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Abstract. Autonomous Underwater Gliders (AUGS) are a type of Underwater Vehicles that move without
the help of a standard propeller. Gliders use buoyancy engines to vary their weight or buoyancy and traverse
with the help of the Lift and Drag forces developed from the fuselage and the wings. The Lift and Drag
Coefficients, also called Hydrodynamic coefficients (HDCs) play a major role in glider dynamics. This paper
examines the effect of the different types of glider fuselages based on the bodies of revolution (BOR) of NACA
sections. The HDCs of the glider fuselages are numerically estimated at a low-speed regime (10° Reynolds
Number) using Computational Fluid Dynamics (CFD). The methodology is validated using published
literature, and the results of CFD are discussed for possible application in the estimation of glider turning
motion.

Keywords: CFD; fuselage; glider; hull form; STAR CCM+

1. Introduction

Autonomous Underwater Gliders (AUG) are a class of Autonomous Underwater Vehicles (AUVs)
that operate without a conventional propeller. They employ a change in buoyancy and hydrodynamic
forces developed by the wings to move in a longitudinal up and down motion (called a sawtooth
motion) and a turning motion (called spiral / helical maneuver). These maneuvers are shown in Fig.
1. AUVs possess propulsion mechanisms like thrusters that help the vehicle navigate efficiently
(Saunders and Nahon 2002). However, these systems have higher power requirements. This makes
the vehicle dependent on the battery characteristics for endurance. Gliders have higher endurance
and range as the power requirements is lesser compared to typical AUVs.

The turning motion of gliders is of interest as the vehicle cannot execute an in-plane turn and the
resulting trajectory is a spiral. The turning motion can be initiated using an external control surface
like a rudder, internal rotatable mass or by variation of the angle of attack of wings as studied by
Zhang et al. (2013) and Wang et al. (2017). The spiral path can be characterised by parameters that
describe the speed and attitude of the glider during the turn. They can be estimated using a suitable
dynamic model proposed by Zhang et al. (2014), and Shankar ef al. (2019). The dynamic model is
developed based on the forces on the glider that are acting on the glider during its motion as brought
out in Fig. 2.
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Fig. 1 Glider characteristic maneuver. Turning path in the left and “Sawtooth” motion on right

Fig. 2 Forces on the Underwater Glider

The hydrodynamic coefficients of the underwater gliders are influenced by the geometric
parameters of the gliders such as wings, fuselage, and rudder. The study of wings and wing form of
the gliders have been undertaken previously by many researchers namely, Yasar et al. (2015),
Hockley (2018), Shankar et al. (2020), Sun et al. (2021). However, research on the fuselage of AUG
is limited. Ting et al., (2012) showed that the fuselage accounts for more than 20% of the lift force
and 45% of the drag force developed by a glider. The hull form of a glider also acts as a shroud for
encompassing the pressure-proof hull of the glider. A previous review undertaken by the authors of
this paper (Shashank and Vijayakumar 2019), discussed the importance of the spiral path and its
characteristics. One of the conclusions of the study was the gap in the literature regarding the effect
of hull form on the turning trajectory of gliders.

This article evaluates the effect of change in hull form on the hydrodynamic coefficients. The
study is undertaken by evaluating the lift and drag coefficients of four gliders and analysing how the
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variation of the fuselage, keeping the volume constant, affects the hydrodynamic characteristics
thereby influencing the maneuverability of the vehicle.

2. Studies on hull forms of underwater bodies

The hull form of underwater gliders can be classified into two types: -

€)] Torpedo shaped “Legacy Gliders” like Slocum, Spray.

(b) “Blended wing Body” (BWB) gliders like Liberdade.

The Blended Wing Body gliders, due to their high Lift/Drag ratio (compared to legacy gliders)
are employed for faster longitudinal motion and find usage in military applications as discussed by
Ray et al. (2011). Their performance and shaping have been extensively explored by various authors
(Guggilla and Rajagopalan 2018, 2019, 2020, Guggilla and Vijayakumar 2019b, Li et al. 2020).

This study is focused on torpedo-shaped conventional or legacy underwater gliders. The
hydrodynamic design of AUGs is associated with the literature of aeroplanes and submarines. The
study of streamline sections for usage as vehicle forms in the study of aerodynamics and
hydrodynamics has been undertaken by various researchers. Hoerner (1965)presented the results of
Drag as a function of Reynolds Number for various families of sections which included sections
used for struts, fuselage, nacelles etc. Further, a large number of experimental and numerical studies
exist for flow past bodies of revolution (Li et al. 2020, Krasnov 1971, Joubert et al. 1978, Heaslet
and Nitzberg 1947).

Literature on submarines describes the hull as a combination of the entrance, run and parallel
middle body. The Length to Diameter (L/D) ratio of 6-8 is considered ideal for submarines with
drag reduction as the criteria. The forward section of a submarine is evaluated by three desirable
criteria, as discussed by Jackson (1992):-

(@) smallest negative pressure coefficient

(b) smallest pressure gradient

(c) minimum value of the pressure coefficient as far aft as possible

Fig. 3 Standard AUV Bodies. left to right Laminar Flow Body, Autosub I to 3, Autosub 6000, NACA 0010,
NACA 0020, NACA 0033, NACA 0050 (Stevenson et al. 2007)
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(a) Design 0

(b) Design 1

(c) Design 2

(d) Design 3

Fig. 4 Hull forms for AUGs evaluated for drag performance (Lidtke ef al. 2016)

The shape of the stern of a submarine is designed in conjunction with the propeller. Propulsive
efficiency is the criteria for such a design. The literature on hull forms of AUVs also finds application
in the study of gliders.

The different types of hull forms of AUVs were classified by Stevenson et al. (2007) as:-

(@) Conventional torpedo proportions, large and small.

(b) Laminar flow, bulbous hull to reduce drag.

(c) Streamlined rectangular style.

(d) Multihull vehicles splitting the energy, propulsion and mission management from the
sensor payload into separate hulls.

Fig. 3 shows these different types of hull forms. Further, the authors studied the Laminar shape,
Autosub (Torpedo Shape) and National Advisory Committee for Aeronautics (NACA) profiles.
They suggested that the drag behaviour of Laminar shaped bodies is more efficient than the torpedo
form, with the requirement that all ancillary protrusions are kept in the rear of the body. Stevenson
et al. (2007) also indicated that the practicalities of populating the NACA body of revolution hull
forms and handling issues are easier with a stubby design. The range of Reynolds numbers (with
length of the vehicle used as characteristic dimension) for which the analysis was undertaken was
greater than 10°. This is on the higher side of velocities of legacy underwater gliders which operate
at a lower speed of 1-2 knots (compared to AUV speed), which translates to Reynolds number of
order of 10° for gliders.

Lidtke et al. (2018) discussed the process of designing an appropriate hydrodynamic shape for a
hybrid underwater glider with the design having intermediate stages including axisymmetric hull
shape, hydrofoils, and appendages. The hull forms studied were variations of Laminar flow body
shapes, and the images of the hull forms are indicated in Fig. 4. The study indicated Natural Laminar
Flow (NLF) hull form for better drag performance.

The observations and limitations of the studies on underwater hull forms is as follows:-

@ Drag values for various sections, while existing, do not include information about the
variation with the angle of attack of the flow at the transition Reynolds number range (10°).
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Fig. 5 Sensitivity of the Radius of the Spiral path on the viscous HDCs (Rayaprolu and Vijayakumar 2021)

(b) Study of drag of streamline sections, along with standard wings for the Reynolds number
of operation of gliders is not extensively found.

©) The pressure coefficient and the distribution of pressure at the flow Reynolds number is
necessary for the comparison of hull forms.

(d) The aft body design and the criteria for the stern shape for a glider is a gap area.

©) For an AUG with a turn initiated by roll control mass, the Lift forces generated play a
dominant role (as the centripetal force) in the turning motion. The radius of the spiral path is
inversely proportional to the lift produced and hence the maneuverability of the glider is dependent
on the lift coefficients of the glider.

()] Similarly, for an AUG with a turn initiated by a rudder, the drag of the glider plays a
dominant role in maneuverability.

) A sensitivity analysis of the turning motion of the underwater gliders carried out by the
current authors identified the important hydrodynamic coefficients that affect the turning motion
characteristics of a glider (Rayaprolu and Vijayakumar 2021). The sensitivity plots for the radius of
the turning motion initiated by the rudder is brought out in Figure 5 where, the sensitivity of the
radius of the glider’s turning motion to each of the hydrodynamic coefficients of the underwater
glider is shown. The sensitivity indicated depicts the change in the radius of the glider against the
change in HDC. For example, a change of €% in Cpo will lead to a change in 0.705 times €% in the
radius of the glider’s turning path.

A comparison of a constant volume study on the body of revolutions with emphasis on Lift and
Drag characteristics is expected to aid the study of glider maneuverability. The hull form sections
mentioned above (NACA 0010, NACA 0020, NACA 0033) in particular can be studied with
emphasis on the Lift and Drag characteristics at the angles of attack experienced while a glider is
executing a turn. The methodology involves selecting a baseline candidate glider hull and then
varying the shape of the body while keeping the volume constant. While such a study may not be
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considered “parametric” in a true sense, it will provide reference data for designers who are
exploring the shapes of hull forms for gliders to suit the payload.

The lift and drag characteristics across various angles of attack studied can be analysed by curve
fitting techniques for extracting hydrodynamic coefficients of gliders that can be used for trajectory
estimation (Singh et al. 2017), (Stryczniewicz et al. 2019). The curve fitting involves plotting of
RMS Drag coefficient values and mean Lift coefficient values against the angle of attack (in degrees).

The resultant trendline coefficients can be used to study the lift and drag force of a glider. The
relevant equations are as shown below (Mises 1945)

CD = CDO + Cg az (1)
CL = CLO + Cga (2)

Wherein, the terms of the equation are defined as follows:-

Cp= Drag coefficient

C, = Lift coefficient

a = Angle of attack

Cpo=Drag at 0° Angle of attack

C;o=Lift at 0° Angle of attack

Cj=Coefficient of the second order variable for the curve of drag coefficient plotted against
angle of attack

C[*= Coefficient of the first order variable for the curve of lift coefficient plotted against angle
of attack

3. CFD Study on underwater glider hull form
The methodology adopted for the analysis is as follows: -

(@) Lift and drag forces developed on the glider “Alex” are estimated using CFD and compared
with published results of Arima et al. (2008) for the validation of the CFD methodology. The
methodology thus validated will be used for assessing glider fuselage characteristics.

(b) The hull form of a baseline glider developed is varied by keeping the volume same (with the
variation of volume kept less than 2%). The performance of all the three variants w.r.t to the
baseline glider are compared.

3.1 Validation of CFD methodology

The ALEX glider developed by Arima et al. (2008) and was analysed using CFD for validation
of methodology. The analysis was undertaken using commercially available CFD solver STAR-
CCM+, a copyrighted software. The Alex glider is a legacy shaped underwater glider. The length of
the Alex glider is 0.83 m and the diameter is 0.085 m. SST Menter K-® turbulence model has been
used based on work done by Jagadeesh et al. (2016). A grid independence study was undertaken
with surface re-mesher, prism layers and polyhedral meshing models in STAR-CCM+. The
minimum number of cells after which the values do not change was found to be of the order of 10°
cells. The study is undertaken to assess the C. and Cp of the glider with the change in Angle of
Attack (o).
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Fig. 6 Mean Lift Coefficient Results for Validation (Published results refer to the experimental results of
Arima et al. (2008))

Fig. 7 Candidate baseline underwater glider CAD model. The dimensions of the glider are shown in mm

The values of Lift coefficients obtained using CFD are compared with experimental values of
published literature (Arima et al. 2008). The mean Lift coefficients obtained for angles of attack
from -6° to +6° are plotted for the current CFD study and compared with the published results in Fig.
6. The error percentage for the Lift coefficient is found to be 17%.

Then, a candidate glider was modelled in CAD software (Fig. 7), and three glider hull forms were
developed (Fig. 8). The candidate glider geometry is similar to a legacy glider with the hull form
shaped in a torpedo shape and wing located symmetrically. The dimensions of the glider geometry
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Table 1 Geometric parameters of baseline glider and variants

% Difference

Diameter of Surface Area in Volume w.r.t

Model Length (m) Span (m) Volume (m?)

Fuselage (m) (m?) Baseline
Glider
Bgif;ge 1.250 1.250 0.2 1.105 0.0336 NA
NACA 0010 1.875 1.228 0.189 1.212 0.0334 -0.272%
NACA 0020 1.186 1.269 0.242 1.064 0.0340 1.38%
NACA 0033 0.796 1.297 0.285 0.967 0.0336 0.278%

Fig. 8 Body of Revolution generated considering 2D sections of NACA0010, NACA0020 and
NACAO0033 (Left to Right)

are shown in Fig. 7 (in mm). Further description of the geometry is detailed in the next section. The
volume of all three models is nearly equal to that of the baseline glider (volume variation less than
1.5%). Investigation of Cr. and Cp on these models with a change in the angle of attack (range -6° to
+6°) for five velocities (range 0.1 to 0.5 m/s) was undertaken.

3.2 Study of hull form variation

The variation of hull form is undertaken by keeping the total volume of the glider (body and wings)
as a constant and obtain a variant with the fuselage of NACA section revolved and wing of NACA0012
section of chord length 0.2 m. The baseline fuselage is developed as per Guggilla et al. (2019a). The nose
section is an ellipsoid with a minor axis length of 0.1 m and a major axis of 0.2 m. The cylindrical parallel
middle body is of length 0.6 m with a 0.2 m outer diameter. The paraboloid aft section is of length 0.45
m making the fuselage length of 1.25 m. The wingspan is selected to equal the fuselage length and the
chord length is taken equal to the diameter of the fuselage. The wetted surface area of the glider is 1.105
m? and the volume of the glider is 0.0336 m®. The details of glider geometric parameters for all four
gliders are brought out in Table 1. The difference in volume amongst the variants is less than 2%.
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Fig. 10 Domain Studies

3.3 CFD domain

The domain dimensions used for the study are taken as per ITTC recommendations for Marine
CFD applications (ITTC - Recommended Procedures and Guidelines 2011) and shown in Fig. 9. Lg
is the Length of the Glider, Lewp is 1.3Lg, and Laer is 5L¢. The sidewall domain distance is also
taken as 1.3Lg. Boundary conditions are also shown in Fig. 9. A 3D, steady flow condition was
chosen for the CFD study. The mesh size was reduced by meshing only one half of the domain and
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Fig. 12 Comparison of Lift Force Coefficient (C}) for all the four gliders

assigning symmetry boundary conditions to the middle plane (Fig. 10). This was undertaken as the
body was axisymmetric, and the study involved a change in the angle of attack alone. A grid
independence study was undertaken, and the results are also placed in Fig. 10. The number of cells
was found to be 3.4 million. The meshing models used involve polyhedral meshes with prism layers
calculated as five layers with a stretching factor of 1.5. The total boundary layer thickness was
calculated to be 0.021 m. The Reynolds number of the flow varies from 10° to 10°. SST (Menter)
K-® turbulence model was chosen with a grid point for the first cell at y+<1. This model was found
to predict flow characteristics near the wall with better accuracy compared to other models as per
literature as shown by Singh et al. (2017), and Li et al. (2014).
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Fig. 14 Contribution of fuselage and wing to the drag of the glider (in percentage)

4. Results

4.1 Comparison of lift and drag forces

The results of the CFD simulations are brought out in this section. For the condition of 0.3 m/s
velocities with Angle of attack () as 6°, the drag and lift coefficients (along with their components)
of all the four gliders are compared and shown in Figs. 11 and 12 respectively. NACAQ0033 section
exhibits a lower Lift/Drag value and the experimental hull form (based on Myring profile) exhibits

the highest L/D value (Fig. 13).
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4.2 Comparison of the contribution of fuselage and wing

The comparison of the contribution of the fuselage and wing at various angles of attack was
analysed. The same is displayed in Fig. 14 for Drag and Fig. 15 for Lift respectively. The
contribution to the net drag decreases with an increase in the angle of attack for the NACA hull
forms whereas it increases for the baseline glider.

4.3 Comparison of the mean lift and RMS drag coefficients

The Mean lift Coefficient and Root Mean Square (RMS) Drag Coefficients for all four versions
of hull forms estimated by CFD are plotted in Figs. 16 and 17 respectively. Further, the mean
Lift/Drag ratio of the gliders is plotted against the angle of attack in Fig. 18. A comparison of the
velocity of flow developed against all 4 gliders is shown in Fig. 19. After curve fitting, the trendlines
data of all the four gliders are brought out in Table 2. The table indicates the increasing trend of
increase in drag at zero Lift (Cpy) as we move from NACA 0010 to NACA 0033. The increase for
NACA 0020 is about 12.3% and for NACA 0033 it is found to be 31.5 % compared with the baseline
glider. The lift coefficient C/*indicates a reduction of 13% for NACA 0010 and then an increase of
2% for NACA 0033.
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Fig. 15 Contribution of fuselage and wing to the lift of the glider (in percentage)

Table 2 Curve fitting coefficients for Lift and Drag for all the four gliders

Model Cpo cg Cro C
Baseline Glider 0.0073 0.0001 0.0004 0.0184
NACA 0010 0.0073 9.00E-05 -7.00E-05 0.0154
NACA 0020 0.0082 0.0001 -0.0003 0.0184

NACA 0033 0.0096 0.0002 -1.00E-05 0.0188
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Table 3 The lowest value of Cp observed at 0.3 m/s and 0=0°

281

Model Lowest value of Cp
Baseline Glider -0.11
NACA 0010 -0.091
NACA 0020 -0.22

NACA 0033 -0.45
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Fig. 19 Velocity scalars for the four gliders at velocity 0.3 m/s and a=0°

A comparison of the pressure coefficients for the four gliders, across the length of the glider, is
shown in Fig. 20. The values of the lowest observed Cp is shown in Table 3.

5. Analysis of the results

The CFD results indicate salient points that are useful for designers choosing hull forms to cover
the pressure hull. The same are discussed in the following paragraphs.
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Fig. 20 Velocity contours for the four gliders with the angle of attack 6° and at a velocity of 0.3 m/s

Table 4 Estimated Radius of spiral path for the candidate gliders

% Change in Cpy w.r.t

Model Cpo candidate elider Estimated Radius
Baseline Glider 0.0073 - R
NACA 0010 0.0073 0 R
NACA 0020 0.0082 12.33 0.8767R
NACA 0033 0.0096 31.51 0.6849R

e A legacy shaped underwater glider, whose hull form is shaped out of an ellipsoid, and
paraboloid, for a constant volume, will lie between NACA 0010 and NACA 0020 in
terms of Length, Span and Lift and Drag characteristics.

e Anincrease in Drag of the body is noticed for Bodies of Revolutions of NACA sections
when moving from 0010 to 0033. This can be inferred from Fig. 13, Fig. 18 and the value
of Cpoin Table 2.

o NACAO0033 section exhibits a lower Lift/Drag value and the experimental hull form
exhibits the highest L/D value.

e The Lift characteristics do not display a major variation for the NACA sections. This is
obtained from Figs. 14, 19, 20 and C%_values in Table 2.

e A decrease in the overall length of the body is pertinent when moving from NACA0010
to NACA 0033. However for the same volume, and fixed-wing chord, the value of
diameter and span of the vehicles do not display large variation.

e Asindicated in the Figs. 16 and 17, the frictional drag value for all four gliders decreased
with increasing angle of attack (for the same velocity) and the pressure drag value
increases with an increase in the angle of attack.
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e The contribution to the net drag decreases with an increase in the angle of attack for the
NACA hull forms whereas it increases for the baseline glider.

e The flow characteristics across the four glider fuselages are shown in Fig. 21. Since the
a=0°, the velocity across the fuselage is symmetrical along the longitudinal centre line.

e The typical flow features of a stagnation point in the foremost point of the fuselage and
the increase and decrease in velocity across the fuselage is same in all the four vehicles.
However, the velocity attained at the highest point differ.

e The lowest value of pressure coefficient Cp is observed for the NACA 0033 fuselage
and the highest value of C, is observed for the NACA 0010 fuselage which reflects the
higher drag of NACA 0033 and lower drag of NACA 0010 (refer to Figure 22 and Table
3).

o Astudy by the authors has indicated that for a glider executing a turn initiated by a rudder,
the radius of the spiral path is sensitive to the Cpoof the glider. Similarly, the longitudinal
motion is also dependent on the Lift coefficient and L/D value of the glider (Rayaprolu
and Vijayakumar 2021). The designer could hence choose a stubby NACAO0033 or
NACAO0020 over the torpedo shaped hull for a glider that requires to execute the turning
motion in a vertical column of the area of interest.

e Based on the sensitivity analysis, the sensitivity of the radius of the spiral path to the
HDC Cp, is 0.705 (Fig. 5 refers). Here we focus on the sensitivity of radius on the drag
coefficient alone as it is found to be the highest amongst the other fuselage/wing
coefficients (HDCs dependent on the rudder are neglected as rudder is a control surface).

e Further, an increase in the drag coefficient will lead to decrease in the radius of the spiral
path. Hence, the estimated radius for the fuselages, with the radius of the candidate glider
for a given rudder angle being “R” and the rudder angle kept constant, is as shown in
Table 4.

6. Conclusions

The current study involves CFD analysis of a baseline glider and variants of the same using
NACA body of revolution sections as candidate fuselages. The study has been undertaken with the
volume of the entire glider kept constant and varying the hull form. The results indicate a significant
variation in Drag characteristics of the glider and a lesser change in Lift characteristics. The authors
believe that such a study would enable designers to choose mission-specific glider hull forms. The
significant drag characteristic can play a key role in the glider trajectory when undertaking a turning
maneuver. A comparative study of the HDCs of underwater gliders aids in plugging the gap in the
literature. The novelty of the study, the authors opine, lies in the comprehensive study of the Lift,
Drag and Pressure behaviour of a vehicle of the same volume and same wings but different fuselage
shape.

However, a true parametric study is warranted for understanding the effect of change of hull form
on the underwater glider characteristics. This can be undertaken by varying the curvature of the
ellipsoid and paraboloid of the entrance and run of a vehicle and studying the effect of change of
flow characteristics around the body. This research is in progress by the authors and is intended as
future work.
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