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Summary

Summary

Falling film evaporators are a widely used process in the New Zealand dairy industry. They are
well suited for the removal of water and are most commonly used as the first stage of the milk
powder production process. In New Zealand milk powders are a major export product, so the
falling film evaporator is an important part of the Dairy industry. However, there appears to be
very little understanding of the design, operation and control of falling film evaporators. The
work discussed in this thesis aims to overcome this problem.

This work will derive, develop and analyse a model of the Evaporator A plant at Kiwi Co-op
Dairies Ltd. The purpose of developing the evaporator model is to analyse the optimisation and
controllability of the plant. A steady state model for the plant will be developed specifically for
the optimisation studies and a linear dynamic model for the controllability studies.

The production of milk powders is a two stage process. Falling film evaporators are used to
remove approximately 80 % of the water contained in the milk. This produces a highly viscous
milk concentrate that cannot be further concentrated using evaporators. The remaining water is
removed using spray dryers, which can be operated to produce special powder properties. The
powder is easy to transport and relatively free from potential bacterial attack.

Evaporation is an energy intensive process and it is advantageous to minimise its energy
requirements. This is the aim of the evaporator optimisation studies. Falling film evaporators are
more energy etficient than spray dryers and many evaporator plants also use two stages, with
different energy efficiencies. So, the total evaporation cost depends on the process operating
conditions. However, there are various operating constraints, which restrict the evaporator
capacities. These constraints will be determined and used to develop the constrained optimisation
method.

In this thesis the optimum operating conditions for the Kiwi Evaporator A plant, working with
Whole Milk, are determined. The optimisation problem is two dimensional, for the TVR
compressor steam pressure and the TVR evaporator section product mass flow. Various other
process variables, such as the DSI temperature and the TVR product dry mass fraction also have
optimum values. These are discussed in the thesis also.

There are also many operational problems with industrial falling film evaporator plants. For
example the preheat sections of industrial plants can often suffer de-aeration problems, boiling in
holding tubes and flash vessel flooding problems. These problems will be investigated and
simple solutions determined.

In the Dairy industry evaporators have to operate under a vacuum, since the milk proteins
become de-natured when heated above 70 °C. This means that a small hole in the evaporator, or
preheat section, will allow non-condensable gases to leak into the process. In addition milk,
itself, often contains dissolved gases that evaporate out of the milk, when it flashes in the preheat
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section. It is shown, in this thesis, that the presence of non-condensable gases causes a
temperature difference to occur between the top and bottom of the flash vessels. The de-aeration
lines from the flash vessels must have correctly sized orifice plates, so that the gases are
removed.

It is possible for milk to evaporate in the preheat section holding tubes. In is shown to cause a
number of problems, such as flash vessel flooding, that are detrimental to the preheat section
operation. The milk pressure must not fall below its vapour pressure. It is shown that correct
sizing of the preheat section DSI pump and holding tube orifice plate is essential.

The controllability of falling film evaporators is very important. There are several reasons why
the production of milk powder can be difficult to control. A linear dynamic model for the
evaporator plant will be developed and used to determine why falling film evaporators are
difficult to control The purpose of this work is to understand the fundamental controllability
problems with the plant. Currently, there does not appear to be any fundamental understanding of
why falling film evaporators are difficult to control.

The results of the controllability analysis show that the temperature control loops of the
evaporator plants at Kiwi is satisfactory. A problem was found with the DSI temperature control
loop, due to the need to measure the milk temperature after the holding tubes. This caused a
significant delay that meant the controller could not provide adequate disturbance rejection.
However, a solution to the problem was developed, where a surface temperature probe was used
directly after the DSI, with a cascade control loop. |

The most serious control problem was the product dry mass fraction control loop. The evaporator
is designed to overcome the film wetting criteria, while simultaneously operating with the
maximum energy efticiency and minimum residence time. These design aims mean there is little
mixing in the process and a large pseudo-delay that occurs in the dry mass fraction control loop.
Both these problems mean the controller cannot provide adequate disturbance rejection for the
product dry mass fraction control loop.
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Introduction

Chapter 1 : Introduction

1.1) Introduction and Aims

Falling film evaporators are commonly used in the New Zealand dairy industry for the
production of milk powders. Milk powder is not susceptible to bacterial damage and it is easy to
transport, whereas milk itself has neither of these characteristics. As a result milk powders are an
ideal export product for the New Zealand Dairy industry. However, despite their large amount of
industrial use, there is a shortage of knowledge on the design, operation and control of falling
film evaporators. The work discussed in this thesis was initiated with the aim of improving this
situation. The aims of this work are split into three broad areas.

Develop Model

A first principles model for the Evaporator A plant at Kiwi Co-op Dairies will be developed from
the Laws of Thermodynamics. The model is dynamic and includes the evaporator preheat
sections. We will concentrate on developing the model for the subsequent analysis of the
Evaporator A plant. Specifically, a steady state model will be developed for the
optimisation/operation studies and a linear dynamic model for the controllability studies.

Optimisation Studies

Using the steady state model the operation/optimisation of the Evaporator A plant will be
investigated. There are some simple aspects of the evaporator and preheat sections that will be
discussed. However, an important aspect will be the evaporator operational optimisation with
respect to energy costs, fouling, throughput and milk powder quality.

Controllability Studies

Using the dynamic model we will investigate the control of the evaporator plant. The dynamic
model derived from first principles will be linearised to produce a linear constant coefficient
dynamic model. This can be analysed using the standard traditional and some advanced control
methods. Specifically we will be interested in disturbance rejection.

In this Chapter we discuss the motivation for these studies. We will firstly, in Section 1.2,
describe a generic falling film evaporator and discuss the important reasons for their use in the
Dairy industry. There are many reasons for using falling film evaporators but the two most
important reasons are their suitability for dealing with heat sensitive foods and the high energy
efficiencies of modern evaporators. We shall also discuss, in Section 1.2, the composition and
some important reactions of milk solutions.

Following the discussion of the important characteristics of falling film evaporators, we will
investigate the basic mass balances of the process. These mass balances explain some important
characteristics of industrial falling film evaporators. The predominately linear nature of falling
film evaporators and their sensitivity to feed dry matter disturbances will both be discussed.
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These have important consequences for the controllability of falling film evaporators and provide
a motivation for studying their controllability.

The evaporation of water is a very energy intensive process. In Section 1.3, we will discuss the
energy use of falling film evaporators and explain the high energy efficiencies of modern falling
film evaporator designs. The important difference in the energy efficiencies of falling film
evaporators and spray dryers will be discussed. Falling film evaporators are more energy
efficient than spray dryers and so their evaporation capacities must be maximised. This provides
a strong motivation for the optimisation studies and also the controllability studies.

Finally, in Section 1.4, we will briefly describe the Evaporator A plant at Kiwi Dairy Co-
operatives.

1.2) What is a Falling Film Evaporator and Why are They Used?

1.2.1) What is an Evaporator?

Evaporation is the process of turning a liquid into a vapour. With milk solutions, which we will
be dealing with, the solute particles have very large molecular masses which cause them to have
very high boiling temperatures. Consequently when evaporation is applied to milk solutions
effectively only the water is evaporated. As a result evaporation is used in the dairy industry as a
water removal/solute concentration process.

:Distribution Plate

Evaporator

Shell | ' Vacuum Condenser

Evaporator
Effect

Concentrated Product

Figure 1-1 : A typical falling film evaporator.
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The removal of water from milk solutions is important to the New Zealand Dairy industry. A
large amount of New Zealand milk is exported and it is important that the transport costs and
bacterial growth are minimised. Milk contains 90 % water and the complete removal of this
significantly reduces the cost of transporting the milk. However, the complete removal of water
is more important for the minimisation of bacteria growth. Bacteria do not grow in a ‘moisture
free’ environment and so the shelf life of the milk can be considerably extended by completely
removing the water.

Figure 1-1 shows a typical falling film evaporator. The milk enters at the distribution plate and is
evenly distributed onto the falling film evaporator tubes. Then the milk forms a thin film on the
inside of the evaporator tubes and flows downwards by gravitation. Water is evaporated from the
milk due to the heat flow from the evaporator shell. This concentrates the milk before it falls
from the evaporator tubes and is collected at the bottom of the evaporator. A compressor is used
to compress the evaporated water vapour and give it a higher temperature/pressure. This higher
temperature then provides the driving force for the evaporation heat flow, which is the basis for
the whole process.

1.2.2) What is Milk?

Basic raw Whole Milk is a mixture of water and dissolved solute particles. Table 1-1 lists the
components of raw Whole Milk and Skim Milk along with their typical compositions. The
protein in milk exists in two forms, most of which (i.e., approximately 80 %) is casein protein
whereas the remaining exists as whey protein. The fat component of milk consists of the typical
fatty acids arranged into a tri-glycerol arrangement. These components and the lactose/mineral
salts have been well studied and there is a large amount of literature discussing their chemical
and physical properties (Kessler, 1981; Walstra and Jenness, 1984).

Table 1-1 : Approximate Whole and Skim Milk compositions.

Component Whole Milk Composition Skim Milk Composition
(%) (%)
Water 875 91
Protein 3 3
Fat 4 0
Lactose 4 4
Salts 1 1

A very important characteristic of milk is the reactivity of the whey proteins at temperatures
above 70 °C (Dannenberg and Kessler, 1988). In practice it is found that these whey protein
reactions can cause significant fouling when evaporators are operated at temperatures above 70
°C (Kessler, 1987, Geordiadis ef al, 1998; Schwartzberg, 1989). Consequently it is important that
evaporators operate at temperatures below 70 °C. The vacuum condenser shown in Figure 1-1 is
used to control the temperature of the evaporator.

Another important characteristic of milk is its viscosity. It is found that the viscosity increases
dramatically as milk is concentrated (Snoeren et al, 1982). This is caused by the large size of the
milk dry matter components. In practice the milk viscosity is approximately an exponential
function of the milk dry matter. This characteristic of milk is important for the production of
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milk powder, because it is found that the milk powder quality depends on the dryer feed
viscosity.

1.2.3) The Industrial Production of Milk Powder

The industrial production of milk powder is a two stage process, as shown in Figure 1-2. Falling
film evaporators are used to concentrate the milk solution to a critical dry matter concentration.
Then a spray dryer evaporates the remaining water from the milk. There are several advantages
in using this two stage production process. Firstly the falling film evaporators have considerably
higher energy efficiencies than dryers and therefore the two stage process minimises the energy
costs. Secondly the spray dryer milk powder product properties depend on the dryer feed
viscosity. A comparatively narrow viscosity range is allowed and the two stage process allows
resonable control of the viscosity. Finally the evaporator allows incorporation of various milk
heat treatments, which are important for specific powder functional properties.

Raw Milk ——p» Falling Film |y Concentrated—y Spray L Milk Powder

Evaporator Milk Dryer
Evaporated Water Evaporated Water

Figure 1-2 : The industrial production of milk powder.

1.2.4) Advantages of Falling Film Evaporators

Falling film evaporators are commonly used in the dairy industry because they can handle heat
sensitive food solutions and their modern designs are very energy efficient. Falling film
evaporators have the following important characteristics (Angeletti and Moresi, 1983).

1) Relatively short residence times.

2) Narrow range of residence times.

3) High heat transfer coefficients.

4) Minimum loss of temperature difference.

The short residence times of falling film evaporators are due to their thin falling films. These
have relatively high fluid velocities and consequently the residence time of the milk in the
evaporator can be quite short. However, modern falling film evaporators may not necessarily
have short residence times because of the need to operate with large feed flows whilst
maintaining stable falling films. This usually requires evaporator designs with multiple passes
and very long evaporator tubes. Consequently the residence times can be comparatively large.

The narrow range of residence times in falling film evaporators is due to the small amount of
mixing that occurs in the process. The distribution plates are designed to operate with small
heights of liquid, the pipes between passes are designed for turbulent flow and the falling films
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are thin with comparatively high velocities. As a result, the range of residences times is narrow.
This is very important for milk solutions, which contain components that can become damaged if
exposed to excessive heat.

The evaporating heat transfer coefficients of falling film evaporators are high because of the thin
falling film. From heat transfer theory we know that the heat transfer coefficient depends on the

thickness and the thermal conductivity heat transfer layer (i.e., hz%). With milk solutions the

thermal conductivity depends on the dry matter concentration, temperature and composition,
which are all essentially constant. However, the thickness of the heat transfer layer is relatively
small for a falling film evaporator and so the heat transfer coefficients are high.

With a falling film evaporator the evaporating heat transfer temperature difference only needs to
overcome the boiling point elevation, which is small for most milk solutions. Consequently
falling film evaporators working with milk solutions can operate with temperature differences as
small as 2 °C. We will show later that with an MVR compressor this allows the evaporator
energy efficiency to be very high. This is the major advantage of modern industrial falling film
evaporators.

Falling film evaporators have the disadvantage of being susceptible to fouling. This fouling is
caused by the following characteristics of falling film evaporators.

1) Falling film breakdown.

2) Low falling film shear stresses

A major disadvantage of falling film evaporators is the potential instability of the falling film. At
low mass flows the film will not completely cover the evaporator tubes and will instead flow in
rivulets down the tubes. This phenomena is called by a variety of names (film breakdown,
inadequate wetting) but the basic result is usually fouling of the tubes.

A second difficulty with the falling film evaporator is the relatively small shear forces that act on
the film. These shear forces are induced by gravitation and they are comparatively small.
Consequently any foulant particles can easily become attached to the evaporator tubes. Larger
shear forces can be induced by using centrifugal falling film evaporators (Bouman and
Waalewijn, 1994). However, the capital and operational costs of using industrial centrifugal
evaporators is large.

1.2.5) Basic Evaporator Mass Balances

As mentioned above milk evaporation is a water removal process. For a continuous system this is
represented by the following static equations.

M,=M,-M,,, (1.1)

B M_,-,w_;

w —Ir—] (1.2)
’ s —Me\'ap
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Where, M, = mass flow of liquid milk entering the evaporator.  (kg/s)
M, = mass flow of liquid milk exiting the evaporator. (kg/s)

w, = dry mass fraction of milk entering the evaporator.  (kg/kg)

W, E dry mass fraction of milk exiting the evaporator.  (kg/kg)
= mass flow of water evaporation in the evaporator.  (kg/s)

The first of these equations is linear but the second contains an important non-linearity. Figure 1-
3 shows the resulting dry matter concentration in terms of the mass flow of evaporation. These
results were determined by using a feed dry matter of 0.125 kg/kg and a feed mass flow of 15.3
kg/s. The results clearly show the non-linear nature of the evaporation process. However, it is
interesting to note that the non-linearity only becomes excessive at high dry matter
concentrations.
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Figure 1-3 : Concentrated milk solution dry matter vs mass flow of evaporated water.

The effect of feed dry matter disturbances on the product dry matter is also very important. If we
consider deviations in the feed dry matter we can produce equation (1.3) for the deviations in
product dry matter. This shows that the evaporator amplifies variations in the feed dry matter and
when the amount of evaporation is large then the amplification can be very significant. A typical
Whole Milk falling film evaporator will have a concentration ratio of between 4 and 5. This
means that a feed dry matter disturbance of 0.01 kg/kg will be amplified and cause a variation in
the product dry matter of between 0.04 and 0.05 kg/kg.
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M O_
Aw, =r——T—Aw, (1.3)
(TR
Where, M; = mass flow of liquid milk to the evaporator at steady state. (kg/s)
M,, = mass flow of evaporation in the evaporator at steady state. (kg/s)
Aw, = change in the evaporator product dry mass fraction. (kg/kg)
Aw, = change in evaporator feed dry matter. (kg/kg)

The sensitivity of the evaporator process to feed dry matter disturbances suggests that process
control may be required. We have already mentioned the importance of the evaporator product
viscosity on the spray dryer milk powder quality. Clearly it is important that the concentrate
viscosity is closely controlled, so that the milk powder quality is maintained. This is obviously
achieved by controlling the dry matter of the evaporator product. When we also consider the
sensitivity of the process to dry matter disturbances, then the need for control becomes much
clearer.

1.3) Energy Costs of Falling Film Evaporators

1.3.1) Energy Efficiency of an Evaporator

The energy required to evaporate water is relatively large due to its high latent heat of
vaporisation. The latent heat is lower at higher temperatures, so strictly the energy required to
evaporate water can be reduced by operating at high temperatures. However, milk cannot be
evaporated at high temperatures because of the whey protein reactions that occur at temperatures
above 70 °C. Therefore the energy efficiency of the process is a major consideration. We will
define the following evaporator energy efficiency.

Eff=% (1.4)

comp

Where,q,,.,, = useful evaporation heat flow. - (W)
= ‘driving’ heat flow, or power supplied to the evaporator. (W)

comp

Early evaporator designs supplied steam directly to the evaporator shell and contained only a
single effect. This plant design is shown by the ‘Direct Steam Single Effect Evaporator’ in Figure
1-4. From energy balances it is easy to show that the energy efficiency for this configuration is
approximately 1 (Perry and Green, 1984, pp 11-37; Fergusson, 1989). This is a low energy
efficiency and so these plants require a large raw energy supply. However, by increasing the
number of effects it is possible to increase the energy efficiency. Figure 1-4 also shows a two
effect evaporator. From energy balances it is possible to show that the energy efficiency for a
multiple effect plant, with equal surface areas in each effect, is approximately equal to the
number of effects.
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Direct Steam Single Effect Evaporator Direct Steam Double Effect Evaporator

Figure 1-4 : Single and multiple effect evaporators.

The use of multiple effects reduces the evaporator operating costs but it also increases the capital
costs. Consequently there is an optimum number of effects where the increase in capital cost is
the same as the reduction in operating costs. It is common for the optimum to be between seven
and eighteen effects. However, it is uncommon to find these large multiple effect evaporators in
the Dairy industry because of the large temperature range that they must operate across. For
example a large multiple effect plant will use a first effect shell temperature of 120 °C and a final
effect temperature of S0 °C. This range of temperatures is not possible in the Dairy industry. The
need to operate evaporators with high energy efficiencies, but across small temperature ranges,
requires the use of vapour recompression.

1.3.2) Energy Efficiency with Re-Compression

The earliest vapour recompression evaporators used Thermal Vapour Re-compressors (TVR).
With a TVR compressor the steam mass flow is approximately a half of the suction vapour mass
flow. This means that the energy efficiency of a single effect evaporator is improved by
approximately two. Although this improves the energy efficiency a significantly greater
improvement can be achieved with Mechanical Vapour Re-compression (MVR). An MVR
compressor uses a large turbo-compressor or fan to compress the vapour. From thermodynamics
and energy balances it is possible to show that the energy efficiency of an isentropic MVR
compressor is approximately given by the following (Smith and van Ness, 1987).

Eff ~ E (1.5)

Where, £, = inlet pressure to compressor. (Pa)
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P, = outlet pressure from compressor. (Pa)

L = inlet temperature to compressor. (K)

C, = heat capacity. (J/kgK)
R = universal gas constant. (J/kg.K)
A = latent heat of vapourisation. (J/kg)

The above equation shows that the energy efficiency depends on the pressure difference the
compressor acts against. This explains the popular use of the MVR evaporator design in the
Dairy industry. In the Dairy industry falling film evaporators are used and these have no
hydrostatic temperature loss and the boiling point elevation of many milk solutions is small.
Consequently the evaporators can operate with small temperature differences and thereby require
compressors to operate against small pressure differences. Using MVR evaporators it is possible
to obtain energy efficiencies of over 30 (Fergusson, 1989), which is considerably greater than
can be achieved with multiple effect or TVR evaporators.

1.3.3) Energy Efficiency of Spray Dryers

The spray dryers used in milk powder plants also have an energy efficiency. Ambient air is
heated with high pressure steam and then used to evaporate water from the milk concentrate by
mass and heat transfer. The moist air from the spray dryer cannot be re-used and so it is
discharged to the atmosphere. Making an energy balance around the spray dryer we can produce
the following approximation for the energy efficiency.

2 Y‘s':‘uam - y;uu
Eff = [—_]] (1.7)
Where, I, = temperature of hot steam heated air. (°C)
r, = temperature of discharged air from spray dryer. (°C)
/ i = temperature of ambient air entering the spray dryer. (°C)

A typical spray dryer, working with milk, will use steam heated air of approximately 200 °C and
will discharge the air at 60 °C (Nielsen ef al, 1996). With an ambient temperature of 25 °C this
produces an energy efficiency of 0.8, which is considerably lower than that of an MVR
evaporator. The energy efficiency of the spray dryer can be increased by using higher steam
heated air or lower discharge temperatures. However, higher steam heated temperatures can
cause milk powder functional problems due to the whey protein denaturation reactions that are
encouraged. Additionally lower discharge temperatures also cause operational problems due to
the lack of evaporation that occurs at the bottom of the spray dryer.

From the above we can note that the energy efficiency of an MVR evaporator is considerably
greater than that of a spray dryer. This means the cost of evaporation in an MVR evaporator is
lower than in the spray dryer. As a result, an evaporator should be operated with the maximum
possible product dry matter concentration. However, we have already discussed the detrimental
impact of high evaporator product dry matters on the milk viscosity. At high concentrations the
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milk viscosity increases and this reduces the product milk powder quality. As a result, there is an
optimum product dry matter from the MVR evaporator plant.

1.4) The Evaporator A Plant at Kiwi Dairy Co-operatives

Figure 1-5 shows the evaporator A plant at Kiwi Co-op Dairies. Cold feed raw milk is supplied
to the plate heat exchanger (HX 1750) which heats the milk from approximately 12 °C to 50 °C.
The milk then passes to a shell and tube condenser (HX 1420) which is attached to the shell of
the MVR evaporator. This condenser heats the milk from approximately 50 °C to 65 °C.

After exiting the MVR condenser the milk passes to the DSI preheat section of the evaporator
plant. This contains two flash vessels (FV 1230 and FV 1250) and a Direct Steam Injection (DSI)
unit. This preheat section heats the milk from approximately 65 °C to the DSI unit temperature
(approximately 100 °C) where it is then held for a specified time in the holding tubes. The milk

is then cooled to approximately 80 °C by pressure reduction flashing in the bottom of the flash
vessels.

The milk flow from the second flash vessel then enters the first pass of the MVR evaporator
section (HX 1300 and HX 1400). The MVR evaporator section provides most of the evaporation
capacity for the plant. Its feed milk dry matter is approximately 12 %, but its product concentrate
has a dry matter of approximately 40 %. This represents a considerable amount of water removal
and the condensate flow from MVR evaporator is approximately 40,000 L/hr.

The product concentrate from the MVR evaporator section then passes to the TVR evaporator
section (HX 1500, HX 1600 and HX 1700). This section acts as a small finisher plant for the
evaporator plant. The milk is concentrated from approximately 40 % to approximately 48 % and

this requires only a small amount of water removal (i.e., the condensate flow is approximately
1800 L/hr).

10
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1.5) Thesis Plan

The objectives of this Thesis were outlined at the start of this Chapter. During the remainder of
this Chapter we have discussed some of the motivations for investigating the optimisation and
control of falling film evaporators. The aims of the work discussed in this thesis are classified
into three areas. Firstly a model will be developed for the Evaporator A plant at Kiwi Co-op
Dairies. Secondly the steady state version of the model will be used to analyse the operation of
the Evaporator A plant. Finally the dynamic model will be used to investigate the controllability
of the Evaporator A plant.

Derive, develop and identify a model of the Evaporator A plant at Kiwi Co-operative
Dairies.

The derivation of the model will be discussed in Chapters 2 and 3. Chapter 2 will be primarily
concerned with deriving a model for the basic falling film evaporator. Chapter 3 will be
concerned with deriving models for the additional DSI preheat section, the preheat plate heat
exchanger and the shell/tube condensers that are used in the plant. Following the derivation the
models will be developed in Chapter 4. Here the steady state and linear state space models for
the Evaporator A plant will be developed. Finally the identification of the model will be
discussed in Chapter 5.

Investigate the optimisation of the Evaporator A plant at Kiwi Dairy Co-operatives.

In this Chapter we have discussed some of the basic ideas that motivate the need for optimisation
studies of milk powder plants. Firstly the energy efficiency of modern falling film evaporators is
considerably greater than that of spray dryers. Consequently we want to maximise the dry matter
concentration from the evaporator and thereby minimise the energy costs of the plant. Secondly
there are fouling constraints on the operation of the plant. The evaporators cannot operate above
70 °C because the whey de-naturation reactions occur in this range and these cause fouling. Also
the evaporator tubes must remain completely wetted, otherwise fouling will occur. In Chapter 6
we will discuss the constrained optimisation of the falling film evaporator at Kiwi Co-op Dairies.

Investigate the controllability of the Evaporator A plant at Kiwi Dairy Co-operatives.

We have discussed some of the motivating ideas for investigating the controllability of falling
film evaporators. Firstly the evaporation process means that it amplifies variations in the feed dry
matter. This means that the process is sensitive to disturbances in the feed dry matter. Secondly,
the energy efficiency of evaporators is considerably greater than that of spray dryers. As a result,
the plant operating costs are reduced if the evaporators work at maximum capacity. However, if
the evaporator product dry matter cannot be well controlled then a significant safety margin is
required and this requires higher levels of evaporation in the spray dryer. In Chapter 7 we will
investigate the controllability of the Evaporator A control loops. The controllability of the plant
product dry matter control loops will be an important part of this.

12
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Chapter 2 : Modelling Falling Film
Evaporators

2.1) Introduction

The aim of the work discussed in this thesis is to analyse the operation and control of falling film
evaporators. Specifically, the Evaporator A plant at Kiwi Co-op Dairies will be considered. The
analysis is model based and so a model for the evaporator plant will be developed first. The
purpose of the first five Chapters of this thesis is to derive, develop and identify the model for
the Evaporator A plant. We shall simplify the modelling by separating the plant into four
sections. Figure 2-1 shows the complete Evaporator A plant with these four sections shown in
different shadings. In this Chapter we derive models for the MVR evaporator and the TVR
evaporator sections. However, these models will exclude the preheat condenser and vacuum
condenser, which are considered in the next chapter.

The first part of this Chapter contains a short discussion of Thermodynamics and a literature
review of evaporator modelling. This is contained in Section 2.2 and the important results are the
development/discussion of the general process energy and mass balances. These are derived from
the First Law of Thermodynamics and the Law of Mass of Conservation. They provide the basis
for the derivation of the models for the entire Evaporator A plant.

Following the Thermodynamics discussion we shall briefly describe, in Section 2.3, the MVR
evaporator and TVR evaporator sections. The distribution plates, falling films, evaporator effects
and evaporator shells of the Evaporator A plant will all be discussed. There are some important
differences between the MVR evaporator section and the TVR evaporator section and these will
also be discussed.

After describing the MVR and TVR evaporator sections we will begin modelling the process. In
Section 2.4, models will be developed for the distribution plates, evaporator effects, falling films
and evaporators shells. Firstly a generic distribution plate model will be considered. The
distribution plates are essentially the same throughout the plant and so only the first will be
modelled. This general model can then be applied to any other distribution plate in the plant. The
evaporator effect energy balances are derived after the distribution plate. We will consider the
three evaporator effects, of the Evaporator A plant, individually and derive models for each. The
end result will be a first order differential equation for the temperature of each evaporator effect.

Arguably the most difficult part of the evaporator model is the falling film. After considering the
evaporator effect energy balances we will derive the falling film partial differential equations.
These will then be simplified by transformation in the Laplace Domain. The end result will be a
differential equation for the dry matter and mass flow from the falling film. Finally we shall
consider the energy balances for the evaporator shells and these will be derived using the same
methods as for the evaporator effect energy balances. The MVR evaporator shell and the TVR
evaporator shell will be consider individually because of their different natures. The end result
will be a pair of differential equations for the evaporator shell temperatures.
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2.2) Thermodynamics and Evaporator Modelling Literature Review

2.2.1) Thermodynamics

The process modelling done here is primarily first principles. The equations are derived from the
fundamental First Law of Thermodynamics and the Law of Conservation of Mass. The Law of
Conservation of Mass is given by the following (Sandler, 1989, p 30).

ad &
i ZM* (2.1)
d 5
Where, M = total mass in control volume. (kg)
M, = mass flow into control volume. (kg/s)

The First Law of Thermodynamics was originally developed experimentally by the work of
Joule in the 19™ century. For a control volume with constant internal properties the following
equation describes the accumulation of energy with & input/output mass flows, a total net

inward heat flow ¢, compressive work P‘j{i and additional work W .
!

d ] s K = 1 " dVT K o
— M U+=v +y ||[=X M| U, +=v] +y, |+q+W, - P—+> M«(P.V,) (2.2)
dt 2 2 dt =1

k=1

Where, M - total mass of material in the control volume. (kg)
U - total internal energy of the control volume. (J/kg)
v = velocity of the control volume. (J/kg)
7% = potential energy of the control volume. (J/kg)
M, = mass flow of an input/output flow. (kg/s)
U, = internal energy of an input/output flow. (J/kg)
v, = potential energy of an input/output flow. (J/kg)
v, = velocity of an input/output flow. (m/s)
q - total net heat flow into the control volume. (W)
w, = total net work applied to the control volume. (W)
P, = pressure of an input/output flow. (Pa)
V, = specific volume of an input/output flow. (m*/kg)
V. = total volume of the energy balance control volume. (m?)

In practice many assumptions are made to simplify this equation. Firstly the pressure work terms
are removed by using the enthalpy instead of the internal energy (i.e., H=U+P.J'). Secondly

kinetic and potential energy terms are neglected and the system is assumed to have a constant
volume. This simplifies the equation to the following.
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dm U] _

-
M H, +g+W. 23
di ; iy Tq s (2.3)

A common modelling technique is to assume that the enthalpy and internal energies are the same.
This assumption is based on the observation that the densities of liquid and solids are very large

(ie, p:? ). With this assumption we produce the following version of the First Law, which is

the form that we will use.

K
d[A;H] =Y M, H, +q+W, (2.4)
k=1

From the above we know that the determination of the enthalpy is important. The differential
change in enthalpy is given by the following (Sandler, 1989).

dH =('p,d}"+{l-’ . 1[-‘;’—] ]dP 2.5)
or /,
Where, (', = constant pressure heat capacity of material. (J/kg.°C)
v = specific volume of material. (m*/kg)
T = temperature of the material. (°O)
P = pressure of the material. (Pa)

For liquids and solids the effect of the pressure on the enthalpy is negligible since the specific
volume and compressibility are small (i.e., /' and %I% are both small). This means that this

equation can be simplified to the following :

T
dH=C,dl, AH= _[(‘Pd?' (2.6)

T,

The heat capacity of a material always varies with temperature. However, if we are dealing with
a small change in temperature, then it is possible to assume that the heat capacity is constant.
Furthermore the enthalpy is arbitrarily defined as zero when the temperature is zero degrees
Celsius.

H=C,T 2.7)

With milk solutions the heat capacity depends on the dry matter and composition. In Appendix A
the following linear relationship between heat capacity and dry matter is derived, using the ideal
mixture assumption. The enthalpy is then given by the product of this and the temperature.
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Cpnnlk :praler —(‘pTS W L] Hmzlk :(pratgr _CpTS W}T (28)
Where, H ,, = enthalpy of the liquid milk. (J/kg)
C .. = heat capacity of the milk solution. (J/kg.°C)
C ,..er = heat capacity of water. (J/kg.°C)
C,s = coefficient relating milk heat capacity and dry mass fraction. (J/kg.°C)
w = dry mass fraction of the milk. (kg/kg)

2.2.2) Evaporator literature Review

Whilst falling film evaporators are a widely used process there is a shortage of literature on their
modelling. There does not appear to be any good reason for this deficiency, but it may be due to
the distributed parameter nature of the falling film. This modelling deficiency can be compared
to the large amount of work done with simple mixing tank evaporators (Wang and Cameron,
1994; Lee et al, 1989; Tonelli et al, 1994).

There has been a lot of work done investigating the heat transfer coefficients of falling film
evaporators. A large amount of this work has been concerned with the theoretical issues of
falling film waves, turbulence and the effect that these have on the heat transfer coefficients
(Benjamin 1957; Dukler ef at, 1952; Fulford, 1964). There are also many empirical studies that
investigate the heat transfer coefficients (Chun and Seban, 1971; Chun and Kim, 1990;
Alhusseini ef al, 1998). However, much of this work has been done with water and other non-
milk liquids. Some studies have focused exclusively on milk solutions (Bouman, 1993; Jebson
and lyer, 1991; Chen, 1992). However, the work is purely empirical and suffers from a lack of
‘good’ theoretical groundwork. A good theoretical basis assists in developing models that can be
extrapolated outside their range of fitting,

There is a reasonable amount of static falling film evaporator models. A large paper, by Angeletti
and Moresi (1983), discusses the static modelling of falling film evaporators working with food
solutions. They give considerable discussion to the prediction of heat transfer coefficients. In a
later paper Moresi (1985) extends this work to consider the design and optimisation of falling
film evaporators.

There are very few dynamic falling film evaporator models. An early paper by Burdett (1971)
develops a dynamic model for a falling film evaporator used to evaporate sea-water. However,
these sea-water evaporators are quite different from the typical dairy industry evaporators. It
appears that the only dynamic model that has been developed for falling film evaporators
working with milk solutions is that of Quaak and Gerritsen (1990). This model is important
because it does not neglect the distributed parameter falling film. In order to deal with the falling
film equations they make the assumption of constant falling film velocity and constant
evaporating heat transfer coefficients. With these assumptions the falling film partial differential
equations can be transformed into differential equations with delays.

Later the Quaak dynamic model was used to develop a control system for a four effect falling

film evaporator (Quaak et al, 1994; van Wijck ef al, 1994). Quaak et al also developed an
additional empirical model. Both models were then used to develop a multi-variable control
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system for the evaporator. This was shown to provide ‘good’ control of the evaporator. Finally
there is a model of a falling film evaporator with a MVR compressor, that was developed from
the work discussed in this thesis (Winchester and Marsh, 1999)

M, M, M, M,

T""z Tﬁ'z Tml pt

Won w AW

‘__1 P £2 3 _¢ 1
A
MVR C Bi ‘o)
FAN 1, T,
[ L ) |
el
1 1 1 | I 1
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e
=
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=

ML, mass tlow to the first evaporator pass. (kg/s)
T temperature of liquid to the first evaporator pass. Cc)
M, mass tlow from the first evaporator pass. (kg/s)
W, dry matter concentration from the first evaporator pass. (kg/kg)
T.4 preheat condenser inlet temperature. )
rs preheat condenser outlet temperature. Co)
T; MVR evaporator effect temperature. o)
T, MVR evaporator shell temperature. ¢c)

Figure 2-2 : The MVR evaporator section, of the Evaporator A plant.
2.3) The MVR and TVR Evaporator Sections

2.3.1) The MVR evaporator section

The Kiwi Co-op Dairies Evaporator A plant is relatively large and complex. It contains three
effects, with mechanical and thermal vapour compressors and multiple passes are used in each
effect. Figure 2-2 shows the mechanical vapour re-compression (MVR) section of the plant. This
is a single effect two-calandria evaporator with five passes and a MVR compressor. The milk

enters the first distribution plate with a mass flow, temperature and dry matter (ie., M ,,,, T,
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and w,,,). This distribution plate evenly distributes the milk onto the evaporator falling film

tubes. The milk then flows down the tubes by gravitational acceleration and heat is supplied to it
by conduction/convection from the evaporator shell. This heat causes water evaporation and
thereby concentrates the milk dry matter. At the bottom of the evaporator tubes the milk has a
mass flow and dry matter (i.e., M, and w,, ). It is collected and pumped to the next distribution

plate where it enters with a mass flow and dry matter (i.e, M, and w, ). After passing through

the second pass the milk goes through the third, fourth and fifth evaporator passes before being
pumped out to the TVR evaporator section.

P}

PS
\"P’ I Q

U
Ttl
L,
M | o M, [ A 9_, M
W = W Woa
P, = raw steam pressure to the TVR compressor. (Pa)
m,.. mass flow of steam to the TVR compressor. (kg/s)
M, < mass flow of cooling water entering the vacuum condenser.  (kg/s)
i, = vacuum condenser cooling water inlet temperature. (C)
i = TVR evaporator shell temperature. (C)
T, = TVR evaporator second effect temperature. (°C)
Ty = TVR evaporator third effect temperature. C)

Figure 2-3 : The TVR evaporator section, of the Evaporator A plant.

The preheat condenser provides the vacuum that allows the milk to be evaporated at
temperatures below 70 °C. It is important that the evaporator is operated under vacuum because
of the whey protein de-naturation reactions that occur at temperatures above 70 °C (Dannenberg
and Kessler, 1988). Feed milk is used in the condenser tubes and it enters with a mass flow,
temperature and dry matter (i.e, M, T, ., and w, ). The inlet milk temperature is lower than

mc3
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the MVR evaporator and this causes a net flow of heat from the evaporator. At the condenser
outlet, the milk will be at a temperature similar to the MVR evaporator effect.

The MVR compressor provides the evaporation driving force for the evaporator. Electric power
is supplied to the compressor and it compresses the evaporated water vapour from the evaporator
effect. The compressed evaporated water vapour condenses at a higher temperature in the
evaporator shell because of its higher pressure. The temperature difference between the
evaporator shell and effect then provides the heat transfer driving force, which causes the
evaporation.

2.3.2) The TVR evaporator section

Figure 2-3 shows the TVR evaporator section of the Evaporator A plant. This is a two effect
system with thermal vapour re-compression (TVR) and two passes in the final effect. As with the
MVR evaporator, milk enters the first distribution plate with a mass flow, temperature and dry
matter (i.e, M ,;, 7. and w ). It then flows down the evaporator tubes and is pumped to the

final effect. After passing through the seventh and eighth passes the milk leaves the evaporator

with a concentrate mass flow, temperature and dry matter (i.e., M 5, 7,5 and w ;).

The TVR compressor uses raw steam to drive the evaporator (i.e., P, and m

st steam

). As with the
MVR compressor this allows the evaporated water to be compressed. The compressed water
vapour then condenses in the evaporator shell and this provides the driving force for the
evaporation. The TVR evaporator section also contains a condenser and this provides the
vacuum for the evaporator. Cooling water is used in the condenser tubes, with a mass flow
(M,,.) and temperature (7, ).

vac

Mase Wars Toan Spray cup

Vapour risers

|

M,.
e Evaporator tubes

Figure 2-4 : An evaporator distribution plate.
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2.4) Model Derivation

2.4.1) Distribution plate

Figure 2-4 shows a typical distribution plate, which is used to evenly distribute the milk onto the
evaporator tubes. Here we want to derive differential equations for the milk flow and dry matter
through the distribution plate. We will consider the first distribution plate of the MVR evaporator
section, but the same model may be used for any distribution plate in the Evaporator A plant. The
milk enters from the top and it will usually be at a temperature above the evaporator effect. This
causes some water to vaporise (i.e., ‘flash’) and the milk mass flow becomes slightly reduced.
The milk is then sprayed onto the distribution plate by the spray cup.

Making total and dry matter mass balances we produce the following equations. Here we have
taken the milk mass flow (M, ) and dry matter (w,) after ‘flashing’ as the feed properties. Later
we will show how the mass flow of flashed vapour can be calculated. We have assumed a

homogenous mixture above the distribution plate and we have also assumed that the distribution
plate temperature is the same as the evaporator effect.

A, M:M, -M, (2.9)
dt
A, dlphw.] =M, w,~M,w, (2.10)
dt
Where,M, = mass flow of liquid passing through a distribution plate. (kg/s)
w, = dry mass fraction of liquid passing through a distribution plate. (kg/kg)
M, = mass flow of liquid to the distribution plate, after flashing, (kg/s)
W, = liquid dry mass fraction to the distribution plate, after flashing. (kg/kg)
A, = cross sectional area of a distribution plate. (m?)
h, = height of liquid above a distribution plate. (m)
P = density of the liquid. (kg/m’)

We can expand the differential in equation (2.10) and substitute equation (2.9) to produce the
following.

dwd_ M,
dt  p, A, h,

[, —w,] 211

In Appendix A the functional dependence of the milk density is determined (i.e., p:% ).

— QW
Using this we can expand the differential in equation (2.9) to produce the following differential
equation for the height of liquid.
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dh
AdT,d:Q,—Qd (2.12)
Where, O, = volumetric flow of liquid after flashing, (m’/s)
Q, = volumetric flow of liquid passing through a distribution plate. (m’/s)

If the milk enters the distribution plate system at a temperature higher than the evaporator then
some of the milk will flash. The mass flow of flashed water vapour can be determined by making
static mass and enthalpy balances. If we assume constant latent heat and heat capacity, with
respect to temperature, then the following equation gives the mass flow of flashing.

M sy = Mph-:(("pu-are;_(fp?'::-wphz)[Tphz _T1]’ MI oy Mphz |:1 . (prarer _/prS'wphz )(Tphz _ILI )] (2~ 13)

W ona
YT o —Cors W) <R
|:]_ 2 ""(!phz_Tel)]

Where, m,,, = mass flow of flashed water vapour. (kg/s)
M ,. = mass flow of liquid before flashing. (kg/s)
W,. = dry mass fraction of the milk before flashing. (kg/kg)
I,, = temperature of liquid entering the distribution plate system.  (°C)
T,, = temperature of the distribution plate system, also MVR effect. (°C)
C,.ae = heat capacity of water. (J/kg.°C)
Cas = coefficient relating the milk heat capacity and dry mass fraction.(J/kg.°C)
A = latent heat of vaporisation. (J/kg)

These equations can be substituted into the differential equations for the height of liquid and dry
matter above the distribution plate. The resulting differential equations are shown by equations
(2.15) and (2.16). These show the impact of the flashing on the height of liquid and dry matter
above the plate. The flashing reduces the milk flow and this causes the height of liquid to
decrease and the dry matter to increase.

dh, O, Mph:’.((‘pwaler —C s W0 XTphZ . Tel) 0,

_Len e, (2.15)
dt Ad pwaler }' Ad
M 2 C water —C W
d;“d = B 1, 1—( g ""2)(T,th -T,) (2.16)
t p,A,h, A
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The flow of liquid through the distribution plate is given by a simplification of the standard
orifice equation (de Nevers, 1991, pp 157-159).

» 2
0;= ﬁ_"—;;‘] % AP = p, gh, (2.17)
Where, O, = volumetric flow of liquid passing through the distribution plate.(m’/s)

A, = surface area of holes in the distribution plate. (m?)

AP = pressure difference across the distribution plate. (Pa)

B = ratio of areas, between a distribution plate hole and calandria. (-)

C, = discharge coefficient for the distribution plate holes. (-)

h, = height of liquid above the distribution plate. (m)

p, = density of liquid above the distribution plate. (kg/m’)

g = acceleration due to gravity. (m/s?)

The ratio of the distribution plate hole area to that of the calandria is very close to zero.
Therefore we can assume the parameter [ is zero. With this assumption the orifice plate

equation simplifies to the following.
0,=C,.4,2.8h, (2.18)

The discharge coefficient (C',) accounts for the additional energy losses that occur during the
contraction and expansion through the distribution plate. For a conventional orifice plate,

operating in turbulent flow, this can be determined (i.e., C, :Lz, de Nevers, 1991). However,
T+

it is possible that surface tension forces become important at the small diameters that are used for
distribution plates (Trinh et al, 1996). These additional forces are neglected in the traditional
orifice plate calculations. As a result, the discharge coefficient may be different from the
expected value, but the results contained in Trinh ef al (1996) suggest that deviations are small.

If we assume constant milk density and no flashing, then the above differential equations are
simplified to the following.

dh ‘ aw, QO
A, 7;1-:Qph2 =0, 0,=C,.4,28h,, A, dtd :fhz[wp)ﬂ_wd] (2.19)

2.4.2) Evaporator effect

MVR evaporator effect

The First Law of Thermodynamics was discussed earlier in this chapter and used to produce
equation (2.4). Here we use this balance equation to produce a differential equation for the
temperature of the evaporator effect. The balance is made around the distribution plate, the
falling film, the pipework from the effect and the metal/vapour contained in the effect. Enthalpy
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is supplied to the effect by the feed milk, while the concentrated milk and evaporated vapour
remove it. Heat is supplied from the evaporator shell and also removed by losses from the
evaporator surfaces. We also make the additional assumption of a negligible mass of milk and
vapour, in the effect. This assumption is based on the large amount of metal in the evaporator,
which dominates the evaporator’s thermal inertia. With this assumption and the above
energy/mass flows we produce the following equations.

dleer C 'Tel =M ((" -C + -M {(T T, ’1)
dt = 2 \& pwater pTS W ph2 X ph2 qshellr compl\ = pwater "% el + (220)

- qelossl - MpS (praler - CpTS ‘pr yps

pmet

M o =M s+ M o M 2 W oo =M 5 W s (2.21)
Where, 7, = temperature of the MVR evaporator effect. (kg/s)
e = mass of metal in the evaporator effect. (kg)

G = heat capacity of metal. (J/kg.°C)

M,, = mass flow of liquid entering the MVR evaporator section. (kg/s)

M, = mass flow of liquid exiting the MVR evaporator section.  (kg/s)

M oy = mass flow of vapour compressed by the MVR compressor. (kg/s)

Goprioter = heat capacity of water. (J/kg.°C)

D = total heat flow passing through the MVR evaporator tubes. (W)

We can substitute (2.21) into (2.20) and produce the following differential equation.

drT, . : E
I‘Tf/"”l dfl :Mphl{( pwater =€ pTS ‘w_nkﬁ }(\! ph2 _7el )+qshellt —Mcompl j" i quo::l H] Ieﬂ'ec.'h = Mmer 'Cpmer (222)

Where, [ 5., = thermal inertia of evaporator effect. (Jr°C)

The surface heat losses are assumed to be due to convection and thereby given by equation
(2.23).

qe.‘uxsl = {’fi 'Ap,'l'l (‘rel - {.;) (223)
Where, q,,,, = surface energy loss heat flow for the MVR evaporator effect. (W)
U, = overal heat transfer coefficient for the surface energy losses.  (W/m”.°C)
A,, = surface area of the MVR evaporator effect, for heat losses. (m?)
T, = ambient temperature of surroundings. (°C)

If we use the following notation we produce equation (2.25).
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qfeedl :Mph2 ((prater - ("pTS 'wph2 prhZ - 7:.’1 )’ qcompl =Mcompl ;l’ (224)
J dr, .
effectl ~ ;. =q eed] qshelll _qelavsl _qcom 1

e ’ (2.25)
Where, q,..,, = Net enthalpy from the feed. W)

Qe = Heat flow through the MVR evaporator tubes. (W)

Qo' = Latent enthalpy of the compressor vapour suction flow. (W)

Qoosst = Losses heat flow from the effect surfaces. (W)

TV'R second evaporator effect

Here we want to produce a differential equation for the temperature of the second effect. As with
the first effect, we make an energy balance around the metal, milk and vapour in the evaporator
effect. The MVR evaporator product concentrate provides enthalpy, while the sixth pass product
milk and evaporated vapour remove it. There is also a mass flow of condensate from the third
effect evaporator shell and this removes enthalpy. Heat is supplied from the evaporator shell,
removed by the third effect and the surface losses. We shall also make the additional assumption
of a negligible mass of milk and vapour in the effect. With these mass and energy flows we
produce the following differential equation for the second effect temperature.

dM 1y C i 122 )
e pmet* e2 - . -
d[ =M pS (( pwater CpTS 'pr )Tel + qshe116 - McompZ (( pwater 'Te2 + ’1) (2 26)
- Mcmu‘lZ '(7“pwa1er 'Te2 G shenrr — qsheHB . qelossZ -M p6 (praler - CpTS ‘wp6 e2
Mp(; :MpS _Mcnmpl _MCOH‘” ’ Mp6 'wp6 :MpS 'wp5 (227)
Where, M, ,, = mass of metal in the second evaporator effect. (kg)
M _ .. = massof milk in the second evaporator effect. - (kg)

M_,.. = mass flow of condensate from the third effect evaporator shell. (kg/s)

We can substitute equation (2.27) into (2.26) and produce the following.
d?;z [ 3
! spcea 7 =M ,s\C puater = C prs W ps X‘Fel -1, )+ Gshetts — Detosss — A-M comp2 — shenr — Gsnens (2.28)

By defining the following terms we then produce equation (2.30).

qfeedﬁ = MpS ((‘pwaler - (‘pTS 'pr XTel - TeZ ) > qcomp2 = j"A4com;72 (229)
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dl.
Ie_ﬂbth T:qj'eeJG +qshellé _qeloxsz . qcompZ _q:helﬂ N qshelIS (230)
Where, q,,.,6 = net enthalpy in the feed to the second effect. W)
Qs = surface energy loss heat flow for the second effect. (W)
Qoiz = heat flow through the seventh pass evaporator tubes.(W)
Diatis = heat flow through the eighth pass evaporator tubes. (W)

TVR third evaporator effect

Here we want to produce a differential equation for the temperature of the third effect. The feed
milk supplies enthalpy, whereas the concentrated milk and condensing steam remove it. Heat is
supplied from the second effect and removed by the vacuum condenser and surface losses. These
mass and energy flows can be used to produce the following :

dMm,.. C,..T
mei p-met” e3) A\ _ - _
df e M poé (( pwater CpTS 'wp6 e2 + qsheln + q:heHS Mcond3 'praler 'Te3 (23 1)
Qoo — qeloss3 -M p8 (praler o CpTS 'wp8 e2
M =M 3 +M s, M oW =M W (2.32)
We can substitute equation (2.32) into (2.31) to produce the following.
drT, a . -

!iﬂi’c:.\ Tﬁ =M pé (( pwater ( prS ‘wpﬁ X?:'?. = Ie} ) * q.rheﬂ? < qs»‘leh‘& = q\‘ac . qe.‘mﬂ (233)

Defining the following term for the net enthalpy into the third effect we can produce equation
(2.35).

9 feear ~ Mp6 ((‘pwaler - (‘pTS W o6 Xzz o Te3) (2.34)
dr
/ effect3 T; =4 feed1 T Dsneitr T Dsheits ~ Deiosss ~ Dvac - (235)
Where, q,.,, = net enhalpy in the feed to the third effect. W)
Qotosss = surface energy loss heat flow for the third effect. (W)
Qo = heat flow through the vacuum condenser. (W)
2.4.3) Falling film

The evaporator falling film is a distributed parameter system since the film velocity, dry matter
and temperature vary with distance as well as time. We will simplify the analysis by assuming a
constant and flat falling film velocity and concentration profile. Then the falling film is described
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Modelling Falling Film Evaporators

by making mass, dry matter and energy balances across an infinitesimal cross section, as shown
in Figure 2-5. The liquid mass flow rate and dry mass fraction (M(x,7) and w(x,7)) vary both
with distance ( x ) down the tube and time (7).

If we make a mass and dry matter balance around the infinitesimal cross section we can produce
equatlons (2 36) and (2.37). There is an accumulation of mass and dry matter (i.e.,

LTSS I 20 Y () )
61 or
M (x,1)=M (x +dbx,t) and M(x,t)w(x,1)-M (x +dx,t)w(x+dx,1)) into the infinitesimal section.

) and a net mass and dry matter flow (ie,

M, (1), w,()

x=0
M (x,l)
‘ w(x,1)
dglx,1)=U ,(wlx,1))z.d.nAT (x, t)dx l
—r /

l M(x+dx.t)
w(x+dx,t)
x=L

Figure 2-5 : Falling film partial differential equation derivation.

dxM:M(x,t)—M(x+dx)—dep(x 1) (2.36)
¢
o Al DA ;")w 1 g, o (x,1) = M (x + d)w(x + dx, 1) (2.37)
Where, M (x, 1) = mass flow of the falling film. (kg/s)
w(x,1) = dry matter concentration of the falling film. (kg/kg)
v, = velocity of the falling film liquid. (m/s)
A(x,1) = cross sectional fluid flow area of the falling film.  (m?)
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Modelling Falling Film Evaporators

With the assumption of a constant falling film velocity the mass flow is given in terms of the
fluid density and the film cross sectional area (i.e., M(x,1)=p(x,1)A(x,f)v, ). The mass and dry

matter balances can therefore be simplified to the following.

1EiM(x,!)_l_@M(x,t)_BMMP(XJ) L@[M(x,t xt] 6[M(xt x,t)]_o
v, o x & v ot -

€ e

(2.38)

The mass flow of evaporation from the infinitesimal element ( ) can be determined by

oM . (x, t)
Ox

making an energy balance around the element. There is an accumulation of enthalpy in the

olp(x 1)A(x,1)C p( (X,’))]ﬁ:m (x,t)]

or
(dg(x,1)), a net flow of  enthalpy (ie, M (x, t)C (w(x,0))T ﬁ,m(x,t)-

M (x +dx,0)C, (w(x + dx, 1)), (x +dx,1)) due to the mass flows to and from the section and a
flow of latent enthalpy due to the evaporation of water ((/1 +C pw,e,)dMeva p(x,r))_ Here we have

section (dx ), a flow of heat from the evaporator shell

taken the heat capacity as a function of the milk dry matter concentration
(ie.C . =C puer —C,rsw). An important part of the equation is the difference in the heat

capacity between the milk and the evaporating vapour.

c[px! x’)( ( ( )) ﬁlm(x”)l

o = dq(x,t)+ M(x, t)Cp (w(x, t))Tﬁ,,,,(x,t)
— M + b, 1), (e + e )T (1 + b )= (3 € o T (6, MM (3,1)

(2.39)

Where, C, (w(x, 1)) heat capacity of the milk solution.  (J/kg.°C)

 water = heat capacity of water. (J/kg.°C)
T i (x,7) = temperature of the falling film. (°0)
A = latent heat of vaporisation. (J/kg)

The temperature of the falling film is not the same as that of the evaporator effect, because of the
milk boiling point elevation. The milk dry matter content causes it to have a lower free energy
and so it boils at a slightly higher temperature. We can determine the falling film temperature
from the addition of the evaporator effect temperature and the boiling point elevation (i.e.,

T, =1, +AT,,,). The functional form of the boiling point elevation is investigated in Appendix
: RT; b
Al(ie, AT, = 15 P i

A i+ (s l)wrs]

Equation (2.39) can be rearranged to the following, which gives the mass flow of evaporation
derivative required in equation (2.38). Here we have taken the evaporating overall heat transfer
coefficient as a function of the milk dry matter concentration.
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1 OlM(xa’)Cp (W(x,l))Tmm (x,t)] N 5lM(x”)Cp (W(x,’))fmm (x, ’)J

v o g;{ ) (2.40)
x,t
(/: (W(x, I))/[d"A T(x’ ’) - (/1 + ("pwarer'Tﬁlm (x’ t)) wan;
Where, U, (w(x,t)) = evaporating overall heat transfer coefficient. (W/m?.°C)
d = diameter of the evaporator tubes. (m)
n = number of evaporator tubes. )

The differential in (2.40) can be expanded and (2.38) substituted to produce the following. We
have used the linear relationship between the milk heat capacity and dry matter concentration.

or ) or | oM, (x,t
M~ ] £ 2. )]y (o a1 2

e

(2.41)

We will now assume that the left hand side of this equation is zero. This assumption is equivalent
to the assumption of negligible thermal inertia in the falling film. When heat flows into the
falling film, it causes no increase in the film temperature, but rather an instantaneous increase in
the latent evaporation. This assumption then produces equation (2.42), which is substituted into
equation (2.38), to produce equation (2.43).

/1 aMevap ('x’ ’)

L= U, (Wl 1)) donlT, (0)-T,(0)] (2.42)
(@9
1 aM(x,:)+ M (x,1) _ U, (wlx,)yzdnlT,(t)-T, ) e
v, ot ox A

The total evaporator tube heat flow is determined by the integral of the infinitesimal heat flows
(dq(x,1)) over the length of the evaporator tube. When the boiling point elevation is neglected
this is given by equation (2.44).

9 sheir :‘L[Us (w(x’ ’))”‘d-"[n (’)— 1, (’)w (2.44)

Where, L - length of the falling film tubes. (m)

The evaporating overall heat transfer coefficient depends on the milk dry matter concentration.
This means that the infinitesimal heat transfer (dq(x,t)) changes along the length of the falling
film. The functional relationship between the heat transfer coefficient and the dry matter is
investigated in Appendix BIl. However, the effect on the partial differential equations will not be
investigated here. The dynamic falling film evaporator model is required for controllability
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studies and a sophisticated model is of little advantage. As a result, we will simplify the partial
differential equations by assuming a uniform heat flow along the length of the falling film. This

. . M, )
allows us to combine equation (2.42) and (2.44) to produce the following (i.e., — e =
Us (W(x,())ﬂ'dnA T(t) - q.\-hell (’) )

A AL 7
1 oM (x,1) oM(x,r) 1
v, Py % 1L qsn n( ) ( )
This can be transformed into the Laplace Domain to produce equation (2.46).
M (x.5) + S M(x.s)+——q,,(s)=0 (2.46)
Cix v ’ lL shell

Equation (2.46) can be integrated with the boundary conditions (i.e., M (x,s):Me (s),@ x=L
and M(x,s)=M ,(s),@x=0) to produce equation (2.47). This is where the assumption of a

uniform heat flow is important. Since the heat flow is uniform it is independent of the distance x

and it is a simple matter to integrate equation (2.46).

N
Mr.' (“.): MJ (S}" e (f.\'hch‘ (S) (247)
ArT,.S
Where, 7, = residence time of the falling film.  (s)

This transfer function is equivalent to a differential equation with delayed variables. By
transformation into the time domain we produce equation (2.48).

AM e, (1)

1
Me(’):Md( -7, )_ Mtubes(’)’ TeT=I[qshell(f)_qshell(r—Te)] (248)

A similar method can be used with the dry matter partial differential equation to produce
equation (2.49).

M, (O)w,()=M (t-z,)w,(t-7,) (2.49)
Where, M, = mass flow of milk from the bottom of the falling film. (kg/s)
w, = dry matter of milk from the bottom of the falling film. (kg/kg)
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These equations are the same as those of Quaak and Gerritsen (1990). It is important to recognise
that the assumption of uniform heat flow does not require a constant heat transfer coefficient.
This can be made a function of the dry matter by some appropriate functional form (i.e., the
average of the dry matters at the falling film top and bottom). However, there is no ‘theoretical’
basis for choosing this dry matter. A better solution would be to relax the assumption of uniform
heat flow and then integrate the partial differential equations.

If we now make the assumption of constant evaporating overall heat transfer coefficient, then
equation (2.48) can be simplified to equation (2.50).

mee: (’) = L}{s 'A.r [

dt 1. LO)-T( -7 )T+ T(-7)]  (2:50)

Me(’):Md(’ - Te)_Mmbes(’)’

The milk from the falling film passes along a length of pipe, before entering the next evaporator
pass. Depending on the length of the pipe and the fluid flow, this can cause an important delay.

Dynamically this is represented by a pure delay (i.e., w p(t)z we(i -7 ,,)), where the delay time

L

depends on the pipe length and the fluid velocity (ie., 7, = —£). At steady state the properties
P

are constant along the length of the pipe (i.e., M, =M and w, = w}). Also, the energy balance

for the evaporator effect was derived with the assumption of uniform temperature throughout the
effect and pipework. This means that the temperature throughout the pipework is the same as that
of the effect.

The assumption of constant evaporating overall heat transfer coefficient is convenient for the
simplification of the falling film partial differential equations. However, the static response of
these equations is unlikely to be an accurate representation of the falling film. For the
optimisation studies we are primarily concerned with the static equations and these must be very
accurate. In Appendix BII the static falling film equations are solved with non-constant
evaporating overall heat transfer coefficients and three falling film models produced. Later in
Chapter 5 we will investigate the accuracy of these three models. The second model will be
found to be the most accurate it is shown here by equation (2.51).

M, =M, M., w, =%, M, =[U*° 'U;:"wd M, I.-1.] (2.51)
d tubes
Where, M ,,.. = mass flow of evaporation in the falling film. (kg/s)
M, = mass flow of milk from the distribution plate. (kg/s)
M, = mass flow of milk from the bottom of the falling film. (kg/s)
U, = coefficient used in the simple film heat transfer model. (W/m?.°C)
v, = coefficient used in the simple film heat transfer model. (W/m?.°C)
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2.4.4) Evaporator shell

MV'R evaporator section

As with the evaporator effect, we use the First Law of Thermodynamics to produce a differential
equation for the evaporator shell temperature. We will make a balance around the evaporator
shell metal, condensed water, vapour and the MVR compressor. The compressor supplies vapour
enthalpy while the condensate removes it. Heat is removed from the shell through the evaporator
tubes, the evaporator shell surfaces and the preheat condenser. We shall assume that the
temperature is uniform throughout the evaporator shell. With these energy and mass flows the
following balance equations are produced.

M

dleell '(‘pmel szl J + dLMWaler] 'prarer Y‘Sl J = M [(—r T] + l]"' W
~ pwater " e c

dl df compl ompl - scond} C pwater ‘T:l (2 . 5 2)

- q.\'lo:sl . q:helll - qpmnd

‘Wwaler
T]:Mcomp] _Mscond] (253)
Where,M ., = mass flow of condensate from the evaporator shell. (kg/s)

M o = mass flow of vapour from the MVR compressor.  (kg/s)

M., .. = mass of water in the evaporator shell. (kg)

M., = mass of metal in the evaporator shell. (kg)

Expanding the differential in (2.52), substituting (2.53), assuming constant heat capacity and
constant mass of water allows us to produce the following,

dr’ .
]xhelll 7‘:]- = Mcamp] [( pwater (7‘91 - 7;1 )+ A’]+ Wcompl - qslo.ssl i q.:hellt - qpr:ond (254)
]shelll = Wmer] '(‘ met + Mwater] '(‘pwaler ] (255)
Where; /., = thermal inertia of the first evaporator shell. (J/K)

The surface losses heat flow is given by the standard convection heat transfer equation.
qa'!msl = (!f ‘Aa'!'] (Y;I iz 7:1 ) (256)

If we now use the following notation we can simplify the energy balance to produce equation
(2.58).

qcomp] :Mcomp] 'j'a qcondensate] = Mwmpl 'prater (Tsl - 7;] ) (2 57)
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dT,

shelll 7;1 = qcompl + Wcompl - qslo:sl - qshelll -9 pcond qconden.valel (258)
Where, W, , = power supplied by the compressor. W)
Q10551 = surface energy loss heat flow for the MVR evaporator shell. (W)
49 pcond = heat flow through the preheat condenser. W)

9 condensatel = net enthalpy exiting with the condensed shell water. (W)
TVR evaporator shell

Here we want to derive a differential equation for the TVR evaporator shell temperature. The
TVR compressor supplies steam enthalpy, as does the compressed vapour and enthalpy is
removed in the condensate flow from the shell. Heat is removed by surface losses and also

through the evaporator effect tubes. With these energy and mass flows we can produce equations
(2.59) and (2.60).

dM s C o T dIM € e T2 | L

L s el L water 2 walter s — C

dri + di Mcnmpzl_ - pwater 'TeZ + /1] +Mym ‘h:leam (259)
- Mscond‘l 'prater 'TsZ T Ystoss2 ~ G shetts

d[M ater

Trj :Mc‘amp2 + mslaam _M:c‘ondz (260)

Where, m_, . = mass flow of steam to the TVR compressor. (kg/s)

enthalpy of steam supplied to the TVR compressor. (J/kg)

steam

M

mass flow of condensed steam from the shell. (kg/s)

scond?

We can expand the differential in equation (2.59) and substitute equation (2.60) to produce
equation (2.61). Once again we have assumed that the mass of water in the evaporator shell is
constant.

LLEBUVIe (T,-T,)+M

shell 2 dl compl- " pwater 52

/1 + Wcompz _q:lo:sz _q:hellé (261)

comp2 -

If we define the following we can simplify this equation to (2.63).

qcondensale2 =M comp2 'Cpu‘aler (TSZ i TeZ ) ’ WcompZ = lhsteam - C‘pwaler ‘TSZ }”sleam (262)
dT’
shell2 dt t= qcompZ + WcompZ - qslo.ssZ - qxhellé 7 qcandemaleZ (263)
Where, q,,,, = latent energy of vapour to compressor. (W)
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Wi S net steam enthalpy to the compressor. (W)

2.4.5) Compressors

The MVR compressor map describes the relationship between the compressor speed, shell
pressure and effect pressure, the work done by the compressor and the flow of compressed
vapour. We have taken the compressor speed N_, to be a manipulated variable, though in

comp
practice one must manipulate the power supplied to the motor driving the compressor fan and
use a feedback control loop to track desired fan speeds. We are assuming that this loop has a high

bandwidth and that we can effectively manipulate N, . The compressor map is described

implicitly by the following pair of non-linear algebraic equations. The parameters a,,,, through
Jeomy are coefficients, which are used to fit the MVR compressor map.
[Ps il t] 2 ) s T
—p— = ac:lmp 'Nr_‘ump + bcump 'N(:omp‘(-mmp + cmmp'g-comp (264)
com 2 2 3
p P :dcl}ﬂlp'NL'r’lnf.ﬂ 'Q{_'{lﬂl!} +e¢'nmp'Ncump 'Qmmp +emﬂl,0 'QCUH!P (265)
Where, Q,,,,, = volumetric flow of compressed vapour. (m?/s)
N comp = MVR compressor speed. (rpm)
W eomp E electric power supplied to the MVR compressor. (W)
P = pressure at the outlet of the MVR compressor. (Pa)
P = pressure at the inlet of the MVR compressor. (Pa)
Do = density of the inlet vapour to the MVR compressor. (kg/m®)

These compressor equations are empirical, although their form can be derived. The nature of the
MVR compressor is essentially the same as a centrifugal pump. Various equations have been
derived for these pumps but the following is the most general (Fox, 1977). This is derived for an

incompressible fluid and so it is not completely applicable for an MVR compressor. However, if

we define the pressure head by the conventional method (i.e., H =é£-), then it produces
4

equation (2.66).
H=AN’*-BNQ-CQ?® (2.66)
Where, H = the heat imposed on the fluid. (m)

N = pump speed. (rpm)

0 = volumetric flow pumped. (m*/s)
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The compressor power supply is given by equation (2.67) (Smith and van Ness, 1987). This is
derived by making an isentropic enthalpy balance around the compressor.

R

C..FB Cp
Wmm ) = __Ll_ l o i com (267)
" Rp R .
Where, W, = power required to compress the fluid. W)
b = heat capacity of the fluid. (J/kg K)
P, = inlet pressure to the compressor. (Pa)
o = outlet pressure from the compressor. (Pa)

However, for small pressure differences, equation (2.67) can be simplified to equation (2.68).
Using equation (2.68) and equation (2.64) we can determine equation (2.69) for the compressor
power supply.

WC()I"p = A])‘Qcomp (2.68)

mel? = A]) O . NZ b )2 » 02 2 69
p - p— ~ comp - acamp : comp 'Qcomp + comp 'Nc'ump‘(..-c‘nmp + Cconlp T& comp ( i )

Where, AP = pressure difference between the compressor inlet and outlet. (Pa)

In reality the compressor is not an isentropic process. It contains inefficiencies and this means
that equation (2.69) is not an accurate equation for the compressor power supply. However, its

general form can be used to describe a compressor. The parameters a b and ¢ are

comp > comp comp

replaced by the parameters e, and f,

comp > ~ comp comp *

The above arguments are not meant to provide proof of the compressor equations. They provide
some basis for the equations (2.64) and (2.65), but it is difficult to derive an accurate model for a
compressor from first principles. As a result, we have taken the general equations (2.64) and
(2.695), then fitted them to the compressor characteristic curves. These curves were supplied by
the manufacturers. The equations provide a good fit and the resulting compressor parameters are
then determined (ie., a,,,=0.00168 m%s’.rpm?, b, =0.415m s . pm’ ¢, =-13.67 m*,

comp —
d somp =0.00684 m?/s?.rpm? €.omp == 0.021 m'stpm? and  fiom,=—3.09 m*). We have

assumed that the vapour/liquid mixtures in the evaporator effect and shell are saturated. The

vapour pressure and densities are then calculated from Antoine equations, which are discussed
and developed in Appendix A.

comp

B B,
In(P )= A4 — e D 1 = = 4 2.70
n(P)=A,,., F-C._] n(p,,) A h_—capl (2.70)
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The TVR compressor model is developed and discussed in Appendix D. We are concerned with
predicting the mass flow of raw steam supplied and vapour compressed by the compressor. The
mass flow of raw steam is dependent on the steam supply pressure :

M:leam = ATI'R ‘Psl ’ rm_p = lhm-am - puarer Is" TVR - P (271)
Where, M .., = mass flow of raw steam to the TVR compressor. (kg/s)

Pors = enthalpy of saturated raw steam supplied to the TVR. (J/’kg)

Ay = TVR compressor parameter. (m.s)

The mass flow of compressed evaporated steam is given by the following :

= AT!'R BT!C'R 1)‘. P i q o ;{’ATW{ 'BTP'R ‘})e.'.‘.‘})sr (272)
com, ]) e comp PCWR
Where, M ., = mass flow of evaporated vapour. (kg/s)
B = TVR compressor parameter. (m0'°3.s°'°6/kg°'°3)
Gz = TVR compressor parameter. )

2.5) Conclusions

At the start of this Chapter we separated the Evaporator A plant into four sections. These were
the MVR evaporator, the TVR evaporator, the DSI preheat and the preheat plate heat exchanger
sections. The primary purpose of this Chapter was to derive models for the MVR evaporator and
TVR evaporator sections. In the following Chapter we will derive models for the DSI unit
preheat, preheat plate heat exchanger and the shell/tube condenser. The combination of the
models for each of these four sections will then provide the complete model for the Evaporator A
plant.

In Section 2.3 the MVR and TVR evaporator sections were described and the position of the
distribution plates, evaporator effect, shell, condenser and compressors discussed. The MVR and
TVR evaporator sections contain several parts that are essentially the same. For example the
distribution plates and falling films are essentially the same through the plant. General models
for the distribution plate and falling films have been developed in this Chapter. However, the
evaporator effect and evaporator shells contain some subtle differences, which meant it was
better to model these individually.

In Section 2.4 models for the component parts of the MVR and TVR evaporator sections were
derived. We considered first the general distribution plate model. Following this the evaporator
effect, falling film and evaporator shell models were each derived. Considerable attention was
focused on the difficult falling film model. In the final part of Section 2.4 we developed models
for the MVR and TVR compressors.
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Chapter 3 : Modelling Evaporator
Preheat and Heat Exchangers

3.1) Introduction

At the start of Chapter 2 we separated the Kiwi Co-op Dairies Evaporator A plant into four
sections (i.e., MVR evaporator, TVR evaporator, DSI unit preheat section and preheat plate heat
exchanger). The primary aim of Chapter 2 was to derive models for the MVR evaporator and
TVR evaporator sections. In this Chapter we aim to derive models for the DSI preheat section,
the preheat plate heat exchanger and the shell/tubes condensers. With the completion of these
models we will have a complete model of the Evaporator A plant.

Firstly, we will consider the DSI preheat section. In Section 3.2, we derive the equations for the
preheat section temperatures and mass flows. We shall also show how to incorporate the effect of
air in the flash vessel temperature differential equations. However, we will be mostly concerned
with deriving two models for the complete DSI preheat section. The ‘Simple’ model will be
derived by neglecting the presence of air and assuming constant mass flows around the flash
vessels. This ‘Simple’ model will be used to develop the linear dynamic model in Chapter 4. A
second * Advanced’ model will also neglect the presence of air, but it will include the changes in
mass flow around the flash vessels. This model will be used to develop the steady state model for
the entire Evaporator A plant in Chapter 4.

The plate heat exchanger and condenser models will be derived in Section 3.3. The condenser
model is simpler than the plate heat exchanger, so it will be considered first. A generic dynamic
condenser model will be developed, but the condenser distributed parameter nature will present
some difficulties. We will solve this problem by transforming the condenser partial differential
equations into simple finite order ordinary differential equations with delays.

Finally the plate heat exchanger model will be derived. A dynamic heat exchanger model will be
derived by the transformation of the heat exchanger partial differential equations. The result will
be a set of transfer functions describing the heat exchanger outlet temperatures. However, these
transfer functions do not represent finite order linear constant coefficient ordinary differential
equations. This presents a major difficulty because most standard dynamic analysis is based on
these differential equations. As a result, it is difficult to analyse the dynamic heat exchanger
model or combine it with the rest of the Evaporator A plant dynamic models. We will overcome

this problem by using numerical analysis methods. The static heat exchanger equations will also
be derived.
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3.2) DSI Preheat Section

3.2.1) Introduction

It is common practice, in the NZ dairy industry, for evaporator plants to contain a preheat
section. These are used to provide controlled heat treatment for bacterial destruction and whey
protein de-naturation (Fergusson, 1989). Figure 3-1 shows the Preheat system of the Kiwi
Evaporator A plant. The direction steam injection (DSI) unit and flash vessels provide fast, direct
contact milk heating, which rapidly brings the milk to the required DSI soak temperature. The
required heat treatment is then regulated by the holding tube length and milk flowrate. Upon
exiting the holding tubes the milk passes into a flash vessel where it is flashed by pressure
reduction. The flashed vapour then condenses by direct contact with the cold feed milk in the top
of the flash vessel This direct passage of latent heat from the hot treated milk provides an energy
recycle, which reduces the amount of steam required in the DSI unit. It is common to use
multiple flash vessels in series to improve the energy recycle, as shown in Figure 3-1.

DSI Unit ___Preheat
My Feed
v M,
A M, Tg,
[,xl TIK‘Z W vaz
First P
Flash
Vessel
Second
Flash
’—;-I Vessel
hA
L
Holding Tubes A, M s
Ty M Tow:
W,
w m T phl
! o
, Evagoratgr
k-, Feed
M., = mass tlow to the DSI preheat system. (kg/s)
Tg® = temperature of feed liquid to the DSI preheat system. (°C)
Wgr = drv mass fraction of milk entering the DSI preheat system. (kg/kg)
M., = mass tlow to the MVR evaporator section. (kg/s)
Iz = temperature of the liquid to the MVR evaporator section. °C)
W= drv mass fraction of the milk to the MVR evaporator section. (kg/kg)
m, = mass tlow of steam to the direct steam injection (DSI) unit. (kg/s)

Figure 3-1 : DSI preheat section of Evaporator A plant.
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Figure 3-1 shows a preheat system that consists of two flash vessels. There is a milk feed flow

~

(M .) to the system with a temperature (7,,). The DSI temperature (7 ) is a controlled

variable and the mass flow of steam (m,, ) is a manipulated variable. Commonly the mass flow
of steam is regulated by manipulation of a control valve. The preheat system has an output flow

of milk (M ,,,) with temperature (7,,,) that can act as a disturbance to the evaporator.
T,
l e )
m .., Z
~J Pl i St §
( 7N
Yo
r/\A M,
ﬁ :__—"’
—— ]
7\‘;}.\/ ?;x | }v}l »
BV M pel V
M,
\TTT
M,
Figure 3-2 : A typical Direct Stcam Injection (DSI) unit. Figure 3-3 : A typical flash/infusion vessel.

3.2.2) DSI / holding tubes

The DSI unit is an instantaneous liquid/steam direct contact vessel and it is shown in Figure 3-2.
If we make the assumption of a homogenous DSI unit with no heat losses, we can produce the
following equations for the mass of milk, the dry matter and the temperature of the DSI unit. As
in Chapter 2, we have used a linear model between the milk heat capacity and dry matter

concentration (i.e., (", =C 0, = C s W)

N _— - v -
dhl met ( pmet 'II)SI + Mnnlk (( pwater ( pTS '“’U.\‘J' )[1).5'1' ] - M (( - (\ ),f
- o pecl \™ pwater - pTS g pel J© pel

dt (3.1)
-M g ((‘ pwater C ors - Wpsi )T st T Pyream Mg
dM
_LI:A:MW] -Mp, +m, (3.2)
Lf[ﬂ’fmr W bAY
&S = !]: M o W =M pg Wi i)

d}' pel

39



Modclling Evaporator Preheat and Heat Exchangers

Where, M, = mass of metal in the DSI unit. (kg)
M, . = mass of milk in the DSI unit. (kg)
m.. = enthalpy of raw steam supply. J/kg)
m, = mass flow of raw steam to the DSI. (kg/s)
M., = mass flow of liquid leaving the DSI unit. (kg/s)
M,, = mass flow of liquid entering the DSI from the first flash vessel.  (kg/s)

Expanding the differential in (3.1) and substituting (3.2) and (3.3), we produce the following
differential equation for the DSI unit temperature.

dl’

)51 " , . - < a X
II)SI (jl;M = M;»cl (( pwater =( TS '“lpcl XY pel - 1!)‘\"" )+ (hsleam - ( pwater ‘[u‘.ﬂ Pndst (34)
II)S[ = [IVI net ( ’ pmet + M nulk ((‘ pwater - (V‘ J2ZIN) '"’DSI )] (3 . 5)
Where, / = thermal inertia of the DSI unit. (3r°C)

We can similarly expand the differential in (3.3) and substitute (3.2) to produce the following
differential equation for the DSI unit dry matter.

dw

DSI

itk dl

pel (""pcl Wi )—”’dst Wosi (3.6)

If we now assume that the mass of milk in the DSI unit is constant and negligible and that the

heat capacity of milk is constant and equal to that of water, then the following equations are
produced.

dFsg n o o \ : .
DSt d[;bl" = M pel ( pwaler (/ pel /DSI )+ (hxlenm - ( pwater ‘Tdsn }"d.n » [DSI = Mmet ( pmet (3 7)

M s = Mpc] +m,,, M pg Wosi =M o W (3.8)

The holding tubes can be modelled by assuming plug flow and no heat losses to produce a
simple delay equation.

Loy =Ty (" - Tn) (3.9)

Where, 7, = holding tube time delay. (s)
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3.2.3) Flash / infusion vessels

Figure 3-3 shows a generic flash vessel. The system consists of five phases that must each be
modelled separately. These are the liquid in the top, the liquid in the bottom, the vapour in the
top, the vapour in the bottom and the metal of the flash vessel. A complete set of mass and
energy balances for these phases produces a set of nine coupled differential equations. We shall
assume that the temperature is uniform throughout the metal and liquid phases and that there are
no heat losses. However, the possibility of variations in the temperature between the top and
bottom of the flash vessel will be included. Then by making mass, dry matter and energy
balances around the flash vessel, we can produce the following equations.

d[A/[ meth '(vpmcr'Tph + Mnu[kb H ph ]J dWmeH'(‘pmcr'?‘pc + Mnnlkl'Hpr.‘i
dr di (3.10)
=M, H,-M_,H,+M H, -M,H,

H ph = ((pralur - (‘pTS W ph }'rph ’ Hp,; = ((‘pwaler . (‘ TS ‘“’pc y'pc (3 1 1)
d—M LILS ‘Nnn (t
dl L :M th —M ph _n’evup’ d’ 4 = Mfc _M pe +”’evap (3 1 2)

d[M milkh W .'h] d[Mmr 'r'»‘ Jc]

Hﬂ_ﬁh—‘j’—!——:‘d/fﬂr'“'/h _Mph'“,ph* —j.:—;:Mfc"wfc _Mpc'wpc (313)

Where, M . = mass of metal in the bottom section of the flash vessel. (kg)
M.. = mass of metal in the top section of the flash vessel. (kg)
M, . = mass of liquid milk in the top section of the flash vessel. (kg)
M o = mass of liquid milk in the bottom section of the flash vessel. (kg)
M, = flow of liquid exiting from the top of the flash vessel. (kg/s)
M, = flow of liquid entering at the top of the flash vessel. (kg/s)
M, = flow of liquid exiting from the bottom of the flash vessel. (kg/s)
My *= flow of liquid entering at the bottom of the flash vessel. (kg/s)
PMie, & mass flow of vapour that is flashed in the bottom of the vessel. (kg/s)
H, = enthalpy of the hot product from the bottom of the flash vessel. J/kg)
el enthalpy of the cold product from the top of the flash vessel. (J/kg)

The mass flow of flashing (m,, ) is determined by making mass, dry matter and energy balances

evap
around the orifice plate preceding the flash vessel. We have assumed that the flashing is
instantaneous, so that it can be modelled using static equations.

Muy=M,-m,,, M, w,=M,w, (3.14)
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Mjh (('pwulcr - (VpTS '“’]h tlh :MI ((prater )Tph + mevap ( pwater * I + A’) (3 ] 5)
Where, M, = mass flow of the milk, after flashing has occurred. (kg/s)

W, = dry matter of the milk, after flashing has occurred. (kg/kg)

A = latent heat of vapourisation. (J/kg)

We can solve these equations to produce the following for the mass flow of flashing.

M h (( pwater ( prs W fh ) v
Mevap = fh

oy = . ~T) (3.16)

Expanding the differential in (3.10) and substituting (3.12) and (3.13), we can produce the
following for the temperatures of the flash vessel.

dl h dl c v v T i i
lﬂh d’p +lﬂi d—[p: Mﬂl ((’ pwater - ( pTS 'M’jh Xlﬂl - [ph) (3 . 1 7)
+Mﬁ: ((‘pvmwr - (‘pTS '“’fc xyfc - ng ) + mc\'ap 'Cvaaler (Tph - Tpv)
I flh = [M meth - ( pmet [ + Mnnllh (( pwater - (‘p'l"S W ph )] (3 0 1 8)
I_/II :[A’l meth ( pmet + MnnIlJ (( pwater ( 'pTS W pe )] (3 0 1 9)
Where,/,, = thermal inertia of the top of the flash vessel. (J/K)
I = thermal inertia of the bottom of the flash vessel. (J/K)

The above flash vessel equations provide an almost complete description of the flash vessel. The
final requirement is the thermal equilibrium model between the liquid and the vapour phases

(e, how does 7, relateto?’, ). Here we will assume the system reaches thermal equilibrium,

but we will include the impact of air. There is expected to be a reasonable amount of air in the
flash vessel because the feed milk will contain dissolved air. The air in the flash vessel can be
modelled by assuming that it accumulates entirely at the top of the vessel and that the steam/air
mixture is ideal.

There are two forces acting on the air in the flash vessel. These are the buoyancy force and the
condensation induced pressure force. The buoyancy force acts downwards because air has a
greater density than steam. However, this force is small because the bulk densities of steam and
air are small. As a result, the pressure difference force, due to the condensation induced removal
of steam, can easily overcome the buoyancy force. Consequently the air collects at the top of the
vessel, where the steam is condensing,

With the assumption of an ideal gas mixture we can produce the following equations for the
partial pressures at the top and bottom of the flash vessel.
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Iimzl)pc-{—!)mr ] With [)mrzl)ph 'yalr’ implies Ppc:Pph(l_ya!r) (3 g 20)
Where, P, = pressure of steam in the bottom of the flash vessel. (Pa)

By == partial pressure of steam in the top of the flash vessel. (Pa)

P = partial pressure of air in the top of the flash vessel. (Pa)

Yar = molar concentration of air in the top of the flash vessel. (mol/mol)

We will now assume a linear relationship between the saturation pressure and temperature of
steam. Strictly, the Antoine equations ot Chapter 2 should be used, but for small perturbations a
linear relationship is accurate. Substituting this linear relationship into equation (3.20) we

produce the following linear relationship between the air molar concentration and the flash
vessel temperature difference.

A ])
oo T s P h
l):kl / + kl ’ l)ph - ])pc:[)ph'-ymr’ A! = [ph - Ipc :k—p.ya:r (32 l )
1
Where, £, = linear coefficient between saturation steam temperature and pressure.
(Pa/°C)
k, = coefficient in the steam saturation relationship.
(Pa)

The above result shows that a correctly operating flash vessel, with no air, will have a uniform

temperature. As a result, we can simplify equation (3.17) and produce the following differential

equation for the temperature of a flash vessel.

dr,,
dt

/

= M_Ih ((‘pmt!er B (‘pTS 'wjh x’/'ﬂ: - Tph )+Mﬁ: (("pwaler - (‘pTS 'wfc X7jc - [ph ) (3 22)

1

Where,/, = thermal inertia of the flash vessel.  (J/K)

If we make the additional assumptions of a negligible mass of milk and identical heat capacities
for milk and water, then these equations are simplified to the following.

T7.-T

i
]ﬂ ‘—P“: Mjh( ‘pvraler [T/h a Tph ]"LM]&(‘pwater [ Ic ph] (3'23)

dt

M, =M, +m M =M, —m M, w,=M w,, M,w,=M,w, (3.24)

avap ? evap

By combining the results in equation (3.24) and (3.16) we can produce the following equations

for the static mass flows from the flash vessel. The constant a is expected to be small, because of
the relative sizes of the heat capacity and latent heat of vaporisation. As a result, the product
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mass flows are not expected to be very different from the feed mass flows. This observation is
the basis of an important simplification to the flash vessel equations, which we now discuss.

. C ter ~C s e
}\4;“_ :)’\,4}(_ +,M.m_(;‘ Mph :M}h[]—a]‘ a= '/t;‘ﬂp :( pwa i pTS W,rh)(lﬁ'__Tph) (325)
fh

Where, a = ratio of m,,,, to M . (-)

evap

3.2.4) ‘Simple’ and ‘Advanced’ models

We can further simplify the above DSI unit and flash vessel models by assuming that no air is
present, the heat capacity of milk is equal to that of water and that the ratio of vapour to liquids
flows is small (i.e., M, << M ,..). This assumption of small vapour flows was discussed earlier
and is based on the results in equation (3.25). With these assumptions we can produce the
following differential equations for the temperature of a flash vessel and the DSI unit. We will

call these equations the ‘Simple’ model for a preheat section, whereas the model which includes
the variation in the mass flows around the flash vessels will be called the ‘Advanced’ model.

dl

1,; dll’” =M fe2 ‘(‘pnalt’r ('[j/-c+7i/h_'2"l‘ph)' Mﬁ::Mpc:Mjh:Mph’ TP“:TN’ (3.26)
dl s T B ’ S |
- d[;M T e e (/ pr ~osy )+ [h“m"" = C pcter Tost P (3.27)

Using this equation we can produce the following generic static equation for the temperature of a
flash vessel in a preheat system containing n flash vessels. For example Figure 3-1 shows a

preheat system with two flash vessels (i.e., # = 2) and the exogenous variables 7, and 7 .

The subscript / represents the position of the flash vessel in the preheat system. For example / = 1
represents the flash vessel by the DSI whereas / = n represents the flash vessel that supplies the
feed to the evaporator.

n—i+1 i
T =t = ——— st — |1 3.28
ph.t pe.i { )I+l :l DSI {)I‘F]J fen ( )
Where, T,,, = temperature of the DSI unit. (°C)
liew = temperature of the feed milk to the DSI unit preheat system. e

We can use (3.25) to determine the temperatures of the first and last flash vessels in a preheat
system.

g n . i h, v o o M 7 |
";,m :lp;.‘] :{;‘:{}(m‘f +1:;-_+-_IF}{ fen ? [plm_ [p:.-n _[;:I_:J {ps; +{E_‘i:|!;an (3-29)
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The configuration shown in Figure 3-1 provides a simple example of the application of these
equations.

2. 1. 1 2

Tpm :g Tps +§ 1;&:1 > 7,, :5 Tpg+=T,

ph 3 2 (3.30)

3.3) Heat Exchangers

3.3.1) Condenser model

The Kiwi Evaporator A plant contains two shell and tube condensers. The first is attached to the
MVR evaporator shell and uses feed milk inside and condensing steam on the outside of the
tubes. The second is attached to the third effect and uses cooling water inside and condensing
steam on the outside of the tubes. Figure 3-4 shows a generic condenser with the process inputs
and outputs. The inputs are the inlet liquid temperature (7, ), liquid flow (M ) and the

'

condenser shell temperature (7, ). The outputs are the outlet liquid temperature (7, ,,) and the

sh

condenser tube heat flow (q_,., )

P T
Ly Moo
i TF T . o
condl = inlet condenser temperature. °O)
= ] T.pn =  outletcondenser temperature. °0)
M i = mass flow of fluid in condenser tubes.  (kg/s)
5 Deonda = heat flow through the condenser tubes. (W)
v T, = condenser shell temperature. O
Figure 3-4 : A shell and tube condenser.
Complete model

The condenser model is developed by making energy balances around infinitesimal cross
sections of the condenser tubes. The temperature of the liquid in the tubes (7,_,,(x,7)) varies with
distance along the condenser tubes and time. Assuming plug flow, constant liquid density/heat
capacity with respect to temperature and no heat losses we can derive the following partial
differential equations for the condenser liquid temperature. The condenser heat flow is given by
the integral of the heat flow along the total tube length.
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T ...(%,1) VT, (x,0)_ h(D)A4,, ,
con 5 t con o= i ol T (1 t 331
a { =2l cond ( J ax pcond ] Cpco"d I/'c » [ w( ) cond (x )] ( )
cruﬂ h(:)Ad h(t)A,,,
L —— - T \t)-T 38

w* PW' w

A
qcond = qcomlo =J-ho '”'Dcomi ‘ncond Tsh (’)_ Tw (X, t)h > qcondl J.h T Dcand cond [T (I) ond (x ’)P (3 33)

Where, T, = temperature of the condenser shell. (°C)
I,.. = temperature of liquid in condenser tubes. (°C)
T, = temperature of condenser tube wall. (°C)
q..,.. = heatflow from the condensing steam to the condenser tubes. (W)
4. = heatflow from the condenser tubes to the condenser liquid. (W)
h, = heat transfer coefficient from condensing steam to tubes. (W/m?.K)
h, = heat transfer coefficient from condenser tubes to liquid. (W/m*.K)
v_. = velocity of the water in the condenser tubes. (m/s)

The condenser steady state equations are given by solving simple first order differential
equations. The superscript ° has been used in the condenser equations to denote the static value

for the variable. For example, 77 . refers to the static version of the inlet liquid temperature to

cond|

the generic condenser.

f @ o

T B O s L TS =T8T -T2 )J ) (3.34)

L, ("'): T [%T](Tsh -T,a )e e l’ 9cond =94 condi =9 condo =Cpcond'Mcond I, -T, .a 4:1 _e[?m]](3_3-5)

pw 'pr I]w pw 'pr I/ w pcond 'Cpcond'l/’cond
The constants T =— T ==, (= ,
" hA " +n A N h A
i*‘“cond |+ o cond i *“*cond
2 C V p,C..V, ) ) .
o, = B el , 7, =———P"_" occur in the dynamic equations for the condenser. The
Ucond 'Acond ho ‘Acond

condenser partial differential equations are non-linear. However, they can be transformed into
constant coefficient equations by linearisation. This method has been used by many literature
sources (Mozley, 1956; Lim, 1970; Stermole and Larson, 1964; Koppel, 1962) to produce the
following constant coefficient partial differential equations. Rather than taking the fluid mass
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flow, we have taken the fluid velocity as a process input. The fluid velocity is determined from

the mass flow by division (ie., v, =—2<9 ).
pcond 'Acr
¢ ‘Ywml (\’ ’) + ‘,::.)(,,,d C Icuml (x ’) |:C Icond (x ’)} "co”d (,): hx (")'Acond [I (t) cond x’ [)] (3 36)
ct x 0X pcond' pcond * "cond
lnt) Potoms_fy ) o)) 20 e 1, () ) 637
(T:’ p\\ '( pw 'l " p"‘ '( pw 'I,.r\" .

Substituting the equations for the static temperature and the heat transfer coefficient, in terms of
the fluid velocity (4 =A, v° ). we can produce the following equations

~rpe 3 ~7 . 0 . *
Ceona 121 o (. ’)+ ye & Ii"""" (v ’)= Lf',. (!)_L?:.,,nd (x,1)+ —[ l] (? A i }’ TR it (r) (3:38)

cond 0 sh cond|

~ -1
& X r’f'r r‘fl‘ ‘turld rTl,il

X

Tlet) 1y - Lr )= 7 () L1 )t (2 T8 eew () (339)

I'-!f ir.- r-- r: 1 : md [r +T ]

Transformation of these equations into the Laplace Domain produces the following differential
equation.

RY

Heald) e 8) =T, 6 7 15 6.40)

dx

Where the transfer functions H,(s), H,(s) and H,(s) are given by the following :

vfnnd 'TTCO [rw S+ l]

I S+1 '
H,(_s‘)=“—{rm,.s+ (r, 5+ )}, H.(s)= l (3.41)
v ‘ond rl 0

H(s)= [77"“” o] h' -1- ol (3.42)
' (r, +7, Xz, s+1)

("!:'Jmm‘ ): r'.n'\ln .

This differential equation can be solved by integration to produce the following transfer function
for the outlet condenser temperature

T:(.s'): H:(S‘) [l—e Hy(s)L }I;,,(S)+e Hy(s) L 7 (s)+ H;(S) }[e i e H,(S]L] wnd( )(3 43)

rTcO ",cond
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The heat flows through the condenser wall can be differentiated to produce the following
differential equations.

10 dr,(t) 1 1
% “h A a;} 0 _ _{ o)+ o ()] (3.44)
d(lcmnll (,) = L D conio (,)_l: ] l }(Ico’ldx (.I' )+ CO'ld [lcond” ( ) Tcondl (’)] (3 ’ 45)
dt T, 7, [ T,

Simple model
The above solution accommodates many mechanisms but it is also relatively complex. A
considerably simpler solution can be obtained by assuming constant overall heat transfer

coefficients and infinite condensation heat transfer coefficient (ie., 7, =7, or r; =7,,). This

produces the following partial differential equation for the temperature of the liquid in the
condenser tubes.

Tonrt) ) Lemt), {7, ()T (1) (3.46)
Where, 7., = temperature of the liquid in the condenser tubes.  (°C)
r, = temperature of the condenser shell. (°C)
v = velocity of the liquid in the condenser tubes. (m/s)
coid = heat transfer surface area. (m?)
ol = volume of liquid in the condenser tubes. (m’)

This partial differential equation is linear but not with constant coefficients. As a result we
cannot solve the equation by transformation into the Laplace Domain. However, using a first
order Taylor series approximation we can produce the following constant coefficient equation.

~ + ‘,cuml wx - [Ish cand
cl C TTcl) rTc()

] [ T A/]u;ndl] rrro‘:onndond() (3.47)

cond

Where, x = distance along the condenser tube. (m)

By transforming this into the Laplace Domain we can produce the following differential
equation.

a'lmd(x.s)+ g : [rm.s+l}l"_‘md(x“s) — s,,(9) [ fa"dl] o ’Mmd(g) (3.48)

E 0
dx Veond TTou Veond TTe0 cand M cond - £Tc0
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This can be solved to produce a transfer function for the condenser outlet temperature.

l—e ™e ‘:‘ .
- [ ) ol . TO _ To ro || —g %
L cona (5): I, (S)‘H” il R S ( ‘)_ TC( = Condl} [ z-e S ]Meond (S)(3-49)

s
[Trcu S+ l] Treo M.,

cond G

By transforming this into the time domain we can then produce a differential equation for the
condenser outlet temperature.

Te

| | 2 e (1970, Y
.I‘L‘U”J: (’ ): Txlum (’ ) t+e g -l‘cumll (’ - z’C )_ : = L"’":":‘ I/dum (’) (3 ' 50)
rTcl ) M cond
dr,, (1) 1 Le v
zlum( ):_ [‘h‘m_’_ ] I‘~h _e lgh(’“rc)’ rc — dum :Mcond(’)_Mcond(’_rc) (351)
dt () S dt
Where, 7, .. = outlet temperature from the condenser. (°C)
View = dummy variable used in the condenser model. (m’)
U dummy variable used in the condenser model. (°C)

The condenser heat flow is given by the integral shown in equation (3.52). This can be

differentiated, with respect to time, to produce the differential equation shown by equation
(3.53).

l I L »
(Iumd (’) n [_ -[(/cuml . Acmul [/sh (’)_ Iamd (x’ l)LIx (3 ' 52)
/ CON / dla 1 ’ l (/can 'Acon A N
A1) _, I L L B A e vy (3.53)
(/’ d’ Tech TC

3.3.2) Plate Heat Exchanger Model

The Evaporator A plant contains one plate heat exchanger. This heats the raw feed milk from
approximately 10 °C to 50 °C using hot condensate from the MVR and TVR evaporator shells

and hot water from the TVR vacuum condenser. The following figure shows the block diagram
for the plate heat exchanger.
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Inputs » Outputs
Vor T,

v T3

v B Plate Heat > 7.

T, Exchanger

T,

T,

Figure 3-5 : Block diagram for the Plate Heat Exchanger.

Where, v, = velocity of milk through plate heat exchanger. (m/s)
W, = velocity of condensate water through plate heat exchanger. (m/s)
v, = velocity of hot cooling water through the plate heat exchanger. (m/s)
Iy = temperature of hot condensate entering the plate heat exchanger.  (°C)
T = temperature of condensate exiting the plate heat exchanger. (°C)
k., = temperature of cold milk entering the plate heat exchanger. (°C)
Vo & temperature of hot milk exiting the plate heat exchanger. (°C)
. = temperature of hot cooling water entering the plate heat exchanger. (°C)
., = temperature of hot cooling water exiting the plate heat exchanger. (°C)

Figure 3-6 shows the actual plate heat exchanger configuration. Cold milk enters from the left
(7, ., =~12°C) and flows towards the right whilst being heated by the hot cooling water and

el
condensate. Hot water, from the vacuum condenser, enters from the top (7)) and flows in
counter-current towards the left before leaving the heat exchanger (7,,). The milk is heated by

conduction/convection and leaves the vacuum condenser water section at a higher temperature
(7,.=30°C"). Hot condensate water enters from the right (7 ) and flows in counter-current

towards the left before exiting at a lower temperature (7,). The hot milk from the heat

exchanger (7, . ~50°C") is controlled by manipulating the flow of hot condensate.

The fluid velocities depend on the mass flowrate, the cross sectional area of the heat exchanger
and the fluid densities. For example the fluid velocities of the preheat plate exchanger are given
by the following equations. As a result these fluid velocities are really the mass flows to the heat
exchanger. It is, however, slightly easier to work with the fluid velocities and we will continue in
this fashion for most of this analysis.

A,{ r ML_ M‘,m_.
Vo= . . v, = . 1".1 — (354)
)om.f ‘Amf pr_‘x 'Ac.s )O\I',f‘ 'A\-r'
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Where, M, = feed mass flow to the Evaporator A plant. (kg/s)
M_ = mass flow of condensate to the plate heat exchanger. (kg/s)
.. — mass flow ofcooling water to the vacuum condenser. (kg/s)
A,, = cross sectional area of fluid flow on the cold side of the heat exchanger.(m?)
A, = cross sectional area of fluid flow on the hot side of the heat exchanger. (m?)
A, = cross sectional area of fluid flow on the hot side of the heat exchanger. (m?)
Vacuum condenser w ater ‘];I ¢ T '[‘_2 Condensate w ater
" | | 1,
1, ] L
] =
?:'ml o Tmcﬁ
/mc2
x =0 x=L:
-
Cold mik Hot milk
- > >
First section Second section

Figure 3-6 : Plate Heat Exchanger used in Evaporator Plant.

If we make energy balances around an infinitesimal cross section we can produce the following
partial differential equations. As with the condenser partial differential equations, these are
derived by assuming plug flow, constant density/heat capacity with respect to temperature and no
heat losses. The milk, condenser and hot water temperatures vary with both length down the heat
exchanger and time. For the section, using the vacuum condenser hot water, the following partial
differential equations apply.

X, 1 T \%t
rI'u'r! _-M 52 “mf (’ )‘rmﬂf M f (T I|() I”M, (x") (355)
Ct Ox '
cl,(x,r ]
’ﬁ( )— [T (x,1)-17 xf]——[l (x,0)-T,,,(x, () (3.56)
l Tt T or
o7 .(x,1 oT  (x,t
#+ v, ()., L =T, (x.1)-T,,(x,1) (3.57)
o _ _ o : :
Where, 7, . = milk temperature on the cold side of the first heat exchanger section. (°C)
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I, = vacuum condenser water temperature on the hot side. (°C)
I,, = temperature of the heat exchanger wall in the first section. (°C)
Vy = hot water velocity in the first section of the plate heat exchanger. (m/s)
v, = milk velocity in the first section of the plate heat exchanger. (m/s)

For the hot condensate water section the following partial differential equations apply.

L e, (X, 1 or,,. (x, 1) .. .,
Loy, Pl )t e 6.5
‘ cl cx
ot (x) 1 . I »
- = [ch (x’,)_ lws (X”)]_ [Iw.\' (x”)_ Imc.\' (X,’)] (359)
( 1 z-‘1'1.\ woy
CT (Lt cT (x.1) .. .
z-L'l\ f_ C:‘( )+"CF(I)Z-CIY (U7():[CF(X”)_ /M‘S (X’I) (3'60)
Y : - :
Where, /.. = milk temperature on the cold side in the second heat exchanger section.(°C)
I, = hot condensate water temperature in the second heat exchanger section.(°C)
1,, = temperature of the heat exchanger wall in the second section. (°0)
v.. = milk velocity in the second section of the heat exchanger. (m/s)
v = condensate velocity in the second section of the heat exchanger. (m/s)

'(1 'L’ \"(‘ \l 'v : " ( ' W 'Vn 7 w‘(‘ W 'I‘rn
rmnl' = pm i '—”_r- L] r\')]' = _p___p__—_-!-‘\ rmyf = _’-o—}-_j_v rmf' = p—P_f_ (36 ] )
h()/ ‘Ah] h‘,- 'Ah]' hu.’ 'AM hlj Ahj
 C V¥ N S A nG: A h, .h,
r,.= 2 e owf o ™ P pm" mf . Z_T'f = P P U - (}ym. = of (362)
[hrsr Ay + her' 'A’u' ' ”n_f 'AM' { :z/"Aw‘ ' h::.f' +h:r'
C_r 2 1 G 5 €L V. LCoLV.
T oos :M‘ T :’[‘# T ZL T,.= B_P___ (3.63)
hm 'Alm . h;.\ A hs - h{:.\' ‘Ahs hzs 'Ahs
C V. I S I e h_h
£ = Pl pu¥ s . To :p—f’_" T =p§“‘ U, =328 (3.64)
- [hras 'A.?:.\ G hl.\ 'AFM ] (fh‘ 'Ah_\' (]Jis 'AJIS hos = h:s ]
Where,}’,, = volume of liquid in the first cold section of the heat exchanger. (m?)

» = heat transfer coefficient, between the tube walls and hot liquid. (W/m?.°C)

Il

" heat transfer coefficient, between the tubes walls and hot liquid. (W/m?.°C)
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A,, = heat transfer surface area, first plate heat exchanger section. (m?)
A,. = heat transfer surface area, second plate heat exchanger section. (m?)
Ve = volume of liquid in the first hot section of the heat exchanger. (m)
V., = volume of metal in the first section of the heat exchanger. (m?)

There are two common methods that could be used to solve the plate heat exchanger partial
differential equations. Firstly finite difference approximations, to the spatial derivatives, can be
used to produce a system of first order differential equations. Alternatively, the partial
differential equations can be solved by linearisation and transformation in the Laplace Domain.
The use of finite differences is simple but also inconvenient because an accurate representation
requires a large number of finite differences. As a result a large number of differential equations
will be required to represent the plate heat exchanger. This is very inconvenient and instead we
will use the Laplace transformation method.

If we assume constant fluid velocities (i.e., v,,(r), v,.(r), v, () and v_(r) are constant with

time) then the partial differential equations can be transferred into the Laplace Domain. The
result is the following two pairs of differential equations. This shows that the first and second
sections of the plate heat exchanger are de-coupled and furthermore that the equations for both
sections are identical.

[ d?;”d (x, )
dx -
d '/;,, (X, .S') -H, (‘) H, (‘) 0 0 7 nicf (x’ S)
= =4, (s) H,(s) 0 0 I, (x,s) (3.65)
L/'/;HL‘.Y (x’ S) 0 0 - H5 (S) Hﬁ (S) Tmcs (x’ S) ‘
dx _0 0 -H, (s) H, (s) T, (x, s)
drl (x,s)
 dx

Since the equations for the first section of the heat exchanger are decoupled from those of the
second, we will only consider the first section. The transfer functions H,(s), H.(s), H,(s) and

H . (s) are given by the following equations. These are the same as the transfer functions 4 5(s),
H.(s), H,(s) and H(s), except the properties for the second section must be used.

(rm_f S+ ]) 1

|
H (.s' e [ e _H.(s)= (3.66)
| Vi { Trof (T"f A l]:] ) Trof Vims (T«_f 5% I}

] (Tw_f S+ l)

|
H.(s)= S+— , H,ls)=
' (\) ‘I:I; l} " Trir (T“_f-,.s' +1 J ! (S)

(3.67)
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If the thermal inertia of the heat exchanger walls is not important then (3.66) and (3.67) can be
approximated by (3.68).

|
s (3.68)

Hl(x}:l—]{swim} H:(.s')Z%, H;(S)Z,IT{S%L} H,(s)=

(
L T 1oy Trof Vo Vir Try

my

Ty Vg
The above equations for the first section of the heat exchanger are a pair of linear constant
coefficient differential equations. They can be solved to produce the transfer functions between
the heat exchanger inlet and outlet temperatures. However, a difficulty is the assumption of
constant fluid velocities, since these are manipulated, on the Evaporator A plant. The feed flow is
manipulated manually and the condensate flow is manipulated to control the heat exchanger
outlet temperature. Consequently we cannot make this assumption and produce an adequate
representation of the heat exchanger. However, by relaxing this assumption the partial
differential equations do not have an explicit solution. A solution to this problem is to linearise
the partial differential equations about an operating point. This can be done using a first term
Taylor series approximation to produce linear constant coefficient partial differential equations.
However, in order to do this we first need the plate heat exchanger steady state equations. These
0
are needed to determine the static temperature derivatives with respect to distance (i.e., : ﬁ':’
C

ar, "
and — ).

ax
Steady State
The following pair of differential equations describe the plate heat exchanger steady state.
Strictly there are four of these equations, but we have already shown that the equations for the
first section are identical to those for the second section. Therefore we need only consider the
equations for the vacuum condenser water section and these equations will then also describe the
condensate water section.

g 7 l I
dlmc/' —
dx rTar '\,ngr TTof ",ngl' ]:ncjf
= . (3.69)
drT, ] 1 T,
dx | Ty Yy Trg Vo

These equations can be solved to produce explicit equations for the temperatures along the heat
exchanger length. With the boundary conditions (7 =7, @x=L,T, =71, 6 @x=0) the
following equations are produced.
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Trir Vor H IS H
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: r — .
T_ (1‘)— + Tif " vf e Tof Vmf  Try Y
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Tror Yoy | e | _y Trg Vo o ]
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The outlet temperatures for the vacuum condenser water section are given by the following
equations.

[ r‘f I'",r
Ty | 1 i_rr....; 4
ol o | Trof Yoy e M-l
Trir Vo
o Tif *¥y; ,
P ¥ T .+ = T (3.72)
mc [ mcl r vi
[, o[
Cror Y mf e Tror  Try | = &!_‘ mf el Tres Iy =i
Trr Yoy Try Vi
f Twg Ty W
Tror 'vml l Tror T : 4
) "1e of Ty | 1 TTQ_,!' ) mf 1
Try YV I v
. ’ 3 Tif vy
l"! = [ ‘1 mcl + Tvl (373)
I - , v
Pror Vor | o ] Tror Vor L em ]
Toy Ver Try Vi

We can also show that the heat exchanger is described by the standard log mean temperature

difference equations. By subtracting the two temperature differential equations we can produce
the following equation.

d(?;m:;' . ?:_.,--) 1

1
“ _ s (3.74
o e Yy Tror Vr [ mgf  Cvf ] )

This is integrated to produce equation (3.75). Here we have substituted the definitions for the

heat exchanger constants ., 7., 7, and 7,.. We have also assumed that the heat capacities
of water and milk are the same.
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m[%}: :i_:"'f :U"f'A"f[M 1C _MIC } iz
w2 mcl Ty Tof vac "~ p K -
Where, M. = mass flow of vacuum condenser water. (kg/s)

M, = mass flow of milk to the plate heat exchanger. (kg/s)

C, = heat capacity. (kg/s)

4, = heat transfer surface area. (m?)

Uy = overall heat transfer coefficient. (W/m? K)

The static heat flow is given by the following equations and these can be substituted into the
above to produce the standard log mean temperature difference equation.

. r,-T. ,)-\T,~-T
q :Mf ( P (Tm(:Z - Tmcl ):Mmc 'Cp (Tvl - Tv2 )’ q:b”lf‘Ahf [( = ""'2) ( = = )] (376)
Tvl = Tmcl
| | —
Tvl = Tch
In order to relax the assumption of constant fluid velocities, in the partial differential equations,

the temperature derivatives with respect to distance are required. These are given by equation
(3.77).

ar. Y oT, Y

ox ox

Where N, and N, are given by the following equations.

0 0 0 ]
[T“ _ 7-1} l . l__ [}:'1 i Tmcl] rrﬂf 'vmf _1
vl mel ,0 0 0 0
p“ N _ TT{I- 3 v rTOf" mf VU N _ Tﬁf'v"f Trbfv‘f N (3 78)
we [, v | ’ v ] ] '
1o Vo ol o ] ) 1o Vo o |
Trir Vor Trir Vor

Explicit Laplace Domain Representation

We return now to the plate heat exchanger partial differential equations. The partial differential
equations cannot be solved by Laplace Domain transformation because they do not have constant
coefficients. However, we can transform the equations into constant coefficient partial
differential equations by linearisation about an operating point. This is done using first order
Taylor series approximations and the resulting Laplace Domain representation is given by the
following. We have considered only the first section of the plate heat exchanger.
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d7mcj ( )

e -H,(s) H_(S) mc).«(x S) N, LY 0 |:vmf(s)jl
iY‘J_(X_s) [ (S) H (S)H (x s)] [ Nz‘e(_ﬂ:_x}] v‘f(s) (3.79)

dx

Where, 7, . = temperature of the cold liquid in the first section of the heat exchanger. (°C)
T, = temperature of the vacuum condenser water in the first section. (°C)
v, = velocity of the cold liquid in the first section of the heat exchanger. (m/s)
v, = velocity of the vacuum condenser water in the first section. (m/s)

This is more easily represented by using matrices and the resulting system is given by equation
(3.80).

dT(x,s)

e ~A(s) T(x,s)=— B(x).v(s) (3.80)

This first order system can be easily solved to produce equation (3.81).

L
5]11.(1 )_ -Alslop J'eA )xB (3.81)
0

Where, the exponential function is given by Cayley-Hamilton theory.

platsi)f 4 ( ) +CoS —elalsk (S)SI s
ﬁ.()smh(ﬂ‘(s)!) hw‘[)!)] | B,(s) {4 )) (3.82)

H.,(s) plalol) i i elats ) oos . “a(‘") s
L s ) {h(,a.()m bl (ﬂ.()z)}

el ,\mf,l:

a, (5) = w a, (s ( [_H_+_H__§‘l]

; (3.83
2 2 )

B,(s)= \/_(Hl (s)+ H(s)) _4'H:(S)H4(S)J 1 = 1 : (3.84)
4 Trof Vor  Trir Vor

By simple manipulation we can then produce the following transfer functions. These describe the
impact of the process inputs (7,,,7,,M and M ) on the vacuum condenser hot water

mcl> Tyl
section. We have continued using the fluid velocities as inputs, rather than the fluid mass flows.
The outputs are the hot milk temperature (7, ,) and the hot water temperature (7,,). Strictly

these transfer functions can be transformed back into the time domain to produce differential
equations. However, the transfer functions contain transcendental functions and it is difficult to
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make this transformation. Therefore, we cannot produce finite order ordinary differential
equations for the heat exchanger outlet temperatures. This is a serious problem for the
development of a dynamic model because most standard dynamic analysis is based on finite
order constant coefficient linear ordinary differential equations. The transcendental functions can
be transformed using Pade approximations to produce the required equations. This approach is
used in Chapter 4 to transform the falling film and condenser transfer functions into finite order
ordinary differential equations. However, the plate heat exchanger transfer functions are
considerably more difficult to transform than the falling film and condenser equations.

4 (“'):az (‘T)Si“h(ﬂl (‘7)"')+ B (S)COSh(ﬁt (S)L) (3.85)
A*(S):[a1 (5)_ ﬁ:]z _ﬁx(s): (3.86)
A=A ) a(s)eosh(A ) o

Loeals) _ Bls)e ™" I2(s) H,(s)sinh[,(s)]

Lals)  Als) 7 .,() " 4l (3.88)
Toea(s) _ _ B (5)N1e[ e (@(s)-5.) s (A3 (s)+ (@ (s)-5, _az(s)k[_(a'm- mL])

Vo (\) - A, (_5) { B, (_s) A (S) _| (3.89)
T (5)_ Ny Hi(s)e! [ (@, (5)- 8, Jsinh(B (s )L)- B, (s)cosh(B, (s )+ B (sl 721

Ws) AL [ A0 ] (3.90)
T,(s) il (s)sinh [,B, (s)[,] T,(s) Bk B.(s)
T(s) A4,(s) : T.6)  4(s) (3.91)
?l.:(s)__ B (S)N: (a] (s]-ﬂz)_'_ (A3 (,;)_(a,1 (A‘)-—ﬂ: +a, (S))e[{a,{s) B JL])

v(s)  A(s) [ B.(s) 4,(s) :| (3.92)

_N, H4( ){(a,( 5)-A,(s ))sinh(ﬂ.(s)L)+ﬁl(s();osh(ﬁ.(s)i)—ﬂ(s)e[‘“"”'””f']} (3.93)
14 A\s

The complexity of the above transfer functions suggests the possibility of simple algebra
mistakes. However, the transfer functions were verified using numerical finite difference
approximations to the partial differential equations. The finite difference approximations were
linearised, to produce a state space representation of the plate heat exchanger. Using some simple
hypothetical numbers the state space representation Bode plots were compared to those for the
above transfer functions. The comparison was exact across the frequency range.
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Figure 3-7 : Numerically determined Bode plots.
0.05 : ; ' ' ' : :
' : T3S Ty () | :
V c3 c1 :
o AL d) — Ted®Ma@ | ]
: o ] - : :
005 f------- R S Y R foene- -—
L e R S s UMY SR r—
g {
= i f
R L s L T ST S S TR S AT EE -
E A
-0,2 --------:" -------------- AR L LR R LR bt L :.r‘L---; ------- -
025 | weeeeebome e T )
03 i i = ! H i_ i 1.
. -02 -0.1 0 0.1 0.2 03 0.4 05 06
Real axis () - .
. . ) T .(s T .(s
Figure 3-8 : Nyquist plots for transfer functions L() and L()
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Numerical Bode and Nyquist plots

The above transfer functions can be used to numerically calculate the Bode and Nyquist plots for
the plate heat exchanger. The heat exchanger consists of two de-coupled sections placed in
series. The first uses hot water from the vacuum condenser and the second uses hot water from
the MVR evaporator shell. We will determine the Bode and Nyquist plots for the four transfer
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functions, of the second section, acting on the outlet hot milk temperature. The resulting Bode
plots are shown in Figure 3-7 and the Nyquist plots in Figures 3-8 and 3-9.
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7:"03(5) and Tmc3(s)

M(s)  M(s)

There are some clear similarities between these transfer functions and conventional polynomial

transfer functions. The TMES; transfer function appears to contain a significant pure delay and a
T...(s

mc

third order dynamic. Its magnitude appears to follow a third order dynamics whereas its phase

lag continuously falls and therefore suggests a pure delay. The important Tm,((s)) transfer function
M (s

Figure 3-9 : Nyquist plots for transfer functions

appears to be third order. Likewise the T3 (5) transfer function appears to be second order and

T, (s)

the 7,.(s) transfer function first order.

M (s)

3.4) Conclusions

In Chapter 2 the entire Evaporator A plant was separated into four sections. These sections were
the MVR evaporator section, the TVR evaporator section, the DSI unit preheat section and the
preheat plate heat exchanger section. Chapter 2 was primarily concerned with deriving models
for the MVR evaporator and TVR evaporator sections. The aim of this Chapter was to derive the
models for the remaining DSI preheat section, preheat plate heat exchanger and shell/tube
condensers.

In Section 4.2 the DSI preheat section was considered. We firstly gave a brief description of the

process and then we derived the energy balances and mass balances for the DSI unit and the flash
vessels. An important part of this was the thermal equilibrium between the liquid and vapour
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phases. It was shown that the presence of air causes a temperature difference between the top and
bottom of the vessel. The final result was a set of static and differential equations for the
temperatures of the DSI unit and the flash vessels.

In Section 4.3 we investigated the preheat plate heat exchanger and the shell/tube condensers.
The partial differential equations for these were presented and transformed in the Laplace
Domain. For the shell/tube condensers we were able to produce an ordinary differential equation

with time delays, whereas the result for the plate heat exchanger was a set of transcendental
transfer functions.

The models derived in this and the previous Chapter potentially provide a complete description
of the Evaporator A plant. However, they are still in a somewhat ‘raw’ state. In the next two
Chapters we aim to develop and identify these models into a form that can be used for the
optimisation and controllability studies. Chapter 4 will develop the steady state and linear
dynamic models of the Evaporator A plant.
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Chapter 4 : Model Development

4.1) Introduction

The work discussed in this thesis aims to analyse the operation and control of the Evaporator A
plant at Kiwi Co-op Dairies. Optimisation and controllability studies will be made to determine
the ‘best’ operating conditions and methods for controlling the plant. In Chapters 2 and 3,
models were derived for the entire evaporator plant. These were developed for analysing the
Evaporator A plant operation and control, but they must be further developed before they can be
used. Specifically, we need a validated steady state model for the optimisation studies and a
linear dynamic model for the controllability studies. In this Chapter, we will develop the steady
state and linear dynamic models.

Firstly, the steady state model will be developed in Section 4.2. We will separate the Evaporator
A plant into four sections and consider each independently before combining these to produce
the complete model. These four sections are the MVR evaporator section, the TVR evaporator
section, the DSI preheat section and the preheat plate heat exchanger. Typical operating points
will be determined for each individual section and also the complete Evaporator A model. The
plant geometries are listed in the Appendix E and the process parameters (i.e., heat transfer
coefficients) are taken from the identification of Chapter 5.

In Section 4.3, we discuss the methodology for developing a linear dynamic model. Specifically,
we investigate the linearisation of dynamic models using truncated Taylor series approximations
and the description of pure delays using Pade approximations. This has been included to provide
some background to the linearisation work, which will be done in Section 4.4.

The linear dynamic model will be developed in Section 4.4. As with the steady state model
development, we separate the plant into four parts and develop each individually. The linear
dynamic models are developed using the methods discussed in Section 4.3. However, in order to
simplify the linearisation, we have made a number of significant assumptions. For example,
distribution plate flashing, variable heat transfer coefficients and multiple evaporator passes have
all been neglected. These assumptions were not made in the development of the steady state
model and therefore the linear dynamic model is not a generalisation of the steady state model.
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4.2) Steady State

4.2.1) Introduction
We shall develop the Evaporator A steady state model by separating it into four parts and initially
considering each part independently. These parts are the preheat plate heat exchanger, the DSI
preheat section, the MVR evaporator section and the TVR evaporator section. At the end of this
section, we then combine the four models to produce the complete steady state model for the
Evaporator A plant.

Various parameters are used in the steady state model. Many of these are listed in the
Nomenclature of this thesis, but others are given in Appendix E. One of the most important parts
of the steady state model is the evaporating overall heat transfer coefficients. The ‘simple linear’
model is used, because in Chapter S this is found to be the most accurate. We use the parameters
for Whole Milk, which are U/, =1900.7 W/m* K and U, =2906.1 W/m> K. Another important

part of the model is the relationship between heat capacity and milk dry matter. The linear model
derived in Appendix A is used and the parameters for Whole Milk are C =4190 J/kg.°C and

C 75 = 1984 J/kg °C.

pwater

4.2.2) Plate Heat Exchanger

The steady state equations for the preheat plate heat exchanger were derived in Chapter 3. The
resulting equations for the plate heat exchanger outlet temperatures were shown by (3.72) and
(3.73) and the equivalent equations are shown here by (4.1), (4.2), (4.3) and (4.4). These give the
heat exchanger outlet temperatures (i.e., 7 T,, T, and T,) in terms of the inlet

mel v2 m

temperatures, fluid velocities and milk dry matter (i.e., T,,, T,;, 7., Vs> Ve Ver» Yy @nd w).
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The solution of these equations is trivial provided that the surface areas and heat transfer
coefficients are known. The heat transfer surface areas and fluid flow cross sectional areas are
given in the Nomenclature and also in Appendix E. Here we have taken the heat transfer

coefficients as 2500 W/m’ K. With a set of inputs (ie., w, =0.125kg/kg, T,.,=12.0°C,

m

M_, =153 kgls, 1, =532°C, M =3.50kg/s, T,,=69.9°C and M =9.49 kg/s) we can

A}

calculate the heat exchanger temperature profile and the outlet temperatures. The resulting
temperature profile is shown in Figure 4-1 and this also gives the outlet temperatures (i.e.,

I,.,=2202°C, T,,=500°C, T,,=12.0 °C and T,, = 254 °C).

mcl mc3
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Figure 4-1 : Plate heat exchanger temperature profile.
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4.2.3) Preheat Section

The steady state equations for the preheat section were derived in Chapter 3. Two models were
derived, the first consisting of implicit equations (Advanced) and the second explicit equations
(Simple). The second model was derived from the first by neglecting the changes in mass flows
through the preheat section. However, the assumptions required to produce the ‘Simple’ model
are expected to reduce its accuracy.

Advanced model

Using the results from Chapter 3 we can produce the following equations for the mass flows
around the flash vessel.

W.1+m ] [A/!,+m ] h/[ +a,.m ]

M,,=M_, M =R e == £2 8 {45

ph2 fex Ty, phi [l ‘“az] M, = [l— Il oy ] [1 » a:] (4.5)

(' water _(‘ C Water _C W

a, = ( P . ﬂll)( ;m pm)’ a, = ( pwat - pIS pki)(Tphl _ Tphz) (4.6)
The flash vessel temperatures are given by equations (4.7) and (4.8).
M 12 ((‘pwarer -C pTS - fczx pt." - chz ) =M phl ((‘ pwater C prS * phl Tph] -T phZ) (4-7)
Mpc:’ ((‘puwmr —( pTS - wpc’ pel - Tpc2): Mﬂﬂ ((praler - pTS jhlx phl) (48)

We can substitute equations (4.5) and (4.6), to produce the following pair of equations.

M fel ((‘

pfb rc X{ ) [A/!}f”+de]

[] i ] (("ptmfer _('pTS Wom XTpm = ?ph") (4.9)

YIM ~ 2 si r
[ ﬁ[} iz- ]md." ](Cp..mm- - (‘;.-”.f's W oea IT pe2 [Evjﬁ i_]md ]](prm - CPTS'wﬂ'! X‘rﬂfl PM )(4 10)
2 a,

pwaler -

The DSI unit energy balance then produces a third implicit equation.
(hsreum - (vaarer 7d.s1 }"dsi = M pel ((‘pwaler - CpTS 'wpcl XTDSI - Tpcl ) (4 1 l)

Using the above implicit equations (4.9), (4.10) and (4.11), with a set of inputs (i.e.,
nm,, =035kgls, T,,=637°C, and M, =153 kg/s), we can calculate the operating

conditions (ie., 7,, =91.5°C, T,,, =779°C and Ty =104.4 °C). The variablesa, and a,,
required in equations (4.9), (4.10) and (4.11), are calculated using equation (4.6).
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Simple model

As mentioned above, the assumption of constant preheat mass flows produces a ‘Simple’ preheat
model. The preheat flash vessel temperatures are given by equation (4.12) and the DSI unit
temperature is given by equation (4.14).

2 1 ] (- 2
phl :ETDSI +§ch2 > TphE =§1DSI +§ch: (4.12)
M c 'C ater
mdﬂ (hsleam - praler 'Tdsl' ) = Mfc’_" ‘praler (TDSI - Tphl )= —r”—pw (TDS - chz) (4 13)

3

T _ [3md.w 'hsream +Mﬁ.‘2'prrer'[j&2]
DSl — v
Wﬁ:: ( pwater ih 3 C pwater 'md.ﬂ' ]

(4.14)

These equations are a lot simpler than the ‘Advanced’ model. However, the predicted
temperatures and DSI unit mass flow are relatively different. This can be shown by considering a

preheat system with the same inputs (ie., m,, =0.4kg/s, T,, =63.7°C and M, =153kg/s).
The operating conditions are 7, =89.3°C, T,, =765°C and T,; =102.2°C, which are a
little different from those of the ‘Advanced’ model.

4.2.4) MVR Section

The MVR evaporator section steady state is determined by the solution of the equations for the
evaporator effect, evaporator shell (combined with the preheat condenser equations), MVR
compressor and the falling film mass balances. In Chapter 2, the evaporator effect and shell
energy balances are derived. We will take the energy balances given by equations (2.25) and
(2.58) and are shown here by equations (4.15) and (4.16).

9 feedt T Dsnetir = Dcompt T Detoss) (4.15)

n/cnmpl + q compl = (1 shellt + q pcond + q sloss1 + q condensatel (4 l 6)

The static condenser heat flow is given by equation (4.17). This was derived in Chapter 3 and is
the same as equation (3.35).

Tpre

qpcond = Mf (pra!er - CpTS 'wf XTxl . TmcS l —€ o (4 17)
M Vv _\C -C oW
Z'pre = pr:z . TTP’E — ppre pre( pwater pTS f) (4 1 8)
ppre i pre (]pre 'Apre

The compressor characteristic curves are given by equations (4.19) and (4.20). These were
discussed in Chapter 2 and are the same as equations (2.64) and (2.65). The vapour densities and
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pressures are given by the Antoine saturation equations, which are discussed in Chapter 2 and are
shown by equation (2.70).

1P~ ] N wb N[ Mo | [ Moo (4.19)
p ; comp " " comp comp " " comp p comp pz ’
W . M M 2 M 3
e - dcomp Nc_omp( — ] + ecomp -Nconlp( Co_:"pl ] + -f;‘omp[ c‘;mp) ] (420)
p vel ve p :9 p ve

Equation (4.19) is a quadratic for the mass flow of compressed vapour (M, ) and it can be

solved to produce equation (4.21). There are two solutions to equation (4.19), but we have taken
the larger solution because it represents the ‘real’ operating conditions. This mass flow of
compressed vapour is also equal to the mass flow of evaporated water, as shown by equation
(4.22).

P,-P,
P b N pvJ(br.amp Nmmp} 4 (’camp( mmp chomp (_i_ L)]
ve“comp " " comp

- s ol (4.21)
2 'CL'Uﬂij'J 2 'ca:omp

Mcompl :Mﬂm‘hl +Mlubes! :MphZ _MpS (422)
Where M., = mass flow of compressed vapour. (kg/s)
Mg = mass flow of flash vapour. (kg/s)

M e = total mass flow of evaporated water in the MVR evaporator section.(kg/s)

M,, = mass flow of milk to the MVR evaporator section. (kg/s)

M, = mass flow of milk from the MVR evaporator section. (kg/s)

The mass flow of evaporation in the falling film is modelled using equation (4.23). In Chapter 5
it is shown that this is the most accurate model. The heat transfer parameters are taken for Whole
Milk and they are U/ =1900.7 W/m?°C and U_, = 2901.6 W/m’.°C. The heat transfer surface

areas (A, ) are listed in Appendix E, along with the other geometric parameters for the
Evaporator A plant. Using equation (4.23) we can calculate the mass flow of evaporation and the
evaporation heat flow (i.e., g, =4M,..) for a falling film evaporator pass. It should also be
remembered that there are five passes in the MVR evaporator section. As a result we have a mass
flow (M ,,) and dry matter (w, ) from the evaporator pass / and they depend on the mass flow

(M ) and dry matter (w,, ) from the pass i distribution plate.

Miw,

A, AT
[Mdn Mmbe.n ]

M My 10, U ,]

so

(4.23)

tubest * tubesi
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Where, U, = simple linear heat transfer model coefficient. (W/m’.°C)
u, = simple linear heat transfer model coefficient. (W/m*.°C)
A, = evaporating tubes heat transfer area for the 7/ pass. (m?)
M o = mass flow of evaporation from the i pass. (kg/s)
AT = temperature difference between evaporator shell and effect. (°C)

From the above we can see that the steady state for the MVR evaporator section is given by the
solution of two implicit equations. These are the energy balances for the MVR evaporator effect
and shell. All of the other equations can be solved and substituted into the energy balances. With
a set of inputs
(ie, Ny, = 2850 rpm, M ,,, =15.65kg/s, T,, =779°C, w ,, =0.122kg/kg, M , =153kg/s,

I.,=50°C and 7,=30°C) we can solve these equations to determine the implicit variables

(7,, =662°C and T, =69.9°C) and the output variables (7, =66.2°C, M ,; =4.68kg/s and
w,, =0.408kg/kg ).

4.2.5) TVR Section
The TVR section steady state equations are similar to those for the MVR section. In Chapter 2,
the TVR evaporator effect and shell energy balances are derived. We take the energy balances

given by equations (2.30), (2.35) and (2.63), which are shown here by equations (4.24), (4.25)
and (4.26).

qfeed6 + qshellt') = qcompz + qelossl + q:heln + qshellB (4 24)
Wcompl + qcom pl = qshell 6 + qsloss 2 + qcondenxaleZ (4 0 2 5 )
q_ﬁ’ed 7 75 QJJ!eII 7 L5 q.r.‘rc.‘.‘ﬂ — qe."m:.'i + (!\'slc (4 26)

The vacuum condenser heat flow (g, ) heat flow is also given by equation (4.17), which was

used for the preheat condenser. We again use the simple linear falling film heat transfer model,
which is shown by equation (4.27).

w _ M di 'wdi
tubesi > pi [ ] >
M di M tubesi

M, =M,-M

pi M tubesi [Uso - U.rw ‘wdi]

A, AT
2 427
P (4.27)

From the above we can see that the steady state for the TVR evaporator section is given by the
solution of three implicit equations. These are the energy balances for the second evaporator
effect, evaporator shell and the third evaporator effect. With a set of inputs (ie,

M, =468 kg/s, w, =0408 kg/kg, T,=662 °C, P, =500bar, M, =35kg/s and

p

T,,.=24.0 °C) we can determine the implicit variables (i.e, 7,, =63.4°C, T,, =57.5°C and
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1,,=532°C) and the output variables (ie, 7,,=532°C, M, =4070kg/s and
w s = 0.469 kg/kg).

4.2.6) Complete Evaporator A Steady State

By combining the four steady state models we produce the complete model for the Evaporator A
plant. The inputs are the feed milk flow, dry matter and temperature, the vacuum condenser
cooling water flow and temperature, the condensate mass flow to the plate heat exchanger, the
MVR compressor speed, the preheat DSI unit steam mass flow and the TVR compressor steam

pressure (ie,. M, w, T, M, T,, M, N, m, and P,). The outputsare the product

concentrate, evaporator temperatures, plate heat exchanger temperatures and preheat
temperatures (M ;, w,, M w,. T, T, T, Ty, T, andT,,). Figure 4-2 shows the

connections between the four Evaporator A plant sections. This clearly shows the important
feedback loops through the DSI preheat section and plate heat exchanger.

¢ «—
M,, M, Plate M,
Wes Winc3 HX Yy
Tt —— T y y
N comp M, v
Ms| DSl MVR T, Tﬂ"“
Preheat Evaporator
M, P, -
Woe —i —
T \ M
i W TVR M
T, Evaporator We
> Tps
—

Figure 4-2 : Interconnections between systems for the complete Evaporator A plant model.

We are interested in the process gains between the model inputs and outputs. These are
important, because they give an indication of the process sensitivity. Table 4-1 shows the
calculated process gains about a static operating point. Many of these results can be understood
by considering the ‘overall’ energy and mass balances for the Evaporator A plant. These are
shown by equations (4.28) — (4.31), for the energy balance, and (4.32), for the mass balances.

q_/éedm + qsreum + Wc‘ompl + qcool = qcondl + qcond] + qloss (428)

q_fecdm = M_I‘ (("pwa!er - (‘pTS ‘w,f' X‘()‘ il Te.‘ L] qa'feam = (mdsf + ATVR 'pr x‘hs.ream - (;pwatsr ‘?;3) (429)
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qcoa.‘ = M\'ac 'Cpu'nm' (Tmcl - TVZ )‘ qmﬂdl = Mr: 'pram' (?:.'2 - Tc! ) + Mr 'prarar (T;l - ‘?;3 )" (430)

otz =M 0 C s (.- 7;3)+Mcondchwrer (Ta-2s) (4.31)

M, +muy +Apg Py =M g + M i + M iy + M iy + M s, M W, =M w,. (4.32)

Where, q ..., = net enthalpy in the feed milk to the evaporator plant. (W)
Direem = net enthalpy in the steam to the DSI unti and TVR compressor. (W)
Qe = net enthalpy in the cooling water to the vacuum condenser. W)
Qi ™ net enthalpy removed by the condensate from the MVR evaporator.(W)
iy = net enthalpy removed by the condensate from the TVR evaporator. (W)
Weomp = power supplied to the MVR compressor. (W)
Qioss = heat losses from the surfaces of the MVR and TVR evaporators. (W)
M, = mass flow of condensate water passing through the heat exchanger. (kg/s)
M, = mass flow of condensate water bypassing the heat exchanger. (kg/s)

Table 4-1 : Static process gains for Evaporator A plant, for Whole Milk.

Nep [ M, T, W, M, my M, T

=2850 | = 500000 =153 =12 =0.125 =9.042 =0.35 =3.5 =24

pm Pa (x1e*) kg/s °C kg/kg kg/s kg/s ke/s °C
T,., - 5000°C 0.0102 0.4642 -7.0553 | 09252 | 63.0646 5.6412 80.4789 2.3559 0.1357
T, -66.19°C 0.0148 0.4657 81040 | 09283 | 66.8355 5.2575 1224784 | 23637 0.1361
T, -6996°C 0.0190 0.5262 -9.2156 10487 | 83.1947 59396 | 138.1457 | 26705 0.1538
T g - 10438°C 0.0151 04730 | -10.8913 | 09428 | 94.2602 53570 | 220.4121 | 2.4007 0.1383
T, -9145°C 0.0155 0.4835 103280 | 09636 | 90.1516 5.4991 190.1540 | 2.4536 0.1413
T, - 7189°C 0.0158 0.4946 97036 | 09859 | 855886 56554 | 156.8154 | 2.5104 0.1446
T,,-s1.48°C 0.0078 2.1249 39926 | 0.5062 | 810893 27282 66.8373 -1.8905 0.4564
T., -6336°C 0.0262 3.1531 102654 | 10919 | 1816718 | 58757 | 1429105 | -09932 06135
T,, -s324°C -0.0088 1.5531 1.7387 | -00198 | 23725 20.3552 1.4717 -3.8431 0.4533
W, - 040skerke 0.0007 0.0100 202250 | 00200 34741 0.1132 2.5828 0.0508 0.0029
W5 - 0469Kgke 0.0009 0.0185 03039 | 0.0269 4.1057 0.1524 3.4900 0.0700 0.0038
A/{p5 _aeskgs | 00079 | 0148 28887 | -02288 | -2.3793 12984 | -29.6076 | -0.5827 -0.0336
M, - 07kgs 00079 | -0.1603 29032 | -02335 | -3.0213 13215 | -302383 | -0.6069 -0.0328

There are several important things that can be noted from the process gains in Table 4-1. Firstly
there is a great degree of coupling between the four sections of the Evaporator A plant. As a

70



Model Development

result every input has a direct impact on the entire plant, rather than just a small part of the
process. This is important, because it means the plant must be considered in its entirety.

Another important result is the strong impact of the feed dry matter on the plant. This acts on the
physical properties of the milk (i.e., heat capacity and heat transfer coefficients) and also directly
on the product dry matter, via the mass balance. For example, an increase in the feed dry matter
causes a reduction in the milk heat capacity and this increases the net enthalpy to the plant,
because the sign of g, is negative. The result is an increase in all the evaporator plant

temperatures. However, an increase in the feed dry matter also causes a direct increase in the
product dry matter.

The feed mass flow acts directly on the evaporator temperatures, product mass flow and dry
matters, via the mass and energy balances. An increase in the mass flow causes a reduction in the
net enthalpy to the evaporator plant. Once again, this is caused by the negative sign of the q,,,

energy flow and the result is a reduction in the evaporator temperatures. However, the feed mass
flow also acts on the mass balances, with an increase in the feed mass flow causing an increase
in the product mass flows and a reduction in the product dry matters.

The mass flow of cooling water (M ___) has an interesting impact on the evaporator temperatures.

vac

An increase in M causes an increase in q_, which we expect to cause an increase in the

temperatures of the plant. However, the TVR evaporator section temperatures all reduce, in
contrast to those of the DSI preheat and MVR evaporator sections, which all increase. In fact the
reduction in the TVR evaporator section temperatures is caused by the ‘internal’ energy balances
for that section.

The mass flow of steam to the DSI unit (m,,) has a strong impact on the evaporator plant
temperatures. The overall energy balance shows that an increase in m,, causes an increase in the
steam enthalpy to the plant. Unsurprisingly, this causes the evaporator temperatures to increase.

Another very important result is the impact of the MVR evaporator section temperature on the
total plant evaporation. Any impact that causes an increase in the MVR temperature can be
oberved to also cause an increase in the product dry matter and a reduction in the product mass
flow. Even an increase in m,,, which dilutes the feed milk, causes a substantial increase in the

product dry matter, since it has a large impact on the MVR temperature. In Chapter 6 the cause
of this effect is explained, with reference to the MVR compressor equations.

4.3) Linear Dynamic Model Development Methodology

4.3.1) Linearisation of Non-Linear Differential Equations

The differential equations derived in the previous two chapters are non-linear. Non-linear
dynamic models are inconvenient because they often have no analytical solution. Consequently,
most traditional analytical dynamic analysis has been based on systems with linear constant
coefficient differential equations. This is because the analytical solutions for these systems are
given by simple exponential functions. A non-linear system of first order differential equations
can be converted to a linear system with constant coefficients by using first order Taylor series

71



Model Development

approximations. For example the following differential equation can be approximated by a
truncated Taylor series (Skogestad and Postlewaite, 1996, pp 8-10).

dx & o
E:f(x,ll), E:f(x,u)zf(x u )+%

(x—x°)+% (u—u°) (4.33)

0

0

Where the superscript ° denotes the steady state value of the variables. For example x° denotes
the steady state value of the variable x and the linearisation is made around these steady values.
This notation is used throughout this Chapter. It is common to redefine the variables as deviation
variables (x=x—x", w=wu—u") so that this is simplified to the following. This differential
equation is linear with constant coefficients

dx _of

dit ox

o+

Y
o On

u (4.34)

0

4.3.2) Linearisation of Pure Delays

An important part of many dynamic models is the linearisation of pure delays. The conventional
approach for dealing with pure delays is to use Pade approximations. In the Laplace Domain the
pure delay is given by an exponential function and this is transformed to a polynomial function
using the Pade approximation. For example, an n-th order Pade approximation of the Laplace
Domain pure delay is given by equation (4.35) (Skogestad and Postlewaite, 1996, p 121).

(l— Eh s]n ‘
Fraalyl 2N ) (4.35)
[I+ T s)
2n
Where, 7, = pure delay time. (s)

n order of the Pade approximation. )

When transformed into the time domain this produces a finite order ordinary differential
equation. For example, equation (4.36) shows the resulting differential equation for a first order
Pade approximation.

7 d.V(fh 7 ) :
s D ey, L 1.4 436
dt '}( T,,) * 2 dt ( )

4.4) Linear Dynamic Model

4.4.1) Introduction

As with the steady state model, we develop the linear dynamic model by separating the
Evaporator A plant into four parts and considering each independently. Then, at the end of this
section we combine these to produce the complete linear dynamic model for the Evaporator A
plant. However, the dynamic model developed here contains many assumptions and it is not a
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dynamic version of the steady state model. For example, we assume constant falling film overall
heat transfer coefficients, whereas the steady state model does not make this assumption.
Without these assumptions the linear model development would have been excessively difficult.
Furthermore the impact on the system dynamics would probably have been minor. Since we are
primarily concerned with the dynamics, rather than the static process gains, these assumptions
are considered to be reasonable.

4.4.2) Plate Heat Exchanger

The previous chapter showed that the partial differential equations for the plate heat exchanger
could be solved by linearisation and integration in the Laplace Domain. The resulting transfer
functions are shown by equations (3.85) to (3.93). However, these transfer functions do not
represent linear differential equations with constant coefficients. Consequently the state space
representation of the plate heat exchanger could not be developed. However, the Bode plots and
Nyquist plots could be determined numerically. This was done for the second section of the
Evaporator A plate heat exchanger and the resulting Bode plots are shown by Figure 3-7, Figure
3-8 and Figure 3-9.

We can use the transfer functions of Chapter 3 to produce the transfer functions for both the first
and second sections of the heat exchanger. These can be combined and used to numerically
calculate the Bode and Nyquist plots for the Evaporator A plate heat exchanger. The Bode plots
have been calculated and they are shown in Chapter 7 by Figure 7-5, Figure 7-6 and Figure 7-8.

4.4.3) DSI Preheat Section

Here we develop the linear dynamic model for the evaporator DSI preheat section. We use the
simple dynamic model, which was derived in Chapter 3. The following differential equations are
used to describe the preheat system. These equations are the same as equations (3.26) and (3.27).

d1, 1
[DSI L = M c2 '(‘ water (T h _TDS ).‘-[hxleam - C water 'TD ! }”dﬂ > T o Dl (437)
d’ ! g o 1 g ° o (M‘(}CZ +mdsi rpwater
d?' hl v o T 1"”
;_,FN -_‘T:_:Mﬁ‘.? ( pwater (l_fir] _2'Iplll + Tphl)‘ T/Il = m (438)
dT 1
ph2 _ ~ _ 2
[ﬂ: T— Mﬁ:l C pwater (Tphl _2‘Tph2 + ch:l z'ﬂz - m (4-39)

Where, I, = thermal inertia of the DSI. (J/K)
I = thermal inertia of the first flash vessel. (J/K)
Iy, = thermal inertia of the second flash vessel.  (J/K)
Ty = temperature of the DSI unit. (°C)
Py = temperature of the first flash vessel. (°C)
Te = temperature of the second flash vessel. (°C)
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Tphl “'_— 4__Mfc1
Ty 44— Preheat Section pe———
T,, < Without Delay —m,
. T
Pade Approximated
’ Pure Delay

Figure 4-3 : Connection of preheat section linear models.

Equations (4.37), (4.38) and (4.39) are linearised to produce the following state space
representation for the system.

- _ ] i 0 _70 _ o 1
(,TL\S‘I _ 1 1 0 CM fer (T“"l TDS’ ) 0 [hllm CP'leer TDS'I ] 3
dt Ty Toss rT 11191 Im A'lﬁ-z
dTP"' 2 1 - ("pwaler (T;ﬂ + T:IIZ I 2T;hl ) 1 T[cZ (440)
0 == = N 0O — 0
dt Tm Tp LT 1y 4 Tm Tp,
T ph o) g
Do | 1 12 Cpwatr Tt +Tha 2T gea) 1 0 o my,
_dr | I W Tm | I T m

The additional equation required to describe this system is the delay between the DSI unit and
the end of the holding tubes. This pure delay can be represented by a Pade approximation. The
complete linear dynamic model is then produced by feeding back the pure delay variable to the
first flash vessel, as shown in Figure 4-3.

4.4.4) MVR Evaporator Section

Here we develop the linear dynamic model for the MVR evaporator section. As the basis we will
take the differential equations developed in Chapters 2 and 3. However, to simplify the equations
the assumptions listed below are made. The assumptions are not expected to impact on the
process dynamics, which are important for the controllability analysis. This reasoning is based
on the nature of the process dynamics. The process delays (i.e., falling film, condenser, preheat
holding tubes, etc) have the most important impact on the dynamics and these are not
significantly changed by these assumptions.

74



Model Development

1) Censtant heat transfer coefficients.

2) Negligible boiling point elevation.

3) Multiple evaporation passes represented as a single pass.
4) No flashing in distribution plates.

5) Constant milk heat capacity and density, equal to water.
6) Pumping delays are neglected.

Distribution plate

The differential equations for the distribution plate are given by the following. The MVR
evaporator effect contains five evaporator passes, but we are assuming that these can be
represented by a single evaporator pass. Consequently, only one distribution plate in the MVR
evaporator section is modelled. The resulting differential equations were derived in Chapter 2
and shown by equation (2.19), while they are shown here by the following.

dh, M,
Ay ‘d_‘“:—&_Quh O0n=Cy-A4y2.8 1y (i)
' P
M ~
a, %:_ph-[wm w, ] (4.42)
da  p,h,

The distribution plate equations can be linearised to product equation (4.43) and (4.44), with the

. . Ay h A, 00
linear constant d,= and time constants 7, —PaLalla ang T, :—"&4'——2—.
Pa-Au M 12 g(Cd'Ahl)
dh 1
d;l :d| M.IFJIZ _{a}h‘ﬂ (443)
dw, [ 1 1
i’ U SELEN S L (4.44)
dr Lwljl e L“J “
MVR Compressor

The compressor characteristic curve is given by the following. This equation was developed in
Chapter 2 and is shown there by equation (2.64).

(P_:.-I; :»1)20 Nl +b N O +c 02 Q _ qcampl (4 45)
comp™" " comp ' “comp*’ ' comp = comp) . c ’

comp*x=comp) > ompl —
;0“.1 pvel 2‘

This can be linearised, in terms of 7, T, and N_,, to the following equations.

el> ~sl comp
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PR,  \e-Ep,
o, 00, omp | r oo | N Bcomy | N, Domn| __ | PlT3C m)z "o lc.. ¥ 16
aTel 0 aTsl |0 6Ncomp|o éﬂ:l (u I-bmw‘ m'ﬁ"'zcm-np mmpl-l
éQm“P'| s ‘&0 ', - dg“”"l"| _ (2(1 vanm comp * Qmmpl)

(4.47)

(Bromp N oy +2:

comp * mmpl )

(qu |0 B P Sel (T x(l. _Ctmm‘r bmmp'N :omp+2 ccomp ~compl ] mcomp

These can be used to determine the following linear equation for the compressor heat flow.

qmmpl :acampl 7;! +ac:(wp2 'Trl +acamp3 'Ncomp (448)
Wt A P8 BQ.omp o
a — :I /l = comp| + compl w.'I vap ‘ com 0 /1 comp ; am = Sc ; /1 compl 4 49
compl Prel 8?—;1 1” ( ;: _C p2 p 1 67;, : p3 Phel o |, ( )

The compressor power supply is given by the following equation. This equation was developed
in Chapter 2 and was shown there by equation (2.65).

compl 2 2 3
. :dcomp 'Ncomp ‘Qcampl +ecomp 'Ncomp 'Qcompl +.){‘omp 'Qcompl (4 - 50)
pvel
This can be linearised to the following.
Wcompl = compl Jel comp?* [;l + comp3'Ncomp (45 1 )

M, )59
_ compl 2 2 compl
ﬂ compl — p vel (dcomp N comp comp N comp ‘Qcompl +3 './;:omp ‘Qcompl ~
T, o, |,

- (4.52)
(dmmp N cTomp Qmmpl comp* wmp -...compl +.f:,9mp *compl '00""1 .BWP 2
(Tel _Cmp)
Mwm 1 2 2 ]f‘ gmm 1
ﬂcomp:‘_ = [171;|p :l-f7\el (dwmp Ncomp Ncomp Qcompl +3‘j;omp'Qcompl) 67;1‘0 (453)
W,
compl 2
ﬁ compd T \'el (2 dcomp N, comp* Or:om,d +ecomp'Qcom;:l )
. (4.54)
9 @campl

0 2 2
+p\‘e1 (dcomp' Nc‘omp+2'ecomp'Ncomp'Qcomﬂ +3‘fmmp‘Qcompl aN
comp
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Preheat Condenser
We are using the simple condenser model which was derived in Chapter 3. The condenser is
described by equations (4.55)-(4.58) and these are the same as equations (3.50), (3.51) and (3.53)
from Chapter 3.

pre

T -1} ™
(’) aﬂd(!)‘i—e e Tmc}( )— T-p"( MU m"3} de(t) (455)
f’r?'pre

dr (-
pomtl) 1 p e b, ) (4.56)

dt Trore Trpre Trpre

av,,.,() 1 1

e = M \t)-——M \t— 4.57
pre df Tpn, )"( ) z_;w f( Tpre) ( )

dq ond dT; ] {; re'A re . +
%ZI';P""AFW d—rl__—qpmnd + —'E-—_'p-”[?ﬁ-‘_’ ‘?mc_"] (4 58)

Tpre pre

These equations, except for (4.58), are already linear differential equations with constant
coefficients. We can linearise equation (4.58) and produce a set of linear constant coefficient
equations for the condenser. However, the resulting equations can be more easily represented by
the following Laplace Domain transfer functions.

T

il RN
= 0 T(] T Ipre l_e—rm.s
,,.‘ o)= Trpre .~ Tpre _"pre 51 mc3 M 459
[_.rc_(s) lr?.pw_s-l-ll ?sl( )+e e [ﬂml() TTPNMJ?— I'pre. f(s) ( )
CoMy o \ CuM} (3 C (L 7;,“3)

4.60

An additional problem is the pure delay in the condenser outlet temperature equation. We need to
determine a suitable order for the Pade approximation. It appears that a simple first order
approximation is acceptable, because of the exponential term preceding the delayed variables.
When the pure delay is large this exponential term becomes small and the importance of the
delayed variable is reduced.

Evaporator Effect

The MVR evaporator effect temperature is given by the following differential equation. This was
derived in Chapter 2 and was shown there by equation (2.25).
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dr,
Ieﬂéc!] TI_queed] +q.\‘helll _qcompl _qelos.\‘l (461)
a n n b . . I,Us ‘Asf _amm 2]
This can be linearised to the following with the linear constants a,= =,
effect]
Cwa r TO"_TeO C er'MO CZcom UA
, = [ i 2d ( i ')] a, =D PR g =2 g =17 and the time constant
Ieﬁecll 1 effectl 1 effectl 1 effect]
r . ]e_ﬂ'ecll )
e . |. - (0 - =
™ ;hZ ( pwater il (]s 'Ast als ammpl + Ul 'Aell
dr, 1 ..
a T_—Icl +ta I, +a,M ,, +a,T,,-a,N,,,, +a.T, (4.62)
Tel
Falling Film

The falling film is described by the following delayed equations. These were derived in Chapter
2 and are shown there by equations (2.49) and (2.50). We have represented all five passes of the
MVR evaporator with a single falling film evaporator pass. Consequently, these three equations
actually describe all five passes of the evaporator.

MeS (I):Mdl (’_ z-el)_A/Imbe.ﬂ(’) (463)

We_q(’): Mdl(t_ z-»:t)"'vdl(t_z-«zl (464)
[Mdl (t i Tw )_Mmbesl (’)]

r, A dM,, () ¢ -~ . E
“ wee =\, ) -1, 0)-T,,(t =7, )+T,(t-7 4.65

(/S.AS, d’ [ sl ( ) el( ) sl( f.'f) el( el)] ( )

Where, M. (1) = mass of evaporation during the MVR evaporator five passes. (kg/s)
M, (() = mass flow through the first distribution plate. (kg/s)
w, (1) = dry mass fraction of milk through the first distribution plate. (kg/kg)
Vi = total residence time of all five passes of the MVR evaporator. (s)
M, () = massflow from the bottom of the fifth falling film. (kg/s)

“'ei(")

The first of these equations is linear in terms of M (t-7,) and M,,,(t). However, the second

is non-linear in terms of these same variables, so it must be linearised. Using the Taylor series
approximation we can produce the following linear approximation.

dry mass fraction of milk from the bottom of the fifth falling film. (kg/kg)

“Iei(!):ﬁu Wa (’ Ty )“ ﬂQ Mu’l(’ N rer)+ Bt M e (‘f) (4.66)

78



Model Development

0 wP 0.0
M, W, M, w,

lubest

Where the coefficients are f, =lr——]0 = Bo= - and B, = 5 :
dl _Mmbesr [Mdl !ubes!] M mbesl]z
() is also linear in terms of T, (t), T.

el (t)’ T.\'I (l b z-el) and
T,(r—7, ). However, the equation contains delayed versions of the evaporator effect and shell

temperatures and delayed variables are also used in equations (4.63) and (4.64). It is common for
industrial falling film evaporators to have long tubes and hence large delays. Consequently, the
accurate representation of these delayed variables is very important. We will use Pade
approximations to produce finite order ordinary differential equations for the delayed variables.
However, we would like to determine an appropriate order for the Pade approximations.

The differential equation for M

tubest
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Figure 4-4 : Gubes(s) bode plot and fifth order Pade approximation.

Transforming the M, (¢) differential equation into the Laplace domain we produce the
following transfer function.

mh “(S) I;Af o . 1_6—1’“:
t =77 Cwals) with G ls)= 467
O TG 1 Cema(s) with G (s)=t A

et

Explicit equations can be determined for the G, (s) Bode magnitude and phase lag. This is

done by substituting the complex term jw for the laplace variable and determining the
magnitude and phase of the resulting complex equation.

ll =g L sin(z,,.w) ; [1-cos(z,, w)]

[ T, W T, W Ty W

(Imhu (J, “, (468)

79



Model Development

G s (j0) = \/ [1- co;s(r,,; w)f 5 sin’(z,,.w) 2 sin[re' .a)) (4.69)
w

262
T W T,.@ 2

2 Te,.w
2.sin ( /2) i

=—-2= (470)

. w/ rw/ )|
2.sin| ‘e .cos| ¢/
//2 :/2

el’

1-cos(z, .w)
sin(z,,.w)

/G, (jo)= arctan{— ]=arctan -

Where, ® = frequency. (rad/s)

These explicit functions can be compared to the Pade approximations. Figure 4-4 shows the
Bode plots for the actual G, (s) transfer function and the fifth order Pade approximation. There

is an interesting resonance effect in the falling film equations and this is clearly shown by the
results in Figure 4-4. It can be shown that at least a third order Pade approximation is required to
produce the resonance effect. However, a fifth order approximation is required to produce an
accurate representation of the first resonance frequency.

Evaporator Shell

The MVR evaporator shell temperature is given by the following differential equation. This was
derived in Chapter 2 and is shown there by equation (2.58).

dT,

sl
shelll di =q compl

+ Wcompl - qshelll - qslos.\'l -q pecond -q condensate) (47 l )

lu..4, + Qo (1= 05)+ M2 C s +

compl -~ pwater compl ]
b

This can be linearised, with the constants p = r
shelll

el U, A Ce = .
b, = s 1)+ ﬁ‘“’"""l, b, =—t—"L b, = ] , by =—F= (TJ? —Tj) and the time
1 shelll 1 shelll 1 shelll ’1

Ishelll

tant - -
constan rT,d —[U‘, .AS[ _ acompl (1 - b5)+M J praler - ﬂcompZ + U/ ~A;IIJI

compl *

to produce the
following linear constant coefficient differential equation.

%‘-:— —1-7"_, +b.T,+b, N
d’ z-T.s'l I )

conip +b3 ‘Ta _-b-t ":Ipcond (472)
Complete MVR section linear dynamic representation

Using the combined distribution plate, evaporator effect, falling film, evaporator shell and
condenser equations we can produce the complete MVR evaporator linear model. However, we

first determine the state space models for the evaporator neglecting the condenser and falling
film. The state space model for this system is given by the following :
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[ dhyy | 2 0 0 0 ) y -MphZ
dt Thl d 0 0 0 0 o0
1 [ gy | Y ph2
dwd 1 0 B . 0 0 0 L 0 0 0 0 (4 73)
dt Tl Wai Tul Tona
= +
dT'el 0 0 _ 1 a Te] a, 0 a3 —ay 0 Qs Ncomp
it T
‘ Tel Tallo 0 0 b, by by 9peon
drT.
e dt il Trs1 N L =

The complete MVR system is produced by combining the above state space representation with
the falling film and the preheat condenser equations. Figure 4-5 shows the interconnections
between these three systems. The MVR Evaporator Effect is described by equation (4.73), the
Preheat Condenser is described by equations (4.59) and (4.60) and the falling film is described
by equations (4.63), (4.66) and (4.67).

M., Falling film delay |g——m— w, — ¢ MW
' 4—— ) &——| MVREwaporator Effect —— 7

Without Falling Film —
T, and Condenser o

B

f———--p Docona
M, —p{ Preheat Condenser —> 7,
Twl

Figure 4-5 : MVR Evaporator Section Linear Model Connections.

4.4.5) TVR Evaporator Section

Much of the TVR evaporator section model is a replication of that for the MVR. However, there
are two important differences, firstly the TVR compressor equations are different and secondly
the evaporator contains two effects. As with the MVR evaporator equations, we simplify the
system by making the following assumptions :

1) Constant heat transfer coefficients.

2) Negligible boiling point elevation.

3) Multiple evaporation passes represented as a single pass.
4) No flashing in distribution plates.

5) Constant heat capacity and density.

6) Pumping delays are neglected.
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TVR Compressor
The equations for the TVR compressor are given by equations (4.74) and (4.75). These were

derived in Chapter 2 and are given there by equations (2.71) and (2.72).
Wc:}nlpl = I,hsfeam _-( pwater * 1: TI’R (474)

;I' AT”? BTVR P P
q comp2 P( .
sp

(4.75)

These equations can be linearised to produce the following.

WmmpZ = compl"llﬂ + ﬂcompl\ [)sp > ﬁcompz = prater ATI"R P_\_ﬁ, ﬂcampB = lhsfeam - pwater * .r2 JATVR (4 76)
/lATVR ‘BTI'R })C(; water * Psz (I CTVR )ﬂ: A B"’R P
comp3 —
boec oo T R

waler

qwmp = acomp] ]e.‘! ta

(4.77)

D>
comp3 I sp? acompl =

Distribution plate

The same linear distribution plate equations, used for the MVR section, apply for the TVR
section. However, with the TVR section we are modelling a two effect system and so two
distribution plates must be modelled. We will simply reapply the linear equations (4.43) - (4.44)

to produce equations (4.78)-(4.79), with the linear constants td, = and dd, = ]
Pa-Ags Pa-Aa
) A, h Ak 4.0
and the time constants 7, =m, £ =M—‘”—ﬂ, Tas =—"'9"Q#"’2 and
M;,-s Mp6 g(Cd-A;m)
T L AJ?‘Q:;?
h1 — - Sl
g((‘d'AhT)
dhyg 1 dw 1 1
=td M .—| — |h,, = —|w . —|— W 478
dl 1 PS5 lir%J d6é dt TWG pS TWG dé ( )
dh,, 1 dw,, 1 1
=tdd, M , - h,. — | —w, | — |W 4.79
di 141 pe [Thd(’j\ dé dr - p6 - d7 ( )

Second evaporator effect

The second effect temperature is given by the following differential equation. This equation was
derived in Chapter 2 and was shown there by equation (2.30).

dr,,
]eﬂ'ecr'l d q feed6 + qshellG - qcumpZ ol qelos:Z - qshel” ol q:heIIE (4 80)
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) ] ) ) ] ) U A
This can be linearised to the following, with the linear constants {a, z[—"”—’ﬁ],
Ieﬂ'ecfZ
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Tel

Second evaporator shell

The second effect shell temperature is given by the following differential equation. As with the
evaporator effect, we have assumed constant evaporating heat transfer coefficient, constant milk
solution heat capacity, and negligible boiling point elevation. This differential equation was
derived in Chapter 2 and is shown there by equation (2.63).

dr,

I shell 2 —-d;_- = q compl + Wcompl N qshellG - q sloss2 qcundenmlez (4 82)
This can be linearised to the following, with the constants
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comp?2 ™~ pwater

] T,+tb.T,+tb, P +1tb,T, (4.83)
dt Trea o0

52

Third evaporator effect

The third effect temperature is given by the following differential equation. Once again, we have
assumed constant heat transfer coefficient, heat capacity and negligible boiling point elevation.
This equation was derived in Chapter 2 and is shown there by equation (2.35).

e3 ~5
effect3 d 1 - ([ Jeed + q shell 7 + q shell8 — q vac q eloss3 (4 84)
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pwater ]

oA +U 4 A +M 3 C
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dt Tios

Vacuum Condenser

The same condenser equations, used for the MVR evaporator preheat condenser, also apply for
the TVR vacuum condenser. The transfer functions for the condenser outlet temperature and heat
flow are given by the following :

]:]_ rme ) ‘:] 3 =
T,.(s)= T(s)+e ™e ™ T, (s)- r“"‘( 15T [' o ]M.m(s)(4.86)

[rTvm.' S+ i] - M‘[L:
I p water 'VV"“ S M ‘(']ac MO ( vac2 Tv?;cl )
=TT ) sl el __wad /g (s)(4.87
pwater I:'r"‘" (S) [rT\m‘ S+ l] 83( )+ [rTvac S+ ]] ""c‘( ) [rTvac S+ l] VOC‘I (S) [TTvac + l] rae (S)( )

Complete TVR evaporator section linear model

The complete TVR section linear model will be developed by first determining the linear models
for the second effect and third effect separately. These will then be combined with the falling
film and vacuum condenser models, to produce the complete TVR evaporator section model.
The second effect state space model is given by the following.

The third effect state space model is given by the following.
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(4.89)

These linear models are combined with the linear falling film delay model to produce the
complete TVR section model. The connections between the models are shown by the block
diagram in Figure 4-6. The TVR Second Evaporator Effect is described by equation (4.88) and
the Third Evaporator Effect is described by equation (4.89). The Vacuum Condenser is described
by equations (4.86) and (4.87). The equations for the falling films are the same as those used for
the MVR evaporator section.

Yt ——] Sixth AT, +— — "
M, 4——— Pass Falling ——w, — «— Y
Film Delay  |[4———Af,, 4——— TVR Second +—
Evaporator Effect [— P,
T,, 4—] — T
—— M, +—
s Vacuum Condenser [¢——7_,
.
> — I,
—» AT, ——p| Sewenth and —» M,
» Third Evaporator Effect EE— w, ——P] EighthPass Faling ———p  w,
1 d —p» M, —P  Film Delay

Figure 4-6 : Connections for TVR section Linear Models.

4.4.6) Complete Evaporator A Model

We now develop the complete Evaporator A plant linear dynamic model. The linear models for
the MVR evaporator, the TVR evaporator and the DSI unit preheat will be combined. The
preheat plate heat exchanger provides a difficulty because it is not modelled by finite order
constant coefficient differential equations. This makes it difficult to combine with the other
sections of the Evaporator A plant. The preheat plate heat exchanger can be combined with the
other sections using numerical methods. This is required for the multi-variable analysis of
Chapter 7. However, the remainder of the controllability analysis will not require a complete
Evaporator A plant dynamic model.

In Chapter 7 it is shown that the disturbance rejection capabilities of the plate heat exchanger are
good. This means that a control loop on the outlet hot milk temperature will break the feedback
loops through the heat exchanger from the MVR and TVR evaporator sections. As a result the
remaining controllability analysis of Chapter 7 does not require a complete dynamic model of the
Evaporator A plant. Therefore we will develop two dynamic models for the complete Evaporator
A plant. The first numerically calculates the transfer function for the Evaporator A plant. This is
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used for the multi-variable analysis of Chapter 7. The second model neglects the preheat plate
heat exchanger and only considers the DSI preheat section, the MVR evaporator section and the
TVR evaporator section. Figure 4-7 shows the connections between the four sections to produce
the second dynamic model for the complete Evaporator A plant.

M, M s
w £? wnd
A4 T, < T s
N,
My D o
Si MVR
Preheat Evaporator
Mphl P!
Worz —Pp “__Mm
ph2 MPS Toa
W TVR M,
T, Evaporator -
T
—>

Figure 4-7 : Interconnections between systems for the complete Evaporator A plant model.

4.5) Conclusions

The purpose of this Chapter was to develop the steady state and linear dynamic models of the
Evaporator A plant. The steady state model was developed in Section 4.2. We separated the
Evaporator A plant into four sections and modelled each independently. Then these models were
combined to produce the steady state model for the entire Evaporator A plant. The resulting
steady state model was used to determine a static operating point. Then process gains between
the inputs and outputs were calculated and the results are shown in Table 4-1.

The linear dynamic model was developed in Section 4.4. We used the same technique of
separating the plant into four sections and considering each independently. At the end of Section
4.4 we combined these to produce the model for the entire Evaporator A plant, by simplifying the
dynamic model and making many assumptions about the process. For example the falling film
evaporating heat transfer coefficients were assumed to be constant. Another important
assumption is the neglect of any feedback through the preheat plate heat exchanger. Many of
these assumptions were not made in the development of the steady state model and so the
resulting linear dynamic model is not a generalisation of the steady state model.

The models developed in this Chapter must now be identified. In their current state they cannot
be used, because we are uncertain about their accuracy. The purpose of the next Chapter is to
identify the values of various process parameters that optimise the model accuracy. This will be
predominantly done for the steady state model, because quantitative accuracy is very important
for the optimisation studies. However, we also consider the dynamic falling film delays.
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Chapter 5 : Model Identification

5.1) Introduction

A first principles model will usually contain unknown parameters. For example physical
properties or heat transfer coefficients may not be known. Often it is possible to determine these
parameters from literature correlations. However, another method is to identify appropriate
parameter values from process historical data. This process of determining the parameters that
give a ‘best fit’ model is called parameter identification. In this chapter we will be looking at the
identification of process parameters for the Evaporator A model developed in the previous
chapters. Table 5-1 shows a list of some of the process parameters, which are used in the model.
In this Chapter we seek to identify as many of these parameters as possible.

Table S-1 : Evaporator A model process parameters.

Description Units
U pre Preheat condenser overall heat transfer coefficient. (W/m2.°C)
U, Surface energy losses overall heat transfer coefficient. (W/m?.°C)
@ Parameter accommodating MVR compressor duct pressure drop. (m™)
U,uer Falling film overall heat transfer coefficient for water. (W/ m?.°C)
u,u., Parameter to describe the effect of dry matter on heat transfer. (W/ m2.°C)
U,, U,, | Parameter to describe the effect of dry matter on heat transfer. (W/m2.°C)
U,, U,, | Parameter to describe the effect of dry matter on heat transfer. (W/ m2.°C)
7| Evaporator falling film residence times. (s)
B TVR compressor parameter. (m®% s%%/kg"%)

We will identify the process parameters by using optimisation methods. The process parameters
are determined by minimising the model deviation from historical data. We use the standard
technique of calculating the sum of squared errors in the model deviations and minimising this
by varying the process parameters. After identifying the process parameters, we investigate the
model validity. This will be done by making straight comparisons with the historical data, but
also by investigating the model residuals. A ‘good’ identified model will give a uniform plot of
residuals vs the operating conditions. In addition we will check the resulting parameters for
consistency against the traditional correlations. For example heat transfer coefficients can be
checked against literature correlations.

A difficulty, with the identification of this model, is the large number of process parameters. A

complete steady state identification involves a dozen or more parameters. To simplify the
process, we separate the model into parts and make an independent identification on each part.
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For example the preheat condenser energy balance can used to identify the condenser overall
heat transfer coefficient. We can identify this heat transfer coefficient, by using this balance,
rather than considering the entire Evaporator A plant model.

The Evaporator A plant online computers can be used to record a large number of process
variables. These variables are tabulated in Appendix E along with the geometries of the
evaporator plant. However, despite the large number of process variables measured some
important ones are missing. The feed density is not measured and it is difficult to know the dry
matter of the evaporator feed milk. The mass flow of steam to the DSI is not measured and this
causes a slight dilution of the feed milk solution and is quite important. However, the most
prominent omissions are the second effect shell temperature and vacuum condenser cooling
water conditions. We have to calculate these variables using parts of the model. This has the
disadvantage of reducing the number of balance equations in the model and therefore our ability
to identify the process parameters.
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Figure 5-1 : Historical and advanced model flash vessel temperatures vs /g, temperature.

5.2) DSI Preheat Section

5.2.1) Introduction

The preheat steady state model contains no unknown parameters and so we will only be
concerned with validating the model. Specifically we investigate the flash vessel temperatures
and determine the accuracy of the ‘Advanced’ steady state model. We will not consider the
preheat dynamics.
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5.2.2) Preheat Steady State Temperatures

In the previous chapter two steady state models for the preheat temperatures and mass flows
were developed. We are examining the accuracy of the ‘ Advanced’ model by comparing the
flash vessel temperature predictions with historical data from the Evaporator A plant. The model

has been rearranged so the outputs are the flash vessel temperatures (7, and 7,,,) and the DSI
steam mass flow (m,, ). The inputs are the evaporator feed flow (M ,,,), the preheat outlet

condenser temperature (7, ) and the DSI unit temperature (7 ). A set of water historical data

was collected and the resulting flash vessel temperatures are shown in Figure 5-1. Also shown in
Figure 5-1 are the calculated flash vessel temperatures using the ‘ Advanced’ model.
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Figure 5-2 : Preheat model residuals vs DSI temperature.

Figure 5-1 shows that the preheat model is relatively accurate. However, we would like to
investigate the model residuals and determine if they are uniform across the plant operating
range. We will define the following model residuals.

AT, = 7;»;;1 = Tphm» AT, = Y:phz = 7:911211 (5.1
Where, 7, = predicted first flash vessel temperature. (°C)

Tow = experimental first flash vessel temperature. (°C)

T, = predicted second flash vessel temperature. (°C)..

T = experimental second flash vessel temperature. (°C)
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With the historical data used in Figure 5-1 we can calculate the model residuals and these are
shown in Figure 5-2. Interestingly the absolute value of the residuals increases with the DSI unit
temperature. However, the model accuracy is quite good, with Figure 5-2 showing a maximum
deviation of only 1.5 °C.

5.3) MVR Section

5.3.1) Introduction

Here we investigate the identification of process parameters for the MVR evaporator section. We
will separate the identification into the following parts.

1) Preheat condenser overall heat transfer coefficient (U, ).

2) Surface losses overall heat transfer coefficient (U, ).

3) MVR compressor vapour ductwork pressure drop (¢, )-

4) Water falling film evaporating overall heat transfer coefficient (U ., ).

5) Falling film evaporating heat transfer coefficients (U,,, U,,, U,,, U,,, U, and U_)).

€0’ lo» Iw>

The first four parameters can be identified using a single parameter optimisation. This is
considerably easier than a multiple-variable optimisation and it is the reason for separating the
identification into parts. However, the milk heat transfer coefficient parameters cannot be
identified using a single parameter optimisation method. Special attention will therefore be
focused on the identification of the two parameter milk heat transfer coefficient models.

5.3.2) Preheat Condenser Overall Heat Transfer Coefficient

The explicit equation for the preheat condenser outlet temperature is given by the following. This
equation was derived in Chapter 3 and is shown there by equation (3.34).

UJ’""‘" .
5 X M,C,

chZ :7;‘1 _(Tsl _7mcS ;’J (52)
Where, T, = preheat condenser outlet temperature. (°C)

I, = evaporator shell temperature. (°C)

T = preheat condenser inlet temperature. °C)

M ;= evaporator feed mass flow. (kg/s)

Ug, = preheat condenser overall heat transfer coefficient. (W/m’.°C)

A e & heat transfer surface area for the preheat condenser. ( mz)

All the variables in the above equation are known except for the overall heat transfer coefficient.
The temperatures of the condenser and evaporator shell are measured and we can determine the
water/milk physical properties from the equations of Appendix A. Therefore this equation
provides a balance equation that can be used to identify the condenser overall heat transfer
coefficient. A set of historical data for water and Sophie-Lo milk solution was collected and used
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to identify the coefficient. The optimum overall heat transfer coefficient was then determined to
be 2260 W/m’ K.

We are now interested in determining if the overall heat transfer coefficient is constant or varies
with operating conditions. This can be tested by plotting the balance equation residuals vs the
plant operating conditions. However, we will not use this method to investigate the heat transfer
coefficient. Instead, we consider this problem by rearranging equation (5.2) into the following
explicit form for the overall heat transfer coefficient.

U — Mf'(‘vl’ In Tsl _Tmc3

e = T T (5.3)
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Figure S-3 : Experimental preheat overall heat transfer coefficient vs evaporator feed flow.

Using the historical data we can calculate the overall heat transfer coefficient and the results are
shown in Figure 5-3. This shows a clear trend between the heat transfer coefficient and the
evaporator feed flow. In addition the overall heat transfer coefficients are lower for Sophie-Lo
than for water. This is presumably because of the different physical properties of water and

Sophie-Lo. The milk solution has a higher viscosity and density, but a lower thermal
conductivity and heat capacity.

The preheat condenser heat transfer coefficients can also be calculated from the correlations
discussed in Appendix BII. Using the Dittus and Boelter correlation we can determine the forced
convection coefficient and using the Chun and Kim correlation we can determine the
condensation coefficient. The resulting overall heat transfer coefficients are shown in Figure 5-4.
The Chun and Kim correlation tends to under-predict the condensing heat transfer coefficient
and this explains the under-prediction shown here.
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Figure 5-4 : Experimental water heat transfer coefficients and calculated correlation
results.
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Figure S-5 : Overall energy balance sum of squared errors.

5.3.3) Evaporator Surface Energy Losses Overall Heat Transfer Coefficient

At this stage we are interested in identifying the surface losses overall heat transfer coefficient
(U,). Heat losses from the MVR evaporator surfaces occur by convection and radiation heat
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transfer. The overall energy balance for the MVR evaporator section is given by equation (5.4).
This equation is developed by the addition of the MVR evaporator effect and evaporator shell
energy balances. These energy balances were derived in Chapter 2 and are given there by
equations (2.25) and (2.58).

qﬁmd 1 + Wcompl = q pcond + qelassl + qslafsl + qcandensalel ( 5 ' 4)

The qpears G peond> Weomps @Nd g, 40 terms can be determined from historical data and the

physical property equations in Appendix A. The power supplied to the compressor (W)

depends on the compressor pressure difference (P,;—F, ), the evaporated vapour density ( p,,,)
and the mass flow of compressed vapour (M,

ompl
can be determined from the Antoine saturation equations (2.70). In addition the volumetric flow
of evaporated vapour can be determined from the amount of evaporation in the MVR evaporator
section. Equation (5.4) therefore provides a balance equation that can be used to identify the loss
overall heat transfer coefficient. A set of historical data from the Evaporator A plant on Water
and Sophie-Lo was collected and used to identify the overall heat transfer coefficient. Figure S-5
shows the resulting model sum of squared errors vs the loss overall heat transfer coefficient and
clearly the optimum is 12 W/m?.°C.

)- The pressure difference and vapour density

The heat transfer due to natural convection can be estimated from literature correlations. These
correlations are discussed in Appendix BII and they predict an overall heat transfer coefficient of
3.9 W/m? °C. However, this will be lower than the actual heat transfer coefficient, because of the
additional radiation heat transfer.
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Figure 5-6 : Overall energy balance residuals vs MVR evaporating temperature.
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Now we are interested in determining if the loss overall heat transfer coefficient is non-constant.
Strictly because of the importance of radiation, we expect the losses heat transfer coefficient to
be non-constant. We test this by investigating the energy balance residuals, which we define by
the following equation.

s [qfee(ll + Wcompl - qpcand L qelassl . Iqslwsl - qcondem‘alel ]

A =
o [q seedt W comp J

(5.5)

Where, A, = fractional energy balance residual.  (W/W)

Figure 5-6 shows the residuals vs the MVR evaporating temperature. The residuals appear to be
relatively well ranged, but there may be a weak trend with the evaporating temperature. This is
consistent with the non-linear nature of radiation heat transfer, where the apparent heat transfer
coefficient increases at higher temperatures. However, because the fractional residuals are all
less than 2 % we will not consider this effect.

5.3.4) MVR Compressor Vapour Duct Losses

Here we are interested in the MVR compressor model and the impact of additional pressure
losses through the vapour ductwork. The compressor model is given by the following quadratic

equation, which can be solved for the mass flow of compressed vapour (M., ). This equation

is presented in Chapter 2 and is shown there by equation (2.64). The parameters a,,,,, b.,,,
and c¢,,,, were determined from the manufacturer compressor curves.
2
[P i P 1] 2 Mcompl Mcampl
comp Ncomp bcomp'Ncomp + Ccomp 2 (56)
pvel pvel vel
/[ =P
b N Prer thwnp 'Nconp y o 4'ccamp [aconp N;w - l—p_l]

‘,“,‘ = Jon- comp """ comp vel s Mcompl =Mph2 _Mp5 (57)

a 20y 2.Comp

At steady state the mass flow of compressed vapour is equal to the mass flow of evaporated
water, as shown in equation (5.7). All the information in this equation can be determined from
historical data. The compressor pressure difference is determined by the evaporator effect/shell
temperatures, the vapour density from the effect temperature and the compressor speed is
recorded online. In addition the mass of evaporation is determined from the evaporator feed flow
and the MVR product mass flow. Consequently we can make predictions for the mass flow of
evaporation and compare these with historical data. This provides a test of the compressor model
and Figure 5-7 shows a set of predicted and historical results for the evaporator when operating
on water. The calculated results follow the same trend as the historical data, but there is also a
clear deviation.
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Figure 5-7 : Comparisons of historical mass flow of evaporation and compressor curve
calculations.

A probable explanation, for the deviation shown in Figure 5-7, is an additional pressure drop
through the compressor vapour ductwork. This ductwork is quite long and the vapour passes
through it at a relatively high velocity. Consequently there will be a frictional pressure drop
(AP,,,) and this will cause the actual compressor pressure difference to be larger than expected

(ie, P, —P, +AP,,,). We expect the additional frictional pressure drop to be proportional to the

square of the volumetric flow of vapour. Then a simple manipulation of equation (5.6) shows
that the additional frictional pressure drop can be incorporated by identifying the compressor
parameter ¢

comp *°

AP _Py=PotBPyy By=PutfpuQi :

= ‘ ] e =— : 1 f p — :acgmp'N(;omp +bComp 'NL‘omp ‘Qcamp +cComp 'Q:omp (58)
p\'e p\'e p\’e
Where, f = parameter representing the frictional pressure drop. (m™)

With the historical data from Figure 5-7 we can calculate the model sum squared errors vs the
C..mp Parameter. Figure 5-8 shows the results and clearly the optimum c,,,, value is ~14.83 m™.

comp
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Figure S-9 : Fractional mass of evaporation residuals vs mass of evaporation.

As with the previous identifications, we are interested in testing the results by investigating the
balance equation residuals. We define the following fractional residual, where M_, . is

calculated using the identified compressor model. Figure 5-9 shows the residuals vs the mass
flow of evaporated water. The residuals appear to be well ranged across the operating range and
furthermore they are all less than 3 %, so the identification appears to be accurate.
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[/V’phl _MpS _McompI]

m= (5.9
Mcompl
Where, A, = fractional mass of evaporation residual. (-)
M,. = MVR evaporator feed mass flow. (kg/s)
M, = MVR evaporator product mass flow. (kg/s)

We have already discussed the need for identifying c,,,. The change in ¢ between the

comp ’
original compressor curve and the identified result, is probably due to the pressure drop through
the vapour ductwork. It has been stated (Ferguson, 1989) that a well designed compressor has a
vapour duct pressure drop that is equivalent to a 0.5 °C saturation temperature drop. We can
calculate how the change in c,,,, relates to a pressure drop and hence temperature drop. This is
valuable, because it provides a simple consistency check on the compressor model identification.

The compressor curve was given by equation (5.6), which can be rearranged to produce an
equation for the additional pressure drop through the compressor.

A[)drop = p\-e 'Accamp 'Q:-omp (5 ] O)
Where, AP, = additional pressure drop through MVR compressor. (Pa)
p, = vapour density. (kg/m3)
Ac, = change in c,,,, between compressor curve and identified. (m™)
Oiomp = volumetric flow of vapour through the compressor. (m*/s)

If we use this equation, in combination with the Antoine saturation equations, we can calculate
that the equivalent temperature drop is 0.6 °C. This temperature drop is the reduction in the
saturation temperature due to the pressure drop in the compressor vapour ductwork. It is very
similar to the expected literature result and so we are quite confident that the identified result is
representative.

5.3.5) Water Evaporating Overall Heat Transfer Coefficient

Here we are interested in the evaporating overall heat transfer coefficient for water. If we make a
total mass balance between the MVR evaporator feed and the product we can produce equation
(5.11). This equation is the static version of equation (2.21) from Chapter 2.

M ] C aler
Memp = Mph?_ —MPS = Mﬂas/xl +Mmbest = %(Tphl . Tel)+ Us ’Ast (Tsl - Tel) (51 l)
Where, M ;... = mass flow of flashed vapour in the MVR evaporator. (kg/s)
M, = mass of evaporated water in the MVR evaporator. (kg/s)
M, = mass flow to the MVR evaporator first pass. (kg/s)
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M, = mass flow from the MVR evaporator section. (kg/s)

S
I

s falling film evaporating overall heat transfer coefficient.  (W/m’.°C)

Sum of squared emors (kg?/s?)
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Figure 5-10 : Sum of squared errors vs evaporating overall heat transfer coefficient.

We can determine all the variables in equation (5.11), except for the evaporating overall heat
transfer coefficient, from the Evaporator A plant historical data. Consequently this equation can
be used to identify the evaporating heat transfer coefficient. Figure 5-10 shows the sum of
squared errors in the balance equation and clearly the optimum overall heat transfer coefficient is
approximately 1900 W/m?.°C.

As with the earlier identification work we are interested in determining if the overall heat
transfer coefficient is non-constant. In particular we are interested in determining if the
evaporator temperature has an impact. We expect the overall heat transfer coefficient to vary
with temperature, because of changes in the water viscosity and thermal conductivity. Here we
test this by plotting the balance equation residuals vs the evaporator temperature. We will define
the following fractional residual, which uses the identified overall heat transfer coefficient (U,)

and the plate historical data (M ,,, ,M ,5,T,, and T, ).

Wﬂmhl + (‘/s Ast (Tsl - T'el )_Mphz + MpS
= 7 (5.12)

tubes1

A

Where, A, fractional residual in evaporating mass balance. ()
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Figure 5-11 shows the fractional residuals vs the evaporator temperature and there is a clear
trend between these variables. In addition the fractional residuals are relatively large, which

suggests that we need to incorporate the effect of temperature on the water overall heat transfer
coefficient.
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Figure S-11 : Fractional residuals A, vs the evaporating temperature.

We are also interested in comparing the identified water heat transfer coefficient with those
determined from heat transfer correlations. The water evaporating balance equation can be
rearranged into equation (5.13) for the evaporating overall heat transfer coefficient.

M, ,C
[ Mm,p o thi pwater (Tph2 ol Te l )]
U, =

. [(Axl. + ASZ + As3 + As4 + AsSXY'sl - Tel )]

(5.13)

Figure 5-12 shows overall heat transfer coefficients as calculated from equation (5.13). These
can be compared to the heat transfer coefficients calculated from correlations. For example, the
Chun and Kim (1990) correlation is given by equation (5.14) and this applies for both the
evaporating and condensing coefficients. However, the correlation of Alhusseini (1998) is
developed using a larger amount of experimental results and is expected to be more accurate.
The Alhusseini correlation is discussed in Appendix BI along with that of Chun and Kim.

1
Nu=1.33Re > +9.56x10° Re®* Pr°> 10.0082, = ! + A + ! (5.14)

1
U h Kar  Peona

evap

Where, 4,,,, = evaporating heat transfer coefficient. (W/m?.°C)
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B = condensing heat transfer coefficient. (W/m’ °C)
K = thermal conductivity of evaporator tubes.  (W/m.°C)
Ax = thickness of the evaporator tubes. (m)
U = overall heat transfer coefficient. (W/m2.°C)
1
h( w3 . .
Nu| = —| = = Nusselt dimensionless number. )
k\p g
41 ) )
Re| = — = Reynolds dimensionless number. (-)
y7i
C,u . )
Pr| = . = Prandtl dimensionless number. -)
24m 1 1 1 1 1 - 1 ': !
(] Experimental data ' :
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Figure 5-12 : Experimental and correlation overall heat transfer coefficients.

The condensing and evaporating Reynolds numbers depend on the film liquid loadings.
However, we shall assume that the film liquid loadings are constant at 0.14 kg/m.s. The heat
transfer coefficients also depend on the temperature, since this impacts on the physical properties
of water. These physical properties can be determined using the equations discussed in Appendix
A. The resulting comparison between the experimental and correlation results are shown in
Figure 5-12. These show that the Chun and Kim correlation under predicts the heat transfer
coefficients whereas the Alhusseini correlation is quite accurate.

We can determine a linear model for the overall heat transfer coefficient, in terms of the

evaporating temperature, using standard regression analysis (Montgomery, 1991, pp 500-501).
Since the model is linear in parameters this presents no difficulty and the resulting equation is
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shown in Figure 5-12. The mass balance fractional residuals, with the linear overall heat transfer
coefficient model, are shown in Figure 5-13.

It is interesting to note that the correlations results in Figure 5-12 predict less temperature
dependence than the historical data. The cause of this discrepancy is unknown, but it is possibly
caused by the assumption of a constant liquid loading. In Chapter 6 it is shown that the mass
flow of evaporation in the MVR evaporator section varies with temperature. This makes it likely
that the liquid loadings will also increase with temperature, since more evaporation will occur at
higher temperatures. As a result, there is probably more temperature dependence in the identified
linear equation that occurs in reality.
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Figure 5-13 : Fractional residuals A, vs evaporating temperature.

5.3.6) Milk Evaporating Overall Heat Transfer Coefficient

Introduction

Here we consider the evaporating heat transfer coefficients for milk solutions, which are found to
reduce with increases in dry matter concentration. This is because the dry matter concentration
has a substantial impact on the milk solution physical properties and thereby the heat transfer
coefficients. For example the viscosity and density is found increase and the thermal
conductivity and heat capacity reduce, when the milk dry matter increases. These physical
property changes cause a reduction in the heat transfer coefficient. Here we wish to identify

models for the relationship between the evaporating overall heat transfer coefficient and the milk
solution dry matter.

In Appendix BII three steady state models for accommodating the impact of dry matter on the
evaporating heat transfer coefficients are discussed. A ‘linear integrated’ model (i.e.,
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U=U,-U, w) produces the following for the mass flow of evaporation in an evaporator pass.
This model is shown in Appendix BII by equation (BIL11).

U, A, AT _ » U,M,w, ln[l MU, } (5.15)
A e U M, (Ul'o _Urw-“’d)
Where, M, ... = mass flow of evaporation in the evaporator pass.  (kg/s)
M, = mass flow of milk from the distribution plate. (kg/s)
w, = milk dry matter from the distribution plate. (kg/kg)
AT = evaporator temperature difference. °C)
A, = evaporator heat transfer surface area. (m?)
. = heat transfer model parameter. (W/m?.°C)
u, = heat transfer model parameter. (W/m2.°C)

The linear integrated heat transfer coefficient model can be expanded using a Maclaurin series
approximation. If we restrict this expansion to its first term, then we can produce a ‘simple
linear’ heat transfer model, which is shown in Appendix BII by equation (BII.12) and here by
equation (5.16). However, because it is only an approximation of equation (5.15) we have
defined new names for the heat transfer parameters (ie, U #U, and U, = U,,).

M

A AT
"d] -

=[t (5.16)

tubes 50

U
An ‘exponential integrated’ model (i.e., U/ :[——‘i"—]) produces the following for the mass
1+, e

flow of evaporation in an evaporator pass. As with the linear model, this is presented in
Appendix BII and is shown there by equation (BII.17).

M 0 +er[Mde'”""' —Mpeﬂw" ]+ er.ﬂMd‘wd[Ei(ﬁ‘w Er(ﬂwa,) U A, AT AT (5.17)
M, w

Mp :Md —Mlubes’ "’p = |M _Jbee I (518)
d tubes

Where, M ,

)
Hp

milk mass flow from the evaporator pass.  (kg/s)

milk dry matter from the evaporator pass.  (kg/kg)

The above heat transfer models all contain more than one parameter. The ‘integrated linear’
model contains two parameters, the ‘simple linear’ model contains two and the ‘integrated
exponential’ model contains three parameters. This means we cannot identify the models using
the simple one-parameter optimisation method that we used for the other MVR evaporator
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section parameters. The multi-parameter nature of the heat transfer identification means that we
must consider the problem carefully. We will approach the problem from three directions.

1) Firstly we consider some heat transfer correlations.

In general heat transfer correlations cannot be expected to produce accurate predictions.
However, they do provide a valuable consistency test for the heat transfer models that are
identified from process data.

2) Secondly we use dry matter samples to identify the model parameters.

Measurements of the dry matters from each Evaporator A pass allow the determination of the
mass flow of evaporation across a range of dry matter concentrations. With this data we can then
identify the heat transfer models.

3) Thirdly we use ‘online’ flow/density measurements to identify the models.
The Evaporator A online flow/density measurements can be collected and used to determine the
total evaporation in the MVR and TVR evaporator sections.

In the remainder of this section, we shall consider each of these methods and try to identify
suitable models for the milk solution heat transfer coefficients. Firstly, the heat transfer
correlation of Alhusseini will be used, with the physical property equations of Appendix A, to
calculate the heat transfer coefficients for Whole and Skim Milk. Secondly, we shall consider the
identification of the heat transfer parameters using dry matter samples. These were collected for
Whole and Butter Milk throughout the Evaporator A plant. The dry matter samples will allow the
complete identification of all three models. Finally we will consider the on-line flow and density
data. These were collected for Whole Milk and Sophie-Lo, but only a limited range of operating
conditions were available. In order to use this on-line data a simplification will need to be made
to the heat transfer models. By assuming that the heat transfer coefficients at zero dry matter are
equal to those for water, we can reduce the number of model parameters.

Three other important points should be noted about the heat transfer coefficients for milk.
1) The milk solution physical properties depend on milk composition.

2) The heat transfer coefficients can be reduced by fouling on the evaporator tubes.

3) The heat transfer is likely to be a combination of convection and nucleate boiling.

The different milk solution components are found to have different impacts on the physical
properties and thereby heat transfer coefficients. For example the protein content has a large
impact on the milk viscosity and an important impact on the thermal conductivity. However, the
fat content has considerably less impact on the viscosity, but it has a large impact on the thermal
conductivity. As a result, different milk solutions have different functional relationships between
the dry matter concentration and heat transfer coefficient.

Another important effect is fouling of the evaporator tubes. During operation it is common to
find milk dry matter components become attached to the evaporator tube surfaces. This causes an
additional resistance to heat transfer and consequently the overall heat transfer coefficient is
reduced. However, a well designed and operated evaporator should not suffer from serious
fouling problems. As a result, we will not model the impact of fouling on the evaporating heat
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transfer coefficients. To avoid fouling the experimental data should be taken from the start of an
evaporator run.

The importance of nucleate boiling in the evaporation of milk solutions is not well understood. It
has been suggested that nucleate boiling starts at temperature differences of 0.5 °C for milk and 5
°C for water (Bouman et al, 1993). The lower temperature difference required for milk solutions
is due to its lower surface tension. However, it is unknown why the reported milk nucleate
boiling occurs at such significantly lower temperature differences. Despite this, it is clear that
milk solutions will evaporate by a combination of convection and nucleate boiling. Therefore we
expect the heat transfer coefficients to depend on temperature difference, as well as dry matter
concentration (Holman, 1989). However, we shall neglect the impact of nucleate boiling and
assume that the heat transfer coefficients are independent of the driving temperature difference.
This assumption is based on the relatively constant temperature differences that modern
evaporator plants operate with. For example the MVR evaporator section of the Evaporator A
plant normally operates with temperature differences of between 3-4 °C.

Heat transfer correlations

Here we consider the prediction of the heat transfer coefficients from correlations. Using the
physical property equations of Appendix A and the correlations of Appendix BI, we can
calculate the overall heat transfer coefficients of milk in a falling film evaporator. The results for
Whole Milk and Skim Milk, as calculated from the Alhusseini correlation, are shown in Figure

5-14. To calculate these results we have used a liquid loading of 0.14 kg/m.s for the
determination of the falling film Reynolds number.
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Figure 5-14 : Correlation Skim Milk and Whole Milk overall heat transfer coefficients.

There are, however, a number of problems with calculating the heat transfer coefficients from
these correlations. Firstly, we are not completely confident about the accuracy of the physical
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property models. It is unknown how accurate these are across a range of milk solution
compositions. Secondly, the falling film heat transfer correlations were developed empirically
from experimental heat transfer data. Many of these experimental fluids are likely to be
substantially different from milk solutions and consequently the correlations are unlikely to be
applicable for milk. Thirdly the heat transfer correlations do not include the impact of nucleate
boiling. These problems are shown by the results in Figure 5-14. It is known that the heat
transfer coefficients for Skim Milk are larger than those of Whole Milk (Trinh et al, 1996), but
the Alhusseini correlation has produced nearly identical results for both. However, despite these
problems the correlations do provide a definite indication of the magnitude of the heat transfer
coefficients. We can therefore use these results as a consistency ‘test’ for the other heat transfer
models that we develop.
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Figure 5-15 : Experimental Whole Milk overall heat transfer coefficients.

Heat transfer identification, dry matter samples

Here we consider the identification of heat transfer models from experimental dry matter
samples. Dry matter samples were taken through the Evaporator A plant for Whole Milk and
Butter Milk. Given the evaporator feed and product flows, these allow the mass flow of
evaporation to be determined for all the evaporator passes.

Firstly we shall consider the ‘simple linear’ model, as shown by equation (5.16). Using the
calculated mass flows of evaporation we can calculate the overall heat transfer coefficients. The
linear relationship between the dry matter and overall heat transfer coefficient is then determined
using simple regression analysis. Figure 5-15 shows the calculated Whole Milk overall heat
transfer coefficients vs dry matter and the resulting identified linear heat transfer model Figure

5-16 also shows the calculated overall heat transfer coefficients for Butter Milk, along with the
identified linear heat transfer relationship.

105



Model Identification

N
8

o E | U = 1985.47 - 3333.3w
----------c-h% ----------- possrmnaasasl o0 Experimental results |7

5288

1200

:

800
600

Overall heat transfer coefficient (Wi,

400

0 0.1 0.2 0.3 0.4 0.5 06
Dry matter concentration (kg/kg)

Figure 5-16 : Experimental Butter Milk overall heat transfer coefficients.

We should, at this stage, take a closer look at the results shown in Figure 5-15 and Figure 5-17.
In particular the heat transfer coefficients above 0.3 kg/kg are larger than the identified equation.
It is possible that these discrepancies are caused by additional nucleate boiling occurring in the
TVR evaporator section. Typically the TVR section, when working with milk, operates with
temperatures differences between 3 and 7 °C, which is larger than that of the MVR evaporator.
In this range of temperature differences it is likely that nucleate boiling is occurring and this may
explain the larger heat transfer coefficients.

We now consider the heat transfer models given by equation (5.15) and (5.17). Using the dry
matter samples we can identify the parameters which minimise the balance equation sum of
squared errors. The linear model contains two parameters and the exponential model three. We
can, however, reduce the exponential model parameters by using the derivation of Appendix BII.
It is shown that the [ parameter can be estimated from a viscOsity model (i.e,

Biw

U= e and ,B:%). The viscosity parameter S, will vary for different milk solutions,

but it is normally approximately 10-20 (Middleton, 1996). Consequently we can calculate that S

should be between 3 and 7. We will use a value of 4.5 for this parameter and thereby reduce the
exponential model parameters to two.

With the dry matter samples we have calculated the balance equation sum of squared errors and
identified the model parameters. Figure 5-17 shows the identified Whole Milk model predictions
for the heat transfer coefficients vs dry matter concentration. Also shown are some literature
results for the heat transfer coefficients of Whole Milk (Trinh er al, 1996). The literature data
suggests that the heat transfer coefficients depend on dry matter concentration, evaporating
temperature and also evaporator temperature difference. The effect of dry matter and temperature
are clearly due to the impact of the milk solution physical properties. However, there is no
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adequate explanation for the impact of temperature difference. Possibly the milk is evaporating

by nucleate boiling, which is known to depend on the temperature difference, but this is not
clear.
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Figure 5-17 : Whole Milk overall heat transfer coefficients vs dry matter concentration.

Heat transfer identification, on-line data
Here we shall consider the identification of the heat transfer models using online flow and
density measurements. The Evaporator A plant contains a volumetric feed flow and two mass

flow/density meters, after the MVR and TVR evaporator sections (i.e., O,, M 5, M, p s and

s T pS> p8>
P,s)- With these measurements we can determine the total mass flow of evaporation in the MVR

and TVR evaporation sections. However, a difficulty with the online data is the small range of
plant operating conditions. Typically the plant works with very similar feed dry matters and
product mass flow/dry matters. This makes it impossible to identify the two-parameter heat
transfer models, because these require data across a range of dry matter concentrations.
Therefore, before considering the identification of heat transfer models with on-line data we will
consider a simple method for simplifying the heat transfer models.

Figure 5-17 shows that the extrapolated zero dry matter overall heat transfer coefficient is very
similar to the water coefficient. There is also a clear consistency between the results in Figure 5-
17 and those in Figure 5-15 and Figure 5-16. All these models have an extrapolated zero dry
matter overall heat transfer coefficient that is similar to water. If we substitute the water overall
heat transfer coefficient into equations (5.15) and (5.17), then we produce the following. This
simplification of the heat transfer coefficient models is very important. We have already
identified the overall heat transfer coefficient for water, so we only need to identify the
parameters {/,, and U,,. This can be achieved considerably more easily with the on-line data.

107



Model Identification

U,..01+U..]
U=U, .. U, W, Uz—[-———]»“"’” - 5.19
water Iw 1 +ere Bow ( )
Where, U, .., = falling film evaporator overall heat transfer coefficient. (W/m?.°C)

It is possible to add the mass balances for the evaporator passes to produce the following mass
balances for the entire MVR evaporator section. A similar mass balance equation can be
produced for the TVR evaporator section. These provide the balance equations that we need to
identify the overall heat transfer coefficient parameters U,, and U,,, when working with the on-
line data.

J " , My-M JU
M‘“ _Mps — ( walarA:lA7 +{ !de'l wdl log|:l _ ( dl pSy water :| (520)
/1 (/watcr Md] (Uwaler - Ulw 'wdl )
Ml = U sy (L+ ijm )A, AT U et a0 U pM o [E(B )~ BB, ](5-21)
Where, A, = total surface area of the MVR evaporator section. (m?)
M, = mass flow of milk from the first MVR evaporator distribution plate.  (kg/s)
w, = dry matter of milk from the first MVR evaporator distribution plate.  (kg/kg)
M ,. = mass flow of the milk from the fifth evaporator pass. (kg/s)
w,; = dry matterof the milk from the fifth evaporator pass. (kg/kg)
20 -
18}

£ A
B (23]

-
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Figure 5-18 : Identification for the linear heat transfer coefficient model.
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Historical online data was collected from the plant when working with Whole and Sophie-Lo
milk solutions. This data was used with the balance equations (5.20) - (5.21). Figure 5-18 and
Figure 5-19 show the resulting sum of squared errors vs the heat transfer coefficient parameters.
The optimum U,, parameter for Whole Milk is 3250.2 W/m?.°C and for Sophie-Lo it is 2276.3

W/m®.°C. Whereas the optimum U, parameter for Whole Milk parameter is 0.6159 and for
Sophie-Lo it is 0.2652.
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Figure 5-19 : Exponential model sum of squared errors vs heat transfer parameter.
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Figure 5-20 : Whole Milk identified heat transfer coefficient models.
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Comparison of identified heat transfer models

The heat transfer coefficients determined from the literature correlaions, dry matter samples and
on-line data can be compared. Strictly the same heat transfer model should result from all three
methods. This, therefore, provides an important consistency test for the identified models. Figure
5-20 shows the Whole Milk heat transfer models that were identified from the dry matter and the
on-line computer data. There is a good comparison between these results and those determined
from the heat transfer correlations. However, the models determined from the on-line data
produce lower heat transfer coefficients than the dry matter samples. This could be due to fouling
of the evaporator. The dry matter samples were taken at the start of the evaporator run, when no
fouling would exist. However, the on-line data was taken during a variety of times, when the
plant had often been in operation for several hours.

Figure 5-21 shows the Whole Milk model that was identified from the dry matter samples and
the Sophie-Lo model. The Sophie-Lo model heat transfer coefficients are higher than those for
Whole Milk and this is probably due to the different compositions of the two milk solutions.
Sophie-Lo contains less protein and fat than Whole Milk, but more lactose. The protein and fat
both appear to have a strong impact on the heat transfer coefficients, because of their large
impact on the thermal conductivity and viscosity. However, the lactose does not have as much
impact on these physical properties and so the heat transfer coefficients for Sophie-Lo are higher.
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Figure 5-21 : Sophie-Lo and Whole Milk identified heat transfer coefficient models.

In the above analysis we have used three different heat transfer coefficient models. These are the
integrated ( 5.15) and simple linear (5.16) heat transfer models and the integrated exponential
model (5.17). We are interested in determining which model is the most accurate. Here we
investigate the sum of squared errors in the mass balances, as determined from the dry matter
samples. The model with the lowest sum of squared errors obviously fits the experimental data
best and can be considered the most accurate model. Figure 5-22 shows the mass balance sum of
squared errors for the three models. Also, we have considered the constant heat transfer
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coefficient case. A constant heat transfer coefficient, that minimised the mass balances, was
determined. This constant heat transfer coefficient was 1400 W/m?.°C and the corresponding
sum of squared errors is also shown in Figure 5-22. It is clear that the simple linear model is the
most accurate. This is surprising, because this model neglects the increase in dry matter down the

falling film. Presumably this is not important or the integrated models have incorrectly
incorporated this effect.

=]

Mass balance sum of squared errors (kg2/s2)

Integrated linear model Integrated exponential Simple linear model Constant model
model

Figure 5-22 : Comparison of Whole Milk heat transfer coefficient models.
5.4) TVR Section

5.4.1) Introduction

The parameter identification for the TVR evaporator section will be separated into two parts.
Firstly the determination of steady state parameters from water data and secondly the
determination of the falling film residence times from milk historical data. We are primarily
concerned with the steady state determination of the TVR compressor parameter B, . However,

unlike the MVR evaporator section, we cannot separate the static identification into parts and
consider each individually. Consequently we must identify the TVR compressor parameter along
with the overall heat transfer coefficient in a two parameter identification process. Following this
we will investigate the dynamic TVR evaporator section residence times.

S5.4.2) TVR Compressor Parameter and Overall Evaporating Heat Transfer Coefficients

The energy balances for the TVR second effect, shell and third effect are given by the following.

These equations were derived in Chapter 2 and they are shown there by equations (2.30), (2.63)
and (2.35).

qfeedﬁ + qsheHG = qcompl + qshell? + qsheIIB + qela.\-sz > Wcomp2 + qcompZ = qshelIG + qcondensarez + qslossZ (522)
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9 pedr T Dsnenr T 9shens = 9vac T 9 etosss (5.23)

The addition of the energy balances for the second effect and shell gives the following overall
energy balance for the second effect.

qﬁ.»edG + WcampZ = q.\‘hell 7 + q:hell& + (Ielo.:.rz + qslou’l + qcandem-aleZ (524)

These balance equations contain many parameters, which are known or have been identified in
the MVR evaporator section. The losses overall heat transfer coefficient is known and the
physical properties of water can be determined from the equations of Appendix A. However, we
are unsure about the TVR compressor parameters, or the evaporating water heat transfer
coefficient. In Appendix D the TVR compressor parameters are determined from the
manufacturer specifications, but we would like to determine the accuracy of the parameters. In
particular we are concerned about the parameter B, . This parameter is directly proportional to

the mass flow of suction vapour, which represents a large amount of the evaporator capacity.
Also the water evaporating heat transfer coefficients are likely to be different from the MVR
evaporator section, because of the lower temperatures, shorter TVR evaporator tubes and larger
temperature differences. Therefore the TVR water identification is a two parameter process.

A difficulty with the Evaporator A TVR evaporator section is the lack of measurements. The
second effect shell temperature and the vacuum condenser cooling water temperatures and flow
are not measured. We can use the second effect shell energy balance to calculate the shell
temperature and the third effect energy balance to calculate the condenser heat flow. However,
this leaves only a single energy balance to identify the process parameters. Fortunately there is
also the mass balance for the TVR section, which is given by the following. We will use the
TVR second effect overall energy balance and the total TVR mass balance to identify the
required process parameters.

MpS =Mp8 +Mﬂash6 +M pess +Mﬂash7 M ipes1 M rpess (5.25)

Historical data was collected from the Evaporator A plant when operating with water. We can
identify the process parameters by minimising the second effect overall energy and TVR section
mass balance deviation sum of squared errors. By doing this, we can determine that B, , = 45

m*® s*%/kg®® and U o = 1400 W/m’°C. These parameters can be compared with our

expectations. The B, parameter is determined as 58 m®®.s%%/kg®® in Appendix D and the

overall heat transfer coefficient is given as 1490 W/m’.°C from the results of the MVR
evaporator section. There is a difference between these and the identified results, but it is a not a

significant discrepancy. However, we wish to test the identified parameters by investigating the
balance equation residuals. We will define the following fractional residual.

o lq Jeed 6 + WmmpB - q.rhe”.’. & qe.'bs.s‘.'-! . qs!'oss 2 qcondemafel J

q feeas t 4

comp

A (5.26)

Tl
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Where, A, = fractional energy balance residual. ~ (-)
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Figure 5-23 : Energy balance equation residuals vs TVR mass feed flow.
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Figure S-24 : Energy balance residuals vs TVR feed flow, with film break-up points
neglected.

Figure 5-23 shows the overall energy balance residuals (A;,) vs the TVR evaporator mass feed
flow rate. Many of the residuals are within 20 % but there are some points with large residuals at
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low flow rates. In Appendix C the water historical data is used to calculate the mass flows from
the falling films. The results suggest that the large residuals in Figure 5-23 are caused by break-
up of the falling film at low flowrates. This causes the effective heat transfer coefficients to be
lower and thereby causes the large residuals shown in Figure 5-23.

We are not interested in the heat transfer coefficients during film break-up. As a result, the data
points corresponding to film break-up will be neglected and the parameter identification
repeated. By doing this we can identify new values for the process parameters of B, =47

m®>® s%%/kg®® and U,=1690 W/m?.°C. These results can again be tested by considering the

energy balance residuals and these are plotted in Figure 5-24. This shows that the residuals are
evenly spread across the range of feed flows and we can be confident about the identification.

S.4.3) Dynamic TVR Section Residence Times

In Appendix BI a model is discussed that can be used to predict the residence time of a falling
film. We will determine if this model is consistent with experimental results from the Evaporator
A plant. The residence times of the TVR evaporator section can be determined from the product
milk densities during start-up and shut-down. For example Figure 5-25 shows the product milk
densities from the MVR and TVR evaporator sections during the Evaporator A start up. This
clearly shows the delay between the MVR and the TVR product densities. The Laplace Domain
transfer function, between the MVR and TVR density signals, is given by the following.

wals) MO bl rnoseal

- (5.27)
wps(.s') M ﬂs [rhl,,(,,s + 1][7,,“,,,.5' + llrm‘s + 1]
If we neglect the distribution plate dynamics, then this can be simplified.
wP“(S) Mlll"‘ [ (r st T+ TpgtTer t rratlfl M:;"
= e " ow )= wl\l-7.-7,,-T,~T,—T,— 528
4 ;.a(-") M;H pa( ) 38 p-( 25 " Tes " Tps — Vo1~ Tp7 reS) ( )
Where,7,;, = pumping delay, MVR density meter and TVR first distribution plate. ~ (s)
r,, = falling film residence time for the sixth evaporator pass. (s)
r,, = pumping delay from the TVR seventh pass to the eighth pass. (s)
7, = pumping delay from the TVR sixth pass to the seventh pass. (s)
r,, = falling film residence time for the seventh pass. (s)
r,, = falling film residence time for the eighth pass. (s)
T,.c = sixth pass distribution plate time constant. (s)
T,s7 = seventh pass distribution plate time constant. (s)
M. = mass flow from the fifth evaporator pass, at steady state. (kg/s)

M. = mass flow from the eighth evaporator pass, at steady state. (kg/s)
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Figure 5-25 : MVR and TVR product densities during start up, Sophie-Lo milk solution.
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Figure 5-26 : MVR and TVR densities, superimposed on each other.

The validity of neglecting the distribution plate dynamics can be investigated by looking at the
MVR and TVR evaporator section product densities during start up. We can take the TVR
density and infer the MVR product density using equation (5.28). This inferred MVR density can
be compared with the actual MVR density and the result is shown in Figure 5-26. A gain of 1.45
and a residence time of 230 s were used to infer the MVR product density. The two densities are
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very similar and this suggests that neglecting the distribution plate dynamics is a reasonable
assumption.

Using equation (5.28), with a set of historical data, we can determine the TVR evaporator section
total residence time. Historical data was collected for the start-up and shut-down of the
Evaporator A plant when working with Sophie-Lo milk solution. Figure 5-27 shows the Sophie-
Lo model sum of squared errors vs the TVR evaporator residence time. The optimal start-up
residence time is 225 seconds and the shut-down time is 190 seconds. It is unknown what causes
the difference in the residence times for the start-up and shut-down.

Sum of squared erars (kg?/m®)

L [ e S e Y S
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B0 170 180 190 200 210 220 230 240 250 260
TVR residence time (8)

Figure 5-27 : Sophie-Lo, start-up and shut-down TVR evaporator residence time
identification.

We are now interested in determining the falling film residence times. The falling film residence
times and the pumping delays can be determined from the following. This assumes that the
falling film velocities are constant.

— s (5.29)
Y Py
e P
Where, 7, = pumping delay. (s)
T, = falling film residence time. (s)
v, - pumping velocity. (m/s)
L, = pumping pipe-work length. (m)
L, = falling film evaporator tube length. (m)

<
Il

falling film velocity. (m/s)

LY
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The falling film evaporator tubes are 10 metres and the product concentrate pipes are 20 metres
long, in the TVR evaporator section. The pipes are 3 inch diameter and using the steady state
model we can calculate the pumping delays for the TVR evaporator section. For example the
fifth pass typically has a mass flow of 4.5 kg/s and a density of 1090 kg/m’. With the 20 metre
pipes this gives a residence time of r, =22s.

The results in Figure 5-27 show that the total residence time of the TVR evaporator section is
between 190 and 225 s. There are three pumping delays, which each have residence times of
approximately 20 s. As a result, we can determine that the falling films have a residence time of
between 130 and 165 s. If the falling film velocities are constant then each falling film has a
residence time of between 43 and 55 s. With 10 metre tubes the falling film velocities are then
between 0.23 and 0.18 m/s. These results are consistent with those found in Appendix BI. The
falling film velocities of Whole and Skim milk solutions were found to reduce from
approximately 0.5 m/s to 0.15 m/s, during the milk concentration process. Sophie-Lo contains
less protein than Skim or Whole milk and so its falling film velocities are likely to be slightly
higher.

The results determined here are not meant to provide an accurate identification of the falling film
residence times. We are primarily concerned with giving a simple verification of the falling film
model discussed in Appendix BI. It appears that the model is, in fact, consistent with the results
from the Evaporator A plant. Most importantly it appears that the typical falling film residence
time is approximately SO s for each pass and each pumping delay is approximately 20 s.

In the MVR evaporator section the falling film and pumping delay residence times may be
different from those of the TVR evaporator section. However, given the falling film model from
Appendix BI and the steady state model we can determine the residence times for the MVR
evaporator section. The evaporator tubes are longer, at 16 metres and the concentrate pipes are
longer, at 23 metres. Appendix BI gives falling film velocities of between 0.5 and 0.25 m/s and
the falling film residence times are between 32 and 64 s.

5.5) Conclusions

In this Chapter we have identified many of the unknown parameters that are used in the
Evaporator A plant model. A complete identification of the parameters has not been made and in
particular many of the dynamic parameters are unknown. The important falling film residence
times have been investigated, but the results are not completely conclusive and more work is
required in this area. It will be shown in Chapter 7 that the falling film residence times are, from
a controllability perspective, the most important dynamic parameters in the model. However, the
thermal inertias will be found to be less important in the controllability analysis. Consequently
the emphasis on the falling film residence times is justified.

In Section 5.2 we considered the DSI preheat section steady state model. This did not contain
any model parameters, so we considered the model accuracy by making comparisons with
historical data from the Evaporator A plant. The ‘Advanced’ model from Chapter 4 was used and
the model produced good predictions. However, the model still appears to contain deficiencies,
since its residuals showed a correlation with the DSI unit temperature.
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In Section 5.3 we considered the identification of model parameters for the MVR evaporator
section. The identification was separated into parts, because of the difficulty of considering all
the parameters simultaneously. Fortunately the online historical data, of the Evaporator A plant,
is quite good for the MVR evaporator section and so it was possible to consider the equations
independently. The preheat condenser overall heat transfer coefficient, the evaporator surface
energy losses overall heat transfer coefficient, the MVR compressor vapour duct pressure losses
and the water evaporating overall heat transfer coefficient were all identified successfully.

As part of the MVR evaporator section identification, we considered the heat transfer
coefficients for milk solutions. It was shown that the evaporating heat transfer coefficients
reduce with increases in the milk dry matter concentration. Three different methods were
considered for the development of models for the effect of dry matter on heat transfer. Firstly,
heat transfer correlations were investigated. Secondly dry matter samples were taken from each
of the Evaporator A plant passes and used to identify models. Thirdly online flow and density
measurements were used to identify models.

The heat transfer coefficient correlations were considered first. A good comparison was
produced for the water heat transfer coefficients. However, the results for milk did not seem to
be as reliable. For example the correlation predictions for Skim Milk and Whole Milk were very
similar, which contradicts the literature results with higher Skim Milk coefficients. This problem
is possibly caused by physical property equations, which are not completely reliable, or possibly
nucleate boiling, which is neglected in the convection equations.

The dry matter samples and online flow/density measurements were used to identify heat transfer
models for Whole Milk, Butter Milk and Sophie-Lo. Three models were derived in Appendix BII
and then the model parameters identified in Section 5.3. Comparisons between the dry matter
and online data models were quite good, which provides an important clarification of the
resulting models. Ultimately we would like general models for the heat transfer coefficients in
terms of the milk components. However, the range of milk solutions considered was not enough
to do this. Of the three heat transfer models, developed in Appendix B11, the ‘simple linear’
model was found to provide the best fitting.

In Section 5.4 the identification of parameters for the TVR evaporator section were considered.
The important B, parameter was identified first. A two parameter identification was required,

because of the coupling between the TVR evaporator section mass and energy balances. These
could not be separated like those for the MVR evaporator section. A major difficulty with the
identification was the occurrence of film beak-down at low mass flows. This causes the
‘effective’ heat transfer coefficients to significantly reduce. In Appendix C it is shown that a
large number of the TVR evaporator section data could not be used for identification, because of
the film break-down.
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Chapter 6 : Optimum Operating
Regime

6.1) Introduction

In this Chapter we investigate the optimum operating regime of the Evaporator A plant. The
process optimisation is essentially a method for determining the process controller set-points, or
alternatively the manipulated variables. We will be considering the evaporation costs and we aim
to determine the process set-points which minimise this. The Evaporator A plant has six
important process control set-points, with process and manipulated variables.

Table 6-1 : Process and manipulated variables for the Evaporator A plant.

Process Variable Manipulated Variable
1 Evaporator product mass flow (M ;) | Evaporator feed flow (M )
2 | MVR evaporator temperature (7, ) Heat exchanger condensate flow (M)
3 TVR final effect temperature (7,) Vacuum condenser water flow (M)
4 TVR product dry matter (w ) TVR steam pressure set-point (P,,)
S | MVR product dry matter (w,s) MVR compressor speed (N ,,,)
6 DSI unit temperature (7}, ) DSI unit steam mass flow (m_;)

Some of the optimum conditions for these set-points can be determined relatively easily.
Specifically the DSI unit temperature, the MVR evaporator temperature and the TVR evaporator
temperature. The determination of these optimum conditions is discussed in Section 6.5.

The optimum conditions for M, N, and P are determined by the energy optimisation. The

comp

Kiwi Co-op Dairies Powder 3 plant uses three evaporation sections. These are the MVR
evaporator section, the TVR evaporator section and the spray dryer. Each evaporating section
has a different energy efficiency and different energy source. In Chapter 1 the energy efficiencies
of the MVR, TVR evaporators and spray dryers were shown to be significantly different. In
Section 6.3 we investigate the impact of these energy efficiencies on the total plant evaporation
cost. Then in Section 6.5 we use this to investigate the optimisation of the plant evaporation
costs.

There are constraints on the optimisations considered in this Chapter. In Section 6.4 we
investigate the following four important process constraints. These will then be incorporated into
the optimisation problems considered in Section 6.5.

1) Evaporation capacity constraints.

2) Film breakdown constraints.

3) Evaporator temperature constraints.

4) Concentrate dry matter constraints.
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In Section 6.2, of this Chapter, we also consider some operational and design aspects of the DSI
preheat section. Specifically we investigate the impact of air in the flash vessels, flooding of the
first flash vessel and milk evaporation in the holding tubes.

6.2) DSI Preheat Operation

6.2.1) Introduction

We now investigate some common operational issues that occur with evaporator preheat
sections. Specifically we will consider the problems of non-condensable gases, vapour formation
in the holding tubes and flash vessel flooding.

The bottom of the first flash vessel is the first point where evaporation occurs and this causes
non-condensable gases (i.e., air) to be released from the milk. De-aeration lines must be attached
to the flash vessels in order to remove these gases. For the Evaporator A plant these de-aeration
lines are attached to the first evaporator effect. In Chapter 3 it was shown that an excessive
temperature difference between the flash vessel top and bottom can be an indication of air.

The milk pressure in the preheat holding tubes must not fall below its vapour pressure. Otherwise
it will start evaporating and vapour bubbles will form in the milk solution. These vapour bubbles
will collect at the top of the holding tubes and act as restrictions on the milk flow. To overcome
this problem, the pressure in the holding tubes should be controlled using a back-pressure
controller. This uses an orifice plate and a manipulated by-pass control valve, at the end of the
holding tubes.

A major problem with the flash vessels is the possibility of milk bypassing the holding tubes.
This occurs when the milk ‘floods’ the top of the vessel and flows directly into the bottom. The
flash vessel contains a weir and this is supposed to restrict contact between the top and bottom of
the vessel. However, if the milk level rises above the weir, then it is possible for it to bypass the
holding tubes. This is a very serious problem, because the purpose of the preheat section is to
provide a controlled heat treatment.

6.2.2) Impact of Air on Preheat Operation

We showed in Section 3.2 of Chapter 3 that the presence of air causes a temperature difference
between the top and bottom of a flash vessel. Using the ‘simple’ steady flash vessel model,
developed in Chapter 3, we can produce steady state equations for the impact of air on a flash
: : : . - k,
vessel. With the results from the linear saturation relationship (ie. 7,.=T, ph(l— yc,,,)—k—~ Vo ) WE
1
can produce equation (6.1) for the temperatures of a single flash vessel.

: 1. I k,.y - -v.1. D-v.l. k,y.
= r T 27 air ] = air 7 + air 1 _ 2/ air
?ph [2 —)J'“”_] " +{2 _yd:f] ﬂl + k' [2_yﬂ'fr] , " [2 ._yaIY] fc [2_ya|r] ﬂl k' [2_ydﬂ']

We can also extend this result to the two flash vessel system of the Evaporator A plant. The first
flash vessel should contain most of the air because the milk evaporates first in this vessel and it
operates at a higher temperature than the second. Using the ‘simple’ flash vessel model in

(6.1
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combination with equation (6.1) we can produce equations (6.2) - (6.3) for the flash vessel
temperatures.

(- o] 201 -y, ks
T [ air _T air T i, air '2
e [3 - 2'yalr] 2 " [3 T 2'.yair] o kl [3 - 2‘yair] (6 )
1 2 2k,.y.,
T . =— T 4+-—~ T 4 2tar 3
& [3 - 2‘yair] o [3 - 2'yair] o kl [3 - 2'yair] (6 )
T =F _ [Z_y.ur] T 1 k2'yair (64)

=0 By, ] B2y, | kB-2y.]

The mass flow of steam to the DSI unit can be determined by making an energy balance around
the DSI.

M, C [TDSI "TpcI]_ M, C

m _ fc2 - pwater fc2 - pwater

stean lh.m’am i (‘ pwaler‘T DSI ] B I.h-f'mm - (“pwaler .TDSI ] [3 B 2yair ]

1

k
I:TDSI _(l —yair)Tﬁ:Z + k_zyairj|
(6.5)

These equations show that air has two important impacts on a preheat system. Firstly the mass
flow of steam required by the DSI unit increases, as shown by equation (6.5). Secondly it causes
the temperature of the second flash vessel to increase, as shown by equation (6.4). Both of these
effects are actually caused by the temperature difference between the top and bottom of the first
flash vessel. The temperature at the top of the first flash vessel reduces and therefore more steam
is required to heat the DSI unit to the same temperature. However, the increased temperature at
the bottom of the first vessel causes an increase in enthalpy to the second vessel and so its
temperature rises.

The increase in the steam mass flow to the DSI unit means that the energy efficiency of the unit
is reduced. The Evaporator A plant has a temperature control loop placed around the DSI unit
and this compensates for variations in the feed milk temperature. As a result, of the air in the
flash vessel, the DSI temperature control loop increases the mass flow of steam. However, since
the DSI unit temperature is the same, the energy efficiency of the DSI unit is lower. Obviously
we should remove this possibility by providing adequate de-aeration of the flash vessels.

Variations of air concentration in the flash vessel cause milk temperature variations to the MVR
evaporator section. Later in this Chapter it will be shown that the temperature of the MVR
evaporator has an impact on its mass flow of evaporation. Therefore it would be preferable if
temperature disturbances to the MVR evaporator could be minimised. Once again this requires
adequate de-aeration of the flash vessels.

Industrial evaporator plants have de-aeration lines that should remove any air that accumulates in

the preheat system. The de-aeration lines are small pipes, containing an orifice plate, attached to
the flash vessels and another lower pressure vessel. It is important that the de-aeration orifice
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plates are correctly sized. If the plate is too small then air will accumulate in the flash vessels and
the above problems will occur. However, if the plate is too large then large amounts of steam
will escape from the system and this will cause other problems. We have shown that a probable
indication of air problems is the temperature difference between the top and bottom of the flash
vessel. Ideally a flash vessel should operate without any temperature difference and this provides
a simple test of the de-aeration lines.

6.2.3) Holding Tube Pressures

Earlier we discussed the importance of maintaining an adequate pressure in the preheat holding
tubes. If the milk is not to vaporise in the holding tubes then the pressure at the top of the tubes
must be larger than the vapour pressure of the milk. Figure 6-1 shows the configuration that
should be used to remove the possibility of milk vaporising in the holding tubes. The pressure
after the holding tubes is measured and a combined orifice plate and control valve is used to
regulate the pressure.

ESENE 1\ ENE A A2 A
J _I

DSI unit

Steam _Q_

A A& h., A& Backpressure
[ I Controller

Figure 6-1 : DSI preheat section back-pressure control loop.

The requirement for an adequate holding tube pressure is given by equation (6.6). However, it
should also be remembered that this neglects any additional pressure drop due to the back-
pressure control valve. A control valve should be sized so it is operating in the middle of its
range and this can be accommodated by including a safety margin into equation (6.6).

Ph = N)on_;‘ + 1)p1r1 - Aphead >4 R-ap (66)
Where, P, = pressure at the top of the holding tubes. (Pa)
AP, ., = pressure drop due to the height of the holding tubes. (Pa)
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AP, = pressure drop due to the back-pressure orifice plate. (Pa)
P, pressure of the flash vessel. (Pa)
Fw = vapour pressure of milk. (Pa)

The orifice plate pressure drop is given by the standard orifice plate equation and the holding
tube pressure drop is given by the hydrostatic head.

Min_r':g]:ﬁ(m:l , AP =pgh, (6.7)
Where,(C, = orifice plate discharge coefficient. )

A = cross sectional area of orifice plate hole. (m?)

Opy = volumetric flow of liquid through the holding tubes. (m*/s)

yij - ratio of orifice plate diameter to pipe diameter. )

p = density of liquid in holding tubes. (kg/m’)

h, = height of holding tubes. (m)

These equations show that the pressure at the top of the holding tubes depends on the orifice
plate size. Smaller orifice plates give greater pressure drops and consequently higher pressures at
the top of the holding tubes. The choice of the orifice plate size thereby determines whether the
milk will vaporise at the top of the holding tubes.

The pressure in the flash vessel and the required milk vapour pressure can be determined from
the simple preheat model and the Antoine saturation equations. If the DSI temperature varies
across a wide range then the flash vessel temperatures will also vary. Consequently the pressure
in the flash vessels will change and also the pressure at the top of the holding tubes. This means
that the orifice plate needs to be sized for the maximum DSI temperature, when the milk vapour
pressure is at its highest. If we neglect the milk boiling point elevation then the flash vessel
pressure is given by the following, where T, is given by equation (3.30).

B-ﬂﬂi‘ | .- B ]
| A water ~ | Avwater
)’J = e TP"] C eater ] P - el 75t ~C swater i T
phl ) vap i p

waler

2 1
a = §TDS! +§ch2 (6.8)

We can substitute these into equation (6.6) and thereby produce an explicit equation for the
required back-pressure orifice plate size. Clearly the required orifice plate size depends on the
DSI temperature and the height of the holding tubes. Larger DSI unit temperatures and longer
holding tubes require smaller back-pressure orifice plates.

; 4 = mer | A

2
p Q!)Sf e Tp\l -Cwu'(r
— > e —-e +p.gh, 6.9
2[(?5,,,4””,(1— 5?) e (69)
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6.2.4) Preheat Flash Vessel Level

An additional important aspect is the height of liquid above the DSI pump. The flow balance
through the DSI and holding tubes produces the following equation.

A[)ﬂood + APpump i A})Ims . Aponf =0 (6 1 O)

Where, AP, = hydrostatic pressure due to liquid height above DSI pump. (Pa)
AP, = pressure gain from DSI pump. (Pa)
AP, = pressure drop due to frictional losses in holding tubes. (Pa)
AP, = pressure drop due to back-pressure orifice plate. (Pa)

This shows that the pressure gain, from the DSI pump, is then lost through the holding tubes and
back-pressure orifice plate. An important aspect of this is that the pump must supply enough
pressure to adequately overcome the orifice plate pressure drop. Otherwise the height of liquid,
above the DSI pump, will rise above the flash vessel weir and flood the vessel. It is therefore
important that the orifice plate and DSI pump are correctly sized for the range of DSI
temperatures. Under-sizing the orifice plate will cause flash vessel flooding, but over-sizing will
cause vaporisation in the holding tubes.

"
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Figure 6-2 : Preheat flash vessel level control.

The level of liquid milk above the DSI feed pump must not rise above the flash vessel weir
because this will cause ‘flooding’. This flooding occurs when the milk level rises and flows into
the bottom of the flash vessel. The result is that milk can bypass the DSI/holding tubes. In order
to overcome this a level control loop can be placed around the DSI feed pump. A level sensor
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measures the height of liquid above the feed pump and manipulates the pump speed. The

configuration for this control loop is shown in Figure 6-2.

6.3) Energy Costs in a Powder Plant

6.3.1) Energy Costs

The evaporation of water requires energy to overcome the latent heat of vaporisation. For a large
powder plant the energy required to evaporate water can be a large part of the operating costs.
The cost of evaporation is given by equation (6.11). The cost of evaporation, per unit of

evaporated water, (C

) 18 determined by dividing thisby M, .

c,.w,,.
(,“,mp — Ce". romp — _en" comp qshell — Cen-qshell : E_ﬁ' = qu (61 ])
q:hell Eff comp
Where,C,,,, = total cost of evaporating water in the process. ($/s)
C,, = cost of energy, used to evaporate water. $/3)
Eff = energy efficiency of the evaporation process. )
Woosre ™ ‘driving’ heat flow, or power supplied to the evaporation process. (W)
Table 6-2 : Energy Costs at Kiwi Coop Dairies, for the Evaporator A plant.
Cen Cen Eff Cunif Cuni!
($M)) | (MI/MJ) ($/kg) ($/Tonne)
MVR 0.0892 ($/kWhr) | 0.02303 58.65 0.00092 0919
TVR 15.91 ($/T) 0.00679 461 0.00345 3.444
Spray Dryer 15.91 ($/T) 0.00679 0.60 0.02649 26.49
Feed flow Product Feed Product Mass flow Cost of
(kg/hr) flow dry matter | dry matter | of evaporation | evaporation
(kg/hr) | (kg/kg) (kg/kg) (kg/s) ($/hr)
MVR 55,080 16,861 0.125 0.408 10.616 35.12
TVR 16,861 14,659 0.408 0.469 0.611 7.58
Spray Dryer 14,659 7,062 0.469 0.975 2.110 201.22

The factor Eff represents the energy efficiency of the evaporation process. For an MVR
evaporator this factor is usually between 40 ~ 80, for a TVR evaporator 4 ~ 8 and for a spray
dryer 0.4 ~ 0.8. However, equation (6.11) shows that the evaporation cost also depends on the
energy source. For example the Evaporator A plant uses electricity to drive the MVR evaporator
whereas the TVR evaporator uses steam and the spray dryer uses natural gas. At Kiwi Co-op
Dairies the cost of electricity is around three times the cost of steam and this reduces the
difference in the cost of evaporation, between the MVR and TVR sections.
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It is unusual for a milk powder plant to use natural gas as the energy source for the spray dryer.
For example the Kiwi Co-op Powder 4 and Powder 5 plants use steam as the energy source for
the spray dryer, whereas the Powder 3 plant uses natural gas. As a result, we shall conduct the
economic analysis with steam as the energy source for the spray dryer. Table 6-2 shows the
specific costs at Kiwi (C,,, ).

The total cost of evaporation is given by equation (6.12). The evaporation cost in each section is
calculated in Table 6-2 for the static plant operating condition of Section 4.2 (ie.,
C\nr =092%/Tonne, C,, =3.45%/Tonne and C,,=26.49%/Tonne ). An important result shown

in Table 6-2 is the high total cost of evaporation in the spray dryer. The spray dryer evaporation
cost represents approximately 80 % of the total evaporation cost. This suggests that significant

reductions in the total evaporation cost can be achieved by reducing the evaporation in the spray
dryer.

c=Cc, M,, +C,. M, +Cy.M,, (6.12)

Where, 7C = total cost of evaporating water. ($/s)
G = cost per unit of water evaporation in MVR evaporator section. ($/kg)
& - cost per unit of water evaporation in TVR evaporator section. ($/kg)
@ = cost per unit of water evaporation in the spray dryer. (3/kg)
M, = mass flow of evaporation in the MVR evaporator section. (kg/s)
M, = mass flow of evaporation in the TVR evaporator section. (kg/s)
M, = mass flow of evaporation in the spray dryer. (kg/s)

6.3.2) Simple Energy Cost Analysis

The amount of evaporation in each section affects the dry matter from that section. The
following equations give the mass flow of evaporation in terms of the product dry matters.
Notice that the DSI steam mass flow affects the evaporation that must occur in the MVR section.

H’P5 _ M_r- _H-';- \ me :MJ,-.WI L_. __l_. +md:| (6 ]3)
W_r' +MDS! "M,,m-l We Wy
M. w 1 1
ki
W =1 s M, =M, w — (6.14)
" W_; +Mpy -M,,, ”Mn-r] " g Jr‘]:W},S W8 ]
M, w, 1 1
w, = —— , M, =M w|———- (6.15)
. I:A/!_.f' +md3! _me _M.l‘\'r _Md'rjvl = g f[wps wdly:|
Where,m,, = mass flow of steam to the DSI unit. (kg/s)
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Wi, = dry matter from the spray dryer. (kg/kg)

The above equations can be substituted into equation (6.12) to produce equation (6.16) for the
total evaporation cost in terms of the concentrate dry matters. Since C,,,<C,, and C,,<C,, we

know that the evaporation total cost is minimised when the dry matters w,; and w, are
maximised.
IC ; Csy d 1 1
( :( myr _ dry e me md.ﬂ 4 [er _Cm7]+—[cdry _CM] (616)
w
l"

M_r“’_r' W, W, FWr W

p8

We are interested in how the total evaporation cost changes with respect to the concentrate dry
matters w,; and w,,. This can be determined by differentiating equation (6.16) with respect to
the dry matters to produce the following.

- _ C,,-C
(67(. J=—M,.w, Cor OCZW : [arc]:—M,-w, e (6.17)
s (v2.) M (v}:)

Table 6-3 shows the incremental cost reductions due to a 0.01 kg/kg increase in the MVR and
TVR product dry matters. These results are calculated from the earlier results listed in Table 6-1.
Based on a 20-hour daily operation and 200 days operation per year, Table 6-3 shows that $
33,032 will be saved if the TVR and MVR product dry matters are both increased by 0.01 kg/kg.
If the TVR dry matter concentration could be increased by 0.05 kg/kg, then the savings would be
larger. However, we will show later that this is a very difficult task.

Table 6-3 : Incremental cost savings.

Increased dry matter Incremental Cost Reduction
($/hr)
W 1.044
W g 7.214

6.4) Operating Constraints

6.4.1) Introduction

For the Evaporator A plant there are four important operational constraints. These are the
evaporation capacities, the falling film breakdown, the evaporator temperature and the
concentrate dry matter constraints. In this section we discuss these constraints and the methods
which can be used to predict them.

6.4.2) Plant Capacity Constraints

Each section of the Kiwi powder plant has a maximum evaporation capacity. This constraint
depends on the capacity of the driving process. For example the MVR compressor has a
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maximum power constraint, the TVR compressor has a maximum steam pressure supply and the
spray dryer has a maximum air flow, inlet temperature and minimum outlet air temperature.

MVR Compressor

The MVR evaporator section capacity depends on the compressor power supply (W, ), the

evaporating temperature (7, ) and the product of evaporating overall heat transfer coefficient and
surface area (U .4, ). There are constraints on the power supply, the evaporating temperature and

the available heat transfer surface area. The heat transfer coefficients and surface area are set by
the milk physical properties and the plant design. These are environmental variables and they
cannot be adjusted. Here we shall consider the constraint caused by the compressor power
supply. Later, in Section 6.4.4, we also consider the constraint imposed by the temperature.

The maximum power supply to the MVR compressor of the Evaporator A plant is assumed to be
500 kW. This value has been determined from the operating procedures of the Evaporator A
plant, since the manufacturer specifications do not give the power supply constraint. We now
show how this constrains the MVR evaporator section evaporation capacity. The MVR
compressor characteristic curve is given by equation (6.18). This is a quadratic that can be solved
for the compressor speed (N,,,) in terms of the mass flow of vapour (M,,,,), to produce

equation (6.19).

compl

) M M 2
[P [ ] acomp 'Nzomp + hcomp 'NCDMP£ — ] + cr:om p Comp] (6 1 8)
p vel p vel p vel
M : (2,-P,)
Ny,=—omt | Ny 2 4q |c, —Lraca=lali|_p (6.19)
g vel * 2 'acornp { o comp( o M 30’7' pl o

The compressor power supply is given by equation (6.20).

compl 2 M compl Mczom | M jompl
Zeomd _d N2 plye N | —comd |, e G010 (6.20)
p comp " " comp p comp-" ' comp pz comp p3
vel vel vel vel

Substituting the compressor speed we produce equation (6.21) for the MVR compressor power
supply and energy efficiency ( Eff ). This energy efficiency is approximately equal to the ratio of
the MVR compressor power supply and the latent energy of the evaporated water vapour (i.e.,

Eff = ;"’e”’ ~ Z/“’""’ L ). Since the mass of evaporated water is the same as the compressed mass

compl compl

flow (i.e, M, =M jog +M o) We can use equation (6.21) to determine the evaporator
capacity constraint.
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M, I A ,492 d__c
WCO’" l :[A] +A" ]ﬂ’ bﬁ- ~ Lt e ] 3 A — bcom A _M"'fm (621)
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Aeom p compl compl
1 dcom ‘bc‘om
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Two important results can be observed from equation (6.21). Firstly the energy efficiency
increases with the evaporated vapour density, which is a strong function of temperature.
Therefore the efficiency and hence evaporation capacity increases at higher temperature.
Secondly the energy efficiency reduces as the mass flow of compressed vapour increases. This
second point has important consequences for the evaporation cost, which depends on the power
supply used by the compressor.

Using the steady state model developed in Chapter 4, we can determine the MVR evaporator
section capacity, in terms of its temperature. Figure 6-3 shows the MVR evaporation capacity vs
the evaporator temperature, as calculated from the steady state model. The steady state model
was rearranged so that the compressor power supply (W, ) was an input and we have set this to

comp!
500 kW. Normally the MVR compressor speed (N_,_,) is taken as the compressor input, but by

compl
rearranging the model we can consider the power capacity constraint more easily. The other
model inputs, except for the plate heat exchanger condensate flow, were the same as those used
in Chapter 4 (ie, P, =5bar, M, =153kg/s, w, =0125kg/kg, 7T,=12°C, m,, =04kgss,

M, =5kg/s and T, =24°C). The model was rearranged so that the MVR evaporator

vac vacl

temperature (7,) was an input, rather than the mass flow of condensate to the plate heat

exchanger. Figure 6-3 clearly shows the increase in the MVR evaporator capacity with
temperature.

TVR Compressor
The TVR evaporator section capacity depends on the TVR steam pressure set-point (P, ). This

pressure affects the mass flow of raw steam (m____), which affects the total mass of evaporation.

However, the maximum raw steam pressure is 10 bar and this provides a constraint on the
evaporation capacity. Figure 6-4 shows some historical data from the Evaporator A plant. The
mass flow of evaporation in the TVR evaporator section is plotted vs the TVR compressor steam
pressure. This clearly shows the relationship between these variables and furthermore that the
maximum evaporation capacity is approximately 0.8 kg/s.

steam
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Figure 6-3 : Mass of compressed vapour vs MVR compressor evaporating temperature.
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Figure 6-4 : Historical mass flow of evaporation vs TVR steam pressure.

It is common practice for a TVR compressor to be designed with a mass flow of compressed

vapour (m,,, ) that is approximately twice the flow of raw steam (m ~2m,,,. ). The mass

comp? steam

flow of evaporation in the second effect is approximately equal to the mass flow of raw steam
and compressed vapour (i.e., M ,..c~=m +mg,,,,). Also the TVR evaporator section

stream

contains an additional effect, where the total evaporation in both passes is approximately the
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same as the TVR compressor steam flow (i.e., M,,,,+M, ;.. =M

steam

). Consequently every unit
mass flow of steam causes approximately four wunits of evaporation (i.e,
M o6 T M ppess ¥ M puess *4.M 0, =4 Apie .Psp ). Figure 6-4 also shows that the mass flow of

evaporation, as given by this simple rule, is consistent with the historical data from the
Evaporator A plant. However, it should be remembered that this simplification is only an
indication of the TVR evaporator section capacity and the complete model should be used for
accurate calculations.

Spray Dryer Evaporation Capacity
The mass flow of evaporation in the spray dryer is given by equation (6.24). This is derived by
making an energy balance around the spray dryer with the assumptions of constant latent heat,
heat capacity and no energy losses.

M, C

Mevap__—r_ﬂ#r_[zn_nm] (624)
Where, M, = mass flow of air to the spray dryer. (kg/s)

Gy, = heat capacity of air in spray dryer. (J/kgK)

A = latent energy of water vaporisation. (J/kg)

y 48 = air inlet temperature to the spray dryer. (°C)

Ly = air outlet temperature from the spray dyer. (°C)

There are some constraints on the operation of the spray dryer. The air flow to the spray dryer is
restricted by the fan capacity. Also the inlet and outlet air temperatures have important
restrictions. With industrial spray dryers the inlet air is heated using steam condensers or gas
burners. At Kiwi Co-op Dairies the Powder 3 plant, which uses the Evaporator A plant to
produce milk concentrate, uses natural gas to heat the inlet air. The air heater has a maximum
capacity, which acts as a constraint on the inlet air temperature. However, it is also found that
high air inlet temperatures cause solubility problems with the resulting milk powder (Nielsen ef
al, 1996; Fergusson, 1989). This is due to the burning of the milk concentrate while it is in the
spray dryer.

The spray dryer therefore has a maximum evaporation capacity. For the Powder 3 plant at Kiwi
the mass flow of air is approximately 41.36 kg/s, the hot inlet air temperature is 200 °C and the
outlet temperature 60 °C. These produce an evaporation capacity of 2.475 kg/s, when the heat
capacity is 1 kJ/kg °C and the latent heat is 2,340 kJ/kg.

The constraint on the spray dryer evaporation capacity in turn causes a constraint on the TVR
product mass flow. Commercial standards require the moisture content of milk powders to be
below a minimum of approximately 3 %. Later we show that the TVR product dry matter (w ) is

also constrained. The combination of the milk powder moisture, the TVR product dry matter and
spry dryer evaporation constraints then causes a constraint on the TVR product mass flow
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(M ,¢). If we make a mass balance around the spray dryer we produce equation (6.25), which
describes this constraint.

M.‘i ray M!‘ ray
M <—=2"— M, <—= (6.25)
W8 :i"_ i
w, Wps
Where, M iy = maximum spray dryer evaporation capacity. (kg/s)
M, = mass flow from the TVR evaporator section. (kg/s)
W = maximum TVR product concentrate dry matter. (kg/kg)
w, = minimum dry matter content of milk powder. (kg/kg)
M, = mass flow of powder produced. (kg/s)

Later we shall show that the TVR product dry matter constraint for Whole Milk is 0.48 kg/kg
With the powder moisture constraint of 3 % and spray dryer evaporation capacity of 2.475 kg/s,
this produces a maximum TVR product mass flow of 4.9 kg/s, or 17,888 kg/hr.

A final important result is the energy efficiency for the spray dryer. This can be determined by
using equation (6.24) and the definition for the energy efficiency to produce equation (6.26).
Using the typical operating temperatures from above we can determine that the energy efficiency
is approximately 0.78. This is considerably lower than that for the evaporators and this explains
the high cost of evaporation in the spray dryer.

7, -1,

Eff =———; (6.26)
'ff [[r.n & Y::mb]
Where, Eff = energy efficiency of the spray dryer. )
/18 = hot air inlet temperature, to the spray dryer. (°C)
I, = hot air outlet temperature, from the spray dryer. (°C)
e = ambient air temperature, before entering the spray dryer.  (°C)

6.4.3) Film Breakdown Constraint

Film breakdown occurs when a falling film no longer completely covers the surface it flows on.
When this happens the liquid flows as rivulets, rather than completely covering the surface. With
industrial falling film evaporators it is commonly found that film breakdown causes fouling. This
seems to be because regions of low velocity milk become over-concentrated and burn onto the
surface. The presence of burnt dry matter then makes the surface more difficult to wet and so
more film breakdown occurs. Consequently, it is important that no film breakdown occurs,

otherwise a very serious fouling problem can result. Therefore this acts as an operating constraint
on the evaporator.
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For cylindrical tubes, falling film breakdown occurs when the tube diameter is large, or the

liquid mass flow is small. The requirement for both of these parameters is given by the falling
film liquid loading (I"), which is the ratio of the falling film mass flow to the wetted surface

perimeter. For cylindrical tubes, this is given by F:%, where d is the tube diameter and M
.

is the falling film mass flow. The liquid loading required for adequate wetting of an isothermal
surface can be determined from the following model of Hartley and Murgatroyd (1964). This
equation is derived and discussed in Appendix C along with some simple extensions to it.

1
r,. :%(IS)E[’O "“T [o(1—cos(O))s (6.27)
4
Where, I’ = minimum liquid loading required for a stable falling film. (kg/m.s)
y7, = Newtonian viscosity. (kg/m.s)
P = density. (kg/m3)
o = surface tension. (l(g/m3 )
6 contact angle of liquid with surface. (rad)

The properties of the milk solution (e.g., &4 p, o etc) depend on the dry matter concentration.
This means that the minimum liquid loading also depends on the milk dry matter. In Appendix A
models for the milk density and viscosity are discussed. In addition the milk surface tension and
contact angles also depend on the milk dry matter. Some important work has been done
determining these for milk solutions (Paramalingam, er al/, 1999). These physical property
equations, along with the contact angles and surface tensions of Appendix C, allow the minimum
liquid loading to be calculated. However, the calculations are relatively complex and we instead
use a simple polynomial function for the minimum liquid loading in terms of the milk dry
matters. In Appendix C the following polynomial function is determined from literature data for
the minimum liquid loading of a Skim Milk solution.

I =0.04356+0.0344w+0.4520w’ (6.28)
Where, I, = minimum falling film liquid loading for complete tube wetting.

(kg/m.s)

w = milk dry matter concentration. (kg/kg)

6.4.4) Evaporator Temperature Constraint

The MVR evaporator capacity increases at higher temperatures. This was explained earlier with
reference to the MVR compressor curves. However, there are also many evaporator operational
problems at higher temperatures. Milk solutions tend to foul at higher temperatures and whey
protein denaturation is also more likely to occur. Kessler (1987) has investigated the impact of
temperature on evaporator fouling. Working with whey solutions, which are likely to have high
fouling rates, the amount of fouling deposit was shown to increase with temperature. Both the
deposits of protein and mineral salts were found to increase with temperature, although the milk
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pH also had a significant impact on the relative amount of fouling by each type. Figure 6-5
shows the specific fouling rates determined from their work.
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Figure 6-5 : Specific fouling rate vs evaporating temperature (Kessler, 1987) .

These results suggest that there is an optimum evaporator temperature. At low temperatures the
evaporator efficiency is low but at higher temperatures the fouling becomes significant. We can
model the compressor efficiency curve, but the evaporator fouling is difficult to model
Consequently, we can only determine some simple rules for the optimum evaporating
temperature. At temperatures above 70 °C the fouling appears to become very serious and so the
evaporator should not be run above this temperature. The fouling begins to approach zero at
approximately 60 °C and the closer we operate to this temperature the less fouling should occur.
Other literature sources (Fergusson, 1989) suggest that the maximum evaporation temperature is
70 °C for low milk concentrations and 58 — 60 °C for high milk concentrations. These maximum
temperatures were stated with reference to a MVR/TVR evaporator plant. The low
concentrations referred to the MVR evaporator section, whereas the high concentrations relate to
the TVR evaporator section.

6.4.5) Concentrate Dry Matter Constraint

The milk powder quality produced from a spray dryer depends on the dry matter concentration of
the spray dryer feed. Many of the milk properties have been shown to impact on the product milk
powder (Chen, 1996; Neilsen et al, 1996; Fergusson, 1989). However, the concentrate viscosity
is very strongly dependent on the dry matter concentration and so this physical property probably
has the dominant impact. High viscosity milk concentrates seem to have several detrimental
impacts on the operation of the spray dryer. Firstly the spray particles from the spray dryer
nozzles are larger, which causes larger powder particle sizes. Secondly the spray particle
evaporation mass transfer and heat transfer coefficients are low. These lower mass and heat
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coefficients cause the spray particle temperatures to be higher. Overheating of the spray dryer
particles then appears to cause the product milk powder to be burnt.

Middleton (1996) states that the maximum viscosity for ‘good’ atomisation is 100 cP. In reality
this is an upper band on the viscosity to the spray dryer. Industrial plants always operate with
considerably lower viscosities. Typically a viscosity of between 30 and 70 cP is used. This
viscosity range can be related to a dry matter range by using Eiler’s equation, from Appendix A.
However, this equation is unlikely to be accurate and furthermore it does not include the non-
Newtonian or age thickening nature of the milk. Milk concentrates tend to exhibit ‘age
thickening’, where their viscosity increases as they are held. In order to overcome this problem
and also to reduce the fat-globule sizes homogenisers are used. These are large variable speed
positive displacement pumps, which pressurise the milk entering the spray dryer. The
homogeniser operates at very high shear stresses and so the actual milk viscosity is likely to be
‘shear thinned’. It is therefore difficult to determine the viscosity of the milk entering the spray
dryer. There is likely to be age thickening of the milk and this increases the viscosity above that
given by Eilers equation. However, the homogeniser should overcome some of this increased
viscosity and provide some thinning of the milk.

Another complicating factor is the impact of the DSI preheat section conditions. In Appendix A
it is shown that the specific volumes of the de-natured and natural whey proteins are significantly
different. As a result the degree of whey protein de-naturation has an impact on the TVR product
viscosity. The DSI preheat conditions determine the amount of whey de-naturation and
consequently these have been shown to effect the viscosity (Snoeren et al, 1982).
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Figure 6-6 : Concentrate dry matter vs concentrate viscosity, as determined from Eilers
equation.

Figure 6-6 shows the dry matter of Skim and Whole Milk, in terms of viscosity, as given by
Eiler’s equation. These results were calculated for a temperature of 5SS °C. We can use this, with
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the viscosity range of 30-70 cP, to determine the maximum dry matters from the TVR evaporator
section. The dry matter range for Skim Milk is 0.45-0.475 kg/kg and for Whole Milk it is 0.49-
0.52 kg/kg. However, we need to have a degree of safety to account for the potential increases in
viscosity. Age thickening and preheat conditions are both likely to increase the viscosity above
that given by Eiler’s equations. As a result, we will have a safety margin in our dry matters of
0.04 kg/kg. This produces a critical product dry matter of 0.48 kg/kg for Whole Milk and 0.435
kg/kg for Skim Milk.

6.5) Optimum Operating Regime

6.5.1) Introduction

Here we shall consider the constrained minimisation of the plant evaporation costs. The aim is to
determine the plant operating set-points that minimise the evaporation costs, whilst avoiding the
process capacity, film wetting, temperature and product dry matter constraints. Therefore the six
process set-points (ie., M,, T,,, P, N T,, and T, ) are independent variables and we use

spo comp >
the steady state model to determine their optimum conditions. However, a number of these set-
points are constrained and they must be considered as environmental variables. For example the
DSI unit temperature is determined by the degree of whey protein de-naturation that is required.
Before considering the complete optimisation we consider the constraints on these set-points and
thereby show that only the TVR steam pressure ( £,, ) and the feed mass flow (or alternatively the

TVR product mass flow) are truly independent.

The steady state model considered in Chapter 4 has a set of inputs (ie, M, w,, T,,M_, P,

Myir Neomp» M, and T, ) and these determine the plant operating regime. For the process

optimisation studies it is, however, advantageous to rearrange the model so that the process set-
points are inputs, rather than the process manipulated variables. Therefore the model we use here
includes the set-points as inputs. The only exceptions are the MVR compressor speed and the
evaporator feed flow. The MVR compressor speed will be chosen so that the model produces the
maximum product dry matter concentration. It is also easier to consider the TVR product mass
flow as an input, rather than the evaporator feed flow, because there is a direct constraint on the

product mass flow. Therefore the steady state model contains the inputs M ¢, P,,, T,,, Tpg, 1.5,

w wpg 3 Tf and Tvacl .

f b
6.5.2) Environmental Process Variables

A number of the steady state model inputs can be considered as environmental variables, which
will remain constant. Some of these variables are ‘raw inputs’ into the plant, such as the feed

milk dry matter (w,) and the cooling water inlet temperature (7,,,). However, others are
determined by simple optimum process conditions. Specifically the DSI unit temperature (7,5 ),
the MVR evaporator temperature (7, ), the third effect temperature (7,,) and the TVR product
dry matter (w5 ).
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Feed milk dry matter

The feed milk dry matter for a given milk solution is an environmental variable. There will be
variations in the feed dry matter and these can act as disturbances to the plant. However, the
static feed dry matter is constant. For example, at Kiwi Co-op Dairies the feed dry matter of
Whole Milk solution is approximately 0.125 kg/kg.

Cooling water temperature

The cooling water used in the vacuum condenser has an inlet temperature, which is an
environmental variable. This cooling water will also vary and thereby provide disturbances to the
plant. The water is supplied from the Kiwi Co-op Dairies Co-generation plant and it is
approximately 24 °C.

DSI unit temperature

The DSI unit temperature has a large impact on many of the product milk powder properties.
Two of the most important are the WPNI (Whey Protein Nitrogen Index) and the SI (solubility
index). The controlled de-naturation of whey proteins is one of the primary purposes of the DSI
preheat section. In addition the state of the proteins has a strong impact on the TVR product
viscosity and this impacts on the resulting milk powder SI.

The milk whey proteins react when heated at temperatures above approximately 60 °C. These
reactions are called de-naturation reactions because they change the natural state of the proteins.
The reactions have been analysed relatively thoroughly (Dannerberg and Kessler, 1988; Gotham
et al, 1992, Georgiadis et al, 1998). As a result it is possible to relate the amount of whey protein
de-naturation to the temperature and holding tube time of the DSI preheat section. Using the
whey protein reaction kinetics and given the holding tube residence time, we can determine the
DSI unit temperature that is required to produce the specified WPNIL

MVR evaporator temperature
Earlier, in Section 6.3, we discussed the impact of the MVR evaporator temperature on the
compressor energy efficiency and the fouling in the evaporator. It was shown that the maximum
temperature for the MVR evaporator section was 70 °C and for the TVR section it was 60 °C.
We will use a small safety margin of 2 °C for the MVR evaporator temperature, so a temperature
of 68 °C will be used instead.

TVR final effect temperature

The TVR final effect temperature is the low pressure point for the entire Evaporator A plant. It is
important that this vacuum is maintained, because milk must not be evaporated at temperatures
above those that cause fouling or whey protein de-naturation. In the TVR evaporator section the
second effect temperature (7,,) depends on the final effect temperature. The final effect

temperature must be low enough so that the second effect stays below 60 °C.

Milk solutions usually contain non-condensable gases, which will be removed during the
evaporation process. In the vapour re-compression process these gases are passed to the
evaporator shells, where they can significantly reduce the condensation heat transfer coefficients.
This reduces the evaporating overall heat transfer coefficients and thereby reduces the evaporator
capacity. As a result, it is important that the non-condensable gases are removed. This is done
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using de-aeration lines, which pass the gases to the vacuum condenser. Vacuum pumps attached
to the vacuum condenser then remove the gases from the condenser.

At lower final effect temperatures the possibility of fouling, protein de-naturation is reduced and
non-condensable gas removal is increased. However, larger amounts of cooling water are
required and the viscosity of milk solutions also increase. Generally it is considered to be
difficult to maintain final effect temperatures lower than 45 °C (Trinh, 1996; Kessler. 1981). As
a result, there is an optimum final effect temperature. Higher temperatures require less cooling
water, but they cause whey protein de-naturation, fouling and de-aeration problems. At Kiwi Co-
op Dairies, the Evaporator A plant is generally operated with a final effect temperature of 55 °C.
We shall use this temperature as the set-point for the final effect temperature control loop.

TVR product dry matter
There is a very strong impact of the TVR product dry matter on the properties of the milk

powder. For Whole Milk we will set the maximum product dry matter at 0.48 kg/kg and for
Skim Milk at 0.43 kg/kg.

6.5.3) Film Wetting Constraint and Safety Margin

We are interested in the margins between the evaporator mass flows and the minimum required
for stable falling films. Fouling will occur if this margin falls below zero. We will define the
overall plant ‘safety margin’ as the smallest margin for the operating conditions. Strictly, each
pass has a safety margin, but many of the passes will have large safety margins. Consequently,
only the pass with the smallest margin is going to foul and so we are most concerned with it.

16 T T T T T T T
Tt Operating flow, F’s =1 bar
TN ] e Minimum flow, Psp= 1 bar |4
..... Operating flow, Psp =9 bar
12+ ————— Minimum flow, F'sp =9 bar |

—
= |
T

Mass flow (kg/s)

0 1 2 3 4 5 8 g o4
Evaporatorpass (-} . .

Figure 6-7 : Operating and minimum plant mass flows.

Here we consider a simple example and show how the steady state model is used to determine
the plant safety margin. The steady state model, with a set of inputs (i.e, M ;=4 kg/s,
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w,=0.125kg/kg, T,=12°C, T

vacl

=24°C, w,=048kg/kg, T,y=115°C, T,=55°C and
T, =68°C), can be used to calculate the operating conditions. The TVR steam pressure is also an
input and we will consider two values of this variable (i.e., P, =1bar and 9bar). Figure 6-7

shows the resulting plant mass flows and minimum mass flows required for adequate film
wetting. At low TVR steam pressures the operating flow profile is low and the minimum flow
profile high. This is because the MVR evaporator section must do more evaporation to produce
the required TVR product mass flow. Figure 6-8 shows the calculated margins for the situation
shown in Figure 6-7. Clearly the fourth pass has the smallest margin and is the most susceptible
to fouling.

Until such time as the predictions of both the flow and minimum liquid loadings can be more
accurately predicted, a safety margin in the region of 0.5 kg/s is recommended. The minimum
liquid loading predictions could be improved through a better understanding of the physical
properties of individual milk solutions. Equation (6.27) shows that the contact angle and surface
tension have the most impact on the minimum flow. However, it appears that the surface tension
does not vary greatly with dry matter, whereas the viscosity does (Paramalingam er al/, 1999).
Therefore the contact angle has the greatest impact on the minimum flow. As a result, accurate
determination of the contact angle is required before the minimum flow can be predicted with
great precision. Similarly more confidence in the flow predictions would be gained if accurate
knowledge of the relationship between the heat transfer coefficients of individual milk solutions
and dry matter concentration was known.
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Figure 6-8 : Margins between the operating and minimum mass flows.
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6.5.4) The Optimum Operating Regime

The steady state model has inputs (i.e., M 4, o8 and P_) and
outputs (i.e., M,, Neyy, M, m,, and M, ). Only the TVR steam pressure (F,,) and the TVR
product mass flow (M ;) are ‘free’ inputs. The other model inputs have all been set as

environmental variables and these cannot be manipulated. The aim of the optimisation is
therefore to determine the values for P, and M ,; that minimise the evaporator energy costs.

W Ty Wogs Togs Tas Ty T

e3> “el> vacl

Once these variables are known, the steady state model provides the evaporator feed flow (M /)

and MVR compressor speed (N, ). It should, however, be remembered that some of the

mp
environment variables may actually be manipulated. Specifically, the feed dry matter (w,) may

be reduced by diluting the milk and the MVR evaporator temperature (7, ) may be increased
above the fouling constraint.

The optimisation proceeds in two steps :
1) Determine the plant operating constraints.
Using the steady state model the plant operating constraints are calculated. The constraints

determine the allowed values of P, and M ;. There are four constraints (i.e., MVR compressor

power, film wetting, TVR product mass flow and TVR compressor steam supply).

2) Determine the optimum operating conditions.

Once we have determined the allowed input ranges, it is then a simple task to determine the
inputs that minimise the energy costs. Since the energy costs increase with the product mass
flow, the objective function uses the total evaporation cost divided by the product mass flow

(ie, J= I
pB

optimum has been determined, then we simply use the steady state model to determine the feed
mass flow and MVR compressor speed.

, with J as the objective function and 7C is the total evaporation cost). Once the

Whole Milk

We will now investigate the Evaporator A plant operation with Whole Milk. Typically, Whole
Milk powder must have a moisture content less than 3 % and at Kiwi Co-op Dairies the feed dry
matter is between 0.12 — 0.125 kg/kg. For Whole Milk the critical TVR product dry matter is

approximately 0.48 kg/kg With a spray dryer evaporative capacity of 2.475 kg/s, this means the
maximum TVR product mass flow is 4.9 kg/s.

Taking the set of environment inputs (w,=0.125kg/kg, w,=048kgkg, T,=12°C,

Tog=115°C, T, ,=24°C, T,=55°C and T,=68°C), we can calculate the plant operating
conditions for a range of TVR steam pressures and product mass flows. Then with a film break-
up safety margin of 0.5 kg/s and an MVR compressor power capacity of S00 kW, we can

determine the operating constraints. The shaded triangle in Figure 6-9 shows the resulting range
of allowed TVR steam pressures and product mass flows.
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Figure 6-9 : Evaporator A plant operating constraints.

We are now interested in determining the plant energy costs. In Table 6-2 the specific energy
costs where determined. Using the steady state model we can calculate the MVR power supply
and the TVR steam mass flow. Then with the specific energy costs we can determine the total
evaporation cost. Figure 6-10 shows a contour plot of the evaporation costs vs the TVR steam
pressure and TVR product mass flow.

We determined earlier that the evaporation cost in the MVR evaporator section is lower than the
TVR evaporation section. This is shown by the specific energy costs in Table 6-2. The cost of
evaporation in the MVR evaporator is approximately 0.919 $/Tonne of water evaporation, which
is lower than the 3.44 $/Tonne in the TVR evaporator. As a result we expect the total
evaporation cost to reduce when the TVR steam pressure is reduced. In addition, we also showed
earlier that the MVR evaporator energy efficiency reduces when it evaporates more water.
Equation (6.21) shows that the MVR compressor efficiency ( £ff ) is lower when the flow of

vapour (M, ) is larger. As a result, we expect the evaporation costs to increase when the MVR

evaporator is doing more evaporation, which with a specified feed and product dry matter
concentration will occur with increases in the product mass flow.

Figure 6-10 shows that the evaporation cost increases with increases in TVR steam pressure and
product mass flows. The minimum evaporating cost occurs at a TVR steam pressure of 9 bar and
a TVR product mass flow of 3.83 kg/s. This represents an evaporating cost of just under 2.99
$/Tonne of concentrate milk produced. It is interesting to compare this with the evaporation cost
when the film safety margin is maximised. If we operate with the maximum TVR steam pressure
and TVR product mass flow of 10 bar and 4.38 kg/s respectively, then we have a safety margin
of 1.1 kg/s and an evaporation cost of 3.40 $/Tonne. These are the operating conditions that the
Evaporator A plant is usually run at However, it increases the evaporation cost, while the
improved safety margin may not be required.
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optimum operating conditions (i.e., M, =3.83 kg/s, w,, =048 kg/kg and w,=0.125 kg/kg)
we can determine the optimum feed flow (i.e., M, =14.71 kg/s).

M.
= W (6.29)

W},-

M

The MVR compressor speed is calculated from the steady state model and is shown, in terms of
the TVR product mass flow and steam pressure, by Figure 6-11. With the optimum operating
conditions (ie., M, =383kg/s and P, =9 bar), we can determine the optimum MVR

compressor speed (ie., N, =2650 rpm).
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Figure 6-12 : Operating constraints for MVR evaporator plant at 70 °C.

MVR evaporating temperature

Earlier we showed that the MVR evaporating temperature has a strong impact on the compressor
efficiency. Strictly there will be an optimum temperature but we cannot determine this since we
do not have accurate fouling models. Here we will briefly investigate the impact of the MVR
evaporating temperature on the optimisation problem. The first step is to determine the operating
constraints. We start with the same inputs as from above, except the MVR evaporator
temperature is now 70 °C (i.e, w,=0.125kg/kg, T,=12°C, w,=048kg/kg, T,y =115°C,

T,=55°C, T,,=24°C and T,=70°C). Figure 6-12 shows the constraints in relation to the

TVR product mass flow and TVR steam pressure. Clearly, the higher temperature increases the
operating range of the plant.
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Figure 6-14

Figure 6-10 shows that the evaporation costs are lower at the higher MVR evaporator
temperature. From Figure 6-13 we can determine that the minimum evaporating cost occurs at
144

We are now interested in determining the optimum plant operating conditions. Figure 6-13
shows the evaporation costs when the MVR evaporator temperature is 70 °C. A comparison with
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the TVR product mass flow of 3.86 kg/s and the TVR steam pressure of 8.0 bar. This represents
an evaporating cost of 2.94 $/Tonne of concentrate milk.

We can now determine the evaporator feed mass flow and MVR compressor speed. The mass
balance shown by equation (6.29) allows us to determine the evaporator feed mass flow (i.e.,

M , =14.82 kg/s). Finally, the MVR compressor speed is determined from the steady state

model. Figure 6-14 shows the MVR compressor speed in terms of the TVR product mass flow
and TVR steam pressure. From this we can determine the optimum operating condition (i.e.,
N_, =2600 rpm).

CO’"p
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\\‘ _____ Operating flow, w, = 0.125 kg/kg
141 ™ seieeee Minimum flow, w, = 0.125 kg/kg [
N, ———  Operating flow, w, =0.185 kg/kg
12} ‘\\ e Minimum flow, w, = 0.185 kg/kg |

Mass flow (kg/s)
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Figure 6-15 : Operating and minimum flows, with different feed dry matters.

Dilution optimisation

We are interested in the impact of the feed dry matter on the plant operating conditions. In fact, it
may be necessary to dilute milk solutions with high feed dry matter concentrations. This is
because low feed flows are required and this can contradict the film wetting constraint. If we

w
8 8
—2__27) we can see the problem
w

/s
with high feed dry matter milk solutions. The concentrate dry matter (w4 ) is set by the viscosity

consider the evaporator dry matter mass balance (ie, M =

constraint and the maximum product flow (M ;) by the spray dryer evaporation capacity. If the

feed dry matter is high, then the evaporator feed flow will need to be low and this can potentially
cause film wetting problems. Figure 6-15 shows the operating and minimum flow profiles for
Whole Milk with different feed dry matters of 0.125 and 0.185 kg/kg (i.e., the other inputs were

T,=12°C, w,=048kg/kg, T,, =115°C, 7,,=55°C, T, =68°C, P, =5bar, T,,=24°C and
M ,, =4kg/s). When the feed dry matter is 0.125 kg/kg the film wetting margin is close to zero.
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However, with a feed dry matter of 0.185 kg/kg the evaporator feed flow must be reduced and
this causes the lower flow profile shown in Figure 6-15. Consequently, some evaporator passes
have film-wetting margins smaller than zero and they are susceptible to fouling.
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Figure 6-16 : Operating constraints with a feed dry matter of 0.18S kg/kg.

We now consider the complete optimisation problem. Figure 6-16 shows the operating
constraints for a Whole Milk solution with a feed dry matter of 0.185 kg/kg. We have used the

same inputs as for the previous cases (i.e, w,=048kgkg, T,=12°C, T, =24°C,

Tpgy =115°C, T,,=55°C and T, =68°C). Clearly, the film wetting constraint and the MVR

compressor power constraints have shifted. Less evaporation is required to produce the product
dry matter concentration and so the compressor power constraint has shifted to high product
mass flows (i.e., larger than 6 kg/s). However, the film wetting constraint has also shifted,
because the dry matter concentrations are now higher in the earlier passes. The important result
to notice from Figure 6-16 is that the film wetting constraint has shifted beyond the TVR product
mass flow constraint. Consequently the plant has no operating range at all.

A very simple solution to this problem is to dilute the feed milk and thereby reduce its dry matter
concentration. This, of course, reduces the evaporator efficiency, since more evaporation is
required and thereby more power. We will not consider a complete optimisation of the plant
operation with dilution, but it would be valuable to be able to determine the optimum degree of
dilution. A large amount of dilution will increase the plant operational costs, since more

evaporation is required, but not enough dilution may cause fouling problems. Therefore there
must be an optimum amount of dilution.

6.6) Conclusions

In this Chapter we have investigated the operation of the Evaporator A DSI preheat section and
the optimisation of the plant, with respect to evaporation costs. We considered three aspects of
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the preheat section operation and these were the impact of air in the flash vessels, the problem of
boiling in the holding tubes and flash vessel flooding. The energy cost optimisation was
constrained and an important part of the investigation was the determination of these constraints.

In Section 6.2, three aspects of the DSI preheat section operation were considered. Firstly air was
shown to have an important impact on the preheat operation. In Chapter 3 the DSI preheat
section model was derived and it was shown that the presence of air caused a temperature
difference between the top and bottom of a flash vessel. In this Chapter we have shown how this
temperature difference detrimentally effects the operation of the DSI preheat section. The second
operational problem with the DSI preheat section is the evaporation of milk in the preheat
holding tubes. This is important because vapour bubbles form at the top of the holding tubes and
thereby act as restrictions on the flow of milk. In this Chapter we showed how this problem is
overcome by correctly sizing the back-pressure orifice plate and how the DSI feed pump must be
correctly sized, to accommodate the back pressure orifice plate.

The remainder of this Chapter considered the optimisation of the Evaporator A plant, with
respect to evaporation energy costs. The optimisation was separated into two parts : 1, the
determination of the operating constraints, 2, the minimisation of the evaporation energy costs.
In Sections 6.3 and 6.4 methods were developed for determining the evaporator evaporation
energy costs and the operating constraints. These were then used in Section 6.5 to develop a
procedure for optimising the plant operation.

The optimum operating regime is determined by the process constraints. The evaporation costs
increase with the TVR steam pressure (£,) and product mass flow (M ). As a result, the

optimum operating condition lies on the film wetting constraint. In fact the plant operating range
is quite highly constrained, as was shown in Figure 6-10. The small plant operating range has
caused the operators at Kiwi Co-op Dairies to use conservative operating conditions. They tend
to run the plant with the largest possible product mass flow and TVR steam pressure, since this
maximises the plant safety margin. However, the optimum plant operating condition occurs on
the film wetting constraint and therefore operating with a large safety margin is effectively
increasing the operating costs.

Also, it was shown in Section 6.3 that the evaporator product dry matter has a strong impact on
the plant evaporation costs. With lower product dry matters, a larger amount of evaporation is
required in the spray dryer, which is more expensive than the evaporators. In fact, it was shown
that a 0.01 kg/kg increase in the product dry matter could produce a yearly reduction of $ 33,032
in the plant evaporation costs. This reduction is caused simply by reducing the spray dryer
evaporation, whilst increasing that of the evaporator. These savings are independent of those
produced with the optimisation studies of the Evaporator A plant.

The optimisation of the evaporator plant operation, with respect to evaporation energy costs can
provide some savings. In this Chapter we have shown that reductions in the plant operating costs
can be achieved by optimising the plant operation. The current operating conditions for the plant
are determined by-operating with the maximum safety margin, with respect to falling film
wetting and product dry matter. In this Chapter we have shown that this causes the plant
operating costs to be increased.
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Chapter 7 : Controllability Studies

7.1) Introduction

Process control is very important for large industrial process plants. It provides uniform plant
operation and high quality products. Both of these often lead to greater profits through lower
operation costs and higher revenue. In this chapter we will investigate the control of the falling
film evaporators of the Evaporator A plant at Kiwi Co-op Dairies. The aim is to determine the
functional controllability of the plant. We are primarily concerned with the plant’s ability to
reject disturbances.

In Section 7.2, we briefly discuss the Evaporator A plant process and disturbance variables. This
is done to provide some simple background to the overall plant and its control aims. Following
this we discuss the methodology that will be used to investigate the plant controllability. The
Evaporator A plant is a multi-variable process and it may require a multivariable controller. We
discuss the Relative Gain Array ( RGA), which will be used to investigate the multi-variable
nature of a process. This allows us to determine if the plant can be controlled using decentralised
controllers (i.e., single input/single output, SISO). Following this the methodology that will used
to investigate the decentralised control loops will be discussed.

In Section 7.3, we investigate the multi-variable nature of the Evaporator A plant. The static and
dynamic RGA s for the entire Evaporator A plant will be determined. We use these to determine
the correct control input/output pairings and the acceptability of decentralised control. The static
model developed in Chapter 4 will be used to determine the static RGA, whereas the dynamic
model is used to determine the dynamic RGA .

In Section 7.4, we investigate the plant controllability using the decentralised control loop
analysis methods. We firstly show that a temperature control loop on the preheat plate heat
exchanger can provide adequate disturbance rejection. This result is very important because it
means the dynamic feedback through the heat exchanger can be neglected. Then we consider the
DSI unit temperature controllability and this will be followed by the MVR evaporator section
temperature and product dry matter control loops. Finally we investigate the TVR evaporator
temperature and product dry matter control loops.
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7.2) Control Variables and Controllability Analysis Methodology

7.2.1) Process Control and DisturbanceVariables
The Kiwi Co-op Dairies Evaporator A plant contains many process variables, which we would

like to control. In Chapter 6 the following six controller process and manipulated variables were
discussed.

Table 7-1 : Process and manipulated variables for the Evaporator A plant.

Process Variable Manipulated Variable
1 Evaporator product mass flow (M ;) | Evaporator feed flow (M ;)
2 MVR evaporator temperature (7, ) Heat exchanger condensate flow (M )
3 | TVR final effect temperature (7 ;) Vacuum condenser water flow (M )
4 | TVR product dry matter (w ;) TVR steam pressure set-point (P, )
S | MVR product dry matter (w ;) MVR compressor speed (N, )
6 DSI unit temperature (7, ) DSI unit steam mass flow (m,)

On the Evaporator A plant the product dry matters are inferred using density meters. In
Appendix A it is shown that the density of a milk solution depends upon its dry matter. As a
result, it is common to directly control the product densities rather than the product dry matters.
We will, however, assume that the product dry matter is directly determined.

Inputs Outputs
Disturbances w
< 1 Process Variables
T s M P8
7‘vcn:] w P8
Manipulated P T,
anipulate o
M
! S Evaporator A plant el AW
M\'ac
T,
Ncomp T
my,; o
M e kTmc'J
P, P

Figure 7-1 : Evaporator A manipulated, disturbances and process variables.

The Kiwi Dairy Co-operatives evaporator A plant contains four exogenous process control
disturbances.

1) Feed milk dry matter (w, ).
2) Cooling water temperature (7, ).
3) Feed milk temperature (7).

4) Co-generation steam pressure supply ( P, ).
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7.2.2) Control Analysis Methodology

Scaling

Scaling permits meaningful analysis of the model transfer functions in the controllability

analysis. Table 7-2 shows the scaling values which we shall use in the controllability analysis.

The process and manipulated variable scaling values have been chosen from the allowed range of
these variables. For example the TVR product dry matter (w ;) has been scaled with a range of
0.01 kg/kg. This means that we seek to maintain a deviation in this variable of 0.01 kg/kg, but
not more. The disturbance variable scaling values have been chosen from the expected variation
in these variables. For example the cooling water inlet temperature (7, ) is expected to change

by about 3 °C and so we have chosen this as the scaling value. The Evaporator A plant models

have been scaled using the methods of Skogestad and Postlewaite (1996). Table 7-3 shows the
static gains from Table 4-1 after they have been scaled.

Table 7-2 : Scaling parameters for controllability analysis.

Variable Description Type Scaling Value Units
w oo MVR evaporator product dry matter. Process variable 0.01 kg/kg
W o TVR evaporator product dry matter. Process variable 0.01 kg/kg
w, Evaporator feed dry matter. Disturbance 0.01 kg/kg
Tpg Preheat DSI temperature. Process vanable 1 °C
T, Third effect temperature Process variable 1 °C
T, First effect temperature. Process variable 1 °C
T,., Plate heat exchanger outlet temperature. Process variable 1 °C
T_" Evaporator feed temperature. Disturbance 3 °C
T, Condensate water temperature. Disturbance 1 °C
Tp5 MVR evaporator product milk temperature. Disturbance 3 °C
AL Vacuum condenser cooling water. Disturbance 3 °C
T... Vacuum condenser outlet temperature. Disturbance 3 °C
Tph: Hot feed milk to the MVR evaporator section. Disturbance 3 °C
T = Plate heat exchanger control loop set-point. Manipulation 6 °C
M, Plate heat exchanger condensate flow. Manipulation 1 kg/s
M, Evaporator feed flow. Manipulation 1 kg/s

M\;ac Vacuum condenser cooling water flow. Manipulation 1 kg/s
M ” TVR product mass flow. Process variable 1 kg/s
2 Raw steam pressure. Disturbance 50000 Pa
psp TVR steam pressure control loop set-point. Manipulation 200000 Pa
Ncomp MVR compressor speed. Manipulation 200 pm
m,, Mass flow of raw steam. Manipulation 0.15 kg/s
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Multivariable analysis

A large process plant will contain many potentially interacting control loops. We would like to
determine whether these interactions will play an important role in the controllability of the
plant. The Relative Gain Array ( RGA) is an important tool that can be used to investigate control
loop interactions. The properties of the RGA are rigorously proven by Grosdidier and Morari
(1985) and summarised by Skogestad and Postlethwaite (1996). The RGA and the RGA, .. of

an mx m matrix, G, are defined by equation (7.1).

RG4=G oG, RGA e = [RGA-1], (7.1)

Where the operation & denotes element by element multiplication (Hadamard or Schur product)
and “G"M is the sum-norm of the matrix G (Skogestad and Postlewaite, 1996). There are two

important rules for the RGA4 :

Integrity : Avoid input-output pairings on negative steady-state RGA elements.
Stability : Prefer control loop pairings with an RGA,_,.. close to 0 at crossover frequencies.

Table 7-3 : Scaled static process gains for the Evaporator A plant.

N comp P p M f Tf w f M c md.n' M vac Tvacl
= 2850 = 500000 =153 =12 =0.125 =9.042 =0.35 =35 =24
mm Pa kg/s L6 kg/kg kg/s kg/s kg/s °C

Tmc3 50.00°C 2.0385 0.9284 -7.0553 27757 0.0784 5.6412 12.0718 2.3559 0.4071
Tel ~66.19 °C 29631 09315 -8.1040 2.7848 0.0361 5.2575 18.3718 2.3637 0.4084
T<1 69.96 °C 3.7969 1.0524 9.2156 3.1462 0.1134 5.9396 20.7218 2.6705 0.4614
TDSI - 104.38 °C 3.0277 0.9460 -10.8913 2.8284 0.0944 5.3570 33.0618 2.4007 0.4148
Tphl 91.45 °C 3.0945 0.9669 -10.3280 2.8908 0.0966 5.4991 28.5231 2.4536 0.4239
Tph2 - 7789 °C 3.1660 0.9893 -9.7036 29576 0.0990 5.6554 23.5223 2.5104 0.4337
T22 ~5748°C 1.5577 4.2498 -3.9926 1.5185 0.5606 27282 10.0256 -1.8905 1.3693
sz - 63.36 °C 5.2388 6.3061 -10.2654 3.2757 1.2082 5.8757 21.4366 -0.9932 1.8406
Te3 -$3.24°C -1.7551 3.1061 1.7387 -0.0594 0.1371 -0.3552 -0.2208 -3.8431 1.3600
pr 0.408 kg/kg 13.7854 2.0021 -22.5006 5.9872 2.0453 11.3177 387424 5.0809 0.8778
wps - 0.469 kgkkg 18.1100 3.6971 -30.3918 8.0820 22069 15.2365 52.3504 7.0010 1.1334
Mps - 468 kgs -1.5812 -0.2297 2.8887 -0.6864 0.1399 -1.2984 -4.4411 -0.5827 -0.1007
1\/[‘78 - 407 kg's -1.5702 -0.3206 29032 -0.7004 0.1348 -1.3215 -4.5357 -0.6069 -0.0983

The first RGA rule allows us to determine which manipulated/process variable control loop
pairings should be used. This question appears trivial but with a large plant the correct choice of
control loop pairings can be very important. According to this rule the RGA element
corresponding to the control loop pairing should be larger than zero. The second RGA rule
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determines whether decentralised control loops can be used for the plant. According to the
second RGA this can be done if the RGA is close to zero at crossover frequencies.

number

Decentralised control loop analysis methodology

If the multi-variable nature of a process is not important, then we can tune the control loops
independently as decentralised loops. We are interested in the ability of the control loops to
reject disturbances. There are two aspects of this problem and they are investigated by
considering the control loop disturbance rejection (DR) and input saturation (IS). These will be
investigated using the methodology of Skogestad and Postlethwaite (pp 196—199, 1996).

1) DR : Can the scaled process variables be maintained within + 1 for any scaled disturbance of
t1?

2) IS : Are the scaled manipulations required for disturbance rejection within + 1?

The Sensitivity Transfer Function (S(s)= ) will be used to investigate the closed

1
[+G(s)G.(s)]
loop control performance. We will denote the process transfer function as G(s), the controller
transfer function as G,(s) and the disturbance transfer function as G,(s). To satisfy the
disturbance rejection criterion we require |Gd (j.o)S( j.a))ISIVa) for each disturbance, where
S(s) is the Sensitivity Transfer Function and @ is the frequency. For PI control, this can be
satisfied if @, > w,, where ®, is the phase crossover frequency of G(s) and w, the gain
crossover frequency of G,(s). To avoid saturation of the manipulated variable, we require

G(j.w)| > |G, (j@)-1 at frequencies where |G, (jw)>1.

7.3) Multi-Variable Nature

7.3.1) Introduction

Here we investigate the multi-variable nature of the Evaporator A plant. We are primarily
interested in determining if the plant can be controlled using decentralised control loops and the
appropriate control loop pairings. The static and dynamic RGAs will be used to answer these
questions.

7.3.2) Static RGA Analysis
There are six process variables that we would like to control (7,,, Ty, w,,, T,,, M, and

w ) with the manipulated variables (M_, m,,, N M,,., M, and P_). The steady state

comp > vac»

model for the entire Evaporator A plant was determined in Chapter 4. We can use this model to
determine the static RGA and this is shown by equation (7.2).

The static RGA shows that all of the diagonal elements are positive and so the correct control
loop pairings have been chosen (ie., w,s/N_,, . T, /M_, M, IM,  T,g/m,  w,lP, and
T,;/M .. ). However, some of the elements are large and in particular the sixth diagonal element,
which corresponds to the product flow control loop (M ), is very large. The RGA for the

number

152



Evaporator Controllability Studies

system is 74.06, which is very large and suggests de-centralised controllers will suffer from
interaction problems.

T, Tos T, Wps W M P8

33310 12962  -0.0300 -08803  -0.1092  -0.0153 M.

-1.3352 22974 00147 00203 00109 00137 [
G| 700359 0.0000 09164  0.0001 0.1190 0.0005 (M., (7-2)

6.6251 00254  -5.1819  1.8509 222419 -0.0269 [Noomp

-6.1716 3.1224 60829 41182 3.6280 -9.7799|P,

-1.4133 -3.0983 -0.8020  -41092  -0.3850 10.8078 o,

The large RGA,_ ... can be explained by considering the linearised Evaporator A mass balances.
These are given by equation (7.3) and we will consider the total mass flow of evaporation
(M 4.5 ) and the evaporator feed flow (M ;) as the manipulated inputs. In practice the mass flow
of evaporation cannot be manipulated and industrial plants use the MVR compressor speed, or
the TVR steam pressure as manipulated variables. However, these industrial manipulated

variables are strongly correlated with the mass of evaporation and it is considerably simpler to

assume that the mass flow of evaporation is a direct manipulation (Winchester and Marsh, 1999).
The process outputs are the TVR evaporator product dry matter (w,4) and flow (M ;). We can
then calculate the RGA and RGA4, . for this alternative control situation and these are

explicitly given by equation (7.4).

1 -1
M
{ P“}. WO M., MO [Mf } (73)
Wp )2

= M
8 tubest
bp-m ) -,
_ . =
M_f _ A/ 1!(1)4besl
Mﬂ. _M:]: , 0 _Mﬂ ‘ 4M()
R(; 4= ( ! (:) bes ] Wrub:)s tubest ) | R(; A"u"’ber . . Am;e;t (7 4)
= A/1lubesl M tubest '3 - tubest

L Wl?zbes _M t(r]zbesl ) Eli _?’ _Mr?abesf )
Where, M ? = mass flow of feed milk to the Evaporator A plant, at steady state. (kg/s)

M., = total mass flow of evaporation in the Evaporator A plant, steady state. (kg/s)

M . = mass flow from the TVR evaporator section. (kg/s)

W, = dry matter from the TVR evaporator section. (kg/kg)
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The RGA and RGA,,,. given in equation (7.4) are very dependent on M., . More

importantly when M., is large in relation to M 3 the RGA, . becomes very large. For the

Evaporator A plant approximately 80 % of the water in the feed milk is evaporated and
substituting this into equation (7.4) we can produce a RGA .. of 16. This suggests that a

significant amount of the interactions are between the TVR product dry matter and flow control
loops.

If we are to control the Evaporator A plant with decentralised control loops, then one of either
the product dry matter or mass flow control loops will have to be sacrificed. Otherwise a multi-
variable controller will be required. Of the two control loops, the product dry matter is the most
important, because it has an exponential impact on viscosity. If we neglect the product flow
control loop then the static RGA is given by equation (7.5).

T

T

T

el DsI e3 Wps L
3.3281 -1.3025 -0.0316 -0.8842 -0.1098 |]M
-1.3333 2.3051 0.0157 0.0230 -0.0105 |m,,
RGA=|-0.0359 0.0000 0.9168 0.0004 0.1187 M
6.6212 -0.0339 -5.1841 1.8393 -2.2427|N
| -7.5802 0.0313 5.2832 0.0215 3.2442 |p

The RGA,,.. for this situation is 37.66 which is considerably smaller than the case with the

product flow loop included. This is still a comparatively large RGA_ . and suggests that there
may still be significant controller interactions between the control loops. However, we will show
in the dynamic RGA analysis that the RGA, .. reduces at higher frequencies and it is relatively
close to zero in the range of frequencies we are concerned about.

7.3.3) Dynamic RGA Analysis

The above static RGA analysis does not provide a complete investigation of the multi-variable
nature of the evaporator. Static RGAs can be used to determine the control loop pairings, but
they do not give a true indication of the control loop interactions. As stated in Section 4.3 the
requirement for the ‘Stability’ of a multi-variable system is that the RGA,,.. be close to O at
frequencies close to the cross-over.

In Chapter 4 we developed the linear dynamic model for the Evaporator A plant. The model
neglected the preheat plate heat exchanger because of the difficulty of combining the dynamic
heat exchanger equations with the rest of the Evaporator A plant. We can, however, combine the
preheat plate heat exchanger model with the rest of the Evaporator A plant and calculate the
dynamic RGA using numerical methods. This is quite simple for the RGA analysis because we
only require the process gains and these are not difficult to calculate. The static RGA results
suggest that there will be potential controller interactions between the control loops of the

Evaporator A plant. Figure 7-2 shows the RGA, ... across a range of frequencies, as calculated
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using the numerical analysis. It should be noted that the RGA4, ... at low frequencies is different

from that determined with the static model, because of the additional assumptions made in the
development of the dynamic model.
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Figure 7-2 : RGA, .. Vs frequency for the complete Evaporator A plant.
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Figure 7-3 : RGA vs frequency diagonal elements for the Evaporator A plant.
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The important result shown in Figure 7-2 is the reduction in the RGA at higher frequencies.

At frequencies above 0.1 rad/s the RGA,,.. falls below S and this suggests that any controller
with a cross-over frequency above this will not suffer from interaction problems. However, at
frequencies below 0.01 rad/s the RGA, .. is above 20 and this suggests that any controllers
with cross-over frequencies in this range will have interaction problems. These results give a
clear indication of the potential interaction problems and provide a safe frequency operating

range for the plant. Provided the plant controllers operate with cross-over frequencies above 0.01
and preferably 0.1 rad/s, then no interaction problems will occur.

number

The RGA diagonal elements for the five control loops are shown in Figure 7-3. As expected
these shift towards the ideal value at higher frequencies. In particular the temperature and
product dry matter control loops for the TVR evaporator section become very close to the ideal.
The elements for the MVR evaporator are not quite so close to the ideal section but they do
dramatically improve. As with the RGA the RGA elements are different from those

number

determined in the static analysis.

7.4) Decentralised Control Loops

7.4.1) Introduction

In the previous Section, we determined the applicability of de-centralised control loops. It was
shown that decentralised control loops, with the exception of the product mass flow, would be
adequate provided their cross-over frequencies were above 0.01 rad/s. As a result, the plant will
probably not suffer from serious interaction problems when using decentralised control loops. In
this section, we shall investigate the controllability of these de-centralised loops.

7.4.2) Preheat Plate Heat Exchanger

Here we will do a controllability analysis on the preheat plate heat exchanger. This is important
because of the difficulty of developing the dynamic model for the complete Evaporator A plant.
The dynamic model for the preheat plate heat exchanger does not represent a finite order
constant coefficient linear differential equation. As a result, it is difficult to combine it with the
dynamic models for the DSI preheat section, the MVR evaporator section and the TVR
evaporator section. However, we show here that the plate heat exchanger exhibits good
disturbance rejection. Therefore the feedback loops through the heat exchanger are removed and
the Evaporator A plant dynamic model does not need to include the heat exchanger.

We are interested in the control loop for the plate heat exchanger outlet hot milk temperature.
Figure 7-4 shows the temperature control loop with the process, disturbance and manipulated
variables. The flow of hot condensate (A/.) is manipulated, to control the outlet milk

temperature (7, _,), by using a bypass control valve. There are several disturbances to the plate

heat exchanger. Firstly, the vacuum condenser cooling water flow (M _) and temperature

(T, =T,,,) are disturbances to the first plate heat exchanger section. The flow of cooling water
(M ,,.) is manipulated to control the TVR final effect temperature. However, these flow

variations also act as disturbances to the preheat plate heat exchanger and so we will include
them here as disturbances. Secondly, the condensate flow (M) and temperature (7, ) will vary

with the MVR evaporator temperature. In Chapter 6 we showed that the MVR evaporator
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temperature effects its mass flow of evaporation and hence the mass flow of condensate.
Therefore both of these variables are strictly disturbances to the preheat plate heat exchanger.
However, we only consider the condensate temperature as a disturbance, because the mass flow
of condensate is the manipulated variable for the plate heat exchanger control loop. Thirdly the
feed flow (M ;) and temperature (7 ) will disturb the heat exchanger.

5 ;
T T
Outlet hot milk me3 Feedmilk ~
w
W3 f

¢

Hot MVR condensate

T
I
i HX 1750
|
\ g
| M c
7;1 i
1
' MVGC
1 ﬁ
: I Tvac2
------------------- ! Hot vacuum condenser water

Figure 7-4 : Preheat plate heat exchanger outlet temperature control loop.

The transfer functions describing the plate heat exchanger were derived in Chapter 3. They do
not represent constant coefficient linear differential equations and this presents a problem,
because most dynamic analysis is based on constant coefficient equations. However, we can
numerically determine the Bode and Nyquist plots for these transfer functions and thereby do a
controllability analysis. The important transfer function between the condensate water flow
(M_) and the outlet hot milk temperature (7, _,) is shown by equation (7.6). This transfer

function is the same as that derived in Chapter 3 and is given there by equation (3.90).

T,,,c3(s')_ _ N, .H:e[ pot] {(a] -, )sinh(ﬂ,.L)—,B,.cosh(ﬂ,.L)+,6’Le['(“"ﬁ‘“q (1.6)

v.(s) l(al -B,) - ﬂf] a, sinh(f,.L)+ f3,.cosh(f,.L)

For the steady state operating conditions determined in Chapter 4 the Bode plot for equation
(7.6) has been determined and is shown in Figure 7-5. The phase cross-over frequency can be
determined from Figure 7-5 as 0.9 rad/s. This is a relatively high cross-over frequency and it
corresponds to a Ziegler-Nichols period of 7.9 s. The disturbance Bode plots are shown in Figure

7-5, Figure 7-6 and Figure 7-7. The gain cross-over frequency for the Tm;((s)) transfer function is
T, (s

0.09 rad/s, for the %3(5) transfer function there is no gain cross-over frequency, for the TAB%
vl s M S

vac
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transfer function it is 0.02 rad/s, for the Tm (s) transfer function it is 0.06 rad/s and the TML(S)

M /(s) T r\s
transfer function also has no gain cross-over frequency. Each of these gain cross-over
frequencies is smaller than the process transfer function phase cross-over frequency.
Consequently, we expect the outlet temperature control loop to provide adequate disturbance
rejection.
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Figure 7-S : Numerical Bode plots for the plate heat exchanger.
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Figure 7-6 : Numerical disturbance Bode plots for the plate heat exchanger.
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Figure 7-7 : Numerical disturbance Bode plots for the plate heat exchanger.

The above results show that the plate heat exchanger temperature control loop does have
adequate disturbance rejection capabilities. This is important because it means the assumption of
negligible feedback through the plate heat exchanger is valid. It also means that the plate heat
exchanger outlet temperature can be assumed to be identically equal to the control loop set-point.
This assumption is of some importance for the MVR evaporator temperature control loop. A
cascade control loop is used with the plate heat exchanger control loop set-point as the
manipulated variable for the control loop.

7.4.3) Preheat DSI temperature control

The steady state and linearised dynamic models for the preheat were developed in Chapter 4. We
are interested in the control loop for the DSI unit temperature. Figure 7-8 shows the DSI unit and
holding tubes, along with three different temperature control configurations. Firstly the
temperature after the holding tubes is measured and the steam flow manipulated. Secondly the
temperature before the holding tubes is measured and the steam flow manipulated. Thirdly the
temperature after the holding tubes and the DSI unit surface temperature are measured and a
cascade control loop used.

The mass flow of steam to the DSI unit depends on the raw steam pressure and the control valve.
Strictly the percent opening of the control valve is the manipulated variable for the DSI unit
temperature control loop and the steam pressure is a disturbance variable. However, we have

taken the mass flow of steam as the manipulated variable, while still considering the raw steam
pressure as a disturbance variable.

It is often found that DSI units operating with milk solutions exhibit large amounts of fouling
(Trinh et al, 1996). Commonly, when temperature probes are placed directly after the DSI unit
they become fouled and no longer give accurate temperature readings. This problem can be
overcome by placing the temperature probe after the holding tubes, where no fouling is likely to
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occur. However, the difficulty with measuring the temperature after the holding tubes is the large
pure delay. This adds a lot of phase lag to the process transfer function, which reduces the
controller’s ability to reject disturbances.

DSl Unit DSI Unit DSI Unit

v
4
A4

- s : ! :
g 20FH------e- it e ih thalnsateg 4 pltaiet 'E """"""" '§ """"""" -
L] S e O e domeeeees —
= ' '
= 1 '
€ 0 feeecnnonnncd oo -
= A0 | e Temperature measured after DSl unit ~ [----- e
~—  Temperature measured after holding tubes ;
10 10° s i e

Frequency (rad/s)

T 0;1 (s) a.n dTL(S)

transfer function.
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Figure 7-9 : Bode plots for the
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Figure 7-9 shows the Bode plot for the process transfer function between the mass flow of steam
and the DSI unit temperature. The transfer functions with the temperature measured before

s,()
my, ()

) and after the holding tubes ( (( ))) are both shown. Since the model neglects the
dn

heat losses from the holding tube surfaces the gains for these transfer functions are identical
Figure 7-9 shows the phase cross-over frequencies for the first and second controller
configurations of Figure 7-8. When the temperature is measured directly after the DSI unit the
phase cross-over frequency is 0.9 rad/s. However, the phase cross-over frequency is considerably
lower, at 0.02 rad/s, when the temperature is measured after the holding tubes. The position of
these cross-over frequencies depends on the model parameters. We have used a 180 s holding
tube time delay and a 2 s delay between the mass flow of steam and the DSI unit. A shorter
holding tube time delay would give a higher cross-over frequency, for the first controller

configuration. However, 180 s is the largest holding tube time delay used at Kiwi Co-op Dairies,
so it is the worst case scenario.

Figure 7-10 shows the Bode plots for the transfer function between the steam pressure
disturbance ( £, ) and the DSI unit temperature. We have used a linear gain of 0.000833 between

the raw steam pressure and mass flow of steam. Figure 7-10 shows both the DS’( ) and the
T

P,(s)
m (S)

——v—(?)- transfer functions. As with Figure 7-9 the gains in Figure 7-10 are identical for both

transfer functions, since the holding tube heat losses have been neglected. The disturbance gain
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cross-over frequency is 0.01 rad/s for both situations. However, the resonance nature of the
preheat section means that there are several gain cross-over frequencies. The highest gain cross-
over occurs at a frequency of 0.2 rad/s. This is considerably higher than the phase cross-over
frequency, with the temperature measured after the holding tubes. However, it is lower than the
phase cross-over frequency for the case with the temperature measured directly after the DSI
unit. This clearly shows the impact of the holding tube time delay on the DSI unit temperature
controllability. The controller cannot provide adequate disturbance rejection when the
temperature is measured after the holding tubes.

20 : =— T L
: ——  Temperature measured after DSI unit
15 e i (ot Temperature measured after holding tubes

10

Magnitude (dB)
Q

v v 10* W e g
Frequency (rad/s) e : 2

Figure 7-11 : The disturbance rejection criteria for the DSI unit temperature control loops.

We are now interested in the closed loop criteria for the DSI unit temperature control loop (i.e.,
|Gd (j.a))S(j.a))|s1Va)). Initially we consider only the first and second control configurations
shown in Figure 7-8. The third case, with the cascade controller, will be considered later. With

2 )
the controller parameters r,=20s and K ‘:g’ we can determine the closed loop transfer

function for the second controller configuration. Figure 7-11 shows the resulting disturbance
rejection criteria and there is relatively good disturbance rejection across the range of
frequencies. This is consistent with the earlier results, which showed that the process phase
cross-over frequency was higher than the disturbance gain cross-over frequency.

We now consider the case with the temperature measured after the holding tubes. With the

2 : .
controller parameters 7,=150s and K = we can determine the closed loop transfer function.

We have used a larger controller integral time (7,) and a smaller controller gain ( K,) because of
the smaller open loop phase cross-over frequency. The resulting disturbance rejection criteria is
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plotted against frequency in Figure 7-11. Clearly the disturbance rejection is not very good,
which is consistent with the earlier results.

The above results explain the problem with controlling the DSI unit temperature. It is better from
a control perspective to measure the temperature directly after the DSI unit, but this can be
susceptible to fouling. In order to overcome these problems an alternative control scheme has
been developed and this is shown by the third configuration in Figure 7-8. We can measure the
tube surface temperature directly after the DSI unit and also the milk temperature after the
holding tubes. A cascade controller can be used with the inner loop controlling the tube surface
temperature and the outer loop controlling the temperature after the holding tubes. This avoids
the problems of temperature probe fouling but does not severely compromise disturbance
rejection.
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Figure 7-12 : Impact of holding tube residence time on the %()) transfer function Bode
st S

plot.

Preheat Resonance

The DSI preheat section has a resonance effect, which can be seen from the Bode plots shown in
Figure 7-12. This shows the transfer function between the steam pressure and the DSI unit
temperature, for different holding tube time delays. There is clearly a resonance effect, which is
indicated by the peaks in the magnitude and phase lag plots. This resonance effect is caused by
the feedback through the flash vessels and the holding tube time delay. If we consider a
sinusoidal variation in the steam pressure, this will cause a sinusoidal variation in the DSI unit
temperature. The temperature exiting from the holding tubes will then also exhibit this sinusoidal
variation but this effect will be delayed because of the holding tube time delay. This then causes
a sinusoidal variation in the flash vessel temperature, which is heated by the hot liquid from the
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holding tubes. The feedback through the flash vessel then interferes with the original sinusoidal
steam pressure and causes the resonance effect.

The important impact of the resonance effect is the increased transfer function magnitude. This is
shown in Figure 7-12, where the Bode plot magnitudes are high at the resonant frequencies.
Consequently the system is sensitive to disturbances at these frequencies. In order to reject these
disturbances the process transfer function phase cross-over frequency needs to be higher than the
frequencies of the large resonant peaks. With the first controller configuration shown in Figure
7-8 this is impossible, because the phase cross-over frequency is very low. However, the second
controller configuration has a high phase cross-over frequency and so it is able to reject
disturbances that occur at the resonant frequencies.

20 T T T LI

——  Cascade controller with surface temperature measurement
Controller with temperature measured after holding tubes
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Figure 7-13 : Disturbance rejection criteria, for the third and first DSI unit controller
configurations.

Cascade controller

We will now consider the third controller configuration in Figure 7-8. This is a cascade
controller, which measures the tube surface temperature before the holding tubes and the milk
temperature after the holding tubes. The tube surface temperature response has an additional first
order dynamic, which we have modelled with a 2 second time constant. The resulting transfer
functions are similar to those shown in Figure 7-9. We can now determine the closed loop
transfer functions by choosing controller parameters for the cascade controller. Using the

parameters 7,=20s and K_ :% for the inner controller and 7,=150s and K_ :6% for the outer

controller we can produce the disturbance rejection criteria and this is shown in Figure 7-13.
Also shown is the criteria for the first controller configuration in Figure 7-8. Clearly the cascade
controller provides significantly better disturbance rejection.
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Finally we are interested in the controller input saturation for the DSI unit temperature control
loop. The criteria for this was discussed earlier (i.e., |G(j.w)| 2 |G,(j@)-1V®) and we can see
from Figure 7-9 and Figure 7-10 that it is satisfied. We can also determine the manipulations
required for a unit disturbance and the resulting magnitude plots are shown in Figure 7-14. The

magnitude is smaller than one across the entire frequency range, so there are no saturation
problems.
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Figure 7-14 : Closed loop manipulations required for a unit disturbance.

7.4.4) MVR section control
Here we are interested in the control of the MVR evaporator section evaporation temperature
(7,)) and the product dry matter (W,s). In the previous section we showed that decentralised

controllers could be used if the process cross-over frequencies were above 0.01 rad/s.
Furthermore, the results of the static RGA analysis shows that the correct control loop pairings
are 1,,/M_ and w,/N_, Figure 7-15 shows the MVR evaporator section, with the

temperature and product dry matter control loops.

MV'R section temperature

The MVR evaporator temperature can be controlled using a cascade controller connected with
the preheat plate heat exchanger. Earlier we calculated the RGA by considering the heat
exchanger condensate flow (M, ) as the manipulated variable. However, the cascade controller in

Figure 7-15 provides better disturbance rejection for the plate heat exchanger outlet temperature.
The set-point for the outlet temperature controller (7, ) is then the manipulated variable for the

MVR evaporator temperature control loop. In Chapter 4 we developed the linear state space
representation for the MVR evaporator section. This includes the transfer function between the
preheat condenser inlet temperature (7, ) and the evaporator temperature (7). The resulting
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Bode plot for this transfer function is shown in Figure 7-16. It should be remembered that this
transfer function neglects the preheat plate heat exchanger dynamics. These have been neglected
because of the disturbance rejection capabilities of the plate heat exchanger temperature control
loop.

FAN

18]

e
=

oY
=

Figure 7-15 : The MVR evaporator section density (DC) and temperature (TC) control
loops.

There are not many direct disturbances to the MVR evaporator section. In fact, the control loops
for the preheat plate heat exchanger and DSI unit temperature would suggest that there are no
disturbances. Strictly the feed temperature disturbances are removed by the heat exchanger outlet
temperature control loop. In addition the potential steam pressure disturbances are removed by
the DSI unit temperature control loop. However, there are many indirect disturbances which
cause changes in the DSI preheat section flash vessel temperatures. For example the presence of
air in the flash vessels was shown in Chapter 6 to cause changes in their temperature. As a result,
the preheat section flash vessel temperatures can be a significant disturbance to the MVR
evaporator section temperature.
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We now consider the MVR evaporator section in isolation from the DSI preheat section. In
Chapter 4 the linear dynamic model was developed by combining the DSI preheat section with
the MVR evaporator section. However, for the consideration of the MVR evaporator section
temperature control, we consider the MVR evaporator section in isolation. This is done to
simplify the analysis and to make the flash vessel temperatures a disturbance to the evaporator.
The transfer functions shown in Figure 7-16 are for the MVR evaporator section and do not
include the feedback through the DSI preheat section.

The phase cross-over frequency of the i?) transfer function is determined from Figure 7-16 as
T s

mcsp

0.3 rad/s. Figure 7-16 also shows the Bode plot for the TT-'(S) transfer function, from which we
S

can determine a gain cross-over frequency of 0.01 rad/s. This is a very low frequency and more

importantly it is considerably lower than the process transfer function phase cross-over

frequency. As a result, we do not expect there to be any disturbance rejection problems with this

control loop. We can confirm this by calculating the closed loop transfer function. Choosing the

controller parameters 7,=100 s and K, =5, we can determine the disturbance rejection criteria

and this is plotted in Figure 7-18. Clearly the gain is low across the frequency range and this
reflects the good disturbance rejection characteristics of the control loop.
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Figure 7-16 : Bode plots for the MVR evaporator temperature transfer functions.

The potential problem of controller input saturation can be investigated using the criteria of
Section 7.2 (i.e., [G(j)| 2 |G,(j@)-1 at frequencies where |G,(j.w)>1). Figure 7-16 shows
that the process transfer function gain is larger than the disturbance gain at frequencies below

0.25 rad/s. This is consistent with the criteria and therefore we do not expect any controller
saturation problems. We can confirm this result by determining the closed loop manipulations

167



Evaporator Controllability Studies

required for a unit disturbance, which are shown in Figure 7-19. Clearly the manipulations are
small and so no serious saturation problems will occur.

MVR product dry matter
For the product dry matter control loop, the disturbance is the feed dry matter (w,,) and the

manipulated variable is the MVR compressor speed (N_ ). In Chapter 4 we developed the state

comp.
space representation of the MVR evaporator. Using the linear dynamic model we can determine
the Bode plots between the MVR compressor speed (N,,,,), the feed dry matter (w,,) and the

product dry matter (w,). The model combines the DSI preheat section with the MVR evaporator

Wea

section, but the feedback through the plate heat exchanger is neglected. It should also be
remembered that the model considers the entire MVR evaporator as a single pass, whereas it
actually contains five passes. Later we show that this assumption causes some differences in the
process dynamic response. However, the basic conclusion of the controllability analysis is the
same when the five passes are modelled as a single pass.
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Figure 7-17 : Bode plots for the MVR evaporator product dry matter transfer functions.

The Bode plots for the process and disturbance transfer functions (i.e., w"’(s) and wpﬁ(s)) are
N comp(s) wch (S)

shown in Figure 7-17. The ") transfer function contains the unusual G,p.\5) transfer function

N, w(s)

col

and this is clearly seen from the Bode plot. A critically important aspect of the G, (s) transfer

function is that it determines the phase crossover frequency for the dry matter control loop. It
was shown in Chapter 2 that the G_,,(s) transfer function has explicit magnitude and phase lags

given by equation (7.7).
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|Glubes(j‘w]:LSin( re‘w) s ZGmb“(j.w):— re-a) (77)
T,.® 2 2
Where, @ - frequency. (rad/s)

T, = falling film residence time. (s)

Equation (7.7) shows that the phase lag increases proportionally with the falling film residence
time. Consequently the MVR evaporator, with five passes and very long evaporator tubes, has a
very low phase crossover frequency. From Figure 7-17 we can see that the phase crossover

frequency is 0.02 rad/s. The Bode plot for the disturbance transfer function wP’(S) is also shown
Weals

in Figure 7-17. We can see that it has a very high gain crossover frequency of 0.8 rad/s, which is

considerably larger than the open loop phase cross-over frequency. As a result, we do not expect

the product dry matter control loop to provide adequate disturbance rejection. We can confirm

this result by determining the closed loop transfer function. We will use the controller parameters

7,=200 s and K_=0.25 and Figure 7-18 shows the disturbance rejection criteria. It is clearly

large across the entire frequency range and therefore we can conclude that the dry matter control
loop will not provide adequate disturbance rejection.
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Figure 7-18 : Disturbance rejection criteria for the MVR evaporator section temperature
and dry matter control loops.

169



Evaporator Controllability Studies

10 ——— ' 3 :
' A — Noamp(SH4(5)
- ERR—. e TE—— — e Tyna® |4
0 ' L | '

Magnitude (dB)
=}

30
1074 10

10? 10" gl 10'
Frequency (rad/s) :

Figure 7-19 : Closed loop manipulations required for a unit disturbance.

The potential for controller input saturation can also be investigated for the dry matter control
loop. From Figure 7-17 we can see that the process transfer function gain is larger than the
disturbance gain at low frequencies. This suggests that there will not be any saturation problems.
We can confirm this by determining the closed loop controller manipulations, for a unit dry
matter disturbance. Figure 7-19 shows these results and clearly there are no saturation problems.

It is interesting to consider the cause of the dry matter disturbance rejection problem. The open
loop dry matter disturbance transfer function is given by equation (7.8). This has a large gain,

because the evaporation process means the product mass flow is considerably smaller than the
0

feed flow. For the MVR evaporator section the ratio is approximately 3.5. Additionally the
pS

distribution plate time constant is comparatively small because this minimises the residence time

in the system. Evaporators are designed so that the milk has a narrow range of residence time,

because this reduces the exposure of the milk to high temperatures (Fergusson, 1989). As a

result, the disturbance transfer function has a very high gain and a high gain cross-over
frequency.

,s(5) My el

=— (7.8)

Wi (g) M;,« [rwd S+ 1]

Where,M; = feed mass flow tothe evaporator plant, at steady state. (kg/s)
M), = product mass flow from the MVR evaporator section, at steady state. (kg/s)
Ty = DSI preheat section holding tube time delay. (s)
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T, total falling film residence time in the MVR evaporator section. (s)

T distribution plate time constant. (s)

We showed earlier that the process transfer function for the dry matter control loop has a low
phase cross-over frequency. This was caused by the large falling film residence time of the MVR
evaporator section. Equation (7.7) shows that the falling film residence time directly affects the

phase lag of the w:ﬁ)j transfer function. Industrial evaporators in the Dairy industry tend to have
N, s

d

large falling film residence times because of the design requirements. A primary design concern
is the falling film liquid loadings. These must be larger than the minimum required for a stable
falling film. This is commonly achieved by using long evaporator tubes, with the evaporator
separated into multiple passes. Clearly this causes the large falling film residence times, which

restricts the controller bandwidth and thereby contributes to the dry matter disturbance rejection
problem.

Multiple-passes

The MVR evaporator section contains five falling film passes. In Chapter 4 we developed the
linear dynamic model by assuming that the multiple passes could be modelled as a single pass.
Here we shall investigate this assumption by determining the impact of multiple passes on the
dynamic response. We will consider a simple two pass configuration, rather than the five passes
of the Evaporator A MVR section. The impact of multiple passes can be understood with a two
pass model and it is considerably simpler than the complete five pass model.

The transfer functions from the manipulated variables to the evaporating temperature (7,) and

temperature difference (AT') are determined by the energy balances. These are the same for both
the single and multiple pass cases, because we have assumed constant evaporating overall heat
transfer coefficients and negligible boiling point elevation. Therefore we only need consider the
transfer function from the evaporator temperature difference (A7) to the product mass flow (M,,)

and dry matter (w ;).

The equations for a two pass system are given by the following.

M, )Mt =) Mo w0l ) Doal)_Gal)_daalor) 1)

M,;:(’):Md:(’ —1.)-M,, (1), » ( [Aﬂ; (‘; Z IWalt— r({;]’ z, M:fb;ﬂ(t) o qwjz(t) _ qsmm(;'_ 7,) (7.10)

Where g,,,(0)=U, A[L()-T; (4] and q,,,(t)=U,,AT(f)-T.()] are the energy flows to the falling

films in each pass. These equations can be linearised to give the following relationship between
the temperature difference ( AT'), the mass flow from the distribution plate (M, ), the dry matter

from the distribution plate (w,) and the product dry matter (w,, ).
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of the second distribution plate and M,, ,(s) and M,, o(s) are related to AT(s) by the transfer

functions U"‘A"b i I and U,z.A,zh—e‘ J respectively.

T,.8 T8

We are primarily interested in the transfer function between the evaporator temperature

difference and the product dry matter. With substitution and rearrangement this is given by the
following.

wﬂz(s):[ﬂ.m P ¥ ﬂgz }_,ﬂ_s U, .Aﬂ[l —€ r""‘] Us‘Aﬂ[l_e“’e:-’]
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Figure 7-20 : Bode plots for single and double pass transfer functions.

Using this transfer function we can determine the Bode plots for a two pass and a smgle pass
evaporator. We will consnder a single pass configuration wnth a total surface area of 5055 m* and
a double pass with 3000 m? in the first pass and 2055 m? in the second pass. The heat transfer
coefficients are the same as for the single pass model and the residence times are each half of
that for the single pass. The second distribution plate is assumed to have similar time constants
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(7,4 and z,,) to those of the single pass model. The resulting Bode plots are shown in Figure 7-
20. These Bode plots were determined using a ninth order approximations to the falling film pure
delays. The single pass shows the unusual impact of the G, (s) transfer function, but the double
pass configuration has quite a different Bode plot. There is more phase lag in the double pass

case and it does not oscillate between 0 and 180 °, as the single pass does. This suggests that
there is more ‘effective’ delay in the double pass case.

s ! ! ; ! r —
: : : ' i ] smvesania Single pass [_|
: : ; : ] ™ Double pass
: | ' - . :
- T . W ¥ s i
| ; | " g : : 5
] S ..‘ ........................................ =
= -\ "
8 1} L} E \
- RN 7. SV - —
< T2k U SRR S S TR -
a I i It i i S
0 50 100 150 200 250 300 .. 950 400
wp2(s)

Figure 7-21 : Step responses for the single and double pass transfer functions.

ATYs)

The longer 'effective' delay can be observed in the step response comparison in Figure 7-21.
Although both configurations reach their new static equilibrium states in the same time, the
double pass case initially responds less than the single pass case. This causes the increased
‘effective’ delay, which is shown in the Bode plot of Figure 7-20.

It was found earlier that the dry matter control loop would not provide adequate disturbance
rejection. This problem was caused by the relative sizes of the process phase-crossover
frequency and the disturbance gain cross-over frequency. The phase cross-over frequency was
considerably smaller than the gain cross-over frequency. However, we have shown here that
multiple passes will cause the phase cross-over frequency to be lower. Hence this makes the
control loop disturbance rejection even worse (Winchester and Marsh, 1999).

We have considered a situation with most of the heat transfer area in the first pass. This is the
typical situation with industrial evaporators, because of concerns with the falling film liquid
loadings. The Evaporator A plant also follows this trend, because each succeeding evaporator
pass has less heat transfer surface area than the previous one.
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Figure 7-22 : TVR evaporator temperature (TC), density (DC) and pressure (PC) control
loops.

7.4.5) TVR Section Control
Here we are interested in the control of the TVR final effect temperature (7,,) and the product

dry matter (w,). In Section 7.3, it was shown that these variables could be controlled with

decentralised controllers if the phase cross-over frequencies were larger than 0.01 rad/s.
Furthermore the static RGA analysis showed that the correct decentralised control loop pairings

are W,/ P, and T,;/M , . Figure 7-22 shows the TVR evaporator section with these two

decentralised control loop configurations.

TVR steam pressure

The steam supply for the TVR compressor is 9 bar saturated steam. This steam pressure supply
can vary and so it is a disturbance to the Evaporator A plant. Figure 7-22 shows the TVR
compressor with its steam pressure control loop. The set-point for the steam pressure control
loop acts as the output for the product dry matter control loop. As a result, we need to consider
the steam pressure control loop, before considering the product dry matter control loop.

The steam pressure control loop will act quickly, because the pressure responds at the speed of
sound to valve changes. Consequently the process response should be very fast and a short
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controller integral time can be used. We would expect the response to be in the order of seconds
and that an integral time of around 5 — 20 seconds would be appropriate. This has been verified
on the Evaporator A plant, when the control loop was tuned using the Ziegler-Nichols method.
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Figure 7-23 : Bode plots for the third effect temperature transfer functions.

Third effect temperature
Figure 7-22 shows the control loop for the third effect temperature (7,,), by manipulation of the

cooling water flow (M, ). In Chapter 4 we developed the linear state space representation for
the TVR evaporator section. The disturbances are the MVR evaporator section product

temperature (7, ) and the cooling water supply temperature (7,,,). We are interested in the

- . : : T
control loops ability to reject disturbances. The Bode plots for the transfer functions T"’—(Z; and
el

—rw—“-‘(\) are shown in Figure 7-23 along with that for the ,(5) transfer function. Both the

?:'ar:l (S) M vac(s)
. (% Is(s i . . .
ES(Y) and 93(5) transfer functions have very similar Bode plots, with a low gain cross-over
7;1 ) ?:‘acl (S)
frequency of 0.007 rad/s. The phase cross-over frequency for the 53(‘2)) transfer function is
vac\S

shown Figure 7-23 in to be infinity. In practice the neglected dynamics due to valves and
pumping delays will cause additional phase lag at high frequencies. This means that the real
crossover frequency is not infinity and so we have taken the phase cross-over frequency to be 0.7
rad/s. This is considerably larger than the gain cross-over frequencies and suggests that the
controller will be able to reject disturbances.
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We are also interested in the closed loop disturbance transfer function. The controller parameters
will be chosen as r,=100s and K, =10. From these we can determine the disturbance rejection

criteria and this is shown in Figure 7-25. Clearly the gain is low across the entire frequency range
and this confirms the good disturbance rejection capabilities of the control loop.

In Section 7.2 we discussed the criteria for input saturation (i.e., lG(ja))| > lGd(j.a)l—l at

frequencies where |G (ja)]>1 ). From Figure 7-23 we can see that the disturbance transfer

To(s) g Tals)

an have smaller gains than the process transfer function L,(s ) This
uut S“) el(s) Vac(s)
suggests that there will be no saturation problems. We can confirm this by determining the
closed loop transfer function between the cooling water temperature disturbance (7, ) and the

manipulated controller water flow (M, ). With the controller parameters, used to calculate the
results in Figure 7-25, we can calculate the closed loop cooling water manipulations. Figure 7-26

functions

. . . . . M _\s
shows the Bode magnitude plot of the input manipulation transfer function ?i‘((—)) Vs
vacl &)
frequency. Clearly the manipulations are small and this confirms that there are no saturation
problems.

Dry matter loop
A cascade controller configuration is used for the dry matter loop because of the possibility of

raw steam pressure disturbances. In Chapter 4 we developed the linear state space representation
for the TVR evaporator section. The disturbance is the MVR evaporator section product dry

matter (w ) and the manipulated variable is the TVR compressor steam pressure set-point ( P,
Therefore we are interested in the transfer functions from the TVR steam pressure set-point (7, )

and the feed dry matter (w ;) to the product dry matter (w ;). The Bode plots for these transfer

5 (5)

w,
functions are shown in Figure 7-24. The P (o) transfer function neglects the dynamics of the
sp s

TVR steam pressure controller because these are fast.

The phase cross-over frequency for the id transfer function is quite low at 0.02 rad/s and

- (s)

this is caused by the large falling film residence times. A similar low phase cross-over frequency

w (s
was determined for the —2>~ transfer function, for the MVR evaporator section product dry

N comp (S)

: : - w (s
matter control loop. We are also interested in the gain cross-over frequency of the —Z 8( )

Wps (S)

transfer function and Figure 7-24 shows that this is 0.3 rad/s. This is higher than the (( )?
s
SP

transfer function phase cross-over frequency and therefore we expect the product dry matter
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control loop to have disturbance rejection problems. We can confirm this result by choosing PI
controller parameters and determining the closed loop transfer function for the product dry
matter control loop. We will use 7, =200s and K_=0.1 for the controller parameters and the
resulting disturbance rejection criteria is plotted in Figure 7-25.
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Figure 7-24 : TVR evaporator product dry matter transfer function Bode plots.

. . : o W5 (5)
We are now interested in the controller input saturation. Figure 7-26 shows that the Pp—s(()—
s
sp
. . w,q(s) .
transfer function has larger Bode magnitudes than the T transfer function, at low
w (s
&
frequencies. Given the controller input saturation criteria (i.e.|G(j.@)|>|G,(j@)-1 for
frequencies where |Gd(j.a))>1) this suggests that there will be no saturation problems at low

frequencies. This result can be confirmed by determining the closed loop input manipulations

P_s
required for a unit dry matter disturbance. Figure 7-26 shows the closed loop —ﬂ transfer
w (s
p‘i
function and clearly the magnitude is relatively low, which confirms that there will not be any
input saturation problems.
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Figure 7-25 : Closed loop Bode magnitude plots for the dry matter and temperature control
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Figure 7-26 : Closed loop manipulations required for a unit increase in the disturbances.

From the above we can conclude that there are difficulties with the control of the TVR product
dry matter. Specifically feed dry matter disturbances will not be adequately rejected by the
control loop. The reasons for this are the same as for the MVR evaporator dry matter loop. Very
little mixing occurs in the evaporator and the evaporation process amplifies the disturbances.

Also the relatively long falling film residence times mean the ( ) transfer function has a low
s

phase cross-over frequency and this restricts the controller band-width.
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7.5) Conclusions

In this chapter we have investigated the controllability of the Evaporator A plant at Kiwi Co-op
Dairies. We aimed to investigate the multi-variable process nature and the de-centralised
controller disturbance rejection capabilities. The linear dynamic and static models, developed in
Chapter 4, were used and the investigation methodology was discussed in Section 7.2.

In Section 7.3, the process multi-variable nature was investigated, with the aim of determining if
decentralised controllers could be used. These are considerably simpler than multi-variable
controllers and so it is valuable to know if they are applicable. The multi-variable nature was
investigated using the static and dynamic RGA. It was found that the process multi-variable
nature was not important, provided that the product mass flow was not included as a process
variable and the decentralised control loop cross-over frequencies were above 0.01 rad/s.

In Section 7.4, the process disturbance rejection capabilities were investigated. Firstly we
considered the preheat plate heat exchanger outlet temperature control loop. The disturbance
rejection capabilities of this loop are very important because the linear dynamic model was
developed by neglecting the feedback through the plate heat exchanger. Using the transfer
functions derived in Chapter 3, the heat exchanger Bode plots were determined and the
decentralised control loop rejection capabilities were found to be adequate. This therefore proved
that the assumption of no feedback through the plate heat exchanger was reasonable.

Following the plate heat exchanger we considered the control loop for the DSI unit temperature.
The controllability of the DSI unit temperature was found to depend on the position of the DSI
temperature sensor. If placed directly after the DSI unit, then adequate disturbance rejection
occurs, whereas the disturbance rejection was inadequate when the temperature sensor was
placed after the holding tubes. The holding tube pure delay causes a significant phase lag and the
preheat system resonance effect causes large peaks in the Bode magnitude plot. Both of these
effects mean that the controller with the temperature sensor after the holding tubes is inadequate.
However, the possibility of fouling means that it can be difficult to maintain a temperature sensor
directly after the DSI unit. A new cascade controller configuration was considered, with a
surface temperature sensor directly after the DSI unit and a conventional temperature sensor after
the holding tubes. This cascade controller overcame the problems of fouling, large phase lag and
preheat resonance.

The MVR evaporator section temperature and product dry matter control loops were considered
after the DSI preheat section. It was found that the MVR evaporator temperature control loop
would provide adequate disturbance rejection. However, the MVR evaporator product dry matter
control loop could not provide adequate disturbance rejection. The causes of this problem were
shown to be the falling film phase lag, the large concentration ratio of the MVR evaporator and
the small amount of mixing in the process.

Following the MVR evaporator section the TVR evaporator section temperature and product dry
matter control loops were investigated. As with the MVR evaporator section, the TVR
evaporator temperature control loop was found to provide adequate disturbance rejection,
whereas the product dry matter control loop could not.
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Chapter 8 : Conclusions and
Recommendations

8.1) Conclusions

8.1.1) Aims

In the first section of Chapter 1 the aims of this work were listed.

1) Derive, develop and identify a model for the Evaporator A plant at Kiwi Co-op Dairies.

2) Investigate the optimisation and operation of the evaporator plant using the static version of
the model.

3) Investigate the controllability of the evaporator plant using the dynamic version of the model.

8.1.2) Derivation, Development and Identification of the Model

In Chapters 2 through 4 a model for the complete Evaporator A plant was derived and
developed. Various assumptions in the derivation of the model were considered and the final
results were a static and linear dynamic model for the Evaporator A plant at Kiwi Co-op Dairies.
Following the model development Chapter 5 considered the identification of process parameters.
The identification of many static process parameters and also the important falling film residence
times were successfully completed.

The model was developed with the aim of specifically applying it for the optimisation/operation
and controllability studies on the Evaporator A plant at Kiwi Co-op Dairies. A static model was
developed for the optimisation studies and a linear dynamic model for the controllability studies.
The optimisation studies require accurate predictions of the plant operating conditions and
therefore attention was focused on identifying the static model. However, the controllability
studies of Chapter 7 required a less accurate model and so less attention was focused on the
identification of dynamic model parameters. The exception is the falling film residence times,

which were shown in Chapter 7 to have an important impact on the product dry matter control
loops.

8.1.3) Evaporator Optimisation and Operation

In Chapter 6 the optimisation and operation of the Evaporator A was investigated. Two areas
were considered : 1) the operation of the DSI preheat section, 2) the operating regime of the
Evaporator A plant, with respect to evaporation energy costs. The DSI preheat section
operational problems were discussed in Section 6.2 and the optimisation studies in Section 6.5.

The DSI preheat section studies considered the impact of air in the flash vessels, the problem of
milk evaporation in the preheat holding tubes and flash vessel flooding. In Chapter 3 it was
shown that the presence of air causes a temperature difference between the top and bottom of a
flash vessel. These results from Chapter 3 were then used in Chapter 6 to show some of the
detrimental impacts of air on the preheat section operation. The presence of air caused an
increase in the required mass flow of steam and increased the temperature disturbances to the
DSI unit temperature and MVR evaporator section temperature control loops.

180



Conclusions and Recommendations

The problems of milk evaporation in the holding tubes and flash vessel flooding were considered
separately, but these problems were shown to have a close link. A design equation for sizing the
back-pressure orifice plate was derived and the relation between this orifice plate and the flash
vessel flooding was investigated.

In Section 6.3 a simple study was made of the expected savings due to reductions in the plant
evaporation costs. This was based on the lower evaporation costs of the falling film evaporators
compared to the spray dryer. Increases in the evaporator product dry matter were shown to give
reductions in the plant total evaporation costs. It was estimated that a 0.01 kg/kg reduction in the
evaporator product dry matter would give a $ 33,032 reduction in the plant evaporating costs.

The cost of evaporation in the entire milk powder plant can be considered as an optimisation
problem with constraints. There are four operating constraints and these are the evaporation
capacities, the evaporator temperatures, the falling film wetting and the concentrate dry matter.
In Sections 6.3 and 6.4 of Chapter 6 methods were developed for modelling the evaporation
energy costs and the operating constraints of the evaporator plant. The steady state model
developed and identified in Chapters 2 through S was then used to calculate these operating
constraints and the plant evaporation energy costs.

In Section 6.5 the complete optimisation of the Evaporator A plant was considered for three
cases. The plant operation with Whole Milk was first considered and an optimum operating point
found. With the optimum operating conditions (ie, M, =1471kg/s, N, =2650 rpm,

P,=9bar, M, =383kg/s, w,,=048 kg/kg and w,=0.125 kg/kg) the evaporation cost is

2.99 $/Tonne of product milk concentrate. The optimum operating point is on the falling film
wetting constraint. This is caused by the increase in the evaporation cost with the TVR steam
pressure ( £,,) and the TVR product mass flow (M ,,). However, the uncertainty in the film
wetting means that a degree of danger is associated with operating near the film wetting

constraint. This has been incorporated in the optimisation by using a safety margin of 0.5 kg/s in
the film wetting model.

comp

It is interesting to compare these results with the traditional plant conditions. The danger of the
film wetting constraint means that the plant operators tend to operate with the maximum TVR
steam pressure and TVR product mass flow. This is done to provide the plant with the maximum
obtainable film wetting safety margin. However, the optimisation studies of Chapter 6 show that
this causes the plant evaporation costs to increase and so there is a direct cost of using
excessively large safety margins.

8.1.4) Evaporator Controllability Studies

In Chapter 7 the controllability of the Evaporator A plant was investigated. The plant is large
with many process variables but we considered six important control loops in the Evaporator A
plant. These were the DSI unit temperature (7, ), the MVR evaporator section temperature

(T,), the MVR product dry matter (w ), the TVR evaporator section temperature (7;), the
TVR product dry matter (w ;) and product mass flow (M ;). In Chapter 6 it was shown that
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these process variables have an important impact on the plant optimisation and product milk
powder quality.

Firstly the multi-variable plant nature was investigated to determine whether there would be any
control loop interactions. It was found that most of the plant control loops would decouple except
for the product mass flow. The static RGA analysis showed and explained the strong interaction
between the TVR product dry matter and mass flow control loops. The product dry matter
control loop has a very important impact on the milk powder quality, whereas the product mass
flow has less impact. This was explained in Chapter 6 by the impact of the product dry matter on
the concentrate milk viscosity. With the removal of the product mass flow control loop the static
RGA still suggested control loop intereactions. However, the RGA,,,., was found to reduce

significantly below the static result at higher frequencies. This showed the importance of
considering the dynamics, when making the multi-variable analysis. Most importantly it showed
that the Evaporator A plant would not suffer from serious control loop ineractions.

In Section 7.4 the control loops were investigated using decentralised control loop analysis. The
disturbance rejection capabilities of the six control loops were considered. It was found that the
temperature control loops could provide adequate disturbance rejection, but the product dry
matter control loops could not. The temperature control loops were used for the DSI unit, the
plate heat exchanger, the MVR evaporator temperature and the TVR final effect temperature.
Each provided adequate disturbance rejection although the DSI preheat section temperature
control loop required temperature measurements directly after the DSI unit. A control loop using
only temperature measurements after the holding tubes was found to have serious disturbance
rejection problems. The product dry matter control loops for the MVR evaporator and TVR
evaporator sections were found to exhibit inadequate disturbance rejection. In Section 7.4 this
was shown to be caused by the large falling film residence times and the process sensitivity to
feed dry matter disturbances.

8.2) Recommendations for Future Work

8.2.1) Model Derivation

There are many unresolved issues with the derivation of the Evaporator A plant model. Probably
the most important is the description of the falling film. This has been described by using simple
transport partial differential equations, which can be transformed into differential equations with
pure delays. In Chapter 7 it was shown that these falling film delays provide a very important

part of the process dynamics. Therefore an important area for future work is the investigation of
the falling film models.

Another major problem is with the dynamic plate heat exchanger model. This was developed by
transformation and solution of the heat exchanger partial differential equations in the Laplace
Domain. However, the resulting Laplace Domain transfer functions do not represent finite order
linear constant coefficient differential equations and so we cannot use them to produce state
space representations. This presents a problem, which can be overcome using numerical
frequency analysis. In Chapter 7 these numerical methods were used to overcome the
transcendental nature of the heat exchanger equations. However, it would be valuable if the heat
exchanger equations could be transformed into a state space representation using Pade
approximations.
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8.2.2) Model 1dentification

The major problem with the current work is the lack of falling film evaporation heat transfer
coefficient knowledge. Ideally we need a general model that can be used to determine the heat
transfer coefficients for any milk solution. This is required to study the different operating
conditions of alternative milk solutions. Progress has been made at determining these for some
common milk solutions, such as Whole Milk and Butter Milk. However, it would be potentially
very valuable to have a general model for heat transfer coefficients in terms of the milk
components. Also it is probable that nucleate boiling, which has been neglected, is significant
and requires greater understanding.

Another difficulty is the plate heat exchanger heat transfer coefficients. These were not identified
in the model and some calculated guesses used in the final steady state model. This neglect is
justified by the small role that the heat transfer coefficients have on the important model outputs.
However, it may be valuable to make a better identification of the plate heat exchanger heat
transfer coefficients.

Finally many of the dynamic model parameters were not identified. The thermal inertias of the
preheat flash vessels, the MVR evaporator and the TVR evaporator were not identified. These
were calculated from the mass of water, milk and metal in the various sections, but the accuracy
of these results may not be reliable. A justification for their neglect is the limited role that they
play in the controllability studies of Chapter 7, but it may be valuable to make a better
identification of these parameters.

8.2.3) Model Optimisation and Operation Studies

The work on the model optimisation is quite complete. The major difficulty lies with the lack of
understanding of falling film evaporating heat transfer coefficients. Without accurate models, for
these in terms of the milk solution components, then the optimisation studies cannot be applied
to general milk solutions. An additional problem is the assumption of convection boiling. Strictly
milk solutions will boil with a combination of convection and nucleate boiling and therefore the
heat transfer coefficients will also depends on the driving temperature difference.

Another problem is the falling film wetting models. A variety of sources were used to develop
models for predicting the onset of film instability, but there is still some uncertainty in these
predictions. The work in Chapter 6 required a safety margin of 0.5 kg/s and this reflects the
uncertainty in the film wetting predictions. The importance of this uncertainty is shown by the
position of the optimum operating condition. This was positioned on the film wetting constraint
and therefore the film wetting constraint is a vitally important part of the optimisation.

A final problem with the optimisation studies is the MVR compressor power constraint. The
power constraint was taken as 500 kW for the studies of Chapter 6. Because of the shortage of
manufacturing specifications, the position of this constraint is not completely known. Although
the optimum operating condition is not near the MVR compressor power constraint, it would be
preferable to have a greater understanding of this constraint.
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8.2.4) Model Controllability Studies

The controllability studies for the Evaporator A plant are quite complete. The controllability
results were determined using the linear dynamic model developed in Chapters 2-5. The
accuracy of the conclusions depends on the accuracy of the dynamic model and so further work
may be required to improve the model. We have shown in Chapter 7 that the falling film
residence time is a dominant part of the dynamic model. As a result, it may be worthwhile
making further studies into the dynamic nature of the falling film. In Chapter 2 the partial

differential equations for the falling film were derived but significant assumptions were required
to simplify these into a tractable form.

We have identified the problem of product dry matter disturbance rejection and explained the
nature of this problem. The large evaporator falling film residence times and the process
sensitivity to feed dry matter disturbances were shown to cause the controllability problems. This
controllability problem is quite serious, because the product dry matter has a strong impact on
the product milk powder quality and the plant evaporation costs. As a result, improvements in
the product dry matter controllability should produce significant improvements in the evaporator
plant operation and milk powder products. Therefore the solution of this problem is a major area
for future work.
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8 Nomenclature

Here we list many of the variables used in this thesis along with their numerical values.
However, the numerical values for some variables have not been included. For example, generic
condenser variables do not have their numerical values included. Also the values for the

individual passes of the Evaporator A plant have been excluded (ie., 4., 4,, A,, d and n).
These are listed with the geometries in Appendix E.

The dynamic variables of the Evaporator A plant model have been denoted with additional
brackets (i.e., M ,,5(1)). Also the numerical values given for these variables are those determined

from the steady state model calculations of Chapter 4. The static variables are denoted with the
additional superscript (i.e., M ;).

Q

comp

PN

cond

BN

2]

r

SO SO S R N

nox

PR N
S

SN

N

A

PN
=)
2

Fitting coefficient for the MVR compressor map.
Heat transfer surface area for the generic condenser.
Cross sectional flow area, liquid in the generic condenser tubes.
Cross sectional flow area, second plate heat exchanger section.
Cross sectional area of a distribution plate.

Surface area for energy losses from the MVR evaporator effect.
Surface area for energy losses from a TVR evaporator effect.
Surface area for energy losses from a TVR evaporator effect.
Cross sectional area of holes in the distribution plate.

Heat transfer surface area, first plate heat exchanger section.
Heat transfer surface area, second plate heat exchanger section.
Cross sectional flow area, first plate heat exchanger section.
Heat transfer surface area of the preheat condenser.

Surface area of the evaporator tubes.

Total heat transfer surface area of the MVR evaporator tubes.

Surface area for energy losses from the MVR evaporator shell.

Surface area for energy losses from the TVR evaporator shell.
TVR compressor parameter.

Fitting coefficient for Antoine saturation equation.
Heat transfer surface area of the vacuum condenser.
Fitting coefficient for Antoine saturation equation.
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(=1.68x10" m%/s”.rpm?)

(m?)

(m?).

(=0.028 m?).
(m?)

(=134 m?)
(=32m?)

(=26 m?)

(m’)

(= 65.65m?)

(= 72.15m?)

(= 0.034 m?)
(=31.67m?)

(m?)

(:iAm. =5054.7 m’)
(=194 m?)

(=30 m?)
(=2.129x10" m.s)
(=23.1748)
(=108 m?%)
(=10.5884)
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P

o~
=

comp

o
3 3
=

water

S~ R~

comp

-9

b}

0y 0 0 O
)

pcond

P!

pfat

P

~ plact

D)

~ pprot
pmilk
psalt

pTS

h°)
£

pwater

2

IO N OO0 NN

2
3

~
<4

‘TIR

)

water

~
Pl

vap

Q

comp

O X

cond

)

comp

Eff
e
g

h
h,
hif

Cross sectional flow area, first plate heat exchanger section.
Fitting coefficient for the MVR compressor map.
Parameter used in the boiling point elevation model.

TVR compressor parameter.

Fitting coefficient for Antoine saturation equation.

Fitting coefficient for Antoine saturation equation.

Fitting coefficient for the MVR compressor map.

Discharge coefficient for the distribution plate holes.

Evaporation cost per unit mass of evaporation, in the spray dryer.

Heat capacity.
Heat capacity of the liquid in the tubes of the generic condenser.
Heat capacity of fat.

Heat capacity of lactose.

Heat capacity of protein.

Heat capacity of the liquid milk.

Heat capacity of salt.

Coefficient relating the milk heat capacity and dry mass fraction.
Heat capacity of the metal in the generic condenser tubes.

Heat capacity of water.

Evaporation cost per unit mass of evaporation, MVR evaporator.
Evaporation cost per unit mass of evaporation, TVR evaporator.

TVR compressor parameter.

Fitting coefficient for Antoine saturation equation.
Fitting coefficient for Antoine saturation equation.
Fitting coefficient for the MVR compressor map.

Diameter of evaporator tubes.
Diameter of the generic condenser tubes.

Fitting coefficient for the MVR compressor map.
Energy efficiency of an evaporation process.
Fitting coeflicient for the MVR compressor map.
Acceleration due to gravity.

Heat transfer coefficient.
Tube side heat transfer coefficient for the generic condenser.

Heat transfer coefficient, first plate heat exchanger section.

(=0.034 m?)
(=0.415 m%/s’.rpm?)
0

( =47 m0.03.SO.06/kg0.03)

(=3806.44 K)
( =3680.109 K)
(=-13.7m™* ™
(=0.611)
($/kg)

(J/kg.°C)
(J/kg.°C)
(J/kg.°C)
(J/kg.°C)
(J/kg.°C)
(J/kg.°C)
(J/kg.°C)
(J/kg.°C)
(J/kg.°C)
(=4190 J/kg.°C)
($/kg)

($/kg)

(=0.97)
(=4636K)
(=41.6919K)

(= 6.84x10° m%s®.rpm?)

(m)

(m)

(=-0.021 1/m.s.rpm)
()

(=-3.09m™

(=9.81 m/s?)
(W/m?.°C)
(W/m?.°C)
(W/m?.°C)

" This is the value deterined from the manufacturer curves, rather than that identified in Chapter 5.
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h, Shell side heat transfer coefficient for the generic condenser. (W/m?.°C)

h,,  Heat transfer coefficient, first plate heat exchanger section. (W/m?.°C)

h,.  Heat transfer coefficient, second plate heat exchanger section. (W/m2.°C)

h, (t) Height of liquid above a distribution plate. (m)

h... Enthalpy of raw saturated steam at 10 bar . (=2778000 J/kg)
h, Height of the preheat section holding tubes. (m)

H, Enthalpy of an energy balance input/output flow. (J/kg)

H ., Enthalpy of liquid milk. (J/kg)

I,;  Thermal inertia of the DSI unit. (=419000 J/°C)
! 4o Thermal inertia of the first evaporator effect. (=18380000 J/°C)
! poer» Thermal inertia of the second evaporator effect. (=1218000 J/°C)
! ooy Thermal inertia of the third evaporator effect. (= 1218000 J/°C)
I Thermal inertia of the bottom half of a flash vessel. (J/K)

1, Thermal inertia of the top half of a flash vessel. (J/K)

1']” Thermal inertia of the first flash vessel. (=125700 J/°C)
P Thermal inertia of the second flash vessel. (=125700 J/°C)
I, Thermal inertia of the MVR evaporator shell. (=8380000 J/°C)
I ,..» Thermal inertia of the TVR evaporator shell. (=1218001J/°C)
k Thermal conductivity. (W/m.K)

k... Thermal conductivity of water. (W/m.K)

k. Thermal conductivity of protein. 3 (W/m.K)

k.. Thermal conductivity of lactose. (W/m.K)

k.,  Thermal conductivity of salt. (W/m.K)

kg  Thermal conductivity of fat. (W/mK)

m,, (f) Mass flow of steam entering the direct steam injection (DSI) unit. (my, = 0.35 kg/s)
m... (1) Mass flow of raw steam entering the TVR compressor. (mS,,., =0.107 kg/s)
M Total mass in a control volume, used to make a mass balance. (kg)

M, (t) Mass flow of condensate entering the preheat plate heat exchanger. (M? = 9.042 kg/s)
M o (t) Mass flow of vapour passing through the MVR compressor. (M? _ =10.94 kg/s)

compl
L7 o— (t) Mass flow of vapour passing through the TVR compressor. (M2 . =0279 kg/s)

comp?2
M ., Mass flow of liquid passing through the generic condenser tubes. (kg/s)
M_, ., (¢) Condensate mass flow, exiting the third effect evaporator shell. (M S 4 =0.161 kg/s)
M, .;(¢) Mass flow of condensate, exiting the vacuum condenser shell. (M°_,, =0.183 kg/s)
M d(t) Mass flow of liquid passing through a distribution plate. (kg/s)

M ,,(7) Mass flow passing through the first distribution plate. My =M 2,,, )
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M,,
M ,, (r) Mass flow of liquid leaving the DSI unit.

Mass flow of evaporation in the spray dryer.

M., Mass flow of water evaporation in the evaporator.
M () Mass flow from the bottom of the fifth falling film.

M ,(r) Mass flow falling from the bottom of the sixth falling film.
M () Mass flow falling from the bottom of the eighth falling film.
M f(t) Mass flow of liquid milk entering the Evaporator A plant.
M,,
M,, (1) Mass flow of liquid entering the DSI preheat section.

Molecular mass of fat, that occurs in milk solutions.

M, (1) Mass flow of liquid entering the bottom of the first flash vessel.

M ., (t) Mass flow of condensate leaving the T VR evaporator shell.
M . (1) Mass of evaporation during one falling film residence time.
M .. (r) Mass of evaporation during the MVR evaporator five passes.
M, Mass flow of evaporation in the TVR evaporator section.

M (¢) Mass flow of cooling water entering the vacuum condenser.
M Molecular mass of water.

water

n Number of evaporator tubes.
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M,,, Molecular mass of lactose, that occurs in milk solutions.

A:! +  Mass flow entering or exiting a mass balance control volume.
M .. Mass of metal in the bottom section of a flash vessel.

M, Mass of metal in the top section of a flash vessel.

M . Mass of liquid milk in the top section of a flash vessel.

M ., Mass of liquid milk in the bottom section of a flash vessel.
M, Mass flow of evaporation in the MVR evaporator section.

M, Mass flow of liquid exiting the evaporator.

M ,.(r) Mass flow of liquid exiting the MVR evaporator section.

M, (r) Mass flow of liquid exiting the TVR evaporator section.

M,, (1) Mass flow of liquid entering the DSI from the first flash vessel.
M, (t) Mass flow of liquid exiting the top of the second flash vessel.
M, (¢) Mass flow of liquid exiting the bottom of the first flash vessel.
M, (1) Mass flow of liquid entering the MVR evaporator section.

M . Molecular mass of protein, that occurs in milk solution.

M, Molecular mass of salt, that occurs in milk solutions.

M ., (¢) Mass flow of condensate leaving the MVR evaporator shell.

(kg/s)

(M pq =16.375 kgls)
(kg/s)

(Mfs = Mgs)

(Mg = M)

(Mg = My)

(M} =153 kg/s)
(kg/kmol)

(M}, =153 kg/s)
(M§,, =16.375 kg/s)
(kg/kmol)

(kg/s)

(kg)

(kg)

(kg)

(kg)

(kg/s)

(kg/s)

(M5 = 4.68 kg/s)
(M, =4.07 kg/s)
(M, =16.025 kg/s)
(M?,, =15.667 kg/s)
(M, =16.017 kg/s)
(M, = 15.65 kg/s)
(kg/kmol)

(kg/kmol)

(M =10.66 kg/s)

scond)
(M ., =0.366 kg/s)

scond?2
(kg/s)
(kg/s)
(kg/s)
(M?_ =3.5kg/s)
(kg/kmol)

)
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n Number of condenser tubes.

cond

N, (f) MVR compressor speed.

Nu  Nusselt dimensionless number.
&) Pressure at the top of the preheat holding tubes.
P, Pressure of the energy balance input/output flows.

P, (1) Pressure of the MVR evaporator effect.
P, (1) Pressure of the first flash vessel.

Pr Prandlt dimensionless number.

P, (1) Pressure of the MVR evaporator shell

P

sp
P_(r) Raw steam pressure to the TVR compressor and DSI unit.

P

vap

(t) Set-point for the TVR compressor pressure control loop.

Vapour pressure of a liquid.

AP s Hydrostatic pressure due to the liquid height above the DSI pump. (Pa)

AP,,., Pressure drop caused by the height of the DSI holding tubes. (Pa)

AP, Pressure drop caused by frictional losses in the holding tubes. (Pa)

AP, Pressure drop due to the preheat section back-pressure orifice plate.(Pa)

AP, Pressure gain caused by the DSI pump. ' (Pa)

q Net heat flow into an energy balance control volume. (W)

q.,.. Heat flow through the tubes of the generic condenser. (W)

q..., Heat flow between condensing steam/tubes of generic condenser. (W)

q...., Heat flow between tube/condenser liquid of generic condenser. (W)

q.mp (1) Latent enthalpy, vapour passing through the MVR cor;?pressor.( Qo = 25,603,000 W)
Doomp (¢) Latent enthalpy, vapour entering the TVR compressor. (qomp2 = 653,240 W)
q....., (1) Surface energy loss heat flow for the MVR evaporator effect. (g0, =58,186 W)
... (1) Surface energy loss heat flow for a TVR evaporator section. (¢, = 10,553 W)
.10 (1) Surface energy loss heat flow for a TVR evaporator section. (q%s = 7251 W)

q eear (t) Net enthalpy of the feed entering the MVR evaporator section. (q?ee o = 123,638W)
G feous (r) Net enthalpy of the feed entering the TVR evaporator section. (qGss = 127,777W)

N—

9 poond (r) Heat flow passing through the preheat condenser tubes.

qslo_\;sl (’

qslo.sx?_ (f
q.,., (r) Heat flow passing through the evaporator tubes.

N

Surface energy loss heat flow for the MVR evaporator shell.

N

Surface energy loss heat flow for the TVR evaporator shell.

G opeii (1) Total heat flow passing through the MVR evaporator tubes.
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)
(Nfomp = 2850 rpm)

@
(Pa)

(Pa)

(P° = 26435 Pa)
(Pa)

)

(P2 = 31184 Pa)
(Py =500,000 Pa)
(=10,000,000 Pa)
(Pa)

(¢, = 824,591W)
(g2, =93,024 W)
(g° , =12,011W)
(W)

5
( = quhelli W)
i=1
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G (t) Heat flow passing through the vacuum condenser tubes. (g2, =428,570 W)
Q,(r) Volumetric flow of liquid passing through a distribution plate. (m’/s)

Obs (1) Volumetric flow of liquid passing through the DSI unit. (m’/s)

Re  Reynolds dimensionless number. -)

T, Ambient temperature. (=30°C)

T, (r) Temperature of hot condensate entering the plate heat exchanger. (7)) = 69.959°C)
T_,(r) Temperature of hot condensate exiting the plate heat exchanger. (T =25.421°C)
S Condensate temperature, second plate heat exchanger section. (°C)

T, (¢) Temperature of liquid in the generic condenser tubes. (°C)

T (t) Inlet temperature to the generic condenser tubes. (°C)

T.., () Outlet temperature from the generic condenser tubes. (°C)

) Dummy variable used in the generic condenser model. (°C)

=~
3
3
—_

o

Ly 2
~

Temperature of the direct steam injection (DSI) unit. (TS, =104.383 °C)

T, Temperature of the MVR evaporator effect. (T3 =66.186 °C)
Tez(t) Temperature of the second evaporator effect. (T =57.482 °C)
T, (t) Temperature of the third evaporator effect. (T3 =53.243°C)
T, (r) Temperature of the evaporator feed. (Tf° =12°C)

ch , (1) Temperature of feed liquid to the DSI preheat section. (Tf‘z_2 =63.672°C)
o (1) Temperature to the bottom of'the first flash vessel. (Tp = Toy)

T, Milk temperature, cold side, first plate heat exchanger section. (°O)

T, Milk temperature, cold side, second plate heat exchanger section. (°C)

I,  Temperature of the top of a flash vessel. (°O)

I Temperature of the bottom of a flash vessel. (°O)

T, (t) Temperature of the liquid to the DSI from the first flash vessel. (T;)d = T;’m)
T,,cz(’) Temperature of the liquid from the top of the second flash vessel. (T;’c2 = T,?;,z )

T, (r) Temperature of the liquid from the bottom of the first flash vessel. (T}, =91.451 °C)
I (¢) Temperature of the liquid entering the MVR evaporator section.  ( Ty, =77.899 °C)
T, Milktemperature, first section of the plate heat exchanger. (°C)

T, () Temperature of cold milk entering the plate heat exchanger. (s = ;)

T, ,(r) Milk temperature between first/second heat exchanger sections. (7., =22.02 °C)
T, ., (t) Temperature of the hot milk exiting the plate heat exchanger. (T°, =50.00 °C)
T,  Boiling temperature of a liquid, in degrees Kelvin. (K)

T, (1) Temperature of the MVR evaporator shell. (T3 =69959 °C)
T, (t) Temperature of the TVR evaporator shell. (T5 =63.362 °C)
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vi

hs

vac

cond

V.
v,
V

cond

4

dum

~

>

Temperature of the generic condenser shell.

T, (1) Vacuum condenser cooling water inlet temperature.

T...(r) Vacuum condenser cooling water outlet temperature.

Hot water temperature, first plate heat exchanger section.

Wall temperature of the generic condenser tubes.

Wall temperature of the first section of the plate heat exchanger.

Wall temperature of the second section of the plate heat exchanger.
Internal energy of a control volume, used for an energy balance.

Overall heat transfer coefficient for the generic condenser.

Coefficient for the evaporating falling film heat transfer model.
Coefficient for the evaporating falling film heat transfer model.

Overall transfer coefficient, first plate heat exchanger section.

Overall transfer coefficient, second plate heat exchanger section.

Internal energy of a flow input/output of the energy balance.
Overall heat transfer coefficient for the surface energy losses.
Coefficient used in the linear falling film heat transfer model.
Coefficient used in the linear falling film heat transfer model.
Overall heat transfer coefficient for the preheat condenser.
Overall heat transfer coefficient for evaporator falling film.
Coefficient used in the simple falling film heat transfer model.
Coefficient used in the simple falling film heat transfer model.

Coefficient for simple linear evaporating falling film heat transfer.

Overall heat transfer coefficient for the vacuum condenser.
Velocity of the cooling water in the generic condenser.

Hot water velocity, second section of the plate heat exchanger.
Velocity of the evaporating falling film.

Cold milk velocity, first section of the plate heat exchanger.
Cold milk velocity, second section of the plate heat exchanger.
Water velocity, first section of the plate heat exchanger.

Total volume of an energy balance control volume.
Specific volume of the energy balance input/output flows.

Volume of liquid in the tubes of the generic condenser.

() Dummy variable used in the generic condenser model.
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O

(/) Temperature of hot cooling water entering the plate heat exchanger.(7,; = 7.2 ,)
T.,(r) Temperature of hot cooling water exiting the plate heat exchanger. (7% = 12.007°C)

" (T2, =24.00°C)
(T2, = 55.32°C)
O

(°C)

O

Y

(J/kg)

(W/m?.°C)
(W/m2.°C)
(W/m2.°C)

(=2500 W/m2.°C)
(= 2500 W/m?.°C)
(J/kg)

(=12 W/m*°C)
(W/m?.°C)
(W/m?.°C)
(=2260 W/m?.°C)
(W/m?.°C)
(W/m2.°C)
(W/m?.°C)
(W/m*.°C)
(=2000 W/m2.°C)
(m/s)

(=0.3071 m/s)
(m/s)

(=0.4500 m/s)
(=0.5464 m/s)
(=0.1029 m/s)
(m*)

(m’/kg)

(m*)

(m’)
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(=]

nf

I,)'

v
pre

I/ vac

wf
V,

ws

wd(t)

Volume of condensate water, second plate heat exchanger section.

Volume of liquid milk, first plate heat exchanger section.
Volume of liquid milk, second plate heat exchanger section.
Volume of liquid hot water, first plate heat exchanger section.
Internal volume of the preheat condenser tubes.

Internal volume of the vacuum condenser tubes.

Volume of metal in the generic condenser tubes.

Volume of metal, first plate heat exchanger section.

Volume of metal, second plate heat exchanger section.

Dry mass fraction of liquid passing through the distribution plate.

w,, (r) Dry mass fraction of liquid, first distribution plate.

w, ()

Dry mass fraction of liquid falling from the evaporator film.

w_(¢) Dry mass fraction of liquid falling from the fifth evaporator film.

W, (1) Dry mass fraction of liquid falling from the sixth evaporator film.

w,,(¢) Dry mass fraction of liquid falling from the eighth evaporator film.

wf(t)

Dry mass fraction of liquid entering the evaporator plant.

Wi (r)Dry mass fraction of liquid entering the DSI preheat section.

w, ()

Dry mass fraction of liquid exiting an evaporator pass.

W s (t) Dry mass fraction of liquid exiting the MVR evaporator section.

W (r) Dry mass fraction of milk exiting the TVR evaporator section.

w4, () Dry mass fraction of milk entering the MVR evaporator section.

WS
/4

comp

/4

compl

Net work acting on a energy balance control volume.

(m’)

(m’)

(m’)

(m’)
(=0237m’)
(=043 m’)
(m’)
(m’)
(m’)
(kg/kg)
(wdl =W2h1

(kg/kg)

(wfs = wgs)

(WSG = wgs)

(Wes = Wye)

(w§ =0.125 kg/kg)
(wh, =w})
(kg/kg)

(w95 = 0.408 kg/kg)
(w, =0.470kg/kg)
(w),, =0.122 kg/kg)
(W)

Driving energy flow, or power supplied, to the evaporation process.(W)

(z) Electric Powder supply to the MVR compressor.

W omp2 () Net raw steam enthalpy to the TVR compressor.

v,  Molar concentration of non-condensable gases in a flash vessel.
Greek Symbols

yij Ratio between the areas of a distribution plate hole and calandria.
o Thickness of a falling film.

0"  Dimensionless falling film thickness.

o Surface tension.

AT,, Boiling point elevation.

r Falling film liquid loading, or mass flow per unit perimeter.

y7i Viscosity.
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(WS, =425,145 W)
(W2, , = 267,457 W)

(mol/mol)

)

(m)

)
(N/m)
(°C)
(kg/m.s)
(kg/m.s)
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p
Peond
Pwater
Plact
P prot
Psanr
p fat

Density.

Density of the liquid in the generic condenser.
Density of water.

Density of lactose.

Density of protein.

Density of salt.

Density of fat.

pps(t) Density of the product milk from the fifth pass.

Py (r) Density of the product milk from the eighth pass.

P.. (1) Density of the MVR evaporator effect vapour.

P
A

T

¢
T

c1y

Tpsi

z'Tc(]
Trvac
Tra
Tre2
Tre3
For
TTmJ"

T Tis

Density of the metal in the generic condenser tubes.

Latent heat of vaporisation.
Residence time of the generic condenser tubes.

Time dimensioned variable associated with plate heat exchanger.
Time constant, DSI unit temperature differential equation.
Residence time of a falling film.

Total residence time of all five passes of the MVR evaporator.
Time constant, first flash vessel temperature differential equation.
Time constant, second flash vessel differential equation.

Time dimensioned variable associated with the generic condenser.
Time dimensioned variable associated with plate heat exchanger.
Time dimensioned variable associated with plate heat exchanger.
Time dimensioned variable associated with the generic condenser.
Residence time, first section of the plate heat exchanger.
Residence time, second section of the plate heat exchanger.
Residence time of the liquid in the tubes of the preheat condenser.
Time dimensioned variable associated with the generic condenser.
Time dimensioned variable associated with the generic condenser.
Time dimensioned variable associated with the vacuum condenser.
Time constant, MVR evaporator temperature differential equation.
Time constant, TVR evaporator temperature differential equation.
Time constant, TVR evaporator temperature differential equation.
Time dimensioned variable, first plate heat exchanger section.
Residence time, first plate heat exchanger section.

Time dimensioned variable, second plate heat exchanger section.
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(kg/m?)
(kg/m’)
(kg/m’)
(kg/m’)
(kg/m’)
(kg/m’)
(kg/m’)
(kg/m’)
(kg/m?®)

(p, =0.1694 kg/m’)
(kg/m’®)

( = 2340000 J/kg)
(s)

(s)

(s)

(=505s)
(=3005s)

(s)

(s)

(s)

(s)

(s)

(s)
(=42.2571s)
(=18.8837s)
(=15.4902 s)
(s)

(s)

(=16.6824 s)
(s)

(s)

(s)

(=3.7758 5)
(= 9.6666s)
(=3.7725s)
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TTms
Trof
TTos
(2 Tpre
Tra
Trs2
TV ac

wa

Residence time, second section of the plate heat exchanger.
Time dimensioned variable, first plate heat exchanger section.
Time dimensioned variable, second plate heat exchanger section.
Time dimensioned variable associated with the preheat condenser.
Time constant, MVR evaporator shell differential equation.
Time constant , TVR evaporator shell differential equation.
Residence time of the vacuum condenser.

Time dimensioned variable associated with plate heat exchanger.
Time dimensioned variable associated with plate heat exchanger.
Time dimensioned variable associated with plate heat exchanger.
Time dimensioned variable associated with plate heat exchanger.
Time dimensioned variable associated with plate heat exchanger.
Potential energy of the energy balance control volume.

Potential energy of the energy balance input/output flows.
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(=10.6142s)
(=3.7758s)
(=3.7725s)
(=13.4021 s)
(s)

(s)

(=122.85715s)
(s)

(s)

(s)

(s)

(s)

(J/kg)

(J/kg)
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Appendix A : Properties of Milk

A.1) Introduction

Here we examine models for predicting the physical properties and thermodynamic equilibrium
relationships of milk solutions. The physical properties we will investigate are the density, heat
capacity, thermal conductivity and viscosity. The thermodynamic equilibrium relationships are
the liquid/vapour saturation equations for water and also the boiling point elevation due to
dissolved milk components.

The models discussed here are mostly based on the assumption of an ideal mixture. An ideal
mixture is one where the properties of the mixture are considered to be the algebraic sum of the
components making up the mixture. This assumption is strictly only true for mixtures of similar
components, since the intermolecular forces do not change much upon mixing. The components
in milk solutions are not similar and so we would not expect the ideal mixture assumption to be
correct. However, the ideal mixture models are comparatively simple and their accuracy can be
improved by model identification.

A.2) Density of Milk

The density is the reciprocal of the specific volume and this is modelled in the ideal mixture
using the following. This is rearranged in terms of the density to produce equation (A.2).

Ve =2V, W, (A1)
lzz hic'¥ (A2)
p ! )O:
Where, w, = mass fraction of component in the milk mixture. (kg/kg)

o) = density of component in the milk mixture. (kg/m3 )

P -~ density of the milk mixture. (kg/m’)

Ve = milk specific volume, volume that a unit mass occupies.  (m*/kg)

V - specific volume of a milk component. (m’/kg)

The following specific densities have been given by Murakami and Okos (1989).

Praer =997.18 +3.1439x107' T-3.7574x1073 T2, P =925.59-0.31046T, (A3)

Piua=1599.1-031046T,  p,, =2423.8-0.28063T, p,, ., =1329.9-0.5184T (A.4)
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We can rearrange the above density equation to produce equation (A.S) for the milk density. The
total solids dry matter concentration is the mass concentration of all the non-water milk
components. This includes lactose, protein, fat and mineral salts.

p:% § G = 1= Pwater PR Pwater xpm' L Puwater xﬂ" . Pwater xm", X, = L (AS)
] - aTS 'wTS] Plact ppro! pfd Psait Wrs
Where, w, = mass fraction of the total solids in the milk solution. (kg/kg)
Power = density of water. (kg/m’)
X, = fraction of component i in total solids. (kg/kg)
w, = mass fraction of the component i in the mixture. (kg/kg)

The coefficient a,; has been determined for various milk mixtures using historical data from the

Kiwi Co-op Dairies, Evaporator A plant. These coefficients are shown in Table A-1 along with
those calculated using the specific densities from above. The predicted coefficients shows the
required trends, such as lower densities with high fat content milk solutions. However, there are
some significant deviations between the experimental and predicted results.

Table A-1 : Density model coefTicients.

Milk Milkfat | Lactose | Protein Salt | Experimental | Murakami
(%) | (%) (%) | (%) g Oy
(kg/kg) (kg/kg)

- Whole 27.7 384 27.9 6 0.24187 0.20886
Skim 0.8 53.1 379 8.1 0.34394 0.32781
Butter 93 474 359 7.5 0.30364 0.29611
Freya 26.7 55.1 12.3 6 0.26814 0.23662

Sophie-Lo [ 24.6 52 17.4 6 0.26518 0.23924

MPCS6 0 39.1 57.7 52 0.29871 0.29366

The density coefficient (a,;) in equation (A.S) is linear in terms of the water and component

specific densities (i.e., 2+« ). As a result we can determine the specific densities that produce a
p;

best fit of the experimental data by using standard regression analysis (Montgomery, 1991). The

water density was assumed to be constant during the mixture process. The resulting specific
densities are given by the following.

Proaier=997.18+3.1439x10 ' T-3.7574x1073 T2, Poree=1275.92 (A6)

D1y =1585.59. P, =2655.801, P o= 962.54 (A7)
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A.3) Thermal Conductivity

The thermal conductivity can be estimated using the following equations (Murakami and Okos,
1989). We have further assumed that the component specific volumes are the inverse of the
specific densities.

k=Y ¢k, g, =— T i . (A8)
i P
Pi i
Z P;
Where, k = thermal conductivity of the milk mixture. (W/mK)
k, = thermal conductivity of component i in the milk mixture. (W/m.K)
3 = volume fraction of the component in mixture. (kg/kg)
o, = density of component in mixture. (kg/m®).
p = density of the milk mixture. (kg/m?

The density of the milk mixture is determined using the equations shown earlier. The specific
thermal conductivities are given by the following equations (Murakami and Okos, 1989).

Ky =0.5711+1.73x107°T —6.704x10°°T?, kg = 0.1807 +2.7604x107*T —1.7749x10 " T*(A.10)

waler

k_=0.1788+1958x103T -2.718x10°T?%, k

prot

=0.2014 +1.3874x107T — 4.3312x10°°T*(A.12)

lact

k., =0.3296 +1.4011x107°T — 2.9069x10°T"* (A.13)

We can rearrange the above equation to produce the following linear model, between the mixture
thermal conductivity and milk dry matter concentration.

LI (A.14)

p p water

Where, the linear coefficient &, is given by equation (A.15)

k k k k k

___ prot lact sait fat _ T water
kTS 2l p xprot + xlacl + x.\‘all + xfal (A 1 5)
prot

p lact p salt p fat p water

Using the Murakina thermal conductivity equations we can calculate the k,; parameter for
Whole Milk, Skim Milk and Cream. These can be compared to values determined from
experimental results given in the literature (More and Prasad, 1988; Hori, 1983; Fernandez-
Martin and Montes, 1977) and the results are shown in Table A-2. The results for Skim Milk are
quite good, but those for Whole Milk and Cream show significant deviations. The cause of these
deviations is unknown, but it is interesting to note that the predictions improve dramatically
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when the fat specific thermal conductivity is assumed to be zero. The predicted milk thermal
conductivity coefficients, when fat is assumed to have a specific thermal conductivity of zero,

are shown in the final column of Table A-2.

Table A-2 : Themal conductivity model coefficients.

Milk | Milkfat | Lactose | Protein | Salt Qg Murakami | Literature No fat
° kTS kTS kT.\‘
(%) (%) %) | (%) | (, m*K) | m°K) | m'sK)

Whole | 27.7 38.4 279 6 | 024187 | -4.484x10™* | -5.535x107* | -5.0252x10™

Skim 0.8 53.1 37.9 8.1 | 0.34394 | -4.572x10™* | -4.857x10™* | -4.5874x10™
Cream 100 0 0 0 |-003438| -4.254x10* | -6.286x10* | -6.2089x10™*
A.4) Specific Heat Capacity
The heat capacity of an ideal mixture is given by equation (A.16) (Murakina and Okos, 1989).
C,=>wC,, (A.16)

The specific heat capacities of the milk components are given by the following equations.

C psier =4.21660729 - 2.35427x107°T +3.9274488x10°.T% —1.994188x10"T* + 4.8844x107°T* (A.17)

C . =1.848533088 +8.258845x107°T — 4.97689x10°T*, C o =2219 (A.18)
C10n=1.256, C .y =2.9301 (A.19)
Table A-3 : Linear heat capacity model coefficients.
Milk Milkfat Lactose Protein Salt Murakami Literature
0/ CpTS CpTS
(%) (%) (%) (%) | (IkgK) (kJ/kg.K)
Whole 277 384 279 6 2.1389 1.98454
Skim 0.8 53.1 379 8.1 2.4693 2.08921

Equations (A.17) — (A.19) give the true heat capacities. The effective heat capacity for milk is
often different from these due to the melting, solidification and crystallisation of milk
components. This causes the effective heat capacity to have a latent heat contribution that is
neglected in these equations (Middleton, 1996). The above equation can be rearranged to
produce the following linear model for the mixture heat capacity.
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C,=C pser ~Cors Wrs (A20)
CpTS = praler - Cplact 'xlact - Cppral ‘xprol - Cpfal ’xfal - Cpsall 'xsall (A2 1)
Where,C ., .., = heat capacity of water. (J/kg.°C)

Cos = linear heat capacity coefficient. (J/kg.°C)

Using this model the linear heat capacity coefficients for Whole and Skim Milk were
determined. Literature sources were also found for these coefficients (Fernandez-Martin, 1972).
The comparison between the experimental and model predictions are shown in Table A-3.

A.S) Viscosity

The viscosity of milk solutions at low shear rates has been calculated by the Eiler equation
(Snoeren et al, 1982). This equation relates the viscosity to the volume fraction of the dissolved
solute particles. Eiler’s equation assumes that the dissolved solute particles are compact spheres
and it has been shown that the protein component of milk can be described by this assumption.
The equation also neglects the non-Newtonian nature of the milk. However, the shear rates of
falling films are usually low and it is therefore possible to assume that the fluid is Newtonian.
The maximum volume fraction of the solute components has been given as 0.79 for Skim Milk
(Snoeren et al, 1982).

1250 |
1= p I+-—— A22
l /wa!er|j l—q)/q)max} ( )
Where, 1 = viscosity of milk solution. (kg/m.s)
Hurier = viscosity of water. (kg/m.s)
()] = volume fraction of dissolved solute particles. (-)
o= maximum volume fraction dissolved solute particles. (=0.79)

The volume fraction of the dissolved solute particles can be determined from the following,
When used to descibe the viscosity of milk, only the protein and fat components are used to
calculate the volume fraction. The lactose and mineral salt components do not behave as
compact spheres and so their impact on the viscosity is not accurately described by Eiler’s
equation. In the paper of Snoeren ef a/ (1982), the lactose and mineral salts contribution to the

viscosity is modelled using an empirical linear relationship (i.e., Lactosersatr [1+d,wy]). The
waler

resulting equation is given by (A.24).

(D = )HTS _WTS_)O, Hrs = Vas X cas + v“’hfy'x“’hfy + vﬁ" 'xfa’ (A23)
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2
_ 1.25 475 Wrs - Prwater
H M [l ' d] s [l ’ 1- (ars T Hrs-Prater /q)max )wrs (A.24)
Where, w,; = total solids content of the milk. (kg/kg)
Hys = Viscosity parameter. (kg/m.s)
p = milk solution density. (kg/m?)
v = specific volume of mixture component. (m’/kg)
d, = linear coefficient for lactose and salt contribution to viscosity.  (-)
a;s = density dry matter parameter. )

The viscosity temperature dependence is determined by the viscosity of water and the component
specific volumes. It is well known that the viscosity of water varies greatly with temperature, but
the component specific volumes also vary. In addition, changes in the milk composition can
cause a change in the viscosity temperature dependence. For example, the specific volumes of
natural and de-natured whey proteins are substantially different. Since the whey de-naturation
reactions are temperature dependent, this causes an additional viscosity temperature dependence.

Table A-4 : Specific volumes of milk components.

Inverse of specific Experimental
density specific volume
(/kg) (Vkg)
Milkfat 1.039 -
Casein protein 0.784 3.57
Whey protein 0.784 1.07
Denatured whey protein 0.784 3.09

Table A-S : Viscosity model parameters.

Milk Milkfat | Lactose Protein Salt Snoeren
Mrs

(%) (%) (*4) (%) (m*/kg)

Whole 27.7 38.4 279 6 0.001144

Skim 08 53.1 379 8.1 0.001172

The specific volumes (v ) for the components are strictly the inverse of the densities. However, it
has been found experimentally that the protein specific volumes are considerably larger than the
inverse densities (Snoeren et a/, 1982). Additionally it has been found that the specific volumes
for natural and de-natured whey proteins are very different. This means that the viscosity dry

"' No experimental results appear to be available for the specific volumes of milk fat.
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matter relationship depends on the preheat conditions since these determine the amount of whey
protein denaturation.

Using these specific volumes we can calculate the viscosity parameter (x,5) for Whole and

Skim Milk solutions, as shown in Table A-5. These results were calculated by assuming that 20
% of the milk protein exists as whey protein and that the proteins have not been de-natured.

A.6) Pure fluid saturation relationships

The prediction of water liquid/vapour saturation relationships is very important. We are
interested in the relationships between the pressure, density and temperature. The
thermodynamic criteria for liquid/vapour coexistence is the equality of the Gibbs free energies.

G,=G, (A.25)

Where, G,
G,

Gibbs free energy of the liquid. @)
Gibbs free energy of the vapour. J)

With some suitable assumptions this equation can be rearranged into the Clasius-Clapeyron
equation (Sandler, 1989, p 238). Notice that the temperature is required in degrees Kelvin for this
equation.

om(P,)) 4 (A.26)
oT, ) RIT? '

sat

Where, A = latent heat of vapourisation. J/kg)
R = universal gas constant. (J/kg K)
boiling temperature, in degrees Kelvin. (K)
Py = saturation temperature. (Pa)

With the assumption of constant latent heat this is integrated to produce equation (A.27).

A
In|P. |=A-— A27
n[ sa!] RT ( )

-7 sat

In practice the assumptions made in the derivation of this equation are not very accurate and a
semi-empirical version, the Antoine equation, is used. As for the above the temperature is
required in degrees Kelvin.

B
ln[Psa! ] = Awarer . [7.4_‘“1(,?‘_] (A28)

Where, A = fitting coefficient used in the Antoine equation. )

water
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= fitting coefficient used in the Antoine equation. (K)

water

C = fitting coefficient used in the Antoine equation. (K)

water

The density of the vapour is strictly given by the combination of the above Antoine equation
with an Equation of State. However, the relationship between the saturation temperature and
vapour density can also be accomodated using the Antoine equation. Once again, the temperature
used in this equation is in degrees Kelvin.

B
1 =4 - 2 A.29
np,.] - m (A.29)

Where, 4,,, = fitting coefficient used in the vapour density Antoine equation. )
B, = fitting coefficient used in the vapour density Antoine equation. (K)
Cwp = fitting coefficient used in the vapour density Antoine equation. (K)

The parameters in the above Antoine equations can be identified from a set of saturation data for
water (Rogers and Mayhew, 1988). The resulting parameters are A4, =23.1748,

water

B,., =3806.44, C,,, =46.36, A,,=10.5884, B, =3680.109 and C,, =41.6919.

A.7) Mixture saturation relationships

When additional components are dissolved in water the mixture will boil at a different
temperature to that given by the Antoine equation. This difference between the boiling
temperature of pure water and the mixture is called the boiling point elevation. Starting from the
equality of Gibbs free energies and using the assumption of an ideal mixture we can produce the
classical equation for the boiling point elevation.

1

AT gpg = 1 +R,In(]—xmj (0 (A.30)
| T A
Where, AT,,, = boiling point elevation. °O)
T, = boiling temperature of water, in degrees Kelvin.  (K)
R = universal gas constant. (J/kg.K)
X, = molar concentration of dissolved solute particles.  (mol/mol)

This equation can be expanded to produce the following series, which can be further
approximated by equation (A.32). The first approximation in equation (A.32) uses is a simple

first term approximation of equation (A.31). The second approximation uses a first term Taylor
series approximation of the natural logarithm.
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RT 1 R2T? 1 RT? 1
AT, =T |1+ ’“’1 =2 In? 7% In? T (A31
o “ [ { (1 X sol )} { (1 X sol ):| {(l _x:al )} J “ ( )

RT-, 1 RIox.
ATgpe =~ In {(] - )] ATy = -/1‘—‘ (A32)
sol

An important consequence of these equations is that the boiling point elevation is related to the
molar concentration rather than the mass concentration. Milk mixtures tend to have small boiling
point elevations since the protein and fat components have very large molecular masses. This
means that even with high mass concentrations these components have very small molar
concentrations. However, the molecular mass of the lactose and the mineral salt components is
relatively small. These components essentially determine the milk boiling point elevation. The
total solute mole fraction in the milk mixture is given by equation (A.33), where the summation

is made over the solute dry matter components (w,,,, =1—Zw ). This can be rearranged into

equation (A.34) for x_,

2 o, e

xm!’ = L] xsol H M . (A33)
" (w,
waler + ]+ b uufir__w‘
[Mumr 2[ ]:l |: ;( Mi 'J:|
bTS Wrs brs = water xﬁ" + water xpm’ + M waler xlad + M waler xsa" ( A3 4)
[1 + (bTS l)wTS ] M Sfat M prot M lact salt
Where, b, = parameter used in the boiling point elevation model. -)
M, = molecular mass of water. (kg/kmol)
M, = molecular mass of fat, that occurs in milk solutions. (kg/kmol)
M,, = molecular mass of protein, that occurs in milk solutions.  (kg/kmol)
M, = molecular mass of lactose, that occurs in milk solutions.  (kg/kmol)
M, = molecular mass of salt, that occurs in milk solutions. (kg/kmol)

The molecular masses of the mixture components are shown in Table A-6. Using these values we
can determine numerical values for the b, parameter. Table A-7 shows the calculated b
coefficients for Whole Milk and Skim Milk. Figure A-1 shows the boiling point elevation

calculated using equatlon (A.30) and some experimental boiling point data for Skim Milk (Trinh
eral, 1996).
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Table A-6 : Molecular mass of milk components.

Molecular Mass
(kg/kmol)
Milk fat 30000
Lactose 300
Protein 24000
Salt 100
Water 18

Table A-7 : Boiling point elevation coefficients for Whole and Skim Milk.

S

Milk Milkfat Lactose Protein Salt bg
(%) (%) (%) (%) )
Whole 277 384 279 6 0.03422
Skim 08 53.1 379 8.1 0.04673
1 T ! L T T
N R Whole Milk
R - - et S i S e S o e 2 S ——  Skim Milk il
& Skim Milk data
0-8 ST SISt Rt g SRaTETe Sy Slefsl it Tl =tk Sl T m=E == S Sy SRS S =k 1————————'————————: —————— —
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Figure A-1 : Boiling point elevation vs dry matter concentration.
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Appendix B | : Falling Film Models
and Heat Transfer Coefficients

BI.1) Introduction

Here we investigate some models for the average velocities and heat transfer coefficients of
falling films. The simplest model is the Nusselt model and it shall be considered first. This
produces a simple, but important result, for the falling film velocity and heat transfer coefficient.
However, the Nusselt solution is limited to Laminar flow and so it cannot be applied to general
falling films. As a result, the general velocity model of Dukler and some empirical heat transfer
models will also be considered.

B1.2) The Nusselt Laminar Model

An exact solution to the falling film transport equations was originally derived by Nusselt
(1916). The solution requires a number of simplifications and is only accurate for laminar flow.
However, it provides a simple starting point for understanding the nature of a falling film.
Nusselt derived his classic parabolic velocity profile.

p-g 1 d*u du| ~
14_7(6.))—5)) j p.g—lu?, 5}}:6—0, u|y=0—0 (BL.1)
Where, u = velocity of the falling film. (m/s)
y = distance from wall. (m)
P = density of liquid. (kg/m’)
U = Newtonian viscosity of liquid. (kg/m.s)
o = falling film thickness. (m)
g = acceleration due to gravity. (m/s?)

This can be integrated to produce the average film velocity and the mass flow per unit perimeter.

1 L) 52 2 53
Uy = [u(y)dy =25, [=pu, B=L55 (B1.2)
0% 3.u 3.u
Where,u_,, = average falling film velocity. (m/s)
I = mass flow per unit perimeter, or falling film liquid loading. (kg/m.s)

Nusselt then assumed that the heat transfer was due to conduction and therefore a linear
temperature profile could be used. Integration of Fourier’s Law produces the following explicit
equation for the heat transfer coefficient.
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n=X_p.| P8 (BL3)
0 3.ul
Where, h = falling film heat transfer coefficient. (W/m>.°C)
k B thermal conductivity. (W/m.°C)

2

3
Using Nusselt’s definition for the falling film Nusselt number ( Nu = —:—( £ J ), he produced

&

his classic correlation with the Reynolds number (Re = £). This definition for the Reynolds

u,,. d -
number is derived from the classic definition (Re=pL‘m’——"—), the hydraulic diameter
4.4 .. . m pu,, A
d, = ——) and the liquid loading (I' = — = —= ),
(dy=—7") q g(I'=7 5 )
4\ !
Nu= B Re 3 (B1.4)
Where, d, - hydraulic diameter. (m)
A = cross sectional area of falling film. (m)
P = falling film tube perimeter. (m)

A second equation, that is often quoted, is the integrated version of this along the length of the

L
tubes (hzlljhxdx )(Holman, 1989; p 494)

4

4 4)\3 ! R
h=—h_, Nu=|—| Re *=147Re ? (BLS)
37 3

The Nusselt equations are exact for laminar flow with no surface waves. However, it has been
shown theoretically that vertical falling films always contain surface waves (Benjamin, 1957). In
addition the falling film changes from laminar to turbulent flow at Reynolds numbers above

approximately 1000. As a result, the Nusselt falling film equations cannot be used to describe
general falling films.

BI.3) Semi-empirical Dukler Model

A simple semi-empirical method for describing a falling film under turbulent conditions has been
developed by Dukler (1952) using the Nikuradse universal velocity profile.
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u =y’ 0 <y"<S
u*=-305+5I(y") 5 <y* <30 (BL6)

u' =5.5+2_51n(y*) 30<y* <6"

Il

dimensionless film velocity. )

Where, u"| = ’ J
&
yv[: p\fﬁy]

U

dimensionless distance from wall surface. (-)

With these dimensionless variables we can produce the following integral equation for the liquid
loading.

5
=u Iu'dy* , Re = 4‘["‘@’ (B1.7)
0

0.9 T T T T T - T T

--------- Nusselt equation
08} | ——  Dukler equation
----- Brauer equation

-
»
¥
-

Film thickness (mm)

i] 500 1000 1500 2000 2500 3000 3500
; "~ Reynolds number{)

Figure B-1 : Film thickness vs Reynolds number, using Nusselt, Dukler and Brauer models.

Substituting the Nikuradse velocity profile, we then produce the following piece-wise equation.

Re=2(5") 0  <Re<50
Re=5004-3225"+205"In(6") 50 <Re<11248 (B1 8)
Re =-255.6+125" +105" In(§*) 11248 <Re< o
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Where, 6 ° (: i il WJ = dimensionless film thickness. (-)
H

The above film model can be compared with the Nusselt correlation (5=3 3"? 4 ) and other
P8

empirical turbulent models (Yeates, 1996). For example the turbulent film thickness model of
Brauer is given by the following equation.

5 =0.0947Re"* (BL9)

Figure B-1 shows the calculated film thickness for a liquid with a density of 1000 kg/m3 and a
viscosity of 0.001 kg/m.s from the Dukler, Nusselt and Brauer models. The Dukler model
provides a good description for both the Laminar and Turbulent regions. This result is important
because we can use it to calculate the falling film velocity for a given Reynolds number. If we
then assume that the falling film properties are constant along its length, we can determine its
residence time. The Reynolds number is given by the following.

-t (BL.10)
y7,

—  Whole Milk ’
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Figure B-2 : Falling film velocity vs Skim Milk and Whole Milk dry matters.

Given the falling film Reynolds number we can calculate the film thickness from the Dukler
correlation and then the average film velocity. The residence time is then simply determined
from the length of the evaporator tubes and the average film velocity. By assuming that the
falling film liquid loading is 0.14 kg/m.s and given the physical property correlations of
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Appendix A, we can calculate the average falling film velocities for Whole Milk and Skim Milk.
Figure B-2 shows the resulting falling film velocities vs the milk solution dry mass fractions.

Bl.4) Empirical Falling Film Heat Transfer Models
There are three empirical models for falling film heat transfer coefficients. The model of Chun

and Seban (1971) is very commonly quoted. It describes the Nusselt number in the Laminar
region by the following modification of Nusselt’s classic equation :
Nu=0.822Re "* (BL11)

and in the turbulent region :

Nu=0.0038Re"* Pr’® (BL.12)
1
: h( u* )2
Where, Nu = falling film Nusselt number ( Nu = s ). (»)
P -8
: 4T
Re = falling film Reynolds number ( Re = —). )
y7i
: C,u
Pr = falling film Prandlt number ( Pr = ). )
h = heat transfer coefficient. (W/m*.K)
k = thermal conductivity. (W/m.K)
u - viscosity. (kg/m.s)
P = density. (kg/m’)
C, = heat capacity. (J/kg K)
r = falling film liquid loading. (kg/m.s)

Chun and Seban also showed that the transition from laminar to turbulent flow depends on the
Prandtl number by the following equation.

Re=2460Pr °% (BI.13)

The Chun and Kim (1990) model does not separate the flow into Laminar and Turbulent regions
but uses a single equation that is applicable to both.

1
Nu=1.33Re * +9.56x10°° Re*¥ Pr°* +0.00822 (BI.14)

A considerably more advanced model is that of Alhusseini ez a/ (1998). This model potentially
accounts for the presence of surface waves and turbulence. The heat transfer coefficient is given
by the combination of the laminar and turbulent Nusselt numbers.

214



Appendix B I

i
Nu:(Nu,5 +Nuf)5
The Laminar flow Nusselt number is given by the following equation.
Nu,=2.65Re *'** Kaq®®®

The turbulent flow Nusselt number is given by the following equation.

Nu. = Pré&?
. ; ! ! Lol
9.17.Pr*+ A, Pr2+ A, Pr* +C, +B.Ka2.Pr2}
; i ofiss z)
A4,=03287 M. A, =0.0289 ! 52100”(340)‘3 +7(5°)
]_ Ka 0.173
B=251x10°(5' ) ——=——~,  C,=8.82+0.0003Re, 5" =0.0946Re*®
Re=}349 Ka -
gu
Where, Ka(éu;] = Kapitsa dimensionless number. )
p.o
o = Surface tension. 0
Yl = Viscosity. (kg/m.s)
P = Density. (kg/m3)
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Appendix B Il : Falling Film Models
and Heat Transfer Coefficients

BIIL.1) Introduction

In this Appendix we investigate some simple falling film heat transfer models for milk and also
some heat transfer models for forced/natural convection. In- Appendix BI some empirical
correlations for the evaporating heat transfer coefficients were represented. However, the
correlations are very complex and it would be valuable if simpler equations could be determined.
Here we shall be primarily concerned with determining these ‘simpler’ models for evaporating
falling films, working with milk solution. An important part of this is the integration of the
falling film static equations, to account for the variation in the milk dry matter down the length
of the falling film. The final part of this Appendix will consider some empirical correlations for
forced and natural convection.

o | Q. l : ! g
o} SRR SO S— '
¢ + 4 5 :
31 || domeeee T TR boemeeneaniaes boesnenenen e .
t 0 d T e
%um— -------------------- © .- -4 ; - -
8 0 : 4 E
| S T ST = = .
H o : s 49
e 11 1 1 il RRCEEIEEEERE B herr TEREEEEERERE -
8 ® H
. PR . [T SR
§ BOOf-- et b o s kl
® ) :
ST R R RS RN SOR A S 4
% i Ll :
g a4 Literature data.AT=3.S°C,Te=BU°C
0 + Literaturedala,AT=5°C,Te=BU°C
4 Literature data, AT=7°C, T _=60°C
0 ; = 3 ;
0 01 Ry aT
~ Dry malter concentration (kg/ky)

Figure B-1 : Experimental Whole Milk falling film overall heat transfer coefficient vs dry
matter.

BI1.2) Heat Transfer Coefficients for Milk

In the previous Appendix we investigated some models for the heat transfer coefficients of
falling films. The models show that the coefficients depend on the Reynolds and Prandit
numbers. This means that the heat transfer coefficients depend on the falling film mass flow and
the physical properties. However, for milk solutions the physical properties have the most
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important impact, because they are strong functions of the dry matter concentration. This is
shown by the results in Figure B-1 for the Whole Milk overall heat transfer coefficient vs dry
matter concentration (Trinh er al, 1996). Clearly the overall heat transfer coefficient reduces
dramatically as the milk dry matter increases.

An additionally important effect is the occurrence of nucleate boiling. The correlations of the
previous Appendix assume that the heat transfer occurs by convection only and that there is no
nucleate boiling. For milk solutions, which have lower surface tensions than water, nucleate
boiling is likely to have some impact on the heat transfer coefficients. This is the probable cause
of the impact of the temperature difference shown in Figure B-1. However, we shall neglect the

impact of nucleate boiling and only consider the relationship between dry matter and heat
transfer coefficient.

A simple method for accommodating the impact of dry matter on the heat transfer coefficient is
to use a linear model.

u=U,-U,w (BIL1)

This equation is simple but it can only be applied for a specific dry matter concentration range. A
model that can potentially be applied for a larger dry matter range is given by the following.

U,

U= = BII.2
|l+Umeﬂ“’i (BI1.2)

This can also be derived from Nusselt’s correlation which is given by the following.

h:[lJ3 [’iﬂT (BIL3)
3 ul

The milk viscosity can be approximated by an exponential equation ( z=g,e%™), which varies
greatly with dry matter. However, the density, thermal conductivity and liquid loading are
comparatively constant. If we neglect the variation in density, thermal conductivity and liquid
loading and only include the viscosity effect then the following equation is produced.

1 1
(k' p'g) A2 A
h:(J(—#”—FﬁJ e ’ =he ’ (BIL4)
Bw
T, - 5 geaﬁ | (BILS)
B W 2 W
[h...e ; +ho} {Hho-e 3 } o’
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Where, A, = heat transfer coefficient of falling film with water. (W/m”K)
h, = heat transfer coefficient of condensing falling film. (W/m*K)
U = overall heat transfer coefficient. (W/m*.K)

The falling film is a distributed parameter system so the heat transfer coefficient varies along the
length of the falling film. We could take the average falling film dry matter and use this to
determine the overall heat transfer coefficient. However, a better method is to integrate the static
falling film partial differential equations which are derived in Chapter 2.

Linear overall heat transfer coefficient model
The steady flow profile is given by the following.

dM ndn d\Mw
§+U(w) = [n—n—Apre(w)]=o, %:0 (BIL6)

The dry matter differential equation can be easily solved.

M,
w(x):A;—(‘:; (BIL7)

Now if we assume linear relationships between the boiling point elevation/heat transfer
coefficients and dry matter (i.e,AZ,,,=aw and U=U, -U, w) we can substitute these into
equation (BIIL.6) and produce a differential equation for the flow down the film. This equation

can be integrated to produce the following implicit equation for the mass flow of evaporation in
the falling film (ie, M, =M,-M,).

v @M, !n[l_ M,,., AT ]_ UL M,w, -ln[l~ U M ]_U,,.m.n.L,AT(BII.S)
YL tubes 3 z Lt

At @ U M, (AT -aw,) 2| Us _@ M,U,-U,w,) A

~|ar U, “lu, AT

The heat flow through the evaporator tubes is given by the following integral equation.
L:

G = [[U1, U, wlr d n[AT -awlix (BIL9)
0

This integral equation can be solved by substitution of the differential equation
daw_w'lU, -U, Jrdn[AT -aw]
dx AM ,w,

1 1
Gopen =AM ; W, |:‘_ - ‘_] =AM ... (BIL.10)
w w

d e

If we neglect the boiling point elevation, then equation (BII.8) simplifies to the following.
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M

UpMywy [\ UMy, ]_U,ﬂ.;r.d.n.L.AT (BIL11)

e U, § M, (U."u ‘U.'..-‘wd) - A

This is an implicit equation for the mass of evaporation in the falling film. However, if we use a
first term MacLaurin series approximation for the logarithm of 1-x (i.e., In(l - x)=-x) we can

produce the following equation. This is explicit for the mass flow of evaporation and it is also
linear in terms of the heat transfer parameters. However, because this equation is only an
approximation of (BII.11) the model parameters are not exactly the same and they are given
different definitions (i.e., U, #U,, U, #U,,).

so?

] r.dnl AT
W dy

M,,.=[U,-U.,w ~ (BIL12)

tubes so

Exponential heat transfer coefficient model
The overall heat transfer coefficient and the boiling point elevation are given by the following
functions.

Uey

U:m], AT, =aw (BIL13)

The steady state mass balances produces the following differential equations.

dM U,,xdn[AT aw] d[M.W]_O

Il+U - = (BIL14)

The second of these can be solved and substituted to produce the following differential equation
for the dry matter down the falling film length.

dw_w’ *U o mdn[AT - aw]
de M, wdll+U e’;“l«l

(BIL15)

This differential equation is difficult to solve. However, it is simplified quite considerably if the
boiling point elevation is neglected.

11 “ef* U, AAT
[———] 0. 1 2L (BIL16)

w, w, w? AM,w,

The solution of this is given by the following, which uses the exponential integral function

(Ei(x [—dz)
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M,,,, +(_;’N[A/!‘,.e‘8'“"’ —M,.eﬂ“”']+ U,,BM,w,|Ei(Bw,)-Ei(Sw,) :w(m 1.17)

BIIL.3) Forced Convection Heat Transfer Coefficients

The heat transfer coefficients between a tube surface and a flowing liquid can be predicted using
the Dittus and Boelter correlation (Holman, 1989; pp 274-275). This heat transfer occurs in the
shell and tube condensers of the Evaporator A plant.

Nu=0.023Re"® Pr'? (BIL18)
Where, Nu (: %) - Nusselt number.
Re(z £ ,u,d} - Reynolds number.
7,
e B
Pr| = 2 = Prandlt number.

BIlL.4) Natural Convection Heat Transfer Coefficient

The heat transfer from the evaporator surfaces is due to natural convection and radiation. For

natural convection the heat transfer coefficient can be determined from the following correlations
(Holman, 1989; pp 332-339).

1
1 —
Nuu? —0.825 4 0-387(Gr-Pr)s (BIL19)
9 |22
(0.492]16
14| ——
Pr
1
Nu=0.1(Gr.Pr)s (BIL.20)
C,.
Where, Pr = Prandlt number. ( Pr=—~ 'u)
B\, -T }
Gr = Grashof number. (Gr:gﬂ . . o ). )
o
Nu = Nusselt number. ( Nu :%)

It must be remembered that these correlations only apply for natural convection and so they are
likely to underestimate the actual heat transfer coefficient. In reality the effect of radiation will
cause the coefficient to be larger. The evaporator surfaces are at approximately 60 °C and the
ambient temperature around the evaporators is approximately 30 °C. Using these numbers we
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) . 60+30
can determine that natural convection film temperature (7 ,=(;—)=318.16K ) and the
properties of the air (,6’:7"L:3.143x10'3 % k=0.0272 W/mK, Pr=0.704 (-),
s

v=1.683x10"° m?/s). The length of the evaporator surfaces is approximately 16 meters. With
this we can determine the Grashof number (Gr=9.416x10?) and hence the Nusselt number
(Nu=2298.05). From this the natural convection heat transfer coefficient can be determined
(h=3.907 W/m* K).
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Appendix C : Film Breakdown

C.1) Introduction

Here we investigate some models and experimental data for the breakdown of falling films. This
occurs when the falling film flows in rivulets, rather than as a uniform film. The prediction of the
mass flow at which breakdown occurs is important for the avoidance of fouling. In this Appendix
we describe some models for predicting film breakdown and also make comparisons between the
models and some experimental results.

C.2) Hartley and Murgatroyd Model

The simplest film breakdown model is that of Hartley and Murgatroyd (1964). The criteria for
film break-up is when the surface tension force is equal to the falling film momentum.

oll —cos(&)]z%jz:zoﬂy (C1)

Where, p = density of falling film liquid. (kg/m’)
o = surface tension of falling film liquid. (N/m)
0 = contact angle of liquid with wall surface.  (°)
u = falling film velocity. (m/s)
y = distance from wall surface. (m)

Nusselt’s classic parabolic film velocity equation is used.

: 1,
u(y)=££{§, y—— y“] (C2)
y7, 2
Where, 1 = viscosity of falling film liquid. (kg/m.s)
o = falling film thickness. (m)
g = gravitional acceleration. (m/s?)

Substituting the film velocity into the force balance produces the following equation. This gives
the critical falling film thickness for film breakdown. Nusselt’s falling film model shows that the
liquid loading depends on the falling film thickness.

2 ) 2 3
all —cos(&)]:lﬂs(&J 5, = p.um,ﬁzpj' u(y)dy = %‘?_ (C3)
u : M
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This allows us to determine the critical liquid loading for film break-up. The result is the famous
Hartley and Murgatroyd equation.

| O =—;(1 5)2 [fgﬁ]; [o(1- cos(O))]s (C4)

C.3) Zuber and Staub model

The Hartley and Murgatroyd film breakdown model is strictly only correct for isothermal falling
films. When the falling film is being heated additional force terms must be included. Zuber and
Staub (1966) included two extra terms.

0o ) q.8,.cos(6) g.cos(8) *ApS, ph
oll-cos\@)|+| — £ + £==|u C5
[1-cos(6)] [arj YT Pl 2! (v)dy (C5)
Where, q = heat flow through the film. W)
A = area of heat flow through the film.  (m?)
k = thermal conductivity of fluid. (W/m.K)

This equation shows that the extra terms depend upon the heat flow per unit area (%=U AT),

which depends on the temperature difference. For MVR evaporator plants this temperature
difference is designed to be small because this improves the energy efficiency. Consequently, for
these MVR evaporator plants these terms do not have much impact on the falling film stability.

C.4) Hoke and Chen model

The Hartley and Murgatroyd model assumes that the weight of the liquid above the dry patch is
cancelled by the wall shear force. This assumption is relaxed by Hoke and Chen (1992) and they
add an additional term to the balance equation. This equation is implicit for the falling film
thickness, which is substituted into equation (C.3) to calculate the liquid loading.

2
p.g ) . p g’
1-cos(f)|=—>| ——— | [26—sin(20)[+ —=>—— Co6
O e o | ©9)
C.5) Chung and Bankoff model

The models of Hartley/Murgatroyd, Zuber/Staub and Hoke/Chen don’t consider all of the forces
acting on the falling film. Two large papers by Chung and Bankoff (1980) include the forces due
to vapour shear, hydrostatic head, wall shear, thermocapillary, evaporative thrust etc. The
resulting balance is, however, not as simple as the above and we will not be consider it here.

C.6) Contact Angles

An important part of the determination of the liquid loading for film breakdown is the contact
angle. This has been determined for Whole Milk at 20 °C (Paramalingam ez a/, 1999). Table C-1
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shows the resulting contact angles and surface tensions. In addition Whole Milk was observed
flowing down a vertical surface. The minimum flow for a stable film was determined and the
corresponding liquid loading determined. Figure C-1 shows the experimental minimum falling
film flows determined along with the Hartley/Murgatroyd and Hoke/Chen model predictions.

Table C-1 : Whole film breakdown parameters.

Dry matter Contact Surface Density | Viscosity Observed
(kg/kg) Angle Tension (kg/m"‘) (kg/m.s) minimum flow
(°) (N/m) (kg/m.s)
0 93.0 0.0727 998 0.00109 0.222
0.05 67.8 0.0471 1010 0.00187 0.135
0.10 64.0 0.0476 1022 0.00189
0.20 60.6 0.0498 1048 0.00401 0.151
0.30 583 0.0532 1075 0.01040 0.143
0.40 542 0.0580 1103 0.03540 0.123
03 T T = . 1
+ Whole milk data
Hartley and Murgatroyd model
025 Hoke and Chen madel

Minimurmn flow (kg/m.s)

g 6% 01 6% B3 0% 83
: Dry matter (kgkg)

Figure C-1 : Experimental minimum flows, for Whole milk.

Some falling film wetting literature results for Skim Milk in falling film evaporators are also
known (Trinh et al, 1996). These can also be compared to the Hartley/Murgatroyd and
Hoke/Chen models and the results are shown in Figure C-2. Interestingly the model predictions
are higher than the literature results. This is probably due to the contact angles of the falling film
evaporator tubes. Presumably the tubes are polished and carefully maintained so that the contact
angles are lower. The Skim Milk literature data can be fitted to a polynomial function in terms of

the dry matter concentration. This is shown in Figure C-2 along with the model predictions and
literature data.
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C.6) Experimental Water film Break-up

In Chapter S the TVR parameter identification neglected some data points. Here we show that
these data points correspond to film break-up in the seventh pass of the Evaporator A plant.
When falling film break-up occurs the measured heat transfer coefficient is smaller than
expected because the heat transfer area is reduced. As a result, the heat transfer coefficients
cannot be identified with data that includes film breakdown.

03 ; 3 i : : : 4 ‘ i i s i

o Skim milk :
Hartley and Murgatroyd model '

025} —*+—  Hoke and Chen model SRS SO [T =
I, =0.043856 + 0.0344w + 0.4520w : :

Minimum flow (kg/m.s)

I .
0 005 01 016 02 0% 03

Dry mattr kga)

Figure C-2 : Skim milk minimum liquid loadings vs dry matter.

| i
035 04 045

Using historical data from the Evaporator A plant we can calculate the overall heat transfer
coefficient in the third evaporator effect. The second effect overall energy balance is given by
equation (C.7). This equation is also shown by equation (5.24) and it is derived by the addition of
equations (2.30) and (2.63).

q Jeed6 + Wcompl = qshell 7 + qshell8 + qelossz + qsloss 2 + qcondensaleZ (C 7)

This can be rearranged into an explicit equation for the overall heat transfer coefficient in the
third evaporator effect.

[q feed6 + Wcomp2 . qeloss 2 qsloss 2 qconden:ale 2 ]

[A:7 +Ass ITez _Te3] :[U” +Us8] (C9)

Figure C-3 shows the calculated overall heat transfer coefficients vs the mass flow from the
bottom of the evaporator tubes. As expected the heat transfer coefficients dramatically reduce at
low flow rates. This is consistent with the expectation that heat transfer coefficients are lower
when falling film breakdown occurs. We can test whether the results in Figure C-3 represent film
break-up by using the Hartley and Murgatroyd equation. With a contact angle of 93 © and the
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physical properties of water at S5 °C we can calculate the mass flow required for a wetted film.
The thick lines in Figure C-3 show the calculated mass flows required for film breakdown in the
seventh and eighth evaporator passes. It appears that the reduction in heat transfer coefficients at
low flows is due to film breakdown in the seventh pass.

2R 1 S ! :
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i R W e b TR 5
. L I R B, I SR S :
ST TN S 2 18 O S
5 i F e e
% - AR I S R S S B i
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£ L 1 s
§ 600f------ oot b e ooeee
il ' o B [l ' . .
B i A T I : :
£ B00f------ pecE o & ':’-":- ----- ety 7 Taliaieted =ittt et
8wl SRS S SN SO SRS NN
& : * Water overall heat transfer coeflicient
200 f------ fiz === ——  Hartley-Murgatrod minimum flow, seventh pass
N LS Hartley-Murgatrod minimum flow, eighth pass
o - .' e e X —= .
: 0 05 S [ e
Mass flow from tube botto

Figure C-3 : Overall heat transfer coefficients vs mass flow from tube bottom.
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Appendix D : TVR Compressor
Models

D.1) Introduction

A thermal compressor uses high pressure steam to compress a low pressure vapour. These
compressors are also called jet ejectors and they are sometimes used as vacuum pumps. Figure
D-1 shows a TVR (Thermal Vapour Recompression) compressor.

High I\’__—-—""—— Compressed

pressure ™ e vapour +

PRy ﬁ
steam |.‘_‘_‘__,_.-—\steam

Low
pressure
vapour

Figure D-1 : A TVR compressor.

The description of the TVR compressor, by all models, will be separated into two sections.
Firstly the determination of the mass flow of high pressure steam and secondly the determination
of the entrainment ratio of high pressure steam to low pressure vapour.

D.2) The Sonic Orifice Equation

The flow of a high pressure steam through a nozzle can be given by equation (D.1) (van Wylen,
1994). This applies for sonic flow through the nozzle, which commonly occurs in the high
pressure steam nozzle of a TVR compressor.

2 2 -1

msream =Athroat’})steam EY—' ﬁ = AT VR‘P.:'ream (Dl)
Where, m_,,,,, = mass flow of steam through the TVR compressor nozzle. (kg/s)

P,.. = highpressuresteam supply pressure. (Pa)

R = universal gas constant. (kJ/kg.K)

T = temperature of high pressure steam. (K)

C
4 = ratio of constant pressure and volume heat capacities. [= C—pJ )
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Ay = cross sectional area of TVR compressor nozzle throat. (m?)

Equation (D.1) shows that the mass flow of steam through the TVR compressor nozzle is directly
proportional to the pressure of the steam. Using the design specifications of the Evaporator A
plant TVR compressor, we can calculate the Ay, parameter. This result can then be compared

with the value determined from equation (D.1). The compressor contains four raw steam nozzles
each with a diameter of 6.6 mm and this allows us to calculate the nozzle surface area (i.e,,

Ayoee =0.00013685 m?). We can determine the physical properties of the raw steam at the
saturated pressure of 10 bar (ie, T'=179.9 °C, R=461.88 J/kgK,
C,=2620J/kgK, y =1.214(-)) and thereby determine the value for Ay, from equation
(D.1) (i.e, Apg =2.5006x10" kg/sPa). The design specifications can also be used to
determine this parameter (i.e, m,,,, =690 kg/hr@ P,, =9bar, Ay, =2.129x10"" kg/s.Pa).

2 ' 4, s
steam : :
: , \/I
S ; :

Figure D-2 : TVR compressor balances.

D.3) Kessler TVR Compressor model

The Kessler (1981) model is the simplest TVR compressor entrainment model. It is not very
accurate, but it provides a simple starting point for modelling the compressor suction mass flow.
Making a momentum and enthalpy balances around the mixing, raw steam entry and diffuser
sections produces equation (D.2).

m,,. v, :(ms,m + M. )v4 ,  ho+ %vf =h_, h,+ % vi=h,, (D.2)
Where, m,,,,,, = mass flow of high pressure steam. (kg/s)

M, = mass flow of the entrained vapour. (kg/s)

v, = velocity of the vapour/steam mixture at point 4. (m/s)

v, = velocity of the steam at point 2. (m/s)

h, = enthalpy of the steam at point 2. (J/kg)
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h, = enthalpy of the steam at point 4. (J/kg)
h... = enthalpy of the steam before entering the compressor. (J/kg)
h, = enthalpy of the vapour/steam mixture exiting the compressor.  (J/kg)

Combining these we produce the following equation for the compressor entrainment ratio.

mm’"P hﬂeam _hl
w= = ’ F -1 (D.3)
msteam (h.r T h4)

entrainment ratio of the compressor. (-)

2\h

steam steam

+m 2(h. —h

steam comp 5 4/ »

h, =(m

Where, w =

D.4) DM TVR Compressor Model

A second T VR compressor model has been developed by Dotterweich and Mooney (1955). This
model is also simple and is really just a modification of the Kessler model. The end result is
equation (D.4) for the entrainment ratio.

k-1
[ £ |
‘P.rfeam

I T ] o s (-
“ﬂE [Y__IJ + T , % —E[TH} (D.4)
1=l =%
)

Where, 7, = temperature of the vapour entering the compressor suction section. (°C)
... = temperature of raw high pressure steam. (°C)
P = pressure of the exiting vapour/steam mixture. (Pa)
P,.. = pressureofraw high pressure steam. (Pa)
P, = pressure of the vapour and steam before passing through exit diffuser. (Pa)

D.S) Empirical TVR Compressor Model

Neither of the above models are found to accurately describe the entrainment characteristics of
TVR compressors. There are many characteristics of TVR compressors which they do not
include. The most important is the constant suction capacity of the compressor. It is often found
(Munday and Bagster, 1977) that the flow of suction vapour is independent of the raw steam and
compressed vapour properties.

While there have been many models published in the literature that claim to provide a complete
description of TVR compressors (Sun and Eames, 1995) none appear to be completely reliable.
Consequently we will use a simple empirical model to describe the TVR compressor entrainment
characteristics. Equation (D.5) shows the model for the mass flow of suction vapour that we shall
use. The basis for this model is taken from the above literature models. The mass flow of suction
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vapour is shown to depend on the suction vapour conditions and the high pressure steam
condition.

_ A?T'R 'BTI'R ‘Pe P:p

M, = , (D.5)
BT
Where, B,,, = TVR compressor parameter. (mom.so‘“/kgom)
P, = pressure of the suction vapour to the compressor.  (Pa)
P, = raw steam pressure to the TVR compressor. (Pa)

From the design specifications we can deteremine the TVR compressor parameter B,,.. The
Anr parameter was earlier determined to be 2.129x107 m.s. The design specifications give

M, as 1210 kg/hr, P, as 9 barand P, as 0.1815 bar. Using these values we can determine that
By is 58.44 m*® s"% /g™
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Appendix E : Evaporator Geometries
and Computer Tagnames
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Powder 3 Powder 4 Powdes 5 i
First Eveporstor Pass First Evaporator Pess _ First Evaporator Pess ] T
Ly= 16 m Ly= 6 m Le= 16'm_ Length of evaporatar tubes.
D, = 0.0385:m D, = 00385 m D,= 00463 m Diameter of evaporator tubes.
ny= 846 ny= 846 ng= 659 Number of evaporator tubes.
oy 1783 = 1783 oye 1318 Number of distribution piete holes
dpy = 00045 m dp, = 0.0045 m dp,= 0.0055 m Olameter of distribution piale holes
nny= 815 = 817 ny= Number of rising tubes
hry= 45 mm hry= 45 mm hey= 45 mm  Height of rising tubes |
P,= 10232'm P,= 10232 m Py= 9586 m Perimeter ot evaporator tubes
As,= 16372 m? As,= 16372 m?* As, = 15337 m*  Surface area of evaporator tubes
Ah, = 0.0284 m* Ah,= 0.0284 m? Ah,= 00313 m? Surfece area of distribution plate holes
Ad, = 1.6849%m? Ad, = 16844 m* Ad,= ~'m® Surtacs area of distribulion piate
Second Evaporator Pess. Sacond Eveporstor Pass. Second Evaporstor Pess. i
Lg= 16'm Lz= . Bm T ®Bm
Dz= 00385 m D, = 00385 m D22 00463m .
ny= 697 ny= 697 ny= 434
npz= 1470 npz= 1470 npy= 668
dp; = 0.0045 m dpze 0.0045 m dpy= 0.0055 m
nry= 667 nrz= 670 nez= -
hrg= 45 mm hrz= 45 mm hrz= 45 mm
P,= 8430'm P,= 8430 m P, = 8313 m
Asy= 13488 'm? As; = 13488 m? As,= 10100 m?
Ah,; = 00234 m” Ahy = 0.0234 m” Ahy= 00206 m*
Adg = 1.4037 .m’ Adz= 14053 m* Ad; = B
Third Evaporator Pass Third Evaporastor Pase Third Evaporator Psss
L= 16'm Ly= 16 m Ly= 16 m
Dy= 00385'm D= 0.0385 m Dy= 0.0463 m
ny = 466 ny= 466 Ny= 32
npy = 1007 npy= 1007 npy= 624
dpy= 0.0045'm dpy= 0.0045 m dpy= 0.0055 m
nry= 447 nry= 445 nry=
hry= 45 mm hry= 45 mm hry=
Py= . 5638 m Pa= S638m  Pa= :
Asy= 901 8:m? As,= 9018 m* Asy= i
Ah, = 00160 m? Ah, = 0.0160 m? Ah,=
Ady = 09286 m? Ady = 09291 m? Ad, =
Fourth Evaporator Pass Fourth Evaporator Pass Fourth Evaporator Pess
ko= 16'm L= 16m 5= 16 m
D.= 00385 'm D,= 0.0385 m D= 0.0463 m
ng= 358 n,= 3s8 ne= 247
np.= m = m = 494
dp,= 00045 m dp, = 0.0055 m dp, = 0.0055 m
= 330 n,= 341 o= '
hr, = 45 mm hr, = 45 mm hr,= 45 mm
P,= 4330'm P,= 4330m P,= 3593 m
As,= 692.8'm’ As,» 6328 m* As,= 5748 m?
Ah,= 00124 m? Ah,= 00185 m*  Ah,= B L L o S S
Ad,= | 072420 Ad, = 07226 m? Ad, = “m?
Fifth Evaporator Pass Fifth Eveporator Pass Ffth Evaporator Pess
Lg= 16:m Lg= 16 m Lg= ) 16 m
Ds= 00385'm D, = 0.0385 m Ds= ooa63m
o o o 23 o = : R I
npq = 538 nps = 538 npy = 340
= 00045'm dps = 0.0045 m dps = 0.0055 m
we= 232 ng= 232 ng=
hrg= 45 mm heg= 45 mm hrg=
P = 2963'm Ps= 2939 m Ps=
Asg= 4744 'm? Asg= 4703 m* Asg=
Ahg = 0.0086 m? Ahg = 0.0086 m? Ahg =
= 0.5416 'm? Adg= 05379 m? Adg=
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Sixth Evaporator Pass Sinth Evaporator Pass ‘Sixth Evaporstor Pass : ]

Le= 10m Le= 0m iLg= 10m ‘Length of evaporator tubes.

Doz 0088SIm, . . Dem o V.0 D= 0043 m  Diemeler of evaporalor fubes.
Ng= { _Ne= iNg= . umber of cvaporator bes. .
nPg = npg = ‘Number ot distribution piate holes
dps = dpe = ‘Diemeter of distribution piate holes
e = Number of rising tubes

hrg= hrg =

Pg= i Pg=

Asg= 2095 m? Asg= ‘Surface area of evaporsior fubes
Ahg= Dﬂm‘m’ Ahg= imm-ammmm
Adg= 05743 m?  Adg= 05738 m? Surfece erea of distribution phate
Seventh Evaporator Pass Seventh Eumntot Pass

L= 10im L= 10m 1

Dy = 0.0463 m Dy = 00463 m :

M= 66 n, = 66

np, = 156 Py = TV ) 1L T AP, 1)

dp, = 0.007:m dp, = 0007 m :

nre = 66 n,= 68 i

hry = 75 mm hry = 7S mm hry =

Prz  .....S560m B L 880m P 88Om

As, = 860 m? As, = 960 m? ‘As;= Tesom? '

Ah, = 0.0060 m* Ah, = 0.0060 m’ Aye 00078 m*

Ad,= 022%m? Ad, = 02245 m? Ady = T

Eigihtth Evaporator Pess Eighth Evaporstor Pass :Eigith Eveporator Pess

La= 10m L= 10m RS Gk (LTI

Dg= 0.0463'm Dg= 0.0463 m Dg= 100463 m

ng® 43 Ng= 43 iNg= od IS S

NP = 10t Py = 101 NPy = 109 i

P = 0006m dpa= 0008 m dpg= 0.008}m
nrg= 43 nrgs 43 Nrg= 30

hrg= 75:mm hrg = 75 mm 75 mn

Pg= 625 m Pg= 625 m 640 m

Asg® 625 m? Asg= . B25m? _ 640 m?

Ahg = 00051 m? Ahy = 00051 m? ; 0.0063 m?

Ady = 0.1466 m? Ady = 0.1468 m* ‘Adg= m?

Vacuum Condenser: Vecuum Condenser mvlcuum Condenser 5

L= 12'm Le= 12m 2am  Length of candenser tues. i
n= 144 Ne= 144 ... 30 ....Number of condenser tukes.
D= 0.020.m Dc= 0020 m 0020 m . g
Prehest condenser : Prehast condens®r _IWR V.euun Condenser {

L= 12im L= 12m i 24m

Ne= 2B Ne= .28 AL i
De = 0.030:m De= 0030 m 0030 m i
Calandrias Calsndriss

DEO1 = 1933 m DEO1 = 1933 m

DEO02 = 1933'm _ DEO2= 1833 m

DEO3 = 0882 m DEO3 = 0882 m

DEO4 = 0713'm DEO4 = 0.713 m

Ao (1) /S, S TSR SRR S

e R e R e e

Inner Diameter of Rising tubes = 18 mm

Plate Heat Exchang®r

Apr= 65.65:m? Heat transfer surface area for the first section.

Ay = Heat transter surface area for the second section.

Agr= Cross sectional area of fluld flow, for milk in the first section.

A = Cross sectional area of fiuid flow, for mik inthe secondsecion. =~ P
Ag = Cross sectional area of fiuid flow, fwaarmgnﬂtmﬂsa-um
Ay= Cross sectional area of fluid flow, for water in the first section. i
Var= Volume of milk in the first section.

Va= Yolume of hat water in the first section.

Vo= Vohume of condensate in the second section.

Vs = Yohame of milk in the second section.
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Powder 3 Evaporator A Online Computer Tagnames

Tag Units Description S=—rr
P3PT1581 bar TVR steam p b

P3PC1581SP bar TVR steam p setpomnt,

P3PT1584 Bar Preheat backpressure

P3PT1782 TVR cond pressure
P3PC15845P Bar Preheat backpressure setpoint,
P3PC15840T % Preheat back valve

P3FT17187FL 1/h TVR filtered product flow.

P3FT17177 1/h M VR product flow. —
P3TE1381 DegC MVR evaporator shell temperature.
P3TE1382 DegC MVR evaporator effect temperature.
P3ST1339 rpm MVR compressor speed.

P3VC132100 cpm MVR turbine speed setpomt.

P3TE1283 DegC First flash vessel

P3TE1781 DegC Muweﬁmw

P3TE1785 DegC Mmmﬂaw
P3DT1778 kg/m MVR product density. ]

P3AV2851 B Inlet air from 2850 d:

PIPT2681 mnWC Fines retun system pressure

P3TCA17810 % =

©3TE1784 Plate HX outlet t

P3TE12%4 Seoond flash vessel temperature
P3TE1295% DegC Preheat candawer outlet

F3TE1296 DegC MVR evaporator feed temperature.
P3TE2782 DegC Shaking bed well mixed section inlet aur temperature.
PATE2784 DegC Shaking bed drying section inlet air tem
P3DT1788 ka/m TVR product density.

P3LT1181 Evaporator feed tank level.

P3TE1334 DeqgC MVR comp

P3TEL235 DegC MVRWW

P3TE133h DegC MVR comp 1p

P3TE1337 DegC MVR temp

P3FT1182 1/h Evaporator feed flow.

P3FT2180F

P3TE1284 DegC First flash vessel t

P3FT2781 m/s Shaking bed well mixed section airflow.
P3FT2783 m/s Shaking bed drying section airflow.
P3TE1482 DagC Mﬂumeﬁmlw
P3TE1582 DagC TVR second effect

P3TE1682 DegC TVR third effect temp

P3PT2147 bar Homo PLC homgenizer pressure.
P3PT2149 bar Homo PLC h rizer pressure.
P3PT2181 bar -

P3LT1881 Concentrate tank level

P3TE2786 DegC Shaking bed cooling section wlet air temperature.
P3PT2183 bar Dryer nozzle p 5

P3TE2481 DegC Dryer chamber outlet air

P3TC1785SPC

PITC17845pC Plate HX outlet 1em control setpoint.
P3TC1281SPC DS outer loop temp tpoint
PITC12810T7 DS! temp controller setpoint
P3T\"17840T Plate HX outlet temg control loop valve
P31C17850T

P3FT1787 1/h TVR product flow.

P3FT1777FL 1/h M VR filtered product flow.

P3TC1482SP MVR effect temp control loop
P3TC14820T MVR evaporator effect temperature oom'olloo_pvalve position.
P3TCA1781SC TVR third effect temperature cantrol loop
P3FT1970 1/hr

P3FT1971 1/hr

P3TE2880 DegC Dryer chamb mlet air

P3FT2185 m/s Shaling bed secummrﬂow
P3TE2182 DegC

P3VS12490P EB

P3FT0580 1/m

P3FT0580Acl

P3FT0580 Ydl

P3TE1281 DegC DSI temperature, after holding tubes, for outer control loop.
P3TE1280 DegC DSI , swiace for mner control loop.
P3TC12800TC DSIM oomxol vulve position
PC15810T

P3PC15810P L3 TVR steam p valve p

P3EI1321 amps MVR compressor current drawn.
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