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ABSTRACT

In this study, ANSYS-FLUENT packages are employed to
simulate the turbulent flow around DTMB4119 propeller in
open water conditions. In order to form a mesh, the multiple
reference frame (MRF) methodology is used. The results are
compared with the experimental results and a good
conformity is obtained, which endorses numerical simulation.
Furthermore, the K — @ turbulence model is used, which is
superior to other turbulence models in modeling marine
propellers. The investigation focuses on aspects related to the
influence of the pressure coefficient and the advance
coefficient on hydrodynamic performance and cavitation of
the propeller. The results reveal that the pressure coefficient
at first decreases and then augments as it moves from the
leading edge to trailing edge in the suction surface. Moreover,
by increasing the blade radius and its speed, the minimum
pressure increases in a way that pressure coefficient reaches
its minimum value. Furthermore, volume fraction of the vapor
over the blades decreases as the advance coefficient increases.
As a result, the possibility of cavitation decreases.
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1. Introduction

With time, it is incontrovertibly axiomatic that
design optimization of the propeller in
submarines is a crucial milestone for military
designers. It is very important to recognize the
fluid flow characteristics around these devices
in order to be able to create a better design. One
of the most important marine propellers is the
DTMB4119 propeller. An issue of concern in
these propellers is the distribution of pressure
on them and the cavitation in the cavitation in
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deep oceans. Therefore, a deep understanding
of the elaborate DTMB4119 propeller is very
important for designers. In recent years, quite a
few CFD studies were conducted to recognize
the behavior of the flow around the propellers
[14]. As early as 1978, Kerwin and Lee [5]
employed the unsteady vortex lattice technique
in order to formulate the unsteady propeller. In
another numerical simulation, flow pattern and
performance parameters of a DTNSRDC P4119
marine propeller in uniform flow were
calculated by Chang [6]. He used the finite
volume CFD method and utilized the standard
k-¢ turbulence model. Unsteady flow around a
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high-skewed propeller in non-uniform inflow
was examined by Funeno et al. [7]. Hu et al. [§]
numerically scrutinized the unsteady thrust and
torque of propeller DTMB 4119 in viscous
flow. Their considered propeller worked in
uniform inflow conditions. In another study [9],
two different propellers (DTMB 4119 and
SEIUN-MARU highly skewed propeller) were
compared by lifting surface and by CFD
methods. They concluded that CFD methods
can be utilized as a powerful means for pre-
design. Huang et al. [10] employed the
FLUENT software to simulate the thrust and
torque coefficient as a function of the advance
coefficient of propeller and thrust efficiency of
additional thrust fins. They also calculated the
pressure and velocity flow behind the propeller.

As evident in the aforementioned literature,
little study has been done to monitor the
behavior of the pressure coefficient and
cavitation of DTMB 4119 marine propellers.
Therefore, in the present study, the FLUENT
software was used to simulate the turbulent
flow around the DTMB 4119 propeller.
Moreover, the Multiple Reference Frame
(MRF) methodology is used to create a moving
mesh in the problem field. The effects of the
advance coefficient in different dimensionless
radius were also examined.

Nomenclature

Cp Pressure coefficient

D Diameter

G Gravity acceleration

J Advance velocity ratio
Kt Trust coefficient
Kq Torque coefficient

N angular velocity (RPM)
P Pressure

R Radius

T Time

v Velocity

n Efficiency

2. Problem definition

The problem configuration is depicted in Figure
1. Moreover, a viscid incompressible flow
around a DTMB 4119 propeller and its working
characteristics were examined. The working
characteristics included the trust coefficient,
torque, and efficiency of the system in open
water conditions. The propeller had three blades
with the diameter of 0.3048mm. The geometric
characteristics of the propeller are presented
in OTable 1. It is noteworthy that it was possible

to conduct the simulation in one-third of
geometry when the inlet conditions of the flow
were applied uniformly. However, a thorough
geometry of the propeller was employed for
simulation when the modeling of the flow field
was accurate.

Fig. 1. Schematic of the DTMB-4119 propeller

Table 1. The geometric characteristics of the

propeller
Diameter 3048/0
Number of blades 3
Rake 0
Skew angle 0

Blade section NACA 66 a=0.8

Table 2. The geometric characteristics of the

propeller blades

/R Chord P/D Thickness
0.2 0.32 1.105 0.2055
0.3 0.3625 1.102 0.1553
04 0.4048 1.098 0.118
0.5 0.4392 1.093 0.0916
0.6 0.461 1.088 0.0696
0.7 0.4622 1.084 0.05418
0.8 0.4347 1.081 0.04206
0.9 0.3613 1.079 0.03321
0.95 0.2775 1.077 0.03228
0.98 0.03 1.075 0.0316

2.1. The Hydrodynamic Performance of the
Propeller

The propeller systems can be examined under
two conditions of open water and its
performance on its hinder. The simplest way of
examining the propeller in marine science is
under open water condition. In this way, the
performance of the propeller should be
examined in terms of thrust force, the applied
torque on the blades, and the efficiency of the
propeller in the uniform water condition. The
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dimensionless form of the trust force and the
torque on the propeller are as follows:

:

K =D @
Q

Ko = oNTD* @)

where, N is the angular velocity, D is the
diameter of the propeller, 7 is the trust force,
and Q is the torque. The hydrodynamic
coefficients are usually interpreted on the basis
of the leading coefficient of J, which is:

v
I=3b 3)

where, V' is the inlet velocity. In open water
condition, the efficiency of the propeller (77)

was obtained by dividing the produced power
(P by the consumed power (Po).

R_TV K

o 2zNQ 27K, (4)

77:

2.2. Boundary Conditions

Under open water condition, the inlet velocity
was definite and, therefore, the inlet velocity
boundary condition is applied uniformly. In the
outlet, the constant pressure condition was used
as the pressure was known in this boundary.
Moreover, the rotation with angular velocity of
@ was the boundary condition used for blades
and hub. Finally, the outer boundary of the flow
was a wall, where the shear stress on it was
Zero.

2.3. Solution Domain

The solution domain was a cylinder with 5D
length and 4D diameters, which is depicted in

A

Stationary Zone

Fig.2. Moreover, a cylinder was considered
around the propeller with 1.1D diameter and
0.4D length as a rotary volume. This was
arranged in a way that the propeller was located
at the center of this cylinder. The solution filed
with its boundaries is illustrated in Fig.3.

In above figures, the solution domain is
composed of two zones: the inner zone and the
outer zone. The inner zone rotates while the
outer zone does not. For the inlet and outlet
boundaries, the velocity boundary condition
and the pressure boundary were taken into
account, respectively. The  performance
characteristics of the propeller, including the
trust force and torque of the propeller, were
obtained by solving the flow field with the aim
of the FLUENT.

2.4. Mesh Generation

The GAMBIT software [11] was employed to
generate mesh, which was a key element in
modeling the propeller in the solution domain.
The mesh generation consisted of two parts.
Although the solution domain was fixed and
constant in the first part, the rotatory volume
was meshed properly in the second part.
Furthermore, the mesh generation should be
smaller in spots where the velocity gradient was
high enough, such as near the blades and
especially in the wake section. This was
necessary in order to gain a solution with high
accuracy.

Mesh generation began by producing the
triangular cells on the blades and the surface of
the hub. In this section, the regions near the
summit, root, and the edge of the blades were
covered by smaller triangles. However, bigger
triangles with grow rate of 1.1 were used to
cover other surfaces of the propellers. Figure 4
shows the mesh generation of the solution

Moving Reference Frame

d
/
I
Interface !

Fig. 2. a)The solution domain with its boundaries; b)Boundary Conditions



f

10n

(b) the magnificat

>

Mesh generation of some parts of the

0 plane

Energy Equip. Sys./ Vol. 6/No. 1/March 2018/ 39-49

domain. In the next section, the tetragonal cells
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Fig. 6. (a) mesh generation of a part of the solution domain that is cut by the Y

of the spot between two blades which are shown in (a) section
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3. Numerical Implementation

Numerous turbulence models were developed
by different researchers and scholars. Each of
them could be used in a certain flow regime and
were valid and accurate in certain parts of the
domain. Moreover, the two-equation models
were cornerstones of quite a few researches
regarding turbulent flows in recent years and
they were the simplest turbulent models. Two
of the well-known two-equation models were

K —& and K —@. Most of the simulations
achieved using CFD were benefited from the
K —@ method, which was based on the shear

stress transfer. However, K —&and K — @ will
be explained [12-15].

3.1. k-¢ Model

The k —& model was a well-known two-
equation model [16]. In this model, the
turbulence field was defined by two parameters:
kinetic energy of the turbulent flow and viscous
dissipation rate of turbulent kinetic energy. In
this model, the turbulent kinetic energy
equation is as follows:

Dk 0 4 | ok

p—=—|| H+— |— |+

Dt ox, o, ) OX; (5)
G, +G, —ps-Y,,

The equation of the dissipation rate of the
energy is:

pwza{[wm]ag}
Dt ox, o, )OX;
1 & 1 (6)

82

&
Clg ?(Gk +C35Gb)_c25p k

where, G, and G, is the turbulent kinetic

energy produced by the average velocity
gradient and buoyancy force, respectively.

ou

Gk :puiujaxij, (7)
f OT
G = S —
b ﬂg, Pr; aXi (8)

where, G, is zero as the temperature is

constant. Thus, C,_did not have any effect on

the turbulent model. Y is the compensation of
dilatory fluctuations of the compressible
turbulence from all the dissipative rate of
energy. In this study, the flow was

incompressible and the value was zero. Here, u
tis the turbulence viscosity.

k2
lttt = pr ? (9)

C.,.C

le 2e°

and C , are constant. o and o, are

the turbulent Prandtl numbers for 4 and ¢, and
these values are considered constant in the
fluent.

C, =144, =1.92,C,=009,5,=10,5,=13  (10)

3.2. RNG 4-¢ Model

The turbulent RNG K —& model was derived
from the Navier—Stokes equation, with the aim
of renormalization of the group mathematical
method [17]. This method was based on the
standard K —& model and had some
advantages. This model had an excessive term
in the ¢&equation, which increased the
accuracy of the flow with high velocity. The
effects of the rotating vortices in turbulence
were presented in this model, which improved
the vorticity flow simulation. This model
provided one analytical formula for the
turbulent Prandtl number, while the kK —¢&
model used a constant number instead. The
RNG theory had one analytical formula for the
effects of viscosity in low Reynolds numbers,

whereas the K —&model was for high
Reynolds numbers.

In this method, the turbulent kinetic energy
equation (k-equation) is as follows:

ok 10 4 | Ok
— = +—= |— |+B -
ox, pax,{[ﬂ akjax} e (11)

]

Energy dissipation rate equation is as
follows:

os 1 0 L, | O

— = |+ ||+

oxX;  p OX; o, )OX;
6'2

&g
Clg rpk _CZS ?

(12)

P, is the produced turbulent energy, which is
defined as follows:

ou;  Ou; au,
R =v(—+—)—
‘ t(axj o x| (13)
C,, C,., and C,  have aforementioned
values.
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3.3. The k-¢ Model

Generally, the turbulent models which were
based on the equation suffer from predicting the
start of separation rapidly. To surmount this

problem, the K —@ model [18], which was
based on the shear stress transfer, was designed
to predict with high accuracy under unfavorable
gradients. Another advantage of this model was
that of improving the equations in low
Reynolds numbers near the walls to build up
accuracy of the calculations.

In the present study, the used under
relaxation coefficient for pressure was 0.3, for
momentum it was 0.7, and both of the k and ¢
was 0.8. Furthermore, the dynamic viscosity
and density of water are considered to be
0.001003kg/ (m.s) and 1000kg/ m’. Moreover,
the convergence criterion in this study was
considered 10"

4. Results and Discussion
4.1. Grid Independency Test

In order to ensure the independency of the
numerical results from the grid, three types of
grid—fine, medium, and coarse grid—were
produced. Table 3 shows comparison between
the number of mesh and the foregoing
hydrodynamic coefficients. Here, the advance
coefficient is 0.4 (the inlet velocity is 1.6m/ s)
and the propeller has a rotational velocity of
789rpm. As can be concluded from this table,
the finer the grid the lower is the amount of
error. Finally, the medium grid was found to be
the best grid for the simulation as it had a little
difference with other grids and it was also cost-
effective in terms of time.

On the other hand, another criterion in
examining the accuracy of the grid was the y
parameter. This parameter in the rotational
flows must be in the interval of30<y* <500. In

other words, the appropriate value of y °
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confirmed the high accuracy of the grid near the
surface, the boundary layer mesh, and the
growth of the mesh near the blades. The y
values for J =1 is displayed in Fig.7.

150

=
o
o

Wall Y Plus

50

R
0 0.05
Position(m)

Fig. 7. The y * values for J = 1

4.2. Validation of the Results

The hydrodynamic coefficients in terms of
advance coefficient for the present study and
experimental results are compared in0 Table 3.
There was a good conformity between the
numerical results and the literature. As can be
seen in Table 3, the trust and torque coefficients
were close to each other for any values of advance
coefficient. Their discrepancy was lower than 9%.
However, for the efficiency of the propeller the
numerical with experimental results have a
deviation that is more clear at the advance
coefficients greater than 0.7. Another noteworthy
point regarding this figure is that of the efficiency
for J = 0.9, which had the maximum value for
both the numerical and experimental results. This
fact demonstrated that the propeller had the best
performance at J = 0.9. Moreover, it is important
that for the vibration analysis of the propeller and
the effects of solid and fluid, J was considered 0.2.
This value generated a good conformity between

the numerical and experimental results.
Table 3. Comparisons of the obtained hydrodynamic coefficients for different grids.
. f mesh
Type of grid Nun(lll;egl?ont)nes Ks tow 10K rota Thota
Coarse 1.520 0.299 0.476 0.399
Medium 2.748 0.301 0.488 0.396
Fine 3.11 0.305 0.493 0.394
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—&—— 10Kq Experimental
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Fig. 8. Comparisons of the present study and the
experimental study of Jessup [15].

4.3. Variations of the Pressure Coefficient

Figures 9 and 10 displayed the variations of the

pressure coefficient on the sections with d, of 0.5

and 0.7 on the blades of the propeller (§y _ ' ). r
"R

was the radial distance from the propeller hub and
R was the propeller radius. Furthermore, the
horizontal axis of the figures was the d

parameter, which showed the distance from the
leading edge at the section of propeller blade.
Moreover, it was worth mentioning that the
pressure coefficients were calculated based on J =
0.83. The value of the pressure coefficient in these
sections was obtained based on the following
equation:

C _ 2p _2p0

p vy {l+ (% 2} (14)

where pyis the reference pressure and v, is the

forward velocity of the propeller.

In Fig.10, the pressure coefficient at first
decreases and then augments, as it moves from
the leading edge to trailing edge in the suction
surface. Moreover, by increasing the blade
radius and its speed, the minimum pressure
increased in a way that pressure coefficient
reached its minimum value.

——=e—— Present Work
———— Invicid Computation

? —_—
0 0.2 0.4 0.6 0.8 1
d

le

Fig. 9. The variations of the pressure coefficient in
the section of d, =0.5
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——+—— Invisid Computation
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Fig. 10. The variations of the pressure coefficient in
the section of d, =0.7

The pressure coefficient contours on all the
surfaces are shown in Figs. 11 and 12. As can
be concluded from these figures, the pressure
coefficient increased and the blade radius got
augmented as it moves from the leading edge to
trailing edge in the pressure surface.
Furthermore, the pressure coefficient also
increased.

The surfaces with the same velocity and
vorticity are shown in Fig. 13. As can be seen
in these plots, the propeller was inclined to
move toward the axial direction rather than the
radial direction.
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Fig. 11. The pressure coefficient contour on suction surface

X Y,
| 2
6230401 \

Fig. 12. The pressure coefficient contour on pressure surface
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Fig. 13. The surfaces with the same velocity and vorticity for the DTMB4119 propeller
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4.4. Cavitation around the Propeller

The volume of the formed wvapor in three
considered cord radius is shown in Fig.14. As can
be seen in this figure, the maximum volume of the
vapor was formed in 0.747R. The volume fraction

of the vapor over the blades in different advance
coefficients was indicated in Figs. 15-17.
According to these figures, as the advance
coefficient increased, the volume fraction of the
vapor over the blades diminished.

04 ——&—— 0.613R
i g 0.T4TR
- - - - 0.88R
i =
£ S
il 7
= | |
5 | T
§ 02 2/4& |
- L :
: o Ag& gggbl}b—&ﬂ}&
g ! ﬁv > \1 ﬁk :
2 ..L s \ W
L -&W \ t\‘\'
l ﬁ[}[ﬁ \\ g
- ]' k
S :
ﬁ T B ] L f%éﬁ;%_‘
0z 04 06 038 1

Fig. 15. The volume fraction of the vapor over the
blades in j = 0.6

Fig. 17. The volume fraction of the vapor over the
blades in j = 0.833

Fig. 16. The volume fraction of the vapor over the
blades in j=0.7

——— without hydrostatic head
— — — - 0.5mhydrostatic head
——w—-- 1m hydrostatic head
e 1.5 hyydrastatic head

02

0.2

volume of vapor phase

Fig. 18. The volume of vapor phase in terms of
variation of hydrostatic head in 0.613 radius
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— — — - 0.5mhydrostatic head
—+—— 4mhydrostatic head
04 1.5m hydrostatic head
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=
(o3
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Fig. 19. The volume of vapor phase in terms of
variation of hydrostatic head in 0.747 radius

5. Conclusion

In the current study, a numerical simulation was
conducted to investigate the behavior of the
DTMB4119 propeller in the open water
condition. The ANSYS-FLUENT packages
were employed to exploit the results. The
propeller hydroacoustics was produced by
vorticities, in which these vorticities were
created by rotating the propeller. The non-
cavitation propeller noise came from dipole. In
this study, propeller was simulated in cavitation
and non-cavitation conditions. As it was seen,
in this research, we could simulate the produced
vorticities, which were the principle factor in
propeller hydroacoustics. Moreover, they were
significant factors in designing the propellers.
The results showed that by moving from the
leading edge to trailing edge in the suction
surface, the pressure coefficient at first
decreased and then got augmented. Moreover,
by increasing the blade radius and its speed, the
minimum pressure increased in a way that
pressure coefficient reached its minimum value.
Furthermore, by moving from the leading edge
to trailing edge in the pressure surface, the
pressure coefficient increased and the blade
radius got augmented, increasing the pressure
coefficient. Furthermore, as the advance
coefficient increased, the volume fraction of the
vapor over the blades decreased. As a result, the
possibility of occurring cavitation decreased.
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