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a b s t r a c t

Changes in gravity and buoyancy of a Full Ocean Depth Autonomous Underwater Vehicle (FOD-AUV)
during its descending and ascending process must be considered very carefully compared with a Human
Occupied Vehicle (HOV) or a Remotely Pperated Vehicle (ROV) whose activities rely on human decision.
We firstly designed a two-step weight dropping pattern to achieve a high descending and ascending
efficiency and a gravity-buoyancy balance at designed depth. The static equations showed that gravity
acceleration, seawater density and displacement are three key aspects affecting the balance. Secondly, we
try our best to analysis the gravity and buoyancy changing according to the previous known scientific
information, such as anomaly of gravity acceleration, changing of seawater states. Finally, we drew
conclusion that gravity changes little (no more than 0.1kgf, it is impossible to give a accurate value). A
density-depth relationship at the Challenger Deep was acquired and the displacement changing of the
FOD-AUV was calculated preciously.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Until now, many Autonomous Underwater Vehicles (AUVs)have
been developed for various kinds of applications, their depth range
varies from meters to thousands of meters. However, there is no
truemeaning Full Ocean Depth Autonomous Underwater Vehicle at
present. Nereus is a novel hybrid underwater vehicle designed to
perform scientific survey and sampling to the full depth of the
ocean of 11,000m. It operates in twomodes, the Remotely Pperated
Vehicle (ROV) mode was demonstrated through several scientific
imaging and sampling missions over a depth of 10000m. Yet the
AUV mode was only proceeded in tens of meter depth. Another
10000m degree submergence vehicle is Haidou (Jia, 2016; Na,
2016a, Na, 2016b). It is a Autonomous and Remotely operated
Vehicle (ARV) designed by Chinese Academy of Sciences. Similar to
Nereus, Haidou was not be fully operated in its AUV mode at hadal
depth before its lost. There are two Human Occupied Vehicles
(HOV) reached the Challenger Deep bottom of the Marianas Trench
so far. The first one is Trieste (Piccard and Dietz. 1961), (a Swiss-
designed, Italian-builtdeep-diving research bathyscaphe), piloted

by Jacques Piccardand and Lieutenant Don Walsh, reaching at a
10,911m depth on 23 January 1960. and the second one is Deepsea
Challenger (Wikipedia) piloted by film director James Cameron On
26 March 2012, reaching at a 10,908m depth. There is one
Remotely-Operated Vehicle (ROV) reached the Challenger Deep. It
is Kaiko built and operated by the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC). it made the first of several
successful dives to the Challenger Deep in 1995.

Because of the vast spatial position difference, the geophysical
characteristics (Beyer et al., 1996; Franco and Abbott, 1999) and the
seawater physical parameters (Haren et al., 2017) that have a direct
effect on the buoyancy balance of submersibles at the Challenger
Deep, differ significantly from deep to shallow water. In the mean
time, due to the material and structure of components, the equiv-
alent bulk modulus (K) of the submersible is different from that of
seawater. Those factors result the obviously mechanical equilib-
rium changing during the ascending or ascending of submersibles.

In facing of this, HOVs and ROVs(or vehicles operated in ROV
model)have already arrived at the deepest place on Earth. Why
there is no AUVs? The main reason is that the buoyancy change
together with the gravity anomaly should be firstly calculated by
designers very carefully and more accurately. This puts forward a
huge challenge in the design of the submersibles, especially AUVs.

Gravity and buoyancy balance adjustment for deep-sea sub-
mersibles, such as Human Occupied Vehicles (HOV) and Remotely

* Corresponding author.
E-mail address: jiangyanqing@hrbeu.edu.cn (Y. Jiang).
Peer review under responsibility of Society of Naval Architects of Korea.

Contents lists available at ScienceDirect

International Journal of Naval Architecture and Ocean Engineering

journal homepage: http: / /www.journals .e lsevier .com/
internat ional- journal -of-naval -archi tecture-and-ocean-engineering/

https://doi.org/10.1016/j.ijnaoe.2018.08.002
2092-6782/© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

International Journal of Naval Architecture and Ocean Engineering 11 (2019) 448e461



Operated Vehicles (ROV), involves manual intervention and can be
continuously adjusted according to environmental changes in real
time. This can be achieved by dropping small lead particles to
induce gravity changes (Cameron, 2012).

Currently, the maximum designed depth of applied AUVs such
as the Sentry (Pontbriand et al., 2015), the Remus 6000, the Autosub
6000 (McPhail, 2009), or the CR-01/02 (Wu et al., 2014), is 6000m.
With the exception of some complicated buoyancy adjustment
mechanisms that have not been tested at maximum sea depth,
most deep water AUVs are designed in accordance with shallow
water conditions (Humphris, 2009). First, the buoyancy balance is
achieved based on standard atmospheric pressure, and then step-
by-step sea trials are performed gradually to determine ballast
weight (McPhail, 2009). Taking into account the harsh environ-
mental pressure of 10,000m at deep sea, technical limitations,
funding constraints, and voyage restrictions make it nearly
impossible to determine the ballast weight by multiple tests.
Furthermore, both the changes and balance between gravity and
buoyancy in the work environment must be take into consideration
during early stages of design.

There are also some more novel methods to tackle the unbal-
anced coefficient of compressibility induced buoyancy change.
They are all very clever and appropriate for their vehicles. Eriksen
et al. (2001), present a isopycnal pressure hull design applied in a
1000m depth degree Seaglider to match the compressibility of the
vehicle to the density change observed over the operating depth of
the vehicle. However, this material and structure can not bear
water pressure of 10,000m. Phillips et al. (2012), adopts a strategy
for developing an isopycnal soft bodied AUV to tackle buoyancy
variations. The internal filled light mineral oil is more compressible
than seawater and the batteries and internal structure are less
compressible than seawater, this passively maintains neutral
buoyancy over the 0e6000m depth range. However, it is expensive
to develop those pressure tolerant electronics, and might be
dangerous to let those electronics withstand 11000m water-
pressure. Furlong et al. (2012) demonstrate an approach utilizing
air compensators and silicon oil to manage the buoyancy variations
with depth of the Autosub LR AUV. Unfortunately, it needs more
than one hundred liter of silicon oil, and the volume of oil required
to optimally match the seawater cannot easily be contained in the
vehicle. Most importantly, this applied Air-oil adjusting method
reduces the influence of buoyancy change instead of preventing it.

Those methods are all not suitable for our FOD-AUV. All actua-
tors and control method applied on a FOD-AUVs are required to be
simpler and more reliable. Another key factor is that our designed
FOD-AUV only surveys around a certain depth within a relative
small area horizontally, within a radius of 5 km. Therefore, the
buoyancy-gravity balance are necessary and significant only at
designed or survey work depth. This is different from the previous
developed great depth Seaglider and long distance survey type AUV
such as Autosub LR.

A simple, reliable way of carrying out vertical balance adjust-
ment is using droppable weight components. This reduces the
difficulty from designing complex actuators and online status di-
agnose due to limited weight and limited sensors when it is
ascending of descending. If well designed, only one simple
releasing action is enough. Therefore, more accurately calculation
of the heavy buoyancy at working depth, such as 11000m, is
essentially needed during the design period. Estimation error of
kilogram level like Nereus in Whitcomb et al. (2010) and Autosub LR
in Furlong et al. (2012) will result in disaster because it easily ex-
ceeds the range of vertical propulsion system.

The purpose of this paper is to obtain all the physical parameters
that influence the gravity and buoyancy of the submarine through
the research of marine physics knowledge and to quantitatively

analyse the variation of the buoyancy force of submarine compo-
nents based on materials and mechanics knowledge. What is
related acts as a basis for maneuverability simulation and overall
design of AUVs. The main structure of the dissertation is as follows:
Firstly, the static equilibrium equation of the FOD-AUV is estab-
lished to find out the causes of the AUV gravity and buoyancy
changes during submarine and subsea operations. All the physical
environmental parameters affecting AUVs are provided and ana-
lysed, including the gravitational acceleration spatial distribution of
anomalies, temperature, salinity, pressure and density distribution
of seawater in the Challenger Deep depth profile. Quantitative
analysis of the displacement of AUV components was performed
considering both the changes of environment temperature and
pressure with seawater depth.

2. The Full Ocean Depth AUV

The project of the Full Ocean Depth AUV project is to provide
Chinese oceanographic researcher with the first capable and cost
effective vehicle for routine access to the hadal, where water depth
exceeds 10000m, almost twice the depth of any present-day
operational AUV. Comparing to HOV and ROV, the employing of
AUV makes it more efficiency to access scientific information more
than 10 km below the sea surface and cost less by avoiding the
strictly using of surface supporting vessels and equipment.

The AUV is now under design and will not be assembled until
late 2018. Sea trials are scheduled in 2019 and 2020. The general
layout is showed in Fig.1. It presents such a standing flat shape so as
to achieve a outstanding diving and floating efficiency. It carries
simple scientific sensors like cameras, sonars what enable it car-
rying out imaging and mapping work during the primary applica-
tion test. Equipped with a obliquely downward and vertical
altimeter, the AUV propelled by two horizontal propellers and two
vertical propellers is able to conduct safe and effective bottom
following cruise. The designed survey range in the horizontal plane
is 10 km.

This paper mainly reports the weight drop based gravity-
buoyancy balance design and accurate analysis for the underwa-
ter vehicle. It is also the first time to do similar analysis towards a
deep dived underwater vehicle.

Fig. 2 shows the mass and volume percentage of the largest 4
components respectively.

3. Static balance equation of FOD-AUV

Taking into account the energy consumption, reliability, imple-
mentation efficiency, weight drop is adopted mostly by deep-sea
submersibles (Humphris, 2009; McPhail, 2009) to give control
force in vertical plane. Fig. 3 shows the gravitational change in
submarine AUVs over the deep-sea.

The AUV is composed of pressure-resistant components Ci
exposed to water, such as pressure cabins, buoyancy foam and
weight drop devices. The number is M. gravity and buoyancy can be
expressed as:

G ¼ g,
XM
i¼1

mCi
(1)

D ¼ rw,g,
XM
i¼1

VCi
(2)

Two groups of weight drop were set, the descending weight
drop Cd and the ascending weight drop Ca. Because all the other
components are fixed together and do not change, the above can be
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written as:

G ¼ g,
XM�2

i¼1

mCi
þ g,mCa

þ g,mCd
(3)

D ¼ r,g,
XM�2

i¼1

VCi
þ r,g,VCa

þ r,g,VCd
(4)

Three stages are set to describe the AUV static balance:

1) The descending. The AUV is launched carrying all the 2wt drops.
Gravity and buoyancy are out of balance at this time. Therefore,
the AUV will be free falling under the action of Cd.The static
force is expressed as:

Fd ¼ G� D ¼ g,
XM�2

i¼1

mCi
þ g,mCa

þ g,mCd
� r,g,

XM�2

i¼1

VCi

þr,g,VCa
þ r,g,VCd

¼
 
g,
XM�2

i¼1

mCi
þ g,mCa

!
�
 
r,g,

XM�2

i¼1

VCi
þ r,g,VCa

!

þ�g,mCd
� r,g,VCd

�

(5)

2) Undersea Cruising. When arriving at the design depth, weight
drop Cd will be released and the AUV will work in equilibrium.

G0 ¼ G� g,mCd
¼ g,

XM�2

i¼1

mCi
þ g,mCa

D0 ¼ D� r,g,VCd
¼ r,g,

XM�2

i¼1

VCi
þ r,g,VCa

Fig. 1. General layout of our FOD-AUV.

Fig. 2. Percentage of individual mass and volume.
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G0 ¼ D0 which is g,
XM�2

i¼1

mCi
þ g,mCa

¼ r,g,
XM�2

i¼1

VCi
þ r,g,VCa

(6)

3) Ascending upward. During the last stage, the Weight Drop Ca

will be released in order to gain upward force. While in static
imbalance, the AUV will be free ascending.

Fa ¼ G
00 � D

00 ¼ g,
XM�2

i¼1

mCi
� r,g,

XM�2

i¼1

VCi

According to formula (6), we can get

Fd ¼ g,mCd
� r,g,VCd

(7)

Fa ¼ ��g,mCa
� r,g,VCa

�
(8)

The design of the AUV statics consists of two parts: one is to
design the composition of submersible

P
so as to satisfy the rela-

tion of gravity and buoyancy balance stated on formula (6), which is
called static equilibrium design. The other is to design Fd and Fa,
namely (7) and (8), to control vertical speed, called the free
descending and ascending design.

For Eq. (6), the factor g of gravity on the left hand side of the
equation is the same as the factor g of the right hand side buoyancy,
which further simplifies to:

XM�2

i¼1

mCi
þmCa

¼ r,
XM�2

i¼1

VCi
þ r,VCa

(9)

Note: The left hand side of the equation is the mass of the AUV,
and the right is the product of seawater density and AUV volume.
Because sea water density and component volume are functions of
seawater depth, Eq. (9) was established at a design depth of
11000m. Basic requirement for FOD-AUV design is:mP ¼
VP;11000,rW;11000. To balance the equation, it is necessary to study
the property of seawater density r related to seawater depth.

Eqs. (7) and (8) are also valid only at a water depth of 11000m.
The equation of static force at any depth during AUV descending
and ascending can be written as:

Fd ¼ GðdÞ � DðdÞ

¼ gðdÞ,
" XM�2

i¼1

mCi
þmCa

!
� rðdÞ,

 XM�2

i¼1

VCi
ðdÞ þ VCa

ðdÞ
!#

þgðdÞ,�mCd
� rðdÞ,VCd

ðdÞ�
(10)

Fa ¼ G
00 ðdÞ � D

00 ðdÞ ¼ gðdÞ,
" XM�2

i¼1

mCi
� rðdÞ,

XM�2

i¼1

VCi
ðdÞ
#

¼ gðdÞ,
" XM�2

i¼1

mCi
þmCa

!
� rðdÞ,

 XM�2

i¼1

VCi
ðdÞ þ VCa

ðdÞ
!#

�gðdÞ,�mCa
� rðdÞ,VCa

ðdÞ�
(11)

Through the static analysis of submarine AUV, the acceleration
of gravity gðdÞ, the density of seawater rðdÞand the volume VCa

ðdÞof
AUV components constitute the main factors of the resultant force
variation (Fig. 4), therefore we will study the variation law of the
three physical quantities in accordance with the depth profile of
seawater.

4. Analysis of the gravity acceleration change

As is known to us all, gravity acceleration varies with time and
space (Beyer et al., 1996; Amos, 2011). What's more, we know it
does not affect much to those underwater vehicles, because both
buoyancy and gravity of vehicle changes due to gravity acceleration
anomaly, which equalize the influence. However, this conclusion is
correct only under certain condition, it is that the vehicle is
designed gravity-buoyancy balanced and this condition is kept
well. As to the FOD-AUV, balance does not exist or is hard to exist,
either when cruising at the bottom or descending and ascending.
On one hand, if we do not do this research, wewill never know how
much does the buoyancy change and how much does the gravity
change, then we will never know the balance status at the bottom.
On the other hand, the ballasts set for the vertical fast moving are
the most important unbalance factor. Gravity anomaly accounts for
the net force change and finally affects the vertically moving status.
Therefore, this part we analyse on the AUV.

4.1. Gravity change due to position change around the earth surface

On the Earth surface, gravitational acceleration is expressed as:

gð4; lÞ ¼ g0 þ g0 (12)

where g0 is calculated using the following formula (Zhang, 2011),
where 4 and l are latitude and longitude respectively, (unit: rad).

Fig. 3. Phase of Deep Sea AUV twice dropping the load.
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g0ð4Þ ¼ 9:80665�
�
1� 2:65� 10�3 � cos 2 4

�
þ 6:3868

� 10�5 � cos 2 4� 4:5� 10�4

(13)

g0 is calculated according to the local topography. On continent,
the value is as following

g
0 ¼ �3:086� 10�6 � hþ 1:118� 10�6 �

�
h� h

�
(14)

where h is altitude, and his the average altitude within a radius of
150 km.

As to anomalies at sea, we can refer to the DTU13 (Zhang, 2016;
Andersen et al., 2016). Fig. 5 shows the gravity anomaly value of
ocean surface surrounding the Mariana Trench.

According to this, gravitational acceleration values of three
important place is exhibited as Table 2, when an AUV is transported
from Harbin Engineering University to the deep sea of Chinese
Academy of Sciences, the gravity changes by �2.17‰ happens. The

AUV moved to the Challenger Deep sea area with a gravity change
of �2.79‰.

4.2. Gravity anomalies with vertical profiling of the Challenger
Deep

At present, scientists have not acquired the gravity anomaly data
of the Challenger Deep. Here it is estimated based on NODC's open
ocean profile observations (NODC 2006) and Bouguer anomaly
theory.

According to NODC data (Fig. 6), we can estimate the anomaly
according to the ratio, at a depth of 11000m, the anomaly is �249
mGal. it is the anomaly caused by water depth. However, the
Challenger Deep is characterised by the presence of low ravine.
Based on Bouguer's anomaly theory, the value of a deep gravity
anomaly in the Mariana Trench is smaller than that of the same
depth elsewhere, as shown in Fig. 7. According to the trench
description by Franco and Abbott (1999), we drew a safe boundary
of anomaly as �1000 mGal at the depth of 11000m.

While descending or ascending, the gravity anomaly only affects
the resultant force (�100kgf), and it does not exceed 0.1kgf. It is 2
order of magnitude smaller than the gravity change while
transported.

5. Ocean physical parameters in the Mariana Trench

Temperature, salinity and pressure (shorted as TSP) are basic
parameters affect the buoyancy of our FOD-AUV. Firstly, seawater
density can be determined by TSP, according to the seawater
equations of state (Millero et al., 1980; Fofonoff and Jr. 1983; Feng
et al., 1998). T together with P affects the displacement due to
material features and structures. As Fig. 4 shows, we will analyse
those parameters in the depth profile of Challenger Deep.

Our project refers to the data obtained in 1992. According to the
dissertation by Taira, it is considered that the change in seawater
status parameters at the Challenger Deep in the past 50 years is
insufficient to have a significant impact on the mechanical calcu-
lation of the FOD-AUV (Taira et al., 2005; Taira, 2006; Haren et al.,
2017). We also provides climatological data of nine sites near the
sea from NODC (NODC, 2013a,b; NODC, 2013a,b) as Fig. 8, Fig. 9 and
Table 3.

(1) Temperature

When depth is less than 700m, there is a difference between
those data. Temperatures of different sites agreewell and all change

Fig. 4. The effect of seawater depth on seawater density and the detailed composition of the impact on submerged volume.

Fig. 5. The global gravity anomaly data given by the DTU13 model (white circles are to
be tested).
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Table 1
Mass and volume of all water displacement-components of the FOD-AUV showed as Fig. 1.

Index Component name mi (g) miPi
m

Vi,1atm (mm3) Vi;1atmPi;1atm
V

1-a Glass Spheres (VITROVEX) 99494 9.45% 167683533 17.37%
1-b Protective Shells of Glass Spheres (VITROVEX) 19731 1.88% 20552858 2.13%
2 Water Sampler þ Weight Drop Controller Housing 29002 2.76% 11746415 1.22%
3 Acoustic Localization Controller Housing 10000 0.95% 2290221 0.24%
4 Acoustic Transducers for Localization 3700 0.35% 765755 0.08%
5 Acoustic Transmitter for Communication 3000 0.29% 2142464 0.22%
6 Acoustic Receiver for Communication 7000 0.67% 4999083 0.52%
7 Wireless Antenna 4000 0.38% 1917760 0.20%
8 CTD (SBE 16plus V2) 2700 0.26% 1741662 0.18%
9 Beacon (Xeos APOLLO) 3637 0.35% 1108946 0.11%
10 Camera (Nano SeaCam) þ Lights (SeaLite Sphere5150) 5007 0.48% 2279663 0.24%
11 Acoustic Altimeter (1007D, KongsBerg) 8600 0.82% 2983858 0.31%
12 Aluminium Alloy Framework 171866 16.33% 57390963 5.95%
13 Descending Weight Drop 50000 4.75% 4407733 0.46%
14 Ascending Weight Drop 55000 5.23% 4848506 0.50%
15 Bottom Fairing 6624 0.63% 2453400 0.25%
16-a Thrusters: Shells, armature and other metal parts 11200 1.06% 3388394 0.35%
16-b Thrusters: Filled Mineral Oil 1680 0.16% 2000000 0.21%
17 Buoyancy Foam 443000 42.10% 651470588 67.50%
18 Vertical Stabilizing Fins 11060 1.05% 11521298 1.19%
0a-a Watertight Cable: Copper Conductor 25330 2.41% 3764000 0.39%
0a-b Watertight Cable: Chloroprene Rubber 4670 0.44% 3736000 0.39%
0b Battery and other Electronics in Glass Spheres 76000 7.22%
Total FOD-AUV 1052302 100% 965193100.2 100%

Table 2
Gravitational acceleration and calculation parameters at important geographical locations.

Three Positions g/mGal Latitude& Longitude g0/
mGal

g’/
mGal

h/m h/m

Harbin Engineering University, where it is designed and assembled. 980641 45�46040.1400N
126�40050.1900E

980690 �49 150m 170m

Institute of Deep-sea Science and Engineering, Chinese Academy of Sciences, Sanya, where it is
tested.

978515 18�14009.2800N
109�31013.4100E

978535 �20 100m 2m

Sea Surface of the Challenger Deep, where it dives. 977909 11�21038.1300N
142�35020.0400E

978229 �320 0 0

Fig. 6. NODC data corresponding to the ship's navigation trajectory.
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slowly when it is deeper. The surface temperature was 28.4�C and
the seawater temperature dropped to 1.46�Cat 4596m, after which
the temperature rose at a very slow rate resulting in 2.45�Cat
10860m.

(2) Salinity

Surface water salinity is around 34.5‰. Between 130 and 160m,
the curves reached their peaks respectively, about 35.1‰. Between
410 and 440m, the curves reached a minimum value of about
34.3‰. Then salinity increases slowly with the increase of depth.
For depth greater than 5000m, salinity was about 34.7‰
constantly.

Fig. 7. Abnormal interpretation of Bouguer considering the gravitational acceleration of the seafloor topography.

Fig. 8. The relative position between the Challenger Deep data site and the 9 climatic
data sites.

Fig. 9. Comparison of seawater physical parameters between different positions. Data of the Challenger Deep is measured one time while the ones nearby are climate data. They are
temperature, salinity, pressure, density.
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(3) Pressure

Pressure curves all showapproximately linear trendwith a same
slope. Only a small steady deviation exists between curves. Pres-
sure curves beyond 4000m and can be fitted with polynomials
employing the quadratic fitting method. It is P¼ 2:1850228�
10�6d2 þ 1:0076210d� 4:2199831, the residual norm is 6.2181,
meaning that the pressure accuracy is dbar level.

(4) Density

Density is derived according to the seawater equation of state
using basic TSP parameters. Here we employ the high pressure
equation of the 1980 International Seawater Equation of State
(EOS80) (Millero et al., 1980; Fofonoff and Jr.1983; Feng et al., 1998).

EOS80 seawater state equation adaptation range is:
temperature �2~40 �C; practical salinity 0e42; sea pressure
0e104 dbar. However, as to the Challenger Deep, the pressure
1.1344625� 104 dbar (115Mpa) exceeds the scope of the formula.
Judged by the equation, the main factor of seawater density change
is the pressure when depth exceeds 1000m. Although the
compressibility of water decreases slowly with increasing pressure,
no sudden change occurs (Nave, 2001). Thus, the equation can still
be used to approximatively estimate density at 11000m.

Density curves show an upward trend. When the depth is less
than 500m, the curves are nonlinear. When the depth exceeds
4000m, the curve can be fitted using quadratic fitting meth-
od.r ¼ �4:2336048� 10�8d2 þ 4:8000� 10�3dþ 1027:80 The re-
sidual norm is 0.4120. This formula can be extrapolated to obtain a
density of 1075.06kg/m3 at 11,000m.

6. Analysis on the change in AUV volume with environmental
characteristics

During the descending and ascending processes, the displace-
ment volume of the AUV corresponds to the change in the thermal
expansion and contraction deformation and the mechanical
deformation under pressure, as shown in Fig. 4. Considering the
following factors:

Factor 1: Submerged speed usually does not exceed 2 m/s, and
the seawater condition around AUV changes slowly; Factor 2:The
AUV itself generates a small amount of heat and the relative flow of
seawater will quickly achieve heat exchange; Factor 3: Environ-
mental temperature change has no significant effect on the mate-
rial properties of AUV components.

The following hypothesis can be made:

Hypothesis 1. AUV temperature of each component changes
consistent with sea water temperature, with no lag. Coefficient of
thermal expansion(COE) of each component is linear.

Hypothesis 2. The deformation of each part under the action of
seawater pressure is sufficient, without considering the dynamic
process of deformation.

Hypothesis 3. The mechanical properties of each component
material, such as elastic modulus, Poisson's ratio, or bulk mod-
ulus(K), do not change with the temperature within the range of
1e30 �C.

AUV's components fall into two categories depending on the
structures.

Table 3
Basic Information of the Challenger Deep single site measurement data and near-sea climatic data.

Observation point coordinates (latitude/longitude) Data generation date Depth range

Data of the Challenger Deeprowhead 11�2104700N,142�3502000E December 1992 0e10860m
Climatic data near the siterowhead (141�300:143�300E, 10�300:12�300N) 1955e2011 0e5500m

Table 4
vol change breakdown for all the water displacing components of the FOD-AUV Prototype.

Index Vi,11000 (mm3) Vi;11000Pi;11000
V

DVi;P11000(mm3) DVi;P11000

DVi;11000

DVi;11000 (mm3) DVi;11000P
DVi;11000

DVi;11000

Vi;1atm

1-a 164058926 17.52% �3581228 98.8% �3624607 12.6% �2.2%
1-b 18183362 1.94% �2018324 85.2% �2369496 8.3% �11.5%
2 11552599 1.23% �184125 95.0% �193816 0.7% �1.7%
3 2254036 0.24% �34376 95.0% �36185 0.1% �1.6%
4 757408 0.08% �7762 93.0% �8347 0.0% �1.1%
5 2119968 0.23% �20809 92.5% �22496 0.1% �1.1%
6 4938594 0.53% �56255 93.0% �60489 0.2% �1.2%
7 1890912 0.20% �24164 90.0% �26849 0.1% �1.4%
8 1721900 0.18% �18675 94.5% �19762 0.1% �1.1%
9 1097362 0.12% �10924 94.3% �11585 0.0% �1.0%
10 2259044 0.24% �19567 94.9% �20619 0.1% �0.9%
11 2949404 0.31% �32731 95.0% �34453 0.1% �1.2%
12 57190001 6.11% �95520 47.5% �200962 0.7% �0.4%
13 4383490 0.47% �14292 58.7% �24243 0.1% �0.6%
14 4821839 0.51% �15722 58.7% �26667 0.1% �0.6%
15 2444814 0.26% �4083 47.5% �8587 0.0% �0.4%
16-a 3385087 0.36% �3164 39.2% �8070 0.0% �0.2%
16-b 1744861 0.19% �138364 54.2% �255139 0.9% �12.8%
17 631407448 67.42% �18666182 93.0% �20063140 69.9% �3.1%
18 10189865 1.09% �1134108 85.2% �1331433 4.6% �11.6%
0a-a 3952612 0.40% �3514 39.2% �8965 0.0% �0.2%
0a-b 3450901 0.36% �286033 83.0% �344784 1.2% �9.2%
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1) Isotropic solid components Q, such as buoyant material, cover
shells, alloy frame, or the weight drop. The buoyant material is
the most important component of AUV displacement. Its
quality accounted for nearly 50%, and its displacement for
more than 70%. The volume change of such components is
directly calculated based on the thermal expansion rate and
bulk modulus under the influence of temperature and
pressure.

2) Pressure housing components F, such as glass sphere hous-
ings, or the beacon/light/camera high-strength alloy shell, of
which glass shell displacement accounted for approximately
17%, are the most important shell parts. The volume change
of such components needs to first calculate the change in
basic size, such as the outer diameter of the spherical shell,
under the influence of temperature and pressure, and then
calculate the volume change according to the volume
formula.

6.1. Volume change of solids such as buoyancy foams

(1) Temperature affects the displacement volume of solid parts

The volume of all solid parts making up the AUV as a function of
temperature is expressed as:

DVQ;T ¼ VQ;T � VQ;0 ¼
X
i2Q

DVT;izDT,
X
i2Q

3ai,V0;i (15)

The right side of the equation omitted the second and third
orders of small quantities,DVQ;T is the volume increase of the solid
part caused by the temperature change,DVT ;i is the volume increase
of the solid component i, under the temperature influence, ai is the
COE, V0;i is the original volume, and DT is the temperature increase.

(2) Pressure affects the drainage volume of solid parts

The volume change of all solid parts under pressure change is:

DVQ;P ¼ VQ;P � VQ;0 ¼
X
i2Q

DVP;i ¼ DP,
X
i2Q

V0;i=Ki (16)

where DVQ;P is the volume increase of the solid part due to the
pressure change, DVP;i is the volume increase of the solid compo-
nent i, under the influence of pressure, Ki is the bulk modulus of the
material, and DP is the increase of the pressure.

Based on Hypothesis 3, it is considered that the volume change
of all the solid parts is equal to the sum of the volume change under
the influence of temperature and pressure:

DVQ ¼ DVQ;T þ DVQ;P ¼
X
i2Q

V0;i,ð3ai,DT þ DP=KiÞ (17)

6.2. Volume change of glass sphere housings and other shell
components

(1) Temperature and pressure together affect the basic di-
mensions of shells, including the radii of spheres, radii/
lengths of cylinders.
1) The variation of aspherical shell radius is:

DRS�j ¼ DRS�j;T þ DRS�j;P (18)

where DRS�j is the outer radius increment of the spherical shell S-j
(j2F), DRS�j;T is the outer diameter increment caused by the
temperature increase, as shown in Eq. (19); DRS�j;P represents the
increment of the outer diameter caused by the pressure change,
calculated according to radial stress characteristics, as (20):

DRS�j;T ¼ RSO�j,aj,DT (19)

Fig. 10. vol change ratio of individuals due to pressure and temperature.
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DRS�j;P ¼ �
RSO�j,

h�
1� 2mj

�
,R3SO�j þ

1þmj

2 ,R3SI�j

i

Ej,
�
R3SO�j � R3SI�j

� ,DP (20)

RSO�j and RSI�j are the initial outer diameter and inner diameter of
the sphere S-j respectively. aj is the COE of the material, and Ej and
mj are the Young's modulus and the Poisson's ratio of the material
respectively.

2) The change in the radius and length of a cylinder shell are:

DRC�j ¼ DRC�j;T þ DRC�j;P (21)

DLC�j ¼ DLC�j;T þ DLC�j;P (22)

where DRC�j and DLC�j denote the outer diameter increment and
the axial length increment of the cylindrical shell C-j (j2F),
respectively, and DRC�j;TandDLC�j;T denote the outer diameter and
the axial length increment due to the temperature increase, as
shown in Eqs. (23) and (24). DRC�j;P and DLC�j;P represent the
external diameter and axial length increment caused by the pres-
sure change, which is calculated based on the radial force charac-
teristics of the shell, as shown in Eqs. (25) and (26):

DRC�j;T ¼ RCO�j,aj,DT (23)

DLC�j;T ¼ LC�j,aj,DT (24)

DRC�j;P ¼ �
RCO;j,

h�
1� 2mj

�
,R2CO;j þ

�
1þ mj

�
,R2CI;j

i

Ej,
�
R2Co;j � R2CI;j

� ,DP (25)

DLC�j;P ¼ �
R2CO;j,LC;j,

�
1� 2mj

�

Ej,
�
R2CO;j � R2CI;j

� ,DP (26)

RCO�j, RCI�j, LC;j are the initial outer diameter, inner diameter and
axial length of the cylinder shell S-j respectively.

3) In the above two forms of combined housing, that is two
hemispherical shell structures and one cylinder shell, the
basic dimensional change is equivalent to the change in the
respective sizes of the spherical shell and the cylindrical
shell.

(2) Temperature and pressure together affect the shell volume

Through the analysis of the basic dimensions of the shell, the
volume increment can be calculated easily according to the formula
of the shell structure volume. The calculation result is given directly

Fig. 11. vol change ratio of individuals due to pressure.

Fig. 12. Percentage of individual volume change.
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here. The second order small amount is omitted.

DVFS
¼
X
j2FS

DVS�j ¼ 4p,
X
j2FS

R2SO�j,DRS�j (27)

1) The volume increase of aspherical shell is:

Substituting (18) into (27) yields the total change in volume of
all spherical shells at a given temperature and pressure.

2) A cylinder shell volume increment is:

Table 5
Change in displacement and basic information of representative components of the FOD-AUV.

Glass Spheres Multifunctional Beacon Buoyancy Foam Descending Ballast Shell of Glass Spheres

Brand & Model VITROVEX
NMSeISe12000

Xeos APOLLO TIPC-CAS
Float11000

/ VITROVEX Smooth
protective shell

Structure Description Spherical Shell Cylindrical-Spherical
Shell

Solid Solid Solid

Material Borosilicate glass Titanium Alloy Grade 9/
Tie3Al-2.5 V

Microsphere Syntactic
Foam

Pb Polyethylene

Basic Dimensions at 1 atm (mm or mm3) R: 216mm r:
195mm
t: 21mm

R: 25.4mm r: 20.78mm
L: 530.2 mm t: 4.62mm

1mm3 1mm3 1mm3

Young's Modulus (Pa) 6.30� 1010 9.10� 1010 3.50� 109 1.70� 1010 8.40� 108

Poisson's Ratio 0.20 0.35 0.36 0.42 0.38
K (Pa) / / 4.17� 109 3.54� 1010 1.17� 109

COE (�C-1) 3.30� 10�6 7.90� 10�6 2.76� 10�5 2.93� 10�5 2.20� 10�4

Dimension Increment because of
Temperature (mm or mm3)

DRT¼�0.02mm DRT¼�0.0052mm
DLT¼�0.109mm

DVT¼�2.15� 10�3 mm3 DVT¼�2.28� 10�3mm3 DVT¼�1.71� 10�2mm3

Dimension Increment because of Pressure
(mm or mm3)

DRP¼�1.53mm DRP¼�0.115mm
DLP¼�0.60mm

DVP¼�2.87� 10�2 mm3 DVP¼�3.24� 10�3mm3 DVP¼�9.84� 10�2mm3

Volume of Displacement Increment per Unit
or mm3 (mm3)

�9.06� 105mm3 �1.16� 104mm3 DV’¼ -3.09� 10�2 DV’¼ -5.52� 10�3 DV’¼ -1.16� 10�1

Amount/Number or Original Total
Displacement (mm3)

N¼ 4 N¼ 1 V0¼ 6.5� 108mm3 V0¼ 3.5� 106mm3 V0¼ 4� 5.13� 106mm3

Total Volume of Displacement Increment
(mm3)

�3.624� 106 �1.16� 104 �1.98� 107 �1.934� 104 �2.37� 106

Fig. 13. Change of volume and buoyancy of several major components with depth.
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DVFC
¼
X
j2FC

DVC�j

¼ p,
X
j2FC

�
2RCO;j,DRC�j,LC;j þ R2CO;j,DLC�j

�
(28)

Substituting (21) and (22) into (28) yields the total change in
volume of all cylinders at a given temperature and pressure.

3) The volume increment of a shell structure of cylinder and sphere
combination is the sum of the volume increment of the two
types of shells.

6.3. Volume change calculation results

Volume change of all water displacing components are listed as
Table 4 (The index and components name are the same as Fig. 1 and
Table 1). It refers to the individual volume at the depth of 11000m,
where the temperature and pressure is 2.45 �C and 115MPa, and
water density is 1075.06 kg/m3, comparing that at the sea surface.
Vi;11000 is volume of component i at the depth of 11000m.
DVi;11000 is volume change when the component i is at the depth of
11000m comparing that at the sea surface. DVi;P11000 is volume
change due to pressure change.

Here we also use visualize figures, as Fig. 10, Fig. 11, Fig. 12, to
depict the volume change status. From the second and the third
column we can see that the volume ratio of individual has change
comparing that at the sea surface (in Table 1). Fig. 10 shows the
volume change ratio of each component due to total effect of both
pressure and temperature. Compared with the reference value of
seawater (r¼ 1.025� 10�3 g/mm, COE¼ 1.8� 10�4/�C,
K¼ 2.34� 10�9Pa), plastic and oil are most changeable compo-
nents. Other components are less changeable than seawater. Metal
parts are the least likely to change, and then they are the metal
enclosure components.

Fig. 11 shows the ratio of volume change of individual compo-
nent due to pressure affecting reason. When the value is larger than
50%, it means that the pressure acts more than temperature. As to
the enclosure components and none-metal solid components, their
volume change is mainly caused by pressure.

Fig. 12 shows the volume change percentage of individual part
comparing to the total volume change. This is a total result of the
above figures. Buoyancy Foam contributes a largest ratio, because
its original volume is the largest, in the mean time, its volume
change ratio is relatively large. It is the same with Glass Spheres.
Plastic components like wings and shells also change a little much
because they are much more compressive. Volume of Mineral oil
contribute less because its original volume is little even though its
ratio is largest.

Table 5 shows five typical components of thematerial, structural
parameters and volume change. As can be seen:

Fig. 14. Change of volume and buoyancy of the FOD-AUV with depth.
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a) Buoyancy foam is the highest proportion of the volume of the
components. Under the influence of pressure and tempera-
ture, the change in volume is the most obvious, in which the
influence of temperature on the volume is less than 1 order
of magnitude.

b) Shell components. The glass shell shows the highest pro-
portion from the initial volume, additionally the volume
change is also the largest. It is two orders larger inmagnitude
than other small housings.

c) Initial volume of all solid components is small. At the same
time, due to the larger bulk modulus and smaller COE, the
variation per unit volume is also small, almost the same or-
der of magnitude compared with small shell parts.

d) For the non-metallic solid parts, such as the sphere shield
owning a smaller bulkmodulus and a larger COE, the amount
of change per unit volume is 1e2 orders of magnitude higher
than the solid metal component. This impact cannot be
ignored.

e) The volume change of small metal shell components and
solid metal parts is 1 or more orders of magnitude less than
the others, even less than the measurement or machining
errors, therefore, it can be ignored.

Combining the water density analysis and the volume analysis,
we drew the following Fig. 13 to show the volume change and the
buoyancy change of above five components with depth.

Combining the above calculations, the volume and buoyancy
changing of the FOD-AUV with ocean depth is listed as Fig. 14.

7. Conclusions

We first establish three static equations corresponding to
descending, ascending and cruising undersea. Then, we analyse the
physical factors about the Earth and the ocean that affect gravity
and buoyancy. Finally, we analyse the volume change of different
types of components of the AUV according to pressure and tem-
perature change. The conclusions are the following:

1) During the descending and ascending phase, the acceleration of
gravity, the density of seawater and the volume of components
all affect the resultant static force. The density of seawater and
the volume of components affect the static balance when the
AUV is cruising at the designed depth. Therefore, it is necessary
to conduct a quantitative analysis on the variation of gravita-
tional acceleration, seawater density and volume change of AUV
components in accordance with ocean depth.

2) Gravitational acceleration is a function of the spatial location. A
few kgf change of gravity of our tonnage AUV will occur while it
is being transported across the earth's surface. The gravity
anomaly should be calculated accurately during this stage. After
the AUV enters the water, the gravity anomaly only affects the
static resultant force and the magnitude is small, which can be
neglected.

3) US NODC published seawater status data can be used to guide
the design of a FOD-AUV. As to the Challenger Deep sea, the
spatial variation of seawater temperature, salinity, density, and
especially pressure is obvious. Therefore, balance of gravity and
buoyancy analysis of AUV is necessary.

4) Another factor that determines buoyancy is the displacement
volume of the AUV. Under the influence of temperature and
pressure, some changes will occur. Both material and structure
parameters of each component of AUV were analysed. Finally
we obtained quantitative data of the volume change for each
type of component separately, which is of great significance to
the calculation of the buoyancy change.

5) The data and calculation methods provided in this paper can be
applied to the overall design of an AUV. It can not only verify the
gravity buoyancy balance of an AUV at a designed depth but also
establish the dynamics model of maneuver simulation to realise
some important prediction of kinematic parameters. It is also an
important reference to the design of deep rated underwater
vehicles.

6) Because there is no reference for the estimation of the buoyancy
balance of the deep-sea submersibles at present, the calculation
process in this paper cannot be compared. However, the data
listed in this article is reliable. The calculation and analysis of
this article are realistic.
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