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Modelling of fluid mud flow
based on a three-dimensional
hydrodynamic model :
incorporating a 3D
rheological model
Gaochuang Shi1, Jinfeng Zhang1*, Qinghe Zhang1,
Zhangyi Zhao2, Bing Yan2 and Hua Yang2

1State Key Laboratory of Hydraulic Engineering Intelligent Construction and Operation, Tianjin
University, Tianjin, China, 2Tianjin Research Institute for Water Transport Engineering, Tianjin, China
Modeling fluid mud in estuaries and coastal areas is a complicated task due to its

non-Newtonian characteristics. A continuous modeling approach was adopted

to investigate the laminar flow of fluid mud, with a three-dimensional (3D) form

of the Herschel–Bulkley rheological model introduced into the finite volume

coastal ocean model (FVCOM) to calculate the apparent viscosity of fluid mud.

The model was validated against two flume experiments for the laminar flow of

fluid mud. The results showed that the developed model was capable of

accurately reflecting the continuous distribution of velocity and density from

the near-bottom to the upper water column. Based on the validated model, the

difference between the 3D rheological model and a 1DV rheological model on

the simulation results was assessed. The study found the results of the 1DVmodel

and the 3D model show obvious differences. This illustrates the significant effect

of apparent viscosity in horizontal direction taken into account by the 3D

rheological model.
KEYWORDS

fluid mud, Herschel-Bulkley rheology model, three-dimensional apparent viscosity,
continuous modeling approach, FVCOM
1 Introduction

Fluid mud is a highly concentrated suspended layer of cohesive sediment (Kirby, 1988),

usually in the density range of 1080–1200 kg/m3; it is non-Newtonian and can form gravity

currents along slopes or move horizontally in response to waves and tidal currents

(McAnally et al., 2007a). Fluid mud has been observed in many estuaries and coastal

areas around the world, such as the Amazon shelf, the Hudson estuary, the Mississippi

River delta, the Changjiang River estuary, and the Weser estuary (Trowbridge and Kineke,
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1994; Kineke and Sternberg, 1995; Kineke et al., 1996; Traykovski

et al., 2004; Reide Corbett et al., 2007; Shi, 2010; Becker et al., 2013;

Azhikodan and Yokoyama, 2018; James et al., 2020; Wu et al.,

2022). This fluid mud, which sometimes even accumulates to

several meters thick, can change navigable depths (Wurpts, 2005)

and present critical management problems (McAnally et al., 2007a;

McAnally et al., 2007b). Therefore, it is important to understand the

dynamics of fluid mud motion in coastal and estuarine areas

t h r ough exp e r imen t a l and fi e l d mea su r emen t s o r

numerical modeling.

As for the numerical simulation offluidmudmotion in a large field

area, usually two- or three-dimensional shallow water hydrodynamic

models considering non-Newtonian properties of fluid mud have been

applied. For most of these numerical models, the fluidmud was defined

as a separate layer and coupled with the upper hydrodynamic model.

For example, Odd and Cooper (1989) developed a two-layer model to

simulate the fluid mud movement in the Severn River, with a depth

averaged 2D model of the water column overlaying a fluid mud layer.

In their model, the fluid mud layer was defined as a Bingham fluid with

uniform density, and the yield stress and friction of the bottom bed

were introduced into the momentum equation to describe the non-

Newtonian properties of the fluid mud. Roberts (1993) simplified the

equation of Odd and Cooper (1989) by removing the yield stress in the

momentum equation and reflecting the non-Newtonian properties

only through the bottom shear stress. Based on the Odd and Cooper

(1989) model, Wang and Winterwerp (1992) developed a fluid mud

model that considers the interaction between the suspension layer and

fluid mud layer. This model later became the fluid mud module of the

Delft3D model (Deltares, 2021). Similar approaches have been

implemented in other models, such as TELEMAC-3D and the

FVCOM (Normant, 2000; Yang et al., 2015). These horizontal two-

dimensional numerical models are computationally economical and

have been widely used for accounting for fluid mud flows in practical

investigations (Van Haaren, 1995; Chung, 1998; Winterwerp et al.,

2002; Wang et al., 2008; Ge et al., 2020). However, these models cannot

simulate the full interaction between the water above and the fluid mud

layer (of uniform density), with semiempirical exchange formulations

between them for entrainment and settling. Furthermore, the models

assume a strong discontinuity at the water/fluid mud interface and no

vertical velocity gradient within the fluid mud, and they fail to

reproduce the actual fluid mud dynamics (Le Hir et al., 2000).

Knoch and Malcherek (2011) developed an isopycnal numerical

model to simulate fluid mud, which divides the fluid mud layer

vertically into a multilayer system, each layer with an identical

density, and introduces rheological models to calculate the apparent

viscosity of the fluid mud, thus reproducing the shear thinning

properties of the fluid mud. This model is able to represent stratified

flow conditions but lacks vertical mixing processes (Schmidt and

Malcherek, 2021).

In contrast to the method of defining fluid mud as a separate

layer, Le Hir et al. (2000) presented a continuous modeling

approach on a vertical 2D model, considering water layers and

fluid mud layers as a whole and solving mass conservation and

momentum equations over an entire column, to reproduce the

continuous transition from the fluid mud layer to the suspension

layer. The total viscosity is described as the sum of the eddy
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diffusion viscosity and the apparent viscosity calculated by the

rheological model. This method provides a continuous transition

between water and fluid mud, and the vertical mixing of fluid mud

can be considered. Subsequently, Le Hir and Cayocca (2002)

extended this continuous modeling approach into a 3D model

and simulated the gravity current of fluid mud on a slope. Guan

et al. (2005) adopted this continuous concept into the Princeton

ocean model (POM) to investigate the fluid mud process in the

Jiaojiang estuary in China. Recently, Oberrecht (2021) applied this

continuous modeling approach to the Delft3D model and simulated

fluid mud processes in the Ems estuary. Chmiel et al. (2021)

developed a vertical one-dimensional model by modifying the k-

w turbulence model (Wilcox, 1988) to reproduce the vertical mixing

from the fluid mud layer to the water layer, and Schmidt and

Malcherek (2021) applied the model to the Ems estuary and

obtained satisfactory simulation results.

In summary, the continuous modeling approach based on 3D

shallow water equations is gaining more extensive application due to

its capability of simulating sediment suspensions and fluid mud

motion interactively. Nevertheless, all previous numerical models

with the continuous modeling approach adopted the apparent

viscosity from the one-dimensional rheological model (1DV

model), which solely depends on the vertical gradient of velocities,

and the effect of velocity shear in horizontal directions is ignored.

Theoretically, in 3D models, the apparent viscosity should take into

account the three-dimensional velocity shear, which means that the

horizontal velocity shear should be considered in the calculation of

viscosity, while the 1DV model only considers the vertical velocity

shear. A 3D rheology model will address this limitation.

The objective of this paper is to develop a numerical model for fluid

mud motion, by introducing the apparent viscosity through a 3D

Herschel–Bulkley rheological model, incorporating three-dimensional

shear effects allows for the representation offluid mud movement. The

sections are arranged as follows. In Section 2, the numerical model is

established, including the introduction of the apparent viscosity to the

finite volume community ocean model (FVCOM), the formulation of

the 3D form of the Herschel–Bulkley rheological model in a terrain-

following coordinate system that was used to calculate the apparent

viscosity, and the numerical discretization of the developed model. In

Section 3, the developed model is validated against experimental data

on the laminar flow of fluid mud from van Kessel and Kranenburg

(1996) and Chowdhury and Testik (2012). In Section 4, an ideal case is

set up, and the simulation results of the apparent viscosities from the

3D Herschel–Bulkley rheological model and its 1DV form are

compared and assessed. In Section 5, a summary is given, and

further considerations are suggested.
2 Numerical model for the water–
fluid mud system

2.1 FVCOM model

The numerical model was based on FVCOM. The FVCOM

model is a 3D ocean model based on unstructured grids and finite
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volume methods developed by Chen et al. (2003). The model is

discretized using a triangular grid in the horizontal direction and a

terrain-following coordinate system in the vertical direction. The

governing equations of continuity equations (Equation 1, vertically

integrated), momentum conservation with the Boussinesq

approximation (Equations 2–4), sediment transport (Equation 5)

and density (Equation 6) in the terrain-following coordinate system

are as follows:

∂ z
∂ t

+
∂ (�uD)
∂ x

+
∂ (�vD)
∂ y

= 0 (1)

∂ uD
∂ t + ∂ u2D
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∂CsD
∂ t

+
∂CsuD
∂ x

+
∂CsvD
∂ y

+
∂Cs(w − wi)

∂s

=
1
D

∂

∂s
(Kh

∂Cs

∂s
) + DFc (5)

r = r0 + Cs(1 − r0=rs) (6)

where x, y, and s are the directions of the east, north and

vertical axes of the terrain-following coordinate system. Figure 1 is

a schematic diagram illustrating the original vertical space and

discretization in the s coordinate system, where k represents the

layer number. u, v, and w are the velocities in the x, y, and s
directions (m/s). �u and �v are the velocities vertically integrated

from u and v. wi is the settling velocity of sediment (m/s). t is the

time (s). D is the total water depth (m), which is equal to the sum

of the static water depth h (m) and the water free surface z (m). f is

the Coriolis parameter (rad/s). ɡ is the acceleration of gravity (m/

s2). P is the pressure (pa). Km and Kh are the vertical eddy viscosity

coefficients of fluid and sediment (m²/s), respectively. Am is the

horizontal eddy viscosity coefficient (m²/s). Cs is the sediment

concentration (g/L). Fc represents the horizontal diffusion term of

the sediment transport. r0 is the reference water density with a

constant of 1000 kg/m3, r is the fluid density including sediment
FIGURE 1

Spatial organization of s vertical coordinate system.
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(kg/m3), rs is the density of sediment particle. Further

elaborations can be accessed within the FVCOM User Manual

(Chen et al., 2012). The effects of temperature and salinity are

ignored in this study.

2.2 The 3D apparent viscosity of fluid mud

Km and Am in Equations 2, 3 represent the vertical and horizontal

diffusion coefficients offluid, which represent the sum of the molecular

viscosity and turbulent dissipation of the fluid. In the original version of

the FVCOM model, Km is calculated from the MY-2.5 turbulence

model (Mellor and Yamada, 1982), and Am is calculated from the

Smagorinsky model (Smagorinsky, 1963). For water bodies with low

sediment concentrations, the effect of molecular viscosity on fluid

motion is much less than the effect of turbulence, so when the model

uses a turbulence closure model to calculate Km and Am, the molecular

viscosity can be ignored. However, for fluids with high sediment

concentrations, such as fluid mud, which is a non-Newtonian fluid,

its viscosity is much greater than that of a water body and cannot be

neglected in the model simulation.

For the fluid mud, both Km and Am are equal to (Equation 7):

va + vtur (7)

Where va is the apparent viscosity of fluid mud, and vtur is the

turbulent viscosity diffusion coefficient, which is calculated by

turbulence models. For the laminar flow of fluid mud, only the

apparent viscosity is taken into account. Therefore:

Km = Am = va (8)

Here, we employ the Herschel-Bulkley rheological model to

calculate the apparent viscosity va because of its simplicity and wide

applicability. It is suitable for characterizing fluid mud because it can be

transformed into a Newtonian fluid, Bingham fluid, or shear-thinning

fluid based on parameter variations (Coussot and Piau, 1994; Huang

and Garcıá, 1998; Wurpts, 2005; Yang et al., 2015; Emami et al., 2020;

Lovato et al., 2022; Lovato, 2023). The 1D form of the Herschel–

Bulkley model is written as:

t = t0 + K
∂ u
∂ z

� �n

(9)

where t0, K, and n are rheological parameters, t0 is the yield shear

stress, K is the consistency coefficient, and n is the flow index. When

n=1 and t0 = 0, the model represents a Newtonian fluid, and when n=1

and t0≠0, the model represents a Bingham fluid. The 3D form of

Equation 9 is Equation 10:

t = 2 K
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2IIE)

n−1
q

+
t0
2IIE


 �
E (10)

where t is the three-dimensional stress tensor, which represents

the shear stress on the fluid. E is the three-dimensional strain rate

tensor, which represents the deformation of the fluid, and IIE is the

second invariant deformation rate tensor, which is written as
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Equation 11:
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∂ u
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+
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Then, the apparent viscosity of the fluid mud can be expressed

as Equation 12:

va = K
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2IIE)

n−1
q

+
t0ffiffiffiffiffiffiffiffiffi
2IIE

p
� �

(12)

In the terrain-following coordinate system, transforming IIE by

coordinates yields Equation 13:

IIE =
∂ u
∂ x

� �2

+
∂ v
∂ y

� �2

+
1
D
∂w
∂s

� �2

+
1
2

∂ u
∂ y

+
∂ v
∂ x

� �2

+
1
D

∂ u
∂s

+
∂w
∂ x

� �2

+
1
D

∂ v
∂s

+
∂w
∂ y

� �2� �
(13)
2.3 Numerical discretization for the 3D
Herschel–Bulkley rheological model

The calculation of apparent viscosity requires a numerical

discretization of the partial derivatives in Equation 13. Here, we

use different discretization methods in the horizontal and

vertical directions.

The horizontal discretization uses a spatial reconstruction method

with second-order accuracy proposed by Kobayashi et al. (1999), as

shown in Figure 2. The partial derivative of u at cell i are as follows

Equation 14 and Equation 15:

∂ u
∂ x

= oj∈(a,b,c)yj uj − ui
� �

oxjyj −oj∈(a,b,c)xj uj − ui
� �

oy2j

oj∈(a,b,c)xjyj

 �2

−oj∈(a,b,c)y
2
jox2j

(14)

∂ u
∂ y

= oj∈(a,b,c)xj uj − ui
� �

oxjyj −oj∈(a,b,c)yj uj − ui
� �

ox2j

oj∈(a,b,c)xjyj

 �2

−oj∈(a,b,c)y
2
jox2j

(15)

In the vertical direction, for the discretization of ∂ u
∂s , the central

differential approach is used.

The discretization at the surface layer is as Equation 16:

∂ u
∂s

� �
k
=

2uk −
2 ukDsk+1+uk+1Dskð Þ

Dsk+Dsk+1


 �
Dsk

(16)

The discretization at the bottom layer is as Equation 17:

∂ u
∂s

� �
k
=

2(ukDsk−1+uk−1Dsk)
Dsk+Dsk−1

− 2uk

 �

Dsk
(17)
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The discretization at the central layer is as Equation 18:

∂ u
∂s

� �
k
=

ukDsk−1+uk−1Dsk
Dsk+Dsk−1

− ukDsk+1+uk+1Dsk
Dsk+Dsk+1


 �
Dsk

(18)

where uk is the velocity at the center of layer k and Dsk is the
difference in sigma coefficients at layer k.

The partial derivatives of velocity v and w are discretized in the

same way.
3 Model validation

Two flume experiments with the gravity current of fluid mud were

collected to validate the developed numerical model. For the simulation

of these two experiments, although the 3D model is used, it behaves as

a two-dimensional model in the x and z directions due to the geometry

of the flume.
Frontiers in Marine Science 05
3.1 Comparison with van Kessel and
Kranenburg’s experiment

The flume experiment was conducted to investigate the gravity

current of fluid mud on a slope by van Kessel and Kranenburg (1996).

Both the flow velocity profile and the density profile during the

experiment were measured. The sketch of the experimental flume is

shown in Figure 3, with a total length of 13.25 m, a depth of 0.72 m and

a width of 0.5 m. The flume is filled with tap water, and the sediment is

mixed with tap water in a mixing tank to produce fluid mud of fixed

density. When the weir was lifted up to the desired height, a density

current was generated, and the fluid mud flowed into the flume along

the slope. The flow rate of the fluid mud was recorded by an

electromagnetic velocity meter. The flow of the fluid mud was kept

constant during the experiment, and a velocity meter and ultrasonic

high-concentration meter (UHCM) were set up at p1 and p2, which

were 1.27 m and 5.43 m away from the inlet, respectively. At the end of
FIGURE 3

Schematic of the experimental setup after van Kessel and Kranenburg (1996).
FIGURE 2

Schematic diagram of spatial reconstruction for partial derivatives on triangular grids. (i represents the cell where the partial derivative is located, a, b,
and b represent the neighboring cells of the partial derivative cell.)
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the flume, there is an overflow weir to ensure that the water level in the

flume remains constant and a settling tank to recover the sediment

for reuse.

The experiment gives the rheological parameters as a functionof

sediment concentration (Equation 19 and Equation 20) based on

Wan (1985):

t0 = c1C
c2
v (19)

K = mw(1 + c3C
c4
v ) (20)

where Cv is the volume concentration of sediment, defined by

Equation 21:

Cv =
r − rw
rs − rw

(21)

where rw is the density of water and is the density of China-clay

sediment (2,590 kg/m3). mw is the viscosity of the water, and the

value 1.0e-03 was taken. c1~c4 are empirical coefficients, and

according to the test, c1 = 998, c2 = 3, c3 = 206 and c4 = 1.68

were adopted. The experiment regarded the fluid mud as a Bingham

fluid, and hence, the rheological parameter n=1.

Group 3 of the experiments was selected to validate the model.

The density of the fluid mud was 1200 kg/m3, the bottom inlet height

was 5 cm, the flow rate of the fluid mud into the tank was 0.004 m3/s,

and the slope ratio was 1:42.6. The flow in this group of experiments

was laminar. The mixing tank and the settling tank are omitted in the

numerical model, and the computational domain is 12.52 m long,

0.72 m deep and 0.5 m wide.

The 800 computational cells are uniformly divided horizontally,

with cell side lengths of 0.125 m, 100 layers are divided in the vertical

direction, and the spatial resolution is gradually increased from the

surface layer to the bottom, with a thickness of 0.01 m for the surface

and 0.0008 m for the bottom. The experiment flume is set as solid

wall boundary conditions. The water surface is set as a free water

surface boundary condition, while the bottom is set as a movable
Frontiers in Marine Science 06
roughness boundary condition. At the inlet where fluid mud flow

enters, we set the same flow input conditions as the validation case.

The main parameters of the model are shown in Table 1. Figure 4

shows the snapshot plots of the simulation results at 23 s, 40 s, 70 s

and 80 s. In order to clearly depict the movement and distribution of

fluid mud, as indicated by the vertical axis, the Figure 4 does not show

the entire flume but instead focuses on a local area at a height of 0

below -0.2m. Furthermore, the right end of the horizontal axis was set

as the starting position and labeled as 0 distance to maintain

consistency with the experimental conditions. The fluid mud forms

a gravity flow along the slope, arrives at the turning point of the slope

to flatten at approximately 40 s, approaches the end of the flume at

approximately 70 s, and reaches the end of the flume at

approximately 80 s. Figure 5 shows a detailed view of the fluid

mud head in Figure 4A at the region below the 0 height at -0.45
TABLE 1 The main parameters for simulation.

Parameters Values

Cells 800

Nodes 505

Vertical layers 100

Time step for external mode 8.0E-04

Mode split ratio 10

Horizontal mixing (water) Smagorinsky model

Vertical mixing (water) 1.0E-06

Horizontal mixing (fluid mud) 3D apparent viscosity

Vertical mixing (fluid mud) 3D apparent viscosity

t0 998×Cv
3

K 1.0e-03×(1 + 206×Cv
1.68)

n 1.0
B

C D

A

FIGURE 4

Snapshot of fluid mud movement (local area at a height of 0 below -0.2m, the right end of the horizontal axis was set as 0 distance): (A) at 23
seconds, (B) at 40 seconds, (C) at 70 seconds, and (D) at 80 seconds.
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meters. The velocity and density profiles at the location of P1 are

extracted after the head passed through. Figures 6A, B show the

comparisons between the simulated density and velocity profile with

respect to the measured data. It can be observed that the simulated

results generally agree with the experimental data. The simulated

density profile appears smoother compared to the experimental data,

which is a result of the continuous modeling approach solving the

advection-diffusion equation over an entire column. Figure 7 shows

the viscosity distribution calculated in the model at the same

moments as Figure 4. It can be observed that there is a significant

variation in viscosity at the interface between the fluid mud and

water. In the region where the fluid mud flows, the viscosity ranges

from 0.001 to 0.1 m2/s, which is much higher than the viscosity of the

water column.
3.2 Comparison of simulation with
Chowdhury and Testik’s experiment

Chowdhury and Testik (2012) investigated the gravity current

of fluid mud in a flat sloping rectangular flume, and a schematic
Frontiers in Marine Science 07
diagram of the flume is shown in Figure 8. The flume is 4.3 m long,

0.25 m deep and 0.5 m wide. The sediment was mixed with water

through a mixing tank to form fluid mud with a fixed concentration

and flowed out from the bottom of the flume at a constant flow rate.

Two cameras were used to record the movement of the fluid mud,

and the head position over time was obtained by image analysis

algorithms. Rheological shear tests were also carried out, and the

rheological parameters were fitted using power-law equations

(ignoring yield stress) to obtain the following relationship

between rheological parameters and sediment concentration

(Equation 22 and Equation 23):

K = 0:8� 10−3C3:39
v (22)

n = 1:03� C−0:76
v (23)

Two groups of experiments with laminar flow were selected

for simulation, and the experimental conditions are listed in

Table 2. Exp01 is a Newtonian fluid with a low sediment

concentration of 0.4%, and Exp02 is a non-Newtonian fluid with

a high sediment concentration of 4.43%. The computational

domain is uniformly divided into 3240 cells in the horizontal
FIGURE 5

Detailed view of the head of the fluid mud of Figure 4A (local area at a height of 0 below -0.45m, the right end of the horizontal axis was set as 0 distance).
BA

FIGURE 6

Density and velocity profile of position P1 at 23 s, (A) density profile; (B) velocity profile; the red line is the simulation results, squares is the measured data.
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direction, and the side length of the cell is 0.025 m; the vertical

direction is divided into 30 layers and gradually refined from the

surface layer to the bottom layer. The thickness of the calculation

cell in the surface layer is 0.026 m, and the thickness of the bottom

calculation cell is 0.006 m. Similar to section 3.1, the same

boundary condition is used. The main parameters used in the

model are listed in Table 3.

The simulated head positions of the fluid mud with time,

together with the measured data, are shown in Figure 9. It can be

seen that the fluid mud head of the non-Newtonian body with high

sediment concentration travels faster than the Newtonian body with

low sediment concentration; this is because the higher sediment

concentration forms a greater density difference with the water

body, thus forming a faster traveling gravity current. The simulation

results are in good agreement with the experimental results.
Frontiers in Marine Science 08
4 Discussion
To better understand the differences between 3D rheological

model (referred to as the 3D model) and 1DV rheological model

(referred to as the 1DVmodel), we compare the simulated results of

fluid mud flows in this section. By converting the Herschel–Bulkley

model into sigma coordinates, we obtained the apparent viscosity

vav of the 1DV model (Equation 24):

vav = K
∂ u
∂s

� 1
D

� �n−1

+
t0

∂ u
∂s � 1

D

(24)

To incorporating the 1DV apparent viscosity nav into the

momentum Equations 2, 3, the Equation 8 is no longer applicable

as vav only represents the apparent viscosity in the vertical direction.

Therefore, we modify it as Equation 25:
FIGURE 8

Schematic of the experimental setup after Chowdhury and Testik, 2012.
TABLE 2 Experimental conditions (Chowdhury and Testik, 2012).

Rheological properties

Exp Cv (%) r (kg/m3) q (cm2/s) hi (cm) K (Pa s) n

01 0.4 1006 7 3 – –

02 4.43 1072 10 3 0.12 0.33
B

C D

A

FIGURE 7

Distribution of viscosity at different moments: (A) at 23 s, (B) at 40 s, (C) at 70 s, and (D) at 80 s.
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Km = nav (25)
4.1 Comparison of 3D model and 1DV
model for flume experiment

We applied the1DV rheological model to simulate the

experiment by van Kessel and Kranenburg (1996) in Section 3.1.
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Figure 10 illustrates the simulated movement of the fluid mud,

showing a similarity to the results by 3D model in Section 3.1.

Figure 11 compares the 1DV and 3D models with the experimental

monitoring data and shows the differences in velocity profiles and

density. From the simulation results, the 1DV model, which only

considers the velocity shear ∂u/∂s, also can simulate the movement

of fluid mud along the slope. However, the 3D model, which

accounts for velocity shears in all directions, still exhibits some

differences compared to the 1DV model, and compares better with

the observations.

Due to the constraints of the flume boundary in the

experimental cases, the calculated results primarily reflect the

effect of apparent viscosity in the vertical direction, and do not

fully demonstrate the differences in simulation results between the

3D model and the 1DV model.
4.2 Comparison for fluid mud flow in
idealized flume-basin

To further compare the differences in simulation results

between the two models, we established an idealized flume-basin

case based on the experiments conducted by Kessel in 1996. As

shown in Figure 12, the flat part of the flume is widened and

lengthened so that a truly three-dimensional fluid mud flow in the

basin (widened part of the flume) can be formed. The

computational domain was divided into 25004 cells in the

horizontal direction and 100 layers in the vertical direction

(gradually refined from the surface to the bottom). The spatial
FIGURE 9

Front position of the head of fluid mud with time.
TABLE 3 The main parameters of the numerical model to simulate the
experiment by Chowdhury and Testik (2012).

Parameters Values

Cells 3240

Nodes 1793

Vertical layers 30

Time step for external mode 1.00E-04

Mode split ratio 10

Horizontal mixing (water body) 1.0E-06

Vertical mixing (water body) 1.0E-06

Horizontal mixing (fluid mud body) 3D apparent viscosity

Vertical mixing (fluid mud body) 3D apparent viscosity

t0 0

K 0:8� 10−3Cv3:39

n 1:03� Cv−0:76
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B

C D

A

FIGURE 10

Snapshot of fluid mud movement by 1DV Herschel–Bulkley model: (A) at 23 s, (B) at 40 s, (C) at 70 s, and (D) at 80 s.
BA

FIGURE 11

Density and velocity profile of position P1 at 23 s, (A) density profile; (B) velocity profile; the red line is the simulation results by 3D Herschel–Bulkley
model; the bule line is the simulation results by 1DV Herschel–Bulkley model; Squares are the measured data.
FIGURE 12

A hypothetical case based on the Kessel experiment (the flat slope of the flume is lengthened and widened).
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resolution of the grid and the parameters used in the rheological

model were the same as those described in Section 3.1.

We used density contour lines at 1030 kg/m3 to indicate the

position of fluid mud movement. As shown in Figure 13, it displays

the fluid mud movement from both the top view and side view. It

can be observed that at 30 seconds and 40 seconds, the simulation

results of the two models in the flume are not significantly different.

However, after the fluid mud enters the basin at 100 seconds and

180 seconds, there are noticeable differences in the simulation
Frontiers in Marine Science 11
results of the two models in the upper, middle, and lower layers

of the fluid mud.

Figure 14 presents a further analysis of the positional variations

at the head of the fluid mud along the centerline and at a 45° angle,

as simulated by both models. It can be observed that as the

simulation time increases, the differences of position between the

two models gradually become more prominent. Figure 15 displays

the horizontal viscosity diffusion at the bottom of the fluid mud at

the same time as Figure 13. It can be seen that the 3D model, which
B

C D

E F

G H

A

FIGURE 13

Contour lines plots of density 1030 kg/m3 at different moments: (A, C, E, G) are the horizontal distributions at 30 s, 40 s, 100 s, 180 s; (B, D, F, H) are
the profile distributions along the centerline at 30 s, 40 s, 100 s, 180 s.
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FIGURE 14

Variation in the front position of fluid mud in the x direction with time.
B

C D

E F

G H

A

FIGURE 15

Distribution of viscosity in horizontal direction on the bottom layer: (A, C, E, G) are the results of the 3D model at 30 s, 40 s, 100 s 180 s (B, D, F, H)
are the results of the 1DV model at 30 s, 40 s, 100 s 180 s.
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takes into account the apparent viscosity in horizontal direction,

produces significantly different results from the 1DV model,

especially after the fluid mud enters the basin.

The comparison results in this section indicate that the apparent

viscosity in the horizontal direction has a significant influence on the

simulation results, which is not considered in the 1DV model.
5 Conclusion

In this paper, a 3D Herschel–Bulkley rheological model was

introduced into the FVCOM with a terrain-following coordinate

system to calculate the apparent viscosity of the fluid mud. The

developed model is verified by two water flume experiments on fluid

mud. The simulation results show that the developed numerical model

can simulate fluid mud with obvious non-Newtonian properties.

A comparison between the 1DV and the 3D rheological model in

simulating the fluid mud motion shows that the results of the 3D

model and the 1DV model have obvious differences, illustrates the

significant impact of considering the apparent viscosity in horizontal

direction on the simulation results, which 3D rheological model has

taken into account.

The numerical model developed in this paper is able to describe the

motion of the fluid mud and the continuous transition from

Newtonian to non-Newtonian fluid. Future work will be built on this

with a turbulent flow model for non-Newtonian fluid, allowing further

description of the motion of fluid mud in a turbulent flow regime.
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