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Zhou Lian-di and Zhao Feng
China Ship Scientific Research Center
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ABSTRACT

This paper presents an effective method for
computing the internai and external viscous flow
field arouiid the ducted propulsor behind an

axisymmetric body by using a new Navier-Stokes
equations solver with primitive variable continuity
equation formulation. In the present numerical
method, the calculation equation for pressure with
well-defined coefficient, which forni is similar to the
artificial compressibility method, is developed. A
semi-staggered grid system is adopted. Not only the
advantage of staggered grid system can be retrained
hut the boundary conditions on the inner and outer
surface of the duct can be also carried out easily. By
using a special grid system and the programming
technique for implementing the jump boundary
condition on the duct surfaces, the internal and
external viscous flow field around the ducted
propulsor behind the axisymmetric body may be
calculated integrally in an unified numbered grid
system. Some configurations are calculated and
compared with experimental date and nunierical
results of other methods. illustrative calculations are
also presented for a stern of axisymmetric body with
the hackstcp fitted a duct to illustrate the capability
of the present method. Beside that, the effect of axial
distribution of body force is considered and
discussed in order to extend the application range of
the present method.

INTROI)UCTION

lt has been known in marine propulsion
technology that the use of ducted propeller has oflen
been an attractive alternative for ship and

underwater vehicle propulsion as welL With a duct
that accelerates the flow, the propulsive efficiency
can be increased. With a duct that decelerates the
flow, the inception of cavitation on the propeller can

be delayed. In order to take advantage of the ducted
propeller to obtain the desirable benefit, a clear
understanding of the role it plays is important. The
reliable numerical simulation ol the flow field
around the dueled propeller is a useful tool to gain
understanding. Various potential theories have been
used to model ducted propulsors in uniform flow
with varying degrees of success. For a submerged
vehicle, the propulsor is operating within the thick
boundary layer developed near the stern. The
potential methods cannot take into account the
interaction between the dueled propulsor arid the
strong vorticity field inside the boundary layer.
Thus, it is necessary to use Navier-Stokes equations
solver for analyzing ihe viscous flow field around
the ducted propulsor/stern. When a ducted propulsor
operates in the nonuniform wake of ship, the
resulting flow field is that due to the hull, duct and
propeller combination body. For this flow field, the
exact treatment is to incorporate the actual propeller
into a viscous flow calculation method and no-slip
boundary condition must be satisfied on surfaces of
the hull, duct arid rotating blades of the propeller.
However, it is still a very difficult problem today to
solve the flow field of a hull, duct and propeller
combination body by using such an exact method.
1hc popular research work is that the body force
field which presents the effect of propeller is

incorporated into the Navier-Stokes equations.
Beside that, another difficult problem raised due to
the duct which divides the flow field into the
internal and external flow field. In existed methods
for computing the viscous flow field around the
ducted propeller behind an axisymmetric body, the
stream line-iteration method adopted by Schm iecheri
and Zhou [I] must know the flow rate entered the
duct beforehand, and the multiblock iteration
method employed by Yang et al [2] and Dai et ai [31
vill increase CPU time.

In the present paper an effective method for
computing the internal and external viscous flow



ficld around Che ducted propulsor behind an
axisymmctric body is developed. In numerical
method, the time-dependence Reynolds Average
Navier-Stokes equation with primitive variable
formulation is solved, k-c two equation turbulence
model is employed and the effect of the propeller
inside the duct is modeled by a body force. There
are three features in our numerical method. Firstly,
by using the point relaxation method the continuity
equation is transformed the calculation formula for
the pressure, which has a formal resemblance to the
formula of artificial compressibility method, but its
coefficient is well-defined and depends on the
geometric parameters of grid and the velocities in
the neighborhood of the calculating points. Thus, the
pressure adjustment is adapted to the neibouring
flow field. The drawback of slow convergence for
the pressure and residuum of the continuity equation
in using the original artificial compressibility
method, which is due to the inconsistency of
artificial velocity of pressure wave propagation with
the real physics, is overcome. Secondly, a semi-
staggered grid system is developed, i.e. u, w, k, and
e are defined at the node of grid and y and p are
defined on the usual staggered grid system.
Therefore, not only the advantage of staggered grid
system can be retrained but the boundary conditions'
on the inner and outer wall of the duct can be also
easily carried out. Finally, by using a special grid
system and the programming technique for
implementing the jump boundary condition on the
transformed duct wall, the internal and external
viscous flow field around the ducted propulsor
behind the axisymmetric body may be calculated
integrally in an unified numbered grid system. Thus,
two block iteration calculation between internal and
external flow field inside and outside duct may be
avoided and the computing tinie is saved. Three
difference configurations are- calculated and
compare with experimental data and the numerical
results of other methods. These are, I .axisymmetric
body with a duct, 2. axisymmetric body with a duct
and an operating propeller. 3. accelerate ducted
propeller. Illustrative calculation is also presented
for a stern of axisymmetric body with the backstep
fitted a duct to illustrate the capability of the present
method, which can calculate a very fuit aflerbody
even with backstep. Beside that, the effect of axial
distribution of body force is considered and
discussed in order to extend the application range of
the present method.

GOVERNING EQUATIONS AND BOUNDARY
CONE) ITION

-2-

The nondimensional equations of axisymmctric
viscous incompressible flow arc written in

cytindrical polar coordinates (x,r,O) in the physical
domain as follows:

au ia

ou au au a
+ U + V -- + (p +

in above six equations U,V, and W is the mean
velocity components in the (x,r,O) coordinates

UL
system; p is the nondimensional pressure; Re = -e-

is the Reynolds number defined in terms of
characteristic velocity U . characteristic length L
and molecular kinematic viscous y ; k and e are
turbulent kinetic energy and its dissipation rate
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where $ = k for the k-equation (5) and 4) = e br the
c-equation (6); G is the turbulence generation term.

G = v42[)
+ +

I [(au' (av'2 (v"2

(au av' (aw2 (aw w'
(8)--+--) Li-) +(----)

In the two-equation k-c turbulence model each
Reynolds stress is related to the corresponding mean
rate of strain by the isotropic eddy viscosity y1 as
follows:

(au av
uy = Vt -: +

aw
- uw- (aw wvw

(au2 (9)
- UU

- vv =v12)k(av2
(V2ww =v

r 3

The model constants are:

C = 0.09, Ç, = 1.44, Ç2 = 1.92,
k

= = 1.3

The above equations (1) - (9) form a set of closed
solving equations. For the axisymmetrical internal
and external flow as shown in the figure 1., the
boundary conditions are as follows:
Inlet: V = W = 0, k = 0.00375U. , e = k' /2, U is

determined according to the boundary layer
thickness of flat plate and 1/7 rule;

au av aw 8k ¿3e.
Exit. -- O

Solid surface: U = V = W = 0, ak/all 0, E iS
determined by the wall function.

Outerboundary: U= I, VW0 -=-0on8n
5U8k8c

Wake centerline: W = V. = 0, - = O

II-TYPE BOUNDARY FITTED GRID SYSTEM
AND SEMI-STAGGERED GRIL)

The current method of elliptic boundary fitted grid
generation [4] has been rather ripe, but the relations
between the choice of the grid type and the practical
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physical problem arc lesser considerc(l. In the
present method I l-type grid is selected. It lias the
advantages that the form of the grid, boundary and
relatively location in the calculation domain are
coincident with those in the physical domain. This is
specially suitable to the present internal and external
flow problem. However, it is difficult to generate the
good quantitative grid for Il-type grid by using
single block method. Therefore, the multiblock grid
generation method [5] is used. The sketch of
multiblock grid region is shown in Fig.l. For this
multiblock grid, by using the programming
technique for implementing the jump boundary
condition on the both side of transformed duct
surface and for properly taking boundary data in
calculating the inner points near the both side of
duct surface, the flow field of multiblock H-type
grid which corresponds to the internal and external
flow field around the duct can be solved in single
block grid system. Thus, multiblock iteration
between internal and external flow field inside and
outside duct may be avoided and the CPU time is
saved.

To overcome the difficulty of implementing
boundary conditions in the staggered grid system,
and at the same time to keep the advantages of the
staggered grid, the equations are discretized in the
semi-staggered grid system, i.e. U, W ,k, and e are
defined at the normal grid nodes, y and p are
defined at the original staggered grid nodes, as
shown in Fig.2. Thus the original advantage of the
staggered grid can be retrained. The solving pressure
is related to the neighbouring nodes and the pressure
oscillation can be efficiently controlled. The
boundary conditions on the inner and outer wall of
the duct can be also easily carried out. Discreted
difference equations are written on the grid of
U,V,W,p,k and e, respectively.

L)IFFERENCE DISCRETIZATION AND THE
PRESSURE SOLVING EQUATION IN
CONTINUITY FORMULATION

Firstly,(he governing equations (i) - (9) are

transformed into the boundary fitted grid systems.
The discretization methods and forms for the five
equations are the same. The up-wind discretization
scheme is used in the convection ternis in order to
keep the stability. For an example, the U equation is
written as:

+ AuU' + BuP°' = O (IO)



where the superscripts n- I and n- I represent the
value at n-+1 and n-I time step, respectively, At is
the time step, Au and Bu are coefficient matries
aíer discretization.

We calculate the middle time layer value to obtain:

+ AuU + BuP = O

where U represents value of Un41 at the middle time
layer. By using point relaxation method for the
equation (Il), we have

= U(k) + + At]. [-A U') -

- AU(k) - Bul' - j(U(k) - Un')

where U'(k) represents the k times iteration value of
n-+1 step at the middle layer; o is the relaxation
factor;

rrnu is the difference reniainder of the U
momentum equation,

rmu = -A0U - - AU' - BuP -

(U> - U') (13)

A and A are the lower-triangular matrix and the
upper-triangular matrix of Au respectively, A is the
diagonal matrix of Au, lis unit diagonal matrix.
The discretization method and form of the V

equation is similar to the above U equation, and the
continuity equation is discretized as

CuU + CvV" = 0 (14)

where Cu and Cv are the coefficient matrices.
The pressure equation is derived as follows by

substituting Un" and V into the discretized form
of the continuity equation (14)

4

+ A°] Cuflu +[-1 +A i -CvBvlI''
tL2At J L2\t J j

=CuIU+w1_l__IA
L21t

A'U' A'U" - -(U"' - U')
L 2iM

+CvJVL) +Í_LI+AT' -

t L2t

- A°V A'V' - - V')
L 2M

Let us denote D as the coefficient matrix:

r
pni = V V

(16)

The equation (14) can be solved by point
relaxation method. The initial value is assumed to be
p and U,and V calculated by pn. The equation (15)
is written as the following simple form

(17)

where D are the diagonal elements of the matrix D;
rp is the pressure relaxation factor for the pressure.
The form of equation (16) is similar to the artificial

compressibility method[6J and relaxation coefficient
rp is easily chosen. Because D has defined value,
which is related to geometric parameters of the grid
and the velocities at the neighbouring grid nodes,
thus, the pressure adjustment is adapted to the
neighbouring flow field. The drawback of slow
convergence for the pressure and residuum of the
continuity equation in using original artificial
compressibility method, which is due to the

inconsistency of artificial velocity of pressure wave
propagation with the real physics, is overcome.
Comparing SIMPLE method, the solution of a
Possion equation can be avoid and the CPU time can
be decreased.

The coefficients of above discretization have been
strictly derived under the semi-staggered grid
system in the references [7].

= U(k) i + rmu (12)
D = w{[jI + A] Cu Bu + [-i -4- AICvBv



REPRESENTATION OF THE PROPELLER

As mcntionecl in the introduction, the popular
research work on the hull-propeller interaction is the
body forcefieldpresentation of the propeller. In this
method, the effect of the propeller is accounted for
by the addition of body force terms in the source
functions of Navier-Stokes equations. The essential
parameters that defined the propeller effects are the
thrust coefficient CT, the torqné coefficient CQ , the
advance coefficient J and the radial circulation
distribution G(r). The same parameters are used to
define the body force for the propeller model. The
axial and circumferential body force er unit volume
are obtained from the following equations:

pRp

f1 = CTRG(r)/4Axf G(r)rdr
JRI,

P.p

Ib0 CRG(r)/2rAx I G(r)rdr
J Rh

where Rh and R are the radii of propellor hub and
blade tip respectively, and Ax is the thickness.
Owing to the fact that, the blade circulation
distribution depends upon the inflow at the propeller
plane which in turn is influenced by the blade
circulation. This mutual dependence implies that the
body force tb and Ib0 which are functions of G(r)
should be obtained by an iterative procedure. To
complete this procedure, any propeller prográm can
be used for this purpose.

If the discreted radial distributions for thrust and
torque, T(r,) and Q(r,)j = I,-" n, are known , From
the formula

Rp
T=2itpL2UAxI fb (r)rdr

JRh
Rp

Q=2itpLU,Ax f fb0(r)r2dr
JRh

The body force field can be obtained as follows

fb(r) T(r)
2itAxpL2U,r(r,1 - r.)

(20)
0(r)

2itAxpLUr(r, - r)

where r = O.S(r + Of course, to determine T(r)
and Q(r) also needs an iterative procedure.

The iterative procedure is follow as:

(I 8)

(t 9)

5

(I) The flow field around the stern of and
axisymmetric body only with a duct is calculated,
and the inflow of the propeller may be obtained.

The propeller performance calculation is
carried out under the calculated inflow condition.
1lie dimensionless circulation distribution U(r) or
the thrust and torque distributions i'(r) and Q(r) may
be calculated and consequently the body force
distributions fb(r) and fb0(r) may be obtained.

The flow field around the stern of an
axisymmetric body with a duct and the body force
field is calculated, and by substracting the propeller
induced velocity from the calculated total velocity
and the new inflow of the propeller may be
obtained.

Repeat calculations of step (2) to step (3)
until the convergence is reached.

NUMERICAL EXAMPLES

The four configurations that were calculated are
I. flow over (lie body with a duct, 2. flow over the
body with a duct and an operating propeller. 3. flow
over an accelerative ducted propeller and 4. flow
over a stern of axisymmetric body with the backstep
fitted a duct with rotor and stator. The calculated
results are compared with available experimental
data and the numerical results of other methods.

case I. Flow over the Body with a Duct

This numerical example is taken from [2]. Figure
3 shows the calculated velocity vectors in the stern
region by the present method. Figure 4 shows the
results from both computation of Yang's method and
experimentlfl.

case 2. Flow over the Body with a Duct and an
Operating propeller

This numerical example is also taken from [2].
In this case the circulation G(r) and consequently the
body force was assumed to be given. Figure 5 shows
the calculated velocity vectors in the stern region by
the present method. Figure 6 shows the results from
both computation of Yang's method and experi-
rnentr2t. Comparing the above figures it can be seen
that the essential flow phenomena such as

separation, acceleration and contraction can be
realistically predicted by the present method.

case 3. Flow over tue Accelerative Ducted
Propeller



This numerical example is the ducted propeller
combined duct RI) 18 with propeller 6510. lt was
testcd[9] and calculated by full-panel mehodll0l at
CSSRC. In this example the viscous flow approach
to the computation of hull-propeller interaction is

carried out and the panel method developed by
Xingt10' is used in computing propeller. Figure 7
shows the calculated velocity vector field around the
duct. Figure 8 shows the calculated velocity profiles
at the various axial locations for the flow over the
duct without propeller and the comparison with the
calculated results of the panel method[I0]. Figure 9
and Figure I O show the convergence procedure of
the interactive iteration in computing the radial
distributions of thrust and torque respectively. Table
I shows the convergence procedure of the

interactive iteration in computing the propeller
performance characteristics and the comparison with
the experiment and the calculated result of the full
panel method. The agreement is satisfactory.

Table I

case 4. Flow over a Backstep Stern Fitted Duct
with Rotor and Stator

This case is an illustrative calculation to illustrate
the capability of the present method. The

configuration is a stern of axisymmetric body with
the backstep fitted a duct with rotor and stator.
Figure iI shows the calculated flow field around
this configuration. The calculations are also carried
out for two forms of axial distribution of body force
shown in Figure 12. Figure 13 shows the calculated
velocity profiles for these two forms of axial
distribution of body force. From the above figures it
can be seen that the -essential phenomena such as
separation, vorticity, deceleration and contraction

6

can be realistically predicted and the influence of the
axial distribution fono of body force can he

responded.

CONCLUSION

A numerical method based on the H-type

boundary fitted grid system, semi-staggered grid
discretization and the new calculation equation for
pressure was developed. Numerical results indicate
that this numerical method is effective and is

specially suitable to solve the internal and external
flow field problem. In order to extend the
availability of the present method the effects of the
appendage and strut should be incorporated in the
further research work.
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