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a b s t r a c t

In order to provide a complementary perspective to the effects of the maneuvering motions on the
unsteady propeller performance, the numerical simulation of the flow field of the hull-rudder- propeller
system is performed by Unsteady Reynolds-averaged Naiver-Stokes (URANS) method. Firstly, the flow
fields around the submarine model without the presence of propeller in straight ahead motion and the
steady diving maneuvers with submergence rudder deflections of 4�, 8� and 12� are predicted numer-
ically. The non-uniformity characteristic of the nominal wake field is exacerbated with the increase of
submergence rudder angle. Then the flow field around the SUBOFF-G submarine fitted with the 4381
propeller is simulated. The axial, transverse and vertical unsteady propeller forces in different maneu-
vering conditions are compared. In general, as the submarine maneuvers more violently, the harmonic
amplitudes of the unsteady force at the 2BPF and 3BPF increased more significantly than that at BPF.
© 2019 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

When a propeller works in the ship's stern, it will experience a
non-uniformwake filed generated by the hull and appendages. As a
consequence, the unsteady forces and moments produced by the
propeller will be reacted at the bearings and, therefore, form a
substantial contribution to the bearing forces (Carlton, 2012). Un-
steady propeller force will significantly affect the submarine
acoustic stealth. On the one hand, the unsteady force on the blade
surface can directly generated underwater noise; on the other
hand, the bearing forces can transmit through the shafting system
and eventually induce the hull's vibration which can also radiate
noise.

It is usually considered that the spatial non-uniformity of the
wake field is the origin of the cyclical propeller force, i.e. the line
spectrum of propeller force. Moreover, the small-scale stochastic
flow structures in the wake field, such as the boundary layer shear
flow, separation flow, the vortex stretching and bursting, are
responsible for the low-frequency broadband spectrum of propeller
force. It is commonly considered that the LES method should be
).
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used to simulate the unsteady flow with high precision
(Liefvendahl and Tr€oeng, 2011; Alin et al., 2010). In present paper,
due to the limited computational resource, the URANS method is
used instead of the LES method, thus the broadband spectrum of
propeller force may be not accurate. However, the URANS method
is proved to be sufficient to predict the periodic propeller force in
non-uniform inflow (Wang et al., 2016; Sun et al., 2018).

When a submarine undertakes a maneuver, the inflow field into
the propeller will suffer a severe distortion due the asymmetry of
the flow field around the hull, which would aggravate the unsteady
propeller force. Many researchers had tried to gain more insight
into the hydrodynamic features of a maneuvering vehicle.
Dubbioso et al. (2017a) simulated the free running maneuvering of
a submarine model in the horizontal plane. Kim et al. (2018) con-
ducted the six-degrees of freedom CFD simulation of a BB2 sub-
marine undergoing straight line and steady turning manoeuvres.
Holloway et al. (2015) studied flow separation from 3 slender
bodies of revolution in steady turning by RANS simulations. Fureby
et al. (2016) examined the flow physics around the fully appended
DSTO generic submarine model in straight ahead, b¼ 0�, and
b¼ 10� yaw conditions by both Experimental and numerical
methods.

However, these researchers does not focus on the unsteady
propeller force, their submarine models are equipped with a body
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Table 1
Geometry characteristics of SUBOFF model.

Length overall (Loa) 4.356m
Length between perpendiculars (Lpp) 4.261m
Diameter(Dhull) 0.508m
Center of buoyancy(xB) 0.4261Loa
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force propeller model or even has no propeller.
To understanding the interaction between hull-propeller-

rudder during maneuvers, the detailed geometry of the propeller
should be used in numerical simulation. Dubbioso et al. (2013,
2014, 2017b) used URANS simulations and simplified propeller
theories to predict the propeller unsteady force of a twin screw ship
on the straight ahead motion and the steady turning maneuvers.
Sun et al. (2018) predicted propeller exciting force for KCS hull-
propeller-rudder system in oblique flow by RANS method and
VOF model. It is concluded that the propeller thrust and torque
fluctuation coefficient peak in drift angle are greater than that in
straight line navigation.

Up to now, few studies about the unsteady propeller forces
about the maneuvering submarine are reported. Hence, it is
necessary to perform the CFD simulation based on the “hull-
rudder-propeller” system. By comparing the unsteady forces of a
propeller behind a submarine in straight ahead motionwith that in
maneuvering motions, we can gain a complementary insight to the
influence of the maneuvering motions on the unsteady propeller
forces.

In section 2, we gave an overview of the numerical methods
which were employed. In view of the dissatisfaction of the dynamic
stability for the original SUBOFF configuration, we modified the
stern control surfaces and formed the SUBOFF-G model.

In section 3, open water performance of propeller 4381 was
simulated.

In section 4, the self-propulsion point of the submarine-
propeller system was confirmed.

In section 5, the flow field around the SUBOFF model predicted
by CFD simulations was analyzed. By comparing the numerical
result with the experimental result, the feasibility of the present
method was proved.

In section 6, the flow field around the SOBOFF-G model in
straight ahead sailing and the steady diving maneuver was simu-
lated. By visualization technology, the effect of the vortex struc-
tures detached from hull and appendages on the wake field was
inspected.

Since the azimuthal variation of incidence angle relative to the
blade section is directly related to the unsteady propeller force, we
took it as a key representation of the wake flow. The nominal
incidence angle was achieved by extracting not only the axial
component, but also the tangential component of velocity from the
computed flow field.

In section 7, the simulation of the flow field around the SUBOFF-
G submarine fitted with the 4381 propeller was performed. The
Fourier analysis method was separately applied to the submarine
wake field and propeller unsteady force, and the harmonic char-
acteristics of them at different maneuvering conditions were
compared. The relationship between the maneuvering motion,
wake field and unsteady propeller force was discussed.

2. Numerical method

2.1. Governing equation and turbulence model

In present work, the three-dimensional viscous flow field
simulation was carried out using commercial CFD software Ansys
Fluent. This CFD code used the finite volume method to solve the
incompressible Reynolds averaged Navier-Stokes (RANS) equations.
The Realizable k� ε turbulencemodel (Shih et al., 1995) was chosen
to realize the closure of the RANS equation. The second order up-
wind difference scheme was adopted for the convection term and
the second order central difference scheme for the dissipation term.
For the time integration, a dual time stepping strategy with 2nd
order accuracy in the temporal derivatives was selected.
For the flow field around the submarine without propeller, we
preformed the steady RANS simulation. For the flow field around
the integrated hull-propeller system, we preformed the unsteady
RANS simulation.

Sliding mesh technique was used in the rotating domain for
simulating the rotating propeller. The physical time step corre-
sponded to 1+of the propeller rotation. When the average propeller
force reached the quasi steady state, we extracted the transient data
of propeller forces in a rotating period to carry out analysis on
frequency characteristic of it.
2.2. Study object

SUBOFF is a standard submarine model proposed by David
Taylor Basin (Groves and Huang, 1989). Its main body is DTRC
Model 5470 body of revolution, its overall length L¼ 4.356m, its
diameter Dhull ¼ 0.508m. It has a sail and four identical stern
planes, but has no bow rudder or fairwater rudder. Geometry
characteristics of SUBOFF model and its control surfaces are re-
ported in Tables 1 and 2.

Roddy (1990) checked the dynamic stability of the SUBOFF
model according to the maneuvering criteria. The value of the
margin of stability in vertical plane and in horizontal plane were
respectively GV ¼�1.16 and Gh ¼�0.44. The negative values of
GVand Gh indicated that the SUBOFF model was unstable in both
planes of motion. Since this model was mainly proposed for nu-
merical verification purpose, its configuration was not designed for
maneuvering motion. To solve this problem, we enlarged the con-
trol surface while the main body remains unchanged.

The SUBOFF model has four identical all-moving stern ap-
pendages, as shown in Fig. 1. However, for the SUBOFF-Gmodel, the
aft control surface is consisted with a fixed fin and a movable flap,
as shown in Fig. 2. The fixed surfaces are provided to increase
stability, particularly in the vertical plane. Geometry characteristics
of SUBOFF-G's vertical and horizontal control surfaces are reported
in Tables 3 and 4.

The GVvalue of SUBOFF-G model was 0.51, which reaches the
range recommended by Renilson (2015). That means the new
model has a satisfactory degree of dynamic stability in vertical
plane.

DTMB 4381 propeller was selected to match the SUBOFF-G
submarine. Refer to the data in Zierk's report (1997), the diameter
of propeller is chosen as 0.525 times of the diameter of submarine,
i.e.Dpro ¼ 0.2667m. Table 5 summarizes the geometry parameters
of 4381 Propeller.
2.3. Computational domain and boundary condition

If we want a submarine to submerge, the stern horizontal flap
should be deflected, the submarine would experience ‘steering
stage’, ‘transition stage’ and eventually achieve ‘steady straight-line
diving stage’. At the steady diving stage, the rudder angle, trim
angle and attack angle separately keep fixed. The center of gravity
of submarine dives along an inclined straight-line trajectory. Since
the attack angle between the submarine and inflow velocity re-
mains as a constant, the submarine diving motion can be



Table 2
Geometry characteristics of SUBOFF control surface.

Planform Area 0.0248m2

Aspect ratio 0.72
Section profile NACA 0020

Fig. 1. Sketch of the SUBOFF model.

Fig. 2. Sketch of the SUBOFF-G model.

Table 3
Geometry characteristics of SUBOFF-G Vertical control surface.

Vertical control surfaces (fixed fin þ flap) Vertical flap

Planform Area 0.056m2 0.0233m2

Aspect ratio 0.82 1.1
Section profile NACA 0014

Table 4
Geometry characteristics of SUBOFF-G horizontal control surface.

Horizontal control surfaces (fixed fin þ flap) Horizontal flap

Planform Area 0.063m2 0.0245m2

Aspect ratio 0.78 1.5
Section profile NACA 0014

Table 5
Geometry characteristics of Propeller 4381.

Diameter (Dpro) 0.2667m
Number of blades (Z) 5
rake 0
skew 0
Expanded area ratio(A/A0) 0.725
Pitch ratio P/D (0.7R) 1.2099
Camber Distribution NACA a¼ 0.8 mean line
Thickness Distribution NACA66(DTMB modified)

Fig. 3. Sketch of the computational domain for a submarine in steady diving.

Fig. 4. The coordinate diagram of the submarine in steady diving condition.
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transformed into a easy simulation, in which the oblique inflow in
vertical plane are given relative to a stationary submarine.

Dimensions of the computational domain and boundary con-
dition are presented in Fig. 3. The inlet boundary is 1.5L upstream
from the bow; the outlet boundary is 3L downstream from the
stern; the outer boundary is 9Dhull away from the hull surface.
The computation domain was divided into two sub-domains:

the rotating domain was a cylinder which surrounds the propel-
ler; the rest was the static domain which holds the submarine hull.
Sliding mesh technique was used in the rotating domain for
simulating the rotating propeller.

Fig. 4 shows the coordinate diagram of the submarine in steady
diving condition. Here, o� xyzis a coordinate system moving with
the submarine, o� xhzis a fixed coordinate system. The origin is
located at the buoyancy center of the submarine. The submergence
rudder angle dis the angle between the horizontal rudder and o� x
axis, the attack angle a is the angle between the o� x axis and the
inflow velocity V, trim angle f is the angle between the o� x axis
and the o� x axis.

In our calculation, there are four submarine motion conditions
with the deflecting angle of stern horizontal rudder d¼ 0+, 4+,
8+and 12+. At the inlet and outer boundary, the axial and vertical
components of inflow velocity are adjusted according to the
working condition as Table 6 described.
2.4. Computational mesh

Fig. 5 shows the surface mesh on the stern, fin, rudder and
propeller. The multi-block hexahedral grid technique was used to
discretize the computational domain. Since the flow in the vicinity
of the sail, fin, rudder and propeller changes dramatically, the local
mesh refinement was applied in those near-wall regions. Grid
distribution is such that the thickness of the first cell on the wall is
kept in range of yþ ¼ 30e60, that is suitable for the wall function.

For the grid independence study, CFD prediction for the sub-
marine in the self-propulsion condition was performed by using
four gradually refiner grids, as presented in Table 7. The thrust and
torque of the propeller and the resistance of the hull were exam-
ined for the four grid levels. Fig. 6 shows the deviation of each grid
level compared to the finest grid (Grid 4). There is little difference
between the result of the Grid 3 and Grid 4. Taking the computation
cost into account, the Grid 3 configuration was used for the
following simulations.



Table 6
Kinematic parameters of submarine in straight ahead motion and the steady diving conditions.

Deflection angle of flap d(+) Attack angle a(+) Trim angle f(+)

Status 1 0 0 0 straight ahead
Status 2 4 �0.92 2 Steady diving
Status 3 8 �1.815 4.33 Steady diving
Status 4 12 �2.84 6.857 Steady diving

Fig. 5. Surface mesh on the submarine stern and propeller.

Table 7
The 4 Grid Levels of the computational mesh (Millions).

Grid 1 Grid 2 Grid 3 Grid 4

Propeller 1.78 2.21 2.97 3.54
Hullþ rudder 4.56 8.62 12.31 14.52
Total 6.34 10.83 15.28 18.06

Fig. 6. Grid independence study of the computational mesh.

Fig. 7. Open water performance of propeller 4381.
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3. DTMB 4381 propeller in uniform flow

Open water experiments of 4381 propeller were conducted in
the NSRDC deep-water basin (Boswell, 1971). To evaluate the
approach to simulate propeller thrust and torque, simulations of
this propeller in uniform flow were performed. As shown in Fig. 7.,
for the advance ratio of J¼ 0.5e0.9, the computed Kt, Kq, hvalues of
the propeller agree well with the experimental results, but slightly
under predict Kt and Kq at high propeller loads (J¼ 0.3).
4. Self-propulsion

We achieved the self-propulsion point by following procedure:
Fig. 8. Propeller thrust (T) and Submarine resistance (R) versus propeller rotation
speed(n).



Fig. 9. Cp and Cf along upper meridian line of the SUBOFF model.

Fig. 10. Configuration of vortex around the submarine (iso-surface of Q ¼ 50).

Fig. 11. Axial velocity contour and in-plane velocity vector graph at two cross sections.
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1) The flow field around the submarine without propeller at the
given speed Vs ¼ 4m/s was simulated. According to the open
water performance curves and empirical formulas, the rotation
speed n0 of propeller was roughly estimated.

2) A series of numerical simulations about the flow field around
the submarine-propeller system with a series of propeller
rotation speeds n surrounding the initial data of n0 were per-
formed. Based on these computations, the curve about Resis-
tance of submarine (R) varying with n and the curve about
Thrust of propeller (T) varying with n could be plotted.

3) As shown in Fig. 8., the self-propulsion point (Ship speed
Vs ¼ 4m/s, rotation speed of propeller n¼ 840 rpm) could be
determined at the intersection of the two curves (T ~ n and
R ~ n).

It should be noted that in steady diving condition, resistance
that the submarine encounters is different with that in straight
ahead sailing. Especially, the deflected horizontal flaps produce
additional resistance. So, to maintain the balance between the
thrust and resistance, the rotation speed of the propeller should be
slightly accelerated.

However, in order to compare the harmonic components of
propeller force in the same Blade Passing Frequency (BPF), the ac-
celeration of propeller was neglected. That is, in the status 2, 3 and
4, the rotation speed of the propeller is set to be equal to that in
status 1.
5. Nominal wake field of SUBOFF model in straight ahead
sailing

Huang et al. (1992, 1998) measured the flow field around the
SUBOFF model in the wind tunnel, here we reproduced the test to
validate our numerical method.

Fig. 9 shows the distribution of the static pressure coefficients
Cpand skin friction coefficients Cf along the axial direction of the
SUBOFF model, which are compared with the experimental data
(Huang et al., 1992), corrected for wind tunnel effects. In general,
the computed Cp and Cf values agreewell with themeasured values,



Fig. 12. A enlarged image of the vector graph(x/L¼ 0.978).
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while the RANS computation slightly under-predicts the Cp value
on the fore body and under-predicts the Cf value at parallel middle
body.

Fig. 10 shows the contours of axial velocity in several cross
sections and the vortical structure around the SUBOFF model.
Fig. 13. Circumferential variation of a
Vortices are identified using the Q-criterion (Jeong and Hussain,
1995) and the iso-surface (Q¼ 50) is colored by the axial velocity.
It can be seen that a pair of counter-rotating longitudinal vortices
shed from the junction between the sail and the hull, which was
called ‘horseshoe vortex’. As shown in Fig. 11(a), at the cross sec-
tions x/L¼ 0.325 where is just downstream of the sail trailing edge,
in the location corresponding to the root of sail, there are two
obvious bulges in the contour diagram of axial velocity, symmet-
rically placed with respect to the center plane. This near-wall flow
field is caused by the interaction of the necklace type legs of
horseshoe vortex with the boundary layer. Moreover, a pair of
counter-rotating vortices shed from the sail tip, which persists far
downstream to stern. In Fig. 11(b), the sail tip vortex pair are still
visible in the vector graph at the cross section of x/L¼ 0.978.

When the flow with embedded vortices approaching the sub-
marine stern, see Figs. 11(b) and 12, the flow pattern becomes
complicated: 1) Due to the tapering of hull, the flow will encounter
adverse pressure gradient. Consequently, the axial velocity of flow
decreases and the boundary layer thickens rapidly; 2) Horseshoe
vortex and sail tip vortex are generated from each of the four
control surfaces, and the vortices detached from sail are trans-
ported to the stern and amplifiedwhen the boundary layer thickens
considerably(Chase et al., 2013). All these vortex structures interact
with each other, as a result, the non-uniformity of the inflow field of
the propeller disc is aggravated significantly.

To investigate the distribution of velocity in the propeller disc,
we extracted the axial velocity on three cycles with the radii r¼ 0.4,
0.5 and 0.6Rhull. Here, the radius of hull is Rhull ¼ 0.5Dhull. In Fig. 13,
xial velocities at different radii.
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the variation of the computed axial velocity with azimuth angle q

was compared with the result from the experiment (Huang et al.,
1992,1998), where q is defined positive clockwise as viewed from
the stern with 0+at the top behind the sail.

As shown in Fig.13, although there are some deviations between
the computed data and the experimental data, their results ach-
ieved a very similar variation trend. Hence, confidence in the ability
of this method to predict the wake characteristic of submarine is
demonstrated.

For the small radial locations(r=Rhull¼0.4), see Fig. 13(a), at the
position of azimuth angle q¼ 0+、90+、180+and 270+, the axial
velocity is higher than those at other angles. The cause of this
phenomenon is that the effect of horseshoe vortex shed from
control surface is dominant in the vicinity of hull. In an enlarged
image of velocity vector, see Fig. 12, there are obvious counter-
rotating vortices behind each of the control surfaces. This rotation
effect brings the high-momentum fluid from the outer radius to the
inner radius, while the low-momentum fluid from the inner radius
is transported out. Moreover, at the position q¼ 0+, the axial ve-
locity is the highest, that is due to the superimposing effect of the
horseshoe vortex shed from the sail and that shed from the upper
vertical control surface.

At the bigger radial location(r=Rhull¼0.6), viscous trailing flow of
control surface decreases the axial velocity at the location right
behind it. Therefore, in Fig. 13(c), at the position q¼ 0+, 90+, 180+

and 270+, the axial velocity is lower than those at other angles.
Fig. 14. Flow field around the SU
6. Nominal wake field of SUBOFF-G model in straight ahead
and steady diving maneuvers

Before self-propulsion computation, a set of simulations of the
SUBOFF-G model without propeller were performed both for the
straight ahead sailing and for steady diving maneuvers corre-
sponding to submergence rudder deflection angles from 4�to 12�.

As shown in Figs. 14(a), 15(a), 16(a) and 17(a), along the longi-
tudinal direction of submarine, several cross sections were chosen
to illustrate the axial velocity contours; In Figs. 14(b), 15(b), 16(b)
and 17(b), the contour of axial velocity at cross section of x/
L¼ 0.978 was shown, where corresponds to the nominal propeller
disc. From the status 1 to status 4, the attack angle of inflow velocity
that the submarine experienced increased gradually, hence the
axial velocity contours on the upper half plane were suppressed,
and the spacing of the contour lines decreased gradually. On the
other hand, the axial velocity contours on the lower half planewere
stretched, and the spacing of the contour lines increased gradually.
As for the two bulges on the contour lines induced by the horseshoe
vortex shed from the sail, their heightwas reduced, and their vortex
cores were deflected toward the leeward side of the hull.

In Figs. 14(c), 15(c), 16(c) and 17(c), the vortex structures around
the submarine were described by using the iso-surface of Q¼ 10.
The vertical component of the inflow velocity induces strong tip
vortices both at the trailing edges of the fixed fin and at the
movable flap. By the comparison of these figures, it can be clearly
BOFF-G submarine(Status 1).



Fig. 15. Flow field around the SUBOFF-G submarine(Status 2).
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noted that, the higher is the effective flap angle of attack (due to the
combination of its deflection and the vertical component of the
incoming flow), the stronger is the tip vortex and its influence on
the wake.

As for a non-uniform wake field, when the blade encountered
the low (or high) speed regions, the load on the blade will increase
(or decrease) due to a locally higher (or lower) incidence angle on
the blade section. Hence, the circumferential variation of incidence
angle on blade section is a determining factor for the cyclical pro-
peller force. Fig. 18 shows the relationship between the blade sec-
tion at radius r and the inflow. If the induced velocity was not taken
into account, the nominal velocity relative to the blade section
could be simply obtained according to the triangle constructed by
the nominal velocity ua and the tangential velocity vt.

According to the rotation speedu, the transverse velocity v and
the vertical velocityw, the tangential velocity vt could be calculated
as follows:

vt ¼ ur � vðr; qÞcos qþwðr; qÞsin q

Then the nominal incidence angle anom of blade section at radius
rcan be obtained, by subtracting pitch angleQwith advance angle4.

Here, 4 ¼ atg
�
ua
vt

�
, anom ¼ QðrÞ� 4.

As shown in Fig. 19, we extracted the axial, transverse and
vertical velocities on select four cycles with the radii r=RPro ¼ 0.35,
0.55, 0.75 and 0.95 at the cross section of x/L¼ 0.978. Here, the
radius of propeller is RPro ¼ 0:5DPro. In Fig. 20, the variation of anom
with azimuth angle q was shown.
As shown in Fig. 20(a), at the radial location of r=RPro ¼ 0.35,
there are four valleys for the curve of anom at the position
q¼ 0+、90+、180+、270+ which can be clearly associated to the
horseshoe vortex shed from the control surfaces. In addition, the
amplitude of anom at q¼ 90+and270+ increases gradually with the
increase of the submergence rudder angle d.

At the radial location of r=RPro ¼ 0.55, there are two peaks for the
curve of anom at qy109+and 251+、108+ and 252+、110+and
250+separately for the submarine in status 2, 3 and 4. At the radial
location of r=RPro ¼ 0.75, there are two peaks for the curve of anom
at qy108+and 252+、107+and 253+、105+and 255+separately for
the submarine in status 2, 3 and 4. Due to the vertical component of
inflow, the low speed trailing flow of the control surface is deflected
downward. Hence, as Figs. 15(b), 16(b) and 17(b) shows, two bulge
strips appear approximately at q¼ 108+ and 252+ on the axial ve-
locity contour, which cause the corresponding peaks on the curve
of anom.

At the radial location of r=RPro ¼ 0.75, there are two valleys for
the curve of anom at qy8+and352+、13+and347+、28+and 332+

separately for the submarine in status 2, 3 and 4. At the radial
location of r=RPro ¼ 0.95, there are two valleys for the curve of anom
at qy9+ and 351+、15+ and 345+、25+ and 335+separately for the
submarine in status 2, 3 and 4. It can be seen from Figs. 15(b), 16(b)
and 17(b) that, affected by the vertical component of inflow, at
these above mentioned positions the high speed regions in contour
map are diverted toward the leeward side of the hull compared to
that in status 1, which produce the corresponding valleys on the
curve of anom.



Fig. 16. Flow field around the SUBOFF-G submarine(Status 3).
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As shown in Fig. 20(d), at the radial location of r=RPro ¼ 0.95,
there are four peaks for the curve of anom at
q¼ 0+、90+、180+、270+ which are ascribed to the viscous trail-
ing flow of the control surfaces. In addition, there are superior
values of anom at the position qy26+and 334+、29+and 331+、38+

and 319+separately for the submarine in status 1, 2 and 3, which
can be related to two symmetric low speed regions induced by the
horseshoe vortex shed from sail. As for the submarine in status 4,
see Fig. 17(b), affected by the vertical component of inflow, the
contour lines at the vicinity of the lower vertical plane are
deflected downward. These low speed regions are responsible for
the superior values of anom at the position qy161+ and 199+ in
Fig. 20(d).

Discrete Fourier transform was carried on the variation of anom
with azimuth angleq, and harmonic amplitudes of it are shown in
Fig. 21. In all the four statuses, the 4th and 8th harmonic compo-
nents of anom are always obvious. Since there are four control sur-
faces at the submarine stern, whose wake can directly affect the
inflow field of the propeller disc, it is natural to induce the 4th
harmonic component by them. In addition, each control surface
will generate a pair of horseshoe vortex on its both sides, hence,
resulting in eight vortex blobs. That is, the appearance of the 8th
harmonic component in the wake field is reasonable.

He and Wang (1984) investigated the relationship between the
inflow and the propeller exciting force by using harmonic analysis
method. They concluded that only the kZth harmonic components
in the wake field can contribute to the fluctuating axial force of
propeller; and only the kZ±1th harmonic components can
contribute to the fluctuating transverse and vertical force of pro-
peller (k¼ 1,2,3 …∞, Zis the number of blades). Since the DTMB
4381 is a five-bladed propeller, we should focus on the 5th, 10th …

and the 4th, 6th, 9th, 11th … harmonic components of anom.
At the radial location of r=RPro ¼ 0.35, 0.55 and 0.75, the 5th

harmonic component of anom for submarine in status 2 and 3 was
significantly larger than that in status 1 and 4. At the radial location
of r=RPro ¼ 0.95, the 5th harmonic component decreased in order of
status 1, 2 and 3, however, in status 4, it increased suddenly.

At the radial location of r=RPro ¼ 0.35, 0.55 and 0.75, the 10th
harmonic component increased in order of status 1, 2, 3 and 4.
Moreover, the growth rate of 10th harmonic component is larger
than that of 5th harmonic component. At the radial location of
r=RPro ¼ 0.95, the 10th harmonic component increased in order of
status 1, 2 and 3, however, in status 4, it dropped suddenly.

At the radial location of r=RPro ¼ 0.35, the 4th harmonic
component increased in order of status 1, 2, 3 and 4. At the radial
location of r=RPro ¼ 0.55, it decreased in order of status 1, 2, 3 and 4.
At the radial location of r=RPro ¼ 0.75 and 0.95, the 4th harmonic
component in status 4 is obviously larger than those in status 1, 2
and 3. At the radial location of r=RPro ¼ 0.35, 0.55, 0.75 and 0.95, the
6th harmonic component decreased in order of status 1, 2 and 3,
however, in status 4, it increased suddenly.

In general, at the radial location of r=RPro ¼ 0.35, 0.55, 0.75 and
0.95, the 9th and 11th harmonic components increased in order of
status 1, 2, 3 and 4. However, at the radial location of r=RPro ¼ 0.55
and 0.95, the 9th harmonic component in status 4 decreased sud-
denly; at the radial location of r=RPro ¼ 0.75, and 0.95, the 11th



Fig. 17. Flow field around the SUBOFF-G submarine(Status 4).

Fig. 18. Sketch of the nominal velocity relative to the blade section.
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harmonic component in status 4 dropped suddenly; at the radial
location of r=RPro ¼ 0.35 and 0.55, the 11th harmonic component in
status 3 is smaller than that in status 2.
7. Unsteady propeller force of SUBOFF-G model in straight
ahead and steady diving maneuvers

The unsteady force acted on the 4381 propeller operating in the
stern of SUBOFF-G model which undertook straight ahead and
steady diving maneuvers was predicted numerically, and analyzed
both in time and frequency domain.

Fig. 22 showed the iso-surface of Q ¼ 40 around the SUBOFF-G
submarine fitted with 4381 propeller in status 4. Both the heli-
coidal vortical structures shed from the blade tips and the vortices
shed from the tips of the deflected flaps can be observed obviously.

As shown in Figs. 23(a), 24(a), 25(a) and 26(a), the fluctuating
component of the propeller thrust increased in order of status 1, 2, 3
and 4, while the mean component of the propeller thrust changed
little. In status 1, the time-varying curve of thrust looked like a kind
of sinusoid. With the increase of the rudder angle, more fluctua-
tions were superimposed on the fundamental wave. As shown in
Figs. 23(b), 24(b), 25(b) and 26(b), the mean transverse force fy and
vertical force fz increased in order of status 1, 2, 3 and 4. Further-
more, the fluctuating amplitude of the propeller transverse force fy
decreased in order of status 1, 2, 3 and 4, while the fluctuating
amplitude of the propeller vertical force fz increased in order of



Fig. 19. Sketch of 4 circles at propeller disc.

Fig. 20. Circumferential variation o
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status 1, 2, 3 and 4. Since the attack angle between the inflow and
the submarine lied in the vertical plane, it is understandable that
the fluctuating vertical forcefz is more sensitive to the inclined
inflow.

The harmonic components of unsteady axial propeller force are
shown in Fig. 27(a). As known, the BPF of propeller force is deter-
mined by the number of propeller blades. There are obvious peaks
at the 1BPF, 2BPF and 3BPF (blade passing frequency, i.e. 5, 10, 15
times of shaft frequency) both in straight ahead motion and in
maneuvering motions.

The harmonic component of axial force at BPF in status 2 is
obviously larger than that in status 1, while it decreased in order of
status 2, 3 and 4. The harmonic component of axial force at 2 BPF
increased in order of status 1, 2, 3 and 4.

It had been mentioned in Fig. 21, from status 1 to 2, 3 and 4, the
growth rate of 10th harmonic component is larger than that of 5th
harmonic component. Since the unsteady propeller force is directly
related to the inflow condition, it is understandable that in
Fig. 27(a), the ratio of harmonic component of unsteady axial force
at 2BPF to that at BPF increased steadily.

In Fig. 27(b), the harmonic component of transverse force at BPF
decreased in order of status 1, 2, 3 and 4, while at 2BPF and 3 BPF it
increased in order of status 1, 2, 3 and 4.
f the nominal incidence angle.



Fig. 21. Harmonic amplitudes of nominal incidence angle.

Fig. 22. Flow field around the submarine and propeller (in status 4).
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In Fig. 27(c), the harmonic component of vertical force at BPF
increased in order of status 1, 2 and 3, while in status 4 it is smaller
than that in status 3. At 2BPF and 3BPF it increased in order of status
1, 2, 3 and 4.

As mentioned above, in general, the 9th and 11th harmonic
components of anom increased in order of status 1, 2, 3 and 4. Hence,
the change trend of harmonic components of the transverse force
fyand vertical forcefz is reasonable.

8. Conclusions

In this paper, the flow field around the SUBOFF-G model with
and without the propeller during straight ahead motion and steady
diving conditions are simulated by using URANS method. The
harmonic characteristic of the nominal wake at the propeller disc
and the unsteady propeller force in different maneuvering condi-
tions are investigated. Our conclusions of this study can be sum-
marized as follows:

(1) The relationship among ‘ship maneuvering motion’, ‘wake
characteristic’ and ‘unsteady propeller force’ constitutes a
successive subject. In straight ahead condition, the non-
uniform inflow at propeller disc is produced by the hull
and appendage, which is the origin of the unsteady propeller
force.

In steady diving condition, the submarine experiences the
inflow consisting of a flow at incidence, and then the flow dis-
tribution at the propeller disc is further deformed. As a conse-
quence, the distorted wake field aggravates the unsteady
propeller force.
(2) From the numerical result, it can be seen that, as the bigger

submergence rudder angle gets, the bigger attack angle of
the inflow that the submarine experiences when it enters
into the state of steady diving stage, and consequently the



Fig. 23. Time history of the propeller's exciting force in status 1.

Fig. 24. Time history of the propeller exciting force in status 2.

Fig. 25. Time history of the propeller exciting force in status 3.
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greater degree of non-uniformity of the wake field at the
propeller disc. However, the kZth and kZ±1th harmonic
components that can affect the unsteady propeller force does
not monotonically vary with the submergence rudder angle.

(3) Both in straight ahead and in steady diving maneuvers, the
4th and 8th harmonic components of anom in the wake field
are always obvious. It is due to the configuration of a
submarine with four stern planes and the counter-rotating
vortex pairs shed from them.

In general, the 5th and 10th harmonic components of anom in-
crease with the attack angle of inflow velocity that the subma-
rine experiences. However, the variation trends of the 4th, 6th,
9th, 11th harmonic components of anom are rather haphazard.
When the submarine experiences an inclined inflow, its wake



Fig. 26. Time history of the propeller exciting force in status 4.

Fig. 27. Harmonic component of propeller exciting force in four conditions.
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field contains complicated flow structures, hence the change
trends of the harmonic components in different radii or
different orders are not consistent.
(4) In general, the harmonic component of anom at BPF first in-

creases then decreases with the increase of the submergence
rudder angle, hence, the harmonic component of axial force
at BPF also first increases then decreases with it.

The harmonic component of anom at 2BPF gradually increases
with the submergence rudder angle; hence, the harmonic
component of axial force at 2BPF gradually increases with it.
Moreover, the ratio of harmonic component of axial force at
2BPF to that at BPF increases gradually. It indicates that the in-
crease of the severity of the diving motion has stronger impact
on the harmonic component of axial force at 2BPF than that at
BPF.
(5) In the gross, the harmonic component of transverse force at

BPF decreases with the severity of the diving maneuver,
while the harmonic component of vertical force at BPF in-
creases with it. However, the harmonic components of both
the transverse force and vertical force at 2BPF and 3 BPF
increase with it. Moreover, the ratio of harmonic component
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of transverse and vertical force at 2BPF and 3BPF to that at
BPF increases gradually.

The above results show that the increase of the severity of the
diving maneuver can contribute a lot to increase the harmonic
component of transverse and vertical force with higher frequency
(2BPF and 3BPF).
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