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SUMMARY 
The three-dimensional turbulent flow past a marine propeller used to actuate an Unmanned Underwater Vehicle (UUV) 
is investigated. As UUVs are often operating at low speed, this work is focused on the propeller operating at low 
Reynolds number regime and at off-design conditions. A parallel RANS solver was used, based on a cell-centered, finite-
volume method. Following a hybrid mesh generation approach, prismatic cells were generated in the boundary layer 
where viscous phenomena are dominant, and tetrahedral cells in the remaining regions, while the k-ω model was 
employed for turbulence closure. A moving reference frame fixed on the propeller blades was used and different values 
of advance ratio were considered. Pressure and velocity distributions and turbulent quantities were used to analyze the 
computed flow field. The thrust and torque coefficients, KT and KQ, were selected as global quantities and compared with 
the available experimental data. The results show a good quantitative agreement with the experimental data. 
 
1. INTRODUCTION 
The need for high performing underwater vehicle 
systems results in an increased research activity in 
advancing the related knowledge and technology. 
Especially precision automatic position control is 
required in fulfillment of principal industrial and 
scientific tasks, as automatic docking and station 
keeping, precise surveying, inspection, sample gathering, 
and manipulation.  
The understanding of the dynamic aspects of the thrusters 
must be properly considered to obtain results and to 
precisely control the hovering and the low-speed 
trajectory. In fact at very low speed, nonlinearities related 
to the thruster dynamics can be very important and 
influence the overall system behavior, making very 
difficult the control of the trajectory. This problem still 
remains to be solved and in the last few years it is 
focusing the attention of many studies [1-4]. 
Propeller and fluid dynamics are usually approximated 
by a two-dimensional (2-D) second-order nonlinear 
dynamical system, generally based on experimentally 
derived data. Even when these data are obtained with 
precision 3-D fluid velocity instrumentation, two 
outstanding issues are related to the need of measuring 
the fluid flow velocity at the actuator disk and to the 
presence of turbulence and high variance in velocity. 
In this work a Computational Fluid Dynamics (CFD) 
method is used to simulate the flow field generated by a 
rotating marine propeller, with the special perspective of 
an underwater vehicle application. CFD methods solving 
the Reynolds Averaged Navier-Stokes Equations 
(RANSEs) have been introduced and increasingly 
applied since a decade ago. Such methods offer the 
possibility of a detailed investigation of the full three-
dimensional viscous and turbulent flow around a 
propeller in different operational conditions, including 
off-design conditions. As only limited information is 
generally available for such conditions and detailed flow 
measurements are lacking, accurate numerical 
simulations can be even more useful, as CFD methods 
are especially suited to perform detailed investigations of 
complex three-dimensional flows. 

The flow past a marine propeller is a very challenging 
problem in CFD and in the last few years remarkable 
improvements in numerical modeling of viscous flows 
around marine propellers have been obtained. Various 
numerical simulation approaches, usually applying 
inviscid methods (panel methods, boundary elements, 
etc.) have been used for decades for studying marine 
propeller geometries, but only recently, due to the rapid 
advances in computer power and in parallelization 
capabilities, different CFD methods, and in particular 
RANSEs solvers, are increasingly applied to simulate the 
full three-dimensional viscous and turbulent flow for 
various propeller geometries [5-12]. In these cases 
structured grids were used, and computational results 
were obtained for steady flow in open water conditions, 
with uniform inflow and non-cavitating conditions. 
The use of unstructured mesh is suitable for accuracy 
improvements, for future extensions to unsteady and 
cavitating flows, and for investigations of the hull-
propeller interaction [13-15]. Also Large Eddy 
Simulation (LES) approaches began to be used to analyze 
marine propeller flows [16], but the computational time 
and resources required are considerably higher than those 
for RANS methods. 
 
2. METHODOLOGIES 
In this section the generation of the computational grid 
around the propeller geometry is described, followed by 
the main strategy used for the calculation and the setting 
up of the numerical parameters directly related to the 
solving procedure. 
 
2.1 PROPELLER MODEL 
In the present work, a three bladed thruster, used to 
actuate Romeo [17], an underwater vehicle designed by 
the RobotLab of Istituto per l'Automazione Navale (IAN) 
of Genoa, is considered. The propeller has a diameter 
D=0.16 m and three blades, characterized by sharp 
angles, as it was designed to be encapsulated in a duct, to 
improve its efficiency and to guarantee a symmetric 
behavior either in forward or in backward conditions. 
The propeller geometry is shown in Fig. 1(a). 
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Fig. 1: (a) Propeller geometry [18], (b) simplifications, and (c) computational domain. 

 
The CAD drawing of the propeller was provided by the 
RobotLab [18], then the geometry file was imported 
using the pre-processor Pro-Surface [19]. Further 
corrections and simplifications were necessary for the 
numerical modeling, i.e. the blades were simply mounted 
on an infinitely long cylinder, which serves as the hub 
and shaft, to avoid the stagnation point on the hub close 
to the propeller, as it is shown in Fig. 1(b). 
The computational domain was identified with a cylinder 
surrounding the propeller and aligned with the hub axis, 
as shown in Fig. 1(c). If D is the propeller diameter, the 
inlet was set 4D upstream, the outflow 6D downstream, 
while the diameter of the lateral cylindrical boundary is 
5D. Uniform inflow is aligned with the Z-axis of the 
coordinate system, whose origin is placed on the solid 
surface of the propeller and located on the central axis of 
the domain.  
The Pro-Star Auto-Meshing [19] was used for the mesh 
generation. The surfaces on the hub/shaft and blades 
were triangulated and optimized for tetrahedral meshing. 
Ten layers of prismatic cells were attached to the blades 
and hub surface, and the remaining domain was filled 
with tetrahedral cells. The final hybrid mesh is composed 
of about two million cells. The height of the first cell 
adjacent to the solid surface is approximately 0.0001 D, 
which is 1 to 30 in terms of y+ for all surfaces. 
 
2.2 THE NUMERICAL IMPLEMENTATION 
The commercial solver Comet, (Continuum Mechanics 
Engineering Tool) [20], i.e. a parallel RANSEs solver 
based on the finite-volume method, developed by the 
Institute of Computational Continuum Mechanics GmbH, 
is applied in this work. The boundary conditions were set 
to simulate the flow past the marine propeller in open 
water: on the inlet boundary the velocity components of 
the uniform stream were imposed with a given inflow 
speed; on the exit boundary, the static pressure was set to 
zero while the other variables were extrapolated; on the 
outer boundary, the symmetry boundary condition was 
imposed; on the blade and hub surface, the no-slip 
condition was imposed with a constant rotational speed. 
In the coordinate system of reference used in the 
calculations the rotational velocity vector ω  is directed 

as the Z-axis and aligned with the inflow velocity vector 
W0: for forward conditions they have both a negative 
component on the Z-axis while, for the crashback 
condition, the direction of the inflow velocity vector was 
kept constant but ω has a positive component, as the 
rotation occurs in the opposite direction. The boundary 
conditions were set in an infinite domain and then they 
do not reproduce properly the experimental conditions in 
the water tunnel, leading to an over-prediction of the 
non-dimensional thrust and torque. In fact it has been 
seen that the water tunnel results are generally lower than 
the respective tow-tank values [16]. 
The present computations were carried out on a rotating 
frame fixed on the propeller blades. In fact, when a 
domain rotates at a constant angular velocity, the analysis 
can be simplified if the problem is analyzed in a 
coordinate system which rotates together with this 
domain. The setting of a rotating domain makes no 
influence in Comet with respect to the specification of 
boundary velocities, in fact they are given in the same 
way as in the case of a  stationary domain [20]. The 
steady-rotating reference frame source terms, i.e., the 
centrifugal and the Coriolis force terms are simply added 
to the RANS equations derived in the inertial frame. 
A second order discretization scheme was used for the 
spatial differencing of the convective terms. 
As a steady solution is expected to occur, at least for 
standard forward conditions, a pseudo-transient 
procedure was used first, as described in [15], to yield a 
reasonable initial dependent variable field for the 
subsequent unsteady simulation. This procedure is 
particularly useful in situations where the mass flow rate 
through the solution domain is not known in advance. 
The standard Wilcox' k-ω model [21] was used for 
turbulence closure. In Comet the use of wall functions 
depends from the resolution of the mesh: if the first grid 
point is in the viscous sub-layer (y+<2.5), the low-
Reynolds formulation of the model is activated and the 
equations are integrated from the boundary conditions on 
the wall. Otherwise, when the near-wall cell is located in 
the fully developed part of the boundary layer, a high-
Reynolds implementation is used with adequate wall 
functions. This is very useful when the grid is not 
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optimized, like in the present case, because of the 
extremely complexity of the geometry. The code is able 
to automatically switch from a high-Reynolds 
formulation to a low-Reynolds formulation in terms of 
the resolution of the mesh. 
The code ran in parallel mode on 6 bi-processor nodes on 
the Linux Beowulf Cluster HP-IA32 with 40 bi-processor 
node ProLiant DL360 at the University of Basilicata. The 
communication between processors operating on 
neighboring sub-domains is provided using MPI message 
passing libraries. 
 
2.3 FOUR-QUADRANT OPERATIONAL MODES 
A propeller is mainly designed for forward operational 
conditions, although typically it must perform also off-
design conditions with non-positive values of the 
advance ratio J, defined as 

U/nDJ =  (1) 
where U is the free-stream velocity, D the propeller 
diameter and n the propeller angular velocity. Four 
operational modes, as described in Fig. 2, are defined 
based on the direction of the angular velocity and the 
advance velocity of the propeller. In particular during 
crashback the propeller rotates in the reverse direction 
while the vehicle moves in the forward direction. 

 
Fig. 2. Four-quadrant operational modes. 

 
Different types of flow may occur at different positive 
and negative rates of advance ratio, as shown in Fig. 3. 
The normal working conditions are represented by the 
slipstream type (a), while type (b) represents the flow for 
zero rate of advance, which is a limiting case of the 
regular type (a). As soon as the axial velocity becomes 
negative, a vortex ring is formed round the propeller 
[22], as indicated by type (c) in the same figure. The 
vortex ring state is reckoned to be very important, as the 
thrust and torque of the propeller become mainly 
dependent on the rate of dissipation of energy in the 
vortex ring motion, which induces side forces with 
deleterious consequences, especially during maneuvers.  
Usually the performances of a marine propeller are 
described by the thrust and the torque coefficients, KT 
and KQ, in function of the advance ratio J (Eq. 1). They 
are defined as:  

54 ;
Dnn

QK
Dnn

TK QT ρρ
== , (2) 

where T is the thrust, Q the torque and ρ is the fluid 
density. 
 

 
Fig. 3. Different types of propeller flow at different 
positive and negative rates of advance: (a) forward, 
(b) hovering, and (c) crashback. (Adapted from [22], 
pag. 20). 

 
3. RESULTS 
Different values of the advance ratio J were considered 
varying the inflow velocity, while the angular velocity n 
was kept constant and corresponding to 1500 rpm, to 
make comparison against the experimental data obtained 
in the water tunnel for the same value of the rotational 
velocity, as reported in the internal report of IAN [23]. 
Unfortunately the validation of the numerical results can 
be possible for global quantities and for forward 
conditions, because the experiments were conducted only 
at design conditions. Typical results for all the four-
quadrant conditions, as obtained with the pseudo-
transient simulation [15], well reproduced the 
experimental data. 
The subsequent transient simulations were carried out 
with a finite time step corresponding to 6 degrees of 
propeller rotation. The target residuals were set at 10-4 
and the maximum iteration number per time step was 
100. The following cases have been considered: J equal 
to 0.1441, 0.2833, 0.4284, and 0.7242 for forward 
conditions, J=0 for hovering and J=-0.35 for crashback. 
A steady-state solution was reached for all cases. The 
thrust and torque coefficients, as obtained in the transient 
calculations, are compared with the experimental data 
and with the previous pseudo-transient results in Fig. 4. 
The results agree reasonably well with the data of [23], 
especially considering the differences in boundaries 
between the CFD and the experiments (i.e., water tunnel 
for the experiments vs. the infinite assumption for the 
calculations), and the modifications of the geometry (i.e. 
the infinite hub). Furthermore, the experimental 
uncertainty was not provided from the RobotLab. 
The improvement in the prediction of the torque 
coefficient by using the transient approach results from, 
confirming that it is more depending from the accuracy 
of the discretization scheme. The predicted thrust 
coefficient shows a good agreement with the 
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experimental data, while the torque coefficient is over-
predicted. This discrepancy is just noted in the literature 
[9-14] and usually it increases with increasing propeller 
load [10, 12, 13]. The possible causes of the discrepancy 
may be due to the grid quality and the turbulence model. 
In fact the torque coefficient is more dependent on the 
grid quality at the edge of the propeller [11], and it is 
strongly related to the deficiencies of the turbulent model 
in predicting the tangential velocity field. 
 

 
Fig. 4. Thrust and torque coefficients versus advance 
ratio: comparison of transient results with the experi-
mental data [23] and the pseudo-transient results [15]. 
 
In the next sections the numerical results are shown in 
terms of the local variables. Pressure, velocity and 
turbulence distributions are illustrated for different values 
of the advance ratio, corresponding to light and heavy 
loading forward conditions, crashback and hovering. 
 
3.1 FORWARD CONDITIONS 
Heavy and light loading forward conditions are defined 
based on the value of the advance ratio J (Eq. 1). The 
smallest values of J characterize the heavy loading 
conditions, when the propeller is operating at increased 
angle of attack and in a regime of large thrust and torque. 
Flow separation occurs on the blades and large variations 
of the flow variables are possible. Four different values 
of J were simulated for forward conditions. 
Fig. 5 shows the pressure coefficient distribution for J 
varying from 0.7242 to 0.1441 at the blade section 
located at the radial position r/R=0.7. The lowest and the 
highest values of the blade surface pressure are found 
near the leading edge of the suction and pressure side 
respectively. The peaks increase as J decreases from 
0.7242 to 0.1441. The high values of the pressure 
coefficient for heavy load conditions are explained by the 
low values of the dynamic pressure, defined as 
(1/2ρW0

2). 
In Fig. 6 the different cases are compared in terms of the 
radial distribution of the circumferentially-averaged 
velocities in two different cross sections, i.e. upstream 
and downstream.  If z0 is  the position on the Z axis of the 

 
cross-plane passing through the propeller, the upstream 
section is identified at (z-z0)/R=0.24, while the 
downstream section is at (z-z0)/R=-0.24. 
In Fig. 6(a) the maximum acceleration of the axial 
velocity increases from about 1.15 to 3.08 while J 
decreases from 0.4284 to 0.1441; no acceleration takes 
place for J=0.7242. In Fig. 6(b) the radial velocity shows 
a small outward flow (positive value of Vr) near the hub, 
and inward flow (negative value of Vr) at the outer radii. 
Fig. 6(c) depicts a pre-swirl in the tangential velocity, 
whose magnitude increases as J decreases. At the highest 
value of J the radial and the tangential velocities 
approach the zero value far from the hub. In Fig. 6(d), 
downstream, the maximum acceleration of the axial 
velocity increases substantially from 1.30 to 4.4 as J 
decreases from 0.4284 to 0.1441. The hub boundary 
layer is thinner in the highest loading conditions. In Fig. 
6(e) inward radial velocity indicates the contraction of 
the flow. In Fig. 6(f) the tangential velocity is large in the 
boundary layer of the hub, due to the hub rotation. 
Outside the boundary layer, the tangential velocity 
decreases rapidly in the tip-vortex area, and it is 
consistent with the pitch distribution. 
Fig. 7 shows, in a longitudinal axial plane, for J=0.1441, 
(a) the contours of the axial-velocity, normalized by the 
free-stream velocity, (b) the contours of the pressure 
coefficient and (c) the root-mean-square (RMS) of the 
turbulent velocity fluctuation ( ,k=q  where k is the 
turbulent kinetic energy). In Fig. 7(a) it is noticeable the 
increasing acceleration of the flow through the propeller 
disc as previously shown in Fig. 6, accompanied by the 
contraction of the streamlines, as illustrated in Fig. 3 type 
(a). In Fig. 7(b), the distribution of the pressure 
coefficient clearly shows the suction and the pressure 
side on the blade. In Fig. 7(c) the turbulent fluctuations 
are mainly concentrated on the blade and in the wake 
region. 
In Fig. 8 the axial velocity contours and the projection of 
the streamlines are shown for J=0.1441 in three Z-
planes, namely upstream at (z-z0)/R=0.24, in the middle 
plane at (z-z0)/R=0.0, and downstream at (z-z0)/R=-0.24. 
Upstream the flow is sucked from the propeller disc and 
it is accelerated and forced in a rotation motion by the 
action of the blades, then it is discarded downstream. The 

 
Fig. 5. Surface pressure distributions at the blade section 
located at a radial distance r/R=0.7, for J equal to: (a) 
0.1441 and 0.2833, and (b) 0.4284 and 0.7242. 
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maximum axial velocity occurs in the mid-span area, 
close to the suction side of the blades. This is consistent 

with the circumferentially-averaged velocity distribution 
as illustrated in Fig. 6. 
 

 
Fig. 6. Forward conditions: circumferentially-averaged velocity distribution in two propeller cross sections for J equal to 
0.1441, 0.2833, 0.4284, and 0.7242. Upstream: (a) axial velocity, (b) radial velocity, and (c) tangential velocity 
distributions; downstream: (d) axial velocity, (e) radial velocity, and (f) tangential velocity distributions. 
 

 
Fig. 7. J=0.1441: (a) contours of the axial-velocity normalized by the free-stream velocity, (b) contours of the pressure 
coefficient, and (c) contours of the RMS of the turbulent velocity fluctuation, in a longitudinal axial plane. 
 

 
Fig. 8. J=0.1441: (a) contours of the axial-velocity normalized by the free-stream velocity and (b) projection of the 
streamlines, in three different Z-planes, respectively upstream at (z-z0)/R=0.24, in the middle plane at (z-z0)/R=0.0, and 
downstream at (z-z0)/R=-0.24. 
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In Fig 9, the differences between heavy and light loading 
conditions are outlined, for J=0.1441 and for J=0.7242 
respectively. Both the streamlines based on the absolute 
velocity field and on the relative one are drawn, in a 
longitudinal axial plane and at the blade section 
corresponding to a radial distance from the axis of 
rotation r/R=0.7. Whilst at J=0.1441 the absolute 
streamlines contract passing through the actuator disc 
(Fig. 9(a)), at light loading condition no contraction is 
observed (Fig. 9(b)), confirming what reported in Fig. 6. 
The relative streamlines, shown in Fig. 9(c) and 9(d), 
illustrate the growth of the angle of attack as J decreases, 
with the establishment of more critical flow conditions. 
 
3.2 HOVERING CONDITION 
The results for J=0.0 are presented in this section. In Fig. 
10 the radial distributions of the circumferentially-
averaged velocities are shown in two Z-planes, upstream 
and downstream, and they are compared with the results 
obtained for forward condition at J=0.1441, as 
previously reported. in Fig. 6. 
In the hovering condition, as for J=0.0 the inflow axial 
velocity W0 is zero, the axial velocity distributions are 
compared in terms of |W-W0|, i.e. the absolute difference 
of  velocity  with  respect  to  the inflow value. Upstream, 

for (z-z0)/R=0.24, in Fig. 10(a), the maximum value of 
flow acceleration decreases from about 1.25 to 1.03 
while J varies from 0.1441 to 0.0. In Fig. 10(b) the radial 
velocity shows inward flow, except for a small outward 
flow near the hub. In Fig. 10(c) the tangential velocity 
indicates pre-swirl, and the magnitude decreases at 
J=0.0, then it becomes negative at the outer radii, being 
dragged from the blades in the same direction of the 
propeller rotation. Downstream, for (z-z0)/R=-0.24, in 
Fig. 10(d) the difference in the axial velocity decreases 
substantially from 2.21 to 1.63 while J varies from 
0.1441 to 0.0. In Fig. 10(e) the inward radial velocity 
indicates the contraction of the flow for both values of J. 
In Fig. 10(f) the tangential distribution is consistent with 
the pitch distribution and it decreases rapidly in the tip-
vortex area. 
Fig. 11 shows the pressure distributions at three different 
blade sections, i.e. at r/R equal to 0.5, 0.7 and 0.9. As the 
value of the free-stream is zero, the pressure coefficient 
is evaluated using the unit value for the velocity in 
calculating the dynamic pressure of reference. The lowest 
and the highest values of the blade surface pressure are 
found near the leading edge of the suction and pressure 
side respectively and the peaks increase as the radius 
increases, i.e. toward the tip area. 
 

 
Fig. 9. Projection of the streamlines based on the absolute velocity in a longitudinal axial plane, for (a) J=0.1441, and 
(b) J=0.7242; projection of the streamlines based on the relative velocity in the blade section corresponding to r/R=0.7 
for (c) J=0.1441 and (d)  J=0.7242. 

 

 
Fig. 10. J=0.0 and  J=0.1441: circumferentially-averaged velocity distribution in two propeller cross sections. 
Upstream: (a) axial velocity, (b) radial velocity, and (c) tangential velocity; downstream: (d) axial velocity, (e) radial 
velocity, and (f) tangential velocity. 
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Fig. 11. J=0.0. Surface pressure distributions at three blade sections: (a) r/R=0.5, (b) r/R=0.7, and (c) r/R=0.9. 

3.3 CRASHBACK CONDITION 
The results obtained for J=-0.35 are reported in this 
section. In Fig. 12 the radial distributions of the 
circumferentially-averaged velocities are shown in two 
Z-planes. Upstream, in Fig. 12(a), for (z-z0)/R=0.24, the 
maximum value of the flow deceleration is about 2 (in its 
absolute value). In Fig. 12(b), the radial velocity shows a 
small inward flow near the hub and outward flow at the 
outer radii. In Fig. 12(c), the tangential velocity indicates 
that the flow is dragged from the blades in the same 
direction of the propeller rotation, and the maximum 
value of Vt= 0.92 is reached at r/R = 0.8. Downstream, 
for (z-z0)/R=-0.24, in Fig. 12(d), the axial velocity 
decreases substantially at -1.43. Inward radial velocity in 
Fig. 12(e) indicates the presence of a ring vortex on the 
blade. The minimum value of the radial velocity is found 
at the tip of the blade. The tangential velocity in Fig. 
12(f) is still positive but with reduced magnitude as 
compared to the upstream section. 
Fig. 13 depicts the pressure distributions at three blade 
sections, at r/R equal to 0.5, 0.7 and 0.9. The lowest and 
the highest values of the blade surface pressure are found 
near  the  leading  edge  of  the  suction and  pressure side 
 

respectively, which are in the opposite position in 
comparison to the forward condition. The peaks increase 
as the radius increases, i.e. toward the tip area. The 
distribution of the pressure coefficient pinpoints the 
suction and the pressure side of the blade which are 
respectively located downstream and upstream, as 
opposed to the forward condition. Fig. 14 shows (a) the 
contours of the axial-velocity, normalized by the free-
stream velocity, (b) the streamlines and (c) the contours 
of the pressure coefficient, in a longitudinal axial plane. 
It is possible to note the deceleration of the flow by the 
action of the propeller and the occurrence of the ring 
vortex, as previously shown in Fig. 3, type (c). 
In Fig. 15 the axial velocity contours and the projection 
of the streamlines are shown in three Z-planes, upstream 
at (z-z0)/R=0.24, in the middle plane at (z-z0)/R=0.0, and 
downstream at (z-z0)/R=-0.24, respectively. The flow is 
decelerated by the propeller disc. The contours of the 
axial-velocity and the streamlines are consistent with the 
circumferentially-averaged velocity distribution depicted 
in Fig. 12. A bulk rotational flow is also evident in the 
upstream section. 
 

 
Fig. 12. J=-0.35: circumferentially-averaged velocity distributions in two propeller cross sections. Upstream: (a) axial 
velocity, (b) radial velocity, and (c) tangential velocity; downstream: (d) axial velocity, (e) radial velocity, and (f) 
tangential velocity. 
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Fig. 13. J=-0.35. Surface pressure distributions at three blade sections: r/R equal to (a) 0.5, (b) 0.7, and (c) 0.9. 

 

 
Fig. 14. J=-0.35: (a) contours of the axial-velocity normalized by the free-stream velocity, (b) projection of streamlines, 
and (c) contours of the pressure coefficient, in a longitudinal axial plane. 

 

 
Fig. 15. J=-0.35: (a) contours of the axial-velocity normalized by the free-stream velocity, and (b) projection of 
streamlines, in three different Z-planes. 

The results obtained for different operational conditions 
are summarized in Fig. 16 and compared in term of 
streamlines, projected in a longitudinal axial plane. The 
different types of flow that may occur at different 
positive and negative rates of advance ratio can be easily 

compared with the flow types shown in Fig. 3. The flow 
pattern identified in the hovering condition clearly 
appears to be intermediate between the forward condition 
and the vortex ring state that is outlined in crashback.
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Fig. 16. Projection of the streamlines in a longitudinal axial plane for (a) J=0.1441, (b) J=0.0, and (c) J=-0.35. 

 
4. CONCLUSIONS 
The main purpose of this work was to investigate the 
three-dimensional flow field past the propeller of an 
underwater vehicle operating in the low Reynolds 
number regime. A parallel RANS solver was used, 
employing a cell-centered, finite-volume method with 
unstructured tetrahedral grid. A global approach was 
tested considering the whole propeller geometry, without 
slicing the computational volume and imposing periodic 
boundary conditions. This approach is suitable to identify 
three-dimensional features, like ring vortices and vortex 
shedding, as well as unsteadiness and separation 
phenomena, which are prevailing in such conditions 
more than in light and heavy loading forward conditions. 
This approach is judged to be also suitable for more 
advanced applications of this method to simulate, by 
accurate time-dependent simulations, the transient 
response of thrusters at rapid changes in the operational 
conditions consequent upon variations in the command 
input. Obtaining the transient response of thrusters would 
be very beneficial for modeling their dynamic behavior, 
especially if numerical calculations were executed in 
parallel with experimental measurements; however, the 
steady state three-dimensional description of the velocity 
field past the propeller is already a main contribution to 
the thrusters modeling. Even with advanced 
measurement techniques, a similar goal would be a major 
challenge in terms of accuracy, time and human 
resources; moreover, it is practically impossible to obtain 
experimental data at the actuator disc. 
In the present calculations the steady state was reached 
for all the computed cases: this was expected for forward 
conditions, while it is not obvious for crashback. The 
steady state computed for crashback is due to the low 
value of the Reynolds number. In fact, the ring vortex 
state obtained in this case would degenerate for increased 
values of the free-stream velocity, giving rise to an eddy-
motion such as the one that occurs behind a bluff body. 
The results obtained in forward condition agree well with 
the experimental data, and all the main features of the 
propeller behavior are identified by the numerical 
simulation. In particular the prediction of the propeller 
performance, expressed in terms of thrust and torque 
coefficients, when quantitatively compared against the 
available experimental data, are in good agreement. Also 
the pressure distribution is consistent with the expected 

results, highlighting the regions and the conditions where 
the pressure takes the more critical values, because of the 
increase of the angle of attack, i.e. at the tip of the blades 
and at heavy loading conditions. Also the slipstream, set 
up by the propeller action, is congruent with the different 
operational conditions, showing an increasing contraction 
of the slipstream at the actuator disc while the advance 
ratio decreases. 
The general features of the four-quadrant operational 
modes are well reproduced by the model, in comparison 
with the results of previous numerical and experimental 
studies. The hovering is confirmed to be a limiting case 
of the normal conditions, showing operational features 
intermediate between the forward and the crashback 
modes. The presence of the ring vortex is well 
established in the crashback condition and fully 
confirmed by the present calculations. The quality of the 
numerical results is comparable to the numerical 
predictions obtained with different approaches and/or 
solvers by other researchers using considerable larger 
pool of computational resources. 
Important issues need to be addressed, such as the grid 
refinement in the tip vortex region and an extensively 
improvement in the mesh generation technique. A grid 
refinement, especially in the tip blade region, is 
preferable, and a variation of the computational domain, 
eliminating the infinite hub and reducing the extent of the 
computational domain, is also suited for future works. A 
grid refinement is also required in what concerns the 
turbulence modeling. In fact, two-equation models are 
not capable of giving quantitatively good results for 
complex flows such as the flow past a propeller, 
characterized by sudden changes in mean flow direction, 
curved surfaces, and separation. Eddy-viscosity models, 
based on the assumption of local isotropic turbulence, 
may be able to give qualitative results for such flows, but 
they would be inadequate to describe a flow field largely 
anisotropic, and a further level of complexity is needed in 
the model to obtain close agreement with experiments.  
Reynolds Stress Models (RSM) remove the need of 
assuming local equilibrium and local isotropy, but 
require more computational resources, not only in terms 
of grid resolution but also in terms of computer allocated 
memory and computational time and storage, as six new 
equations have to be solved for the Reynolds stress 
components. 
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In conclusion particular focus should be placed in the 
mesh generation and in turbulence modeling, which 
reveal to be crucial for the quantitative comparison of the 
computed results and for the efficiency of the numerical 
calculations. Fortunately, the ever increasing 
performance of digital computers and the advanced 
software features for auto-meshing procedures represent 
great news for CFD users, and encouragement to further 
widen the boundaries of the field. In the meanwhile, with 
more user-friendly and practical procedures, RANS will 
find their usefulness further extended in their application 
to three-dimensional propeller flow, not only as research 
tools, but also, and primarily, as advanced design tools. 
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