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Executive Summary

A need was identified for a set of basic design tools for Multi-Effect Distillation
(MED) plant evaporators. This led to an investigation into the different types of
evaporators as well as further research on horizontal falling film evaporators as used
in the MED process. It also included the theory on these types of evaporators. In
order not to duplicate existing design tools, an investigation was also performed on

some of the tools that are currently available.

The first set of tools that were developed were tools, programmed in EES
(Engineering Equation Solver), for the vacuum system and the evaporator. These
programs can be used to simulate different parameters (like different mass flows and
temperatures). That enables the correct selection of components for the vacuum
system and can be used to address sizing issues around the evaporator. It can also be

used to plan the layout of the plant.

The second of the design tools was developed by designing and building a flow
pattern test section. From the flow pattern test section a set of curves for the wetted
length under different conditions was obtained which can be used in order to design
the sieve tray. This set of curves was found to be accurate for municipal as well as

seawater and can be used in the design of the sieve tray of the evaporator.

Further development can be done by implementing the figures of the wetted length
into a simulation package like, for example, Flownex (a system CFD (Computational
Fluid Dynamics) code that enables users to perform detail design, analysis and
optimization of a wide range of thermal-fluid systems). The background gained from
the study done on the evaporator can also be implemented into such a package. This
could solve the problem of different design packages by creating a single design

package with all of the above mentioned options included.
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1. Introduction

1.1 Introduction

High Temperature Reactor (HTR) development has proven to be very suitable for
generating process heat. This heat can be employed in various ways to increase cycle
efficiency or to expand the market for such HTR technology. One such possible

application is that of desalination.

Roughly 70% of the earth is covered with water of which only 2.5% is fresh water (Anon,
2006). The fast growing global population, as well as industrial development, is
increasing the demand for fresh water globally, therefore putting increasing pressure on
the supply thereof. People are becoming more aware of the critical limitations to ensure
the availability of fresh water. This increasing demand may therefore soon result in an
inadequate amount of fresh water. The problem is intensified by an increase in both
salinity and pollution of the resources. It is therefore important to look at the conservation
and preservation of existing sources as well as finding alternative water resources. One
major potential source is using desalination to produce fresh water from seawater. The
question thus is: which option exists that enables one to practise desalination as cost
effectively as possible? In their attempt to gain knowledge and assist in addressing the
growing need, the North-West University has identified a number of projects to
investigate the different aspects of desalination. One such identified need is a tool or set

of tools for the basic design of desalination plant components.

The most important step in this process is to identify which components are essential for
performing a basic sizing (to determine the size of the required components) of a
desalination plant. For this, some knowledge is required of the different desalination

processes and their essential components.



1.2 Background

The Pebble Bed Modular Reactor (PBMR) is an advanced helium-cooled graphite
moderated high-temperature nuclear reactor of which the heat can be used to produce
electricity or it can be applied to a variety of process heat applications. The 165 MWe
PBMR Demonstration Power Plant (DPP) under development rejects about 220 MW of
waste heat through the pre- and inter-cooler at about 70°C and is well suited for coupling
with a desalination plant. This waste heat is well suited to be used for desalination
because heat is needed in the process. It can even improve the overall energy efficiency
of the PBMR because less energy is wasted resulting in a higher overall efficiency. A
PBMR can therefore be useful to produce electricity and clean and fresh water for areas

in need by having a desalination plant coupled to it.

Striving towards finding the optimum desalination process has resulted in a number of
desalination techniques being available currently. These techniques can all be sorted
according to the saline process separation, namely membrane filtration or evaporation.
Currently, techniques based on evaporation are the most widely used and of these, the
two most common processes are the Multistage Flash (MSF) and Multi-Effect Distillation
(MED) processes (Anon. 2006). Both these processes utilize heat as energy source. The
most common technique for membrane filtration is Reverse Osmosis (RO), which,
although not limited to it, mainly utilizes electrical energy. These processes can be

summarized as follows:

1.2.1 Multi-Effect Distillation (MED)

Multi-Effect Distillation is one of the oldest evaporative processes. In each stage (or
effect) heat is transferred from condensing water vapour on one side of a tube bundle to
the evaporating brine on the other side of the tubes. This is a process which is repeated
continuously in each of the stages by pumping the brine from stage to stage. This
happens at progressively lower pressure and temperature. In the last effect (at the lowest
pressure) the vapour condenses in the heat rejection heat exchanger, which is cooled by

seawater. The condensed distillate is then recovered. Major components found in this



process include heat exchangers, pumps (normal and vacuum) and pipeline networks (for

the brine and the distillate) (Anon. (2006)).
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Figure 1.1: Schematic representation of the Multi-effect Distillation process (Anon.
(2006))

1.2.2 Multi-Stage Flash (MSF)

In Multi-Stage Flash, seawater is passed through tubes in each evaporation stage where it
is progressively heated. Final heating of the seawater takes place in the brine heater,
which is a steam heat exchanger. The heated brine flows into the first stage through
nozzles. The stage is kept at a pressure lower than the pressure of the incoming steam.
As a result, a small fraction of the brine flashes forms pure steam. The heat to flash the
vapour comes from the cooling of the remaining brine flow. This lowers the temperature
of the brine. Vapour is passed through a mesh demister in the upper chamber of the
evaporation stage. Here it condenses on the brine tubes and is then collected in a distillate
tray. The transferred heat warms the incoming seawater as it passes through. Now the
remaining brine passes successively through the stages at progressively lower pressures.
The hot distillate is pumped from stage to stage. It is cooled by flashing a portion into
steam, which then re-condenses on the outside of the tubes (Anon (2006)). Typical
components found in this process are once again pumps, heat exchangers (evaporators)

and pipeline networks (for the brine and the distillate).
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Figure 1.2: Schematic representation of the Multistage Flash Desalination Process
(Anon. 2006)).

1.2.3 Reverse Osmosis (RO)

Reverse Osmosis (RO) is a process in which a semi-permeable membrane forms the core
of the desalination process. Pure water passes from the high-pressure seawater side of a
semi-permeable membrane to the pure water side of the membrane. In order to overcome
the natural osmotic process, the seawater side of the system has to be pressurized to
create a sufficiently high net driving pressure across the membrane. RO systems require
stringent feed water pre-treatment in order to protect the membranes from effects such as
scaling and fouling (Anon. (2006)). Components found in this process are pipeline

networks, high pressure pumps, and pressure regulating devices and membranes modules.
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Figure 1.3: Schematic representation of the Reverse Osmosis Process (Anon. (2006))

It can be seen from these processes, the most suitable one for use with the PBMR (for the
case of utilization of waste heat) is the MED process. This is due to the fact that there is a
huge amount of waste heat available at low temperatures which is ideal for use with the
Low Temperature MED (LT-MED) process. The MED process, which was discussed
earlier, further consists of various subsystems such as the pre-treatment, post-treatment,

evaporator and vacuum system.

1.3 Problem Statement

From the above it can be seen (because of the heat available at low temperatures) that the
use of the different processes described will be influenced by the available energy source.
When large amounts of waste heat is available, such as is common with a power
generating plant for example, the option exists to use one of these processes in
combination with the generator, thus increasing the overall cycle efficiency for utilizing
the input energy of the system. The potential of the MED process to be applied in such
conditions, especially when the waste heat temperature is not too high, makes it an option
to consider. It was subsequently decided to focus, for the purpose of this study, on

improving the ability for performing basic sizing of MED components.



The MED process consists of various subsystems such as the pre-treatment, post-
treatment, evaporator and vacuum system. Each of these has sufficient complexity that
they can be the subject of an independent study. As groundwork for further research, the
need to do basic sizing of the evaporator was identified to be one of the key elements to

doing basic plant sizing.

1.4 Objective

The purpose of this study is therefore to develop a design tool or a set of tools that can be
used for basic sizing of an evaporator to be used in an MED desalination plant given the
process and operating conditions. In this study, important parameters will be identified
and effects such as the wetted length (the length of the tube that is covered by water) and

tube layout will be addressed.

1.5 Method of Approach

A detailed literature study was performed to identify previous work performed on
developing similar tools or identifying the important parameters. Hereafter a suitable
platform for developing the tool was chosen. A case study was then implemented using
the tool to show its ability. A test bench was also developed to confirm the impact of
fresh water versus salt water on the wetted length and required layout of the tube bundles

experimentally.

1.6 Chapter Lay-out

Chapter 1 gives an overview of the problem to be addressed in this project. In the next
chapter a literature survey is done. This is executed by investigating previous work and
the problems that were encountered before. Also discussed are the different types of
evaporators currently available. In Chapter 3 evaporator modelling and falling film

evaporation are investigated. The theory on falling film evaporators is also discussed in



this chapter. Furthermore, the MED stage component and MED stage thermodynamics

are explained in this chapter.

In Chapter 4, the EES (Engineering Equation Solver) simulation for the evaporator is
explained step by step and the theory behind it is also clarified. This approach is also
followed in the explanation of the EES simulation of the vacuum system. For a better
understanding of these simulations, a case study for both the evaporator system and
vacuum system is done. The case studies clearly show what the input parameters will be
and give an indication of the output parameters. Information obtained from the

simulations can then be used to address design issues.

Chapter 5 details how a flow pattern test section was designed and used to obtain data
regarding the wetted length and the flow over the tubes. The tests, which were done using
the flow pattern test section, were done at different temperatures and different pressures.
Another parameter that can be changed in the test section is the tube diameter and layout.
From the tests, figures were obtained that can be used when designing the sieve tray for

the evaporator.

In Chapter 6 some conclusions regarding the study are drawn and recommendations are

made for future work.

1.7 Conclusion to Chapter 1

The increasing need for fresh water has resulted in increased effort in finding alternative
methods of obtaining this. One such an effort is that of desalination. The availability of
waste heat from various processes offers a potential to use the MED process to produce
fresh water and increase process efficiency. The aim of the study is therefore to develop
a tool which can be used in creating a basic design of the evaporator for an MED
desalination plant. Such a tool or tools will enable the designer and manufacturer to
design the evaporator components and will also be of great value to the concept design of

the plant. Designing a desalination plant is necessary to address the shortage of fresh



water. It is therefore essential to develop a tool or set of tools which will aid these studies

by giving perspective on certain critical issues.



2. Literature Survey

In Chapter one, it was stated that the MED process would be the best option to utilize
energy which is available at low temperatures. It was found that the evaporator is one of
the critical components of an MED plant. There is a need for the development of a tool or
set of tools in order to do a concept design of the MED plant. In order to create such a
tool or set of tools the background of evaporators in an MED environment must be

investigated and work done previously must also be taken into consideration.

Because of the lower temperatures found in the evaporator, the pressure has to be
regulated in order for steam to form. This is normally done using a vacuum system,
which necessitates some background on vacuum systems. This will enable the
development of a realistic set of tools for designing an evaporator for a MED plant. This
chapter presents information on research already done in the field. Relevant research
includes research on different types of evaporators, boiling point research, and vacuum
pump research, all of which are interrelated in their influence on the effectiveness of a
desalination plan. The chapter also mentions available simulators and explains why their

shortcomings necessitate the design of a new system.

2.1 Evaporators

Since the evaporator plays such an important role in the MED process, background
knowledge of its working principles is necessary. It would also be good to consider
briefly the different types of evaporators and how they work. From this, the best
evaporator for the application in the MED process can then be chosen and further

investigations can be done for this type of evaporator.

2.1.1 Evaporator Basics

In an evaporator, heat is transferred from a heating medium to a solution by conduction
through a solid surface (a surface without holes). This means heat transfer takes place
through the material to the surface. Heat is now transferred to the vapour as boiling of the

liquid (for example water) takes place. In order to determine the heat transfer a model can
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be developed for the evaporator. The model consists of heat transfer equations, overall

material balance, component material balances, and energy balances.

In order to be able to develop a model to do the modelling of the evaporator, heat transfer
effects have to be taken into account. These heat transfer effects include:

1. the heat transfer from condensing steam vapour to the interior of the tube wall,

2. the heat transfer through the tube wall;

3. the heat transfer through scaling or fouling on the interior wall of the tube;

4. the transfer through fouling on the exterior of the tube wall, and

5. the heat transfer to the boiling liquid.
To ensure an accurate model, all of these effects should be considered when calculating

the overall heat transfer.

2.1.2 Evaporator Types

Currently, various types of evaporators are available for different purposes. The types
mostly used today are the natural/forced evaporators, falling film evaporators, plate

evaporators, and multiple effect evaporators. Each of these will be explained briefly.

Natural/forced evaporator:

Natural/forced evaporators are also called flooded evaporators. They work on the concept
of the natural circulation of the liquid. In this type of evaporator, which uses tubes that
are flooded, the liquid starts boiling, causing circulation. This boiling of the liquid
facilitates the separation of the liquid and the vapour. Separation of the liquid and vapour
causes natural circulation in the evaporator. In order to determine the amount of vapour
(amount of evaporation) in circulation, the temperature difference between the vapour

and the solution is used (Smook, 1990).
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A

Figure 2.1: Natural/forced evaporator (Smook, 1990)

Falling Film Evaporators:

According to Roque and Thome (2007), falling film evaporation takes place when liquid
is flowing as a film on a heated surface. This heated surface transfers the heat to the
liquid causing vapour to be created. The vapour is then created at the liquid-solid
interface or the liquid-vapour interface depending on the conditions and these effects can
also occur simultaneously. In comparison to other evaporation processes, falling film
evaporators present advantages like a reduced amount of liquid (meaning less liquid is
needed to achieve a certain amount of evaporation) compared to a flooded pool, and also

a pressure drop which is so low as to be negligible.

According to Chun and Seban (1971) falling film evaporators consist of tubes surrounded
by steam jackets. Falling film evaporators can be divided into vertical and horizontal
falling film evaporators. Chun and Seban (1971) indicate that when using these
evaporators it is important that the distribution of the water over the tubes should be
uniform.

Vertical falling film evaporators:

Falling film evaporators are generally built vertically. Liquid is fed on top of the arranged
tube bundle and the liquid then flows down the tube walls as a film under gravity (see
figure 2.2). In the majority of the designs the liquid, which has to be vaporized, flows

inside the tubes. In order to balance the high heat transfer of the evaporating film,
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condensing steam is often used as a heating medium. In most cases, the vapour that is
generated flows concurrent with the liquid film. The pressure and the vapour flow
direction are dictated by the location and temperature level of the applied condenser. In

general, the liquid and vapour are separated at the bottom of the unit (Anon, 2007).
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Fig 2.2: Vertical falling film evaporator (Anon, 2007)

Horizontal falling film evaporators:

Horizontal falling film evaporators are used mainly in applications for seawater
desalination or refrigeration technology. The liquid is evaporated at the outside of the
tubes. It flows from one tube to the other in the form of droplets, jets or as a continuous
sheet. Due to the impinging effect when flowing from one tube to the other, the heat

transfer is higher compared to vertical falling film evaporators. In addition, this type of
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evaporator can be operated with lower pressure drops than vertical falling film
evaporators. It is also possible to design a higher heat transfer area for a given shell in
comparison with the vertical evaporators. Therefore, horizontal falling film evaporators
are often used in the desalination industry (Anon, 2007).

Even distribution over the tubes is an important aspect to prevent the formation of dry
patches on the tubes. Therefore perforated plates or nozzles can be used in order to obtain

an even liquid distribution for each tube.
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Figure 2.3: Falling film evaporator (Anon, 2007)

Plate evaporators:

Plate evaporators consist of corrugated plates supported by a frame. Vapour flows
through the channels between the corrugated plates. The concentrate and vapour is then
fed into a separation stage from where the vapour is sent to a condenser where it is
condensed and the product collected. An advantage of these evaporators is that they have
a large surface area, which means it has a large heat transfer area that will give good heat

transfer efficiencies. A disadvantage is that the large surface area increases the setup cost



14

of the evaporator. A further disadvantage of plate evaporators is that they are limited in
their ability to accommodate viscous products, which means it will not be suitable for the

use of the evaporator in the MED process (GEA Process Engineering Inc., 2008).
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Figure 2.4: Plate evaporator (GEA Process Engineering Inc. 2008)

Multiple-effect evaporators:
Multiple-effect evaporators are made up of stages (effects). It has the advantage that
when a combination of single evaporators is used it will require less energy. The number

of effects for these evaporators is normally restricted to seven because of equipment cost.

According to the University of Michigan (2007) there are two configurations that can be
used for the effects i.e. a forward feed configuration or a backward feed configuration. In
a forward feed configuration, the product enters the first effect where the highest
temperature is found. Here the product is partially concentrated and steam is formed and
carried away. The second stage then uses the steam as heat source. In the backward feed
configuration, the diluted product is fed into the last effect. In other words, in the
backward feed the product enters the last effect with the lowest temperature. From here it
is moved from stage to stage (University of Michigan, 2007). The advantage obtained
from the stage-to-stage movement is that the heat is used over and over again which
means that the system has a high heat economy. Therefore, a forward feed configuration
would be suitable to use in the MED process because of the lower energy requirements

than that required for a backward feed configuration.
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Figure 2.5: Multiple-effect evaporator (forward feed configuration) (University of
Michigan, 2007)

Another feed configuration used in the MED process is that of parallel feed. In the
parallel feed configuration multiple feed streams are created by separating the main
seawater feed. Therefore the seawater flows in parallel into each effect. In the first effect
vapour and liquid forms and the liquid is then collected as the product and the vapour is
then used as the heat source in the next effect. The condensed vapour in each effect
forms the product and the seawater not evaporated forms the brine. In the final condenser
seawater is used to condense the vapour to produce fresh water. The advantage of this
configuration is that the salinity concentration occurs at low temperatures which cause

less fouling on the components of the desalination plant (Greyvenstein, 2007).

In order to obtain the best results using the MED process, the desalination industry

mainly focuses on multiple effect evaporators with a falling film (Chun and Seban, 1971).
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2.2 Falling Film Evaporation

As discussed in Chapter 1, the MED process is the most suitable for utilizing waste heat
from the PBMR. Chun and Seban (1971) points out that the MED process mostly uses
horizontal falling film evaporators because of the better heat transfer in comparison with
the other evaporators. Considering these two findings, horizontal falling film evaporators
appear to be the most applicable to this research project and will consequently be

investigated further in this study.

Horizontal shell-side falling film evaporators have significant advantages, which include
a higher heat transfer and a smaller need for refrigerant. This results in smaller
evaporators, which is a great advantage and a better option than previous systems such as

vertical tube-side falling film evaporators (Chun and Seban, 1971).

Having established that falling film evaporators are best suited for the purposes of this

project, the most critical aspects of their design will now be discussed.

2.2.1 Advantages and Disadvantages

According to Thome (2004:14-3), falling film evaporators have the following
advantages:

e They have a high heat transfer.

e Their overall heat transfer coefficient (U) is uniform.

e They have a close temperature approach.

e The design of the evaporator is compact.

Thome (ibid.) further indicates that the following disadvantages are applicable:
e There is less design experience available for falling film evaporation units than
for the other types that are available.
e Distribution of liquid on the top row is not uniform.

e Tolerances for undercharging are smaller.
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These advantages mean that falling film evaporators would be most suitable for use with
the MED process. Further work, however, has to be done to ensure good distribution of
the liquid on top brine and experiments will have to be done to address these design

issues.

2.2.2 Design Consideration

Less experience and know-how is available for the design of falling film evaporators than
for the other mentioned evaporator types and, according to Thome (2004:14-4), the
following challenges should be considered:

e The selection of the tubes for the fluid in terms of material and diameter to ensure
good heat transfer;

e The selection of the layout of the tube bundle (factors such as number of tubes,
tube length, bundle width, bundle height, tube pitch, number of passes and layout
of the tubes), this must be done in order to obtain optimum flow and heat transfer;

e The choice of placement for nozzles, sprinklers or distribution trays for uniform
distribution of the liquid on the top rows of tubes in the bundle to ensure complete
wetting of the tubes in order to prevent dry patches;

e The escape of vapour from the bundle to determine the best solution to facilitate
the escape of vapour from the bundle;

e The modelling of heat and mass transfer coefficients and their effects for an
optimum design.

In summary, there are numerous aspects to be considered and some of them, like the
distribution system, can only be resolved with experimental tests. Therefore further tests

will have to be performed in order to design the distribution system.

Various thermal mechanisms and flow characteristics should also be kept in mind. For
falling film evaporation on horizontal tubes, Thome (2004:14-4) stated that the following
should be considered to ensure a good design:

e Liquid modes of flow transitions between tubes should be predicted;

e Shear effects of vapour in a tube bundle on film flow of the liquid;

e Cross-flow effects of vapour on film flow;
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¢ Nucleate boiling in the film and its onset;
e Prediction of heat transfer coefficients;
e Prediction of formation of dry patches on tubes;
e Heat flux for nucleate boiling;
e Enhancement geometry effects for the above mentioned.
All of these have an important influence on the proper operation of these units and their

thermal optimisation, and essentially all require further study.

2.2.3 Modes of Falling Film

The inter tube flow modes can be classified into droplet, droplet-columns, column,
column-sheet and sheet mode of which the three principle modes are droplet, column and
sheet (Thome, 2004:14-6). According to Roques and Thome (2003), two intermediate
transition modes (droplet-columns and column-sheet) can also be observed. The modes
are defined and described by them as follows:

e The droplet mode is when only droplets are falling between the tubes.

e The droplet column mode is an intermediate mode where both droplets and
columns can be found flowing side to side between the tubes.

e The column mode is a mode where only liquid columns are flowing between the
tubes.

o The column sheet mode is another intermediate mode where both columns and
sheets can be found next to each other between the tubes. Small sheets are formed
by the merging of two neighbouring columns.

e Sheet mode occurs when fluid flows uniformly between the tubes as a liquid film.

The surface of the sheets can be disturbed by ripples and waves.

Flow progresses from droplet to sheet mode with an increase in the mass flow rate.
Figure 2.5 illustrates the different modes of flow (also see Figure 2.6.). In order to allow
for good movement of the vapour inside the evaporator, the required flow will have to be
column or column-sheet for the purpose of desalination, since steam has to be formed and

collected where after it will be condensed.
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Figure 2.6:  Photographs of flow modes on plain tubes (from left to right, top to
bottom): droplet, droplet-column, column (inline), column (staggered),
column-sheet, and sheet. Note that the black areas represent the tubes and
the light areas the gaps between the tubes (Thome, 2004)

2.2.4 Film breakdown

Roque and Thome (2007) has highlighted the formation of dry patches on the heated
surface as an important aspect of falling film evaporation. These dry patches do not
transmit heat to the liquid and therefore reduces the thermal performance. Consequently,
the prediction of the onset of dryout is an important design variable for this condition to
be avoided. In the case for a film without nucleate boiling, dryout takes place when the
film is very thin while in the case of films with nucleate boiling, dryout is caused by dry
patches formed under quick growing bubbles. The following forces are listed by Gross
(1994) as being involved in the formation of dry patches in thin films without nucleate

boiling:
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e Liquid inertial forces. The rewetting of a dry patch is favoured by the pressure
created by the deceleration of the liquid at the stagnation point.

e Surface tension forces. The size of a dry patch is enlarged by the interfacial
surface tension.

e Marangoni effect. A dry patch is created because of the temperature gradient in
the film which causes liquid to be transported away from the thin film layer.

e Vapour inertial forces. Dry patch sizes are increased by the vapour flow that
creates a suction force when going around the liquid.

o Interfacial shear stress. The effective surface coverage is increased by the vapour

that tends to equalize the liquid film thickness around the tube perimeter.

2.2.5 Falling film evaporator studies

According to Roque and Thome (2007), the design of horizontal falling film evaporators
composed of a horizontal tube bundle with evaporation on the shell side of the evaporator
needs significant advances to be made in order to be able to do accurate sizing and to
optimise these units. In large refrigeration systems, flooded evaporators are normally
used for the evaporation of the refrigerants. These flooded evaporators are equipped with
enhanced boiling tubes, which enhance nucleate boiling pool contribution. It is also
useful to use externally enhanced boiling tubes in horizontal falling film evaporators in

order to have a compact design.

Further work done on falling film evaporators:

Roque and Thome (2007) stated that an expression can be derived for laminar flow
falling film evaporation on horizontal tubes that is equivalent to the Nusselt theory for
film condensation. This, however, does not describe experimental results as well as it

does condensation. Therefore, empirical methods are often suggested.

Most of these existing methods were developed for a single fluid (due to the lack of
experimental data) and most are for plain tubes. The first method that is widely used is

that of Chun and Seban (1971). They have provided correlations in order to predict heat
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transfer and the threshold between laminar and turbulent flow in non-nucleate boiling

conditions.

Evaporation on a horizontal tube bundle was studied by Danilova et al. (1976). This tube
bundle was six rows deep and had one or three columns of plain tubes. Danilova et al.
correlated their data from this tube bundle with two equations. The one equation was for
vaporization-dominated heat transfer and the other one was for nucleate boiling
dominated heat transfer. Roque and Thome (2007) criticises Danilova et al. According to
Roque and Thome (2007), Danilova et al. did not propose a transition equation to link the
two expressions and the correct value according to Danilova et al. is the larger value of

the result from the two equations. This however, may lead to inaccuracies.

A simple and more complete analytical model was presented by Lorenz and Yung (1978)
for falling film evaporation on a plain tube. In their model the liquid flow around the
tubes are split into two regions. The two regions are a thermal developing region (region
at the top in which heat is only employed to superheat the liquid) and a fully developed
region (region where evaporation takes place). By adding a boiling heat transfer
coefficient, they included all the nucleate boiling contributions for the entire tube. Roque
and Thome (2007) state that the agreement of the method used by Lorenz and Yung
compared to their (Lorenz and Yung’s) own measurements with water and data from

other studies were relatively good.

Numerous studies on falling film evaporation for horizontal tubes were done by Fujita
and co-workers, according to Roque and Thome (2007). Further heat transfer was
obtained by Fujita and Tsutsui (1994) for a pressure of 2 MPa with 25 mm horizontal
tubes, a vertical tube pitch of 50 mm and R11 refrigerant. The falling film modes
observed by Fujita and Tsutsui included droplets, columns, disturbed columns, and
sheets. In order to determine the distribution (modes of flow) on the lower tubes they
used various combinations and layouts. Fujita and Tsutsui (1994) proposed a more
detailed multi-zone model than Lorenz and Yung (1978). The multi-zone model they

proposed consisted of a stagnation region, impingement flow region, thermally
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developing region and fully developed region. For simplicity, they have ignored the

impingement region. The three-zone model can be seen in Figure 5.

One of the assumptions made by them was that the thermal boundary layer grows from
the stagnation point on the top of the tube around the tube. Sensible heat is absorbed by
the liquid film in the thermally developing region (0 < ® < ®4). The end of this region is
where the growing thermal boundary layer reaches the interface of the liquid film. In the
fully developed region (@4 < ®) the temperature profile changes from a 3™ order
polynomial profile at the beginning to a linear profile. For the larger angles up to ® =,

heat conducted into the film is assumed to evaporate at the interface of the film.
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Figure 2.7: Three-zone model of Fujita and Tsutsui (1994)

In their study, Roque and Thome (2004) proposed that there are six parameters which

have an influence on the heat transfer coefficients:

e The Reynolds number of the liquid flowing that characterizes the quantity of the
liquid flow.
e The flow mode of the liquid (as was discussed in section 2.2.4 of this study).

o The heat transfer coefficients of nucleate boiling when occurring in the liquid
film.
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e The force that accelerates the flow of the liquid is controlled by the tube pitch
between the tubes. This also controls the impingement velocity at the top of the
tubes. It also has an indirect effect on the liquid flow mode.

e The threshold of breakdown of the film. When the film breaks up dry patches
appear. These dry patches will reduce the heat transfer coefficients.

e The placement of the tubes should be such that it will prevent the formation of dry
patches on top of them. It should be placed such that it is fully wetted.

Roque and Thome conclude that the heat transfer coefficients above the onset of the
dryout threshold are almost insensitive to the film Reynolds number. It only has an

influence of 3% or less on average.

Based on their new method, Roque and Thome proposed that it is possible to use an
incremental approach. In this approach, the local heat transfer coefficient depends on the
local film Reynolds number of the liquid arriving on the top of the particular tube in the
array at the axial location. Their results further show that there is a transition to partial
dryout as the film Reynolds number is reduced, marked by a sharp decrease in heat
transfer. Except for this transition, the heat transfer coefficient is nearly insensitive to the

film Reynolds number as was discussed earlier.

Roque and Thome provide no method to predict the onset of dry patches for horizontal
falling films over the tubes. This means that there is a need for experiments to be done in
order to be able to design the distribution system so that the formation of dry patches is
prevented. This thus means that there is a need for a tool which can determine the wetted

length of the tubes caused by the brine distribution system.

2.2.6 Brine distribution system

The method of distributing the brine over an evaporator is important to ensure that the
tubes are completely wetted in order to prevent scaling. The brine can be distributed over

the tubes by sieve trays or by nozzles Anon (1990:12).
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If nozzles are used, there will be a higher pressure drop, which would require more
pumps. In order to minimize the number of pumps a sieve tray design can be used as it
allows for a design with only one major pump in the brine distribution system (discussion
with Mr. R. de Bruyn, 2007). Brine will flow through the further evaporation stages

under gravitational force. This section will give a short summary of these two techniques.

2.2.6.1 Brine distribution by sieve trays
Sieve trays have two functions:
e [t provides for good distribution of the brine; and
e it helps to compensate for the trans-stage difference in pressure to avoid vapour
blow-through.
The ratio between the total area of the sieve hole and the sieve tray is small (Anon.,

1990:12).

The wetted length of the tube for each hole is a function of liquid properties, pressure
difference, and the diameter of the tube and the hole. Figure 2.8 shows the wetted length
for a 38 mm tube diameter as a function of temperature. It also indicates the effect of the
diameter of the hole and pressure difference. This type of figure can be used to determine

the number of holes as well as the spacing of the holes.



26

A P =400 mbar
80
160 — a0
40
= 20
=
g 100 —
]
=
B
-=
I=]
=
o 50 -
Hole diameter St
— Immg
Seawster concertration 35 g fkg!
0 | l l l |
20 40 60 50 100

Ternperature T (°C)

Figure 2.8: Wetting lengths for a single hole for a horizontal tube (38 mm) (Arzt, 1984)

Placement of the holes must be above the centre-line of the tubes of the bundle. The
wetted length of a hole must be used to determine the spacing of the holes. Spacing of the
holes should be equal to (or less than) the wetted length. Figure 2.9 shows an

arrangement of a sieve tray above a tube bundle (Anon., 1990:13).

TR

Figure 2.9: Typical arrangement of a sieve tray above a tube bundle (Anon., 1990:14)
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2.2.6.1 Brine distribution by nozzles

A certain amount of overspray is present when nozzles are used because of their circular
spray pattern. This results in an improper distribution of the brine on the top of the bank
of tubes. This is a problem especially in large evaporators, although a large number of
nozzles would minimize the problem. However, the number of nozzles must be
minimized in order to obtain a simple distribution system. The distribution is good for all
the tube rows except for the top row. A countermeasure that can be taken is to plug the

top row and use these tubes only for distribution and not evaporation (Anon., 1990:14).

2.2.7 Discussion of falling film evaporation

Two mechanisms control the falling film heat transfer, evaporator film coefficient and
nucleate boiling heat transfer coefficient if present. Vapour at the surface of the liquid is
created by film evaporation while liquid in the film is evaporated by nucleate boiling. The
flow is laminar or turbulent with or without interfacial ripples. Intense nucleate boiling

could cause dry patches to form on the tubes.

Experiments have been done for different fluids to determine the heat transfer for
horizontal tubes. The tubes that were used in these experiments are plain, low finned,
enhanced boiling, and enhanced condensation tubes. Single tubes as well as tube bundles

were investigated to determine models for heat transfer coefficients.

Numerous methods have been proposed for the design of falling film evaporators. For
these methods, various heat transfer correlations have been proposed but these methods
can only predict a few influences. One of the models that are used by the Camel Pro
simulation package is that of Chun and Seban (1971) and it is very accurate. The
problem, however, is that the user has to enter some of the parameters of which some are
still unknown at this point. A need therefore exists for a tool that can be used in order to

determine these unknown parameters.
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Another important influence that has to be kept in mind is the pressure in the evaporator.
The pressure is important because it determines the temperature at which evaporation will
occur. As the pressure drops, a lower temperature is required for the liquid to evaporate.
There is a good possibility that this could result in vacuum conditions being required.

These vacuum conditions are regulated by a vacuum system.

2.3 Vacuum System

Another important system in an MED plant therefore is a suitable vacuum system. The
purpose of the vacuum system is to generate the required vacuum when the pressure
required for vaporization drops below atmospheric pressure due to the low temperatures.
In selecting the system, it is important to remember that it will be subjected to cost issues.
An optimum point must therefore be found between cost and size (de Bruyn and du

Plessis, 2007).

2.3.1 Normal Vacuum System

As was discussed with de Bruyn and du Plessis (2007), the normal vacuum system is a
relatively simple commercial system using a commercial normal vacuum pump that can
be bought off-the-shelf. No further investigation is therefore required. Larger vacuum
plants will also be required as the size of the plant increases. For a small plant like a
demonstration plant, for instance, a normal vacuum plant would seem to be the cheaper
option. However, when a full-scale plant is built, the cost of normal vacuum pump
systems will be much higher than that of a jet vacuum pump system. It will therefore not

be investigated further for the purpose of this study.

2.3.2 Basics of jet vacuum pumps

According to GEA Jet Pumps GmbH (2008a), jet vacuum pumps are used to create
vacuums in applications using evaporators, driers, distillation and rectification plants,
processes of freeze drying, polycondensation, degassing and deodorizing. These types of
equipment will basically consist of jet pumps and condensers, but can also make use of a

combination with other vacuum plants.
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2.3.3 Advantages of jet vacuum pumps

According to GEA Jet Pumps GmbH (2008a), jet vacuum pumps have the following
advantages in comparison to normal vacuum pumps:

e They have a relatively simple construction.

e They are safe to operate.

e They have relatively low wear and tear and require the minimum of maintenance.

e They are available in all the material types that are used in the equipment.

e They are available for suction flows from 10 m*/h up to 2 000 000 m’/h.

e They can be used for vacuums up to 0.01 mbar.

e They are driven by water vapour or other vapour, with vapour pressure above and

below atmosphere.

e They can be used in conjunction with mechanical vacuum pumps.

These advantages contribute to the fact that liquid jet vacuum pumps are widely used in
the desalination industry (GEA Jet Pumps GmbH 2008a). In order to improve the
selection of a suitable evaporator it would be useful to have a tool that can help in the
selection of the pump that will be required. Such a tool can then also be used to do an

analysis on the vacuum system.

2.4 Boiling point elevation

Atkins (1994) describes the boiling point elevation as the phenomenon where the boiling
point of a liquid will be higher when a compound substance is added (see Figure 2.10).
This happens when, for example salt (which is a non-volatile solute), is added to water

(which is a pure solvent).
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Figure 2.10:  The change in chemical potential of a solvent when a solute is added
explains why boiling point elevation takes place (Atkins, 1994).

The boiling point elevation is dependent on the presence of the particles that are
dissolved as well as their number, but not their identity. This is known as a colligative
property and can be expressed in vapour pressure terms. When expressed in these terms it
means that the boiling of a liquid occurs when its vapour pressure is equal to the
surrounding pressure. For the solvent, the vapour pressure is reduced by the presence of
the solute. A non-volatile solute has a vapour pressure of zero, so the vapour pressure of
the solution and the vapour pressure of the solvent are equal. Therefore in order to reach
the surrounding pressure, a higher temperature is required and thus the boiling point is

increased as well (Atkins, 1994).

In order to calculate the extent of the boiling point elevation, according to Atkins (1994),
the Clausius-Clapeyron relation and Raoult’s law are applied. They are applied along
with the assumption of the non-volatility of the solute. The Clausius-Clapeyron relation
characterizes the phase transition between two states of matter. On a pressure-
temperature (P-T) diagram, the line that splits the phases is called a coexistence curve and
the slope of this curve is given by the Clausius-Clapeyron relation (Kenneth, 1988).
Furthermore, McQuarrie and Simon (1997) points out that Raoult’s law states that the


http://en.wikipedia.org/wiki/Image:Freezing_point_depression_and_boiling_point_elevation.png
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vapour pressure of an ideal solution is dependent on the vapour pressure of each chemical
component and the mole fraction of the component present in the solution. By applying
these, (the Clausius-Clapeyron relation and Raoult’s law) the boiling point elevation of a
solution can by found by means of:
AT, = Kp.my,
where

e ATy is the boiling point elevation (Tpsolution) — Th(pure solvent))s

e K, is the ebullioscopic constant which is dependent on the properties of the

solvent, and

® m, is the molarity of the solution.

This is according to Atkins (1994) and the effect can be seen in Figure 2.11. Since

seawater has a high salt content, the effect of the boiling point elevation can come into

play.
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Figure 2.11: Showing AT}, (Atkins (1994))

For purposes of this study, however, the boiling point elevation will not be such a big
issue and will therefore not be taken into consideration. It is not taken into account
because it has an effect on AT which is a parameter that is an input parameter which
could easily be changed. (It will be easy to enter, for example, a AT of 5.5 K instead of a
AT of 5 K to allow for the boiling point elevation should it be required.)



32

2.5 Simulation tools

Although simulation tools are available commercially, they do have some shortcomings.
Some of the simulation tools currently used are MEE Simulator, the DEEP Code and

Camel Pro.

2.5.1 MEE Simulator
The tool, MEE Simulator, is a program that was developed by the Middle East

Desalination Research Center or MEDRC. It requires inputs such as the length of the
evaporator tubes and the length of the condenser. This is a tool that simulates the entire
evaporation process with all the stages and does not do the detail design of a single
evaporator and therefore requires these inputs from the user. It can give the user the shell
diameter, evaporator heat transfer and the number of tubes. Another problem with this
simulation software is that it is for MEE (referred to in this text as MED) with thermal
vapour compression (TVC) process and not just normal MEE (Multi-Effect Evaporation).
It can thus not be used for this study because it is not a tool that can be used in the design
of a single evaporator along with its parameters. It is also difficult to use because it

requires the input of unknown parameters, like for instance the tube length.

2.5.2 DEEP Code

Another software package that is available commercially is the DEEP Code. This
package, however, is primarily for examining the economics of seawater desalination. It
is used for making a comprehensive evaluation of cost comparison between nuclear and
fossil energy sources with the selected desalination process, including regional studies
and sensitivity analyses. This means that the DEEP code will not be investigated further
for purposes of this study, since it does not touch on design issues — only economic issues

(IAEA, 2000a).
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2.5.3 Camel Pro

From Sciubba (2007) it can be seen that Camel Pro is an excellent simulation tool for an
entire MED plant, but it also has its shortcomings. The problem with Camel Pro is that it
requires inputs from the user such as the length of tubes, number of tubes and heat
transfer coefficient. All these parameters, however, are unknown and somehow need to

be determined to be able to use this simulation tool.

2.6 Conclusion

From the literature, it is evident that the evaporator, together with its vacuum system, is
the main component or sub-system of an MED plant. Different models have been
developed for different studies, but there still are certain aspects that require more
attention. Although a number of tools exist, a need was identified for a tool that can
determine the unknown parameters as well as a tool that can help with the sizing issues
for a liquid jet vacuum pump system. A tool also needs to be developed to determine the
wetted length of the tubes since the entire tube needs to be covered with water for an

accurate Reynolds number.

This means that there is a need to develop a simulation tool that can determine parameters
such as tube length, evaporator diameter, number of tubes, and the heat transfer
coefficients. A need also exists for the creation of graphs that will help in designing the
sieve tray in such a way that it can provide the wetted lengths for specific conditions. The
current study will therefore focus on the development of simulation tools that will be able
to determine the unknown parameters required by the existing simulation packages. The
wetted length for various conditions will also have to be determined in order to prevent

the formation of dry patches on tubes.
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3. Theoretical Background

From chapter 1 and 2 it can be seen that the theory behind the evaporator and its vacuum
system will have to be investigated. The investigation needs to include research into
evaporator modelling. Furthermore, the theory on falling film evaporation will be
discussed and following this, an in-depth study will be conducted on the heat transfer
coefficients. An accurate model can then be created from the theory, which will help in
designing an MED stage that basically is an evaporator. From this, a tool can then be

developed which will assist in singling out important parameters.

3.1 Heat transfer

Heat transfer needs to be investigated since the heat transfer coefficients play an
important part in the design of an evaporator. As indicated in Chapter 2, there are
numerous heat transfer effects that must be considered when modelling an evaporator.

All these effects should be considered while calculating the overall heat transfer. If the

interior scaling is neglected, the following heat transfer expressions are obtained from

Incropera (2002):
T -T
—+——+R, +—
h A, kA,  h A,

This can be expressed in terms of an overall heat transfer coefficient (U):
qo = UAAT
To create a better understanding on how heat transfer fits in with the evaporator with

falling film, falling film evaporation needs to be investigated.

3.2 Falling Film Evaporation

Horizontal, shell-side falling film evaporators have significant advantages over other
types of evaporators such as higher heat transfer and less refrigerant. According to
Thome (2004) it is therefore a great advantage and a better option to use than the

previous system such as vertical tube-side falling film evaporators.
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Falling film evaporation is controlled by thin film evaporation, which is a heat transfer
mechanism. This is controlled by conduction and/or convection across the film. Phase
change is at the interface and is related to film thickness and to whether the flow is
turbulent or laminar. The film flows downward under the influence of gravity and the
film thickness determines the heat transfer. Heat transfer to the film is further increased
by nucleate boiling in the falling evaporating film. Furthermore, the formation of dry
patches on the tubes should be avoided; otherwise, it will cause the heat to be transferred

to the vapour phase on those parts of the surface (Thome, 2004).

A schematic illustration of the falling film evaporation with nucleate boiling can be seen
in Figure 3.1. Both thin falling film evaporation and nucleate boiling play a role in the
heat transfer process. A horizontal array of tubes is used with the liquid falling from tube

to tube as can be seen in the figure.
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honzontal tube

Figure 3.4:  Falling film evaporation on a heated horizontal tube with nucleate boiling
(Thome, 2004).

Falling film evaporation is utilized by large heat pump systems and is also used widely in
the desalination industry with the use of tube bundles. Furthermore falling film

evaporation will also allow for closer temperature approaches and energy savings.

The reduction of liquid charge is a significant advantage of the falling film evaporators.
Falling film evaporators are somewhat similar to kettle type steam generators. Liquid is
fed by sprinklers or trays overhead to the bundle. All that is different from kettle type
steam generators is that the liquid hold-up in the shell is minimized and the flow rate of
the liquid is limited to the required flow rate to wet the bundle without the formation of

dry patches and without flooding the shell. This is done to achieve a falling film. A
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nozzle can be placed at the bottom of the shell to remove the un-evaporated liquid as

illustrated in Figure 3.2.
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Figure 3.5: A4 horizontal shell-and-tube falling film evaporator (Thome, 2004).

3.3 Stage Model and Heat Transfer Coefficients

In this section, the semi-empirical formulae used for the calculation of the overall heat

transfer coefficient will be discussed (see the list of symbols). It is necessary to determine

the heat transfer coefficient to do a design. Engineering literature indicates that the

following steps can be followed in the process of simulating the evaporator:

l.

Firstly, the inlet properties (mass flow, pressure, and temperature) of the steam
and the brine have to be specified and selected. Then the tube layout (inner and
outer diameter as well as the pitch) and geometry have to be specified and the
number of tubes selected, as well as the ratio (F) of the net cross-sectional area
covered by the tube bundle. Geometry calculations can then be done by the
following generic relationships as proposed by Rousseau (2006:61):
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Figure 3.3: Typical layout of tubes in staggered arrangement (Rousseau (2006:61)).

p, = p.cos()

o, =0.908(4%y

o =1-% (3.2)
P.

a = 3.628(%)

a, =3.628( doz)

c

2. Steam and brine properties then have to be determined from the steam tables
(available in Incropera, 2002).

3. Once the properties for the steam and the brine have been obtained, the total heat
transfer can be determined from the mass flow rate of the brine using the
following formula from Sciubba, 2005):

m =G (3.3)
CpbrineATf

4. To determine the effectiveness of the heat exchanger (the evaporator), Rousseau
(2006:63) proposed that the required heat exchanger effectiveness (&) can be

calculated by using
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Cr — Cmin
Cmax
AT'max = I;team,i - T[')rine,i (34)
&= O
Cmin AT max

. Using the C; and ¢ as is shown above, the required UA (heat transfer duty) value
can be calculated by using the NTU-Method as was proposed by Rousseau
(2006:63). For the purpose of this study it will be done for a single tube pass

(when the tubes only pass through the evaporator once) and UA is determined by

using
NTU = (——y (221

C. -1 "¢C -1 3.5)
UA=C . NTU

The overall shell dimensions, the evaporator diameter (D) and length (L), are now
determined to ensure compliance with heat transfer duty (UA) and pressure drop

(Ap) requirements. It is determined by wusing the following constants:

A
K, = 1.273-U—
F-a-U
1
K, =0864-7 Fd, - p  Apns 000
fDW,i M steam
1
D=+n (ﬁ)e
& (3.6)
K
L = D—i
d.
Resteam = psteam : vsteam —l
Vo =1.273-100,,,, - L .
A ‘ F.psteam.o-i.D

(The process for determining K; and K, can be seen in Appendix B while D, L,

Resteam and vieam 1S calculated as was done by Rousseau, 2006:66)
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In order to determine the length and diameter of the evaporator, the heat transfer
coefficients for horizontal falling film evaporation needs to be calculated and

evaluated.

To evaluate the heat transfer coefficients (h;) for vapour condensation inside the
horizontal tubes, the Shah (1978) formula was used according to Sciubba (2005).
The vapour mass fraction (y) is assumed as average (0.5) in the tube. Next, the
heat transfer coefficients (also see list of symbols) in the tubes can be determined
from:

hi:hu(1+£
Z

0.95 )

Steam

Z — (l_l)os . Pr0.4
X

hu0.023-Reo‘g-Prgé‘Lm-l;—L-(l— )" (3.7)
Re=p, vi
H
Cp
Pr=y, - k 2

L

To determine the overall heat transfer coefficients, the heat transfer coefficient of
the brine also has to be established. To evaluate the heat transfer coefficient (h,)
for the horizontal falling film boiling of the brine, the Nusselt expression has been
used where the subscripts f and g respectively refer to the fluid and gas brine
phase. These parameters (see list of symbols) are determined by using the

following formulas according to Sciubba (2005):
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NI

V=062 g-(p, —p,) W2 2
! ¢ Vg 'kg (Tw sat)

I =05-(T+T,)

/?:hfg-(uo 34- Ja) (3.8)
C sat w
(= e )
v:ho-ﬂ
ky

where the symbol Ty, represents the wall temperature, Ja the dimensionless Jacob

number, and hfg the heat of vaporization.

10. To determine the overall heat transfer coefficient (U), the heat transfer
coefficients (h;) for vapour condensation inside the horizontal tubes as well as the
heat transfer coefficient (h,) for the horizontal falling film boiling of the brine is
calculated as was shown earlier in this section. By using these two parameter, h;

and h,, the overall heat transfer coefficient can be calculated with the following

equation:
i: ! +L+FF (3.9
" d

In this equation, the parameter FF indicates the fouling factor (Sciubba, 2005).

3.4 Vacuum System

To create the required vacuum, it is important to investigate a suitable vacuum system.
The reason for the investigation into the vacuum system is that pressures lower than
atmospheric pressure has to be created to allow the vaporization of the water. Various
types of vacuum systems are available. In the selection of the specific type of vacuum
system, it is important to remember that selection will be subject to cost issues. An

optimum point must therefore be found between cost and size (du Plessis, 2007).
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3.4.1 Normal Vacuum System

The normal vacuum system uses a commercial normal vacuum pump that can be bought
off the shelf, as it is a relatively simple commercial system that does not need any further
investigation. In addition, larger vacuum plants will be required as the size of the plant
increases. For a small plant like a demonstration plant, for instance, a normal vacuum
plant would seems to be the cheaper option, but when a full-scale plant is built, the cost
of normal vacuum pump systems will be much higher than that of a jet vacuum pump

system. It will therefore not be investigated further in this study (du Plessis (2007)).

3.4.2 Basics of jet vacuum pumps

Vacuums are created by jet vacuum pumps in applications such as evaporators, driers,
distillation and rectification plants, processes of freeze drying, polycondensation,
degassing and deodorizing.

These types of equipment basically will consist of jet pumps and condensers or it can

make use of a combination with other vacuum plants.
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Figure 3.4: Working principle of a steam jet pump and the pressure differences over the
flow path (GEA Jet Pumps GmbH, 2008a).

3.4.3 Working principles

The expansion work of a motive (moving) medium is used by jet pumps to create the
vacuum. In the motive nozzle a high velocity jet is created and at a low suction pressure
the suction medium is entrained by this jet and it accelerates its path. Through
transformation of the kinetic energy, this mixture is brought up to a higher pressure level

in the throat and the diffuser of the ejector.

Three connections are available for jet pumps:

e A connection for the moving medium with the highest pressure p;.
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e A connection for the suction medium with the lowest pressure po.
e A connection that is used to discharge the motive and suction media with a

medium pressure p.

With a sufficient high expansion ratio of p;/py a compression ratio, p/py, of up to 20 can
be achieved by a single stage jet pump. Less moving medium will be required for a
higher expansion ratio, and a higher compression ratio on the other hand will require

more motive medium.

In most cases for suction under 100 mbar, multi-stage vacuum pumps are used. The
motive medium and condensable compounds are condensed between the stages to most

effectively utilize the energy.

The temperature of the cooling medium, as well as the characteristics of the motive

medium, determines the condensation pressure.

To avoid the contamination of the cooling water with the suction, medium surface

condensers are preferred as inter-condensers.

According to GEA Jet Pumps GmbH (2008a), the following data is required for the
optimum design of a jet vacuum pump:
For the suction medium:

e Composition, mol mass [kmol/kg]

o M o (Suction flow) [kg/s]

e Absolute suction pressure py [mbar]

e Temperature Ty [°C]

e Absolute counter pressure p [mbar]
For the motive medium:

e Absolute pressure p; [bar]

e Temperature T; [°C]

For the cooling medium:
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e Temperature [°C]
e Head pressure
This data is required to determine the arrangement, number of stages and consumption of

the motive and cooling medium (GEA Wiegand GmbH, 2008).

3.4.4 Advantages of jet vacuum pumps

According to GEA Jet Pumps GmbH (2008a), jet pumps have the following advantages:
e They have a relatively simple construction
e They are safe to operate
e They have relatively low wear and tear and require the minimum of maintenance
e Available in all materials that are used in the equipment
e Available for suction flows from 10 m*/h up to 2 000 000 m*/h
e (an be used for vacuums up to 0.01 mbar
e Driven by water vapour or other vapour, with vapour pressure above and below
atmosphere

e (an be used in conjunction with mechanical vacuum pumps

3.4.5 Vacuum plants for sea water desalination

The vacuum system with a liquid jet vacuum pump is widely used in the desalination
industry. It is a system which is slightly more complex than a normal vacuum system
(which uses a vacuum pump to create the required vacuum), but there is an optimum
point where the cost of this system will be lower than that of a normal vacuum system.
This system (which uses liquid jet vacuum pumps) generally uses water as the flow
medium. Normal pumps can also be found in the system and they are used to pump the
water through the liquid jet vacuum pump to create the required vacuum. The liquid jet
vacuum pump consists of a head, diffuser and flow nozzle. Figure 3.5 shows a liquid jet

vacuum pump (GEA Wiegand GmbH, 2008).
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Figure 3.5: Liguid jet vacuum pump with flanged connection (GEA Jet Pumps GmbH,
2008c).

The operation of these liquid jet vacuum pumps is based on the liquid jet from the motive
nozzle emerging at a higher velocity, entraining air or gas in the head and compressing it

to atmospheric pressure.

Liquid jet vacuum pumps can be directly coupled to the water when water is used as the
motive medium. If, however, the water consumption has to be as economical as possible,
the operating water may be circulated. This is also true for all cases where other liquids

are used as the motive medium.

The layout of the vacuum system with the liquid jet vacuum pump is illustrated in Figure
3.6. Note that the liquid jet vacuum pump will still operate satisfactorily if the outlet pipe

is below the liquid level or if a reducing piece is connected to the liquid outlet.
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Figure 3.6: Layout of a Vacuum System with a liquid jet vacuum pump (GEA Jet Pumps
GmbH, 2008b)

For this type of system it would be useful to have a tool that can help when selecting the

pump size and doing an analysis on the vacuum system.

3.4.6 Vacuum system modelling

The vacuum system is responsible for the evacuation of the system and for maintaining a
certain pressure in the vacuum manifold. To select the correct vacuum system the
required parameters needed are:
e For the vacuum system (the vacuum vessel that acts as a buffer of some kind in
the system) the length and diameter (Lyacves & Dyacves) Needs to be known.
e For the pipes in the auxiliary pumping system the diameter, length and roughness
(D, L & e) needs to be available.
e The pressure and volume flow rate in and through the system are required for the
liquid jet vacuum pump (P; & Q).
e The Losses for the components in the auxiliary system such as the elbows and
valves also have to be specified (Kepows & Kyalves)-

e Likewise the water temperature of the auxiliary system has to be specified (T)).
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Furthermore the static height (hs) in the auxiliary system has to be specified to be
able to determine the total height in the system.

These parameters can then be used to do further calculations as is shown in principle in

Shames (2003).

1.

4,

The first step in further calculation are to calculate the parameters which are
needed to determine the mass flow rate and this is done by using the following

equation:

- p
0. P 3.10
=060 (3-10)

Then the mechanical losses caused by valves and elbows in the auxiliary system
can be calculated by adding up the lost factors of the mentioned components:

km = kvalves + kelbaws (3 . 1 1)

Since the diameter and the length of the vacuum vessel are known, the volume of
the vacuum vessel can be calculated using:

VOlVacVes = E D2 : LVaCVes (3 12)

4 " Vacves

Now the friction factor (f), which is a function of the Reynolds number and
relative roughness (RR), can be determined. This is done by using the Moody
chart (Figure 3.7), a graph in non-dimensional form. The graph relates the friction
factor, Reynolds number (ratio of inertial to viscous forces in the velocity
boundary layer) and relative roughness for fully developed flow in a circular pipe.
To select the correct value, the Reynolds number, as well as the value for the
relative roughness, has to be calculated. It is done by using the following as is

shown in Shames (2003):
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Figure 3.7: Moody Chart (Shames (2003))

5. Now the total losses due to friction and mechanical losses can be calculated by
using the friction factor that has just been calculated. This is done by the

calculation of the following constant:

E.
d

Relative roughness
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L
k=f=+k 3.14
f D kn (3.14)

6. From this constant (k), which has just been calculated, the head (or in other words
the height) that needs to be pumped due to the losses in the system, can be
determined. It can be calculated by using:

e

h=k-
2-g

(3.15)

7. Now that the head caused by the losses in the pipe is known, the total height (H)

that has to be pumped by the water system can be calculated using:

H:hs+h,+% (3.16)

The method explained above provides the information required to create a simulation tool
for the vacuum system of an MED plant. From this a simulation tool can now be

developed.

3.5 Conclusion

The above-mentioned theory can be used and implemented in a simulation tool or set of
tools for an MED plant and will help to determine the important unknown parameters of
the evaporator and vacuum system. These parameters can typically be the length of the
tubes or the diameter of the evaporator (for the purpose of this study it will be assumed
that the evaporator will be circular) as well as the heat transfer coefficients. For the
vacuum system it will help to determine the required head and volume flow rate in order
to be able to do the selection of the correct pump for the system. Using the theory

discussed in this section, simulation and design tools can now be developed.
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4. Simulation tools

4.1 Introduction

In Chapter 2, it was concluded that there is a need for a tool which will be able to address
sizing issues of the evaporator as well as a need for a tool that will help in the design of
the vacuum system. In order to be able to investigate the sizing issues of evaporators as
used in MED desalination plants, a tool were required that would aid in determining the
size of an evaporator and its vacuum system. Such a tool was then able to enable the user
to determine the size and layout of the plant as well as determining the quantity of
materials required. This in turn assists in determining the material costs and will therefore
be useful in the case of a cost analysis. The acquired data can also involve parameters
such as the evaporator diameter, tube length and the number of tubes. Another parameter
that can be determined with the aid of such a tool is the heat transfer coefficients. These
are important parameters because some of the existing desalination plant design software
(like Camel Pro) requires them as input should the need arise to use one of the existing
tools that were discussed in Chapter 2. In order to determine these parameters, EES
(Engineering Equation Solver) were used to create a basic tool that can calculate and

determine these parameters.

EES was used to create a program to do the calculation for the vacuum system. For
purposes of this study a vacuum system that utilizes a liquid jet vacuum pump will be
investigated. The vacuum system will interface with the rest of the desalination plant via
a vacuum manifold. The importance of the vacuum system is that it is responsible for
maintaining a certain pressure level within the vacuum manifold. The user can then use
this program to do a pump selection for the vacuum system. The tool can also assist in
designing the auxiliary pumping system — normal as well as liquid jet. The vacuum

requirements for a vacuum system of a specific size can also be calculated.

What must be made clear is that the tools that were developed were not meant to be detail
design tools; they rather give the user a good indication of the order size of the

parameters. These parameters can then act as a starting point in the detail design process
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using the more advanced tool available, which requires these size parameters as input. It
also enables the user to do a quick cost analysis and help in determining the order size of
a desalination plant. This can be used to design the layout of the desalination plant. To
keep the design tools small and simple, separate EES programs were developed for the

evaporator and the vacuum system.

4.2 EES Simulations

The EES programs that were developed will be subsequently discussed briefly in this

section.

4.2.1 Sizing of the evaporator

The EES program that was developed for the simulation of the evaporator (which will
help to determine the size and heat transfer coefficients) functions in the following
manner:

1. Firstly the inlet properties (mass flow, pressure and temperature) of the steam and
the brine are specified and selected. Then the tube layout (inner and outer
diameter as well as the pitch) and geometry are specified. Next, the number of
tubes is selected together with the ratio (F) of the net cross-sectional area covered
by the tube bundle. Geometry calculations can now be done as was discussed in
Chapter 3 (see equation set 3.2).

2. Steam and brine properties are then specified and calculated from the steam
tables, which are a built-in function of EES for the steam. The brine properties,
however, have to be specified because there are no tables in EES available for
seawater properties.

3. Once the properties for the steam and the brine have been obtained, the total heat
transfer is determined from the mass flow rate of the brine using the equations

provided in Chapter 3 (see equation 3.3).
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. Now the heat exchanger (evaporator) effectiveness (€) can be calculated by the set
of equations that were given in the theoretical section of Chapter 3 (equation set
3.4) by using the parameters that were determined as mentioned above.

. Using the C, and ¢ values that are now known, the required UA value can be
calculated by using the NTU-Method as was discussed in Chapter 3 (equation set
3.5). For purposes of this study it is done for a single tube pass (when the tubes
only passes through the evaporator once), where the parameter » (number of tube
passes) equals one.

The overall shell dimensions, the evaporator diameter (D) and evaporator length
(L), are now determined by using the parameters that were calculated earlier to
ensure compliance with heat transfer duty (UA) and pressure drop (Ap)
requirements. The shell dimensions are determined by using constants K; and K.
The process for determining K; and K, can be seen in Appendix B while diameter
(D), length (L), Reynolds number for the steam (Reg.un), and the velocity of the
steam (Vgeam) 18 calculated as is shown in Chapter 3 (see equation set 3.6).

In order to determine the length (L) and diameter (D) of the evaporator, the heat
transfer coefficients for horizontal falling film evaporation now needs to be
calculated and evaluated by using the theory in Chapter 3 (equation set 3.6)
regarding the design of the evaporator.

In order to calculate the heat transfer coefficients (4;) for vapour condensation
inside the horizontal tubes, the Shah (1978) formula was used as was indicated in
chapter 3. The vapour mass fraction (y) was assumed as average (0.5) in the tube.
From this the heat transfer coefficients in the tubes can now be determined by the
equations as is shown in Chapter 3 (see equation set 3.7).

To determine the overall heat transfer coefficients, the heat transfer coefficient of
the brine also has to be established. To evaluate the heat transfer coefficient (4,)
for the horizontal falling film boiling of the brine, the Nusselt expression was
used where the subscripts f and g refer to the fluid and gas brine phases
respectively. These parameters are determined by using the set of equations given

in Chapter 3 (equation set 3.8). In this set of equations, the symbol T, represents
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the wall temperature, Ja the dimensionless Jacob number, and Afg the heat of
vaporization (for purposes of this study taken as 2260 J/kg).

10. To determine the overall heat transfer coefficient (U), the heat transfer
coefficients (4;) for vapour condensation inside the horizontal tubes as well as the
heat transfer coefficient (4,) for the horizontal falling film boiling of the brine, as
was calculated earlier, can then be used. The overall heat transfer coefficient is
determined by substituting h; and h, into the equation given in Chapter 3 (equation
3.9) in which the parameter FF indicates the fouling factor which, for purposes of
this study, is assumed to be 0.18 m’K/kW (Sciubba, 2005). This now enables the
tool (EES program) to determine the length and diameter of the heat exchanger
(as was discussed earlier in this section) as well as determining the heat transfer

coefficients.

4.2.2 Sizing the vacuum system

The vacuum system is responsible for the evacuation of the system and for maintaining a
certain pressure in the vacuum manifold. The EES tool is also able to assist the designer
in sizing the auxiliary pumping system of the vacuum system. It will also help the
designer to study the effects that different vacuum pumps will have on the auxiliary
system. Figure 4.1 gives a schematic illustration of a pilot desalination facility that was
investigated by M-Tech Industrial in Potchefstroom and it indicates where the vacuum

system in such a system will be situated.
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Normal Pump

\ 4

Vacuum system with
liquid jet vacuum pump

\ Liquid Jet vacuum pump

Figure 4.1: Pilot desalination facility flow diagram indicating the use and position
(possible location) of a vacuum system (du Plessis and de Bruyn (2007)).

The EES Program for the vacuum system works by taking the following parameters as
input:
1. For the vacuum system (the vacuum vessel that acts as a buffer of some kind in
the system) the length and diameter is required (Lygeves & Dyacves)-
2. For the pipes in the auxiliary pumping system the diameter, length and roughness
is required (D, L & e).
3. The pressure and volume flow rate in and through the system are required for the
liquid jet vacuum pump (P; & Q).
4. Losses for the components in the auxiliary system, such as the elbows and valves

also have to be specified (kepows & Kvatves)-
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Likewise the water temperature of the auxiliary system has to be specified (7).
Furthermore the static height (%) in the auxiliary system has to be specified to be

able to determine the total height in the system.

The EES Program then utilizes these parameters to execute calculations.

l.

The first step in this process of determining the parameters is to determine the
mass flow rate and this is done by means of the equation for mass flow given in
Chapter 3 (equation 3.10).

Then the mechanical losses caused by valves and elbows in the auxiliary system
can be calculated by adding up the loss factors of the mentioned components as is
shown in Chapter 3 by equation 3.11.

Since the diameter and the length of the vacuum vessel are known, the volume of
the vacuum vessel can be calculated using the equation for the calculation of the
volume given in Chapter 3 (equation 3.12).

Now the friction factor (f), which is a function of the Reynolds number and
relative roughness (RR), can be determined. This is done by using the Moody
chart (which is a built-in function of EES and is shown in Figure 3.7) and
selecting the correct value for the Reynolds number as well as the value for the
relative roughness. For this the equations (equation set 3.13) provided in Chapter
3 are used.

Now the total losses due to friction and mechanical losses can be calculated by
using the friction factor that has just been calculated. This is done by calculating a
constant (k) for the total losses as can be seen in the theory on the vacuum system
in Chapter 3 (see equation 3.14).

From this constant (k) that has been calculated, the head (/;) of the water, or in
other words the height that needs to be pumped due to the losses in the system,
can be determined by the equation given in Chapter 3 (as is shown be equation
3.15).

Now that the head losses in the piping is known, the total head (/) that has to be
pumped by the water system can be calculated by the formulas provided in

Chapter 3 (equation 3.16).



57

From the results obtained from the program as discussed above, a selection can be made
concerning the correct liquid jet vacuum pump and the auxiliary pumping system for the

liquid jet vacuum pump.

4.3 Case Studies

To show how the programs function, as well as to show the parameters the two separate
EES-tools calculate, a case study will be performed for each of the programs. Thus, for
purposes of this section, some parameters will be selected and assumed and from this it
becomes clear what the output parameters will be for those conditions. To investigate the
specified conditions the case studies will also be divided into two, namely one case study

for the evaporator and one for the vacuum system.

4.3.1 Sizing of the Evaporator
The first tool, or EES program, that will be investigated in the case studies is the tool for

the design of an evaporator which will help in solving sizing issues (evaporator diameter,
tube length and number of tubes).
e For purposes of this case study the following values were selected as input

parameters for the EES program:

Table 4.1 Evaporator — Input parameters

n-/lsteam 2 kg/s
Dsteam 160000 Pa
Tsteam,i 350 K
Tbrine,i 303 K
Dhbrine,i 101000 Pa
m,.. 2.5 kg/s

Apsteammax 2000 Pa

d, 0.03m
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d; 0.028 m
De 0.05m
e 30x 10°
0 30°
AT 5K
n 1
F 0.5

e Using the above-mentioned parameters, the following values for the output
parameters were obtained from the EES program that was discussed earlier in this
chapter. (Please note that these are only the most important parameters and not
all of those that were calculated. The other parameters can be seen in the results

of the EES-program for the evaporator in Appendix B.)

Table 4.2 Evaporator — Some EES results

N, 8
0.50 m
L 2.79 m
UA 1367 W/K
U 121.9 W/m'K
Vieam 1.59 m/s
0, 52500 W

From the simulation for the given input parameters the results as in Table 4.2 above were
obtained. The results compare well (5% was selected as acceptable for the purpose of this
study and the results differ by 3% in the end) with the case study in Rousseau (2006:59).
The study by Rousseau was done for a shell-and-tube design and shares many similarities
with the design that was used here. The EES program was also checked and approved by
Mr. P de Vos (Mechanical Engineer) from M-Tech Industrial in Potchefstroom.
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By varying the input variables, different observations can be made. For example, when
the temperature of the steam is increased it causes a higher overall heat transfer
coefficient. This means that a smaller evaporator will be needed because of a smaller heat
transfer area being required. A further observation that can be made is when the mass
flow of the brine is reduced, the overall heat transfer coefficient also increases. This will

mean that less product (fresh water) will be produced over a certain time.

These results can now be applied to determine the layout of the plant. With this layout
known and the placement of the evaporators determined, it will then allow for the design
of the auxiliary systems and their placement. Furthermore, the results can also be used to
do a cost analysis of the materials of the evaporators since the size is known. Another
way the results can be used is by implementing the results in a simulation program like

Camel Pro, for instance.

4.3.2 Vacuum System
In the following case study the effects of different liquid jet vacuum pumps, pipe

diameters, pipe lengths and the effects of losses caused by the valves and elbows were

investigated. The input and output parameters are as follows:

e Input parameters that were specified and selected for purposes of this case study

(see Table 4.3):

Table 4.3 Vacuum system input parameters

D 0.065 m

e 0.00003

L 10 m
Lyacves 2m
Dyacves I m

P 500 kPa

0 24 m’/hr
ketbows 2
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kvalves 1
T, 25°C

e The following output parameters were obtained from the calculations by the EES

program that was created for the vacuum system (Table 4.4):

Table 4.4 Vacuum system EES results

14 2.01 m/s
A 0.00332 m’
m 6.65 kg/s
Volyucves 1.57 m’
H 52.23 m

Vohyaayes = 1.571 M7

Wacuum Vessel
Ligquid Jet Vacuum Pump

Fipe | :':]:I] El
Losses Factors (Pipes & Valves)
o : ) g F'umpg ;

P 500] kPa)

e = Q : [m ?.-'hr:
L 10]im) H=52.23 ]

V=2.009 [m/s] WWater Tank
A=0.003318 [m"]

M = 6.648 [ka/s]

Figure 4.2: Interface of the EES program for the vacuum system
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From the results obtained in this case study it can be seen that for a liquid jet vacuum
pump to create a vacuum with a volume of 1.571m’, a water pump is required with a

volume flow rate of 24m>/hr and a head of 52.23m.

The results were compared to the results from a study that was done by myself for M-
Tech Industrial on a pilot desalination facility and presented to du Plessis and de Bruyn
(2007) and it was approved by them. For this facility a vacuum system was also
considered. The results obtained were within 2% of each other and therefore suggest that

the EES simulation offers a valid tool for sizing of vacuum systems.

Varying the parameters has shown that a smaller vacuum pump (therefore a lower
volume flow rate) will produce a smaller head and therefore will require a smaller
vacuum pump. This means that the size of the vacuum required will play a vital role in
the selection of a vacuum pump. The selection of a vacuum pump for a certain vacuum
size can be done from the data sheets provided by the manufacturer of the vacuum pump.
A further observation that can be made is that the required head will be lower for the

pump if the losses in the pipes are minimized.

The results that were obtained from this EES program can now be used to select the
correct water pump for a specific liquid jet vacuum pump. It can be done because the
head (the height of the fluid that needs to be pumped) and the volume flow rate to obtain
the required vacuum, are now known. Further information for the liquid jet vacuum
pump, for example the time needed to obtain the required vacuum, can be found in the
datasheet from the manufacturer of the liquid jet vacuum pump system (see datasheet of
liquid jet vacuum pump in the Annexure D). This information can then be combined to

design a complete vacuum system for the evaporator of a desalination plant.

4.4 Conclusion

First of all it should be noted that the purpose of this EES program was not to do a

detailed analysis on horizontal falling film evaporators or the vacuum system, but merely
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to provide the user with good indicative values (or guess values) which can be used, for
example, for initial guess values for a simulation programme such as Camel Pro. These
values can typically be for the heat transfer coefficients, evaporator diameter or area, and

the tube length.

As can be seen in the EES programs, it allows for the variation in almost all parameters.
The fluid property parameters can be changed as well as the input parameters such as
temperature, pressure and mass flow. These parameters can then be taken and, as

discussed earlier, be implemented in other software simulation packages.

Another advantage of the EES-programs is that it can be used later to develop a more
complete desalination plant simulation tool for a simulation program like Flownex for
example. Furthermore, the EES program for the evaporator provides a better
understanding of the heat-transfer coefficients of horizontal falling film evaporators. The
second EES program is also a handy tool for the selection of liquid jet vacuum pumps

and normal pumps in the vacuum system.
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5. Flow Pattern Test Section

In order to create graphs for determining the wetted lengths, as was discussed in Chapter
2, a flow pattern test section was designed and built to investigate the flow pattern and

associated behaviour as a function of numerous geometric parameters.

5.1 Wetted Length Test Section design

The parameters that were used in the design were obtained from discussions with Mr. R
de Bruyn (2007) from M-Tech Industrial. These parameters came from unpublished work
done by Mr. R de Bruyn as well as studies and previous work and investigations done by

him for M-Tech Industrial.

5.1.1 Overview

For the design of the evaporator, a detail design was done on the perforated plate for the
seawater design. This ensured that the tubes were completely wetted and prevented the
formation of dry patches on the tubes. This was vital because of the fact that corrosion
and scaling would occur at the spots that were not covered with water. It means that there
must be an optimal water distribution over the length of the tubes. In order to ensure that
the tubes of the heat exchanger are completely wetted to prevent dry patches, a detail

design needs to be performed on the perforated plate for the seawater.

To prevent dry spots through successful design, design curves were required for the
perforated plate feeder system. A large collection of these curves was required to cover
the spectrum of plates available. Design curves are required to design a perforated plate
feeder system as can be seen in Figure 5.1. One thus needs a large collection of

perforated plate design curves.
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Sokdon to be evaporated

Vaparproduced

Figure 5.1: Evaporator with perforated plate (Anon (2007)).

Parameters that are important to consider due to the fact that the wetted length is a

function of them, are the following:

As these graphs were not available, a test section was required to generate them
experimentally. It is important to create conditions similar to those expected. This meant

that the tests had to be performed for at least the following conditions:

Diameter of tubes

Temperature of seawater

Pressure difference

Concentration of seawater

Height of distribution

Tube sizes:

Table 5.1: Tube sizes

Outer Diameter [mm]

Wall Thickness [mm]

19.1

1.22

22.2

1.22
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254 1.22
31.8 1.62

e [t was anticipated to perform the first test with only the 22.2 and 25.4 mm tubes.

e Temperature variation: 20°C - 60°C in 5°C increments.

e Hole diameters: 3mm/ 4mm/5 mm
Hole size in parameters were obtained from the
previous smaller size.

e Pressure difference: 0 — 50 mbar

e Seawater concentration: The initial tests were performed with tap
water, while a comparison test was done afterwards
with seawater at 35 g/kg at 20°C. The variation
in wetted length for tap water and seawater will
determine the necessity for further seawater
tests.

It is foreseen that the above-mentioned should enable the design of a perforated plate for

operation at specific Reynolds numbers and wetted lengths.

5.1.2 Geometry

The most important aspects to consider when designing the test section are the associated

geometry with regards to the tube pitch and layout.

Tube pitch:

A triangular tube configuration will be used since it is more compact than a square tube
arrangement and will therefore require fewer materials. Different tube pitches were also
investigated as shown in Table 5.2 and Figure 5.2. According to the literature, the most
common ratio is that found in the first row. The other configurations will be tested to
provide some more space for a tube-to-tube-sheet fitting, while investigating whether it

has any other effects on the flow pattern.
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Table 5.2: Tube Pitch

B S
1.2 - dext 1.3 - dext
1.4 - dext 1.3 - dext

9
O

A matrix of tube arrangement as shown in Table 5.3, is created by these arrangements
together with the different tube sizes. For the rest of the experiment the alpha numbering

for the different configurations will be used for identification.

Table 5.3: Spacing of tubes

Spacing
Diameter 1.2 dext X 1.3 - dext 1.4 dext X 1.3+ dext
19.1 Bl B2
22.2 Cl C2
254 D1 D2
31.8 El E2

The effect of larger spacing will only be investigated once the complete graphs have been

determined.
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The following assumptions are made for the inputs to the system.
Assumptions/fixed inputs:

e Normal municipal water will be used to perform the tests, but seawater can also
be used at a later stage if necessary and available.

e (General aluminium tubes will be used in the test section. Although similar in
dimension, this will not necessarily be the final grade as to be used in a possible
final Pilot Desalination Facility (PDF).

e Normal water temperature is between 15°C and 25°C, while the actual
temperature will be measured.

e A triangular tube arrangement will be used in the test section with the minimum
number of vertical rows being 4 and always being an even number. This will

allow for the examination of the flow pattern in both the higher and lower rows.

Parameters to be measured and investigated:
e Measurement of the mass flow [kg/s]
e Measurement of the wetted length of the tubes [mm]
e Investigation (visual inspection) of the flow pattern
e Measurement of the water temperature

e Sieve (distribution) tray height
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5.1.3 Flow pattern test section

Top Tank (Regulates the pressure)

Test section (contains tubes and plants)

Test stand

Water drum

Figure 5.3: Three-dimensional view of flow pattern test section with tubes removed

The flow pattern test section that was designed can be seen in Figures 5.3 and 5.4. It
consists of interchangeable parts such as sieve trays (perforated plates) with different hole
diameters as was discussed earlier. The tube diameters can also be varied, as well as the
layout and spacing of the tubes with the use of different side panels.

This flow pattern section was used to determine the wetted lengths and to investigate the

flow patterns for different parameters.
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Figure 5.4: Flow pattern test section

The flow pattern test section had to be able to test various conditions and geometries to
determine the wetted length and flow patterns. It therefore needed to consist of different

parts that could be removed and changed (substituted) with parts with other dimensions.

The test section consists of the following interchangeable parts:

e There were perforated plates with different hole diameters and spacing of the
holes.

e There were various types of tube plates (also referred to as base plates) for the
different tube sizes and spacing.

e The Aluminium tubes can be removed and they have different diameters to
change the layout.

e The water level in the top tank can also be varied to change the pressure

difference (Ap) of the water in the system.

For the water to be circulated continuously through the system, a pump is required. This

meant that an auxiliary pumping system had to be designed.
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The following formulas were used for the auxiliary pumping system to determine

the pressure and the required flow rate:

p=pgh

This was done to determine the in- and outflow of water from the tank to keep the water

in the tank at a constant level.

Implementation of these formulas gave the following results:
e For 50 mbar, the maximum volume flow rate is 1.072 m’/hr (1072 I/hr) and the
minimum flow rate was 0.319 m*/hr (319 V/hr).
e At a pressure of 10 mbar it was found that the maximum volume flow rate was
0.479 m’/hr (479 V/hr) and that the minimum flow rate was 0.143 m’/hr (143 I/hr).
This information was then used to design the auxiliary pumping system for the test

section.
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5.2 Results

5.2.1 Mass Flow

As discussed earlier in this chapter, one of the parameters that need to be investigated
was the mass flow of the water through the holes. It was done by measuring the flow in
the auxiliary pumping system with a flow meter. The water flow rate was controlled by
means of a valve that was opened and closed to keep the water level in the top tank at a
specific level to obtain a certain pressure difference. All the information gathered was
then added to a table and from the table, the graph (Figure 5.5) was created that

summarizes the results.

0.07
0.06
——5 mbar
—1
0.05 ~ 0 mbar
— 15 mbar
£
g 0.04 _ 20 mbar
= — 25 mbar
2 —— 30 mbar
o 0.03 —
2 —— 35 mbar
= —— 40 mbar
0.02
45 mbar
50 mbar
0.01
0 T T T T T
0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0055

Hole diameter [m]

Figure 5.5: Mass flow per perforated hole

From Figure 5.5 it can be seen that the higher the pressure and the larger the hole
diameter, the larger the mass flow and therefore the flow rate will be. This means that the
water also flows onto the tubes with a higher mass flow and therefore a higher velocity.
For example, it can be seen that for a pressure difference of 5 mbar and a hole diameter of
5 mm, the mass flow rate will be approximately 0.02 kg/s. To then calculate the total

mass flow rate, the number of holes can be multiplied by the mass flow rate per hole.
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This will help in the design process to do sizing of pumps in the system and to calculate

the total flow for different geometries and pressures.

Once the mass flow was measured at different pressures, the rest of the experiment could
be performed to determine the wetted length from a variety of pressures and at different

temperatures.

5.2.2 Wetted Length

In order to measure the wetted length and to obtain accurate measurements, it was
necessary to take down more than one measurement. In the end, readings at 4 different
points were taken (2 in the front of the test stand and 2 at the back and it was measured
by the use of a self-retracting pocket tape measure marked in millimetres) and the
average value between the 4 readings was used in the further assimilation of the data that
was obtained from the experiments. Measurements were taken for all the geometries and
hole diameters as was proposed earlier in the chapter. Tests were done from 5 mbar up to
50 mbar. This was done by controlling the water level in the top tank by opening and
closing a valve that controlled the flow of water into the tank. The water level in the top
tank determines the head or pressure that was available for the water flowing over the

tubes.

The following figures (Figure 5.6 up to Figure 5.9) show some of the results that were
obtained from the data. Note that this is only the data for the 5 mm holes in some of the
perforated plates and that the rest of the data for the 3 mm and 4 mm holes can be found

in the Appendix to this report.

The figures for the 5 mm holes are displayed here to illustrate how the wetted length
increases with an increase in temperature and pressures. Although it seems like a lot of
figures, it is important to include them because it indicates how the wetted length changes
along with the different conditions. It also illustrates the effect the tube layout and

geometry has on the wetted length.
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160
150 ——5 mbar
140 —— 10 mbar
E 130 | 15 mbar
Z 120 20 mbar
= —— 25 mbar
$ 110
4 100 —— 30 mbar
E — 35 mbar
3 901 —— 40 mbar
= g0
70 | —— 45 mbar
50 mbar
60 T T T T
15 25 35 45 55 65

Temperature [°C]

Figure 5.6: Base plate E2 and perforated plate with 5 mm holes
Figure 5.6 shows that as the temperature increases for a given pressure, the wetted length
increases as well. In addition, it can also be seen that as the pressure (i.e. mass flow)

increases, the wetted length also increases.

160
150 ——5 mbar
€ 140 1 /_/ —— 10 mbar
£ 1304 15 mbar
% 120 20 mbar
£ 110
2 100 — 25 mbar
% 90 | // —— 30 mbar
Z go. — 35 mbar
70 | —— 40 mbar
60 ‘ ‘ ‘ ‘ ——— 45 mbar
15 25 35 45 55 65 50 mbar

Temperature [°C]

Figure 5.7: Base plate E1 and perforated plate with 5 mm holes
In figure 5.7 the same results can be seen as in Figure 5.6 except that the wetted length

for the geometry of base plate E1 is smaller than that of E2. The difference between the
geometry between E1 and E2 is that the tubes are spaced further apart in E2 than in E1.
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150
——5 mbar
140
—— 10 mbar
E 1301 15 mbar
= 120 - 20 mbar
é 110 —— 25 mbar
3 100 - —— 30 mbar
E 90 - —— 35 mbar
@ _
= 80 40 mbar
45 mbar
70
50 mbar
60 ‘ ‘ ‘ ‘
15 25 35 45 55 65

Temperature [°C]

Figure 5.8: Base plate B2 and perforated plate with 5 mm holes
In Figure 5.8 the same can be seen as in Figure 5.6 except that the wetted length is

smaller than in the case of Figure 5.6. In the case of Figure 5.8 the tube diameter for base

plate B2 is smaller than the tube diameter for base plate E2.

140
130 | — 5 mbar
' 120 - —— 10 mbar
S
= 110 15 mbar
= 20 mbar
£ 100
9 —— 25 mbar
E 90 —— 30 mbar
@
2 80 —— 35 mbar
70 —— 40 mbar
60 ‘ ‘ ‘ ‘ 45 mbar
15 25 35 45 55 65 50 mbar

Temperature [°C]

Figure 5.9: Base plate B2 and perforated plate with 5 mm holes
In this figure the same effects can be seen as was discussed for Figure 5.6 regarding the

temperature, pressure and wetted length. As was the case for base plate E1 and E2 the

same can be seen for base plate B1 and B2 regarding the spacing of the tubes.
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The following observations can be made from these figures:

e Wetted length increases with an increase in pressure (meaning an increase in mass
flow). This means that the higher the velocity of the water onto the tube, the better
the wetted length will be. This can also be seen by doing the simple experiment of
holding a pen under the water flowing out of a tap. As the flow from the tap is
increased, more flowing water is covering the pen.

e Wetted length increases with an increase in temperature meaning that the decrease
of the viscosity of the water plays a role because the viscosity decreases as the
temperature increases. This means that a higher temperature (and lower viscosity)
will lead to a better wetted length.

e A larger diameter tube also has a larger wetted length than would be the case for a
smaller diameter tube at the same pressure and temperature.

e A wider spacing of the tubes also has a larger wetted length as would be the case
if the tubes were spaced closer to each other. The reason for this is that the water
can reach a higher velocity before reaching the next tube and, as discussed earlier,
a higher velocity will lead to a better wetted length. (This will, however, cause a
less compact evaporator and will therefore require more materials.)

e Finally it should be noted that wetting is primarily a function of the feed
distribution, the falling film and heat transfer pattern, the evaporator tube bundle

geometry and last but not least the seawater properties.

The results from the data, as shown in the figures, can now be used to design a sieve tray
at a given temperature and pressure. It can now also be used to determine the size of the
pump, for instance, because the required pressure is known and the cost of machining of
the sieve tray can be calculated because the number of holes that need to be made in the
sieve tray is now known. An optimum point between manufacturing cost and efficiency,
or in other words the minimum wetted length required to prevent dry patches, can

subsequently be determined.

It can for example be seen that, for a layout with base plate E2 with a 5 mm diameter hole

with a Ap (pressure) of 10 mbar and a temperature of 40°C, the wetted length will be
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105 mm. Hence the holes will have to be spaced 105 mm or less from each other for a
tube above the centreline of the specific tube. In that manner the entire tube will be
covered with a water film and there will be no dry patches where corrosion and scaling

can develop.

The above-mentioned enables the designer to specify how many holes are required in a
specific plate. From this, the machining cost can be calculated. Furthermore, parameters
like the Reynolds number for instance, can be calculated accurately due to the fact that

such a calculation requires the entire area of the tube to be wetted.

The following results regarding the minimum and maximum wetted lengths were gained
from the experimental data. Similar tables and graphs were obtained for the other
geometries and hole diameters and they can be seen in the appendix (Appendix A) to this

report.

180
160 -
140

120 - OFor 5 mm Holes in Perforated
100 - plate: Minimum

80 - B For 5 mm Holes in Perforated
60 | plate: Maximum

Wetted Length [mm)]

40 -
20 |
0 ‘ ‘

BL B2 ClL C2 DI D2 El1 E2

Base Plate

Figure 5.10: Minimum and Maximum Wetted Lengths for pressure between 5 and 50
mbar.

As has already been discussed, it can be seen from Figure 5.10 that the wetted length
increases as the diameter increases. It can also be seen that the further the tubes are

spaced from each other, the larger the wetted length would be. It can be seen that C2 and
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D2 for example have the same wetted length although the diameter of the tubes for C2 is
smaller than that of the tubes for D2. This, however, does not mean that the diameter does
not make a difference. It only occurs because of the fact that the tubes of C2 are spaced
farther apart than the tubes of DI1. From this the conclusion can thus be made that the
spacing of the tubes also plays a role in the design process. From the wetted length of C1
and D1 for example, which more or less have the same spacing, the conclusion can be
drawn that a larger diameter tube will have a better wetted length than would be the case

for a small diameter.

Comparison between seawater and municipal water:

Comparison tests were also done with seawater (35 g/kg) at 20°C and these results
showed that the wetted length is basically the same as the results obtained with the
municipal water. It can be seen that the difference is less than 2 % (the reason for the
difference is that seawater is less viscous than municipal water due to a higher salt
content) and for the purpose of this study a margin of 5 % at the most would be
acceptable.. Therefore it was not necessary to repeat all of the tests for seawater because
the small difference indicated that the results of the municipal water could be used for

seawater as well. The results of the comparison tests are shown below.

Table 5.4: Difference between readings for seawater and municipal water.

Pressure [mbar] | Difference [%0]
5 1.43
10 1.33
15 1.94
20 1.58
25 1.10
30 1.78
35 1.49
40 1.42
45 1.80
50 1.29
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Figure 5.11: Comparison on wetted length between municipal and seawater for setup B
with tube plate Bl and 5mm holes in the perforated plate.

5.2.3 Flow Pattern in test section

Investigation of the flow over the tubes showed that the flow varies from droplet column
mode to column flow mode. Furthermore it can be seen that, for the most efficient flow
over the tubes and tube bundles, the hole must be situated above the centreline of the
tubes. The tests showed that larger diameter tube bundles will have better flow over them
(meaning that they have a larger wetted length) than is the case with small diameter tube

bundles.

For a larger spacing of the tube bundles the flow is also better and provides a larger and
better wetted length than is the case if the tubes are grouped closer to each other.
However, this will lead to a larger evaporator, which will mean that an optimum point has
to be reached between efficiency and cost. The following figures (Figure 5.11 up to 5.14)
show some of the flow over the tubes for the perforated plate with 5 mm holes and
different base plates (with the different tube layouts and geometries). Note that the water
had been coloured red for photographic purposes whereas the tests were performed with

clear municipal water.
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Figure 5.13: Flow for B2
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From these figures it can therefore be concluded that the flow improves (better wetting
and a larger wetted length as can be seen from the markings on the figures) with an
increase in the tube diameter and a geometry that has the tubes spaced further apart from
each other. Further tube spacing, however, can cause higher evaporator costs because, if
the tubes were further apart from each other, it would mean that more materials would be

required to manufacture the heat exchanger.

5.2.4 Uncertainty Analysis

To ensure that accurate results were obtained, readings at 4 different points were taken
during the experiments as was stated earlier. The maximum deviation between the
maximum and minimum value obtained on average were less than 2 % (between 1.5 and
2 %) as can be seen in Table 5.5 and Figure 5.16 below. As was stated earlier for the
purpose of this study the maximum deviation was set at 5 % in order to be accurate.
Therefore the deviation in the results is acceptable and the results from the tests can be

assumed as accurate.

Table 5.5: % Difference between readings

Pressure [mbar] | Difference between min and max value [%0]
5 1.90
10 1.73
15 1.81
20 1.69
25 1.58
30 1.83
35 1.76
40 1.91
45 1.63
50 1.66
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Figure 5.16: Maximum difference between readings

5.3 Conclusion

The results obtained from the experiments as discussed in this chapter, can now be used
as a vital design tool that could be used in the design process of a sieve tray for an
evaporator of a desalination plant. All the figures for the wetted length and mass flow that
were developed from the experiments earlier in this chapter can now be used to make
selections for given geometries and various conditions by selecting the correct spacing of
the holes for a sieve tray. They can also be used as an important design tool to determine
the effects of variations in the conditions such as the temperature (meaning viscosity as
well) and the pressure (mass flow of the water). This means that they can now be used by
the designer in the design process to design the best sieve tray (perforated plate) for the

given conditions.

The results for seawater vary very little from those generated for municipal water. It
therefore means that the results can be used for designing a sieve tray for both municipal
water and seawater. The results that were generated also fall within acceptable limits and
can therefore be accepted as reliable. It can also be considered in the future to implement

these results into computer software to ensure a quick design of the sieve tray.
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6. Conclusion and Recommendations for Further Work

In Chapter 1 and 2 it was indicated that there was a need for the design of a set of basic
tools that could be used in the design process of evaporators to be used in Multi Effect
Distillation desalination plants. Chapter 3 discussed the theory behind heat transfer in the
evaporator as used for the development of the simulation design tools in Chapter 4. The
tools can be used to investigate initial sizing issues and help to determine the heat transfer
coefficient. The data obtained from the evaporator simulation design tool had a good
comparison to a case study that was done by Rousseau (2006:66). Furthermore from the
work done by others, as was discussed in Chapter 2, a study was launched which led to
the development of an experimental test section (as was discussed in Chapter 5) which

was used to study the flow over the tubes in the evaporator.

The detailed discussions and conclusions of the results are summarized in the following 3

sections:

6.1 EES program simulation

The following conclusions were made on the tools that were developed for the evaporator

and the vacuum system (as was discussed in Chapter 4):

6.1.1 Evaporator
The simulation programs developed in EES were developed for the evaporator of an

MED plant and are valuable in giving the initial order of magnitude for parameters like
the heat transfer coefficient as well as the amount of heat transferred. Another advantage
is that the program can also be used to address sizing issues of the evaporator by means
of calculating the evaporator diameter and length as well as the number of tubes inside
the evaporator. With the size known, a layout of the plant can be planned and a

preliminary cost analysis can be done.
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6.1.2 Vacuum System
During this study (Section 4.2.2) a simple approach was used in the development of a tool

that can help in the selection of the components for the vacuum system. Therefore, for
this study, a relatively simple tool was created that is easy and quick to use and can easily

be modified or expanded.

6.2 Wetted length flow pattern test section

The graphs obtained from the experiments on the wetted length test section for different
tube sizes and spacing that was done in Chapter 4, can be used as a convenient design
tool which can be used in the design of the perforated plate of a horizontal falling film
evaporator. An investigation into this prospect was important because, in order to
prevent scaling and corrosion, the entire tube needed to be covered with a water film as
was pointed out in Chapter 2. Therefore, this was an important study and the results can

be implemented in a design tool.

6.3 Conclusion

As was discussed at the end of Chapters 4 and 5, the research performed during this study
resulted in a set of tools that can be used in the initial design of an evaporator for a
Multiple Effect Distillation (MED) plant. Information supplied can furthermore be used
to develop a simulation package to do a detail in-depth design. A layout study can also
now be performed to address sizing issues. The study further has shown that it is possible
to develop a basic design tool with which an MED evaporator together with its vacuum
system can be designed. The tool that was developed has shown that it is applicable on
both municipal and seawater as a 1* order approach of the design. From the success of

the method, it was proved that it is acceptable to include into a detail simulation package.
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6.4 Recommendations and future work

6.4.1 Wetted Length

Since the experiments were initially carried out with normal municipal water, seawater
comparison tests had to be done to verify that the municipal water gave realistic results.
The results that were obtained from these tests showed good correlation between fresh
and seawater indicating that the results regarding the wetted length was applicable to both

normal municipal water as well as seawater.

The results (graphs) obtained can also be programmed into a simulation package, like for
instance Flownex or other design software, to make the design of the perforated plate
easier by using these curves. The correct curves for the various conditions (temperatures,

pressures and geometries) can then easily be selected and implemented.

Another important suggestion that can be made is the design of a corrosion test section.
This needs to be done in order to investigate the corrosion rate of the proposed aluminum
tube together with the sealing methodology. It can form another important study because

of the fact that seawater is highly corrosive.

6.4.2 Evaporator

The simulation program gives good initial design values for sizing purposes. However,
for a more detailed design on the evaporator, the simulation program will have to be
expanded in such a way as to include, for example, an incremental approach. From such
an expansion a temperature profile over the evaporator, for example, can then be

generated.

Another option that should be considered is to implement the information of this study
regarding the evaporator into a simulation program like, for example, Flownex. The

reason for this is that EES sometimes has its shortcomings in calculations. One of these
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shortcomings is that when the values are changed it needs to be done in small steps in

EES.

EES uses a solving technique to solve a number of equations and an equal number of
unknown variables. In case of an explicit solution of a poorly earthed matrix, the system
tends to be rather unstable and can therefore not solve the initial guess values and is too
far from the solution. This means that for complex solutions, changes need to be done in
small steps updating new guess values after each iteration. If this is not done, the
program has some calculation instabilities. An example of this is when trying to increase
the mass flow from 1 kg/s to 20 kg/s. Due to the instabilities, it cannot be done in one
single step, but has to be done in smaller steps by gradually increasing the mass flow
value. This is one reason for the small mass flow used in this study (it was also used to
be comparable to the data in Rousseau, 2006:59). A simulation package like, for
example, Flownex on the other hand uses a new generation solver rendering it very stable
for solving similar systems even when taking significant steps. That is why it would be
advisable to implement the information of this study into another simulation package or

to create a new program.

6.4.3 Vacuum system

Further investigations needs to be done for the vacuum system in order to create a detail
design tool seeing as a simple approach without too much detail was followed for this
study. It would, however, be advisable to do a detail design on the vacuum system of the
desalination plant as it plays such an important role in the regulation of the pressure in the

evaporator.

Another aspect regarding the vacuum system that could be of value is the incorporation
of a vacuum system design function into a simulation package. One option would be
implementing it into Flownex (a systems CFD (Computational Fluid Dynamics) code that
enables users to perform detail design, analysis and optimization of a wide range of

thermal-fluid systems). However, an alternative would be to create a standalone program
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in C++ or even Excel, as Flownex is not freely available to everyone. Another option is
to do an in depth design in EES. It is therefore suggested to create an EES-program and

to then carry the acquired knowledge over into the Flownex package.

This study attempted to solve the question of whether a basic design tool could be
developed and sensibly employed in a commercial desalination process (MED for the
purpose of this study). For the purposes of answering this question, new tools were
developed to help with the design of an effective system. These tools proved that it is
indeed possible and they bring us one step closer to utilizing these set of tools in the

design of a MED plant.
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Annexure A — Figures and Drawings

Wetted Length Curves

In Chapter 4 tests and experiments were done on the flow pattern test section to
determine the wetted length for different pressure and temperatures. In the chapter only
some of the figures for the holes in the perforated plates were given. The figures for the 3
mm and 4 mm holes in the perforated plates, however, were not given. In this annexure
the figures for the 3 mm and 4 mm holes for the different conditions are given. These are
the figures, along with those in Chapter 5, which can be used in the design of the

perforated plate in an evaporator for a MED desalination plant.
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Figure A.4: Base plate Bl and perforated plate with 3 mm holes
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Figure A.5: Base plate Bl and perforated plate with 4 mm holes
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Figure A.6: Base plate B2 and perforated plate with 3 mm holes
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Figure A.7: Base plate B2 and perforated plate with 4 mm holes
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Figure A.8: Base plate C1 and perforated plate with 3 mm holes
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Figure A.9: Base plate C1 and perforated plate with 4 mm holes
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Figure A.10: Base plate C2 and perforated plate with 3 mm holes
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Figure A.11: Base plate C2 and perforated plate with 4 mm holes
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Figure A.12: Base plate DI and perforated plate with 3 mm holes
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Figure A.13: Base plate DI and perforated plate with 4 mm holes

140

130 ——5 mbar
120 10 mbar
E 110 15 mbar
£
= 100 20 mbar
=) —— 25 mbar
g 90
2 ——30 mbar
T 80
o ———35 mbar
z —— 40 mbar
60 ——— 45 mbar
50 50 mbar
40
15 25 35 45 55 65

Temperature [°C]

Figure A.14: Base plate D2 and perforated plate with 3 mm holes



96

160

0 ——5 mbar
——— 10 mbar
15 mbar
120
20 mbar
——25 mbar

100

——30 mbar
——— 35 mbar

Wetted Length [mm]

——40 mbar
————45 mbar
50 mbar

15 20 25 30 35 40 a5 50 55 60 65

Temperature [°C]

Figure A.15: Base plate D2 and perforated plate with 4 mm holes
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Figure A.16: Base plate E1 and perforated plate with 3 mm holes
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Figure A.17: Base plate E1 and perforated plate with 4 mm holes
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Figure A.18: Base plate E2 and perforated plate with 3 mm holes
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Figure A.19: Base plate E2 and perforated plate with 4 mm holes

Further from the results that were obtained in the experiments the following figures could
also be drawn to give an indication of the minimum and maximum wetted lengths for the

different base plates.
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Wetted Length [mm]
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Figure A.20: Minimum and Maximum wetted lengths for 3 mm holes
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Figure A.21: Minimum and Maximum wetted lengths for 4 mm holes
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Annexure B — Derivations

In order for the evaporator diameter and length to be determined the following

derivations had to be. This was done by creating constants that would in the process of

determining these parameters.

Determine overall shell dimensions to ensure compliance to heat transfer duty
(UA) requirement for both the single and multiple tube passes (n) arrangement:
UA=U, 4,

UA=U, -a,-F-Vol

UA=U, -« -F-%-D2 L

UA

4

D’ L=

i i

a U E

i i

L:[1.273- uA } !
UA
a U

i i

- K, =1273

Determine overall shell dimensions to ensure compliance to pressure drop (Apmax)

requirement for both the single and multiple tubes passes arrangement:
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e To allow for inlet and outlet losses as well as bends etc. use only 70% of allowed

pressure drops:

S 1L
c,-d,-p-F*-D*

0.7-Ap =0.81

2 2
O'I.aVipFA D

2 p max

L:L{o.gm _
n DW-m
o2-d,-p-F?

- K, =0.864= Ap

2 max
pw "M

K; and K, can now be used to determine the length as well as the diameter of the

Evaporator as was shown in the theory and used in the EES-program for the evaporator.
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Annexure C — EES Programs

The EES programs that were developed during this study as a design tool are displayed in
this annexure. Also included in this section are the results of a run of the EES program.
This is done to show how the calculations were done and to show which values were

chosen for the purpose of this study.

C.1 Evaporator

In this section of the Annexure the EES program of the evaporator is shown together with

a trial run to show the parameters involved and how they can be found in the equations.

"EES Program for Evaporator"
"Specifications:"
m_dot_steam = 2 [kg/s]
p_steam_i = 1600000 [Pa]

T _steam_i =350 [K]

T_brine_i = 303 [K]
p_brine_i = 101000 [Pa]
m_dot_brine = 2.5 [kg/s]

DELTAp_steam_max = 2000 [Pa]

"Select:"

"Tube layout and Geometry"

d 0=0.03[m] "Tube outer diameter"
d_i=0.028 [m] "Tube inner diameter"
p_c =0.05 [m]

e = 30e-6 [m] "Friction factor"

theta = 30 [°]

"Choose"

DELTAT_f=5[K]

n=1 "Number of tube
passes"

F=05 "Net cross-sectional

area ratio covered by tube bundle"

"Geometry Calculations"
p_I = p_c*cos(theta)
sigma_i = 0.908*(d_i/p_c)"2
sigma_o=1-d_o/p_c
alpha_i=3.628*d_i/p_c"2
alpha_o = 3.628*d_o/p_c"2

"Calculation”
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"Steam and water(brine) Properties:"

rho_steam =Density(Steam,T=T_steam_i,P=p_steam_i)
mu_steam = VISCOSITY(Steam,T=T_steam_i,P=p_steam_1i)
k_steam = CONDUCTIVITY(Steam,T=T_steam_i,P=p_steam_i)
Cp_steam = CP(Steam,T=T_steam_i,P=p_steam_i)

C_steam = m_dot_steam * Cp_steam

Pr_steam = PRANDTL(Steam,T=T_steam_i,P=p_steam_i)

rho_brine = 1027

mu_brine = 1.056 * 10"\(-6)
k_brine = 0.596

Cp_brine = 4200

C_brine = m_dot_brine*Cp_brine
Pr_brine=7.2

m_dot_brine = Q_dot_H/(Cp_brine * DELTAT_f)

C_min = MIN(C_steam, C_brine)
C_max = MAX(C_steam, C_brine)

C_r=C_min/C_max

DELTAT_max = abs(T_brine_i- T_steam_i)
epsilon = Q_dot_H/(C_min * DELTAT_max)

NTU = (1/(C_r-1))*In((epsilon-1)/(epsilon*C_r-1))
UA = C_min*NTU

f DW_i =MoodyChart(Re_steam, e/d_i) "Darcy Wisebach factor"

K_1=1.273*UA/(F*alpha_i*U)
"Calculation of a constant"

K_2 = 0.864*sigma_i"2*d_i*rho_steam*F"2*DELTAp_steam_max/(f DW_i*m_dot_steam”2)
"Calculation of a constant"

D = SQRT(n)*(K_1/K_2)"(1/6) "Diameter of
Evaporator"

L =K 1/D"2 "Length of tube"
N_L =0.9*d/p_c*cos(30) "Number of
tubes”

Re_steam =rho_steam*V_steam*d_i/mu_steam
V_steam = 1.273*m_dot_steam*n/(N_L*F*rho_steam*sigma_i*D"2)

"To evaluate the heat transfer coefficient (h_i) for vapour condensation inside horizontal tubes,
the Shah (1978) formula has been used:"

CHI=05 "Vapor phase mass
fraction, assumed as average in the tube"

k_L = Conductivity(Water, T=T_steam_i,P=p_steam_i)

mu_L =0.00005

rho_L =1000

Cp_L=Cp(Water,T=T_steam_i,P=p_steam_i)

V =V_steam

h_i=h_u*(1+ 3.8/2"0.95) "Heat transfer
coefficient in tubes"
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Z = (1/CHI -1)0.8*Pr_steam”0.4
h_u=0.023*Re”0.8*Pr_steam”0.4*(k_L/d_i)*(1-CHI)"0.8

Re =rho_L*V*d_i/mu_L
Pr=mu_L*Cp_L/k_L

"To evaluate the heat transfer coefficient (h_o) for the horizontal falling-film boiling of the brine the
Nusselt expression has been used:"
"Subscripts f and g refer respectively to the fluid and gas brine phases"

g =9.81 [m/s"2]
rho_f=rho_brine
rho_g =rho_steam
nu_g=117e-6 [m"2/s]
k_g=k_steam
k_f=Kk_brine

T s=T_steam i

inside the tube"

T _sat =343

produced steam at saturated conditions"

C =Cp_brine

"kinematic viscosity"

"Temperature of vapor
"Temperature of

"Brine specific heat"

Nusselt = 0.62*(g*(rho_f-rho_g)*hfg_bar*d_o/(nu_g*k_g*(T_w-T_sat)))(1/4)

T w=0.5%T_s + T_sat)

hfg_bar = hfg*(1+0.34*Ja)

Ja=C*(T_s-T_sat)/hfg
number"

hfg = 2260 [J/kg]
Nusselt = h_o*d_o/k_f

coefficient of the brine on outside of tubes"

"Overall heat transfer Coefficient:"

1/U = 1/(h_i*(d_i/d_o)) + 1/h_o + FF

FF = 0.008

The results of the EES-program are as follows:

Unit Settings: [JJC)[Fal{kgl[degrees]

"Wall temperature™
"Dimensionless Jacob

"Heat of vaporization"
"h_o = heat transfer

oy = 4063 g = 4354 C o=4200

CPyoam = 2193 [Jkg K] Chyine = 10500 C, e = 10500

D =05015 [rm] AP gteam man = 2000 [Pal] AT =5 [K]
e=0.00003 [m] z = (12547 F=05

hfg = 2260 [Jikg] hfg = 12256 hi =BEE7 [v]

Ky =0.7025 Ky=4417 Kigine = 0.596
Ktear = 0-05068 L=2.793 [m] Upine = 0-000001056
Mgpear = 2 [KO/S] n=1 NTU=0.3117
Pr=2163 Priyine = 72 Pryeqm = 09638
Pteami = 1-B00E+06 [Pa] Qy, = 52500 [w] Re = 889150

pg= 5729 [kg/m?] pL=1000 [kg/m7] Petma = 5-729 [ka/m]
Thine; =303 [K] T,.=380 [K] T =343 [K]

UA = 1367 [W/K]

W = 1588 [m/s]

W, . =1588 [m/s]

steam
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=05 CPpine = 4200 [k K]
Cpyiry = 4385 C, =0.4176

AT,y =47 d; =0.028 [m]

FF =0.008 oy j = 00318

h, = 26283 [W/] h, =1353 [W]

k; = 0.596 kg = 0.05068

1, = 0.00005 Metpam = 0.00002228
Nusselt =1273 vg = 0.00000117 [ms]
Phyinei= 101000 [Pa] f = 0.05 [rn]

Resteam =11434
T = 0.2847
Tsteam,i= 350 K]
Z=10.59354

C.2 Vacuum System

Phine = 1027 [ka/m3]
g,=04
T,, = 3465 [K]

Cp, =2193 [Jkg K]
I:steam = 4385

d, =0.03 [m]
=981 [mfs?]
Ja=13.01

ky = 0.05068
Miine = 20 [KO/s]
N, =7.817

Py = 0.0433

pp = 1027 [kg/mT]
=30 [

U =1219

In this section of the Annexure the EES program of the vacuum system is shown together

with a trial run to show the parameters involved and how they can be found in the

equations.

"EES program for the vacuum system"

m_dot = (Q*rho/(60*60))
g =9.81 [m/s"2]

k_m =k _valves + k_elbows
h s=1[m]

Vol_VacVes = pi/4*D_VacVes"2*L_VacVes
rho = Density(Water, T=T_1,P=P_1)

mu = Viscosity(Water, T=T_1,P=P_1)

A = pil4*D"2

m_dot = rho*V*A

Re = rho*V*D/mu
RR =e/D

f = MoodyChart(Re, RR)
k=fL/D+k m

h_| = k*VA2/(2%g)

"Mass flow"

"Losses"
"Static height"

"Volume of vacuum vessel"

"Flow cross sectional area"

"Reynolds number"

"Friction factor"

"Height caused by losses"
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H=h s+h |+P_1/10 "Total height"

Vohyaayes = 1571 [m7]

o ) Vacuum Vessel
Liguid Jet Vacuum Pump

Fipe

Losses Factors (Pipes & Valves) o : - Pump
Fetoows 2] Py = [kPal

uatves 1] e s[0.00003] a=[24]m®mn

=3 2979

L : [m]

? Water Tank

The results of the EES-program are as follows:

Lnit Settings: [kJY[C)/[kFal/kgl/[degrees]

A =0.003318 [m? D =0.065 [m] Dyacives = 1 [m]
e =0.00003 f =0.01934 =981 [m/s?]

H =52.23 [m] hy =1.229 hy=1 [m]

k =54975 Kelbows = 2 k=3

kvalves =1 |j= 10 [m] LVau:"-.fes =2 [m]
w=0.0005804 m = 6648 [ko/s] Py =500 [kPa]
0 =24 [r3hr] Fe = 146256 p=1997.2 [kg/md]
RF: = 0.0004615 Ty=25 [C] W= 2008 [m/s]

Wahoes = 1571 [mI]
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Annexure D — Data sheets

The following data sheets are contained in this section:
e Data sheet for Liquid Jet Vacuum Pumps with threaded connections

e Data sheet for Liquid Jet Vacuum Pumps with flanged connections



I.inIid Jet Vacuum Pumps with threaded connections

Fig. 1

Liquid jet vacuum pumps generally use
water as the motive medium. They are
simple in construction, consisting of the
head, the diffusor and the motive nozzle.
They are safe in operation and mainte-
nance free, whilst the capital outlay is
low.

The operation of these liquid jet vacuum
pumps is based on the liquid jet from the
motive nozzle emerging at a higher ve-
locity, entraining air or gas in the head
and compressing it to atmospheric pres-
sure.

Liquid jet vacuum pumps with threaded
connections are mainly used in chemical
laboratories for the production of vacu-
um, as for example in vacuum distillation
or drying.

They are also used for evacuating syphon
lines, suction lines of circulating pumps
and condensers; for deaeration of pres-
sure vessels and for producing negative
pressures in Nutsch filters.

30

Water temperature in °C
=1

0 0 20 0 «0

Abs. pressure in mbar

e
©
w

| A
Y
- B
C
A = Motive liquid
. B = Suction connection
Fig. 2 C = Liquid outlet

Liquid jet vacuum pumps, when water is
used as the motive medium, can be di-
rectly coupled to the water line. If, how-
ever, the water consumption has to be as
economical as possible, the operating wa-
ter may be circulated. This is also so for all
cases where other liquids are used as the
motive medium.

Mass suction flow M, in kg/hr (air)

0 =
Suction pressure p, in mbar (for water at 20° C)

Fig. 5

(N) = Low pressure construction
(1.5 -2 bar)

30 40 50 607080 t00

The temperature of the operating liquid
may be kept low by the constant addition
of a small quantity of fresh liquid. Higher
vacuum can be reached by the further
cooling of the motive medium. This is
particularly expedient when the suction
flow contains condensible components,
e. g. solvents. In such a case the vacuum
pump can be operated by using the con-
densate as the motive medium.

The lowest suction pressure which can be
obtained with a suction capacity of 0
(blind vacuum) corresponds to the vapour
pressure of the motive liquid which is de-
pendent upon the temperature of the
liquid.

For the motive medium of water the rela-
tionship between water temperature and
lowest suction pressure is shown in fig. 3.

Capacity Diagram

Diagram fig. 5 gives the mass suction flow
in kg/hr air in relation to the suction pres-
sures at various operating water pres-
sures for 4 pump sizes. The curves are
based on an operating water tempera-
ture of 20 °C. The motive water consump-
tion (circulating water flow) can be read
from diagram fig. 7.

Liquid jet vacuum pumps will still operate
satisfactorily if the outlet pipe is below the
liquid level, or if a reducing piece is con-
nected to the liquid outlet.

200 300 400 SO0 8OO

p;= Motive water pressure

(H) = High pressure construction (3-6 bar)
Pressures stated in bar correspond
to gauge.
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I- i q u i d .’ Et Vacu u m Pll m pS with threaded connection as pre-evacuator

Evacuation time

Diagram fig. 6 gives the time in minutes
which a liquid jet vacuum pump size 2 re-
quires in order to evacuate a vessel vol-
ume of 100 litres to a defined suction
pressure.

The selection of other sizes is achieved by
the following conversion formula:

F= ey
Tevac.
F = Factor for the selection of the
pump size
tpec = Specific evacuation time in
min/100 | (from diagram fig. 6)
toac = Expected evacuation time in
minutes
V = Volume of vessel to be

evacuated, in litres

Size 0 1 2 3
0.44 0.68 1 1.5

Factor F

Example

A vessel volume of 400 litres should be
evacuated, in 5 minutes, to 400 mbar. The
water pressure is 3 bar. Which pump size
is required?
From diagram fig. 6, for 400 mbar and 3
bar, a time of 1.8 minutes/100 litre vessel
volume is found. For the evacuation of a
vessel volume of 400 litres a liquid jet vac-
uum pump size 2 requires 4 x 1.8 = 7.2
minutes. As, however, only 5 minutes are
available, the above formula is used to
calculate the factor for the size of pump
required:
1.8
F=

-400="1.44

100-5
According to the above table factor 1.5
- corresponding to pump size 3 - is the
closest to the calculated value. Pump size
3 is therefore selected.

The motive liquid consumption will be in-
fluenced by the suction pressure pg. This
is established by means of the curves in
fig. 7.

Suction pressure in mbar

5 B 7 a ) 0

Specific evacuation time t,,.. in min/100 | vessel volume for size 2

Fig. 6

®
®
P4

= Low pressure construction (1.5 — 2 bar)
= High pressure construction (3 - 6 bar)
= Motive water pressure

(Pressures stated in bar correspond to gauge)

cE45e 2 29
SE ]
Be4od ] 124
§-> . 25 ]
b %1%
35304207 1.1
53 1 1%
=F351 |
S 159 14
5294 § 1™
Se :
E '3 2 % 61 Z
Size

B
©
N

Motive liquid pressure p, in bar

po= Suction pressure

Fig. 8

Connections, Dimensions and Weights

Size 0 1 2 3

Operating water conn. A R%" R3%" R1* R1%"
Suction connection B R 2" R %" R3%" R 1"
Pressure connection C R 2" R %" R3%" R 1"
a 240 260 310 405

Length in mm b 65 70 80 105
C 175 190 230 300

d 35 40 45 50

Weight kg 0.9 1.4 2.3 3.1

Standard construction:

| Cast iron, motive nozzle: brass

Il Cast iron, motive nozzle: stainless steel
Il Completely of stainless steel

Special constructions:

Hastelloy, Titanium, Plastic (PVC, PP, PVDF,
PTFE) etc.

For standard pumps of porcelain, please
see catalogue sheet 2000 fvp 3.

For all inquiries please use our questionnaire on page B 21.
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I.i(lllid Jet Vacuum Pumps with flanged connections

They are also used for evacuating syphon
lines, suction lines of circulating pumps
and condensers; for the deaeration of
pressure vessels and for producing nega-
tive pressure in a Nutsch filter.

Liquid jet vacuum pumps, when water is
used as the motive medium, can be di-
rectly coupled to the water line. If, how-
ever, the water consumption has to be as
economical as possible, the operating wa-
ter may be circulated. This is also so for all
cases where other liquids are used as the
motive medium.

The temperature of the operating liquid
may be kept low by the constant addition
of a small quantity of fresh liquid. Higher
vacuum can be reached by the further
cooling of the motive medium. This is
particularly expedient when the suction
flow contains condensible components,
eg. solvents. In such a case the vacuum

pump can be operated by using the con-

Fig. 1

Liquid jet vacuum pumps generally use
water as the motive medium. They are
simple in construction, consisting of the
head, the diffusor and the motive nozzle.
They are safe in operation and mainte-
nance free, whilst the capital outlay is
low.

The operation of these liquid jet vacuum
pumps is based on the liquid jet from the
motive nozzle emerging at a higher ve-
locity, entraining air or gas in the head
and compressing it to atmospheric pres-
sure.

Liquid jet vacuum pumps with flanged
connections are mainly used for the pro-
duction of vacuum in technical institu-
tions and in production plants for exam-
ple for vacuum distillation and vacuum
drying.

e

WNN

Mass suction flow M, in kg/hr (air)

(=]
-4
(=]

Fig. 4

5 4 3 2

densate as the motive medium.

The lowest suction pressure which can be
obtained with a suction capacity of 0
(blind vacuum) corresponds to the vapour
pressure of the motive liquid which is de-
pendent upon the temperature of the lig-
uid.

For the motive medium of water the rela-
tionship between water temperature and
lowest suction pressure is shown in fig. 2.
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Fig. 2 Abs. pressure in mbar

Liquid jet vacuum pumps will still
operate satisfactorily if the outlet
pipe is below the liquid level (see fig.
3), or if a reducing piece is connected
to the liquid outlet.

Suction connection
Operating liquid
Fresh liquid

N W >
In o n

Fig. 3

Diagram fig 4 gives the
mass suction flow in kg/h
air in relation to the suc-
tion pressure at various
operating water pressures
for 8 pump sizes. The
curves are based on an op-
erating water tempera-
ture of 20 °C. The motive
water consumption (circu-
lating water flow) can be
read from diagram fig. 5.

Pressures stated in bar cor-
respond to gauge.

200 300 400 500 600

Suction pressure py in mbar (for water at 20° C)

(N) Low pressure construction (1.5 — 2 bar)

(H) = High pressure construction (3 — 6 bar)

p; = Motive water pressure
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LinIid Jet Vacuum Pumps with flanged connections as pre-evacuators

Evacuation Time

Diagram fig. 6 gives the time in minutes
a liquid jet vacuum pump size 4 needs to
evacuate a vessel volume of 1 m3 to a de-
fined suction pressure.

The selection of other sizes is achieved by
the following conversion formula:

tspec.
- tevac
F = Factor for the selection of the
pump size
tpe = Specific evacuation time in
min/m3 (from diagram fig. 6)
toac = Expected evacuation time in
minutes
V = Volume of vessel to be
evacuated in m3
Example

A vessel of 3 m3 is to be evacuated to 400
mbar in 10 minutes. The water pressure is
3 bar. Which pump size is required?

From diagram fig. 6, for 400 mbar and 3
bar, a time of 8 min/m3 is found. For the
evacuation of a vessel volume of 3 m3,
a liquid jet vacuum pump size 4 requires
3 x 8 = 24 minutes.

Suction pressure in mbar

0 ) 10 "

Fig. 6

(N) Low pressure construction

20 25 30 5 &0

Specific evacuation time t,,.. in min/m? vessel volume for size 4
(H) High pressure construction

p; = Motive water pressure

Size 1 2 3

4 5 6 7 8

Factor F 0.28 0.40 0.63

1 1.6 2.5 4 6.3

However, as only 10 minutes are available
the above formula is used to calculate the
factor for the size of pump required:

According to the table factor 2.5 corre-
sponding to pump size 6 is closest to the
calculated value. Pump size 6 is therefore
selected.

a 2
25124 1 111
SE Jd 54 . The motive liquid con-
2 c 40426 ] 10 40 25 sumption is influenced
E_'; 24 4 1 - ] 6 by the suction pressure
§ 3 B9 24 | 351 15 Po. This is established by
E“_? 304 20 124 84 s 30- ;Ti]ge.aSn.s of the curves in
= -'g 184 1 ] Pressures stated in bar
g_gzﬁ 164 'I:]-: 6 L4251 1 correspond to gauge.
%Ezu-l"" 8 -I3 20
0B
<]
Z2g 8 7 6 5§ 4 3 2 1 1 2 3 4 5 6
Size Motive liquid pressure p, in bar
Fig. 5 po= Suction pressure (abs.) in mbar (N) Low pressure construction (1.5-2 bar) (H) High pressure construction (3-6 bar)
- A Connections, Dimensions and Weights
Size 1 2 3 4 5 6 7 8
Operating water conn. A 25 25 32 40 50 65 65 80
Suction connection B 20 20 25 32 40 40 50 65
Pressure connection C 15 20 25 32 40 50 65 80
Length in mm a 207 267 347 407 478 608 778 963
b 60 60 63 68 78 78 78 113
C 147 207 284 339 400 530 700 850
d 85 85 100 115 125 125 125 135
Weight 8 10 13 18 26 35 55 65
Standard construction: Special construction:
i | Cast iron, motive nozzle: brass Hastelloy, Titanium, plastic (PVC, PP, PVDF,
Fig. 7 Il Cast iron, motive nozzle: stainless steel ~ PTFE) etc.

Il Completely of stainless steel, loose
flanges: steel
Flanges to DIN PN 10

For standard pumps of porcelain, please
see catalogue sheet 2000 fvp 3.

For all inquiries please use our questionnaire on page B 21.
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