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Abstract 

As the helicopter hovers near the ground, the interactions among the rotor, the wake, and the ground 

complicate the flow field, altering the rotor’s aerodynamic forces significantly. To investigate the influence of 

ground effect on the rotor aerodynamic characteristics, the flow around the rotor in hover is numerically 

simulated by using the in-house Computational Fluid Dynamics (CFD) codes with a structured dynamic overset 

grid system. A novel 5th-order WENO-K scheme based on nonlinear reconfiguration is employed for spatial 

discretization, effectively reducing the numerical dissipation and achieving high-accuracy capture of the tip 

vortices. In this study, the aerodynamic forces and flow fields of the S-76 rotor in ground effect and out ground 

effect are compared. The influence and mechanisms of ground effect on rotor aerodynamic characteristics are 

analyzed in detail. Results show that the ground effect causes a strong upwash flow in the inboard region of 

the blade and compresses the tip vortices, result in a significant increase in thrust at the blade root and a slight 

decrease in thrust at the blade tip, respectively. 
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1. General Introduction 

Hovering in ground effect (IGE) is a crucial flight mode for helicopters, including military and rescue 

helicopters. Due to the ground blockage, the tip vortices are compressed and expand outward, 

making the flow field more complex than that of out ground effect (OGE). This significantly alters the 

rotor air loads, affecting the aerodynamic performance and control stability of helicopters. 

Many studies have investigated the influence of ground effect on rotor aerodynamic performance 

using experimental and theoretical analyses. In term of experiments, early experimental studies 

primarily focused on measuring rotor thrust and shaft power during hovering close to the ground [1]-

[3]. These studies found that ground effect can effectively reduce shaft power and improve hovering 

efficiency. With the development of flow visualization technology, methods such as smoke flow [4], 

wide-field shadowgraph [5], and particle image velocimetry (PIV) [6] were utilized to measure the 

geometric shape of rotor tip vortices and analyze their evolution in ground effect. In term of theory, 

various aerodynamic models for ground effect were established in the early stages. Betz et al. [7] 

established a mirror method for modeling ground effect through momentum source theory, 

embodying the ground boundary conditions by using mirror sources. In addition, vortex theory [8], 

free wake theory [9], jet theory [10], and other methods were applied in the analysis of rotor 

aerodynamics in ground effect. However, these methods require extensive experimental data to 

obtain correction factors for the models. The applicability of theoretical methods is limited when 

solving the complex rotor flow fields and conducting detailed analyses of ground effect, making it 

challenging to apply them to various rotor configurations. 

Therefore, to predict the flow around the rotor in ground effect more accurately, flow simulations 

based on first principles are essential. Kutz et al. [11] solved the flow of a single rotor in ground effect 

using the Reynolds Average Navier-Stokes (RANS) equation and conducted a detailed study of the 
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geometrical positions of tip vortices and rotor thrust coefficients. The calculated results agreed well 

with experimental values. Liand et al. [12] developed a CFD solver based on the unstructured 

embedded grid technique aiming to simulate the flow of a rotor in ground effect and accurately 

analyze the influence of ground effect on rotor aerodynamic characteristics. Hwang et al. [13] studied 

the aerodynamic performance of the S-76 rotor in hover for both OGE and IGE using a flow solver 

with an unstructured mixed mesh. The calculations were performed for three different blade 

configurations, including swept-tapered, rectangular, and swept-tapered-anhedral tip shapes. 

In the present study, the CFD codes called PMNS3DR [14] with a structured dynamic overset grid 

system, developed by our research group, is utilized to simulate the viscous flow around the rotor in 

ground effect. To better resolve the flow characteristics and the wake structure, a novel high-order 

scheme [15] (WENO-K) proposed by our research group is utilized for spatial discretization. The flow 

field and aerodynamic characteristics of the S-76 rotor with swept-tapered tip shapes in hover are 

numerically investigated for both OGE and IGE. 

2. Numerical Methodology 

The PMNS3DR features a block-structured finite volume approach that utilizes a cell-centered grid 

metric. In the inertial coordinate system, the unsteady RANS equations in an integral form can be 

expressed as 

 vdV dS dS
t

  


+ • = •

  
W

H n H n  (1) 

Where W  is the vector of the conservative variables for mass, momentum, and energy equations. 

H represents the Cartesian velocity components, and n  is the outward normal vector on the control 

surface. 
vH  denotes the viscosity flux term. For spatial discretization, the viscous fluxes are 

discretized using a second-order central scheme, and the inviscid fluxes are approximated by the 

Roe flux difference splitting scheme [15], which features good robustness and high resolution. The 

reconstruction of the interface variables from cell averages is the key for a finite volume method to 

achieve approximately high-order accuracy. The codes employ a novel 5th-order WENO-K scheme 

based on nonlinear reconfiguration for the reconstruction. A full implicit dual-time stepping method 

with LU-SGS sub-iteration is adopted for time discretization. Local time-stepping, implicit residual 

smoothing and multigrid method are applied to accelerate the convergence of sub-iterations. 

2.1 5th WENO-K Scheme For Spatial Discretization 

Typical WENO schemes still suffer from excessive dissipation, which leads to severe dissipation of 

the rotor tip vortices and possible non-physical distortion. This paper introduces the 5th-order WENO-

K scheme with Gauss-Kriging reconstruction and an adaptively optimized hyper-parameter to 

reconstruct left and right state values within the Roe Riemann solver for updating the inviscid fluxes. 

Through theoretical analysis and standard arithmetic validation [16], it is demonstrated that the 

WENO-K scheme has higher intermittent resolution and lower numerical dissipation than the 

traditional WENO scheme, while requiring only a small amount of additional computation time. 

2.2 Structured Overset Grid System 

High-quality grids and appropriate treatment for overset boundaries contribute to preserving the 

accuracy of flow simulation [17]. The structured overset grid system consists of a Cartesian 

background grid and several body-fitted blade grids, as shown in Figure 1(a) and (b). The 

background grid can be refined according to different flight states to capture the evolution of the rotor 

wake, with a minimum grid spacing of 0.07c in the cross-stream direction of the vortex core (where 

c is the chord length of the airfoil). Figure 2 shows the C-H rotor blade grid, where the first gird space 

normal the wall is strictly controlled according to y plus. After establishing the overset relationship 

between the rotor blade grid and the background grid, flow field information is interpolated. The code 

uses multiple layers of artificial boundaries to ensure that the 5th-order reconstruction accuracy of 

the hole boundary and the artificial external boundary is not reduced. Regarding the setting of 

boundary conditions, the bottom surface of the background grid is designated as a non-slip wall 

boundary to simulate the effect of the ground, as illustrated in Figure 3. 
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(a)Topology of background 
grid and blade grids 

(b)Global view of background grid and blade grids 

Figure 1 – Computational grid system 

 

 

Figure 2 – C-H rotor blade grid 
Figure 3 – Boundary condition 

 

3. Results and Discussion 

3.1 Validation  

To verify the effectiveness of the code in simulating the flow around the rotor in ground effect, the 

Lynx tail rotor [18] hovering near the ground is selected as the validation case. The four-bladed Lynx 

tail rotor has a radius of 1.105m, with constant chord and untwisted blades, as shown in Figure 5. 

The sectional airfoil is NPL9615. 

 
 

(a) Tail rotor and ground plane installation [18] （b）Lynx tail rotor model  

Figure 5 – Lynx tail rotor experiment and computational model 

The Lynx tail rotor operates at the following conditions: tip Mach number Matip=0.56, Reynolds 

number Re=2.35×106, and total pitch angle 15°. The dynamic overset grid system consists of a 

background grid and four body-fitted blade grids. The size of the background grid is 241×145×241 

and the size of the rotor grid is 161×41×161. The total grid number is about 12.87 million, the grid is 

shown in Figure 7. The height above ground is calculated at 4R, 2R, 1R, 0.52R, and 0.25R 

respectively, as shown in Figure 6.  

Blade

Ground

Far field 



NUMERICAL INVESTIGATION ON AERODYNAMIC PERFORMANCE OF HOVERING ROTOR IN GROUND EFFECT 
 

4  

 

Figure 6 –Lynx tail rotor at different height above ground 

 
(a) Global view of overset grids 

 
(b) The blade sectional grid 

Figure 7 – Computational grid system of Lynx tail rotor 

Figure 8 shows the thrust related to the thrust out ground effect at different non-dimensional rotor-

ground distance (h/R), compared with experimental values and the Cheeseman empirical formula 

[19]. As shown in the figure, the thrust increasement decreases as the height above ground, and the 

calculated data are in good agreement with the experimental data. Figure 8 also shows that when 

the h/R is greater than 2, the ground has little influence on the rotor thrust, and the thrust related to 

the thrust out ground effect is close to 1, which is consistent with the actual physical situation. The 

increase in rotor thrust is an important feature when a helicopter is in hover near the ground. 

 
Figure 8 – Thrust prediction of Lynx tail rotor is in good agreement with the experimental data [18] 

The tip vortices geometry position of the Lynx tail rotor at h/R=0.52 is shown in Figure 9, where “r” 

represents the radial position of the tip vortex and “y” represents the axial position of the tip vortex. 

This figure illustrates the significant influence of the ground on the tip vortex geometry. When the 

rotor is close to the ground, the axial distance of the tip vortex is greatly compressed, and the radial 

geometry of the tip vortex expands rapidly after a short contraction.  
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Figure 9 – The prediction of the Lynx tail rotor’s tip vortex geometry of is in good agreement with the 

experimental data [18] 
(h/R=0.52, left: radial position, right: vertical position) 

3.2  S-76 Rotor Hover in Ground Effect 

To investigate the ground effect on the helicopter rotor, the flow around the S-76 helicopter rotor [20] 

in hover is simulated in both IGE (h/R=0.75) and OGE. The model of the four-bladed S-76 rotor has 

a -10o linear twist and a solidity of 0.07043, as a 1/4.71 scale model. Each blade has a radius of 

56.04 inches, a chord of 3.1296inches (aspect ratio 18.1), and uses the SC1013R8, SC1095 and 

SC1094 R8 airfoils. The tip section is swept by 35 degrees at 0.95R. The S-76 rotor geometrical 

shape is shown in Fig.10. The computational mode is shown in Figure 11. 

 
Figure 10 – The geometrical shape of the S-76 rotor blade [21] 

Figure 12 shows the computational grid system of the S-76 rotor with a total number of 23.12 million 

grid cells. The bottom surface of the background grid is designated as a non-slip wall boundary 

except OGE condition. 10 revolutions of unsteady simulation are conducted, with each revolution of 

rotation is divided into 180 physical time steps ( oΔψ= 2 ) with 25 sub-iterations for each time step. 

For both IGE and OGE, the tip Mach number (Mtip) is set as 0.65, and the pitch angle (𝜃) is 9 degrees. 

 
 

 

Figure 11 – S-76 rotor 
model 

(a) Global view of background blade 

and blade grids 
(b) blade grids of S-76 rotor 

Figure 12 – Computational grid system of S-76 rotor 

GroundGround

SC1094R8SC1013R8 SC1095
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Figure 13 shows that the sectional pressure distribution is significantly affected by ground effect in 

the inboard region of the blade, and the pressure distribution area in ground effect is larger than that 

of out ground effect. At r/R=0.9, the pressure distribution between IGE and OGE is closer. Near the 

tip position with r/R=0.975, the pressure recovery in the case of OGE is slower. It is resulted by a 

flow separation on the upper surface of the airfoil as shown in Figure 14. This is different from the 

pressure distribution in the case of IGE. It indicates that ground effect slows down the separation at 

the blade tip of the S-76 rotor. 

   
(a) r/R=0.3 (b) r/R=0.9 (c) r/R=0.975 

Figure 13 – The chordwise pressure distributions between IGE and OGE of the S-76 rotor at three 
spanwise stations 

 

 

 

 

 
(a) OGE (b) IGE 

Figure 14 – The sectional pressure contours and streamline patterns for both OGE and IGE at 
r/R=0.975 

As shown in Figure 15, there is a significant separation in the swept-tapered part of the blade, The 

comparison between OGE and IGE shows that ground effect weakens the separation and reduces 

the area of the separation region. In Figure 16, the sectional thrust coefficient in the inboard region 

of the blade is significantly increased by ground effect, but this effect gradually weakens along the 

spanwise direction. At the blade tip, influenced by the high induced velocity of the tip vortex, the 

sectional thrust coefficients decrease in both case of OGE and IGE, resulting in a “spoon-shaped” 

distribution. However, the sectional thrust coefficient in ground effect here is slightly lower than the 

case of OGE. 
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(a) OGE 

 

(b) IGE 

Figure 15 – The pressure contours and streamline patterns on the upper surface of the S-76 rotor 
between OGE and IGE  

 
Figure 16 – The blade sectional thrust distributions along the spanwise direction  

between IGE and OGE 

To further study the tip vortex and flow field affected by ground effect, the flow around the rotor is 

analyzed. Figure 17 shows that there is a strong upwash flow and circulation flow at the root of the 

blade under the blockage of the ground. This upwash flow increases the effective angle of attack in 

the inboard region of the blade, resulting in an increase in thrust. Additionally, the tip vortex generates 

high induced inflow at the tip region, and its downwash reduces the sectional thrust at the 

corresponding position, which is the main reason for the “spoon-shaped” sectional thrust distributions 

at the blade tip, as shown in Figure 18. In the case of IGE, the tip vortex of the rotor spreads outwards 

near the ground, and the streamlines become parallel to the ground.  

In Figure 18, the wake structure of tip vortices and vortex sheets captured by 5th-order WENO-K 

scheme are very clear for both OGE and IGE. In the case of OGE, the tip vortices transport downward 

and gradually contract in the radius direction. However, in the case of IGE, the radial geometry of 

the tip vortex contracts for a short period, and then expands rapidly, eventually spreading outward 

along the ground plane. Near the ground, the tip vortices move downward along the shaft axis of 

rotor at a slower rate and the axial spacing of the tip vortices is smaller. The compressed tip vortices 

lead to a more significant downwash at the tip region, resulting in slightly lower sectional thrust, 

coefficients compared to that of OGE. 

0.55R

0.55R

r/R

s
e

c
ti

o
n

a
l
th

u
rs

t
(C

t)

0.2 0.4 0.6 0.8 1

0.5

1

1.5

OGE

IGE



NUMERICAL INVESTIGATION ON AERODYNAMIC PERFORMANCE OF HOVERING ROTOR IN GROUND EFFECT 
 

8  

  

（a）OGE （a）OGE 

  

（b）IGE （b）IGE 

Figure 17 – The field streamlines and y-
directional velocity contours between IGE and 
OGE at rotor vertical cutting plane 

Figure 18 – The vorticity contours between IGE 
and OGE at the rotor vertical cutting plane. 

4. Conclusion 

In the present study, the unsteady flow around a rotor in hover state is numerically simulated using 

a novel 5th-orderWENO-K scheme. First, the flow of the Lynx tail rotor hovering near the ground is 

simulated to verify the method, and its thrust performance and the position of tip vortices show good 

agreement with the experimental data. Then, the flow of the S-76 rotor in both OGE and IGE is 

investigated. By comparing the rotor aerodynamic forces and flow field between OGE and IGE, the 

influence on aerodynamic characteristics and mechanisms of the rotor flow field in ground effect are 

concluded as follows:  

(1) The ground effect increases the rotor thrust coefficient. The sectional thrust increasement 

gradually decreases from the blade root to the tip, and the sectional thrust in the case of IGE is 

slightly lower than that of OGE at the blade tip. 

(2) Due to the blockage of the ground, there is a strong upwash flow and circulation flow at the root 

of the blade. This increases the blade effective angle of attack, leading to an increase in thrust. 

(3) In the case of IGE, the tip vortices expand rapidly after a brief contraction and move downward 

slowly near the ground. The compressed tip vortices cause a more significant downwash, resulting 

in a slight lower thrust at the blade tip and smaller the flow separation. 
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