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Abstract: The objective of this paper is to discuss some of the issues associated with environmental load on the three-link serial manipula-
tor caused by underwater current. We have conducted CFD simulations to investigate hydrodynamic effects induced by changing current
direction and changing with time current speed in order to better understand the physics of the problem. The results are presented in terms
of moments of hydrodynamic forces plotted against relative position of the current and the robotic arm. Time history of hydrodynamic loads
according to periodically changing current speed is presented and discussed.
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1. INTRODUCTION

Underwater manipulators constitute subsystems of remotely
operated vehicles (ROVs) or autonomous underwater vehicles
(AUVs), making the jobs of exploration, construction, inspection,
and recovery possible. Manipulators enable the robots to replicate
the function of human arm in carrying out operations such as
picking up objects from the bed, placing and joining assembly
parts, drilling, cutting, however, the overall performance of under-
water manipulation is greatly affected by interaction with the water
environment, particularly in position/motion control of the end-
effector with respect to the given target position.

Land-based manipulators operate in the air, which is much
lighter than a solid body, and consequently, their models of dy-
namics, usually, do not include environmental contributions, as
though they move in vacuum, not meeting any resistance at all.
In underwater applications the impact of the environment cannot
be neglected, and in consequence, quantifying of hydrodynamic
loads is necessary, especially, in determining controllability of the
system. Moreover, the underwater robotic arms have to be de-
signed to withstand the hydrodynamic forces exerted by the sur-
rounding fluid.

Underwater manipulators consist of rigid links connected
in series by pin joints. The joint torques for generating the motion
of the links have to overcome the weight and payload along with
the hydrodynamic load induced by relative motion of the arm and
the fluid. A moving solid body immersed in flowing water is sub-
jected to the pressure and shear stress distributions resulting from
their relative motion. In the equations of motion of the multibody
system this hydrodynamic load is usually decoupled into inde-
pendently computed inertia, friction damping and lift contributions,
although these phenomena are strongly coupled according to
basic continuum mechanics principles.

Currents represent important ambient flow conditions
in a changeable and uncertain aquatic environment. Ocean cur-

rents are caused by tidal movements, wind, heat exchange, the
salinity differences, and the Coriolis force due to the rotation of the
Earth. Furthermore, the refresh of water in structured environment
may be strong enough to induce additional hydrodynamic loads
on the underwater system. Usually the current effect on the un-
derwater manipulator is modeled (if at all) in a simplified way as
a constant disturbance by assuming the current to be irrotational
and unchanged (Fossen, 1994; Antonelli, 2006). Real ocean
currents are often multi-directional and irregular, spatially and time
variable.
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Fig. 1. Coordinate frame arrangement of the robotic arm
(external and local reference frames)

In this paper some aspects of hydrodynamic load on the un-
derwater robotic arm caused by current of water are considered
and analyzed by using the CFD modeling tools in order to get
more insight to the physics of the problem. The power of CFD
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simulations enabled us to observe the effects of disturbances
such as changes in the direction of the current velocity and its
magnitude on the moments experienced by the manipulator joints.

This paper is organized as follows. The second section is de-
voted to the modeling of water environmental impact on the ma-
nipulator considered as a lumped mechanical system. In the third
section the continuum mechanics approach and CFD modeling
of water flow around the robotic arm is described. The next sec-
tion provides results of calculations and discussion, and the last
section — conclusions.

2. MECHANICAL ASPECTS

The main purpose to model a robot manipulator is to compute
the forces and torques required to drive the joints given the re-
quested end-effector position. The other purpose is to simulate
the motion of the robotic arm in order to define control strategies.
The hydrodynamic effects have to be assessed in advance
to reproduce in a proper way the dynamical behavior of the robotic
arm, otherwise the control may be significantly deteriorated.
Recently, it is increasingly performed in specialized virtual proto-
typing environments, utilizing lumped approximations to hydrody-
namic forces. Some of these environments were described
in Wang (2012).
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Fig. 2. Manipulator, computational domain, types of boundary conditions
and velocity profile at the inlet to the domain

The robotic arm considered in this study is a serial manipula-
tor (Fig. 1). It is composed of three links with diameters of 8.4 cm.
The lowest link is 0.43 m long, the middle one - 0.45m, and the
upper link has the cylindrical part of the length of 0.4m. The con-
figuration of the arm was kept unchanged at the position of the
third upper link inclined at an angle &; = 135° with respect to
the middle vertical link (Fig. 1).

Industrial or, more generally, land-based manipulators operate
in the air, and consequently their equations of motion do not have
to include environmental contributions. Hydrodynamics matters
in underwater applications. In the lumped modeling of the dynam-
ics of the rigid body in water environment the additional inertia
resistance due to the accelerated fluid is taken into account
through the concept of added mass and added moments of iner-
tia, depending on the shape of the body and its ability to carry
along the fluid (Fossen, 1994; Antonelli, 2006).

The lumped model of dynamics of an underwater manipulator,
considered as a rigid multibody system consists of equations
of motion derived by using law of conservation of momentum.
In case of underwater applications it is usually written in the fol-
lowing form (Antonelli, 2006; Herman, 2009; Pazmino et al.,
2011):
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MV+CWV)v+DW)v + gv) = 7, )]
where: v — is the velocity vector. The symbols:
C(V) = Cu(v) + Co(v) (2)

denote as follows: M,,, and C,,(v) are the rigid body mass matrix,
and the Coriolis/centripetal matrix, respectively, whilst Ma denotes
the added mass matrix and C,(v) - the added Coriolis/centripetal
matrix. D(v) stands for the drag matrix, g(v) - is the resultant
vector of gravity and buoyancy; t,, — is the resultant input vector
of forces and moments influencing the manipulator.

A number of works have been conducted in order to model
underwater manipulator dynamics. Richard and Levesque (1996)
developed the dynamic model of subsea manipulator for a non-
deterministic fluid environment in order to deal with stochastic
buoyancy effects for partially immersed arm. McLain and Rock
(1998) and Leabourne and Rock (1998) have estimated added
mass and drag contributions using and developing potential flow
theory and experimental tests. Vossoughi et al. (2004) investigat-
ed the dynamics of underwater robotic arm incorporating results
obtained by McLain and Rock (1998) for modeling hydrodynamic
effects in order to design velocity control system. Santhakumar
and Kim (2012) developed indirect adaptive control system for
Underwater Vehicle Manipulator System (UVMS) in order to com-
pensate disturbances caused, inter alia, by currents.

The added terms are computed as the extra forces and mo-
ments, needed to accelerate the fluid, divided by the accelerations
— linear or angular, respectively. They are usually expressed
in terms of hydrodynamic coefficients.

The part of hydrodynamic force on the body, dependent
on the relative velocity is usually decomposed into an in-line force,
called the drag force, and a transverse force — the lift force. They
are expressed in terms of hydrodynamic coefficients as well. Drag
coefficients depending on the shape and configuration of the
manipulator, and the type of the flow characterized by Reynolds
number, are computed as a superposition of a constant part rep-
resenting laminar flow and a velocity-depending part accounting
for turbulent effects.

M= M, +M,,
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Fig. 3. The relative positions of the robotic arm and current velocity v

The hydrodynamic added inertia and drag coefficients are
commonly computed from the strip theory coming from potential
flow background for 2D inviscid flows, and extended semi-
empirically to three dimensions (McLain and Rock, 1998). In this
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approach, the solid body is divided into multiple narrow slices,
which can be considered as airfoils. Viscous effect of the fluid has
to be incorporated into a model via additional drag and lift coeffi-
cients.

Water currents are usually assumed to be irrotational and
constant and their effects are modeled as constant disturbances
included into added inertia, added Coriolis/centripetal and damp-
ing terms of the model (Fossen, 1994; Antonelli, 2006).

The equations of motion are highly nonlinear due to hydrody-
namic forces (Fossen, 1994). They contain uncertainties associ-
ated with hydrodynamic coefficients, estimated only approximately
from simplified theories, experimental studies and empirical rela-
tions.

3. HYDRODYNAMIC MODELING

In the lumped approach, presented in the previous section,
the hydrodynamic effect on the body completely immersed
in water is decomposed into forces and moments depending
on acceleration and velocity in relative motion between water and
manipulator, which results in added inertia, added Corio-
lis/centripetal and damping contributions, taken into considera-
tions independently, although in real flows these flow phenomena
are strongly coupled, according to the fundamental conservation
laws of continuum mechanics. In continuum mechanics approach
all hydrodynamic forces and moments acting on the submerged
manipulator are the result of pressure and shear stress distribu-
tions around the body, occurring in the flow.

Furthermore, in solid body mechanics the effect of the under-
water current on the submerged body is commonly considered as
being constant and irrotational, but real flow even far away from
boundary layer on the body is always rotational and turbulent.
This is another premise to employ the continuum mechanics
approach and numerical simulations in the present considerations.

Tab. 1. Grid independence study

SI. No. | Number Torques [N m] Grid independence factor
i of cells
N 7 © i o 12 o
1 2369004 | -356 | 531 | -9.88 | 0.177 | 0.341 0.182
2 4242883 | -4.92 | 454 | -11.15 | 0.139 | 0.148 | 0.077
3 7986142 | -4.44 | 405 | -1250 | 0.027 | 0.025 | 0.023
4 9747773 | 432 | 3.96 | -12.09

Fig. 4. Details of computational grid near and on the surface
of the manipulator

In this research emphasis was placed on the calculations
of moments of hydrodynamic forces exerted by the current
of water about three z axis in local reference frames assigned to
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the arm links, as they are shown in Fig. 1. Going from top to bot-
tom, the moment z; was calculated taking into account pressure
and shear stress distributions along the surface of upper link
about z; axis. The moment z, includes hydrodynamic effects
(due to pressure and shear stresses) on the two upper links with
respect to z, axis and the moment 7, — describes the action
of water on the whole manipulator about z, axis. They can be
considered as joint torques experienced by the manipulator
placed into the current of water and which have to be compen-
sated by motors in order to maintain the positions of the links.

Incompressible fluid flow surrounding the robotic arm, when
temperature effect is neglected, is governed by the set of continu-
ity equation and Navier-Stokes equation of motion.

For 3D problems, the governing equations can be described

as:
— the continuity equation:

V-V =0; )
— the Navier-Stokes equation of motion:

o (Fvii= - L Koz

St (V-r= pr+pV2V+f, @)

where: V = [Vx Vy,VZ] is the velocity vector, p is the density
of fluid, p is the pressure, u — the viscosity, f — the body force
(in this case — apparent weight) per unit mass, and V is the vector
differential operator (gradient).

The present considerations were bounded to the computa-
tional domain in the shape of a box of 8m long, 3m wide and 2.5m
tall, depicted in Fig. 2. The manipulator was attached to the solid
base in the middle of the width of the base at a distance of 2.5m
from free current inlet, as it is shown in Fig. 2. The other sides
of computational domain were in contact with surrounding flowing
water with the assumption that the backflow into the domain was
allowed and computed using the direction of the flow in the cell
layer adjacent to these sides (pressure outlet boundary condi-
tions).

Gulf Stream, Kuroshio, Agulhas, Brazil, and East Australian
Currents flow at speeds up to 2.5 m/s. It was decided to limit the
velocity to 1.5 m/s at most. This was the maximum current speed
far away from the base in free stream of water. Reynolds number
computed with respect to the links diameters and the maximum
current speed was equal to 126 000. The 1/7th power law was
used to specify turbulent velocity profile near the solid base at the
inlet to the domain (see Fig. 2).

The considerations were carried out for two cases investigat-
ing two different current disturbances. The first one concerned
the change in the direction of the current with respect to the posi-
tion of the robotic arm. The second one examined the properties
of the flow, when the speed of the current changes in time. The
investigations of the current direction effect on the load on the
manipulator were performed as steady-state, whilst the second
ones, dealing with the time dependence of the current speed,
were considered as transient problem. The change in the direction
of the current with respect to the fixed robotic arm was modeled
as the change in position of the arm (its rotation about vertical
axis) to the unchanged current direction, because it was the easi-
est way to maintain the shape of the computational domain un-
changed. The relative positions of the robotic arm and the direc-
tion of the current are indicated in Fig. 3 as the angles of rotation
01 about vertical axis with respect to the initial position, when the
third upper link is inclined exactly towards the current (6; = 0).
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Tab. 2. Resolving moments into components due to viscosity z, and pressure z,
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6 0° 45° 90° 135° 180° 225° 270° 315°

% -0.0497 | 0.0996 0.1724 | 0.1833 | 0.0483 | -0.0877 | -0.1379 | -0.1854

[Nrrl’n] o -4.2703 | 0.5536 | 4.2854 | 5.5586 | 1.0702 | -3.0283 | -5.4013 | -5.4408
/7, | 0.012 | 0.179 0.040 0.033 0.045 | 0.029 | -0.026 | 0.034

™ 0.407 | 0.2793 0.00276 | -0.3426 | -0.4648 | -0.3354 | 0.0229 | 0.3255

[NTrz’n] o 3.548 | 3.3682 | -0.4384 | -6.0219 | -8.8238 | -7.4930 | -0.0560 | 3.4445
/7, | 0115 | 0.083 -0.006 0.057 0.053 | 0.045 | -0.409 | 0.094

™ 0.215 | -0.1721 | -0.00012 | 0.1555 | 0.1849 | 0.1511 | 0.0038 | -0.1492

[NT;] o -11.872 | -10.2525 | 0.04047 | 4.2664 | 5.1017 | 3.7452 | -0.1965 | -7.6076
/7, | 0.018 | 0.017 -0.003 0.036 0.036 | 0.040 | -0.019 | 0.019

The ANSYS CFD (ANSYS, Canonsburg, PA) software was
used to conduct simulations. For the computational domain with
different manipulator positions to the current the set of eight
meshes of approx. 9500 00 + 10 500 000 elements were gener-
ated using cut-cell method. Simulations were executed in Parallel
Fluent 16.0 (which implements the finite volume method) with
twelve parallel processes utilizing a second order spatial pressure
discretization and second order upwind discretization schemes for
momentum equations and for the model of turbulence. In steady-
state simulations the SIMPLE algorithm (Semi-Implicit Method for
Pressure Linked Equations) was used as the method of solution,
whilst in transient simulation — the PISO (Pressure Implicit with
Splitting of Operators) scheme was applied with second order
implicit transient formulation and 20 iterations per time step equal
to 0.01s.

Grid independence analysis was carried out for steady-state
flow and initial arm position, i.e. for the rotation angle &, = 0,
comparing resulting torques z;, 7,, 73, obtained for meshes
of different resolutions, as it is shown in Tab. 1. Grid independ-
ence factor was defined as

: (5)

where: j is an indicator of the torque (1, 2 or 3), i — stands for
a serial number of the mesh (Tab. 1), 7;(4) is the “j” torque
computed for the reference grid No. 4 of maximum number
of cells. As one can see in Tab. 1, grid independence factor con-
stantly decreases with increasing number of cells and for two
finest meshes of cell numbers 7986 142 and 9 747 773, the
relative differences of the torques were less than 3%. In order to
better capture the flow structures, the finest mesh (No. 4) was
chosen and, consequently, the number of cells for all computa-
tional cases was kept in the range of 950000+10500000. Fig. 4
depicts some details of the computational grid near and on the
surface of the manipulator.

7j()— 75 (4)
7j(4)

J

4. RESULTS AND DISCUSSION

A number of steady-state numerical simulations were con-
ducted under a series of various environmental disturbances
caused by different current directions. The influence of changing
with time current speed has been studied utilizing transient simu-
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lations for the initial position of the arm (&, = 0°). The effects of
these environmental disturbances on hydrodynamic load on the
robotic arm are analyzed in the following subsections.

4.1. The effect of current direction change

Several numerical calculations were carried out for eight dif-
ferent relative positions of the arm and the current direction indi-
cated by the angle 6, (0°, 45°, 90°, 135°, 180°, 225°, 270°,
315°). The angle €, is measured from the x0 axis directed oppo-
site the flow as it is depicted in Fig. 1. The results are gathered
and presented in Fig. 5 in terms of hydrodynamic torques 7, 7,
7, plotted against the angle 4,. All the moments were calculated
in local reference frames shown in Fig. 1.

-10
-1
12 —gr
13

Fig. 5. Hydrodynamic torques vs. the angle 6;

The torque 7, of the whole manipulator around vertical z1 axis
vanishes changing its direction at 8, = 38° and 190° mainly due
to dissymmetry of the arm. It is a common practice for underwater
vehicles and manipulator systems (UVMS) to align them with the
current in order to minimize the drag forces, but in our case the
torque 7, at the position aligned with the flow (8, = 0°) was only
a little less than maximum absolute value achieved. Taking into
account, that drag forces are usually estimated only approximate-
ly, neglecting some geometric details of the system disturbing the
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symmetry of the structure, one has to be aware of inaccuracies
induced by this practice. Even that dissymmetry of the structure,
as we have in the case of our manipulator located at the initial
position, can cause unanticipated increase of the joint torque
required to maintain the position of the arm.

The maximum magnitude of z; was obtained for 8, = 135°
and between 270°+315°. It is worth mentioning, that 7, takes

acta mechanica et automatica, vol.10 no.1 (2016)

unexpectedly different values at corresponding positions with
respect to the current, e.g. at 8, equal to 135° and 225° or 45°
and 315°. The behavior of 7, and z; is more predictable and
intuitive. They are equal to zero for &, = 90° and 270°.Their plots
are almost symmetrical with respect to &, = 180° and they take
approximately the same values for corresponding positions.

o

. " " . " . " .
\lH\II\T\I‘HIH\TI\‘H\HITH‘II\H\TH'

joint torques [N m]
S

&

4

‘H\\‘\\\\‘\\\\‘HH‘HH‘HH‘AIH‘IIH IIHlII\I_JIIIIl

o

Fig. 6. Time history of joint torques 7, 7, 73

Moments of hydrodynamic forces appear mainly due to the
pressure distribution around the links. Tab. 2 shows moments z;,
7,, Tzbroken into components 7, and z,,, generated due to shear
and pressure forces, respectively. Maximum magnitude of viscous
7, equal to about 0.5 Nm acted on the two upper links with re-
spect to z, axis (Fig. 1) at position of the arm indicated by
6, =180° (Fig. 3), but in most cases they were less than 0.1 Nm
and made significant fraction of pressure induced moments
(7,/ 7,) only when the pressure component notably decreases
due to flow conditions (for example z; at the position indicated by
6, =45°).

4.2. The effect of changing with time current speed

The effect of current speed was examined applying transient
CFD simulation for time dependent inlet velocity to the domain. At
the inlet to the computational domain turbulent velocity profile has
been changing with time according to the saw function shown at
the top of Fig. 6. For the sake of clarity only a part of time history
of joint torques 7;, 7,, 75 is displayed, although simulation was
performed over time duration of 17s and above, starting from
initial conditions obtained from steady-state calculations for arm
initial position denoted in Fig. 3 as 8, = 0. The free stream speed
has been changing linearly from zero to 1.5m/s there and back
again with two different periods of change. In the first interval
(below 11.7s) the period of speed change was equal to 3.33s, and
after that it has been reduced to 1.0s.

As one can see from plots in Fig. 6, the torques 7, z,, 73 fol-
low the changes of inlet velocity. It is especially clearly seen for
the first time interval (below 11.7s), when speed frequency was

12 12 14 15t [s]
x
X
X LIPS 4
W™ X x
x
x . X‘xxx
!l( HXX)()(
\lH\IIH\I‘Hl‘!‘\HI\‘H\HIIH‘II\HHH'
12 13 14 15t [s]
s HOCO0 00000
0y < 23
RS °°o° 006% Lo0s, o0

+ Legend
+ + < < o T

x % x Ty

. T

fairly low. After reducing the time period to 1.0s, the behavior of
the plots is not so obvious, but it can be observed, that the magni-
tudes of torques are increasing with increasing velocity and, in
most cases, decreasing with decreasing speed, but changes
become more irregular and violent. Velocity distributions depicted
in Fig. 7 for time instances 14.2s and 14.7s, that is, when current
speed sharply starts dropping or rising, respectively, show how
agitated becomes the flow after increasing the frequency of inlet
velocity changes (upstream the manipulator) compared with that
of lower frequency (downstream the arm).

a)

$ o S N N

N N ° & 3 A?
B

|3 1 ]
Velocity [m s*-1]

N o » o o N
S o3 K & 0 2 i
o E | a

Velocity [ms*1]

Fig. 7. Velocity distributions in the midplane of the domain of solution:
a)t=14.2s;b)t = 14.7s
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In the second interval (beyond 11.7s), when the time period
was very short (1.0s), sharp and sudden changes of torques
magnitudes can be observed for sharp changes of speed, e.g.
int=14.2s and 14.7s. For lower frequency at an earlier time
(below 11.7s), such phenomena were not discovered. The hydro-
dynamic loads expressed in terms of joint torques changed grad-
ually with speed changes, much smoother than for higher speed
frequency.

Pressure

l 500.0

2000

Pressure

l 5000

2000

Pressure

l 500.0

Fig. 8. Pressure (gauge pressure) distributions on the robotic arm
and in the midplane of the domain in selected time points:
a)t=10.0s;b) t =10.1s; c) t = 14.25;d) t = 14.3s; €) t = 14.T5;
f)t =14.8s

The explanation to that flow behavior comes from pressure
distribution analysis carried out on the basis of plots shown
in Fig. 8. Suffice it to compare the pressure distributions on and
in the vicinity of the manipulator, drawn for two subsequent time
points, when the speed starts dropping for higher and lower fre-
quency. For example, the pressure maps presented in Fig. 8c)
and 8d), drawn for time t = 14.2s and t = 14.3s, respectively,
reveal much more intense changes in pressure than in corre-
sponding situation for lower frequency (compare Fig. 8a and
8b).The same conditions, but in opposite direction of pressure
change, are when current speed starts rising, e.g. from the time
point t = 14.7s to t = 14.8s, for which pressure distributions are
presented in Fig. 8e) and 8f), respectively. More intense pressure
changes caused by greater acceleration of water for higher fre-
quency induce sharp and sudden changes in joint torques depict-
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ed in Fig. 7. The fast variations in velocity always cause great
variations in pressure in the surroundings, which cannot be re-
duced by the viscous damping of water. This type of flow behavior
may happen due to sudden changes in flow velocity during, for
example, the gate opening or closing in structured underwater
environment.

It should be added at the end of this section, that in the kind of
time dependent flow presented in this paper, periodically decreas-
ing velocity causes the great reduction of the magnitude of hydro-
dynamic moments experienced by the manipulator. For example,
the greatest magnitude of 7, exceeds 12 Nm in steady flow, whilst
in time dependent flow it takes the values not more than 8 Nm.

The results obtained for changing current direction are more
general than those for changing current speed. The latter ones
depend strongly on the geometry of the computational domain,
and especially on the distance of the manipulator from the source
of disturbances (inlet), however they may serve as an example
showing qualitatively the impact of such changeable environmen-
tal conditions as current speed.

5. CONCLUSIONS

In this paper attention is given to the physics of the problem
of disturbances influencing underwater robotic arm, caused by
varying current direction and speed. Realistic predictions of envi-
ronmental loads are needed to identify operational limitations and
set proper operating ranges while doing a task. Usually they are
assessed applying simplified theories and experimental studies.
Compared to experiments, CFD software offers a less expensive
alternative, and can serve as a useful and very promising tool to
solve this problem. There are several works carried out in the area
of CFD modeling of underwater vehicles performed in order to
predict hydrodynamic load or hydrodynamic coefficients, e.g.
Zhang et al. (2013), Joung et al. (2014), Bettle et al. (2014), Ku-
mar et al. (2015), Luo and Lyu (2015), expressing the need for
the synergy between lumped and continuum mechanics ap-
proaches.

Although the usage of CFD analysis to the subsea vehicles
problems grows steadily, there are little works in the literature
concerning numerical analysis of underwater manipulators, and
especially we have not found any papers relating to the effects
of current disturbances on the moments experienced by the ma-
nipulator joints. The present work was prepared with the intention
to fill the gap in this area and to give a deeper insight into physics
of the environmental disturbances caused by water current. Nu-
merical simulations, performed by the use of ANSYS Fluent soft-
ware, enabled us to observe the effects of such disturbances as
changes in the current velocity direction and its magnitude on the
moments experienced by the manipulator joints. The investiga-
tions of the current direction effect on the load on the manipulator
were carried out as steady-state whilst those for the time depend-
ent current speed, were considered as transient problem.

As a result of investigations the joint moments of hydrodynam-
ic forces were plotted as a function of relative angle between the
manipulator and the current and analyzed, showing that even
small dissymmetry of the structure can cause unanticipated in-
crease of the joint torque required to maintain the position of the
arm. The time history of joint torques due to periodically varying
with time current speed reveals that load variations follow gradual-
ly the variation of current speed for lower speed frequency, but
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when the period of change becomes short enough, the hydrody-
namic load may change very sharply and violently due to the
sudden pressure variations associated with changes of velocity
field. These flow phenomena, which may strongly affect the un-
derwater manipulators control, can be predicted quantitatively
through appropriate experiments, still - CFD analysis may be
considered as a useful and less expensive research tool in this
regard. The present study is just a first step in modeling of hydro-
dynamic load on the underwater arm. The next step will focus on
the problem of making the manipulator move through the applica-
tion of dynamic meshes.
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