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Heat Exchanger Network (HEN) is an effective method to recover the heat energy
used in process plants. However, the energy integration causes to the interactions among
process units and some cases there are variation in larget temperature may cause the
process more difficult to maintain the target temperature. Therefore, in order to achieve
maximum energy recovery and to track target temperature at changing desirable values,
the resilient heat exchangers that can tolerate the varied target temperatures are indeed

necessary.

This research, the resilient heat exchanger network design procedure provided by
Wongsri (1990) is extended eover the design resilient network in case target temperature
variation. We presents procedure for design control structure of heat exchanger network
using heuristic approach such as Pinch Design, Match Patterns, Disturbance Directedness,
Bypass Setting, Split Ratio and Selector Switch Setting to solve 3 heat exchanger network
problems. It has been shown that our procedure is able to maintain target temperatures at
specified values. Furthermore. our design does not violate maximum energy recovery. The
heat exchanger network with control structures are programmed using HYSYS for control

structure performance tests.
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CHAPTERI

INTRODUCTION

This Chapter is an introduction of this research. It consists of importance and
reasons for research, research objective, scope of research, contribution of research

and research contents.

1.1 Importance and Reasons for Research

It is now widely recognized that in production processes of the process
industry, i.e., petrochemical plant or refinery plant, the process stream temperatures
are normally increased or decreased by heat exchange between one stream and other
stream or even stream with the utility. In addition to the heat transfer between heat
required stream and heat donated siream, it have gained important commercial

significance in saving the energy and operating cost.

To reduce the energy eonsumption in heating and cooling, the energy recovery
network or heat exchanger network must be devised. The network designs must not
only feature the economic optimum but also the resiliency characteristics namely, the
ability to cope with fluctuations in operating conditions while still maintaining
acceptable performance. Resiliency is concerned with the problem of insuring feasible

steady state operation over a variation of operating conditions.

Heat exchanger network (HEN) is now received more and more attention and
is widely used for heat recovery purpose in various kind of industries. Much effort has
been devoted by a number of research groups during the past several decades since its
discovery in the mid 1970 and sequentially developed to the pinch analysis which can
define the maximum energy recovery and minimum utility used in the process.
Moreover, the energy integration can cause the interactions and lead the process more
difficult to maintain the target temperature. Therefore, in order to achieve objective of

procedure and keep target temperature at their desirable range, the resilient heat
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exchanger network and control efficiency that can tolerate variations are important

and indispensable.

This research is aimed to develop the design procedure of resilient heat
exchanger networks (RHEN) and their control structures where there are the
variations in target temperatures by using Wongsri's RHEN design and control
configuration design procedures. The performance of the heat exchanger network

designed and their control structures are evaluated via simulation using HYSYS.

1.2 Research Objective

To devise the design procedure for resilient heat exchanger network for the

case of target temperatures varied which based on Wengsri (1990).

1.3 Scopes of research

1. No phase changes in all streams.

2. Itis assumed that a utility exchanger can handle all variations of heat load.

3. The heat exchanger network with control structures are programmed using
HYSYS for control structure performance tests.

4. Any heat exchanger will have enough heat transter area fo accommodate increases
in heat loads of disturbed process streams.

5. The target for develop a design procedure resilient heat exchanger network and
their control structures where there are variations in target temperatures using
network design and control configuration design procedure with 2 independent

HEN problems and | process related HEN problem.



1.4 Contributions of research

Procedure and method for designing the suitable heat exchanger network and
control structure can be achieved and applied with the process in the presence of
disturbance from the variation of inlet temperature, outlet temperature and flowrate. It
could reduce the expense of energy consumption and keep safety in the operation.
Moreover, user can quickly design the suitable control structure and it is more easily

for practical purpose.

1.5 Research procedures

1. Study on the past research that involved to heat exchanger network.

2. Study resilience heat exchanger network and concerned information.

3. Design heat exchanger networks of 2 independent HEN problems and 1
process related HEN problem.

4. Steady state modeling and simulation of heat exchanger networks.
Dynamic modeling and simulation of heat exchanger networks.

6. Design of control structures for energy - integrated chemical process HEN
problem.

7. Dynamic Simulation for the energy - integrated chemical process HEN
problem with control structures design.

8. Assessment of the dynamic performance of the control structure.

9. Analysis of the design'and simulation results,

10. Conclusion of the thesis.



1.6 Research Framework

This thesis matter is classified into 6 chapters as follows:

Chapter I provides an introduction, motivation, objective, scope, benefit and
thesis outline.

Chapter Il presents literature reviews related to control and design of heat
exchanger network.

Chapter III purposes law of control structure design which was developed
from the combination between the considerations of network structure existed and
disturbance transfer technique (Wongsri, 1990). This law can be used to develop the
procedure to design the suitable control structure as described in chapter IV.
Additionally, more description about the approach for selector switch which is the
heuristic of selection and manipulation of heat pathway is presented.

Chapter IV shows the selection of manipulated variable and control variable.
Procedures of Design the heat exchanger network and control structure by developing
theory in chapter 3. This step can be applied with general heat exchanger network in
the presence of energy disturbance i.e., the variation of outlet condition but still be
operated and also achieved the target required.

Chapter V the last chapter shows overall conclusions of this research and

recommendations for future research.



CHAPTER 11

LITERATURE REVIEW

2.1 Heat Exchanger Network Design

The objectives of heat exchanger network are reaching the minimum number
of matches and also the maximum energy recovery. Several methods have been
performed, Graphs or Diagrams (Nishida et al. 1971), Temperature Interval (Linnhoff
and Flower (1978a) . Evolutionary Design Methods (Linnhoff and Flower 1978b),
Pinch Method (Linnhoff and Hindmarsh 1983) which utilizes design heuristics and
insights derived from the previous work (Linnhoff and Flower 1978a). This method
has been widely employed because it is simply and can guarantee maximum energy
recovery. The problem must be firstly identified whether it is (1) a heating problem
or, (2) a cooling problem or, (3) both heating and cooling problem at which the
network is separated by pinch. However, it is important to note that the heat must not
be allowed to transfer across the pinch. The suggested matching heuristics are start
matching from the pinch, do not transfer heat across the pinch, observe the heat

capacity flow rate constraints, etc.

Additionally, Saboo and Morari (1983) classified flexible HENs into two
classes according to the Kind and magnitude of disturbances that affect the pinch
location. For the temperature variation, they show that if the MER can be expressed
explicitly as a function of the stream supply and target conditions the problem belongs
to Class 1, i.e. the case where small variations in inlet temperatures do not affect the
pinch temperature location. If an explicit function for the minimum utility
requirement valid over the whole disturbance range dose not exists, the problem is of
Class II, i.e. the case where large changes in inlet temperatures or flow rate variations
cause the discrete changes in pinch temperature locations. It is generally believed that
Class Il problems are more difficult to solve since the network structure has to vary

substantially from one point to another. Furthermore a discontinuity in the pinch zone



occurs, the so-called "pinch-jump". Cerda and Galli (1990a) termed this type of
problem nonconvex. As they pointed out, nonconvexities due to flow rate changes are
attributed to the fact that some constraints in the corner point feasibility test become
nonlinear. The sources of nonconvexity are: (1) the changes in inlet temperature
which cause changes in the stream population in the pinch range (2) flowrate

variations.

Although, the pinch technology is the proper way to design HEN, it may not
achieve maximum energy recovery (MER) in the presence of disturbance. So, the

network design must also realize the resilient of network.

The resilient HEN synthesis methods presented by Marselle et al. (1982),
identified heuristically the extreme conditions to design a HEN and the net solution is
obtained by combining the network designed at the specified extreme conditions.
Later on, Wongsri (1990) developed the heuristics and procedures for resilient heat
exchanger network synthesis. The heuristies are used to develop basic and derived
match patterns and Disturbance Propagation Method. This method will transfer
disturbance from one stream fto another stream which remain heat. Moreover, this
algorithm can find a resiliency network structure directly from the resiliency
requirement and also feature minimum number of units (MNLUY and maximum energy
recovery (MER). And Cerda et al.,(1990) present a direct design procedure by using a
multioptimization technique to generate a resilience network structure. Afier that,
Ploypaisansang (2003) presented the resilient heat exchanger network design
procedure provided by Wongsri (1990) is use to-design-resilient network for the
Hydrodealkylation “process (HDA - Process). The match pattern heuristic, shifl
approach -and -the heat load propagation  technique -are -essential approach. Six
alternatives for the HDA process are redesign to ‘be the resiliency networks for

maintaining target temperature and also reaching maximum energy recovery (MER).



2.2 Control Structure Design

The objectives of heat exchanger network control are reaching the target
temperature and keeping the minimum utility. There are recently a few research
works concerned heat exchanger network control. Marselle et al. (1982) proposed
that all heat exchanger in network should be equipped with bypass and alsoall utilities
should be considerably settled with contrel loop. Calandranis and Stephanopoulos
(1988) proposed an approach to design the control loops for a HEN and to order the
control actions of the loops in order to accommodate setpoint change and reject load
disturbances.

From the prccess design point of view, Mathisen et al. (1992) provided a
heuristic method for bypass placement. The resultant HEN is supposedly satisfactory
in rejecting disturbances over a moderate range of operating conditions. Aruilera and
Marchetti (1998) proposed optimizing and controlling the operation of heat exchange
networks. It was divided into two kinds as controlling target temperature and
optimization of utility for achieving maximum energy recovery. This finding
suggested that bypass selection should be used at control side. Later on,
Kunlaniteewat (2001) designed the heat exchanger network structure based on
heuristic approach including match pattern, control loop, bypass setting and split ratio.
The main purpose was to reach maximum heal récovery and maintain target
temperature in the presence of small disturbances (Classl Problem). After that
Leonardo et al. (2003) proposed the design control systems capable of efficiently
handling constraints on the manipulated variables of heat exchanger networks
(HENSs). Flexible-structure refers to'the eapability of the resulting control system to
switch from_one closed-loop structure to another that is by switching control
structures when the main control signals in order to keep regulation.

Montree Wongsri and Yulius Deddy Hermawan (2004) proposed an
appropriate heat pathway, which is selected by means of a selective controller with
low selector switch (LSS) to direct the disturbance load to a heating or cooling utility
unit in order to achieve dynamic maximum energy recovery (DMER). A selective
controller i.e. a low override switch (LOS) was employed in order to select an
appropriate heat pathway through the process to carry the associated load to a utility

unit. In order to evaluate the dynamic performance of the control system, some



disturbances were made. The results revealed that the complex energy integration
deteriorated the dynamic performances of the process. The new designed plantwide
control structure for HDA process was also compared with the earlier work given by
Luyben et al. (1999). In general, better responses of the furnace and cooler utility
consumptions were achieved compare to the Luyben’s control structure. Both furnace
and cooler duties could be decreased according to the input disturbance load, since the
HPH was applied in the current work. Therefore, the proposed HPH was proven to be
useful as in the illustration of the HDA process to achieve DMER.



CHAPTER I11

THEORY

3.1 Introduction

This chapter is aimed to summarize heuristic approach from the previous
researches and this approach in heat pathway view point which was developed by
Wongsri and Hermawan (2004). It is eventually concluded in law of network design
and design control structure when the disturbance from flowrate, supply temperature

and target temperature occurred.

3.2 Basic Knowledge for Pinch Technology

3.2.1 Pinch Technology

Pinch technology has been developed for more than two decades and now
provides a systemati¢ methodology for analysis chemical processes and surrounding
utility systems. The concept was first developed by two independent research groups
(Flower and Linnhoff, 1978: Umeda et al., 1979), based on an applied

thermodynamics point of view.

3.2.2 Basic Pinch Analysis Concept

The pinch analysis concept is originated to design the heat recovery in
network for a specified design task. Starting with do calculate heat and material
balance of the process obtained after the core process. i.e. reaction and separation
system, has been designed. By using thermal data from the process, we can set the
target for energy saving prior to the design of the heat exchanger networks. The
necessary thermal data is source, target temperature and heat capacity flow rate for

each stream as shown in Table 3.1.
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Table 3.1 Thermal data for process streams (Linnhoff and Hindmarsh, 1983).

Sticiin Start Target Heat capacity
Stream No. type Tempergturc Tempcrgture flow rate (CP),
(Ts),°C (Tw), °C kw/rC
1 Hot 150 60 2
2 Hot 90 60 8
3 Cold 20 125 2.5
4 Cold 25 100 3

Here the hot streams are referred to the streams that required cooling, i1.e. the
source temperature is higher than that of the target. While the cold streams are
referred to those required heating, i.e. the target temperature is higher than the supply.
Heat Capacity flow rate is defined as the multiple between specific heat capacity and

mass flow rate as shown below.
CP=Cp *F (3.1)
Where CP = hea: capacity flow rate ( kW/°C)
Cp = Specific heat capaeity of the stream (kJ/ °C kg)

F = mass flow rate of the stream (kg/s)

The data used here is based on the assumption that the heat capacity flow rate
is constant. In practice, this-assumption is valid because every streams with or without
phase change can easily be described in terms of linearization temperature-enthalpy
data (i.e. CP is constant). The location-of pinch and the minimum ufility requirement
can be calculated by using the problem table algorithm (Linnhoff and Flower, 1979)
for a specified minimum temperature different, ATyq. In the case of AT win = 20°C, the

results obtained from this method are shown in Table 3.2.
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Table 3.2 The problem table for data given in Table 3.1

w Thot | 1| =w AT | Required | Interval | Co5cade | Sum
| pg |CWQ 9] I o T
m|wlc |
ololo|o]| 150 | 130 o Qh -103
2 0 0 0 145 125 2 5 107.5 10 2.5 10
2 [0 25| 0| 120 a2s | 12s | s
R | R 0| - aes e ] s
25| 3 | 60 135 | -105 | 275
25| 3 | 45 825 30 55
0|0 25| 0| %0 925 | 525 | 675
Qe

The pinch separates the problem into 2 thermodynamic regions, namely, hot
end and cold end. The hot end is the region comprising all streams or part of stream
above the pinch temperature. Only hot utility is required in this region but not cold
utility. In contrast to the hot end, the cold end is the region comprising all streams or
part of stream below the pinch temperature and only cold utility is instead desired
regardless the hot utility. It is imporiant to note that there is no heat transfer across the

pinch therefore the minimum utility requirement is achieved.

Additionally, Saboo and Morari (1983) classified flexible HENs into two
classes according to the kind and magnitude of disturbances that affect the pinch
location. For the temperature variation, they show that if the MER can be expressed
explicitly as a function of the streant supply and target conditions the problem belongs
to Class 1, i.e. the case where small variations in inlet temperatures do not affect the
pinch ~temperature location. < If ~the. explicit funetion - for| the ~minimum utility
requirement valid over the whole disturbance range dose not exists, the problem is of
Class II, i.e. the case where large changes in inlet temperatures or flow rate variations

cause the discrete changes in pinch temperature locations.



3.3 Heat Exchanger network

It i1s generally accepted that an optimal network must feature a minimum
number of units that reflects on a capital cost and minimum utility consumption that
reflects on operating costs. A good engineering design must exhibit minimum capital
and operating costs. For Heat Exchanger Network (HEN) synthesis, other features
that are usually considered in design are operability, reliability, safety, etc. in recent
years the attention in HEN synthesis has been focused on the operability features of a
HEN, e.g. the ability of a HEN to tolerate unwanied changes in operating conditions.
It has been learned that considering only a cost objective in synthesis may lead to a
worse network, i.e. a minimum cost network may not be operable at some
neighboring operating conditions. The design must not only feature minimum cost,
but also be able cope with a fluctuation or changes in operating conditions. The ability
of a HEN to tolerate unwanted changes is called resiliency. It should be note that the

ability of a HEN to tolerate wanted changes is called flexibility.

The resiliency property of a design becomes an important feature to be
accounted for when the extent of integration of a design introduces significant
interactions among process components. The energy integration of a HEN generates a
quite complex interaction of process streamis, despite the fact that transfer of heat
from hot to cold process streams is the only activity of the network. The goal of a
network is to deliver the process sireams to their target temperatures by using most of
their heating and cooling availability and a minimum of heating and cooling utilities.
The process streams are coupled through a net of heat exchangers. Changing in
conditions of one stream in the network may affect the performances of many heat
exchanges and the conditions of several process streams. Since resiliency is a property

of a network structure.
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3.3.1 Definition of HEN Resiliency

In the literature, resiliency and flexibility have been used synonymously to
describe the property of HEN to satisfactorily handle variations in operating

conditions. These two terms have difference in meaning.

The resiliency of a HEN is defined as the ability of a network to tolerate or
remain feasible for disturbances in operating conditions (e.g. fluctuations of input
temperatures, heat capacity flowrate, etc.). As mentioned before, HEN flexibility is
closed in meaning to HEN resiliency, but HEN flexibility usually refers to the wanted
changes of process conditions, e.g. different nominal operating conditions, different
feed stocks, etc. That is, HEN flexibility refers to the preservation of satisfactory
performance despite varying conditions, while flexibility is the capability to handle

alternate (desirable) operating conditions.

A further distinction between resiliency and flexibility is suggested by Colberg
el al. (1989). Flexibility deals with planed. desirable changes that often have a discrete
set of values; resilience deal with urplanned, undesirable changes that naturally are
continuous values. Thus a flexibility is a ‘multiple period” type of problem. A
resilience problemi should be a problem with a continuous range of operating

conditions in the neighborhood of nominal operating points.

In order to make Alternative 6 of HDA plant more economically appealing,
the minimum number of auxiliary -utilities is identified using the proposed design
scheme adapted from Wongsri’s RHEN (for resilient heat exchanger network) design

method.
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3.3.2 Heuristics

The heuristics approach is based on the use of rules of thumb to provide a
plausible direction in the solution of the problem. There are a number of design
procedures using heuristic in structuring an optimal network featuring minimum
number of matches and maximum energy recovery (Nishida et al.,1981, Linnhoff and
Hindmarsh, 1963); however, there are to be the best of our knowledge that use
heuristics to structure a resilient network.

The following are heuristics from the literature classified according to the
design criteria.

The heuristics to minimize the capital cost (the number of heat exchangers):

Heuristic C.1 To generate a heat exchanger network featuring the minimum
number of heat transfer units, let is match eliminate at least one of the two streams — a
‘tick-off” rule (Hohmann, 1971).

Heuristic C.2 Prefer the matches that will leave a residual stream at its cold end
if a problem is a heating problem, and at its hot end if a problem is a cooling problem.
Obviously, a match of this type will feature the maximum temperature difference.'

Heuristic C.3 Prefer matching large heat load streams together. The significance
of this rule is that the control problem (a capital cost) of a match of this type(whether
it is implemented by one or many heat exchangers}) should be less than that of heating
or cooling a large stream with many small streams.

The heuristics 10 minimize the energy cost (the minimum utility requirement):

Heuristic E.1 Divide the problem at the pincli-into subproblems and solve them
separately (Linnhoff and Hindmarsh, 1983). This is followed by the next three
heuristics.

Heuristic E.2 Do not transfer heat across the pinch.

Heuristic E.3 Do not cool above the pinch.

Heuristic E.4 Do not heat below the pinch.

The laws of thermodynamics:

Rule T.1 In a heating problem, if a supply temperature of a cold stream is less
than a target temperature of a hot stream by the minimum approach temperature

(AT.,,) or more and the heat capacity flowrate of a hot stream is less than or equal to

the heat capacity of flowrate of cold stream, the match between these two streams is



feasible. (Immediately above the pinch temperature, the heat capacity flow rate of a
cold stream must be greater than or equal to that of a hot stream. )

Rule T.2 In a cooling problem, if a supply temperature of a hot stream is greater
than a target temperature of a cold stream by minimum approach temperature, ATy,
or more and the heat capacity of flowrate of a cold stream, the match between these
two streams is certainly feasible. (Immediately below the pinch temperature, the heat
capacity flow rate of the hot stream must be greater than or equal to that of a cold
stream.)

Rule T.1 and T.2 can be used as a quick checks in match feasibility tests.

Rule T.3 For a situation different from the above rules, a match feasibility must
be determined by checking whether the minimum temperature difference of a match
violates the minimum approach temperature, AT, specifed by the design.

The heuristics that congern heat load state that one must match a large heat
load hot and cold streams first. However, we want to propose two heuristics:

Heuristic N.1 We propose that for a heating subproblem, a match where the heat
load of a cold stream is greater than of a hot stream should be given higher priority
than the other. The reason is that the net heat load in a heating subproblem is a deficit.
The sum of heat loads of cold streams is greater than that of hot streams. The
proposed match will likely be present in a solution.

Heuristic N.2 Conversely, we prefer a match where the heat load of a hot stream

is greater than that of a cold stream in a cooling subproblem.

3.3.3 Physical Approach

In this section a physical or heuristic approach to synthesize a resilient HEN 1s
discussed. By a physical approach we mean the use of the principal knowledge of the
HEN and the synthesis heuristics. We believe that this approach will give, not only
an understanding of the design, but also an insight to the problem of control and
operation as well. The match pattern and the heat load propagation concepts will be
explained. The match pattern representation and the heat load propagation method

will be used extensively in the resilient HEN design.
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The following definitions are for clarity and identifying the scope of the terms

that will be used in this research.

Definition 3.1 Heat Exchanger Load (L, ): Heat exchanger load is a load of

heat exchanger, E; at the design condition.

Definition 3.2 Process Stream Load (Lg): Process stream load is a load of

process stream, S; at the design condition.

Definition 3.3 Heat Capacity Flowrate (#,): The heat capacity flowrate of stream i

for design is the minimum value in its range.

Definition 3.4 Stream Resiliency Parameter (S): The stream resiliency parameter is
a measure of the difference in the heat load of a stream i from its current value to

when its heat capacity flowrate equals the heat capacity flowrate of stream j, W;.

Sy = —w Xrt=1?) (3.2

Where (i,j) is a pair of hot and cold streams L, =L,,T" is a hot end temperature and
77 is a cold end temperature of a process stream. IEH, > .S, will have a negative

value.

Definition 3.5 Heat Exchanger Resilience Parameter (I): Heat exchanger

resilience parameteris the measure of how far AT, is from ATg.

E, ) <W (AT, - AT,,) (3.3)

where (i, j) is a pair of matched streams. L;j > Li. When ATs= AT, Ei = 0.

Definition 3.6 Heat Exchanger Resiliency (R,;): Heat exchanger resilience of a
specified stream i (which matched to a larger stream j) is the value of the extra heat
load that can be shified from a stream i to a stream j via such a heat exchanger.

The value depends on the particular match pattern of the heat exchanger. In general,
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Ri; can be the value of E;j or Rj whichever is less, R; where is the resiliency of a

residual stream j matched to a stream i.

Definition 3.7 Original Disturbance (D): The original disturbance now includes

the heat capacity flowrate disturbance. See Figure 6.2.

D,=D'+D'+D| (3.4)

Definition 3.8 Pinch Induced Disturbance ( D" ): The pinch-induced disturbance is a
disturbance caused by pinch variation. The pinch-induced disturbances are not
independent from each other so, they are not additive as ordinary disturbance but

deductive. The pinch-induced disturbance is:

Definition 3.9 Supply Temperature Disturbance (D]): The original
disturbance of a stream is the disturbance entered at the supply temperature.

Df - (Twrm' _ Tsupply )x W, (3.5)

LA I min

Definition 3.10 Target Temperaiure Disturbance (D'): The original

disturbance of a stream is the disturbance at the target temperature.

D', = (T R (3.6)

i, max i,min
Definition 3.11 Flowraie Disturbance (D"): The flowrate disturbance is the
increased heat load due to an increase of heat capacity flowrate from its minimum
(design) value to its maximum value over the maximum temperature range of such a

stream. See Figure 6.1.

(AN ARy I (3.7)

i i mn 1, Imin

3.2.4 Propagated Disturbance

Wongsri (1990) developed the disturbance propagation design (DPD) based on
the shift approach. In order to a stream to be resilient with a specified disturbance
load, the disturbance load must be transferred to heat sinks or heat sources within the

network.
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There several design conditions, and usually, these are specified at extreme

operating conditions as follows:

1. Nominal operating condition

This is an operating condition that is obtained from a steady state heat and mass
balance of a process. In a good design, a network must be operated at this condition
most of the time. In general, a fluctuation in operating condition is plus and minus

from this point.

2. Maximum heat load condition.

This is a condition where all process streams at their maximum heat loads. For
example, input temperatures of hot streams are the highest and of cold streams are the

lowest. This is also known as the largest maximum energy recovery condition.

3. Minimum heat load eondition
This is a condition where all process streams at their minimum heat loads. For
example, input temperatures of hot streams are the lowest and of cold streams are the

highest. This is also known as the lowest maximum energy recovery condition.

The variations of supply temperature, larget temperature and heat capacity
flowrate can be viewed as a heat packet that can be shifted through the streams and
heat exchangers to dissipate in heat sinks (coolers) or heat sources (heater) of a
network. In this approach, there are two cases to be considered as follows:

1. The disturbance load is shifted to a utility exchanger within its network, where it
does not across the pinch temperature.
2. The disturbance load is shified across the pinch temperature to a utility exchanger

within its network.

The principles of the DPD can be summarized as follows:

1. The disturbance load of a smaller stream will be shifted to a larger stream. The
propagated disturbance of a process stream is the disturbance caused by a vanation
in heat load of process stream to which such a stream is matched. Only a residual
stream will have a propagated disturbance. The new disturbance load of a residual
stream will be the sum of its own disturbance (if any) and the propagated

disturbance (see Figure 3.1).
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2. The design condition was selected to be the minimum heat load condition. This is a
condition where all process streams are at their minimum heat loads. For example
the input temperatures of hot streams are the lowest and those of cold stream are
the highest.

3. Then only the positive disturbance loads of process streams were considered.
Thus, the positive disturbance load originating from the hot stream is shifted to
heater, and the positive disturbance load originating from the cold stream is shifted

to the cooler.

A Match of H and C

New Stream C
D T1 - T2 Dyyy+DyatDey
| e | C
Le=Ly-Dy-Dyy

MNote:

Dy : The original disturbance of hot stream from supply temperature
Dys2 : The original disturbance of hot stream from target lemperature
D¢ : The original disturbance of cold stream from supply temperature
D¢ : The original disturbance of cold stream from target temperature
L¢ : The Load of hot stream
Ly : The Load of cold stream
T1: The inlet temperature of hot or cold stream at the lowest
T2: The inlet temperature of hotor cold stream at the highest
Design condition was selected to be the minimum heat load condition. Thus,
only positive disturbances were considered.

Figure 3.1 A concept of propagated disturbance

For a pinch problem, the process streams are partitioned into heating and
cooling subproblems. The pinch temperature for the resilient HENS problem is no

longer a fixed point but is defined by a region determined by one or more pinch
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determining streams. The pinch range can be a single continuous range or two or
more disjointed pinch continuous ranges.

A new procedure for stream partitioning must be developed for the
disturbance propagation technique. Maintaining MER means that the balance of the
heat load of process streams above the pinch point must be transferred to heaters and
the balance of heat load of parts of process streams below the pinch point must be
transferred to coolers.

The provision for pinch variation is made in our synthesis procedure:
I. The inlet and outlet temperatures of the partitioned process streams, by our
convention, are subjected to modification within the range of the pinch region.

The partition point for a hot end is the lowest pinch temperature in the pinch

region and that of a cold end the highest pinch temperature.

)

The minimum eold end temperature, T2 (the target temperature for a hot
stream, the supply temperature for a cold stream) for process streams in a
heating subproblem is the highest pinch temperature and the minimum hot end
temperature, T1 for process streams in a cooling subproblem is the lowest
pinch temperature.

3. The pseudo or pinch-induced disturbances are created to account for the pinch

temperature variation.

3.4 Match Pattern

A heuristic approach to design or synthesize a resilient HEN has been
presented by Wongsri (1990). - A resilient network is defined as a network that
provides a down path for variable process streams-so that their specified input heat
load disturbances can be shifted to the heaters or coolers in their network without
violation in the specified target temperatures and MER. HEN synthesis is usually
considered as a combinatorial matching problem. Match patterns are the descriptions
of the match configuration of two, and possibly more, process streams and their

properties that are thermally connected with the heat exchangers.
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3.4.1. Classes of Match Paterns

There are four match patterns for a pair of hot and cold streams according to
the match position and the length (heat load) of stream. The four match patterns are
considered to be the basic match pattern classes and simply called A, B, C, and D as

shown in Figures 3.2 to 3.5. Any eligible match must belong to one of the four match

pattern classes.

Class A Match Pattern

The heat load of a cold stream is greater than the heat load of a hot stream in a
pattern, i.e. the hot stream is totally serviced. The match is positioned at the cold end
of the cold stream. The residual heat load is on the hot portion of the cold stream

(Figure 3.2).

Class B Match Pattern

The heat load of a hot stream is greater than the heat load of a cold stream ina
pattern, i.e. the cold stream is totally serviced. The match is positioned at the hot end
of the hot stream. The residual heat load is on the cold portion of the hot stream
(Figure 3.3).

Class C Match Pattern

The heat load of a hot stream is greater than the heat load of a cold stream ina
pattern, i.e. the cold stream istotally serviced. Theanatch is positioned at the cold end
of the hot stream. The residual heat load is on the hot portion of the hot stream
(Figure 3.4).

Class D Match Pattern

The heat load of a cold stream is greater than the heat load of a hot stream in a
pattern, i.e. the hot stream is totally serviced. The match is positioned at the hot end
of the cold stream. The residual heat load is on the cold portion of the cold stream

(Figure 3.5).
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Table 3.3 Match Pattern Operators of Class A and B

bd
fad

Match Operators Conditions Actions
e Tiezine Match H and C
i L, <I, Status of H <=Matched***
H = 4 5 1] -1
H TS}T"I"L W...I ?;:{:TE.‘-'-LHH’E'
F=1ig H e -
Pattern AH L.~ L, < Q"™ Le=Lc-1,
2T Match H and C
I <L Status of C <=Matched
i S It < T a0 e Ta=LoWa
C =M sy M
Pattern BK L, = L. < Q= L, <=Ly, - L
—_ o T Match H and C
L, <l Status of H < Matched
| W”}W TEeT + L, W
—§——= =My o
Pattern A[H] b= be =Ly
il % ! Match H and C
i< L Status of C <= Matched
W::FF: T - LW,
" H
Pattern B[C] Ly =Ly - L
_ﬂ_l Ty 2T Match H and C
. LAk Status of H <=Maiched
) W"{W T: =T+ L, W'
@ —@ c <ty
_ <=L.-L
Pattern A[C] T+ L, W Le<=L.-L,
o ® ol i Match H and C
: I.<L Status of C < Matched
! W, {P;: T;;CT_,:—LFW,FL
3 e
Pattern B[H] Ny A Ly =Ly~ L

*  T'Htarget temp, T™=supply temp, W=heat capacity flowrate, L, Q=heat load.

** Cold stream temperatures are shifted up by AT .

*** There are two statuses of process streams, ‘active’ and ‘matched’. This will

exclude this stream from a set of process streams to be selected next.




Table 3.4 Match Paitern Operators of Class C and D

Match Operators Conditions Actions
® ® /Ty Match H and C
L,>L, Status of C <=Matched
| e Ty =T — LW,
i Wir 5 We L, =L~
Pattern C[H] w =Ly = Le
—— T T Match H and C
- A Status of H < Matched
w3 T! <T' + L, W'
. . W 2 Hf C C H C
= Lo Lo- L,
Pattern D[C]
———<%}a T = Match H and C
| I Status of C <=Matched
| A\ T T LW,
H?{_ < WH H H ' H
Pattern C[C]} <+ LW, L, <Ly -L
@ —h > T Match H and C
A Status of H <=Matched
| N T T+ L, W'
W, <W. (& C H TR
‘_[:}"__._' W c
Pattern D[H] TosTiaL, W [e=Le-Ly

3.5 Resilient Match Patterns

When the residual heat load in a match pattern is matched to a utility stream, it

is a closed or completed pattern.~Otherwise, it is-an open or incomplete pattern. [t

can be seen that if the heat load of the residual stream is less than the minimum

heating or cooling requirements (depend on the types of the problems and the match

pattern) then the ¢hances that the match pattern will be matched to a utility stream is

high. Se, we give a match pattern which residual less than the minimum heating or

cooling requirement a high priority in match selection. Resiliency of a match pattern

can be achieved if the disturbances in input conditions of the hot and cold streams can

be transferred to the active stream (a residual portion). For Class A and Class B

(Figures 3.2 and 3.3), the disturbance of a member stream can be transferred to the

residual. So, they are considered to be potential resilient match pattern.
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For Class C and Class D (Figures 3.3 and 3.4), we can see that only the
disturbances of a hot stream in Class C and of a cold stream in Class D can be
managed but neither a cold stream in Class C nor a hot stream in Class D. Since these
two classes cannot handle disturbance of one of their streams, they are considered
non-resilient match pattern. Class C and Class D match patterns can be taken into
account only when the non-resilient streams in these classes are not subjected to the
variations. If the other streams in Class C and Class D must be resilient, its residual
stream must be connected to either Class A or Class B match patterns. Hence the

only two classes of interests are Class A and Class B

3.6 Resiliency Requirement Test

The test of a resilient match for the flowrale variation case must also test for the

resiliency according to temperature and heat capacity flowrate variation.

Two test are required for a specified resiliency for a match with flowrate
variation, the first one is the disturbance load as in the temperature disturbance case

and the other one is for the heat capacity flowrate constraint.

o Disturbance load constraint. This test is to- check whether the given
disturbance can pass through a heat exchanger to the residual stream and

whether a residual stream can handle the given disturbance.

D" < min IE'-F" RN} (3.9)
For match patterns A[H] and B[C].

D 2 R (3.10)

i FR

©  Heat capacity flowrate constraint. This test is to verify whether a match is able

to deliver a small heat load process stream to its target temperature.
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In general, for a match with both type of disturbance, the resiliency requirements are:

DY +D+D; <min{E, ,R,,} (G.11)

D! <E, (3.12)

In shot for the heat capacity flowrate variation case, one more test is required

in addition to a temperature variation case:
o Temperature variation case: The propagated disturbance load.

o Heat capacity flowrate variation case: The heat capacity flowrate constraint.
Using an equivalent argument, to be resilient a process stream with a lower
heat load much match its maximum heat load against the minimum heat load

of a larger process stream.

The match test and resiliency test equation of Class A and Class B match

patterns are shown in Table 3.6. Those of Class C and Class D are shown in Table

3.7. In the tables, the temperatures of the cold streams and scales up by AT,



Table 3.5 Match Operators [
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Dﬁ:;ﬁrs Match Test Equations Resiliency Test Equations
! T}
ik D} + Djy+ Djy < Re
—Q—I:L— Ly < L Dy SEcy+Scu
W.zW, : :
Pattern A[H] ¢y
—;:_:]—.— 1]
i EEE D’+DE+D.<R,.
._ <
- R - Hf DE SEyc+Syc
Pattern B[C] "/l
] T2T
| L/<L. Dy, + Dy + D}, 5{“ﬁ“R<'.H-Ec,H}
- W < W, Dy < By +Scu
Pattem A[C] | 7 >7:+ L, W'
- T>1!
| L:_ < LH Dg"l‘ﬂ:'!'ﬂ,; £{1T].lﬂ RHF(‘;!EH,C}
- Wy<W. DE SEyc+S8y,

Pattern B[H]
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Table 3.6 Match Opcrators 11

Maich ’ - g
Operators Match Test Equations Resiliency Test Equations
T.F:' 2 Tl‘:‘ & ] t
Di+Dg +D. <Ry
L, 51, e : :
W.<W D <Eyuc+Syc
Pattern C[H] n = e
it s s
| Bt D+ D+ Dly < Re,y
® ® Ly <L '
W W D SE.y+Scu
Pattern D[C] 75
] T, 2T
‘ £. L4 D+ DZ + D <{minRy . .E, }
— 0 W, < W, D <Ey.+Sy.
—— 1,21
| L, <L D: + Dy + Dy £{min Rf.‘,H’E('.H}
S8 Wy <, D < ey +Se
Pattern D[}I} T:f > T(: __LH H;L:-I

3.7 Design of Heat Pathways for Dynamic MER

For the plantwide energy management, the heat pathways through the network
are designed so that the dynamic MER can always be achieved. “-In this work, the
heat pathways are designed based on. the match patterns design and disturbance
propagation technique (Wongsri, 1990)



Figure 3.6 Heat pathways in the simplified HEN to achieve the highest possible
dynamie MER, where: (a) path 1 is used to shift the positive disturbance
load of the cold stream C1 to the cooler. (b) path 2 is used to shift the
negative disturbance load of the cold stream C1 to the heater, (c) path 3
is used to shift the positive disturbance load of the hot stream HI to the
heater, and (d) path 4 is used to shifi the negative disturbance load of the

hot stream H1 to the cooler.

A simplified HEN as shown in Figure 3.6 is used to explain how an
appropriate heat pathway should be activated to carry associated load to the utility
unit. For instance, when the inlet temperature of a disturbed cold stream decreases,
path 1 (Figure 3.6a) should be activated by controlling the cold outlet temperature of
FEHE. This will have the effect of shifting the positive disturbance load to the cooler.
Thus, the positive disturbance load of a cold streanr will result in decrease of the
cooler duty. Conside: the case when the inlet temperature of a disturbed cold stream
increases;, path-2-(Figure 3.6b) should be activated by controlling the hot outlet
temperature of FEHE to shift its negative disturbance load to heater. Thus, the
negative disturbance load of a cold stream will result in decrease of the heater duty.

On the other hand, when the inlet temperature of a disturbed hot stream
increases, path 3 (Figure 3.6¢) should be activated by controlling the hot outlet
temperature of FEHE to shift its positive disturbance load to heater. As a result, the
heater duty will be decreased. Consider the case when the inlet temperature of a

disturbed hot stream decreases, path 4 (Figure 3.6d) should be activated by controlling
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the cold outlet temperature of FEHE to shift its negative disturbance load to cooler.

As a result, the cooler duty will be decreased.

3.8 Control Structure of Heat Exchanger Networks

1. Control loop mus: be setiled for reducing the disturbance load path. Calandranis
and Stephanopoulos (1988) claimed that it should select the disturbance load path
related to the least number of heat exchanger namely the shortest path way in order to
reduce the effect of disturbance on another part of network.
2. Bypass Settings
2.1 Reason for Setting Bypass Stream

Bypass stream is the division of stream before exchanging energy in the heat
exchanger. This part has no energy exchange. The purpose for setting bypass stream
can be divided into two topics as follows (Mathisen et al. 1992)

o To reduce exchanger area.

o To increase degree of freedom in the presence of disturbance in which it

acts as manipulated variable.
2.2 Setting of Bypass Stream for Controtling
There are many ways of using bypass stream for a controlling purpose to set its

stream and the controller location as can be seen from figure 3.7. Lyben et al. (1998)
said that for the design consideration; the bypass stream should be settled on the cold
side because it would be safer to equip measure equipment and control valve on the
hot side. On the other hand, it should settle bypass ‘stream on the controlling side
regardless whether it is hot or cold stream as shown in figure 3.7a and 3.7c. However,
the selection must bring about the best performance of centrol system. Calandranis
and Stephanopoulos (1988) attributed that the effect of bypass at steady state
regardless the hot side or cold side cause the same result. That is to say it can result in
a similar load but different in dynamic result. Marselle et al. (1982), Calandranis and

Stephanopoulos (1988), Mathisen et al. (1992), Aguiler and Marchetti (1998)



proposed that it should settle bypass stream on the temperature controlling side. For
example, bypass stream should be settled on the hot side if hot stream temperature is

expected to control.

c d
Figure 3.7 The a]te{mjatinn of choosing bypass for mmri:ll}ing heat exchanger.
3. Split Ratio

In network which comprises of split stream, it can adjust the split ratio instead
of settling bypass stream for controlling temperature of the exchanged stream. If the
controlling témperature is the temperature, of -aggregated stream, bypass should be
settled on heat exchanger at split stream to control that temperature.

For example, figure 3.8, when inlet temperature of stream H2 changes, split
ratio can be adjusted to propagate disturbance to utility and the target temperature of
stream H2 can be controlled regardless the bypass setting at unit E2 which lower the
investment cost of setting bypass and controlled valve as well. If the controlling
temperature is the temperature of aggregated stream, which is the outlet temperature

of stream C2. The temperature control of C2 can be performed in 3 ways: 1. bypass
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on E1, 2. bypass on E2 3. adjusting split ratio. In addition to control H2 temperature,
it can be performed in 2 ways: bypass on E2 and adjusting split ratio. It is on
considering that only bypass on E1 bas no effect on temperature of H2. Mathisen et
al. (1992) proposed the selection of bypass on unit affected the unity manipulated
variable. Thus it should control stream C2 by using bypass E1 and control

temperature H2 by using split ratio.

120
H1 B vy,
=), Dan D

o o 148
. &2
150 : 106
p 6096 C1
2295 o 13
p—/ ] 100 o2
i
o

Figure 3.8 Heal exchanger network consist spilt stream.



CHAPTER 1V

PROCESS AND DESIGN

4.1 Introduction

As discussed in the previous chapter, a network will be resilient if disturbance
loads can be transferred to heaters or coolers in order to maintain target temperatures

at specified values. Furthermore, this action

4.2 The Synthesis Procedure

The synthesis of a resilient heat exchanger network by using (1) match pattern as
operators in mapping one design state to the next and (2) heat load propagation

technique can be done by the following systematic sequence:

1. Choose the minimum heat load condition in order to make the disturbance positive
and guarantee the netwerk.

2. Pop a match pattern operator from the ordered stack of match patterns. If all the
patterns are chosen, backtrack to the parent design state and repeat the procedure.

3. Choose a pair of hot and cold streams from the set of unmatched process streams.
If all streams have been chosen and none were satisfied, go back to the first step to
try a new pattern.

4. Apply the match pattern to the selected pair of streams. If the streams satisfy the
pattern test and the resiliency requirement, go to the next step. Otherwise go back
to the previous step to select a new pair of streams.

Match pattern test: Check whether the heat load, input temperature and heat

flow rate capacity satisfy the match pattern description.
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Resiliency test: Check whether the disturbance load of the smaller heat load

stream can be shified to the larger heat load stream.

5. Create a new state to support the new fact. A new state is a descendant of a current
one. Change the parameters of the larger heat load stream: the supply or target
temperature, the heat load and the disturbance load.

The new supply or target temperature will be adjusted according to the regular
heat load and the disturbance heat load of the matched stream. The new heat load of
the residual stream is the value between the supply and target temperature at the
design condition.

The new disturbance load is the sum of the disturbance load from supply
temperature of both matched streams and target temperature of stream which smaller
heat load. A special treatment is needed for a pinch maich or the match starts off from
the pinch point. The new disturbance will be the sum of the upstream disturbance of a
stream in the match pair and the difference between the pinch induced disturbance of

the two streams. See Figure 4.1.

T => Tl T2
| -
Hot End
T1 q;‘
[
Pinch Range =8
I = T2
= S— — NI Fesidual Stream |
B1i+D2,-D2
[ _‘_,—"‘,- T2
— ]
o Cold End
D2,
Pinch Range
Residual Stream | IN— ]
D2+D1-D1,

Figure 4.1 A Pinch Match on the Propagated Disturbance Concept
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6. For a pinch match of stream i and j for which Wj > Wi and Lj > Li, the disturbance
of a residual stream j:
D,=D,+ [D;_,m-ﬁ 2 Dﬂ.pmﬂr]

The disturbance at the pinch of the two streams must be deductive instead of
being additive as in general case. Since the variations of the inlet temperature of
stream j and outlet temperature of stream i are not independently varied but tied to the
pinch temperature.

The disturbance at outlet stream position induced by the pinch variation has no
net effect to the other streams sinee:

o By the deduetive effect described above. It should be denote here that
by considering only match pattern Class A and Class B, only a larger
heat load and heat capacity flow rate stream can be matched to such a
stream. Therefore its downstream disturbance will be engulfed by a
larger stream to which such a stream is matched. Only the remaining
upstream disturbance of a larger stream (and don’t forget the upstream
disturbance of a small stream. if there is any) will be propagated to its
own residual stream.
o No none-pinched stream can be matched to such stream because of the
temperature constraint.
7. 1If there are unmatched hot and cold streams, go to the second step. Otherwise
go lo the next step.
8. Match the only hot or'cold streams with the-utility Streams.
9. If there are other unused match patterns go to the first step. This is equivalent

to saying that there might be other solutions ayailable, continue,

4.3 The New Heuristic Design Procedure for HEN Control
Configuration and Operation
For any HEN configurations, based on the method developed for the above

models, we propose the outline for the design of control configuration for heat

pathways management to achieve DMER as follows:



36

1. The heat exchanger network for a particular processing plant should be designed as
a resilient HEN following the match pattern proposed by Wongsri (1990)
1.1 Design the match pattern in HEN as Class A or Class B so that they are
considered to be potential resilient match pattern.
1.2 If there is the match pattern in HEN as Class C or Class D, they are
considered as non-resilient match pattern. For the remedy, any Class C or
Class D in the match pattern should be redesigned so that its residual stream
must be connected to either Class A or Class B. Hence the only two classes
of interests are Class A and Class B.
2. Control loop must be settled for reducing the disturbance load path. Calandranis
and Stephanopoules (1988) claimed that it should select the disturbance load path
related to the least number of heat exchanger namely the shortest path way in order

to reduce the effect of disturbance on another part of network.

Lad

. Use Bypass stream for controlling. The bypass stream should be settled on the cold
side because it would be safer to equip measure equipment and control valve on
the hot side. On the other hand, it should settle bypass stream on the controlling
side regardless whether it is hot or cold stream. However, the selection must bring
about the best performance of control system.

4. In network which comprises of split stream, it can adjust the split ratio instead of
settling bypass siream for controlling temperature of the exchanged stream. If the
controlling temperature is the temperature of aggregated stream, bypass should be
settled on heat exchanger at split stream to control that temperature.

5. From the economic point of view, we strongly suggest to:

(5.1) shift D’ of cold stream or Dof the hot stream to the cooler utility, thus its

duty will be decreased.

(5.2) shift D of cold stream or D of the hot stream to the heater utility, thus its
duty will be decreased.

6. A selective controller with low selector switch (LSS) should be employed to select
an appropriate heat pathway through the network to carry the associated load to the
utility unit.

7. A selective controller with low selector switch (LSS) should be employed to select
an appropriate heat pathway through the network to carry the associated load to the

utility unit.
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8. The number of LSS to be used in a particular case can be determined as follows:

(7.1) Identify the heat pathway of disturbance

(7.2) If there is only one heat pathway (see Figure 4.2), it do not need to be set the
LSS.

(7.3) If there are more than one heat pathway, it need to be set the LSS (see Figures
4.3):

T b LT
E Q r"---h-_o_.b
I ——

Figure 4.3 More than one heat pathway

4.4 The Hydrodealkylation Process, (HDA Process)

In this section, we presented the process for the Hydrodealkylation (HDA)
which converts toluene to produced benzene. Figure 4.4 shows nine basic unit
operations: reactor, furnace, vapor-liquid separator, recycle compressor, two heat
exchangers, and three distillation columns. Two raw materials, hydrogen, and toluene,
are converted into the benzene product, with methane and diphenyl produced as

byproducts. The two vapor-phase reactions are
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C, Hy(Toluene) + H,(Hydrogen)—— C Hg(Benzene)+ CH (( Methane)

2C He(Benzene)=—=C\, H ,(Diphenyl) + H,( Hydrogen)

The kinetic rate expressions are functions of the partial pressure (in psia) of
toluene pr , hydrogen py, benzene pg, and diphenyl pp, with an Arrhenius temperature
dependence. Zimmerman and York (1964) provide the following rate expression.

-25616
¥\

-25616
T

r = 3.6858x10%xp( Wit

25616

r, = 5.987x10" exp( )5 - 2.553%10%exp( PpPy

where r; and r have units of Ib-molf[min.ﬁs} and T is the absolute temperature in
Kelvin. The heats of reaction given by Douglas (1988) are -21500 Btu/lb-mol of
toluene for r; and 0 Btuw/lb-mol for rs.

The effluent from the adiabatic reactor is quenched with liquid from the
separator. This quenched stream is the hot-side feed to the process-to-process heat
exchanger, where the cold stream is the reactor feed stream prior to the furnace. The
reactor effluent is then cooled with cooling water and the vapor (hydrogen, methane)
and liquid (benzene, toluene, diphenyl) are separated. The vapor stream from the
separator is split and the remainder is sent to the compressor for recycle back to the
reactor.

The liquid stream from the separator (after part is taken for the quench) is fed
to the stabilizer column, which has a partial condenser component. The bottoms
stream from the stabilizer is fed to the product column, where the distillate is the
benzene product from the proeess and the bottomsis toluene and diphenyl fed to the
recycle column, The distillate from the recycle column is toluene that is recycled back

to the reactor and the bottom is the dipheny! byproduct.

Makeup :oluene liquid and hydrogen gas are added to both the gas and toluene
recycle streams. This combined stream is the cold-side feed to the process-to-process
heat exchanger. The cold-side exit stream is then heated further up to the required
reactor inlet temperature in the furnace, where heat is supplied via combustion of fuel.
Tables 4.1 to 4.4 contain data for selected process streams, Table 4.5 presents
equipment data and Table 4.6 compiles the heat transfer rates within process

equipment.



Table 4.1 Process Stream Data, Part |
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Fresh Fresh Purge | Stabilizer | Benzene | Diphenyl
toluzne | hydrogen gas gas product | Producr
Stream nusuber 1 2 3 4 5 (i
Flow (lbmolh) | 29086 | 49038 4B0O BB 21.05 2T 6.759
Temperare (°F) 86 g6 115 113 211 539
Pressure (psia) 575 575 480 480 30 il
E;. mole fraction 0 097 0.3992 0 0 0
CH, G 0.03 0 | 0.5937 09349 0 D
CsHs 0 0 0.0063 | 00651 0.9997 0
C-Hs 1 0 | |00006| 0 D.0003 | 0.00026
Ci:Hie 0 0 0 0 0 0.99974
Table 4.2 Process Stream Data, Part 2
Gas ‘Tﬁlucneﬁ F_ﬁnm;e ‘Reactor | Reactor |
recycle | tecvele i.ﬁiﬂ nlet effluent | Quench
Stream number | 7 ‘ t | 9 ; 104 11 ! 12
Flow (Ib molh) | 135192 | 8213 | 43825 | 4382 S| %5 | 1560
Temperatnre (°F) | 115 272 1106 11'56 11632 113
Pressure (psia) 513 30 513 503 186 186
H;. mole frachon | 03997 L] 0.4291 04291 03641 (v}
CH., 0.5937 G 0,4800 04800 0.5463 00513
C:Hs 00065 | 0.00061 | 0.0033 0.0053 0.0683 0.7159
C-Hx 0.0006 | 0.00037 1 (00856 0.0855 003 02149
Cyi:Hyp 0 0.00002 0 0 0.0013 I 077




Table 4.3 Process Stream Data, Part 3
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FEHE | FEHE | Separator | Stabilizer | Stabilizer | Product
Horin | Hotour | Gas out feed bottoms | bortoms
Stream number 13 14 15 L6 17 18
Flow (lb.molh) | 45385 | 45385 4156 3823 3614 8891
Temperamre (°F) | 1150 337 113 113 200 | 283
Pressure (pein) 486 480 456 480 480 i3
H:. mole fracton | 03518 | 0.3518 0.3692 0 ] O
CH. 05201 ] 0.52047| 05387 | 00515 S TANY
CsHg 0.0907 | 00907 0.0065 0.7159 0.7538 0.0006
C:Hs 0.0260 | 0.0260 0.0006 02149 0.2275 09234
CyoHye 0.0021 | o002y | o 0 00177 | 00187 | 00760
Table 4.4 Process Stream Data, Part 4
Product cellmm Recyele column
reflux: - reflux
Strean) number 19 A 20
Flow {1b.molh) <00 12
Temperature °F) 211 72
Pressure (paia) 30 30 .
H: mole frachon 1] 0
CH., 0 0
CsHs (.9907 0.00061
C-H; 0.H0Qzx 0994937
Ci-Hye 0 0.00002




Table 4.5 Equipment Data and Specification

LUnir cperanon Property Size
Diamietey 935
Renctor Length 3TH
Area 30000 frr
FFHE Shell voline 300 frf
Tube volume 500 ft’
Fumace Tube volnme 300 fi”
Separater Ligud volume 3t
Toral theoretazal Ha}"i: )
Fred nay 3
Stabilizer colunn Diamieter 13t
R=flax dmm higind haldup T
Column base ;t_-:p.iid holdup B»Of
lb_sf'al m{gl';-tzcal tavs ol
Fesdiray 15
'Dﬁm:;_m Sh
Product column Thcnrer:c.ql:}t;i&j«“holdup 21 1b mel
Ffficiency 30,
Reflux drum hquid holdup 25 fr
Column base liquad boldup 30
Toral theorensal travs 4 ]
Feed nav 5
Diameter 3t
Recveleiealumn Theoretical fray holdup 1 1Ib mal
Efficiency 3%
Reflux drum Jiquad holdup 1004
Colunm base liguad Loldup 150

41
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Table 4.6 Heat Transfer Rates

Linzt Operanion Power (MW
FEHE 10,400
Fumacs 0984
Sapararor condenser 5470
Preduct iebailer 2180
Product condenser 2030
| Recycle reborler SN/ Fs . 0430
Recvele condenser 0403
Reactor heat ganeranen — 1 R3i0
©) & FFJ ko

-'ﬁ [ Compressor

uwnjes Enpeid

Figure 4.4 Hydrodealkylation HDA of toluene process.
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CHAPTERYV

RESULT

5.1 Introduction

In this chapter, we give the examples for design and control the resilience heat
exchanger network. The design procedures and definitions from previous chapters
will be an accessory to design. The Problem Table Method is applied to find pinch
temperature and reach maximum energy recovery (MER). The network resiliency,
dynamic simulation result and Integral absolute error (IAE) will be consequence to

compare and choose the hest network.

5.2 Example 1

The data of the synthesis problem is adapted from Tankim (2006) as shown in
Table 5.1. The inlet temperature variations are A7 =+10°C . The design condition is

selected to be the minimum hot and maximum cold streams input temperatures.

5.2.1 Design Heat Exchanger network

With considering the problem from Table 5.1, it could generate problem table as
shown in Table 5.2. The pinch is at 100 °C and at this condition the minimum cooling

requirement is 115.0 kW and the minimum heating requirement is 124.0 kW.

Table 5.1 Inlet and outlet condition of network in Example 1

Shrearii | Stream W (kW/°C) Start T?;r{ls;;eralure Target Isg}pemturc
o, Type Max | Nom | Min | Max | Nom | Min | Max | Nom | Min
1 Hot 1.6 1.5 1.4 145 140 135 115 110 105
2 Hot - 4.5 - 165 160 155 25 20 15
1 Cold 8.9 8.8 8.7 - 90 - 125 120 | 115
2 Cold - 3.5 - 25 20 15 145 140 135




Table 5.2 Problem table for Example 1
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w Thot | Teold | =W AT “ﬁg‘" Interval C:‘:::i" Insl:rTra!
Hi | B2 | ic1 | e
0 0 160 | 150 0 Qh
a5 | o 150 | 140 | 45 10 124 45 0 45
45 | o | 3s | 190 | 130 ! 10 169 10 179 55
5 | #s ] o |35 [ 130 | 120 | zs 10 179 25 204 80
15 | 45 | 88 | 35 | no | w0 | 63 20 204 -126 78 -46
45 | 88 | 35 | w0 | 9% | /784 10 78 -78 0 -124
4.5 35 | @0 | 20 1 70 0 70 70 .54
a5 | o 0 20 10 45 10 70 45 1S 9
Qc

A simple table called the synthesis table is constructed to facilitate the match
pattern selection. The synthesis table is shown in Table 5.3. The displayed items are
ordered for convenience in browsing. The heat load in the second column and
temperatures T1 and T2 tell us whether a selected pair belongs to Class A or B. Tl is
a higher value of temperature of a stream, e.g. an inlet temperature of a hot stream,
and T2 is a lower one, e.g. an inlet lemperature of a cold stream. The next column
displays values of heat capacity flowrates, whose relationship between a hot and a
cold stream tell us whether a selected pair belongs to the H or C category.

The synthesis is carried out stepwise as follows:
1. The starting condition of the process streams in the hot end is shown in Table 5.3
(a)
2. The match pattern A[H] is selected first. A match is found between H1 and Cl
since the following eonditions satisfy the match pattern A[H].
Ly =Ly
Wm = H’h
T2, +AT,,, sT2,,

min =
The resiliency requirement is that the disturbance of H1 must be less than the
difference of the heat loads of the two streams.

D, <R

L

Dm = Ll'l i) LHL
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This is the only requirement for the pattern A[H] (and also B[C]). In other

words, the minimum heat load of the residual Cl (the value after the disturbance is

shifted in) must be greater than zero.

The new process stream data in State 2 are shown in Table 5.3 (b). Notice that

the new T2 temperature of C1 is the highest value of the range determined by using

the propagation concept. So, the temperature variation range of the residual CI is
increased to 3.22 °C. The new disturbance load of C1 is 8+14+9 = 31 kW. The

disturbance at target temperate of C1 is the same.

3.

By just browsing over the table we can see that the match pattern A[H] cannot be
satisfied further by the new set of streams since none of the cold streams has a

higher heat load valug than of the hot stream.

. The next operator is the match pattern B[C] and there are three active streams —

H2, C1 and C2 to be considered. H2 and C2 satisfy the pattern and the resiliency

tests.

5. C2 is match to H2 — State 2,

In State 3, C1 is matched to H2. Then there is only one pair of streams left — H2
and C1. They can be matched together by the pattern A[H]. See Table 5.3 (c). The
disturbance load of C1 is less than the residual heat load of H2 or the minimum
cooling load so the resiliency requirement is satisfied.

From this particular problem in which there is only one cooler, it can be seen

that a resilient network structure solution can be found if the propagated heat load is

less than a minimum utility requirement.

7.
8.

State 4. Table 5.3 (d). Match the residual C1 to a heating utility stream.

In the cold end, the starting condition of the process streams is shown in Table 5.4
(a)

There is only one pair of stréams left so it is satisfied the match pattern B[C]. The
new process stream data show in Table 5.4 (b) and match the residual H2 to

cooling utility stream.



Table 5.3 Synthesis Table for Hot End of example 1
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Hot end

[Stream | Load | W Tl T2 | Ds | Dt [ Dw |  Action |
(a) State |

Hi1 28.00 | 1.40 | 135.00 | 115.00 14 14 8 Selected
H2 247.50 | 4.50 | 155.00 | 10000 | 45 | © 0

Cl 217.50 | 870 |115.00| 90.00 | © 87 7 | Selected A[H]
C2 157.50 | 3.50 | 135.00| 90.00 | O 35 0

(b) State 2

H1 Matched to C1
H2 247.50 | 4.50 | 155.00 | 100.00 | 45 0 0 | Selected

Cl 154.50 | 8.70 | 11500 93.22 | 0 87 | 43

C2 157.50 | 3.50 {13500 90.00 | 0 | 35 0 | Selected B[C]
(c) State 3

H1 / Matched to C1
H2 55.00 | 4.50. | 120.00 | 100.00 | 80 | 0 0 | Selected

Cl 154.50 | 870 J11500] 9322 | 0 87 | 43 | Selected A[H]
C2 ' Matched to C2
(d) State 2 _

H1 Matched to C1
H2 v Matched to C2
Cl1 19.50 | 8.70 | 11500} 99.54 | 115 | 87 | O | to heater

C2 Match to H2
Table 5.4 Synthesis Table for Cold End of example 1

Cold end

[ Stream | Load | W Tl T2 | Ds | Dt [Dw]|  Action |
(a) State |

H1

H2 360.00 | 4.50 1100.00| 20.00 | 0.00 | 0.00 | 0.00 | Selected

Cl1

Cc2 22750 3.50 | 90.00 | 25.00 [ 0.00 | 35.00 [0.00 [ Selected B[C]
(b) State 2

H1 ]

H2 97.50 | 3.50 | 49.44 | 20.00 |35.00| 0.00 | 0.00 | tocooler

C1

C2
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56
145 135 115 105
H1 ———(-\——
1.6-1.4
125 115 90
— | I 1 C1
~ 8.9-8.7
217.5

Figure 5.1 The Stream H1 and C1 of Examplel

The test procedures for the match of

1. Match test. From the table we see that In Figure 5.1 the T2 temp of H1 and Cl
different 10 °C= A7, s0 it is satisfied the requirement. Next, we must look at the
Heat capacity flowraie consiraint, since the match is class A[H], L, <L and
Wy <We, -

2. Resiliency test. The resiliency is required because both H1 and CI are variable

stream. The load of Hl will be use up. The residual load of C1 is 217.5 - 56 =
161.5 or R, ,, =#61.5

Dj, =1.4(145-135) = 14
D, =14(115-105) =14
DY =(1.6-1.4)145-105) =8
Db+ D+ Dy, =355 R,
The disturbance load is satisfied, the next test is feasibility of a match on the
extra heat capacity flowrate. In this test we see whether the exchanger
resilience parameter or the stream resiliency parameter can handle an extra
load due to the heat capacity flowrate disturbance. Since the heat capacity

flowrate of HI is less than C1, the stream resiliency parameter is negated by
definition.

E,\  =8.7(110-90-10) =87

Sy =(8.7-1.4)(145-110) =182.5
Dy =TS By + Spam

The match of H1 and C1 passes the match and resiliency test.
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The network solution for cold end is shown in Figure 5.2

135 105
145 N 115
HI [T k_E'Z} -
1.4
155
1211~ 100 49.4 20
H2 18 @ E3 E4
45 S L
97.5
115 1325
105.75 94 83 -
125 - N 90
< O N/ _/ goL—1
80.47 95 42 8.7
167.47 15
145 IR r 25
135 C1
- \£ 35
175 227.5

Figure 5.2 A network solution of Examplel

5.2.2 Design Control Structure

From the procedure, it can be used to design control structure as follows:

Step 1. Design control structure. We consider the maintenance target

temperature and heat pathway of disturbance simultaneously.

Network at cold end side (Figure 5.3)

Beginning with determination ‘of sét up control loop at utility of any stream in
order to maintain target temperature. Then equip bypass at hot stream of HE 1 and at
cold stream of HE1 to control H1 and C1 outlet temperature because they are the end
of the stream. H2 should be settled bypass and control loop for control the pinch
temperature. Actually we have elected to install the bypass valves on the cold side to
lower the investment cost but for facilitate maintenance we have chosen to install the

bypass valves on the same side that we control.

Network at hot end side (Figure 5.4)

(2 should be settled bypass and control loop for control the pinch temperature.
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Step 2. Set up LSS in the network based on the heat path way heuristic
approach.
Considering Figure 5.5, dash lines show the pathway of disturbance, there
are 2 ways at HE4 and HE1. Then, settle up cascade in order to calculate new setpoint
temperature of hot stream and cold stream of HE4 and HE1 which provide no increase

in cooler duty and heater duty (Figure 5.6).

In Figure 5.7 and 5.8 show the heat pathway of positive and negative
disturbance in Example | when settled the control structure and LSS. We see that all
disturbances will transfer to the utility. In Figure 5.9 shows the simulation in HYSYS

flowsheet.

)
&
2

15

Figure 5.3 Control structure of Cold End side for Example 1

100
e Cimmes ok
15
g0 o5

. c2
- [ ] 35

Figure 5.4 Control structure of Hot End side for Example 1
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Figure 5.6 Control structure for Example 1 with LSS
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Figure 5.7 Heat pathway of control structure of network equipped with LSS of
Example 1 when there is the disturbance at supply temperature a) D+

presented at H1, b) D- presented at HI c¢) D+ presented at H2, d) D-
presented at H2 e) D+ presented at Cl, f) D- presented at C1 g) D+

presented at C2, h) D- presented at C2
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Figure 5.8 Heal pathway ‘of control structure of network equipped with LSS of
Example 1 when there is the disturbance at target temperature a) D'+
presented at H1, b) D'~ presented at H1 ¢) D'+, D' - presented at H2, d)
D'+, D' <presented at Cl-e) D'+, D' - presented atr €2
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Figure 5.9 Heat exchanger network with LSS of example | frem HYSYS flow sheet

5.2.3 Dynamic Simulation Result for HEN in example 1

In order to evaluate the dynamic behaviors of the HEN in Example 1, several
disturbance loads were made, the dynamic responses of the control systems are shown
in Figure 5.10-5.18. Left side shows dynamic behavior of system without LSS and the
right side presents the dynamic behavior of the new control system using the LSS to

select appropriate heat pathway through the network.

Change in Supply Temperature of Hot Stream H1 Temperature for Example 1

Figure 5.10 shows the dynamic responses of HEN with and without LSS in
example 1 to a change in the disturbance load of HI. In order to make these
disturbances, first the fresh feed H1 temperature decreases from 140°C to 135 °C at
time equals 10 minutes and the temperature increases from 135 °C to 145 °C at time
equals 150 minutes then its temperature returns to its nominal value of 140 °C at time

equals 300 minutes.
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Figure 5.10 Dynamic responses of HEN with and without LSS in example 1 to a
change in the supply temperature of H1
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As can be seen, first the hot stream inlet temperature (H1) decreases. That is
saying negative disturbances, (D-). Heat pathway is shown in Figure 5.7b. As a result,
the hot outlet of HEI temperature decreases below its minimum value, the LSS takes
an action to control the cold outlet temperature of HE1 so the cooler duty decreases
from 107.7 kW to 99.1 kW. Then, the positive disturbance load of hot stream is
shifted to a furnace utility by controlling the hot outlet temperature of HEI.
Consequently, following Figure 5.7a, the heater duty will be decreased from 117.7

kW to 110 kW (Figure 5.10) while the duty of cooler still the same.

Change in Target Temperature of Hot Stream Hi for Example 1

Figure 5.11 shows the dynamic responses of HEN with and without LSS in
example 1 to a change in the disturbance load of HI. In order to make these
disturbances, first the target temperature of H1 decreases from 110°C to 105 °C at
time equals 10 minutes and the temperature increases from 105 °C to 115 °C at time
equals 150 minutes then its temperature returns to its nominal value of 110°C at time

equals 300 minutes.

As can be seen, first the hot stream outlet temperature (H1) decreases. That is
saying positive disturbances, (D+). As a result, the hot outlet temperature can be
reached the desired value. Heat pathway is shown in Figure 5.8a. The LSS takes an
action to control the hot outlet temperature of HE2 so the heater duty decreases from
117.7 kW to 110 kW. Then, the negative disturbance load of hot stream is shified to a
cooler utility by controlling the cold outlet temperature of HE2. Consequently.
following Figure 5.8b, the cooler duty will be decreased from 107.7 kW to 98 kW

(Figure 5.11) while the duty of cooler is going to the nominal value.

Change in Supply Temperature of Hot Stream H2 Temperature for Example 1

Figure 5.12 shows the dynamic responses of HEN with and without LSS in
example | to a change in the disturbance load of H2. In order to make these
disturbances, first the fresh feed H2 temperature decreases from 160°C to 155 °C at
time equals 10 minutes and the temperature increases from 155 °C to 165 °C at time
equals 150 minutes then its temperature returns to its nominal value of 160 °C at time

equals 300 minutes.
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Figure 5.11 Dynamic responses of HEN with and without LSS in example | to a
change in the target temperature of H1
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As can be seen, first the hot stream inlet temperature (H2) decreases. That is
saying negative disturbances, (D-). Heat pathway is shown in Figure 5.7d. As a result,
the hot outlet of HE3 temperature decreases below its minimum value. Then it makes
the H2 temperature outlet from HE4 decreases. The LSS takes an action to control the
cold outlet temperature of HE1 so the cooler duty decreases from 107.7 kW to 81 kW.
Then, the positive disturbance load of hot stream is shifted to a furnace utility by
controlling the hot outlet temperature of HE3. Consequently, following Figure 5.7c,
the heater duty will be decreased from 117.7 kW to 93.5 kW (Figure 5.12) while the

duty of cooler is going to the nominal value.

Change in Target Temperature of Hot Stream H2 for Example 1

Figure 5.13 shows the dynamic responses of HEN with and without LSS in
example 1 to a change in the disturbance load of H2. In order to make these
disturbances, first the target temperature of H2 decreases from 20°C to 15 °C at time
equals 10 minutes and the temperature inereases from 15 °C to 25 °C at time equals
150 minutes then its temperature returns to its nominal value of 20 °C at time equals
300 minutes.

As a result, the hot outlet temperature (H2) can be reached the desired value.
Figure 5.8c ~hows the heat pathway that disturbance will go directly to the cooler

utility. There is no effect in temperature of other streams.

Change in Target Temperature of Cold Stream C1 for Example 1

Figure 5.14 shows the dynamic responses of HEN with and without LSS in
example 1 to a change in the disturbance load of Cl. In order to make these
disturbances, first the target temperature of C1 decreases from 120°C to 115°C at time
equals 10 minutes and the temperature increases from 115°C to 125°C at time equals
150 minutes then its temperature returns to its nominal value of 120 °C at time equals

300 minutes.
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Figure 5.13 Dynamic responses of HEN with and without LSS in example 1 to a

change in the target temperature of H2
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Figure 5.14 Dynamic responses of HEN with and without LSS in example 1 to a

change in the target temperature of C1
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As a result, the cold outlet temperature (C1) can be reached the desired value.

Figure 5.8d shows the heat pathway that disturbance will go directly to the heater

utility. There is no effect in temperature of other streams.
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Change in Supply Temperature of Cold Stream C2 for Example 1

Figure 5.15 shows the dynamic responses of HEN with and without LSS in
example | to a change in the disturbance load of C2. In order to make these
disturbances, first the target temperature of C2 decreases decreases from 20°C to 15
°C at time equals 10 minutes and the temperature increases from 15 °C to 25 °C at
time equals 150 minutes then its temperature returns to its nominal value of 20°C at

time equals 300 minutes.

When C2 temperature decreases, thus it results in decrease of the hot outlet
temperature of HE4. The LSS takes an action to control the cold outlet temperature of
HE4. Namely, the positive disturbance load of cold stream should be shifted to cooler
utility (Figure 5.7g) but without L.SS controlled at outlet temperature of C2. The duty
of the cooler for without LSS decreases as much as with LSS (Figure 5.7h). Then the
negative disturbance load of cold stream is shified to furnace utility by controlling the
hot outlet temperature of HE4. As a result, furnace duty decreases from 117.7 kW to
103 kW (Figure 5.15).
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Figure 5.15 Dynamic responses of HEN with and without LSS in example 1 to a

change in the supply temperature of C2

62



63

Change in Target Temperature of Cold Stream C2 for Example 1

Figure 5.16 shows the dynamic responses of HEN with and without LSS in
example 1 to a change in the disturbance load of C2. In order to make these
disturbances, first the target temperature of C2 decreases from 140°C to 135 °C at time
equals 10 minutes and the temperature increases from 135 °C to 140 °C at time equals
150 minutes then its temperature returns to its nominal value of 140 °C at time equals

300 minutes.

When temperature target of C2 decreases, negative disturbance, thus its load
decreases the LSS takes the aciion to control the cold outlet temperature (Figure 5.8
(€)). The duty of furnace decreases from 117.7 kW to 98 kW while the duty of cooler
is going to the nominal value. When temperature target of C2 increase the LSS takes
an action to control the cold eutlet temperature of HE1 same as negative disturbance.
Namely, the positive disturbance load of cold stream should be shifted to cooler
utility. The duty of the cooler decreased from 107.7 kW to 89.5 kW.
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Figure 5.16 Dynamic responses of HEN with and without LSS in example 1 to a

change in the target temperature of C2
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Change in Flow Rate of Hot Stream H1 for Example 1

Figure 5.17 shows the dynamic responses of HEN with and without LSS in
example 1 to a change in the disturbance load of Hl. In order to make these
disturbances, first ike fresh feed flowrate of HI1 decreases from 17.76 to 16.57
kgmole/s at time equals 10 minutes and increases from 16.57 to18.94 kgmole/s at
time equals 200 minutes then its flowrate returns to its nominal value of 17.76

kgmole/s at time equals 400 minutes.

As can be seen, first the hot stream inlet flow rate (H1) decreases. That is
called negative disturbances, (D-). As a result, the LSS1 take an action to control the
cold outlet temperature of HE3, Therefore, the cooler duty decreases from 107.7 kW
to 104.5 kW. Then. the positive disturbance load (D+) of hot stream is shifted to a
furnace utility by controlling the hot outlet temperature of HE2. The Heater duty will
be decreased from 117.7 kW to 1142 kW.
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Figure 5.17 Dynamic responses of HEN with and without LSS in example 1 to a
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Change in Flow Rate of Cold Stream C1 for Example 1

Figure 5.18 shows the dynamic responses of HEN with and without LSS in
example 1 to a change in the disturbance load of H2. In order to make these
disturbances, first the fresh feed flowrate of H2 decreases from 74.35 to 73.50
kgmole/s at time equals 10 minutes and increases from 73.50 to 75.19 kgmole/s at
time equals 200 minutes then its flowrate returns to its nominal value of 74.35

kgmole/s at time equals 400 minutes.

As can be s2=n, first the cold stream inlet flow rate (C1) decreases. That is
called negative disturbances, (D-). The LSS takes an action to control the hot outlet
temperature of HE3. Therefore, the Heater duty will be decreased from 117.7 kW to
114.2 kW. Then, the positive disturbance load, (D+) of cold stream is shifted to a cold
utility by controlling the cold outlet temperature of HE3, As a result, the cooler duty
decreases from 107.7 kW to 104.2 kW.
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Figure 5.18 Dynamic responses of HEN with and without LSS in example 1 to a
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Table 5.5 Comparison of the energy consumption of control structure with and

without LSS in the case of Example 1 (temperature changed).

Cooler Utility, Heater Utility,
S-F:;Ien Ti,n;f-:ﬁs:e Disturbances : i . . W :
Without | With | Without | With
LSS LSS LSS LSS
Supply Negative 1027 | 99.1 117.7 110
Hi Temperature |  Positive 1074 | 107.7 110 110
Target Negative BEET7.7 | 1255 117.7
Temperature | Positive 107.7 | 99.1 110 110
Supply Negative 107.7 81 142 117.7
H Temperature | Positive 107.7 | 107.7 | 93.5 93.5
Target Negative 125 125 1i8 118
Temperature |  Positive 88 88 118 118
Cl Target Negative 107.7 | 107.7 78 78
Temperature | ~ Positive 107.7 | 107.7 162 162
Supply Negative | 122 | 1077 | 1174 | 103
2 Temperature |  Positive 92 92 1174 | 117.7
Target Negative 107.7 | 107.7 98 98
Temperature | Positive 107.7 | 895 138 | 1177

Table 5.6 Comparison of the energy consumption of control structure with and

without LSS in the case of Example 1 (flowrate changed).

S Type of Cooler Utility, kW | Heater Utility, kW
Type firifed Without | «With | Without | With
LSS LSS LSS LSS

HI Negative 107.7 104.5 121 107.7
Positive 107.7 107.7 117.7 114.2

cl Negative 107.7 107.7 1¥777 114.2
Positive 107.7 104.2 121 107.7

69

From table 5.5 and 5.6 are found that using LSS is likely an effective way to

handle with disturbance come along with the variation of temperature that come from

supply temperature and target temperature. It brings about control structure of HEN

that give dynamic maximum energy recovery.
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The HEN synthesis problem is adapted from Cerda et al. (1990) presenting a

single pinch jump. The four-stream HEN synthesis problem is shown in Table 5.7.

5.3.1 Design Heat Exchanger network

At the temperature of H1 239 °C, the network is at pinch 229/219 °C (see Table

5.8). When temperature goes up at 249, the new pinch is locate at 239/229 °C. When

the inlet temperature of H1 increase from 244 °C, the pinch temperature is the same as

minimum heat load as.

Table 5.7 Inlet and outlet condition of network in Example 2

Heat ,
capacify Start Temperature (°C) Target Temperature (“C)
Stream | Stream | “P°
flow
MNo. Type aks
Mominal | Maximum | Minimum | Nominal | Maximum | Minimum
(kWFC)
1 Hot 7.032 244 249 239 120 125 115
2 Hot 8.44 239 - - 148 -
1 Cold 6.096 111 116 106 150 155 145
2 Cold 10 131 136 126 250 255 245

Table 5.8 Problem table for Example 2 for minimum heat load

- Thot | Teold | /EW AT | Required | Interval | C35cde | Sum
°C) | °C) | (kWIC) | .(C) Heat (kW) (kW) (kW)
(kW)
MERTRTR

0 o | o (Vo] 255 |l 245 | 0 Oh -29.68
0 |0 | 0 |10 239 | 229 | -10 | 16 | 18968 | -160 | 160 | -160
7032 |844| O | 10| 150 | 140 | 5472 | 79 0 | 43228 | -29.68 | 242.608
7032 | 8.44 | 6096 | 10 | 148 | 138 | -0.624 | 2 | 432.288 | -1.248 | 402.608 | 241.36
7.032 0 6.09 | 10 146 136 <9064 2 431.04 | -18.128 | 401.36 | 223.232
7.032 0 609 | 0 126 116 0.936 20 412912 18.72 | 383.232 | 241.952
0 1] 609 | 0 115 105 6096 11 4311.632 | -67.056 | 401.952 | 174.896

Qc
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Figure 5.19 Process Streams Partitioning for Example 2

The pinch region is between 239-229 “C on the hot side scale. The stream partitioning
procedure:

o HI. The disturbance region of HI in the hot end appears in the pinch zone (see
Figure 1) and also exists outside the pinch zone, so it has not disappeared
when the pinch moved up to the highest value. The disturbance in the pinch
range diminished to zero only when the pinch is moved up to 239 °C. So HI
exists in both the hot end and cold end. The supply temperature (T1) in the hot
end is subjected to a variation in the range of 249-239 °C and the outlet
temperature (T2) in the hot end is fixed at 239 °C. The inlet temperature (T1)
in the cold end is subjected to variation by the range of the pinch zone.

o H2. The inlet temperature is fixed even its entire part in the hot end is
immersed in the pinch zone. Thus there exists a part of H2 in a hot end when
the pinch is below its highest point. The inlet temperature of H2 in a hot end is
fixed but its outlet temperature is varied according to the pinch temperature.

o ClL. Clis in the cold end.

o €2, C2 s a fixed stream and appear in both hot end and cold. The inlet
temperature in the hot end (T2) and the outlet temperature (T1) in the cold end

are varied,
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The process streams data for the hot end and cold end are shown in Tables 5.9
and 5.10

Table 5.9 Hot End Process Stream Data for Example 2

Supply Tem Target Tem
Stream | W (kW/C) e nHERES T e [
HI 7032 1239 | 249 | 239 | 239 | - | -
H2 844 | 230 U A7L0- | - | 239229
C2 10 (2291219 | 250 | 255 | 245

Table 5.10 Cold End Process Stream Data for Example 2

Suppily Temp (°C) | Target Temp (°C)

Stream |'W KWFQ) Nom | Max | Min | Nom | Max | Min

H1 7.032 - 239 | 229 | 120 | 125 | 115
H2 8.44 - 1239 | 229 | 148 - -

Cl 6.096 111 { 116 | 106 | 150 | 155 | 145

L C2 10 131 | 136 | 126 - 229 | 219

The synthesis must follow the procedure for a problem with streams that have
variations in both supply and target temperatures. The disturbance loads of the
process streams are presented at three points, the supply temperature (D), the pinch
temperature (D”) and the target temperature (D). The maximum and minimum values
of inlet and outlet temperatures of all process streams are needed. The synthesis
procedure using the disturbance propagation technique and the match patterns is
carried out as following:

I. The starting condition for the hot end is shown in Table 5.11 (a). The first
applicable pattern is A[H]. H2 is chosen to match to C2 since it has less heat
load.

2. Next match the residual C2 to H1 with the pattern A[H]. The new stream
condition is shown in Table 5.12 (b). Finally match C2 to a heating utility

stream.
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For the cold end synthesis, we see from Figure 5.19 that both H1 and H2 must

be matched to C2 first since the target temperature of C2 is higher than of C1 and also

the heat flow rate capacity of C2 is greater than both H1 and H2. So. in order to be
matched to H1 and H2, C2 must be split.

Table 5.11 Synthesis table for Hot End of Example 2

[ Stream [ Load [ W [ T1 | T2 LD [ D | D Action
(a) State |
HI 0 7.032° 239 239 70.32 0 0
H2 ¢ .44 239 239 0 84.4 0 Selected
C2 160 W 245 229 0 100 100 | Selected
(b) State 2
H2 » | Matched to C2
HI 0 7032 | 239 239 70.32 0 0 Selected
2 160 10 245 229 0 15.6 100 | Selected
(c) State 3
H2 Matched to C2
Hi Matched to C2
c2 89.68 10 245 | 236.032 | 85.92 0 100 | To heater
Table 5.12 Synthesis table for Cold End of Example 2
| Stream | load | W | T1 | T2| Ds | Dt Dp |  Action
(a) State |
HI 731.33°} 7.032 229 125 0 7032 | 70.32 | Selected
H2 683.64 8.44 229 148 0 0 84.4 | Selected
Cl 176.78 | 6.096 145 116 | 60.96 60.96 0
Cc2 830 10 219 136 100 0 100 | Split
C21 219.9 10 219 136 26.5 0 26.5 | Selected
C22 610.1 10 219 136 .5 D 73.5 | Selected
(b) State 2
C21 Matched to HI
C22 Matched to H2
HI 48493 | 7.032 | 173,49 | 125 26.5 70.32 | 43.82 | Selected
H2 0 8.44 148 148 73.5 0 10.9
Cl 176.78 | 6.096 145 116 | 6096 60.96 0 Selected
(c) State 3
C21 Matched to H1
C22 Matched to H2
Cl Matched to HI
Hl 186.22 | 7.032 | 151.48 | 125 | 192.24 | 70.32 0 To cooler
H2 0 8.44 148 148 84.4 0 0 To cooler
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The synthesis is carried out stepwise as follows:
1. The starting condition for the cold end is shown in Table 5.12 (a). The first
application pattern is B[C]. C2 is split and matched to H1 and H2.
Calculate the minimum heat capacity flowrate which satisfy the resiliency
Requirement for C22 to match to H2:

Hrl-r::. = LH: "f{TI _-Tzf']mm}

" 2mm
= 683.64/(219 - 126)=17.35
The split heat capacity flowrate must make a match of H1 and C21 satisfy
pattern B[C]:
IE'r‘ 1) S L H.

W < W

L | H
Also, the resilieney test for a match of H1 and C21:
DX, 200

Example of calculation for the new condition of H1 in State 2.

=229 —(219.9426.5)/7.03
=193.95

2. By satisfying the pattern B[C] and the resiliency, C2 is matched to HI and H2.
The condition of the new state is shown in Table 5.12(b). Since H2 has zero
heat load, C1 must be matched to H1 and they satisfy the pattern B[C].

3. The next stet= shown in Table 5.12(c) has only hat streams left so they are

matched to cooling utilities.

It should be noticed that H2, after being matched to C2, has zero heat load at
the minimum heat load condition and requires 84.4 kW cooling duty at the maximum
heating condition. The cooling duty of 84.4 kW can be supplied by C2. At the
minimum heating condition this equivalent to 84.4/(219-136) = 1.01 kWC™'. This
amount of heat load can be supplied by C2 by increasing the ratio of C22. The ratio of
heat capacity flowrate of C22 can be managed by a conventional controller by

monitoring the inlet temperature of C2. Since C2 can supply all the cooling duty to
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H2 there is no need to install a cooler for H2. However, the change in flowrate of C2
will introduce a new disturbance in H1. The extra cooling duty (the consequence of
increasing flowrate of C21) must be added to the cooler of HI1. A resilient network
structure solution to the Example 2 problem is show in Figure 5.20. The condition
show in the figure is the nominal condition where the network has a pinch
temperature at 239 °C on the hot scale. The heating requirement is 210 kW and the
cooling requirement is 356.6 kw. The heat exchanger units | and 3, 2 and 4 can be
merged together and a resilient network strueture solution featuring minimum number

of units is show in Figure 5.21.

255 1348
245 ol 128 o

239 0
= Bdd v
118
150 108 Ich
268
138
Yy 128
‘_® L 10 =
210 212

Figure 5.21 Heat Exchanger Network for Example 2 when merged the heat
exchanger | and 3, 2 and 4
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5.3.2 Design Control Structure

From the chapter 11, it can be used to design control structure as follows:

Step 1. Design control structure. We consider the maintenance target

temperature and heat pathway of disturbance simultaneously.

Beginning with determination of set up control loop at utility of any
stream in order to maintain target temperature. Then equip bypass at hot stream
of HE 3 HEI to control C1 outlet temperature. It can adjust the split ratio
instead of settling bypass stream to controlling temperature of H2. Hence we
have 2 control structures, one the control vale adjusts the flowrate of stream

C21 and two the control vale adjusis the fiowrate of stream C22.

Step 2. Set up LSS in the network based on the heat path way heuristic

approach.

Considering the heat pathway in Figure 5.22, dash lines show the pathway
of disturbance, there are 2 ways at HE1. Then, settle up cascade in order to
calculate new setpoint témperature of cold stream of HE1 which provides no
increase in cooler dutv and heater duty. Hence we have 2 control structures in

Figure 5.23 and 5.24 to compare the performance.

In Figure 5.25 and 5.26 show the heat pathway of positive and negative
disturbance in Example I when settled the control structure and LSS. We see that all
disturbances will transfer to the utility. In Figure 527 shows the simulation in
HYSYS flowsheet.
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Figure 5.22 Heat pathway of disturbance in Example 2
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Figure 5.23 Control structure 1 (CS1) for example 2

OF® @

249

sk : : b
H1 Il : 1 i3

7.032 PN

239 148
P : ) "

B.44 i Y ' e

150

{©
(2]

- i 136
I@ T | Pl
\_/ a0
©->

Figure 5.24 Control structure 2 (CS2) for example 2
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Figure 5.25 Heat pathway of control structure of network equipped with LSS of
Example 2 when there is the disturbance at supply temperature a) D+
presented at H1, b) D- presented at H1 ¢) D+, D- presented at H2, d) D+
presented at C1 e) D+ presented at C2, f) D- presented-at C2.
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Figure 5.26 Heat pathway of control structure of network equipped with LSS of
Example | when there is the disturbance at target temperature a) D'+ and
D'- presented at H1, b) D'+ and D'- presented at C2
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sheet
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In order to show that the HEN in example 2 can achieve the maximum energy
recovery and keep their target temperature at their desirable value, several disturbance

loads were made,

Change in the Disturbance Load of Hot Stream H1 Temperature for Example 2

Figure 5.28 shows the dynamic responses of HEN between control structure 1
and 2 in example 2 to a change in the disturbance load of H1. In order to make these
disturbances, first the fresh feed H1 temperature decreases, first the fresh feed HI
temperature decreases from 244°C to 239 °C at time equals 10 minutes and the
temperature increases from 239 °C to 244 °C at time equals 150 minutes then its
temperature returns to its nominal value of 244 °C at time equals 300 minutes. The

dynamic responses of the control system of CS1 and CS2 are shown in Figures 6.

As can be seen, first the hot stream inlet stream (H1) decreases. That is called
negative disturbance, (D-). Heat pathway is shown in Figure 5.25b. As a result, the
hot outlet of HE1 temperature decreases below its minimum value, the LSS takes an
action to control the cold outlet temperature of HE1 so the cooler duty decreases from
425.7 kW 1o 391 kW (Figure 5.28q and r). Then, the positive disturbance load of hot
stream is shifted to a furnace utility by controlling the hot outlet temperature of HEI.
Consequently, following Figure 5.25a, the heater duty will be decreased from 209 kW
to 183 kW (Figure 5.28s and t).

Comparing the dynamic response between CS1 and CS2, control structures
CS1 control the process can handle the disturbance as good as CS2. The LSS is likely
an effective way to handle disturbance come along with the variation of temperature

that come from supply temperature and target temperature.
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Figure 5.28 Dynamic responses of streams of HEN in Example 2 to a change in the
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Change in the Disturbance Load of Cold Stream C1 Temperature for Example 2

Figure 5.29 shows the dynamic responses of HEN between control structure |
and 2 in example 1 to a change in the disturbance load of Cl. In order to make these
disturbances, first the fresh feed C1 temperature decreases from 111°C to 106 °C at
time equals 10 minutes and the temperature increases from 106 °C to 116 °C at time
equals 150 minutes then its temperature returns to its nominal value of 111 °C at time

equals 300 minutes.

When C1 temperature decreases, called positive disturbance. thus it results in
decrease of the hot outlet temperature of HE3. Heat pathway is shown in Figure
5.25d. The duty of the cooler is decreased from 425.7 kW to 398 kW. Then CI
temperature increases, the negative disturbance, cannot shift to furnace utility so the

duty of the cooler is increased 1o 458.5 kW (Figure 5.2%9o, p).

Comparing the dynamic response between CS1 and CS2 from Figure 5.29,

control structures CS1 can handle the disturbance as good as CS2.
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Figure 5.29 Dynamic responses of streams of HEN in Example 2 to a change in the
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Change in the Disturbance Load of Cold Stream C2 Temperature for Example 2

Figure 5.30 shows the dynamic responses of HEN between control structure 1
and 2 in example 2 to a change in the disturbance load of C2. In order to make these
disturbances, first the fresh feed C2 temperature decreases from 131°C to 126 °C at
time equals 10 minutes and the temperature increases from 126 °C to 136 °C at time
equals 150 minutes then its temperature returns to its nominal value of 131 °C at time

equals 300 minutes.

When C2 temperature decreases, thus it results in decrease of the hot outlet
temperature of HE1. The LSS itakes an action to control the cold outlet temperature of
HEI. Heat pathway is shown in Figure 5.25e. Namely, the positive disturbance load
of cold stream should be shified to cooler utility so the cooler duty decreases from
425.7 kW to 380 kW (Figure 5.300. p). Then the negative disturbance load of cold
stream is shifted to furnace utility by controlling the hot outlet temperature of HEI.
Heat pathway is shown in Figure 5.25f. As a result, furnace duty decreases from 208.7
kW to 170 kW (Figure 5.30q, r).

When C2 temperature is changed, Figure 5.30 m, n shows that CS2 provides
better control responses than CS1. Because of the position of the valve, the valve in

C22 can control the outlet temperature of H2 directly.
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Change in the Target Temperature of Hot Stream H1 and Cold Stream C2 for
Example 2

Figure 5.3 1a-d show the dynamic responses of HEN between control structure
1 and 2 in example 2 to a change in the disturbance load of H1. In order to make these
disturbances, first the target temperature of Hl decreases from 120°C to 115 °C at
time equals 10 minutes and the temperature increases from 115 °C to 125 °C at time
equals 150 minutes then its temperature returns to its nominal value of 120 °C at time

equals 300 minutes.

Figure 5.32a-d show the dynamic responses of HEN between control structure
| and 2 in example 2 to a change in the disturbance load of C2. In order to make these
disturbances, first the target temperature of Hl decreases fromn 250°C to 245 °C at
time equals 10 minues and the temperature increases from 245 °C to 255 °C at time
equals 150 minutes then its temperature returns to its nominal value of 250 °C at time

equals 300 minutes.

When target temperature of H1 decrease, the duty of cooler change follow the
heat pathway in Figure 5.26a. Same as when the target temperature of C2 changes, the
duty of heater change follow the heat pathway in Figure 5.26b. There is no effect to

the other streams.
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Figure 5.31 Dynamic responses of streams of HEN in Example 2 to a change in the
target temperature of H1
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Change in the Target Temperature of Cold Stream C2 for Example 2
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Figure 5.33 shows the dynamic responses of HEN between control structure 1

and 2 in example 2 to a change in the disturbance load of C1. In order to make these

disturbances, first the target temperature of C2 decreases from 150°C to 145 °C at time

equals 10 minutes and the temperature increases from 145 °C to 155°C at time equals

150 minutes then its temperature returns to its nominal value of 150 °C at time equals

300 minutes.
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Figure 5.33 Dynamic responses of streams of HEN in Example 2 to a change in the

target temperature of C1

As can be seen from Figure 5.32, when target temperature of C1 decrease, the
outlet temperature from HE3 of H1 is increased (Figure 5.33¢c, d). The heat pathway is
shown in Figure 5.26¢. The negative disturbance of cold stream will result the cooler
duty increase (Figure 5.33e, f). When target temperature of C1 increase, the outlet
temperature from HE3 of H1 is increased. Again, the positive disturbance of cold
stream will result the cooler duty decrease.

Table 5.12(a) Comparison of the IAE of control structure CS1 in the case of Example 2

Disturbance TCI100 TCI10] TC102 TCl103 TC104 TC105
HI1 Supply Tempt 120.48 79.40 1.31 1.10 6.37 0.00
HI Target Tempt 0.00 0.00 0.00 33.70 0.00 0.00
C1 Supply Tempt 0.00 0.00 0.00 1.18 15.70 0.00
C1 Target Tempt 0.00 0.00 0.00 14.66 178.38 0.00
C2 Supply Tempt 120.48 97.85 2,13 1.30 B.35 6.46
C2 Target Tempt 0.00 0.00 49.27 0.00 0.00 0.00

Sum 738.12
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Table 5.12(b) Comparison of the IAE of control structure CS2 in the case of Example 2

Disturbance TC100 TC101 TC102 TC103 TC104 TC105
H1 Supply Tempt 119.89 79.36 217 1.29 6.37 0.00
HI1 Target Tempt 0.00 0.00 0.00 33.37 0.00 0.00
C1 Supply Tempt 0.00 0.00 0.00 1.17 15,70 0.00
C1 Target Tempt 0.00 0.00 0.00 14.58 178.45 0.00
C2 Supply Tempt 120.48 97.63 2.17 1.29 8.14 2.61
C2 Target Tempt 0.00 0.00 49.58 0.00 0.00 0.00

Sum 734.26

As can be seen the IAEs for CS2 in table 5.12 are less than CS1. When there are
disturbance at supply temperawre of C2, the position valve at C22 can adjust the
outlet temperature of H2 meore directly than valve at C21, Other disturbances CS1 can
handle the disturbance similar to C82.

5.4 Example 3 (HDA Process)

5.4.1 Design Heat Exchanger Network

The Problem Table Method is applied to find pinch temperature and reach
maximum energy recovery (MER). The information for design is shown in the
following Table 5.13(a) and (b).

Table 5.13(a) The information of HDA Process

Stream Name Tin (°C) Tout (°C) W (kW7C)
H1: Reactor Produet Stream (RPS) 621 : 45 33
H2: Recycle Column Condenser (RCC) 183 181 200
C1: Reactor Feed Stream (RFS) 65 621 32.24
C2: Product Column Rebolier (PCR) 145 193 91
C3: Stabilizer Column Reboiler (SCR) 190 215 59
C4: Recycle Column Reboiler (RCR) 349.5 350.7 456




Table 5.13(b) The information of HDA Process
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Stream W (kW/C) SUPPLY TEMPS () TARGET TEMPS ()
Max Nom Min MNom Max | Min Nom Max Min
Hl - 34 - 621 626 | 616 45 50 40
H2 - 200 - 183.05 - - 181 - -
Cl 3244 | 32244 | 32.04 69.63 75 65 621 - -
c2 - 9] - 144,38 - - 193 198 188
C3 59 - 189.92 - - 215 220 210
C4 - 456 - 349.34 - - 350.7 - -

temperature by using Problem Table Method as following: See Table 5.14

Table 5.14 Problem table for HDA process |

We can see that there are six streams in the network so we can find the Pinch

w Thot | Teold w AT R:}?:;md Interval Cﬁ:;dc In?:l:v“ al
Hi ]| a [calc]| e
] ] 0 ] i} 0 631 621 (1] Ch
] o 322 ] 0 0 621 LR 3224 1] 5058 44 =322.40 0.00 -122.40
33 ] 322 ] 0 0 60,7 3507 0.76 260.3 5640.76 197.83 583859 | -124.57
33 1] 322 i 0 456 35?.5_ 3_49,5 45524 1.2 583859 -546.29 | 529230 | -670.86
i3 0 322 0 0 0 225 215 0.76 134.5 $292.30 inz22 539452 -568.64
33 ] 322 0 59 o0 203 193 -58.24 22 530452 | -1281.28 | 4113.24 | -1849.92
33| 0 [ 322059 o | 199921 18992 | -14924 | 308 | 411324 | 45966 | 365358 | -2309.58
33 ] 322 |19 0 L] 83—} 173 5,24 16.92 365358 | -152686 | 212672 | -3B36.44
33 | 200 | 322 91 0 1] 181 17 109,76 2 2126.72 219.52 234624 | -361692
33| 0 | 322 o] o | 155 145 | 9024 | 26 | 234624 | -234624 | 000 [ -5958.44
33| o | 322 o0} 0} 6063} 5063} 076} 8537} <000 6488 | 6488 | -589828
33 0 o o 45 33 33 | 2463 | 6488 | 81279 | 10508 | -5085.49

Qe

By using Synthesis procedure in Chapter III, we can receive 3 resilient networks
follow by Table 5.15°-5.18 and Figure5.34-5.36. We have got three control structures

in Figure 5.34-5.36. As can be seen we use only one LSS, even there are two heat

pathways of disturbance €3. €3 is connected to the distillation column so we have to

ensure that it has enough heat loads to the distillation column.

Table 5.15 Synthesis Table for cold end

Synthesis Table for cold end

Stream | Load | W [ TI T | Ds | Dw | Dt Action
a) Statel

HI 3465 | 33 155 50 0 0 330 | Selected B[C]
Cl 22428 | 32.04 75 145 0 32 0 Selected

b) State 2

H1 1190.2 33 86.067 45 32 0 330 To Cooler

Cl Matched to H1
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Synthesis Table | for hot end

Stream | Load | W | TI T2 Ds | Dw | Dt | Action

a) State|

HI 15213 | 33 | 616 | 155 | 165 0 0 | Selected C[H]
H2 410 | 200 | 183.05 | 181 0 0 0

Cl 15251 | 32.04 | 621 145 0 |[2856| 0

C2 3969.4 [ 91 188 | 14438 | 0 0 | 910 |Selected

C3 1184.7 | 59 | 210 [ 189.921 0 0 | 590

c4 620.16 | 456 | 350.7 | 34934 | © 0 0

b) State2 ‘

HI 11244 | 33| 616 [27529| 1075 | 0 0

H2 410 | 200 | 183.05 | 181 0 0 0 | Selected A[H]
Cl 15251 | 32.04| 621 145 0 | 2856 | 0 |Selected

C2 0

C3 1184.7 | 59| /210 | 189.92| o0 0 590

Cc4 620.16 | 456 | 350.7 | 34934 | 0 0 0

¢) State3 e

HI 11244 | 33 | 616 127529} 1075 [ 0 0 | Selected B[C)
H2 Matched to C1
Cl 14841 | 32.04 | 621 | 1578 | 2856 | O 0

C3 590 (.59 | 200 | 210 0 0 | 590 | Selected

C4 5472 | 456 | 349.5 | 350.7 | 0 0 | o

d) Stated

H1 10064 | 33 | 598.12 | 27529 | 1665 | 0 0 | Selected B[C]
Cl 14424 | 32.04 | 621 | 1578 | 2856 | © 0

C3 Matched to H1
C4 5472 | 456 | 3495 | 3507-| | 0 0 0 | Selected

e) State5

H1 95164 |- 33, | 581.54| 275.29| 1665 0. | Selected A[H]
Cl 14841 |32.04 | 621 | 157.8 | 285.6 0 | Selected

C4 Match to HI
e) State5

HI Matched to C|
Cl 3659.7 | 32.04 | 621 | 454.81 | 1950.6 0 | To heater




Table 5.17 Synthesis Table 2 for hot end

Synthesis Table 2 for hot end
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Stream | Load | W | TI T2 | Ds | Dw | Dt |  Action

a) Statel

HI 15213 | 33 | 616 | 155 | 165 0 0 | Selected C[H]
H2 410 | 200 | 183.05 | 181 0 0 0

Cl 15251 | 32.04 | 621 145 0 [2856] o

c2 3969.4 | 91 188 | 14438 | 0 0 | 910 | Selected

C3 1184.7 | 59 | 210 | 18992} 0 0 | 59

c4 620.16 | 456 | 350.7 | 34934 | 0 0 0

b) State2 ,

HI 11244 | 33 | 616 [27529 | 1075 | 0 0

H2 410 | 200 | 18305 | 181 0 0 0 | Selected A[H]
Cl 15251 | 32.04 621 145 0 |2856| 0 | Selected

C2 £ | = Matched to C1
C3 1184.7 | 59| 210 | 18992 o 0 | 590

C4 620.16 | 456 | 350.7 | 34934 [ 0 0 0

c) State3

HI 11244 | 33 | 616 {27529} 1075 [ © 0 | Selected B[C]
H2 Matched to C1
Cl 14841 | 32.04 | 621 | 1578 | o0 [2856| o

C3 59472 [, 59 | 200 | 18992 | 0 0 | 590

C4 547.2 | 456 | 349.5 | 3507 | O 0 | o0 |[Selectd

d) Stated

H1 10696 | 33 | 599.42 | 27529 | 1075 | 0 0 | Selected B[C]
Cl 14841 [ 3204 | 621 | 1578 | 0 [2856 | o0

C3 594.72 | 59 | 200 118992 | o0 0 | 590 | Selected

C4 | Matched to H1
¢) State5 B

HI 95117 4~ 33 | 581.4-| 275.29 (1665~ [ 0] Selected A[H]
Cl 14841 {32.04 | 621 | 1578 | 0 | 2856 | 0 |Selected

C3 Matched to H1
f) State6

HI Matched to C|
Cl 3664.4 | 32.04 | 621 | 454.66 | 1950.6 0 | To Heater




Table 5.18 Synthesis Table 3 for hot end

Synthesis Table 3 for hot end
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Stream | Load | W | TI T2 | Ds | bw | Dt |  Action

a) Statel

HI 15213 | 33 616 155 165 0 0 | Selected C[H]
H2 410 | 200 | 183.05 | 181 0 0 0

cl 15251 | 32.04 | 621 145 0 |2856| 0

C2 3969.4 | 91 188 | 14438 | 0 0 910 | Selected

C3 11847 59 | 210 | 18992 0 0 590

c4 620.16 | 456 | 3507 | 34934 | 0 0 0

b) State2

HI 11244 | 33 616 | 27529 | 1075 0 0

H2 410 | 200 | 183.05 [ 181 0 0 0 | Selected A[H]
Cl 15251 | 32.04 621 145 0 |2856| 0 |Selected

c2 Match to H1
C3 11847 | 59| 210 | 18992 o0 0 590

c4 620.16 | 456 | 350.7 | 34934 [ 0 0 0

¢) State3

HI 11244 | 33 616. | 27529 | 1075 0 0 | Selected C[H]
H2 Matched to C1
ci 14841 | 3204 | 621 | 1578 0 |2856| o0

C3 590 59 200 | 210 0 0 590 | Selected

c4 547.2 | -456.{ 349.5 | 350.7 0 0 0

d) Stated

Hi 10064 | 33 616 | 28529 | 1665 0 0 | Selected B[C]
Cl 14936 | 32.04 | 621 [157272| o |2856] o

C3 Match to H1
c4 5472 | 456 | 3495 | 350.7 0 0 0 | Selected

e) State5

HI 9516.4 | 33 |.599.42 | 285.29 | 1665 0 0. | Selected A[H]
Cl 14936 |32:04 | 621, |157.72| o0 | 2856 | 0, |Selected

c4 Matched to H1
f) State6

HI Matched to C1
Cl 37549 | 3204 | 621 | 45473 | 19506 | o 0 | To Heater




21, —$04.42—~ 33206 —387-35— ; ﬁ?ﬁ,ﬂ&ti
X4 E2 X2 X1 E1
m \Ij | o :
: 1050.8
183
H2 (x3) 18
200 ‘
L]
621 ; 85 Sy
NS Ay B 2
5958, 8988 400 H 2579.2
193 '_gg , () _145 E]
gy |
Auxilary :
215 Reboiler 49 :
* 59 ¢
350.7 Y 349.5 !
' \_/ 456 ;
547.2 145

Figure 5.36 Resilient Heat Exchanger Network 3

6 nl I H
H1 X3 X4 E2 — : E
I EY @ L 4 :
181;

B 183 f;,\ :

@ ﬁgﬁf @ ............. O— :| @

:'“E;i's """" Rgabﬂ"‘f (__.‘\ E 190 s E
(o @ 59
350.7 ) AL 2495 D i
1 Cé ]
S 456 :
145

Figure 5.37 Control structure for Resilient Heat Exchanger Network 1



96

PR —————————

-

=

145

C4

H
"
W
v
H

4

349.5
456

| S,

structure for Resilient Heat Exchanger Network 3

L T T T

Auxilary
215 Reboiler

Auxilary
Figure 5.38 Control structure for Resilient Heat Exchanger Network 2

Figure 5.39 Control



97

5.4.2 Dynamic Simulation Result for HEN in HDA Process

(stream only)

In order to compare three control structures in HDA Process., several
disturbance loads were made. After that we calculate the integral absolute error (IAE)
for the three control structures and summarized in Table 5.19. The results show that
HE3 has minimum IAE. When disturbances present at supply temperature of C3, we
see that the heat link which go to the heater in HE3 is shorter than the other. That
means it can handle the disturbance faster. So we chose HE3 to simulate in HYSYS to
check that it can achieve the maximum energy recovery and keep their target

temperature at their desirable value when it is in the real process.

Table 5.19 Comparing the Integral absolute error of three heat exchanger network of

HDA Process
HEN IAE
HENI1 ‘ 305.27
| HEN2 271.90
HEN3 255.72
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5.4.3 Design of Plantwide Control of HDA Process

The plantwide control systems for the HDA process is developed based on the
HPH. However, the designed control systems must achieve certain control objectives
within prescribed operational constraints. The control objectives for this process are
typical for a chemical processes and listed below:

1. Maintain process variables at desired values

2. Keep process operating conditions within equipment constraints

3. Minimize variability of the product rate and the product quality during

disturbances

4. Minimize the disturbance propagation

For the HDA p-ogcess, several constraints are given by Douglas (1988).

These include:

1. The reactor feed ratio of hydrogen to aromatic feed must be greater than 5:1

to prevent coking.

2. The reactor outlet temperature must be less than 704°C to prevent hydro-

cracking.

3. The reactor effluent must be quenched to 621-C with liquid from separator to

prevent fouling in the process-to-process heat exchanger.

4. The conversion must be less than 0.97 for the product distribution correlation.

Since the hot reactor product is used to drive all reboilers in stabilizer, product
and recycle column. In order to obtain a good performance, Luyben et al. (1999)
suggested adding an auxiliary reboiler (R2) is needed for to guarantee a workable
HDA process. In this control structure, the auxiliary reboiler (R2) duty is manipulated
to control the tray temperature in the product column. The hot outlet temperatures of
FEHE 2 (the temperature at the entrance of the auxiliary reboilers, R2) are controlled
by manipulating bypass valve on the hot stream to prevent the propagation of thermal
disturbance to the separation section. In the recycle column, the cold inlet stream of
condenser/reboiler (CR) is bypassed and manipulated to control its pressure column.
In addition, the averaging tray temperature control in the recycle column is used
instead of a single tray temperature control in order to reduce the deviation of

temperature response during the disturbance occur. In this work, the type of controller
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for each control loop is different. P controllers are employed for the level loops, PID
controllers are employed for the temperature loops and Pl controllers are employed

for the remaining loops.

5.4.4 Dynamic Simulation Results for HDA Process

In order to illustrate the dynamic behavior of the control structure in HDA
process, several disturbance loads are made. The dynamic responses of the control
system are shown in Figures 5.43 to 5.47. Results for individual disturbance load

changes are as follows:

5.3.4.1 Change in the supply temperature of Hot Stream H1 (Reactor
Product)

Figure 5.43 shows the dynamic responses of HDA process to a change in the
disturbance load of hot stream from reactor, by changing its temperature from
620.85°C to 616°C at time equals 10 minutes, and the its temperature is increased
from 616°C to 626°C at time equals 260 minutes, then its temperature is returned to

its nominal value of 620.85°C at time equals 400 minutes.

The heat load disturbance of the hot stream can be shifted tc the cold stream,
since the hot outlet temperature of FEHES has to be kept constant. Both positive and
negative disturbance loads of the hot stream are shifted to a furnace utility (Figure
5.4b). When the hot temperature decreases, it will result in decrease of the furnace
inlet temperature (Figure 5.431). Consequently, the furnace duty increases (Figure
5.43k). On the other hand, when the positive disturbance load is originating from the
hot stream (i.e. the hot inlet temperature increases), the furnace duty will be
decreased, since the furnace inlet temperature increases. The duty of cooler is quite
constant. The recycle column, the separator temperature and the reactor inlet

temperature are well controlled (Figure 5.43m, n and o).
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5.3.4.2 Change in the supply temperature of Cold Stream C1 (Reactor Feed

Stream)

We cannot change the supply temperature of C1 in the process directly so we
have to change the reactor feed stream instead. Figure 6.2 shows the dynamic
responses 10 a change in the disturbance load of cold stream (reactor feed stream).
This disturbance is made as follows: first the fresh toluene feed temperature is
decreased from 30°C to 20°C at time equals 10 minutes, and the temperature is
increased from 20°C to 40°C at time equals 200 minutes, then its temperature is

returned to its nominal value of 30°C at time equals 400 minutes.

As can be seen, the supply temperature of Cl decreased from 69.63°C to 65°C
at time equals 10 minutes, and the temperature is increased from 65°C to 75°C at time
equals 200 minutes, then its temperature is returned to its nominal value of 69.63°C at

time equals 400 minutes.

When the cold inlet temperature of HE| decreases, positive disturbance, the
LSS takes the action to control the cold outlet temperature of HE1 (Figure 5.44m).
The heat pathway is shown in Figure 5.40 (f). As the result, the hot outlet temperature
of HEI drops to a new steady state value (Figure 5.441). The cooler duty decreases

while the duty of finnace is constant (Figure 5.44 j, k).

When the cold inlet temperature of HE| increases, negative disturbance the cold
outlet temperature of FEHE1 quickly increases to a new steady state value. The LSS
takes the action to control the hot'outlet temperature of HE1 (Figure 5.44 1). The heat
pathway is shown in Figure 5.40g. The negative disturbance load of the cold stream

will resultin decrease of the furnace duty.

The recycle column, the separator temperature and the reactor inlet temperature

are well controlled (Figure 5.43n, o and p).
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5.3.4.3 Change in the target temperature of Cold Stream C2 (Product

Column Rebhoiler)

Figure 5.45 shows the dynamic responses to a change in the target temperature
of cold stream C2 (Product column reboiler). This disturbance is made as follows:
first the target temperature of C2 is decreased from 193°C to 188°C at time equals 10
minutes, and the temperature is increased from 188°C to 198°C at time equals 200
minutes, then its temperature is returned to its nominal value of 193°C at time equals
400 minutes.

When the cold target temperature of C2 decreases, negative disturbance, it
makes the hot outlet temperature of R2 increased. The LSS takes the action to control
the hot outlet temperature of HEI. The heat pathway is shown in Figure 5.41b). The
furnace duty decreases while the duty of cooler is constant (Figure 5.44) and k). The
composition of benzene seem to be increased because toluene can vaporize more
thand norminal condition.

When the cold target temperature of C2 increases, negative disturbance, it
makes the duty of auxiliary increase from 0 kW to 28.6 kW to reach the target
temperature. The heat pathway is shown in Figure 5.41c.

The recycle column, the separator temperature and the reactor inlet temperature

are well controlled (Figure 5.431, m and n).
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5.3.4.4 Change in the target temperature of Cold Stream C3 (Product

Column Reboiler)

We cannot change the target temperature of C3 in the process directly so we
have to change the temperature in Stabilizer column instead. Figure 5.46 shows the
dynamic responses to a change in the target temperature of Cold Stream C3 (Product
Column Reboiler). This disturbance is made as follows: first the stabilizer column
reboiler temperature is decreased from 166.5°C to 165.5°C at time equals 10 minutes,
and the temperature is increased from 165.5°C 10 167.9°C at time equals 200 minutes,
then its temperawre is returned to its nominal value of 166.5 °C at time equals 400

minutes.

As can be seen, the target temperature of product eolumn reboiler is decreased
from 215°C to 210°C at time equals 10 minutes, and the temperature is increased from
210°C to 220°C at time equals 200 minutes, then its temperature is returned to its

nominal value of 215 °C at time equals 400 minutes.

When the cold target temperature of C3 decreases, negative disturbance, it
makes the hot outlet temperature of R1 increased. The LSS takes the action to control
the cold outlet temperature of HE1. The heat pathway is shown in Figure 5.41c. The
negativ~ disturbance makes the duty of furnace decreases while the duty of cooler is

constant (Figure 5.44i j).

When the cold target temperature of C3 increases, positive disturbance, it makes
the hot outlet temperature of R1 decreased. The LSS takes the action to control the hot
outlet temperature of HE1. The heat pathway is shown in Figure 5.41d. The negative
disturbance makes the duty of cooler decreases while the duty of furnace is constant.
It can be seen that when the target temperature of C3 increase, the temperature in
stabilizer column is increased follow the target temperature of C3. It makes the

composition of methane at distillate decreased.
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temperature C3 (Stabilizer Column Reboiler)
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5.3.4.5 Change in the flowrate of Cold Stream C1 (Total Toluene Feed

Flowrate)

Figure 5.47 shows the dynamic responses of HDA process to a change in the
total toluene feed flowrates from 169.5 kgmole/hr to 174.5 kgmole/hr at time equals
10 minutes, and the its feed flowrate is decreased from 174.5 kgmole/hr to 164.5
kgmole/hr at time equals 200 minutes, then its flowrates is returned to its nominal
value of 169.5 kgmole/hr at time equals 400 minutes.

To increase in total toluene flowrate raises the reaction rate, so the benzene
product flowrate increases (Figure 5.47m). On the other hand, the drop in total toluene
feed flowrate reduces the reaction rate, so the benzene product flowrates decreases.
The oscillations occur in the tray temperature of the recycle column (Figure 5.471).
For the tray temperature of the product eolumn and stabilizer column, they are quite
well controlled when this disturbance occurs (Figure 5.47j, k). The duty of furnace
and cooler increased when flowrate increase. Because increased flowrate of C1 which
called positive disturbance, LSS take the action to control the outlet temperature of
C1. But the flowrate of C1 increase, the duty of furnace will increase also. In contrast,

the same reason in decrease flowraie.
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Figure 5.47 Dynamic Responses of HDA process to a change in flowrate of C1

(Reactor Feed Stream)

The results show that the synthesis procedures of design and control resilience

heat exchanger network are able to maintain target temperature at specified values,

Furthermore, this action should not violate maximum energy recovery.




CHAPTER VI

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

This research effort is directed toward to develop the procedure for designing
control structure of heat exchanger network by considering its network structure
combining with heuristie approach which covers General Design, Match Pattern,

Loop Control Selection, Bypass Seiting. Split Ratio and Selector Switch Setting.

6.1.1 Precedures of Design Heat exchanger network

The synthesis of a resilient heat exchanger network by using (1) match pattern
as operators in mapping one design state to the next and (2) heat load propagation
technique can be done by the following systematic sequence:

1. Choose the minimum heat load condition in order to make the disturbance positive
and guarantee the network.

2. Pop a match pattern operator from the ordered stack of match patterns. It all the
patterns are chosen, backtrack to the parent design state and repeat the procedure.

3. Choose a pair of het and cold streams from the set of unmatched process streams.
If all streams have been chosen and none were satisfied, go back to the first step to
try a new pattern.

4. Apply the match pattern to the selected pair of streams. [t the streams satisfy the
pattern test and the resiliency requirement (Table 4.1 and 4.2), go to the next step.
Otherwise go back to the previous step to select a new pair of streams.

Match pattern test: Check whether the heat load. input temperature and heat
flow rate capacity satisfy the match pattern description.
Resiliency test: Check whether the disturbance load of the smaller heat load

stream can be shified to the larger heat load stream.
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. Create a new state to support the new fact. A new state is a descendant of a current
one. Change the parameters of the larger heat load stream: the supply or target
temperature, the heat load and the disturbance load.

. For a pinch match of stream i and j for which Wj > Wi and Lj > Li. the disturbance
of a residual stream j:

D} = D‘ £ (Df.P'Wh - DJ.;:HM'.HJ IHI,.J

. If there are unmatched hot and cold streams. go to the second step. Otherwise go to
the next step.

. Match the only hot orcold streams with the utility streams.

. If there are other unused match patterns go to the first step. This is equivalent to

saying that there might be other solutions available, continue.

6.1.2 Procedures of Design Control Structure

. Use Bypass stream for eontrolling. The bypass stream should be settled on the cold

side because it would be safer to equip measure equipment and control valve on

the hot side. On the other hand, it should settle bvpass stream on the controlling

side regardless whether it is hot or cold stream. However, the selection must bring

about the best performance of control system.

. Control loop must be settled for reducing the disturbance load path. Calandranis

and Stephanopoulos (1988) claimed that it should select the disturbance load path

related to the least number of heat exchanger namely the shortest path way in order

to reduce the effect of disturbance an another part of network.

. From the economic point of view, we strongly suggest to:

(3.1) shiftD. of cold stream or.D of the hot stream to the cooler utility, thus its
duty will be decreased.

(3.2) shift D of cold stream or D of the hot stream to the heater utility, thus its
duty will be decreased.

. A selective controller with low selector switch (LSS) should be employed to select

an appropriate heat pathway through the network to carry the associated load to the

utility unit.
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5. A selective controller with low selector switch (LSS) should be employed to select
an appropriate heat pathway through the network to carry the associated load to the
utility unit.

6. The number of L3S to be used in a particular case can be determined as follows:
(6.1) Identify the heat pathway of disturbance
(6.2) If there is only one heat pathway. it do not need to be set the LSS.

(6.3) If there are more than one heat pathway. it need to be set the LSS between the

outlet temperature of Heat exchanger.

The design procedure of heat exchanger network and control structure earned
from this research can be applied to the usual network in the presence of variation
from changing in flowrate. inlet temperature and outlet temperature because of this
step considering the pessible structure of overall network existed. It can, moreover, be

used to configure suitable control structure as a convenient and simply tool.

Control structure of heat exchanger network applied from the procedure
presented here can be operated with attaining the objective required, i.c., target
temperature and dynamic maximum heat recovery with lowest utilities, even in the
presence of energy disturbance. Additionally, it is more safety for the industrial
purpose because of normally the stream which is used as exchange stream in heat
exchanger network is feed stream of reactor or cracking unit. Therefore, to maintain
and keep the network temperature at target point by controller is necessary for reduce
the effect on another units. It is generally accepted that the appropriate control
structure not only leads the response of system to reach the target faster and more

efficiently but also lower cost of setting control loop-and valve.

6.2 Recommendation

Since the tray temperature control of recycle column in HDA process has
oscillations very large when the disturbance from flowrate occured. so we should
improve the performance of this loop by understanding and applying control

techniques such as feed forward control and cascade control etc.
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APPENDIX A

TUNING OF CONTROL STRUCTURES

A.1 Tuning Controllers

Notice throughout this work uses several types of controllers such as P, PI,
and PID controllers. They depend on the control loop. In theory, control performance
can be improved by the use of derivative action but in practice the use of derivative

has some significant drawbacks:

1. Three tuning constants must be specified.

2. Signal noise is amplified.

3. Several types of PID control algorithms are used, so important to careful
that the right algorithm is used with its matching tuning method.

4. The simulation is an approximation of the real plant. If high performance
controllers are required to get good dynamics from the simulation, the real

plant may not work well.

A.2 Tuning Flow, Level and Pressure Loops

The dynamics of flow measurement are fast. The time constants for moving

control valves are small. Therefore, the controller ean be turned with-a small integral
or reset time constant. A value of 7, = 0.3 minutes work in most controllers. The
value of controller gain should be kept modest because flow measurement signal are

sometime noisy due to the turbulent flow through the orifice plate. A value of

controller gain of K.= 0.5 is often used. Derivative action should not be used.

Most level controllers should use proportional-only action with a gain of 1 to
2. This provides the maximum amount of flow smoothing. Proportional control means

there will be steady state offset (the level will not be returned to its setpoint value).
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However, maintaining a liquid level at a certain value is often not necessary when the
liquid capacity is simply being used as surge volume. So the recommended tuning of
a level controller is K. = 2. Most pressure controllers can be fairly easily tuned. The
process time constant is estimated by dividing the gas volume of the system by the
volumetric flowrate of gas flowing through the system. Setting the integral time equal
to about 2 to 4 times the process time constant and using a reasonable controller gain

usually gives satisfactory pressure control. Typical pressure controller tuning

constants for columns and tanks are K. = 2 and 7, = 10 minutes.

A.3 Relay- Feedback Testing

The relay-feedback test is a tool that serves a quick and simple method for
identifying the dynamic parameters that are important for to design a feedback
controller. The vesults of the test are the ultimate gain and the ultimate frequency.
This information is usually sufficient to permit us to calculate some reasonable

controller tuning constants.

The method consists of merely inserting an on-off relay in the feedback loop.
The only parameter that must be specified is the height of the relay, h. This height is
typically 5 to 10 percent of the controller output scale; The loop starts to oscillate
around the setpoint with the controller output switching every time the process
variable (PV) signal crosses the setpoint. Figure B.]1 shows the PV and OP signals
from a typical relay-feedback test. The maximum amplitude (a) of the PV signal is

used to calculate the ultimate gain, Ku from the equation

Q Jir
ar

K, (1)

The period of the output PV curve is the ultimate period, Pu from these two
parameters controller tuning constants can be calculated for P1 and PID controllers,
using a variety of tuning methods proposed in the literature that require only the

ultimate gain and the ultimate frequency, e.g. Ziegler-Nichols, Tyreus-Luyben.

The test has many positive features that have led to its widespread use in real

plants as well in simulation studies:
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1. Only one parameter has to be specified (relay height).

2. The time it takes to run the test is short, particularly compared to the extended
periods required for methods like PRBS.

3. The test is closedloop, so the process is not driven away from the setpoint.

4. The information obtained is very accurate in the frequency range that is
important for the design of a feedback controller.

5. The impact of load changes that occur during the test can be detected by a

change to asymmetric pulses in the manipulated variable.

These entire features make relay-feedback testing a useful identification tool.
Knowing the ultimate gain, Ku and the ultimate period, Pu permits us to calculate
controller settings. There are several methods that require only these two parameters.
The Ziegler-Nichols tuning equations for a Pl controller are:

K-=K,/12.2 (2)
r,=h/12 (3)

These tuning constants are frequently too aggressive for many chemical
engineering applications. The Tyreus-Luyben tuning method provides - more
conservative settings with increased robustness. The TL equations for a Pl controller
are:

K.=K,/3.2 (4)

r, =2.2F, (3)
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A.4 Inclusion of Lags

Any real physical system has many lags. Measurement and actuator lags
always exist. In simulations, however, these lags are not part of the unit models. Much
more aggressive tuning is often possible on the simulation than is possible in the real
plant. Thus the predictions of dynamic performance can be overly optimistic. This is
poor engineering. A conservative design is needed. Realistic dynamic simulations
require that we explicitly include lags and/or dead times in all the important loops.

Usually this means conirellers that affect Product quality or process constraint.

WY g

" Time {minutos) 3

Figure A.1 Input and Output from Relay-Feedback Test

Table A.1 Typical measurement lags

. Time constant
Sunber : Type
| (munutes)

[emperarure Liguid 2 03 Furst-order lags

Gas 3 | First order lags

Composunion | Clromatograph l 3010 Deadtime
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