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Abstract
The air-sea UAV is made to be able to fly, change from land to water, and navigate through submerged water. However,
as it moves from the air to the water, it experiences a significant impact force. The UAV’s structure and components run
the risk of being harmed by this strong impact force. The accelerations and forces involved in the transition process must
therefore be understood through quantitative research. The method was created using computational fluid dynamics (CFD),
which can manage the process of water entry. The simulation and calculations were carried out using the Fluent software suite
from ANSYS Inc. The research examined the UAV’s wing and center bodies independently and separately. 3-D models were
used for the analyses of the center body, while 2-D models were used for the wing-body analyses. The transition flow and
submergedmethods were taken into consideration in obtaining the impact load that a body experiences when transitioning into
water. Because it was substantiated using experimental results from prior studies, the transient-time analysis-based transition
techniquewas shown to be reliable. The steady-state analysis of the submergedflowmethod can be used to quickly comprehend
the pressure and velocity distribution over a body immersed in or entering the water. However, because it fails to account
for the water’s initial acceleration upon entry, the steady-state simulation underestimates the drag force. The submerged flow
method’s findings indicate that a sharp nose centre body diminishes drag more successfully. The transition method evaluations
for the UAV slender body reveal controllable drag and impact forces. Furthermore, the study demonstrates that wedge-shaped
leading edges for the wing-body reduce impact but may not be optimal when considering airlift. As a result, this research
provides useful data for air-sea UAV structural design and movement conditions.
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1 Introduction

Unmanned aerial systems have received more worldwide
interest in recent years. The term "UnmannedAerial System"
(UAS) refers to the complete set of components, includ-
ing ground control, supporting technology, communications,
etc., that enable an unmanned aerial vehicle (UAV) to func-
tion [1]. Consequently, a UAV is a part of a UAS. it is
a remotely flown aircraft without any occupants on board.
The Global Hawk, Drones and the MQ-9 Reaper are a few
examples of UAVs. The global market for UAVs has shown
tremendous expansion. With a predicted compound annual
growth rate (CAGR) of 7.9% from 2022 to 2027, the mar-
ket for unmanned aerial vehicles was estimated to be worth
USD 26.2 billion in 2022, and USD 38.3 billion by 2027 [2,
3]. Geographically, the worldwide UAVmarket is dominated
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by North America, with the United States accounting for the
greatest share. As of 2021, there were 865,607 drones reg-
istered with the Federal Aviation Administration, and about
260,000 remote pilots that have received certification [4].
UAVs are now well-known throughout the modern world,
due to their enormous possibilities and applications. UAVs
are used in a number of industries, such as quarrying for the
purpose of mineral exploration, public safety for the purpose
of tracking down missing people or suspects, agriculture for
the purpose of monitoring farmland and crop spraying, and
the military for the purpose of enabling specific high-risk
missions.

The Air-Sea UAV has a special application even though
UAVs are typically only built for use in the air. The Air-
Sea UAV can function both above and below water. It is
intended to be able to fly, swoop down into the water, and ply
the surface of the water while submerged. The high impact
force that is felt when it tries to break through a water free
surface presents a significant difficulty during the rapid tran-
sition from air to water. The likelihood of component failure
and structural damage correspondingly rises. The develop-
ment of thin jets (spray), large free surface deformation,
air entrainment, and flow separation are all aspects of this
flow problem’s complexity. Henceforth, it is essential for
the UAV’s design to understand the accelerations and forces
involved in this transition.

Sincemore than a century ago, academics have been inter-
ested in water entry problems and have conducted numerous
experimental, analytical, and numerical studies. Worthing-
ton and Cole [5, 6] arguably are responsible for the earliest
relevant work, which was completed in 1897. They looked at
splashes and offered a variety of high-speed images. Sub-
sequently water entry problems were extensively studied
in relation to naval engineering. There are basically two
research fields in water entry physics: research that focus on
cavity formation and others with emphasis on impact force.
Von Karman [7] proposed the first analytical approach for
handling impact force caused by water entry in 1929. He
established amathematical equation using potential flow the-
ory to calculate the impact load and suggested an additional
mass approach. The fluid mass that moves with the body dur-
ing impact makes up this additional mass. Contextually, the
goal of his research was to improve existing knowledge on
the hydrodynamics of seaplane landing.An improved version
of Von Karman’s approach was put out by Wagner [8]. The
study considered free surface elevation by considering water
entry process as a series. The author provided a formula for
computing the two-dimensional wedge’s instantaneous pres-
sure distribution. Mackie [9] proposed a fully linear solution
for a wedge-shaped body that enters the water.

Although theoretical studies have dominated the majority
of the water entry research, experimental investigations have
made a number of significant contributions to the subject.

In order to record the transition period, high-speed photog-
raphy is frequently used in water entry experiments. Zhao
et al. [10] conducted experimental performance tests on ship
cross-sections. The experimental findings were put to use
in a theoretical framework for a 2-D wedge. Tveitnes et al.
[11] created a test rig that propels a wedge portion at a con-
stant speed. The wetting factor and drag coefficient at varied
deadrise angles were investigated using this technique. The
deadrise angle is the inclination of a boat’s bottom with
respect to the horizontal plane. Nisewanger [12] investigated
the pressure distribution on a 12-inch sphere during water
entry experimentally. The pressure and drag coefficient were
determined based of on penetration depth and time. Baldwin
et al. [13] conducted similar experiments toNisewanger [12],
their results were in agreement. Shepard et al. [15] studied
the impact of velocity and density, whereasMay [14] focused
on cavity growth while performing a drop test on a sphere.
A body’s impact force when it collides with water is pri-
marily affected by the added fluid mass’s rate of change in
momentum, which may be connected to the rate of change of
the body’s wetted area [7, 8]. Impact forces are largely tran-
sient, and little research has been conducted in this area. May
et al. [16] proposed a time-dependent model for resolving
impact force to characterize projectile dynamics. Using the
acceleration, velocity and gravity terms to dissect the impact
force—Wang et al. [17], building on the work of May et al.
[16], gave greater insight into the fleeting nature of the impact
force. The hydrostatic and dynamic terms that make up the
gravity term have varying values depending on the condition.
Given the transient nature of impact forces, a transient-type
solution would be the most appropriate for solving them.

Since Worthington’s time [5, 6], researchers have been
looking at the cavities that are created when a body enters
water. One event which typically follows cavity formation is
cavitation. Cavitation is a concept in which vapour cavities
develop in a liquid when the static pressure in the fluid falls
to a level underneath the vapour pressure.When a body hits a
water surfacewith enough initial speed, an air cavity develops
behind it [18]. A 1-inch steel sphere entering water was cap-
tured in high-speed motion images, according to May [14].
The May [14] study went into great depth about how cavi-
ties form. The initial splash is the consequence of water on
the surface giving way to the entering body, and it marks the
beginning of the water entrance cavity. As the body descends
further, air is drawn in, and eventually the splash, which is
at a level above the water’s surface, forms a dome, sealing
the surface. Hydrostatic forces then cause the hollow under-
neath to collapse, forming a pinch-off point. At the pinch-off
sites, water jets are created, and they shoot through the upper
cavity part and onto the water’s surface. Images illustrating
this process were also provided by several studies [14, 17,
18]. In attempting to simulate the effects of cavities forming
and collapsing as a result of a high-speed projectile entering
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the water, Lee et al. [19] put forward an analytical method.
According to the model, the energy transmitted to the fluid
to form the cavity and lost by drag on the projectile are both
equivalent. The parameterization of cavities was taken into
consideration by Plesset et al. [20] in the formation of water
entry drag. By permitting two spheres to enter the water one
after the other, Rasfan et al. [21] considered impact force
mitigation. The hollow formed by the first sphere roughly
lowered the force of impact on the second sphere by 78%.
However, if the second sphere hits a collapsing cavity, the
impact force is greater. When designing water-borne mis-
sile systems for the military, the cavity that forms during the
water transition affects the item’s path [14]. Important fac-
tors affecting cavitation inwater entry include the projectile’s
characteristics (geometry, centre of mass, density and wetta-
bility), the angle of water entry and the velocity at the point
of contact [18].

Because of the progressmade in the application of numeri-
cal methods to impact force problems, more thorough studies
of impact forces have been made possible. This has resulted
in more reliable CFD methods that could address difficult
water impact problems. It has been demonstrated that CFD
methods based on Navier–Stokes equations (NSE) solutions
for free surface flows are trustworthy. These NSE methods
have the benefit of being generic, allowing for the simulation
of intricacies of free surface deformation, flow separation,
and the formation of jet-like flows. The difficulty in resolv-
ing the NSE for water entry is identifying the point where
the surfaces of solid surfaces, water, and air converge. Free
surface trackingmethods, such as theVolume of Fluid (VOF)
algorithm can be used to overcome this problem. Kleefsman
et al. [22] explored the 2-D and 3-D water impact prob-
lems for wedges and cones, respectively, using the VOF
method. The study offers convincing evidence in favour of
the VOF method. Fairlie-Clarke et al. [23] also simulated
the steady speed water entry of 2-D wedges for various
deadrise angles using the VOF with finite volume discretiza-
tion. Shen et al. [24] used Open FOAM’s VOF and dynamic
mesh method to simulate the entry of water and report the
distribution of the sphere’s forces and displacement. Finite
volume method (FVM) on ANSYS CFX was used by Abra-
ham et al. [5] in investigating the impact force experienced
by a sphere. There have also been other CFD approaches
used. Zhu et al. [25] tracked the free surface utilising the
Constrained Interpolation Method in order to investigate the
water entry and exit of horizontal cylinders. The impact
force distribution for water entry at consistent velocity free
fall was observed. Using the level set method, Zhang et al.
[26] predicted the cylinder’s slamming coefficient at water
entry. The method and the experimental findings were dis-
covered to be in excellent correlation. Aquelet et al. [18]
used the Finite Element Method (FEM) along with the Arbi-
trary Lagrangian Eulerian (ALE) formulation to simulate

water entry for wedges [27]. Wagner’s [8] theoretical find-
ings were contrasted with the force and pressure gradient that
were measured. Maruzewski et al. examined a sphere strik-
ing water using Smoothed Particle Hydrodynamics (SPH),
a meshless method. Yan et al. [29] investigated the water
entry forces of an autonomous unmanned vehicle (AUV)
using both computational and experimentalmethods. A FEM
and SPH formulation’s merged predictions and experimen-
tal findings showed excellent accord. Serge [30] reviewed
the dynamic behavior of water entry and how they relate to
hull slamming in great detail. The study looked at a variety
of methods that had been used in water entry problems over
the years.

The effectiveness of a UAV transitioning from air to water
was numerically studied in this research. The authors exam-
ined the forces and accelerations that the wing and fuselage
parts of the UAV encountered during the change. Utilizing
CFD, a numerical strategy that can handle the water entry
process was established. This study’s simulations were all
run using the commercial software FLUENT from the hold-
ing company ANSYS Inc. The effectiveness of the designed
numerical method was shown by contrasting the simulated
transition of a sphere with experimental results from other
scientists. The study considered the UAV’s wing body and
centre body separately and independently to simplify the
evaluation. Wing body investigations were conducted using
2-D models, whereas 3-D models were used. Wing body
investigations were conducted using 2-D models, while cen-
tre body analyses were conducted using 3-D models. used
for the centre body analyses.

2 Methodology

This section describes the computational set-up developed to
simulate the air-to-water transition problem for a UAV. This
is accomplished by simulating a spherical aluminum body
using CFD. The goal is to create a reliable simulation system
that can correctly resolve the flow dynamics that take place
as an object transitions from air to water. As a result, the
validation study provides a solid foundation for this work’s
subsequent simulation.

2.1 Validation study

The present study aims to evaluate the reliability of a simu-
lation approach by comparing its results with those obtained
fromanexperimental investigation conductedbyNisewanger
[12].Nisewanger’s investigation involved analyzing the pres-
sure distribution on a 0.305 m (12 in.) aluminum sphere as
it entered water at a constant velocity of 7.163 m/s (23.5
fps).Baldwin andSteves [25] also performed similar research
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Fig. 1 a Domain geometry side view of sphere water entry b Domain geometry of sphere water entry

and obtained results that were consistent with those of Nise-
wanger [12]. Furthermore, Pengyao et al. [31] carried out a
numerical validation study using the STAR-CCM+ commer-
cial software. Figure 1 shows the computational domain used
in the study. To simulate the sphere’s transition from air to
water, a time-dependent realizable k-ε turbulencemodel with
a scalable wall functionwas employed. To ensure an accurate
and realistic solution, appropriate spacing was maintained
between the sphere and the side and bottom surfaces during
the mesh generation process. The dynamic mesh technique
was employed specifically for generating meshes around the
sphere within the computational domain. Given that it only
interacts with the airmedium, the upper layerwas chosen as a
pressure outlet with a volume fraction of one for air to water.
The velocity and pressure fields were coupled in the solution
scheme using the semi-implicit method for pressure-linked
equations (SIMPLE), which is a pressure-based solver. The
volume fraction of air to water was also solved using the vol-
ume of Fluid (VOF) method. In this computation, a residual
value of 1e−06 and a time step of 1e−05 s were used.

3 Governing Equations:

For this fluid–solid coupling problem, the RANS k-ε turbu-
lent model was used.

∂ui
∂xi

= 0 (1)

∂ui
∂t

+ u j
∂ui
∂x j

= − 1

ρ

∂ p
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where τi j = 2(v + Cd
(
k2/ε

)
)σi j − (2/3)kδi j , σi j =

(1/2)
((

∂ui/∂x j
) + (

∂u j/∂xi
))
, vt = Cd

(
k2/ε

)
, G =

2vtσi j (∂ui/∂x j ), Cd = 0.09, C1ε = 1.44, C2ε = 1.92,
σε = 1.3, σk = 1.0.

ε is the turbulent dissipation rate, k is the turbulent kinetic
energy, σi j is the rate of the strain tensor, vt is eddy viscosity,
ui velocity vector of the mean flow, δi j is the Kronecker
delta function, gi is the ith component of the gravitational
acceleration, ρ is the fluid density, p is the pressure of the
mean flow. The simulation outcomes are juxtaposed with the
experimental findings of Nisewanger [12] and Baldwin and
Steves [13], as presented in Fig. 2. The total vertical force
represented by the drag coefficient CD is plotted against the
normalized penetration depth (D*).

CD = D
1
2ρ∞V 2A

(5)
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Fig. 2 Drag Coefficient
comparison of sphere at water
entry

D∗ = Dp/R (6)

The comparison conducted revealed that the simulated
drag coefficient in this study correlates well with experimen-
tal data, with a marginal deviation. The simulated peak drag
exceeded the experimental value by 5%. Therefore, it can be
inferred that the simulation approach employed in this study
is adept at modeling objects that undergo transition from air
to water. Figure 3 depicts the contour plot of the sphere in
transition.

3.1 Simulation of air-sea UAV

The validatedmodel approach is used to simulate theAir-Sea
UAV’s transition from the air to the sea. The UAV was split
into two distinct body sections to make analysis easier.

1. Center body: The center body sometimes referred to as
fuselage, bears most of the UAV’s weight and functions
as a structural link between the wing and tail assembly.
It is also responsible for the majority of the UAV’s drag.

2. Wing body: This section is mainly a stack of airfoils
linked to the fuselage’s side. They act as the main lifting
surface that keeps the UAV flying.

3.2 CFD setup

Two general instances were simulated: a fully submerged
body and a vertically descending body transitioning from air

to water (refer to Fig. 4). The fully submerged body sim-
ulation was conducted under steady-state conditions, while
the latter employed transient-state conditions. A submerged
body’s steady-state analysis allows for a quick understanding
of the velocity and pressure distribution over the transitioning
or submerged body. Moreover, the steady-state simulation
does not account for the fluid’s initial acceleration, which
can substantially increase the initial force of impact on the
vehicle, particularly in areaswith blunt edges.While the tran-
sition method was used to simulate the wedged leading edge,
elliptical leading edge, andUAVslender body, the submerged
flowmethodwas used tomodel theNACA0012, conical nose
model, elliptical nose model, and the wedged NACA airfoil.

3.3 Domain geometry

Three distinct designs were examined for the centre body in
this study: a slender bodywith lines resembling a pre-selected
UAV, an axi-symmetric body with an elliptical nose, and an
axi-symmetric body with a conical nose. We also looked at
elliptical leading edge andwedged leading edgemodels, two-
dimensional (2-D) models that are planar and describe the
longitudinal section of the axially symmetric bodies. The
NACA 0012 airfoil and a wedged-type NACA 0012 airfoil
were used to evaluate the performance of the wing body. The
elliptical leading-edge design has a major length of 2.06 m,
compared to 2.35 m for the wedge shape. The elliptical nose
centre body had an ellipse ratio of 3.2:1, whereas the conical
nose centre body had a half angle of 15°. The NACA 0012’s
coordinates were found in the airfoil online database [32],
and the wedge airfoil’s leading edge had a half angle of 15°.
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Fig. 3 Ball position at different time instance

Fig. 4 Study Approach Chart

Figures 4, 5, and 6 provide thorough illustrations of these
models in more detail.

3.4 Meshing

For the simulation, theMesh software package fromANSYS
was used.

I. Conical-Nose-Center-Body: The average mesh ele-
ment type in the fluid domain away from the body
is 4e−01 m, and it is basically consistent. A sphere
of impact was established around the body using an
inflation first layer height of 2e−06 m and an element
size of 3e−02 m to capture the relevant information of
the fluid domain close to the body. 5,65,194 nodes and
2,993,421 elements made up the final mesh.

II. Elliptical-Nose-Center-Body: The computational
mesh used in this simulation consists of elements with

sizes of 4e−01 m away from the body, 3e-02 m close
to the body, and 2e−06 m for the first layer height in
the inflation layer. The mesh has a total of 334,709
nodes, and 756,021 elements. It is largely uniform.

III. UAV-Slender-Body: The mesh used had two interior
boundary points. A coarser mesh with an element size
of 1e−01 m, an inflation layer with a first height of
1e−02 m and a face size of 2e−02 m was used for the
region surrounding the slender body. The mesh was
structured with an average element size of 3e-01 m in
the area away from the slender body. 1,916,361 ele-
ments and 2,883,509 nodes make up the mesh. The
element sizes were selected to avoid negative vol-
umes during mesh changes while being fine enough
to capture significant features. Mesh types that are
unstructured and irregular are considered. The adopted
element types are listed in Table 1.
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Fig. 5 The model geometries a conical nose, b elliptical nose, and c slender body

Fig. 6 Fluid domain a Submerged case b Transition case
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Table 1 Mesh characteristics of UAV slender body

Parameter Method/value

Element order Quadratic

Mesh type Unstructured

Volume Tetrahedral

Advanced size function Proximity and curvature

Growth rate 1.1

Relevance center Fine

Adaptive Sizing No

IV. Wedged-Leading-Edge: The element size in this mesh
is 4e−02 m. The rigid body’s edges are divided by 40
and have an inflation layer first height of 3e−03 m.
This mesh is considered fine, with 312,461 nodes and
159,814 elements.

V. Elliptical-Leading-Edge: The element size for this
mesh is 4e−02 m, with an inflation layer first height
of 3e−03 m and edge sizing accomplished by divid-
ing into 40 parts. The mesh has 309,670 elements and
626,324 nodes in total.

VI. NACA-0012-Airfoil: The airfoil was represented by a
very fine mesh, with a boundary layer having a first
height of 1e−06 m. The mesh size was 4e−03 m for
the area closest to the airfoil and 1e−01 m for the
area farther away. This unstructured mesh had a total
of 325,500 elements and 177,315 nodes, and it was
relatively uniform.

VII. Wedged-NACA-0012-Airfoil: This mesh is similar to
that of the above- mentioned airfoil, but it has a
mesh size of 3e−03 m close to the airfoil. The
mesh has 448,305 elements and 251,719 nodes and is
unstructured with a primarily uniform distribution.

The mesh properties are given in Table 1.

3.5 Solver setup and boundary conditions

The boundary and operating conditionswere quite similar for
simulations of fully submergedbodies andbodies undergoing
transition. As previously mentioned, dynamic meshes were
used for time-dependent cases, while fixedmeshes were used
for fully submerged situation. In both instances, a residual
value of 1e-06 was used.

3.5.1 Transition case

The time-dependent air-to-water transition method was used
to simulate the slender body as well as the two-dimensional
(2-D) models of the center body (elliptical leading edge and
wedged leading edge). The pressure outlet was set as the top

surface, while the other surfaces within the domain were set
as walls, as illustrated in Fig. 6b. The 6061 Aluminum alloy
is the default material for the rigid body, which is set to as a
wall. To define these rigid bodieswhich are irregular in shape,
Autodesk INVENTOR was used to determine parameters
such as mass, area moment of inertia, and center of gravity.

3.5.2 Submerged case

The steady-state submerged flow method was used to simu-
late the wing body and the 3-D models of the center body.
The right and left surfaces were set as pressure outlet and
pressure inlet, respectively, while the remaining faces were
set to walls. The domain was designed to be sufficiently
large to account for any computational instability. By adjust-
ing the total pressure and gauge pressure using Eq. (7), the
flow rate of the water was predefined. The semi-implicit
method for the pressure-linked equation (SIMPLE) with sec-
ond order upwind spatial discretization was chosen as the
solution approach (Fig. 7).

P0 = Ps + 1

2
ρV 2. (7)

4 Result and discussion

4.1 Transition case

The model was placed 0.096 m from the water’s surface and
initialised with a starting velocity of 50 m/s. For the mod-
elling, a time step granularity of 2e−05 s was used.

4.1.1 Transition case for leading edge design

Figure 8 shows the drag coefficient, also referred to as the
impact force coefficient, for the elliptical and wedged lead-
ing edges. The water is initially at rest and must accelerate
quickly upon contact with the leading edge, which affects the
impact force. More water must be sharply accelerated by the
elliptical leading edge, which causes the initial impact pres-
sure and force to significantly increase. The wedge-shaped
leading edge, on the other hand, has a smaller frontal area
and requires less fluid to be abruptly accelerated. The drag
coefficient plot illustrates this, demonstrating that the drag
coefficient for the wedge shape is roughly one-fourth that
for the elliptical shape. The wedged leading edge’s drag
coefficient plot has two peaks, the first connected to the
water’s abrupt acceleration as the wedge breaks the surface
and the second to the area of the wedge shape increasing
as it enters the water. Figures 9 and 10, respectively, dis-
play the two shapes’ velocity and acceleration profiles. The
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Fig. 7 The zoomed-in mesh grid
a conical nose, b elliptical nose,
c slender body, d airfoil,
e wedged airfoil

water is initially accelerated upon contact with the ellipti-
cal leading edge, which causes the initial abrupt decrease in
velocity for the leading edge. The acceleration slows down
due to the development of the flowfield around the body. Due
to its smaller size, the wedge-shaped leading edge requires
less water to be abruptly accelerated, but the acceleration
increases as more surface area moves into the water.

The static pressure distributions around the bodies when
they were being submerged in water are shown in Figs. 11
and 12. The two plots have different scales. The body experi-
ences a significant increase in pressure during thewater entry,
which causes thewater to accelerate around the leading edge.
Cavitation is the separation of water from the surface and the

formation of cavities as a result of a pressure drop caused by
an increase in the velocity of the water on the surface. The
blue line, which represents the pressure distribution around
the body at impact, is followed by the orange line, which
represents the pressure distribution at a normalised distance
of about 0.04, and so on. Water has a cavitation pressure of
3.2 kPa at standard pressure and temperature. As a result, the
areas on each line where pressure values are less than 0 Pa
are where cavitation takes place on the body.

The positions of the models at various times during their
transition into water are shown in Figs. 13 and 14. On the
figures, the water region is depicted in red, and the air region
is shown in blue. The elliptical leading edge is shown in
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Fig. 7 continued

Fig. 8 Drag coefficient
comparison on leading-edge
designs

123

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY



International Journal on Interactive Design and Manufacturing (IJIDeM)

Fig. 9 Velocity profile plot

Fig. 10 Acceleration profile plot

Fig. 11 Pressure distribution
around the elliptical leading-edge
model during water entry
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Fig. 12 Pressure distribution
around the wedge leading edge
model during water entry

Fig. 13 Position of elliptical leading edge model at different time instants

Fig. 13 while the wedge-shaped leading edge is shown in
Fig. 14.

4.1.2 UAV slender body

To replicate the shape of an actual UAV, amodel with compa-
rable contourswasmade.Thebodymeasures 3.58m in length
and has a conical nose with a 20-degree half-angle. The cen-
tre section, which has a maximum diameter of 4.88e-01 m

and is situated 1.536 m from the front, smoothly connects to
the nose segment (refer to Fig. 5c). The mass of the model is
estimated to be 988 kg. The drag coefficient, a dimensionless
force that describes the amount of resistance a body experi-
ences as it moves through a fluid, is shown in Fig. 15. The
section with the largest diameter also falls within the plot’s
trough region.
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Fig. 14 Position of wedged leading edge model at different time instants

Fig. 15 Drag coefficient plot of
UAV slender body
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Fig. 16 Velocity profile as the
slender body during the
water-entry

Fig. 17 Acceleration profile as
the slender body during
water-entry

The linear and downward-sloping velocity profile in
Figs. 16 and 17 indicates that the body experiences a rela-
tively constant acceleration. This behaviour is caused by the
body’s streamlined shape, which prevents abrupt changes in
flow by ensuring a smooth transition from the conical nose
to the midsection and finally to the end section.

Figures 18, 19, 20 provide more information about the
UAV’s slender body. The pressure distribution around the
body as it enters the water is depicted in Fig. 18. The body’s
nose section experiences the highest pressure, and themiddle
region shows prominent cavitation.

4.2 Submerged flow case

True time-dependent water transition simulation develop-
ment is a difficult task requiring substantial computational
resources. Therefore, the initial investigation of the current

problem involved determining the immersed flow around a
body and calculating the drag force based on the expected
wetted area before cavitation. Water is separated from the
body’s surface at the point of cavitation, leaving it exposed
to the atmosphere. The drag coefficient is determined using
the atmospheric static pressure distribution that results from
this point of cavitation to the end of the body that’s exposed
to the atmosphere. However, this approach does not take into
account the water’s sudden acceleration at the time of initial
water entry.

4.2.1 Comparison of center body design

The pressure contour on surfaces with an elliptical nose and
a conical nose are shown in Figs. 21 and 22, respectively.
The pressure is highest at the tip of the nose, also known as
the stagnation point. However, due to the slight deformation
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Fig. 18 Pressure distribution
around the UAV’s slender body
as it moves further in water

Fig. 19 Pressure Contour at a
normalized depth of 0.72 (color
spectrum limited to range−3e05
to 4e05 Pa)

brought on by the meshing process, the values shown in the
figures are not smoothly resolved around the curvature. Since
a sharp nose tip rather than a curved one was created for the
conical nose model, the flow diffuses quickly away from it.
By carefully looking at the zoomed-in mesh in Fig. 7a and b,
this can be seen. However, it is anticipated that the pressure
on the coarse surface elements will be a good indicator of the
model’s overall curvature.

Figure 23 shows the dimensionless drag, also known as
the drag coefficient, which is a useful measure of the amount
of resistance a body encounters whenmoving through a fluid.
The drag and drag coefficient were calculated using Eqs. 8
and 5, respectively.

D =
∫ y2

y1
Ps · 2π y dy (8)

The body length was used to plot the distribution of
the drag coefficient. The pressure that is thought to exist

past the point of separation is atmospheric (101,325 kPa)
as previously mentioned. Just prior to separation, the drag
coefficients for the conical and elliptical leading edges were
determined to be 1.05e−01 and 1.29e−01, respectively. The
elliptical and conical nose centre bodies, respectively, had the
largest dimensionless drag coefficients measured, measuring
1.4e−01 and 1.7e−01.

4.2.2 Comparison of wing body designs

Figures 24 and 25 display the pressure contours around two
airfoils, the NACA 0012 symmetrical airfoil and the wedged
leading-edge airfoil. These data show that although there is a
smooth variation in pressure along the surface, the pressure
at the leading edge is relatively high.

The drag coefficient distributions for the typical NACA
0012 airfoil and the wedge-shaped leading-edge airfoil are
contrasted in Figs. 26 and 27. For both airfoils, the pressure
rapidly decreases at the leading edge. The wedged airfoil
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Fig. 20 Images of UAV slender body as it descends

Fig. 21 Pressure contour of
elliptical nose model
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Fig. 22 Pressure contour of
conical nose model

Fig. 23 Drag coefficient
comparison of nose models

Fig. 24 Pressure contour of
NACA 0012 airfoil
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Fig. 25 Pressure contour of
wedged NACA 0012 airfoil

Fig. 26 Geometry plot for the
standard NACA 0012 airfoil and
similar airfoil with a wedged
shape leading edge

shows evidence of the flow’s gradual acceleration, which
results in less initial pressure drag in the water than the typ-
ical NACA 0012 airfoil. A more abrupt stall point and a
lower peak lift coefficient are two aerodynamic challenges
brought on by the use of the wedged design. The maximum
drag coefficients for the NACA airfoil and the wedged airfoil
were calculated to be 1.23e−01 and 8.33e−02, respectively.

4.3 Comparing transition approach and submerged
flow approach

It can be seen that the drag coefficient determined using
the submerged case approach significantly underestimates
the initial drag when compared to the axisymmetric centre
body and the UAV slender centre body. This is because the

approach fails to take into account the sudden acceleration
of the water upon entry of the rigid body.

5 Conclusions

To investigate the transition of streamlined bodies, such as 2-
D wing shapes and an axisymmetric centre body, from air to
water at high velocities, a CFD model was created. Negative
volumes that could arise from the dynamic mesh during the
transition process was taken care of by using a body-centered
mesh.When the computed drag coefficient and experimental
data were compared, it was determined that the model was
accurate because there was a respectable level of agreement.
In order to calculate the impact force on a body during the
transition, this study considered both the transition method
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Fig. 27 Drag coefficient
comparison of airfoils

and the submerged flowmethod. The transitionmethod based
on transient-time analysis was found to be reliable and to
have provided vital details regarding the force of impact and
cavitationgrowth.The steady-state analysis of the submerged
flow approach allowed for quick understanding of pressure
and velocity distribution, but because it did not consider the
fluid’s initial acceleration, the initial force of impact was
underestimated.

According to the results of theCFDsimulations performed
for the three-dimensional centre bodies using the submerged
flow method to examine the impact of nose shape on drag
reduction. As a result, it was determined that a sharper nose
design reduced drag more successfully. Calculations using
the transition approach indicated that the slender body could
handle the impact and drag forces, and that this could be done
with a sharper and less steep nose section. The study also
looked at how the leading-edge design affected the drag and
impact forces on the wing bodies as they entered the water.
The findings demonstrated that, in comparison to rounded
leading edges, which are known to offer better lift charac-
teristics over a range of air angles, wedge-shaped leading
edges provided lower impact and drag forces. The wedged
and elliptical leading-edge models were used as two repre-
sentative models to simulate wing bodies. A quarter of the
drag of the elliptical leading-edge model was demonstrated
by the wedged leading-edge model. It is important to keep
in mind that while the mesh used in all simulations could be
made finer, doing so would require more computational time
and resources.

For further studies, it is recommended to conduct a mesh
independence study. The present study focuses on the entry
of the object perpendicular to the water surface, which is an

appropriate initial condition for this type of analysis. How-
ever, it is important to consider that the power ofwater current
may cause variations in the inclination of the body during
water entry, thus it is suggested to investigate different angles
of inclination. To gain a better understanding of the perfor-
mance of a full-body UAV in various conditions, a numerical
study of the full body may be conducted. This is particularly
important because cavitation would occur at two areas on the
body: the wings, and the nose. According to prior research
[21], pre-existing disturbances ahead of a rigid body’s entry
into water can lead to a reduction in impact force. Therefore,
it may be worthwhile to simulate a modified leading-edge
design that could not only help decrease the impact force but
also create a disturbance in the water.
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