
Rotor aerodynamic interference of aerial-aquatic vehicles in 

 free water surface effect 
Qi ZHAN1,Yumin YANG2, Shuai ZHAO1, Yousong XU1, Xiao WANG1,*, Junhui HU2,* 

National Key Laboratory of Helicopter Aeromechanics, Nanjing University of Aeronautics and Astronautics, 

Nanjing 210016, China 

State Key Laboratory of Mechanics and Control for Aerospace Structures, Nanjing University of Aeronautics 

and Astronautics, Nanjing 210016, China 

 

Abstract 

In recent years, aerial-aquatic rotorcraft that operate across multiple mediums have attracted considerable 

attention from researchers due to their unique flight capabilities. However, when rotorcraft traverse different 

media or operate near the water surface, they are required to overcome aerodynamic interference caused by 

the complex gas-liquid multiphase flow field. This reduces the confidence of aerodynamic performance 

evaluation models used in the design process, as well as the robustness of control systems designed based 

on these aerodynamic models, leading to failures in vehicle traversal or decreased hovering stability. In this 

study, the Lattice-Boltzmann method and turbulence model based large-eddy simulation method were 

employed to investigate the aerodynamic interference characteristics of isolated rotors and parallel multi-

rotors near the water surface. Subsequently, a near-water surface/ground experimental system was 

established to compare and validate the effectiveness and computational accuracy of the numerical 

simulation models. The study found that the depression region caused by the deformation of the water 

surface obstructs the diffusion of the rotor wake, leading the isolated rotor to temporarily enter a vortex ring 

state, resulting in aerodynamic losses. Compared to the traditional ground effect, the thrust enhancement 

effect of the wall effect under the influence of gas-liquid coupling is suppressed, and may even be lower than 

the thrust without ground effect. Unlike isolated rotors, the thrust reduction caused by the free-water surface 

effect can be effectively mitigated by controlling the inter-rotor spacing of parallel multi-rotors. However, the 

cost of this mitigation is that the gas-liquid coupling effects increase the disorder in the flow field, 

exacerbating the imbalance in the aerodynamic force distribution across the rotor plane. 

 

1. NOTATION1 

Symbols  

𝑅 Rotor radius, m 

𝑐 Blade chord length 

𝐶𝑇  Thrust coefficient 

𝐶𝑝  Pressure coefficient 
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𝜔 Rotor speed of rotation, RPM 

φ Vortex age 

𝑇𝑡𝑡 Time for a rotor revolution 

𝜌𝑎  Air density 

h Distance from rotor plane to surface 

Acronyms:  

AAR Aerial-Aquatic Rotorcraft 

CFD Computational Fluid Dynamics 

FVM Finite Volume Method 

LBM Lattice Boltzmann Method 

LES Large-Eddy Simulation 

GE Ground Effect 

FWSE Free Water Surface Effect 

2. INTRODUCTION 

In recent years, the rapid advancement of aerial-

aquatic rotorcraft (AAR)—systems capable of exe-

cuting both aerial and underwater missions—has 

garnered significant attention across civilian and 

military sectors, as discussed in Ref. 1–3. By inte-

grating the underwater stealth capabilities of sub-

mersibles with the agility and mobility of aerial plat-



forms, AAR provide a versatile solution for multi-

domain operations across distinct environments. 

AAR must perform rapid and seamless transitions 

between air and water, posing substantial challeng-

es in control design, propulsion strategy, and aero-

dynamic modeling, as discussed by Yi (Ref. 4), Vil-

legas (Ref. 5), and Bi (Ref. 6). When operating near 

ground or water surfaces, the rotor downwash is 

impeded and redirected along the interface, resulting 

in increased pressure beneath the rotor and aug-

mented thrust under constant power conditions. As 

the rotor approaches the free water surface, the 

downwash induces surface deformation, disrupting 

surface tension and generating a highly dynamic 

gas-liquid interaction region, as identified by Bai (Ref. 

7). The interaction creates a complex multiphase 

flow field, characterized by strong coupling and 

wake vortex dynamics, which requires high-fidelity 

aerodynamic modeling to ensure reliable control and 

structural safety during the transitional stages, as 

discussed by Wei (Ref. 8). 

Rotor aerodynamics has traditionally been analyzed 

using theoretical models, physical experiments, and 

computational fluid dynamics (CFD) simulations, as 

discussed in Ref. 2. While theoretical methods offer 

simplified insights, they often struggle to represent 

the nonlinear wake structures and gas-liquid inter-

face dynamics. Similarly, while experimental tech-

niques can capture flow behavior under controlled 

conditions, they are limited in resolving transient 

gas-liquid coupling mechanisms due to interface 

deformation, interference from droplet reflection, and 

spatial resolution limitations, as discussed by Bai et 

al. in Ref. 9. The inherent complexity of multiphase 

flows—which involves strongly coupled momentum, 

pressure, and interface dynamics—makes experi-

mental approaches insufficient and costly. 

Furthermore, CFD methods, particularly those based 

on the Navier–Stokes equations combined with the 

finite volume method (FVM), have become the 

dominant framework for aerodynamic simulations. 

Among these, the volume of Fluid (VOF) method, 

introduced by Hirt and Nichols (Ref. 10) in 1981, is 

widely used for interface tracking via phase fraction 

transport in multiphase simulations. However, 

traditional VOF-based models are highly sensitive to 

grid quality, suffer from interface smearing, and 

often encounter difficulties in preserving surface 

sharpness and curvature under large interface 

deformations, as discussed by Chen, Wang and Li 

(Ref. 11–13). 

To address the limitations of conventional CFD 

methods in simulating multiphase flows with strong 

interfacial dynamics, the lattice Boltzmann method 

(LBM) has emerged as a promising alternative, as 

discussed by Kumar (Ref. 14). As a mesoscopic 

approach based on discrete particle distribution 

functions, LBM naturally accommodates complex 

boundary conditions, strong interface deformation, 

and parallel computation, making it highly suitable 

for simulating unsteady, multi-physics environments, 

such as rotor–water multiphase interactions. Several 

LBM-based multiphase models have been proposed, 

each with specific advantages and drawbacks. The 

color-gradient model, proposed by Rothman and 

Keller in Ref. 15, effectively captures sharp interfac-

es but becomes unstable under high density and 

viscosity ratios. The free-energy model, derived from 

thermodynamic theory by Swift in Ref. 16, accurately 

handles interface curvature but suffers from numeri-

cal instability in geometrically complex regions. The 

phase-field model, proposed by He et al. in Ref. 17, 

offers smooth interface transitions and theoretical 

rigor but is computationally intensive and highly sen-

sitive to parameter tuning. In contrast, the pseudo-

potential model, proposed by Shan–Chen in Ref. 18, 

provides an optimal balance between computational 

efficiency and physical fidelity. It introduces non-

local interactions to simulate surface tension and 

phase segregation without the need for explicit inter-

face tracking. Its robustness and simplicity have led 

to its widespread adoption in multiphase simulations, 

especially in cases involving high density ratios and 

surface deformation. 

In this study, a hybrid CFD framework is adopted, 

integrating LBM with the Shan–Chen pseudo-

potential model and large-eddy simulation (LES) 

turbulence model to analyze the aerodynamic inter-

ference of rotors near a free water surface. Rotor 

wake flow visualization experiments are first con-

ducted to qualitatively observe the surface interac-

tion effects. Subsequently, the proposed numerical 

approach is employed to simulate the evolution of 

vortex structures and interface dynamics, enabling 

the analysis of the gas–liquid multiphase coupling 

mechanism in the proximity of a deformable free 

surface. 

3. NUMERICAL METHODOLOGY 

3.1. Governing equations 

The governing equations in this study are derived 

from the LBM, which is used to solve the fluid dy-



namics in the vicinity of a rotor interacting with the 

free water surface. The LBM operates on the Boltz-

mann equation in Ref. 19, which is expressed in 

terms of the distribution function as follows: 
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where 𝑓𝑖(𝑥, 𝑡) is the particle distribution function at 

position 𝑥  and time 𝑡 , for the 𝑖th  direction. 𝒗𝑖  is the 

particle velocity in the 𝑖th direction. 𝜉(𝑓) is the colli-

sion operator that describes the particle interactions. 

𝐹𝑡 is the total body force, which can be expanded as: 

(2) t e i sF F F F= + +  

where 𝐹𝑠 is the solid–fluid interaction force, 𝐹𝑖 is the 

interaction force among particles and 𝐹𝑒  represents 

external force such as gravitational force. 

The collision operator is typically modeled using the 

multiple relaxation time (MRT) model (in Ref. 20), 

which improves the stability and accuracy of the 

simulation by relaxing the distribution function to-

ward an equilibrium state. The MRT collision opera-

tor can be expressed as: 

(3) 
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where 𝑀𝑖𝑗  is the transformation matrix that relates 

the distribution function to the moments. 𝑆𝑖𝑗  is the 

diagonal relaxation matrix for the different moments 

of the distribution. 𝑓𝑒𝑞,𝑘(𝑥, 𝑡) is the equilibrium distri-

bution function, which depends on the macroscopic 

fluid properties such as velocity and density. The 

equilibrium distribution is derived from the Maxwell-

Boltzmann distribution. 

3.2. Boundary conditions 

To model the turbulence in the flow, the LES model 

is incorporated into the Lattice Boltzmann framework, 

which has been validated by Haussmann in Ref. 21. 

The large-scale turbulent eddies are directly re-

solved while the subgrid-scale eddies through a 

turbulent viscosity 𝜐𝑠𝑏. The effective viscosity is giv-

en by 

(4) e k sb  = +  

where υ𝑘 is the kinematic viscosity of the fluid.  

The subgrid-scale viscosity is defined as, 

(5) 
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where, 𝐶𝑠  is Smagorinsky–Lilly coefficient. Δg  is the 

grid filter. 𝑆𝛼̅𝛽 is the strain rate tensor of the resolved 

scales. The wall function, as proposed by shih (Ref. 

22), is used to model the near-wall region and 

boundary layer, establishing an instantaneous 

relationship between wall shear stress and velocity. 

For the multiphase flow, Shan-Chen pseudo-

potential model (in Ref. 18) is used to simulate the 

gas-liquid interface. In this model, non-local interac-

tions are introduced between fluid particles to ac-

count for surface tension and phase segregation 

effects without requiring explicit interface tracking. 

The Shan-Chen model uses the following expres-

sion for the inter-particle potential: 
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where g indicates the parameter which controls in-

teraction strength. If g > 0, then the interaction force 

will be repulsive or attractive (g < 0), respectively. 𝑤𝑖 

is the weight factor for the 𝑖th particle direction. 𝛹(x) 

is the effective mass which depends on the local 

density estimated by the following relation (in Ref. 

23): 
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In this study, the Carnahan-Starling equation of state 

(in Ref. 24), which has been widely used in large-

density multiphase simulations, is adopted and ex-

pressed as follows, 
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where 𝑎 is the attraction parameter, 𝑏  is the repul-

sion parameter, 𝑎 = 0.4963(𝑅𝑐𝑇𝑐)2/𝑝𝑐 , 𝑏 =

0.1873𝑅𝑐𝑇𝑐/𝑝𝑐. In this paper, 𝑅𝑐 = 1, 𝑎 = 0.5, 𝑏 = 4. 

𝑇𝑐 and 𝑝𝑐 are the critical temperature and pressure. 

4. NUMERICAL VALIDATION 

4.1. Mesh configuration 

In this study, the open-source LBM code OpenLB (in 

Ref. 25) based on D3Q27 octree structure was em-

ployed for the numerical analysis of the gas-liquid 

coupling flow field. To verify the convergency and 

accuracy of the grid configuration and model param-

eters, the Caradonna-Tung (in Ref. 26) rotor with 

Naca0012 airfoil was used, which is shown in Figure 

1. 



 
Figure 1 Rotor configuration 

The primarily parameters of the rotor and environ-

ment are shown in Table 1. Based on the rotor and 

environmental parameters provided in Table 1, the 

tip speed in this study is 209.47 m/s, the tip Mach 

number is 0.613, and tip Reynolds number is 

2.7×106. 

Table 1 Simulation parameters 

Parameters  value 

Rotor radius 1.143 m 

Blade chord length 0.1905 m 

Rotor aspect ratio 6 

Reference pressure 101325 Pa 

Ambient temperature 290 K 

rotational speed 1750 RPM 

Collective pitch 8 deg 

Air density 1.22 kg/m3 

viscosity 1.8×10-5 Pas 

Surface Tension 0.07 N/m 

To reduce the number of particles and optimize 

computational efficiency while maintaining accuracy, 

a local grid refinement method is adopted, as shown 

in Figure 2. Figure 2(a) represents the computational 

domain for the C-T rotor near the ground, Figure 2(b) 

shows the computational domain for the rotor near 

the water surface, and Figure 2(c) and (d) show the 

grid refinement configuration. Additionally, the verti-

cal distance from the domain boundary to the rotor’s 

rotation center is 10𝑅, and a Cartesian grid is adopt-

ed. 

 
Figure 2 Mesh configuration domain for simulation 

4.2. Numerical Validation 

Due to the wall function and the mesoscopic nature 

of the LBM, grid quantity and quality are not key 

factors influencing the convergence accuracy of the 

LBM-WMLES (wall-model LES) method. However, 

grid independence validation remains necessary. 

Therefore, to ensure a sufficient boundary layer 

thickness and effectively capture near-wall flow 

characteristics, four progressively refined grid reso-

lutions are employed. The total domain resolution 

scale is set to 0.02. Based on the unique structure of 

the LBM, the grid growth rate is fixed and is a multi-

ple of 2. According to Schlichting’s skin-friction cor-

relation, the thickness of the first grid is set to the 

logarithmic layer, ensuring that 𝑦+ ranges from 30 to 

300. In the independence validation, a fixed time 

step is adopted, with the time step set to 1/360𝑇𝑡𝑡 of 

the rotation period (where 𝑇𝑡𝑡 is the time for a rotor 

revolution). The number of grids in the entire fluid 

domain and the time-averaged rotor thrust coeffi-

cient over 40-50 orbital cycles are presented in Ta-

ble 2. The rotor thrust coefficient (𝐶𝑇 ) can be ob-

tained by: 
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where 𝑇 is the rotor thrust, 𝑅 is and rotor radius, and 

𝜔 is the rotational speed. 

As shown in Table 2, the thrust coefficient exhibits 

negligible changes starting from domain 3. From 

domain 1 to domain 3, the thrust coefficient varies 

by 9.43% and 3.43%, respectively. In contrast, the 

changes between domain 3 and domain 4 are re-

duced to 2.65%. Considering both numerical accu-

racy and computational cost, domain 3 is selected 

for the simulations as follow. 

Table 2 Validation of the number of grids 

 Δ𝑥 y+ Number of 

grid 

𝐶𝑇 

Domain 1 3.5e-4 600 5.03e-6 0.008788 

Domain 2 8.9e-5 300 7.61e-6 0.009617 

Domain 3 5.3e-5 100 13.6e-6 0.009947 

Domain 4 2.7e-5 30 30.2e-6 0.010211 

 

Additionally, different time steps were validated, as 

shown in Table 3. The time-averaged convergence 

coefficient 𝜉𝑇  over 10 orbital cycles was used to 

evaluate the convergence performance of the nu-



merical model. Ultimately, a time step of 1/360𝑇𝑡𝑡 

was adopted. 

Table 3 Validation of the time step 

 Δ𝑡 𝐶𝑇 𝜉𝑇 

Domain 1 1/120𝑇𝑡𝑡 0.009917 5% 

Domain 2 1/240𝑇𝑡𝑡 0.010091 3.2% 

Domain 3 1/360𝑇𝑡𝑡 0.010211 1% 

 

As shown in Figure 3, the vorticity iso-surface based 

on the Q-criterion shows the motion trajectory of the 

tip vortex. It can be seen that the attached vortex 

starts to contract from the rotor blade root, moves 

radially along the rotor towards the blade tip, and 

eventually detaches from the tip. The tip vortex then 

contracts inward, forming a spiral shape and slowly 

descending. Additionally, a small number of second-

ary vortices is generated alongside the formation of 

the tip vortex, surrounding it. The presence of the tip 

vortex significantly alters the effective angle of attack 

of the rotor. 

 
Figure 3 tip vortex core 

As shown in Figure 4, it is a comparison of the nu-

merical and experimental results of the pressure 

coefficient. It can be observed that the numerical 

results of the distribution of the pressure coefficient 

(𝐶𝑝 ) agree well with the experimental values. The 

rotor pressure coefficient 𝐶𝑝 can be obtained by, 

(10) 
2 2/ (0.5 )pC p R=  

where 𝑝  is the pressure difference relative to the 

reference pressure. 

 
Figure 4 Pressure coefficient distribution of the 

Caradonna-Tung rotor 

 
Figure 5 Vortex core iso-surface of rotor hovering 

state 

For ease of observation, the vortex age φ is intro-

duced to describe the relationship between the tip 

vortex detachment and the rotor's rotational revolu-

tion. The axial and radial positions of the wake vor-

tex are compared with the experimental results of C- 

T rotor, as shown in the figure. It is observed that the 

numerical results match well with the experimental 

data. 

 
Figure 6 Position of wake vortex 

4.3. Experimental validation 

In this section, a single rotor/coaxial dual-rotor test 

platform was constructed. The experiment was con-

ducted using a DJI-9450 rotor in a water pool, as 

shown in Figure 7. The rotor has a diameter of 0.239 

m, which is widely used in the simulation of aerody-

namics and acoustic mechanism. The parameter of 

the rotor has been published, which can be found in 

Ref. 27–29. The rotor was fixed on a rotor stack 

driven by a stepper motor for height adjustment 



above the water surface. For illumination of the 

downwash flow field, an Nd: YAG laser was adopted 

to generate a dual-pulse laser at 532 nm with fre-

quency of 15 Hz in the experiments. The rotor speed 

was measured with a Hall effect sensor indexed to 

the motor stator, which provided a once-per-

revolution synchronization signal. The sampling 

frequency of the data acquisition system was 100 Hz, 

with a sampling time of 3 seconds for each height 

and rotational speed. The resolution of the CCD 

camera used in flow visualization was 2560 pixels × 

2160 pixels. A smoke generator by heating the 

smoke oil was used to feed smoke into the water 

tank, and the average diameter of the tracer smoke 

particles was about 5 µm. 

 
Figure 7 Experiment platform 

In the experiment, three characteristic rotational 

speeds of 4000, 6000, and 8000 RPM at a non-

dimensional height of ℎ/𝑅=0.2 were used to com-

pare the variation of thrust over time. In Ref. 30, 

these speeds have been shown to correspond to the 

depression, fountain, and boiling stages, respective-

ly. The experimental results, as shown in the Figure 

8, exhibit a high degree of consistency between the 

numerical simulation results and the experimental 

data. Both demonstrate periodic fluctuations and a 

characteristic drop followed by recovery during the 

startup phase. Unfortunately, due to differences in 

sampling frequency and time scales during data 

acquisition, their dynamic characteristics cannot be 

made fully consistent. 

Table 4 is a comparison of the simulation results and 

experimental results of time-averaged thrust under 

different rotational speed conditions. It can be seen 

that at low rotational speeds, the simulation error of 

the LBM method is less than 10%, which is an ac-

ceptable range. However, at high rotational speeds, 

the thrust prediction of the model shows distortion, 

which is due to the lack of a turbulence model capa-

ble of accurately predicting flow interference in gas-

liquid coupled fields. 

Table 4 Comparison of the simulation and 
experimental data 

𝜔 (RPM) LBM-𝐶𝑇 Exp.-𝐶𝑇 𝑒𝑇 

4000 0.03393 0.03499 3.12% 

6000 0.03639 0.03431 5.72% 

8000 0.03059 0.02515 17.78% 

 

 
Figure 8 Comparison of experimental and numerical 

results at different rotational speeds 

5. RESULTS AND DISCUSSION 

5.1. Thrust characteristics 

The comparison of rotor thrust under different non-

dimensional height conditions, with the change in 

vortex age as the time scale, at a fixed rotational 

speed of 8000 RPM. In Figure 9(a), it can be ob-

served that under the ground effect, the numerical 

simulation results based on the LBM method con-

verge in a very short time, reaching a relatively sta-

ble state. The trend follows the general pattern, with 

thrust increasing as the non-dimensional height de-

creases. In Figure 9(b), it can be seen that, when far 

from the water surface, the thrust remains almost 

unchanged. As the rotor approaches the water sur-

face, a weak ground effect posture emerges. As the 

rotor moves closer to the free water surface, with 

ℎ/𝑅 =0.6, significant fluctuations in rotor thrust occur 

within the vortex age range of 3.6×103 to 11.9×103. 

As the non-dimensional height decreases further, 

this phenomenon gradually expands. Even though 

the thrust gradually recovers, it remains lower than 

the increase observed in the GE at the same height. 

In fact, in our previous studies, experiments have 



shown that even when the thrust of an isolated rotor 

recovers, it is still lower than the value observed in 

the absence of wall effect interference. 

 
(a) Simulation results in GE 

 
(b) Simulation results in FWSE 

Figure 9 Numerical simulation results of isolated 
rotor at different ℎ/𝑅 

Through the parallel dual-rotor near-water surface 

experiment, the results of 8000 RPM are shown in 

Figure 10. It was discovered that, in contrast to an 

isolated rotor, a smaller rotor spacing can effectively 

enhance the thrust of the multi-rotor. However, this 

also increases the degree of disorder, primarily due 

to the mutual interference among the rotors. Moreo-

ver, unlike the thrust coefficient in the absence of the 

wall effect, when there is no wall effect, the rotor 

thrust coefficient decreases initially and then in-

creases as the rotor spacing diminishes. Under the 

influence of the wall effect, the rotor thrust increases 

as the rotor spacing decreases. 

 
（a）Thrust coefficient in GE 

 
（b）Thrust coefficient in FWSE 

Figure 10 Experimental results of isolated rotor and 
parallel dual-rotor at different rotor spacing, with 

𝜔=8000 RPM 

5.2. Rotor wake characteristics 

The amplitude of the liquid crown increases at the 

edge of the depression. Gas-liquid coupling phe-

nomenon leads to a significantly complex physical 

process that contains deformation and fragmentation 

of liquid crown, formation of droplets, droplet motion 

with the rotor downwash, impact of droplets onto 

rotor blade, as shown in Figure 11. 

 
Figure 11 Rotor wake in the free water-surface effect 

Figure 12 show the wake characteristics at different 

rotor non-dimensional rotor heights for a rotational 

speed of 8000 RPM. As the rotor height decreases, 

two distinct characteristics become evident: firstly, 

there is an increase in the turbulence intensity at the 

blade tip region; secondly, the depression boundary 

separating the tip vortices from the ground plane 

becomes thinner. Additionally, the tip vortices show 

more evidence of pairing, which is a typical 

characteristic resulting from the receding depression 

boundary. The latter characteristic was due to that 

the vortex sheets trailed from the inner parts of the 

blades did not have enough time and space to dissi-

pate, so that they were rapidly coupling with the fluid 

crown at ℎ/𝑅=0.2. In contrast, at ℎ/𝑅=2.0, the vortex 

sheets had dissipated more in the downstream flow, 
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leaving more small-scale eddies embedded in the 

ground flow. 

 
Figure 12 Flow visualization of isolated rotor 

5.3. Vorticity characteristics 

As shown in Figure 13, it is the vorticity contour of 

the rotor without the ground effect. The vorticity 

section surface shows a tip vortex generated at the 

blade tip, which follows a spiral shape that first 

contracts and then diffuses. This contracted wake 

descends slowly and remains close to the blade. 

Due to the tip vortex, it generates a strong induced 

velocity, which significantly changes the effective 

angle of attack of the rotor. This interference plays a 

dominant role in the formation of the rotor wake and 

directly affects the performance of the rotor. 

 

Figure 13 Vorticity distribution without ground effect 

Unlike the ground effect, Figure 14 shows the tran-

sient distribution characteristics of vorticity as it dy-

namically changes with vortex age under the condi-

tion of a non-dimensional height of ℎ/𝑅=0.2 at dif-

ferent rotational speeds. From the figure, it can be 

seen that, regardless of the rotational speed, the 

appearance of the water surface depression affects 

the movement and diffusion of the vorticity. Specifi-

cally, when the rotational speed exceeds 6000 RPM, 

the water surface depression significantly affects the 

diffusion of the rotor wake vortex, altering its move-

ment trajectory. The flow field behavior can general-

ly be divided into three stages: First, the wake vortex 

behaves similarly to the ground effect, becoming 

trapped in the near-surface wall shear layer and 

diffusing outward with the jet flow. Second, under 

the influence of the rotor downwash, a deeper de-

pression is formed, and a liquid crown develops at 

the periphery of the depression, close to the rotor 

plane height. The appearance of the liquid crown 

prevents the detached vortex from diffusing outward 

from the rotor plane in time, causing the rotor to 

enter a vortex ring state. Finally, the curvature of the 

depression region gradually decreases in the direc-

tion away from the rotor plane, achieving a periodic 

dynamic balance with the rotor downwash. 

 

（a）Vorticity distribution with 𝜔=4000 RPM 

 

（b）Vorticity distribution with 𝜔=6000 RPM 



 

（c）Vorticity distribution with 𝜔=8000 RPM 

Figure 14 Transient vorticity distribution of the 
isolated rotor at different rotational speeds 

Figure 15 shows the vorticity distribution of an iso-

lated rotor at different non-dimensional heights, with 

a rotational speed of 8000 RPM, after the rotor flow 

field reaches a quasi-steady state, approximately 

after 40 rotor revolutions. It can be observed that, as 

the rotor gradually approaches the water surface, 

the vorticity exhibits distinctly different changes in 

the GE and FWSE conditions. Specifically, the rotor 

wake fails to diffuse in time, forming a stable wall 

shear layer, also known as the wall jet region, under 

the ground effect. This shear motion intensifies both 

in strength and vorticity as the rotor approaches the 

ground. When the vortices reach the ground, they 

are stretched radially, which increases their vorticity 

and swirl velocities. This characteristic allows these 

tip vortices to sustain a longer rotor revolution period. 

However, in the FWSE condition, this phenomenon 

is completely opposite. When ℎ/𝑅=2, the wake dis-

tribution is almost identical. As the rotor moves clos-

er to the water surface, the stable wall shear layer is 

disrupted, leading to turbulence, which exacerbates 

the chaotic state of the flow field. When the rotor is 

very close to the water surface, the flow field and the 

water surface naturally form a quasi-steady state. In 

this state, the rotor wake, after passing around the 

liquid crown, forms a new wall shear layer along the 

water surface. 

 

(a) Vorticity distribution of isolated rotor in GE 

 

(b) Vorticity distribution of isolated rotor in FWSE 

Figure 15 Vorticity distribution of the isolated rotor at 

different ℎ/𝑅 with 𝜔=8000 RPM 

Figure 16 shows the vorticity distribution of the coax-

ial dual-rotor flow field in the FWSE condition, after 

the rotor flow field reaches a quasi-steady state, 

approximately after 40 rotor revolutions. As shown in 

the figure, the vorticity and rotor wake are compared 



at different non-dimensional heights, with a rotation-

al speed of 8000 RPM and a rotor spacing of L=1R. 

It can be seen that the vorticity diffusion is complete-

ly different from that of the isolated rotor. The flow 

field is more complex compared to the isolated rotor, 

with the appearance of tip vortex interference, inter-

rotor interference, and gas-liquid interference. The 

presence of these interference factors leads to some 

unique phenomena in the inter-rotor space, such as 

the fountain effect and reentry effect. 

 
Figure 16 Vorticity distribution of the parallel dual-

rotor at different ℎ/𝑅 values with 𝜔=8000 RPM 

Figure 17 shows the variation of the rotor wake with-

in half a rotation cycle after the rotor reaches a rela-

tively stable state in the FWSE, approximately after 

40 rotor revolutions. A comparison reveals that the 

influence of FWSE on the rotor wake is significant. 

As the non-dimensional height decreases, the rotor 

wake exhibits a variation pattern that is completely 

different from the ground effect. In the ground effect, 

only when ℎ/𝑅<0.4, the tip vortex does not have 

enough time and space to move and diffuse due to 

the avoidance of the jet flow. It is drawn into the wall 

jet flow, accelerating both the radial and axial diffu-

sion of the wake. In FWSE, the detached vortex is 

compressed by the liquid crown, vortex sheets, and 

the avoidance of jet flow, causing the tip vortex to 

appear closer to the rotor's rotational center. Moreo-

ver, the movement of the wall jet shear layer and 

liquid crown intensifies the reinforcement effect on 

the detached vortex, which is the key cause of rotor 

thrust fluctuation. This phenomenon is mainly 

caused by the water surface depression, which acts 

like a rail and, under the acceleration of the wall jet 

flow, launches the detached tip vortex into the air. 

Additionally, it is worth noting from the figure that, 

beneath the water surface, near-wall turbulence is 

more easily formed, which leads to rapid diffusion of 

the detached vortex, preventing it from maintaining 

for a long time in FWSE. This turbulence effect is 

highly complex, shortening the duration of the de-

tached vortex and compressing its diffusion distance. 

 
(a) Radial position variation of the wake vortex of the 

isolated rotor 

 
(b) Axial position variation of the wake vortex of the 

isolated rotor 

Figure 17 Wake vortex position of the isolated rotor 

at 𝜔=8000 RPM 



5.4. Pressure characteristics 

Figure 18 shows the pressure distribution on the 

upper and lower surfaces of an isolated rotor at ℎ/

𝑅=0.2 under different rotational speed conditions. It 

can be observed that, as the rotational speed in-

creases, the pressure on the lower surface of the 

rotor gradually increases, with the highest concen-

tration at the blade tip. 

 
Figure 18 Surface pressure coefficient distribution of 

the isolated rotor at different rotational speeds 

Figure 19 shows the pressure distribution on the 

upper and lower surfaces of an isolated rotor at 

𝜔=8000 RPM under different non-dimensional height 

conditions. In the comparison of the pressure distri-

butions on the upper and lower surfaces of the rotor 

at different heights, the pressure distribution on the 

lower surface under the ground effect is more uni-

form, as shown in Figure 19. In FWSE, the water 

surface depression leads to a pressure increment on 

the lower surface of the rotor, concentrated at the 

blade tip. This phenomenon is not observed under 

the ground effect. The pressure distribution indicates 

that the rotor experiences concentrated loading, 

making it more prone to damage in the FWSE. 

Figure 20 shows the variation of the pressure coeffi-

cient on the upper and lower surfaces of the isolated 

rotor along different radial sections as a function of 

the rotor's chord length. It can be observed that, 

after the FWSE reaches a relatively stable state, the 

pressure distribution at the blade tip under different 

non-dimensional heights shows significant diver-

gence. This result seems to differ from the findings 

of Zhang et al (Ref. 31). In their study, the pressure 

distribution at the blade tip was almost identical at 

different heights. This discrepancy may be due to 

the tapered design of the DJI-9450 rotor blade. 

 
Figure 19 Surface pressure coefficient distribution of 

the isolated rotor at different ℎ/𝑅 

 
Figure 20 Pressure coefficient of the isolated rotor's 

cross-section 

5.5. Velocity characteristics 

Figure 21 shows the transient distribution character-

istics of the wall jet velocity gradient as it dynamical-

ly changes with vortex age under the condition of 

ℎ/𝑅=0.2 at different rotational speeds. When the 

rotational speed exceeds 6000 RPM, the velocity 

shear layer is disrupted by the liquid crown, causing 

the wall jet layer near the water surface to become 

disordered and chaotic. As the rotational speed ex-

ceeds 8000 RPM, under the obstruction of the liquid 

crown, the rotor downwash gradually forms a large 

turbulent region in the direction of the rotor's incom-

ing flow. This turbulence prevents the downwash 

from diffusing outward. The blockage effect caused 



by this turbulence results in an increase in the 

downwash velocity and a decrease in the effective 

angle of attack, which is a significant reason why 

thrust in the FWSE is lower than in the absence of 

the ground effect. 

Additionally, a transient velocity map of the flow field 

in the GE condition, varying with the rotor revolution 

cycle, is shown in Figure 22, where ℎ/𝑅=0.2 and the 

rotor speed is 8000 RPM. From Figure 22, it can be 

seen that under the GE, a stable wall velocity shear 

layer with a velocity gradient distribution. This is 

because the ground is a rigid surface, and under its 

obstruction, a high-pressure region forms beneath 

the rotor, intensifying the pressure gradient and flow 

behavior of the wall shear layer. 

 
(a) Velocity field distribution of the isolated rotor in 

FWSE at 𝜔=4000 RPM 

 
(b) Velocity field distribution of the isolated rotor in 

FWSE at 𝜔=6000 RPM 

 
(c) Velocity field distribution of the isolated rotor in 

FWSE at 𝜔=8000 RPM 

Figure 21 Transient distribution of induced velocity in 
the flow field near the water surface for the isolated 

rotor 

A transient velocity map of the flow field under dif-

ferent non-dimensional height conditions, varying 

with the rotor revolution cycle, is shown in Figure 23, 

where the rotor speed is 8000 RPM. The velocity 

field evolution of the rotor in FWSE at three typical 

heights is displayed. From the figure, it can be seen 

that at ℎ/𝑅=2, the velocity shear layer is almost un-

affected by the water surface deformation. Although 

the water surface depression slightly alters the wake 

diffusion trajectory, the wall jet remains relatively 

stable. However, when the rotor descends to ℎ/

𝑅 =0.6, the depression caused by the downwash 

impact prevents the wall jet from effectively diffusing 

outward, creating an upward motion and even vortex 

ring formation within a certain time, which leads to 

thrust reduction. At ℎ/𝑅=0.2, this phenomenon is 

further enhanced. The velocity shear layer forms 

periodic turbulence, and the liquid crown's height 

almost encloses the rotor, preventing effective out-

ward diffusion of the downwash flow and significant-

ly hindering its motion. This appears to be why rotor 

thrust is lower than in the absence of the ground 

effect. 



 
Figure 22 Transient distribution of induced velocity 

of the isolated rotor in GE at ℎ/𝑅=0.2 

 
(a) induced velocity at ℎ/𝑅=2 

 
(b) induced velocity at ℎ/𝑅=0.6 

 
(c) induced velocity at ℎ/𝑅=0.2 

Figure 23 Transient distribution of induced velocity 
of the isolated rotor in FWSE 

Using an array of flow field probes, the quasi-steady 

induced velocity along the radial distribution of the 

rotor plane was measured under a rotational speed 

of 8000 RPM, approximately after 40 rotor revolu-

tions, as shown in Figure 24. It can be observed that, 

under the ground effect, the induced velocity distri-

bution on the rotor plane follows a certain pattern or 

decreases proportionally as the non-dimensional 

height decreases. However, in the FWSE, the varia-

tion in induced velocity shifts to an increase. 

 
Figure 24 Radial variation of induced velocity of the 

isolated rotor 



In Figure 25, the induced velocity distribution pattern 

on the rotor plane of the coaxial dual-rotor system 

can be observed. The variation in induced velocity 

on the outer side of the rotor axis follows a pattern 

similar to that observed under the water surface 

effect. However, the induced velocity variation on 

the inner side of the rotor axis is more similar to the 

ground effect. This explains why the coaxial dual-

rotor system can effectively mitigate the negative 

effects of the free water surface. However, this also 

exacerbates the non-uniformity and asymmetry of 

the aerodynamic force distribution on the rotor plane, 

leading to larger concentrated stresses and aerody-

namic moments at the root of the blades. In fact, if 

the rotor system being studied is of larger size, this 

could result in flapping oscillations and unpredictable 

rotor moments. 

 
Figure 25 Radial variation of induced velocity of the 

parallel dual-rotor 

6. CONCLUSIONS 

This paper presents a numerical simulation method 

combining the Lattice-Boltzmann method (LBM) and 

wall-model large-eddy simulation (WM-LES) with the 

Shan-Chen multiphase flow model to investigate the 

aerodynamic characteristics of rotors near the water 

surface. The study focuses on the behavior of ro-

torcraft in the ground effect and free water surface 

effect, analyzing the impact of varying operating 

conditions on induced velocity, pressure distribution, 

and vortex dynamics in both isolated and parallel 

dual-rotors. 

The results show that induced velocity decreases as 

non-dimensional height reduces in GE, consistent 

with conventional rotorcraft behavior. However, in 

FWSE, induced velocity increases, particularly as 

the rotor nears the water surface. This shift is due to 

the interaction between the rotor wake and water 

surface depression, introducing complexities like 

vortex ring formation and wall jet behavior, which do 

not occur in ground effect scenarios. 

The study further reveals the significant influence of 

the water surface on rotor thrust distribution. In 

FWSE, pressure at the blade tip increases, leading 

to more concentrated loading on the rotor, which 

may elevate the risk of rotor damage, especially in 

larger rotors. The parallel dual-rotor system miti-

gates some negative effects by reducing asymmetry 

and non-uniformity in load distribution compared to 

isolated rotors. However, it introduces complex rotor 

interactions, resulting in increased stress and aero-

dynamic moments, particularly at the blade tip, 

which could lead to unpredictable rotor moments 

and flapping oscillations. 

This study enhances the understanding of rotorcraft 

aerodynamics in complex fluid environments and 

provides insights for improving performance in aeri-

al-aquatic applications. 
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