditions for flow visualisation using the laser light sheet method, and Table 5 

specifies the conditions for measuring fountain flow velocity in the vertical direction with hot-wire 

velocimetry in the vertex effect. To prevent collisions between the hot-wire probe and the rotor blade tip, 

velocity measurements were not taken near the blade tip. Table 6 specifies the conditions for measuring 

fountain flow velocity in the horizontal direction. The velocity was measured three times for each 

condition. 

 

2.3 Accuracy 

Thrust measurement data can fluctuate due to inaccuracies in rotor positioning using scales, sensor 

noise from rotor vibration, and changes in room temperature. To address these potential errors 

consistently, a 95% confidence interval, which is 1.96 times the standard deviation, is provided for each 

scenario based on data measured three times. To enable easy comparison of thrust changes among data 

measured under different conditions, the data were transformed into dimensionless variables. 

For hot-wire velocimetry, 1.96 times the standard deviation of the averaged flow velocity, based on 

three measurements, is represented using error bars in the results. 
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Horizontal distance of rotor from vertex, lc/R 1.5 

 

Table 4 Flow visualisation conditions in vertex effect. 

Rotor rotation speed, rpm 6000 

Rotor height above ground plane, zr /R 0.5, 2.5, 5.5 

Position, /R x = 1.5, y = 1.5 

Horizontal distance of rotor from vertex, lv/R 2.1 

 

Table 5 Hot-wire velocimetry conditions in vertical direction for fountain flow in vertex effect. 

Rotor rotation speed, rpm 6000 

Rotor height above ground plane, zr/ R 0.5, 2.5, 5.5 

Probe height above ground plane, z/R 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5 

Horizontal distance from vertex, lv/R 0.14, 0.28, 0.42, 0.57, 0.71 

 

Table 6 Hot-wire velocimetry conditions in horizontal direction for fountain flow in vertex effect. 

Rotor rotation speed, rpm 6000 

Rotor height above ground plane, zr /R 0.5, 2.5, 5.5 

Probe height above ground plane, z/R  

 for zr/R = 0.5 1.0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5, 10.5 

for zr/R = 2.5 3.0, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5, 10.5 

for zr/R = 5.5 6.0, 6.5, 7.5, 8.5, 9.5, 10.5 

Horizontal distance from vertex, lv/R 1.1 

 

3 Results and discussion 

 

3.1 Corner effect on rotor thrust 

Figure 6(a) illustrates the change in rotor thrust due to the corner effect, varying with zr. Figure 6(b) 

shows the thrust change as a function of lc at different zr, which is extracted from Fig. 6(a). In Fig. 6(a), 

the curve with solid circles shows measured isolated rotor thrust in the ground effect without a side wall. 

Within the experimental range of lc/R from 1.1 to 6.0, rotor thrust monotonically increases as zr decreases, 

except for fluctuation within the sensor noise in Fig. 6(a). The thrust is smaller than the model proposed 

by Cheeseman and Bennett [4] for zr/R below 2.0. In Fig. 6(b), for thrust changes with respect to lc at the 

same zr significant differences in thrust are not observed at lc ≧3R conditions. At lc < 3R and zr/R = 1.5 

and 2.0, CT/CT, OGE decreases as lc decreases. For zr/R = 1.5, CT decreases from 104% to 102% of CT, OGE. 

For zr/R = 2.0, CT decreases from 102% to 101% of CT, OGE. In the experiment, the thrust in the corner 

effect is consistently greater than one, aside from fluctuations due to sensor noise. 
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for flight area planning in indoor environments. Additionally, flow visualisation and hot-wire velocimetry 

were employed to understand the mechanisms behind thrust changes in the vertex effect. 

Thrust changes in the corner effect were found to be similar to those in the ground effect during the 

thrust measurements. Consequently, the effect of the wall on rotor thrust is minimal when flying near the 

corner on the ground side. In the vertex effect, thrust decreases to 93% of the thrust of an isolated rotor 

out of the ground effect at a rotor height of 2.5 times the rotor radius and a horizontal distance of 2.1R 

between the vertex and the rotor. A thrust decrease from the rotor thrust out of ground effect was 

observed when zr/R ranged from 1.5 to 4.5, and the rotor was closer to one of the two walls with a 

horizontal distance of less than 5.0R. Flight within 5.0R of the vertex in the horizontal plane can 

experience a thrust decrease depending on the position relative to the vertex. The flow visualisation and 

hot-wire velocimetry indicate that the thrust decrease is caused by a wake flow recirculation structure 

between the fountain flow and rotor inflow. The experiments clarified the thrust change mechanism in the 

vertex effect and the variation in thrust change depending on rotor position relative to the vertex and 

corner effects on the ground side. The results can expand the flight area in indoor environments, which is 

typically limited to avoid thrust change when approaching room walls. By providing information on 

thrust changes relative to rotor position to the vertex, this study enhances the understanding necessary for 

indoor flight planning. 

Flow visualisation in the corner effect and comparisons with previous studies imply that side wall 

height influences thrust change. This indicates the need for further thrust evaluations with varying side 

wall heights. Furthermore, this study was limited to a small single rotor. Further investigation involving 

multiple rotors and rotors for manned-scale VTOLs is needed to estimate thrust changes for indoor flight 

path planning of multirotors. 
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