Large Eddy Simulation of Flowfield around Marine Propeller on
Unstructured Meshes

Zhen-yu Huang, Xi-zhong Wei and Fang-wen Hong
China Ship Scientific Research Center(CSSRC), Wuxi, China

ABSTRACT The cell-centered finite volume method (FVM) on unstructured meshes
is applied to the large eddy simulation (LES) of viscous flowfield around marine
propellers. Based on gradient reconstruction by the weighted least square method, the
inviscid fluxes are interpolated with a third-order unstructured MUCSL-scheme and the
viscous fluxes are calculated with the directional derivative method. Numerical results
of hydrodynamic force, pressure on the blades and velocity in the wake of propeller are
in good agreement with the experimental data.
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1 INTRODUCTION

Numerical methods are widely used in the simulation of viscous flow around marine
propellers, which can provide hydrodynamic performance, pressure distribution on the
blades and some details of flow structure around propellers such as separation and
reattachment in  boundary layer, leading- or trailing-edge and tip vortices etc. Usually
propellers’ inflow is induced by the ship hull, shaft, rudder and various appendages,
which is unsteady and non-uniform. The unsteady and non-uniform inflow leads blade
vibration, cavitation, erosion and produce hydro-noise. The numerical prediction of
unsteady force, hydro-noise and cavitation of propellers in a non-uniform wake is still a
challenge to the computation fluid dynamics(CFD) even at the beginning of 21% century.

Since 1980’s, numerical methods for RANS equation have been applied to the
prediction of propellers’ hydrodynamic performance and flow structure of propeller-hull
interaction. Open-water characteristics, pressure distributions and streamlines on the
blade, circumferential-mean velocity around propeller are very close to the experimental
data, RANS calculation can give some details of flow structure, e.g. separation and
reattachment of boundary layer, tip vortices. However RANS remains aside from the
inherent limitation of Reynolds-averaging in capturing details of such transient evens
like unsteady force and pressure fluctuation of the blade with an acceptable accuracy
now. In that regard,, Large Eddy Simulation has been considered having merits,
inasmuch as at least large scale turbulent structures are directly resolved, which is
further justifiable for the unsteady flow around propellers operated at the stern of ships
Unfortunately, LES requires a far greater amount of computational resource than
RANS-based approach. Moreover, LES still needs models for subgrid-scale turbulence.



Apparently, it is the challenge to develop a suitable SGS model for the unsteady flow
and for the two-phase cavitation flows about propellers.

Most of researchers apply Reynolds-averaged Navier-Stokes (RANS) equations with
the closure of various turbulence models to simulate the flowfields around the
propellers, the hull and interaction between hull and propeller , they have got some very
good results, such as drag, pressure and velocity distribution[Chen 1998, Oh 1992,
Stern 1988,Stern 1992, Stern 1994, Tang 1998,Uto 1992]. Several authors apply LES to
viscous flow about ships and submarines[Bensaw 2004, Lillberg 2004,Huang 2006A].
Martin[2006] and Bensow[2006] apply to the propeller crashback and propeller-hull
interaction, they obtain very accurate temporal-mean hydrodynamic performance and
parts of vortices structure in the complex flow.

In this paper, a LES computer code based on cell-centered finite volume method(FVM)
on unstructured meshes has been developed and applied to viscous flow field around
propeller DTRC P4119, the result is in good agreement with the experiment data,
which will gain some numerical experience to apply LES method in the prediction of
propeller unsteady force, cavitations and hydro-noise of propeller in non-uniform flow.

2 GOVERNING EQUATIONS

The weakly compressible flow around the non-cavitating marine propeller can be
treated as incompressible flow, which is governed by incompressible Navier-Stokes
equation and the equation of continuity. In this paper, the artificial compressibility
method, which adds a pseudo time-derivative of the pressure to the continuity equation,
is used to couple the equations of motion with the equation of continuity. Then most of
efficient implicit time-dependant methods in computational aerodynamics can be
applied to solve viscous incompressible flow [Chorin 1967].

The governing equations in the form of absolute flow in far field are formulating in a
reference frame rotating with angular velocity of marine propeller, which allows more
accurate calculations of the fluxes in the finite-volume method(FVM) and obtains
accurate solutions on nonuniform unstructured grids[Agarwal 1987, Chen 1991].

Let the reference frame is rotating with a uniform angular velocity @ about the x axis,
(u,v,w), (u,,v,,W,)=(0,m@z,—my) are absolute and relative velocity. The governing
equations are written as:
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The source term H = (0,0,@w,—av)" is the rotating force generated by propellers, E, ,
F,, G,are the viscous fluxes.

By using spatial filter with the control volume, the equation of large eddy
simulation(LES) are reached. And the simple Smagorinsky’s [Smagorinsky 1963]

subgrid scale model(SGS) is introduced to close the subgrid stress in the filtered
equations, which can be written as:
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The length scale is geometric mean of the grid spacing L=V"? (V is the cell volume)
and turbulent viscosity is defined.

v, = (C,L)*[S;| 3)
Where
= 1 0u
ooy 4
3 2(6x ax) )
1S5| = /2538,

The SGS model coefficient C, =0.065~ 0.2. In order to reduce the number of grids

near the wall and to save the computing time , the log-law wall function[Xu 1989,
Huang 2006A] is applied to get the friction velocity and turbulent viscosity at the first
point near the wall.

3 NUMERICAL METHOD

By using the finite volume method (FVM), governmg equations (Egs. 1) are integrated
over the control volumeV . Let E = Ei +Fj +Gk ,E, =E, +F,]+G,k , with the use of
the divergence theorem, the semi-discrete form of governing equations can be written
as

+ Z(Eu v., ijSij =V-H (5)
jeN(i)
S; isareaand rj; is the unit outward normal vector of the jth surface surround the

control volume, Eij and évij are the convective and viscous flux, respectively. The
convective flux is evaluated with Roe’s scheme[Roe 1981] .
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Where, A is the Jacobian matrix of the inviscid flux .
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A is the diagonal matrix of eigenvalue ,and Rj L& are right and left eigenvector
matrices of A, The variablesUijL : UUR in equation (6) are interpolated by using
unstructured MUSCL scheme (U-MUSCL)[Clarence 2005].
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r; is the directive vector from nodes i to node j, the parameter y is0to 1, which
leads to different accurate for U-MUSCL. In this paper, y is setto 0.5, which leads a
third-order variable extrapolation to the control surface. The gradient of the variables
VQ, and VQ; are reconstructed with Weighted Least-Squares method.

Several methods are available to discretize the viscous terms. The simplest method is to
calculate the gradient of the velocities at each cell center Vu,, then average the values

at the interface between two cells, but these schemes is not stable and sometime it
brings too much numerical diffusion to the solution which may smear the useful details
of complicated flows. In this paper, the directional derivative method is applied to
discretize the viscous terms, the gradient of the velocities at the interface are split into a
normal and a tangent component to the interface[Clarence 2003] .

VU ij = (VUij )norm + (VUij )tang (10)
The normal component is approximated by the derivative along the edge.
_ Uj _Ui —
(Vuij)normal ~ = r]ij (11)
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The tangent component is calculated by
(VUij)tang = _UIJ_ (_U.J ﬁij)ﬁij (12)
Where
— VU, +Vu,
Vuij = Tj (13)
The gradient at the interface can be expressed as
R _ prmp—y U; _Ui = = \=
. VUE © Vi (= -V, -f,)n; (14)
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The temporal discretization of governing equations (Eqs.5) generate a series of
algebraic equations, which are solved by a full implicit matrix-free method LU-SGS
[Yoon 1988, Luo 1998,Luo 2001, Huang 2006B].

4 RESULTS

The above LES solver has been applied to calculate viscous flowfield around 3-blade
propeller DTMB P4119 in a uniform flow. The propeller was designed in the 1960’s to
validate lifting surface methods[ITTC 1998], whose design condition corresponds to an
advance coefficient J=0.833. The hybrid grid of tetrahedral and hexahedral shape are



filled in the domain about the blade and hub, and the tetrahedral grids is near the blade
and hub, the hexahedral grids is far from the blades, the total is about 27,000. Figure 1
shows the grids near the blade and hub in one passage. The geometry modeling and grid
generation are finished in Gambit software, then the exported mesh file is read and
imported to the LES solver.

The numerical results in Figure 2 shows that K_ and K, are in good agreement with

the experimental data. The relative error is less than 3% for thrust and 5% for torque.
The pressure distributions on the blade derived from velocity in boundary layer are
given by Jessup through LDV measurement [Jessup 1998]. The pressure distribution
along three radius of the blade are given in Figure 3 under design condition (J=0.833),
which are nearly same as the experiment data, only besides a little difference near the
leading edge due to the bad grid distribution. Figure 4 shows the circumferential-mean
velocity in downstream x=0.3281R for J=0.833. The variety of velocity in three
direction with the phase angle in x =0.3281R plane are given and compared with the
experiment data at the position of r/R =0.7 (Figure 5). The results agree with the
measurements very well except the tangential velocities near the rotating hub.
Numerical simulation does not capture the velocity peak in the downstream region of
blade boundary layer, maybe because the grids are too coarse in the region. The grid-
independence of LES and features of propeller’s wake in a non-uniform flow is in the
progressing work.
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Figure 1 Grids near blade and hub
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Figure 2 Open water characteristics of P4119

5 CONCLUSION

The viscous flow around the propeller DTRC P4119 is simulated on the hybrid meshes
with a LES method. The results of hydrodynamic performance, pressure coefficient on
the blade and velocity in the wake are in good agreement with the Jessup’s experiment
data, which give a good beginning of LES to predict the propeller unsteady force,
propeller cavitations and noise in a non-uniform flow.
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Figure. 3 Comparison of pressure distribution with experiment
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Figure. 4 Circumferential-mean velocity downstream at X
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Figure. 5 Velocity in one passage of propeller downstream at X



