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Abstract

DSI, LLC has developed a numerical algorithm for propeller wash modeling to simulate ow and
sediment transport patterns due to ship traf ¢ in urban waterfronts, integrating this algorithm into
Environmental Fluid Dynamics Code Plus (EFDC+). This method computes propeller wash ve-
locity pro les for each ship based on Hamill's approaches (Hamill, 1987; Hamill and Kee, 2016;
Hamill et al., 2015) and other empirical equations (Fuehrer athiBch, 1977; Hashmi et al.,

2007; Lam et al., 2011; Maynord, 2000; Stewart, 1992; Toutant, 1982). Using these velocity pro-
les, the resultant shear stress at the water-sediment interface is calculated using the Maynord
(2000) method. Given the bottom shear stress, sediment transport processes due to the pro-
peller wash are then computed following either van Rijn's sediment transport equations (Van Rijn,
1984a,b,c) or the Sediment Dynamics Algorithms developed by Ziegler, Lick, and Jones (SEDZLJ)
(Jones and Lick, 2001). These propeller wash results are fully coupled to the three-dimensional
hydrodynamic and sediment transport computation in EFDC+. As a result, EFDC+ propeller wash
models can dynamically simulate combinations of propeller wash-induced processes, such as sed-
iment resuspension and bed scour due to ship movement, subsequent transport behaviors in the
water column (e.g., advection, diffusion, settling), and redeposition in the sediment bed.

Several case studies, including a ume experiment (Hong et al., 2016), a San Diego Bay eld
test (Wang et al., 2016), and Washington State ferry operations (Kastner et al., 2019), demon-
strated that the EFDC+ model can reasonably reproduce observed propeller wash data (i.e., ow
velocity, shear stress, and erosion depth). Other case studies presented here also con rmed that
the EFDC+ propeller wash approach works correctly with van Rijn's sediment transport theories
(Van Rijn, 1984a,b,c) and SEDZLJ method (Jones and Lick, 2001). Based on these ndings, it
can be concluded that the EFDC+ model provides a reliable representation of the sediment trans-
port processes induced by propeller wash, including scour, bedload, sediment resuspension, and
movements of the resuspended sediments under various conditions. The EFDC+ propeller wash
modeling approach will be bene cial for researchers, engineers, and regulators in their efforts to
properly evaluate propeller wash effects for contaminant remediation planning, scour mitigation,
and structure design.
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Chapter 1

Introduction

1.1. Background

Propeller wash is the ow generated behind a rotating propeller. The propeller wash from ships
may signi cantly impact the sediment bed in water systems, especially in areas of substantial ship
traf c. The propeller wash can cause resuspension and redistribution of contaminated sediments
bedded in urban waterfronts, as documented in numerous eld studies over the years (e.g., San
Diego Bay, Gowanus Canal, Newtown Creek, Lower Duwamish River, and Portland Harbor Su-
perfund sites). One such study conducted in San Diego Bay demonstrated that berthing/docking at
only three naval piers resuspended a total of 26 tons per day of sediments into the water column
(Wang et al., 2016). The resuspended contaminated sediments can be further transported by ship
traf c-induced currents in addition to ambient ows, acting as a signi cant source of recontam-
ination at other locations nearby (Michelsen et al., 1998). In addition, propeller wash has been
identi ed as the primary cause of scour around quay structures (e.g., piers and docks); such scour
may result in structural instability, or even failure (PIANC, 2015). Research on propeller wash-
induced scour at the Kingston Ferry Terminal in Washington state (Kastner et al., 2019) observed
that an undersea cliff face at a ferry slip had migrated shoreward in recent years; the study then
showed that the propeller wash associated with ferries' arrivals and departures had 10 to 30 times
higher water velocities and 10 to 100 times higher resulting shear stresses than ambient conditions,
with serious potential impacts for the seabed.

Over the decades, several approaches have been proposed to estimate the impacts of propeller
wash on sediment resuspension (Garcia et al., 1999; Gucinski, 1982; Hong et al., 2016) and seabed
scours around quay walls (Blaauw and van de Kaa, 1978; Fuehrer @ndéh, 1977; Hamill,

1987; Hong et al., 2013; Verhey et al., 1987). These studies have relied primarily on experiment
results and have provided laboratory-based empirical formulations for propeller wash effect esti-
mation. Recently, numerical modeling studies of propeller wash have been conducted to compute
ow and sediment transport patterns due to propeller wash in nearshore areas, linking them to
numerical sediment transport models (Chadwick et al., 2008; Maynord, 2000; Wang et al., 2016).
However, most modeling approaches have been limited to uncoupled representations of propeller
wash to the sediment transport models. Speci cally, the existing approaches are established based
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1. Introduction

on empirical formulations that only address propeller wash-induced velocity and shear stress at the
sediment bed, which prevents dynamic coupling to the far- eld transport processes. For example,
the modelers calculated the propeller wash sediment resuspension using the empirical equations
externally (i.e., by hand), and then they manually added this as a source term to a far- eld model
simulation for subsequent sediment transport (Chadwick et al., 2008). Additionally, most current
modeling efforts are limited to steady-state ow conditions, neglecting propeller wash-induced
momentum for hydrodynamic ow eld computation. Moreover, their applications are frequently
limited to a single type of vessel, with additional limitations in modeling ship paths.

1.2. Objective

DSI, LLC (DSI) has developed a numerical algorithm for propeller wash modeling, integrating this
algorithm into Environmental Fluid Dynamics Code Plus (EFDC+) as a module. This algorithm

is fully coupled to a three-dimensional (3D) hydrodynamic and sediment transport computation

in EFDC+. Therefore, EFDC+ with the propeller wash module can dynamically simulate com-
binations of propeller wash-induced processes, such as sediment resuspension and bed scour due
to ship traf ¢, subsequent transport processes in the water column (e.g., advection, diffusion, set-
tling), and redeposition in the sediment bed, as illustrated in Figure 1.1.

Figure 1.1: Schematic diagram of propeller wash-induced sediment transport processes.
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1. Introduction

Major capabilities of the EFDC+ propeller wash modeling features are highlighted below.

» Computes propeller wash effects based on an independent sub-grid mesh for each ship and
integrates them into general model grid cells;

» Addresses any number of ships simultaneously for the characteristics of ship and propeller
properties illustrated in Figures 1.2 and 1.3;

» Speci es ship paths by interpolating Automatic Identi cation System (AIS) or user-de ned
ship tracking data;

 Calculates propeller wash-induced shear stress, including ambient currents;
» Applies a superposition approach to address multiple-propeller impacts;

» Computes sediment transport processes linked to the Original Environmental Fluid Dynam-
ics Code (EFDC) Sediment Transport module (Van Rijn, 1984a,b,c) and the Sediment Dy-
namics Algorithms developed by Ziegler, Lick, and Jones (SEDZLJ) module (Jones and
Lick, 2001);

» Simulates bedload and geomorphic feedback for both sediment transport modules; and

* Incorporates propeller wash momentum into the 3D hydrodynamic ow eld.

The fully coupled modeling features of the EFDC+ propeller wash module will be bene cial for
researchers, engineers, and regulators in their efforts to properly evaluate propeller wash effects
for contaminant remediation planning, scour mitigation, and structure design. To assist in devel-
oping, running, and analyzing EFDC+ propeller wash models, EEER@lorer Modeling System
(EEMS) software provides pre-and post-processing tools with a Graphic User Interface (GUI).
More information about the EEMS software is available online (www.eemodelingsystem.com).

This document provides comprehensive information on the EFDC+ propeller wash module as fol-
lows. Chapter 2 describes the theoretical basis for the propeller wash velocity solutions used in
the EFDC+ propeller wash module. Chapter 3 addresses the algorithmic structures and implemen-
tation procedures of the EFDC+ propeller wash module. Chapter 4 provides the details of four
input les required for the propeller wash simulation using EFDC+, and this chapter also suggests
general guidelines for ship and propeller speci cations that can be used as model inputs when
the required information is not available. Chapter 5 presents several case studies that demonstrate
and validate the EFDC+ propeller wash modeling features coupled to hydrodynamic and sediment
transport processes.

DSI, LLC 1-3 EFDC+ Propeller Wash
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Figure 1.2: De nition for key ship properties (side view). The ship image is adapted from Damen Shipyards (2021).
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Figure 1.3: De nition for key ship properties (back view). The ship image is adapted from Damen Shipyards (2021).
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Chapter 2

Theoretical Approach

Over the decades, through laboratory experiments and eld measurements, numerous studies have
proposed empirical relationships to represent the ow velocity eld induced by the rotation of a
propeller. The studies to identify the main variables in uencing propeller wash calculations have
been conducted based on traditional dimensional analysis techniques for physical modeling. The
advent of laser-based technologies for measurements has improved the data precision and has fa-
cilitated the development of various empirical relationships. These empirical studies have found
that propeller wash velocity elds depend primarily on two parameters: propeller diameter and ap-
plied power to the propeller. The studies also established that propeller wash forms a symmetrical
velocity distribution with respect to the propeller shaft axis.

The EFDC+ propeller wash module computes analytical propeller wash velocity pro les by adopt-
ing Hamill's approaches (Hamill, 1987; Hamill and Kee, 2016; Hamill et al., 2015) and other
empirical equations (Fuehrer an@disch, 1977; Hashmi et al., 2007; Lam et al., 2011; Maynord,
2000; Stewart, 1992; Toutant, 1982). Figure 2.1 presents a schematic diagram summarizing the
adopted equations for the following three propeller wash zones:

o Ef ux Zone
» Zone of Flow Establishment

* Zone of Established Flow

The propeller wash formation and diffusion processes differ explicitly among these three zones. As
the propeller is rotating, the maximum propeller wash velocity occurs at the face of the propeller,
which is termed the ef ux velocity. This velocity does not decay within the ef ux zone, which

is a short distance behind the propeller. All subsequent velocity values (at any location within
the diffusing propeller wash) are dependent on the magnitude of this initial maximum propeller
wash velocity. As the propeller wash moves beyond the ef ux zone, it enters the zone of ow
establishment, where the propeller wash becomes established and the diffusion occurs both inward
and outward. Beyond the zone of ow establishment, the propeller wash subsequently decays to
merge with any background ow in the zone of established ow. The length of each propeller wash
zone can be speci ed relative to the propeller diamebdgy, The following sections describe the
empirical formulations for each of the three zones adopted in the EFDC+ propeller wash module.

DSI, LLC 2-1 EFDC+ Propeller Wash
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Figure 2.1: Adopted formulations for the three propeller wash zones in EFDC+.
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2. Theoretical Approach

2.1. Efux Zone

The maximum velocity at the face of the propeller is termed the ef ux velo®yFuehrer and
Romisch, 1977). Hamill (1987) suggested that there is no decay of the ef ux velocity within a
short distance of approximatek#D, = 0:35 behind the propeller (the ef ux zone). Beyond this
distance, through direct measurements, Hamill (1987) concluded the maximum axial velocities
within the propeller wash decreased with distance from the propeller as a result of lateral mixing.
Additionally, the ume experiments reported by Hamill and Kee (2016) suggested that the ef ux
velocity is distributed approximately uniformly along the ef ux plane.

Therefore, for the analytical velocity pro le, EFDC+ applies the ef ux velocdiy which is lat-
erally uniform with no decay within the ef ux zonex{Dp < 0:35), as shown in Figure 2.1. The
following describes how EFDC+ calculates the magnitude of the ef ux velocity using either an
applied propeller rotational speed or an applied ship engine power.

When a propeller rotational speed is applied, the propeller ef ux veldgitys computed as sug-
gested by Fuehrer andmisch (1977):

Vo=159 n D, C» (2.1)

where,

Vo  : propeller ef ux velocity (m/s)
n . propeller rotational speed (revolutions per second, rps)
Dy, : propeller diameter (m)

G . propeller thrust coef cient (dimensionless), typically 0.35

Fuehrer and Bmisch (1977) derived the above equation from axial momentum theory, and this
approach has been widely accepted to predict the propeller ef ux velocity (Jiang et al., 2019).
In this equation, the propeller's rotational speed, diameter, and thrust coef cient are user-de ned
model input parameters (see Chapter 4).

When a ship engine power is applied, the propeller ef ux velodys determined regarding the
propeller thrusfT (or effective pusHeP). Given the applied engine power, the effective p&sh
(in pounds-force, Ibf) is calculated using Toutant equations (1982):

8
2 2357P%974  2:3v2P%5  for non-ducted propeller

EP= 2.2)
" 31:82P%974  5:4V2P%S  for ducted propeller

Viw=Va Vi (2.3)

where,
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2. Theoretical Approach

EP : effective push equivalent to thrust (Ibf)
P . applied engine power (horsepower, hp)
Va @ ambient current velocity (mph), which is close to zero in tidal environments

Vy  :ship speed relative to ground (mph)

The effective pusltEP in pounds-force is then converted to the thilish newtons as:

T(N)= 445 EP(Ibf) (2.4)

After that, the propeller ef ux velocityp is computed as a function of the thrdsand contracted
propeller wash diametéd, (Maynord, 2000) as:

S
1 T
Vo= 1:13 Dn —

- o (2.5)

where,

T : thrust (N)
Do : propeller wash diameter (0.0} for non-ducted propeller arid,, for ducted propeller)

rw : water density (kg/rf)

2.2. Zone of Flow Establishment

Beyond the ef ux zone, the propeller wash forms the zone of ow establishment. In this region,
the maximum axial velocities decrease with distance from the propeller due to lateral mixing. Due
to the hub's in uence at the center of the propeller, the propeller wash has a low-velocity core
along the axis of rotation within the zone of ow establishment. Consequently, the lateral velocity
pro les within the zone of ow establishment form two peaks, as shown in Figure 2.1. The uid
is mixing with the surrounding water both inwardly and outwardly along the axis of rotation. The
hub's in uence then disappears gradually along the longitudinal axis due to the penetration of
high-velocity uid into the low-velocity central core.

Fuehrer and Bmisch (1977) and Blaauw and van de Kaa (1978) found the end of the zone of
ow establishment occurred at a relative distancexdD, = 2:6 from the propeller face. Verhey

et al. (1987) suggested the zone length we3, = 2:77, while Stewart (1992) proposed the zone
extended to approximatek=D, = 3:25 from the propeller face. EFDC+ allows modelers to de-
termine the length for the zone of ow establishment as a model input parameter; the value of
x=Dp = 3:25 (Stewart, 1992) is recommended per Hamill and Kee (2016).

For outside of the ef ux zone, as per Hamill and Kee (2016), the EFDC+ velocity pro le applies the
maximum axial velocity decreasing linearly with distance and computes its magnitude dependent
on the initial ef ux velocity magnitudé&/ as:
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2. Theoretical Approach

V.-
Yomax_ 59 0175 X 0:46P° (2.6)

where,
Vmax : maximum velocity at an axial distanggm/s)

X . distance from the propeller face (m)

PO : propeller pitch to diameter ratio (dimensionless)

The lateral distribution of the velocity in the zone of ow establishment is then computed as sug-
gested in Hamill and Kee (2016):

" #
Vicr 1 r R °
= ex — 2.7
Viemax P 2 S (2.7)
where,
8
2 0:5Rmo for x=Dp < 0:5
s=_ (2.8)
" 0:5Rmo+ 0:075(x+ 0:5Dp) forx=Dp 0:5
where
Rmo= 0:67(Rp Ry (2.9)
where,

Vir @ velocity at an axial distanceand at a radial distanee(m/s)

r : radial distance from the propeller shaft axis (m)

Rmno : radial distance of maximum velocity from propeller shaft axis (m)
Rp  :radius of propeller (m)

R, :radius of propeller hub (m)

2.3. Zone of Established Flow

At a certain distance downstream, the ow will only be mixing outwardly; this is referred to as the
zone of established ow. In this region, there is only one maximum velocity peak located at the
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2. Theoretical Approach

axis of rotation. Through direct experimental measurements and based on propeller blade charac-
teristics, Hamill (1987) proposed the following empirical equation for the decay of the maximum
axial velocity in the zone of established ow:

V..
= A Dip (2.10)
A= 11:4C + 6:65b + 2:16PY (2.11)
BO= (0216 pl024 po 187 (2.12)
where,
b . propeller blade area ratio, usually referred to as disk area coef cient (dimensionless)

The lateral distribution of the velocity pro le in the zone of established ow is then computed
according to Fuehrer anddRiisch (1977), per the recommendation of Hamill and Kee (2016):

Vx;r

X;max

2
=exp 222 )5( (2.13)

2.4. Computation of Velocity at Water-Sediment Interface

The propeller wash velocity at the water-sediment interface for a speci c location is then calculated
based on Equations 2.7 and 2.13 by specifying the longitudinal distaararadial distancefrom
the propeller as:

X= Xp (2.14)
q
r=YZ+H32 (2.15)
where,
Xp  :longitudinal distance from the propeller (m)
Yp : lateral distance from the propeller shaft axis (m)

Hp : vertical distance from the propeller shaft axis to sediment bed (m)
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Chapter 3

EFDC+ Algorithm Implementation

This chapter describes the algorithmic structure and implementation processes for EFDC+ pro-
peller wash computation. Overall, EFDC+ implements the propeller wash computation based on
an independent sub-grid for each ship. It can simulate multiple ships with a single model and spec-
ify the ship paths by utilizing ship tracking data (derived from AIS or user-de ned). EFDC+ then
dynamically links the propeller wash sub-grids and model grid cells to compute hydrodynamic and
sediment transport processes for every sediment time step.

Figure 3.1 shows the ow chart for the EFDC+ propeller wash implementation procedures. The
white- lled boxes indicate the general EFDC+ computation steps based on model grid cells,
whereas the blue- lled boxes indicate the propeller wash module processes. The following pro-
vides the conceptual and mathematical details for each computation step, presenting the related
schematic diagrams sequentially.
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Figure 3.1: Flow chart of the EFDC+ propeller wash computation process.
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Step 1. Compute Hydrodynamic Flow Field

When a simulation starts, EFDC+ computes a 3D hydrodynamic ow eld at the general model
grid cell resolution. Figure 3.2 displays an example of a two-dimensional (2D) plan view for model
grid cells and depth-averaged ambient current velocity vectors simulated at a time step.

Step 2. Specify Ship Position

Propeller wash computation starts with specifying the location, heading, speed, and applied power
of the ships to be considered. For each ship, EFDC+ establishes this information by interpolating
ship tracking data, which are derived from AIS or manually de ned by the modeler (see details
in Section 4.4). Figure 3.2 shows a ship heading west within a model grid cell, along with a ship
path.

Figure 3.2: Hydrodynamic velocity eld for model grid cells and speci cation of ship position
based on a ship path (plan view).

Step 3. Generate Sub-grid Points

After specifying the ship positions, EFDC+ generates an independent 2D sub-grid behind each
ship, as shown in Figure 3.3. The sub-grid points are used for the propeller wash computation for
each ship, as described in the following steps. The modeler can de ne the sub-grid dimensions as
a function of the propeller diameters (see details for the sub-grid con guration in Section 4.2).
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Step 4. Determine Bottom Elevation

The bottom elevations of the sub-grid points are determined based on the bottom elevation of the
model grid cells. For each sub-grid point, EFDC+ uses an inverse distance squared scheme to
interpolate the bottom elevation of the center of each surrounding model grid cell. Figure 3.3
presents an example of resultant sub-grid bottom elevations.

Figure 3.3: Generation of sub-grid mesh behind ship and determination of bottom elevation for
each sub-grid point (plan view).

Step 5. Compute Propeller Wash Velocity at the Bottom

Given the bottom elevation, EFDC+ computes the propeller wash velocities at the bottom (water-
sediment interface) for each sub-grid point using the approach described in Chapter 2. Figure
3.4 presents a vertical side view of conceptual diagrams summarizing the velocity formulations
for the three propeller wash zones and indicating sub-grid points for velocity computation at the
water-sediment bed interface.

For ships with multiple propellers, EFDC+ computes the propeller wash velocity eld for each
propeller separately, then superposes them according to the distance between propellers. In this
case, the ship with multiple propellers still has a single sub-grid mesh, indicating the velocity
caused by multiple propellers. Figure 3.5 illustrates the superposition process for a two-propeller
ship from a vertical back view.
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Figure 3.4: Sub-grid points for velocity computation at water-sediment bed interface (side view).

Figure 3.5: Superposition of propeller wash velocities for a two-propeller ship (back view).
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Step 6. Combine Propeller Wash and Ambient Velocities

Figure 3.6 displays the ambient current velocity vectors for model grid cells computed from Step 1
and the propeller wash velocities for sub-grid points (red for high values and blue for low values)
computed from Step 5. Prior to computing a bottom shear stress, EFDC+ calculates a near-bed
velocity for each sub-grid point, combining the ambient current and propeller wash velocities.

Figure 3.6: Propeller wash velocities at sub-grid points and ambient current velocity vectors for
model grid cells (plan view).

Step 7. Compute Shear Stress at the Bottom

Given the near-bed velocity, EFDC+ computes bottom shear Stpe@st/mz) for each sub-grid
point using the Maynord (2000) approach as follows:

tp=05 rw Ct (Vhed? (3.1)
D

Ci=001 P (3.2)
Hp

where,

rw : water density (kg/rf)
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Cs : friction coef cient (dimensionless)
Vhed : Near-bed velocity (m/s)
Dy, : propeller diameter (m)

Hp : distance between propeller shaft and sediment bed (m)

Step 8. Compute Erosion Rate at the Bottom

Given the bottom shear stress, EFDC+ computes an erosioregaéefor each sub-grid point.

The propeller wash erosion rate is calculated using either the Original EFDC Sediment Trans-
port approach (in g/dis) (Van Rijn, 1984a,b,c) or the SEDZLJ Sediment Transport approach (in
g/cré/s) (Jones and Lick, 2001) in accordance with the approach used for the general EFDC+
sediment transport processes at the model grid cells (in Step 11). Additionally, this step computes
the erosion rates for bedload and suspended load separately with respect to the applied bottom
shear stress, critical shear stress of bed materials, and particle settling velocities. EFDC+ Theory
Document Chapter 6 (DSI, 2020) provides detailed theories and mathematical descriptions for the
Original EFDC and SEDZLJ Sediment Transport approaches. In Figure 3.7, the sub-grid points
with a color ramp show an example of the resultant bottom shear stress or erosion rate, where red
indicates high value and blue indicates low value.

Figure 3.7: Shear stress or erosion rate induced by propeller wash at sub-grid points (plan view).
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Step 9. Calculate Erosion Mass for Sub-grid Areas

Figure 3.8 displays sub-grid points and sub-grid areas, indicating the associated erosion quantities
with colors. EFDC+ applies an assumption that the erosion rate at the sub-grid point represents the
erosion amount within the surrounding sub-grid area. It then calculates the erosiokEm@ps

for each sub-grid area during a sediment time step using the erosion rafés(égnthe Original

EFDC Sediment Transport approach or gisror the SEDZLJ Sediment Transport approach) of
each sub-grid point as follows.

Em= Erate Asub Tsed (3-3)
where,

Emn : erosion mass at a sub-grid area (g)
Erate : €rosion rate at a sub-gird point (¢7fs or g/cn?/s)
Asup : area of a sub-grid area &or cn?)

Tseq : Sediment time step (S)

Figure 3.8: Sub-grid points, sub-grid area, and model grid cells for propeller wash-induced
erosion mass calculation (plan view).
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Step 10. Aggregate Sub-grid Erosion Mass to the Model Grid

Once the erosion mass (g) is calculated for each sub-grid area, EFDC+ computes a total erosion
mass (g) at each model grid cell by aggregating the sub-grid area erosion masses within the cor-
responding model grid cell. Figure 3.8 shows the sub-grid points, sub-grid areas, and model grid

cells that are related to the total erosion mass calculation.

Step 11. Compute the Sediment Transport Process

EFDC+ then simulates the sediment transport processes for the model grid cells via a user-de ned
approach: either Original EFDC Sediment Transport or SEDZLJ Sediment Transport. Figure 3.9
conceptually illustrates the general sediment transport processes that EFDC+ simulates for the
water column and the sediment bed. The sediments eroded from the bed (computed from Step
10) are transported as bedload and suspended load, as speci ed from Step 8. For the bedload
computation, the eroded sediments are transported to the top sediment bed layer of the adjacent
model cell downstream, which represents the process of sediments rolling or sliding along the
sediment bed surface. For the suspended load computation, the eroded sediments are distributed
into the water column (i.e., resuspension), and subsequent transport processes (i.e., advection,
mixing, settling, and deposition) of the resuspended sediments are then simulated in response to
the hydrodynamic ow eld. Theories and mathematical descriptions for the sediment transport
processes are described in detail in EFDC+ Theory Document Chapter 6 (DSI, 2020).

Figure 3.9: Conceptual diagram for EFDC+ sediment transport processes (side view).
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Step 12. Add Propeller Momentum to the Flow Field (Optional)

EFDC+ has an option to add the momentum associated with the propeller ef ux velgdityl-

culated from Equation 2.1 or 2.5) to a 3D hydrodynamic ow eld as a source term (see EFDC+
Theory Document Chapter 2 [DSI, 2020] for the momentum equations in detail). If this option is
activated, EFDC+ includes the propeller wash momentum effects when it computes the hydrody-
namic ow eld for the next time step. The resulting ow velocities then impact the movement of

the resuspended sediments in the water column. Section 4.1 describes the input model parameter
requirements to activate this option, and Section 5.4 demonstrates the propeller wash momentum
effects on the ow velocity eld and sediment transport processes.

Figure 3.10(a) shows a conceptual diagram of the various components of a ship passing through
a model grid cell. Based on the angle between the ship's heading and the grid rotation, EFDC+
vectorially splits the propeller ef ux velocityp into the computational grid space {iandj direc-

tions) as:

Vi=Vo cos(gs Qi) (3.4)

Vi=Vo sin(gs o) (3.5)
- P

0= 5 (3.6)

where,

Vo  : propeller ef ux velocity from the propeller plane (m/s)

Vi . grid-oriented ef ux velocity component in thedirection (m/s)
V; . grid-oriented ef ux velocity component in thedirection (m/s)
g1 : EFDC+ model grid cell rotation (radian)

g2 : ship heading in compass orientation (radian)

gs : propeller wash ef ux angle (radian)

Given the velocity component$ andV;, EFDC+ computes the rate of momentum change (i.e.,
mass Vvelocity / time) due to propeller wash for each direction as follows:

Mpi =Vi A Vi ry (3.7)
Mpi=JVi A V] rw (3.8)
where,

Mpi : rate of momentum change due to propeller wash iri thieection (kgm/s?)
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Mp; : rate of momentum change due to propeller wash irj thigection (kgm/S)
A : area of propeller wash face in the ef ux zone3m

rw : water density (kg/rf)

EFDC+ then incorporates the resultant momentum changeVgieandMp| into the momentum
equations of hydrodynamic computations as a source term (see EFDC+ Theory Document Chapter
2 [DSI, 2020]). EFDC+ also applies a factor to adjust the propeller wash-induced momentum
change rates to account for losses and turbulence that are not directly simulated. This factor is
a user-de ned input parameter of EFDC+, and the default factor, which is dimensionless, is 0.75

(see Section 4.2).

Vertically, the the propeller wash-induced momentum effects are proportionately distributed across
water layers the propeller intersects. Figure 3.10(b) shows a conceptual diagram of the vertical
splitting process of the momentum change raits andMp; for the water column layers. The

vertical splitting process is implemented with respect to the ship position, draft, propeller diameter,
water depth, and the number of water layers for the model grid cell where the propeller is located.

Figure 3.10: Diagrams for propeller wash-induced momentum (a) coupling with a model grid cell
and (b) splitting over vertical water layers.
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Repeat Propeller Wash Computation Every Sediment Time Step

The EFDC+ propeller wash module repeats the above processes for every sediment transport time
step while the ships are located within the model domain. Figures 3.11 to 3.13 provide an exam-
ple of how a ship with a sub-grid mesh is moving along a ship path and ambient currents vary
sequentially during a simulation.

Additionally, EFDC+ can implement direct geomorphic feedback between hydrodynamic and sed-

iment transport processes during a simulation. Speci cally, the bed elevation changes predicted
by the propeller wash-induced sediment transport computation update the bathymetry (i.e., bottom
elevations) used in the hydrodynamic computation for the next time step. This modeling capability

would lead to a more reasonable representation of ow eld and sediment transport behaviors due
to ship traf c.

Figure 3.11: Example of a moving ship with a sub-grid mesh at timetsteplan view).
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Figure 3.12: Example of a moving ship with a sub-grid mesh at timetstefplan view).

Figure 3.13: Example of a moving ship with a sub-grid mesh at timetstegplan view).
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Chapter 4

EFDC+ Input Requirements

EFDC+ performs a propeller wash simulation by reading four input les, which contain module
control parameters, sub-grid con guration, ship and propeller properties, and ship tracking data.
First, this chapter provides the details of the model parameters and input data necessary for the
four input les. Then, we suggest general guidelines for ship and propeller speci cations, which
can be used as the model inputs when the required information is missing or unavailable.

4.1. efdc.inp

“efdc.inp” is the master input le of EFDC+. It is an ASCII-formatted le containing computa-
tional options and data setting parameters, structured into card groups with respect to input objec-
tives. In card group 14, the parameter “ISPROPWASH?” offers options for whether the propeller
wash module is activated for a simulation, as described in Table 4.1. When “ISPROPWASH" = 0,
the propeller wash module is deactivated, so the simulation does not implement the propeller wash
computation at all. When “ISPROPWASH” = 1, the propeller wash module is activated, so the
simulation computes the propeller wash-induced sediment transport processes following Steps 1
to 11 in Chapter 3, but no impact on the ow eld. When “ISPROPWASH” = 2, the simulation in-
corporates the propeller momentum effects into the hydrodynamic ow eld computation (Step 12
in Chapter 3) so that the resulting ow velocities impact the movement of resuspended sediments
in the water column.

Table 4.1: Propeller wash module control elds in efdc.inp le.

Card Field Value Description

Cl14 |ISPROPWASH 0 No propeller wash
1 Activate propeller wash computation
2 Activate propeller wash computation with
propeller ef ux momentum
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4.2. propwashcon g.jnp

“propwashcon g.jnp” speci es the general settings for propeller wash simulation in JSON format.
These settings are separated into “mesh” and “parms” groups, as shown in Table 4.2.

The “mesh” group parameters are to specify the propeller wash sub-grid mesh con guration.
The longitudinal and lateral dimensions of the sub-grid mesh are determined by multiplying
“meshlength” and “meshwidth” parameters by a propeller diamef@g, respectively. For two-
propeller ships, the lateral dimension of the sub-grid mesh can be determined aswid#sh

(Dp + distance between two propellers). The number of sub-grid points is de ned by
“num_axial elems” for the longitudinal dimension and “radlemsper-axial” for the lateral di-
mension.

In the “parms” group, three distance multipliers are applied to the propeller diaDgterde ne

the lengths for the ef ux zone, zone of ow establishment, and zone of established ow, as de-
scribed in Figure 2.1. The default values are also given in Figure 2.1, and users may adjust them
regarding the several suggestions described in Chapter 2.

“ef ux _magmult” is a multiplier factor to adjust the ef ux velocity momentulfp to account for

losses and turbulence, as described in Step 12 in Chapter 3. This parameter is used only when
the simulation adds the propeller ef ux momentum to the hydrodynamic ow eld (i.e., when
ISPROPWASH = 2), with a default of 0.75.

Table 4.2: Propeller wash con guration parameters in propwashg.jnp le.

Group Field Description

mesh  numaxial elems Number of sub-grid points in the axial direction
numradialelems Number of sub-grid points in the radial direction
meshlength Multiplier for sub-grid length in the axial direction
meshwidth Multiplier for sub-grid length in the radial direction

parms ef uxzonemult Distance multiplier for the ef ux zone

ow _estzonelmult Distance multiplier for the zone of ow establishment
ow _estzone2mult Distance multiplier for the zone of established ow
ef ux _magmult Ef ux velocity momentum factor (for ISPROPWASH = 2)
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4.3. propwashships.jnp

“propwashships.jnp” contains the ship characteristics and propeller speci cations in JSON format.
EFDC+ performs the propeller wash computation for multiple ships (no limitation in numbers) in a
single simulation, so this input le should include the information for all the ships being modeled.
Table 4.3 lists the ship and propeller speci cation parameters required for each ship (refer also to
Figures 1.2 and 1.3 for illustrations of these ship features). In a simulation, EFDC+ identi es each
ship using the parameter “mmsi”, which indicates a Maritime Mobile Service Identity (MMSI)
number. The parameter “mmsi” is used to link the ship characteristics in this input le to the
corresponding ship tracking records in the “propwésitks.jnp” le (see Section 4.4).

In Table 4.3, essential parameters are marked with an asterisk. Unfortunately, public and commer-
cial databases generally provide only basic ship data (e.g., MMSI, vessel type, length, beam, gross
tonnage), which are not suf cient to specify the parameter values required for model simulations.
For instance, the installed engine power (npewer or maxrps) is the most important piece of

ship information for the propeller wash computation, but it is rarely available. To overcome such
limitations in data availability, we devised several approaches to estimate the properties of the most
common ships and propellers using only public and commercial databases; these approaches are
described in Section 4.5.
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Table 4.3: Ship and propeller speci cation parameters in propveagbs.jnp le.

Field Description

mmsi* MMSI number

IMO International Maritime Organization (IMO) identi cation number
USCG United States Coast Guard (USCG) documentation number
name Ship name

call_sign Radio transmission license identi er

type Vessel type

yearbuilt Year the ship was built

length* Ship length overall: distance between bow and stern (m)
beam* Ship width at its widest point (m)

hull_depth Depth of the watertight body of the ship (draft + freeboard) (m)
grosstonnage Overall internal volume of the ship (all enclosed spaces)
nettonnage Molded volume of the cargo spaces (dimensionless)

max.rps* Maximum propeller rotation speed in revolutions per second (rps)
max_power* Maximum installed engine power in horsepower (hp)

max draft Maximum distance between the waterline and hull bottom (m)
min_draft Minimum distance between the waterline and hull bottom (m)
aisto_stern Distance between the AIS antenna location and stern (m)

dist from_stern
dist betweenprops*
prop.offset
num.props*
num.blades*
ducted*
thrust coeff*
prop.diam*
prop_hub_diam*
bladearearatio*
pitch_ratio*
freqout*
active_ ag*
num. xed _cells
xed _cells
xed frac

Distance between the propeller and stern (m)

Distance between propeller shafts (for multiple propellers) (m)
Distance from the hull bottom to the propeller shaft (m)
Number of propellers

Number of propeller blades

0 for non-ducted propeller, 1 for ducted propeller
Propeller thrust coef cient

Propeller diameter (m)

Propeller hub diameter (m)

Blade area ratio (dimensionless)

Pitch ratio (dimensionless)

Frequency for propeller wash sub-grid output (in minutes)

0 for deactivation, 1 for activation of the ship simulation

Number of model cells for a xed ship simulation
I and J of the model cells for the xed ship simulation
Cell fractions of propeller impacts for the xed ship simulation

*Essential model parameters
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4.4. propwashtracks.jnp

“propwashtracks.jnp” contains the tracking records for all the ships being simulated in JSON
format. Figure 4.1 shows an example of the “propwasicks.jnp” le format, and Table 4.4
provides the descriptions for each eld grouping with respect to hierarchical levels.

At the general level, “name” is for the title of ship tracking datasets recorded in this input le;
“utm_zone” de nes the Universal Transverse Mercator (UTM) coordinate zone for ship locations;
and “basedate” sets the base date (Julian day time) applied to the tracking records in this le.

Under the “allship.tracks” eld, “mmsi” is used to identify each ship being modeled and links
to the ship characteristics and propeller speci cations de ned in the “propwhgis.jnp” le
(see Section 4.3). Each ship can have multiple tracks under the trstuis” eld, where a track
indicates a series of continuous ship path records (“track eld”).

The “track” eld contains a series of time records for each track. Each record species a set
of ship data at a given time “t”, including ship status “n”, speed “s”, course “c”, heading “h”,
draft “d”, applied engine power “p”, and location “x” and “y”. The “track” eld also contains
the parameter “0”, which can specify the sub-grid computation output frequency for a certain
track duration. Unless it is set to zero, this parameter will override the general sub-grid output
frequency “freqout” in “propwashships.jnp”. Additionally, Table 4.5 provides the ship status
code descriptions available for the parameter “n”.

In the “track” eld, the applied power “p” is de ned as a fraction of the maximum installed engine
power in horsepower (hp) if the “p” value is positive. Otherwise, it is de ned as a fraction of the
maximum propeller rotation speed in revolutions per second (rps) if the “p” value is negative. The
maximum installed engine power (maower) and maximum propeller rotation speed (mMps)

are recorded in “propwasships.jnp” (see Section 4.3).
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Figure 4.1: Example of the propwastacks.jnp le format.

Table 4.4: Ship track data elds in the propwashcks.jnp le.

Level Field Description
General name Title of ship track datasets
utm.zone UTM coordinate zone for ship locations x, y
basedate Base date for Julian date track time t
all_ship.tracks Field to contain track datasets for all ships
All Ship mmsi MMSI number for each ship
Tracks shiptracks Field to contain multiple tracks for each ship
Ship track Field to contain a series of time records for each track
Tracks n Ship Status Code (see Table 4.5)
S Speed (m/s)
C Course (degree): direction of travel through the water
h Heading (degree): direction the ship is pointing
d Draft (m): distance between the waterline and hull bottom
o] Sub-grid output frequency (minutes)
p Applied power as a fraction of mgxower (+) or maxrps (-)
t Time (Julian date)
X Ship location in x-coordinate (UTM-based)
y Ship location in y-coordinate (UTM-based)
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Table 4.5: Ship status code descriptions for parameter “n”.

Ship Status Description

Under way using its engine
Anchored
Not under command
Has restricted maneuverability
Ship draft is limiting its movement
Moored
Aground
Engaged in shing
Under way sailing
& 10 Reserved for modifying reported status of ships carrying
dangerous goods / harmful substances / marine pollutants
11 Power-driven ship towing astern
12 Power-driven ship pushing ahead/towing alongside
13 Reserved for future use
14 Any of the following are active:
AIS-SART (Search and Rescue Transmitter)
AlIS-MOB (Man Overboard)
AIS-EPIRB (Emergency Position Indicating Radio Beacon)
15 Unde ned (default)

©ooo~NOOUIhWDNEO| DS
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4.5. Data Input Guidelines

This section provides general guidelines for ship and propeller speci cations to be used as model
inputs for EFDC+ propeller wash simulations. In general, public and commercial AIS databases
provide only basic information such as ship ID, vessel type, length, beam, gross tonnage, and
time track records (location, speed, and heading direction). Such basic information is insuf -
cient to specify the detailed ship characteristics and operations required for model simulations. To
overcome the limitation in data availability, we rst collected public and commercial data associ-
ated with ship and propeller properties from various sources, including PIANC (2015), NYSDOT
(2005), MAN (2018), and Tugboatinformation.com (2021). We then devised several approaches
to estimate the most important properties of ships and propellers based on the basic ship informa-
tion (refer to Figures 1.2 and 1.3 for illustrations of ship features). The guidelines described in
this section will be bene cial to modelers when the information needed for model inputs is not
available.

4.5.1 Ship Properties

45.1.1 Draft

A ship's draft is the distance between the waterline and the hull bottom. Modelers can specify
the maximum draft as a function of a ship's length. Figure 4.2 shows the relationship between the
overall length and the draft of fully loaded ships from PIANC (2015) data for different vessel types
(e.g., tankers, carriers, container ships, cargo ships, passenger ships, and small boats). Overall, the
fully loaded draft usually falls within 2.5% to 6.5% of the length. The ratio varies slightly depend-

ing on the vessel type (higher for tankers and lower for passenger ships). Therefore, modelers may
choose a ratio between 2.5% and 6.5% of the ship's length when estimating the maximum draft of
the ship.

Table 4.6 presents the light draft and loaded draft of self-propelled oil tankers provided by NYS-
DOT (2005). Modelers may estimate the minimum draft as about 45% to 70% of the maximum
draft based on this information.

4.5.1.2 Hull Depth

The parameter hull depth refers to the depth of the watertight body of a ship, which includes the
draft and freeboard. Figure 4.3 shows the relationship between the hull depth and the draft of fully
loaded ships from the PIANC (2015) data. Generally, the hull depth is 1.2 to 2.4 times greater
than the fully loaded draft. The ratio varies depending on the vessel type (higher for cargo ships
and lower for tankers). Based on this, modelers may estimate the hull depth as a function of the
maximum draft according to the vessel type.
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