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Abstract: During flooding, the suspended sediment transport usually experiences a wide-range of
dilute to hyper-concentrated suspended sediment transport depending on the local flow and ground
conditions. This paper assesses the distribution of sediment for a variety of hyper-concentrated and
dilute flows. Due to the differences between hyper-concentrated and dilute flows, a linear-power
coupled model is proposed to integrate these considerations. A parameterised method combining
the sediment size, Rouse number, mean concentration, and flow depth parameters has been used for
modelling the sediment profile. The accuracy of the proposed model has been verified against the
reported laboratory measurements and comparison with other published analytical methods. The
proposed method has been shown to effectively compute the concentration profile for a wide range of
suspended sediment conditions from hyper-concentrated to dilute flows. Detailed comparisons reveal
that the proposed model calculates the dilute profile with good correspondence to the measured data
and other modelling results from literature. For the hyper-concentrated profile, a clear division of
lower (bed-load) to upper layer (suspended-load) transport can be observed in the measured data.
Using the proposed model, the transitional point from this lower to upper layer transport can be
calculated precisely.

Keywords: parameterised power-linear model; hyper concentration; dilute concentration; suspended

sediment transport; flood; sediment size parameter; rouse number; mean concentration; flow depth

1. Introduction

Sediment transport is a common phenomenon during flooding. When sufficient lift
force on sediment particles exists to overcome the frictional grips in between them, flow
turbulence especially in the upward direction will generate sediment suspension [1,2].
Unlike the bed load, this suspended load is still not well-understood especially for those
sediments with highly soluble behaviour in flow [3].

Two-phase flow is usually subjected to complex mixture between the solid and fluid
phases. It is complex to mathematically model, in particular when one considers the
natural flow in compound or irregular channels such as those studied by Pu [4] and
Pu et al. [5]. Some models [6-8] resolve these complexities by neglecting turbulence and
forces acting on the sediment particle surfaces, such as the effects of turbulent diffusion in
laminar uniform flow or particle-particle collisions within dilute flows. However, applying
these assumptions significantly hinders the modelling accuracy. As a result, recent studies
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have attempted to incorporate the resultant lift and drag forces acting on the particle
phase [9-11], and this has resulted in diverse formulations for predicting the suspended
sediment profile within the flow.

The general consensus when modelling the sediment-laden flow is to assume a rep-
resentative two-dimensional plane due to the complexity of full 3D modelling [12]. The
sediment concentration is normally considered to change with height from the bed [13];
and various flow parameters can be incorporated into mathematical models to determine
the full concentration profile. These parameters commonly include: particle fall veloc-
ity, particle diameter, Rouse number and mean concentration [14,15]. Within the field
of sediment profiling a range of mathematical concepts has been adopted to predict the
concentration profile. Goree et al. [16] used continuum theory and incorporated the effect
of drift flux due to flow turbulence implemented using large-eddy simulation. However, it
was found that the computed results were less accurate in the near-wall region (also agree
with [17,18]). Rouse [6] proposed diffusion theory to form one of the simplest mathematical
approaches. Despite the apparent simplicity, this diffusion theory-based calculation gave
reasonable and efficient prediction of the suspended solid behaviour and has subsequently
been utilised as the basis for many further studies.

Another commonly used mathematical concept is that of kinetic theory. This theory is
widely regarded as one of the most precise approaches to model sediment concentration
distribution as it includes the response of both the solid and liquid phases as well as the
interactions between them [11]. Other theories have also been produced and shown to
give reasonable results, such as the combination between kinetic and diffusion theories
proposed by Ni et al. [19].

In this paper, we are motivated to seek a representative model to analytically calculate
the suspended sediment transport profile, since currently there is a lack of such modelling in
literature to inclusively represent the diluted, transitional, and dense suspended sediment
transport. In the view of this research gap, in this study, the reported models are analysed
and prominent flow parameters are assessed. A method of parameterisation is introduced
using an analytical regression analysis technique. Consequently, separate parameterised
expressions have been proposed for a wide range of flow conditions (i.e., from dilute to
hyper-concentrated flow), before being adopted into a coupled power-linear concentration
model. Various tests have also been conducted to validate the proposed model with
published experimental data to assess the model’s accuracy.

2. Models Review

Diffusion theory has played an important role in mathematical modelling of the
suspended solid transport and has been used as the basis of the models by van Rijn [20],
Wang and Ni [15], McLean [21], and Zhong et al. [22]. Rouse [6] derived his model from
Fick’s Law, which defines diffusion theory, and states that diffusion from an area of high
concentration to an area of low concentration should be balanced by the product of the
settling velocity and concentration as described in Equation (1) [23]:

dc
Ddiy = —wyC D

where D is sediment diffusivity (m?/s), ¢ is concentration (dimensionless), wy is settling
velocity (m/s), and y represents the vertical space across a flow depth (m). Within Fick’s
formula, assumptions about sediment diffusivity must be made, for which Rouse proposed
that the upward diffusion was a result of the vertical flux due to turbulence and assumed
that the suspended particles was only associated with fluid turbulence diffusivity [7]. This
agrees with the law of wall such that the sediment diffusivity is defined by the shear
velocity u.. Therefore, D can be defined by (Equation (2)):

D= kyu,(1-¢) @
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where « is von Karman constant (dimensionless), u. is the shear velocity (m/s) and ¢ is the
characteristic height (dimensionless) defined as the vertical distance, y, from the boundary
normalised by the flow depth h (Equation (3)):

e=1 3)

Hence ¢ is limited by 0 < ¢ < 1.
Inserting Equation (2) into Equation (1) gives Equation (4) as follow:

1 wo

Edc - Kyus (1 — s)dy @)

Integrating Equation (4) between the boundaries ¢ and a reference characteristic height
€a gives the Rouse formula (Equation (5))
(]

c:{l—e €a ]Ku* 5)

Ca e 1—¢,

where ¢, is the concentration at the reference height (dimensionless). ¢, is described as
the point where suspended load transport begins to take place and suggested to be 0.005
by Hsu et al. [7]. Under the assumption made by Rouse, the concentration distribution
profile becomes more uniform with decreasing Rouse number which can be achieved by
using sediment with low settling velocity or by increasing shear velocity, where the Rouse
number P can be described by Equation (6):

p= 0

Ky ©)

A modified model from Rouse has been presented by Kundu and Ghoshal [14] in
which they recognised that the sediment concentration distribution can follow more than
one profiles, as depicted in Figure 1. The most common profile (Type I) shows a monotonic
decrease in concentration with height, and it happens when the flow concentration is
dilute. The Type II profile shows an increase in concentration with height to a peak value
above the bed, thereafter the concentration decreasing with height (it happens when flow
is experiencing transitional concentration between dilute and dense condition). This Type
II profile gives rise to a transitional point splitting the distribution into an upper flow
region (above maximum concentration) and a lower flow region (below the maximum
concentration in the near-bed region). The Type III profile occurs when the flow is subjected
to hyper-concentration of sediment and exhibits a steady increase from the bed followed
by a decrease in concentration towards the outer region of the flow.

In terms of modelling, Type I allows the most simplistic solution as it can be fitted
using the common Rouse approach. However, the heavy sediment-laden flows usually
present Type II or III profile. In common with the Rouse model, the dependent variable for
the model presented by Kundu and Ghoshal [14] is €, where its functions can be defined as
(Equations (7) and (8))

®1=b1e +q4 7)

and,
@2 =bre™? +q, 8)

in which by, a1, q1, by, oz and qp are empirical coefficients to be determined from experi-
mental data.
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Figure 1. Type L, IT and III Concentration Profiles.

Using the asymptotic matching technique by Almedeij [24], the concentration profile
for both adjacent sections can be expressed in the Equation (9):

1
= — — )
(b1e*1 +qy) T+ (bae*2 +qp) !

nlln

within which ¢ represents the lower suspension flow region and ¢, represents the upper
suspension region. Using this technique, Kundu and Ghoshal [14] produced the empirical
coefficients by calibration with previously published experimental data.

Several experimental studies (i.e., Einstein and Qian [25], Bouvard and Petkovic [26],
Wang and Ni [15]) have also shown that the sediment profile follows a power law solution
within the dilute-concentrated flow regime. This can be described by Equations (7) and (8)
through the following simplification in Equation (10):

@ =be* (10)

where it is formed when the parameter q in Equations (7) and (8) is set as zero to produce
a power law solution. In this formulation, Equation (10) reverts to a similar form as the
Rouse formula shown in Equation (5).

However, within extreme flow conditions such as hyper-concentrated flow where the
sediment profile has been proven to deviate from the power law distribution. Experimental
results yield a linear profile due to an increase in particle-particle interactions. Equation (7)
to (8) should thus take a form of the following in Equation (11):

@ =be+q (11)

with exponent « equals to unity.

Limitations of this Rouse-type formulation have been evidenced by the measurements
of Sumer et al. [27], Greimann and Holly [9], Jha and Bombardelli [10], Kironoto and
Yulistiyanto [28], and Goeree et al. [16]. Owing to its derivation from diffusion theory,
the Rouse formula provides a single-phase approach focusing on the sediment particles.
As a result, the Rouse formula is limited to the representations of flows exhibiting Type I
concentration profiles (Figure 1). Due to the boundary assumptions of the Rouse formula,
the resultant concentration profile must always revert to zero at the fluid surface and
infinity at the bed [29]. Huang et al. [8] further stated that the Rouse formula can lose
its accuracy near-bed particularly when dealing with high boundary roughness. One of
the attempts to improve the Rouse model is to incorporate an additional factor 3 into the
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Rouse number producing a damping effect, where 3 is the coefficient of proportionality for
the diffusion coefficient for sediment transfer [29].

Greimann and Holly [9] derived a formula using a two-phase approach to the Rouse
model. Within their study it is highlighted that, due to Rouse’s lack of consideration of
particle—particle interactions, the Rouse formula is only valid when c < 0.1. As the Rouse
formula is derived from Fick’s law, it is only applicable to flow when the bulk Stokes
number S, (which is a parameter commonly used to define characteristic of suspended
particles in a fluid flow) is very small such that the fluid and solid phases are transported
almost in equilibrium. Therefore, it can be concluded that while the Rouse formula gives
reasonable calculation to sediment profiling, it is limited by the absence of mechanical
forces such as particle—particle interactions and particle inertia, and by its lack of effective
sediment parameterisation, i.e., related to sediment size. In comparison, the models
proposed by Wang and Ni [15], Ni et al. [19], and Zhong et al. [22] utilised either exponential
or power laws to precisely represent suspended sediment profiles across the whole flow
depth and with a variety of concentration levels. They adapted kinetic concepts for
considering the particle concentration, thus can model two-phase interactions. Additionally,
they used empirical fit to determine the profile characteristic, and identified various flow
and sediment parameters that can be potentially used to define the concentration profile.

The aim of this study is to investigate the relationship between various flow and
sediment parameters to form an improved representation to Equations (7)—(9). This will
form a parameterised expression of final suspended particle characteristic model and allow
an effective prediction of its concentration profile. The flow parameters to be investigated
are Rouse number P, size parameter S,, and mean concentration ¢. Additionally, this kind
of formulation using the parameterised expressions to improve the suspended sediment
transport modelling has so far not been explored in other studies, hence this investigation
is crucially needed to study the performance of such modelling.

3. Proposed Modelling

Many studies have investigated the relevant parameters for considering a concen-
tration profile, including the Rouse number (defined in Equation (6)), particle size, mean
concentration, and flow depth [6,27,30,31]. By referring to Equation (9), the variables are
related to the coefficients of power-linear law as follows in Equation (12):

bl/ bZ/ X1, X2, Ch/ q2 = f(P/ SZ/ E) (12)

where, S, is the dimensionless size parameter (5, = d/h), in which d is the sediment
particle diameter and h is the flow depth. In this investigation, we collected data from
various reported experimental studies (as detailed in Table 1) to inspect the distribution
of each power-linear law coefficient toward the physical parameters of Rouse number,
particle size, and mean concentration, and to deduce a modified Rouse model for validation
tests. It can be observed from Table 1 that the utilised data sources are in a wide range. In
particular, the € range in the utilised literature are ranging from 0.00013 to 0.147, which
giving a thorough test of concentrations from dilute to hyper-concentrated flow conditions.

Table 1. Data sources for parameterised modelling.

Data Sources h (cm) d (mm) wy (cm/s) u, (cm/s) z(><10*3)
Bouvard and Petkovic [26] 7.5 2.00-9.00 1.81-2.70 2.54-5.41 2.1-4.5
Cellino and Graf [32] 12.0 0.135 1.20 4.30-4.50 96-147

Coleman [30] 17.0-17.4 0.21-0.42 1.23-1.31 4.10 0.13-0.28

Muste et al. [33] 21 0.21-0.25 0.06 4.00-4.30 0.46-1.62

3.1. Rouse Number

Two of the main parameters affecting drag on a sediment particle are the settling and
shear velocities. A dimensionless form of these parameters together with von Karman
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constant is the Rouse number as defined in Equation (6). By studying each parameter in
Equation (9) against P, we can produce Figures 2-5 below.

Parameter, h1

blvs P

0.8

0.7
y =0.0946x?-0.4551x+0.7078

R?=0.8212
0.6

0.5
0.4
03

0.2

0.1

15 2 3.5 4

Rouse number

Figure 2. Rouse number regression analysis for coefficient b;.

Parameter, al

-1.5

-3.5

alvs P

1.5 2 2.5 3 3.5 -

-0.5

-2.5

y =0.3751x%-1.4553x-0.8947
R?=0.5736

Rouse number, P

Figure 3. Rouse number regression analysis for coefficient «;.
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Figure 4. Rouse number regression analysis for coefficient b,.

a2 vs P

0.14 ]

0.12

01 e

0.08 (] o y =-0.0315x+0.1168
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Parameter, a2

0.06

0.04 ] L]

0.02 ° =

Rouse number, P

Figure 5. Rouse number regression analysis for coefficient «;.

Figures 2-5 show that there is a quadratic relationship for the parameters b; and
a1, and a linear relationship for by and x; against P. The regression analysis shows all
coefficients have R? > 0.5, except for . This finding shows P provides reasonable fit
to be represented by power-law and its coefficients in wide range of measured data. As
analysed by Kundu and Ghoshal [11], the Rouse number function does not provide a good
representation to the hyper-concentrated profile, and hence the hyper-concentrated flow
data have been omitted in Figures 2-5.
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3.2. Size Parameter

Particle size is another factor that significantly affects sediment drag and lift. The
surface area of a particle, determined by the diameter for a spherical particle, can affect
the effectiveness of interactive contacts act on the particle. Additionally, particle diameter
also influences its settling velocity [34]. In Figures 6-9, the dimensionless Sz is plotted
against the proposed model’s power-law coefficients. In the original Rouse approach [6]
or modified Rouse model (as used in Kundu and Ghoshal [14]), the effect of particle size
has not been considered, even though it is a crucial factor in determining the suspended
sediment behaviour.

In Figures 6-9, it can be observed that a quadratic relationship describes the variation
of by and by with Sz while a logarithmic relationship for oy and «, against Sz is observed.
All the figures show R® regression lower than 0.5 with the exception of by. This low
regression shows that o and b are harder to be represented by Sz, which in turns exposes
the difficulty of modelling using Sz. Its analysis further suggests that the particle size
factor is harder to be fixed. In the analytical modelling studies of Wang and Ni [15] and
Ni et al. [19], the particle diameter has been fitted by using a coefficient in the concentration
equation extracted from the measured data. The described tests have shown that it is hard
to capture the characteristic of concentration profiles when different sediment diameters
have been tested. This further affirms the difficulty of finding a representative function for
the particle size parameter investigated here.

b1 vs Sz
0.8
0.7

06 |+® -
o, y =530.6x%-34.123x+0.6523
- R?=0.8497

0.4

Parameter, h1

03

022 o0

0.1 | ZEPOPR L

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Size parameter, Sz

Figure 6. Size parameter regression analysis for coefficient b.
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Figure 7. Size parameter regression analysis for coefficient by.
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Figure 8. Size parameter regression analysis for coefficient by.
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0.2

0.18

0.16

0.14

0.12

0.1

Parameter, a1

0.08

0.06

0.04

0.02

a2 vs Sz
y =-0.029In(x) - 0.0676
b R?=0.3847
o °
. . .
R S H e e
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Size parameter, Sz

Figure 9. Size parameter regression analysis for coefficient o.

3.3. Mean Concentration

0.06

0.07

Michalik [35] and Cellino and Graf [32] investigated the measured sediment concen-
tration profiles for hyper-concentrated flows. Their results showed that for such flows, the
sediment profile follows a more linear distribution as opposed to the common power law
observed in other dilute flow studies. Another empirical observation by Machalik [35] was
that the mean concentration has key dominant impact on the characteristic of concentration
distribution compared to Rouse number or particle size. Hence this study will formulate
the analytical approach by mean concentration for use in the linear law modelling. Regres-
sion analysis was also used to identify the fit between the linear law coefficients and mean
concentration, as presented in Figures 10-13.

-0.2

0.4

-0.6

0.8

Coefficient, b1l

Cbar vs b1
0.1 0.2 0.3 0.4
.. .
o | °

y =-1.4471x-0.3875
R? =0.5498

Mean Concentration, Cbar

Figure 10. Mean concentration regression analysis for coefficient by .
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Figure 11. Mean concentration regression analysis for coefficient q;.
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Figure 12. Mean concentration regression analysis for coefficient b;.
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Figure 13. Mean concentration regression analysis for coefficient qp.

The results show that a linear fit describes the variation for the coefficients by and b,
with mean concentration; while a quadratic relationship describes the variation of the coef-
ficients q; and q, with €. The fits show an R? regression higher than 0.5 without exception.
This finding evidences a clear correlation between ¢ and the hyper-concentrated profile.

3.4. Hyper-To-Dilute Boundary

The findings from the above sections are adapted into the model of Equation (9) to
form a parameterised expression for the sediment concentration distribution across the
flow depth. The proposed sediment concentration calculative model is governed by a
coupled approach. A power law is utilised to represent the dilute sediment concentration
(when 0 < ¢ < 0.1), whereas a linear law is used for the dense hyper-concentration (when ¢
> 0.1). This hyper-to-dilute boundary has been set by benchmarking the investigation of
Greimann and Holly [9] on dilute flow definition and Rouse model limit. Our proposed
coefficients found from the above sections can be represented as:

For the dilute regime, where 0 < ¢ < 0.1 (Equations (13)—(17)):

G =9@=0 (13)
by = 0.047P% — 0.23P + 270S,2 — 175, + 0.68, (14)
o = 0.19P% — 0.073P — 0.15In(S,) — 2.0, (15)
b, = 0.48P — 1100S,> + 73S, + 1.6, (16)
ap = —0.016P — 0.015In(Sz) + 0.025. (17)
For the hyper-concentrated regime where ¢ > 0.1 (Equations (18)—(22)):
a1 =ap =1.0 (18)
b; = —-14¢—-0.39, (19)

= 2.6¢% +0.39¢ + 0.51, (20)
q1
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by =11¢—21, (21)
Q=11 +77c—0.24. (22)

4. Model Validations

The model presented within this paper is validated against the experimental data of
Wang and Ni [31], Wang and Qian [36], and Michalik [35]. It has also been compared with
the previously proposed models by Wang and Ni [31], Ni et al. [19], and Zhong et al. [22].
Wang and Ni [31] presented a theoretical distribution model derived from the kinetic theory.
Their model is limited to dilute flow and therefore predicts Type I and limited Type II
profiles only. In their assumption, the particle interaction has been neglected, and as a
result, they attributed the classification of distribution profile solely to the fluid-induced
lift forces. It is also noteworthy within their study that when particle size is small the
distribution tends to follow the Type I profile.

The model proposed by Ni et al. [19] used a fusion of kinetic and continuum theories,
where kinetic theory using the Boltzmann equation being applied to the solid-phase and
continuum theory to the fluid-phase. Within their derivation, the empirically weighted
forces have been used to act upon sediment to represent two-phase interactions. The model
has been proposed to be applicable to both dilute and dense flows. The model proposed
by Zhong et al. [22] is more complex when compared to the other two above-mentioned
models. It is based on a tertiary approach where the model can be simplified under various
empirically-driven assumptions. Within their research, the experimental testing covers
Type I, II, and III profiles; though due to its complexity, their Type III profile required a
dynamic value of the empirical damping function to fit for different flow conditions.

4.1. Wang and Ni

The measured data of Wang and Ni [31] assessed dilute flow within pipes. The
concentrations tested were extremely dilute ranging from 0.00042 < ¢ < 0.0033, where
these tested conditions are presented in Table 2. This validation exercise will provide a
good test to the proposed model capability to capture extremely dilute flow. The sediments
tested were grains and coarse sands with particle diameter ranging from 0.58 mm < d
< 229 mm. The results are presented in Figure 14A—]. The proposed model shows a
reasonable correspondence to the experimental data. The measurements of Wang and
Ni [31] show that for dilute flow the sediment concentration tends to follow the Type I or II
concentration profile with the maximum concentration occurring in the near-bed region.

Table 2. Data by Wang and Ni [31].

Test No. d (mm) wy (cm/s) uy (cm/s) c(x1073)
Al 1.80 2.56 3.28 3.30
A3 1.40 6.90 4.76 3.10
A4 1.10 5.15 4.52 240
A5 0.58 4.51 4.79 0.97
A6 0.60 3.79 4.90 0.57
A7 2.29 6.15 4.83 0.44
B3 1.40 6.90 6.11 1.98
B4 1.10 5.15 6.15 2.00
B5 0.58 4.51 6.33 1.94

B6 0.60 3.79 6.23 0.42
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Figure 14. Modelled results and comparisons against experimental data of Wang and Ni [31].

Observation of Figure 14A-] shows that overall there is a better fit by the proposed
and other models away from the near-bed region. This is coherent with the suggestions
from literature (i.e., Kundu and Ghoshal [11]; Greimann and Holly [9]) stating that the pos-
sibility of particle-particle interactions increases at near-bed to produce more challenging
conditions for the mathematical modelling.

The experimental data in Figure 14F utilised the largest particles among all the mea-
sured data of Wang and Ni [31]. Therefore, larger interaction forces can be expected
between the solid—fluid phases due to the larger surface area of each sediment particle. One
can observe that the proposed model shows a concentration distribution for Figure 14F
which is consistent with the measurements. Compared with the model of Zhong et al. [22],
which does not take into account the particle size, the proposed model shows promising
computation of big particle measured data.

4.2. Wang and Qian

Wang and Qian [36] studied the effect of dilute to dense concentrations in open
channel flow using an experimental recirculating-tilting flume. Their experiments tested
a wide range of sediment diameters 0.15 mm < d < 0.96 mm and concentrations
0.0102 < ¢ < 0.0906 (as shown in Table 3). Their tests are compared against the proposed
and other models, with the results presented in Figure 15A-D. Overall, the models show
lower accuracy to reproduced measured data throughout the flow depth with increasing
mean concentration. The proposed model shows a reasonable fit to the experimental data in
the upper flow region. Within this region, the main forces acting on the sediment particles
are the lift and drag due to the fluid induced forces and particle inertia. This supports the
hypothesis that the proposed model can compute the solid—fluid interactions for particles
with reasonable accuracy owing to its inclusion of Rouse and size parameters.

An overview of all the results displayed in Figure 15A-D demonstrates that the accu-
racy of different models reduces at the lower suspension region, including the proposed
model. Within Type II profiles, the local maximum in concentration is observed closer
to the bed compared to Type III profiles. Near to the wall boundary, the sediment distri-
bution is governed by the bed-load behaviour as opposed to the suspended load. The
plastic particles were used within the flows tested here, and they generate less significant
movement than the normal and natural sediment under the acting of particle-particle in-
teractive forces [36]. Due to this, the proposed model that deals with the forces by coupling
expressions of Rouse and size parameters unable to simulate the near-bed concentrations
reasonably, as compared to the models presented in Ni et al. [19] and Zhong et al. [22]
which used imported empirical functions from the respective experiments into their mod-
elling. In addition, the boundary conditions for flow with transitional concentration (from
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dilute to dense concentrations) are hard to be fixed, and hence this difficulty may cause
discrepancy in the proposed modelling (especially presented by results at Figure 15A,B).

Table 3. Data by Wang and Qian [36].

Test No. d (mm) wy (cm/s) uy (cm/s) E(X10_3)
SF2 0.268 0.197 7.74 10.2
SE5 0.268 0.197 7.16 90.6
SM7 0.960 1.590 7.37 754
SC5 1.420 2.290 7.37 65.1
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Figure 15. Modelled results and comparisons against experimental data of Wang and Qian [36].

4.3. Michalik

The experimental data of Michalik [35] quantified the sediment profile of hyper-
concentrated flows. The sediment material used was sand with a mean diameter of
0.45 mm and with concentration ranging between 0.15 < ¢ < 0.54 (all test conditions are
shown in Table 4). In order to model Michalik’s tests, this study uses the linear law within
the proposed model. The test results are shown in Figure 16A-F, where the modelled
results are compared to measurements. Ni et al. [19] and Zhong et al. [22] models are also
incorporated into these figures to compare with the measurements and proposed model.

Table 4. Data by Michalik [35].

Test No. d (mm) wy (cm/s) uy (cm/s) c(x1073)
Run1 0.45 6.15 15.56 150
Run 3 0.45 6.15 15.56 270
Run 4 0.45 6.15 15.56 310
Run 5 0.45 6.15 15.56 420
Run 6 0.45 6.15 15.56 450
Run 8 0.45 6.15 15.56 540

From the tested hyper-concentrated flows, the sediment concentration distribution
illustrates a Type III profile. Within hyper-concentrated flow, the maximum in concen-
tration is difficult to model accurately since there exists no distinct boundary where the
sediment changes from bed to suspended load but rather the bed load can diffuse into
the suspended state through a transitional region. As a result, the suspended load has
sometimes been estimated as part of the bed load, which increases the discrepency in
suspended solid modelling. To accurately define the transition region and consequently
the location of this maximum turning point, a good estimation of ¢, and ¢, is required [27].
In this study, the proposed model uses ¢ for the mathematical modelling, since it seems
acceptable to conclude that ¢ is proportional to ¢, [37] given that they are both invariant for
a given experiment.

The proposed calculated results show reasonable agreement to the experimental data,
in which it exhibits better fit to the measurements compared to the rest of models by
Ni et al. [19] and Zhong et al. [22] in Figure 16A-F. The figures demonstrate a Type III
profiles that fit into the hyper-concentrated distribution. Studies of hyper-concentrated
flow show that the sediment concentration distribution becomes more homogenous when
¢ increased as proven in Michalik [35]. Hence power law distributions might not be
reasonable to model hyper-concentrated flow. Instead a linear model is adopted here and
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is evidenced to produce better accuracy. Even though the power-exponential models of
Ni et al. [19] and Zhong et al. [22] are suitable to represent densely-concentrated flow,
their accuracy are not encouraging compare to the measurements in majority of relatively
hyper-concentrated ¢ tests (i.e., at Figure 16D-F).

Additionally, one can observe that an increase in the mean concentration shifts the
height of maximum concentration upwards through the characteristic height due to the
increase of potential bed-load layer. As the mean concentration is increased, the near-
bed region becomes more saturated. The tests in Figure 16 show that when ¢ > 0.31 the
settling velocity has limited influence and the dominating interaction forces must arise
from particle—particle reactions. In these hyper-concentrated tests of ¢ > 0.31, the proposed
model represents the concentration distribution well. In particular, the proposed model
accurately predicts the height at which the maximum concentration occurs for most cases.
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Figure 16. Showing modelled results and comparisons for experimental data of Michalik [35].

5. Conclusions

A parameterised power-linear coupled model has been introduced for inclusively
computing the dilute- to hyper-concentrated distribution across the characteristic height
within flow. The parameters used for the formulation of this model were size parameter,
Rouse number, and mean concentration. As proven, the model is able to accurately
compute the suspended sediment profile for a range of flow conditions including various
Rouse numbers. The proposed model shows a reasonable accuracy for low and very high
concentration tests across the Type I to III profiles. This can be seen from the comparisons
with experimental data of Wang and Ni [31] on very dilute flows, Wang and Qian [36] on
mixed dilute to dense flows, and Michalik [35] on hyper-concentrated flows. From the
tests, the coupling approach of power to linear modelling has been proven to reasonably
represent flow with a wide range of concentrations and sediment sizes.

This type of suspended modelling holds key importance to the accurate prediction
of various natural flows, such as river, coastal, or flood flow. In flooded condition, the
sediment mixture impacts the flow behaviour that can cause modelling failure in repro-
ducing the real-world flood flow. With this analytical modelling study, the flood induced
suspended sediment transport with wide range of dilute to dense concentration can be
modelled adequately; and hence to provide the vital capability to flood flow modelling.
Additionally, to further this work, different analytical modelling besides Rouse-based
model can also be investigated.
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