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SUMMARY  
 

The objective of this work is to simulate propeller-hull interaction effects. The methodology involves coupling a 
Vortex Lattice Method (VLM) with a RANSE solver.  The VLM code generates the propeller forces based on the inputs 
of required thrust and rpm. The obtained propeller forces are distributed in the domain at the cell centroids which lie 
close to the blade coordinates. Introducing the body forces into the fluid domain, emulates the propeller action in the field 
of flow with consequent influences on the flow kinematics. This approach enables to ultimately quantify the propeller 
performance in the realistic environment around the ship hull, fully accounting for the effective wake conditions. The 
coupling of the two methods therefore gives a combined numerical design and analysis tool. The approach is illustrated 
in the case of a high speed craft.  
 
 
INTRODUCTION 
 

 The quantification of the performance of the 
propeller working in the vicinity of a ship hull is 
traditionally done through physical modeling by means of 
self propulsion tests. In recent years there has been steady 
progress in the use of numerical hydrodynamic tools 
(CFD) to simulate the flow past ships without and with 
the influence of propellers. The numerical simulation of a 
rotating propeller in the vicinity of the ship is a somewhat 
complex one. One simplification in the analysis of the 
above system, is to simulate the presence of the propeller 
by potential flow based forces in the disk area. Earlier 
research studies have reported findings on the basis of 
simplified potential flow based assessment of the 
kinematics [Simonsen and Stern, 2005].  

 
The Vortex Lattice Method is basically a design 

tool which permits the iterative evolution of the propeller 
geometry with optimal pitch and camber, so as to obtain 
the maximum thrust for given operating conditions. The 
performance of the propeller is affected by the effective 
wake, which in itself is the result of the modified wake 
pattern taking into account the action of the propeller. 
Therefore, it is necessary to establish the kinematics in 
detail when the propeller works in its location at the stern 
of the ship. A recent research effort [Karl and Chao, 
2005] has reported the introduction of propeller body 
forces as average in successive concentric paths traced 
out by multiple cells. By combining the VLM method 
with the numerical simulation using FLUENT, it is 
therefore possible to combine the design and analysis 
towards optimum propeller design. The present work 
adopts an approach whereby the cell-centered body forces 
are introduced into the centre coordinates of the cells in 
the location of the propeller at the disk and the disk is 
rotated at the propeller rpm. The different modules in the 
approach are described below. 

 
THE VORTEX LATTICE METHOD  
 
  The Vortex Lattice Method is a lifting 
surface method  which solves for the unsteady potential 
flow field around a propeller and has been used 
successfully since the method was first developed  
[Kerwin and Lee 1978], [Lee 1979] and [Breslin et al. 
1982]. The force distribution over the blade can be 
processed either to give an averaged radial distribution of 
momentum sources or can be interpolated and assigned 
into the cells of discretized domain which lie closest to 
the coordinates defining the geometry of the propeller in 
the domain.  
 
 In the vortex lattice method a special 
arrangement of the line vortex and source lattice is placed 
on the blade mean camber surface and its trailing wake 
surface. The singularities that represent the propeller flow 
are, the vortex lattice on the blade mean camber surface 
and the trailing wake surface which represents the blade 
loading and the trailing vorticity in the wake and  source 
lattice on the blade mean camber surface which 
represents the blade thickness. 
 The strengths of the singularities which will 
decide the shape of the propeller and the thrust developed 
by it, is determined so as to satisfy the kinematic 
boundary condition that the flow velocity be tangent to 
the mean camber surface. 

 

PRINCIPAL CHARACTERISTICS OF THE HULL 

The main dimensions as well as the 
characteristics of the propeller are given in Tables 1 and 2 
below. The blade characteristics matching to a particular 
nominal wake condition are also included in Table 3 
below. 
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Table 1 Particulars of ship 
Particulars of the ship Dimension 

LENGTH OVER ALL 49.91m 
LENGTH (LWL). 48.14m 
BREADTH 11.00m 
DEPTH AT CL 3.80m 
DRAUGHT 2.90m 
DISPLACEMENT 1042 t 
No. of propellers 2 
Resistance (kN) 79 
Speed (knots)                      12 (high speed displacement hull, Fn=0.28 
Effective wake fraction      0.21 
Thrust deduction fraction 0.2 
 
Table 2 Propeller geometry details 
Item  Value 
Diameter 2m 
Hub Diameter 0.4m 
Number of blades 4 
RPM 237 
AE/AO 0.55 
Kt 0.206 
J 0.62 
Thrust 52709 N 
 
 
Table 3 Particulars of propeller geometry 

Blade particulars matching to nominal wake  
Non 

dimensional 
radius 
R/RO 

Pitch to 
dia ratio 

P/D 
Rake 
Xs/D Skew 

Chord to dia 
ratio 
C/D 

Max Camber 
to chord ratio 

FO/C 

Max thickness 
to dia ratio 

TO/D 
0.2 0.7612 0 0 0.2285 -0.0171 0.0403 

0.25 0.9553 0 0 0.2437 0.0161 0.038 
0.3 1.066 0 0 0.2588 0.0304 0.0357 
0.4 1.095 0 0 0.2819 0.0306 0.031 
0.5 1.069 0 0 0.2959 0.0272 0.0264 
0.6 1.0588 0 0 0.3007 0.025 0.0218 
0.7 1.0513 0 0 0.2948 0.025 0.0172 
0.8 1.0511 0 0 0.2709 0.0249 0.0154 
0.9 1.0443 0 0 0.2175 0.0278 0.0079 

0.95 1.0361 0 0 0.175 0.0292 0.0056 
1 1.0232 0 0 0 0.0374 0.0033 
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THE COMPUTATIONAL METHOD  
 
 The solver in which the propeller is applied as a 
body force term is the commercial software FLUENT 
which solves the continuity and unsteady incompressible 
RANS equations. For turbulence modeling,  the Shear 
Stress Transport (SST) k-ω model  
was used. This model is an effective blend of the ω−k  
model in the near-wall region with ε−k  model in the 
far field free-stream domain. The definition of the 
turbulent viscosity is modified to account for the 
transport of the turbulent shear stress. 
 
METHODOLOGY OF IMPLEMENTING THE 
USER DEFINED FUNCTION   (UDF) 
 
 The user-defined function (UDF) is dynamically 
loaded with the FLUENT solver to enhance the standard 
features of the code. It helps in customizing FLUENT to 
fit  particular modeling needs such as customization of 
boundary conditions, material property definitions, 
surface and volume reaction rates, source terms in 
FLUENT transport equations, source terms in user-
defined scalar (UDS) transport equations, or execution 
upon loading of a compiled UDF library, post-processing 
enhancement, etc.  

The domain is split to separate a cylindrical domain 
which is swept by the propeller blade to avoid handling 
large number of cell coordinates of the total domain. The 
UDF thread stores the coordinates of all the cell centroids 
in the cylindrical domain. The data file containing the 
coordinates of the panels on the blade shape and 
corresponding propeller forces are read and stored . The 
cell centroids in the domain, which are closest to the 
paneled blade coordinates, are determined by comparing 
the  distance between the panel coordinates and the 
coordinates of the cell centroids around it. If one or more 
panels has the same cell centroids closest to it, the forces 
are added and assigned to these cells. The volume of all 
cells to which the forces need to assigned are also 
extracted and the forces are divided with the 
corresponding cell volume to obtain propeller force 
density.  The propeller forces thus assigned at the cell 
centroids are treated as body force terms during the 
solution of the momentum equation. Once the cell 
centroid coordinates and the body forces are finalized the 
same is stored in User defined memory in FLUENT to 
avoid running a centroid search algorithm at each step of 
the iteration. The Body forces are in put into the cells by 
reading the UDF in the momentum source panel in 
FLUENT. 

 

Start 

 
Fig 1. The schematic of RANSE solver including UDF 
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SETTINGS FOR FLUENT 
 
Computational Domain And Grid System 
 Based on grid convergence studies, the 
computational domain was chosen with length of the 
domain upstream of the hull being 0.8 Lpp, down stream 
being 1.2 Lpp, width and depth being 0.8Lpp. Block 
structured hexahedral grid was used for the domain 
descretization. The final convergence was decided by the 
residual-source criterion. The residual parameters were 
set a value of 10-4

. 
For initialization in general, all the flow variables could 
be set to zero values and the simulations expected to 
converge towards steady state.  The gridded domain was 
marked and separated in order to demarcate water and air 

regions as separate entities, and the regions patched and 
allocated appropriate volume fraction values.  In order to 
initialize, the Z-component (along the length)  velocity at 
air and water inlet were set to free stream velocity of 
6.1728 m/s at the start of computations and all other 
variables set to zero. The UDF was interpreted and the 
source terms added. 
 The boundary conditions were set with velocity 
inlet of 6.1728 m/s at the domain inlet, velocity inlet with  
negative free stream velocity(-6.1728) at domain outlet, 
wall with slip and zero shear (at free surface and at the 
bottom and side wall ) and wall with no slip (over hull 
surface) conditions (Fig.2.).  
  
COMPUTATIONAL GRIDS  

  

 

AIR INLET SYMMETRY 
HULL

AIR OUT 

WATER OUT 
TOP 

WATER IN 

Fig.2. Gridded domain with boundaries 
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Fig.3. Domain representing the propeller swept volume 
 
 

Fine meshes could be used to 
represent the cylinder 
representing the propeller swept 
volume by O grids  thereby 
avoiding the task of girding the complicated geometry of 
the actual propeller blades, see Fig.3. The  hull was 
meshed with  O-grid to capture the frictional resistance 

and thus to get the hull resistance 
effectively. Block structured 
multi- block grids in ANSYS 
ICEM CFD was used  to generate 

numeric grids in the domain.  
 

 
 
 
 

Table 4. Solver parameters used for simulations 
Parameter Setting 

Solver 3D Segregated, Unsteady, Implicit 
Velocity formulation Absolute 
Viscous model SST k ω−  
Pressure-velocity coupling PISO (Pressure Implicit with Splitting of Operators) 
Pressure discretization Body force weighted 
Momentum, turbulent kinetic energy and 
energy dissipation rate discretization Second order upwind scheme 

Hull and, top and bottom boundary 
conditions Wall (no slip), Wall (allows slip) 

Free surface model Volume of Fluid with Geo-Reconstruct 
Air and water Inlet boundary conditions Velocity Inlet : Free stream velocity 

Air and water outlet boundary conditions Velocity Inlet : Free stream velocity(negative) 

  
 
 
RESULTS AND DISCUSSION 
 
The numerical scheme incorporating the VLM based 
propeller design and forces estimation has been 
successfully linked with the FLUENT analysis module by 
inputting the forces in cell centred co-ordinate positions 
using a special user defined function. It has been 
illustrated in the case of a 12 knots speed (Fn=0.28) 
displacement vessel. The resulting augumented resistance 
in the presence of the propeller action has been quantified 
and it gives a realistic thrust deduction fraction of 0.12.  
 

Similerly hull resistance without propeller action has 
been matched with towing tank tests.The contours of the 
three components of velocities, pressure contours and 
wake fractions have been obtained and presented here. 
Comparisons with published data establish that the 
pattern of distribution of the above parameters are well 
along the acceptable distributions. By incorporating a 
moving reference frame for the propeller disk which 
contains the propeller body forces, the method evolves a 
time efficient computational effort in obtaining the 
dynamics and associated kinematics of the propeller-ship 
interaction. In principle, the method can be extended to a 
combination of design and evaluation and improvement 
of the propeller for optimum performance. 
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Fig.4.Contours of axial velocity component at  propeller diameter D=2m upstream with the propeller body forces applied.  
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Contours of axial velocity component at  propeller 
inlet with no propeller body forces applied. 

Contours of axial velocity component at  propeller 
inlet with  propeller body forces applied. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

Contours of axial velocity component at  propeller 
outlet with no propeller body forces applied. Contours of axial velocity component at  propeller 

outlet with  propeller body forces applied. 

Fig.5.Comparison of Contours of axial component of velocity 
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Contours of wake fraction at  propeller inlet with  
no propeller body forces applied. 

Contours of wake fraction at propeller inlet with  
propeller body forces applied. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Contours of wake fraction at  propeller outlet with  
no propeller body forces applied. 

Contours of wake fraction at  propeller outlet with  
propeller body forces applied. 

 
Fig.6.Comparison of contours of wake fraction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  At propeller inlet     At propeller outlet 
Fig.7.Contours of radial velocity component with  propeller body forces applied. 
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   At propeller inlet     At propeller outlet 
Fig.8.Contours of tangential velocity component with  propeller body forces applied. 

 
 
 
 
 
 
 
 
 
 
 
 
 

  At propeller inlet      At propeller outlet 
 

Fig.9.Cross flow vectors  with  propeller body forces applied. 
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 Contours of Dynamic pressure at  propeller inlet 

with  no propeller body forces applied. 
Contours of Dynamic pressure at  propeller inlet 
with  propeller body forces applied. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Contours of Dynamic pressure at propeller outlet 
with  no propeller body forces applied. 

 
Contours of Dynamic pressure at propeller outlet 
with propeller body forces applied. 

 
 Fig.10.Comparison of contours of Dynamic pressure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Contours of axial velocity    Contours of wake fraction 
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 Contours of Radial  velocity     Contours of tangential velocity 
 
 Fig.11.Contours of Kinematic properties on an axial section through propeller center with 

propeller body forces applied.  

 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig.12.Contours of free surface elevation with propeller 
body forces applied 

 
 
 
REFERENCES 
 

1) Simonsen, C. D. and Stern, F. (2005) RANS 
Maneuvering Simulation of Esso Osaka with Rudder 
and a Body-Force Propeller. Journal Ship Research, 
Vol. 49, No. 2, pp. 98-120.  

 
2).Tahara, Y., Wilson, R., and Carrica, P., (2005), 
“Comparison of free-surface capturing and tracking 
approaches to modern container ship and prognosis 
for extension to self-propulsion simulator”, 
Proceedings, CFD workshop Tokyo 2005, 548-555.  
 
3).Karl, Y., Chao., and Carrica, P., (2005), 
“Numeric propulsion for the KCS container ship, 
Proceedings, CFD workshop Tokyo 2005, 483-489.  
 
4).FLUENT 6.2 User’s Guide, Copyright Fluent 
Incorporate, 2006 

 
5).Kerwin, J. E. (1984), A vortex lattice method for 
propeller blade design, MIT PBD-10 users manual, 
Massachusetts institute of technology. 
  
6)Olsen, A. (2001) Optimization of propellers using 
Vortex lattice method, PhD thesis, Denmark 
technical university. 
 
7).Kerwin, J. E.,Lee,C.S. (1984),"Prediction of 
steady and unsteady marine propeller performance 
by numerical lifting surface theory "SNAME 
Transactions,Vol.86,1978,pp.218-253. 

345


