




Table 1. Test description: tunnel in POS1, forward ship velo-
city U0 , propellers and tunnel thruster from zero thrust up to
fully loaded conditions.

Figure 2: Coordinate system and sign conventions.

3.1 The Computational Grid

The computational domain is a box 3.5 LPP long, 2 LPP
large and LPP deep. Different grid sizes have been con-
sidered. The final one ensures a fully developed flow at the
external boundaries. The exit is 2 LPP downstream of the
center of the hull, located at LPP /2, which corresponds to
the pivot point or center of rotation.
The hybrid mesh, generated with the ICEM-CFD software,
has hexahedral cells close to the wall surfaces and tetrahe-
dral cells in the other parts of the domain. The height of
the first layer attached to the surface corresponds to values
of y+ close to 1 for all the surfaces, allowing the use of an
enhanced wall treatment for the turbulent boundary layer
(Fluent, 2006).
The duct geometry is included in the model and the actuator
disks are located inside the ducts, for the main propellers,
and inside the tunnel for the thruster. Each actuator disk is
located at the same axial position of the corresponding pro-
peller plane, which is assumed to pass through the middle
point of the blade root section. Two hexahedral cells layers

are also attached to each side of the actuator disks, so that
the first computational nodes are equidistant from the disk
and the determination of the pressure jump is straightfor-
ward. In this way, in fact, the surfaces where the imposed
pressure jump is achieved are located on fixed sections for
all the cases. The fan disks fill the entire opening sections
of the ducts and of the tunnel, but only the actual propeller
disk area (rboss < r < rtip), has a non-zero pressure jump
and induced tangential velocity. In this way the equiva-
lence conditions between the actuator disks and the actual
propellers are fulfilled, in terms of diameters, distribution
of the elementary thrust along the radius and in terms of
total thrust. The reason for this way of including the fan
disk was to avoid a numerical problem that occurred when
a small gap was left between the actuator disk and the duct
or tunnel wall. Figure 3 shows a view of the computational
mesh on the hull stern and a detailed view at the location
of the fan disk.

3.2 Boundary Conditions
The velocity-inlet condition is imposed on the entry side
and pressure-outlet on the exit side of the entire computa-
tional domain. On the lateral boundaries, as well as on the
bottom and the top of the domain, the symmetry boundary
condition is imposed. The no-slip condition is imposed on
the wall surfaces of hull, skeg, tunnel and ducts, while the
fan boundary condition is used to model the actuator disks.
A fan is infinitely thin, and the discontinuous pressure rise
across it can be specified in different ways (Fluent, 2006).
In the present case, the radial distribution profiles of pres-
sure jump and tangential velocity are provided for each
configuration. Their radial distribution profiles are ob-
tained from the distribution profile of the circulation Γ(r)
calculated by potential methods for the open water pro-
peller close to bollard condition. Lifting line theory is used
to derive the thrust distribution profile from the circulation
profile. The same radial thrust distribution is used for all
the considered test cases, while the actual values are scaled
to get the same total thrust in the calculations as in the com-
parable model tests. In the future a possible coupling be-
tween the RANS calculations and potential flow calculation
methods for the propeller may be considered, to update in
an interactive way the thrust distribution profile as the com-
putation proceeds, on the basis of the incoming flow. The
pressure jump across the actuator disk is then calculated by
the radial thrust distribution as follows:

dP (r) =
dT (r)
2πrdr

. (1)

For what concerns the flow swirl, according to the Kelvin
theorem and to the assumption of absence of swirl up-
stream of the disk, the tangential velocity vθ can be defined
by the circulation Γ of the actuator disk:

vθ(r) =
Γ(r)
2πr

. (2)



Figure 3: Grid on the hull stern, with tunnel and ducts. View of the internal side of a duct with detail of the fan
disk.

Through the differential Joukowski theorem, the circula-
tion can be expressed in terms of the thrust derivative in
this way:

Γ(r) =
dT (r)

%dr(2πnr − vθ(r)/2)
, (3)

where n is the propeller rotational velocity. The substitu-
tion of Equation (3) in Equation (2) leads to a quadratic
expression which provides the profile of the tangential ve-
locity vθ(r) given the distribution of thrust. Within an ac-
tuator disk approximation, pressure and velocity fields are
circumferentially averaged and there is no flow swirl up-
stream of the fan disk, i.e. the tangential velocity varies
abruptly from the location in front of the disk to that be-
hind it.

4 ANALYSIS OF RESULTS

This section explains the method used to analyze both nu-
merical and model test data and to focus on the investi-
gated loss effects. Some additional cases are simulated
with CFD, related to MP loading conditions lower than
60% MCR. In particular 4, 12 and 35% of MCR are con-
sidered; the value of RPM and thrust are calculated using
the open water tests available for the main propellers (Mar-
intek, 2007).
The results are presented first in terms of integral variables,
then for selected cases also a description of the main fea-
tures of the flow field is made in terms of streamlines and
distributions of pressure and velocity. The quantities of
main interest and their symbols are listed in Table 2.
The comparison for the above quantities between model
tests and numerical results is reported in Table 3, while Ta-
ble 4 reports the numerical results for the additional cases.

Table2. Main variables and their symbols.

The data in the tables will be described and discussed in the
following subsections.

The significant variable of practical use to highlight the
thrust loss effects is the total turning moment. Its value
will be converted to a corresponding total lateral force ap-
plied in the tunnel thruster longitudinal position and with
an equivalent moment about LPP/2. In the text below this
force is referenced to as total thruster force, i.e. the lateral
force acting on the vessel caused by the tunnel thruster. For
each loading condition of the working tunnel thruster, i.e.
for TT-50 and TT-100, the variations of the total thruster
force are caused by the only change of the MP load. The
reduction of thruster force can be represented in terms of a
non-dimensional coefficient, Cy , equal to the ratio between
the actual thruster force and the undisturbed one, without
the main propellers. We can define the thrust deduction as
z = 1− Cy .



Table 3. Comparison between model tests and numerical results.

 TT-0 TT-50 TT-100  

Test case 1040-1 
   MP-0 

1001-1
  MP-60 

1001-2
  MP-90 

1080-1
  MP-0 

1080-2
  MP-60 

1080-3
  MP-90 

1080-6
  MP-0 

1080-5
  MP-60 

1080-4
  MP-90 

0.06 0.19 0.22 7.98 7.84 7.89 13.69 13.60 13.53Fy_THRUSTER

FY_TT_FAN[N] 0.00 0.00 0.00 7.67 7.87 7.94 13.63 13.60 13.57 

-0.29 58.46 79.54 -0.64 58.22 79.65 -0.51 58.05 79.27Fx_SB_DUCT
[N] -0.26 54.24 72.23 -0.33 55.00 74.11 -0.33 55.04 73.86 

-0.22 -7.79 -9.83 -0.01 -10.06 -12.07 -0.08 -10.18 -12.91Fy_SB_DUCT
[N] -0.08 -6.88 -9.10 -0.22 -9.01 -11.48 -0.32 -9.36 -11.83 

-0.34 58.36 79.25 -0.58 60.25 81.56 -0.67 60.66 80.85Fx_PT_DUCT
[N] -0.25 54.24 72.70 -0.46 59.35 79.34 -1.39 56.93 78.51 

0.17 6.70 8.57 -1.89 -0.64 1.75 -2.54 -3.69 -2.74Fy_PT_DUCT
[N] 0.09 6.87 9.16 -4.47 -2.27 -0.83 -6.13 -8.32 -5.47 

0.24 88.49 116.26 -0.88 87.97 116.03 -1.74 88.07 115.79T_SB_PROP

T_SB_FAN [N] 0.24 89.44 117.57 0.00 89.26 117.77 0.00 89.36 117.55 

0.27 88.41 116.87 -1.23 94.33 123.55 -1.65 96.55 126.71T_PT_PROP

T_PT_FAN [N] 0.27 89.38 118.18 0.00 95.90 125.56 0.01 98.31 128.88 

0.35
-0.10(*)

5.76
-0.37(*)

5.75
-0.17(*)

-21.3
-21.75(*)

5.79
-0.34(*)

5.46
-0.46(*)

-35.13
-35.58(*)

1.36
-4.77(*)

4.92
-1.00(*)

M_TOT

[Nm] 0.03 0.01 0.46 -14.05 -3.19 0.09 -31.49 -12.36 -10.93 

            Numerical values                                            Experimental values                      (*) After the correction.

Table 4. Numerical results, including the additional cases. 
 Turning moment contributions[Nm] 

TT 50% 100% 

MP 0% 4% 12% 35% 60% 90% 0% 4% 12% 35% 60% 90% 

Thruster -13.80 -14.06 -14.10 -14.11 -14.15 -14.27 -24.50 -24.35 -24.36 -24.39 -24.45 -24.38

Hull 1.53 -0.21 -1.22 -0.43 0.18 1.17 2.07 -1.29 -3.54 -1.20 -1.83 -1.28

Skeg -3.23 -4.43 -5.76 -6.03 -5.77 -5.97 -7.61 -9.10 -9.18 -9.56 -9.06 -9.13

Tunnel -7.57 -7.93 -7.98 -8.14 -8.23 -8.22 -13.5 -13.45 -13.67 -13.81 -13.85 -13.81

SB fan 0.00 -2.66 -11.24 -22.90 -32.50 -42.87 0.00 -2.66 -11.24 -22.89 -32.53 -42.79

PT fan 0.00 2.72 11.31 22.95 34.91 45.70 0.00 2.70 11.37 23.03 35.78 46.91

SB duct 0.55 1.26 0.37 -1.21 -3.10 -5.42 0.75 1.72 1.13 -0.62 -2.49 -4.70

PT duct 8.46 11.88 15.45 20.00 25.47 29.99 11.28 19.77 28.79 33.16 36.06 38.24

TOTAL -14.05 -13.42 -13.16 -9.86 -3.19 0.09 -31.49 -26.64 -20.68 -16.29 -12.36 -10.93

 Thrust of MP-fans and ducts [N] 

Fx_SB_DUCT -0.33 3.02 16.93 37.11 55.00 74.11 -0.33 3.02 16.82 37.28 55.04 73.86

Fy_SB_DUCT -0.22 -1.25 -3.47 -6.54 -9.01 -11.5 -0.32 -1.49 -3.85 -6.90 -9.36 -11.83

Fx_PT_DUCT -0.46 0.88 13.96 36.51 59.35 79.34 -1.39 -0.36 12.27 31.11 56.93 78.51

Fy_PT_DUCT -4.47 -6.00 -5.52 -3.77 -2.27 -0.83 -6.13 -10.33 -12.82 -11.58 -8.32 -5.47

T_SB_FAN 0.00 7.30 30.88 62.89 89.26 117.7 0.00 7.31 30.88 62.89 89.36 117.55

T_PT_FAN 0.00 7.48 31.07 63.05 95.90 125.5 0.00 7.42 31.25 63.26 98.31 128.88



4.1 Thruster Off (TT-0)

The first three cases, 1040-1, 1001-1 and 1001-2, with the
tunnel thruster off, are not of main interest, but they are
useful to individuate eventual asymmetries or inaccuracies
in the model test set-up or measurements. In fact, it should
be noted in Table 3 that, when the tunnel thruster is off
(TT-0), a non-zero turning moment is measured in the ex-
periments. After removing the turning moment due to the
non-zero value of the thruster thrust and due to the slightly
asymmetric load on the propellers, residual values of turn-
ing moment remain in the model tests for each scenario,
i.e. 0.45 for MP-0, 6.13 for MP-60 and 5.92 for MP-90,
and they will be used as corrections in the following anal-
ysis. Such inaccuracies in the model test set-up also result
from the not symmetrical values of the lateral force on the
PT and SB ducts when the thruster is off (1040-1, 1001-1,
1001-2). This suggests a small inclination of the ship bow
toward the port side. In the numerical model the geometry
is perfectly symmetric respect to the central plane of the
ship, which is perfectly aligned with the advance velocity
direction. For this reason no correction is needed for the
numerical results.
Figure 4 shows the turning moment for both calculations
and model tests after this correction. The numerical results
obtained for the additional cases are also shown in the fig-
ure. The asymmetry due to the different MP loading is not
corrected, as it is reproduced in the numerical calculations
as well. After the above mentioned correction only a small
turning moment remains for the TT-0 conditions, as shown
in Figure 4 and in Table 3; as expected it is just the con-
tribution due to the asymmetry in the MP load and to the
actual non-zero thruster thrust.

Figure 4: Total turning moment.

For the TT-50 conditions some discrepancies are evident
when the propellers are off, whilst for the TT-100 con-

ditions the value of the turning moment is overestimated
when the propellers are heavy loaded.

4.2 Main Propellers Off (MP-0)

When the thruster is undisturbed (MP load equal to 0% in
Figure 4, i.e. cases 1040-1, 1080-1, 1080-6 in Table 3), in-
creasing the loading on the thruster obviously increases the
turning moment. The resulting turning moment is negative
both for model tests and calculations, but a lower absolute
value of the total turning moment, MTOT , is found from
the calculations, especially for the case 1080-1 (TT-50).
The main reason is that the outer layers on the top of the
jet are deflected by the incoming flow, and they hit against
the duct, especially at half loading conditions, as shown in
Figure 5(a). In fact, the thruster jet is acting normal to the
moving ambient fluid and it gets deflected because of the
stagnation pressure exerted by the free stream. Its deflec-
tion is a function of the ratio α between the mean velocity
UJ of the jet and the velocity U0 of the cross flow (Rajarat-
nam, 1976). Increasing the thruster loading reduces the jet
deflection and improves the turning performance because
the value of the ratio α increases. In fact, in calculations,
when the TT-fan is fully loaded (Figure 5(b)), a smaller
amount of fluid in its race impacts with the duct. This
phenomenon is more evident in calculations than in model
tests, and there might be several different reasons.

Figure 5: Deflection of the jet. 3-D streamlines colored
by total pressure levels. MP-0. TT-50 (a), and TT-100
(b). View from the top.

The simplifying assumptions of the fan model may be in-
accurate in representing the thruster jet, especially in terms



of induced velocities. The differences to the real case may
be emphasized by the fact that the same distribution profile
obtained for the main propeller is also used for the thruster.
The spreading of the jet may also be overestimated, being
related to both the axial and tangential induced velocities
inside the jet (a circular jet with swirl spreads more rapidly
and the velocity field decays much faster than a jet without
swirl (Rajaratnam, 1976)). The k − ε turbulence model it-
self may be inadequate in modeling a swirling turbulent jet
in an ambient field in motion in a direction different from
the jet axis, and in representing its deflection and its im-
pact against a wall surface. Another minor reason could be
that with an actuator disk approximation it is not possible
to simulate the “physical ”presence of the actual propellers
when they are not working (the negative thrust measured
for the main propellers in the experiments for the cases
1080-1 and 1080-6 could not be achieved in the numeri-
cal calculations as shown in Table 3). As a consequence,
instead of a stagnation pressure in front of the disks, a low
pressure area is produced and the main flow is accelerated
by the action of the duct and deviated by the incoming flow
more than in the model tests. An additional reason might
be not numeric but related to the possible inclination of the
model test set-up, as discussed before, with a more favor-
able position of the port duct respect to the tunnel and the
incoming flow, which can reduce or avoid the impact of the
jet against the duct.

4.3 Interaction Effects

To discuss about the interaction effects it is convenient to
convert the total turning moment in the non-dimensional
total thruster force Cy as a function of the MP loading, as
shown in Figure 6. Both in model tests and calculations, in-
creasing the loading on main propellers and MP-fans dras-
tically reduces the thruster performance, while the thruster
loading has a smaller effect on the thrust losses.
In the model tests, the half loaded thruster is almost com-
pletely ineffective both for MP-60 and MP-90 conditions,
and the fully loaded thruster gains some more efficiency
only when the main propellers are half loaded (MP-60).

In the calculations the TT loading effect is more evident
than in model tests. At TT-50 the MP-fans start to signif-
icantly affect the lateral force only after 12% MCR. This
is due to the overestimation of the jet deflection by the in-
coming flow when the half loaded TT-fan is undisturbed,
as discussed before, with a consequent underestimation of
the initial reference value of the thruster lateral force. The
thruster race is significantly deflected at MP-35, as shown
in Figure 7, while for lower MP loads the race is not sub-
stantially deflected with respect to the undisturbed case,
and its low energy content does not significantly influence
the thruster lateral force. At MP-60 the value of Cy is fur-
ther reduced but larger than zero (0.22) and the thruster be-
comes completely ineffective at MP-90, as in the model

Figure 6: Non-dimensional total thruster force.

tests, when its race is completely sucked by the MP-fan
and aligned with its axis.
At TT-100, at MP-4 the thrust loss, z, is 15% of the undis-
turbed value, at MP-12 the loss is 33%, and at MP-35 the
loss is 50%, to arrive to 60% and 65% of losses respectively
at MP-60 and MP-90. The final value of Cy for the fully
loaded MP condition is underestimated in the calculations
compared to the model tests results.

5 DISCUSSION
To understand the reason for the decay of thruster perfor-
mance it is useful to estimate the different contributions
to the total turning moment for each part of the system;
these contributions, as derived from calculations, are re-
ported in Table 4. Figure 8 shows the same contributions
for the whole ship (hull, skeg and tunnel), for the MP-fans,
the ducts and the TT-fan.
The TT-fan contribution to the total turning moment is ob-
viously proportional to its thrust, and it is approximately
equal to -14 and -24, respectively for TT-50 and TT-100.
The contributions from hull, skeg and tunnel are related to
the TT thrust, and they are slightly affected by the MP load.
The sum of the thrust forces of both the fans gives a posi-
tive contribution (opposite to the thruster turning direction)
because of the loading asymmetries; this contribution is al-
most zero in the additional cases, where symmetric loading
is imposed. The total contribution from the ducts is posi-
tive, mainly related to the MP loading and increasing with
the TT loading. In detail, the turning moment for the SB
duct is negative, due to the duct thrust force FX SB DUCT

more than to the side force FY SB DUCT ; on the contrary,
in the port side, both thrust and lateral forces on the duct
give a positive turning moment which can override the turn-
ing moment of the thruster itself.
From these results we can gather that the thruster has a



Figure 7: Deflection of the slipstream. 3-D streamlines colored by the total pressure levels. Pressure contours on
the ducts and on the tunnel. TT-50 (left), TT-100 (right).

strong effect on the side force acting on the ducts. When
the thruster is off and the main propellers are working, both
the axial and the lateral forces acting on the ducts are sym-
metric about the central longitudinal plane, and their values
increase with the propeller load. When the thruster is work-
ing, the duct in the port side is influenced by the thruster
race and the lateral force on the duct acts in the opposite
(negative) direction.
This negative force on the PT side decreases with increas-
ing propeller loading, probably because the flow created by
the suction of the main propeller is increasingly dominat-
ing the flow created by the race of the thruster. As a conse-
quence the negative lateral force on the SB duct increases
with the propeller loading and it is no longer balanced by
the positive force on the PT duct. The total effect is an ad-
ditional negative lateral force developing a turning moment
opposite to the rotation induced by the thruster.

This additional side force can be related to the variation
of the lateral component of momentum in the thruster race
which is partially or totally sucked and deflected by the ac-

tion of the propellers; it increases with the propeller loading
because a larger amount of race is sucked and deviated by
the propellers, and it increases with the thruster loading be-
cause the total pressure content in the race is higher. The
value of this additional lateral force and the related turning
moment can be of the same order or larger than the thruster
turning moment contribution.

A similar behavior, especially concerning the additional
lateral force, can be expected also on other appendages,
like the propeller shafts, or on the propellers as well, fur-
ther reducing the turning performance with respect to cal-
culations. In fact, the lateral force on the propellers was not
directly measured in model tests but it is counted in the to-
tal lateral force and in the turning moment. This would ex-
plain the higher value of the total thruster forceCy obtained
at the highest loading conditions in the present calcula-
tions: the actual propellers and their shafts are not mod-
eled as solid bodies and their opposite contribution to the
total turning moment is missing, especially when it would
be more significant, i.e. when propellers and thruster are



Figure 8: Contributions to the total turning moment
from the different parts of the model.

fully loaded.
The asymmetry of thrust for propellers/fans and ducts also
plays an important role in the decay of thruster perfor-
mance. As depicted in Figure 9, the race creates a flow
deficit for the PT fan, which becomes then overloaded with
respect to the fan in the SB side. In fact the thruster action
decelerates the flow in the PT side where the race bends
the incoming flow, partially obstructing the flow entering
the fan, as shown in Figure 10.
The overload of the propeller in the PT side is evident also
in model tests, as shown in Table 3, where the thrust of
the ducted propeller in the PT side is always higher than
the one in the SB side, even if they are loaded with the
same power. The same happens in calculations, even when
exactly the identical thrust is imposed to the fans.

6 CONCLUSIONS

The investigation by RANS methods of the interaction be-
tween a stern tunnel thruster and main propellers have
highlighted the principal phenomena responsible for the
large decay of turning performance, which had been ob-
served during model tests but which could not easily find
an explanation through the experimental data. The numer-
ical results, in addition to the experimental data, suggest
that the large drop in turning performance observed dur-
ing model tests is caused by an interaction between the
thruster race and the propellers, whose effect increases both
with the thruster and the main propeller loading. The vari-
ation of the lateral component of momentum in the thruster
race, partially or totally sucked by the propeller, determines
additional negative side forces acting on the ducted pro-
pellers. The related turning moment can be of the same or-
der or larger than the thruster turning moment contribution,
and acting in the opposite sense of rotation. The action of
the thruster leads also to the overload of the propeller in-

Figure 9: Flow deficit in the PT fan. Contours of the
axial velocity component U divided by the advance ve-
locity U0.

fluenced by its race, and generates a thrust asymmetry in
propellers and ducts with a further reduction of the total
turning moment.

A detailed comparison of calculations with model tests has
been carried out and the results are in good agreement with
the experimental data. The discrepancies are in the range
of accuracy expected within actuator disk approximation.
Thrust and side force on the SB duct are slightly underes-
timated, mainly due to the approximation of the actuator
disk used instead of the actual propellers; only the lateral
force on the PT duct is sometimes overestimated; it might
be because in the real case the race is also hitting against
other appendages, like the shaft, and against the propeller
itself, with a consequently smaller impact on the duct. The
thrust loss effects are definitely captured considering the
order of magnitude of the simplifying assumptions and the
complexity of the investigated phenomena, which are not
easily reproduced by eddy-viscosity turbulence models.

In conclusion, the actuator disk approximation, within
RANS-type CFD calculations, can be used for propeller-
thruster and propeller-hull interaction studies: further im-
provements are possible, overall for modelling the deflec-
tion of the thruster jet, which is crucial for determining the
total lateral force acting on the system. Obtaining pressure
and velocity distribution profiles from the actual thruster
geometry would be beneficial to get a better representa-
tion of the thruster race. Using the actual geometry for the
thruster could also be an alternative option, provided that
the higher accuracy does not reduce the efficiency, in terms
of computational time and resources.

After this first evaluation, the method can now be used to
analyze the modified model, with the tunnel moved toward
bow, under the same loading conditions.



Figure 10: Action of the thruster jet on the incoming flow entering the PT duct. Pressure contours and projection
of streamlines on the horizontal plane passing in the middle of the tunnel. Fully loaded thruster. MP-0 (a) and
MP-35 (b).
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