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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
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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.



YEHT

| ITEAM

| ] —
O l.almn N -

|
AAAA AAAA /MA/1 j\ﬂ\f D
_
|
|
|
]

AAAA

| . DIETILLATE |
Z ERINE

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 ex