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Abstract: Understanding and quantifying mud suspension and sediment
transport processes in estuaries are of great importance for effective
exploitation and sustainable management of the estuarine environments.
Event-based predictive models are widely used to identify the key
interactions and mechanisms that govern the dynamics involved and to
provide the essential parameterisations for assessing the long-term
morphodynamic evolution of the estuaries. In this study, a one-
dimensional-vertical (1DV) Reynolds averaged two-phase model is developed
for cohesive sediments resuspension driven by tidal flows. To capture the
time-dependent flocculation process more accurately, a new drag force
closure which relates empirically settling velocity of mud flocs with
suspended sediment concentration (SSC) is incorporated into the two-
phase model. The model is then applied to simulate mud suspension at
Ems/Dollard estuary during two periods (June and August 1996) of tidal
forcing. Numerical predictions of bed shear stresses and sediment
concentrations at different elevations above the bed are compared with
measured variations. The results confirm the importance of including
flocculation effects in calculating the settling velocity of mud flocs
and demonstrates the sensitivity of prediction with the settling velocity
in terms of flocs concentration. Although the two-phase modelling
approach can in principle better capture the essential interactions
between fluid and sediment phases, its practical advantages over the
simpler single phase approach cannot be confirmed for the data periods
simulated, partly because the overall suspended sediment concentration
measured is rather low and the interaction between the two phases is weak
and also because the uncertainties in the relationship between the
settling velocity and flocs concentration.

Response to Reviewers: Referees' comments:

From AE:

Comment: In my view, the authors have made some progress though I do find
some resonance in the comments made by Reviewer 4 in his/her most recent
comments on impact. Nevertheless, my view is that publication could
proceed, but I would like to offer the authors one more attempt at
answering the comments made.



Response: The authors appreciate the support of the Associate Editor and
the chance to address the further comments made by the reviewers.

From Reviewer #4:

Comment 1: I am pleased with many of the changes made by the authors in
their revised manuscript. The manuscript is now much more focussed and
the conclusions are more in line with the findings. The text is much more
readable and overall well-structured. Nevertheless there is one major
element that I still do not understand and there are several minor
comments (mainly textual).

Response: The authors appreciate the encouraging comments on the changes
we have made and happy to address the comments as listed below.

Main comment

In 347-351: I think this is essentially important. The authors comment
that w0=2.2e-4 m/s does not work and they use 5e-4 m/s instead. Now this
puzzles me. Between the cases JWEF and AWF no parameters change except for
Cmax (and the forcing of course). This is how it should be for a model
with good predictive power and the authors seem to assume that the
sediment properties are the same for June and August. With lower
concentrations in the AWF case than in JWF, I expect on average smaller
settling velocities in AWF than in JWF. Nevertheless ANF uses a larger
fall velocity than JNF. This is odd and I am very surprised that the
results of ANF are better with a larger fall velocity instead of a
smaller one.

Unless I have missed something, I see two possible solutions: (1) the
authors use w0=2.2e-4 m/s in the ANF case or (2) the authors use the
average fall velocity of AWF for ANF. I prefer that the authors show
both. This is because (1) shows the essence of using flocculation over
multiple months and (2) shows that flocculation is important over a tidal
time-scale (similar to the demonstration in JWEF/JWNEF)

Response: As suggested by the reviewer, the calculated vertical
distribution of settling velocities (AWF) for Data 2 are shown every four
hours in Fig Rl with the averaged settling velocity being 0.000194m/s.
The predicted sediment concentration with different averaged settling
velocities (0.000194, 0.00022 and 0.0005m/s) are shown in Fig R2. It
should be pointed out that sediment concentration predicted by the model
is not only determined by the magnitude of the mean settling velocity but
also affected by the vertical distribution of the settling velocity as
the flocculation model allows the settling velocity variation in the
water column.

It can be seen that the predicted sediment concentration do show some
improvement in the upper part of the water column (1.4m) when the
constant settling velocities 0.000194 or 0.00022m/s are adopted but the
results in the lower part of the water column get worse especially at the
elevation of 0.7m above the bed.

Other comments

Comment 1: Overall, please check the correctness of the English. One of
the main problems is the frequent lack or wrong usage of articles. While
this hardly limits the understanding, it makes the manuscript less
pleasant to read.

Response: The manuscript has again been thoroughly checked and revised.
Comment 2: 1In 183: 21 cells seems fairly little to me for a 1D study and
I cannot believe this is a converged result. Are the cells uniformly
distributed over the vertical? And have you done any tests with more
cells to establish that this does not undermine your results? I would
like a qualitative discussion on what the resolution means for difference
between WEF (with flocculation) and NF (no flocculation) and a
quantitative discussion on what the resolution means for the comparison
with Son & Hsu in Table 2.



Response: The cells are uniformly distributed in the vertical direction.
We use 1.5 times the grids and 2 times the grids to test the results. The
results obtained with different grids (21, 31 and 42) as shown in Fig R3
vary little. The qualitative comparison is shown in Table R1. It can be
seen that the variation of root-mean-square errors with different grids
is small. At the elevation of 0.7m above the bed, the root-mean-square
errors are the smallest for JWEF. The root-mean-square errors with
different grids for JWF at 0.3 m above the bed are close to that from Son
& Hsu. Fig R3 and Table R1 are now in the revised manuscript and brief
text is also added to make this point clear.

Comment 3: 1In 297-302: It is not obvious from the figure that JWF is
'much better' than JNF. JNF shows a better match to some of the patterns
in the data than JWF. This is especially true for the plot at 0.3 m above
the bed. I suggest to be a bit more careful in this passage, stating
where JINF performs well and definitely removing the word 'much'. The
quantitative comparison in Table 2 sufficiently shows that JWF is better
than JNF.

Response: Done as suggested.

Comment 4: 1n 337-338: 'as indicated by the green dashed bar in the first
panel of fig 6'. This does not show SSC. What do you mean here?

Response: It was meant to indicate the time. To avoid misunderstanding,
the sentence has been deleted.

Comment 5: 1ln 372 & 399-400: It is claimed that the effects of
flocculation decrease for concentrations below 0.5 kg/m3. It needs to be
more specific what effects are meant here. The effect of flocculation on
the fall velocity is almost linear with the concentration in the used
formulation. The relative change of the fall velocity for some change of
the concentration (i.e. dw0/dC) is therefore almost constant. So how
exactly does the effect of flocculation decrease for small
concentrations.

Response: The sentence is meant to say that at low concentration the
variation of mud fall velocity is small and model results are similar to
that for non-cohesive sediments. More specifically, if the total
suspended sediment in the water column is high, uniformly distributed
sediment concentration at different vertical levels may lead to large
variation of settling velocity. On the other hand, if the amount of
suspended sediment is small, therefore the range of settling velocities
is small even the distribution of sediment concentration in the water
column is not uniform. In the latter case, the model results using the
varying settling velocity formula will be similar to that using a
constant settling velocity in the vertical direction. The decrease of
flocculation effects refers to this situation has been modified to make
this point clear.

Comment 6: 1ln 389-391: 'but more importantly .. Ems/Dollard estuary'. I do
not think this is shown by your results. My association with 'properly
parameterised' is a formulation that is very specific. On the contrary
you show that a simple parameterisation of flocculation is sufficient and
possibly better than the complex parameterisation of Son & Hsu.

Response: The authors agree with the reviewer that the phrase of
'properly parameterised' is misused. It would be much better just to
state the finding from this work. In the revised manuscript the sentence
has been changed to

“The model results confirm the previous findings that the flocculation
effects are important at the study site but more importantly they have
shown that neither treating the settling velocity of the flocs as a
constant nor adopting seemingly more sophistic flocculation models gives
better results of vertical distribution of suspended sediment



concentration than those obtained from the simpler concentration-based
settling velocity formulation that is adopted in this work.”

Comment 7: Related to this in 1n 392-393 'nor adopting ... flocculation
models'. Be more specific that this concerns the more sophisticated model
of Son & Hsu.

Response: Thanks, done as suggested.

Comment 8: 1In 394-395: 'The vertical profile .. is considered'. I believe
this is only true from your cases around slack tide. Please be more
precise here.

Response: Done as suggested.

Comment 9: 1ln 396-397: remove 'using the new drag force closure'. This
implies much more than the flocculation model.

Response: Done as suggested.

Comment 10: 1ln 401: 'good agreement'. I am not sure if the agreement is
so good. There is a reasonable quantitative agreement to me.

Response: “good agreement” has been changed to “acceptable overall
agreement”.

Comment 11: 1n 403: 'is shown to work well in capturing the essential
flocculation processes'. That is not true. Your flocculation model does
not capture any flocculation process as it contains no processes as such.
It does seem to parameterise the most essential dependencies.

Response: The sentence has been deleted.

Comment 12: The discussion and context provided in 1ln 404-416 is good and
highly appreciated.

Response: Thanks.
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*Response to Reviewers

Referees' comments:

From AE:

Comment: In my view, the authors have made some progress though I do find some resonance in
the comments made by Reviewer 4 in his/her most recent comments on impact. Nevertheless, my
view is that publication could proceed, but I would like to offer the authors one more attempt at
answering the comments made.

Response: The authors appreciate the support of the Associate Editor and the chance to address
the further comments made by the reviewers.

From Reviewer #4:

Comment 1: | am pleased with many of the changes made by the authors in their revised
manuscript. The manuscript is now much more focussed and the conclusions are more in line with
the findings. The text is much more readable and overall well-structured. Nevertheless there is one
major element that | still do not understand and there are several minor comments (mainly
textual).

Response: The authors appreciate the encouraging comments on the changes we have made and
happy to address the comments as listed below.

Main comment

In 347-351: | think this is essentially important. The authors comment that w0=2.2e™ m/s does not
work and they use 5™ m/s instead. Now this puzzles me. Between the cases JWF and AWF no
parameters change except for Cmax (and the forcing of course). This is how it should be for a
model with good predictive power and the authors seem to assume that the sediment properties are
the same for June and August. With lower concentrations in the AWF case than in JWF, | expect
on average smaller settling velocities in AWF than in JWF. Nevertheless ANF uses a larger fall
velocity than JNF. This is odd and | am very surprised that the results of ANF are better with a
larger fall velocity instead of a smaller one.

Unless | have missed something, | see two possible solutions: (1) the authors use w0=2.2e-4 m/s
in the ANF case or (2) the authors use the average fall velocity of AWF for ANF. | prefer that the
authors show both. This is because (1) shows the essence of using flocculation over multiple
months and (2) shows that flocculation is important over a tidal time-scale (similar to the
demonstration in JWF/JWNF)

Response: As suggested by the reviewer, the calculated vertical distribution of settling velocities
(AWF) for Data 2 are shown every four hours in Fig R1 with the averaged settling velocity being
0.000194m/s. The predicted sediment concentration with different averaged settling velocities
(0.000194, 0.00022 and 0.0005m/s) are shown in Fig R2. It should be pointed out that sediment
concentration predicted by the model is not only determined by the magnitude of the mean settling
velocity but also affected by the vertical distribution of the settling velocity as the flocculation
model allows the settling velocity variation in the water column.



It can be seen that the predicted sediment concentration do show some improvement in the upper
part of the water column (1.4m) when the constant settling velocities 0.000194 or 0.00022m/s are
adopted but the results in the lower part of the water column get worse especially at the elevation
of 0.7m above the bed.

Other comments

Comment 1: Overall, please check the correctness of the English. One of the main problems is the
frequent lack or wrong usage of articles. While this hardly limits the understanding, it makes the
manuscript less pleasant to read.

Response: The manuscript has again been thoroughly checked and revised.

Comment 2: In 183: 21 cells seems fairly little to me for a 1D study and | cannot believe this is a
converged result. Are the cells uniformly distributed over the vertical? And have you done any
tests with more cells to establish that this does not undermine your results? | would like a
qualitative discussion on what the resolution means for difference between WF (with flocculation)
and NF (no flocculation) and a quantitative discussion on what the resolution means for the
comparison with Son & Hsu in Table 2.

Response: The cells are uniformly distributed in the vertical direction. We use 1.5 times the grids
and 2 times the grids to test the results. The results obtained with different grids (21, 31 and 42) as
shown in Fig R3 vary little. The qualitative comparison is shown in Table R1. It can be seen that
the variation of root-mean-square errors with different grids is small. At the elevation of 0.7m
above the bed, the root-mean-square errors are the smallest for JWF. The root-mean-square errors
with different grids for JWF at 0.3 m above the bed are close to that from Son & Hsu. Fig R3 and
Table R1 are now in the revised manuscript and brief text is also added to make this point clear.

Comment 3: In 297-302: It is not obvious from the figure that JWF is 'much better' than JNF. JNF
shows a better match to some of the patterns in the data than JWF. This is especially true for the
plot at 0.3 m above the bed. | suggest to be a bit more careful in this passage, stating where JNF
performs well and definitely removing the word 'much’. The quantitative comparison in Table 2
sufficiently shows that JWF is better than JNF.

Response: Done as suggested.

Comment 4: In 337-338: ‘as indicated by the green dashed bar in the first panel of fig 6'. This
does not show SSC. What do you mean here?

Response: It was meant to indicate the time. To avoid misunderstanding, the sentence has been
deleted.

Comment 5: In 372 & 399-400: It is claimed that the effects of flocculation decrease for
concentrations below 0.5 kg/m3. It needs to be more specific what effects are meant here. The
effect of flocculation on the fall velocity is almost linear with the concentration in the used
formulation. The relative change of the fall velocity for some change of the concentration (i.e.
dw0/dC) is therefore almost constant. So how exactly does the effect of flocculation decrease for
small concentrations.

Response: The sentence is meant to say that at low concentration the variation of mud fall



velocity is small and model results are similar to that for non-cohesive sediments. More
specifically, if the total suspended sediment in the water column is high, uniformly distributed
sediment concentration at different vertical levels may lead to large variation of settling velocity.
On the other hand, if the amount of suspended sediment is small, therefore the range of settling
velocities is small even the distribution of sediment concentration in the water column is not
uniform. In the latter case, the model results using the varying settling velocity formula will be
similar to that using a constant settling velocity in the vertical direction. The decrease of
flocculation effects refers to this situation has been modified to make this point clear.

Comment 6: In 389-391: 'but more importantly ... Ems/Dollard estuary'. I do not think this is
shown by your results. My association with ‘properly parameterised' is a formulation that is very
specific. On the contrary you show that a simple parameterisation of flocculation is sufficient and
possibly better than the complex parameterisation of Son & Hsu.

Response: The authors agree with the reviewer that the phrase of 'properly parameterised' is
misused. It would be much better just to state the finding from this work. In the revised
manuscript the sentence has been changed to

“The model results confirm the previous findings that the flocculation effects are important at the
study site but more importantly they have shown that neither treating the settling velocity of the
flocs as a constant nor adopting seemingly more sophistic flocculation models gives better results
of vertical distribution of suspended sediment concentration than those obtained from the simpler
concentration-based settling velocity formulation that is adopted in this work.”

Comment 7: Related to this in In 392-393 'nor adopting ... flocculation models'. Be more specific
that this concerns the more sophisticated model of Son & Hsu.

Response: Thanks, done as suggested.

Comment 8: In 394-395: 'The vertical profile ... is considered". T believe this is only true from
your cases around slack tide. Please be more precise here.

Response: Done as suggested.

Comment 9: In 396-397: remove 'using the new drag force closure'. This implies much more than
the flocculation model.

Response: Done as suggested.

Comment 10: In 401: 'good agreement’. | am not sure if the agreement is so good. There is a
reasonable quantitative agreement to me.

Response: “good agreement” has been changed to “acceptable overall agreement”.

Comment 11: In 403: 'is shown to work well in capturing the essential flocculation processes..
That is not true. Your flocculation model does not capture any flocculation process as it contains
no processes as such. It does seem to parameterise the most essential dependencies.

Response: The sentence has been deleted.

Comment 12: The discussion and context provided in In 404-416 is good and highly appreciated.



Response: Thanks.
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Fig. R2 The measured SSC by Van Der Ham et al. (2001) at 0.3 m (the second panel)
0.7 m (the third panel) and 1.4 m (the fourth panel) above the bed (diamonds) in
August measuring period, numerical prediction from run JNF (black dashed curve
0.0005m/s, yellow dashed curve 0.000194m/s and blue dashed curve 0.00022m/s).
The tidal elevation (dashed curve) and depth-averaged velocity (solid curve) are
shown in the first panel.
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Fig. R3 The measured variations of SSC by Van Der Ham et al. (2001) at 0.3 m (the
second panel) 0.7 m (the third panel) and 1.4 m (the fourth panel) above the bed
(diamonds) in August measuring period, numerical prediction from run JWF (black
solid curve grid 21, yellow solid curve grid 31 and blue solid curve grid 42) and run
JNF (black dashed curve grid 21, yellow dashed curve grid 31 and blue dashed curve
grid 42). The tidal elevation (dashed curve) and depth-averaged velocity (solid curve)
are shown in the first panel.



Table R1
Root-mean-square errors between measured data and model results

Level JWF (Data 1) JNF (Data 1) Son and Hsu
above the ) ) ) rid rid rid (2011) (Data
seabed (m) grid21 grid31 grid 42 gl gl g42 1)

0.3 0.284 0.294 0301 0409 0.429 0.450 0.298
0.7 0.146  0.147 0.145 0.343 0.296 0.303 0.221

1.4 0121 0.136 0.131 0.204 0.195 0.213 -
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14 Understanding and quantifying mud suspension and sediment transport processes in
15  estuaries are of great importance for effective exploitation and sustainable management
16  of the estuarine environments. Event-based predictive models are widely used to identify
17  the key interactions and mechanisms that govern the dynamics involved and to provide
18  the essential parameterisations for assessing the long-term morphodynamic evolution of
19  the estuaries. In this study, a one-dimensional-vertical (1DV) Reynolds averaged two-
20 phase model is developed for cohesive sediments resuspension driven by tidal flows. To
21  capture the time-dependent flocculation process more accurately, a new drag force
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23 concentration (SSC)' is incorporated into the two-phase model. The model is then applied

24  to simulate mud suspension at Ems/Dollard estuary during two periods (June and August
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1996) of tidal forcing. Numerical predictions of bed shear stresses and sediment
concentrations at different elevations above the bed are compared with measured
variations. The results confirm the importance of including flocculation effects in
calculating the settling velocity of mud flocs and demonstrates the sensitivity of
prediction with the settling velocity in terms of flocs concentration. Although the two-
phase modelling approach can in principle better capture the essential interactions
between fluid and sediment phases, its practical advantages over the simpler single phase
approach cannot be confirmed for the data periods simulated, partly because the overall
suspended sediment concentration measured is rather low and the interaction between the
two phases is weak and also because the uncertainties in the relationship between the

settling velocity and flocs concentration.

Keywords: Two-phase flow; cohesive sediment; flocculation; suspension;

modelling

1 Introduction

Cohesive sediment transport and the accompanying changes in the bed morphology play
an essential role in the morphological evolution and dynamic equilibrium of muddy
estuaries and coasts (Li et al., 2016; van der Ham and Winterwerp, 2001). Large amount
of sediment from the upstream of rivers settles and accumulates at estuaries, which may
cause complex sediment transport patterns, and large estuarine delta may form (Bian et
al., 2013). Suspended cohesive sediment can also significantly affect the nutrients and
pollutant cycles in the water column through sedimentation and re-suspension processes

(Chen et al., 2015; Delandmeter et al., 2015; Percuoco et al., 2015). In water treatment
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industry, controlling the settling process of cohesive sediments is also one of the key
technical challenges. Due to biological and chemical attraction, primary particles and
small flocs are easily aggregated together and form larger flocs, known as flocculation
process (van der Ham and Winterwerp, 2001). Consisting of a skeleton formed by solid
primary mud particles and interstices filled with liquid , these mud flocs have dynamic
characteristics completely different from that of primary clay particles, notably lower
density, larger size, irregular shape and larger settling velocity (Maggi, 2013). The mud
floc size is also time-dependent and controlled by various factors such as turbulence,
concentration, salinity and biological effects. Any serious attempts to predict the cohesive
sediment movements needs to account for the transient behaviour of the mud flocs
throughout its life cycle of formation, evolution and settlement (Son and Hsu, 2011; Xu

and Dong, 2016).

Ems/Dollard estuary is an ebb current dominated estuary (Dyer et al., 2000; Talke and de
Swart, 2006; van der Ham and Winterwerp, 2001). Intra-tidal variations in suspended
sediment concentration (SSC) are influenced by sediment availability, horizontal
sediment transport and more importantly vertical mixing. Past observations have shown
that there exist significant time lags between current velocity and SSC as the SSC tends
to stop increasing before the maximum current velocity is reached, primarily due to the
limited sediment availability (van der Ham and Winterwerp, 2001; Van der Lee, 2000).
These studies have also found that flocculation process can significantly affect the
settling velocities of cohesive sediments as well as the sediment transport rate in the

Ems/Dollard estuary (Van der Lee, 2000; van Leussen, 1999, 2011).
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To understand the sediment suspension behaviour, especially the effects of flocculation
process on the distribution of SSC, a range of numerical models have been developed and
applied to the Ems/Dollard Estuary. A single-phase 1DV model was applied by van der
Ham and Winterwerp (2001) to calculate the suspended sediment concentration. In this
model, separate empirical formulae or sub models were used to determine stratification
effects, sediment availability and settling velocities. The settling velocities are related to
SSC and calculated according to the level of turbulence and degrees of flocculation.
During the flow deceleration period, the SSC decreases rapidly as the results of formation
of large mud flocs and their rapid settling (van Leussen, 2011). Son and Hsu (2011) also
applied a 1DV model to reanalyze the data used by van der Ham and Winterwerp (2001).
The flocculation model incorporated in their 1DV model was an extension of Winterwerp
(1998) by including the effects of variable fractal dimensions and yield stresses of mud
flocs in the flocculation process. Despite the increased sophistication in theoretical
formulation of flocculation processes, the calculated SSC from the model were no more
accurate than that of van der Ham and Winterwerp (2001). In particular, the time lag
between flow velocity and sediment concentration, which is known to be an important
erosion/deposition feature in Ems, is not well predicted as the calculated SSC peaks

always appear earlier than the measurements.

In the last two decades, two-phase flow modelling approach has been introduced to
model sediment transport in coastal and estuarine areas(Chauchat et al., 2013; Dong and
Zhang, 1999; Nguyen et al., 2012). In these models, the fluid phase and the solid phase
are treated separately by solving the mass and momentum equations of each phase.

Determination of closures for the two-phase flow model is one of the main tasks in
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implementing the technique to ensure the interactions between fluid and particle and
between particles and particles to be adequately described. Until very recently, most of
the two-phase models in coastal engineering are for non-cohesive sediment problems
(Dong and Zhang, 1999; Hsu, 2004; Ono et al., 1996), in which the sediment (sand) size
is taken as a known constant. This is clearly not the case for cohesive sediment because
of flocculation, a process pertaining only to cohesive sediment dynamics. Recently a one
dimensional vertical two-phase model has been developed by Chauchat et al. (2013) and
was validated using settling tanks experiments. In this 1DV two-phase model, hindered
settling and consolidation process are also considered whereas flocculation process is

ignored.

In this paper, a one-dimensional-vertical (1DV) Reynolds averaged two-phase model for
cohesive sediment resuspension driven by tidal flows is presented. To the best of the
authors’ knowledge, it is the first work to incorporate the mud particle flocculation
process in the two-phase modelling framework. A notable new feature of the model is
that the standard closure of drag force is modified to incorporate both flocculation and
hindered settling effects. After validation against the data from settling tank experiments,
the model is applied to simulate sediment dynamics in Ems/Dollard estuary over two
periods during which tide currents are dominant and wave effects are negligible. The
modelling results are presented and the effectiveness and limitations of the model are

discussed.
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2 Model formulation

2.1 Governing equations

The two-phase model is developed based largely on the work of Chauchat et al. (2013)
and Dong and Zhang (1999). As cohesive sediment particles are much lighter than sands,
the inertia effect is usually negligible. The flow and particle can be assumed to have the
same mean horizontal velocity. Thus, the continuity and momentum equations for both

phases can be derived as:

o 1 oP 0 ouU
— = (1)) (1)
ot p. OX Oz 0z

oa, py +aafpfwf _ p; (T, aakpk)

2
ot oz oz 0z @)
Oasp,  9o,pW, _ 0p, (-, Oa,p; 3)
ot oz oz oz
da; Py Wy +aafhWfo _ 8&
ot oz "oz 4)
or,
T E_Olflofg‘F f;
aaSpSWS + aaSpSWSWS — _as a&_ ao_e
ot 0z oz oz 5)
+a %—a g-f
S 62 sps i
a; +a,=1 (6)
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where U is the horizontal velocity for both phases, p,., = a.p, +a; p; is the density of
the mixture, t is time, x axis is taken as the horizontal direction, z axis is taken as the
vertical direction. p , « and w are density, volume fraction and settling velocity in the

vertical direction, the subscripts f and s correspond to fluid phase and solid phase,
respectively. v and v; are the molecular viscosity and eddy viscosity. o, is the effective
stress, 7, is the viscous shear stress of the mixture, g is the gravitational acceleration

and f; is the momentum transfer between two phases. P is the pressure of mixture, p,

and p, correspond to the fluid and solid pressure, respectively. The schematic diagram of

the complete two-phase model is shown in Fig. 1, in which most of the main simulated

processes are included.

2.2 Closures for the model
To solve the two-phase flow equations, the source or closure terms need to be specified.
The formulations used for these closure terms follow closely that proposed by Chauchat

et al. (2013) and Dong and Zhang (1999).

The turbulence eddy viscosity is calculated using a modified classical mixing length
method including the buoyancy effect as it may significantly alter the turbulent flow

structure:

Z.0u
=0.162°(1-=)—F 7
Vr ( h)82 v (7)

and similarly, the eddy diffusivity is estimated as:

v F
r.=—t+¢ 8
o ©

7
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where F, and F; are the dissipation coefficients of eddy viscosity and eddy diffusivity
due to the buoyancy effects caused by suspended sediments (Kranenburg, 1998; Toorman,

2002), o, is the turbulent Prandtl-Schmidt number and usually specified as 0.7 or 1.0

(van der Ham and Winterwerp, 2001).

Kranenburg (1998) proposed that both eddy viscosity and eddy diffusivity coefficients

can be related to the gradient Richardson numbers as:
F, =@@+ARi)™® 9)
F, =(@+BRi)”" (10)

where A, B, a and b are all empirical coefficients and specified as 2.4, 2.4, -2 and -4

respectively; Ri is the gradient Richardson number, which is defined as:

op...
_g gmlx
Ri=——92_ (11)
ou
p(fa )
Z

The viscous shear stress for both phases is assumed to be equal here and is given as:
7, = H [VU, +(VU,)'] (12)
Huix = 1y A+ Bary) (13)

where u, = a, U, +a\, is the volume averaged velocity and . ;, is the viscosity of the
mixture. According to Chauchat et al. (2013), the shear stress of the mixture can be
related to the volume averaged velocity gradient by the mixture viscosity. g is the
amplification factor for the viscosity of mixture, in which the non-Newtonian effects are

8
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included when the fraction of solid phase is large. The specific formulae for g is

(Graham, 1981):

1 ( 1 1 1
1+d”

L (14)

59
p=2+> TR T
2 4 2d° 1+2d (1+2d)° «

where d” is the non-dimensional inter-particle distance and expressed as
d"=[1-(a, ! a™) 1 (a, | &™) where o™ =0.625 is the maximum solid volume
of simple cubic packed spheres. Viscosity of the mixture calculated from Equations (13)

and (14) can be applied to situations in which the variation of sediment concentration is

large and it is also consistent with the classic formula g, = u; (1+2.5¢,) in the dilute
case (Einstein, 1905) and with the formulation s, =, 9/8[(af™ /)" -1 in the

dense case (Frankel and Acrivos, 1967).

In the two-phase model, the Darcy-Gersevanov’s expression is used for the drag force:

fi =202 w, - w) (15)

where K is the permeability. According to the derivation of Toorman (1996), the

permeability K can be specified as:
W =Ke,(p,/ p; -1) (16)

where W is the empirical settling velocity near the bed. From Equations (15) and (16),

Equation (17) can be obtained:

fi:pfg
W

(w, —wi)le, (o, / oy =1)] (17)
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Therefore, the only problem that remains is to find a suitable formula for the flocs settling
velocityW . Camenen and Pham van Bang (2011) proposed a formula which ensures a
smooth curve of settling velocity during the transition from hindered settling regime to
the permeability regime. In the hindered settling regime, the formula is given as:

W =w, (L a,)"? (1—¢)“’“(1—¢i) (18)

where W, is the settling velocity of mud flocs in dilute situation. n is the fractal

dimension and specified as 2.55. ¢, .. is the maximum volumetric fraction of mud flocs.

max
As the sediment concentration cannot reach unity and the settling velocity will become

almost zero when it reaches gelling concentration (Winterwerp, 2002), the forth term on

the right hand of Equation (18) is added and ¢, . is set as 0.85. To make sure the

max

continuity of settling velocity in both regimes, the formula below is used:

gel

y

Wy (- a,) "2 (- g -2 0, <

max Z

W = . (19)

.\ _o/(3_ (04
Wge|(l s\-2/(3 n)+1’a S %
(del S

S

where the value of ¢, corresponds to the gelling fraction o =0.025, y =1.283is an

empirical coefficient. W equals to W *' when o, =a®.

It should be noted that the Equations (17) and (19) describe the hindered settling effects
of mud flocs of known state (size and concentration). But in a tidal time scale, both floc

sizes and settling velocities in the Ems estuary are strongly correlated with SSC (Van der

10
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Lee, 2000). As a first approximation, we decide to adopt a simple flocculation model with
floc settling velocities being nonlinearly dependent only on SSC. According to Thorn
(1981) a power relationship usually exists between particle mass concentration and

settling velocities of mud flocs in the flocculation stage. i.e.:
w, =kC" (20)

where k, is the empirical coefficient. C is the sediment mass concentration (kg/ m*)

and m is a site-dependent coefficient and needs to be determined empirically.

By combining the Equations (19) and (20), a new drag force closure is obtained. As the
effects of both flocculation and hindered settling are presented in this single closure
relationship, the transition of settling velocity from flocculation regime to hindered
settling regime can be determined continuously during the model run. The complete form

of the new closure is presented as Equations (17) and (21):

gel

KC" (-1 9)" 1 --2), a, < %
W = P X 1)

gel
gel f XXs\-2/(3-n)+1 (oA
W (_gel Ol > ——
as

Effective stress occurs only when the sediment particles or mud flocs contact with each

other, otherwise it vanishes. In the proposed effective stress closure, the effective stress

appears when sediment concentration reaches the gelling concentration &% (Chauchat et

al., 2013).
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S

where o™ is 0.14 and o, is 0.14 Pa. When sediment concentration «, is larger than

gelling concentration 2, the effective stress develops. Compared to the formula given

by Merckelbach and Kranenburg (2004), Equation (22) avoids the limitation that the

effective stress never equals to zero.

2.3 Boundary conditions

Bottom boundary condition for shear stress is specified as:

(vV+vr)—|., =[u |U (23)
u(z) () 28

where u’is the friction velocity, z,is a small distance from the bed which is usually taken

as half height of the first computational grid and z, is the roughness length (van der Ham

and Winterwerp, 2001). « is the Karman constant.

Boundary condition for the continuity equation of solid phase is given as:

5 Mps(:_b_lJ’|Tb|>Tcr
a. p, cr
1—‘T - — O P W = (25)
0z |n
w, o, (2,)] 1 1|Tb|STcr
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where M is the erosion coefficient, 7, is the bed shear stress, 7, is the critical bed shear

stress for sediment erosion.
3 Model application to the Ems/Dollard Estuary

3.1 Model setup and materials

As discussed in section 1, in estuaries and coastal seas, the size and density of mud flocs
during flocculation may change constantly and so is the settling velocity. Therefore, the
time scale is an important factor in modeling cohesive sediment transport processes. The
past research has identified that floc sizes are closely related to suspended sediment
concentration on a tidal time scale, while on the seasonal time scale, the floc sizes are
essentially determined by the properties of the sediments (Van der Lee, 2000). The model
application here is designed to focus on the tidal time scale so as to examine critically the

capability of the developed model.

The Ems estuary has its mouth in the Wadden Sea. Measurement Point A in Fig. 2 was
within a straight tidal channel Groote Gat, the average bottom elevation of which is 3.3m
below N.A.P (Dutch ordnance datum). The horizontal gradients of SSC are known to be
negligible and both horizontal and vertical salinity gradients are also small when the river
discharge is low (Van Der Ham et al., 2001). Therefore, the present 1DV two-phase

model is expected to be applicable to the measured data at this site.

The data sets for two time periods, one from 02:00 27/Jun/1996 to 02:00 28/Jun/1996 and
the other from 00:00 08/Aug/1996 to 00:00 09/Aug/1996, are considered (Van Der Ham
et al., 2001). The former is denoted as Data 1 and the latter as Data 2. The time-varying

depth-averaged flow velocity U and water depth h for Data 1 and Data 2 are used as the

13
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inputs to the model. The fixed time step t =1sis used and the number of grid cells is 21.
Model results vary little when the model is tested with grids 31 and 42. All the input

values between the measured data points are determined using linear interpolation.

Following van der Ham and Winterwerp (2001), a roughness height of 2x10°m and the

erosion rate for mud M =1.54x10°m/s are selected. Critical shear stress for erosion 7,

is specified as 0.1 Pa which is the averaged critical shear stress suggested by Kornman
and De Deckere (1998) based on sediment erosion studies in an adjacent tidal flat.
Following van der Ham and Winterwerp (2001), the maximum depth-averaged sediment

concentration C_, is applied in both runs to account for the limited sediment availability.

3.2 Results and discussion

3.2.1Datal

Numerical simulation for the June period with and without the effects of flocculation is
denoted as JWF run (June With Flocculation) and JNF run (June No Flocculation),
respectively. Equations (17) and (21) are used in JWF run, in which the new drag force
closure is adopted to take account of the flocculation effects, while Equations (17) and

(19) are used in JNF run, ignoring the flocculation effects. Here we follow van der Ham
and Winterwerp (2001) and specify k, and m as1.5x10°(m/s)-(g/L)™ and 1.2 for Data
1 and Data 2. It should be mentioned that for Data 1 the settling velocity w, is set as

2.2x10™* m/s, which is an average settling velocity from JWF run, to make the JWF run
and JNF run more comparable. More details about the parameters used in the model

simulation can be seen in Table 1 for Data 1 and in Table 3 for Data 2.

Table 1
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Fitting parameters used in the simulation of Data 1
Empirical Site-

Setti .. i
run velocty  Coefiient - dependent "2 c. (ka/m)
W, (ms) k,(m/s)-(g/ L) coeﬁ;l]uent M (m/s)
INF  2.2x10™ — — 1.54x10°® 0.5
JWF ~ 1.5%x10°° 1.2 1.54x10°® 0.5

Fig. 3 shows the measured and modelled shear stress at 0.4 m above the bed. It can be
seen that the model results for both JWF (solid line) and JNF (dashed line) runs compare
well with the measured data. It can also be noticed that the shear stress calculated in JWF
(solid line) run is almost identical to that in JNF (dashed line) run, which indicates the

effects of flocculation process on shear stress is negligible under low sediment
concentration. The flow structure is hardly affected when the SSC is less than 1 kg/ m®, a

result which is consistent with the conclusion from the work of Van Der Ham et al.

(2001).

As both the shear stresses and the critical shear stress are the same, the differences in the

predicted distributions of SSC for JWF and JNF runs are mainly due to the differences in
the calculated settling velocities w, in these runs. The measured and modelled variations

of sediment concentration at 0.3 m, 0.7 m and 1.4 m above the bed are presented in Fig. 4.
The numerical results during the two tidal cycles for both runs (with/without the effects
of flocculation) seem to follow broadly the trend of measured data except for an abrupt
increase of measured sediment concentration at the very start of the first tidal cycle,
which is explained as a local increase of the sediment availability(van der Ham and

Winterwerp, 2001). The model results with the effects of flocculation (solid line)
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matched well with measured data, whereas those without the effects of flocculation
process (dashed line) deviate more from the data. It can be noticed that a lower value of
sediment concentration during the slack water time is predicted in JNF run, while during
the acceleration phase, a much higher sediment concentration is predicted when
compared with the measured data. The modelled sediment concentration peaks can be
twice as that of the measured data during the acceleration time of the first tidal cycle at
1.4 m. However, this level of discrepancy does not appear between the numerical results
of JWF run and the measurements. To quantitatively describe the performance of both
runs, the root-mean-square errors are shown in Table 2. JWF run shows the smallest at all
levels. The root-mean-square errors calculated by Son and Hsu (2011) are larger than

those of JWF run and smaller than those of JNF run at both 0.3 m and 0.7 m.

Table 2
Root-mean-square errors between measured data and model results
Level

Son and Hsu AWF ANF
above the JWF (Datal) JNF (Data 1)
seabed (m) (2011) (Datal) (Data2) (Data?2)
0.3 0.284 0.409 0.298 0.156 0.250
0.7 0.146 0.343 0.221 0.109 0.111
1.4 0.121 0.204 - 0.056 0.080

To demonstrate the effect of flocculation, the vertical profile of settling velocities
predicted in JWF run at different time are presented in Fig 5. As the settling velocities are
constant in JNF run, only settling velocities at 6:00 hour are presented. In JWF run, it can
be seen that the settling velocities range from approximately 0.0001 m/s to 0.0016 m/s
within a tidal time scale. In the vertical direction, the distribution of settling velocities is
consistent with the distribution of SSC. For example, the settling velocities are larger

with high SSC at 13:00 and 18:00. In Equation (19) used for JNF run, the first term on

16



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

the right side is the settling velocity w,, which is treated as a constant for mud flocs in
dilute situation while in Equation (21) used for JWF run, the first term on the right side is

k,C™ which describes the effect of flocculation on the settling velocity. The
computational results show that w; clearly increases with the increase of k,C" (thus C) as

shown in Fig. 5 (forC <3 kg/ m® the hindered settling effects are unimportant). A lower

SSC corresponds to a smaller settling velocity (see Fig 5 at 15:00 and 22:00) and thus

less sediment deposited on the bed for JWF run, while for JNF run, the settling velocity is
larger than that in JWF due to the use of constant value w, in the drag force closure,

which causes the amount of sediment deposited on the bed to be overestimated (JNF run).
Therefore, variations of sediment concentration modelled in JNF run are smaller than the
field measurements. During the acceleration phase when the SSC is high due to the strong
flow forcing, JWF run predict a larger settling velocity, which prevents the sediment from
being diffused up in the water column, whereas, the settling velocity in JNF run is
underestimated resulting in higher predicted sediment concentration peaks than the

measured ones.

To further illustrate the vertical SSC profile, model results in JWF run, JNF run and Son
and Hsu (2011) along with the measured data are shown in Fig. 6. We follow Son and
Hsu (2011) and only show the profiles from 0 to 3.5 m for the convenience of comparison.
Generally, all the three modelled SSC profiles decrease away from the bed. A critical
characteristic of SSC captured by Son and Hsu (2011) was that during the slack time (at
14h and 2h+1d, a noticeable amount sediment is still suspended in the water column. This

is believed to be due to the lower SSC as during slack time, which causes smaller floc
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size and settling velocity. This phenomenon is somewhat better captured by JWF run in
the present model (see vertical profiles at 14h and 2h in Fig. 6). In comparison with JWF

run, the predicted SSC in JNF increases sharply from the surface to the bottom.

3.2.2 Data 2

Model simulations from 00:00 08/Aug/1996 to 00:00 09/Aug/1996 with and without the
consideration of flocculation process are denoted as AWF (August With Flocculation)
run and ANF (August No Flocculation) run, respectively. Again, it should be mentioned

that, in the ANF run, if the settling velocity w, is setas 2.2x10* m/s as adopted in Data

1, the predicted results cannot even capture the gross features of the measured data. In
order to ensure meaningful comparisons, the settling velocity is increased to 5x10™* m/s,
which is the value suggested by van der Ham and Winterwerp (2001). All parameters

used in the simulation are listed in Table 3.

Table 3
Fitting parameters used in the simulation of Data 2
. Empirical Site- .
Settin L E
run velocity  Coefficient dependent e Co(kg/m)
w, (m/s) k,(m/s)-(g/L) coeﬁ;rl] cient M (m/s)
ANF  5x10™ — — 154x10° 0.25
AWF — 1.5x10° 12 1.54x10°° 0.25

The modelled shear stresses from both runs match the measurements well. The shear
stress is again hardly affected by the flocculation process as expected and is not shown
here because it does not add more than that already known from the results for the June
data. The predicted time series of sediment concentration for both runs along with

measured data at 0.3 m, 0.7 m and 1.4 m above the bed are shown in Fig. 7. The model
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results generally follow the trend of measured data. However, during the acceleration
time (8:00-11:00), the SSC peaks of ANF run are higher at 0.3 m (dashed curve in the
third panel of Fig. 7). The results of AWF run, which includes the effects of flocculation
by using Equations (17) and (21), fit better with the measurements during both floods and
ebbs. In the fourth panel of Fig. 7, the results for AWF run (solid curve) compare well
with experimental data, whereas, a lower sediment concentration is predicted in ANF run
(dashed curve). It can be concluded that for ANF run, higher sediment concentration
peaks are predicted in the lower part of the water column (0.3 m) but a lower SSC is
predicted in the upper part of the water column (1.4 m). But it should be noticed that, the
model results in AWF (August case) are not as good as those in JWF (June case) when
compared to measured data (see Fig 4 and Fig 7). It may be because the maximum
sediment concentration in Data 2 is less than 0.5 kg/m® and the effects of flocculation

decrease when sediment concentration decreases.

To quantitatively show the performances of both runs (AWF and ANF runs), the root-
mean-square errors are shown in Table 2. As expected, the values of AWF run are
smaller than those of ANF run. A similar explanation can be given as that for the June
Data case. The vertical structures of SSC are shown in Fig. 8. It should be mentioned that
a critical characteristic found is that a noticeable amount of sediment still suspended in
the water column during the slack time, as captured in AWF run. For instance, at 8h or
20h, the SSC profile modelled by AWF run matches well with measured data, whereas,
that modelled in ANF run is close to zero and the blue dashed line is coincident with the
vertical coordinate. This indicates that the new drag force closure used to describe

flocculation effects is appropriate and a reasonable representation of the reality.
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4 Conclusion

A one-dimensional-vertical (1DV) Reynolds averaged two-phase model is developed and
applied to simulate sediment suspension of Ems/Dollard estuary. The dataset consists of
two periods of field measurements of flow and suspended sediment parameters when the
tidal currents are dominant and waves are negligible. The model results confirm the
previous findings that the flocculation effects are important at the study site but more
importantly they have shown that neither treating the settling velocity of the flocs as a
constant nor adopting seemingly more sophistic flocculation models gives better results
of vertical distribution of suspended sediment concentration than those obtained from the
simpler concentration-based settling velocity formulation that is adopted in this work.
The vertical profile of SSC can be better captured especially during the slack tide when
flocculation is considered. Overall, it can be concluded that more accurate predictions are
obtained when the flocculation effects are considered using the new drag force closure.
Though the sediment concentration is less than 1g/L for both measuring periods and
even less than 0.5 g/ L for the August period, the results indicate that the flocculation
process should be considered. But the flocculation effects may decrease due to the
decrease of sediment concentration (less than 0.5 kg/m®). The generally acceptable
overall agreement between the measured data and numerical predictions (JWF and AWF

runs) demonstrate the capability of the model.

The work presented is not designed to test the practical advantages of the two-phase
modelling approach over the single-phase approach as the overall suspended sediment

concentration in the data is rather low and the coupling between the two phases is too
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weak. With sediment concentration being less than 1 kg/ m*for Data 1 and less than 0.5

kg/ m® for Data 2, the dissipation of turbulence due to the existence of suspended

sediment is negligible and the shear stress is hardly affected by the presence of solid
phase. However, the flocculation process should be considered. The simulations
including flocculation effects show a better agreement with the data than that without
consideration of flocculation effects. With the new drag force closure which accounted
explicitly for the flocculation process, more accurate settling velocity profiles are
obtained and so are the sediment concentration profiles. As to future works, there is a
clear need for the two-phase model to be further evaluated using data from estuaries with

much higher flocs concentration and more appreciable phase coupling effects.
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