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Abstract: The current research proposed the theoretical model for ship twin-propeller
jet based on the axial momentum theory and Gaussian normal distribution. The
twin-propeller jet model is compared to the more matured single propeller jet model
with good agreement. Computational Fluid Dynamics (CFD) method is used to
acquire the velocity distribution within the twin-propeller jet for understanding of
flow characteristics and validation purposes. Efflux velocity is the maximum velocity
within the entire jet with strong influences by the geometrical profiles of the blades.
Twin-propeller jet model showed four-peaked profile at the initial plane downstream
to the propeller compared to the two-peaked profile from a single-propeller. The
four-peaked profile merges to be two-peaked velocity profile and then one-peaked
profile due to the fluid mixing. Entrainment occurs between the ambient still water
outside and the rotating flow within jet due to the high velocity gradient. The research
proposes a twin-propeller jet theory with a serial of equations enabling the predictions
of velocity magnitude within the jet.
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1. Introduction

Propeller is the most commonly used propulsion method for modern ships. A rotating
propeller entrains the surrounding still water and subsequently ejects the water
backward from a ship. Ship propels forward as reacting forces to allow the movement
of a ship. The ejected water in the moving process is being called as ship propeller jet.
This jet has high velocity characteristics with complicated rotating feature compared
to a plain water jet. The impingement of this jet at the seabed close to harbour causes
the seabed scouring leading to the sediment transport and damage of the harbour
foundation. The investigations of the fluid flows within the ship’s propeller wash
which can lead to seabed scouring are of particular interest for the design of marine

structures (Lam et al., 2012).

The velocity of this jet decreases gradually with distances due to the mixing between
the moving jet water and surrounding still water in an unrestricted area. If this jet is
restricted, this high velocity jet will not decay naturally by entraining the surrounding
water (Lam et al., 2013). The high-speed jet causes seabed scouring when the natural
dissipation of the energy is being restricted by the seabed. Natural mixing between the
moving jet water and surrounding still water is being disturbed by balancing through

the seabed sediment movement.

Size and rotational speed of a single propeller limit the propulsion system for a bigger

ship. The twin-propeller system was proposed and being widely used to overcome the



limitation of single propeller system. Two propellers are installed side by side at the
stern of a ship instead of one propeller. Twin-propeller system provides more thrust
compared to a single propeller. A ship can obtain more thrust from two installed

propellers to allow the propulsion of a bigger ship.

The jets from twin-propeller system are not a simple combination of two single
propeller jets. A single jet has three components of velocity, which are the axial,
tangential and radial components of velocity (Lam et al., 2013). Axial velocity leads
to the axial motion of the jet as main contributor of the motion. Tangential velocity
leads to the rotation of the jet and radial velocity leads to radial expansion of the jet.
The interference of the two complicated propeller jets forms the twin-propeller jet,
which has not much been reported by the previous researchers. The investigation is
currently conducted to understand the nature of the twin-propeller jet and to propose a

theoretical model to predict the velocity components of the jet.

Albertson et al. (1950) proposed a plain water jet theory to predict the velocity field
based on axial momentum theory. Lee ef al. (2003) summarised both jets and plumes
and developed the theory about the interaction of multiple jets. Hamill (1987)
measured the velocity distribution in the jet of a propeller model using Pitot tube and
used the ship’s propeller jet in the seabed scouring investigation instead of a plain
water jet by the previous researchers. Lam ef al. (2012) measured the axial, tangential

and radial components of velocity at the efflux plane of a single propeller by using



Laser Doppler Anemometry (LDA) method. Hamill ef al. (2015) investigated the
efflux velocity from four different propellers operating at four rotational speeds and
made comparison with the previous works. Hamill et al. (2016) proposed the
semi-empirical equations to determine the location, magnitude and distribution of the
axial velocity within a free expanding propeller jet. Mujal-Colilles et al. (2017)
measured the velocity distribution within a twin-propeller jet using Acoustic Doppler
Profiler (ADP) and suggested Blaauw et al.’s (1978) equation well agreed with the

experimental results.

2. Methodology

Computational Fluid Dynamics (CFD) method is used to investigate the flow
structure within twin-propeller jet. CFD is a numerical technique used to simulate the
flow field based on Navier-Stokes equations through computer. CFD is inexpensive
compared to the experimental method. Fundamental knowledge and governing
equations of CFD can be learned in Versteegs and Malalasekera (2007). The well
programmed CFD code ANSYS Fluent™ (15.0) is used to solve the Navier-Stokes
(NS) equations (ANSYS Fluent, 2013). The propeller geometry is created using
Solidworks (Solidworks, 2016) and imported to ICEM™ 15.0 modeller for mesh
generation (ANSYS ICEM, 2013). Procedure of the geometry creation, mesh

generation and solver solution are discussed in the following sections.

2.1 Geometry creation



A single propeller model with diameter of 76mm is selected in the current
investigation. This propeller is termed as propeller-76 and was used in Lam (2008)’s
PhD. Propeller-76 is arranged side by side virtually in CFD model to form the
twin-propeller system. The characteristics of the propeller-76 can be found in Table 1
including the propeller diameter, hub diameter, blade number, rake angle, pitch ratio,
blade area ratio, thrust coefficient. Diameter of twin-propeller (Dy,) is termed as the
farthest distance between the tips of two propeller. The distance from hub to hub (Lj,)

is the distance between rotating central of two single-propeller. The distance from tip

to tip (L) is the nearest distance between the tips of two propellers.

Table 1. Propeller characteristics of single-propeller and twin-propeller systems

Properties Single-propeller | Twin-propeller
Propeller diameter, D,, (mm) 76 76
Hub diameter, D, (mm) 14.92 14.92
Blade number, N 3 3
Rake angle, 6 (°) 0° 0°

/ 1 1
Pitch ratio (P )
Blade area ratio, 3 0.473 0.473
Thrust coefficient, C; 0.4 0.4
Diameter of twin-propeller, Dy, (mm) - 228
Distance from hub to hub, L, (mm) - 152
Distance from inner tip to tip, L, (mm) | - 76
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Fig. 1. Propeller geometry (a) aft view; (b) starboard view; (c) twin-propeller system

Solidwork is used to create the propeller geometry based on the propeller
characteristics as presented in Table 1. Three-bladed propeller is shown in Fig. 1 as
the aft view, starboard view and twin-propeller system. Two identical propellers are

created side by side with one propeller diameter distance to form the twin-propeller



system. The origin of coordinates is set at the midpoint of endpoints of two propellers’

hubs as shown in Fig. 2 (a).

Domain is the boundary used for the automatic grid generation. Domain is divided to
be rotor subdomain and water subdomain. Two cylinders termed as rotor subdomain
surrounding the propellers are created to represent the rotating parts as rotor in the
twin-propeller system. The two rotor subdomains are 1.2D,, in diameter and 1D,, in
length. A bigger cuboidal subdomain is created to surround the cylinders with 52D,
in length, 14D,, in height and 16D, in width. The cuboidal subdomain acts as the
water domain as shown in Fig. 2.
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Fig. 2. The rotating part and water domain surrounding the propeller (a) rotor

subdomains (b) cuboidal subdomain

2.2 Grid generation
ICEM is used in the mesh generation in order to prepare the structured mesh for rotor

subdomain and water subdomain. Structured grid is chosen to generate the grid for the



twin-propeller model due to the consideration of accuracy. Mesh density is higher to
capture the information close to the efflux plane regions, which is near to the propeller.

Mesh for the twin-propeller system is shown in Fig. 3.
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Fig.3. Water subdomain with embedded rotor subdomain (a) water subdomain; (b)

rotor subdomain



2.3 Turbulence model and discretisation scheme

SST k- turbulence model is a time averaged turbulence model. SST k- turbulence
model is more suitable for the calculation of propeller jet compared to most
turbulence models such as standard k-¢ model, standard k- model and Reynolds
Stresses Model (RSM). SST k-o turbulence model combines the positive features of
both the standard k-¢ model and standard k-o model. The standard k-@ model can
accurately predict the near-wall region and the standard k-¢ model can accurately
predict the far field. SST k-o model combines these two models by a blending
function F. SST k-o model is equal to standard k-o model at the near-wall region and
is equal to standard k-¢ model at the far field. SST k-o model can both accurately
predict the rotor subdomain and water subdomain in this case. More discussion on the

turbulence models can be found in Versteegs and Malalasekera (2007).

Second order discretisation scheme is selected as in Lam (2008) instead of first order
discretisation scheme. Discretisation scheme is used to calculate the velocity
magnitudes through iteration process and the simulation is stopped at the designated
under relaxation factor as converged results. Lam (2008) used the second order
discretisation scheme in single-propeller jet calculation. The current study implements
the second order scheme in twin-propeller jet as well. Second order discretisation
scheme is selected to approximate the partial differential equations as algebraic

equations over the discrete cells of the computational grid.



2.4 Mesh movement

Rotating reference frame is the method rotating the reference frame of the propeller
relative to the inertial reference frame. Inertial reference frame is the global reference
frame, which is always stationary. The water subdomain is located within the region
of inertial reference frame. Rotating reference frame is used to rotate the propeller in
rotor subdomains. This represents the physical motion of two rotating propellers. The
water subdomain is connected to the rotor subdomain through interface, which is
designed for two subdomains to exchange flow field information. Two propellers are
rotating internally at opposite direction. Propellers are rotated using the rotating frame
method at 1000 rpm as the setup in Lam (2008). Another two cases in which the
propellers are rotating at 750 rpm and 1250 rpm are simulated as comparisons. The

initial ambient velocity is zero in these three cases.

2.5 Domain sensitivity analysis

A domain sensitivity analysis is carried out to ensure the domain size giving
insignificant influences to the model. Three domain sizes are tested. The first domain
is 52D, in length, 9D, in height and 11D, in width (52 DpX9 DpX11Dp). The
second domain is 52D,, in length, 14D,, in height and 16D,, in width (52 DpX 14 Dy
X 16 Dp). The third domain is 52D,, in length, 20D,, in height and 22D,, in width (52
DpX 20 DpX22Dp). The maximum velocity values and average ambient velocity
values at x/ D, =0,4,8,14 are compared in Table. 2. Domain independence reaches

at the second domain. The second domain is used in the following investigation.



Table 2. The maximum velocity values and average ambient velocity values at

x/D, = 0,4,8,14 in the three domains.

Type of velocity Size of domain | Velocity Velocity | Velocity | Velocity
in length, height | \ o |atap, |at8D, |at14D,
and width (Dy)

(m/s) (m/s) (m/s) (m/s)
52x9x11 1.40 0.75 0.49 0.36

Maximum

velocity 52x14x16 1.40 0.75 0.49 0.36
52x20%22 1.40 0.75 0.49 0.36
52x9x11 0.05 0.05 0.08 0.1

Average ambient

velocity 52x14x16 0.01 0.01 0.015 0.02
52x20%22 0.01 0.01 0.015 0.02

2.6 Grid independence analysis

A grid independence analysis is carried out to ensure the grid refinement giving

insignificant influences to the model. Three grid densities are tested including the

1010910-cell, 1542830-cell and 2474850-cell domains. The maximum velocity values

at x/ D, =0,4,8,14 are compared in Table. 3. Grid independence reaches at the

1542830 cells. The 1542830-cell grid is used in the following investigation.

Table 3. The maximum velocity values at x/ D, =0,4,8,14 in the three cases with

various grid densities.




Grid density Velocity | Velocity | Velocity | Velocity
at0D, | at4D, at8D, |atl14D,
(m/s) (m/s) (m/s) (m/s)
1010910-cell grid 1.39 0.74 0.51 0.39
1542830-cell grid 1.40 0.75 0.49 0.36
2474850-cell grid 1.40 0.75 0.49 0.36

3. Model validation

Lam (2008) investigated the axial, tangential and radial components of velocity within

a single-propeller jet rotating at 1000 rpm by using a Laser Doppler Anemometry

(LDA) system. Characteristics of the single-propeller jet are compared to the

twin-propeller jet for validation purpose. A horizontal XY plane in Fig.4 is created in

order to acquire the axial velocity, which is the main data for the comparison. Velocity

in x-direction in the XY plane is the axial component of velocity. This investigation

focuses on the time averaged axial velocity in twin-propeller jet. No data on the

velocity distribution of the twin-propeller jet is found from the previous researchers.

Twin-propeller jet is compared to the single-propeller jet using Lam’s (2008) results.
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Fig.4. XY plane to acquire the axial velocity of twin-propeller.

Lam (2008) suggested that the maximum velocity occurs at the blade area with

maximum thickness and zero axial velocity occurs at boundary of efflux plane RL =
14

1.14. No interference of two propellers is expected when the distance from hub to hub
(Ly) is beyond the boundary of efflux velocity, which is two times of the boundary
distance contributed by two propellers (2 x 1.14R,= 2.28R;)). The current hub-to-hub
(Lp) distance and inner tip-to-tip distance (L;) are 4R, and 2R, respectively, which
is far enough to prevent the interference. The velocity of the inner tip-to-tip at the
efflux plane is close to zero and little disturbance occurs between the two
single-propellers in twin-propeller at the efflux plane. The twin-propeller at efflux
plane can be regarded as two non-interfering single propellers. Twin-propeller results

can be validated by using the LDA results of single propeller at efflux plane.

3.1 Single propeller jet theory



Fuehrer and Romisch (1977) defined the efflux velocity (V) as the maximum velocity
at the face of the propeller. Theoretical equation derived from axial momentum theory
Eq. (1) is a widely accepted equation used to predict efflux velocity, as shown in
Table 4. Hamill (1987) conducted experiments and proposed a correction factor 1.33
instead of 1.59 to propose Eq. (2). Stewart (1992) further refined Eq. (1) by including
the consideration of the propeller diameter, pitch ratio and blade area ratio to calculate

the efflux coefficient as Eq. (3).

Table 4. Prediction of efflux velocity

Source Equations
Axial momentum theory |V, = 1.59nDp\/ C; Eq. (1)
Hamill (1987) Vo = 1.33nD,VC, Eq. (2)
Stewart (1992) Vo = snD,VC,

¢ = D;o.oesﬁp / 1.5193—0.323 Eq. (3)

Hamill (1987) suggested that the velocity of the lateral distribution from efflux plane

to 0.5D,, downstream of the propeller can be predicted using Eq. (4).

Yar — o[=(1/2)(r=Rimo)/(Rimo/2))?] Eq. (4)

Vm ax

where V., is the mean velocity at any position in the jet defined by the axial

direction x from the initial efflux plane and the radial distance r from the rotation axis.



Vinax 18 the maximum velocity of the cross section. R,,, is the radius distance from
the rotating axis to the point of maximum axial velocity at the efflux plane, which can

be calculated based on the equations in Table 5.

Table 5. Prediction of the position of efflux velocity

Source Equation

Berger et al. (1981) Ry = 0.67(R, — Ry) Eq. (5)
Prosser (1986) Ry = 0.6(R, — Rp) Eq. (6)
Hamill (1987) Ry = 0.7(Ry, — Rp) Eq. (7)

Where R, is the radius of propeller and Rj, is the radius of the propeller hub.

Berger et al. (1981) proposed the position of the efflux velocity occurs at a distance
0.67 of blade area from the rotation axis to propose Eq. (5) as shown in Table 5.
Propeller blade is being carefully designed with the hydrofoil geometry and the hub is
only used to connecting the blade. The equation only considers the blade region
without the hub region. Stewart (1992) agreed the equation proposed by Berger et al.
(1981). Prosser (1986) and Hamill (1987) corrected the equations with a close

coefficient 0.6 and 0.7 respectively, as Eq. (6) and (7) in Table 5.

3.2 Validation at the efflux plane
Fig. 5 shows comparison of the twin-propeller system with the previous single

propeller works from Lam (2008) and Hamill (1987). The efflux plane is set at the



aforementioned origin of coordinates. In this study, the central axis is set at y/R,=0
in twin-propeller system. The rotational axes are set at y/R, = —2 for left prop-76
and y/R, = 2 for right prop-76. Efflux velocity (V;) and its position (R,,,) are
acquired from the current numerical results. These values are included as an input for
Eq. (4) to obtain the entire axial velocity distribution based on Hamill (1987)’s
equation. Lam (2008)’s experimental results are acquired directly from the previous
works for comparison. Current CFD results are acquired using the post-processing

function in Fluent.

The axial velocity distribution of twin-propeller at the efflux plane is the same as two
single propellers as shown in Fig. 5. The current CFD results (1000 rpm) shows good
agreement with the Lam (2008)’s experimental measurements and Hamill (1987)’s
works. Five results show similar trend with four peaks and the axial velocity from
-1R,, to 1R, is close to zero with no interference between two propellers at the efflux
plane. The comparison of efflux velocity and its position between the current CFD
results and the previous works are presented in Tables 6 and 7. The variations of the
efflux velocity are 9.3%, 23.7%, 12.1% and 2.5% respectively when comparing the
current results with the axial momentum theory, Hamill (1987), Stewart (1992) and
Lam (2008), as shown in Table 6. The position of efflux velocity has variation of
1.8%, 12.7%, 1.8% and 7% compared to Berger et al. (1981), Prosser (1986), Hamill

(1987) and Lam (2008), as shown in Table 7.
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Fig. 5. Comparison of the velocity distribution at efflux plane for the current CFD

results, Lam (2008) and Hamill (1987)

Table 6. Comparison of efflux velocity

Sources Efflux velocity (m/s) | Variation (%)
Axial momentum theory 1.27 9.3

Hamill (1987) 1.067 23.7

Stewart (1992) 1.23 12.1

Lam et al. (2008) 1.365 2.5

Current CFD results (1000 rpm) 1.40 -

Current CFD results (750 rpm) 1.05 25

Current CFD results (1250 rpm) 1.78 27




Table 7. Comparison of the position of efflux velocity

Sources Radius position of peaked Variation
value (r/Rp) (%)

Berger et al. (1981) 0.56 1.8

Prosser (1986) 0.48 12.7

Hamill (1987) 0.56 1.8

Lam et al. (2008) 0.59 7

Current CFD results (1000 rpm) 0.55 -

Current CFD results (750 rpm) 0.55 0

Current CFD results (1250 rpm) 0.55 0

Table 6 shows the efflux velocity of theoretical results (axial momentum theory)
matches well with the experimental results in Lam ef al. (2008) and the current CFD
results. Variation between the theoretical results and experimental results is 2.5%,
while the variation between the theoretical theory and CFD results is 9.2%. Two
variations are less than 10% and it is in an acceptable range as common engineering
practise. Eq. (1) from axial momentum theory is suitable for efflux velocity prediction
in twin-propeller as well. CFD prediction shows agreement with the equation
proposed by Berger et al. (1981), Prosser (1986), Hamill (1987) and Lam (2008) with
variations of 1.8%, 12.7%, 1.8% and 7% for the position prediction as shown in Table

7. The current CFD results fit well with Berger et al. (1981) Prosser (1986) , Hamill

(1987), Stewart (1992) and Lam (2008).




The axial velocity distribution patterns of the three rotating speed cases at 750 rpm,
1000 rpm and 1250 rpm are similar at the efflux plane as shown in Fig. 5. The efflux
velocities are 1.05m/s, 1.4m/s and 1.78m/s when the rotating speeds are 750 rpm,
1000 rpm and 1250 rpm, as shown in Table 6. The efflux velocity of twin-propeller is
direct proportional to the rotating speed. These three cases have the same peaked
value position of efflux plane at 0.55R,, as shown in Table 7. The radius position of

peak value is independent to the rotating speed at the efflux plane.

4. Results and discussions

The flow field behind a manoeuvring ship is the combination from a rotating propeller
jet and turbulent wake from the hull, which is complicated. The turbulent wake from
the hull is small that it can be ignored when the ship is stationary at the harbour,
(Prosser, 1986). The flow field behind the ship is more complex than single propeller
ship when it is a twin-propeller ship. The turbulent wake from the hull could also be
ignored when the ship berths at the harbours. The flow field behind the manoeuvring

twin-propeller ship can be simplified as the jet of twin-propeller.

For twin-propeller, the flow field is different from the single propeller. The time
averaged axial velocity in the jet of single propeller is axisymmetric under all
rotational speeds about the rotational axis. However, this axisymmetrical condition

does not exist for twin-propeller due to the influence of the propellers side by side.



The twin-propeller jet is symmetric about the vertical and horizontal symmetrical
planes. The jet at the horizontal symmetrical plane is the most representative plane in
the flow field. Data are acquired from this plane for the following investigations. The
proposed flow structure of the twin-propeller jet is presented in Fig. 6 based on the

numerical results.
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4.1 Length of zone of flow establishment of twin-propeller.

For single propeller, Hamill (1987) stated that the zone of flow establishment of
single propeller is the zone at which there are two peak values at the lateral
distribution of axial velocity and a lower velocity core at the rotation axis. The two
peaks merge into one peak at the rotation axis at the end of the zone of flow
establishment of single propeller (x = x;). The remaining region downstream is the
zone of established flow of single propeller. Blaauw & van de Kaa (1978), Fuehrer et
al. (1981), Verhey (1983), Hamill (1987), Stewart (1992) proposed the length of the
zone of flow establishment is 2.18D,,+ 2.60D,,+ 2.77D,+ 2.00D,, and 3.25D,,. Hamill

(2016) validated the result of Stewart (1992) by experiments.

The number of peak values of twin-propeller decreases with the jet development
downstream, which is analogous to the flow field from a single propeller. All the peak
values merge into one in the zone of established flow. Albertson et al. (1950)
proposed that the diffusion process continues thereafter without essential change in
character in the zone of established flow. The zone with only one peak value in the
flow field of twin-propeller is defined as the zone of established flow, and the

upstream zone is the zone of flow establishment.

There are four peak values at the efflux plane. Then four peak values merge into two
peak values at x = x;, from the efflux plane. It is zone of flow establishment of

twin-propeller with 4 peak values (ZFE-TP-4P), whose length is L,,. The two peak



values merge into one peak value at the symmetrical plane (X = Xqp). It is the end of
the zone of flow establishment of twin-propeller. The zone from x, to X¢., is zone
of flow establishment of twin-propeller with 2 peak values (ZFE-TP-2P), whose
length is L,,. The zone of flow establishment of twin-propeller is made up of
ZFE-TP-4P and ZFE-TP-2P. The rest zone downstream of X = xq, is the zone of

established flow.

Three numerical cases rotating at 750rpm, 1000rpm and 1250rpm show that the four
peak values merge into two at X, = 3.5D,, which is close to the Stewart’s (1992)

result of 3.25D,,. In general, the length of ZFE-TP-4P has little difference with the
length of zone of flow establishment in single propeller jet. The interference of two
propeller jets is negligible within this zone. The length of ZFE-TP-4P is independent
to the rotational speed of propeller. Therefore, the previous proposals of single
propeller jet are suitable in predicting the length of ZFE-TP-4P in the twin-propeller

jet.

The two propellers do not influence each other at the efflux plane. This condition
continues up to a mixing point at the boundaries of two propeller jet. The zone from
the efflux plane to the mixing point is called non-interference zone (ZFE-TP-NI, Lxi).
The zone from mixing point to the end of the zone of flow establishment is called
interference zone (ZFE-TP-NI, Li). Johnston ef al. (2013) indicated that the diffusion

angle of single propeller jet is 10°. The length of none interference zone (L,;) can be



proposed based on this conclusion giving Eq. (8).

__Le
Ly = Srtarie = 2.84L; (8)

The two propeller jets influence each other within the interference zone and finally
merge into one peak value at the symmetrical plane in the end of the zone of flow
establishment. Numerical results under all rotational speeds of 750rpm, 1000rpm and
1250rpm showed that the zone of flow establishment ends at x., = 14D,. The
length of zone of flow establishment of twin-propeller is independent to the rotational
speeds of propeller. In addition, the length of zone of flow establishment (xqp) is
influenced by the distence from hub to hub (L;). Two peaks at ZFE-TP-2P would
never merge into one peak value if L, is long enough. The value of x4, would be
infinite if L, is long enough. CFD results showed the length of zone of flow

establishment (xg¢,) is 14Dp when the distence from hub to hub (Ly) is 2Dp.

4.2 Maximum velocity decay within the zone of flow establishment

The peak values do not merge into one within the zone of flow establishment of
twin-propeller jet. The maximum axial velocity at the peak values of two propellers
has little influence to the each other. Therefore, the magnitude of the maximum axial
velocity decay within the zone of flow establishment of twin-propeller jet should be
the same as single propeller. The equations of the maximum axial velocity decay of
single propeller jet are suitable for twin-propeller jet within the zone of flow

establishment.



The previous researches proposed the equations used to predict the maximum axial
velocity decay within the zone of flow establishment and the zone of established flow
from a single propeller, as shown in Tables 8 and 9. Verhey (1983) found that the
maximum axial velocity decays in an exponential form of Eq. (12) within the zone of
established flow. Stewart (1992) found that the velocity decays in a linear relationship
with Dx—p and proposed Egs. (9) and (14) to describe the maximum axial velocity
decay within the zone of flow establishment and the zone of established flow of single
propeller. Lam et al. (2011) proposed Eq. (10) to predict the maximum axial velocity
decay within the zone of flow establishment based on experiment. Hamill (2016)
proposed Egs. (11) and (13) to predict the maximum axial velocity decay within the
zone of flow establishment and the zone of established flow of single propeller based

on the experimental data.

Table 8. Predictions of the maximum axial velocity decay within the zone of flow

establishment of single propeller.

Sources Equations

Stewart (1992) | 0 < x/D, < 3.25

Ymax — 10172 — 0.1835(3) Eq. (9)
7 Dy

0

Lam et al. (2011) | 0 <x/D, < 3.68

Vimax _ 1 _ X
e =1 -01592(;) Eq. (10)

0

Hamill (2016) 0<x/D,<0.35

Vmax — 1
Vo




0.35 < x/D, < 3.25

max — 1,51 -0.175 (Di) — 0.46P Eq. (11)

0 p

Table 9. Predictions of the maximum axial velocity decay within the zone of

established flow of single propeller.

Sources Equations
Verhey (1983) 1.5<x/D,

V’;—(‘)”‘ = 1.275(x/D,)™%7 Eq. (12)
Hamill (2016) 3.25<x/D,

Ymax _ ) 964 — 0.039 (i
V D

0

) —0.344P"  Eq.(13)

p

Stewart (1992) 3.25<x/D,
Vmax X
Imax — (543 — 0.0281 (—) Eq. (14)
Vo Dy

The theoretical predictions, the experimental results of single propeller from Lam
(2008) and the current numerical results are compared to predict the maximum axial
velocity decay within the zone of flow establishment of twin-propeller jet, as shown
in Fig.7. Stewart (1992) reported the decay of the maximum axial velocity of single
propeller jet is independent of the speeds of rotation and current CFD results agreed
with Stewart (1992)’s proposal. The current three numerical cases rotating at 750 rpm,
1000 rpm and 1250 rpm show similar maximum axial velocity decay with less than 5%
variation, as shown in Fig. 7. It can be concluded that the maximum velocity decay of

twin-propeller jet is independent of the speeds of rotation. It is noted that the value of



experimental results are less than the numerical results before xo = 3.5D,,. Eq. (11)
from Hamill (2016) is recommended to predict the maximum axial velocity decay

within ZFE-TP-4P by comparing the numerical value in Fig 7.

The variation between the experimental results and the numerical result is in an
acceptable range within the zone downstream of x, = 3.5D,,. Eq. (12) from Verhey
(1983) is recommended to predict the maximum axial velocity decay within
ZFE-TP-2P by comparing the numerical value in Fig 7. In general, the numerical
results are larger than the experimental results and theoretical results. This maybe due

to the interaction between two propellers during the jet development downstream.

1.2

--% Verhey (1983)

- - =Stewart (1992)
o Lam (2008)

——Hamill (2016)
- Current CFD results (750 rpm)
o Current CFD results (1000 rpm)
+  Current CFD results (1250 rpm)

1.0

0.8

0.6

Vinax/Vo

0.4

0.2

0‘0 L L L L L L L L L L L L L

Fig. 7 Comparison of the maximum axial velocity decay within the zone of flow

establishment



4.3 Maximum velocity decay within the zone of established flow

Albertson et al. (1950) proposed that the momentum flux is a constant for all normal
sections of propeller jet. Based on this theory, the momentum flux of the one peak
value within the zone of established flow is equal to the sum of the momentum flux of
peak value of two single propellers giving Eq. (15).

pASVt%)max = 2pASVs%)max Eq. (15)

where Vi,max is the magnitude of the maximum axial velocity within the zone of
established flow of twin-propeller jet. Vipmqay is the magnitude of the maximum axial
velocity within the zone of established flow of single propeller jet at the same cross
section. p is the density of fluid. AS is the area of a area element at the positon of

the maximum velocity.

Substituting Eq. (12) into Eq. (15), the magnitude of the maximum axial velocity
decay within the zone of established flow of twin-propeller jet can be described by Eq.

(16), which is also called Jiang and Lam equation.

Vmax __ X N-0.7

e = 1.8(Dp) Eq. (16)
Fig. 8 compares the theoretical results with the numerical results about the maximum
axial velocity decay within the zone of established flow of twin-propeller jet. Three
numerical cases rotating at 750 rpm, 1000 rpm and 1250 rpm show similar maximum

axial velocity decay with the maximum variation less than 5%. It can be concluded



that the maximum velocity decay of twin-propeller jet is independent of the speeds of
rotation within the zone of established flow. It is noted that the values of theoretical
predicted results are less than the numerical results before x = 18D,,, with the
maximum variation of 9.6% at x = 14D,,. This may be due to the incomplete
merging of two propeller jets within the zone, where the peak value decreases
continously. The theoretical results within the zone downstream of x = 18D,

matches well with the numerical results with the maximum variation of 7%.

0.35
- - -Proposed Jiang and Lam
equation (2018)
0.3
--------- Current numetrical results
. . (750 rpm)
0.25 = \ —— Current numetrical results
(1000 rpm)
— - -Current numetrical results
< 1250 rpm
S (1250 rpm)
e s
S
~0.15 SIS
0.1
0.05
0

14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
x/Dp

Fig. 8. Prediction of the maximum axial velocity decay within the zone of established

flow

4.4 Velocity distribution within zone of flow establishment
Albertson et al. (1950) proposed that the velocity distribution at any sections of single

propeller jet follows the general trend of the Gaussian normal probability function,



which is also suitable in the velocity distribution of twin-propeller jet.

4.4.1 Four-peaked region
Hamill (1987) proposed Eq. (17) based on the Albertson et al. (1950)’s works to

predict the axial velocity distribution within the zone of flow establishment of single

propeller.

_1(r—Rmo)?
Ver e[ 7 Urzno ] Eq (17)
Vmax

o is standard deviation, and the value of it is decided by the position of the section.

The value of o is determined by Eqgs. (18) and (19).

6 = 2R,y for =< 0.5 Eq. (18)
2 Dp

1 D
6 = Ryno +0.075 (x - ?”), for Dip > 0.5 Eq. (19)

Fig. 9 illustrates the properties of the lateral velocity distribution at 1.6 D,
downstream within ZFE-TP-4P. The maximum mean velocity of the jet at each
sections is firstly obtained from the CFD results (1000 rpm). This value is included as
an input for Eq. (17) to predict the axial velocity distribution for the twin-propeller
Lam (2008)’s single propeller experimental results are mirrored to produce the

velocity distribution of twin-propeller.



2.0

......... Hamill (1987)

---Lam (2008)

— —Current CFD results (750 rpm)
— Current CFD results (1000 rpm)
— - -Current CFD results (1250 rpm)

1.8

1.6

Fig. 9. Comparison of the axial velocity distribution at 1.6D, within ZFE-TP-4P

among the experimental result, numerical results and theoretical results.

The axial velocity distributions rotating at 750 rpm, 1000 rpm and 1250 rpm are
similar at 1.6D,, downstream, as shown in Fig. 9. The maximum velocity values are
0.876m/s, 1.18m/s and 1.46m/s corresponding to the rotational speeds of 750 rpm,
1000 rpm and 1250 rpm respectively. It can be concluded that the maximum velocity

of twin-propeller is in direct proportional to the rotational speeds within ZFE-TP-4P.



The axial velocity distribution profiles at 1.6D,, downstream showed similar patterns

between the CFD results (1000 rpm) and the theoretical results. It can be concluded

from Fig. 9 that the theoretical predicted curve at the radial distance from RL = —35
p
to ~=-25 and ~ =25 to -~ =235 fits the numerical curve well. The
Rp Rp Rp

theoretical predicted curve is higher than the numerical curve within the region of

Rl =—-1.5 to RL = 1.5. The experimental measurement curve is lower than the

p p

numerical curve and theoretical predicted curve. This is due to the fact that the
maximum axial velocity of the experiment result is less than the numerical result, as

discussed in section 4.2.

4.4.2 Two-peaked region

The axial velocity distributions within the zone of established flow of single propeller
jet should also follow the general trend of the Gaussian normal probability function,
Albertson et al. (1950). Blaauw and van de Kaa (1978) and Fuehrer and Rémisch
(1977) proposed Egs. (20) and (21) based on the works of Albertson to describe the

axial velocity distribution within the zone of established flow of single propeller.

Vir _ [—15.4(1)2] Ea. (2

Vmax - ¢ ) 4 ( 0)
r 2

VVx,r _ e[—zz.z(;) ] Eq. (21)

Hamill (2016) agreed with Eq. (21) through the experimental validation. Fig. 10 (a)-(b)

illustrate the properties of the lateral velocity distribution at 4D, and 8D,



downstream within ZFE-TP-2P. The maximum mean velocity of the jet at each
section is firstly obtained from the current CFD results (1000 rpm) and this value is
used in Egs. (20) or (21) to predict the axial velocity distribution for the
twin-propeller jet.
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Fig. 10. Comparison of the axial velocity distribution within ZFE-TP-2P among the

experimental, numerical and theoretical results. (a) DL = 4; (b) DL =8
p p

The axial velocity distributions of the three cases at 750 rpm, 1000 rpm and 1250 rpm
are similar at 4D, and 8D,, downstream, as shown in Fig. 10(a) and Fig. 10(b). The
maximum velocity values are 0.55m/s, 0.75m/s and 0.92m/s corresponding to
rotational speeds of 750 rpm, 1000 rpm and 1250 rpm respectively at 4D,
downstream. The maximum velocity values are 0.37m/s, 0.49m/s and 0.61m/s at 750
rpm, 1000 rpm and 1250 rpm at 8D, downstream. It can be concluded that the
maximum velocity of twin-propeller is in direct proportion to the rotational speed

within ZFE-TP-2P.



Fig. 10(a) and Fig. 10(b) illustrates the properties of the axial velocity distribution at

4D, and 8D, downstream. Fuehrer and Rémisch’s (1977) equation fits better with

the numerical results (1000 rpm) than Blaauw and van de Kaa’s (1978). The

theoretically predicted curve at the radial distance from Rl =—6 to Rl = —2 and

p p

Rl =2 to RL = 6 is higher than the numerical curve (1000 rpm). The numerical
p p

results (1000 rpm) suits well with the theoretically predicted curve from Rl =-2to
P

Rl = 2. The numerical curve (1000 rpm) is higher than the experimental curve in
p

general. This maybe result from the interaction between two propellers.

4.5 Velocity distribution within zone of established flow

Zone of established flow of twin-propeller has only one peak value in the
twin-propeller jet. Egs. (20) and (21) are selected to compare with the numerical
results at 1000 rpm. Fig. 11(a) and Fig. 11(b) illustrate the properties of the lateral
velocity distribution at 14Dj,and 16D, downstream. In general, Fuehrer and
Romisch’s (1977) equation fits better with the numerical results than Blaauw and van
de Kaa’s (1978) at 1000 rpm. The jet is fully expanded and only one maximum
velocity is located at the symmetrical plane. The numerical results showed the jet
profile has a classical Gaussian normal distribution shape at 14D, and 16D,
downstream.

The axial velocity distributions at 750 rpm, 1000 rpm and 1250 rpm are similar at
14D, and 16D,, downstream, as shown in Fig. 11(a) and Fig. 11(b),. The maximum

velocity values are 0.27m/s, 0.36m/s and 0.46m/s when rotating at 750 rpm, 1000 rpm



and 1250 rpm at 14D, downstream. The maximum velocity values are 0.26m/s,
0.35m/s and 0.43m/s when rotating at 750 rpm, 1000 rpm and 1250 rpm at 16D,
downstream. It can be concluded that the maximum velocity of twin-propeller is in

direct proportion to the rotating speed within zone of established flow.
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Fig. 11 Comparison of the axial velocity distribution between the numerical results

and theoretical results within the zone of established flow of twin-propeller jet: (a)

;‘—p = 14; (b) Dip = 16;

4.6 The turbulence intensities within the twin-propeller jet

Turbulence intensity is an important parameter to measure the fluctuation of time
averaged velocity. Wang ef al. (2002) indicated there is actually no distinct difference
in the turbulent normal between round jets and plumes. Hamill (1987) indicated that
the turbulence intensity does not increase, but decreases along the rotation axis from
the propeller face. Lam (2008) measured the turbulence intensity within the zone near

the efflux plane and verified Hamill’s (1987) conclusion. Turbulence intensity is

calculated by using Eq. (22).



2
§k

[ =

=0 Eq. (22)

Vie f

where [ is the turbulence intensity, k is turbulence kinetic energy which can be
obtained from ANSYS Fluent™ (15.0) directly, V,..r is reference velocity specified
by user. The local maximum velocity (Vmax) at a particular lateral section is normally

used to normalise V..

Fig. 12(a) and Fig. 12(b) present the turbulence intensity calculated by the numerical
results (1000 rpm) at x/D,=0, 4, 8, 16 and Lam’s (2008) single propeller
experimental results at the efflux plane. V,.r is 1.5m/s, 0.81m/s, 0.52m/s and
0.36m/s when x/ D, is 0, 4, 8 and 16. It is noted that the experimental results are
larger than the numerical results at the efflux plane, as shown in Fig. 12(a). This may
be due to the limitations of SST k- turbulence to simplify the turbulent features.
However, the numerical results show similar distribution as the experimental results at
the efflux plane. Four peak values are found, which two peaks at the blade tips and
two peaks at the hub. Rapid velocity changes at these points with high velocity
gradient leading to the increase of turbulence intensity. Turbulence intensity from
two propellers do not interact with each other at the efflux plane. In general, the
numerical curve is lower than experimental results even having the similar

distribution at the efflux plane.

The distribution of turbulence intensity changes when the jet develops downstream, as

shown in Fig. 12(b),. There are 6 peak values at the efflux plane, 4 peak values at



x/D,=4 and 8, 2 peak values at x/D,=16. The maximum turbulence intensity
decreases during the jet development downstream. It is noted that the turbulence
intensity is zero at y/R,, = 0 at the efflux plane. Turbulence intensity is more than
zero at y/R, = 0 when the twin-propeller jet develops downstream. In general, the
turbulence intensity has similar distribution as axial velocity within the twin-propeller

jet.
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Fig. 12 The distribution of turbulence intensity within the twin-propeller jet. (a)
Current CFD results (1000 rpm) and experimental results of the distribution of

turbulence intensity at the efflux plane; (b) The distribution of turbulence intensity at

x/D,=0, 4,8, 16.

4.7 Twin-propeller jet model

The flow structure of ship twin-propeller jet consists of the zone of flow
establishment of twin-propeller and the zone of established flow of twin-propeller, as
previously shown in Fig 6. For the time-averaged velocity, four peaks are found in the
four-peak subzone (ZFE-TP-4P) and two peaks are found in the two-peak subzone

(ZFE-TP-4P) within the zone of flow establishment of twin-propeller. All peak values



merge into one peak within the zone of established flow of twin-propeller jet. The
boundary of these two zones occurs at X = Xg¢,. The numerical result shows that the

zone of flow establishment ends at xy., = 14D,, when the hub length (L) is 2D,,.

The zone of flow establishment of twin-propeller can be further divided into two
subzones according to the mixing of two propeller jets, which are the non-interference
zone (ZFE-TP-NI) and interference zone (ZFE-TP-I). Two propellers do not influence
each other within the non-interference zone, while two propellers jet meet at the
symmetrical plane within the interference zone. The boundary of these two zones
occurs at the mixing point (x = L,;) and the length of interference zone is termed as

L;.

The zone of flow establishment of twin-propeller can also be divided into another two
parts based on the peaks, which are the zone of flow establishment of twin-propeller
with 4 peak values (ZFE-TP-4P) and zone of flow establishment of twin-propeller
with 2 peak values (ZFE-TP-2P). ZFE-TP-4P is equivalent to the zone of flow
establishment of single propeller. So the length (L4,) is the same as the length of
zone of flow establishment of single propeller (x,). The numerical result shows that
the length of L4, is 3.5D,. The length of ZFE-TP-2P  (L;,) can be calculated by
subtracting Ly, from Xxg.,. Table 10 summarises the euqations used to calculate the

parameters of twin-propeller jet model.



Table 10. Parameters to describe the twin-propeller jet model.

Parameter Equation

Length of the zone of flow | Xy = Lp;+L;

establishment of  twin-propeller

(x0tp)

Length of ZFE-TP-NI (L,;) L = 5—— = 2.84L,
Length of ZFE-TP-I (L;) Li = Xotp — Lp;

Length of ZFE-TP-4P (L)) Lyp = X

Length of ZFE-TP-2P (L)) Lyp = Xotp — Lap

Previous works of single propeller are also suitable for twin-propeller jet to predict
the maximum velocity and dsitrbution within the zone of flow establishment of
twin-propeller through mirroring the single-propeller jet at the symtrical plane to form

twin-propeller jet, as shown in Table 11.

Table 11. Proposed equations of twin-propeller jet within the zone of flow

establishment of twin-propeller based on the previous single-propeller model

Type of velocity Source Equation

Efflux velocity (V) | Axial momentum |V, = 1.59nD,VC;

theory

Position of maximum | Berger et al. | Ry, = 0.67(R, — Rp)

axial velocity at the | (1981)




efflux plane (R,,)

Yar — o[~(1/2)((r~Rmo)/(Rmo/2))*]

Lateral axial velocity | Hamill (1987) v
distribution at the
efflux plane
(r-Rmo)?

Axial velocity | Hamill (1987) | Yer. P
distribution within o= %Rmo, for x/D, < 0.5

_1 Dp
ZFE-TP-4P 0 =2 Rpno + 0.075 (x —22),

for x/D, > 0.5
V, )2
Axial velocity | Fuehrer and = = e[_zz'z(f) ]
Vmax
distribution within | Romisch (1977)
ZFE-TP-2P
Magnitude of the | Hamill (2016) 0<x/D,<0.35
. . Vmax

maximum axial . = 1

0
velocity decay within 0.35<x/D, <3.25
ZFE-TP-4P Imax — 151 — 0.175 (i) —0.46P"

Vo Dy
Magnitude of the | Verhey (1983) 1.5<x/D,
Magnitude of the VT;—:x = 1.275(x/Dp) %7
maximum axial

velocity decay within

ZFE-TP-2P

All the peak values merge into one at the symmetrical plane within the zone

of



established flow of twin-propeller. The magnitude of the maximum axial velocity
decay within the zone of established flow of twin-propeller can be calcualted by using
the Jiang and Lam equation proposed in this paper. Fuehrer and Romisch (1977)’s
equation (Eq. 21) from single-propeller model is suitable to predict the axial velocity
distribution within the zone of established flow of twin-propeller with the summary in
Table 12 to predict the twin-propeller jet model within the zone of established flow of

twin-propeller.

Table 12. Equations to predict the twin-propeller jet model within the zone of

established flow of twin-propeller.

Type of velocity Source Equation
. . . Vimax __ X N-0.7
Maximum axial Jiang and Lam (2018) v, 1-8(D_p)

velocity decay within
the zone of

established flow of

twin-propeller

Axial velocity Fuehrer and Rémisch VVL = ol-222(3)
distribution within the | (1977)

zone of established

flow of twin-propeller

5. Conclusions



The research works demonstrated the investigation the flow characteristics of the ship

twin-propeller jet based on the understanding of the single propeller jet.

Computational Fluid Dynamics (CFD) is successfully implemented to further

understand the velocity distribution within the jet. Twin-propeller jet model is

proposed to enable the prediction of the velocity field within the zone of flow

establishment and the zone of established flow from the ship with twin propellers. The

proposed findings are:

1.

Twin-propeller jet has been divided to be zone of flow establishment and zone of
established flow as two zones in single-propeller jet. Zone of the flow
establishment is the initial zone close to the propeller and followed by the zone of
established flow.

Efflux velocity of twin-propeller, which is the maximum velocity at the efflux
plane, is the same as two non-interfering single propellers. Equation to predict the
efflux velocity of single propeller can be used to predict the efflux velocity in
twin-propeller jet as V, = 1.59nDp\/ Cy.

Velocity distribution of the efflux velocity plane can be predicted using the

equation proposed by Hamill (1987) VVL = e[~/ ~Rmo)/(Rmo/2)°] and the
position of the efflux velocity can be predicted using the equation proposed by
Berger et al. (1981) R,,, = 0.67(R — Ry).

Twin-propeller jet is symmetrical about the central plane (Dy,/2) in the zone of

flow establishment and the zone of established flow.



5. Zone of flow establishment can be divided to be non-interfering region and
interfering region. Twin-propeller jet can be treated as two single-propeller jets in
non-interfering region within the zone of flow establishment. Four peaks are
shown in non-interfering zone without interference.

6. In interfering region of zone of flow establishment, two propeller jets interfered
each other producing a four-peaked ridge. This four-peaked ridge merged to be
two-peaked ridge in the interfering region at x = 3.5D,,.

7. Length of the zone of flow establishment is the distance between the starting point
at efflux plane and the end of this zone. Starting point is counted from the efflux
plane and the end of the zone of flow establishment of twin-propeller jet occurs at
14D, when the value of Lj, is 2D, at which position all of the four peak values
merge into one peak.

8. Selected single-propeller jet equations are suggested to predict the velocity field
of twin-propeller jet within the zone of flow establishment including,

a) Decay of velocity by Hamill (2016)

| x :
=2 = 0.964 — 0.039 | — | — 0.344P
Vs D,
b) Decay of velocity by Verhey (1983)
Vmax — —VU.
V_o = 1275(X/Dp) 0.7
¢) Velocity distribution by Hamill (1987)
1(r-Rmo)?
Var _ ol o2 I when =~ < 0.5, 6 = lRmo and when
Vinax Dgp 2

x _1 _Dbp
2-> 05, 6= R +0075 (x-2)

d) Velocity distribution by Fuehrer and Rémisch (1977)



10.

11.

12.

Lo el-222(3) ]
Zone of established flow shows one peaked ridge after the end of the zone of flow
establishment.
The maximum of velocity of twin-propeller jet is located at the central plane in the
zone of established flow compared to the rotational axis for single-propeller jet.
An equation for velocity decay is proposed associated with the use of velocity
distribution equation from the previous research. Two equations are suggested to
predict the decay and axial velocity distribution of the twin-propeller jet.
a) Decay of velocity at central plane by current study as Jiang and Lam
equation,
e = 1877
b) Velocity distribution by Fuehrer and Romisch (1977),

r 2
Vier e[—zz.z(;) ]

Vm ax

The efflux velocity and maximum velocity of twin-propeller at each cross section
are in direct proportion to the rotating speed of the propeller as single propeller.
The maximum velocity decay and the axial velocity distribution of twin-propeller
jet is independent of the speed of rotation within the twin-propeller jet. The length
of each zones are not influenced by the rotating speed.

The maximum turbulence intensity at each cross section decreases while the range
of maximum turbulence intensity increases as the twin-propeller jet develop

downstream.
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Nomenclature

p  Propeller diameter
D,  Hub diameter
N  Blade number
6  Rake angle
p Pitch ratio
B  Blade area ratio
C:  Thrust coefficient
L,  Distance from hub to hub
Dy, Width of twin-propeller
R,  Propeller radius

R,  Propeller hub radius

r Radial distance from the axis

Vo  Efflux velocity

n The rotate speed of propeller in rev/s

V.r Themean velocity at any position in the jet

Vmax  The maximum velocity of the cross section

R,,, The radius distance from the rotating axis to the point of maximum axial
velocity at the efflux plane

X9  The length of the zone of flow establishment of single propeller

Xotrp The length of the zone of flow establishment of twin-propeller



Vre f

The length of none interference zone
The length of interference zone

Standard deviation

Distance from the symmetrical plane

The length of ZFE-TP-4P
The length of ZFE-TP-2P
Turbulence intensity
Turbulence kinetic energy
Reference velocity

The density of fluid
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