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KEYWORDS Abstract Blending the agility of aerial drones with the covert capabilities of underwater sub-
Aerial-auatic rtorcraft; mersibles, the aerial-aquatic rotorcraft has garnered substantial interest due to their unparalleled
Ground effect; capacity to traverse both air and water. Nevertheless, a critical hurdle for these vehicles lies in mit-
Water effect; igating the adverse effects of repeatedly transitioning between these environments, particularly dur-
Finite vortex rotor model; ing water-surface takeoffs. Currently, research on the interference caused by rotors approaching
Transition boundary water surfaces remains limited. This paper introduces a novel adaptive rotor aerodynamic model

based on continuous finite vortex theory to predict rotor thrust within gas-liquid flow field. Ini-
tially, the model’s sensitivity to system parameters was analyzed to optimize its predictive capabil-
ities. Subsequently, a comprehensive ground/water experimental setup was designed to investigate
the intricate aerodynamic interactions between the rotor flow field and water. By varying rotor
sizes, the characteristics of the rotor flow field and water surface were examined at different
rotor-water surface distances. The performance of different modeling methods was analyzed based
on the rotor experimental data of a diameter of 0.38 m, and the prediction results were quantified
using the percentage of the mean-square error. The results show that the average error of the finite
vortex rotor model is the smallest. Finally, a novel transition boundary is proposed to divide the
rotor flow field of the gas-liquid mixture into two stages. The thrust loss zone is defined to delineate
the safe operating range of the aircraft, providing a basis for the design of aerial-aquatic rotorcraft.
© 2025 Published by Elsevier Ltd on behalf of Chinese Society of Aeronautics and Astronautics. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of missions in both aerial and aquatic environments, including
reconnaissance, communication relay, and underwater search
and rescue. AAR seamlessly integrate the strengths of drones
and underwater vehicles, enabling them to fly in the air and
navigate underwater without additional mission complexity.
They are widely regarded as a transformative technology pro-
posed to break through the limitations of drone applica-
tions."*> However, there is no existing AAR that can
simultaneously retain the maneuverability of both drones
and underwater vehicles without compromising its own
performance.

Among the plethora of aerial-aquatic rotorcraft, those
employing rotors have emerged as the frontrunners due to
their advantages in terms of continuous thrust, robust air-wa-
ter compatibility, and the ability to hover, which have made
them the preferred option in this domain.! Accordingly, many
researchers have dedicated their efforts to the aerodynamic
modeling and control of aerial-aquatic rotorcraft, e.g., Li
etal.,’ Villegas et al,’ Luetal.® Horn et al.,”'” Weisler et al.,'!
etc. However, a pervasive oversight in these investigations is
the disregard for the substantial influence of the water-
surface interference on the performance of aerial-aquatic
rotorcraft. Additionally, there is a lack of attention devoted
to the near-water phenomena that occur during the transition
phase between water and air. "2 In some instances, the water
surface interference has been erroneously considered equiva-
lent to the ground effect.'

As a critical component of rotorcraft vehicles, rotors are
responsible for providing precise thrust and flexible attitude
control.'* When an AAR approaches an object, the object
obstructs and alters the flow of the rotor wake, which leads
to a change in the flow field and subsequently affects the aero-
dynamic performance of the rotor. Currently, the interference
effect of the object on the rotor is primarily classified into three
categories '°: Ground Effect (GE), Lateral Wall Effect (LWE),
and Ceiling Effect (CE).''® Previous research has demon-
strated that when the rotor of an aerial vehicle approaches
the ground, the rotor wake is compelled to expand radially
along the blade spanwise (radial) direction near the ground.
Theoretically, these obstacles alter the velocity and orientation
at the end of the wake and consequently beneficially affect the
thrust and power requirements of the rotor.'”*° To investigate
the effect of the ground on rotor wake characteristics, Milluzzo
et al.>! employed a Particle Image Velocity (PIV) test system to
analyze the wake characteristics of rotors with different tip
shapes. The findings revealed that the tip shape exerts a signif-
icant influence on the rotor wake in the ground effect.
Research has demonstrated that the ceiling effect affects the
rotor inflow wake, reducing the pressure in the confined space
between the rotor and the ceiling. The result of this phe-
nomenon is that the local pressure on the upper surface of
the rotor decreases, thereby increasing the rotor thrust and
enhancing the rotor aerodynamic efficiency.'®'®'" Conyers
and Calomiris® has revealed that as the rotor approaches a
wall, the wall affects the rotor inflow structure, reducing inflow
in the local area of the rotor disc near the wall. This phe-
nomenon leads to an asymmetric load distribution on the rotor
disc, generating a moment that causes the aircraft to tilt
towards the wall.

In addition, rotorcraft is susceptible to interference when
approaching the water surface or crossing the air—water inter-
face. Currently, Semenov>’ developed a study to investigate

the influence of near-water-surface interference on rotor aero-
dynamic characteristics. In contrast to the ground effect, a
moving rotor near the water surface experiences not only a
weakened ground effect but also phenomena such as the
inverse ground effect, which means the thrust decrease with
the distance of the rotor and the water surface. Additionally,
the rotor wake impacts the water surface, and the water waves
caused by the downwash affect the diffusion of rotor wake,
making the rotor flow field more complex. This phenomenon
affects the rotor’s aerodynamic characteristics, making it diffi-
cult to control the aircraft’s attitude when it is near the water
surface, further complicating the design of the control system.
A study carried out by Mi** using CFD methods examined the
variations in the aerodynamic characteristics of a duct fan
operating near the water with and without waves. The research
from Wang et al.”> showed that the thrust of the duct fan
reduces when there is water-surface interference, and the
resulting thrust can be even less than that without ground
interference. In general, the design of conventional rotorcraft
operating from water involves increasing the height of aerody-
namic components such as the rotor above the water surface to
mitigate the impact of water splashes caused by the rotor wake
on the aerodynamic performance. However, AAR is required
to operate in close proximity to the water surface and to tran-
sition between air and water. Consequently, the proximity to
the water surface inevitably affects the aerodynamic perfor-
mance of the rotor.

Therefore, developing an aerodynamic model for a rotor
operating in close proximity to a water surface poses a formid-
able challenge.”® Previous research has explored various tech-
niques to model the aerodynamics of the rotor in ground
effect. Cheeseman and Bennett’’ employed a potential source
in potential flow theory and image method to develop an aero-
dynamic model for the rotor in ground effect. Pulla®® and
Liang et al.”’ developed an aerodynamic model for the rotor
in the ground effect based on lifting line and lifting surface the-
ories. Mi,”* Liu et al.,* Sugiura et al.*! and Ji et al.,* utilized
CFD methods to investigate the near-ground and near-surface
aerodynamic characteristics of the rotor, leading to the devel-
opment of numerical simulation models for the rotor in
ground effect. The panel-vortex particle method has been used
in the study of Tan et al.** to examine the impact of the ground
on the rotor, presenting a numerical computational model for
the rotor in ground effect. An aerodynamic prediction model
for unmanned aerial vehicles based on neural networks was
developed by Wang et al.** Research by Calomiris®> presented
a near-ground aerodynamic model for the rotor using the
PFM method. Refs. > employed experiment methods to
investigate the influence of the ground on the aerodynamic
performance of unmanned aerial vehicles.

Therefore, the water surface has a significant influence on
the rotor aerodynamic characteristics, and current research
often overlooks the impact of near-surface interference.'” Tra-
ditional numerical methods based on CFD struggle with the
critical challenges of high computational cost, slow computa-
tional speed, and the propensity for divergence during cross-
media two-phase flow calculations.”® In the current study,
Wang et al.”® established an unsteady numerical simulation
method suitable for AAR based on the volume of fluid
method. In their results, they found that the presence of a flex-
ible water surface played the role of a rotor rectifier, accelerat-
ing the dissipation of ground vortices and rotor tip vortices,
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causing the distribution of the lift coefficient and torque coef-
ficient of the rotor under the influence of the water surface to
become more periodic and regular, and the water effect is not
as strong as the foundation effect. However, this is an initial
form of the gas—liquid flow field on the water surface. Zhao
et al.” studied the hovering performance of ducted propellers
at different heights above the water surface based on the lattice
Boltzmann method. It was hypothesized the vortex ring state
was the primary factor responsible for the observed instability,
however, this conclusion was not wholly conclusive. Further-
more, the lack of systematic research on the interference mech-
anism of the gas-liquid flow field on the rotor aerodynamic
characteristics imposes limitations on the structural and con-
trol system design of the AAR. Consequently, it is imperative
to study the interference mechanism of surface water on rotor
aerodynamic characteristics, develop a high-precision dynam-
ics model, and provide a theoretical basis for the AAR design.
The proposed aerodynamic model, which accounts for near-
water-surface two-phase flow interference, can be utilized for
initial performance evaluation and flight dynamics modeling.

The remainder of this paper is organized as follows. Firstly,
an adaptive aerodynamic model considering the near-ground/
near-water interference is proposed, which takes into account
the deformation of the water surface. Furthermore, a near-
ground/near-water rotor experimental system based on
STM32 is constructed, and a series of experiments with differ-
ent rotors are carried out to investigate the factors affecting the
rotor aerodynamic performance. Finally, based on the experi-
mental results and the fitting method, a transition boundary of
the gas-liquid flow field stage is presented.

2. Methodology

2.1. Potential flow theory

The flow field is assumed as homogeneous, incompressible,
and inviscid and the airflow is irrotational, except for the wake
trailing from the trailing edge of the rotor, the relationship
between the vorticity field and the flow field velocity can be
expressed as

o=Vxu (1)

where o is the vorticity field, u is the velocity field, the vorticity
field satisfies the solenoidal condition, which means V - w = 0.
In a Cartesian coordinate system (x, y, z), this relation yields
the following relationships between the velocity components
(tty, uy, u.) and the vorticity components (., ®,, ©.).

Furthermore, a relationship based on the incompressible
flow assumption can be obtained:

— w0

Oy = dy 0z
__ Ouy Au-

oy =G — 55 (2)
— Ouy _ Ouy

W; = 5 dy

Combining Eq. (1) and Eq. (2), a vector Poisson equation
for the velocityu in terms of the vorticity *° can be obtained:

Au=-Vxo (3)

The circulation of the vorticity field around a closed curve
L enclosing a surface S is defined as

F:/Luds=/sw~ndS 4)

where I is the circulation strength of the curve L, de represents
an element of the curve L, n is a unit normal of surface S.

In the flow field, there are multiple vortex filaments, one of
which has a strength of I'y. The downwash velocity at an arbi-
trary point P in space induced by the vortex element de of the
vortex filament can be obtained from the Biot-Savart law. *
Therefore, the solution of Eq. (3) is addressed as

A X Fo
U= 3
4m|A|

()

where I'y = I'-de is the circulation strength of the vortex ele-
ment de, and 4 represents the vector from the vortex element
to the point P.

2.2. Aerodynamic modeling

2.2.1. Finite vortex rotor model

In practice, the spanwise distribution of the profile of AAR
rotors is variable, with the torsion angle, airfoil characteristics,
and chord length varying along the blade radius. The tangen-
tial velocity of the rotor element linearly increases along the
spanwise direction, which leads to a non-uniform distribution
of the rotor circulation. The single vortex ring model has cer-
tain limitations in describing the three-dimensional rotor aero-
dynamic wake. For a more accurate description of the rotor
model, a continuous Finite Vortex Rotor Model (FVRM)
based on potential flow theory is presented. Inspired by the
finite element method,*' the rotor disc is treated as a plane with
a radius of R, where the plane is discretized into a finite num-
ber of vortex ring filaments as illustrated in Fig. 1. The circu-
lation strength of the kth vortex ring filament is I';. There are
an infinite number of vortex elements settled on the filament,
and the circulation of each vortex element of a length of de
can be expressed as

I, = I'ide = I'y[—siny, cosy, 0]rdys (6)

where I', represents the strength and vector of the circulation
of the vortex element de, ¥ is the azimuth of the vortex element
in the rotor plane, r is the radius of the vortex ring filament
(0 < r < R). When the vortex element is small enough, the
length of the vortex element de can be substituted by the point
O(x0, Y0, Zo). The distance from an arbitrary point P(x, y, z) to
the point Q is represented by

A=0Q—P=[xo—x,5,— .20 — 2] (7)

In addition, the rotor is discretized into a series of segments
along the radial direction, with each vortex segment having a
length of dr. In the rotor plane, it is assumed that the vorticity
and wake vortices of rotor, trailed by the rotor segments, can
be represented by the vortex ring filaments as shown in Fig. 1.
Each rotor segment trails a vortex ring filament. Based on Eq.
(5), the induced velocity of the point P(x, y, z) induced by the
element de is obtained:

Ax T,
u= 3
4r||

(®)

It is worth noticing that when the vortex filament is dis-
cretized into sufficiently small elements as small as enough,
the vortex element can be treated as a point. However, when
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Fig. 1

point P is located near the vortex ring filament, it can lead to
singularity in the induced velocity. Therefore, the vortex core
thickness ¢ is introduced to eliminate the singularity. Then,
the projected induced velocity of the point P obtained from
the Eq. (8) along the axial directions of the coordinate system
are obtained,

Ik z
du, = 2. cos lﬂw dlﬁ

4n (|/1\2+(32) 2
_ Tyr —zsiny
du}‘ - ﬁ : (H2+52 32 dl// (9)
du. = Lyr  (xo—x) cosy+( 10 ¥ smu//d
o (lap+et) v

where u, is the radial component of the induced velocity of the
point P, u, is the tangential component of the induced velocity,
u, is the axial (vertical) component of the induced velocity,
4 = (x0 = %)* + (rg = )" + (20 — 2)°.

In this research, when considering the hovering state, it is
assumed that the velocity of the vehicle is equal to zero. Based
on this, it can be observed that the rotor plane is a symmetric
about the plane Opp formed by the points P and Q, which
means the plane Opp can be assumed as the initial coordinate
plane. Therefore, the position of the point P is expressed as P
(x, 0, z). The position of the vortex element is expressed as
Xo =rcosy, y, =rsiny, zo = 0. Then, the distance between
the point P and vortex element can be expressed as

|A* = (1 + x>+ 2> —2x cos ) (10)

where X = x/r, z = z/r, and combining the Eq. (9), the axial
(vertical) component of the rotor induced velocity is rewritten
as

I 1—x
e = xcosy Sy (11)
A (1452 + 6%+ 22 — 2xcosy)

Considering the entire vortex ring filament, the induced
velocity of the point P is integrated along the vortex filament.
It is expressed as

_ F/( /211
4nr J, (1

Eq. (12) can be rewritten by the first substitution of y = 20,
which becomes

1 — Xcosy

2 3/2 dl’b (12)
+ X240 +2 —2xcosy)

—>

Rotor segment dr
[~
n¥..j ...21 l2...j n
— T

11@1)/1%111111

Aerodynamic model based on finite vortex rotor model.

r i 1 4+ X — 2xcos?
uzzzk / —0—/\2 xXcos>0 do (13)
Jo (14524 8+ 2 + 2% — 4xcos20)

Eq. (13) can be rewritten by the second substitution of
0 = n/2 — ¢, which can be rearranged as

ey /2 1+x— 2)’csin2¢

= d¢ (14)
o 32
" Jenp (1+x? +2% 46+ z — 45sin’ o)

Substituting with x = (1 + x)> + z2 + &°, the Eq. (14) can
be written as

Iy /"/2 1 4+ X — 2%sin’¢

2do (15)

i (1 — a2sin’¢)’

where % = 4x/x. For convenience of calculation, Eq. (15) can

be rewritten as follows:
n/2 1+x /2 2%si 2
/ +‘: 3/2dqb—/ xs1n2¢ dd
0 (l—o%sin"¢) 0 (l—o%sin"¢)
(16)

Introducing the first kind of incomplete elliptic integral K
and the second kind of elliptic integral E, which are

I’y
T K2

1
K:/ —d¢
o /1= a%in’g
~mt/2
= 1 — o%sin’¢d
v pdo
sin’¢ K —E

n/2
D= / i
01— 0251n 0-

Alternatively, by simplifying Eq.
can be expressed as follow:

I'y - E
=% 1n _
: {( +x)1702

Tric3/?

(16), an equivalent result

- K—D
|

(17)

When the AAR keep in the hovering condition, the rotor
circulation strength is symmetrically distributed about the
plane Opp. The integration of the tangential induced velocity
for the whole vortex filament acting on the point P cancels
out, which means u, = 0. Consequently, the radial component
of induced velocity can be expressed as
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Ik -K-D - E
e —T (221—0'2721—0'2) (18)

A special case when the point P is located at the center of
the rotor plane, which means z=0, x =0 and ¢ =0. The
induced velocity generated by the k vortex ring filament is
addressed as

. Iy Iy

Lenler:_E:_ ]9

u:,k T 20 ( )
Correspondingly, the presence of each vortex ring filament

will result in an axial velocity. Therefore, the induced velocity

of the segment j (j = 1, 2, ..., n) should be expressed as the

superposition of all vortex ring filaments, which is

Vo=l bt il (20)

where v/ is the axial (vertical) component of the induced veloc-
ity of the rotor segment j, and uik is the axial velocity of the
segment j induced by the vortex ring filament k. Moreover,
the axial induced velocity distribution of the rotor disc can
be expressed as VU, Especially, the axial induced velocity at
the rotor disc center can be derived from the Eq. (19). There-
fore, the full induced velocity distribution on the rotor plane is

Vfull — [V” V27 V!v viemer’ Vi, V2 . Vﬂ (21)

oy ey Vo

Based on the momentum theory, the thrust generated by a
rotor segment dr is defined as

dT; = 2p(v.)*bdr (22)

where b is the chord length of the rotor segment, p is the ambi-
ent density, v. is the axial component of the induced velocity of
the rotor segment, d7; is the thrust of the rotor segment k. The
thrust of the rotor disc is obtained by integrating the thrust of
the rotor segment along the radial direction.

When the rotor circulation is uniformly distributed, the
aerodynamic performance is optimal with minimum induced
power. This means that the circulation distribution is

r,= [F17F2a~“7rn] (23)
However, the rotor circulation is never uniformly dis-

tributed along the radial direction. In this paper, three distri-
bution models are considered, which are defined as

Ir,=r,  Uniform
r,=< I''=T,r, Linear (24)
I =T,?, Quadratic

where k =1,2,...,n. T, represents the circulation strength of
the rotor segment in the blade root, I',, is the circulation
matrix.

To account for the influence of the ground plane on the
rotor wake, the distance between the rotor and the ground
plane is defined as /. Following the image method, the real
rotor and the image rotor are symmetrically positioned about
the ground plane, with the image rotor located at twice the
rotor-to-ground distance (2/1). The image method can be used
to modify the induced velocity of the rotor segment j, as shown
in Fig. 2. For the rotor segment j, the vertical component of
the induced velocity is expressed as

‘){GE = VfOGE - AV (25)

where AV represents the velocity increment of the rotor seg-
ment j induced by the rotor image model, VjOGE is the velocity
of the segment j without the ground effect (Out of the Ground
Effect, OGE), v;GE is the velocity of the segment j in the ground
effect (In the Ground Effect, IGE). It is assumed that the cir-
culation strength of the image model is equal to the rotor’s cir-
culation without the ground effect, due to the symmetrical
distribution. The influence of the image model on the induced
velocity can be expressed as

n

i . j r image - E -K-D
Av’:ZwL:Z k,imag |:(1+x)1_62—2x e (26)
k=1

- 3/2
£~ qurid/ 1 —

where w{c is the velocity of rotor segment j induced by the vor-

tex ring filament & of the image model with the circulation

strength of I'imae. Then, the induced velocity distribution of

the rotor is obtained as

ull _ 1.0 2 1 center 1 2 n
th-GE = [Viges -+ ViGEs ViGEs VIGE » -+ ViGE: ViGEs -+ VIGE] (27)

where V& is the induced distribution of the whole rotor disc.
Finally, the estimated thrust in the ground effect is calculated
by integrating the induced velocity distribution along the rotor
radius, according to Eq. (22).

2.2.2. Model modification strategy

In this subsection, an aerodynamic modification strategy that
accounts for the aerodynamic interference of the rotor near
the water surface is presented. The focus and challenge in mod-
eling the rotor-near-water-surface aerodynamic model rely on
modifying the aerodynamic interference caused by the cou-
pling between the water surface and the rotor flow field. When
the aircraft rotor approaches the water surface, the flexible
water surface deforms under the impact of the downwash, as
shown in Fig. 3(a). This phenomenon causes irregular fluctua-
tions in the rotor thrust. However, previous studies have only
considered the effect of ground impact on the rotor aerody-
namic model.

In the experimental process, as illustrated in Fig. 3(a), it can
be observed that the water surface gradually declines under the
impact of the rotor downwash, with the deformation becoming
more pronounced as it approaches the center of the rotor.
Simultaneously, a significant number of droplets are generated
from the edges of these depressions, dispersing outwards under
the influence of the airflow impact and rotor wake vortexes.
Therefore, the rotor airflow field disturbed by the water sur-
face is simplified into a model as shown in Fig. 3(b). To derive
the relationship between the water surface interference factors
and the rotor flow field, the following assumptions are made:

Image rotor

Fig. 2
method.

Rotor aerodynamic interference model based on image
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(a) Air-water mixed flow field

| P caused by downwash airﬂowl

Tension force

Inner pressure of the lower surface

Downwash

nitial water surface

(b) Simplified model of rotor air-water mixed flow field

Water surface element

Liquid surface

() Hypothetical model of water surface element

Fig. 3 Hypothetical similarity model of water surface.

Assumption 1. The fluid flows slowly due to the viscosity and
the shear effect of the wall jet. Therefore, in order to reduce the
complexity of the model, an energy conservation assumption
has been employed and the rotor wake is assumed to expand
without energy exchange as it spreads along the water surface.

Assumption 2. The depth of the depression depends mainly on
the momentum of the rotor downwash. Therefore, the
deformed area of the water surface is conceptualized as a reg-
ular sink that changes uniformly from the center of the depres-
sion to the surrounding area. Thus, it is assumed that the
impulse increment on the upper surface of the water surface
can be equivalent to the momentum loss of the rotor
downwash.

Assumption 3. It is assumed that the deformation of the water
surface generates a buoyancy exerted on the lower surface of
the deformation area like an immersed object.

In the research presented by Hwang et al.*>* the surface

deformation caused by the rotor downwash is described as a
depression, whose depth and curvature vary with the radial
distance. Research has found that the depth variation of the
water surface depression is governed by the initial rotor height
h and the downwash velocity reaching water surface. Subse-
quently, the water surface is radially discretized into a series
of ring elements with a width dr, where the discretization res-
olution matches the number of rotor segments, as shown in
Fig. 3(c). Therefore, the actual rotor height of each rotor seg-

ment should be expressed as the superposition of initial height
and the water deformation. Then, the modified height of each
rotor segment should be expressed as

™ = higiey + Al (28)

where A is the height increment of the rotor segment, Ay is
the initial rotor height between the rotor plane and water sur-
face, h;“ is the modified height of the rotor segment ;.

In Eq. (28), according to the research of Qian et al. ** the
distribution of the depth of the water depression is also related
to the surface tension of the liquid. In addition, the research
has also shown that the viscosity of the liquid has no signifi-
cant effect on the changes in the depth of depression. There-
fore, the approximate model for the depth of the water
depression is obtained as

Ah = g(:uimp’h7 o) (29)

where fiimy, 18 the effective impinging velocity of the downwash
reaching water surface, and o, is the surface tension coefficient
of the liquid. The liquid surface is compressed and deformed
under the action of the rotor downwash.

The pressure of the upper liquid surface (P,s) and the equi-
librium force exerted on the water surface (F,) can be
expressed as

Aqg
Foo = / Puds (30)
0

where P is the pressure distribution in the upper liquid sur-
face under the impinging of the wake downwash, A4 is the area
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of the water depression zone, and the ds is the unit area of the
deformation region. It is assumed that the depression is hemi-
spherical, the surface area can be approximated by
Ag = 2nR§ ~ 21R?, where R. is the curvature radius of the
water depression zone.

Since the rotor is very close to the water surface, the down-
wash velocity reaching the liquid surface can be approximated
as the induced velocity in the rotor plane, which means fijn, =-
v.. Based on the conservation of momentum theorem, the
momentum of the rotor downwash reaching the water surface
is equal to the momentum of the airflow through the rotor
plane. Therefore, the impact force can be expressed as

Fimp =m Uimp = my, = paSR(V:)2 (31)

where Sg is the area of the rotor disc, Sg = nR>, Fimp 1s the
impinging force of the downwash, p, is the air density, 1 is
the mass flow in the rotor plane, v. is axial component of the
induced velocity.

It is assumed that there is no energy dissipation and loss in
the process of energy exchange between the rotor downwash
and the water surface, which means that the deformation of
the water absorbs all the momentum of downwash. Then,
the pressure distribution on the water surface can be obtained
as

Pus = us/Ad = Fimp/Ad (32’)

According to Young-Laplace Law,**® when the liquid sur-

face achieved a short-term dynamic equilibrium under the
effect of the external force and the liquid surface tension. Fur-
thermore, the water surface was divided into a finite number of
elements as shown in Fig. 3(c). The upper surface of each ele-
ment is subjected to the momentum caused by the rotor down-
wash. The lower surface generates a pressure increment due to
the descent of the liquid surface, which can be obtained based
on the principle of buoyancy. The pressure of the lower surface
of the depression area can be approximated by p,gAh;. The
edge of the element is influenced by the surface tension from
the adjacent elements, which can be obtained from the tension
coefficient o,,. Then, the equilibrium equation for the deforma-
tion region with a width of dr, can be expressed as

1 20,
APy — APy = Eﬂa"_% — p,gAh; = = (33)
C
where Pj is the pressure of the lower liquid surface caused by
the depression in the of the deformation area, g is acceleration
due to gravity, p, is the liquid density, R is the curvature
radius of the water surface element. As reported in the Refs.
43,47, the curvature radius R. of the depression region is
defined as
K,
Ro=——— (34)
4(Ah)h”
where K, is a constant determined by empirical coefficient.
Furthermore, for a water depression zone of width dr, combin-
ing Eq. (33) and Eq. (34), the depth variation can be obtained
as

(35)

where ¢ = K,p,/160,, and { = p,gK,/8a,. Then, the induced
velocity under the influence of water surface can be obtained
based on the FVRM as

n

i E J

Av]m - Wi
k=1

m
Fk.image - E -K-D

= : 1+ —2x —— 36

; i ( +Y)1—Uﬁi “T-a2 (6)

where AV, (m is the first letter of modified) is the velocity incre-
ment induced by the image model under the interference of
water surface of the rotor element j, and «,,a, represents
the modified parameters value. Combining the Eq. (25), the
full induced velocity distribution of the rotor is modified as

I 2 1 c 1 2
V?\JNS = [Viwss -+ Viwss Viws: Viws  + Viws: Viws: -+ Viws] (37)
where V?\‘,‘l}s is the induced velocity distribution in the Interfer-
ence of Water Surface (IWS), the thrust of the rotor can be
obtained based on Eq. (22).

2.2.3. Model adaptive method

In this subsection, an adaptive method is used to modify the
circulation distribution to effectively account for the circula-
tion variations and improve the computational efficiency.
The thrust estimation process for the rotor considering the
interference caused by water-surface is illustrated schemati-
cally in Fig. 4.

As shown in Fig. 4, in order to estimate the circulation
accurately, the current circulation in each iteration is defined
as

' =r'+Ar (38)

where AT is the circulation distribution increment which can
be calculated from the coefficient matrix 4. The matrix is
determined by the circulation distribution. The increment is
expressed as,

AT = A(I)er (39)

where ey is the error between the input data Tj,p, and the cal-
culation result T'gg.

er = TEst - Tinput (40)

Finally, the main calculating procedure workflow is defined
as follow:

(1) Input experiment data Togg as the initial data. Initializ-
ing the model parameters, such as the circulation distri-
bution (I'y, I», ..., I';) and the induced velocity
distribution VL.

(2) Updating the prediction thrust Tgg, calculating the esti-
mation error ey.

(3) If ey > 0.001, updating the circulation distribution I',,
(I'y, Iy, ..., I'y) and backing to Step (2) until the error
meets the requirements. Then, output the final results
r, (I', T, ...,T,) and Ve

(4) Initializing the image rotor model Iy, image (I't, T2, - . .,
I',))image» Updating the image induced velocity Vf‘\‘,g}s and
generating the rotor-ground/water height matrix
(hinie = [hinit,ls h init,2> - -+ I initn)-

(5) Updating the height 4/, and the induced velocity Av/ .
Then, iterating until the variation between the current
Av/ (i + 1) and the previous Av/, (i) is less than 10~*.

(6) Output the rotor thrust Tigg and Trws.
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3. Results and discussion

In this section, an experimental setup is constructed to explore
the interference factors exerted by the water surface on the
rotor flow field. The parameters of the FVRM model are com-
pared and optimized. Different aerodynamic models are com-
pared to validate the performance of the FVRM model.
Finally, based on the fitting method, a transition boundary
for the flight safety zone is proposed.

3.1. Experiment system construction and analysis

The rotor experimental system depicted in Fig. 5 is constructed
utilizing embedded development tools such as STM32. The
experimental setup includes the rotor system, the data acquisi-
tion system, and the control system. The rotor system consists
a regulated DC power supply, an ESC (Electronic Speed
Controller), a brushless DC motor, and the rotor itself. The
data acquisition system includes a force sensor (model
DYLY-103), a torque sensor (model DYLN-101), a Hall-
effect sensor (model A3144), and a voltage-current sensor
(model INA226). The control system is built around an
STM32 microcontroller, together with a stepper motor, digital
stepper driver and encoder. A host computer is built based on
the STM32 microcontroller. As shown in Fig. 5, the host com-
puter adjusts the height of the rotor to the water surface by
controlling the step angle of the stepper motor through the dig-
ital stepper driver, with closed-loop control of the step angle
achieved via the encoder.

In actual engineering applications, a nearly constant speed
is set in the helicopter rotor during the flight process, which
means that the speed is directly related to the rotor power.

Unlike helicopters, drones employ PWM (pulse width modula-
tion) pulse signals to control the output power and speed of
each motor, which is directly related to the rotor power and
thrust. Therefore, in this research the motor electric power is
introduced instead of the rotor power to survey the mapping
between PWM duty cycle and rotor thrust, which is a more
intuitive and meaningful approach compared to examining
the relationship between rotor speed (rotor power) and rotor
thrust. Consequently, the electronic speed control throttle
value (ESCr) is defined as the ratio of the current pulse width
modulation duty input value (PDjyp,) to the PWM duty cycle
range, which is expressed as

PDinpul

PDmax -

x 100% (41)

During the experiment, some valuable phenomena and
important conclusions were obtained. The research serves the
design of a prototype with a take-off weight of 2 kg and
equipped with a 0.24 m rotor. The rotor was used as the test
object in order to ensure its loading capacity and to leave a cer-
tain amount of redundancy in the maneuvering power. In
order to ensure the observability of the experiment while pre-
venting the backflow of water from the wall and the interfer-
ence of the wall on the rotor, a water tank was constructed
with a length of 2 m, a width of 2 m, and a depth of 2 m. Then,
Fig. 6 was taken at #//R = 2, and Fig. 7 was taken at h/
R = 038.

Through the experiment, a number of phenomena were
found, which are:

Phenomenon 1. At a low throttle phase, as shown in Fig. 6
when 0% < ESCr < 50% and Fig. 7 when
0% < ESCt < 30%, the liquid surface descends due to the
rotor downwash without droplet formation. At this phase,
the effect of the liquid surface on the rotor is similar to the tra-
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Fig. 5 Experiment system component diagram.

ditional ground effect. The rotor wake, which expands along
the rotor axis, results in a change in orientation from axial flow
to radial flow upon impact with the liquid surface. However,
the radial airflow is compressed by the shedding tip vortex,
resulting in the emergence of a wall jet close to the water sur-
face. Therefore, it can be assumed that the main reason for the
weakening of the rotor thrust increase is that the liquid surface
descends under the effect of the rotor downwash.
Phenomenon 2. At a medium throttle phase, as shown in
Fig. 6 when 60%< ESCr and in Fig. 7 when
40% < ESCr < 60%, the water surface exhibits a pro-
nounced depression, accompanied by the generation of a
minor quantity of droplets at the edge of the depressed zone
and splashing outward along the radial direction of the rotor
disc. At this phase, the liquid surface is deformed by the extru-
sion of the downwash flow, creating a liquid crown at the

boundary of the deformation area. The liquid crown was bro-
ken by the shear effect of the wall jet, resulting in the forma-
tion of droplets. The minor droplets were uplifted with the
upwelling induced by the shedding tip vortex and splashing
outward. At this moment, the rotor thrust has a weakened pos-
itive gain effect under the influence of the water surface. The
effect of this phenomenon on the aerodynamic performance
of the rotor is still similar to a weak ground effect. Therefore,
it can be attributed that the depressed liquid surface was the
primary factor contributing to the weakening of the rotor
thrust, which is equivalent to an increase in the distance
between the rotor and the water surface.

Phenomenon 3. At a high throttle phase about 70% <
ESCr, as illustrated in Fig. 7, the gas-liquid flow field fluctu-
ates under the interference of the rotor downwash and the
water surface, which results in a series of phenomena include

Rotor diameter of 0.24 m (9.4 in) at #//R=2

5

Fluid crown

-
C ot o =

-
Depression

ESC.=90%

Depression

Fig. 6 Evolution process of gas-liquid flow field at #/R = 2.
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Fig. 7 Evolution process of gas-liquid flow field at #//R = 0.8.

surging wave, uplifted droplets, atomized droplets and sharp
noise. Concurrently, the gas—liquid flow field make it a chal-
lenge to maintain a stable rotational speed or thrust. At this
phase, the thrust reduces under the influence of the water sur-
face, even to a level that is less than the thrust out of the
ground effect. A significant number of smaller sized droplets
collided with each other and were subsequently conveyed into
the rotor plane, where they collided with the rotor. This
resulted in atomization, which can be observed in Fig. 7 when
ESCt = 70%.

To further explore the reason of these phenomena, six sizes
of the rotor were used in both near-ground and near-water
experiments. Detailed parameters of each rotor are listed in
Table 1. The blade pitch is defined as the distance that the
rotor advances forward in one revolution.

In the experiment, it is observed that the sudden drop in
rotor lift is due to the coupling of various interference factors.
Factors such as rotor size, airflow rate per unit time through
the rotor disc, mass flow rate per unit time, downwash veloc-
ity, motor throttle level (rotor required power), and rotor-
water distance all affect the aerodynamic performance of the
rotor near the water surface. In this section, we explore the
effects of altering rotor size, rotor-water distance, and control-
ling motor throttle to adjust the airflow rate, mass flow rate,
and downwash speed through the rotor disc per unit time to
investigate how the water surface influences the aerodynamic
performance of the rotor near the liquid. Overall, the water
surface’s impact on rotor aerodynamic performance is vari-
able, complex, multifactorial, and challenging to predict accu-
rately. Therefore, to investigate the relationship between rotor
aerodynamic performance, airflow mass rate, flow speed, and
motor throttle level, and to quantify test results to facilitate
qualitative analysis, we propose using Disc Loading (DL), a
key variable related to airflow rate and speed per unit time.
The rotor disc loading is defined as

DL = Er/Sg = 2Er/nD? (42)

Table 1 Parameters of rotors.

Diameter (m) Blade pitch (m) Rotor disc area (m?)
0.13 0.118 0.013 27

0.2 0.114 0.032 37

0.24 0.127 0.045 24

0.3 0.14 0.073 06

0.35 0.14 0.099 54

0.38 0.14 0.113 41

where Et is the thrust of rotors in the experiment, D is the
diameter of rotors.

Multiple groups of rotor experiments were conducted for
both near-ground and near-water, including variations in rotor
height and ESCr values. The range of rotor heights varied
from 3R to 0.4R, specifically at heights of 3R, 2R, 1.5R, R,
0.8R, 0.6R and 0.4R. For each height, the ESCt value was
adjusted from 10% to 90% with a 10% increment per step.
The sampling frequency during the tests was set at 0.1 Hz.
For each fixed height and ESCr level, data were collected over
a period of 3 s and the average measurement taken as the
result. Several repeated trials were performed to ensure
accuracy.

Fig. 8 and Fig. 9 show the results of the rotor torque and
the rotational speed under a fixed ESCt condition, respec-
tively. Fig. 8 compares the variation characteristics of the rotor
torque under different //R conditions, while Fig. 9 depicts the
rotor rotational speed variation with i#/R. Fig. 8 shows that
when the rotor approaches the water surface, the rotor torque
increases sharply as /1/R decreases. Fig. 9 shows the variation
of the rotational speed in the influence of gas-liquid mixing
flow field, where the rotational speed rapidly declines as //R
decreases near the water surface. Combining Fig. 8 and
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Fig. 9, it can be noticed that under a fixed ESCr, the influence
of the gas—liquid mixing flow field gradually intensifies as the
h/R descends. The complex two-phase flow field makes it chal-
lenging for the rotor to maintain the initial speed, prompting
the ESC to increase rotor torque in an attempt to stabilize
rotor power. This is an operational feature of the ESC that
supports the further analysis in this study.

Fig. 10 illustrates the variation of rotor electric power with
h/R under a fixed ESCy condition. The figure indicates that
when ESCr is held constant, the rotor electric power remains
stable in both the near-ground and near-water tests. Conven-
tional methods, such as fixed power or fixed thrust, become
less effective in gas-liquid flow field, where complex flow fluc-
tuations make it challenging to define a constant required
power or rotor thrust. Therefore, the electric power was pro-
posed as a reference to explore rotor aerodynamic
characteristics.

Fig. 11 illustrates a comparison of the rotor thrust mea-
sured for the near-ground and near-water experiments. P.1
represents the lift range when phenomenon 1 occurs, P.2
represents the lift range when phenomenon 2 occurs, and P.3
represents the lift range when phenomenon 3 occurs.
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Figs. 11(a)—~(c) show that the common feature of both water
and ground interference is that the rotor thrust increases with
decreasing rotor height. In this phase, the influence of water on
the rotor thrust is similar to a weakened ground effect. How-
ever, as observed in Fig. 11(d)—(f), when the rotor is too close
to the water and the DL exceeds a threshold, the influence of
the water surface on the rotor thrust changes from positive
to negative gain, as described below:

(1) In the experiment with a 0.24 m diameter rotor, Fig. 11
(d) shows the transition from positive to negative gain
on the rotor thrust occurs when ESCt > 90% and //
R < 0.6.

(2) In the experiment with an 0.2 m diameter rotor, Fig. 11
(e) shows that one of the transition points occurs when
ESCt > 80% and /R < 0.4; another one occurs when
ESCt > 90% and h/R < 0.6.

(3) In the experiment with a 0.13 m diameter rotor, several
transition points can be identified in Fig. 11(f). The first
point occurs when ESCt > 20% and #/R < 0.6; The
second point occurs when ESCt > 30% and #/R < I;
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Fig. 8 Variation of rotor torque with parameter //R.
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Fig. 9 Rotational speed of rotor with different sizes.

The third point occurs when ESCt > 40% and
h/R < 1.5; The fourth point occurs when ESCt >
50% and h/R < 2; The fifth point occurs when ESCrt
> 80%.

(4) In addition, it can be noticed that the positive effect of
the ground is greater than that of the water surface under
the same conditions, as can be seen in Figs. 11(a)—(f).

Since phenomena 1 and 2 exhibit similar effects on the rotor
aerodynamic performance, they can be consolidated into a sin-
gle stage. Consequently, the evolution of the gas-liquid flow
field when the rotor operating over water is attributed into
two stages, as illustrated in Fig. 12. In the fountain stage, at
a low ESCr value, the water surface forms a depression under
the impact of the rotor downwash, with fragmented droplets
spreading outwards from the depression’s edge. In the boiling
stage, at a high ESCr value, the water surface breaks up under
the rotor downwash impact, with a large number of

fragmented droplets being ejected into the flow field due to
the rotor downwash.

3.2. Parameters optimization and model validation

In this subsection, an optimization of the FVRM is presented,
and the predictive performance of the FVRM is validated with
several aerodynamic methods.

The vortex ring filament with dimensionless circulation
strength I',, = 0.1 is positioned at r (where r denotes the radius
of the single vortex filament). Fig. 13(a) presents the induced
velocity profile along the radial direction, revealing that the
induced velocity increases as it approaches the r. Furthermore,
the induced velocity exhibits a distortion near the r, with the
induced velocity pointing downward outside the r and upward
inside. By comparing different vortex core values, it can also
be observed that as the value of ¢ approaches 0, the induced
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Fig. 10  Electric power of motor at different //R.

velocity near the vortex ring filament approaches infinity. This
is because when the ¢ approaches 0, the solution of Eq. (17)
produces a singular solution. However, when the value of o
approaches the rotor radius R, the distortion of the rotor
induced velocity at r reduced, and the profile of the induced
velocity is closest to a uniform distribution. Fig. 13(b) demon-
strates negligible sensitivity to circulation models, justifying
the adoption of uniform circulation approximation for compu-
tational efficiency enhancement.

Fig. 14 illustrates the induced velocity on the rotor plane
when the vortex strength is 0.1 and a uniform circulation dis-
tribution is assumed. As is shown in Fig. 14(a), with the rotor
approaching the ground, the induced velocity increases from
the tip to the root of the rotor along the radial direction. As
is shown in Fig. 14(b), the induced velocity in the water effect
increases from the tip to the root of rotor but fluctuates near
the rotor center due to the deformation of the water surface.
In the water effect, the distance between the image model
and the rotor plane gradually changes along the rotor radial
direction, which results in a distortion in the induced velocity
distribution.

Fig. 15 presents the relationship between the water surface
deformation of the deepest point (Ahgp) with the impinging

velocity in a fixed rotor initial altitude /;,;;. As evident from
the Fig. 15, at a given height, the water depression depth exhi-
bits an increase with the airflow velocity. Furthermore, at a
constant airflow velocity, the water depression depth increases
as the rotor height from the water surface decreases.

Fig. 16 depicts the deformation of the water surface (Ah)
caused by the rotor downwash. The induced velocity on the
rotor plane exhibits a non-uniform distribution, as illustrated
in Fig. 14(b), resulting in a non-smooth water surface depres-
sion region. The reason is that the influence of the rotor hub
was taken into account in the modelling, which makes a weak
induced effect at the rotor root. However, the induced effect of
the filament trailed by the other rotor segments persists, result-
ing in a non-zero induced velocity at x/R = 0. Specifically, the
closer the position is to the rotor hub, the weaker the induced
effect.

To further determine the value of 6 (0 < 6 < 1), a rotor
with a diameter of 0.38 m is taken as an example, and the pre-
diction results of the FVRM model are compared with the
experimental values. Furthermore, in order to quantify the
results, a method for normalizing the prediction errors is pre-
sented. The percentage of mean-square error (Pysg) related to
the calculation results is defined as follows:
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Evolution stage of gas-liquid flow field.

where Pr is the thrust of rotors in the prediction of FVRM.
It can be seen from Fig. 17 that as the value of 6 approaches

0, the induced velocity near the vortex ring increases sharply,

which in turn leads to an increase in the prediction error of
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the FVRM model. When the value of ¢ approaches 1, the
thickness of the vortex core is close to the rotor radius, making
it impossible to accurately calculate the induced velocity gener-
ated by the vortex filament, resulting in the FVRM model
being unable to obtain an accurate solution. Therefore, it
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Fig. 16  Variation of water surface.

can be concluded that the optimal value range of the vortex
core thickness is 0.2-0.4. Among them, when the vortex core
thickness is 0.2, that is 6 = R/5, the lower limit of the Pysg
approaches 0. At the same time, as can be observed from
Fig. 13(a), when the value is 6 = R/5, the induced velocity is
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closest to a uniform distribution, which means the induced
power of the rotor is minimized.

Several prediction models are compared with the FVRM,
such as the Cheeseman model, >’ the two-dimensional Poten-
tial Flow Model (PFM-2D),'” and the three-dimensional
Potential Flow Model (PFM-3D). ** The rotor thrust predic-
tion at the ESCrt values of 20%, 40%, 60%, and 80% under
the influence of both water and ground is demonstrated in
Fig. 18 and Fig. 19.

From Fig. 18 and Fig. 19, the results of the FVRM model
demonstrate high accuracy in both the water effect and the
ground effect. In contrast, for other models, the results deviate
significantly from the experimental results when the rotor
height above the ground is relatively small #/R < 1. The rea-
son for this phenomenon is that in the Cheeseman, PFM-2D,
and PFM-3D models, the calculation leads to a singularity
when the height approaches 0. This problem is effectively
addressed by the introduction of the vortex core ¢ in the
FVRM model.

The prediction results of different models are summarized
in Table 2, which reveals some findings as follow:

(1) The Cheeseman model, PFM-3D, and FVRM demon-
strate satisfactory prediction accuracy in conventional
ground effect conditions. However, in the extreme
ground effect,*' the prediction errors of both the Cheese-
man model (Pysg = 9.46%) and PFM-3D (Pysg =
13.15%) exhibit progressive amplification. In contrast,
the FVRM achieves enhanced predictive performance
with an absolute error of 4.79% compared to experi-
mental measurements. Finally, the average error of the
FVRM achieves superior performance with a value of
6.94%. This enhancement is attributed to the adaptive
strategy, which automatically modifies the model
parameters in accordance with the rotor characteristics.

(2) In the influence of water, the FVRM model outperforms
other models with significantly lower prediction error.
At the ESCy value of 20% (in the IWS), the FVRM
model achieves prediction accuracy within 2.18%, main-
taining the average error of 4.34%.
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It is can be found that: (A) The Cheeseman model is simple
and computationally efficient. However, its ability to accu-
rately predict rotor thrust when subject to water surface distur-
bances is limited since it neglects rotor wake characteristics
and circulation distribution. (B) The two-dimensional poten-
tial flow model incorporating the rotor wake is simple in struc-
ture and fast in computation, but the accuracy of the
prediction needs improvement. (C) The three-dimensional
potential flow model, a simplified vortex ring model, benefits
from rapid computation but disregards the influence of the
rotor circulation distribution, which fails in the thrust predic-
tion concerning water interference. (D) The FVRM model
considers rotor wake characteristics and water surface defor-
mation to accurately predict rotor thrust near both the water
and ground plane. Compared to other prediction models,
FVRM offers high accuracy and low error rates while consum-
ing fewer computational resources than traditional CFD
method. However, its computational speed is slightly slower
than the Cheeseman point source model.

3.3. Analysis of aerodynamic characteristics

Previous studies have demonstrated that the factors causing
sudden lift drop are diverse, complex, and arise from multifac-
torial coupling. Thus, the DL, which is associated with the
rotor’s mass flow rate and downwash velocity, is introduced.
In this section, the experimental results are compared with
the FVRM model predictions, to investigate the relationship
between DL and the water surface response, with the aim of
identifying a transition boundary.

As illustrated in Fig. 20, the comparison between the exper-
imental results and FVRM model predictions reveals a high
degree alignment, which serve to indicate the FVRM model’s
high accuracy and reliability. Furthermore, the blue shaded
area delineates the transition points at which rotor lift begins
to decline. Once disc loading exceeds this threshold, the rotor
thrust decreases. Thus, when the upward trend in lift shifts and
the predicted lift intersects the experimental data, the flow field
state transitions into the boiling stage.
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Fig. 17  Pnmsg of FVRM prediction results.
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Fig. 18 Comparison of thrust predictions for 0.38 m-rotor under influence of ground.

According to current research, the reasons for the failure of
the FVRM model during the boiling stage may be as follows:
The downwash flow of the rotor impacts the liquid surface,
generating a liquid crown and droplets. This causes an energy
exchange between the rotor and the liquid surface, resulting in
energy loss. Alternatively, the droplets form a uniform liquid
film*® that adheres to the rotor surface, which changes the
aerodynamic shape of the rotor, making it difficult to predict
the rotor’s aerodynamic performance.

A method was proposed to fit the obtained data points
based on the Farazdaghi-Harris model, the model is defined as

J) = (o + B) ! (44)

where o, B, and t are constants obtained by the calculating
and iterating based on the nonlinear regression of the
Levenberg-Marquardt algorithm,**" the f(x) is the function
of DL and the dimensionless height-to-radius ratio //R.

Afterwards, some transition points were selected from
Fig. 20, as shown in Table 3.

The experimental data were fitted based on the Farazdaghi-
Harris model, and the corresponding fitting result is shown in
Fig. 21.

In addition, the evolution boundary of the gas—liquid mix-
ing state near the water surface of the rotor is given by numer-
ical fitting. The transition boundary from fountain stage to
boiling stage is defined as,

f(x) = (0.208 — 0.16(h/R)*™)™" (45)

where f{x) represents the transition boundary of the maximum
range of the ESCt and the disc loading in order to ensure the
safe operation of the AAR near water. And, the safety range of
AAR cruising near water is the region included in f{x), as is
marked in yellow in Fig. 22.

Fig. 22 presents a comparison of the experimental results
with the transition boundary in different rotor sizes under
near-water conditions, thereby demonstrating the reliability
of the safety range. Within this range, the influence of water
surface on the rotor performance resembles the ground effect;
the closer the rotor is to the water, the stronger the lift
enhancement. The rotor characteristics remain predictable in
this range. Beyond this range, the rotor exhibits intense fluctu-
ations, and the closer it is to the water, the stronger the nega-
tive impact on the rotor thrust, resulting in a reduction in lift.
Moreover, increasing the rotor power further exacerbates the
rotor lift loss. And, the rotor behavior under gas-liquid mixing
conditions becomes irregular and unpredictable.

The transition boundary for gas-liquid flow field put
forth was proposed as a potential means of facilitating the
AAR design process. It is recommended that the design
include an increase in the rotor disc area with the objective
of reducing the disc loading, a limitation of the rotor power
in proximity to the water surface, and an optimization of
the controller strategy with the aim of preventing the occur-
rence of the boiling stage. Furthermore, the special bound-
ary can also be extended into the AAR’s rotor lift-altitude
envelope.
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Fig. 19 Comparison of thrust predictions for 0.38 m-rotor under influence of water surface.

Table 2 Comparison of thrust prediction RMSE of different methods.

Hovering condition ESCr value(%)

Thrust PMSE (0/0)

Cheeseman model PFM-2D PFM-3D FVRM
Ground effect 20 7.87 32.98 10.11 6.88
40 9.21 31.96 8.37 8.75
60 8.92 34.09 9.68 7.34
80 9.46 38.60 13.15 4.79
Average Pyisg value 8.87 34.41 10.33 6.94
Interference of water surface 20 10.80 42.67 16.83 2.81
40 11.53 44.47 18.07 3.00
60 11.31 44.04 17.59 5.13
80 10.99 43.56 17.37 6.4
Average Pyisg value 11.16 43.69 17.47 4.34

It can be found that the primary factor influencing the
rotor’s near-water flow field is not rotor size, but the rotor’s
height above the water surface, along with the velocity and
flow rate of the downwash. The analysis reveals that disc load-
ing plays a critical role in determining the water surface state.
When disc loading exceeds the threshold, it compels the flow
field into boiling stage, even if the rotor is positioned at a con-
siderable distance from the water surface. Therefore, in the
design, the methods such as increasing the rotor disc area to
reduce the disc loading, optimizing or limiting the rotor power

near the water surface, and optimizing controller strategy are
noticeably recommended to prevent the occurrence of boiling
stage. Additionally, the transition boundary identified in this
study can be incorporated into the AAR’s rotor lift-altitude
envelope to enhance operational safety and performance.

4. Conclusions

In this paper, a prediction model inspired by the finite element
method was proposed to evaluate the aerodynamic perfor-



Aerodynamic modeling and analysis of aerial-aquatic rotorcraft performance near and crossing the air-water interface 19

500
PFM-3D
- =+ - Cheeseman et al.”
400 - —4— FVRM
PFM-2D
C) —%— IWS Exp. data
Z 300}
=
E_(
I
200 ‘i:x§
e sk
100 . 1 1
1 2 3
h/R
(a) ESC,=20%
2 800
PFM-3D
2400 | Cheeseman et al.”’
—4A— FVRM
PFM-2D
5 2000 | —*— [WS Exp. data
E
Z 1600}
L &
1200 \“.‘*
T e S g
800 L | 1
0 1 2 3
hIR

(¢) ESC,=60%

1400
PFM-3D
1200k -+ Cheeseman et al.”’
—4—FVRM
PFM-2D
%y 1000 - - »=[WS Exp. data
B
=
= 800 .
*
A
ol
600 g
e L D SR -
400 : : x
0 1 2 3
h/R
(b) ESC,=40%
3600
PFM-3D
3200 F % “Cheeseman et al.”’
—4= FVRM
2800 F PFM-2D
C) = *= WS Exp. data
é’ 2400
=
]
2000
b
1600 F S
\X.-;x. e R ===
1200 : . .
0 1 2 3

R
(d) ESC,=80%

Fig. 20 Comparison of FVRM predictions and experimental data.

mance of aerial-aquatic rotorcraft, which takes into account
the influence of the gas—liquid flow field. The following conclu-
sions can be drawn from the investigation:

(M

(@)

The thickness of the boundary layer of vortex core has a
significant impact on the induced velocity distribution.
However, the various circulation models exhibit a negli-
gible impact on the rotor induced velocity.

The evolution of the water surface under the influence of
the rotor wake can be categorized into three phenom-
ena: Phenomenon 1 includes a depression on the water
surface without droplet formation; Phenomenon 2
includes a deeper depression with a small number of
droplets forming at the edge of the depression and
splashing radially outwards along the rotor disc; Phe-

Table 3 Data of transition

points.
h/R Disc loading
(kg/m®)

0.4 16

0.6 17

1 18

1.5 26

2 32

2.5 38

3 45

A3)

nomenon 3 includes surging waves and obvious oscilla-
tions on the water surface, and the flow field is
saturated with droplets and atomized droplets.

The gas-liquid flow field can be classified into two
stages, according to the influence of the water surface
on the rotor performance. The fountain stage is charac-
terized by a weak ground effect, with a predictable
increase in the rotor thrust, including Phenomenons 1
and 2. In contrast, the boiling stage is a reverse ground
effect, which results in an unpredictable decrease in the
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Fig. 21  Fitting results of transition points.
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rotor thrust and a non-negligible influence on the aero-
dynamic performance during take-off and cruising oper-
ations above water.

(4) The models presented in this paper demonstrated an
increase in the prediction error as the rotor height
decreased, due to the gradual increase in the complexity
of the rotor flow field. However, the FVRM model
exhibited a superior predictive performance, regardless
of whether the ground or water was considered. More-
over, the adaptive method used in the FVRM model
resulted in an adaptive circulation strength, which is
the critical factor in the prediction accuracy as the rotor
approached water. Additionally, the FVRM model
requires more computational power than the other
methods.

(5) The transition boundary obtained based on the
Farazdaghi-Harris model, has been proposed for poten-
tial utilization in the design of AAR and the control
strategy. The accuracy and reliability of this boundary
have been validated with various rotor sizes. The special
boundary was proposed as a reliable range for the guid-
ance in the design of the aerial-aquatic vehicles. In the
preliminary design, a number of strategies were identi-
fied as being beneficial in preventing the occurrence of
the boiling stage and ensuring safe flight near and cross-
ing the water surface. These included increasing the
rotor disc area to reduce the disc loading, optimizing
or limiting the rotor power near the water surface, and
enhancing controller robustness. Further research will
be carried out in the future, based on the enhanced
CFD and PIV techniques, with the aim of exploring
the mechanism of the gas—liquid flow field of the AAR.
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