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Abstract: Single and twin ship propeller jets produce scour holes with deposition dune. The scour 
hole has a maximum depth at a particular length downstream within the propeller jet. Existing 
equations are available to predict maximum scour depth and the corresponding scour length 
downstream. Experiments conducted with various physical propeller models, rotational speeds, 
propeller-to-propeller distances and bed clearances are presented. The measurements allowed a 
better understanding of the mechanism of temporal scour and deposition formation for scour 
caused by single-propeller and twin-propeller. Results show that the propeller jet scour profiles can 
be divided into three zones, which are the small scour hole, primary scour hole and deposition 
dune. An empirical 2D scour model is proposed to predict the scour profile for both a 
single-propeller and twin-propeller using a Gaussian normal distribution.  

Keywords: ship twin-propeller; jet; scour; 3D printing  
 

1. Introduction 

Ships are getting larger and faster to meet the needs of world economic development. Engine 
power has been increased for bigger ships leading to the use of the twin-propeller system. Kim et al. 
[1] and PIANC [2] stated that the twin-propeller system improved the ship power system and its 
handling ability. A twin-propeller ship produces a complicated jet affecting the navigation safety in 
waterways and damaging the seabed condition. Seabed scour is widely discussed due to the direct 
impingement of a high-velocity jet to cause excessive sediment transport in harbour and 
waterways. Hamill [3] and Gaythwaite [4] stated that the impingement of the ship's propeller jet can 
damage the seabed. 

Albertson et al. [5] firstly proposed the efflux velocity within the plain water jet from orifice 
being predicted using axial momentum velocity. Blaauw and van de Kaa [6] and Verhey et al. [7] 
suggested the use of a theoretical foundation of a plain water jet in Albertson et al. to investigate the 
ship propeller jet induced seabed scour in the harbour without consideration of the berth structure. 
Hamill et al. [8], Lam et al. [9] and Hong et al. [10] continued the investigations in laboratories by 
using a physical single propeller model to observe the scouring condition. Hamill et al. [11] include 
the effects of the quay wall in the seabed scour prediction. The aforementioned researchers 
emphasised on the estimation of maximum scour depth induced by ship propeller wash. Wang et al. 
[12], Sun et al. [13] and Ma et al. [14] implemented the foundation of propeller jet induced scour to 
predict the wake of tidal turbine and the tidal turbine induced scour and Jiang et al. [15] proposed 
the theoretical structure of ship twin propeller jet. 
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The impingement of this rotating jet forms the scour pit with the scoured sediments being 
transported downstream to form dune deposited surrounding the scour pit on the seabed when the 
watercraft or vessels entering a port. The accumulated sediment forms a dune reducing the water 
depth and increasing the risk of ship collision in shallow waterways. A ship propeller can be 
damaged when hitting the seabed. The understanding of both the scour pit and deposition dune are 
important to ensure navigation safety. Twin-propeller jet produces the scour profiles with deposited 
dune downstream, which is different compared to the single-propeller. Yew et al. [16] and Hong et 
al. [10] stated that the deposition is an M-shaped distribution with the largest accumulated height on 
the longitudinal axis of both propellers. The height of deposited dunes decreased along the side of 
two propellers surrounding scour hole. 

In this works, a purpose-built power train system was developed to rotate the physical 
propeller model at the desired rotational speeds in the laboratory in order to investigate the ship 
twin-propeller jet induced scour. Previous researchers used the maximum scour depth without 
available equations to predict the entire cross-section of the scour profile. The current experimental 
data were used to establish the 2D scour model by proposing the scour depth equation and 
Gaussian normal distribution to estimate the entire scour profile for both single-propeller and 
twin-propeller systems. 

2. Propeller Jet and Scour  

2.1. Propeller jet 

Hamill et al. [3] started the research on propeller jets according to the axial momentum theory 
and plain jet theory. Hamill et al. [17] found that the flow structure of the propeller jet is symmetrical 
along the rotational axis. The jet can be divided into two development stages, which are the zone of 
flow establishment and zone of established flow and the whole jet is conical in 3D view. The zone of 
flow establishment is the initial development stage of flow velocity with more complicated nature 
compared to the second zone downstream. Low-velocity region was found near to the propeller jet 
outflow plane due to the hub effects with no contribution of velocity from blades. The maximum 
lateral velocity distribution occurred in the middle of the blade, where the maximum blade width 
occurred. The velocity distribution is symmetrical along the propeller axis. For the zone of 
established flow, the maximum velocity is lesser compared to the initial zone due to water 
entrainment to reduce the velocity gradient within the jet. The high-velocity flow is mixed with the 
low-velocity flow to balance the velocity distribution.  

Jiang et al. [15] proposed the flow structure of the twin-propeller jet has two zones as a single 
propeller, as shown in Figure 1. The zone of flow establishment can be divided to be 
non-interference zone (ZFE-TP-NI) and inference zone (ZFE-TP-I). Two propeller jets in twin 
system have no contact in the non-interference zone and expand separately to meet at one point 
where the interference zone starts. The zone of flow establishment consists of the four-peak region 
(ZFE-TP-4P) and two-peak region (ZFE-TP-2P) according to the lateral velocity section. A mixing 
point happens downstream within the twin-propeller jet. The twin-propeller jet is the same as two 
separate jets in the upstream region of the mixing point. Four maximum speeds were found on the 
cross-section, which corresponds to the two velocity peaks for every single propeller. The four 
maximum velocities combined to be two maximum velocities located at the rotational axis of each 
propeller when two single jets mixed together. In the zone of established flow, only one maximum 
velocity was found on the symmetrical plane. 



Water 2019, 11, 1097 3 of 20 

 

 

Figure 1. Flow structure of a twin-propeller jet [15]. 

2.2. Propeller Induced Scour 

Chiew and Lim [18] studied the scouring problem by using a submerged circular jet to simulate 
the rotating propeller instead of the complicated propeller jet. The scour hole dimensions produced 
by the circular wall jet were highly dependent on the densimetric Froude number (𝐹 ). The 
maximum equilibrium scour depth increased with an increase in 𝐹 . Chiew and Lim introduced the 
offset height (G) of the circular wall jet as an additional parameter governing the diffusion 
characteristics of the jet. The maximum scour depth reduced with an increase in the offset height. 

Hamill et al. [11] investigated the scour induced by a propeller jet both in the absence of the port 
structure and near the quay walls. A predictive equation for the time-dependent maximum scour 
depth as a function of the Froude number (𝐹 ), propeller size (𝐷 ), sediment bed material size (𝑑 ), 
and distance between propeller tip and seabed was proposed. Seabed scour around a marine current 
turbine was also studied by Chen and Lam [19]. 

Hong et al. [10] conducted an experimental study of a single propeller jet. Limited works from 
Mujal-Colilles et al. [20] and Yew [16] were found to discuss the twin-propeller induced scour. All 
these researchers stressed the importance of estimating the maximum scouring depth caused by ship 
propeller. The equations to predict the scour depth proposed by the previous researches are shown 
in Table 1. 

Table 1. Summarised scour depth induced by the propeller. 

Source Scour type Equations 
Chiew [18] Circular jet ɛ = 0.21𝑑 𝐹  

Hamill [8] Single 
propeller 

ɛ = Ω 𝑙𝑛(𝑡) Г Ω = 6.9 × 10 × 𝐶𝑑 . 𝐷𝑑 . 𝐹 .  Γ = 4.113 × 𝐶𝑑 . 𝐷𝑑 . 𝐹 .  

Hamill [11] 
Single 

propeller 

ɛ = 38.97Ω 𝑙𝑛(𝑡) Г Γ = 𝐶𝑑 . 𝐷𝑑 . 𝐹 .  Ω = Γ .  
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Hong [10] 
Single 

propeller 

ɛ𝐷 = 𝑘 𝑙𝑜𝑔 𝑈 𝑡𝐷 − 𝑘  

𝑘 = 0.042 ∗ 𝐹 . 𝐺𝐷 . 𝐺𝑑 .
 

𝑘 = 1.882 ∗ 𝐹 . 𝐺𝐷 . 𝐺𝑑 .
 

𝑘 = 2.477 ∗ 𝐹 . 𝐺𝐷 . 𝐺𝑑 .
 

Yew [16] Twin 
propeller 

ɛ = 𝑘(logt) .  𝑘 = 𝐶𝐷 . 𝑈 𝑡𝐶 .
 

Cui 
Twin 

propeller 

ɛ = Ω 𝑙𝑛(𝑡)  Ω = 0.2526 × 𝑑𝑑 . 𝐶𝑑 . 𝐷𝑑 . 𝐹 .  Γ = 1.389 × 𝑑𝑑 . 𝐶𝑑 . 𝐷𝑑 . 𝐹 .  

3. Experimental Works 

Experiments were conducted in the Marine Renewable Energy Laboratory (MREL) at Tianjin 
University. The scaled twin-propeller system consisted of two single propellers. Two propellers 
were fixed at the shaft to rotate at the desired rotational speeds in a tank. The experimental setup, 
measurement method and 3D printed propeller model are discussed in the following sections. The 
rotational directions of twin-propellers were controlled to rotate internally and externally as 
internal rotation and external rotation. The propeller at the port side (left from the aft) rotated 
counter clockwise, while the propeller at starboard side (right from the aft) rotated clockwise to 
form the external rotation system. Most of the ships used the external rotation system to prevent 
flow compression in the clearance between two propellers with strong internal mixing jet. The 
observation of the development of a scour profile with time was made and followed by the 
measurement of the scour depth. 

3.1. Experiment Setup 

The experiment was carried out in a water tank of 1.2 m in length, 0.8 m in width, and 0.45 m in 
height. The sand was evenly laid on the ground with a height of 0.1 m. Scour depth was much 
smaller than the depth of available laid sand. The sand used was the construction sand screened 
through 0.1 mm to 0.3 mm diameter filters. The diameter of sand in this experiment was 0.2 mm. 
The distances between propeller tip and sandbed were set to 5.0 mm, 27.5 mm and 55.0 mm 
according to Hong et al. [10]. The schematic diagram of the experiment is shown in Figure 2a,b. 
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(a) 
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Figure 2. Schematic diagram of the experiment (1.2 m × 0.8 m × 0.45 m). (a) Plan view; (b) 
longitudinal cross-section (A-A). 

3.2. Measurement Methods 

The measurement system consisted of a laser rangefinder to measure the scour depth and the 
traverse system to move the laser rangefinder to the designated position for point measurement 
within the 1m × 1m area, as shown in Figure 2. A laser rangefinder was used to measure the scour 
depth and deposition height. The laser rangefinder used is made by Sndway Co. Ltd. with a 
measurement range up to 40 m. The laser rangefinder had an aspherical optical focusing mirror, 
which could enhance reflected light acceptance. The measurement accuracy was within ± 0.2 mm. 
The lasers had different refractive indices in water and in air. The experimental data needs to be 
multiplied by 1.33 to eliminate the differences due to the transmission of the light beam through the 
air and water as consideration of refractive index. 

The propellers were not rotating before the measurement and the designed rotational speeds 
can be adjusted by using the speed control system. Depth measurement was made on a point by 
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point basis through comparison of the undisturbed reference point and the scoured point to obtain 
the relative scour depth. The laser rangefinder was initially moved to the undisturbed sandbed point 
and read the measurement point L1, as shown in Figure 3. Then, the laser rangefinder was moved to 
the sandpit measurement point to read the data L2. The scour depth can be obtained by calculating 
the ɛ  = (L2 - L1) n, where n is the refractive index of water. 

 
Figure 3. Measurement system: (1) Laser rangefinder; (2) optical axis and sliding block; (3) support; 
(4) experimental tank. 

The support structure for the measurement system was built with four columns and four beams 
surrounding the experimental tank to accommodate the traverse system. The stands were 0.4 m 
high, and its length and width were the same as 1 m. Two rods were fixed in the direction of the 
propeller jet (x-direction) on supporting beams with sliders allowing y-direction movement. An 
additional rod was installed on top of the two rods with sliders on each side allowing the x-direction 
motion. A fixed clip was used to fix the laser rangefinder the rod. A laser rangefinder had the optical 
axis perpendicular to the seabed for depth measurement. The single rod allowed the laser 
rangefinder to move at any axial distance from the flow field. The double rods allowed the laser 
rangefinder to measure any position in the y-direction. Therefore, all desired points within the x-y 
measurement grid can be acquired to provide data for scour depth and deposition height. 

3.3. 3D Printed Propeller Model 

Hamill et al. [8] studied the characteristics of the propeller wash of a manoeuvring ship and the 
resulting bed scour based on two propellers, propeller-76 and propeller-131. The propeller 
characteristics used in experiments are shown in Table 2. The current propeller model used is being 
termed as propeller-A and propeller-B. 

Table 2. Propeller characteristics. 

Propeller N Dp (mm) Ct P’ β Dh (mm) 
A 3 55 0.40 1.00 0.47 11.5 
B 6 55 0.56 1.14 0.922 11.5 

For the current experiments, the solid propeller geometry was created by using the Solidworks 
and printed on the 3D printer made by JG Aurora in China using biodegradable polylactic acid 
filament (PLA) material. The actual propeller model was created through the additive process by 
printing the propeller layer by layer up to 0.1 mm. Two hours were taken to complete the entire 
printing process. Figure 4a shown the propeller printed in progress and Figure 4b shows the 
completed propeller with the temporary supporting structure, which needs to be eliminated in the 
post-processing. 



Water 2019, 11, 1097 7 of 20 

 

  
(a) (b) 

(c) (d) 

Figure 4. 3D printing for propeller model. (a) Printing status; (b) print completed; (c) propeller-A; (d) 
propeller-B. 

3.4. Scaling of Experiment 

According to Verhey et al. [7], the scaling effects caused by viscosity are negligible if the 
Reynolds number for flow (𝑅 ) and the propeller (𝑅 ) are greater than 3 × 103 and 7 × 104. The 
Reynolds numbers can be calculated using Equations (1) and (2). 𝑅 = 𝑉 𝐷𝜈  (1) 𝑅 = 𝑛𝐿 𝐷𝜈  (2) 

where 𝐿  is the length that depends on β as defined by Blaauw and van de Kaa [6] as Equation 
(3). 𝐿 = 𝛽𝐷 𝜋(2𝑁 1 − 𝐷𝐷 )  (3) 

where 𝑉  is the efflux velocity (m/s); 𝐷  is the diameter of the propeller (m); 𝐷  is the 
diameter of the hub (m); 𝜈 is the kinematic viscosity of the fluid (8.54 × 10–7 m2/s); 𝑛 is the rotational 
speed (rps); 𝛽 is the blade area ratio; and 𝑁 is the number of blades. 

Typical propeller sizes and rotational speeds that might cause seabed scouring in British ports 
and harbours ranged between 1.5 m and 3 m for propeller diameters running at 200–400 rpm 
according to Qurrain [21]. A typical ship propeller with a diameter of 1.65 m that operated at 200 
rpm with a coefficient of thrust (Ct) of 0.35 was used as the prototype for the twin-propeller. The 
propeller rotation speeds used for this investigation were set to 500 and 700 rpm for observing the 
resulting scour profiles. Reynolds numbers for the proposed speed ranges were 2.9 × 104 for 𝑅  
and 1.3 × 104 for 𝑅 . In the current study, the motor speed was limited. 𝑅  was slightly smaller 
than the specified value. However, Blaauw and van de Kaa [6] and Verhey [7] proposed that these 
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scale effects were insignificant. The Reynolds numbers for the jets were all greater than 3 × 103 
satisfying the criteria for Froudian scaling. 

The dimensions of the scour profile induced by twin-propeller are shown in Figure 5. Hong et 
al. [10] stated that scour induced by a propeller can be divided into small scour hole (Zone A), 
primary scour hole (Zone B) and deposition dune (Zone C). The current research focused on the 
scour caused by the twin-propellers. Ten different twin-propeller experiments and one 
single-propeller experiment were set up as summarised in Table 3. 

 

Figure 5. Dimensions of the scour profile induced by twin-propeller. 

Table 3. Summary of experiments. 

Experiment  Propeller 
Distance between 
propeller hubs, dp C (mm) n (rpm) 

T-1 Propeller-A 1.5 Dp 27.5 500 
T-2 Propeller-A 1.5 Dp 55.0 500 
T-3 Propeller-A 2.0 Dp 27.5 700 
T-4 Propeller-A 2.0 Dp 55.0 700 
T-5 Propeller-B 1.5 Dp 27.5 500 
T-6 Propeller-B 1.5 Dp 55.0 700 
T-7 Propeller-B 2.0 Dp 27.5 500 
T-8 Propeller-B 2.0 Dp 55.0 700 
T-9 Propeller-A 3.0 Dp 27.5 500 
T-10 Propeller-A 3.0 Dp 55.0 500 

T-11 Single-propeller 
(Propeller-A) 

/ 27.5 500 

4. Twin-Propeller Jet Induced Sandbed Scour  

4.1. Temporal Depth of Scour 
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The experiments found the maximum scour position of a twin-propeller occurred 
symmetrically at the rotational axis of both two propellers. The scour holes were mirrored for two 
propellers in the twin system at the port and starboard sides with time, as shown in Figure 6. The 
depth of the scoured hole increased with time from the observation of various experiments. The 
motor speed reached 500 rpm in a very short time and the propeller reached a stable rotation speed 
in 3 s. The scour data were recorded at 60, 120, 300, 600, 1200 and 1800 s in the experiment. The 
increase of the scour depth was insignificant after 1800 s (30 min), which reached the equilibrium 
state. Hong et al. [10] stated the scour process includes initial stage, developing stage, stabilisation 
stage and asymptotic stage. The scour process for T-1 case in current experiments is shown in Figure 
6. The evolution of a typical scouring profile along the longitudinal direction was measured. 

 
a) b) c) 

 
d) 

 
e) 

 
f) 

Figure 6. Temporal scour processes for twin-propeller, (a) 60 s; (b) 120 s; (c) 300 s; (d) 600 s; (e) 1200 s; 
(f) 1800 s. 

T=60s T=120s T=300s 

T=600s T=1200s T=1800s 
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Figure 7. Dimensionless scour depth for a twin-propeller, (a) 60 s; (b) 120 s; (c) 300 s; (d) 600 s; (e) 
1200 s; (f) 1800 s. 

Figure 7 shows the experimental results obtained from six scour times up to 1800 s (30 min). The 
external rotating twin-propeller produced the two largest scour holes at the propeller axis and the 
scour profile was approximately symmetrical. The maximum scour depth in the axial direction of 
the right single propeller (starboard) was recorded. The x-axis shows the axis distance, while the 
y-axis indicates scour depth. The main scour hole and deposition appeared downstream of the jet. A 
shallow hole formed immediately below the propeller. The sediments located on the surface of the 
sand bed were washed downstream with time due to the jet impingement. The maximum scour 
depth increased gradually with time. The location of the maximum scour depth did not change 
significantly with time. The deposition height increased gradually with time, but the position of 
dune peak moves downstream with time. For the non-dimensionalised scour profile, the x-axis 
shows the axis distance (X/Xm), where Xm is the length of the maximum scour hole from the 
propeller. The y-axis indicates scour depth (εm/εmax). The non-dimensionalised scour profiles show 
the scour profile at different times had high similarity. 

4.2. 2D Scour Section for Single-propeller 

Previous researchers proposed an empirical formula to predict the maximum scour depth 
based on the experimental results. The scour structure of the entire scour section has not been 
studied. The current research studied the 2D scour profile of single-propeller and twin-propeller 
induced scour. The maximum scour occurred on the rotational axis of single-propeller. Hamill et al. 
[8] stated that the maximum scour depth location (Xm) can be calculated by Equation (4). The 
location of the maximum scour depth was proportional to the distance from the tip of the propeller 
blade to the sandbed. 𝑋 = 𝐹 . 𝐶 (4) 

For current propeller diameter of 55 mm, speed of 500 rpm, and C of 0.0275 m, F0 was calculated 
as 8.135. The maximum scour depth and position was measured, as presented in Figure 8.  
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Figure 8. Dimensionless scour profiles for a single-propeller. 

The dimensionless scour profiles show that the current research has the same scour profile 
compared with Hamill et al. [8] and Hong et al. [10]. The scour profile is divided into three zones: 
small scour hole, primary scour hole and deposition dune in order to describe the whole scour 
section for single-propeller. The length of each zone was necessary to describe the scour profile. 
Table 4 summarises the suggested dimensionless length of each zone. The current work suggests the 
application of a Gaussian probability distribution to represent each scour section, which the scour 
depth is distributed in the holes. A Gaussian distribution curve was used to fit the three zones, as 
shown in Figure 9.  

Table 4. Dimensionless length of each zone for single-propeller induced scour. 

Source Small scour hole 
(zone A)  

Primary scour hole 
(zone B) 

Deposition dune 
(zone C) 

Hamill [8] No defined 0 < X/Xm < 1.7 1.7 < X/Xm < 2.2 
Hong [10] -0.5 < X/Xm < 0 0 < X/Xm < 1.83 1.83 < X/Xm < 2.9 

Current research -0.45 < X/Xm < 0 0 < X/Xm < 1.8 1.8 < X/Xm < 3 
Suggested length -0.5 < X/Xm < 0 0 < X/Xm < 1.8 1.8 < X/Xm < 3 
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(c) 

Figure 9. Dimensionless scour section of different zones. (a) Small scour hole (-0.5 < X/Xm < 0); (b) 
primary scour hole (0 < X/Xm < 1.8); (c) deposition dune (1.8 < X/Xm < 3). 

The entire scour profile can be predicted by using Equations (5), (6) and (7). 

-0.5 < X/Xm < 0: = −0.02 + (−0.138 ∗ exp −0.5 ∗ .. ) (5) 

0 < X/Xm < 1.8: = −0.038 + (−0.9 ∗ exp −0.5 ∗ .. ) (6) 

1.8 < X/Xm < 3: = 0.21 + (0.796 ∗ exp −0.5 ∗ .. ). (7) 

The proposed calculation was compared to the experimental results by Hong et al. [10] in order 
to validate the proposed scour equation to form 2D scour profile. The maximum scour depth was 
0.107 m. The location of the maximum scour depth was 0.75 m. The comparison between the 
experimental results and the predicted equation is shown in Figure 10. 
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Figure 10. Comparison between the experimental values and the predicted equation. 

The results of the predicted scour profile are consistent with the experimental results. The 
predicted scour depth has an error of less than 20%. The current research suggests that the scour 
profile of a single propeller can be predicted by using Equations (5), (6) and (7) after the maximum 
scour depth and position was calculated using the existing equations. 

4.3. 2D Scour Section for Twin-propeller  

Scour induced by twin-propeller produced a sand deposition downstream after the primary 
scour hole. The deposition is in the "M" distribution with two deposition peaks at the rotational axis 
of both propellers. The deposition decreased towards the two propellers laterally from the 
M-shaped lateral scour distribution. Previous researchers did not propose a corresponding formula 
to predict the deposition profile. 

 

Figure 11. Scour on rotational axis and symmetrical planes for twin-propeller. 

For propeller-B, the scour results were recorded at a speed of 700 rpm in T-6 case. The measured 
twin-propeller scour results in the rotational axis and the symmetrical plane are shown in Figure 11. 
The maximum scour depth on the rotational axis was significantly larger than the maximum scour 
depth on the symmetrical plane. The maximum deposition height on the symmetrical plane was 
higher than the deposition height on the rotational axis. The position of deposition peak on the 
symmetrical axis was 310 mm from the propeller, but the position of deposition peak on the 
rotational axis was 350 mm from the propeller. The experimental results show the ridge-like 
deposition profile with three peaks. The first deposition peak is bigger compared to the two other 
peaks downstream. The dimensionless scour profile on the rotational axis of twin-propeller (T-1 
case) and single-propeller (T-11 case) induced scour are shown in Figure 12.  
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Figure 12. Scour induced by a twin-propeller and single-propeller. 

The maximum scour position for twin-propeller can be calculated by Equation (8). 𝑋 , = 2.1𝐷 . (8) 
The scour profile of twin-propeller was also divided into three zones including small scour 

hole, primary scour hole and deposition dune. Table 5 gives the position of the maximum scour 
depth (Xm,twin) and the length of primary scour hole (Xs,twin). The dimensionless length of each zone 
was also suggested. The three zones were predicted by using the Gaussian distribution curve, as 
shown in Figure 13.  

Table 5. Dimensionless length of each zone for twin-propeller induced scour. 

Case Xm,twin (m) Xs,twin (m) 
Small scour hole 

(zone A) 
Primary scour 
hole (zone B) 

Deposition dune 
(zone C) 

T-1 0.15 0.24 −0.5 < X/Xm < 0 0 < X/Xm < 1.58 1.58 < X/Xm < 2.4 
T-2 0.17 0.28 −0.5 < X/Xm < 0 0 < X/Xm < 1.63 1.63 < X/Xm < 2.6 
T-3 0.18 0.29 −0.45 < X/Xm < 0 0 < X/Xm < 1.62 1.62 < X/Xm < 2.8 
T-4 0.17 0.28 −0.5 < X/Xm < 0 0 < X/Xm < 1.65 1.65 < X/Xm < 2.7 
T-5 0.15 0.23 −0.5 < X/Xm < 0 0 < X/Xm < 1.53 1.53 < X/Xm < 2.4 
T-6 0.17 0.27 −0.5 < X/Xm < 0 0 < X/Xm < 1.6 1.6 < X/Xm < 2.6 
T-7 0.19 0.33 −0.5 < X/Xm < 0 0 < X/Xm < 1.72 1.72 < X/Xm < 3 
T-8 0.18 0.31 −0.5 < X/Xm < 0 0 < X/Xm < 1.71 1.71 < X/Xm < 2.9 
T-9 0.14 0.24 −0.5 < X/Xm < 0 0 < X/Xm < 1.68 1.68 < X/Xm < 2.8 

T-10 0.15 0.25 −0.5 < X/Xm < 0 0 < X/Xm < 1.64 1.64 < X/Xm < 2.8 
Suggested 

length 
/ / −0.5 < X/Xm < 0 0 < X/Xm < 1.6 1.6 < X/Xm < 2.6 
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Figure 13. Dimensionless scour section of different zones for twin-propeller. (a) Small scour hole 
(−0.5 < X/Xm,twin < 0); (b) primary scour hole (0 < X/Xm,twin < 1.6); (c) deposit mound (1.6 < X/Xm,twin < 2.6). 

The entire scour profile can be predicted using Equations (9), (10) and (11). 

−0.5 < X/Xm,twin < 0: = −0.23 ∗ exp −0.5 ∗ ..  (9) 

0 < X/Xm,twin < 1.6: = 0.04 + (−1.03 ∗ exp −0.5 ∗ .. ) (10) 

1.6 < X/Xm,twin < 2.6: = −0.19 + (0.91 ∗ exp −0.5 ∗ .. ) (11) 

The prediction of the scour profile by twin-propeller was compared with the experimental 
results. The measured maximum scour depth was 28 mm. The location of the maximum scour depth 
was 140 mm from propeller. The comparison between the predicted equation and previous research 
is shown in Figure 14. 

 
Figure 14. Comparison between the predicted equation and previous research. 
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The predicted scour profile for q twin-propeller proposed by the current research agreed with 
the scour profile of a single-propeller by Hamill et al. [8] and Hong et al. [10]. The predicted primary 
scour profile was different from the research provided by Yew [16]. The current research suggests 
that the scour profile of a twin-propeller can be predicted by Equations (9), (10) and (11). The 
maximum scour depth and position should be calculated first. 

5. Conclusions 

Scour induced by single and twin propeller jets were investigated to present the scour structure 
and followed by the proposal of empirical scour equations based on the maximum scour depth and 
its position. Empirical scour distribution equation was proposed by using Gaussian normal 
distribution. The scour structure can be divided into three zones, which are the small scour hole, 
primary scour hole and deposition dune. 2D scour model are proposed enabling the prediction of 
the scour profiles for both single-propeller induced scour and twin-propeller induced scour.  

For the single propeller, Equations (5), (6) and (7) are proposed to predict the entire scour 
profile to establish a 2D single propeller scour model. 

−0.5 < X/Xm < 0: = −0.02 + (−0.138 ∗ exp −0.5 ∗ .. ) (5) 

0 < X/Xm < 1.8: = −0.038 + (−0.9 ∗ exp −0.5 ∗ .. ) (6) 

1.8 < X/Xm < 3: = 0.21 + (0.796 ∗ exp −0.5 ∗ .. ). (7) 

For the twin propeller, Equations (9), (10) and (11) are proposed to predict the entire scour 
profile to establish a 2D twin propeller scour model. 

−0.5 < X/Xm,twin < 0: = −0.23 ∗ exp −0.5 ∗ ..  (9) 

0 < X/Xm,twin < 1.6: = 0.04 + (−1.03 ∗ exp −0.5 ∗ .. ) (10) 

1.6 < X/Xm,twin < 2.6: = −0.19 + (0.91 ∗ exp −0.5 ∗ .. ). (11) 

Notation: 
C = clearance distance from propeller tip to bed; 
Ct = thrust coefficient; 
Dh = propeller hub diameter; 𝐷  = propeller diameter; 
dp = the distance between twin-propeller; 
d50 = average sediment grain size; 
F0 = densimetric Froude number; 
n = number of revolutions per second/minute; 
N=blade number 𝛽 = blade area ratio; 
t = time; ɛ ， = depth of maximum scour of twin-propeller at time t; 𝑍 ， = maximum deposition height of twin-propeller at time t; 𝛺 = experimental coefficient; 𝛤 = experimental coefficient; 
Xm = distance to location of maximum scour for single-propeller; 
Xm,twin = distance to location of maximum scour for twin-propeller; 
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