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THE SEDIMENTATION PROCESS IN
TRAILING SUCTION HOPPER DREDGERS
ABSTRACT
To determine the overflow losses when
loading a Trailing Suction Hopper Dredger
(TSHD), several theories are used and have
been published (Camp, Groot, Miedema and
Vlasblom, Yagi, Braaksma, Ooijens and most
recently van Rhee). Most of these theories
mention the hopper load parameter, being
the settling velocity of a particle that enters
the hopper at the top at entry and just
reaches the sediment at the end of the
hopper, as one of the most important
parameters determining the settling
efficiency and thus the overflow losses.

bed concentration and gives an analytical
equation to determine the overflow losses,
verified with the model and prototype
experiments as mentioned in the PhD thesis
of van Rhee and by Ooijens.
The final model derived is based on the
model published by Miedema and Vlasblom,
but with a number of important improve
ments. The advantage of this approach is
the speed of the calculations, compared
with the van Rhee model, but with almost
the same result.

INTRODUCTION
This hopper load parameter as first
mentioned by Camp, assumes a constant
layer of water/mixture above the sediment.
In the hopper of a TSHD however the
sediment level is rising, resulting in a
modified hopper load parameter.
The influence of this has never been
investigated in the literature.
This article gives a derivation of this
modified hopper load parameter and
describes the influence of this on the
settling efficiency of (sand) particles.
It also goes into detail about the
sedimentation velocity, the so-called near-

For the estimation of the sedimentation
process in trailing suction hopper dredgers
(TSHDs) a number of models have been
developed. The oldest model used is the
Camp (1946) model which was developed
for sewage and water treatment tanks.
Camp and Dobbins added the influence of
turbulence based on the two-dimensional
Above: Placing the dredged load in the discharge area
(Phase 4): Placement can be carried out in three
different ways, using the bottom discharge system,
pumping ashore or rainbowing. Shown here, pumping
ashore along the British coastline.

advection-diffusion equation, resulting in
rather complicated equations. Groot (1981)
added the effects of hindered settling.
Miedema and Vlasblom (1996) simplified
the Camp equations by means of
regression and included a rising sediment
zone, as well as hindered settling and
erosion and an adjustable overflow.
Van Rhee (2001) modified the implemen
tation of erosion in the Camp model, but
concluded that the influence is small owing
to the characteristics of the model.
Ooijens (1999) added the time effect, since
previous models assume an instantaneous
response of the settling efficiency on the
inflow of mixture. Yagi (1970) developed
a new model based on the concentration
distribution in open channel flow.
The models mentioned above are all black
box approaches, assuming simplified
velocity distributions and an ideal basin.
Van Rhee (2002) developed a sophisticated
model, the 2DV model. This model is based
on the 2D (horizontal and vertical) Reynolds
Averaged Navier Stokes equations with
a k- turbulence model and includes
suspended sediment transport for multiple
fractions.
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Figure 1. Phase 1 of the loading cycle where loading is complete and sailing to

Figure 5. Phase 5 of the loading cycle, in which dredging is started.

discharge area starts.

Figure 2. Phase 2 of the loading cycle: Sailing to the discharge area continues.

Figure 6. Phase 6 of the loading cycle: Continuation of loading process.

Figure 3. Phase 3 of the loading cycle where placement in the discharge area occurs.

Figure 7. Phase 7 of the loading cycle when maximum CTS is reached.

Figure 4. Phase 4 of the loading cycle: Setting sail for the dredging area.

Figure 8. Phase 8 of the loading cycle where the sediment in the hopper is rising.

The Miedema and Vlasblom model is based
on the Camp model but lacks a number of
features. One can think of:
• The layer thickness of the water layer
above overflow level.
• The effect of scour during the final stage
of the loading process.
• The hindered settling effect using the cor
rect average concentration above the bed.
• The storage, time delay or buffer effect.
This article describes the basic Miedema
and Vlasblom model (1996) and demon
strates how the above features should be
implemented.

THE LOADING CYCLE OF A TRAILING
SUCTION HOPPER DREDGER
The loading cycle of a trailing suction
hopper dredger (TSHD) is considered to

start when the hopper is filled with soil
and starts to sail to the discharge area.
The loading cycle then could consist of the
following phases:
• Phase 1: The water above the overflow
level flows away through the overflow.
The overflow is lowered to the sediment
level, so the water above the sediment
can also flow away. In this way minimum
draught is achieved. Sailing to the
discharge area is started.
• Phase 2: Continue sailing to the discharge
area.
• Phase 3: Place the load in the discharge
area. Placement can be carried out in
three different ways, using the bottom
discharge system, pumping ashore or
rainbowing.
• Phase 4: Pump the remaining water out
of the hopper and sail to the dredging
area. Often the water is not pumped out,
but instead water is pumped in, to have

•

•

•

•

the pumps as low as possible, in order to
dredge a higher density, which should
result in a shorter loading time.
Phase 5: Start dredging and fill the
hopper with the mixture to the overflow
level; during this phase 100% of the soil
is assumed to settle in the hopper.
Phase 6: Continue loading with minimum
overflow losses. During this phase a
percentage of the grains will settle in
the hopper. The percentage depends on
the grain size distribution of the sand.
Phase 7: The maximum draught (CTS,
Constant Tonnage System) is reached
and from this point on the overflow is
lowered.
Phase 8: The sediment in the hopper is
rising as a result of sedimentation and
the flow velocity above the sediment
increases, resulting in scour. This is the
cause of rapidly increasing overflow
losses.
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The ideal settlement basin consists of
3 zones:
-	an entrance zone where the solid/fluid
mixture enters the basin and where the
grain distribution is uniform over the
cross-section of the basin;
-	a settlement zone where the grains settle
into a sediment zone; and
-	an overflow zone, the zone where the
cleared water leaves the basin.

zone. Particles with a larger diameter will
all settle; particles with a smaller diameter
will partially settle. Miedema and Vlasblom
(1996) adapted the Camp model to be
used for hopper sedimentation.
The biggest difference between the original
Camp (1936, 1946, 1953) model and the
Miedema and Vlasblom model is the height
Hw above the sediment zone. In the Camp
model this is a fixed height; in the Miedema
and Vlasblom model this height decreases
during the loading process.

In 1992 he was made associate
professor with the Chair of Dredging
Technology and from 1996 to 2001 was
educational director of Mechanical
Engineering and Marine Technology. In
2005, he was also appointed educational
director of the MSc programme of
Offshore Engineering. Dr. Miedema
teaches courses on soil mechanics and
soil cutting, hopper sedim entation,
mechatronics, applied thermod ynamics,

It is assumed that the grains are distributed
uniformly and are extracted from the flow
when the sediment zone is reached. Each
particle stays in the basin for a fixed time
and moves from the position at the entrance
zone, where it enters the basin towards the
sediment zone, following a straight line.
The slope of this line depends on the
settling velocity v and the flow velocity
above the sediment s0.

Based on the average horizontal velocity s0
in the basin:
so =

Q in
W ⋅ Hw

The hopper load parameter vo can be
determined according to:
vo

so

=

Hw
L

drive system design principles, mooring
systems, hydromechanics and
mathematics. His research focuses on
the mathematical modelling of dredging
systems such as cutter suction, hopper,
clamshell and backhoe dredgers and
trenchers.

Figure 9 shows a top view of the ideal
settlement basin. Figure 10 shows the side
view and Figure 11 the path of individual
grains. All particles with a diameter d0 and
a settling velocity v0 will settle if a particle
with this diameter, entering the basin at
the top, reaches the end of the sediment

NOMENCLATURE
b
cb
cbed
cin
Ce
Cd
CD
CL
d
ds
FD
FL
Fw
g
h
hmax
H
Hw
L
M
n
ovcum
po
ps
p0

Width of the weir
m
Near bed concentration	Bed concentration	Volume concentration	Dimensionless discharge (contraction) coefficient with a value near 0.6.	Coefficient	Drag coefficient	Lift coefficient	Grain diameter
m
Grain diameter (scour)
m
Drag force
kN
Lift force
kN
Submerged weight
kN
Gravitational constant (9.81)
m/sec2
is the overfall height (measured about a distance
of 5h upstream from the crest)
m
Maximum water layer thickness
m
Height of basin
m
Height above the sediment
m
Length of basin
m
Height of the weir crest above the headwater bottom
m
Porosity	Cumulative overflow losses	Fraction of grains that settle partially (excluding turbulence)	Fraction of grains that do not settle due to scour	Atmospheric pressure
kPa

Qin, out
Rd
so
ss
u*
Ucr
v
vc
vs
vo
vsed
W
α
β
κ
ηg
ηb
ηt
ηcum
τ
λ
ρm
ρq
ρs
ρw
ν
θ
µ

[1]

vo = s o ⋅

thus:

Hw
Q
Q
v
= in or in − sed
L
W⋅L W⋅L
2

[2]

including the bed rise velocity
The settling velocity vo is often referred to
as the hopper load parameter. A smaller
hopper load parameter means that smaller

Mixture flow (in or out)
m3/sec
Relative density
%
Flow velocity in basin
m/sec
Scour velocity
m/sec
Shear velocity
m/sec
Critical velocity above bed
m/sec
Mean velocity in the headwater this is equal to Q/b (M + h)
m/sec
Settling velocity including hindered settling
m/sec
Settling velocity
m/sec
Hopper load parameter
m/sec
Sedimentation or bed rise velocity
m/sec
Width of basin
m
Velocity factor	Height factor	Ratio mixture concentration versus bed concentration	Settling efficiency individual grain	Settling efficiency for basin	Turbulence settling efficiency for individual grain	Cumulative settling efficiency	Time constant
sec
Viscous friction coefficient	Density of a sand/water mixture
ton/m3
Density of quarts
ton/m3
Density of sediment
ton/m3
Density of water
ton/m3
Kinematic viscosity
St
Shields parameter	Friction coefficient	-
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This gives for the settling efficiency ηg:
Qout

Qin
So

So

W

po
ηb = (1 − p o ) + ∫ ηg ⋅ dp
ps
or ηb = (1 − p s )

Inlet zone

Sedimentation zone L

Figure 9. The top view of the ideal basin.

Qout

Qin
So

So

W

Sediment
Inlet zone

Sedimentation zone L

Figure 10. The side view of the ideal basin.

vs = vo

all particles settle completely

Outlet zone

The effect of turbulence is taken into
account by multiplying the settling efficiency
with the turbulence efficiency ηt according
to Miedema and Vlasblom (1996). Since the
turbulence efficiency is smaller than 1 for all
grains according to the equations 7 and 8,
the basin settling efficiency can be
determined with equation 9, where ps
equals 0 as long as scour does not occur.
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Figure 11. The path of a settling grain.
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When −the
level in the
grains will settle more easily. From Figure
11
.69 −.sediment
08⋅ηg  is  vs 
+1.01−.18⋅ηg  
38⋅ηg
+.77 −.hopper
ηt = ηg−1 ⋅  1 − 0.184 ⋅ ηg
⋅  1 − TanH  ηg
⋅  Log   − .2614 − .5 ⋅ Log ( λ ) + ηg



rising, the horizontal
velocity
the conclusion can be drawn that grains 
[8]

   
 increases and s o 

there will be a point where grains of a
with a settling velocity greater then vo will
certain diameter will not settle anymore
all reach the sediment layer and thus have
1
owing to scour.
a settling efficiency ηg of 1. Grains with a
=
η
∫ ηg ⋅ ηt ⋅ dp
b
settling velocity smaller then vo will only
[9]
ps
First the small grains will not settle or erode
settle in the sedimentation zone, if they
and when the level increases more, also the
enter the basin below a specified level.
bigger grains will stop settling, resulting in
This gives for the settling efficiency of the
SHORTCOMINGS OF THE CAMP MODEL
a smaller settling efficiency. The effect of
individual grain:
scour is taken into account by integrating
The Camp model as used by Miedema and
v 
with the lower boundary ps. The fraction ps
Vlasblom (1996) model lacks a number of
[3]
ηg =  s 
 vo 
features.
is the fraction of the grains smaller then ds,
matching a horizontal velocity in the
If the fraction of grains with a settling
hopper of ss.
velocity greater then vo equals po, then the
The layer thickness of the water layer
settling efficiency for a grain distribution ηb
above overflow level
can be determined by integrating the grain
Where an obstacle is constructed on the
The scour velocity for a specific grain with
settling efficiency for the whole grain
bottom of an open channel, the water
diameter ds is:
distribution curve.
surface is raised and passes over it.
po
Structures of this type are called weirs
8 ⋅ (1 − n ) ⋅ µ ⋅ (ρq - ρw ) ⋅ g ⋅ d s
ηb = (1 − p o ) + ∫ ηg ⋅ dp
ss =
(Figure 12). Aside from special cases, flow
[4]
[5]
λ ⋅ ρw
0
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mixture is pumped back in the hopper the
layer will build up again (Figure 13).

This equation can be solved numerically,
for example in Excel, using the starting
condition t=0, h=0 and the following
two equations:

First the increase of the layer thickness will
be considered. This increase per unit of
time multiplied by the width and the
length of the hopper, equals the difference
between the flow into the hopper and
the flow leaving the hopper through the
overflow according to:
Figure 12. A sharp crested weir.

b⋅L⋅
over weirs may be regarded as steady, i.e.
unchanging with respect to time, and
suddenly varied, as in most hydraulic
structures. The most important problem
arising in connection with weirs is the
relationship between the discharge over the
weir and the characteristics of the weir.
Many authors have suggested various
relationships (e.g. Poleni, Weissbach,
Boussinesq, Lauck, Pikalow) generally along
the same theoretical lines and with similar
results. So it seems satisfactory to introduce
only the relationship of Weissbach:

32
32

 v2  
v2 
2

Q out = ⋅ Ce ⋅ b ⋅ 2 ⋅ g  h +
−



3
2 ⋅g
 2 ⋅g 


2 3 2  2 3 2
[10]
v
v

h+
−
 
g
⋅
2 ⋅ g 
2




dh
= Q in − Q out
dt

dh
2
= Q in − Ce ⋅ ⋅ 2 ⋅ g ⋅ b ⋅ h 3/2
dt
3

[14]

h i+1 = h i + ∆h

[15]

In the equilibrium situation where Qin=Qout,
the maximum layer thickness hmax is found
according to:

[12]

Substituting equation 11 in this equation
gives a non-linear differential equation of
the first order for the layer thickness h.
b⋅L⋅

2
Q in − Ce ⋅ ⋅ 2 ⋅ g ⋅ b ⋅ h 3/2
3
∆h =
⋅ ∆t
b⋅L

22/ 3/ 3



QQinin


hhmax
max ==

22
CCee⋅⋅ 22⋅⋅gg⋅⋅bb
33

[13]

22/ 3/ 3

 QQinin 
==
95⋅⋅CCee⋅⋅bb
22..95

[16]
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17:38:00

17:23:55
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16:41:40

16:27:35
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15:59:25
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15:31:15

15:17:10
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14:49:00

14:34:55
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14:06:45

13:52:40

13:38:35

13:24:30

13:10:25

12:56:20

12:42:15

12:28:10

Figure 13. An example of a loading cycle of a TSHD with many turns.

Loading & discharge of layer of water
0.6

[11]

Equation 11 gives the relation between the
layer thickness h and the flow Qout for the
stationary process. During the dredging
process of a TSHD, however, the process is
not always stationary. At the start of the
loading process when the overflow level is
reached the layer of water will build up,
while at the end when the pumps stop, the
layer thickness will decrease to zero. If the
TSHD makes turns and the poor mixture is
pumped overboard directly, the layer thick
ness will also decrease and as soon as the

0.5

Layer thickness (m)

Q out

2
= ⋅ Ce ⋅ b ⋅ h ⋅ 2 ⋅ g ⋅ h
3

12:14:05

If h/(M+h) tends towards zero (because h
is small compared to M) then v2/2gh also
tends towards zero; so a simplified relation
ship can be reached as introduced first by
Poleni about 250 years ago:

12:00:00

0
-500

0.4
Loading
Loading approximation
Discharge

0.3

Discharge approximation
Measurement

0.2

0.1

0
0

100

200

300
Time (sec)

Figure 14. The layer thickness during a turn.
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From the start, t=0, until the maximum
layer thickness is reached, hmax, the layer
thickness h is a function of time that can
be approximated according to:

−t

 2.955⋅Ce ⋅b 
L⋅
 Q in 



Q in
h( t ) = 
 2.95 ⋅ Ce ⋅ b 

1/ 3

2/3

The driving force is the flow drag force on
the grain, assuming that part of the surface
of the particle is hiding behind other
particles and only a fraction β is subject to
drag and lift:

−t

1/ 3 
 2.95
5⋅Ce ⋅b 
t
0.452⋅L⋅
2


− 

 Q in 
⋅ 1 − e
e Dτ ⋅ 1 ⋅ ρw ⋅ (α ⋅ u* )2 ⋅ β ⋅ π ⋅ d
 = h max F⋅ D1=− C
2


4






t

− 

[17]
 = h max ⋅  1 − e τ 




The decrease of the layer thickness h when
the pumps are stopped or the poor mixture
is pumped overboard follows from equation
12 when Qin is set to zero, this can be
approximated by:

Which can be re-arranged into:
u*,2c
4 1
µ
= ⋅
⋅
R d ⋅ g ⋅ d 3 α 2 β ⋅ CD + µ ⋅ β ⋅ CL

[24]

The Shields parameter is now defined as:
[19]

θc =

u*,2c
Rd ⋅ g ⋅ d

[25]

The lift force is written in the same way:
π ⋅ d2
FL = CL ⋅ ⋅ ρw ⋅ (α ⋅ u* ) ⋅ β ⋅
4
1
2

2

[20]

θc =

The submerged weight of the particle is:
Fw = (ρq − ρw ) ⋅ g ⋅

π ⋅ d3
6

Re-arranging gives a simple equation for
the Shields parameter:
u*,2c
4 µ 1
1
= ⋅ ⋅
⋅
R d ⋅ g ⋅ d 3 β α 2 CD + µ ⋅ CL

[26]

Since CD normally depends on the
boundary Reynolds number Re*, the
h( t ) = h max −
2/3
Shields θc number will be a function of the
1 + Cd ⋅ h max
⋅ t4 /3
boundary Reynolds number Re*=u*•d/ν.
At equilibrium:
Carrying out an equilibrium of moments
Where:
FD = µ ⋅ (Fw − FL )
around the contact point of a particle with
[22]
( 3.27 + 0.0486 ⋅ b ) −1.284
the particle its resting on, results in the
[18]
L
Cd =
⋅
b 0.22
same equation. One can discuss which
where the friction velocity u* is the flow
equation to use for the CD value and the CL
velocity close to the bed. α is a coefficient,
used to modify u* so that αu* forms the
value, since the particles are not free from
Figure 14 shows the discharge and the
the surface as with the determination of
loading of the layer of water above the
characteristic flow velocity past the grain.
the settling velocity for individual particles.
overflow level for a hopper with a length
The stabilising force can be modelled as
Now the question is, what would such a
of 40 m, a width of 9 m and a height of
the friction force acting on the grain.
function look like. Figure 16 shows the
9 m and a flow of 5.8 m3/sec. Both the
If u*,c, critical friction velocity, denotes the
relation between the Shields parameter and
exact solution and the approximation are
situation where the grain is about to move,
the boundary Reynolds number as is shown
shown versus an in-situ measurement. The
then the drag force is equal to the friction
in Shields (1936). The figure also shows a
effective width of the overflow is assumed
force, so:
set of curves as a result of equation
26,
to be equal to the width of the hopper.
2

π⋅d
π ⋅ d3
π ⋅ d2 
1
CD ⋅ 21 ⋅ ρw ⋅ (α ⋅ u*,c )2 ⋅ β ⋅
= µ ⋅  (ρq − ρw ) ⋅ g ⋅ Miedema
− CL ⋅(2008),
⋅ u*,c )2the
⋅ β ⋅ parameter
where
β is

2 ⋅ ρw ⋅ (α
4
6
4 

varied from 0.475 to 1.000. This reflects
The effect of scour during the final
grains that are covered for more than 50%
stage of the loading process:
the
π ⋅ d2
π ⋅ d3
π ⋅ d2 
2
1
CD ⋅ approach
= µ ⋅  (ρq − ρw ) ⋅ g ⋅
− CL ⋅ 21 ⋅ ρw ⋅ (α ⋅ u*,c )2 ⋅ β ⋅
by the bed, up to grains that lay on the bed
Shields
[23]

2 ⋅ ρw ⋅ (α ⋅ u*,c ) ⋅ β ⋅
4
6
4 

completely.
Equation 5 gives a relation between the
flow velocity above the bed and the
diameter of a grain that will be subject
to scour. This relation however is based
on many simplifications and used for the
design of settling tanks (Huisman 1995).
To get a better insight in the scour process
let us consider the steady flow over the bed
composed of cohesion less grains. The
forces acting on the grain are shown in
Figure 15.

(

h max

)

Figure 15. Forces acting
on a grain resting on the bed.

[21]
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Figure 16. The estimated Shields curves versus

Shields Diagram

the original Shields curve.

Shields Parameter

1

0.1

With a value of λ=0.03 and θcr=0.05
equation 5 would be equal to equation 29.
Since the final phase of the hopper loading
process is dominated by scour, the above
assumption is over-simplified.

0.01
0.1

1

10

100

1000

Re*
Soulsby

Miedema Beta=0.475 Beta=0.525 Beta=0.600 Beta=0.700 Beta=0.800 Beta=0.900 Beta=1.000

Determination of scour related to the
TSHD
After discussing the erosion phenomena
extensively, the question is how to apply
this in the model for determining the
loading process of a TSHD. The first step is
to find which particles will not settle owing
to scour at which average velocity above
the sediment in the hopper. The relation
between the shear velocity u* and the
average velocity above the bed is Ucr:
u*2 =

λ 2
⋅ U cr
8

U cr =

8 ⋅ θcr ⋅ R d ⋅ g ⋅ d s
λ

[29]

Equation 29 is almost identical to equation
5 as derived according to the simple Camp
(1946) and Huisman (1995) approach.
Equation 29 can also be written as:

ds =

2
λ
u*2
U cr
= ⋅
R d ⋅ g ⋅ d 8 R d ⋅ g ⋅ θcr

[30]

Figure 16 shows that the grain sizes being
examined, from 0.05 mm up to 0.5 mm,
give Shields values θcr of 0.2 to 0.03 if
the original Shields curve or one of the
approximation curves for β around 0.5 are
used. The friction coefficient λ, may vary
from about 0.01 for fine grains and a
smooth bed to 0.03 or higher for a
hydraulic rough bed. In the grain size range
of interest this λ varies from about 0.01
to 0.02. This results in a range for the ratio
between the Shields parameter and the
friction coefficient of θcr/ λ of 0.2/0.01
to 0.03/0.02, giving a range of 20 to 1.5.
Equation 5 gives a ratio of 1.66 which is in
the range and matches with grains of
about 0.5 mm, giving an upper limit to
the scour velocity.

[27]

Settling velocity of real sand particles
1000

Substituting this in equation 25 for the
Shields parameter gives:
λ
u*2
U 2cr
= ⋅
Rd ⋅ g ⋅ d 8 Rd ⋅ g ⋅ d

100

[28]

Re-arranging this gives an equation for the
critical average velocity above the bed Ucr,
that will erode a grain with a diameter ds:

Setting velocity in mm/sec

θcr =

10

1

0.1
0.01

0.1

1

10

Grain size in mm
Figure 17. The settling velocity
of individual particles.
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Budryck

Rittinger

Zanke
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The hindered settling effect using the
correct average concentration above
the bed
The settling velocity of grains depends on
the grain size, shape and specific density.
It also depends on the density and the
viscosity of the fluid the grains are settling
in, and it depends upon whether the
settling process is laminar or turbulent.
Discrete particles do not change their size,
shape or weight during the settling process
(and thus do not form aggregates).
A discrete particle in a fluid will settle
under the influence of gravity. The particle
will accelerate until the frictional drag
force of the fluid equals the value of the
gravitational force, after which the
vertical (settling) velocity of the particle
will be constant. An equation for the
transitional region (in m and m/sec) has
been derived by Ruby and Zanke as is
shown in Figure 17:

cb between 0.05 and 0.65. Theoretically,
the validity of the Richardson and Zaki
equation is limited by the maximum solids
concentration that permits solids particle
settling in a particulate cloud. This
maximum concentration corresponds with
the concentration in an incipient fluidised
bed (cb of about 0.57). Practically, the
equation was experimentally verified for
concentrations not far above 0.30. The
exponent in this equation is dependent on
cb
the Reynolds number. The general
v sed = vequation
c⋅
c
yields:
bed − c b
β
vc
= (1 − c b )
vs

[32]

Other researchers found the same trend
but sometimes somewhat different values
for the power β. According to Rowe (1987)
this can be approximated by:
751 − ηcum =
cum0.=
4.7 + 0.41ov⋅ Re
p

hopper will have a value between 50%
and 100% of cin.
If the particles in the mixture layer above
the bed all move downwards with the same
settling velocity vc, the following relation
for the sedimentation or bed rise velocity
can be derived (van Rhee 2002):
v sed = v c ⋅

cb
β
Where : v c = vs ⋅ (1 − c b )
c bed − c b
[34]

Where : v c = vs ⋅ (1 − c b )

β

The cumulative overflow losses are equal
to the amount of mass that entered the
hopper, minus the amount that has settled,
divided by the amount that has entered the
hopper, according to:
ovcum = 1 − ηcum =

TDSin − TDSbed Q in ⋅ c in ⋅ T − vsed ⋅ c be
=
TDSin
Q in ⋅ c in ⋅ T

TDSin − TDSbed Q in ⋅ c in ⋅ T − vsed ⋅ c bed ⋅ W ⋅ L ⋅ T
v c
c bed
=
= 1− c ⋅ b ⋅
TDSin
Q in ⋅ c in ⋅ T
vo c in c bed − c b

β=
[33]
1 + 0.175 ⋅ Re p0.75
3


10 ⋅ ν
R ⋅g ⋅d
TDSin − TDSbed Q in ⋅ c in ⋅ T − vsed ⋅ c bed ⋅ W ⋅ L ⋅ T
v c
c bed

vs =
⋅  1+ d
− 1ov
[31] =
=
[35]
= 1− c ⋅ b ⋅
cum = 1 − ηcum
d 
100 ⋅ ν2

TDS
Q
⋅
c
⋅
T
v
c
c


in
o
in
bed − c b
Now thein question is, which in
concentration
to use in equation 32. If cin is the concen
tration entering the hopper and all the
The above equation determines the settling
Equation 35 is valid for a full loading cycle,
particles have settled before they reach the
velocities for individual grains. The grain
assuming the amount of mixture on top of
overflow, an average concentration of 50%
moves downwards and the same volume of
the sediment can be neglected. In fact, a
of cin in the hopper could be considered as
water has to move upwards. In a mixture,
value has to be found for the average
this means that, when many grains are
mixture density above the bed cb in order
a first approximation. In this case, however,
settling, an average upwards velocity of the
there is no problem to solve, since there are
to determine the average effect of hindered
water exists. This results in a decrease of
no overflow losses. If there are overflow
settling to be able to find the settling
the settling velocity, which is often referred
losses, the average concentration in the
velocity vc.
to as hindered settling. However, at very
low concentrations the settling velocity will
increase because the grains settle in each
The ratio of the near bed concentration and the mixture concentration
2.0
other’s shadow.
1.8

Richardson and Zaki (1954) determined an
equation to calculate the influence of
hindered settling for volume concentrations
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Figure 18. The ratio between cb and cin.
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Figure 19. Loading
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determining the cumulative settling
efficiency, for the purpose of determining
the correct near-bed concentration.
κ
c
ηcum ⋅ κ
cb
c
Case 1: ηcum =1 b =
=
Where : κ = in
c

vc 
bed
c bed 
c bed
vc 
 κ + v 
 ηcum ⋅ κ + v 
κ
c
o
o
Case 1: ηcum =1 b =
c


v
bed
ηcum ⋅ κ
c
c
[36]
[37]
Where : κ = in
 κ + v 
c bed
o
vc 
⋅
κ
+
m
vo  Now two cases can be considered:
1.	There are hardly any overflow losses,
Since in this case the velocity ratio vc/vo is
which means that the particle settling
always greater than 1, the near-bed
velocity is much higher than the hopper
concentration cb will always be smaller than
load parameter.
the mixture concentration cin. The greater
2.	The particle settling velocity is smaller
the settling velocity of the particle, the
than the hopper load parameter.
smaller the near-bed concentration. In
other words, the ratio cb/cbed will always be
In both cases it is assumed that the loading
smaller than κ the ratio cin/cbed. Physically
process starts with a hopper full of water,
this means that the particles settle faster
otherwise the filling of the hopper up to
than they are supplied by the inflow of
overflow level is part of the cumulative
mixture:
settling efficiency, while there are no over
ηcum ⋅ κ
v
c
Case 2: ηp = c < 1 b =
flow losses during this phase, so a too-high
vo
c bed
ηcum ⋅ κ + ηp
settling efficiency is found. If the loading
process starts with an empty hopper or a v
ηcum ⋅ κ
c
c
2: ηfilling
<1 b =
partially filled hopper, this partCase
of the
[38]
p =
vo
c bed
ηcum ⋅ κ + ηp
process should not be considered when
From this equation, an equation for the
averaged near bed concentration cb can be
derived:

(

(

)

)

Sediment TDS

If the PSD is very narrow graded, the cumu
lative settling efficiency ηcum is equal to the
settling efficiency of the particle considered
ηp leading to the following equation:
cb
κ
=
c bed ( κ + 1)

[39]

The near-bed concentration cb in this case
is always smaller than the mixture concen
tration cin. Physically this is caused by the
overflow losses.
If the PSD is not narrow graded, the cumu
lative settling efficiency ηcum can be smaller
or greater than the particle settling
efficiency ηp, where it is assumed that the
particle efficiency for the d50 is chosen.
If the PSD is steep for the grains smaller
than the d50 and well graded for the grains
larger than the d50, the cumulative settling
efficiency ηcum will be greater than the par
ticle settling efficiency ηp. Figure 18 shows
that in this case the near-bed concentration
cb is greater than the mixture concentration
cin for small mixture concentrations and

c ( t ) ⋅ dt +
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smaller than the mixture concentration for
high mixture concentrations. Physically
this is caused by the fact that the larger
particles dominate the settling efficiency.
For example, the cumulative settling
efficiency in Figure 18 is chosen 0.8. For a
particle settling efficiency ηp of 0.6, the
ratio λ is greater than 1 for a value of κ
smaller than 0.25. The ratio λ between the
near-bed concentration cb and the mixture
concentration cin is:
λ=

ηcum
cb
c
= b =
c bed ⋅ κ c in
ηcum ⋅ κ + ηp

(

)

[40]

If the PSD is steep for the grains larger than
the d50 and well graded for the grains
smaller than the d50, the cumulative settling
efficiency ηcum will be smaller than the
particle settling efficiency ηp for the d50
resulting in a ratio λ that is always smaller
than 1. Therefore the near-bed concen
tration cb is always smaller than the mixture
concentration cin. Physically this is caused by
the fact that the smaller particles dominate
the cumulative settling efficiency.

The storage effect
In the Miedema and Vlasblom model (1996)
upon entrance of a particle in the hopper it
is decided whether the particle will settle or
not. In reality the particles that will not
settle first have to move through the
hopper before they reach the overflow.
This means that these particles are part of
the tonnes dry solids (TDS) in the hopper
during the time they stay in the hopper.
Ooijens (1999) discovered that using the
time delay to determine the overflow losses
improved the outcome of the Miedema and
Vlasblom (1996) model considerably. Over
flow losses with time delay can be derived
from the overflow losses without a time
delay according to the following equation:
ovb ( t ) =
s
⋅
τ

t

s
1
⋅ ovc ( t ) ⋅ dt + ⋅
τ t −∫τ
τ

Hopper

Small

Load

Volume

Length

Width

Empty
height

Flow

Hopper
load v0

Mixture
density

tonne

m3

m

m

m

m3/sec

m/sec

tonne/m3

4400

2316

44.0

11.5

4.577

4

0.0079

1.3

height. Since the height of the bed
increases during the loading process, the
rising bed pushes part of the mixture out
of the hopper. This is represented by the
second term on the right-hand side.

CONCLUSIONS

Figure 19 shows the loading and overflow
curves with and without the time delay or
storage effect for a case considered by
Miedema and van Rhee (2007). Table I
gives the main data of the TSHD used in
this case.

• E quations 17 and 18 give a good estimate
of the thickness of the layer of water
above the overflow level and Figure 14
proves that this estimate is accurate.

From top to bottom Figure 19 contains
9 curves. The first two curves (blue and
green) are almost identical and represent
the TDS that enters the hopper.
Since the flow and the density are constant,
these curves are straight. The 3rd curve
(red) represents the total TDS in the hopper
according to the Miedema and Vlasblom
(1996) model, so including the TDS that is
still in suspension above the sediment of
which part will leave the hopper through
the overflow.
The 4th curve (green) represents this accord
ing to van Rhee (2007). The 5th curve
(blue) represents the TDS that will stay in
the hopper excluding the time delay effect,
according to Miedema and Vlasblom (1996).
The 6th (brown) curve represents the TDS
in the sediment in the hopper. The 7th
curve (blue) is the overflow losses according
to Miedema and Vlasblom (1996), so exclu
ding the time delay or buffering effect.
The 8th curve (green) represents the

t−τ

∫ (ovc (t ) − ovb (t )) ⋅ dtoverflow losses according to the 2DV
0

t−τ

∫ (ovc (t ) − ovb (t )) ⋅ dt

Table I. The data of the TSHD used.

[41]

0

The first term in equation 41 gives the time
delay for the situation with a constant bed

model of van Rhee (2002), which
automatically includes the time delay effect.
The 9th curve (red) represents the overflow
losses according to the Miedema and
Vlasblom (1996) model including the time
delay effects according to equation 41.

Four effects are considered that were not
part of the original Miedema and Vlasblom
(1996) model, based on the Camp model:

• T he Shields approach is based on a
fundamental force and moment
equilibrium on grains and has been
proven by many scientists in literature.
Now the question is, which Shields curve
to use. Figure 16 shows 7 levels of
erosion as defined by Delft Hydraulics
(1972).
To decide which of these 7 levels is
appropriate for the physics of the final
stage of hopper loading, these physics
should be examined. During this final
stage, a high-density mixture is flowing
over the sediment. Some of the particles
in this mixture flow will settle, some will
not settle because the settling velocity is
too low and some will not settle because
of erosion and suspension. This process
differs from the erosion process in the
fact that water is not flowing over the
sediment, but a high density mixture.
In fact the mixture is already saturated
with particles and thus it is much more
difficult for a particle to be eroded than
in a clean water flow. One could call this
hindered erosion.
Based on the experience until now with
the erosion model described in this article
(Miedema and van Rhee 2007) and
comparing it with other models, level 7
from Figure 16 should be chosen; this
level is achieved by using β=0.475.
• T he concentration of the mixture above
the bed, often called the near-bed
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concentration cb, can be estimated with
equation 40, based on a black box
approach. This concentration is used to
determine the hindered settling effect on
the settling velocity. Although equation
40 will not give the near-bed concen
tration at a certain place at a certain
time, it is derived for the entire hopper
and loading cycle and is a good estimate
for determining the cumulative overflow
losses.
• T he storage, time delay or buffer effect
can be implemented by using equation 41.
Miedema and van Rhee (2007) compared
both the Miedema and Vlasblom (1996)
model, including the features as discussed
in this paper, and the sophisticated 2DV
van Rhee (2002) model.
The result is shown in Figure 19. It is
clear from this figure that there is a
difference between the two methods if
the storage effect is omitted in the
Miedema and Vlasblom model, but
including this storage effect the two
methods give almost the same results.
It looks like the modified model gives
results that match the van Rhee (2002)
model closely. Of course the models are
compared for just a few cases, specifically
regarding the grain distributions used. This
is remarkable because the physics of the
two models are different.
The van Rhee (2002) model is based on the
density flow as shown in Figures 6 and 7,
where there is an upward flow in the
hopper. The modified model as presented
here is based on the old Camp theory and
assumes a uniform inflow of particles over
the height of the hopper, as shown in
Figure 10, a horizontal flow of the mixture
and vertical downward transport of
particles.
So it seems that the dominating parameter
in both models is the so-called hopper
load parameter, since this is the upward
flow velocity in the van Rhee model and
it is also the settling velocity of a particle
entering the hopper at the top and just
reaching the sediment at the other end of
the hopper in the Miedema and Vlasblom
model.
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