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Abstract: The Variable Buoyancy System (VBS) is a critical device in the operation of underwater
gliders that should be properly sized to achieve the required vehicle propulsion; safety within the
operating range; and adequate efficiency at the nominal depth rating. The VBS budget volume
depends mainly on the glider hydrodynamics and the main operating states of the vehicle. A method is
proposed with analytical equations to analyze the performance of underwater gliders and to estimate
the resultant velocities of the vehicle as a function of the buoyancy change and the glider angle.
The method is validated to analyze the glider performance of underwater gliders and is essential
to get the main design requirement for the propulsion system: the VBS budget volume. The paper
presents the application of the method to obtain the VBS sizing for an academic glider; a comparison
with the historical hydrodynamic data of the Slocum glider; the results of the glider performance
study; and the development of the characteristic charts necessary to evaluate the performance of the
vehicle and its flight parameters.

Keywords: variable buoyancy system; glider polar chart; glider performance; angle of attack;
underwater gliders; specific energy consumption

1. Introduction

Oceanography requires the use of a wide variety of instruments, tools, and platforms to study the
planet’s water resources. Unmanned underwater vehicles (UUVs), which are piloted with specialized
human resources, support and perform special oceanographic operations. In the category of UUV,
underwater gliders are autonomous underwater vehicles (AUV) that perform water column sampling
for long periods of time and long range transects; gliding in the water at low speed and communicating
with the pilot in the surface via satellite to evaluate their performance and to adjust the instructions for
the next operation cycle [1].

1.1. Background

Considered the natural evolution of float technology, which are oceanographic devices used
for the study of ocean circulation and sampling of water columns [2–6], underwater gliders had an
accelerated technological maturation in the 1990s through the program “autonomous oceanographic
sampling networks” (AOSN) [7]. In 2001, the development results of the vehicles that are known today
as legacy gliders were presented. Slocum, Spray, and Seaglider were developed simultaneously by the
Webb Research Corporation (WRC), the Scripps Institute of Oceanography, and the Applied Physics
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Laboratory (APL) of the University of Washington, respectively [8–12]. Today, the commercial vehicles
Slocum and Seaglider are the most popular in the ocean engineering community [13,14].

Jenkins et al. [15] presented the technical report with the results of the development of legacy
gliders of the AOSN program; the base theory of the underwater gliders operation [16]. In the report,
they describe some of the concepts used for the development of gliders, one of the most important
being the concept of specific energy consumption. This concept evaluates the energy balance of the
vehicle in a steady state, showing the characteristic charts of the estimated performance of some glider
models with respect to the capacity of their propulsion system, called glider polar charts. The charts
were obtained as a result of CFD (computational fluid dynamics) analysis tools and mathematical
models from the company Vehicle Control Technology, Inc. (VCT) [17–19].

The legacy gliders’ main feature is the low energy propulsion engine called the Variable Buoyancy
System (VBS), which modifies the net buoyancy of the vehicle to descend and ascend in the water at
slow velocity (∼ 0.25 m/s). The vehicle glides in the water with steering control systems to change or
still the trajectory of the vehicle with the balance of inertial and hydrodynamic forces, generating the
characteristic sawtooth movement in the plane [20].

With the development of underwater glider technology, research has been conducted on the
dynamics of this type of vehicle to control its main propulsion and steering systems [20–22], estimating
the hydrodynamic forces of lift and drag in steady state with polynomial regressions as a function
of the angle of attack (linear and quadratic equations, respectively). The hydrodynamic polynomial
estimations simplify the navigation and flight mathematical models of the vehicle, considering the
underwater vehicle as an aerodynamic profile to obtain the polynomial coefficients at small angles
of attack.

To obtain the polynomial regressions, it is required to have real or estimated hydrodynamic
forces at a defined velocity in the water for small angles of attack (normally between −10◦ and 10◦).
Singh et al. [23] presented in 2017 a research paper to validate the use of CFD modeling to estimate
the hydrodynamic forces with a variation of the angle of attack between −8◦ to 8◦ with steps of 2◦.
The CFD method was validated by the experimental results of the glider in a towing tank with the
same specifications.

In the absence of a defined methodology for the development of VBS for underwater gliders,
a preview of this article [24] was presented in 2018 with the first results of the theoretical work on the
development of a VBS for an academic glider of 200 msw (meters of salt water) depth rating called
Kay Juul 2 (from the Mayan “Row Fish”). The work presented the glider performance charts and the
analytical equations based on polynomial coefficients to estimate the velocity of the vehicle in steady
state and the VBS budget for the nominal velocity of operation. The polynomial coefficients were
obtained by Bustos et al. [25] with CFD modeling based on [22,23] with angles of attack between −15◦

and 15◦ with steps of 5◦.
The results of [24] show the direct dependence on the hydrodynamic coefficients [25] and the

flight angles in the VBS displaced volume, highlighting the importance of the design requirements
and the hydrodynamic parameters of the vehicle to estimate the VBS budget. The equations and
charts of [24] have been updated for the present research in order to propose a practical method to
estimate the VBS budget as a result of the glider performance analysis and the main operation states.
One important correction is the variability of the angle of attack as a function of the desired glide slope
or glide angle, considered previously as a constant.

Tiwari and Sharma [26] in 2020 presented a methodology to select and analyze VBSs for AUVs
through buoyancy control, which emphasizes the importance of defining the design requirements and
subsequently selecting the most appropriate type of VBS. These factors are necessary to generate the
conceptual design for the computational simulation model and its analysis; the VBS volume is one of
the design requirements that need to be defined. The purpose of the present research on underwater
gliders is to propose a method to define the VBS volume capacity for its design process, given that
“the design process of a VBS system is not known in full, and existing approaches are not scalable” [26].
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In 2020, Eichhorn et al. [27] presented the performance analysis of the Slocum glider based on
polynomial coefficients to improve its navigation, comparing different historical hydrodynamic models
of the legacy vehicle. Their method used the polynomial coefficients to estimate the performance with
a variation of the angle of attack.

Another glider performance study was presented in 2020 by Deutsch et al. [28], using
semi-empirical equations for each major component of the Slocum vehicle (body, wings, and vertical
tail); assuming a constant angle of attack (optimal angle of attack) and increasing the error in the velocity
estimations while the glide angle is incremented. The semi-empirical equations are dimensionless lift
and drag coefficients for different components and wings that depend on the attack angle, and the
Reynolds number.

1.2. Research Contribution

The proposed method in this article presents analytical equations that consider the underwater
glider as an asymmetrical profile, as well as presenting a particular solution for symmetrical profiles.
The particular solution is validated with the results in [27], simultaneously using polynomial coefficients
for the hydrodynamic forces and considering the coefficients in the operating velocities of the vehicle
as stable. The main advantages of the proposed method respect to [27] are mentioned as follow:

• The glide angle is an input parameter and main variable. All the output parameters are in function
of the desired glide slope of the vehicle, even the flight angles; calculating first the angle of attack
and then the pitch angle (controlled by the internal mechanism of the vehicle).

• The VBS sizing process is included in the results of the performance analysis in order to obtain
one of the main design requirements for the propulsion system. No approach is reported to define
the VBS budget volume for underwater gliders, except the previous work presented in 2018 [24].

• The method considers the entire vehicle to have an asymmetrical profile or to have asymmetrical
wings when defining the descent (dive) and ascent (climb) state solutions.

The analytical equations to evaluate the glider performance analysis are presented to obtain the
relation between the VBS and the glider performance in different operation points. In the early design
states, the performance analysis is important to size the main mechanisms. The detailed design state
could be used to estimate the vehicle performance with updated information, such as detailed CFD
analysis of the vehicle with sensors and other components that could modify the hydrodynamics.

This paper proposes a practical method to analyze the glider performance, including the VBS sizing
process as an output resultant of the analysis process. The main characteristic charts are presented to
analyze the effect of the polynomial coefficients in the performance of the vehicle. The discussion about
the improvement of resultant velocity with respect to the displaced volume of the VBS, and the effect
of the polynomial coefficients is presented. The approach of the proposed method is to consider the
VBS sizing as an important design requirement for the propulsion of the vehicle, however, the glider
performance analysis could be expanded to obtain the sizing of the other main mechanism (i.e., for the
pitch mechanism stroke with the analysis of hydrodynamic torque compensation).

The structure of the paper is as follows. The flow chart of the proposed method to analyze the
glider performance and the outputs of the method are shown in Section 2; including the VBS sizing.
Section 3 describes the main operation states of the underwater gliders and the principle of operation
to define the concept of the VBS budget. In Section 4, the performance analysis of underwater gliders
is presented, obtaining the analytical equations needed to evaluate the performance of the vehicle;
the estimation of flight and the estimated volume of the VBS. In Section 5, the results and discussion
are presented, validating the glider performance analysis equations and obtaining the outputs of the
method; calculating the VBS budget for the glider Kay Juul 2, and generating the characteristic charts
to evaluate its performance. Finally, Section 6 presents the conclusions about the importance of the
glider performance analysis in the VBS sizing.
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This research is divided in two papers: the first one that is presented in this paper has the main
contribution to propose the general method to obtain the VBS sizing and the glider performance
analysis based on polynomial coefficients; the second one is the modeling, development, and efficiency
study of the VBS type piston tank for the academic glider Kay Juul 2.

In Table 1, the required variables for the development of this paper are listed.

Table 1. List of variables used to describe the glider operating states in steady state.

Symbol Description Unit

D Drag force—Hydrodynamic reaction in line with glider slope N

L Lift force—Hydrodynamic reaction perpendicular at the glider slope N

R Resultant hydrodynamic force R =
√

D2 + L2 N

τh Hydrodynamic reaction moment in the point of analysis N-m

ω Dry weight of the vehicle ω = mg N

m Mass of the vehicle kg

FB Total buoyancy force FB = (V0 + Vd)ρg N

ρ Density of the fluid (ρs—Surface; ρd—depth rating) kg/m3

V0 Total displaced volume of the vehicle in neutral buoyancy m3

Vd Displaced volume of the VBS since the neutral buoyancy reference m3

VD Total volume capability of the VBS m3

−VS Volume of the glider outside water in the Surface comms state m3

B Net buoyancy force 1 B = FB −ω N

τg Inertial moment in the point of analysis by unbalance of masses N-m

U Dive velocity of the vehicle at the resultant glider slope m/s

u Horizontal velocity component u = U cosγ m/s

w Vertical velocity component w = U sinγ m/s

α Attack angle of the vehicle respect glider slope rad

θ Pitch angle measured with the compass sensor of the vehicle rad

γ Glide angle of flight γ = θ+ α rad

Pg Power developed by the gravitational force W

Pe Power needed to overcome drag W

Ee Specific Energy Consumption -

ReL Reynolds based length ReL = Uc/ν m/m

c Chord length of the aerodynamic profile m

ν Kinematic viscosity of the fluid m2/s2

AC Characterized area of the aerodynamic profile m2

CD Dimensionless drag coefficient CD(α, ReL) -

CL Dimensionless drag coefficient CL(α, ReL) -

KD0 Polynomial coefficient for drag force—Independent term kg/m

KD1 Polynomial coefficient for drag force—First grade term kg/m/rad

KD2 Polynomial coefficient for drag force—Second grade term kg/m/rad2

KL0 Polynomial coefficient for lift force—Independent term kg/m

KL1 Polynomial coefficient for lift force—First grade term kg/m/rad
1 When the value of Net Buoyancy is negative, it will be positive in direction of z axis; g = 9.81 m/s2 .
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2. Glider Performance Method with VBS Sizing

Figure 1 shows the flow chart of the proposed method to perform the glider performance study to
calculate the VBS budget volume for underwater gliders, using the analytical equations presented in
the next sections.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 5 of 20 
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Figure 1. Chart of the glider performance analysis method focused on VBS sizing.

In the first line of Figure 1, it is observed the process to estimate, by CFD modeling the polynomial
coefficients required for the glider performance study [23,25]. The validation process for CFD in
a laboratory with a towing tank [23] is preferred but not mandatory. To achieve the estimation of
coefficients in nominal operation of the vehicle, it is recommended to perform the CFD analysis with
the water density at depth rating ρd, the nominal dive velocity of design U′, and the variation of the
angle of attack to be between −10◦ to 10◦. The use of a higher range of angle of attack for the analysis
could result in a deviation of the linear fitting caused by the stall effect at low Reynolds number [29],
and subsequently in the estimation of the lift polynomial coefficients.

In the center line of Figure 1, it is observed the main process of the glider performance study.
With the hydrodynamic forces estimated with polynomial coefficients, the limit flight angles are
calculated: the optimal attack angles α1,2 and the minimal operating glide angles γ1,2. With the limit
flight angles, the theoretical glide range is defined from [−90◦,γ1] for the descent (dive) state and
[γ2,90◦] for the ascent (climb) state. The output functions for the attack angle and the pitch angle
(measured with the internal compass of the vehicle) are obtained as a function of the glide angle.

Then, the reference volume of the VBS as a function of the desired velocity and the glide angle
Vd(U,γ) is obtained. With the main specifications defined above, the reference displaced volumes at
the main operating states, defined in Section 3, are computed to calculate the VBS budget volume for
the propulsion system.

Finally, the velocities of the vehicle as a function of the displaced volume and the glide angle
are obtained, generating the charts that estimate the performance of the vehicle at different points of
operation. In the third line of Figure 1, the outputs of the proposed method are shown.

3. General Operation States of Underwater Gliders

In the Handbook of Ocean Engineering [16], the underwater gliders are described as a winged
vehicle propelled by buoyancy changes, for which the mechanical force of locomotion, necessary to
overcome the drag of the vehicle as it moves through a fluid medium, is supplied by gravitational
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force in the form of net buoyancy (positive or negative). The change in the net buoyancy is generated
with the VBS system, which is the main propulsion system of the underwater gliders.

Even though underwater gliders can operate in different modes such as spiraling motion [22]
or virtual mooring [30–32]. The basic modes are based on their movement in the vertical plane (xz),
generating the characteristic “sawtooth pattern” in each cycle of operation as shown in Figure 2,
while sampling the physical and chemical parameters of the water with respect to the operating depth
(water column sampling) through the installed scientific sensors and the sampling configuration
designated by the glider pilot. The sensors that are most commonly installed in these vehicles are the
CT (conductivity-temperature) and the CTD (conductivity-temperature-depth) sensor, with which the
operating density of the vehicle is indirectly estimated during the mission.

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 6 of 20 

 

configuration designated by the glider pilot. The sensors that are most commonly installed in these 
vehicles are the CT (conductivity-temperature) and the CTD (conductivity-temperature-depth) 
sensor, with which the operating density of the vehicle is indirectly estimated during the mission. 

 
Figure 2. Sawtooth pattern and main operation states in the underwater glider operation cycle. 

In Figure 2, four of the most important operating states of a glider are shown. These states 
correspond to the different state changes of the VBS and other vehicle subsystems which are used to 
generate the forward movement at a resultant glide angle. 

3.1. Descent and Ascent States 

In Figure 3, the schematic diagram of inertial forces (red) and the hydrodynamic reactions 
(blue) in the descent and ascent state of the glider are shown. In the descent state, the negative net 
buoyancy ܤ causes the vehicle to glide downwards in the water, eventually reaching a stable state 
at a constant speed ܷ through the balance of the hydrodynamic forces and inertial forces. In the 
ascent state, the positive net buoyancy ܤ causes the vehicle to glide upwards, also reaching the 
steady state. The result in both states is the forward movement of the vehicle with an estimated 
glide angle ߛ (Section 4). In the steady state, the resultant hydrodynamic force ܴ is in the opposite 
direction of the net buoyancy force ܤ. 

 
a) 

 
b) 

Figure 3. Underwater glider movement at steady state for: (a) descent state (b) ascent state. 

According to Newton’s first law, for the vehicle to be in a steady state at constant speed, the 
vehicle must be in equilibrium (the sum of forces and moments is equal to zero), therefore the dive 
velocity ܷ will be the result of the balance of the inertial forces and the hydrodynamic reactions.  

Considering that the pitch angle ߠ is controlled by the unbalance of the internal masses of the 
glider (the pitch mechanism), the analysis to estimate the flight angles, as a function of the glide 
angle ߛ, is presented in Section 4.  

3.2. Inflection State 

In Figure 4, the schematic diagram of the vehicle in the inflection state or neutral buoyancy 
state is shown. This state is the transition between the descent and ascent states, where the VBS 
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In Figure 2, four of the most important operating states of a glider are shown. These states
correspond to the different state changes of the VBS and other vehicle subsystems which are used to
generate the forward movement at a resultant glide angle.

3.1. Descent and Ascent States

In Figure 3, the schematic diagram of inertial forces (red) and the hydrodynamic reactions (blue)
in the descent and ascent state of the glider are shown. In the descent state, the negative net buoyancy
B causes the vehicle to glide downwards in the water, eventually reaching a stable state at a constant
speed U through the balance of the hydrodynamic forces and inertial forces. In the ascent state,
the positive net buoyancy B causes the vehicle to glide upwards, also reaching the steady state.
The result in both states is the forward movement of the vehicle with an estimated glide angle γ
(Section 4). In the steady state, the resultant hydrodynamic force R is in the opposite direction of the
net buoyancy force B.
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According to Newton’s first law, for the vehicle to be in a steady state at constant speed, the vehicle
must be in equilibrium (the sum of forces and moments is equal to zero), therefore the dive velocity
U will be the result of the balance of the inertial forces and the hydrodynamic reactions.

Considering that the pitch angle θ is controlled by the unbalance of the internal masses of the
glider (the pitch mechanism), the analysis to estimate the flight angles, as a function of the glide angle
γ, is presented in Section 4.

3.2. Inflection State

In Figure 4, the schematic diagram of the vehicle in the inflection state or neutral buoyancy state is
shown. This state is the transition between the descent and ascent states, where the VBS increases the
buoyancy force FB to balance the weight of the vehicle, obtaining a net buoyancy force that is equal to
zero or neutral buoyancy (B = FB −ω � 0), slowing down the vehicle and reducing the hydrodynamic
reactions until it reaches the state of rest (U � 0). This state is commonly used to obtain the reference
point of the VBS (Vd = 0) in order to estimate the budget and the velocities of the vehicle, as well as to
adjust the flight parameters during the mission. In practice, the underwater gliders are subjected to a
process of ballasting before a mission to estimate the point of neutral buoyancy through prediction
tools that come with the commercial vehicles.
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In the inflection state, the components that are in contact with the water are subjected to
compression by the hydrostatic pressure and, therefore, to a reduction in the displaced volume that
needs to be compensated by the VBS system in the operation depth. The volume reduction depends on
the mechanics of the materials and the design of each component. On the other hand, the stratification
in the ocean can compensate for the decrease of volume given the increment of density of the saltwater
with respect to the operation depth [15]. For example, the vehicle Seaglider is designed with a special
pressure hull, which compensates itself for the volume reduction by the hydrostatic pressure with
the increment of density, generating a buoyancy force FB similar to that found at the surface, but at
1000 msw depth [11].

The calculation of the volume compensation at the inflection point of the vehicle is outside the
scope of this article, however, it is recommended to take it into account as part of the comprehensive
study of a glider to be considered in the VBS budget.

Thus, neglecting the compensation of VBS by the compression of the pressure hull, the reference
volume V0 for the neutral buoyancy state is defined in Equation (1):

FB = V0ρdg = mg → V0 = m/ρd. (1)

3.3. Surface Comms State

In Figure 5, the schematic diagram of the vehicle in the surface comms state is shown. In this
state of the operating process, the vehicle is in the state of rest, floating on the surface with a section
protruding out of the water so that it can communicate with the command center via satellite; sending
information about the operating cycle, its position and receiving instructions from the pilot to continue
with the mission or to wait to be recovered.
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Figure 5. Schematic diagram of the surface comms state of an underwater glider.

Since a section of the vehicle is out of the water, the volume VS that was previously submerged no
longer provides buoyancy in this state, for which it has to be compensated by the VBS. The compensated
buoyancy force F′B can be calculated by Equation (2):

F′B = (V0 + Vd −VS)ρsg = mg. (2)

Substituting the value of the reference volume V0 from Equation (1), the required volume to be
displaced Vd0 by the VBS for the surface comms state is obtained as shown in (3):

Vd0 = VS + m(ρd − ρs)/ρdρs. (3)

Therefore, if the density of the fluid ρs and ρd, the mass of the balanced vehicle m, and the required
volume out of the water VS are known, the volume Vd0 required to maintain the vehicle in the surface
comms state can be calculated from neutral buoyancy to execute satellite communication with the
command center.

3.4. VBS Budget

The propulsion system VBS for underwater gliders must have enough volume capability to
generate the required speeds in the descent and ascent states, and the required volume to operate in
the surface comms state. Therefore, once the main operating states of the vehicle have been described,
the operating points of the VBS have to be identified to determine its sizing.

In Figure 6, a general diagram is shown with the different points of volume displacement Vd
that the VBS system needs to generate the different operating states. These points are measured with
respect to the state of neutral buoyancy or inflection state with the reference volume Vd = 0, generating
upward movements for Vd > 0 and downward movements for Vd < 0.
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Figure 6 shows two states of descent, two of ascent, the state of neutral buoyancy with the volume
reference value Vd = 0, and the surface comms state with a reference volume Vd0 calculated with
Equation (3). As mentioned in Section 3.1, the estimation of the displaced volume Vd for the descent
and ascent states, at nominal and max velocity, depends on the analysis of the glider performance of
the glider that is described in Section 4.

Obtaining the Vd values of each of the descent and ascent states, the sizing of the VBS system can
be estimated by means of Equation (4) or (5) depending on the application case:

VD = Vd2 −Vd1 i f Vd2 > Vd0, (4)

VD = Vd0 −Vd1 i f Vd0 > Vd2. (5)

Therefore, Equations (4) and (5) consider the size limits of the VBS with the minimum volume
capacities to reach the nominal velocities in descent and ascent. However, if the calculation is carried
to its limit capacity to perform maximum velocities, the dimensioning of the VBS can be estimated
with Equations (6) and (7):

VD = Vd4 −Vd3 i f Vd4 > Vd0, (6)

VD = Vd0 −Vd3 i f Vd0 > Vd4. (7)

It is not recommended to perform the sizing of the VBS with the limit values of Equations (4) and (5)
because in practice it is necessary to have an additional VBS volume budget to overcome low and
moderate currents. It is recommended to perform the calculation of the VBS capacities using
Equations (6) and (7) in order to have a budget that is more adequate to the vehicle’s operating
capacities. For example, in the case of the commercial vehicle Seaglider, it has a budget for its
VBS system that allows to overcome average currents of up to 40 cm/s with a maximum volume
displacement of Vd3 = 350 cc with respect to its neutral buoyancy point, moving with vertical speeds
of approximately 20 cm/s [33,34].

The calculation of the volumes found in Equations (4) and (5) can be considered as a point of
reference to estimate a base volume VD for considering an operating environment without sea currents
or to estimate the energy consumed in a specific mode of operation for deeper analysis.

Section 5 presents the study of the hydrodynamic performance of underwater gliders, which shows
that the basic flight parameters of the vehicle and the limit volumes used to size the VBS system can be
estimated through analytical relationships and analyzed with glider polar charts.

4. Glider Performance Analysis

This section presents the performance analysis of the underwater gliders in order to obtain the
characteristic equations for the estimation of the basic flight parameters and the required sizing of its
VBS propulsion system.

Considering the underwater glider as an asymmetrical aerodynamic profile at small angles of
attack, the hydrodynamic forces are modeled as follows:

D =
(
KD0 + KD1α+ KD2α

2
)
U2 =

1
2
ρ f ACCD(α, ReL)U2, (8)

L = (KL0 + KL1α)U2 =
1
2
ρ f ACCD(α, ReL)U2 , (9)

where KDi and KLi are the polynomial coefficients used to estimate the hydrodynamic forces of drag
and lift respectively, both dependent on the turbulence regime (ReL), the fluid density ρ f and the
characteristic area AC. Considering that the coefficients KDi and KLi are stable in the vehicle’s operating
range, they can be considered as a constant for practical purposes of glider performance analysis.
As shown in the Figure 7, the drag force is in line with the glider slope line and perpendicular to the
lift force. It is observed that the resultant R balances the buoyancy force B.
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4.1. Energy Balance and Geometric Analysis

The energy balance of the underwater glider flying at constant velocity U with a glide angle
α is obtained by the power developed by the gravitational force Pg = Bw and the power needed to
overcome the drag Pe = DU generated by the hydrodynamic response of the vehicle [15,16]. Due to
the fact that in the steady state R = B, and D = R sinγ the net buoyancy B could be defined by
Equation (10):

B = D/ sinγ. (10)

To evaluate the glider performance, the concept of specific energy consumption Ee was used by
Jenkins et al. [15,16]. It is desired for the specific energy consumption to be minimal in order to obtain
the highest rate between lift and drag in a plane, as is shown in Equation (11):

Ee =
DU
Bu

=
D
L

= tanγ. (11)

It can be observed in Figure 7 that to achieve the balance of forces needed for steady state,
the hydrodynamic components utilize the glide angle γ defined in Equation (11).

Substituting the drag and lift forces from (8) and (9) into (11), obtains the specific energy
consumption of the glider as a function of the hydrodynamic coefficients and the angle of attack:

Ee =
KD0 + KD1α+ KD2α2

KL0 + KL1α
= tanγ. (12)

To obtain the minimal value of Ee, Equation (12) is derived with respect to the angle of attack
α (∂Ee/∂α = 0), obtaining the limit values of the angle of attack as follows:

α1,2 =
−KD2KL0 ±

√
K2

D2K2
L0 −KD1KD2KL0KL1 + KD0KD2K2

L1

KD2KL1
. (13)

Substituting the solutions from (13) into (12), two specific energy consumption values are obtained,
which represent the minimum energy consumption in ascent state Ee(α1) and descent state Ee(α2).
With the minimum energy consumptions, the next values of the glide angle are obtained:

γ1 = tan−1[Ee(α1)] for ascent state, (14)

γ2 = tan−1[Ee(α2)] for descent state, (15)

where γ1 and γ2 represent the minimum glide angle values for which the balance of hydrodynamic
forces with the buoyancy force is valid.
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Considering that the glide angle γ is an input parameter to calculate other flight parameters of the
vehicle, the attack angle α is obtained by solving Equation (12) as a function of the glider angle γ as is
shown in the solution (16):

α3,4(γ) =
KL1 tanγ−KD1 ±

√[
K2

L1

]
tan2 γ+ [4KL0KD2 − 2KD1KL1] tanγ+

[
K2

D1 − 4KD0KD2
]

2KD2
, (16)

where α3(γ) and α4(γ) are the angles of attack functions in ascent state and descent state respectively,
considering that there are two limits or discontinuities that are defined by (13).

Thus, the pitch angle θ will be obtained by subtracting the value of the angle of attack from the
glide angle:

θ = γ− α. (17)

4.2. Symmetrical Profile Consideration

If the shape of the glider is close to a symmetrical profile with respect to the middle plane of the
vehicle, the wings have a symmetrical profile and are aligned with the glider’s neutral axis; the lift force
value in α = 0 could be neglected (KL0 � 0). In the same way, when α = 0, the drag curve will tend to
be symmetrical, thus the coefficient of the linear parameter could be neglected (KD1 � 0). The reduced
solutions of Equations (13) and (16) are as follows:

α1,2 = ±
√

KD0/KD2, (18)

α3,4(γ) =
KL1 tanγ±

√
K2

L1 tan2 γ− 4KD0KD2

2KD2
. (19)

The equations developed in Sections 4.1 and 4.2 are validated in Section 5 with the research
of Eichhorn et al. [27], leading a discussion about the results and the potential of use of the
present methodology.

4.3. Glider Polar Chart Equations-Velocity Analysis

According to the principle of Archimedes, the net buoyancy force is defined by B = ρgVd,
where the reference displaced volume Vd was defined in the Section 3.4 with the main operation states
of the vehicle. Substituting the buoyancy expression from (8) into (10), the next equation is obtained to
calculate the required displaced volume in function of the hydrodynamics:

Vd =

(
KD0 + KD1α+ KD2α2

)
U2

ρg sinγ
. (20)

If the vehicle’s max velocity U during descent and ascent; the hydrodynamic coefficients; the fluid
density; and the required glide angle γ are known, then the reference volume Vd3 and Vd4, as described
in Section 3.4, could be obtained, calculating first α through (16).

Subtracting the dive velocity U from Equation (20), the analytical equation to calculate the
resultant velocity as a function of the displaced volume Vd, the fluid density ρ, and the hydrodynamic
parameters and the glide angle are as follows:

U =

√
ρgVd

(KD0 + KD1α+ KD2α2)
sin1/2 γ. (21)
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where the projections of horizontal velocity u and vertical velocity w are obtained in (22) and (23):

u =

√
ρgVd

(KD0 + KD1α+ KD2α2)
sin1/2 γ cosγ, (22)

w =

√
ρgVd

(KD0 + KD1α+ KD2α2)
sin3/2 γ. (23)

Equations (21)–(23) can generate the characteristic performance charts of underwater gliders;
generating contour curves with different Vd values and making sweeps with respect to the glide angle
γ. This in turn calculates the angle of attack α that varies with respect to angle γ. The resultant velocity
variation with respect to the glide angle (U vs γ) is called the “dive velocity chart”. The “glider polar
chart” is the horizontal velocity graph u on the abscissa axis and the velocity w on the ordinate axis
(u vs w). Both charts are obtained in the next section in order to discuss the analysis process based on
the proposed method.

5. Results and Discussion

In the analysis of glider performance of Eichhorn et al. [27], the lift and drag forces have been
modeled as first and second degree polynomial equations in function of the angle of attack α, without
considering the coefficient of the independent term for the lift (KL0 = 0) and the coefficient of the first
degree term (KD1 = 0), such as the model of a symmetric profile (Section 4.2).

5.1. Limit Flight Angles

To validate the equations, the results of Eichhorn et al. [27], who used the historical data of the
hydrodynamic studies with the Slocum gliders, are presented in Table 2. The values obtained by
Equations (12)–(15) match with the values obtained by Eicchorn et al. [27], therefore the validation
process of the equations is correct and can be used to perform the glider performance analysis.

Table 2. Validation of energetic and geometric equations.

Coefficients Eichhorn et al. [27] Present Work
Equations (12)–(15)

Year Work KL1 KD0 KD2
α1,2
[◦]

1
Ee(α1,2)

γ1,2
[◦]

α1,2
[◦]

1
Ee(α1,2)

γ1,2
[◦]

2003 VCT [18] 219.93 2.50 93.24 9.38 7.21 7.90 9.38 7.20 7.90

2005 Graver [21] 219.43 3.80 573.32 4.66 2.35 23.04 4.66 2.35 23.05

2006 Bhatta [35] 135.00 2.00 45.00 12.08 7.12 8.00 12.08 7.12 8.00

2007 Williams Dive [36] 82.98 4.37 109.82 11.43 1.89 27.84 11.43 1.89 27.83

2007 Williams Climb [36] 70.37 3.36 116.21 9.74 1.78 29.31 9.74 1.78 29.32

2010 Merckelbach (2010) [37] 305.00 5.00 144.00 10.68 5.68 9.98 10.68 5.68 9.98

2010 Mahmoudian (2010) [38] 135.52 1.99 44.23 12.16 7.22 7.89 12.15 7.22 7.88

2011 Cooney V = 0.3 m/s [39] 212.28 6.06 154.39 11.35 3.47 16.08 11.35 3.47 16.08

2011 Cooney V = 0.7 m/s [39] 212.28 5.00 154.39 10.31 3.82 14.67 10.31 3.82 14.67

2011 Kay Juul 2 [24,25] 329.4 9.43 330.9 - - - 9.67 2.95 18.73

2011 Kay Juul 2 (updated) 443.48 7.75 413.99 - - - 7.84 3.91 14.33

The hydrodynamic coefficients of the vehicle Kay Jull 2 [25] are included in the Table 2; this vehicle
is a winged body of revolution with an ellipsoidal external shape, a fineness ratio of 6.6, and a body
length of 2 m. The polynomial coefficients of [25] have been updated to have regressions of between
−10◦ to 10◦ of the angle of attack to improve the linear function, this was because the lift state presents
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a stall effect close to the angle of attack of 10◦ and the previous regression considered a range between
−15◦to 15◦. Both models have been considered in the discussion of the results.

5.2. Comparative Performance Charts

Figure 8 show the variation of the angle of attack for the models listed in Table 2, calculating the
attack angle with Equation (16). The negative glide angles represent the vehicle in descent state and
the positive angles in ascent state.
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As a result of the estimation of hydrodynamic parameters from symmetric profiles, the behaviors
of the angles of attack at positive and negative glide angles mirror each other, as observed in Figure 8,
except for the model of Williams [36] which is defined with coefficients for the dive (descent) and the
climb (ascent) states.

It is observed that the curves stop growing at the values of maximum angle of attack and the
minimum glide angle obtained in Table 2, representing the limit values of flight angles where the
hydrodynamic forces can compensate the buoyancy force in forward movement in steady state,
generating a non-operating zone where the equations have no real solution. The angle of attack has an
accelerated growth when the glide angle is close to the limit values of operation, so the estimation of the
attack angle that corresponds to a flat glide slope becomes relevant for the performance of the vehicle.

In Figure 9, the variation of the pitch angle is shown as a function of the glide angle calculated
with Equation (17).

It can be observed that for almost all the models analyzed, the value of the pitch angle is
approximately equal to the value of the glide angle for values greater than 20◦, except for the Williams
models [36], which has a minimum glide value of about 28◦ that causes a considerable deviation
around the limit. The Graver model [21] also has a glide angle limit value greater than 20◦ but its
maximum angle of attack is relatively small, and so no significant deviation is observed for it in Figure 9.
This means that it is not necessary to have a small glide angle limit to have a small angle of attack.

Figures 8 and 9 also show that when the glider requires a glide angle of 90◦ (completely vertical
movement), the angle of attack will tend to zero for symmetrical profiles, and, theoretically, the vehicle
could perform movements or cycles of virtual mooring [30,31]. Perhaps the vehicle could be limited to
perform only a certain range of this pitch angle with the internal movement of masses that depend on
the design of the internal mechanisms of the glider.
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Moreover, the maximum limit of the glide angle should be determined by the ability of the internal
mechanism of the vehicle to control the pitch angle, which is out of the scope of the present paper.
However, it is important to mention it, so as to improve the present research in the future and to have a
more robust method to analyze the performance of underwater gliders.

Considering a displaced volume Vd = 250 cc and a density of water of ρ = 1026 kg/m3,
Equation (21) obtains the dive velocity chart that is shown in Figure 10 so that it can be compared to
the models listed in Table 2.
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It is observed that from about 35◦ of the glide angle, the velocity that could perform the analyzed
models follows an order with respect to the value of the polynomial coefficient KD0. This occurs
because the angle of attack and the factor KD2α2 in Equation (21) becomes too small, and the dive
velocity is affected mainly by the coefficient KD0.
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For glide angles below 35◦, where the gliders normally operate, the dive velocity does not always
follow the same trajectory and the value of the factor KD2α2 could modify the tendency. For this
reason, it is important that throughout the entire operation range, all variables are considered without
assumptions, especially the angle of attack.

Calculating the velocity components with Equations (22) and (23) and considering a displaced
volume Vd = 250 cc, the glider polar chart in Figure 11 is obtained so that it can be compared to the
models listed in Table 2.
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Figure 11 shows a comparative chart of the estimated velocities of the hydrodynamic models
under the same displaced volume as the glider polar chart. At the same time, with the information
in Figure 10, an important variation in the velocities obtained for the same vehicles is observed.
For example, at a 35◦ glide angle, the Slocum models have a dive velocity increment of 1.77 times in
the VCT model [18] with respect to the Conney model [39], and an increment of 1.9 times at 20◦. In the
case of the vehicle Kay Juul 2, an increment of 1.12 times with respect to the original coefficients [25] is
obtained at 35◦, and an increment of 1.24 times at 20◦, with a correction in the regression range.

The parameter described by Jenkins et al. [15,16] of minimal specific energy consumption Ee(α1,2)

has a direct relation with the minimal glide angles γ1,2, that is the minimal operational flight angle
to have the maximal traveled distance per cycle. The operational velocities obtained depend mainly
on the drag coefficient at a zero angle of attack KD0. Thus, both parameters have to be considered to
improve the performance of the vehicle.

To have the maximum horizontal velocity, the value of the glide angle can be obtained by solving
Equation (24), considering a symmetrical profile (KD2 = 0) and neglecting the factor KD2α2 for small
angles of attack. Then, considering the terms inside the root as a constant, the optimal glide angle is
obtained as follows:

∂u
∂γ

= 0 → cos2 γ =
2
3

→ γopt = cos−1
[2
3

]1/2
= 35.2644◦. (24)

Jenkins et al. [15,16] mentioned that the maximum along-coarse speed (horizontal speed) in still
water is always obtained at a 35◦ glide angle, regardless of the vehicle shape or other hydrodynamic
property. Eichhorn et al. [27] obtained the same result, optimizing their function of the horizontal
velocity by considering CD(α) as a constant for small angles of attack.
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Exceptions are observed in Figure 11 in the Graver [21] and the Williams models [36]. The maximum
horizontal velocities are obtained about 40◦ and they have the limit glide angles close to 35◦. If the
higher values of the limit glide angles could be the cause of the exception, it is recommended to verify
the results and output charts to validate the estimations of the glider performance.

One potential application of the proposed method of asymmetrical profiles is an underwater
glider concept with asymmetrical wings. Its conceptual design was presented in 2019 in the 8th EGO
(Everyone’s Gliding Observatories) meeting [40]; however, the hydrodynamic parameters of the vehicle
have not been published, although it could be interesting to evaluate in detail.

5.3. Kay Juul 2-VBS Sizing

Considering that the glider Kay Juul 2 has a weight of 90 kg, the density of the operation
is 1024 kg/m3 in the surface and 1026 kg/m3 in the depth rating; the nominal glide angle is 35◦;
the maximum dive velocity in descent and ascent state of 50 cm/s; the estimated volume outside the
water in surface comms state is 400 cc; with a nominal velocity of 35 cm/s. The computed reference
volumes and the VBS budget VD are shown in Table 3.

Table 3. Reference volume computed for the glider Kay Juul 2.

Reference Volume Value Value 1 Unit

V0 87.72 87.72 liters

Vd0 571.33 571.33 cc

Vd1 −213.85 −165.22 cc

Vd2 213.85 165.22 cc

Vd3 −436.42 −337.18 cc

Vd4 436.42 337.18 cc

VD = Vd4 −Vd3 1007.75 908.51 cc
1 With updated polynomial coefficients.

The reference volumes Vd4 and Vd2 were computed with Equation (20) at max velocity and
nominal velocity, respectively. The volume V0 was computed with Equation (1) and the Vd1 and Vd3
were obtained by the mirror property of the symmetrical profiles (Vd2 = −Vd1 and Vd3 = −Vd4).

According to Section 3.4, the total volume VD is obtained through the reference volumes.
By substituting the values in Equation (7), the required VBS budget of the academic glider Kay Juul 2
can be obtained for the values presented in [24,25] as well as the updated polynomial coefficients.

The difference in VBS budgets is 99.24 cc, representing a deviation of 9.85%, by simply updating
the polynomial coefficients with the correct glide angle range, obtaining the same results of the CFD
analysis [24]. In the next subsection, the comparative performance charts of the two models at different
displaced volumes is presented.

5.4. Kay Juul 2-Performance Charts

Obtaining the reference volumes of the vehicle, in Figures 12 and 13, the glider polar chart and
the dive velocity chart are shown for the academic glider Kay Juul 2 with the updated polynomial
coefficients, and in the Figure 13, the dive velocity chart, generating curves each 100 cc of volume
capability, beginning with 100 cc and finishing with the max displaced volume from the neutral
buoyancy state, Vd0.

In Figures 12 and 13, two different marks are observed: The point marks represent the results
with the hydrodynamic coefficients presented in [24,25] and the circle marks represent the values for
the updated coefficients.
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It is observed that particularly in this case, with the adjustment in the polynomial regression
for the hydrodynamic coefficients, the model has been improved. The minimal glide angle changed
from 18.73◦ to 14.33◦, representing an improvement of 23.5% with respect to the previous model.
The required volumes to perform an output velocity of 35 cm/s and 50 cm/s at 35◦ of glide angle, have a
reduction of 22.74% with respect to the model without adjustment.

As is commented in the analysis of Section 5.2, the improvement of the model updated for Kay
Juul 2 has two main directions described as follows:

• The value of KD0 in the updated model was decreased, obtaining an increment of the velocity
at the same displaced volume with respect to the previous model. This means that to improve
the velocity performance with respect to the displaced volume, it is necessary to reduce the
resultant drag force at the zero angle of the glide angle. That could be done, for example: using a
lower fineness ratio (rate between the external diameter and the length of the vehicle); reduction
in the superficial roughness of the external shape; reduction of the dimensions of the vehicle;
other techniques to reduce the basic drag.
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• The limit glide angle was reduced. That means that the optimal lift and drag ratio was increased
and the specific energy of consumption was reduced. If the reduction in the specific energy
consumption is not a determinant to improve the velocity performance of the vehicle, it is observed
in the comparative charts of the Section 5.2 that the curves are more stable. In combination with
the reduction of the angle of attack, the velocity function in Equation (21) and the displaced
volume in Equation (20) are improved because the factor KD2α2 is reduced too, obtaining more
velocity with respect to the displaced volume of the VBS.

Comparing the estimated performance of the glider Kay Juul 2 with respect to the models of the
Slocum [27], the performance of the functions of flight angles is acceptable and the velocity curves are
stable. The limit of the angles of attack is the second lower value of the analyzed models and the limit
of the glide angle is on the average zone. The dimensions of the vehicle Kay Juul 2 are bigger than the
Slocum dimension; therefore, the polynomial coefficients of the vehicle are also bigger, resulting in a
lower resultant velocity at the same displaced volume as the Slocum models.

6. Conclusions

In this paper, the performance of underwater gliders is analyzed and discussed in detail in order
to estimate the adequate volume capacity of the VBS as an important design parameter. The proposed
method is described and the analytical equations are obtained to estimate the output functions.
The outputs of the method to estimate the flight angles, and the resultant velocities are obtained as a
function of the glide angle. The characteristic charts of the method are obtained to evaluate, and to
compare the performance of the vehicle with respect to other designs. The value of the angle of
attack in the operational glide angles (γ < 35◦) is discussed at detail to improve the estimation of the
output functions in the method; including the displaced volume by the VBS. It is recommended that
throughout the entire operation range of the vehicle, all variables are considered without assumptions,
especially the angle of attack to improve the estimation of all the values.

The method was applied to compare glider performance of the Slocum and the Kay Juul 2 models,
obtaining the characteristic charts to discuss the relation between the hydrodynamic coefficients,
the limit flight angles and the output functions of the method.

The VBS sizing, considered an output of the method, was applied to calculate de VBS budget of
the glider Kay Juul 2, generating at the same time the glider polar chart and the dive velocity chart to
analyze the performance of the vehicle at the limits of the displaced volume of the VBS, verifying that
the main operating specifications have been satisfied.

This research is part of the results of the development process of an academic glider called Kay
Juul 2 (from the Maya “Row Fish”) in order to assimilate the underwater glider technology.
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