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LIST OF VARIABLES

Symbol Unit Definition

Cvd [-1 Concentration of mixture

D [mm] Diameter pipeline

dso [mm] Median grain diameter

d8s [mm] Sieve measurement at which 85% passes through

dmf [rnim] Indicative grain diamter

g [m/sech2] Gravity - 9,81 m/secr2

He [-] Hedstrom number

If [-] Hydraulic gradient for liguid flow

Im [-] Hydraulic gradient for mixture flow

k [m] wall roughness

L [m] length in meters

Y [-] Empirical exponent sensitive on PSD

Re [-] Reynoulds number

rho grain [kg/m3] density solids

rho mix [kg/m3] density of a mixture flow

rho water [kg/m3] density water

S5 [Ton/m3] Solids soliditeit

tau [M/m"2] Shear stress

v f [m#~2/sec] kinematic viscosity

V50 [m/sec] Value of mixture velocity which one half of solids
is suspended in a carrier flow

Verit [m/sec] Critical deposit limit

Vi [m/sec] Threshold velocity

n [Pa*s] dynamic viscosity

A [-] Friction factor

T [Pa] Shear stress
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1.

PIPELINE FOR DISPOLSAL SOFT SOILS

The goal of this report is to provide an estimate of the required power for silt transport by pipeline
compared to silt transport in the hopper of a ship to a disposal location.

The required power for pumping a mixture is calculated by calculating the frictional head loss in the
pipeline for several densities, rheology and mixture velocities. As reference for the calculations the IHC
handbook is used (C.H.van der Berg 2013). The results include operational requirements as cleaning
pipeline with water after each discharge and an estimate for the power requirement of positioning at a
connection point and keeping position on own power while discharging.

The break even with sailing and bottom door dumping on spot is calculated by a modeled average
vessel based on several vessels of Boskalis, Van der Kamp and Van Oord which seem suitable for
dredging works in Rotterdam port. The required power for sailing and dumping for various pipeline
length is derived from the modelled average ship.

The connection point of the sinkerline is chosen nearby Hoek van Holland beach near the shoreside of
the north breakwater of the Rotterdam port entrance. For these calculations a sinkerline with a diameter
of 800mm is used. For discharging is assumed no further diluting of the mixture from hopper to pipeline.
At this location it is possible to connect a TSHD to the pipeline. The breakwater provides shelter for
installation of the first 4.0km of the sinker. From the end of the breakwater the sinker direction changes
towards the disposal grounds Verdiepte Loswallen. After a total of 10km of sinkerline the pipeline ends
between disposal boxes VLW 6 and VLW 7.

Overview location

Einde Strekdam
Noordzijde Maasgeul
( Paddenstoel- Rood )

(S .

Figure 1 Overview connection point

rofile Tool

Profile Table  Settings

\/—//\\/\,\\\M\ maximum
minimum

Figure 2 Profile sinkerline
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2. MODELING OF THE MIXTURE FLOW

2.1. Sand mixture

As the likelihood of sand in the dredged mixture is high, for reference an estimate is made of the effect

of a 100% sand mixture in the pipeline is modelled. The sand slurry in this case is transported as a

stratified mixture.

Parameters used

Parameter Unit
B [m/sec2]
Rho_grain [kg/m3]
Rho_water [kg/m3]
s (m2/sec]
C_vd [-1
D [mm]
k [m3/sec]
d50 [mm)]
d85 [mm]
Rho_mix [kg/m3]

Table 3 Parameters sand mixture

2.1.1.Grain size

By using the grain size distribution charts of the Verdiepte Loswallen provided with the Tenders OHB

Value

9,81
2650
1000

0,000001

0,27
800
0,00002
0,28|
0,43
1168,

Perceel 3 and OHB Perceel 4 the d50, d85 and dmf are calculated. The grainsize distribution is

visualized below.

% passing

0,00 0,01

Table 4 Grainsize distribution

24 July 2024
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2.1.2. Critical Velocity
The critical velocity of the mixture is calculated by the next equation

1
( € Yo B
Vi =17 5= Lm[ Cia__I6 |5; 1
{ dmf) \Cua+01) V165

Equation 5 Critical Velocity

In which the Cvd concentration is calculated as follows

_ lpm-pw)
{ps - pw)

Equation 6 Concentration

Cud

2.1.3.Frictional Head loss
The friction head losses are calculated by using Wilsons equation

0.45

S, ~1)
Vs = 3.93(659)0'35{1‘3? |

Equation 7 Wilsons equation for V5o

The internal friction is calculated by using the following equation. For Vm the Vcritical is used.
L |
IlIl _If £ ﬂzzf "'Ilﬂ ]
Crd(Ss-1) L V50

Equation 8 Internal friction head

M is calculated as follows

r —1
[ (4

M~ m[ﬁﬂ
L \dsp)

Equation 9 Determining value M

24 July 2024
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The equations result in following graph visualizing the delta pressure required a specific pipeline length
for the sand mixture.

Sand mixture required AP [kPa] for length [m1] for Vm [m/sec]
5.200
4.800
4.400
4.000
2.600
3.200
2.800
2,400
2.000

Required AP [kPa]

1.600
1.200

400

0 2000 4000 6000 82000 10000
Pipeline length [m]

—&—Turbulent rho = 1168kg/m3 and Vm = 5.0m/sec

Figure 10 Required pressure difference for various pipeline length.
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2.2. Clayl/silt slurry (Pseudo homogeneous mixture)

For the modelling of pressure loss in a clay/silty homogeneous mixture it is assumed that no further
diluting from hopper to pipeline occurs. Moreover, it is assumed that the mixture consisting of Caland silt
can be modeled as a (pseudo) homogeneous mixture. As model input (i.e., material properties: density,
Bingham yield stress and dynamic viscosity of Caland canal) the findings of APK Goda (2021) and or
Erwin ten Brummelhuis (2021) could be used. The following table shows the results of both studies. The
findings of APK Goda will result in more favorable conditions for discharging through the pipeline and
will therefor be used in this report.

P. Goda Eten P. Goda Eten P. Goda Eten
Brummelhuis Brummelhuis Brummelhuis
Rho [kg;"m3] 1147 1156 1191 1205 1235 1235
tau_ y [Pa] 5 4.4 10,5 17,1 43.5 32,8
eta b [Pa.s] 0,0125 0,0084 0,0250 0,0228 0,1300 0,03598

Table 11 Results of rheology studies of Goda vs Brummelhuis

In the table below, the rheological parameters of mud from Caland canal is listed as reported in the
study “Sailing through the fluid mud” by APK Goda at TU Delft (2021). To estimate the pressure loss in
the presence of clay/silty mixture, our calculations includes two different flow regimes namely laminar
and turbulent flow in the pipe. The flow regime is mainly a function of flow mixture velocity, density and
rheology of the mixture. In the next subsections we estimate the pressure loss in the pipeline of various
length for Caland canal mud.

24 July 2024
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Table 25: ViEKISIFESS values oblained from rheology tests for sea water dilution fluid mud samples

Density | conc. | s¢c | we | Bingham | SYS | FYS | DYS

lglec] | [aM |[%]|[%]| [Pal |[Pa]| [Pa] | [Pa] | TSt N°
Beerkanaal

1.296 | 45098 | 35 | 65 26.5 - - - 23

1.291 | 44201 | 34 | 66 32.5 - - - 24

1.293 | 446.25| 35 | 65 28 - 25

1.296 | 450.92 | 35 | 65 31.5 454 11086273 | 1,25

1.261 | 392.28 | 31 | 69 15.5 3 17.6 - 6,8
1.241 | 359.78 | 29 | 71 9 16 | 95 - 9,11
1237 |35325| 29 | 71 8 14 91 56 | 12,13,15
1.186 | 267.63 | 23 | 77 23 02 | 22 - 16,18
1.162 |228.68 | 20 | 80 1 02 | 1.2 | 0.6 | 19,20,22
Calandkanaal
1.235 [34925| 28 | 72 43.5 - - - 4
1.236 [ 35184 | 28 | 72 43 - - - 42

1234 | 34757 | 28 | 72 445 - - - 43
1.223 |329.52 | 27 | 73 28 9.5 | 426 | 24.3 | 26,27,28

1.203 |296.65| 25 | 75 16 4 | 20.1 - 29,30
1.191 | 276.96 | 23 | 77 10.5 3.1 14 - 31,32
1.182 | 261.71| 22 | 78 7.5 16 | 9.1 | 5.1 |33,34,35
1.165 |233.45| 20 | 80 45 06 | 46 - 36,37

1.147 | 203.28 | 18 | 82 25 04 | 22 | 1.3 | 38,39,40
8e Petroleumhaven
1.231 | 34219 | 28 | 72 44.5 - - - 59
1.233 | 3458 | 28 | 72 47 - - - 60
1.231 3429 | 28 | 72 43.5 - - - 61
1.219 | 32264 | 26 | 74 29 25.8 | 53 |23.9|44,4546

1.198 |287.33| 24 | 76 15 34 17 - 47,48
1177 25239 | 21 | 79 7.5 12 | 81 - 49,50
1.158 |221.99 |19 | 81 4 02| 36 | 2.7 | 51,5253
1.156 | 217.18 | 19 | 81 3 02 | 36 - 54,55

1.14 | 191.59 | 17 | 83 2 02| 18 | 1.3 | 56,57,58

Table 12 Parameters for homogeneous mixture

2.2.1.Laminar - turbulent threshold
Although pumping a mixture at laminar velocities is not recommended mainly due the risk of unstable
process in the pipeline. For calculation of the critical velocity the formula below is used. Above the
threshold value the mixture is assumed turbulent.

VT= & 26 Ty
pm

Equation 13 Threshold velocity turbulent

The threshold velocities for different mixture densities and rheology reported by A. Goda is listed in the

table below .

[ e
pm Ty vt
[kg/m3] [Pa) [m/sec]
1147 2,5 kel
1191 10,5 244
1235 43,5 4,88

Table 14 Threshold velocity for mixture densities

24 July 2024
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2.2.2.Laminar flow
In order to calculate the Reynolds number for the laminar flow the following equation is used.

Re,‘ g lb‘.D'pﬂ'u'
7

Equation 15 Reynolds number

The equation for the friction coefficient is calculated by:

&4 .| 32 H I[S-H,]*
0 T R c

Re, 3 ARe; 3

A-Re;

Equation 16 Friction coefficient

The friction head loss is calculated by the next equation.

Ap. = A*%'%‘pm v N/m*

Equation 17 Friction head loss

The results for these equations are provided in the following table.

Input calculation

Vm = Laminair [m/sec]
pm Vm Ty ng k Vi ReB AE hp
[kg/m3] [m/fsec] [Pa] [Pa*s] [m] [m/sec] H - [kPa/m]
1235 2,0 43,5 0,13 0,00001 488 15120 0,085 0,259

Table 18 Results Reynolds number, Friction coefficient and Friction head loss

The equations result in following graph visualizing the pressure difference required for various pipeline
length.

24 July 2024
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Required AP [kPa] for length [m] @ Vm = 2,0m/sec

3.500
3.000
2.500

2.000

Regquired &P [kPa]
b

1.000

o 1000 2000 3000 &000 5000 60040 FO000 BOOO aooo 10000
Pipeline length [m1]

Laminar & rho = 1235 kg/m3

Figure 19 Required pressure difference for various pipeline length of a laminar flow.
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2.2.3.Turbulent flow

In order to calculate the Reynolds number the same equation is used as for the laminar flow.

Re,

= F.D.pm

n

Equation 20 Reynolds number

He

_%D P,

n

Equation 21 Hedstrom

The equation for the friction coefficient is derived from the equation for the friction coefficient for laminar

flow.

4=0.0055-|1+(2-10*- X 4+ 1O
D

Equation 22 Approximated Friction coefficient turbulent flow

1

]OL’}

Re

The friction head loss is calculated by the next equation.

A;Jl'ﬂ =)

i -

L1

i U o

D 2

I

Equation 23 Friction head loss

C ]

N/m~

By this, the only difference in laminar and turbulent flow is caused by less friction in the flow and a
difference in the velocity of the mixture.

Input calculation

Wm = Turbulent [m/sec]

[kg/m3]

1147
1191
1235

Vm
[m/=sec]

40
40
5,0

Ty
[Pa]

25
10,5
43,5

ng
[Pates]
0,0125
0,025
0,13

k
[m]

0,00001
0,00001
0,00001

Vi
[mfsec]

1,21
2,44
488

ReB
[
207 081
151643
37.709

hE
5|

0,014
0,016
0,022

Ap
[kPa/m]
0,160
0,190
0,423

Table 24 Results Reynolds number, Friction coefficient and Friction head loss for a turbulent flow

24 July 2024
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23.

The equations result in following graph visualizing the pressure difference required for various pipeline
length.

Required AP [kPa] for length [m]

3.500

3.000

2.500

1.500

Required &P [kPa]

1.000

300

o 1000 2000 3000 4000 SD00 8000 To0o QOO SO0 10000
Pipeline length [m1]

=—e=—Turbulent rho = 114 7kE/m3 =—s=—Turbulent rho = 119 1kg/m3

~8—Turbulent rho = 1235 kg/m3 Laminair rho = 1235kg/m3

Figure 25 Required pressure difference for various pipeline length

Cleaning pipeline
At the end of each discharge the pipeline needs to be cleaned. Based on the mixture velocity the
cleaning time using water is calculated for each length. The maximum cleaning time is set on 15
minutes. By prolonged stops of discharging the cleaning time will increase in order to clean the pipeline
more thoroughly.

24 July 2024
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Cleaning pipeline [min] @ Vflow [m/sec]

Duration [min]
=
=

6,0
40
20
0,0 ] |
= 1.000 2.000 3.000 4.000 5000 6.000 7.000 B.DOOD 9.000 10,030
Distance [m]
—— ik = 2.0mfsec  —a—\mix=40mfsec  ——\mix=50m/sec
Figure 26 Cleaning pipeline

2.4. Discharging by average vessel

2.4.1.Utilizable discharge diameter
The vessels used to determine the Average vessel are all suited for discharging in an 800mm pipeline.
Smaller diameters are possible but vessels should performe better on a suiting 800mm diameter
pipeline. Larger diameters will strongly depend on vessel capabilities and layout.

2.4.2.Discharge time

By combining the discharge and cleaning times the total time for discharge by pipeline is calculated.
Separately the sailing & dumping time per distance is calculated.

Rho hopper = Rhomix v ton mix QOmix Discharge

Rho Bulk [tonfsec] time [min]
1235 1235 2,0 6892 1,2 92,5
1147 1147 4.0 6401 2,3 46,3
1191 1191 4,0 6646 2,4 46,3
1235 1235 5,0 6892 3,1 37,0

Figure 27 Discharge time pipeline without cleaning.

24 July 2024
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3.

3.1.

MODELING AVERGAE SHIP

Base vessels

Based on the publicly available information the following table is composed. As not all data is commonly
available some numbers are derived from the averege of the other vessels in the pool. The numbers
highlighted in blue in this table are derived from the average value for the Thruster power / Total
installed power.

The column Pthurst / m2 wet frontal surface is used to determine an average required thruster power to
propel a vessel to the max sailing velocity. By correcting available thruster power for differences in max
sailing speed loaded, draft and breadth an average value is determined. Using a Holtrup calculations
would provide a more accurate power to m2 value, however this would require detailed information of all
vessels and plenty of computing time.

Hopper Breadth Dredging Vloaded max Total Thruster Pthruster/  Pthrust/m2
volume draft max installed power Ptot frontal wet
power surface

[m3] [m] [m] [knt] [kw] [kw] [%] [kw/m2]
Strandway 4500 19 6,8 11 9472 2980 31% 4,08
Crestway 5600 21,6 7:b 13 6700 4000 60% 3,64
Hein 3656 155 6 10 3790 2236 59% 4,67
EcoDelta 5900 21,4 %8 11 7900 4600 58% 4,87
Volvox Atlanta 4500 17 6,8 12 6633 2820 43% 505
HAM 317 4407 18,4 ik N 13,2 6132 3618 59% 4,08
Vox Alexia 10500 28 10,3 15 14500 8555 59% 3,84
Average ship 5580 20,1 oS 172 53% 4,16

Table 28 Base vessels and average vessel

By using the Thruster power / m2 an average power requirement for the thrusters for any draft and
breadth can be computed. The next graph visualizes the Pthruster/m2 factor for several vessels.

Pthruster/m2 frontal wet surface

® EcoDelta
® Hein - Average ship

4,50 — HAM 317

.Strandwa'v ................................. R (- VAR T FS
@ Vox Alexia

kW/m2
el
8

® Crestway Volvox Atlanta

Ship

Figure 29 Pthruster / m2 frontal surface.

24 July 2024
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3.2. Average vessel

Based on the average values and calculations for required thruster power the average vessel is

determined with the following parameters. The velocity for sailing empty is assumed as sailing velocity

loaded + 1 knt.

The average vessel is determined based on the following dimensions:

Hoppervolume = average base vessels
Breadth = average base vessels
Dredging draft = average base vessels
Vloaded = average base vessels

Vessel parameters

Hoppervolume 5580(m3
Breadth 20{m1
Draft 7|ml
Vioaded max 12{knt
Pthruster max 3827 | kW
Rho Lading Silt 1250|[ke/m3]
Vsail-empty 13,2|knt
Vzail-loaded 12.21knt
Vsail-empty 68| m/=ec
Veail-loaded 8,3|m/zec
Accelaration 5|min
Dumping 15|min

Table 30 Parameters average vessel

3.2.1.Power in cycle

Based on the required power on thrusters for the max sailing speed and time required for sailing the

distance the following graph is composed. Dumping is dimensioned as 50% max thruster power,
acceleration is calculated as 5min additional time per distance.

Cycle time [min] and Power required [kW] for distance [m]

3500,0

3000,0

2500,0

Power [kW]

z 1.000 2.000 3.000 4000 5.000

Distance [mil]

6.000

—a— KW  —g— Cydle time [min]

Figure 31 Cycle time and required power average vessel

24 July 2024
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Time [min]

Discharge time [min] vs Sailing + Dumping time [min] for distance [m]

200,0

1800 |

160,0 |

1400 |

120,0 |

1000 | e

80,0 | —o—— s

60,0 | ‘_4_*_e-o——-—-o--&-—o——.-—c-—o—a—-l—-o——a-—o
40,0
20,0
0,0
0 1000 2000 3000 4000 5000 6000 7000 8000 3000 10000

Distance [m1]

Vessel Sailing + Dumping Turbulent @ rho=1147kg/m3 — & —Turbulent @rho = 1191kg/m3
= = =Turbulent @ rho = 1235 kg/m3 — = = Laminair @ rho=1235kg/m3 —#— Sand Mixture @ rho = 1168 kg/m3

Figure 32 Discharge time pipeline and sailing & dumping.

Due to the assumption that no diluting between hopper and pipeline occurs the discharge times for the
modelled silt densities results in equal discharge times.

24 July 2024
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4. RESULTS

4.1. Pumping mixture compared to sailing & dumping

The discharge power is calculated by the following equations.

Pump power

Ppump = Mth* w Ap *Qm
Pshaft = Ppump * N
= Assumed efficiency @ 70%

Table 33 Estimate of required pump power

In order to calculate the required power for discharging is calculated by multiplying the duration of
discharge [min] / 60 * calculated power on shaft of the pump in [kWh].

Power [kWh] required for distance [m]

10000

5000

2000

7000

6000
=

= 5000
b

4000

2000

2000

1000

B

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Distance
Vessel power usage sailing + dumping Turbulent mixture flow @ rho=1147kg/m3
—8—Turbulent mixture flow @ rho=1191kg/m3 —8—Turbulent mixture flow @ rho =1235kg/m3
——Turbulent Sand @rho =1168kg/m3 — — Laminar mixture flow @ rho=1235kg/m3
Figure 34 Required power pumping mixture vs sailing & dumping
24 July 2024
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In more detail figure 34. Depending the density of the mixture and the mixture velocity the break even for
silt is found between approximately 1000m1 and 3000m1 of discharge length for the dimensioned
densities.

Power [kWh] required for distance [m]

3000
2500
2000

= 1500
1000

500

] 500 1000 1500 2000 2500 3000 3500 4000

Distance

Vessel power usage sailing + dumping Turbulent mixture flow @ rho=1147kg/m3
—&—Turbulent mixture flow @ rho=1191kg/m3" —e—Turbulent mixture flow @ rho = 1235kg/m3
——Turbulent Sand @ rho=1168kg/m3 Laminar mixture flow @ rho=1235kg/m3

Figure 35 Detail required power pumping mixture vs sailing & dumping

If assuming no further diluting in the hopper before discharging by pump, the modeled discharge lines of
mixture density approx. 1191 kg/m3 is considered a real situation. Based on power requirement,
transporting the silt mixture in ship to disposal area is profitable for transport distances above 2000m1.

24 July 2024
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4.2. Pumping mixture & Positioning compared to sailing & dumping
If considered that at the connection to the pipeline location no mooring facilities are made, the

discharging vessel will require power on thrusters to keep in position. As an estimate of the impact of
this positioning power on the breakeven point, the power required for positioning is calculated based on

following formula’s.

Vesselpower = Pdischarge + Ppositioning
Ppositioning = Pthruster * positioing factor
positioning factor = 25% Full load

Full load 3927 [kw]

Table 36 Required power for positioning

Combining the required power for positioning and discharging results in following graphs.

Power [kWh] required for distance [m] incl "positioning”
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Figure 37 Required power pumping mixture & positioning vessel vs sailing & dumping
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In more detail figure 36, when opting for mixture transport by pipeline a mooring facility will reduce the

required power on the thrusters by approx. 1000kw/hr for the dimensioned vessel. Without mooring

facility there is no breakeven point compared to sailing and disposal by dumping silt material. Sailing
and disposal of the material by bottom door dumping consumes less power as pumping in a pipeline.
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Figure 38 Detail required power pumping mixture & positioning vessel vs sailing & dumping

4.3. Additional pipeline diameters

4000

All models have been computed as well for pipeline diameters of 1000mm and 600mm resulting in the
following table. A 600mm pipeline diameter does result in less power required for pumping the mixture,

but still sailing and disposal through the bottom doors is still more efficient for distances > 5000m1.

Kw for length [m] at Vmix = Turbulent

Vm = Turbulent [m/sec]
Pipeline D [Rho mix ReB A AP/m1 Discharge tim Kwh for length Vessel sailing kwh

[mm]  |[ke/m3] [-] [-] [-] [min] 2.500 5.000 10.000 2.500 5.000 10.000
1147 233.665 0,015 0,167| 23 1.246 2777 5.555 1.329 2.167 3.843

1000mm 1191 121.314 0,017 0,195 29 1.483 3.306 6.613 1.329 2.167 3.843
1235 24.192 0,025 0,303 29 2.260 5.040 10.079 1.329 2.167 3.843

1147 292.081 0,014 0,160| 46 1.082 2.340 4.680 1.329 2.167 3.843

800mm 1191 151.643 0,016 0,190] 46 1.281 2.769 5.539 1.329 2.167 3.843
1235 30.239 0,023 0,286 46 1.933 4.179 8.357 1.329 2.167 3.843

1147 389.442 0,013 0,153 82 950 1.995 3.990 1.329 2.167 3.843

600mm 1191 202.190 0,015 0,180] 82 1115 2.340 4.681 1.329 2.167 3.843
1235 40.319 0,022] 0,267] 82 1.657 3.479 6.957 1.329 2.167 3.543

Figure 39 Power requirement different pipeline diameters
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