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Abstract

Stimela is an environment for standardized mathematical models of drinking water treatment processes. It
can be used to predict the future water treatment situation which may happen or change. In water
treatment plant Wim Mensink, the Stimela model train was set up to compare with other alternative water
control strategies. Before starting the work of developing new water control strategies with Stimela model,
Stimela model for Wim Mensink must be validated so that the model can be seen as a reliable and stable
tool for the next work.

Before the validation work, the current water control strategy for the treatment process needs to be
investigated clearly to fulfil all the input control information is correct. Besides this, an experiment for
obtaining the measured results of pellet diameters over different layers was performed in Wim Mensink. The
validation work starts with single pellet softening process for three different reactors over first month from
January 20" to February 20", The fluidized bed height, pressure drop over total height of reactor, pellet
diameters and porosities are validated. After that, the validation work is integrated with whole water
treatment system to prove the function of pellet softening reactor and the four important water quality
parameters over two important locations (after weir aerator location and final RO mixing location). The
validated results of softening process are analysed by the relative error way to prove the reliability of the
model results compared with measured results.

The final step of the thesis work is developing the new water control strategies to optimize the current
control plans of Wim Mensink. Five different water control strategies are put forward. They can be either
reached separately according to their own advantages and limitations or fulfil with a step by step order as a
whole optimization process. Moreover, the other water control strategies developed by engineering
consultancy company DHV are evaluated here with Stimela model so that they can be proved reliable and
achievable.

In the future, the application of Stimela model will be spread over all the drinking water treatment plants in
the Netherlands and contributes to the central automated control as a drinking water treatment operator
training simulator.
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1. Introduction

1.1 Water supply company PWN

1.1.1 Overview of the water treatment process

The source for drinking water treatment for North Holland is the IJssellake. The water coming from the
IJssellake is extracted in two places. In Andijk, water is treated directly to drinking water and another part of
the water is pretreated at Waterwinstation Prinses Juliana (WPJ) and then transported to Heemskerk for
membrane filtration or UV/H,0, treatment. After UV/H,0, treatment, the water is infiltrated into the dune
area and then post treated at Wim Mensink and Bergen. The drinking water treatment plants Wim Mensink,
Heemskerk and Bergen form an integrated drinking water treatment system.

The water treated at Wim Mensink and Bergen will be mixed with the part of water treated with membrane
filtration from Heemskerk. Figure 1 shows the relations between the different water plants.

Dssellake
‘u’r Pl
|
(U\Tél:)z) HK Il(RO)
Dune’al'ea
W iI"n Mer 1si|;k Iim 'gen' Aanijk

Figure 1: Water treatment scheme of PWN

In the dune area, PWN has permits for the following extractions:

e 16 Mm3/year at IKIEF (surface water infiltration and extraction)

e 25 Mm3/year at ICAS (surface water infiltration and extraction)

e 4.5 Mm3/year at DWAT (deep infiltration and extraction)

e 6 Mm3/year at several places (direct dune water extraction).

However, PWN has set a target to limit the direct dune water extraction to 2 Mm3/year in the nineties to
pre\gent nature damage as a consequence of drought, so the total annual extraction of dune water is 47.5
Mm?’/year.

1.1.2 Heemskerk

In Heemskerk, there are two kinds of water treatment; one is the treatment with UV/H,0,, after which the
water flows into the dune area, the other is ultrafiltration followed by reverse osmosis. That is mixed with
the effluent water from the conventional treatment in Wim Mensink and Bergen. In this research, the
UV/H,0, is out of scope so this part of water treatment process will not be discussed. In the RO plant, there
are two operation modes. One is winter operation and the other is summer operation. The RO plant
produces a fixed flow of 2,040 m*/h during the eight warmer months and 1,760 m*/h in winter times. Within
one operation mode, the conditions such as flow, pressure are fixed to reach maximum robustness. Figure 2
shows the water process flow in Heemskerk 1.



WPJ

Ultrafiltration

Heemskerk I

¥

Reverse Osmosis

Wim Mensink Bergen

Figure 2: Process scheme of Heemskerk 1

1.1.3 Wim Mensink

The water treated at Wim Mensink has a production capacity of 5,850 m>/h [Martin Klein Arfman, Henk van
Duist, 2008] including RO permeate. The extracted dune water is distributed between filter building 1 and
filter building 2. The water in filter building 1 is softened with fluidized pellet reactors with bypass and
recirculation flow and then flows into cascade and rapid sand filtration units. In the first cascade of the
aeration process, CO, is dosed to the water to lower the pH and over-saturation. The water in filter building
2 only passes cascade aeration and rapid sand filtration. Both parts of the water are mixed with RO
permeate of Heemskerk I using a static mixer. ClO, is dosed for safety post disinfection in the mixer and
finally the water is stored in reservoirs. After storage water is sent directly to the distribution system. Figure
3 shows the process scheme of the water treatment at Wim Mensink.
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Figure 3: Water process flow in Wim Mensink

The flow ratio between filter building 1 and filter building 2 is 2:1, which means 2/3 of the water flow comes
into filter building 1 while 1/3 goes through filter building 2.

1.1.4 Softening process

There are six softening reactors in Wim Mensink with three reactors in each row at design production
capacity for each 500 m*/h (see Figure 4). In the drinking water production, the desired total hardness in
the effluent determines the maximal water production capacity. The hardness of the raw water and the
effluent water can be obtained from the online measured results (see Figure 7). The hardness of raw water
is 2.42 mmol/l on average and 2.77 mmol/l for the maximal value. In the normal situation, an incoming
hardness of 2.60 mmol/I is used as the hardness for raw water. With this value of hardness, five of the six
reactors are in operation with a flow of 490 m*/h to reach a softening depth of 1.3 mmol/l and mix with the
average RO permeate 450 m®/h from Heemskerk I. In this case, the total water capacity for Wim Mensink
can reach 4,600 m®/h with a final hardness 1.5 mmol/I.

There are many details about the chemical dosage, dimensions, process and installation of the reactors. This
part of the information is presented in Appendix I of this thesis.



Figure 4: View of the softening reactors in Wim Mensink

There is one bypass pipe connecting between the inlet and outlet of the softening reactors. If less water is
treated in the pellet softening reactors than supplied to filter building 1, the rest of the water directly flows
to through this bypass pipe. If more water is treated than supplied, water is extracted from the cascade
through the same pipe and this flow is called “recirculation flow”. Figure 5 and Figure 6 show the softening

process with bypass flow and recirculation flow, respectively.

Outflow

Bypass flow
filter building 1

Reactor 1 Reactor 2

{Reactor 3

Inflow

Figure 5: Diagram of softening process for
bypass flow filter building 1

Outflow

Recirculation flow

i

Inflow

Figure 6: Diagram of softening process
for recirculation flow




During operation of the softening reactors, reactors are switched on or off depending on the flow supplied to
filter building 1 according to the following limits:

Reactors switched on with the following amounts: 450; 666; 1,700; 2,000; 2,666 and 3,100 m*/h

Reactors switched off with the following amounts: 2,500; 2,300; 1,750; 1,100; 500 and 400 m*/h

When the flow rate reaches up to the 450 m3/h, the first reactor switches on. At a lower flow rate, the water
will directly flow into the aeration process and is not treated with the softening reactors. With the increase of
water flow, the second reactor starts when the flow reaches up to 666 m*/h. Just before the second reactor
switches on, the water flow goes through the bypass flow with a flow rate 666 m*/h — 500 m*/h = 166 m>/h.
When the flow rate decreases to 2,500 m*/h, the recirculation flow is 500x6 — 2,500 m*/h = 500 m>/h.

The grain dosing and pellet discharging processes never happen simultaneously because of the fact that
they use the same process water system. Pellets discharge always takes the priority over the grain dosing. If
270 kg Ca is removed from a softening reactor, 47 kg river sand will be dosed into the reactor. For the pellet
discharging control, reactors will be put in a queue for discharging the pellets when pressure drop over the
total height of the reactor exceeds 18 kPa. Every 30 minutes the reactors will be checked to discharge by
the order in the queue. The amount of discharged pellets is 50 kg for each reactor. If the pressure over the
total height of the reactor is still higher than 18 kPa, then it has to wait for a discharge in next time. The
three pellet discharge points at the bottom of the reactors will be opened one by one until the next reactor
starts. Figure 8 shows the picture of the pellet discharge points.

Figure 7: Hardness Figure 8: Three pellet discharge points at the bottom of reactor
measuring device

In a normal operational condition, the fixed bed height is 2.0 m and the fluidized height is 3.5 m. After
dosing the grain seeds, the pellet distribution for d;q is approximately around the diameter of 1.0 mm and
the pellet distribution for dsy is around 1.3 mm. The uniformity coefficient dgo/dso is about 1.2—-1.6. The
caustic soda is dosed by a dosage pump for every reactor with a minimum of 50 g NaOH/m? water flow, in
which the concentration of NaOH solution is 25%.

1.1.5 Key performance indicators
The water quality parameters and other performance indicators that are considered to monitor the process
performance are given in Table 1:



Table 1: Targeted key performance indicators

Key performance indicators Targets
Total hardness 1.3 mmol/l — 1.7 mmol/I

pH 7.5-8.5

RO discharge per year Minimal

Caustic soda usage per year Minimal

Carbon dioxide usage per year Minimal

River sand usage per year Minimal

Number of switching on and off reactors Minimal

The operation of Wim Mensink should always obey the performance indicators.

1.2 Problem analysis

Currently, the operation of Wim Mensink is not optimal. Due to the fixed control rules, RO permeate flows
back to the dune area and the softening process is not working optimally. There will be 5% water loss of the
RO

permeate water to the dune area aquifer. This 5% of discharged RO water needs to be retrieved as much as
possible. Therefore, it is decided to implement a simulator (Waterspot) to improve knowledge about the
process. The simulator will be used for training operators, for offline and online process optimization and
education. As part of the simulator, Stimela models will be used to predict the specific operating situation for
the drinking water treatment plant. Besides that, improving the current conditions with better operating
tasks or strategies can also be achieved by Stimela modelling.

The drinking water treatment plant Wim Mensink located in North Holland has been simulated with Stimela
model. However, the model has not been successfully validated with the historical data and the current
water control strategies still need to be developed with the real operating situation so that the model can be
used for Wim Mensink as a predictive tool and integrated to central simulator (Waterspot).

1.3 Research objective

The main objective of this research is divided into two parts. The first objective of this research is to setup
and validate a water quality model of the drinking water treatment Wim Mensink. The scope of the models is
limited to parameters related to the softening process, pH, bicarbonate concentration, flow, bed height,
pellet size distribution, dosage of caustic soda, dosage of carbon dioxide and the derived parameters total
hardness.

The second objective is to use the model to compare alternative water control strategies for Wim Mensink.
The optimal control strategy is defined using the key performance indicators. After mixing with the RO water,
total hardness and pH should be within the operational window, while minimizing the RO discharge, the use
of caustic soda, sand and carbon dioxide and minimizing the switching frequency of the reactors.

1.4 Research approach

This research started with a literature study of the softening process, Stimela modelling, similar previous
work executed in water treatment plant Weesperkaspel, the general understanding of the relevant water
treatment plants at PWN and then focusing on the water treatment plant Wim Mensink. To validate the
Stimela model, model results were compared with online measurements and laboratory measurements.
Graphs were drawn to prove the performance of the model and the limitations of the model were stated
before developing the new control strategies. Additional experiment was carried out for measuring different
pellets over different layers in the softening reactors to analyse the size distribution of the discharged pellets.
On the basis of the operating principles of the pellet softening reactors, necessary water quality to be
assured in clean water reservoir and the specific situation in Wim Mensink, the new control strategies for
different scenarios were identified and then they were imported to the model for evaluating the results.

The necessary steps for this research are summarized as follows:



Literature study and analysis of the Wim Mensink softening process, RO process in Heemskerk.

Stimela model analysis for Wim Mensink.

Experiment set-up and sieve analysis for pellet distribution over different layers.

Model validation based on online measurements and laboratory measurements in Plenty report and

actual control strategy in Wim Mensink.

5. Development of new alternative control strategies based on the problem and the optimization plan for
Wim Mensink.

6. Evaluation of other alternative control strategies in using the Stimela model.

o

1.5 Outline of thesis

Within this thesis, Chapter 1 is the overview of the project in which the main purpose is to describe the basic
information of PWN, analyze the problem and illustrate the research objective and approach clearly. In the
next chapter, the necessary theory basics relating to this thesis work and previous research are presented.
Chapter 3 describes the model and shows reader all the relevant information to be used in this thesis work
about the model. Chapter 4 illustrates the necessary data acquisition work and the additional pellet size
distribution experiment for the model validation work. The model validation work starts at Chapter 5 to
validate the effectiveness and availability of the Stimela model. Chapter 6 presents the possible water
control strategies and relevant model validated work for other new water control strategies. Finally, the
conclusions of this thesis will be drawn and the recommendations for the future work are stated.



2. Theory and literature research

In this chapter, theories of softening, Richardson-Zaki theories, and aeration principles are presented. The
softening principles include basic chemical equilibrium equations, the SI principle, the chemical reactions to
reduce the hardness by dosing chemicals, crystallization kinetics and the basic hydraulic properties for a
fluidized bed. The softening model was calibrated using the Richardson-Zaki method. The aeration principle
describes the basic gas-liquid reaction in the cascade process. The relevant previous work about the
optimization of the softening process using Stimela models is presented as well.

2.1 Softening principles

2.1.1 Chemical equilibrium in pellet softening reactors
In water, the calcium carbonate is a compound that is difficult to dissolve in water [P.J.de Moel, J.Q.]J.C.
Verberk, J.C.van Dijk, 2006]:

Ca** + COs* < CaCOs Ks = [Ca**]-[CO5*] = 3.8x 107 = 108 (at T=25°C) [Eq. 2.1]
Calcium carbonate will precipitate when pH is larger than 8 which leads to a higher carbonate ions

concentration in water. By dosing carbon dioxide or another acid, calcium carbonate will dissolve again and
transformed to the form of calcium and bicarbonate ions:

[ca®*]-[HCO5 1>
[CO,]

CaCOs; + CO; + H,0 < Ca?* + 2HCO3 Where K; =

[Eq. 2.2]

In addition to both basic chemical equilibrium equations existing in water, there are three extra equations
always valid in the natural water, which are:

[H3O+] -[HCO3 ]

CO, + 2H,0 & H3OJr + HCO5 Where K; = [Eq 23]
[CO,]
+ 2—
["'3O 1-[CO3 ]
HCO5 + H,0 < H;0" + CO5* Where K, =—>——— [Eq. 2.4]
[HCO_ ]
3
2H,0 < H;0" + OH" Where K, = [H30%]-[OH] [Eq. 2.5]

In the softening process, these five chemical equilibrium equations happen simultaneously in the softening
reactors.

2.1.2 Softening with chemical dosing
In practice, three bases are dosed to remove calcium from water, which are soda ash, caustic soda or lime
dosing. The choice for dosage depends on the alkalinity of the raw water [J.C.van Dijk, D.A.Wilms, 1991].

Na,COs; + Ca** — CaCO; + 2Na* [Eq. 2.6]
NaOH + Ca®* + HCO; — CaCO; + Na* + H,0 [Eq. 2.7]
Ca(OH), + Ca** + 2HCO;” — 2CaCO; + 2H,0 [Eq. 2.8]

The caustic soda is applied at Wim Mensink. Based on equation 2.7, removing 1 mmol/l Ca** causes 1
mmol/I Na* in solution and 1 mmol/l HCOs™ consumption.



2.1.3 Saturation index principle
The saturation index is the degree of precipitating potential for calcium carbonate according:

(Ca”") - (c03")
KS

SI = log = pH - pH; [Eqg. 2.9]

Where the pH; is the equilibrium pH value of water with the concentration of calcium and carbonate ions,
which is

pHs = pK; - pK; — log ( [Ca®*]-[HCO5]) [Eq. 2.10]

A negative SI means the water is under saturated so the water will dissolve calcium carbonate. A positive SI
indicates that the water is supersaturated and there will be precipitation of calcium carbonate in water. It
can be concluded that supersaturation is the chemical driving force for the crystallization reaction.

2.1.4 Crystallization kinetics

In the softening reactor, the crystallization of calcium carbonate will happen on the surface of the pellets.
The crystallization can be categorized into two processes, i.e. nucleation and growth [J.C.van Dijk,
D.A.Wilms, 1991]. In the nucleation process, the heterogeneous nucleation of calcium carbonate will happen
at a lower SI value. The heterogeneous nucleation of calcium carbonate is represented here:

dca”” 2+ 2- Eq. 2.11
- o =kt -S-{(Ca"")-(CO3 )-Kg} [Eq. 2.11]
Where
t = Temperature (°C)
kr = Reaction constant (-)

S = Specific area of seed crystals (m?)
(Ca**)-(CO5%) — ks = Super saturation or driving force (-)

The precipitation process of calcium carbonate takes place until the saturation index is zero. The
crystallization reaction can be described with the following first order kinetic law:

d

L ke [Eq. 2.12]
dt

Where c is the amount of supersaturated calcium carbonate at time t and k is the reaction constant.

When the supersaturation declines, the amount of the supersaturated calcium carbonate is hard to

crystallize during the normal detention time, thus the reaction mentioned above can be presented as below:
Ci=Ce+ (Co-Co)e™ [Eq. 2.13]

Where G, is the concentration of supersaturated calcium carbonate at time t, G, is the initial concentration of
supersaturated calcium carbonate and C is the concentration of supersaturated calcium when reaching the
equilibrium.

2.1.5 Hydraulics properties for fluidized bed

The basic hydraulic properties of the fluidised bed are pellet diameter (d), superficial velocity (v), fixed bed
height (L), fluidised bed height (L), pellet porosity (p), head loss (H), specific surface area (S). The relations
between these parameters are:

18
08 (L-p ) 12

H=130- . . Eq. 2.14
7 3t K 1E- 2141
e



H <" (1-p)-Le p [Eqg. 2.15]
Y
p 0.8 1.2
e 5130 —. P A [Eq. 2.16]
(1-p ) g PPy d”
L, 1-
eo—e_"0 [Eq. 2.17]
Lo 1-Pe
Where
H = Hydraulic loss (mH,0)
Hmax = Maximum hydraulic loss (mH,0)
E = Expansion of bed (-)
v = Kinematic viscosity (m%/s)
g = Gravity acceleration (m/s?)
Po = Fixed bed porosity (-)
Pe = Fluidized bed porosity (-)
% = Velocity (m/s)
d = Pellet diameter (m)
Lo = Fixed bed height (m)
Le = Expanded bed height (m)
Pp = Pellet density (kg/m®)
Pw = Water density (kg/m?)

According to Equation 2.14 and Equation 2.15, the head loss in fluidized bed will increase for higher velocity
until the maximal head loss H.x has been reached. A minimum velocity is needed to keep the bed fluidized.
The maximum velocity happens by the limitation of sedimentation velocity of pellets.

The height of the fluidized bed will be influenced by the superficial velocity, pellet diameter, fixed bed height,
temperature and specific gravity of the pellets.

With the lower temperature in winter, the fluidized bed height is higher than in summer because of the
increase of kinematic viscosity of water. A lower temperature slows down the crystallization rate.
Theoretically, dosing of sodium hydroxide will lead the concentration of calcium ions to the equilibrium
concentration, an infinite reacting time is needed to achieve this equilibrium concentration and the driving
force of the crystallization will decrease to zero. To reach a complete equilibrium, an infinite height of the
fluidized bed is needed. Therefore, in practice, a part of the calcium ions will stay in the effluent water.
Equation 2.13 presents the concentration of calcium ions as a function of time.

There is an optimal concentration point of calcium ions with the minimum fluidized bed height. To reach a
higher depth of softening, the initial super saturation should be higher as well, thus the height of the
fluidized bed will be lowered, however, with the further decreasing of the effluent concentration of calcium
ions, the increasing rate of the carbonate ions will be far more than the decreasing rate of the calcium ions
and the super saturation will decrease again, thus a higher fluidized bed is predominant again with lower
concentration of calcium ions in the effluent water.

2.2 Model theory of softening process

The Stimela model for softening is developed by Kim van Schagen [Kim van Schagen, 2008]. The model
divides the upflow reactor into different layers over the height and each layer consists of the volume of
grains, volume of calcium carbonate and the volume determined by the porosity. A higher layer has a larger
porosity and less mass of grains and calcium carbonate of water. The specific graph of the model can be
seen in Figure 9 [Kim van Schagen, 2008]:
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Figure 9: Modelled layers in the reactor [Kim van Schagen, 2008]

The height of each layer is given by the Equation 2.18

B, = (Mot Meiy (g _pyt.at [Eq. 2.18]
pg Pc

Where

Ax; = height in layer i (m)

My, = mass of grain in layer i (kg)

me; = mass of calcium carbonate in layer i (kg)

Pg = density of grain (kg/m?)

Pe = density of calcium carbonate (kg/m®)

s} = porosity in layer i (-)

A = surface area of reactor (m?)

In this softening model, the porosity of pellets is described by the Richardson-Zaki expansion formula and
the pressure drop over height is given by the Equation 2.19

AP = AX; - (Pp, —Pw)-(1-Pi)-g [Eq. 2.19]
Where

AP, = pressure drop over layer i (Pa)

Po, = density of pellet in layer i (kg/m®)

Pw = density of water (kg/m>)

pi = porosity of layer i (-)

g = gravity (m/s?)

Pp; can be calculated using Equation 2.20

Mei , Maiy [Eq. 2.20]

¢ Pg

Pp, = (mc,i + mg,i) (

The average diameter of pellets in each layer is determined by using the Equation 2.21 assuming the even
distribution of mass over the grain.

dy; =dg 3ft+ e Po [Eq. 2.21]
mg,i pc
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Where
dp; = pellet diameter in i layer (m)

do initial grain diameter (m)

2.3 Richardson-Zaki method

The Richardson-Zaki method is used to determine the porosity of fluidized beds.

p=(——)"" [Eq. 2.22]
Vo

Where

p = Bed porosity (-)

% = Superficial velocity (m/s)

Vo = Terminal settling velocity (m/s)

n = Experience exponent (-)

In the case for perfectly round, smooth and uniform particles, the terminal settling velocity can be
determined by the Newton-Stokes equation [Bird et al, 1960]:

:idp(pp _pw)g

v [Eq. 2.23]
0 3 szpw

Where

Vo = Terminal settling velocity (m/s)

g = Acceleration velocity (m/s?)

Cu2 = Drag coefficient Richardson-Zaki (-)

The estimate of C,, is calibrated for pellet softening reactor in drinking water treatment plant
Weesperkarspel [Kim van Schagen, 2008]

Cuz = 2 (1+0.079R% [Eq. 2.24]
Reo

Where

Reo = Terminal settling Reynolds number (-)

Where the terminal settling Reynolds number is given by

Vod

Rey = —2 [Eq. 2.25]

v

For the experience exponent n, the following empirical relationship is found

46 for Rep<0.2,
4 4Re;"™  for 0.2=Rep <1,

n=
4.4Re;"  for 1= Rey <500,
2.4 for Req=500.
[Eq. 2.26]
Where
n = Experience exponent (-)
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In the pellet softening reactor, normally, Rey is larger than 500 and n = 2.4 will be applied.
For different pellet reactors, the drag coefficient C,, is different because the shape and size of the pellets
differ from each other and it will be generalised:

24

Cuwo =—(1+ BiR%) [Eq. 2.27]
ReO

Where

Cw2 = Drag coefficient Richardson-Zaki (-)

Reo = Terminal settling Reynolds number (-)

il = Constant 1 (-)

o = Constant 2 (-)

B, and B, are constants and they need to be calibrated based on experiment data.

2.4 Aeration principles

For aeration in Wim Mensink cascade aeration is applied. The gas transfer has two purposes, aeration and
gas stripping. It aims to increase the oxygen and remove carbon dioxide, methane, hydrogen sulphide and
other volatile organic compounds. If the gas saturation concentration is reached in water, gas exchange in
both directions is equal. The concentration of a volatile compound in the gas phase will be in equilibrium
with the concentration in the water as described by Henry’s law:

Cyw =Ky - Cq [Eg. 2.28]
Where

(o = Equilibrium concentration of gas in water (g/m?)

Ky = Henry’s constant (-)

Cq = Concentration of gas in air (g/m°)

The concentration of gas in air can be determined with the universal gas law:

n_p
—=— Eq. 2.29
V RT (Eq ]
Where

p = Partial pressure of gas in gas phase (Pa)
% = Total gas volume (m®)

n = Amount of substances of gas (mol)

R = Universal gas constant, 8.3142 (J/K/mol)
T = Temperature of gas (K)

The gas concentration can be calculated with:

p n

=F MW =—-MW Eq. 2.30
Cu = MW =T [Eq. 2.30]
Where
MW = molecular weight of gas (g/mol)
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3. Model description

3.1. Stimela

Stimela is an environment for standardized mathematical models of drinking water treatment processes. It
was developed by Delft University of Technology, DHV and is designed for water quality modelling. Stimela
model runs on the Matlab/Simulink® platform and partial differential equations are numerically integrated.
Currently, the Stimela model is based on the operational environment in Matlab 6.5.2 and model units
consist of standard Simulink models and Stimela models. Because Matlab/Simulink® is used, the models are
easily accessible, the structure is open and flexible and all routines, toolboxes and visualization techniques of
Matlab/Simulink® can be used [van der Helm and Rietveld, 2002].

All the data, graphical and tabular information in Stimela model will be stored in a sort of temporary storage
file with *.sti’ form, which consists of *_in.sti’, *_out.sti’, *_ES.sti’ and *_EM.sti’ four forms in total. The function
of *_in.sti’ file is to store all the original input signals; the *_out.sti’ file is for storage of the calculated output
signals by central Stimela model; the *_ES.sti’ will be used to store other additional input signals and the -
'_EM.sti’ file is the one storing other calculated output results.

3.2 The pellet softening model

The pellet softening model is run under the programming file ‘pels25_s.m’. Under the model PS Reactor, the
detailed reactor information is shown, see Figure 10. In the left part of the pellet reactor, flow with dark blue
tag name HEZ301_FT10 is read from WSControl file and the setpoint for dosing sodium hydroxide is read
from dark pink tag PM_THPSM_ONTHARD. In the right part of the pellet reactor, the total hardness for the
water is calculated and the extra measurements such as the pellet diameter over different layers, total
pressure drop, the pressure drop at the bottom of the reactor over 1 m, the fluidized bed height are
displayed.

S_R1_Turb
s

Pellet Softening F:M

) PS_R1_pH
> f 1 »{1)
In HEZ301_FT10 » 5 Out
HEZ3NG_FT10
N G
= v Fellet reactor
PM_THPSM_ONTHARD
e =D >
PS_R1_Seeding ’ ;
kg grains/d to 1000 grainsis
» Bam 1 »
L » >
In
PS_conwersion _kgperday_1000persec X
= surements
>
PS_R1_Pellet

kg pelletsid to 1000 palletss
JF totaal mik

Bedheight m
Pellet diamater mm

Sodium hydroside Ih
- aF 1m mik
Sand katdag Sand 1000is

Fellet discharging kg/dag Pellet discharing 1000/

Figure 10: Detailed information of flow chart for each pellet softening reactor

Under the model mask of pellet reactor, the two signals in_1 and in_2 are mixed together to file pels25_s_c
and then it is separated to two signal routes to its relevant output. To improve the calculating speed in
running the model, the pels25_s_c file run in C++ operational environment replaces the original pels25_s
run in standard matlab operational environment. Four PS_R1_Dimensions files are written into the simulator
to be used in the central control in future. Within these four dimensions files, PS_R1_Dimensions_in.sti
includes all the original input signals such as flow, water quality parameters and PS_R1_Dimensions_out.sti
is output file for the calculated result of those water quality parameters in pels25_s_c.
PS_R1_Dimensions_ES.sti is the file for other input of signals, such as sodium hydroxide dosing, grain dosing
and pellet discharging. PS_R1_Dimensions_EM.sti is the file with new calculated results combing the
information from both input files, such as pellet diameters over different layers, total bed height, total
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pressure drop, pressure drop for 1 meter at the bottom of the reactor. Figure 11 is the example of central
control model for pellet softening process.

>| J5timelabata’PS_R1_Dimensions_out.=sti

SStimelalata’P5_R1_Dimensions_in.sthi | ToFile B
o rlle
To File DHWE
Tl pels25 s o Demusx L’@
out_1
hid pels2s Demus C_
out 2
AStimelaDataiP5_R1_Dimensions_ES.sti | L /stimelaData/PS_R1_Dimensions_EM st
Tao File DHWS To File DHYZ

Figure 11: Information of pellet softening reactor under mask

Under this model, the equations of crystallization and fluidized bed height described in chapter 3 are written
down to the pels25_s.m file.

3.3 The aeration model

The aeration model consists of two parts: CO, dosage and cascade aeration. The theoretical gas exchange
process has been described in Chapter 2.2. The model runs under the cascade_s.m file and it was also
compiled to C++ code to improve the running speed. The control model block for aeration model is
cascade_s_c and the relevant information written down to central control in future will be stored in
CAS_FG1_Dimensions_in, CAS_FG1_Dimensions_out, CAS_FG1_Dimensions_EM three *.sti’ files.

3.4 The mixing model

The role of mixing model is to mix water flow and all water quality parameters. Apart from the pH value, all
the other water quality parameters will be averaged after mixing. The calculation of pH needs to use
carbonic equilibrium to get the solution. The basic carbonic equilibrium equations are described in [Eq. 2.3],
[Eq. 2.4] and [Eq. 2.5]. The control model block for mixing model is mengpH_s c and the relevant
information written down to central control in future will be stored in PS_Mixer_Retour_in,
PS_Mixer_Retour_out, PS_Mixer_Retour_ES three ‘.sti’ files.

3.5 The Wim Mensink model

The Wim Mensink model also consists of standard Simulink and Stimela models. It consists of three lanes,
which are filter building 1, filter building 2 and a RO flow. For filter building 1, the train of model block
consists of pellet softening reactors, aeration cascades, rapid sand filters. For filter building 2, the train of
model block is composed of aeration cascades, rapid sand filters. RO water will be mixed with the flow from
filter building 1 and filter building 2. In Wim Mensink model, only one standard model for pellet softening
and rapid sand filtration was used, the rest of model blocks are replaced by gains or dummies but the signal
will be copied from the only one standard model. The reason for doing that is the physical properties for all
the softening reactors or rapid sand filters are the same.
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Figure 12: Waterspot tags in Wim Mensink

The signals of water flow or water quality parameters will be read from dark colour waterspot tag or written
to light colour waterspot tags. The information in the waterspot tag is read or written into the WSControl file.
WSControl file is the water control strategy file. Figure 12 shows different water spot tags [Alex van der
Helm, Oct 2008]. The light pink one is extra measurement tag which writes information into the WSControl
file; the dark pink one is extra measurement tag which reads information from the WSControl file; the light
blue one is water quality or flow tag which writes information into the WSControl file; the dark blue one is
water quality or flow tag which reads information from the WSControl file. The red one is for synchronizing
time and starting and stopping simulation run.

The total flow chart of Wim Mensink shows the pellet softening, the CO, dosage, the weir aeration, the rapid
sand filtration and the mixing RO water. The main flow chart is shown in Figure 13.

Pellet Softening €02 Dosage Weir Aeration Rapid Sand Filtration Mixing HF water

ad

o]
P

radiinsssy
i

Figure 13: Main flow chart of Wim Mensink

3.6 Control

The water control strategy for Wim Mensink is described in the file WSControl.m. All the commands are
assigned from here. Firstly, the information is read from the dark color waterspot tag with ‘evalin” matlab
function and at the end the new water control information is assigned to the light color waterspot tag with
‘assignin’ matlab function. The current water control strategy consists of three parts. The first part is the
flow distribution part, which includes the bypass and recirculation situation in filter building one. The specific
principle about how to distribute the water has been described in Chapter 1 before. The second part is
chemical reaction part regarding sodium hydroxide dosage in softening process and carbon dioxide dosing in
aeration process. The specific information about them can be found here:

3.6.1 Caustic soda dosage control

According to chemical equation 2.9 in Chapter 2, 1 mmol/l removal Ca** needs a dose of 1 mmol/| NaOH.
Because the molecular weight for NaOH is 40 g/mol, 1 mol NaOH equals to 40 gram NaOH for 100% NaOH
solution. For 25% NaOH solution, the actual needs of NaOH is 40 gram * 100% / 25% = 160 gram. The
density of 25% NaOH is 1,277 g/l, thus in 1 m® water, the volume of 25% NaOH solution is 160 g / 1,277 g/I
=0.1251.

Assuming the total hardness in raw water is TH;, (mmol/l), the total hardness of RO water is THgo, the flow
in filter building 1 is Flowgg;, the flow in filter building 2 is Flowgs;, the flow in RO permeate water is Flowgo,
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the final hardness in clean water reservoir THs,a Can be set as 1.5 mmol/l, thus the softening depth after
filter building 1 THo: (mmol/l) can be calculated by mass equilibrium Equation 3.1. In the control system, it
is called the Master control.

FlOWFBl * THou + FlOWFBZ * TH;, + FlOWRo * THRo = (FlOWFBl + FlOWFBZ + FlOWRo) * THfinal [Eq 31]

Where

Flowgs; = Total flow in filter building 1 (m3/h)

THowt = Total hardness in filter building 1 (mmol/I)
Flowrs, = Total flow in filter building 2 (m%/h)

TH;, = Total hardness in raw water (mmol/I)

Flowgo = Total RO flow (m*/h)

THro = Total hardness in RO permeate (mmol/I)

THena = Total hardness in final clean water reservoir, 1.5 mmol/I

After that, the set point of NaOH dosing can be calculated in equation 3.2, Flowss; (m>/h) is the total raw
water flow in filter building 1 and the number of reactors in operation is Neactor, thus the removal of calcium
is (THout — THin) (mmol/1) and the flow for each reactor is (Qin / Nreactor) (M°/h). In the end, the equation for
dosing NaOH is:

DNaOH = I:IOWFBl * (0-125 * (THin - THout)) / Nreactor [Eq- 3-2]

Where

Dnaon = Set point of NaOH dosing per pellet reactor (I/h)

Flowgs; = Total flow in filter building 1 (m3/h)

THi, = Total hardness in raw water (mmol/l)

THot = Total hardness in filter building 1 (mmol/l)

Nreactor = Number of reactors in operation

0.125 = The amount of NaOH dosage to remove 1 mmol/l Ca®* in 1 m* water (I/m®)

The calculated caustic soda dosing will be corrected by the difference between the calculated total hardness
and the total hardness before cascade 1 so that the more accurate dosing of caustic soda can be reached. In
the real system, it is called the Slave control. The equation for the amount of corrected caustic soda is:

Dcorr = DNaOH + FIOWFBI * (0-125 * (THcascade - THout)) / Nreactor [Eq- 33]

Where

Do = Corrected NaOH dosing (I/h)

Dnaon = Set point of NaOH dosing per pellet reactor (I/h)
Flowrs; = Total flow in filter building 1 (m%/h)

THcascage= Total hardness before cascade (mmol/l)

THot = Total hardness in filter building 1 (mmol/I)
Nreactor = Number of reactors in operation

3.6.2 Carbon dioxide dosage control

The CO, dosage will decrease the pH value in water and therefore saturation index will also be reduced.

The method to determine the amount of CO, dosage is to calculate how much CO, will be dosed to
neutralize the remaining amount of sodium hydroxide after the softening process. The chemical equation to
be used to describe this chemical reaction is in [Eq. 3.4]. In this equation, 1 mmol/l CO, needs 1 mmol /I
NaOH dosage. According to chemical reaction [Eq. 2.7], 1 mmol/l precipitated calcium ion also needs 1
mmol/l NaOH dosage. Based on that, the equation to determine the amount of CO, dosage is presented in
[Eqg. 3.5].

The dosing amount of CO, is determined by the amount of sodium hydroxide dosing, the calcium ion
concentration in raw water, the calcium ion concentration after reactor, the flow of each reactor, the number
of reactors switched on and the temperature. The master controller and slave controller are integrated into
one equation.
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NaOH + CO, < HCO; + Na* [Eq. 3.4]

Dco2 = ((DNaOH * PNaoH *25% * 1000 / IVINaOH) - (Cain - Caout) * Qreactor) * Nreactor ¥ R
*(T+ 1)/ Peas [Eq. 3.5]

Where

Dco = Amount of CO, dosage (Nm3/h)

Dnaon = Set point of NaOH dosing per pellet reactor (I/h)

Pnaon = Density of NaOH (kg/m?)

Mnaon = Molecular weight of NaOH (g/mol)

Cajn = Calcium ion concentration in raw water (mmol/I)

Caor = Calcium ion concentration after pellet reactor (mmol/l)
Qreactor = Flow for each reactor (m3/h)

Nreactor = Number of reactors in operation

t = Temperature (°C)

R = Universal gas constant, 8.3143 (J/mol/K)

T = Kelvin temperature, 273 (K)

Pgas = Standard atmospheric pressure, 101,325 (Pa)
25% = Mass percentage of sodium hydroxide solution (-)

1000 = Unit transformation coefficient (g/Kg)

The third part of water control strategy involves sand dosing and pellet discharging for pellet softening
process. The specific information is found here:

3.6.3 River sand dosage control
The river sand dosage control is calculated as follows:
Caremoval = (THraw - THreactor) * (MCa / 1000) * (Qreactor * 24) * Deltatime [Eq- 36]

Where

Caremoval = Amount of calcium to be removed (kg)
THaw = Total hardness of raw water (mmol/I)
TH,eactor = Total hardness after reactor (mmol/I)
Qreactor = Flow for each reactor (m®/h)

Mca = Molecular weight of calcium (g/mol)
Deltatime = Time interval for dosing sand per time (d)

In this equation, 40.08 is the molecular weight of calcium. When the amount of calcium is accumulated to
270 kg, the sand starts to dose into the reactor. The amount of sand to be dosed is determined by the
experiment result performed before and it is shown in Table 2. The sand will be dosed to a reactor 11 times
one second when it has removed 270 kg calcium. The value of the total hardness for calculation after
reactor will be determined by the dynamic value of total hardness after reactor. The total amount of sand
dosing is 46.9 kg in total for 11 times one second. The result of this experiment 47 kg per dosing batch will
be used for this model. The total dosing time of the sand is 7 minutes.
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Table 2: Weight of sand for each time

Time | Weight of sand (gram)
1 4,583
2 4,644
3 4,466
4 4,569
5 4,214
6 4,537
7 4,009
8 2,580
9 4,150
10 4,553
11 4,596

Total 46,901

In the model, it will be simulated in a linearized way with unit kg/d and then it is converted to the unit 1000
sands/s with the formula 0.00831 * (1 / Sand diameter (mm))~ 3. In practice, the sand diameter is 0.4 mm
and the result obtained from that formula is 0.1298.

3.6.4 Pellet discharging control

The pellet discharging is dependent on the total pressure drop over the reactor. During operation of the
reactors, at every half hour the system checks the reactors in which pressure drops reach up to 1.80 mWec.
When it comes to that pressure drop, the pellets will be discharged. If the pressure drop is still higher than
this value after discharging, then it will be put in a queue and wait for the next half hour check for the next
time discharging.

An experiment was performed for investigating the weights of pellet in one cycle. Reactor 3, reactor 4 and
reactor 5 are involved in this investigation. The weighted values for them are 50.2, 50.0 and 48.8 kg/minute
for three cycles. Therefore, the average value is calculated as 50.0 kg/minute. Also, it is converted to the
unit 1000 pellets/s into the model with the same equation used for sand dosage.

3.6.5 Flow in rapid sand filters control

The flow for the rapid sand filters is adjusted by the buffer system. The inflow consists of two valves and
there are 24 valves in total for one street flow. The outflow is adjusted by one valve and there are 12 valves
in total for one street flow. The flow is will be evenly divided by the total flow in one street flow.

3.7 Model calibration

The current pellet softening reactor model is based on the work of Kim van Schagen (2008). The drag
coefficient (C,,) for porosity, crystallization constant (kr) and diffusion coefficient (Ds) for crystallization
reaction has already been calibrated in previous work in drinking water treatment plant Weesperkaspel. In
the drinking water treatment plant Wim Mensink, it still uses the sodium hydroxide to form the precipitation.
The seeding material is river sand but not garnet in Weesperkaspel. However, it will not cause a huge
change in drag coefficient, crystallization constant and diffusion coefficient, thus the calibration work does
not need to be performed.

3.8 Model development

In the previous model, there were problems in signal routes design for bypass and recirculation flow. The
problem was that the recirculation flow can not work in a right function with its buffer model. Therefore, the
signal routes design for recirculation flow needed to be modified while still satisfying the requirements of
bypass flow at the same time. This restoration work was done before the model calibration and validation
work.

To explain the model restoration work, two figures are put here. Figure 14 is part of pellet softening with
specific information in this model and Figure 15 is the signal information under in-out block (Arrow 1), Figure
16 is the signal information under mixing flow block (Arrow 4).
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From the figures above, it can be seen that when inflow water with excess bypass water comes to the pellet
softening reactors, all the signals including water flow and other water quality parameters in the main signal
line will be mixed in the mengpH block (Arrow 2) with flow out of the in-out block. Here the recirculation
flow is zero and values of other water quality parameters are the same as the ones after softening process.
The function of mengpH is to sum the water flow and mix the other water quality parameters with its
relevant flow. Therefore, after the first mixing process before softening reactors (Arrow 3), the water flow
and water quality are still the same as before entering the softening reactors. After that, the flow for each
reactor will be taken and it comes to the softening process. When the softening process is finished, the
signals will flow into the mixing flow block. From figure 16 it can be seen, for each reactor, when
PS_RX_Active is 1, the switch will be connected to the upper route while it connects the lower route when
PS_RX_Active is 0. The water flow and other water quality parameters are separated. The flow will be
selected by PS_RX_flow model and other water quality parameters will go in another upper line or lower line.
The upper line contains all the water quality information after softening process and the information in lower
line means those untreated raw water. Then, the water flow and water quality parameters are mixed again
in PS_RX_Setflow_Effluent model. The upper routes for all reactors copy the water quality parameters in
reactor 1 because of the same effect of softening after pellet reactors.

The flow and water quality parameters for each reactor will be combined by several mengpH units. In the
rightmost side of the mengpH, all the softened water with flow and water quality parameters are mixed with
flow and water quality parameters in bypass flow. The bypass flow is read from waterspot tag
PS_Flow_Bypass. After this mixing process, all the water quality parameters are selected by a selector model
in Simulink dictionary. The flow signal is decided from another route with two selectors in return flow and in
bypass flow separately and they are integrated by a multiplier. In this bypass flow case, the return flow is
zero, the signal of flow before PS_Flow_Bypass is the original total flow before softening, thus the
calculation result is still the original total flow before softening and it matches the case.

In the second case, when recirculation flow happens, firstly, the signal of recirculation flow with its relevant
water flow and water quality parameters will be copied from the end of the softening flow mixers. However,
before reading the recirculation flow from the waterspot tag PS_Flow_Retour, it goes through a buffer with
120s interval so that the flow out of the recirculation part and the raw water flow can be mixed at the same
time. After this process, the water flow and water quality parameters are mixed with original raw water in
main route and go to the softening process. With the same principle of signal routes, the water in switched-
on reactors is mixed together in the rightmost side mixer, the bypass flow in this case is zero, thus water
flow and water quality parameters in the outflow of the mixer still keep the same. In the final selector
process, the flow before PS_Flow_Bypass is the original raw water flow plus the recirculation flow, so the
final flow is still the original raw water flow. After summing with other water quality parameters, it consists
of the final outflow with correct water flow and water quality parameters. All the signals track back as the
input signals of recirculation flow to form the cycling routes.

Besides that, the display for all the water flow in reactors, the inflow and outflow, the bypass and
recirculation flow are integrated in the model block with Arrow 5.
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4. Data acquisition

4.1 Plenty report

Plenty report is the production database of PWN containing flow, pressure and water quality parameters.
Almost all the historical data of PWN are stored in Plenty report. In PWN, every measurement is marked with
a tag, such as HEZ2AA_FT10, PWM_PO_INF1915, etc.

The data in Plenty report is either laboratory measurement or online measurement. Normally, the laboratory
measurement will be sampled every week and the possible problem for that is the results of the laboratory
measurement may not represent the actual condition of the water quality parameters because of the time
lag for the samples when it is measured in a special laboratory institute.

The storage time for the online measurement will be every 15 minutes in most of the cases so the data can
be used to represent the actual condition of the water parameters. The shortage for these data is that it can
not describe the overall amount of the water parameters for its limited sampled points and range of
sampling.

4.1.1 Selection of sampling locations

The laboratory measurements of the sampling points are the inflow raw water, the outflow after cascade 1,
the outflow RO permeate from Heemskerk I and clear water reservoir.

For the online measurement, it is sampled mainly for flow, hardness and pH. It is performed on the sampling
location of inflow raw water, the softening reactor, the inflow of cascade 1 and cascade 2, the outflow after
cascade 1, the inflow before mixer, the outflow Heemskerk I and the outflow of mixer.

The sampling points are in Figure 17. The triangular marks represent the laboratory measurement locations;
the circle marks represent the different online measurement locations.
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Figure 17: Locations of laboratory and online measurement in Wim Mensink

4.1.2 Selection of sampling time

The sampling time for the laboratory measurement and online measurement should be the same as the
period of the experiment of the sieve analysis to obtain a complete dataset. The experiment for the sieve
analysis started on January 20", 2009 and ended on March 11", 2009. To analyse the data, the selection
time of the data in this thesis work was taken from January 20", 2009 to February 20", 2009 to match the
time of sieve analysis. For the laboratory measurements, most of the water parameters actually start from
January 24", 2009 and end on March 17", 2009. Therefore, the start data for laboratory measurements
should be obtained with the linear interception between the data on January 24" and the data before
January 24™. The end of the date can choose the final sampling point just before February 20" so that the
first group of measurements start on January 20" and obtain the complete datasets over this period.

After several model runs, the best time interval for sampling the flow is every two hour while still keeping
the model in a fast calculating speed. Normally, 30 days running is around 120 minutes and two hours time
interval for flow can basically satisfy this need. The start time is of course at 0:00 am on January 20" and
the end time is at 0:00 am on March 21*,
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4.2 Water quality measurements

The selection of water quality measurements is based on laboratory measurements. Although laboratory
measurements can not represent the exact actual time for the water quality parameters, they are situated in
important locations where it is important to obtain measurements to validate the model results. The
laboratory measurements for raw water and the laboratory measurements for RO water are used as input of
model to finish the model calculation work.

Another application of the laboratory measurements is to compare with the calculated water quality
parameters from model results for validation work. The laboratory measurements for raw water, the
laboratory measurements after weir aerator and the laboratory measurements after RO mixing are selected
to compare with the model results for first month. From Appendix III, the laboratory measurements with
different measuring points for these data are presented. However, these data must be transferred from time
form to number form. The mark “---" means that the data does not exist or it will not be used for this thesis
work. Also, the tags for the flow are presented in Appendix II.

4.3 Flow measurements

Flow data is stored in two ways with FQ and FT measurements. The unit for FT is m*/h and for FQ is m*/15
min. FQ is pulse count and FT is the actual value. The value of FQ is derived from the surface area under FT
curve divided by four and it is mainly used by technologists to avoid the large fluctuation of the flow.

In this thesis work, the FT is chosen as the representative value because of the short period for using the
database in Plenty report for the model work. Another reason is that the dynamic data of the flow value
needs to be used as the original value for the model and it can represent the real condition when compared
with the value obtained from pulse count way.

The tags for the flow used in this thesis work can be seen in Appendix II. However, the total flow for the
flow of Heemskerk I only has FT flow and it is applied directly to this thesis work.

4.4 Pressure drop measurements

The pressure drop for each reactor is measured by online measurement over the total height of the reactor.
The measured values will be used to check the model results. Appendix II shows the tags used in this thesis
work.

4.5 Bed height measurements

The bed height measurements are the fluidized bed height. In water treatment plant Wim Mensink, it is
measured manually every week for all reactors. In this work, the fluidized bed height was measured at the
same time with taking the pellet samples. The fixed bed height was measured when a reactor was not in
operation.

The online measurement for the fluidized bed height of reactors was available on reactor 1, reactor 3 and
reactor 4. The specific information is put in Appendix III. Due to the water turbulence on January 16" and
January 20™, the fluidized bed height was not measured. From January 28" to February 11", online
measurement only happened on reactor 4. Since the start time of February 11, the online measurements
for reactor 1 and reactor 3 started but the online measurement device stopped recording at the time of
taking the samples. The online measurements are used to check the accuracy of the manual measuring way.
The manual way is performed with a steel plate and chain. The length of the chain is measured when the
plate just reaches the surface of the fluidised bed height. The height of the softening reactors is 6.0 m, thus
the fluidized bed height is (6.0 m — length of the chain).

4.6 Pellet size distribution

4.6.1 Introduction
The pellet size distribution experiment is performed on 3 reactors (Reactor 3, Reactor 4 and Reactor 6) over
different layers in the reactors from the date January 20" to March 11",
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4.6.2 Materials and methods

Pellet reactors

The samples are taken using a long plastic tube. The height of each layer is 0.5 m. The total sampling height
is divided into seven layers and the first layer is at the bottom of the reactor.

The plastic tube is connected to the fire hydrant at the side of the plant so that the clean water in the
hydrant can be used to flush the tube. When flush stops, the pellets will be sucked out of the reactor as a
consequence of a siphon mechanism. Before the tube was inserted into the softening reactors, it was
disinfected with H,0,.

At the start of the sampling, the valve connecting to the fire hydrant and connecting to the main tube is
opened and the valve connecting to the outflow of sampling points is closed. The purpose for that is to fill
the tube with clean water. A few seconds later, the valve connecting to the fire hydrant is closed and the
valve connecting to the main tube is opened. After waiting for several seconds, the flow with pellets from
the reactors will be sucked from the bottom and the switch for outflow of sampling points is opened to take
the samples. After finishing the collection of the sample for one layer, the switch for the outflow will be
closed again and the valve for the hydrant is opened to flush the pellets in the main tube to the softening
reactors.

Sieve analysis

The sieve analysis is performed at the water laboratory of the Delft University of Technology with a sieve
shaking machine and different sizes of sieve meshes, which are shown in Figure 18 and Figure 19. After
several trial and error experiments with different groups of sieve meshes, the final sieve groups for different
layers and reactors and the detailed information is attached in Appendix IV.

For different layers in one reactor, different size groups of sieve meshes are selected. Reactor 2 is divided
into 6 layers but not 7 layers compared with other reactors because reactor 2 has not reached up to the
maximum fluidised bed height on March 11". Therefore, the choice of different sieve sizes is significantly
different than other reactors with 7 layers. Other reactors have the same groups of sieve meshes in layer 1,
layer 2, layer 3, layer 5, layer 6 and layer 7 but only have difference in layer 4. The reason for that is the
pellet size is in the transition zone at that height.

The principle for choosing the different sieve meshes is to make the density curve and cumulative going
through curve look like the Gaussian distribution. For the same reactors over different time, in this
experiment, the sieve meshes are chosen as the same ones.

All the meshes are DIN standard. The units for the sieve meshes are mm. Each time 100 gram pellets was
weighed by using an electrical balance. The results of the experiment prove that it can reflect the sieve
analysis results because different size of pellets can be distributed over different sieve meshes. Figure 20 is
the picture of electrical balance. The weights of the sands are calculated with:

Weight of pellets (g) = Total weight of metal cup and pellets (g) - Weight of metal cup (g)

With the same method, the weight of pellets in each sieve mesh is calculated,

Weight of pellets on sieve mesh (g) = Total weight of sieve mesh and pellets (g) — Weight of sieve mesh (g)
All the results will be weighed for two times and the average value will be used. The purpose for that is to
obtain a reliable value for the weight.

Before doing the sieve analysis, the samples were dried in the oven over one night with 60 degrees for every
batch.
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Figure 19: Picture of sieve machine Figure 20: Picture of sieve meshes

4.6.3 Results

The sieve analysis covers the period from January 20", 2009 to March 11", 2009 for reactor 3, reactor 4,
and reactor 6. The tryout experiment was on January 16%, 2009 with reactor 6. On January 28", 2009,
reactor 6 was out of operation. On March 11%, 2009, reactor 3 was out of operation. Reactor 2 is performed
for the first time for the comparison with other reactors on March 11%. Also, reactor 1 was performed on
January 20", 2009 and on January 28", 2009 for two times and reactor 5 was performed on January 20" for
one time.

The sieve analysis is performed with different sieve mesh for each reactor. The results for specific diameters
for different reactors over time are shown in Appendix IV:

The specific diameter is calculated with equation [Lab experiments, 2008]:

w_o_wW W, W Wy [Eq
ds PSS, 924/S,S; 934/S3S, PnSnSn

4.1]

Where

W = total weight of the sand sample (g)

W, = weight on sieve i (g)

Si = mesh of sieve i (mm)

o = shape factor for fraction between sieve i and sieve i+1 (-)

ds = specific diameter (mm)

Shape factor is the ratio that one loaded surface area to the total area free to bulge. In this case, the
structure of the sieve mesh is made by steel and it has the insufficient elasticity. Therefore, in this
calculation process, these shape factors can be assumed to be 1.

The results of sieve analysis for each reactor over different layers against two months are present in table 3
here:
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Table 3: Average value of pellet diameters for different reactors over different time [mm]

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Reactor 3 0.79 0.76 0.59 0.58 0.47 0.43 0.39
Reactor 4 1.00 1.00 0.86 0.72 0.55 0.46 0.41
Reactor 6 0.94 0.93 0.85 0.67 0.52 0.45 0.41
4.6.4 Discussions

In the sieve analysis, pellet diameters in lower layers sometimes are smaller than in higher layers. The
possible reason for that is the water turbulence slightly influences the distribution of the pellets over
different layers so that the stratification phenomenon is not significant. The inflow water comes into the
softening reactors through nozzles at the bottom of the reactors and also the relevant caustic soda dosing
flow will be injected by a tiny pipe at the bottom of the reactors. The sand will be dosed into the reactor 11
times one 1 second for each time after the removal of 270 kg Ca as calculated from influent and effluent
concentrations. In the meantime, the pellets are discharged as well. The water flow in the reactor will be
influenced by turbulence when pellet discharge or grain dosage occurs. In all the calculated specific pellet
diameters, there is not even one case of this problem happening in the last three layers (layer 5, layer 6 and
layer 7), but it happens on layer 1, layer 2, layer 3 and layer 4 once in a while.

For one reactor in different time, the deviation of diameters does not change so much and it can be stated
that this reactor has a constant operation because the constant pellet sizes in different layers can be
achieved. In this thesis, the main research points are based on three reactors (Reactor 3, Reactor 4 and
Reactor 6). Table 3 are the average values for the three measured reactors. Appendix V shows the deviated
values. Below is how the deviated value was calculated.

The deviated value (mm) = Original value (mm) — Average value (mm)

From the results in Appendix 1V, it can be seen that the maximum deviation is on the layer 3 of reactor 6 on
February 3. For most of other results, the value is normally between 0.01-0.1. After that, the accuracy for
all the data are also calculated in the way here and Appendix IV also presents the calculated deviated
percentage.

The accuracy of datasets = The deviated value (mm) / Average value (mm)

From the calculated deviated percentage, it can be found that reactor 4 is more stable than other two
reactors and the values are more reliable than other two reactors. The possible reason for that is the flow
turbulence happened when taking the samples. Therefore, the calculated specific diameters are believed to
have larger deviated values.

4.6.5 Conclusions

The calculated specific pellet diameters from the sieve analysis over different layers within two months can
represent the real situation in softening reactors. The datasets in different time for reactor 3, reactor 4 and
reactor 6 are reliable by the overall consideration even though there are larger deviations sometimes. These
results will be used for validating the model in the next work.
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5. Model validation

The model results were validated for the first month to verify the reliability of the Stimela model applied in
Wim Mensink. The model validation work started with one single reactor and then the whole Wim Mensink
water treatment system. For the softening reactors, fluidized bed height, total pressure drop, pellet
diameters and porosities were validated. For the whole water treatment system, three water quality
parameters with three different measured points were also validated The eight water quality parameters are
calcium concentration, magnesium concentration, Temperature, pH, conductivity, bicarbonate concentration,
saturation index and total hardness and three measuring locations are raw water, after weir aerator and final
RO mixing points.

5.1 Measured results

The measured data for specific diameters of pellets over different layers for different reactors were analysed
so that they could be compared with the results obtained from the model. Reactor 3, reactor 4 and reactor 6
were performed to see if the three reactors show the similar properties. Reactor 4 gave us the most stable
condition. Figure 21 shows the measured results for reactor 4 from January 20" and figures for reactor 3
and reactor 6 are put in Appendix V. Figure 22 shows the result of measured fluidized bed height from
January 28" to March 11™. The reason for the data missing on January 20" is that the flow turbulence
severely influences the measuring work for fluidized bed height, so it starts on January 28", For reactor 3,
one data was missing at the last time because reactor is out of operation at that time. For reactor 6, the
same thing happened on January 28",
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Figure 21: Pellet diameter over two months for reactor 4

mMeasured fluidized hed height over time for reactors

=1 O O SO SO SO S S : :
. . , , . —t— Reactor 3

Reactar 4
—+— Reactor 6
T

1] 5 10 15 20 25 a0 35 40 45
Time (Days)

Figure 22: Measured fluidized bed height over two months for three reactors
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From the results of the pellet diameters over different layers of the reactors, it can be seen that in low layers,
pellet diameters do not always keep constant. This is because the sampling time is not always the exact time
as pellet discharging, therefore, large variation of pellet diameters always happen at low layers. However, in
higher layer from layer 5, the pellet diameters are constant over time.

In the figure of measured fluidized bed height, all the points plotted in the graph are either measured by
online measurement device or in a manual way. If it was measured by two ways, then the results measured
by online measurement device will be selected to plot on the graph because of its accuracy.

The results of measured fluidized bed height express that reactor 4 had a more constant height but lower
than others and there is no data missing for it over two months.

5.2 Model validation with single reactor

The model validation started with reactor 4. The performed time for the validation work is one month from
January 20" to February 20", 2009. There are two locations which need to import the input values, which
are the start ‘invruw’ block and *pellet reactor’ block.

Set-up of Stimela model

Before running the Wim Mensink model for validation work of reactor 4, some initial parameters were set for
the pellet reactor. The input values include the flow and water quality parameters. Because the sampling
time for the online measurement in Wim Mensink is 15 minutes, in the Stimela model, the maximum
calculation step size is set as 15 * 60 second (15 minutes).

‘Invruw’ block setting

In the ‘invruw’ setting block, the flow and other water quality parameters are imported with variable values
into the model. The time interval for the flow does not take 15 minutes sampling interval as recorded in
Plenty report but take 2 hours. The reason for doing that is to keep a sufficient model running speed. The
other water quality parameters are the laboratory measurements in raw water.

Pellet softening reactor setting

The completely mixed reactors are set as 7 layers so that it matches the layers on the experiment performed
before. The crystallization constant and diffusion coefficient need to be adjusted to the calibrated values for
7 layers [Kim van Schagen, 2008]. The initial diameter of sand is 0.4 mm after long years’ historical record
in PWN [Monique Lampe, 2004].

The initial diameter per reactor will be the middle values of average pellet diameters in Table 4 between two
layers and the relating porosities, number of grains and initial grain mass can be calculated afterwards.

To calculate the initial grain mass, the porosity needs to be calculated and Richardson-Zaki will be applied
for this calculation. The temperature needs to be picked up to calculate the viscosity of the flow and the
average temperature over these two months is chosen for the calculation, which is 11.7 °C. The design flow
490 m3/h is used for this calculation as well.

After calculating the porosity, the number of initial grain mass can be calculated in equation 5.1 here:

N =VT*(1-p) * 6/ pi/ (d" 3) [Eq. 5.1]
Where

N = Number of pellets in each layer (-)

VT = Volume in each layer (m?)

p = Porosity in each layer (-)

dp = Pellet diameter in each layer (m)

The height for each layer is 0.5 m, thus the volume of each layer is VT = A * L = 0.25 * 3.14 * 2.66"2 * 0.5
=2.8m’.

Based on the calculating results of number of pellets for each layer, the total mass for each layer is
determined by equation 5.2:
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Tmass=N/6*pi*dg3*pg

Where

Tmass = Total mass of grains in each layer (kg)
N = Number of pellets in each layer (-)

dg = Diameter of grains (m)

Pq = Density of grains (kg/m°)

[Eq. 5

2]

According to the calculating steps, the pellet diameters, porosities, number of pellets and mass of grains for
different layers are calculated for reactor 4 in Table 5. The results for other reactors are put in Appendix V:

Table 4: Calculated input for reactor 4

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Pellet
diameter 1.000 0.930 0.790 0.635 0.505 0.435 0.405
(mm)
Por(‘f)s'ty 0.542 0.557 0.592 0.642 0.700 0.741 0.761
Mass of
grains 220.0 264.6 397.4 670.8 1,118.5 1,511.6 1,723.9
(kg)

Water control strategies setting

The water control strategy for the single softening reactor model is partly different than the one which
applied on the whole water treatment system. The water flow will directly use the variable flow over time in

‘invruw’ block. The water control strategy for sand dosage and pellet discharge are the same as the whole

water treatment system. The CO, dosage will be removed and the control strategy for dosage of NaOH will

only use Equation 3.2 because the amount of NaOH does not need to be corrected for the case of single

reactor. Moreover, the set point for the THy,: needs to be set so that the effluent total hardness of reactor
can reach 1.3 mmol/l.

5.2.1 Model valigation for reactor 4 in first month
The single model validation analysis is performed on reactor 4. The first month is performed from January

20" to February 20™. Figure 23 to Figure 25 are the validated results for fluidized bed height, pellet

diameters and the calculated model results for total pressure drop, porosities over different layers

Fluidized bed height, Total pressure drop over time

teasured fluidized bed height [rm]
Calculated fluidized bed height [m)]
—— Calculated total pressure drap k]

Total pressure drap [rvk], Fluidized bed height [m]

Figure 23: Validated fluidized bed height, calculated total pressure drop for reactor 4
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Fellet diameter over time
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Figure 24: Validated pellet diameters of seven layers over first month for reactor 4
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Figure 25: Calculated pellet porosities of seven layers over first month for reactor 4

The calculated model results for reactor 4 show that fluidized bed height under total pressure drop 1.80
mWc¢ over reactor present good results. All the measured results over first month match calculated model
results reasonably.

The pellet diameters and porosities over different layer also show good calculated model results. The
scatters of the results mean the time for reactors discharging the pellets. After discharging the pellets each
time, there will be a sharp pressure drop but it will return to the normal value until the next discharging time
happens. One reason for deviations between model results and measured results is the difference between
real operation of reactor in Wim Mensink and theoretical calculated model results. Another reason is the
input of model values for pellet diameters are the average measured pellet diameters between two layers.
However, compared with the calculated porosities from model and the input, fewer deviations happen. That
means the model results for pellet diameters are still acceptable.

There is still an increasing trend and the results seem not to reach the stable condition. Therefore, the
validation work of whole year for reactor 4 was performed to see if the model can reach the stable validated
situation under the long time running.

The pellet softening reactor 4 run over the total year 2008 to validate the softening model results could
reach a stable condition in the end. The superficial water velocity is presented here to compare with the
results of fluidized bed height, pressure drop, pellet diameters and porosities. The figure of final effluent
total hardness is also presented to prove it can still meet the requirements after a long time running.
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Superficial water velocity over time

S S, <

P

[

L =
(=7} [=2]

[ypau] Ayaojaas dajes glauadng

100 150 200 250 300 350 400
Titne (Davs)

a0
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Figure 29: Calculated pellet porosities of seven layers over year 2008 for reactor 4
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Figure 30: Total hardness in the effluent of reactor over year 2008 for reactor 4

From the figures above, it can be seen that the pellet diameters and porosities can reach the stable
condition after long time running. The decreasing trend in the lower layer and increasing trend in the higher
layer for pellet diameters and the opposite trends in porosities mean the model needs to reach a stable
condition after a dynamic equilibrium calculation. The variation of calculated model results for fluidized bed
height, total pressure drop and effluent total hardness changes with the variation of water flow. From the
results of fluidized bed height, it can be seen that the condition of higher fluidized bed height happen on the
winter time while the lower fluidized bed height occurs on the summer time because of the variation of
water viscosity by the different temperature.

5.3 Model validation with whole water treatment system

After validating model results with single reactor, the whole water treatment system also needs to be
validated so that the model can be proved reliable for Wim Mensink. The water flow for each reactor is set
as 490 m*/h and other water control strategies are the same as the ones in Wim Mensink. The validation
work is divided into two parts at this stage. One is to validate the reactor when it is integrated into the
complete system and another is to validate the eight water quality parameters for three laboratory
measurements locations.

5.3.1 Model valigation with single reactor

As is stated before for the single reactor validation, the same method is applied to the reactor when the
whole water treatment system is performed. In this case, the bypass and recirculation condition is added
into the system, the sodium hydroxide dosage control is based on the real situation but the flow has to be
set with a fixed flow because of the limitations of the Stimela model. The fluidized bed height, total pressure
drop, pellet diameters and porosities are plotted here as before.
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Figure 31: Validated fluidized bed height, calculated total pressure drop for reactor 4 in whole
water treatment system
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Figure 32: Validated pellet diameters of seven layers for reactor 4 in whole water treatment
system
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Figure 33: Calculated pellet porosities of seven layers for reactor 4 in whole water treatment
system

From the presented results above, it can be seen the softening model can still reach up to a stable condition
after 30 days running and the calculated model results are similar as presented before, which means the
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model can still be used in the whole water treatment system. The specific evaluation work can be performed
afterwards to validate the effectiveness of the model results.

5.3.2 Model validation with water quality parameters

In this subchapter, three main water quality parameters are presented here to prove that the model can
successfully validate the water quality parameters over two important locations with measured values
derived from Plenty report. These three main water quality parameters are total hardness, bicarbonate
concentration, and pH. The reason for choosing them is because that they are three important parameters
to determine the water quality and part of them will still be used afterwards to evaluate the new possible
water control strategies.
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Figure 34: Validated total hardness after weir aerator for first month
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Figure 35: Validated total hardness after RO mixing for first month

The lines are the calculated model results and the stars are laboratory measurements. From the comparison
of the model results and measured results, it can be concluded that the calculated model results of two
locations for total hardness match reasonably with the measured results. There is one measured error in the
weir aerator effluent, where the measured result is larger than others. The graph of RO mixed water shows
better validated results than the weir aerator effluent because the measurements are more stable. Another
reason is that the recirculation flow after the reactors will influence the variation of water quality; however,
after mixing with the flow in filter building 2 and RO flow in Heemskerk I, the extent of the variation will be
less.
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Bicarbonate concentration
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Figure 36: Validated bicarbonate concentration after weir aerator for first month
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Figure 37: Validated bicarbonate concentration after RO mixing for first month
The conclusion of the validation for bicarbonate concentration is the same as for total hardness presented

before. The measurement error occurs again, which proves that there must be a sampling measuring error
at that time.

35



R

' ' — 'Weir aerator effluent calculated
R R EEEEEEEEEEEE mom e O \Weir agrator efiluent measured H
i | +  Rawwater measured
E I T
0 5 10 5 20 25 30
Time {Days)

Figure 38: Validated pH after weir aerator for first month
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Figure 39: Validated pH after RO mixing for first month

Large variation of model results happens on the pH value because the influence of recirculation flow is
higher on pH than on the other two parameters. The recirculation flow will lead higher dosage of sodium
hydroxide than the real needs because part of the water is softened again and the calculation of sodium
hydroxide is based on the total flow in filter building 1. The excessive sodium hydroxide will bring a higher
value of pH. The rising lines are the time points when one reactor is switched off and recirculation flow
occurs. It brings a sharp change in the model calculation despite it will not directly influence on the water
quality in the real situation.

The reason for slight larger model results than measured results for pH and bicarbonate concentration is the
amount of CO, dosage in model may less than the real dosage because of the master control and slave
control are separated in the real situation, which may lead a more accurate dosing control than the model.

5.4 Evaluation of validated results
5.4.1 Method

After validating the model results, the model results need to be used to compare with the measured results
so that model results can be proved reliable. Normally, the simulation results should be at about 10%
accuracy [Kim van Schagen, 2008], but it can still be larger according to the actual needs. The specific
method used to evaluate the deviation is to use the relative error ((data — model) / data).
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Relative error = ((data — model) / data) [Eqg. 5.3]

For the model results of fluidized bed height, pressure drop over total height of the reactor and the pellet
diameters, porosities over different layers, the relative error method is used to evaluate the results because
the pellet discharging time may happen at the same time with the sampling time of the measured results
and it will influence on the evaluation of the results. The final simulated model results will be used to
compare with the average measured results over two months.

5.4.2 Single reactor validation

With the relative error method, the evaluation of the validated results for the fluidized bed height and total
pressure drop for first month is made in Table 5 here. The validation work for the year 2008 is shown in
Table 6. In these tables, FH_M is the average measured results and FH_S is the simulated results for the
fluidized bed height. PD_M and PD_S are the measured results and simulated results for total pressure drop.
The measured results are obtained in Appendix III and the model results are the last calculated model
results in the figures shown before. The validation work will be performed for two months and for the total
year of 2008. The positive values for the relative error are shown here.

Table 5: Relative error of fluidized bed height and pressure drop for single reactor in first

month
FH_M FH_S Relative error (-) PD M PD_S Relative error (-)
(m) (m) (mWk) | (mWk)
Reactor 4 3.17 3.10 0.022 1.80 1.79 0.006

Table 6: Relative error of fluidized bed height and pressure drop for single reactor in year 2008

FH_M FH_S Relative error (-) PD M PD_S Relative error (-)
(m) (m) (mWK) | (mWK)

Reactor 4 3.17 2.90 0.085 1.80 1.75 0.028

With the same method, the pellet diameters and porosities over reactor 4 are presented in Table 7 and
Table 8. In these tables, D_M and P_M are the measured pellet diameters and porosities. D1_S is the
simulated model results of pellet diameters for first month and D2_S is the simulated model results of pellet
diameters for whole year. P1_S is the simulated model results of pellet diameters for first month and P2_S is
the simulated model results of pellet diameters for whole year.

Table 7: Relative error of pellet diameters for reactor 4 over first month and year 2008

D M D1 S Relative D2_S Relative
(mm) (mm) error 1 (mm) error 2
(@) (@)

Layer 1 1.000 0.820 0.180 0.840 0.160
Layer 2 0.930 0.780 0.161 0.800 0.140
Layer 3 0.790 0.740 0.063 0.760 0.038
Layer 4 0.635 0.700 0.102 0.710 0.118
Layer 5 0.505 0.640 0.267 0.640 0.267
Layer 6 0.435 0.570 0.310 0.560 0.287
Layer 7 0.405 0.500 0.235 0.480 0.185
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Table 8: Relative error of porosities for reactor 4 over first month and year 2008

P M P1 S Relative P2_S Relative
(mm) (mm) error 1 (mm) error 2
) )

Layer 1 0.542 0.600 0.107 0.570 0.052
Layer 2 0.557 0.610 0.095 0.580 0.041
Layer 3 0.592 0.620 0.047 0.600 0.014
Layer 4 0.642 0.630 0.019 0.610 0.050
Layer 5 0.700 0.650 0.071 0.630 0.100
Layer 6 0.740 0.680 0.081 0.670 0.095
Layer 7 0.761 0.720 0.054 0.710 0.067

All the results for the fluidized bed height, total pressure drop and porosities meet the requirements of
evaluation standards. However, most of the results for the pellet diameters are higher than this standard.
The reason for that is that the pellets over different layers are sampled manually and the average values are
selected as the measured value, which may lead to a larger deviation. However, the model is still reliable
because the relative errors for porosities are still in the appropriate range, which means that larger
deviations of pellet diameters are still acceptable.

5.4.3 The whole system validation

After the validation work for the single reactor, it needs to be performed for the whole water treatment
system for Wim Mensink. Firstly, the softening pellet reactor will be validated to see if it can still keep the
good performance with the water control strategy for the whole system. Reactor is the performance for first
month.

Table 9: Relative error of fluidized bed height and pressure drop for reactor over first month

FH_M FH_S Relative error (-) PD_M PD_S Relative error (-)

(m) (m) (mWk) | (mWK)
Reactor 3.17 3.10 0.022 1.80 1.79 0.006
Table 10: Relative error of pellet diameters for reactor over first month
D_M D_S Relative error
(mm) (mm) )
Layer 1 0.775 0.810 0.045
Layer 2 0.675 0.770 0.141
Layer 3 0.585 0.730 0.248
Layer 4 0.525 0.690 0.314
Layer 5 0.450 0.630 0.400
Layer 6 0.410 0.560 0.366
Layer 7 0.400 0.490 0.225
Table 11. Relative error of porosities for reactor over first month
P_M P_S Relative error
(mm) (mm) )
Layer 1 0.596 0.590 0.010
Layer 2 0.628 0.600 0.045
Layer 3 0.662 0.610 0.079
Layer 4 0.690 0.630 0.087
Layer 5 0.731 0.650 0.111
Layer 6 0.758 0.670 0.116
Layer 7 0.765 0.710 0.072

As is discussed before, the same conclusions are for the validation of reactors in the whole treatment system,
which means the reactor can still operate in a good situation under the whole treatment system validation.
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5.5 Discussions and conclusions

The validation process consists of two parts. One is the softening pellet reactor validation and another is the
water quality parameter validation in two different locations (after weir aerator location and final RO mixing
location). For the softening pellet reactor validation, firstly a single reactor was validated and afterwards the
whole treatment system. The validation period chosen was the month from January 20" to February 20%
because the experiments of sieve analysis were performed during this month as well. In this way, the
measured pellet diameters over different layers will be used to compare with the calculated model results.
The validation work for the single reactor was performed with three reactors because a complete dataset
could be obtained for these three reactors. The calculated model results for year 2008 was also applied for
the single reactor validation to check if the model can show the stable validation results over long time and if
temperature has influence on the model results over different period. For the water quality parameters
validation, two locations (after weir aerator location and final RO mixing location) were validated with
measured results for two months of data so that the water control strategies could be validated efficiently in
Stimela model as well.

From the results of relative error, most of the results were around 10% accuracy but only the pellet
diameters were higher than that percentage. However, the calculated porosities based on the calculated
results of pellet diameters after that prove that higher deviations of pellet diameters were still acceptable
and proved the effectiveness of model results. For the validation of the water quality parameters, the model
results presented the reasonable trends with the measured results. However, some measured inaccuracies
happen on the measured results.

In summary, the validation process proved that the Stimela model is reliable and robust to predict the
results Also, it can be used to evaluate alternative control strategies.
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6. Evaluation of water control strategies

In this chapter five water control strategies are defined and compared using the Stimela water quality model.
Different combinations of these five water control strategies are also presented to obtain the optimal control
strategies. Based on the validation work illustrated in Chapter 5, Stimela model can be seen as a reliable and
stable tool to predict the future possible changes and it is used as the tool for the evaluation of the
alternatives.

For the ranking of the control strategies the key performance indicators in Table 1 are used. To set up the
alternative control strategies, first the effects of five water control strategies are explored. After that,
another six water control strategies developed by Kim van Schagen and Jasper Wuister are evaluated.

6.1 Reference situation

To determine the effects of the individual control rules a reference dataset of input data for the Stimela
model was determined. For this the dataset reference situation is defined, existing of historic data from
January 20" to February 20" was selected. The data is considered to be representative because realistic
changes in water quantity and water quality occur. The dataset is used to judge if an individual control rule
could contribute significantly to an alternative control strategy. In evaluation of the water quality,
bicarbonate concentration will not be used any more because good results of pH can represent the good
ones of bicarbonate concentration and it has been validated in Chapter 5 before. So for comparison of the
water quality parameters, Figure 35 and Figure 39 are selected as the reference figures.

6.2 Effects of individual improvements

To set up alternative water control strategies, first the effects of individual improvements on the key
performance indicators were evaluated. Each of these five water control strategies has its unique objective.
In the specific work, five water control strategies are independent and they can be integrated as a whole.
Different combinations of these five water control strategies can be applied in the real situation.

6.2.1 Water control strategy 1

Objective: Maximal usage the RO water discharged into the dune area

In the drinking water treatment plant Wim Mensink, around 5% of the RO water from Heemskerk is
discharged into the dune areas and it is always better to use this part of water as much as possible. The RO
water produced by Heemskerk will be mixed with less amount of clean water from clear water reservoir to
adjust the SI firstly and then flow to Bergen and Wim Mensink. In this way, 5% of the RO water is
discharged into the dune.

Implementation in Stimela model

In this new water control strategy, the Stimela model uses the flow in this way:

Input RO flow = Total RO flow in Heemskerk + Less clean water flow to adjust SI — Total RO flow in Bergen.
The total inflow of filter building 1 plus filter building 2 still keep the same amount of water flow. The results
in Figure 40 and Figure 41 present the final total hardness and pH after RO mixing location can still reach
the final clean water standard. The situation does not change so much compared with Figure 35 and Figure
39 in reference situation.
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Figure 41: New pH after maximal mixing RO water

The RO water from Heemskerk could be fully used. With the same total amount of supplying water of filter
building 1 and filter building 2 in Wim Mensink, the extra increase of mixing of RO water to Heemskerk does
not influence the final total hardness and pH much and the quality standards for drinking water can be met.
The model results only provide the theoretical possibilities for the maximal usage of RO discharging water
but the current water control system may not fully achieve the zero discharge of RO water to the dune area
because of the limitations of the operation for RO membrane modules. Different combinations of membrane
modules may be applied to fit the new situation.

6.1.2 Water control strategy 2

Objective: Maximal increase of the fluidized bed height of the pellet softening reactor

The actual fluidized bed height is between 3 m and 3.5 m above the reactor bottom. The weir of the
collection canal is at 5.2 m above the reactor bottom. Increasing the bed height will lead to an increase of
the available crystallization surface in the reactor and less over saturation in the reactor’s effluent.

Implementation in Stimela model

Currently, the fluidized bed height is around 3.0 m based on the model results in Figure 31 and the pellet
diameter is around 0.80 mm based on the model results in Figure 32. When changing the pressure drop
over complete bed to discharge the pellets from 1.80 mWc to 2.60 mWc, the maximal fluidized bed height
can even reach up to 4.50 m and the discharged pellet diameter increases to 0.90 mm, which means the
pellet can be further fully used and it also leads to less remaining of NaOH after pellet reactors under the
same amount of NaOH dosage. Therefore, less CO, will be dosed before aeration process, which is
presented in Figure 45 and Figure 46. The porosities over different layer is similar compared with the
reference situation, which means the pellets will not clog the reactor or stick together and the reactors can
keep in normal operation.
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Figure 42: Improved fluidized bed height, total pressure drop
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Figure 44: Improved pellet porosities of seven layers
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Figure 46: Improved dosage of CO2

By changing the required pressure drop to discharge the pellets, the height of the fluidized bed could be
further increased so that more sodium hydroxide could react with calcium ions in raw water and it leads to
less consumption of CO, in the next step for neutralizing the excess amount of sodium hydroxide in the
water. It can be easily found in Figure 45 and Figure 46 by comparison of the graphs for original dosage of
CO, and improved dosage of CO,. The total dosing amount of CO, decreases from the average value 0.29
mmol/l to 0.28 mmol/Il. Besides that, the pellets will be discharged in a less frequency than before while
keeping a large allowable pellet diameter, which means the pellet can be further used to form a larger
diameter. Therefore, the costs for dosing the CO, and sand can be saved.

A risk of increasing the fluidized bed height is the discharge of river sand when the flow suddenly increases
or viscosity increases. In different seasons, the viscosity of the water is different over the variation of
temperature, which leads to different fluidized bed height over different months and may lead the overflow
of fluidized bed.

6.1.3 Water control strategy 3

Objective: Cost saving for caustic soda and carbon dioxide

This water control strategy is developed to see if there are still some potentials in saving caustic soda and
carbon dioxide by changing caustic soda dosage system. The water quality should still meet the
requirements of the key performance indicators. The work is performed on the water control of dosing
caustic soda.
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Implementation in Stimela model

In the current water control strategy, the dosing amount of caustic soda consists of master control and slave
control. The amount of caustic soda dosage is determined by the total flow in filter building 1 and it is
replaced by flow for each reactor to achieve more accurate caustic soda dosage control. In the model, the
flow is set as 490 m>/h for each reactor. In the real situation, it will be determined by the Plenty tag for each
reactor.

The slave control is a feedback control for the whole water treatment system. It was cancelled to reach the
possible minimal caustic soda dosage. From Figure 50 and Figure 51, it can be seen the total hardness and
pH in clear water reservoir can still meet the requirements under this condition.
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Figure 47: Original dosage of NaOH
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Figure 48: Improved dosage of NaOH
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Figure 49: Improved dosage of CO2

From Figure 47 and Figure 48, it can be seen that the dosing amount of caustic soda has been reduced
significantly from the average value 69 I/h to 55 I/h. As a consequence of the elimination of the caustic soda
dosage slave control, Figure 49 proves that the dosing amount of CO, can be reduced to an average value
0.23 mmol/l with a more stable dosage compared with Figure 45. After that, the water quality parameters in
the clear water reservoir also need to be checked to see if they still meet the requirements of the key
performance indicators.
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Figure 50: Improved total hardness after RO mixing
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Figure 51: Improved pH after RO mixing

From the calculated model results of water control strategy 3, it can be seen from Figure 50 that final total
hardness can still reach the requirements. Figure 51 shows less sharp scatters for pH happen and the model
shows a more stable trend, which means the effect of water quality parameters have been improved by this
step. The reason for that is less amount of caustic soda is dosed into the reactors and bypass can play the
role as a buffer before dosing CO,. The existing scatters are caused by the recirculation flow because it will
cause more dosing of sodium hydroxide. The calculation of CO, is based on the actual needs of neutralizing
excessive sodium hydroxide for each reactor. In this case, less CO, will be dosed into the system and it leads
to a more stable operation.

In this water control strategy, the feedback control is cancelled which may lead to higher total hardness
between desired one and realized one. Another problem is the setpoint flow for each reactor in the master
control command. In the real operational system, it must be determined by the online flow measurements of
each reactor. This may lead the real control situation less robust.

6.1.4 Water control strategy 4

Objective. Elimination of recirculation flow in filter building 1

From hydraulic perspective, the recirculation flow within filter building 1 must be investigated and it should
be avoided. Small deviations in the water flow extracted by the softening reactors or an unexpected shut
down or startup of a reactor can be without risk of water hammer or cavitations. From the chemical
perspective, the total hardness of the influent of the reactors decreases when the recirculation flow occurs
and it contains sodium hydroxide in the influent. The actual calculation of the sodium hydroxide dosage is
based on the total hardness in raw water and effluent water after reactors. Therefore, it will lead to more
caustic soda dosage than the expected amount. The dosing amount of carbon dioxide can not fully
neutralize the existing amount of caustic soda and it will lead the oversaturation and higher pH after weir
aerator.

Implementation in Stimela model

The flow to determine the reactors switched on or off must be larger than the multiple integer flow of
reactors. Otherwise, it will cause the recirculation flow. In water control strategy 4, all the flow is set as the
integer flow of reactors and the final results show that the problem of the scatters have been removed while
the final water quality can still meet the key performance indicators in Table 1. The only scatter happens
close to the 30 days because the shortage of laboratory measurements after that time. The model needs to
calculate the results again so that it causes the reset of the model.

Reactors switched on and off with the following amounts:

- 490; 980; 1,470; 1,960; 2,450 and 2,940 m*/h
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Figure 52: Improved total hardness after RO mixing
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Figure 53: Improved pH after RO mixing

The integral multiple of reactor flow to determine the reactors switched on and off will avoid the
recirculation flow in the system so that the stable values of water quality parameters can be reached. Also, it
strengthens the role of bypass flow and it will have a positive influence on the costs of sodium hydroxide.
From Figure 52 and Figure 53, it can be seen that scatters happen when reactors switch on or off and it
should be avoided. This water control strategy only provides the method to avoid the recirculation flow in
the real system but not illustrates clearly what will be the maximal bypass flow the whole treatment. It will
be elaborated more in the next water control strategy 5.

6.1.5 Water control strategy 5

Objective. Searching for the theoretical maximal bypass flow in filter building 1

The task of this water control strategy is to use the bypass flow as maximal as possible to compensate the
final CO, dosage to see if it can be totally shut down and save the energy costs for switching on the new
reactors. The limitation conditions are the final water qualities.

Implementation in Stimela model

The maximal flow in one street is 3,600 m?/h on the basis of maximal treatment capacities of rapid sand
filters (Jasper Wuister, Kim van Schagen, 2009). Therefore, when the flow reaches up to 3,600 m>/h, the
sixth reactor is switched on and the theoretical maximal bypass flow can be found. In this case, the maximal
bypass flow can be calculated in this way:

Assuming the bypass flow is x m?/h, thus x + 490 m>/h * 5 = 3600 m>/h, x = 1150 m®/h.

Reactors switched on and off with the following amounts:

- 1,150; 1,640; 2,130; 2,620; 3,110 and 3,600 m>/h
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Figure 54: Total hardness after RO mixing under theoretical maximal bypass flow
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Figure 55: Improved pH after RO mixing under theoretical maximal bypass flow

The results show that the total hardness and pH can give the satisfactory results under this extremely
condition. However, the dosing of carbon dioxide can not be cancelled in the end and the case with maximal
bypass flow is recommended as the optimal plan.

In this water control strategy, the theoretical maximal bypass flow is found. The theoretical one gives out an
upper value for the possible maximal bypass flow as a recommendable maximal bypass flow for the
application in future.

Despite that the applicable maximal flow is 1,150 m*/h and the final water quality can still satisfy the water
quality standards, the exact true value to fit the real operational situation in the long year running still needs
to be further searched in the real operational system because of the possible any disturbances in reality and
the existing discrepancies between model and the real control environment.

6.2 Evaluation of other water control strategies

6.2.1 Other water control strategies

In the report ‘Flexibiliseren ontharding PS Mensink — Procesbesturing’, six other control strategies are also
developed based on minimal usage of reactors and keeping reactors running as long as possible so that the
robustness of the process from switching on reactors and numbers of switching on/off reactors can be
improved. These control strategies are (Jasper Wuister, Kim van Schagen, 2009):
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Table 12: Six other water control strategies

Name

Strategy

Desired effect

A. Min

Minimal possible reactors in
operation, but always with
minimal RO overflow

Minimal RO overflow; Minimal
caustic soda dosage

B. Hold

As long as possible the same
reactors in operation, until extra
RO must be overflowed or total

hardness can not be reached

Minimal RO overflow; Minimal
number of switched on/off
reactors

C. 2 & Min

Minimal possible reactors in
operation, but always with
minimal 2 reactors to prevent
excessive reactors switched
on/off

Reducing the number of switched
on/off reactors

D. 2 & Hold

As long as possible the same
reactors in operation, but always
with minimal 2 reactors to
prevent excessive reactors
switched on/off

Reducing the number of switched
on/off reactors

E. 3 & Hold

As long as possible the same
reactors in operation, but always
with minimal 3 reactors

Reducing the number of switched
on/off reactors

F. 4 & Hold

As long as possible the same
reactors in operation, but always
with minimal 4 reactors

Reducing the number of switched
on/off reactors

The main work in this subchapter is to run the Stimela model to see if the water quality can still meet the
requirements under those water control strategies and see if stable model results can be reached. The
advantages and limitations of these six water control strategies are presented in the report ‘Flexibiliseren
ontharding PS Mensink — Procesbesturing’. The validation work is based on the combinations of water
control strategies 1+2+3+5 to see the comprehensive effects and the maximal bypass flow is analysed as
the extreme situation here.

6.2.2 Evaluation of water control strategy A
Under the condition of combinations of water control strategies 1+2+3+5, the situation of minimal possible
reactors in operation can be reached with the maximal bypass flow. Also, in this case, zero RO overflow and
minimal dosing amount of caustic soda exist and it can satisfy the requirements of desired effect. The results
are presented in Figure 55 and Figure 56:
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Figure 56: Total hardness after RO mixing under water control strategy A
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Figure 57: pH after RO mixing under water control strategy A

The water quality parameters for total hardness and pH satisfy the key performance indicators under this
extreme condition. Also, the disappearance of model scatters means the number of reactors switched on or
off is minimal. The dynamic model results successfully validate the results in static analysis.

6.2.3 Evaluation of water control strategy B

In this water control strategy, the method to determine reactors switched on or off from the flow changes to
the final total hardness. Based on the total water quality standard of total hardness in Table 1, when the
final total hardness is higher than 1.7 mmol/I, new reactor will be switched on. When it is lower than 1.3
mmol/l, then it will be switched off. The recirculation flow can not be avoided under water control strategy B.
Two water quality parameters (TH, pH) in final effluent RO mixing location are validated here.
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Figure 58: Total hardness after RO mixing under water control strategy B
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Figure 59: pH after RO mixing under water control strategy B

After evaluation of the two water quality parameters, it can be found water quality parameters total
hardness and pH are in the required range and the conclusion of this water control strategy is it can be
applied. Only less number of reactors switching on happens here.

6.2.4 Evaluation of water control strategy C

The water control strategy C is similar to water control strategy A but with two reactors always in operation
to save excessive reactors switched on or off.

Reactors will be switched on and off with the following amounts so that there will be always two reactors in
operation.

- 0; 0; 2,130; 2,620; 3,110 and 3,600 m*/h
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Figure 60: Total hardness after RO mixing under water control strategy C
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Figure 61: pH after RO mixing under water control strateqy C
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6.2.5 Evaluation of water control strategy D

Water control strategy D is the same as water control strategy B except for two reactors are always switched
on. The switch for first reactor and second reactor will be always set as ‘on’ condition so that two reactors
keep the condition of switching on.
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Figure 62: Total hardness after RO mixing under water control strateqgy D
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Figure 63: pH after RO mixing under water control strateqgy D

The graphs of two water quality parameters are the same as water control strategy B, it means that water
quality will not change a lot based on this water control strategy.

6.2.6 Evaluation of water control strategy E

Water control strategy E keeps three reactors switched on. The conclusions about the results are very similar
as water control strategy B.
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6.2.7 Evaluation of water control strategy F
Water control strategy F keeps four reactors switched on. Two water quality parameters are still under the
required range but the peak happens on the different time.
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Figure 67: pH after RO mixing under water control strategy F

6.3 Discussions and conclusions

The drinking water treatment plant Wim Mensink can improve the current control conditions by using the
five water control strategies. The specific work for each water control strategy is summarized in Table 14:

Table 13. Specific work for each water control strateqgy

Specific work

Water control strategy 1 | Input of RO water = Total RO flow in Heemskerk + Less clean water flow to adjust
SI — Total RO flow in Bergen

Water control strategy 2 Pressure drop to determine pellet discharge from 1.80 mWc to 2.60 mWc

Water control strategy 3 | Setpoint flow for each reactor instead of total flow in filter building 1 in NaOH master
control; Cancellation of NaOH slave control

Water control strategy 4 Reactors switched on and off: 490; 980; 1,470; 1,960; 2,450 and 2,940 m*/h

Water control strategy 5 Reactors switched on and off: 1,150; 1,640; 2,130; 2,620; 3,110 and 3,600 m®/h

For water control strategy 1, the input of 5% discharged RO missing water to the reference situation will not
change the water quality largely. Therefore, zero discharge will not have a significant influence on the
effluent water quality. The reason for the 5% discharged RO water needs to be further investigated. The
possible condition is that the current membrane module operation could not reach it.

For water control strategy 2, the model results prove that the fluidized bed height of the reactor could be
further used to optimize the properties of the reactor and maximally use the river sand. The dosing amount
of CO, is reduced but the overflow problem of reactor should be avoided.

For water control strategy 3, it illustrates that the costs of caustic soda and carbon dioxide could be further
cut down while still keeping the satisfied water quality at the effluent location.

For water control strategy 4, it is concluded that the prevention of the recirculation flow, contributes to a
higher and more stable water quality in terms of two water quality parameters (TH and pH) in the final
effluent locations. It will bring a more stable water quality for Wim Mensink.

The final water control strategy provides a plan with possible maximal bypass flow. The dosing amount of
CO, can not be totally cancelled and the final water quality parameters (TH and pH) still meet the
requirements of key performance indicators.

For water control strategy 4 and water control strategy 5, one of them will be selected for the real situation
depending on the different needs. The water control strategy 5 will only be selected when Wim Mensink
needs to save the cost of carbon dioxide in a short time because long time running with maximal flow will
lead to high risk of higher final total hardness, which may exceeds the upper limitation. Therefore, the
maximal number combinations of different water control strategies are 1+2+3+4 or 1+2+3+5. Apart from
the combination of water control strategy 4+5, any combinations of these water control strategies are
possible.

In terms of the advantages and limitations for each water control strategy, Table 15 presents the summary
of them.
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Table 14.: Advantages and limitations for each water control strategy

Advantages

Limitations

Water control strategy 1

5% discharged RO water
can be reused

Real operation of RO
membrane system

Water control strategy 2

Maximally usage the
fluidized bed height;
Maximally usage of the river
sand; Cost saving for CO,

Overflow of fluidized bed
height

Water control strategy 3

Cost saving for NaOH and
CO,

Final water quality close
to the upper limit of
operational window

Water control strategy 4

More stable water quality

Water control strategy 5

Theoretical maximal flow
can be found

Dosage of CO, can not
be cancelled

With regard to the cost saving during step development of water control strategies, Table 16 provides the
total chemical dosage cost varying in water control strategy 2 water control strategy 3 over the first month.
No cost comparisons are present for other water control strategies because no significant states for costs
happen.

The time interval for the sampling model points in this calculation are the same as the time interval of input
online measurements, which is 2 hours time interval.

Table 15: Costs of chemical dosage over first month

Caustic soda (euro) Carbon dioxide (euro)

Reference situation 7,884 717
Water control strategy 2 --- 690
Water control strategy 3 6,234 378

This table illustrates that the chemical dosage will decrease with regarding to the relevant water control
strategies to lower down the amount of chemical consumption, which can be seen as the example of the
model for the real situation. The unit dosage cost for caustic soda and carbon dioxide in PWN are 0.15 euro/I
and 0.06 euro/Nm?® respectively.

For the evaluation of other six water control strategies, Stimela model have shown that the mentioned
strategies are able to meet the objectives of this study. Firstly, these water control strategies were
concluded using a static water quality model. Now the dynamic Stimela model is used to determine the
effectiveness of each alternative by evaluation of each water control strategy. From the evaluation results,
water control strategy A and water control strategy C are better than others because less amounts of
reactors switched on and/or off happen than others. Water control strategy C is better than water control
strategy A because two reactors are always in switched on condition will keep a more stable operational
situation in long time running. The essential points of these water control strategies are to improve the
robustness of the system by less numbers of switching on or off different reactors while still keeping the
required final effluent water quality.

In summary, the developed new water control strategies and the strategies developed by Jasper Wuister

and Kim van Schagen in this thesis study focus on minimizing the RO discharge, caustic soda dosage, carbon
dioxide dosage while keeping total hardness, pH and saturation index within the operational windows.
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7. Conclusions and Recommendations

In this chapter, the conclusions from the model validation process and new water control strategies are
summarized. The possible research topics, the application of Stimela model and the method for working with
Stimela model are recommended.

7.1 Conclusions

1.

2.

10.

A Stimela water quality model of the pellet softening of Wim Mensink has been validated with
historic data in first month of the year 2009.

Three water quality parameters (TH, bicarbonate and pH) are validated by Stimela model in two
different locations with whole water treatment system in first month of the year 2009.

The Stimela model of Wim Mensink can be used to compare control strategies for the pellet
softening reactors and mixing of RO water.

The discharge of RO water for the first month in 2009 could have been prevented completely simply
by supplying all water produced by the RO filtration at Heemkserk decreased by the flow supplied to
drinking water treatment plant Bergen, to drinking water treatment plant Wim Mensink. No
modifications in the pellet softening control of Wim Mensink are necessary to meet the water quality
standards for TH and pH when the extra water is supplied.

Increasing of the fluidized bed height in the reactors from circa 3.0 m to circa 4.5 m will lead to
saving of carbon dioxide.

If the caustic soda dosage is based on the flows through the individual reactors instead of the flow
through filter building 1, caustic soda can be saved, without violating the operational window for
total hardness.

The slave control of the caustic soda dosage is not required to meet the operational window for total
hardness in the upper cascade location while still keeping the final water quality in operational
window. Elimination of this slave control will save caustic soda dosage.

The elimination of the recirculation flow within filter building 1 will lead to a more stable water
quality of the final clear water reservoir.

When the by pass within filter building is maximized, the carbon dosage can not be cancelled when
the final water quality within the operational window.

Six other water control strategies are successfully evaluated by TH and pH in the clear water
reservoir to prove that they can be applied on the real operation.

7.2 Recommendations

[y

Stopping the discharge of RO water by supplying all available RO water to Wim Mensink.

If discharging of RO water cannot be prevented in practice, investigation of a more flexible
operation of the RO treatment plant is necessary

Users of Stimela should meet regularly to exchange experiences when modeling drinking water
treatment processes.

The calculation speed of Stimela should be increased to be able to do more model runs at the same
time.

The Stimela working team needs to be trained so that the future work can be performed more
efficiently.
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Appendices

Appendix [

Properties of basic information

Basic information about softening chemicals

Number Name Character

1 Softening chemical NaOH

2 Supplier Rossmark

4 Concentration of supplied product 50% NaOH

5 Number of tanks for NaOH 2

6 Volume of each storage tank 62 m*

7 Dilution of supplied product Yes

8 Type of diluted water Reverse osmosis water
9 Concentration of NaOH in the tank 25% NaOH

10 Amount of dosage 50 g NaOH/m?

11 Dosage method Dosage pump for every reactor

Basic information about dimensions of softening reactors

Number Name Character

1 Type of reactor Cylindrical reactor

2 Design capacity per reactor 500 m*/h

3 Number of reactors 6

4 Bottom construction of reactor Bottom caps

5 Number of water entry points 144

6 Number of lye entry points 52

7 Number of pellet discharge points 3

8 Overflow gutter Inside

9 Shape of overflow gutter Rectangular shape

10 Total reactor height 6,700 mm (including raw water inflow)
11 Height of cylindrical part of reactor 6,000 mm (excluding raw water inflow)
12 Height of overflow gutter 5,110 mm

13 Diameter of reactor bottom 2,660 mm

14 Diameter of cylindrical part of reactor 2,660 mm

15 Diameter of effluent opening 400 mm
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Basic information of process and installation of softening reactors

Number Name Character

1 Necessary time for maintenance 4 hours per week

2 Number of maintenance times 1 time per week

3 Time for shutdown reactors 2-3 weeks

4 Number of shutdown times 1 time per 2 years

5 Time for failure events* 1 hour per week

6 Number of failure events times 20 times per year

7 Height of fixed bed 2,000 mm

8 Height of fluidised bed circa 3,500 mm

9 Grain distribution dyg Approximately 1,0 mm
10 Grain distribution dsg Approximately 1,3 mm
11 deo/d1o 1,2-1,6

12 Frequency of pellet discharge 2 times per hour

13 Diameter of discharged pellets 3.6 mm

14 Type of discharged pellets pump Centrifugal pump

15 Capacity 10 m*/h

16 Type of valve Butterfly valve

* The failures have been limited to failure of valves, broken thermostat and leaking acid. Because there are

6 reactors in total, there will be no influence on the final water quality when one reactor is in failure.
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Appendix 11

Useful plenty report tags

7ags for water qualit

parameters

PWM_PO_INF1915

Temperature of inflow in raw water for Wim Mensink

PWM_PO_INF2210

pH of inflow in raw water for Wim Mensink

PWM_PO_INF2810

Total hardness of inflow in raw water for Wim Mensink

PWM_PO_INF2670

Calcium ion concentration of inflow in raw water for Wim Mensink

PWM_PO_INF2700

Magnesium ion concentration of inflow in raw water for Wim Mensink

PWM_PO_INF2420

Bicarbonate ion concentration of inflow in raw water for Wim Mensink

PWM_PO_INF2310

Saturation index of inflow in raw water for Wim Mensink

PWM_PO_INF1685

Electrical conductivity of inflow in raw water for Wim Mensink

PWM_CASC_EFF2210

pH of outflow in cascade 1 for Wim Mensink

PWM_CASC_EFF2810

Total hardness of outflow in cascade 1 for Wim Mensink

PWM_CASC_EFF2670

Calcium ion concentration of outflow in cascade 1 for Wim Mensink

PWM_CASC_EFF2700

Magnesium ion concentration of outflow in cascade 1 for Wim Mensink

PWM_CASC_EFF2420

Bicarbonate ion concentration of outflow in cascade 1 for Wim Mensink

PWM_CASC_EFF2310

Saturation index of outflow in cascade 1 for Wim Mensink

PWM_CASC_EFF1685

Electrical conductivity of outflow in cascade 1 for Wim Mensink

PLG_TL1_HF2210

pH of inflow for Heemskerk I

PLG_TL1_HF2810

Total hardness of inflow for Heemskerk I

PLG_TL1_HF2670

Calcium ion concentration of inflow for Heemskerk I

PLG_TL1_HF2420

Bicarbonate ion concentration of inflow for Heemskerk I

PLG_TL1_HF2310

Saturation index of inflow for Heemskerk I

PLG_TL1_HF1685

Electrical conductivity of inflow for Heemskerk I

PWM_PO_RW1915

Temperature of outflow for drinking water reservoir

PWM_PO_RW2210

pH of outflow for drinking water reservoir

PWM_PO_RW2810

Total hardness of outflow for drinking water reservoir

PWM_PO_RW2670

Calcium ion concentration of outflow for drinking water reservoir

PWM_PO_RW2700

Magnesium ion concentration of outflow for drinking water reservoir

PWM_PO_RW2420

Bicarbonate ion concentration of outflow for drinking water reservoir

PWM_PO_RW2310

Saturation index of outflow for drinking water reservoir

PWM_PO_RW1685

Electrical conductivity of outflow for drinking water reservoir

HEZ3AF_QT10

Total hardness after all reactors

HEZ5AA_QT20 pH dosing before rapid sand filter 1-6 for filter building 1
HEZ5AA_QT10 pH dosing before rapid sand filter 7-12 for filter building 1
HEZOCG_FT10 Carbon dioxide dosing in east point before in cascade 1
HEZOCG_FT20 Carbon dioxide dosing in west point before in cascade 1

7agqs for flow rates

HEZ2AA FT10 Inflow raw water for FB1
HEZ2AA FT20 Inflow raw water for FB2
HEZ9AA FT30 Total inflow of mixer for Heemskerk I

7ags for pressure drop

HEZ303_PT10

Pressure drop for reactor 3

HEZ304_PT10

Pressure drop for reactor 4

HEZ306_PT10

Pressure drop for reactor 6
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Appendix 111

Database for laboratory measurements

First datasets starting from January 20" to February 20", 2009

Laboratory measurements for raw water (PWM_PO INF)

Calcium

concentration (mg/l)
(PWM_PO_INF2670)

Magnesium

concentration (mg/I)
(PWM_PO_INF2700)

Temperature (°C)
(PWM_PO_INF1915)

pH (-)
(PWM_PO_INF2210)

000000 | 7°577| o000 | 1957 | oono00 | 116%%| pongn | 7854
aasoo | 7043| Yilogy | 10989 Gioey | 1700) GSi0ey | 7850
S || R0 |y | Y | | Y0 | s
P00 | ras| PR | | 2 | om0 |
Tossoo | 79| Tpgzop | 11990 “ouney | 9800 sy | 7870
Dot | 79| Spgpor | 1199 %5y | 10300) *3lreg | 7860
21/3170/5%%9 72.238 2{§7(f72%%9 11.597
Laboratory measurements for raw water (PWM_PO INF)

Conductivity (ms/m)

Bicarbonate

Total hardness

(PWM_PO_INF1685) concentration (mg/l) (mmol/l)
(PWM_PO_INF2420) (PWM_PO_INF2810)
1/20/2009 1/20/2009 | 1/20/2009 | 1/20/2009
00:00:00 70.700 | "55.00:00 | 00:00:00 | 00:00:00 2.220
1/20/2009 1/20/2009 | 1/20/2009 | 1/20/2009
13:19:00 70.700 | "43.99.00 | 13:19:00 | 13:19:00 2.213
1/27/2009 1/27/2009 | 1/27/2009 | 1/27/2009
14:23:00 71200 | "1453.00 | 14:23:00 | 14:23:00 2.239
2/3/2009 1/30/2009 | 1/30/2009 | 1/30/2009
16:02:00 71.600 | "55.00:01 | 22:00:01 | 22:00:01 2.239
2/10/2009 2/3/2009 | 2/3/2009 | 2/3/2009
12:53:00 71700 1 46.02:00 | 16:02:00 | 16:02:00 2.315
2/17/2009 2/10/2009 | 2/10/2009 | 2/10/2009
13:07:00 72.100 | "5.53.00 | 12:53:00 | 12:53:00 2.334
| 2/17/2009 | 2/17/2009 | 2/17/2009 283
13:07:00 | 13:07:00 | 13:07:00 '
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Laboratory measurements for RO water (PWM_TL1 HF)
Calcium concentration pH (-) Conductivity (ms/m) Bicarbonate
(mg/|) (PWM_TL1_HF2210) (PWM_TL1_HF1685) concentration (mg/])
(PWM_TL1 HF2670) (PWM_TL1 HF2420)

1/20/2009 1/20/2009 1/20/2009 1/20/2009
00:00:00 1.999 1 "90.00:00 2730 | "50:00:00 13.730 | "00:00:00 44.680
1/20/2009 1/20/2009 1/20/2009 1/20/2009
13:20:00 1.999 1 "13:20:00 2730 | "43.90:00 13.730 | "13.50:00 44.680
1/27/2009 1/27/2009 1/27/2009 1/27/2009
14:23:00 2532 | 14.23:00 9.710 | "14.23:00 15430 44.93.00 47.860
2/3/2000 2/3/2009 2/3/2000 2/3/2009
16:03:00 2563 | 16.03:00 9930 | 16.03:00 15130 | 16.03:00 42.240
2/10/2009 2/10/2009 2/10/2009 2/10/2009
12:54:00 2.836 | "15.54:00 2.780 | 45.54:00 157101 "15.54:00 22.840
2/16/2009 2/17/2009 2/17/2009 2/17/2009
22:00:01 2.836 | 43.08:00 9910 | "13.08:00 15500 "y3.08:00 45.190
2/17/2009
13:08:00 2.351

Laboratory measurements after weir aerator (PWM_CASC EFF)

Total hardness

Bicarbonate

pH (-)

(mmol/1) concentration (mg/I) (PWM_CASC_EFF2210)
(PWM_CASC_EFF2810) (PWM_CASC_EFF2420)
000000 | 1155 Goon0 | 190126 | opony | 807
o000 | M35 G3joep | 129420) Gihoey | 8070
Taosoo | 42| absey | 144280 | WETSGY | s
o000 | 91| feopp | 133120| oy | 80
Toseoo | 230| “psggp | 162760 Tygiey | 8020
Toreo | 13| il | 198790| ey | sox0

Laboratory meas

urements after RO mixing (PWM_PO_RW)

Total hardness Bicarbonate pH ()
(mmol/1) concentration (mg/l) (PWM_PO_RW2210)

(PWM_PO_RW2810) (PWM_PO_RW2420)

00000 | 1410| Togoop | M9708| Gopogy | 8042
Tavoo | 1399 Do | 150720| SiSey | soa0
P00 | | P9 | Y oo
22200 || 22 | oo | 22 | omo
Toseoo | 1578| Tsagy | 135760 | Toghey | 8030
Toosoo | 15| sbaeo | 1505%0| T3gey | 7%




Fluidized bed height over

different time

Reactor 3 Reactor 4 Reactor 6

Jan 28™" 3.1 3.2 | (Fixed) 2.4
(Online) 3.16

Feb 3™ 3.6 3.2 4.0
(Online) 3.17

Feb 11%™ 3.6 3.2 3.8
(Online) 3.17

Feb 18™ 3.6 3.3 3.95
(Online) 3.442 | (Online) 3.21

Feb 25" 3.65 3.3 3.7
(Online) 3.56 | (Online) 3.15

Mar 6" 3.7 3.2 3.65

Mar 11 3.2 3.6
(Online) 3.15
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Appendix 1V

Sieve analysis results for different reactors

Different sieve meshes for reactors

Reactor 3
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
1 3.15 3.15 2.50 0.9 0.8 0.8 0.8
2 2.50 2.50 2 0.8 0.63 0.63 0.63
3 2 2 1.8 0.710 0.56 0.56 0.56
4 1.8 1.8 1.6 0.63 0.5 0.5 0.5
5 1.6 1.6 1 0.56 0.425 0.425 0.425
6 1 1 0.8 0.5 0.355 0.355 0.355
7 0.5 0.5 0.5 0.425 0.300 0.300 0.300
Reactor 4
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
1 3.15 3.15 2.50 14 0.8 0.8 0.8
2 2.50 2.50 2 1.25 0.63 0.63 0.63
3 2 2 1.8 1 0.56 0.56 0.56
4 1.8 1.8 1.6 0.9 0.5 0.5 0.5
5 1.6 1.6 1 0.8 0.425 0.425 0.425
6 1 1 0.8 0.710 0.355 0.355 0.355
7 0.5 0.5 0.5 0.63 0.300 0.300 0.300
Reactor 6
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
1 3.15 3.15 2.50 0.9 0.8 0.8 0.8
2 2.50 2.50 2 0.8 0.63 0.63 0.63
3 2 2 1.8 0.710 0.56 0.56 0.56
4 1.8 1.8 1.6 0.63 0.5 0.5 0.5
5 1.6 1.6 1 0.56 0.425 0.425 0.425
6 1 1 0.8 0.5 0.355 0.355 0.355
7 0.5 0.5 0.5 0.425 0.300 0.300 0.300
Specific pellet diameters for different reactors over different time and layers
Reactor 3
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 20" 0.81 0.71 0.60 0.55 0.46 0.42 0.40
Jan 28" 0.81 0.78 0.53 0.53 0.47 0.41 0.39
Feb 3" 0.80 0.73 0.46 0.54 0.46 0.42 0.39
Feb 11" 0.74 0.77 0.63 0.58 0.48 0.42 0.39
Feb 18" 0.84 0.76 0.55 0.58 0.47 0.42 0.39
Feb 25" 0.74 0.81 0.69 0.63 0.48 0.44 0.39
Mar 6% 0.82 0.78 0.65 0.62 0.49 0.45 0.40
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Reactor 4

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 20" 1.00 1.10 0.86 0.83 0.55 0.44 0.40
Jan 28" 0.95 1.06 0.91 0.72 0.55 0.45 0.40
Feb 3" 1.15 0.98 0.88 0.73 0.59 0.45 0.40
Feb 11™ 1.03 0.98 0.90 0.72 0.53 0.46 0.41
Feb 18™ 1.00 1.00 0.86 0.59 0.54 0.45 0.40
Feb 25" 1.08 1.05 0.84 0.73 0.54 0.46 0.42
Mar 6™ 0.91 0.92 0.82 0.70 0.53 0.47 0.41
Mar 11 0.88 0.91 0.84 0.70 0.55 0.46 0.42
Reactor 6
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 16" 1.07 1.02 0.87 0.61 0.46 0.42 0.39
Jan 20™ 1.13 1.05 0.94 0.67 0.49 0.44 041
Feb 3" 0.98 0.94 1.15 0.80 0.57 0.47 0.43
Feb 11™ 0.96 0.97 0.82 0.66 0.52 0.45 0.41
Feb 18" 0.93 0.96 1.08 0.73 0.57 0.47 0.43
Feb 25" 0.97 1.03 0.67 0.65 0.52 0.46 041
Mar 6 0.79 0.77 0.62 0.61 0.51 0.45 0.41
Mar 11" 0.70 0.72 0.68 0.63 0.51 0.45 0.41
Deviated value for different reactors
Reactor 3
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 20" 0.02 -0.05 0.01 -0.03 -0.01 -0.01 0.01
Jan 28" 0.02 0.02 -0.06 -0.05 0.00 -0.02 0.00
Feb 3" 0.01 -0.03 -0.13 -0.04 -0.01 -0.01 0.00
Feb 11" -0.05 0.01 0.04 0.00 0.01 -0.01 0.00
Feb 18™ 0.05 0.00 -0.04 0.00 0.00 -0.01 0.00
Feb 25" -0.05 0.05 0.10 0.05 0.01 0.01 0.00
Mar 6% 0.03 0.02 0.06 0.04 0.02 0.02 0.01
Reactor 4
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 20" 0.00 0.10 0.00 0.12 0.00 -0.02 -0.01
Jan 28" -0.05 0.06 0.05 0.00 0.00 0.00 -0.01
Feb 3" 0.15 -0.02 0.02 0.01 0.04 0.00 -0.01
Feb 11™ 0.03 -0.02 0.04 0.00 -0.02 0.01 0.00
Feb 18" 0.00 0.00 0.00 -0.13 -0.01 0.00 -0.01
Feb 25™ 0.08 0.05 -0.02 0.01 -0.01 0.01 0.01
Mar 6% -0.09 -0.08 -0.04 -0.02 -0.02 0.02 0.00
Mar 11 -0.12 -0.09 -0.02 -0.02 0.00 0.01 0.01
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Reactor 6

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 16" 0.13 0.09 0.02 -0.06 -0.06 -0.03 -0.02
Jan 20" 0.19 0.12 0.09 0.00 -0.03 -0.01 0.00
Feb 3™ 0.04 0.01 0.30 0.13 0.05 0.02 0.02
Feb 11™ 0.02 0.04 -0.03 -0.01 0.00 0.00 0.00
Feb 18" -0.01 0.03 0.23 0.06 0.05 0.02 0.02
Feb 25" 0.03 0.10 -0.18 -0.02 0.00 0.01 0.00
Mar 6™ -0.15 -0.16 -0.23 -0.06 -0.01 0.00 0.00
Mar 11" -0.24 -0.21 -0.17 -0.04 -0.01 0.00 0.00
Deviated percentage for different reactors
Reactor 3
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 20" 0.02 -0.07 0.02 -0.04 -0.03 -0.01 0.02
Jan 28" 0.02 0.02 -0.10 -0.08 -0.01 -0.04 -0.01
Feb 3™ 0.01 -0.04 -0.22 -0.06 -0.03 -0.01 -0.01
Feb 11* -0.07 0.01 0.07 0.01 0.02 -0.01 -0.01
Feb 18™ 0.06 0.00 -0.06 0.01 -0.01 -0.01 -0.01
Feb 25™ -0.07 0.06 0.18 0.09 0.02 0.03 -0.01
Mar 6% 0.03 0.02 0.11 0.08 0.04 0.06 0.02
Reactor 4
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 20" 0.00 0.10 0.00 0.16 0.00 -0.03 -0.02
Jan 28" -0.05 0.06 0.05 0.01 0.00 -0.01 -0.02
Feb 3™ 0.15 -0.02 0.02 0.02 0.08 -0.01 -0.02
Feb 11™ 0.03 -0.02 0.04 0.01 -0.03 0.01 0.01
Feb 18" 0.00 0.00 0.00 -0.17 -0.01 -0.01 -0.02
Feb 25™ 0.08 0.05 -0.03 0.02 -0.01 0.01 0.03
Mar 6% -0.09 -0.08 -0.05 -0.02 -0.03 0.03 0.01
Mar 11*" -0.12 -0.09 -0.03 -0.02 0.00 0.01 0.03
Reactor 6
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Jan 16™ 0.14 0.09 0.02 -0.09 -0.11 -0.07 -0.05
Jan 20" 0.20 0.13 0.10 0.00 -0.06 -0.02 -0.01
Feb 3™ 0.04 0.01 0.35 0.19 0.10 0.04 0.04
Feb 11™ 0.02 0.04 -0.04 -0.01 0.00 0.00 -0.01
Feb 18" -0.01 0.03 0.27 0.09 0.10 0.04 0.04
Feb 25™ 0.03 0.10 -0.22 -0.03 0.00 0.02 -0.01
Mar 6% -0.16 -0.17 -0.27 -0.09 -0.02 0.00 -0.01
Mar 11*" -0.26 -0.23 -0.20 -0.06 -0.02 0.00 -0.01




Appendix V

Model validation information for other two reactors

Measured results for specific diameters

Reactor 3

Fellet diameter over time for reactar 3
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Single reactor calculated results for fluidized bed height, total pressure drop, pellet diameters
and porosities in first month

Reactor 3
= Fluidized hed height, Total pressure drop over time
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Reactor 6
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Single reactor calculated results for superficial water velocity, fluidized bed height, total

ellet diameters, porosities and effluent total hardness in year 2008

ressure dro,

Reactor 3

Superficial water velocity aver time
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Pellet porosity over time
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Calculated input

Reactor 3
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Pellet
diameter 0.775 0.675 0.585 0.525 0.450 0.410 0.400
(mm)
Por(‘f)s'ty 0.596 0.628 0.662 0.690 0.731 0.758 0.765
Mass of
grains 416.5 581.1 809.9 1,029.3 1,415.7 1,686.6 1,761.9
(ka)
Reactor 6
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Pellet
diameter 0.935 0.890 0.760 0.595 0.485 0.430 0.405
(mm)
Por(c_’)s'ty 0.555 0.566 0.600 0.658 0.711 0.744 0.761
Mass of
grains 261.0 295.6 436.9 779.3 1,217.2 1,545.0 1,723.9
(kg)
Relative errors for first month and year 2008
Pellet diameters for reactor 3
D_M D1 S Relative D2_S Relative
(mm) (mm) error 1 (mm) error 2
) )
Layer 1 0.775 0.780 0.006 0.820 0.058
Layer 2 0.675 0.730 0.081 0.760 0.126
Layer 3 0.585 0.680 0.162 0.710 0.214
Layer 4 0.525 0.630 0.200 0.640 0.219
Layer 5 0.450 0.580 0.289 0.580 0.289
Layer 6 0.410 0.530 0.293 0.520 0.268
Layer 7 0.400 0.470 0.175 0.460 0.150
Porosities for reactor 3
P M P1 S Relative P2 S Relative
(mm) (mm) error 1 (mm) error 2
) )
Layer 1 0.596 0.610 0.023 0.590 0.010
Layer 2 0.628 0.620 0.013 0.610 0.029
Layer 3 0.662 0.640 0.033 0.620 0.063
Layer 4 0.690 0.650 0.058 0.650 0.058
Layer 5 0.731 0.670 0.083 0.670 0.083
Layer 6 0.758 0.700 0.077 0.700 0.077
Layer 7 0.765 0.730 0.046 0.730 0.046
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Pellet diameters for reactor 6

D M D1 S Relative D2_S Relative
(mm) (mm) error 1 (mm) error 2
) )

Layer 1 0.935 0.800 0.144 0.820 0.123
Layer 2 0.890 0.760 0.146 0.780 0.124
Layer 3 0.760 0.720 0.053 0.740 0.026
Layer 4 0.595 0.680 0.143 0.690 0.160
Layer 5 0.485 0.620 0.278 0.620 0.278
Layer 6 0.430 0.560 0.302 0.540 0.256
Layer 7 0.405 0.490 0.210 0.470 0.160
Porosities for reactor 6

P M P1 S Relative P2 S Relative

(mm) (mm) error 1 (mm) error 2

) )

Layer 1 0.555 0.600 0.081 0.580 0.045
Layer 2 0.566 0.610 0.078 0.590 0.042
Layer 3 0.600 0.620 0.033 0.600 0.000
Layer 4 0.658 0.640 0.027 0.620 0.058
Layer 5 0.711 0.660 0.072 0.640 0.100
Layer 6 0.744 0.680 0.086 0.680 0.086
Layer 7 0.761 0.720 0.054 0.710 0.067
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Appendix VI

Matlab original codes

Original water control strategy file

D:%Stimela\Stimela‘\First Month\My projects\PWN W...\WSCcntrol.m Pags 1
Septenmber 23, 20089 11:11:43 AM

function WS5Control

global CurrentInput
persistent Raw_water Streetl Flow previous
paersistent PreviousTime

& CurrentTime

CurrentTime = evalin('kase", '"WiStimelaTime");
if CurrentTime == 0

DreviousTime = 0;

end

Deltatime = CurrentTime - PreviousTime;
DraviousTime = CurrentTims;

o

= evalin('base", "Raw_water_Flow'):

T = evalin('base", "Raw_water Street 1'}; % Raw water f
e
t = evalin('base", "Raw_water_Street_2')}; % Raw water f
=
RD water Street = evalin('base", 'R0 water Street'); % RO water fl
oW
Raw_water_ TH = evalin('base", "HEZ3RR QTL0"); % TH-Z0Z0 har
dheid ruwwateraanvoer
PS_mixed effluent TH = evalin('base", "HEZ3AF_QT10"); % TH-Z2015 gem
eten hardheid casc. 1
RO_Hardness = evalin('base", "RO_Hardness'); %
PSRl Flow = gvalin('base", "HEZ301_FTI1O0"); %

roommetl
DS B2
IoOmIne
DS_R3_

o

= evalin('base", "HEZ302_FT10");

off
H
[
o
=
=]
-]
im
n
it

= evalin('base", "HEZ303_FT10");

o
)
il

= evalin('base", "HEZ304_FT10"); volumest

ot
)
[}

= evalin('base", "HEZ305_FT10"); volumest

off
X
T

volumest

= gvalin('base", "HEZ30&6_FTLO0");
roommeting ruwwWwater
PS_R1_Active = evalin('base", "F5_RI1

nist actisf=(

i)
[x]
ot
|
b
off
)
=
W
¥
ot
-
i
h
I
o

o

= gvalin('kass",'F5 BRI Rotiwve'): Bl actisf=1l

il
i
W
—
b
o
o
I
i
m
=]
L]
|
il
LEx)
l:,-,.
[p]
rl
e
off
=
i
11
5]
ot
b
i
h
Il
fun

o

= gvalin('kass",'F5 R4 Rotiwve'): Bl actisf=1l

o

= evalin('base", "P5_R5 Active'); Rl actief=1

o
=
i
W
]
T
I
Hi
I
flan

= evalin('base", "P5_R& Active');

PS5 Rl TH effluent = evalin('base", "HEZ301_QT10");
Totale Hardheid R1
PS_R1_TH cascade = evalin('base", "HEZ3RF_QT10");

off
5]
H
[
in
14
q
ot
i
el
e
[1d

off
i~

i
i
=
i
s
fu

4
=N



D:iStimelalStimela'\Pirat Month'\My projects\PAN W. .. \WSControl.m

Beptexbe= I3, I00C

L1l:1lla:43 M

Page

-
=

h=aid b=fcss cascacs

FE_RL =R = guslin'baws', "HEIZDL_PTLI'); Rl dP reac:= &
waliesd

FE8_R1 _CETRIL _Felliamm = guvalin'bass' "BE_RL CETRIL _Pellaisn'|; % Al Psllstdi
amstsr vean o= saigstapks cellsts

EEIRAR_QIZD = pyalini'bese' . "HEZRAR_QTZ0"): b DH-TACLNT B o
anvocer Eilter 1 tm £

EEIGRRE QTI10 = svalin('base’, "HEIBRR_QTLI"}§ ¥ pE-macing & ¢
anvosr filter T tm 12

FE RL s Vsawm = svalin'bass' "EZ RL Ca Messx"); F Ta raw wats o
PE_M1_Ta_M=n= = pvalin('bese’, "F5_ML_Ca_Mens"]: Lt Cm afser re
AOTDE

LT CarrancTims-~=0

Aooucm=swalin ['omse’, "Rocuce’ls

g

FEARIIEIEIIERAEIAR AR R RAARIR A AR NI RRAR IR ARG

b Caloulatloms

AR R R R AR I R R P R A T R R A AR R A T R A A R R A A R A R R A A R R A Y

¥ Flow concrol I Hanclni

Faw_water_ Streetl_Flow = Eaw_water Towal Flow/d*Z; %t Debiet cuw water FE Mezsick straat 1
Baw_wazer Stzesstl Flow = Raw water Total Flow/391; & Desbist cuw wates PY Hesosink stresa: 2
b =ecpolines die gebruiks worden wvoor e bepaling wvan de besturing wvan de oncharding
Seepzint_ B3 BX Flew = 450; % Rmzont of waters for one pellst softening reactoz ¢
md/h
Setpoint_Seeding Sand = 47 L Sesding sand per smoans of removed CAa in kg
Sarpoinc_Saeeding Ca = 2T0; % Bmoount of Ca remowed for amonnc of Seeding cand @
in k3
Eetpoint_Final Hardness = L_ED: % Towal Hardness Ca and Mg in mmol/l in clean wate o
T rafarvole
P Active Peactorz = [P3 Bl Active B3 BRI &ctawe B3 RI_Rctive B3 R4 Aotiwe P3_RS_Active P35 &

_RE_Rotival;

i EI?\.I.;'_.-.; :l\-:'.'t ll-:_: inT TIOT TEECTC :.=| CSTOuTECIoom &n t'_.'?lt'l

FE_PX IN = [4B8D €8& 1700 Z000 Je&E 3IL00]1:
PS BX_UIT = [400 500 1L&0 17&0 2000 25001

¥ ingchakelsn
¥ Paw watsr Streszl Flow * law watss Scrsss=l r.‘l.:-'ltl_'_“lﬂ.l':.“l.
P'S_E:-. :'J"I-::.-Ilr::-:: {Eind I_I'E_E.E_ [:“"-'.EJ.H'_HI :EE_BI: cestl Flow]| = L;
D= QX Fleow = PE_Active ReactorsiSacpodims DE DX Flow;
P2 BL Flow = P2 _BY Flew(L);
P2 PRI Flow = P2_BY Flow(Z);
FE_R3 _Flow = PE_BN _Flow(3h:
FS Ra Flow = P2 _BY Flow(4);
PS5 RS Flow = PS_BX Flow(3);
FE_R&_Flow = PE_BX_Flow(E):

wnd

b uitschakelen

LT Raw _wWater Itreetl Flow <= Raw wWacer Ickserl Flow preuvipas
PE_Reoclve Faaccore (find (DE_PX UIT=-Pav_wate:r Ecraetl_Flowl b =0;
F5_RM_Flow = P5_Rovive Rescuors'Sespodns FPE_RN Flow:
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D:\Stimela\Stimela\First Month\My projects\PWN W...\WSControl.m Pags 3

September 23, 2009 11:11:43 aM

PE Rl Flow = P5_RBX Flow({l};
PS_RZ2 Flow = P5_RX Flowi{Z};
PE R3 Flow = PS5 _RX Flow({3};
PE_R4 Flow = PS_RX Flowi{4);
B5_R5 Flow = P5_RX Flow(5);
PE_Re_Flow = P5_RX Flowi{&);
znd
PE_ RX Flow Total = P§ Rl Flow+PS_RZ Flow+PE R3 FlowtPS_Rd4 FlowsP5S RS FlowsPS_Re Flow;
if Raw_water Streetl Flow < P5_RX Flow_Total
P5_Flow Retour = PS5 RX Flow_Total-Raw water Streetl Flow;
PE_Flow Bypass a;
zlse
PF5_Flow_BRetour a;
PE Flow Bypass = Raw_water_ Streetl Flow - PS5 RX Flow_Total;

end
P5_Rctive Reactors_Total = sum(P3 _RAcotive Reactors);

-

o

=BNLi= N = I = R = L =
L I R
e
n
ol

_Reactors

oy 'l

=]
"

=]

L=Ri === R
L e T ¥ T R ¥
=]

Ln]

Rcctiwve Resactors

% Bepaling natronloogdebiet inm 1/h

Setpoint PE mixed effluent TH = ({Raw water Street l+Raw water Streest Z+R0O water Street)®
=T -::i..'r_.:Fi;aL_Ha;dness—Rﬂl:Hardness*Ra_wa:e;_Stree:.—Raw_;ater_EI—I‘Raw_;a:e::Strea:._E } fRaw_
water_ Street_l;

P5 Rl NaQOH dosage 1 = (Raw water TH - Setpoint PS5 mixed effluent TH) *0.125*Raw water Stre
E-:?_FI:-W.-’E‘E_!L::iv;_Reac::-:;_'I:n:az; -7 - B B B
PE_Rl NaOH dosage = P5_R1 NaOE dosage 1+({PS_R1 TH cascade-Setpoint PS5 mixed effluent TH) Y
0.125*Raw_water_ Streetl Flow/P5_Actiwve Reactors_Total;

if PS mixed effluent TH > Raw_water_ TH
PE_R1 NaQOH dosage = 0;

end

if PSRl WalH dosage <= 10
PE_Rl NalH dosage = 0;

end

Fh
[
T
h
[3)
¥
i
il
Ih
Ih
F
o
il
]
ot
(=]
i
0l
=5
m
il
|
H
n
il
I
fl
3
i
I

& Determination

CO2_Dosage_min

CO2_Dosage_Total = ((P5_Rl NalE dosage*®l.277%0.25%1000/40) - ((P5_ML Ca Meas - P5 Rl Ca M

if C02_Dosage_Total == 2¥7&
CO0Z Dosage_Total = Z¥7

end

if CO0Z2 Dosage_Total <= COZ_Dosage min

—

CO0Z Dosage_Total = COZ_Dosage ming

LY

4

1
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September 23, 2009 11:11:43 aM

%
if CurrentTime==
Accuca = 05

end
Ca = (Raw_water TH-PS Rl TH effluent)® (40.08/1000) *{P5_Rl Flow*Zd4)*Deltatime/3c00/24;
Becouca = Accuca + Cas
if Accuca >= Setpoint_Seeding Ca

BS_Rl Seeding = Setpoint Seeding Sand/7.0%24%e0;

Roouca = 05
zlse

PS_Rl Seeding = 0;
znd

1]
[
o
i
it
o
i
[

% Bepaling wan aantal pellets woor aftap obv de drukwval
if PS5 Rl _dP == 1.E0

PSRl Pellets 50*g0*24;

else

PS5 Rl Pellets
end

0;

% Conversion of units for
P5_conversion kgperday 1
F1000} ) ~3;

=

rom kgfday to 1000 pellet
|

'3.14';JJE*EQ‘SEGC]]1{13

% Flow for rapid sand filters
% Filter building 1

PipeIDl S5F F01 syphonh
DipeID SF F01_syphonB =
ValwveID HEZS01 ORO3 =

PipelD SF_F02_syphonk =
PipeID SF_F0Z syphonB = _
ValveID HEZ50Z ORO3 = Raw _water Streetl Flow/lZ;

PipelID SF_FO02_syphonk = /245
PipelID SF_F03_syphonB = _Flow/24;
ValveID HEZS503 OR02 = Haw _water_ Streetl Flow/lZ;

PipeID SF_F04 syphonh = Raw_water /245
PipeIDl SF _FO04 syphonBE = Raw water _ f24;
ValveID HEZ5(04 OR0Z = Raw_water_Streetl Flow/lZ;

PipelDl SF_FO0:_syphonk = /245
PipelD SF _F05 syphonB = r - _Flow/24;
ValveID HEZS0E _OROZ = Raw water Streetl Flow/lZ;

PipeID SF_F0&_syphonk = f24;
PipelD SF_FO0¢_syphonB = ow/24;
ValveID HEZ506_ORO3 = Raw_water 5t 1 H

PipelID SF _F07 syphonk = 1f24;
PipeID SF_FO07_syphonBE = Raw_water _Flow/24;
ValveID HEZ507_OR0O3 = Raw water Streetl Flow/lZ;

(P5_R1_CSTRO1_PelDiam ¢

78



D:\Stimela\Stimela\First Month\My projects\PWN_W...\WSControl.m Fage 5
September 23, 2009 11:11:43 2M

PipelD SF FO0&_ syphonk
PipeIDl SF_F02_ syphonB
ValwveID HEZS(08 _ORO3 =

PipelD SF_F05_ syphonk
PipelIDl SF_F03 syphonB
ValveID HEZS03 QROZ =

PipeIDl SF _F10_ syphonk
PipelIDl SF_F10_ syphonB
ValveID HEZS10 ORO3 =

PipeID SF _Fl1 syphonk =

PipelIDl SF Fll syphonB
ValveID HEZS1l ORO3 =

PipelDl SF FlZ syphonk
PipelID SF F12 syphonB
ValwveID HEZIS1Z ORO3 =

% Filter building 2
PipeIDl SF_F13 syphoni

PipelDl SF _F13 syphonB
ValveID HEZS13 OQROZ =

PipeID SF _Fl4 syphonk =
PipelD SF Fl14 syphonB =

ValveID HEZ514 OROZ =

PipeIDl SF_F15 syphoni
PipelD SF_F15_syphonB
ValveID HEZ51E OROZ =

PipelD SF Flé_syphonk
PipeIDl S5F Flo_syphonB
ValveID HEZS1le QROZ =

PipeIDl SF _F17_ syphonk
PipelIDl SF_F17_ syphonB
ValveID HEZS17 ORO3 =

PipeIDl SF_F1& syphoni
PipelDl SF Fl% syphonB
ValveID HEZS18 ORO3 =

PipelIDl SF_F13 syphoni
PipeIDl SF _F13% syphonB
ValveID HEZ515 OROZ =

PipelD SF_F20_ syphonk
PipelD SF_F20_syphonB
ValwveID HEZISZ() ORO3 =

PipelID SF F21 syphonk =

PipeIDl SF _F21 syphonB

1/24;
1/24;

Faw _water_ Streetl Flow/lZ;

1f24;
/245

r

= Raw _water Streetl Flow/24;
= Raw _water_ Streetl Flow/24;
Raw water Streetl Flow/12;

it
it

low/24;
237
Raw_water Streetl Flow/12Z;

1/24;
if24;

r

= Raw_water_ Stree
= Raw_water
Raw_water_ St

r

f24;
Raw _water_ Streeti Flow/lZ;

= Raw _water 5
= Raw_water_ 35 _E
Raw water Streetl Flow/l2;
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11:11:43 aM

September 23, 2009

ValveIDl HEZEZ1 OROZ =

Rawv_water_ Streeti Flow/lZ;

PipelD SF F22 syphonh = Raw_water Streeti Flow/24;
PipeID SF F22 syphonB = Raw _water Streetl? Flow/24;

ValveID HEZ522 OR0O3 = Raw_water Stree
PipelD SF_F23 syphonk = Raw_water_
PipeIDll SF_F23 syphonBE = Raw_water
ValvelIDl HEZ523 CRO3 = Raw_water Street

PipeIDl SF _F24 syphonk =
PipeIDl SF_FZ24 syphonB =
HEZS24 ORD3 =

ValweID Faw water Stcre

,;_Fladfl_;

f24;
_Flow/24;
et Flow/12;

EEEEEEERESHEERERREEER !-\--\-i-i-! EEEEERET R LSRR R R RS R R R R R RS

% writing

esul

assignin('kbase" Raw_water Streetl Flow);
assignin('base’ Raw_water Streeti Flow);
assignin|'kbase’ PS5 Rl Flow):
assignin|'kbase" PS:RE:_ oW 7
assignin('base’ PE_R3_Flow);
assignin('base’ P5_R4 Flow);

assignin('base’
assignin('kbase"
assignin('kase",

PE BE Flo
PS5 _R&_Flow);
P5_Flow_Retour);

assignin( "base’, PE_Flow_Bypass);
assignin("kbase’, PE Rl _Actiwvel;
assignin(’base”, _BZ | PE_RZ RAectiwve);
assignin('base", "PS_R3 RActive' PE_R3_Actiwvel;
assignin('base",'PE_R4 Rctive', PE R4 RActiwvel;

assignin('base", "PS_RE Retive' PE_RE_RAectiwe);
assignin('base", "P5_] RE Botive' P5_R&_Actiwve);
assignin( "base’, {PEM ONTHARD", P5_R1 HaOQH dosage);

assignin("kbase’, _Rl_Seeding' PE_Rl Seedingl;
assignin('base", "PS_Rl Pellets”, P5_R1 Pellets);
assignin('base’, "P5_conversion {g;erday_lii;;ersez', PE_conversion kgperday l000persec);

assignin('base’
assignin('kase",
assignin('kbase",

EEZOCE FT20
'Rocuca’,

EEZOCE FTLO);
EEZ(OCG_FT20);
Accucal ;

assignin{'base", 'PipelDl SF F0l syphonk', PipeID SF FO01 syphond);
assignin('base’, 'PipeID SF_FO1 syphon3', DipeID SF_F01 syphonB);
assignin('base", "ValvelD HEZ501 ORO3", ValveID HEZS01 ORO3};
assignin("base", 'PipeID S5F F0Z svp . PipeIDl SF F02 syphonh);
assignin("kbase’, | SF B PipeI?ZSFZFJZZEyphanE];
assignin(’base”, ValveID HEZS0Z OROZ);
assignin("base", . PipeIDl SF F03 syphonh);
assignin("kbase’, PipeI3:SF:FJE:5yphan3];
assignin(’base”, ValveID HEZS03 OROZ);
assignin("base", . PipeIDl SF F04 syphonh);
assignin('bass", . PipeIﬁZSF:FJ4:5§phan3];
assignin('base", ValveID HEZL04 OROZ);
assignin['ba&e','Fipa . PipeIDl S5F FO5 syphonh);
assignin("base", 'Pipzl _Ei5_5;;ha:3', PipeI?ZSE:FJ5:5yphan3];
assignin['base',"ilﬂal  EEZ505_0R03', ValveID HEZS05_ORO3});

assignin('base”, 'PipelD | SE FO0&_syphond', PipeIDl S5F_FO0&_syphond);
assignin('base", "Pipell SF_FO&_syphoni', PipelIDl SF_F0&_syphonB);
assignin{'base", 'ValveID HEZS50& ORO3', ValveID HEZS0& ORO3};
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Original results compare file
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function wal = ExcelCompars

%0phalen van de wvariabelen

V=st_wvaria;

%#Harde wverwijzing naar bestanden
naampelsoffile = '_/Stimeladata/P5_R1_

mensies (ook _in_sti out.sti zijn modelwaarden.

imensions.m

n
ti gelijk aan input
!

naamcalcfile = na cascade t 5I en taccp
1l na cascade in

naamhfmixfile = ' melaData/HF ME Equi.mat';

naamrawwaterfile = timelalata/Raw_water Equi.mat';

naamexcelfile = ' | PLE data/PSM PLE 2003 1 Z0.mat'; %wordt alleen om te plotten
naamsieveexcelfile = "_/PEM PLR data/PSM PLRE 2 1 3.mac’;

naamnachfile = "_/StimelaData THPSM ONTHARD.mat";

naamcoZfile = H

factconcmolCa = 40;

factoconcmolMg = 14;

%0phalen van de paramsters

Pa = st_getPdata{naampelscffile, 'pelsiZi'});

HumCel = Pa.NumCel; %aantal cellen

Co.Soda=Ral;

Co.vPel=Kall;

Co_BPFlow = Nakl;

SodaFlow = Co.5cda;

DelVel = Co.vPel;

BPFlow = Co.BPFlow;

%Laden bestanden met resultaten

eval{['locad ' naampelscffile{l:length(naampelscffile)-4) '_in.sti -mat']}; %creation of _ «

in.sti file
eval {['load ' naampelscffile{l:length(naampelscffile)-4) '_out.sti -mat'l);
eval {['load ' naampelscffile{l:length(naampelscffile)-4) '_EM.sti -mat']};

&

*Bewerken van de uitvoer gegevens

LengteIn = size (pelsZBin,2);

Flowtl, LengteIn);
pelsZsin (V.Temperature+l, Lengteln);

Q1 = pelsZ5in(V

Tl

Cain = pelsZ5in (V.Calcium+l, :) ffactconcmolCas;
HMgin pelsZ5in (V.Magnesium+l, ;) /factconcmolMg;
ECO3in pelsZ5in (V.Bicarkonatet+l, :);

pHin

pels25in (V.pH+L, -} ;

Tempin = pelsZ5in (V.Temperature+l, :);

Turkin = pelsZ5in (V.Turbidicy+l, :};

5EBin = pelsitin (V.S5uspended solids+l,:);

EGVin = pelsZ5in (V.Conductivity+l, @) ;

THin = CaintMgin;

Cacut = pels2sout {(V.Calcium+l, : ) /factconcmolCa;
Hgout = pels2sout (V.Magnesium+l, ;) /factconcmolMg;
ECO3out = pels25out (V.Bicarbonate+l, :);
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pHout = pelsZ5out (V.pH+1, -);

Tempout = pelsiSout (V.Temperaturetl, 1) ;

Turbout = pelsZbout (V.Turbidicy+l, :});

SSout = pelsZtout (V.Suspended solids+l,:);
= pels:i:ut{?.C:ndu::ivI:y—;,:E;

THout = Caocut+tHgout;

fExtra measurements (EM)

time = pels25EMI(1,:):
dP = pelsZ5EMIZ2, :);
Diam = pels2:EM(4,:);

BedHeight = pelsZSEM(3,:);

dhiam = pelsZEEM (141*Pa.NumCel+ (1:Pa.NumCel), :);
dpe = pelsZEEM(1+2*Pa_HumCel+ (1l:Pa.KHumCel), :);
dPL = pelsZEEM(1+3*Pa_HNumCel+ (1:Pa.KHumCel), :);
dBX = pelsZEEM (145%Pa.NumCel+ (1:PFa.NumCel), :);
dw = pelsZEEM (1+e*Pa_HumCel+ (1l:Pa.KHumCel), :);
dPX = dPX. /dPL;

% determine time fraction
timespan=time (end) -time (1) ;

dt=60;
deotxt="Minutes";
if timespan>3e00

dt=3¢00;

dttxt="H
end
if timespan>=2*24*3c00
it=3600%24;
dttxt="Days";

end

% after chemical eguilibrium
eval {["load naamcalcfile (1:length (naamcalefile) -4

eval({['load ' naamcalcfile(l:length{naamcalcfile)-4)

Camix = calcegout (V.Calciumtl, :}/factconcmolCa;
Mgmix = calcegout (V.Magnesium+l, : ) /factconcmolMg;
HCO3mix = calcegout (V.Bicarbonate+l, :};

pEmix = calecegout (V.pH+1, :);

Tempmix = calcegout (V.Temperaturetl,:);

Turbmix = calcegout (V.Turbidity+l, :);

55mix = calcegout (V.Suspended solids+l, :);
EGVmix = :al:eq:uti?.Ccndu::i;i:y—l,:};

TEmix = Camixt+Mgmizx;

r '

eval(["'locad
eval(["'load

naaphfmizxfile (l:length (naamhfmizfile}-4) '_
naamhfmixfile (1:length(naamhfmixfile)-4) '_ES.sti -mac']);
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Cahfmizx = calcegout (V.Calciumtl, ;) /factconcmolCa;
Mghfmix = calcegout(V.Magnesiumtl, -} ffactconcmolMg;
HCZO3hfmiz = calcegout (V.Bicarbonatetl,

pHhfmix = calcegout(V.pH+1,:);

Temphfmiz = calcegout (V.Temperature+tl,

EGVhfmix = calcegout (V.Conductivity+tl,

TEhfmix = Cahfmix+Mghfmizx

TCCPhfmiz = calcegEM(3,
SIhfmix = calcegEM(2,:);

%Raw water

eval {["load ' naamrawwaterfile({l:length( uaan*awwa:e:f11=]—4-
naamrawwaterfile(l: leng,h\naam:awwa:e:flle]—

eval {["locad

Carawwater = calcegin (V.Calciumtl, -} ffactconcmolCa;
Mgrawwater = calcegin (V.Magnesiumtl, ;) /factconcmolMg;

HCO3rawwater = calcegin(V._Bicarbonatetl, z);

pHrawwater = calcegin (V.pH+1,

TemprawWwater = "al"ec‘u'".Terpe*atlre—;,:?;
wv.c

ECVrawwater = calcegin(V.Conductivitytl, z);
THrawwater = Carawwatertlgrawwater

SIrawwater = calcegEM(Z,:);
TCCPrawwater = calcegEM (3, @) ;

%Laden resultaten vanuit excel
eval(["'locad '
Daza=[]1;

naamexcelfilel);

%#Laden resultaten wvanuit sisvesxce
eval{['load " naamsisveexcelfile]
Daza=[];

SodaFlowT = sprintf(
PelVelT = sprintf('%
BPFlowT = sprintf('%

1f", SodaFlow) ;
.1f',PelVel) ;
.1f',BEFlow) ;

&0mzetten van getallen naar strings woor weergave
AT = sprintf('%.1f",Pa.R);
kglT = sprintf('%.2£f",Pa._kgl);
di0T = sprintf{'%.2f",Pa_d0);
rhogT = sprintf('%.0£f",Pa._rhog);
rhosT = sprintf('%.0£f",Pa.rhos);
HumZelT = sp__utf"i 0f',Pa.HumCel) ;
Q1T = sprintf ('%.1£",01);
T1T = sprintf('%.1£f",T1);

&

%

%

figure
mdhv;

&NalH dosage
eval({['load ' naamnachfile(l:length{naamnachfile} -4
HaOH = wssetcEMI(Z,:);

&C02 dosage

eval (["'locad

naamcoZfile {l:length{naamcoifile)-4} " _EM.sti

= 1);
= 10;
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C02 = wssetcEMI(Z,:);

AREERELREERASERE AR AE AL AR ELEARRRA AR LR AR RS AL EL LA RAE AL RAL LR RALEL AR ALY v
EREERELRER SRR AL AE AL RAR LR LR AR R R AR

subplot(2,2,1)

plot {time/ (dt) ,NalH, "r", "LineWidth"',k 2]

hold on

xlabel (["Time (' dtt=t "}°1)

Tlabel {("EZmount of MaQH (1/h) ")

title{['Dosage of HaCH'])

legend({'HalH calculated’, 0}

grid on

subplot(2,2,2)
plot{time/ (dt),CO2*2%1 _598/44_.01/2400*1000, "b", 'Lin=Width"',k 2}

hold on
xlabel{(["Time (" dtt=t "'} "'])
Ylabel ("Amount of CO0Z2 (mmol/l)")

title{['Dosage of COZ2"]1)
legend{'C0Z calculated',O)
set (gea, "vlim', [0 0.81)
grid on

figure
mdhwv;

subplot(2,2,1)

plot{time/ (dt}, Carawwater, "r', "LineWidth"', 2}

hold on

ploc{PFLR 2005 1 20 Ca PWM PO INF2e70(1,:)/idc) PLR_2005 1 20 Ca PWM PO INFZET0(Z,:)/factc v
oncmolCa, "'+ ')

hold on

xlabel(["'Time (" dtto=t "}"])

¥Ylabel ('Calcium {mmol/1l}"}

title{['Calcium concentration'])

legend('Baw water calculated', 'Raw water measured®, ()
set(geca, "ylim", [0 31)

grid on

subplot(2,2,2)

plot{time/ (dt}, HMgrawwater, "r', "LineWidth"', 2}

hold on

ploc{PLR 200% 1 20 Mg PWM PC INF2700(1,:)/f{dc),PLR Z00% 1 20 Mg PWM PD INF2700(2,:)/ /factc «
an:mclHq:'r"T -7 T - T -7
hold on

xlabel(["Time (' dttxt "}"1)

Ylabel {"Magnesium (mmcol/1) ")

title{[ 'Magnesium concentration®])

legend('Baw water calculated', 'Raw water measured", ()

set(geca, "ylim", [0 11)

grid on

subplot (2, 2,3)
plot{time/ (dt}, Temprawwater,
hold on

ploc{PLR_2005%_1 20 Temp PWM PO INF1315(1,:}/(dt),PLR 20053 1 20 Temp PWM PO INF1315{(Z,:},"' ¥
r¥")

'r', "LineWidth', 2}

r
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hold on

xlabel (["Time (" dtt=t "}"'1)
Tlabel ('Temperatur
title {['Temperature'])
legend ('RBaw water calculated', '"Raw water measured',0)
set (gea, "vlim', [0 15])

grid om

subplot (2,2, 4]

plot {(time/ {dt) , pHrawwater, "r", "LineWidth', 2}

hold on

ploc{PLR 2005 1 20 pH PWM PO TNFZZ10(1,:)/idc) , PLE 2005 1 Z0 pH PWM PO INFZ2Z210(Z,:z),'x*')
hold on

x1label{["Time (" dtt=t "} "1}

Tlabel("opH (-]")

title{["pH
legend ('Baw water
set (gea, "vlim', [6 10])
grid on

calculated', "Raw water measured', ()

figure
mdhv;

subplot(2,2,1])

=
¥ oo

plot {time/ {dt], EGVrawwater, "r', "LineWidth",k 2]

hold on

plot{PLR_2005 1 Z0 EGCV _PWM PO TNF1685(L1,:)/(dc) ,PLR_Z005 1 Z0 EGV DWM PO INFleE5(Z,:),'z*'w
hold on

x¥1abel {(["Time (" dtt=t '} "1)

Tlabel ("EGV (m3/m) "}

title {["Conductivity"])

legend {'Baw water calculated', 'Baw water measured',()

set (gea, "vlim', [0 80])

grid on

subplot(2,2,2])

plot {time/ {dt], HCO3rawwater, "'r"', "LineWidth"', 2)

hold on

ploc{PLR_2005 1 20 ECOZ PWM PO INF242Z0(1,:}/(dt) PLR_2005 1 20 HCO3 PWM PO _INFZ420{Z,:)," #
r¥')

hold on

xlabkel (["Time (' dtt=t '} "1)
Ylabel ("Bicarbonate (mg/l) ')
title{["Bicarbonate concentration'])

legend {'Baw water calculated', 'Raw water measured', ()
set (gea, "vlim', [0 2501)
grid on

subplot (2,2, 3]

plot{time/ {dt], SIrawwater, 'r', "LineWidth', 2}

hold on

plot{PLR_2005_1 20 SI PWM PO INF2210(l,:)/{dt),PLR_2005_1 20 SI PWM PC _INF2310(Z,:),'z*')
hold on




D:\Stimela\Stimela\First Month\My projects...\PSM PLR Compare.m Page 6
September 23, 2009 11:14:08 aM

title(["Saturation Index"])

legend ('Raw water calculated', "Raw water measured", ()
set (gea, "vlim', [-0.5 1.5]1)

grid on

subplot (2,2, 4]

plotc{time/ (dt]}, THrawwater, "r', "LineWidth',k 2]

hold on

ploc{PLR_2005% 1 20 TH PWM PC INFZRB10(1,:)/(dc) PLR Z005% 1 Z0 TH PWM PO INFZBI1OD(Z,:),'x*')
hold on

xlabel{['Time (' dtt=t "} "]]

¥label ("TH (mmol/1}")

title{["Total Hardness'])

legend {'Raw water calculated', "Raw water measured', ()

set (gea, "vlim', [0 3.01)
grid on
figure

mdhw;

subplot{2,2,1)

plot{time/ (dt]}, Camix, "LineWidth", 2)

hold on

plot{PLR_Z200%_1 20 _Ca_PWM CASC_EFFZ670(1,:)/(dt),PLR_2003 1 20 Ca PWM CASC EFF2670(Z,:)/f
actconcmolCa, 'o
hold on

xlabel (['Time (' dttx=t "}"1)

Ylabel {("Calcium {(mmocl/1l}")

title{["Calecium concentration'])

legend{"'Weir aerator effluent calculated', "Weir aerator effluent measured", ()
set (gea, "vlim', [0 3])

grid on

subplot(2,2,2])

plot{time/ (dt] ,HMgmix, "LineWidth", 2}

hold on

ploc{FLR 2003 1 20 Mg PWM CASC_EFFzZ700(1,:}/(dc), PLR_20053_1 20 Mg PWM CASC EFFZT00(Z,:)/f
ac:ccncm;lﬁg,T:T] -7 - - - -0 T T - -

hold on

xlabel (['Time (' dttx=t "}"1)

Tlabel ({"Magnesium (mmol/1) ")

title(["Magnesium concentration®])

legend ("Weir aerator effluent calculated', "Weir aerator effluent measured", ()
set{gca, "ylim', [0 11}

grid on

subplot (2,2, 4)

plot {time/ (dt) ,pHmix, 'LineWidth", Z)

hold on

ploc{PFLR_2005 1 20 pH PWM CASC EFFZZ10(1,:}/(dc) PLE 2003 1 20 pH PWM CASC EFF2Z10{Z,:},°'
o'}

hold on

xlabel (["Time (' dtt=t "} °"]1)

YTlabel('pH (-1"]

ticle{["pH"]}

legend({"Weir aerator effluent calculated', '"Weir aerator effluent measured", ()
set (gea, "vlim', [6 10])

¥

'y

'y
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grid on

subplot(2,2,1)
plot (time/ {dt) ,EGVmi=, 'LineWidth", 2}
hold on

plot (PLR_2005_1 20 EGV_PWM CASC EFF1e85{1,:)}/{dc},PLR 2005 _1 20 EGV PWM CASC EFFl&85(Z,

"a')
hold on

xlabel (["Time (' dtt=zt "]°"1)
¥label ("EGV (mS/m)"}
title {['Conduct v'])

legend('Weir aerator effluent calculated’, "Weir aerator effluent measured',0)

set (gea, "ylim", [0 B01)

grid on

subplot (2,2,2)

plot {time/ {dt), HCO3mix, "LineWidth', 2}
hold on

plot(PLR 2009_1_20_HCO3_PWM CASC_EFF2420(1,:)/{dt),PLR_2009_1 20 ECO3_DWM CASC_EFFZ420(2,

2}, et
hold on
¥label (["Time (' dtt=t "}"1)
¥lakel ("Bicarbonate (mg/l)")

title(["Bicarbonate concentration'])
legend('Weir aerator effluent calculated', "Weir aerator effluent measured',0)
set (gea, "vlim"', [0 2501)

grid on
subplot (2,
plot{time/
hold on

F 3)
P
L

dt}, 58I, "LineWidth', 2}

plot (FLR_200%_1_20_SI_PWM_CASC_EFF2310(1,:}/(dc},PLR_2009%_1_20_SI_PWM _CASC_EFF2310(2,:)

o'}

xlabel (["Time (' dtt=zt "]°"1)
¥label ("SI {-1"]

title {["'Saturation Index"']]

legend( 'Wei

set (gea, "ylim', [-0.5 1.5]1}

grid on

subplot (2,2,4)

plot {time/ (dt), THmix, "LineWidth", 2}

hold on

ploc(PLR_200% 1 20 TH PWM_CASC EFFZS810(1,:}/(dt), PLE_
o")

hold on

xlabel (["Time (' dtt=t "}"1)

Tlabel('TH (mmol/l}")

title {['Total Hardness'])

legend('Weir asrator effluent calculated’, "Weir aerator effluent measured',0)

set (gea, "vlim", [0 2_&1)
grid on

figure

ir aerator effluent calculated', "Weir aerator effluent measured',0)

2005_1_20_TH DWM_CASC_EFF2B10(Z,:)

I

¥

'y

4
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xdlnr;

aubploTli,. 2, 1}
plot {tims/ [dz| , BedHeighs, "g'|
TeXC (TiEs{and] / {dT)  BEadEsight (and)

eprilocf|'%. 11" BEedBaighrtdand) |, "Forizoncalaligoment', o

'Tight', "BackgroandCeolor”, [1 1 11, "colox™, gl

hkold oo

plot {oima/ (dz| , dT

TR (Time lendl J ddsl , dF [endl,
rogndColox”, [1 1 1], "eolaE”, "B"])
Wlabali]"Ting dcTEs "k "1}
vlabe]li"Flatdized kad helght
sicla (["Fluldized bad heighc,

grid om

subiplotiz, 2, 2}
plaot {kizs) (di} , dlcam])
For 1=1:Ta.BHumCal

TGEHG(Gime (end) S ido]  dDilem L, end),
ight', '"Backgrovndlolec', [L 1 1]]
and
alabelil"Time |" doTxt "F" 10
ylabel|'Pellet cisamiss [=al’]
L1=ips
for i=1:Pe.RumCel

1ji} = ["Esa=zz=c" nuslekz{ill;

end
Title[(["Pellet diamesEsr JVET
grid on

subiplotiz, 2, 3}
plocitims/s [dty, dvw*3600)
for i1ml:Pa HuxlCel

CeMCicima (and) J{dc)  dwil, and)
'BackgroundColoxr', [1 1 11
snd
wlabgl {["Iime |" dcowc "F "))
ylab=l{'Hater velocitsy [mdhl®]
L= ks
for i=1:Da.AumCsl

1{2} = ["Rsa=zz=c’ nuslekz{ill;

wrd
grid om

subploTiZ, I, 4]
plositcime/ [dol, dpel
for 1=ml:Pa HemCsl

sprinte ("

Time' 1]
lggand"Layaxr 1", "Layar Z°, 'Layar £°,

2", dF{emd] |, "Borizontaliligneens”, "righs" | 'Dacky o

[ml,Tocal prezsure drop InwWwkl "}
Iocal prassura drop ower cima'])
Legend{"Flaldizsed bad heigho [m] ', "Iotal pressurs drop

[EER] ", T}

spriogf|'b.Zf" ,d0dam(L, endl) , "EcCisontalAlignmentc®, 'D ¢

"Layer 47, "Layar &', "Layvar &7,"Layexr 7' 0]

spriocE{'%. 2L, dAvii, and| |, 'Ecelzoncalhligneant®, "elghs', o

CeMG {Cima (end) f{dc) dpa(l, crd), sprincf("%. 20" dpcil and)}, 'Eorizoncaliligooenc’  'ELght'

. 'Backgroundfaler'  I1 1 11
end
Wlabali]"Ting dcTEs "k "1}
vlabeli"Porosisy [-1"2
1=}
for i=1:7a.Humlal
1{i} = ["Reactor® nam@=sciills
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end
title({["Pellet porosity over time'])

legend({"'Layer 1", '"Layer 2°, "Layer 3','Layer 4',6 "Layer 5", 'Layer &', "Layer 7°',0)

grid on

figure

mdhw;

subplot(2,2,1])

plot {time/ {dt},Cahfmix, "g", "LineWidth", 2}

hold on

plot{FLR_2005 1 20 Ca PWM PO RW2e70(l,:)/(dc),PLR _2005_1 20 Ca PWM PO RW2e70{(2,:)/factcon «
cmolCa, "gt+')

xlabel (["Time (" dtt=t "}"'1)

Ylabel ("Calcium {mmocl/1l}"')

title{["Calecium concentration'])

legend ("RQ mixing water calculated', 'R0 mixing water measured’,0)
set(gea, "vlim", [0 31)

grid om

subplot(2,2,2])

plot {time/ {dt]} ,Hghfmi=, 'g", "LineWidth", 2}

hold on

ploc{PLR_2005% 1 20 Mg PWM PO BW2T700(1,:)/{dc),PLR _2005_1 20 Mg PWM PO BW27004{2,:) /factcon v
cmolMg, "gt')
xlabel ([" (" dtt=t "} "1}

Ylabel {("Magnesium (mmol/1l) ')

title ([ "'Magnesium concentration®])

legend {"BO mixing water calculated', 'R0 mixing water measured’, ()
set (gea, "vlim', [0 11}

grid on

subplot (2,2, 3]

plot {time/ {dt], Temphfmix, "g", "LineWidth"', 2}

hold on

plot{PLR_2005 1 20 Temp DPWM PO BWL1S15(Ll,:}/(dc),PLR 2005 1 20 Temp PWM DO BW1S15(Z,:), 'g+'w
xlabel (["Time (' dtt=t '} "1}

Ylabel ('Temperature (oC)"')

title ([ 'Temperature"]
legend ("RO mixing water calculated', 'RO mixing water measured’, ()

— 0

set (gea, "vlim', [0 15])

grid om

subplot (2,2, 4]

plot {time/ {dt]}, pHhfmi=, 'g", "LineWidth", 2}

hold on

plot (PLR 2005 1 20 pH PWM PO RW2210(1,:)/(dc), PLR 2005 1 20 pHE PWM PO BWZ210({Z,:),"g+")
xlabel {["Time (" dtt=t "} '1)

Tlabel| -1'})

title{["pH'])

legend {"BE0 mixing water calculated', 'R0 mixing water measured', D)
set (gea, "vlim', [& 10])

grid on

figure
md_'h_1_r;
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subplotid, I, 11
plot{oime s (do)  EGMRImly, "g", "LinaWidzh”, 2]
hold om

plot (PLA_2005_1_20_ESY PR PO BWLEAS(L,:)/(ds) PLR_2005_1_20 EGV WM PO BWLEAS (2, -3, 'g#")

Rlabal o[ 'Tima (" dooms "1']1
Tlakbel ("EGY (mE/ m: "]

tatled ["Conductivity'])

lagand{"R2 wiwing Hace: Ccalculaced', 'R0 mining water Daasured”,q]

et (goa, 'ylim®, [0 8011
geid on

sebplet [2,2,2]

glot{tine/ (dt] ,B003hinix, 'g", "LaneWadeh' 1]

hold en

glot (FLE_2005_1 20 _HCOI_PWH PO_RH24ZC(L, -} (ded, PLE_2C00%_1
4

Hlakel ([ 'Time (" dewws "1'11

1label{"Bicazbonats (mgsl)l®|
cicleg{["Blcarbonace concentratlon']l

P

_HOO3_BWM_D0_RE242002,:1, gt

lagend("RY mixing water caloulassd', 'R miging water measarsd”, 4l

wet (ges, 'ylim®, [0 IE0])
gELd on

Eubploc [2,Z,3]
ploci{img s (doh, SCThinix, "9', "LineWidch" 2}
hold om

ploc {FLR_2005_1_20_SI_pe DO_RN2310[L,:)/ [d¢c),PLR_2005 1_20_SI_TWM D0 RWI31042,:},'g+'l

Hlabali|'Tiea (" doomc "1')1
Tlabel ("2 (=11
Cicla{["Batucacion Indan"]}

lagand{ B2 2dxing wata: caloulatad','FO mining wate: Daasured”,qd]

wes (ges, 'ylin®, [-0.5 L.E]]
gELd on

subples (2,2, 4]
ploci{img s (do), TEhinix, "', "LineWidch" 2}

hold om
glot (FLRE_2005_1 20 _TH_PWH_PO REZELO(L,:)/ (2£) ,PLR_200% 1 20 TH PRM PO BWIBLOZ, :|,'gt']
HlabsLli|'Tima (" dotTes '1']1

Tlaksl("TH ‘mmalsll']

tizle {["T=otal Hardosss'])

lagend("RY mixing water caloulased','FO miging water measured”, 01

sesigos, "ylin", [0 2.81]
qeld on

figure
mdhar;

subplos (2,2, 1)
Ploc{EFL_Ra{1,:) /{de] ,FL_RI(Z, 11, "BE=")

hald om
PlowiFL_Rail, =) fidel (FL_RALZ, 11, g4=""
hald on
plotIFL_RE(L, -1 A ldt]  FL_RECE, @1, "To-"}
hold on

slabali{['Tiza (" dbttes "1']]
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¥label ("Measured fluidized bed height (m)")

title ([ "'Measured fluidized bed height owver time for reactors'])
legend ("Beactor 3', "Reactor 4', "Beactor €',0)

set{gca, "ylim", [Z2 4.2])

grid om

subplot (2,2,2
ploc{R3_L1{1,:)/{dt) R3_LL(Z, :}, "b*-"
hold on

plot{R3 LZ{1,:)/{dt) , R3 L2(2,:), "g+t-"
hold an_ B
plot{R3_L3{1,:})/{dt) R3_L3(Z,:}, "zo-'
hold on
plot{R3_L4{1,:)/{dt) R3_L4(Z, :}, "'
hold on

plot (R3_L&5(1,:)/{dt) ,R3 L5(Z,:]}, 'm.-")
hold an_ B
plot{R3_L&{1,:)/{dt) ,R3_Le(Z,:}, "yp-'
hold on

ploc{R3I_L7{1,:)/{dc) R3_L7(2,:}, "kd-"'
hold on

¥label (["Time (' dtc=t "} '1)

Ylabel ("Pellet diamster

title(["Pellet diamster over time for reactor 2'])
legend{"Layer 1','Layer 2", 'Layer 3',"'Later 4',6 "lLayer 5", 'Layer &', "Layer 7',0]
set{gca, "ylim", [0.3 0.9]1)

grid on

subplot(2,2,3
plot{R4_L1{1l,:}/{dc) R4 L1(Z,6 :}, "b*-"'

hold on

plotc{R4 L2{1, :)/{dt) R4 L2(2Z, :}, "g+-'

hold on

ploc (R4 L3{1,:)/{dt), R4 L3(2,:), "ro-"

hold on B

plot{Rd L4{l, :)/{dc) R4 L4(Z, -]}, """

hold on

plot{R4_L5{1,:)/{dt) R4 _L5(Z,:}, 'm.-")

hold on

plot (R4 L6{1l,:)/{dt) B¢ Le(Z,:}, "vyp-'

hold on B

plotc{R4 L7{1l, :})/{dt) R4 LT(2, ]}, "kd-'

hold on

xlabel (["Time (' dttc=xt "} "]}

Ylabel {"Pellet diameter (mm) ')

title(["Pellet diameter cover time for reactor 4'])
legend{'Layer 1", 'Layer 2", 'Layer 3", 'Later 4',"lLayer 5°,'Layer &', "Layer 7',0]

setigeca, "vlim"', [0.2 1.21)}
grid om

subplot (2,2, 4)
plot{Ré_L1{1,:)/{dt},R6_L1{2,:), "b*-")

hold on
ploc{Reé_L2{1l,:)/{de} Re_L2ZI(Z,:}, "g+-"
hold on

ploc{Re6_L3{1,:)/{dt) ,Ré6_L3(Z,:), "Eo-"
hold on
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plot{RE L4 (1,:)/{dt) ,R6 L4(Z,:), 'c~=")

hold on
plot {(Re_L5{1, -} /{dt) ,R6_L5(Z,:}, 'm.-")

hold on
ploc{Re_L&{1, ) /{dt) R6_Le(Z,:}, "vp-")

hold on

plot (Re_L7(1,:}/ . "kd-")
hold on

xlabel(["Tim=

f{dt),B6_L7(2,:)

[" dtto=t "} "]

setigca, "y
grid on
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