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Abstract: In urban settings, buildings create complex turbulent conditions, affecting helicopter flight
performance during missions and increasing safety risks during takeoff and landing. A numerical
study on rotor–building coupled flow field is carried out to address rotor aerodynamic performance
under building interferences in natural atmospheric conditions. A high-fidelity atmospheric boundary
layer (ABL) model described by an exponential law is established herein. The solution of the coupled
flow field is based on the Reynolds-averaged Navier–Stokes (RANS) equations, with the rotor’s
rotation achieved through the overset grid method. Based on the dominant wind features, the
building flow field is distributed into four regions, where the updraft along the headwind side
impacts the rotor, bringing about a 76% increase in pitching moment. On the lateral side of the
building, distorted rotor wake squeezed upward into the rotor disk, leading to severe blade–vortex
interaction (BVI). During low-altitude hovering over rooftops, the mixing of building shed vortices
with forward flow wakes causes the formation of a circulation region on the rotor’s windward side,
resulting in a thrust loss of approximately 7.8%. Meanwhile, the flow environment on the leeward
side of the buildings is more stable. Therefore, it is recommended that helicopters adopt a headwind
approach during rooftop operations. However, an 11.4% loss in the average hover figure of merit is
observed due to consistent thrust losses caused by the recirculation region.

Keywords: CFD; atmospheric boundary layer; overset grid; wake of building; rotor

1. Introduction

Helicopters possess the capabilities of vertical flight and hover, which makes them
suitable for takeoff and landing on narrow platforms on building rooftops, and they are
widely used in urban firefighting, medical rescue, and post-disaster material transport.
However, in urban areas, numerous buildings are prone to the formation of complex
turbulence, such as vortices and downdrafts [1]. When helicopters carry out missions
in urban areas, their flight performance deteriorates significantly due to the influence of
building wakes, making the safety issues more pronounced [2].

The flow of outdoor winds around buildings generally falls into the category of low-
speed turbulence. Traditional methods in wind engineering research used for capturing
large-scale flow characteristics around buildings mainly involve on-site measurements
and scaled wind tunnel tests [3–5]. Regarding numerical simulations, Agrawal [6] and
Tominaga [7,8] have conducted studies on the flow fields around isolated buildings and
downstream pollutant dispersion characteristics using the URANS method. Melaku [9],
Ding [10], and Liu [11] utilized the LES model to study the primary wind flow features of
buildings in urban areas. Due to the higher complexity and computational cost associated
with LES, RANS is still widely applied in research and engineering practices [12]. Further-
more, research [13] has analyzed the applicability of turbulence models by comparing wind
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pressure and velocity distributions to ensure the accuracy of reverse pressure gradient
flow calculations.

In the case of mutual interference between helicopters and environmental flow fields,
the large-scale motion of the rotor worsens the complexity of the flow. To accurately
determine the rotor loads, higher demands are placed on solving the boundary layer flow
around the blades. The GARTUER [14–16] conducted a series of experiments under the
Action Group (HC/AG-22), with a prior focus on the interference between helicopters and
obstacles. Some of the noteworthy studies available in the literature include the impact of
enclosed area geometry and relative positions on rotor downwash and loads. Based on
experimental data, researchers have evaluated various methods, including the free wake
method, vortex methods, and grid-based methods. Quinliven [17] analyzed the distribution
of rotor downwash in the wake of large building structures using the blade element vortex
method (BEV) based on flow superposition. Schmid [18] conducted an analysis of rotor
load under obstacle interference, using the UPM method based on potential flow equations.
These methods employed symmetric boundaries and did not consider viscous effects.
Tan [19] developed a coupled viscous boundary vortex particle method to predict the flow
field of rotors near ground obstacles. In addition to that, Polsky [20] and Paul [21] simulated
various helicopter hovering and forward flight conditions under obstacle interference using
the N-S equations and the virtual disk method, demonstrating complex phenomena arising
from flow interactions. By employing the established numerical simulation methods,
researchers have analyzed helicopter flight safety issues in urban environments. Giulia [14]
noted that significant interference occurs between the rotor and buildings only when
the distance is within 3R under free flow conditions. Adam Dziubinski [22] focused on
oscillations in helipad static pressure and pedestrian safety.

To replicate the coupled flow field characteristics in real environments, many scholars
have emphasized the importance of considering atmospheric effects. Forrest [23] and
Watson [24] have introduced steady ABL into dynamic flow field studies of ships. Regis [25]
has generated unsteady ABL by using grid systems with different resolutions upstream.
However, this method struggles to ensure the similarity of velocity profiles. As of yet,
research on rotor–building interference flow fields has mostly focused on the blocking effect
of scaled building walls on rotor flow fields or used simple constant velocities as wind input,
which subsequently fails to accurately reflect the unsteady disturbances caused by large
building turbulence in the real atmospheric environment on helicopter rotor, and systematic
studies on the impact of disturbances on rotor performance have not been conducted.

This article establishes a numerical simulation method suitable for analyzing the
coupled flow field of rotor–building interactions. An exponential law velocity profile
is employed herein to describe a steady ABL. Simulations were conducted on isolated
buildings, isolated rotors, and rotor–building coupled flow fields under atmospheric
boundary conditions. At the start, the velocity field, vorticity, and turbulent kinetic energy
distribution around isolated buildings were analyzed. Key regions threatening rotor safety
were identified based on flow disturbance characteristics. Subsequently, transient flow field
velocity distributions, coupled vortex structures, and rotor load characteristics during rotor–
building interference were studied. Finally, rotor aerodynamic performance at different
interference positions was analyzed, and path planning recommendations for landings and
takeoffs on the roof of the building are provided.

2. Numerical Methods
2.1. CFD Solver

The simulation of rotor–building coupled flow field was performed utilizing the STAR-
CCM+ solver, with the three-dimensional RANS equations employed as the governing
equations. The expressions in the inertial coordinate system are represented as follows:

∂

∂t

y

V

WdV +
{

S

(F − FV)·ndS = β
y

V

RdV (1)



Aerospace 2024, 11, 521 3 of 23

where W represents the conserved variables, F and FV denote the convective flux and
viscous flux, R is the source term, and n is the outward normal vector. β is the logical
variable for rotor model. V and S are the volume of grid and the area of grid surface.
The MUSCL interpolation method with second-order spatial accuracy is employed herein
for data reconstruction in the flow field, while the Roe scheme is utilized to compute
the convective fluxes on the grid surfaces. The time advancement was carried out using
the implicit LU-SGS scheme. In simulating the flow field disturbances caused by urban
buildings and rotors, the coupled solution of the flow around large building obstacles and
the shear flow on the rotor surfaces was addressed. Subsequent sections will address the
accuracy analysis of the Realizable k − ε two-layer model [26], the k − ω SST model, and
the Spalart–Allmaras turbulence model.

2.2. Atmospheric Boundary Layer

The similarity in the characteristics of the incoming flow employed in simulations
with natural flow fields is of paramount importance. Within the atmospheric boundary
layer, the average wind speed is influenced by surface friction and atmospheric stability,
with wind speed increasing with height. The variation in mean wind speed is described by
an exponential law, mathematically expressed as follows [27]:

U(z) = U0(
Z
Z0

)
α

(2)

where Z0 represents the standard reference height, generally taken as 10 m; U0 represents
the mean wind speed at the standard reference height, and the value is selected based on
the Beaufort wind scale. Z and U(z) denote any height being considered for study and
the mean wind velocity at that height. α is the surface roughness index, and this value is
often predetermined depending on the nature of the landscape (trees, urban environment,
etc.) [25].

In turbulent wind fields, random vortex structures and energy dissipation occur. To
characterize the intensity of turbulent motion and the conversion process of turbulent
energy, the turbulence kinetic energy and the turbulence dissipation rate of the incoming
flow are specified. The turbulence kinetic energy k is defined as follows:

k = 1.5(UI)2 (3)

Here, I denotes the turbulence intensity, with values as follows:

I =


I0

0.1
(

Z
ZC

)−β

0.1

,
Z ≤ Zb
Zb < Z < ZC
ZC < Z

(4)

For the wind field around tall buildings, the values are as follows: I0 = 0.31, β = 0.5,
Zb = 5 m, ZC = 450 m.

The turbulence dissipation rate ε is defined as follows:

ε = 0.090.75 k1.5

l
(5)

Here, l represents the turbulent scale:

l =
(

Z
30

)0.5
(6)

The atmospheric boundary layer (ABL) is utilized as the inflow at the velocity inlet
boundary, whereas a pressure outlet is applied at the outflow boundary. Symmetry condi-
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tions are imposed on the top and sides of the computational domain, and the surfaces of
buildings and the ground are modeled as no-slip walls.

2.3. Physical Model and Mesh

A full-scale building model (L0 ×W0 × H0) was established with dimensions of 30.48 m
(length), 45.72 m (width), and 91.44 m (height). The size of the domain affects the solution
time and the accuracy of the results [28,29]. Here, the size of the domain was 1400 m (x) ×
1000 m (y) × 300 m (z), where x, y, and z represent the streamwise, crosswind, and vertical
directions, respectively. The surrounding terrain conditions were characterized as D-type
(which refers to urban areas with dense buildings in Chinese standard [30], and its value
was set as α = 0.3). A model rotor based on the SA365N helicopter [31] was developed,
featuring a 4-blade configuration with a diameter of 11.93 m, blade chord length of 0.385 m,
linear twist of −10◦, and a sweep distribution from 0.98R to the blade tip. Further details
on the parameters are provided in Table 1.

Table 1. Model parameters.

Building

Parameters Value

L0 × W0 × H0 30.48 m × 45.72 m × 91.44 m
Landform D-type
Domain 1400 m × 1000 m × 300 m

Rotor

Parameters Value

Number of blades 4
Diameter/m 11.93

Chord/m 0.385
Twist of blade/deg −10 (linear)
rotational direction clockwise

Airfoil
OA212, from 0.2R to 0.73R

Linear tapering from 0.73R (OA212) to 0.88R (OA209)
Linear tapering from 0.88R (OA209) to R (OA207)

Tip shape 45◦ swept leading edge from 0.98R

Utilizing the overset grid method, the large-scale rotational motion of the rotor is
achieved, employing a grid system comprising four C-H-type blade grids and one back-
ground grid. The blade grids are structured with a grid point count of 131 × 90 × 170
(corresponding to the streamwise, normal, and spanwise directions, respectively). The
height of the first grid layer near the blade surface is set to 5 × 10−5c (c being the blade’s
chord length) to capture the flow characteristics near the blade tip, and the region from
0.8R (R being the blade’s radius) to the blade tip is refined to an approximate value of 0.02c.
Within the background domain, the finest grid scale for capturing the rotor wake is 0.1c,
and it gradually transitions to the outer zone. The grid system configuration is illustrated
in Figure 1.

In the building wake, complex flow separation and reattachment phenomena appear.
To accurately capture the wind field characteristics in the vicinity of the building wake and
rotor coupling region, the grid scale of the building surface and wake region is discussed.
Taking the building height H0 as the base value, the building surface grid scale was defined
as ∆x1, while the grid scale in the wake region of the building was ∆x2. Four sets of
grid sizes were established: M1: ∆x1 = 0.005H0, ∆x2 = 0.02H0; M2: ∆x1 = 0.0025H0,
∆x2 = 0.015H0; M3: ∆x1 = 0.02H0, ∆x2 = 0.02H0; M4: ∆x1 = 0.005H0, ∆x2 = 0.04H0.
The building is surrounded by 8 layers of orthogonal prismatic cells with a growth rate of
1.2 and a total thickness of 0.5 m, where the first layer of the grid has a height of approxi-
mately 0.02 m. Figure 2 shows the velocity distribution on the roof of the building under
different grid systems. The cases of M1 and M2 exhibit similar wind field characteristics,
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demonstrating good grid independence characteristics. M3 shows that the grid scale of
the building surface has less influence on the spatial velocity distribution, and for the
case of M4, strong recirculation of the flow is observed in the wake region, resulting in a
distortion in wind velocity captured. Meanwhile, the grid was configured according to the
M1 parameters for the simulation of the building/rotor coupled flow field.
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To ensure the complete development of the building’s wind field, the flow field was
initialized using the steady RANS method. The iteration step was set to 1000, with a
residual of less than 10e−5. Once the velocity distribution of the flow field stabilizes, the
unsteady RANS method is employed to perform the rotor–building coupled flow field
calculations. The accuracy of the steady and unsteady RANS methods will be analyzed
in the following validation section. For the unsteady computational requirements of the
rotor, the physical time step was the time taken for each 1-degree rotation of the blade, and
the number of sub-iterations within each timestep was 5. The unsteady solution time was
13 revolutions, corresponding to approximately 2.3 s. During the discussion of the results,
the final transient flow field is shown and the rotor load data for the last revolution is used.

3. Validation

In the absence of experimental data for the coupled rotor–building flow field, valida-
tion was conducted using cases of flow around an isolated building and rotor–obstacle
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interference experiments. The computational results are compared with the corresponding
experimental values for validation purposes.

3.1. Validation of Building Flow Field

The Architectural Institute of Japan [32] carried out a high-rise building model flow
field measurement test with a cubical building model with dimensions of 80 mm × 80 mm ×
160 mm. The wind tunnel entrance had a uniform inflow velocity of 6.75 m/s, resulting in a
Reynolds number of 2.4× 104. The spikes and roughness elements were placed upstream to
simulate atmospheric turbulence. Following the exponent law atmospheric boundary layer,
the average wind profile generated by turbulent winds was characterized by U0 = 7.5 m/s,
Z0 = 1 m, α = 0.239. The geometry was made non-dimensional by utilizing the reference
length b = 80 mm. Figure 3 illustrates the wind velocity distribution. The established
simulation method can capture the spatial distribution of the flow around the building, and
both the steady and unsteady RANS methods effectively reflect the velocity distribution
within 3-times the height of the building, which guarantees the feasibility of first initializing
the flow field through the steady RANS in the following coupled flow field calculation.
Figure 4 compares the results of different turbulence models depicting the S-A model to
overestimate the turbulent kinetic energy at separation points, leading to an increase in
wind velocity in the wake recirculation region and an underestimation of far-field wake
velocities. Meanwhile, the k − w SST and Realizable k − ε models exhibit good agreement
with experimental values. Therefore, the Realizable k − ε two-layer model is employed
herein for calculations in the subsequent sections.
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3.2. Validation in Rotor–Obstacle Interference Flow Field

Validation of rotor–obstacle interference case [33] was carried out, utilizing a model
rotor with a radius of 0.5 m and chord length of 0.053 m, with four rectangular blades with
zero twist and NACA0012 airfoil cross-section. The blades were fixed at a collective angle
of 8◦, rotating at a velocity of 1200 RPM. The obstacle was a cube with dimensions of 1.0 m
in length, width, and height. Figure 5 illustrates the geometric model and the results of
the flow field, with the induced velocity probe line positioned 4 cm above the rotor. Hub
effects were neglected during the present simulations, resulting in significant discrepancies
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between calculated and experimental values within 0.2R from the hub. However, at other
spanwise locations, the obtained results produced a good agreement with the available
experimental data, accurately reflecting the variations in inflow velocity due to the presence
of the obstacle. Therefore, the established numerical simulation method proves to be
suitable for flow field calculations under rotor–obstacle interference conditions.
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4. Results

The investigation of the interference characteristics of rotor–building coupled flow
field under atmospheric boundary conditions was carried out step-wise in the present
study. At first, the analysis was conducted for the key parameters and characteristics to
study the flow field disturbance generated around an isolated building, followed by a
study of transient flow around different locations, vortex structure characteristics, and
time-averaged load characteristics of the rotor in various key regions.

4.1. Isolated Building Flow Field

The flow field structure around an isolated building was studied by using the numeri-
cal model established above. The velocity at the reference height was U0 = 6.5 m/s, and the
wind direction angle was 0 degree. Figure 6 depicts the streamlines on the planes y = 0 and
z = 1H0. It is noteworthy that a stratification phenomenon generated by the atmospheric
boundary layer is clearly visible in the far upstream region of the building. Approximately
2/3H0 above the headwind face of the building, a stagnation point is observed, from which
the airflow radially diffuses outward. Below this point, the airflow descends along the
wall towards the ground, creating a counter-flowing pattern. Another portion ascends
and passes over the roof, leading to flow separation and the formation of a shear layer,
generating a recirculation zone at the upper part of the roof and the leeward face.
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Figure 6. Isolated building wind field velocity and streamline distribution: (a) longitudinal velocity;
(b) vertical velocity.

In particular, Figure 7 displays the vertical and longitudinal velocities at different
detection lines on the roof of the building, with the location of the detection lines first given
schematically. During the process from the headwind position to the upper roof, the vertical
velocity experiences a sudden increase, followed by a descent and eventual stabilization,
while the streamwise velocity sharply drops upon encountering the inflow boundary.
Notably, at the eave of the headwind side, the maximum velocity of the upward airflow
reaches 75.2% of the incoming flow. At higher positions above the roof, as the airflow enters
the free shear layer, the changes in all velocity components become more gradual.
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Figure 7. Velocity distribution at different heights on the roof: (a) velocity distribution at the plane
y = 0; (b) velocity distribution at the plane x = 0.

The Q-criterion isosurface of the isolated building is demonstrated in Figure 8, showing
that the airflow around the building experiences separation at the roof due to the wall’s
blockage effect and develops vertical vortices on both sides of the building. Moreover, a
fixed vortex similar to a secondary flow at the base of the building subsequently splits into
two horseshoe vortices flowing towards the sides of the structure. Turbulence intensity
can partially reflect the standard deviation of vertical velocities in the flow field. Figure 9
illustrates the distribution of turbulence kinetic energy in the plane y = 0. Since turbulence
kinetic energy reflects the variance characteristics of the velocity, it can be seen that within
2H0 downstream of the roof height position, the airflow velocity pulsation is significant,
which may cause unsteady disturbances when acting on the helicopter.
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Further investigation into the flow field characteristics around an isolated building
under different incoming wind velocity was conducted, categorized according to a meteo-
rological wind velocity of 3.4 m/s ≤ U0 ≤ 17.1 m/s (from level 3 to level 7 of Beaufort),
with a wind direction angle of 0 degrees. Figure 10 illustrates the flow velocity distribution
around the isolated building, where detection lines x/H0 = 1.0, 2.0, 3.0, 4.0 are sequentially
taken along the streamwise direction on the plane y = 0. In Figure 10a, the streamwise
distribution at the detection line reveals consistent features of the building wake under
various incoming flow conditions. Velocities gradually approach zero due to viscous effects
near the ground, with the return flow velocity increasing with height, and following a
logarithmic profile development above 1.75H0 height as it interacts with the free shear
layer. The flow velocity gradually recovers as the airflow moves away from the building.
Figure 10c presents the vertical velocity distribution along the streamwise detection line
x/H0 = −0.25, 0.0, 1.0 on the plane h = H0, where the updraft and downdraft velocity
magnitudes are positively correlated with the incoming flow velocity. After normalizing
the wind velocities by undisturbed incoming velocities at the corresponding heights, it was
found that with increasing incoming flow velocity, the dimensionless velocity distributions
across all monitoring profiles are nearly identical. This indicates that the flow field enters a
self-similar region of Reynolds number, where inertial forces dominate, maintaining the
stability of the flow field structure. Due to this characteristic, obtaining the flow field veloc-
ity distribution at a specific relative incoming flow velocity allows for the derivation of the
wake static velocity field characteristics at another wind velocity scenario through scaling
transformations. This helps to study the flow disturbance characteristics of helicopters in a
steady flow environment.

4.2. Rotor–Building Coupled Flow Field

Since the wind velocity is much slower than the rotational velocity of the rotor, current
research on rotor/building coupled flow analysis puts its major focus on the changes
introduced in the wind due to changes in the position of the rotor. According to the analysis
in the previous section related to the complex flow state of vertical wind, lateral wind, and
building-induced flow interference, the key influence region formed by the flow blockage
effect of the building is divided into four regions: the headwind region of the building (H-
region), the roof of the building (T-region), the downwind region of the building (D-region),
and the side of the building (S-region). The rotor position is represented by 18 discrete
points, and in the calculation, considering the height of the fuselage HFul . The heights of
the discrete points in the T area from the roof are 4 m (HFul), 10 m (HFul + R), and 16 m
(HFul + 2R), and the discrete points in the H, D, and S areas are 10 m (HFul + R) from the
roof. The division of the wind influence area and the spatial position of the rotor discrete
points are shown in Figure 11.

The rotor is in a hovering condition with 350 RPM, the collective is 10 degree, and the
building model and wind field conditions are the same as aforementioned in Section 2.3.
Figure 12 shows the Q-criterion isosurface of the tip vortex for both windless and ABL con-
ditions during isolated rotor hovering, with the isosurface colored by vorticity magnitude
(legend as VORTEX). In the absence of wind, the tip vortex continuously sheds during
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the periodic motion of the rotor, forming a stable and regular helical structure of wake. In
the ABL interference, with a wind velocity of 12.9 m/s at the rotor location, similar to a
low-velocity forward flight condition with a similar advance ratio µ = 0.06, the upwind
wake enters the rotor disk. This results in varying degrees of blade vortex interference
(BVI) occurring within the 90◦ to 270◦ azimuth range of the rotor, with more severe effects
observed on the advancing side.
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Figure 12. Q-criterion isosurface of isolated rotor: (a) windless; (b) ABL.

When the rotor is positioned at the top of a building, it encounters both building-
induced flow interference and roof ground effect. Figure 13 illustrates the velocity and
streamlines distribution in the flow field at different heights in the T-region around the
rotor. When ∆z = 0R (∆z denotes the vertical distance from the bottom of the fuselage to
the roof of the building), where the rotor is within the recirculation boundary, the wake
structure remains approximately symmetrical at small vortex age angles. As the downwash
flow approaches the wall surface, an unsteady wall jet appears on the rooftop. As the rotor
ascends, the rotor enters the free shear layer of the wind field, causing the wake to tilt
downwind, resembling a low-velocity forward flight condition similar to the ground effect.
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Figure 14 displays the isosurfaces of vorticity around the rotor at different positions
in the T-region. When the rotor is positioned above the rooftop, ring vortices form on
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either side of the rotor, which then expand and diffuse as they approach the wall surface.
The forward-flowing wake vortices interact and couple with the shed vortices from the
building, rolling upward to form larger coupled vortex structures. There is a tendency
for the coupled vortices on the advancing side to enter the rotor disk again, leading to
a circulation phenomenon that can induce sudden changes in pitching moments. At the
rotor root, some of the shed vortices reach the ground as the flow progresses, gradually
approaching the region where the shed vortices from the rotor tip interact. These vortical
structures, hindered by the ground, can lift the rotor tip vortices at certain moments,
causing the flow field on the leeward side to undergo vortex–vortex interactions and
become more complex.
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To analyze the time-averaged characteristics of rotor performance in the T-region,
Figure 15 compares the rotor thrust and power at different hover positions under windless
and ABL cases. At a 0 m/s incoming flow, as the hover height decreases, the benefit of the
ground effect increases, leading to a gradual increase in thrust. However, in the presence
of building-induced flow disturbances, the rotor experiences a 7.8% loss in thrust when
hovering at low altitude due to the influence of circulations. As the hover height increases,
the rotor transitions from the recirculation region to the free shear layer, where the increased
inflow velocity compensates for the loss of benefit from the ground effect caused by the
height variation. At the position ∆z = 1.0R, a combination of the free shear layer inflow
and ground effect gain results in a peak thrust, surpassing the windless state by 10.4%.
With a further increase in height, the ground effect weakens, leading to a decrease in the
wind entering the rotor from above. This results in no significant change in thrust but a
reduction in power consumption after the combination of effects.

Figure 16 demonstrates the flow field when the rotor is located at the headwind side
of the building. When the rotor is positioned significantly forward of the rooftop, the rotor
disk is primarily present within the free shear layer. The downwash flow is blocked by
the building, accelerating the upwash airflow on the headwind side and increasing the
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strength of the shedding vortices from the building. When the rotor is positioned above the
headwind side of the building, the rotor disk is present at the boundary between the free
shear layer and the recirculation region. The headwind side experiences a strong impact
from the upward airflow along the building front, leading to significant asymmetry in
the inflow that can affect the pitching moment, increasing the risk of rotor overturning.
Moreover, the rotor’s strong downwash flow obstructs the downwind flow of shedding
vortices on the windward side of the building, and the shedding vortices at the front edge
of the roof accumulate above the roof, creating a stagnation zone. On the other hand, the
downwash flow generates high-velocity flow across the entire rooftop, and the impact of
the airflow has the potential to cause injury to individuals or objects.

Aerospace 2024, 11, x FOR PEER REVIEW 14 of 23 
 

 

  
(c) (d) 

Figure 14. Q-criterion isosurface and vorticity magnitude of the coupled rotor–buildings flow field 
in the T-region: (a) Q-criterion isosurface at 0z RΔ = ; (b) Q-criterion isosurface at 1.0z RΔ = ; (c) 
vorticity magnitude at 0z RΔ = ; (d) vorticity magnitude at 1.0z RΔ = . 

To analyze the time-averaged characteristics of rotor performance in the T-region, 
Figure 15 compares the rotor thrust and power at different hover positions under windless 
and ABL cases. At a 0 m/s incoming flow, as the hover height decreases, the benefit of the 
ground effect increases, leading to a gradual increase in thrust. However, in the presence 
of building-induced flow disturbances, the rotor experiences a 7.8% loss in thrust when 
hovering at low altitude due to the influence of circulations. As the hover height increases, 
the rotor transitions from the recirculation region to the free shear layer, where the in-
creased inflow velocity compensates for the loss of benefit from the ground effect caused 
by the height variation. At the position 1.0z RΔ = , a combination of the free shear layer 
inflow and ground effect gain results in a peak thrust, surpassing the windless state by 
10.4%. With a further increase in height, the ground effect weakens, leading to a decrease 
in the wind entering the rotor from above. This results in no significant change in thrust 
but a reduction in power consumption after the combination of effects. 

  
(a) (b) 

Figure 15. Time-averaged characteristics of rotor performance in T-region: (a) thrust; (b) power. 

Figure 16 demonstrates the flow field when the rotor is located at the headwind side 
of the building. When the rotor is positioned significantly forward of the rooftop, the rotor 
disk is primarily present within the free shear layer. The downwash flow is blocked by 
the building, accelerating the upwash airflow on the headwind side and increasing the 
strength of the shedding vortices from the building. When the rotor is positioned above 
the headwind side of the building, the rotor disk is present at the boundary between the 
free shear layer and the recirculation region. The headwind side experiences a strong im-
pact from the upward airflow along the building front, leading to significant asymmetry 
in the inflow that can affect the pitching moment, increasing the risk of rotor overturning. 

Figure 15. Time-averaged characteristics of rotor performance in T-region: (a) thrust; (b) power.

Aerospace 2024, 11, x FOR PEER REVIEW 15 of 23 
 

 

Moreover, the rotor’s strong downwash flow obstructs the downwind flow of shedding 
vortices on the windward side of the building, and the shedding vortices at the front edge 
of the roof accumulate above the roof, creating a stagnation zone. On the other hand, the 
downwash flow generates high-velocity flow across the entire rooftop, and the impact of 
the airflow has the potential to cause injury to individuals or objects. 

    
(a) (b) 

    
(c) (d) 

Figure 16. Velocity and streamline distribution of the coupled rotor–buildings flow field in the H- 
region: (a) longitudinal velocity at x = −6.25R; (b) longitudinal velocity at x = −2.5R; (c) vertical ve-
locity at x = −6.25R; (d) vertical velocity at x = −2.5R. 

Figure 17 displays the vorticity isosurfaces when the rotor is positioned in the H-
region. When x = −6.75R, the wake tilts away from the wind, and the airflow moving along 
the sides of the building forms a barrier, blocking the free spreading of the rotor wake. As 
the rotor approaches the building, the upwash airflow mixes with the horizontally blow-
ing winds, and this mixed flow directs the blade tip vortices into the rotor, resulting in 
strong BVI in the 90° to 270° azimuth angles, causing severe load fluctuations and making 
the asymmetry of the rotor thrust distribution even worse. The downdraft and outward 
moving flow of the wake strongly impact the rooftop and merge with the shed vortices 
from the building, generating high negative pressure and rolling up vortices on the build-
ing surface. 

  
(a) (b) 

Figure 16. Velocity and streamline distribution of the coupled rotor–buildings flow field in the H-
region: (a) longitudinal velocity at x = −6.25R; (b) longitudinal velocity at x = −2.5R; (c) vertical
velocity at x = −6.25R; (d) vertical velocity at x = −2.5R.

Figure 17 displays the vorticity isosurfaces when the rotor is positioned in the H-
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the sides of the building forms a barrier, blocking the free spreading of the rotor wake.
As the rotor approaches the building, the upwash airflow mixes with the horizontally
blowing winds, and this mixed flow directs the blade tip vortices into the rotor, resulting
in strong BVI in the 90◦ to 270◦ azimuth angles, causing severe load fluctuations and
making the asymmetry of the rotor thrust distribution even worse. The downdraft and
outward moving flow of the wake strongly impact the rooftop and merge with the shed
vortices from the building, generating high negative pressure and rolling up vortices on
the building surface.
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When the rotor moves away from the building at the rear side, it enters inside the wake
region of the building (Region D). Here, the peak longitudinal and vertical wind velocities
are 15.5% and 10.9% of the incoming flow, respectively. As shown in Figure 18, the entire
rotor is located within the low-velocity recirculation region. At the point x = 2.5R, the rotor
on the headwind side experiences an increase in the ground effect and is simultaneously
subjected to the upwash effect from the ambient airflow, leading to thrust loss, which
to some extent diminishes the nose-up moment caused by the concentrated load on the
headwind side. When the distance between the rotor rotation center and the building
reaches 2R, the downwash flow becomes dominant, attracting the free shear flow outside
the recirculation region above the rotor.

Figure 19 shows the isosurface of the Q-criterion and the distribution of the vorticity
profiles for the rotor–building coupled flow field in Region D. When the rotor is posi-
tioned above the rear side of the building, the wake is irregularly blocked by the roof’s
band-shaped structure, causing the downwash flow on the headwind side of the rotor
to impact the roof. This results in a portion of the flow transitioning into high-velocity
forward movement while another part forms vortices on the leeward wall of the building,
compressing the root vortices of the rotor and the leeward wake, leading to the formation
of a flow stagnation region at the building corner. As the rotor moves further away from
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the building, the wake’s shape becomes similar to that during hover, with a decrease in
mutual flow interference in the flow field.
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Quantitative variations in the rotor thrust and drag during one full rotation of the
rotor are presented in Figure 20. In Region H, influenced by blade–vortex interaction (BVI),
the rotor thrust exhibits significant unsteady fluctuations, disturbing the load distribution
on the rotor and increasing drag. As the rotor enters Region D, having uniform velocity,
the fluctuations in rotor thrust are reduced. The flow recirculation effect of the building
causes the rotor drag to effectively point in the direction of the incoming flow.
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Further analysis was carried out on the interference characteristics of the rotor perfor-
mance during the rearward approach process, as depicted in Figure 21. As the helicopter
moves from Region D towards Region H, influenced by the headwind component of the air-
flow and experiencing the additional benefit of ground effect, the rotor thrust continuously
increases when passing over the roof. Due to the presence of a significant +Z-direction
airflow in the wake region, the rotor thrust decreases by 3.6% compared to the windless con-
dition, resulting in a 6.5% increase in power consumption and a significant 11.4% decrease
in average hover efficiency. As discussed earlier, an increase in the incoming flow velocity
leads to a corresponding increase in the recirculation velocity, bringing about substantial
power losses and potentially leading to a vortex ring state.

For the counterclockwise rotating rotor under consideration, during the process of
approaching the building from the rear to the headwind region, the asymmetric inflow
results in a continuous increase in the right roll moment. In the pitch direction, particular
attention is required as a sudden increase in the pitching moment occurs when passing over
the front side of the roof, with a magnitude increase of up to 76% compared to positions
further back. When flight tasks necessitate passing over the headwind side, the helicopter
must ascend to heights outside the upwash airflow influence region. Ultimately, during the
rearward approach process, the rotor lift-to-drag ratio and hover figure of merit gradually
increase, remaining in a state of thrust loss but in a relatively stable flow field environment.

Afterward, analysis was conducted on the coupled flow field interference character-
istics and rotor performance variations during the lateral approach process. Figure 22
illustrates the vorticity isosurfaces at different positions of the rotor near the building’s
side. On one hand, the rotor on the headwind side is influenced by the upwash airflow,
exhibiting the BVI phenomenon; on the other hand, from the top view, it can be observed
that the crosswind on the building side causes significant distortion of the wake. As the
age angle of the vortices increases, the wake undergoes radial contraction, leading to the
accumulation of root vortices beneath the rotor. Strong vortex–vortex interactions occur
within the radial space enclosed by the tip vortices, with some of the wake vortices being
pushed back into the rotor disk. This phenomenon is particularly pronounced at the 1R
position on the building side.
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Figure 21. Rotor performance at downwind discrete points: (a) thrust; (b) power; (c) rolling moment;
(d) pitch moment; (e) lift-to-drag; (f) figure of merit.

Figure 23 depicts the variations in rotor thrust and drag as the rotor completes one
revolution at different lateral approach positions. The significant load fluctuations at the
building side y = −5R and y = −6R positions clearly demonstrate the strong, unsteady
characteristics induced by blade–vortex interaction (BVI) interference. As the rotor contin-
ues to move towards the area above the roof, the oscillations in rotor drag tend to stabilize,
and throughout the entire lateral shift to the left side, the rotor drag gradually decreases.



Aerospace 2024, 11, 521 19 of 23

Aerospace 2024, 11, x FOR PEER REVIEW 19 of 23 
 

 

    
(e) (f) 

Figure 21. Rotor performance at downwind discrete points: (a) thrust; (b) power; (c) rolling moment; 
(d) pitch moment; (e) lift-to-drag; (f) figure of merit. 

Afterward, analysis was conducted on the coupled flow field interference character-
istics and rotor performance variations during the lateral approach process. Figure 22 il-
lustrates the vorticity isosurfaces at different positions of the rotor near the building’s side. 
On one hand, the rotor on the headwind side is influenced by the upwash airflow, exhib-
iting the BVI phenomenon; on the other hand, from the top view, it can be observed that 
the crosswind on the building side causes significant distortion of the wake. As the age 
angle of the vortices increases, the wake undergoes radial contraction, leading to the ac-
cumulation of root vortices beneath the rotor. Strong vortex–vortex interactions occur 
within the radial space enclosed by the tip vortices, with some of the wake vortices being 
pushed back into the rotor disk. This phenomenon is particularly pronounced at the 1R 
position on the building side. 

  
(a) (b) 

  
(c) (d) 

Aerospace 2024, 11, x FOR PEER REVIEW 20 of 23 
 

 

  
(e) (f) 

Figure 22. Q-criterion isosurface and vorticity magnitude of the coupled rotor–buildings flow field 
in the S-region: (a) Q-criterion isosurface at y = −4.0R; (b) Q-criterion isosurface at y = −5.0R; (c) main 
view of vorticity magnitude at y = −4.0R; (d) main view of vorticity magnitude at y = −5.0R; (e) side 
view of vorticity magnitude at y = −4.0R; (f) side view of vorticity magnitude at y = −5.0R. 

Figure 23 depicts the variations in rotor thrust and drag as the rotor completes one 
revolution at different lateral approach positions. The significant load fluctuations at the 
building side y = −5R and y = −6R positions clearly demonstrate the strong, unsteady char-
acteristics induced by blade–vortex interaction (BVI) interference. As the rotor continues 
to move towards the area above the roof, the oscillations in rotor drag tend to stabilize, 
and throughout the entire lateral shift to the left side, the rotor drag gradually decreases. 

  
(a) (b) 

Figure 23. Variation in rotor thrust and drag at crosswind discrete points: (a) thrust; (b) drag. 

Figure 24 depicts a further analysis of averaged rotor performance when it moves in 
the lateral direction. The figure shows that the variations in rotor thrust, rolling, and pitch-
ing moments are smooth with respect to y, and that unsteady characteristics of the inter-
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movement of the rotor. When the rotor passes over the sides of the building, an increase 
in thrust is accompanied by a sudden increment in the associated power consumption. 
Therefore, during the left-sided approach, the rotor experiences a combined effect of lat-
eral winds from the building side and wake suction in Region S, undergoing intense un-
steady disturbances. The lift-to-drag ratio and figure of merit decrease initially, and then 
increase, reaching a minimum when passing over the lateral eaves. 
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Figure 22. Q-criterion isosurface and vorticity magnitude of the coupled rotor–buildings flow field in
the S-region: (a) Q-criterion isosurface at y = −4.0R; (b) Q-criterion isosurface at y = −5.0R; (c) main
view of vorticity magnitude at y = −4.0R; (d) main view of vorticity magnitude at y = −5.0R; (e) side
view of vorticity magnitude at y = −4.0R; (f) side view of vorticity magnitude at y = −5.0R.
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Figure 24 depicts a further analysis of averaged rotor performance when it moves
in the lateral direction. The figure shows that the variations in rotor thrust, rolling, and
pitching moments are smooth with respect to y, and that unsteady characteristics of the
interaction between the flow field and building perimeter were not captured for the lateral
movement of the rotor. When the rotor passes over the sides of the building, an increase
in thrust is accompanied by a sudden increment in the associated power consumption.
Therefore, during the left-sided approach, the rotor experiences a combined effect of lateral
winds from the building side and wake suction in Region S, undergoing intense unsteady
disturbances. The lift-to-drag ratio and figure of merit decrease initially, and then increase,
reaching a minimum when passing over the lateral eaves.
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It is noteworthy that the fluctuations in the rotor thrust in the advancing and retreating
sides lead to a right-rolling moment. As the rotor approaches the rooftop from the left side,
entering the semi-ground effect region, the retreating side downwash first encounters the
ground. The ground effect gain partially increases the disruption in rotor load distribution
without causing a sudden change in the rolling moment. It can be inferred that when
approaching from the right side, the concentration of advancing side loads will be amplified
by the ground effect, posing a risk of lateral overturning.

5. Conclusions

This study has developed a numerical simulation method suitable for simulating the
coupled flow field of buildings and rotors under ABL. Research has been conducted through
the simulation of isolated buildings, isolated rotors, and rotor–building coupled flow fields
under the atmospheric boundary layer. This study focuses on building-induced velocity
distribution and coupled vortex structures, analyzing the transient and time-averaged
characteristics of rotors under flow field disturbances. The following conclusions have
been drawn:

1. The numerical simulation method based on the RANS equations established in this
study is suitable for calculating the coupled flow field disturbances between buildings
and rotors. The overset grid method effectively handles the large-scale motion of
rotors, while the Realizable k − ε model accurately captures the flow separation on
building surfaces and the shear flow around buildings, enabling the precise prediction
of rotor load variations under building disturbances.

2. Under atmospheric boundary conditions, extensive low-velocity vortex regions are
observed at the rooftop, building sides, and in the wake region, with significant flow
separation within two times the height of the building downstream of the rooftop
position. On the Beaufort wind scale of 3–7, the building flow field operates within a
self-similar Reynolds number region, where normalized flow velocities remain mostly
constant. This characteristic provides a convenient approach for studying the safe
flight envelope of helicopters around buildings.

3. During low-altitude hovering over building-induced turbulent airflow, the forward
flow wakes mix with the building shed vortices, leading to flow circulation entering
the rotor’s advancing side, resulting in a thrust loss of approximately 7.8% and
generating a strong pitching moment. During rooftop takeoff, the rotor experiences
an initial increase, followed by a decrease in thrust. Peak thrust is observed near the
1R position above the rooftop.

4. Airflow on the headwind side of the building rises along the wall and impacts the rotor,
leading to a 76% increase in pitching moment at the headwind eaves compared to the
rearward positions. The area within 2R above the headwind eaves is identified as a
hazardous region that must be avoided. The flow environment during the rearward
approach is relatively stable, but the rotor consistently operates in a thrust loss state,
with an average hover figure of merit loss of 11.4% in the wake region.

5. During the crosswind approach, the wake experiences distortion, with radial contrac-
tion occurring as the age of the vortices increases. Strong vortex–vortex interactions
occur as the root vortices converge below the rotor, leading to severe BVI and in-
tense unsteady oscillations in rotor loads. When a counterclockwise rotating rotor
adopts a left-side path during a crosswind approach, the semi-ground effect gain can
increase the load concentration caused by non-uniform inflow velocities and reduce
the sudden changes in roll moment that could lead to lateral overturning hazards.
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