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Nomenclature

Abbreviations:
CAT Constant Approach Temperature, °C
ES Energy Saving, kW
GA Genetic Algorithm
HEN Heat Exchanger Network
IDE Integrated Differential Evolution
ILP Integer Linear Programming
ILP Integer Linear Programming

LMTD Logarithmic Mean Temperature Difference
LP Linear Programming

MILP Mixed Integer Linear Programming
MINLP  Mixed Integer Non-Linear Programming

NLP Non-Linear Programming
RP Retrofit Profit, $
SA Simulated Annealing
Symbols:
A Area based on the geometry of the heat exchanger, m’
A' Area based on the overall heat transfer coefficient, m>
a,b Friction factor constants used in Equations 3.17, 3.18, 3.25 and 3.26
Acr Shell-side cross flow area, m>
B Baffle spacing, m
Bc Baffle cut
Bin Inlet baffle spacing, m
Bout Outlet baffle spacing, m
Cpe Pitch configuration factor
Crs Shell-side friction factor
Crr Tube-side friction factor
Cns Constants used in Equations 3.36
Cnr Constants used in Equations 3.55
Cp Specific heat capacity, J kg™ °C™!
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Cp Heat capacity flowrate, kW °C™!

Dg Outside diameter of the tube bundle, m

de Shell-side equivalent diameter, m

D; Tube inner diameter, m

Dns Diameter of shell-side nozzle, m

Dnrt Diameter of tube-side nozzle, m

D, Tube outer diameter, m

Dg Shell inside diameter, m

f1, £2 Friction factor constants used in Equation 3.16

Fc Tube-side friction factor constant used in Equation 3.52
FL The leakage factor

Fp The pitch factor

Fs Shell-side geometry factor

Fsc Correction factor for the shell construction

Frc Tube count constant

G Function used in Equation 3.89

h Heat transfer coefficient, W m?2e°C!

hsr Shell-side fouling coefficient, W m™ °C"’

hre Tube-side fouling coefficient, W m?°C’!

k Fluid thermal conductivity, W m!°C!

Kpsi3 Correlations used in Equations 3.26 and 3.41

L Length, m

Lett Effective tube length, m

Lsg Shell-side bundle clearance, m

m Mass flowrate, kg gt

ms, Correction constant based on baffle cut used in Equation 3.12
my Friction factor determination constant used in Equation 3.52
Ng Number of baffles

Np Number of tube passes

NSHELLS Number of shells

Nt Number of tubes
P Correlation used in Equation 3.88
P Correlation for 1-2 heat exchangers used in Equation 3.86
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Pc Pitch configuration factor

Pcr Pitch correction factor for flow direction

pPr Tube pitch, m

Q Heat duty, kW

R Ratio of heat capacity flow rates used in Equation 3.68
Rs Correction factor for unequal baffle spacing

Tc Temperature of the cold stream, °C

Ty Temperature of the hot stream, °C

U Overall heat transfer coefficient, W m?2°C!

A\ Mean fluid velocity, m st

VNs Velocity in shell-side nozzle, m st

VNT Velocity in tube-side nozzle, m gt

X Function used in Equations 3.72 and 3.90

Y Function used in Equation 3.79

AP Total pressure drop, k Pa

APns Pressure drop in shell-side nozzles, k Pa

APNT Pressure drop in tube-side nozzles, k Pa

APgg Pressure drop in the straight section of the shell, k Pa

APgss 09~ Pressure drop in the straight section of shell with 20% baffle cut, k Pa

APgsp20g ~ Pressure drop in one central baffle spacing zone with 20% baffle cut, k Pa

APTE Pressure drop in the tube entrances, exits and reversal, k Pa
APtT Pressure drop in the straight tubes, k Pa
ATim Log Mean Temperature Difference, °C
ATmin Minimum approach temperature, °C
Greek Symbols:
1) Viscosity, Pa s
T Constant (22/7)
p Fluid density, kg m™
o Constant function used in Equation 3.54
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Dimensionless Groups:

Nu Nusselt number

Pr Prandt]l number

Re Reynolds number
Subscripts:

C Cold

CC Counter current used in Equation 3.84

H Hot

I Inlet/Inner

NS Shell-side nozzle

NT Tube-side nozzles

O Outlet/Outer

S Shell

Se Shell-side equivalent diameter

T Tube
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Abstract

The University of Manchester
Mary Onome Akpomiemie
PhD Chemical Engineering and Analytical Sciences
Cost Effective Retrofit Methods for Heat Exchanger Networks
2016

Improving the energy efficiency of process plants is central to minimising operating
costs and increasing profitability. Growing concerns on climate change is also an
issue due to the increasing level of carbon dioxide emissions. Process industries
remain one of the largest consumers of energy. Maximising energy recovery in heat
exchanger networks (HENs) reduce the total energy consumption in process
industries. However, cost effective retrofit of HENs remains a great challenge. An
ideal retrofit design is one that has the right balance between efficient use of existing
equipment and limited amount of modifications and downtime, while maximising
energy recovery. The key objective of this thesis is to present novel methodologies
for cost effective retrofit of HENs, while ensuring industrial applicability.

The cost associated with the application of structural modifications and additional
heat transfer area, has led to an increased interest into the use of heat transfer
enhancement for retrofit. Heat transfer enhancement is beneficial, as it usually
requires low capital investment for fixed network topology, and no additional heat
transfer area in existing heat exchangers. However, the challenges of heat transfer
enhancement for industrial applications are: (1) identifying the best heat exchanger
to enhance; (2) dealing with downstream effects on the HEN after applying
enhancement; and (3) dealing with its effect on pressure drop. This thesis presents
sequential based methodologies consisting of a combination of heuristics and a profit
based non-linear optimisation model for tackling these three issues. The robustness
of the new approach lies in its ability to provide useful insights into the interaction of
various units in a HEN whilst being pertinent for automation.

Notwithstanding the drawbacks of structural modifications in retrofit, the degree of
energy savings that can be obtained cannot be ignored. A robust retrofit strategy for
the application of structural modifications in retrofit is required. This thesis presents
a methodology that provides new fundamental insights into the application of
structural modifications that ultimately leads to a faster retrofit procedure, without
compromising the performance and feasibility of the retrofitted HEN. The new
approach: (1) identifies the best location to apply a series of modifications; and (2)
presents an algorithm that can be automated for the identification of the best single
and multiple modifications that provides maximum energy recovery for a given
HEN. The robustness of the new approach is tested by a comparison with the well-
established stochastic optimisation approach for structural modifications i.e.
simulated annealing. To improve the retrofit result, this work also considers
combining the use of structural modifications and heat transfer enhancement. The
aim is to harnesses the benefits of both methods to obtain a cost effective retrofit
design. The analysis carried out in this work is subject to minimising the energy
consumption and maximising the retrofit profit. A decision on the best retrofit
strategy to apply to a given HEN depends on the given retrofit objective. However,
this work provides an adequate basis on which the decision can be made based on
industrial applicability, profit and energy saving.
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Chapter 1 Introduction

Chapter 1 Introduction

Improving the energy efficiency of existing plants in the process industries is vital
due to increasing environmental concerns due to the level of carbon dioxide
emissions and depleting energy resources. Grossmann et al. (1987) and Gundersen
(1990) presented general reviews on retrofit. They identified motivations for retrofit
of existing plants, such as to improve product quality, to increase throughput, to
implement a new technology, to improve process safety and reduce environmental
impact, to improve process operability, controllability, maintenance or flexibility, to
accommodate for changes in feed and product specification, and to reduce the energy

consumption in an existing plant.

Regardless of the motivation for retrofit, the underlining principle is to be able to
present cost effective methods by maximising the use of existing equipment in the
existing plants. The shortfall with the use of existing equipment is that it might not
be suited to the new role that it will be put to (Smith, 2016). The focus of this
research is to present cost effective retrofit methodologies with emphasis on
reducing the energy consumption in existing plants by retrofitting heat exchanger
networks (HENs). This not only helps to mitigate environmental concerns (i.e.

global warming) but also to reduce the operating costs in existing plants.

1.1 Retrofit of Heat Exchanger Networks

The desire to increase energy efficiency (use of decreased energy consumption to
provide the same service) in process plants has led to the rise in the interest into the
retrofit of heat exchanger networks (HENs). In plant-scale retrofit, HENs are
normally much easier to implement than reactors and separators (Wang, 2012a).
Traditionally, retrofit of HENs for energy recovery is considered from the viewpoint
of changing the use of utility, performing structural modifications and increasing the
heat transfer area of existing heat exchangers (Ciric and Floudes, 1989, 1990,
Briones and Kokossis; 1996, Athier et al., 1998, Bochenek and Jezowski, 2006,
Nguyen et al., 2010). Structural modifications include adding a new heat exchanger /
new match, resequencing heat exchangers, splitting process streams, and repiping. In
practice, HEN retrofit with the aforementioned methods may be difficult to

implement due to topology, safety and downtime constraints imposed by the existing
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network. These retrofit methods will also incur an increased capital cost due to the
considerable civil and piping works required, and negative financial implication
resulting from potential production losses during modification. Owing to these
drawbacks, there have been increased interests into the study of the use of techniques
for heat transfer enhancement in the retrofit of HENs. Polley et al. (1992) first
addressed the concept that brought about the combination of heat transfer
enhancement and process integration. The use of heat transfer enhancement can be a
very attractive option in HEN retrofit because its application is relatively simple.
This lends itself to be applied during normal maintenance periods thereby ensuring
production losses associated with retrofit are eliminated. In addition, it is generally
cheaper to implement heat transfer enhancement than additional heat transfer area
because of the decrease in civil and piping works that might be required (Ponce-
Ortega et al., 2008a). In enhanced heat exchangers, energy reduction is achieved as
an enhanced heat exchanger has a higher heat transfer coefficient to exchange the
same duty with smaller area requirements. Similarly, if the area of the enhanced heat
exchanger is kept constant, an enhanced heat exchanger can exchange a higher duty.
This improves the energy recovery even though no topology modification is
considered (Polley et al., 1992, Ponce-Ortega et al., 2008a). The drawback of the use
of heat transfer enhancement is the effect on pressure drop (Jiang et al., 2014a).
However, pressure drop could be reduced as heat transfer enhancement may allow
for exchanger modifications such as changing shell arrangements, reducing the
number of tube passes, etc. to be applied to existing heat exchangers. This process
still allows for higher overall heat transfer coefficients at low velocities and reduced

frictional losses compared to the plain unmodified exchanger.

1.2 Research Motivation

The desire to present a cost effective method for the retrofit of HENs drives this
research. A cost effective retrofit can be considered as one with the fewest number of
modifications and disruption from the existing HEN topology. The application of too
many structural modifications leads to a more complex and expensive retrofit
process. If both structural modifications and additional heat transfer area are not
considered in retrofit, the retrofit process can be relatively simple and cost effective.

The concept of using heat transfer enhancement for retrofit to tackle this problem has
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been studied over the years (Polley et al., 1992, Nie and Zhu, 1999, Zhu et al., 2000,
Pan et al., 2011, Pan et al., 2012, Wang et al., 2012a, b, c, Gough et al., 2013, Pan et
al., 2013a, Jiang et al., 2014a). The ease by which heat transfer enhancement can be
applied pose an advantage, as it requires little civil and piping work and can be
implemented during a normal shutdown periods. Heat transfer enhancement has the
potential to be a cost effective option for retrofit as there is no need for expensive
modifications and implementation of additional heat transfer area. So far, a
systematic methodology that makes use of heat transfer enhancement for retrofit
without both topology modifications and the need for additional heat transfer area is
not available. One key aspect with the application of heat transfer enhancement that
still needs to be addressed is determining the best candidate heat exchanger to
enhance. Due to the close interactions between various units in a HEN, a change in
one unit will affect the performance of others. Therefore, another key aspect that still
needs to be addressed is how to deal with the downstream effects in a HEN after the
application of heat transfer enhancement. A major drawback with the application of
heat transfer enhancement industrially, is its effect on pressure drop. It is important

to consider pressure drop alongside heat transfer enhancement in retrofit.

In terms of performing structural modifications in a given HEN, methods such as
pinch analysis, mathematical programming and the network pinch approach have
been used. The pinch analysis method identifies cross-pinch matches, disconnects
the cross-pinch matches, and reconnects matches to obey the pinch decomposition.
This method is fundamentally not suited for retrofit as it often leads to complex and
uneconomic retrofits. Nevertheless, it can be used to set target performance of an
existing process. In terms of mathematical programming methods, they are mostly
limited by the size and complexity of the retrofit problem. The network pinch
approach identifies the network bottleneck and overcomes this restriction by
performing structural modifications. This method is ideal for retrofit based on
structural modifications. However, insights into why a certain modification is
preferred over others are unknown. Better insights into the factors that govern
structural modifications in the retrofit are required. This can aid in reducing the
number of network modifications required to achieve maximum energy recovery by
identifying the best modifications, and the best location within the existing HEN to

apply the said modification, at each stage of the retrofit process.
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In addition, the combination of the benefits of the conventional retrofit methods and
heat transfer enhancement needs to be addressed. This is to ensure the maximum
energy recovery in an existing HEN is attained, while minimising the capital

investment associated with the retrofit process.

1.3 Research Objectives

The previous section highlights the need for additional research into the cost
effective retrofit of HENs with focus placed on energy recovery. Based on this, the

four main objectives defined for this thesis are:
Objective 1:

Develop a novel methodology for the use of heat transfer enhancement in heat
exchanger network retrofit without the need for topology modifications and

additional heat transfer area.

Heat transfer enhancement was mostly used for reducing the additional area
required, thereby reducing the cost of retrofit. By doing this, the advantages of
heat transfer enhancement were not fully exploited. Most of the methodologies
presented have been optimisation-based approaches that are usually difficult to
implement industrially as the degree of enhancement cannot be guaranteed based
on exchanger geometry. Wang et al. (2012b) proposed a novel methodology
based on heuristics using only heat transfer enhancement for the retrofit of heat
exchanger networks without the need for topology modifications. The main
issues with this research are; present a method for automatically identifying the
best heat exchanger to enhance, the augmentation level of the enhancement, and
lack of clarity on how to deal with downstream effects after applying
enhancement. Jiang et al. (2014a) presented an extension of this methodology.
The issue of determining the augmentation level is addressed by using
correlations for modelling different enhancement techniques (Jiang et al. 2014b).
The other issues with the application of enhancement are not addressed.

Therefore, the research questions for this thesis based on the objective are:

Question a: How to identify the best heat exchanger in the existing HEN to

enhance?
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Question b: How to deal with downstream effects on the network after

enhancement?
Objective 2:
Consider pressure drop in HEN retrofit with heat transfer enhancement.

A major drawback that restricts the application of heat transfer enhancement in
process industries is the effect of enhancement devices on pressure drop.
Consideration of pressure drop with heat transfer enhancement is vital as
pressure drop constraints on a HEN can affect the level of augmentation after
enhancement and as such affect the level of energy recovery. The research

questions are:

Question a: Are there methods to mitigate these effects of enhancement on

pressure drop?

Question b: Can these methods be incorporated into a robust retrofit

methodology with heat transfer enhancement?
Objective 3:

Present novel guidelines and methodology for the application of structural

modifications in HEN retrofit.

Structural modifications in HEN retrofit are not only difficult to implement but
are also costly due to the cost of civil and piping works required. There is also
capital cost required because of additional heat transfer area required to maintain
the energy balance in the HEN. The determination of the structural changes
required for energy recovery has been carried out mostly based on black-box
optimisation based approaches. Factors that govern the selection of the best
structural modification, and the location to apply said modification are unknown.
Therefore, there is a need to develop robust guidelines to identify the best
network modification that limits the number of structural modifications required

in retrofit. The research questions are:

Question a: Are there guidelines for identifying the most suitable location in an

existing network to apply a network modification?
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Question b: Can these guidelines be used to develop and algorithm that
represents the underlying principles for the identification and selection of the

best structural modifications for a given HEN?

Question c: Does the proposed approach ultimately lead to an energy efficient

retrofit design?
Objective 4:

Present a new method for the application of structural modifications with heat

transfer enhancement.

A practical method that capitalises on the benefits of both the structural
modifications and heat transfer enhancement is required. The goal is to be able to
maintain the energy recovery of structural modifications but reduce the retrofit
cost with the application of heat transfer enhancement. The reduced cost is down
to it being generally cheaper to implement heat transfer enhancement than
additional heat transfer area, which is one of the factors associated with the high

capital cost when structural modifications are used. The research questions are:

Question a: How to systematically incorporate the methodologies derived in
Objective 2, Question b and Objective 3, Question b into a practical retrofit

method for HENs?

1.4 Thesis Outline

Figure 1.1 illustrates the outline of the thesis and the interaction between the various
chapters that makes up this thesis. The “alternative thesis format” is employed in this
thesis, which incorporates paper published and/or submitted according to the

University of Manchester standard.

Chapter 2 presents a review on HEN retrofit. It includes a systematic compilation
from literature of various retrofit methods, background of heat transfer enhancement,
techniques for heat transfer enhancement, network structure analysis, and pressure
drop. These are essential as it forms the backbone for the development of new
retrofit methods in subsequent chapters. Further literature review is also provided in

appended papers.

28



Chapter 1 Introduction

Chapter 3 introduces a model for the design of HENs based on heat exchanger
geometry. This represents concise models that can adequately predict the

performance of existing heat exchangers in a HEN.

Chapter 4 is the core of the thesis. It introduces the first and second publication that
presents novel methodologies for the retrofit of HENs with heat transfer
enhancement. The first publication is an extension of the research conducted by
Wang et al. (2012b) and Jiang et al. (2014a) based on sensitivity analysis. Methods
of dealing with the shortfalls of the aforementioned approaches are presented. The
second publication presents a new method for the retrofit of HENs based on an area
ratio approach. This tackles the drawbacks associated with the use of sensitivity
analysis in HENs with multiple utilities. This chapter answers all the questions posed

in Objective 1. It also forms part of the basis for dealing with objectives 2 and 4.

Chapter 5 presents methods for considering pressure drop with heat transfer
enhancement. This makes up publication 3. Methods for mitigating pressure drop
with heat transfer enhancement are presented. The effects of pressure drop
consideration on the degree of energy saving compared with that obtained in Chapter

4 are presented. This chapter addresses the questions posed by Objective 2.

Chapter 6 describes the new guidelines for the retrofit of HENs based on structural
modifications. The identification of the best network modification and location to
apply such modification is analysed from a standpoint of energy savings, and makes
up publication 4. The new method is based on the network pinch approach (Asante
and Zhu, 1996, 1997, Smith et al., 2010). This chapter answers the questions posed
in Objective 3.

Chapter 7 involves the combination of Chapters 4 and 6 to present a more robust
method for the retrofit of HENs that can achieve the greatest decrease in energy
consumption but at a considerably reduced retrofit cost. This makes up publication 5.
The effect of Chapter 5 is also taken into account in this analysis. This answers the

questions posed in Objective 4.

Chapter 8 finally, gives a summary of the main findings of this research, limitations

and recommendations for future work.

29



Chapter 1 Introduction

Chapter 1: Introduction

Background, Motivation, Research Objectives

y

Chapter 2: Literature Survey

Review of previous work on HEN retrofit

y

Chapter 3: Heat Exchanger Design

Presents model used for heat exchanger design

v_ ¥

Chapter 4: Retrofit with Heat Transfer Enhancement
Publication 1: Retrofit of HENs without topology modifications and additional heat transfer area

Publication 2: Retrofit of HENs with heat transfer enhancement based on an area ratio approach

v ¥

Chapter 5: Pressure Drop Considerations

Publication 3: Pressure drop considerations with heat transfer enhancement in HEN retrofit

V

Chapter 6: Structural Modifications

Publication 4: New step-by-step method for the application of structural modifications in
HEN retrofit

vy

e > Chapter 7: Structural Modifications with Heat Transfer Enhancement Grememeees '
Publication 5: Combined methods for HEN retrofit
Chapter 8: Conclusions and Future Work
Summary of key findings and future work
—> Main flow ***> Uses information from

Figure 1.1: Thesis outline

30



Chapter 2 Literature Survey

Chapter 2 Literature Survey

The desire to increase the performance of heat exchanger networks (HENs) has made
retrofit the subject of intensive research. Retrofit has the potential to reduce energy
consumption, increase throughput and deal with changes in the process feed and
product specifications. The difficulty in retrofit arises from the constraints imposed
by the existing HEN, such as plant layout and congestion. Current methods used for
HEN retrofit are centred on the use of Pinch Analysis, mathematical programming
and a combination of both methods (hybrid methods). These methods all mostly
depend on the application of structural modifications (i.e. resequencing, stream
splitting or adding a new match/heat exchanger) and additional heat transfer area.
The ideal retrofit option is one with the fewest modifications and lowest capital cost
(Asante and Zhu, 1997). The drive to achieve the ideal retrofit design has led to an
increased interest in the use of heat transfer enhancement for the retrofit of HEN, as
structural modifications and the need for additional heat transfer area are capital
intensive in retrofit. For industrial applications, there is no clear systematic
methodology for the application of heat transfer enhancement. Another drawback is
due to the increase in pressure drop that is obtained after the application of heat
transfer enhancement. This literature survey examines the various methods found in
the open research literature for HEN retrofit in detail, and reviews the application
and techniques used for heat transfer enhancement in retrofit together with pressure

drop considerations.
2.1 Pinch Analysis Methods

Pinch Analysis is a heuristic-based method used for grassroots design, heat recovery
targeting, and reducing and/or eliminating heat transfer across the pinch. This
method is based on the use of design tools such as composite curves, grand
composite curves, and/or grid diagrams. The Pinch Analysis method is based on
thermodynamic principles. Shenoy (1995), Kemp (2007) and Gundersen (2013)
presented basic principles of pinch analysis such as: no cold and hot utility above
and below the pinch respectively, and no process heat exchange across the pinch.
The pinch analysis method generally consists of targeting and design stages. The

targeting stage identifies the optimal targets for heat recovery, utility consumption
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and exchanger area required. The design stage makes use of a set of rules and design

tools to achieve the specified retrofit target (Asante and Zhu, 1997).

Pinch Analysis is a well-established method for HEN design and retrofit. Tjoe and
Linnhoff (1986) proposed a two-step systematic targeting and design methodology
for HEN retrofit. The approach predicts the minimum temperature approach (ATyin)
i.e. the minimum allowable temperature difference of a heat exchanger, prior to
retrofit design. The targeting stage made use of the area targeting formula
(Townsend and Linnhoff, 1984, Linnhoff and Ahmad, 1990) to calculate the area
required at different values of AT,. This target area corresponding to the utility
consumption of the existing network is then compared to the actual area installed in
the existing network, allowing for the scope of using the existing area to be explored.
The ratio of the minimum area requirement for the existing ATy, and installed area
is called the area efficiency. The assumption of constant area efficiency allowed for
the trade-off between energy recovery and required heat transfer area to be
optimised. The retrofit design is then initialised, since the optimal value of ATy, can
be determined. The second step involves redesigning the existing network i.e.
rearranging heat exchangers transferring heat across the pinch point (the temperature
level at which AT, occurs), and then designing the new network while retaining the

existing structure even if new area would have to be installed.

Tjoe (1986) improved the synthesis procedure of the targeted network by identifying
heat exchangers making poor use of the temperature driving force (ATy,,) by means
of the remaining area analysis. A slightly modified driving force plot is used as a
guide for rearranging the poorly placed heat exchangers. New heat exchangers are
then introduced where there are opportunities for energy recovery by investigating
loops and utility paths. Rearranging poorly used heat exchangers and introducing
new heat exchangers allowed for some of the existing heat exchangers in the
network to be merged or removed from the design and the resulting AT, slightly
modified. In summary, the proposed method by Tjoe (1986) performed retrofit
following the three basic rules of Pinch Analysis i.e. (1) no cold utility above the
pinch, (2) no hot utility below the pinch, and (3) no process heat exchange across the
pinch. The main drawback of the targeting method used based on area efficiency is

that the area targets do not reflect the area distribution within the existing HEN.
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Shokoya (1992) proposed an area matrix method using a linear model to determine
the retrofit target. The area matrix represents the area distribution between each pair
of hot and cold streams in the existing HEN. The first step involves generating a
target matrix by assuming vertical heat transfer between the hot and cold composite
curves. In the second step, the difference between the target area and the existing
area matrices is defined as a deviation area matrix. The maximum compatibility of
the target area matrix and the existing area matrix is found by minimising the sum of
the squares of the elements in the deviation area matrix. Shokoya (1992) stated that
the area matrix method provides a more realistic area target than that proposed by
Tjoe and Linnhoff (1986) due to the consideration of area distribution. However, the
methods proposed by Tjoe and Linnhoff (1986), Tjoe (1986) and Shokoya (1992) do
not explicitly account for the cost of structural modifications in the retrofit design,

which can lead to the representation of complex designs.

Carlsson et al. (1993) proposed the cost matrix method that tackles the limitation of
the aforementioned studies for HEN retrofit. The objective is to find the cost-optimal
solution taking into account various parameters such as the cost of heat transfer area,
physical piping distance between pairs of streams, auxiliary equipment, and pumping
and maintenance costs associated with each potential match. Unlike Pinch Analysis
(Tjoe and Linnhoff, 1986), this method does not have a targeting stage, resulting in
several networks requiring evaluation for different AT,. The cost matrix and a set
of rules are used in selecting matches until the level of heat recovery defined by
AT 1s reached. The cost matrix method only considers networks with heat transfer
across the pinch if there is equal amount of heat being transferred from below to
above the pinch and vice versa, thereby allowing for criss-cross heat exchange (heat
transfer from below to above the pinch and vice versa). However, the cost matrix
method is not suitable for large-scale industrial applications due to its dependence on
accurate piping and other cost data for each potential match making it impractical

due to considerable amount of work required to generate the data.

To reduce the complexities of the retrofit process such as the time required to
generate pinch designs, many researchers presented methods that can be applied to
the HEN retrofit problems before solving. van Reisen et al. (1995) introduced path
analysis to select and evaluate sub-networks of an existing HEN considered for

retrofit. The proposed path analysis consists of four stages:
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(1) Identification of sub-networks based on energy savings.

(2) Evaluation of the sub-networks together with the total network by using
established targeting tools such as, composite curves.

(3) Generate the new sub-networks by using a rigorous algorithm or by the
designer. This is subject to two criteria i.e. the sub-network must be heat
balanced and a heater and cooler must be included.

(4) Design the new network using only the streams included in the sub-network in

step (3) and then compare with the targets.

The path analysis method simplifies the retrofit problem significantly, as path
analysis deals with sub-networks instead of the whole network (Sreepathi and
Rangaiah, 2014). The difficulty identified with the application of this methodology is
the quantification of the ranking of sub-networks i.e. having to evaluate alternative
sub-networks, which can be considerable for large-scale HENs. The path analysis
method was then extended to consider structural interconnections, while solving the
retrofit problem. van Reisen et al. (1998) proposed a new targeting method based on
dividing the existing process into zones. The division allowed for the identification
of sections of the original network that has high saving potential and the associated

section is addressed separately.

Nordman and Berntsson (2001) presented two methods based on Pinch Analysis.
The first method presented an alternative to the grand composite curve used for
Pinch Analysis. The new grand composite curve incorporates characteristics of the
existing HEN to allow for feasible retrofit designs. The old grand composite curve
was unable to highlight changes to the network to attain optimal levels of heat
recovery. Nordman and Berntsson (2001) developed eight new temperature-enthalpy
curves; four above the pinch and four below the pinch. Changes in heating and
cooling can be identified and evaluated with the use of the new grand composite
curve. The curves are used in identifying heat exchangers that violate pinch rules,
and an area-energy trade-off is used to implement the retrofit design. The second
method makes use of a matrix to design the network by identifying cost effective
ways of improving the HEN. Other parameters such as the material requirements,
heat exchanger types, maintenance costs, and auxiliary equipment are included
together with the need to obtain energy savings. This study was later extended by

Nordman and Berntsson (2009) to present useful insights into various scenarios such
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as criss-cross heat exchange, cooling above the pinch, and heating below the pinch
as well as other retrofit alternatives. This leads to a crisscross network, in which the
area-energy trade-off is applied to obtain the retrofit solution with the minimum total

cost.

Li and Chang (2010) introduced a pinch-based retrofit method that determines the
pinch temperatures, identifies cross-pinch matches and modifies these matches by
decreasing their heat load until cross-pinch heat transfer is eliminated. Next, the
unmatched split loads on each side of the pinch are combined and re-matched. One
potential drawback of this method is that it attempts to mirror maximum energy
recovery by eliminating all cross-pinch heat transfer. Although this may seem like a
reasonable proposition in terms of energy savings, it might not always be practical as

the associated capital costs with such a procedure might be prohibitive.

In summary, the Pinch Analysis method is a well-developed methodology capable of
providing the designer with a retrofit target. It is a very useful tool when used in the
correct way for the right problems (Smith, 2016). However, it is not fundamentally
suited to retrofit, as a large number of modifications are required to the existing
network, resulting in increased cost. It also ignores the constraints (such as: plant
layout) associated with the existing network, reuses existing equipment in an ad hoc
way, requires an expert user for its application. For some of the applications of Pinch
Analysis, the retrofit problem is treated as a grassroots design, rather than accepting

the features of the existing HEN (Wang, 2012).

2.2 Optimisation Methods

Optimisation methods convert the HEN problem into an optimisation task by
formulating the retrofit problem as a mathematical model. The two important aspects
in mathematical programming methods are finding an efficient way of representing
the problem and providing an efficient optimisation technique for solving the
problems. Optimisation methods can be divided into deterministic and stochastic
methods. The optimisation methods are generally centred on the need to minimise

either: retrofit cost, energy consumption and/or the number of modifications.
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2.2.1 Deterministic Methods

Deterministic methods are based on the use of non-linear programming (NLP),
mixed integer linear programming (MILP), or mixed integer non-linear
programming (MINLP). Yee and Grossmann (1986) reported the first retrofit
methodology for HENs based on mathematical programming. They developed an
MILP assignment-transhipment model for predicting the smallest number of
structural modifications in an existing network, based on the transhipment model
proposed by Papoulias and Grossmann (1983). The objective of this model is to
maximise the utilisation of existing heat exchanger units, minimise the number of
new heat exchangers required and the reassignment of existing heat exchanger units
to different matches. This approach leads to a final network structure that is as close

as possible to the existing one.

Ciric and Floudas (1989) proposed a two-stage procedure for the retrofit of HEN.
The first stage, a match selection stage, involves the formulation of an MILP model.
This model is used in the identification of “ideal” structural modifications. The
pairings of all possible matches and heat exchangers are evaluated and decisions
regarding possible matches, reassigning heat exchangers, purchasing new heat
exchangers and repiping streams are made. The objective of the MILP model was to
minimise the sum of the cost of purchasing new heat exchangers, additional heat
exchanger area, and the piping cost for a fixed heat recovery. The second stage
consists of generating a superstructure containing all possible network configurations
based on the result obtained from the first stage. This is then formulated and solved
as a NLP problem. Ciric and Floudas (1990) extend this approach by presenting a
single stage MINLP model. The network configuration is modelled by the
generalised match-network hyper-structure (Ciric and Floudas, 1990). Compared to
the first method, which is a sequential approach, the new method employs a
simultaneous approach for optimisation. The objective function is extended to

include structural modification costs.

Yee and Grossmann (1991) proposed an improved two-stage model for retrofit, a
pre-screening stage and an optimisation stage. The purpose of the pre-screening
stage is to determine the optimal heat recovery level and the economic feasibility of

the retrofit design. This stage involved comparing the minimum annual cost of
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utilities, additional area requirement, and fixed cost of structural modifications
estimated at different levels of heat recovery to the existing operating costs. The
economic potential for retrofit can then be evaluated. The transhipment model
proposed by Papoulias and Grossmann (1983) is used for calculating the utility
requirements. The area targeting formula, proposed by Townsend and Linnhoff
(1984), is used for determining the additional area required. The minimum structural
modifications are then estimated by the method presented by Yee and Grossmann
(1989). The optimisation stage takes into consideration only the number of new units
required to achieve the optimum investment. It consists of the construction of a
retrofit superstructure that includes all the possible retrofit designs embedded within.

To determine the best retrofit design, an MINLP model is formulated and solved.

Briones and Kokossis (1999) proposed a two-stage approach for the retrofit of
HENs. This consists of a screening and an optimisation stage. The screening
involves the use of a conceptual MILP model based on the use of integer variables
for structural modifications, and continuous variables for calculating heat loads and
heat transfer area. The screening stage utilises targets for area and MILP model for
existing HEN modification to determine the area and modifications required. The
results from these models are then used in the second stage of the proposed
approach, the optimisation stage. A retrofit hyper-target, similar to the targets
provided by conventional methods, is developed. The model is capable of handling
different objectives such as minimum heat transfer area and minimum investment

cost.

Ma et al. (2000) proposed a two-step approach for HEN retrofit. The first step
includes the development of a Constant Approach Temperature (CAT) model to
optimise the HEN structure. With this, the area calculations are linearized by fixing
the change in temperature to be constant for all heat exchangers. This allows the
problem to be solved as an MILP problem as opposed to MINLP. The CAT model is
developed based on the model proposed by Yee and Grossmann (1991). In the
second step, an MINLP model is used, which includes additional variables for
exchanger area and takes into account the actual approach temperatures of all heat
exchangers. This model simultaneously takes into account network modifications,

energy consumption and heat transfer area.
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Sorsak and Kravanja (2004) extended the model of Yee and Grossmann (1990) by
accounting for the different types of heat exchangers to solve retrofit problems using
an MINLP model. The exchangers investigated are double pipe heat exchangers,
shell-and-tube heat exchangers, and plate and frame heat exchangers. Analysis
carried out show that the feasibility of heat transfer throughout the HEN is strongly
dependent of the type of heat exchanger used.

Up to this point, most of the studies have assumed constant operating conditions. To
overcome this drawback, Ponce-Ortega et al. (2008a) proposed a new MINLP model
for solving HEN retrofit problems that considers HEN structure and process
modifications simultaneously. In addition, this model assumes constant temperature
streams (Ponce-Ortega et al., 2008b). The proposed model is based on the

superstructure model proposed by Yee and Grossmann (1991).

Nguyen et al. (2010) proposed a rigorous MILP model to solve HEN retrofit
problems. The proposed model is based on that originally developed by Barbaro and
Bagajewicz (2005). In the proposed method, the difference between the supply and
target temperatures of each stream considered for heat exchange between hot and
cold streams, are divided into small temperature intervals. The network structure is

then optimised simultaneously with the heat transfer area.

Pan et al. (2013b) proposed an MILP-based iterative approach for the retrofit of
HENSs. A superstructure of the retrofitted network is developed based on the concept
of a pinching match. This superstructure is then solved in two optimisation stages
using the developed MILP-based iteration method. In the first stage, the network
topology is optimised by the elimination of redundant heat matches (i.e. matches
with small duties or areas) for the retrofit from the network superstructure. In the
second stage, the optimal retrofit structure obtained in the first stage is optimised so
that the best modifications are selected to minimise the investment cost of the
network structure. The major advantage of this methodology is the linearization of
non-linear aspects of the models in both stages. This significantly decreases the

computational difficulty of solving the models.

Automated design procedure using deterministic optimisation methods for HEN
retrofit has benefits due to the ease of application and ability to be applied to variable

retrofit problems. Drawbacks associated with using deterministic optimisation
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methods for retrofit include the lack of global optimality in solutions because of non-

convexities in the objective function and its sensitivity to initial points.
2.2.2 Stochastic-based Approaches

Stochastic-based retrofit approaches make use of simulated annealing (SA), genetic
algorithm (GA) or integrated differential evolution (IDE) for retrofit. Nielsen et al.
(1996) presented a framework using SA as the optimisation tool for retrofit. The
formulation is similar to that presented by Dolan et al. (1989). The framework
presented for the design and retrofit of HENs includes detailed modelling of different
types of heat exchangers, heat transfer coefficients and non-constant heat capacities.

The work by Nielson et al. (1996) also considered pressure drop and flexibility.

Athier et al. (1998) proposed a retrofit methodology where the structural
optimisation is carried out using a SA procedure. In this work, two loops are
included; the SA procedure is used to select a HEN configuration in the outer loop,
and the required additional area is optimised by an NLP procedure for a fixed HEN

structure in the inner loop.

Rodriguez (2005) presented an approach making use of the SA algorithm for
optimisation of both discrete variables, such as structural modifications (i.e. re-
piping, resequencing of existing heat exchangers), and continuous variables, such as
exchanger duties, heat transfer area and stream split fractions. However,
simplification of objective functions and cost models in optimisation was not

considered.

Bochenek and Jezowski (2006) proposed a two-level method based on GA for the
retrofit of HENS. In this method, a structural optimisation problem is formulated as a
multivariable problem using a structural matrix, which consists of all the structural
features of the HEN in the first level. The features include the topology of heat
exchangers and location of splitters. These are then optimised using GA. The
structure developed in the first level is then used to find the heat exchanger area and
split ratio in the second level. The drawback with this method is the prolonged

computational time required even for small networks.
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Rezaei and Shafiei (2009) mentioned that GA is not effective for dealing with
continuous variables. To overcome these drawbacks, Rezaei and Shafiei (2009)
presented a model that combines GA with NLP and integer linear programming
(ILP) to solve the retrofit problem. In this proposed method, the GA is used to select
structural modifications using node representation for location of exchangers in a
HEN. The continuous variables i.e. heat loads, split fractions and temperatures are
then optimised using the NLP. Finally, an ILP problem is formulated and solved

with the objective of minimising the investment cost.

The IDE algorithm developed by Zhang and Rangaiah (2011), together with HEN
structural representation based on matrices proposed by Jezowski et al. (2007) and
Bochenek and Jezowski (2010) are used by Zhang and Rangaiah (2013) for solving
HEN retrofit problems. The structural representation is made up of both discrete and
continuous variables. In this work, both the discrete and continuous variables are

solved simultaneously.

Liu et al. (2014) presented a hybrid GA for the solution of an MINLP formulation of
the retrofit problem, based on the full utilisation of existing heat exchangers and
network structures in the retrofitted network. The objective of the optimisation is to
minimise the cost of modifications, and the utility cost of the retrofitted network. A
superstructure model is used for the retrofit of the existing HEN in a six-step
procedure. In the first step, the structure of the existing HEN is analysed, and the
exchangers in the existing HEN are sequenced. The sequence of the existing heat
exchangers is determined in the second step. The third step involves the
representation of the location of each existing heat exchanger. In the fourth step, the
areas of the existing heat exchangers are inputted to the hybrid genetic algorithm,
and the location of each existing heat exchanger in the retrofitted network is
determined. The fifth and sixth steps involve revising and running the genetic

algorithm to obtain the final retrofitted network.

Stochastic optimisation methods have a greater chance of finding the global
optimum compared with the deterministic method due to the random nature of the
optimisation methods. However, stochastic methods require significantly more

computational time compared to deterministic methods (Cavazzuti, 2013).
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Mathematical programming methods for HEN retrofit have an advantage of being
automated procedures. However, mathematical programming methods are not widely
applied to large-scale processes due to the difficulty in formulating the retrofit
problem, which hints that they might be difficult to implement in practice. The
mathematical programming based methods reviewed can generally be divided into
two classes i.e. simultaneous (one-step) and sequential (more than one step). In terms
of obtaining an optimal solution, simultaneous approaches are recommended.
However, this comes at a penalty of long computational times. If the optimality of
the result is not a factor, sequential approaches can be employed, as less

computational times are required.
2.3 Hybrid Methods

Methods combining aspects of the Pinch Analysis and mathematical programming
methods are known as hybrid methods. These methods aim to take advantage of the
automated characteristic of the mathematical programming methods, while also
keeping the user interaction present as in Pinch Analysis methods in order to obtain

faster and more efficient retrofit procedures.

Briones and Kokossis (1996) developed a three-stage hybrid procedure for retrofit.
The first stage is the targeting stage. In this stage, potential solutions are screened
based on pre-set targets on area and number of modifications. An MILP formulation
is developed to identify feasible solutions with minimum area requirement and
structural changes. The solution of the first stage is used to set up a model for the
second stage where structural optimisation is performed. The heat transfer area and
structural modifications to the existing HEN are optimised in this second stage. The
solution of the second stage provides the network structure of the retrofitted HEN.
This network structure is then represented as a superstructure and formulated as an
NLP model that is optimised in the third stage to minimise the capital cost of the

retrofitted network. However, maximum energy recovery is not guaranteed.

Asante and Zhu (1996, 1997) proposed a two-stage approach in which the hybrid
method is used for the retrofit of HENs. Both works make use of both Pinch
Analysis and mathematical programming for HEN retrofit. The goal is to minimise

the number of structural modifications required to achieve an energy recovery target.
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The term network pinch represents the energy recovery limit of a given HEN. To
overcome the network pinch, structural modifications and additional heat transfer
area must be applied. In the first stage, the diagnosis stage, the pinch method is used
in identifying potential modifications to the existing configuration of the HEN. Then,
each candidate modification is optimised for maximum heat recovery by varying
heat loads of each heat exchanger. In the second stage, the optimisation stage, the
“best” modification can be selected by the designer, and then further cost

optimisation is carried out on the selected HEN with modified topology.

Varbanov and Klemes (2000) presented a systematic approach based on network
pinch and simple heuristics. The proposed approach examined scenarios where the
identification of network pinch is not possible, with the absence of a utility path
despite poor heat recovery. They tried to improve the retrofit process by coming up
with alternative means to perform retrofit. This was by providing a set of topology

modifications to the existing network.

Smith et al. (2010) presented a methodology that combines the structural
modifications and capital-energy optimisation into a single-step in order to obtain a
cost-effective design. This method accounts for the temperature dependency of the
stream thermal properties as this gives a true representation of the interaction in the

network during retrofit.

Bakhtiari and Bedard (2013) extended the approach proposed by Asante and Zhu
(1997). In their work, they modified the method to take into account some practical
features. The proposed approach is capable of handling complex network
configurations with stream segmentation and splitting. It involves a combination of
the structural modification stage that gives the maximum heat recovery and the cost
optimisation stage that optimises the use of additional heat exchanger area. The risks

of missing cost-effective design solutions are reduced with this approach.

Although the hybrid method is sequential, structural modifications are explored
systematically, while also providing insights to the design procedure. These
characteristics make this method a promising retrofit method for large-scale
problems. The hybrid method is able to obtain decrease in energy consumption by
manipulating the degrees of freedom of the existing HEN. This comes at an area

penalty, as additional heat transfer area is required to maintain a balanced network.
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The main drawback is that the selection of the potential modifications is not based on
costs but on energy demands, thus the design with minimum cost cannot be
guaranteed. However, insights into the decision of structural modifications are not

also provided.

2.4 Heat Transfer Enhancement

As mentioned earlier, the ideal retrofit design is one with the fewest modifications
and lowest capital cost requirement. The desire to retrofit HENs without the need of
additional heat transfer area and topology modifications has led to a rise in research
for the use of heat transfer enhancement in HEN retrofit. Heat transfer enhancement
can be used to avoid the implementation of additional heat transfer area, leading to
significant cost savings. The reduction in cost is due to the considerable decrease in
civil and piping works. Heat transfer enhancement is also beneficial as it can be
implemented during normal maintenance periods, thereby avoiding production losses

during retrofit.

Polley et al. (1992) proposed the idea of combining both heat transfer enhancement
and HEN retrofit. Up until that point, both aspects have only been researched
separately. Their research analysed the potential benefit of using heat transfer
enhancement in retrofit, and the effect of pressure drop and fouling. It also contains a
comparison between different enhancement devices. However, only a targeting
methodology is proposed. This methodology is based on area efficiency. This study

does not present a systematic way for applying heat transfer enhancement in retrofit.

Nie and Zhu (1999) proposed a retrofit methodology that considers heat transfer
enhancement and pressure drop. In this work, heat transfer enhancement is only used
in reducing capital investment and therefore not included in the methodology. The
focus of this work is placed on pressure drop, and as such, does not highlight the

benefits of only using heat transfer enhancement.

Zhu et al. (2000) proposed a methodology based on the network pinch approach for
HEN retrofit including heat transfer enhancement based on a two-stage approach.
The first stage, the targeting stage, is used to identify suitable heat exchangers in the
existing HEN where heat transfer enhancement could be applied. The second stage,

the selection stage, involved selecting the most suitable technique for heat transfer
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enhancement in each of the suitable candidates identified in the targeting stage using
a pressure drop criterion. Enhancement is only considered when additional heat
transfer area requirements are determined using the network pinch analysis. Again,
similar to the previous study, the benefits of heat transfer enhancement are not fully

explored.

Pan et al. (2011) proposed an MILP optimisation that considers tube-side
enhancement. This work considers the exact value of the log mean temperature
difference and correction factor as opposed to an approximate value commonly used
in mathematical optimisation. Multiple tube passes are also considered in the
optimisation process. The new method shows that the computational difficulties such
as solving the non-linearity of the log mean temperature difference and correction

factor can be effectively handled.

Pan et al. (2012) further improved the method by introducing an approach based on a
simple MILP model and two-iteration loops to obtain a suitable retrofit result. In the
first loop, the retrofit problem is solved to obtain optimal solutions based on either
energy savings or retrofit profit (defined as the difference between profit from
energy saving and total cost of retrofit). In the second loop, the maximum energy

savings and retrofit profit for the given HEN is sought.

Wang et al. (2012b) proposed a systematic methodology for the retrofit of HENs
based on simple heuristic rules. The heuristic rules are proposed to identify the most
suitable heat exchangers in a network to apply heat transfer enhancement. The
results obtained showed that the application of this approach allows for significant
improvements in energy recovery, without fundamental structural modifications to

the HEN. However, the augmentation level of the enhancement is assumed.

To overcome this drawback, Jiang et al. (2014a) proposed a new method for the
application of heat transfer enhancement in retrofit. The level of enhancement for
each candidate heat exchanger is determined using models developed for the chosen

enhancement technique.
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2.4.1 Heat Transfer Enhancement Techniques

Heat transfer enhancement can be divided into two categories: passive method
(requires no direct stimulation from external power such as rough and extended
surfaces or swirl flow devices) and active method (requires extra external power
such as fluid vibration and suction). There are different enhancement techniques, all
of which have different effects on pressure drop, fouling and heat transfer
coefficients. For a shell-and-tube heat exchanger, which is by far the most commonly
used exchanger in process industries, heat transfer enhancement can be applied on

the shell-side, tube-side or on both the shell and tube sides.
2.4.1.1 Shell-Side Enhancement

In practice, the most commonly used shell-side enhancement is the segmental baffle.
The conventional segmental baffle improves the shell-side heat transfer in an
exchanger. Drawbacks of using the segmental baffle include high shell-side pressure
drop, low shell-side mass flow velocity, fouling and vibration. Owing to the
aforementioned drawbacks, helical baffles have been developed to reduce the
number of dead spots created (Wang et al., 2010). Studies performed on the use of
helical baffles for shell-side enhancement have highlighted its benefits (Stehlik et al.,
1994, Gupta et al., 1995, Kral et al., 1996). These include, improved heat transfer
coefficients, reduced pressure drops, low possibility of flow-induced vibration, and
reduced fouling. There are two classes of helical baffles: continuous and non-
continuous baffles (Wang et al., 2010). The non-continuous helical baffle supersedes
the continuous helical baffle as it offers superior augmentation levels with an
insignificant increase in pressure drop (Wang et al., 2010). Both classes of helical

baffles offer high levels of augmentation at smaller helix angles and helical pitches.

External fins are also used for shell-side heat transfer enhancement. The use of
external fins is beneficial as it increases the film coefficient with added turbulence
and the heat transfer area. A study performed by Mukherjee (1998) shows that
extended surface finned tubes provide two to four times as much heat transfer area
on the outside compared to that of a bare tube. This in turn helps to offset a lower
outside heat transfer coefficient. Other studies conducted to determine the

performance of finned tubes show that they could enhance the heat transfer
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coefficient quite significantly but at an increased pressure drop penalty (Hashizume,

1981, Ganapathy, 1996, Lei et al., 2008).
2.4.1.2 Tube-Side Enhancement

Garcia et al. (2005) classify tube-side enhancement into two categories. The first
involves the addition of external devices in plain round tubes, e.g. the use of twisted
tape and wire coil inserts. The second involves the modification of plain tubes, e.g.
dimples tubes; or the manufacture of special tube geometries, e.g. use of internally

fined tubes and twisted tube heat exchangers.

Twisted tape inserts consist of a thin strip of twisted metal. The thin strip of metal
normally has the same width as that of the tube inner diameter. They are swirl-flow
devices that create a spiral or secondary flow along the length of the tube to increase
turbulence. Many studies (Date, 2000, Kazuhisa et al., 2004, Sarma et al., 2005)
have been conducted to investigate the effect of the spiral flow on exchanger
performance. The results obtained show that twisted tapes are able to provide,
especially within the laminar region, high levels of enhancement. An important
aspect that is also noticed is that the pressure drop penalty is very high and
independent of Reynolds number, leading to the conclusion that if the pressure drop
is of no concern, then twisted tapes should be preferred in both laminar and turbulent
regions. In practice, this is not ideal, as pressure drop is an important factor in the
design of HENs hence the reason why twisted tape inserts are not readily used in

process industries.

Wire coil inserts consist of a helical coiled spring, which acts as a non-integral
roughness. They are commonly used in pre-heaters or oil cooling devices. Wire coil
inserts function by inducing a swirl effect and speeds the flow transition from
laminar to turbulent. Garcia et al. (2005) highlighted the advantages of using wire
coil inserts. These include the ease of installation and removal (including in an
existing heat exchanger), low cost and they do not disrupt the mechanical strength of
the tube. Empirical correlations were developed by early research conducted
concerning the performance of wire coil inserts in turbulent flow (Kumar and Judd,
1970, Sethumadhavan and Raja Rao, 1983). Following this, Uttawar and Rao (1985),
Inaba et al. (1994) and Shoji et al. (2003) performed studies to predict the

performance of wire coil inserts. The studies show that wire coil inserts provide
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greater enhancement under laminar flow conditions with only a small pressure drop
penalty as a drawback. On the other hand, as the flow progressed from laminar to
turbulent, the increase in pressure drop is relatively high. Jiang et al. (2014b)
provided reliable correlations for predicting the performance of both wire coil and
twisted tape inserts. The new correlations cover all flow regions for both wire coil

and twisted tape inserts.

Internally finned tubes are one of the most widely used methods for heat transfer
enhancement that requires no direct stimulation from external power (Bergles, 1983).
Carnovos (1980) proposed correlations to predict the heat transfer coefficient and
pressure drop for internally finned tubes in turbulent flow. Ravigururajan and
Bergles (1996) proposed a more accurate and general method for predicting the heat
transfer coefficient and pressure drop inside internally finned tubes. Jensen and
Vlakancic (1999) performed experimental research to develop correlations to
describe the heat transfer coefficient and pressure drop performance of internally
finned tubes in turbulent flow. Based on the analysis carried out for internally finned
tubes, it is concluded that internally finned tubes are not beneficial when used under
laminar flow. In turbulent flow on the other hand, they are able to provide a medium-
to-high level of enhancement on the overall heat transfer of a heat exchanger. This
affects not only the tube-side heat transfer coefficient but also the overall heat

transfer area.

Another enhancement device that can bring about improvement in both the shell and
tube sides is the use of twisted tube heat exchangers. This involves replacing plain
tubes with twisted tubes. This device can be used to tackle the drawbacks associated
with the use of conventional shell and tube heat exchangers in retrofit. Twisted tubes
are passive enhancement device, generally classified in a swirl-flow device category.
This device increases the performance of existing heat exchangers because of fluid
agitation and mixing induced by swirl flow. An attractive feature of twisted tubes is
that the swirl is not produced by a device attached to the tube as in other
enhancement techniques. As such, they do not require an extra attention during
assembly, maintenance, inspection or cleaning. Dzyubenko et al. (2000) presented
correlations for modelling and design of twisted tube heat exchangers. Butterworth et
al. (1996) and Ljubicic (1999) presented advantages of the use of twisted tube heat

exchangers in retrofit. The first advantage is their ability to increase the heat transfer
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coefficient due to shell and tube side turbulence as a result of the swirl flow and
uniform flow distribution, which provide more effective length and surface area.
Twisted tubes have no vibration because they are baffle free, instead are supported at
multiple contact points along the entire length of the exchanger. Therefore, tube
fretting and failure due to vibration is eliminated. They also have reduced pressure
drop compared to the segmental baffle in the shell-side. The shorter length of twisted
tube heat exchangers with decreased number of tube passes helps in reducing the

pressure drop of the tube side.

In summary, the studies outlined above show that the use of heat transfer
enhancement could be beneficial for HEN retrofit. They are particularly beneficial as
structural modifications and additional heat transfer area could be avoided in retrofit,
thus drastically reducing the cost of retrofit. The drawback is the effect on pressure
drop, as the existing pumps might not be able to cope with the increase in pressure
drop. Therefore, installation of new pumps or retrofitting existing pumps might be
needed, which is capital intensive and might not be justified in retrofit. Other ways
of mitigating the pressure drop effect with heat transfer enhancement need to be

addressed.
2.5 Pressure Drop Considerations

Pressure drop is a major drawback with the application of heat transfer enhancement
in HEN retrofit. Most enhancement techniques used in retrofit have a negative
impact on the pressure drop of existing heat exchangers. Therefore, it is vital that

pressure drop is considered alongside heat transfer enhancement in retrofit.

Polley et al. (1990) considered pressure drop by developing a correlation between
the pressure drop, heat transfer coefficients and heat transfer area in retrofit based on
the pinch approach presented by Tjoe and Linnhoff (1986a). This allowed for the
maximum pressure drop of each stream in the HEN to be specified rather than the
heat transfer coefficients. The approach utilised the allowable pressure drop as an
objective to optimise the heat exchange area. The total area is minimised by
calculating the heat transfer coefficients iteratively. The pinch-based methodology in

this work is a drawback when it comes to its application in large-scale problems.
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Nie and Zhu (1999) considered pressure drop with heat transfer enhancement in
HEN retrofit. The research conducted showed that the application of heat transfer
enhancement has a significant impact on pressure drop. They proposed a two-step
methodology for considering pressure drop with heat transfer enhancement. In the
first step, heat exchangers that require additional area are identified using a unit-
based optimisation model. Then, a combined optimisation model is used in the
second step to evaluate the duty of heat exchangers, the degree of enhancement and
the shell arrangement simultaneously. The pressure drop is determined using the
correlation presented by Polley et al. (1990). A constraint is imposed on the network
during retrofit based on allowable pressure drop. This is not ideal for large-scale
problems as good retrofit options might be missed in terms of maximum energy

recovery.

Silva et al. (2000) proposed a method that combines area matrix with pressure drop
considerations in HEN retrofit. The two-stage methodology includes a targeting
stage and an optimisation stage. In the targeting stage, the area distribution and
pressure drop are considered simultaneously. The optimisation stage is used in
minimising the additional area requirement in retrofit. Similar to the study conducted
by Nie and Zhu (1999), allowable pressure drop is used as a constraint in the
optimisation stage as such is plagued by the same drawback listed previously

associated with this constraint.

Panjeshahi and Tahouni (2008) presented a new methodology that tackles the issue
with pressure drop by considering pump and/or compressor replacement. This is
done while simultaneously optimising the additional area and operating cost of the
HEN. Unlike the two previously listed retrofit approaches, the constraint of
allowable pressure drop is not fixed. This allows for the drawback associated with

the constraint of fixed allowable pressure drop in optimisation to be overcome.

Solatani and Shafiei (2011) presented a new method based on coupling a genetic
algorithm (GA) with linear programming (LP) and integer linear programming (ILP)
methods. GA is used in developing feasible HEN structures, which are then
evaluated using LP to find the pressure drop costs. Finally, ILP is used in minimising

the cost of modifications. By doing this, the cost associated with an increase in
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pressure drop is considered simultaneously as modifications are made ensuring the

best savings in utilities as opposed to previous studies.

To conclude, most of the research conducted considers topology modification and
additional heat transfer area in retrofit. Therefore, there is still a gap in research in
identifying a method for reducing the pressure drop requirement with heat transfer
enhancement without the need for additional heat transfer area. This is vital as a true
representation of the influence of heat transfer enhancement on energy savings in an

existing HEN can be presented.
2.6 Network Structure Analysis

Network structure analysis provides a degree of freedom in an existing HEN. The
network structure analysis identifies key structural features in a HEN, which aids in
the application of heat transfer enhancement, increasing heat transfer area of existing
exchangers and structural modifications. Loops and utility paths are examples of
structural features in HENs. Being able to identify these features is important as this
can help to overcome the restriction imposed by the network pinch, thereby resulting
in the design of flexible networks and identifying where in a HEN to apply

enhancement.

The identification of structural features by inspection is not a reliable method, as key
structural features might be missed when applied to large-scale networks. Linnhoff
and Flower (1978a,b) proposed the stream grid representation of HEN. The
drawback of this representation is that it cannot be used to locate heat load loops and
utility paths in a HEN, but only the location of existing heat exchangers in the

network.

The incidence matrix approach (Pethe et al., 1989) is a mathematical representation
used for the identification of loops, but it fails to identify the link between two
utilities through a process heat exchanger i.e. utility path. The incidence matrix
approach is later extended to solve this drawback (Shenoy, 1995) by including a
column vector to signify the connection between two utilities. The utility path could
then be identified by performing linear combination of the independent columns in

the incidence matrix.

50



Chapter 2 Literature Survey

Zhu et al. (1996) proposed a methodology that combines the node adjacency matrix
and the stream table for the identification of both independent and dependent loops

as well as utility paths.

Although these methods exist for the identification of utility paths and loops in a
HEN, they have not been combined as part of a retrofit methodology with heat

transfer enhancement for HENs.
2.7 Summary

The Pinch Analysis method can be used to set target performance in retrofit, but it is
not always an economic target. Its dependency on an expert user for its application is
also a drawback. Mathematical programming approaches cannot readily be applied
to large-scale problems, as it requires long computational times and can be difficult
to formulate. Hybrid methods are beneficial as they can identify the network
bottleneck (limit for energy recovery) and the key structural modifications that can

be applied in an existing HEN. They also encourage good user interaction.

Structural modifications can provide a high decrease in energy consumption.
However, the number of modifications required and the time needed to apply these
modifications are drawbacks. There is still a gap in research for the identification of
the best network modifications to achieve maximum degree of energy saving with

reduced complexity and minimum number of modifications.

Heat transfer enhancement has the potential to improve energy recovery without the
need for additional heat transfer area and structural modifications. All the
aforementioned techniques for shell-side and tube-side heat transfer enhancement
provide an increase in heat transfer coefficients and pressure drops with the
exception of helical baffles used for shell-side enhancement that have shown varied
performances in various publications. However, it is impossible to say outright that
one technology is superior to another, but there are technologies that for particular
applications are better. Therefore, the focus of this Thesis is placed on developing
methodologies for the application of heat transfer enhancement in retrofit. The

decision of what form of enhancement device to use can be left to the user.
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Pressure drop is an important constraint that should be imposed on a HEN during
retrofit, especially with heat transfer enhancement. Without the consideration of
pressure drop, the proposed retrofit design might not be feasible, thus not industrially

applicable.

Given a shell and tube heat exchanger, it is vital to be able to model existing heat
exchangers in a given HEN. This involves calculating the heat transfer coefficients
in the shell and tube sides, the pressure drop of both sides, the heat transfer area, the
overall heat transfer coefficients, the logarithmic-mean-temperature-difference and

the correction factor. This is tackled in the next section of this thesis.
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Chapter 3 Heat Exchanger Model

This section of the thesis presents the model developed by Jiang et al. (2014b) for the
design of shell and tube heat exchangers. The model is used in this work to design
heat exchangers presented in this work. A detailed problem statement is provided to
highlight the assumptions with which this model was developed. The model is then
validated with the use of a simple example and comparison with other established

models.

3.1 Problem Statement

It is assumed in this report that energy recovery is based on heat transfer through
shell and tube heat exchangers. This is because shell and tube heat exchangers are by
far the most widely used heat exchangers in process industries. It is assumed that the

following data are available:

e Stream data such as flowrates, start temperature, target temperature, density,
specific heat capacity, viscosity, thermal conductivity and fouling
coefficients;

e Tube-side geometry such as tube length, tube inner diameter, number of
tubes, number of tube passes, tube wall conductivity and nozzle inner
diameters;

e Shell-side geometry such as tube outer diameter, tube pitch, tube layout
angle, shell inner diameter, number of shell passes, baffle spacing, baffle cut,

shell bundle clearance and nozzle inner diameters.

3.2 Shell and Tube Heat Exchanger Model

For predicting the performance of a heat exchanger, it is important to be able to
calculate the overall heat transfer coefficient and pressure drop in both the shell and
tube sides. Figure 3.1 describes the geometric details of shell and tube heat
exchangers that define various parameters and specifications required in the

calculation of heat transfer coefficients and pressure drop.

In this section, equations used in calculating the shell and tube side heat transfer

coefficients, their respective pressure drops, the overall heat transfer coefficient (U),
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logarithmic-mean-temperature-difference (LMTD), LMTD correction factor (Fr),

and overall heat transfer area (A) are presented in sequence.
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(a) shell-and-tube heat exchanger (b) A-A’ (tube bundle) (¢) A-A’ (baffle cut & tube pass)

L: tube length, B: baffle spacing, B;,: inlet baffle spacing, B, outlet baffle spacing, n,: baffle number, D,,: shell-side nozzle diameter,
D,;: tube-side nozzle diameter, Py: tube pitch, D,: shell di D;: tube inner di Dy: tube outer diameter, Ly: Shell-bundle clearance,
ny. tube number, Be: baffle cut, n,: tube pass

Figure 3.1: Geometry specifics of shell-and-tube heat exchanger (Frausto-Hernandez
et al., 2003)

3.2.1 Shell-Side Heat Transfer Coefficient

Equation 3.1 (Ayub, 2005, Wang et al., 2012a) is used in calculating the shell-side
heat transfer coefficient (hg). Parameters such as the tube outer diameter (D,); shell-
side fluid thermal conductivity (ks); shell-side fluid specific heat capacity (Cps); and

shell-side fluid viscosity (us) are known.

2 1
. 0.06207FSFPFLkS/ 3(Cpshg) /3 Equation 3.1
=
D,

Fs is the shell-side geometry factor to allow for baffle cut (Bc), baffle arrangement

and flow regime i.e. based on Reynolds number (Re) (Wang et al., 2012b):
Fg= —5.9969x10*Re% +0.6191Reg + 17.793  Reg <250 Equation 3.2

Fg = 1.40915Red %3 B . -0-3053 250 <Reg < 125,000  Equation 3.3

Fp is the pitch factor, which depends on the tube layout of the bundle (1 for

triangular and diagonal square pitch, and 0.85 for in-line square pitch).

54



Chapter 3 Heat Exchanger Model

Fp is the leakage factor to allow for all the stream leakage, which is a function of
bundle configuration (0.9 for straight tube bundle, 0.85 for U-tube bundle, and 0.8
for floating head bundle).

To calculate the Reynolds number (Equation 3.4), the shell-side velocity (vs) must
be determined (Equation 3.11). We assume the values for the fluid density (ps), tube

outer diameter (D,), and shell-side fluid viscosity (us) are known.

pSVSDo
Hg

Reg = Equation 3.4

The definition of the shell-side fluid velocity needs careful consideration. The
velocity in cross flow will vary as the fluid flows from one baffle window (or the
inlet nozzle) to the next window (or to the exit nozzle). The shell-side velocity is
normally defined by reference to the velocity at the widest point, which is on the
shell diameter (Ds) and the slowest velocity across the shell. The velocity will

depend on the area through which the fluid flows (Acg) shown in Equation 3.5.

Acr = Baffle spacing x [Area between the outside of the bundle and  Equation 3.5
inside of the shell + Number of tubes across the widest point x

Space between tubes]

For a 90° layout, the number of tubes across the cross sectional area is dependent on
the outside diameter of the tube bundle (Dg), the tube outside diameter (D,) and the
tube pitch (pr). The gap between the tubes is dependent on tube pitch and tube
outside diameter. Thus for a 90° layout:
(DB - Do)

Acr =B[Dg — D]+ ——=(p; — D,)
T

Equation 3.6

For the flow across a rotated triangular (60°) layout, the minimum flow area is the
minimum of \/ng and 2(pT - DO). The minimum again is used in practice, which

is 2(pT - DO). Thus, for a 60° layout:
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(Dg — D,) 5 ( Equation 3.7

Acr =B[Dg — Dg] +
CF [Ds Bl \/ng

Pr — D,)
For flow across a rotated square (45°) layout, the minimum flow area is the

minimum of \/ipT and 2(pT - DO). For the tube pitches used in practice (say: p; =

1.25D,), the minimum is 2(p; — D,). Thus, for a 45° layout:

(DB - Do)

Acr =B[Dg — Dg] +

Finally, for a 30° layout, the flow area is taken to be the minimum flow area, which
is the minimum of (pT — DO) and 2(pT — DO), which is (pT - DO). Thus, the

flow area for a 30°layout is the same as that of a 90° given in Equation 3.6.

A pitch correction factor (pcp) can be used in deriving a general equation for the
flow area by combining Equations 3.6, 3.7 and 3.8. The values of pcr shown in
Equation 3.9 are 1 for 90° and 30° layouts; v/3/2 for 60° layouts; and v2/2 for 45°
layouts.

(DB - Do)

Acr =B[Dg — Dg] + —(PT - Do)
PcpPr

Equation 3.9

Equation 3.10 shows the shell-side velocity as a function of the shell-side mass
flowrate, density and the flow area. Combining this equation with Equation 3.9 gives

the final equation for determining the velocity of the shell-side (Equation 3.11).

Ve = ms Equation 3.10
7 pgAck
S
vg = Mg Equation 3.11
B[Dg — D]+ L8 = Do)y _
ps [ S B] + pCFpT (pT 0)
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3.2.2 Shell-Side Pressure Drop

The simplified Delaware method (Kern and Kraus, 1972) is used for the calculation
of the shell-side pressure drop. This is because it is a relatively simple method and it
makes use of less empirical equations, but provides accurate results (Serth, 2007)
when compared to other methods for a wide operating range of shell-side diameter
and flow velocity. The total pressure drop APg for the shell-side in one shell includes
the pressure drop in the straight section of shell (APss) and pressure drop in nozzles

(APxs) (Kern and Kraus, 1972).

1. Pressure drop in the straight section of the shell APss per shell (Kern and Kraus,
1972, Wang et al., 2012b):

This is dependent on the pressure drop in the straight section of the shell with 20%
baffle cut (APgg, 204, the baffle cut (in %), and the correction constant based on the
baffle cut used (mg,) as shown in Equation 3.12. The pressure drop in one central
baffle spacing zone with 20% baffle cut (APgg 50); the number of baffles (Ng); the
correction factor for unequal baffle spacing (Rs) can be used in evaluating
APgg 209 as shown in Equation 3.13. The shell-side friction factor; shell diameter,
density, velocity and the shell-side equivalent diameter (d.) can be used in
calculating APgp 504, (Equation 3.14). The correction factor is dependent on the

central (B), inlet (Bj,) and outlet (B,y) baffle spacing as shown in Equation 3.15.

Bc\™ Equation 3.12
APgg = APgs 209 (E)
APss 509, = (N — 1)APgp 509, + RsAPgy 00, Equation 3.13
cgs Dspgvs Equation 3.14
APsp oot = —F57—
2d,
B\'* /,B\'® Equation 3.15
() )
> \B;, Bou

The values of the constant shown in Equation 3.12 are as follows:

my, = -0.26765 for 20% < B¢ < 30%
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mg, = -0.36106 for 30% < B¢ < 40%
my, = -0.58171 for 40% < Bc < 50%

The shell-side friction factor can be determined using Equation 3.16 below. The

corresponding friction factors (f; and f;,) are presented in Equations 3.17 and 3.18.

B Equation 3.1
crg= 144 [fl ~ 125 (1 —D—S) (f, — fz)] quation 3.16

f,= aReg'? Equation 3.17

f= bReg "’ Equation 3.18

The values of the constant shown in Equations 3.17 and 3.18 are as follows:
a =0.008190 for Ds <0.9m

a=0.01166 for Dg > 0.9m

b = 0.004049 for Ds <0.9m

b =0.002935 for Dg > 0.9m

The Reynolds number based on the shell-side equivalent diameter (Res.) shown in

Equations 3.17 and 3.18 is shown in Equation 3.19.

vgd, Equation 3.19
Rese= ps 5 q

S
The equivalent diameter (d.) is used to calculate the flow in non-circular channels in
the same way as a circular tube. Equivalent diameter is defined as:

_ 4 xFlow Area Equation 3.20
"~ Wetted Perimeter

(S

The equations used in calculating the equivalent diameter for both square and

triangular pitches are shown in Equations 3.21 and 3.22.
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2 D2 Equation 3.21
4x |p; — i 402
¢ nd, nd,, 0
Ax (L2 V3 _ 1aD; Equation 3.22
*2PrT7IE ) ov3p,
de_ 7'ED0 = T[do o

Equations 3.21 and 3.22 can be expressed using a pitch configuration factor (Cp.) as

shown in Equation 3.23. The corresponding values or square and triangular pitches

are 4/m and 2v/3 /z respectively.

_ Cpep B Equation 3.23

d.= D, D,

Thus, Equation 3.12 can be written as:

APgg = KP51V§‘875 + Kpszvé'm Equation 3.24

Where:

B aD Bo\™ /pod.) 1% Equation 3.25
Kps; = 18(5—— 1)(NB _ 14+ Rg)—Ps (_C) (ps >

Dg d. \0.2 Mg
B bDgp. /Be\™ [pode “0.157 Equation 3.26
K =O(1——>N—1 R S<_) s
ps2 =9 Dy (Np +Rg) i \oz "

The equations developed so far allows for unequal baffle spacing in which the baffle
spacing in the entrance and exit zones is different from the rest of the shell-side. In
many designs, the baffle spacing is equal throughout the shell-side. In addition,
assuming the baffle spacing is the same throughout the shell-side allows
simplification for conceptual design. In order to eliminate Ny and Rg from the above

expressions, an assumption that:

Equation 3.27

==

NB_1+RS = NB+1 =
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The tube length is given by:

Lo A Equation 3.28
- NTT[DO

The number of tubes (Nt) can be approximated using Equation 3.29. The pitch

configuration factor (pc) used for square pitch and triangular pitches are 1 and V3 /2

respectively.
D_% Equation 3.29
Nt = n—4
FrcFscp-p?

The tube count constant (Frc) given in Table 3.1 accounts for the incomplete
coverage of the shell diameter by the tubes, due to necessary clearances between the
shell and the tube bundle and tube omissions due to the location of pass partition

plates for multiple pass designs.

Table 3.1: Frc for various passes (for Dg > 337mm)

Tube Passes Frc

Np=1 1.08

Np=2 1.11
Np=4,6 1.45 for Dg < 635mm; 1.18 for Dg > 635mm

The correction factor for the shell construction (Fsc) is given in Table 3.2.

Table 3.2: Fgc for various tube bundle geometries (for Dg > 337mm)

Head Type Fsc
Fixed Head 1.0
Floating Head 1.15

1.05; 1.09 for 25mm outside diameter tubes on

1.25D,

U-Tube
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Rearranging Equation 3.9 gives the baffle spacing B:

Acr

(DB - Do)(pT - Do)
PcpPr

B =

[Ds — Dg] +

Combining Equation 3.10 and Equation 3.30 gives:

mg

(DB - Do)(pT - Do)
PcrPr

B =

pgVs[Ds — Dg] +

Thus,

L
(Ng — 1 +Rg)Dg = EDS

Equation 3.30

Equation 3.31

A A" Dy — D0 - DO
= X _ps S [DS - DB] + ( B )(pT ) X DS
NTnDo mg pCFpT
_ f‘ 5 PsVs [Ds — Dg] + (Dg — D)(p; — D) Equation 3.32
- & mg pCFpT
1
= 51T
FrcFscpept ™ °
X DS
_ FTCFSCPCP%APSVS [D _D ]+ (DB - Do)(pT - Do)
n DSnDomS > B pCFpT

Substituting Equation 3.32 into Equation 3.24:

2875 2.843
APgg = Kpg1 Avs™ "+ Kpgr Avg

Where:

Equation 3.33

61



Chapter 3 Heat Exchanger Model

72 ( B | ) y aFTchcPCP%Pé'%Hg'm

71:2 DSDOde}:'m

Equation 3.34

[DS — DB] + (DB - Do)(pT - DO) (E>mfo

PeePr 0.2
_ @( B ) o bFrcFscpepipg 2 ug ™’
2 DsDomgd! >

Equation 3.35

[Ds — Dg] +

(DB - Do)(pT - Do) <E)mf0
PcpPr 0.2

The shell-side pressure drop is a strong function of the baffle spacing (B), since the

shell-side fluid velocity (vs) is inversely proportional to B (see Equation 3.31).

2. Pressure loss in the inlet and outlet nozzles APxs per shell is given by (Serth,

2007)

APNs = APNg intett APNs outlet = Equation 3.36

2 2
CNS,inletpSVNS,inlet+ CNS,outletpSVNS,outlet

Where:
Chns. intet = 0.375 for Rexs, inee> 2100; and Cxss. intet = 0.75 for 100 < Res, inee < 2100

Chxs, outtet = 0.375 for Rens, outer > 2100; and Cns outler = 0.75 for 100 < Rexs, outer < 2100

The Reynolds number and velocity for the inlet and outlet nozzle are given in
Equations 3.37 — 3.40. Both equations are a function of the inner diameter of the

inlet and outlet nozzle for the shell-side fluid (Dns, inlet and Dxs, outtet rE€spectively).

Pg VNS, inletDNs, inlet Equation 3.37
Rens, inter=
Hg
_ Mg Equation 3.38
VNS, inlet = 2
DR, inlet
Pg 4
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PgVNs, outletDNS, outlet Equation 3.39
ReNS, outlet™
Hg
— My Equation 3.40
VNS, outlet = 2
nDNS,outlet
S 4

Thus, the total pressure drop for the shell-side per shell is:

APS = APSS + APNS Equation 3.41

2875 2.843
= KpsiAvs™ "+ Kpgr Avg

2 2
+ CNS, inletpSVNS, inlet+ CNS, outletpsVNS, outlet

2.875 2.843
=Kps1Avs” "+ Kpgp Avs™ ™ + Kpgs

Where:

Kpgz = Cns v2 +C v2
PS3 NS, inletPg NS, inlet NS outletPg NS, outlet

Equation 3.42

_ 16 mg <CNS, inlet Chs, outlet>
Ps™ \DRs. imet DN, outlet

For heat exchangers with multiple shells connected in series, the total pressure drop

on the shell-side fluid is estimated by the product of the pressure drop per shell and

shell number in series as shown in Equation 3.43.

APg Ngupirs = NsHELLs APs Equation 3.43

For heat exchangers with multiple parallel shells, the total pressure drop on the shell-

side fluid is equal to the pressure drop in a single shell APs.

3.2.3 Tube-Side Heat Transfer Coefficient

The equation used in calculating the tube-side heat transfer coefficient depends on
the flow regime. The understanding of the fluid behaviour in the tube-side is
relatively straightforward. Well-known Dittus-Boelter correlation (Equation 3.44) is

used for the turbulent region (Bhatti and Shah, 1987).
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0.024Re”®Pr”* for heati Equation 3.44
= { 608 r04 orfied %ng for Re > 10 a
0.023Re™"Pr " for cooling

The relationship between the tube-side heat transfer coefficient (ht) and the Nusselt
number (Nu) is given in Equation 3.45 where, the inner diameter of the tube (D;) and
the tube-side thermal conductivity (kt) are known. The dimensionless properties
(Rer: Tube-side Reynolds number and Pry: Tube-side Prandtl number) can be
determined using Equations 3.46 and 3.47 respectively. To determine the mean fluid
velocity inside the tube (v;) required to calculate the Reynolds number, Equation
3.48 is used. This is dependent on the number of tube passes (Np); number of tubes
(N1); mass flowrate on the tube-side (my); the tube inner diameter and tube-side fluid

density (pr). Properties such as the tube-side heat capacity (Cpr) and viscosity (pir)

are known.
Nu = hyD, Equation 3.45
kr
vrD; Equation 3.46
Re;= PrVT quation
Hr
Cpriy Equation 3.47
PI'T:
kr
Np Equation 3.48
mr (NT)
V1 =

TEDi2
Pr\ =7

For the transition region, the Hausen correlation (Equation 3.49) is used and the
Seider-Tate correlation (Equation 3.50) used for the laminar region (Serth, 2007,
Kraus et al., 2011).

) X _ % Equation 3.49
Nu=0.116 (Re§ - 125) Pr3 |1+ (f) for 2100 < Re < 10*

D. % Equation 3.50
Nu = 1.86 [Re Pr <f)] for Re <2100 and L < 0.05Re.Pr.D;
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3.2.4 Tube-Side Pressure Drop

There are three major contributing factors to determining the total tube-side pressure
drop APr for a single shell. These are; the pressure drop in the straight tubes (APrr),
pressure drop in the tube entrances, exits and reversals (APrg), and pressure drop in

nozzles (APnr) (Serth, 2007).

1. Pressure drop in straight tubes APrp (Serth, 2007) given in Equation 3.51 is

dependent on the tube-side friction factor (Cgr).

2NPCFTLpTV% Equation 3.51

APrp = ———
D;

The Fanning friction factor is given by:

cpr = FcRe™ Equation 3.52

Where:

Fc =0.1034, ms = -0.2585 for Re > 3000

Fc =16, m¢=-1 for Re <2100

Substituting Equation 3.52 and 3.46 into Equation 3.51 yields:

Equation 3.53

Dp\™
2NeFe (pﬁT 1) LpTv?mf

APTT =

D;
2. Pressure drop in the tube entrances, exits and reversals APtg (Serth, 2007)

APrg = 0.50gp VT Equation 3.54

Where:
or = 2Np— 1.5 for Re > 2100
ag = 3.25Np — 1.5 for 500 <Re <2100

3. Pressure loss in the inlet and outlet nozzles APyt per shell (Serth, 2007)
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APNT = APNT inlett APNT outlet Equation 3.55
= CNT,inletpTVI%IT,inlet"' CNT,outletpTVI%IT,outlet

Where:

CNT. inlet = 0.375 for Rexr, inie > 2100; and Cnr, inter = 0.75 for 100 < Reyr, ine < 2100

CNT, outtet = 0.375 for Renr, outer > 2100; and Cnrouer = 0.75 for 100 < Renr, ouger < 2100

The Reynolds number and velocity for the inlet and outlet nozzle are given in
Equations 3.56 — 3.59. Both equations are a function of the inner diameter of the

inlet and outlet nozzle for the tube-side fluid (DN, inlet and DN, outler respectively).

PrVNT, inlet DNT, inlet Equation 3.56
RenT, inter=
Hy
_ Iy Equation 3.57
VNT, inlet = 5
7]:DNT, inlet
1 —
PVNT, outlet DNT, outlet Equation 3.58
ReNT, outlet™
Hy
_ Iy Equation 3.59
VNT, outlet = 2
7]:DNT,outlet
pr | —

Thus, the total pressure drop for the tube side per shell is:
APT = APTT + APTE + APNT Equation 3.60
For heat exchangers with multiple shells connected in series, the total pressure drop

on the tube-side fluid is estimated by the product of the pressure drop per shell and

shell number in series:

APT Ngypirs = NsHeLLs AP Equation 3.61

For heat exchangers with multiple parallel shells, the total pressure drop on the tube-

side fluid is equal to the pressure drop in a single shell.
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3.2.5 Exchanger Design
1. Overall heat transfer coefficient (U):
Equation 3.62 can be used in calculating the overall heat transfer coefficient (U),

where ke 1s the tube conductivity; hsr and hrr are fouling resistances of the shell

and tube side respectively.

U 1 1 D,Jn(D,/D;) D, 1\! Equation 3.62
~ \hs ¥ hgr ¥ 2kr ¥ Dihrg ¥ hy
2. Heat transfer area (A or A'):

The overall heat transfer area can be determined in two ways. One is based on the
geometry of the heat exchanger (A), and the other is based on the overall heat

transfer coefficient (A'). They are presented in equations 3.63 and 3.64 respectively.

A =NtaD L Equation 3.63

Where, L is the effective tube length.

_CPu(Ty — Tho)  CPc(Teo — Tei) Equation 3.64
T UxFpxATyy  UxFrpx AT »

3. Log-mean-temperature-difference (LMTD):

The outlet temperatures of the hot and cold side (Ty, and Tc, respectively) of the
heat exchanger have to be determined before the log mean temperature difference
(ATpm) can be found. Considering a counter-current heat exchanger, the equations
described by (Kotjabasakis and Linnhoff, 1986) can be used in determining the
LMTD of the heat exchanger as shown in Equations 3.65 — 3.67.

Qy = CPy(Ty; — Thyo) Equation 3.65
Qp =CPc(Te — Tey) Equation 3.66
Ty — Teo) — (Tho — T Equation 3.67
QH=QC=UAATLM:UA( H CT) (TH ci) q
In ( Hi Co)
Tho — T
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It is typically assumed that the physical properties of the streams, heat transfer area,
exchanger geometry, inlet temperatures (hot side: Ty; and cold side: T¢;), and heat
capacity flowrates of both hot and cold side (CPy and CP¢) are known. With this, the
outlet temperatures and heat duties on both the hot and cold side (Qy and Q¢) can be

calculated.

If the heat capacity flowrate of both the hot and cold sides are constant, we can
derive an expression as shown in Equation 3.68 that relates the temperatures to the

heat capacity flowrates, where R is a constant.

CPc Ty —Tho Equation 3.68

R = -
CPy  Teo — Tai

Combining Equation 3.66 and 3.67 gives:

THi - TCO I UA (THI - THO) - (TCO - TCi) Equation 3.69
——— = exp X
Tho — Tai CPc Teo — T

Combining Equations 3.68 and 3.69 gives:

Ty — Teo UAR -1 .
H “Co exp [%l Equation 3.70
C

Tho — Ty

Eliminating T¢, between Equations 3.68 and 3.70 gives (Kotjabaskis and Linnhoff,
1986):

(R - 1)TH1 + R(X - 1)TCi + (1 - RX)THO = 0 R :/:1 Equation 371

Where:

X UAR-1) Equation 3.72
= exp CPe

Eliminating Ty, between Equations 3.68 and 3.70 gives (Kotjabaskis and Linnhoff,
1986):

R(X — DTy + X(R— DT + (1 —RX)Teo = 0 R#1 Equation 3.73
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If the inlet temperatures Ty; and T¢; are known, along with U, A, CPy and CPc, then
Equations 3.71 and 3.73 constitute two equations with two unknowns (the outlet

temperatures Ty, and Tc,). Rearranging both equations to solve for the unknowns

yields:
(R—-—DTy + RX = DT Equation 3.74
Ho = R #1
RX—-1)
R(X—=1)Ty + X(R = 1)Tg; Equation 3.75
Teo = ( M ( )Ta R #1 q
RX—-1)
For the special case where R = 1:
QC = CPC (TCO - TCi) = UA(THO - TCi) Equation 3.76
Ty — Tho = Teo — Te Equation 3.77

Eliminating T, between Equations 3.76 and 3.77 gives:

T+ YT — (Y+1)=0 R =1 Equation 3.78

Where:

v UA Equation 3.79
~ CPc

Rearranging Equation 3.76 and 3.77 and substituting in 3.79 to eliminate Ty, gives:

YTy + Teg — (Y + DT =0 R =1 Equation 3.80

Thus, for the special case of R=1, Equations 3.78 and 3.80 replace Equations 3.71

and 3.73. Therefore, for a single heat exchanger where R=1:

_ Ty + YT R =1 Equation 3.81
Ho= 7w oy =
Y+ 1)
YTy + T Equation 3.82

T+ )
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4. Correction factor

The equation used in describing a non-counter-current heat exchanger has an added
function, the log mean temperature difference correction factor (Fr), as shown in
Equation 3.83. This creates a potential problem for rating heat exchangers, as the
outlet temperatures of the heat exchanger are unknown. Herkenhoff (1981) proposed
a methodology, which involves the manipulation of the equations for Fr to avoid

iteration. The basic definition of Fris given in Equation 3.84.

Q =Qc =UAAT\Fr Equation 3.83
uA 2 1—-Pi» Equation 3.84
F ( CPC)CC R%+1ln [1 - RPl_z]
T = =

2— Py (Rel —VR*1)
2P,y (R+1+VR?+1 )

UA
(C—Pc) (R—1)In

The numerator of Equation 3.84 is the counter-current heat duty and the denominator
the actual non-counter-current duty. Rearranging Equations 3.67 for a non-counter-

current heat exchanger gives:

In [THi — TCO] n[L=P Equation 3.85
(W) _ PlfwTel =
CPe/e [Tui=Tw| _; R-1
« [TCO - TCi] !

For a series of Nggprrs of 1-2 heat exchangers Equations 3.84, 3.85 can be

combined to give:

1—P 2 1—-P, Equation 3.86
In|t—%p R +1In 7= R‘Pl_z]

"IT—RP
2— Py (Rel —VR*1)
2= Py (R+1+VR?+1 )

® - 1)(g_ll’%c) (R—1In

Where:

1-P 1-P, Equation 3.87
In [1 — RP] = Nsupris In [1 — RPI_Z]
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Combining Equations 3.86 and 3.87 and rearranging gives:

P 26 -2 Equation 3.88
12 =
G(R+1+ R2+1) - (R+1 —\/R2+1)
Where:
G UAVR?*+1 Equation 3.89
CPcNgygrLs

P, can be calculated using Equation 3.88; this value can then be substituted back
into Equation 3.84 to calculate the value of Fr. For non-counter-current heat

exchangers Equation 3.72 and 3.79 becomes:

< UARR — 1)Fy Equation 3.90
= exp CPe

v UAFr Equation 3.91
~ CPc

3.3 Model Validation

The proposed model is compared with three models i.e. Wills-Johnston (Wills and
Johnston, 1984), Bell-Delaware (Taborek, 1988) and Modified Simple Delaware
(Wang et al., 2012b). The model was also compared with two commercial software;
i.e. HEXTRAN® and HTRI®. The example heat exchanger used is that of Example 5
in Wang et al. (2012b) and its stream properties and geometric details are shown in

Table 3.3.
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Table 3.3: Stream data and geometry of heat exchanger
Fluids Shell-side Tube-Side
Specific Heat C, (J/kg C) 2273 2303
Thermal Conductivity k (W/m C) 0.08 0.0899
Viscosity p (Pas) 1.89E-02 9.35E-04
Density p (kg/m’) 966 791
Mass Flow rate m (kg/s) 46.25 202.54
Inlet Temperature T;, (°C) 227 131
Fouling Resistance (m” C/W) 0.00176 0.00053

Heat exchanger geometry

Shell Inner Diameter Dy
Tube Pitch Pt (m) 0.03125 0.965
(m)
Number of Tubes Nt 612 Number of Baffles Ny 25
Number of Passes Np 2 Baffle Spacing B (m) 20%
Inlet Baffle Spacing Bi,
Tube Length L (m) 6 0.3117
(m)
Outlet Baffle Spacing By
Tube Effective Length Leg (m) 5.903 ) 0.3117
m
Inner Diameter of Tube-
Tube Conductivity Kpe
51.91 side Inlet Nozzle Dnrinler | 0.336
(W/m°C)
(m)
Inner Diameter of Tube-
Tube Layout Angle 90 side Outlet Nozzle 0.336
DNT,outlet (m)
Inner Diameter of Shell-
Straight Tube
Bundle Configuration side Inlet Nozzle Dnginier | 0.154
Bundle
(m)
Inner Diameter of Shell-
Tube Inner Diameter D; (m) 0.02 side Outlet Nozzle 0.154
DNS,outlet (m)
Shell-Bundle Diametric
Tube Outer Diameter D, (m) 0.025 0.069
Clearance Lsg (m)
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Table 3.4: Modelling Result

AP AP
Teo T h Tho S h U
Models ¢ T i :
O | kpa) | Wm2C) | (O | kPa) | (W/m>C) | (W/m?C)
Bell-
~195| 556 | 15749 | 138|473 | 3136 154.8
Delaware
Wills-
~188 | 556 | 20309 | 140|269 | 5725 206.7
Johnston
Modified
Simple | ~191| 55.6 | 20309 | 139 | 65.8 | 4333 185.2
Delaware
HTRI® | ~193 | 592 | 2060.6 | 139 | 76.4 | 371.7 1733
HEXTRAN® | ~189 | 56.3 | 15748 | 140 | 524 | 5709 199.1
New Model | ~192 | 55.6 | 15751 | 139 | 64.8 | 419.1 176.8

From Table 3.4, the tube-side heat transfer coefficient obtained using the new model
is similar to HEXTRAN® and the Bell-Delaware models but it is lower than that of
the modified simple Delaware and HTRI® because the former two makes use of the
Colburn correlation as shown in Equation 3.44. Compared with the Dittus-Boelter
correlation, the Colburn correlation uses a smaller factor to calculate the Nusselt
number. There is a good agreement between almost all models for the calculation of
the tube-side pressure drop. In terms of the shell-side calculations, the developed
model falls in between the HEXTRAN® and HTRI® models and also very similar to
that obtained by the Modified Simple Delaware model.

In conclusion, it has been demonstrated that this new model can be used for
predicting the performance of heat exchangers in design and process engineering
practices. As such, the new model is used for predicting the performance of all

existing process heat exchangers in the networks examined in this thesis.
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Chapter 4 Retrofit with Heat Transfer Enhancement

4.1 Introduction to Publications 1 and 2

This section tackles the first research objective given in Section 1.3 of this thesis.
This section is made up of two peer-reviewed publications that have been published
in the Applied Energy Journal. Section 4.1 provides a background of both
publications. Section 4.4 presents a comparison of the non-linear optimisation model
used in both publications and a Mixed-Integer Linear Programming (MILP) model
used for heat exchanger network (HEN) retrofit with heat transfer enhancement (Pan

etal. 2012).

The drive for exploring heat transfer enhancement is born from the desire to present
low cost retrofit for HENs. This is because with heat transfer enhancement, no
topology modifications are required and the heat transfer area of existing heat
exchangers can be maintained. This considerably reduces the downtime for the
retrofit process. Other benefits of heat transfer enhancement include low capital cost
when used for grass root projects, low retrofit cost, and it improves the performance
of heat exchangers in terms of operability, mitigation of fouling and improved flow
distribution within existing heat exchangers in a network. Therefore, it is vital to
present methodologies for successfully applying heat transfer enhancement in HEN

retrofit.

4.1.1 Best Exchanger for Enhancement

This section answers the question posed in “Objective 1, Question a” of this thesis.
Both publications present a two-step approach for the identification of the best heat
exchanger to enhance. The first step is the identification of heat exchangers on a
utility path. By definition, a utility path is a connection between two utilities through
process heat exchangers. In order to improve energy recovery while maintaining the
network topology, only heat exchangers on a utility path should be considered. This
allows the duties of enhanced heat exchangers to be increased and consequently a
reduction in the respective utilities is obtained while maintaining the energy balance
of the network. For simple HENs, utility paths can be identified by inspection.
However, in complex networks, a systematic method has to be used. This work

proposes the use of the incidence matrix approach for the identification of
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exchangers on a utility path. The methodology used is presented in Publication 1.
This methodology has been automated as part of the software developed in the
University of Manchester used for HEN design (SPRINT, 2016). Having identified
candidate heat exchangers for enhancement i.e. exchangers on a utility path, the next
step is to identify the best heat exchanger and as such the best enhancement sequence
in a given HEN. Publication 1 makes use of sensitivity analysis for the identification
of the best heat exchanger to enhance. With sensitivity analysis, decision on the best
heat exchanger to enhance is related to a key utility exchanger. For small-scale heat
exchanger networks, this procedure is robust for the identification of the
enhancement sequence. In large-scale HENs with multiple utilities, the use of
sensitivity analysis has the potential of being a tedious task. This is because, with
sensitivity analysis, only heat exchangers on a direct utility path with the most
expensive utility are considered first. Then the next expensive utility exchanger is
considered, and so on. To tackle the computational difficulty posed by sensitivity
analysis in large-scale networks, a novel method, the area ratio approach is presented
in Publication 2. The area ratio approach is based on existing heat exchanger
geometry and their ability to accommodate for additional heat transfer area. The
benefit of the area ratio approach over sensitivity analysis is highlighted in

Publication 2.

Considering a shell and tube heat exchanger, the best location to apply heat transfer
enhancement is on the side with higher resistance. This represents the side with
lower heat transfer coefficient. Maximising energy recovery in heat exchanger
networks (HENs) can bring down the total energy consumption. In crude unit
HENS, the side with high resistance is usually the tube side. As such, this work
focuses on tube-side enhancement techniques. Tube inserts were chosen as the
enhancement device for both publications due to their ease of implementation that
can be done during exchanger cleaning. Wire coil inserts and twisted tape inserts are
explored in both publications. Correlations used in modelling both types of tube
inserts are provided in the second publication. This allows for the actual
augmentation level of enhanced heat exchangers to be determined based on

exchanger geometry.
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4.1.2 Downstream Effects

This section tackles the question posed in “Objective 1, Question b”. The change in
one unit in an existing HEN has effects of other units due to the close interaction
within a HEN. Target temperature and heat transfer area violations are considered in
both publications. To resolve the downstream effects on the HEN, a non-linear
optimisation model is proposed in this work. The model used is presented in both
publications. The model involves a systematic trade-off between energy recovery

and the need for additional heat transfer area.
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4.2 Publication 1:
Akpomiemie, M. O., and Smith, R., (2015). Retrofit of heat

exchanger networks without topology modifications and additional

heat transfer area, Applied Energy, 159, 381-390.
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Numerous design methods for the retrofit of heat exchanger networks have been proposed over the years,
with most depending greatly on topology modification and additional heat transfer area. However, topol-
ogy modifications and the installation of additional heat transfer area can lead to uneconomic retrofit in
many cases, largely as a result of the expense of civil engineering work and pipework modifications.
Retrofit of a heat exchanger network can be achieved without the need for topology modifications and
additional heat transfer area by the use of heat transfer enhancement. This paper presents a methodology

f[eeya ‘évgisl;an or network for heat exchanger network retrofit around a fixed network and without the need for additional heat
Retrofit 8 transfer area and topology modifications. Heat transfer enhancement techniques are used to improve

the energy performance of an existing heat exchanger network. A dominance ratio is explored to identify
the best location to apply enhancement. Sensitivity analysis is used in finding the sequence of the most
effective heat exchangers to enhance in order to improve the performance of the network. Sensitivity
analysis introduced to study network flexibility is adapted to study heat transfer enhancement. Heat
exchanger networks are complex systems with interactions between various components. A change in
one component can have an effect on other downstream heat exchangers. Therefore, the proposed
methodology presents a way of eliminating the need for additional heat transfer area after enhancement,
while ensuring the stream target temperatures are met. This is based on a key optimisation strategy
which depends on a trade-off between utility consumption and the need for additional heat transfer area.

© 2015 Elsevier Ltd. All rights reserved.

Heat transfer enhancement
Optimisation
Sensitivity analysis

1. Introduction the use of the aforementioned methods may be difficult to imple-

ment as a result of layout, safety and downtime constraints. These

Heat exchanger network (HEN) retrofit is an important way of
improving the energy efficiency or accommodating an increase in
throughput of an existing plant in the process industries.
Generally, the fewer modifications employed in retrofit, the more
attractive the retrofit is likely to be. This is because a small number
of modifications will tend to lead to a lower capital cost.
Conventional methods used in retrofit are, the use of additional
heat transfer area and topology modifications (resequencing,
repiping and stream splitting). In practice, HEN retrofit through

* Corresponding author.
E-mail address: mary.akpomiemie@manchester.ac.uk (M.O. Akpomiemie).

http://dx.doi.org/10.1016/j.apenergy.2015.09.017
0306-2619/© 2015 Elsevier Ltd. All rights reserved.

conventional retrofit methods will also incur an increased capital
cost due to the considerable civil engineering and pipework
required and potential production losses during modification.
Owing to the aforementioned drawbacks in HEN retrofit, there
have been increased interests into the use of heat transfer
enhancement techniques for the retrofit of HENs. The use of heat
transfer enhancement can be a very attractive option in HEN retro-
fit because the implementation of enhancement devices is a rela-
tively simple task therefore, can be applied during normal
maintenance period ensuring production losses are at a minimum.
It is also generally cheaper to implement heat transfer enhance-
ment than additional heat transfer area and, the civil engineering
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Nomenclature

P column vector (-)

Dy tube inner diameter (m)

L length (m)

he tube-side heat transfer coefficient (kW m=2 C~1)

Cp heat capacity (Jkg~!' C™1)

m mass flow rate (kg s™!)

k fluid thermal conductivity (W m~'C™1)

Np number of tube passes (-)

Nt number of tubes (-)

drn,nler  inner diameter of the inlet nozzle for the tube-side fluid
(m)

drnoutler iNNer diameter of the outlet nozzle for the tube-side
fluid (m)

Ns number of shells (-)

hs shell-side heat transfer coefficient (kW m—2C™1)

D, tube outer diameter (m)

Bc baffle cut (-)

B baffle spacing (m)

Ds shell inside diameter (m)

Dy outside diameter of the tube bundle (m)

Pt tube pitch (m)

np number of baffles (-)

Bin inlet baffle spacing (m)

Bout outlet baffle spacing (m)

A heat transfer area (m?)

Ag heat transfer area after enhancement (m?)

Drnjnler  inner diameter of the inlet nozzle for the shell-side fluid
(m)

Drnoutler inner diameter of the outlet nozzle for the shell-side
fluid (m)

Less effective tube length (m)

Q heat duty (kW)

Qe heat duty after enhancement (kW)

CPy heat capacity flowrate for the hot stream (kW C')

CPc heat capacity flowrate for the cold stream (kW C™1)

Tin inlet temperature (°C)

Tout outlet temperature (°C)

Tr stream target temperature (°C)

Tre stream target temperature after enhancement (°C)

U overall heat transfer coefficient (kW m~2°C~1)

Ug en?anced overall heat transfer coefficient (kW m™2 °-
)

Fr correction factor (-)

ATm log mean temperature difference (°C)

Ns number of streams (-)

Ng number of heat exchanger (-)

ATnin ~ minimum temperature approach (°C)

CPmin  minimum heat capacity flowrate (kW C1)

AQmax ~maximum heat duty (kW)

TCp total cost for base case ($)

TCg total cost after enhancement ($)

TCuup total hot utility cost for base case ($)

TChxyr total hot utility cost after enhancement ($)

TCcyp  total cold utility cost for base case ($)

TCyyre total hot utility cost after enhancement ($)

TCr total cost of retrofit ($)

TCk total cost of enhancement ($)

TCa total cost of additional area ($)

TCpp total cost of bypass ($)

RP; initial retrofit profit ($)

RPs final retrofit profit ($)

Greek letters
U viscosity (Pa s)
p fluid density (kg m~3)

and pipework are also reduced when compared with applying
topology modifications in retrofit.

The methods widely used in the retrofit of HEN are either based
on pinch analysis, mathematical programming methods, or a com-
bination of these two methods. Tjoe and Linnhoff [ 1] first proposed
the pinch retrofit method. The proposed concept is used to set tar-
gets for additional heat transfer area and utility consumption. The
drawback associated with this method is, the area target obtained
does not reflect the area distribution within the HEN. The limita-
tions posed by the pinch retrofit method were overcome by the
technique proposed by Shokoya and Kotjabasakis [2]. This tech-
nique incorporates the area distribution of the existing HEN into
the targeting mechanism. This method provides a more realistic
area target and retrofit design than that proposed by Tjoe and
Linnhoff [1]. Although the pinch analysis promotes good user
interaction and provides physical insights into the HEN retrofit
problem, choosing the best retrofit design is left to the user and
is based on their experience. In addition, the design process is time
consuming due to the heuristic nature of the design.

With mathematical programming, HEN retrofit is converted
into an optimisation task, by formulating the retrofit problem as
a mathematical model. The two important aspects in mathematical
programming methods are: finding an efficient way of represent-
ing the problem and providing an efficient optimisation technique
for solving the problems. The objective when performing optimisa-
tion is to identify the most cost effective design from many possi-
ble solutions embedded in a superstructure. Yee and Grossmann
[3] were the first to report retrofit of HENs that was based on a
mathematical method. They developed a mixed integer linear

programming (MILP) assignment-transhipment model for predict-
ing the smallest number of structural modifications in an existing
network. This was based on the transhipment model proposed by
Papoulias and Grossmann [4]. The objective of the model was to
maximise the utilisation of existing heat exchanger units, minimise
the number of new heat exchangers required and the reassignment
of existing heat exchanger units to different matches. This led to a
final network structure that was as close as possible to the existing
one. Ciric and Floudas [5] proposed a two-stage procedure for ret-
rofitting HEN. The first stage, a match selection stage, involved the
formulation of a MILP model. This model is used in the identifica-
tion of ideal structural modifications. The pairings of all possible
matches and heat exchangers are evaluated and decisions regard-
ing selecting matches, reassigning heat exchangers, adding new
heat exchangers and repiping streams are made. In the second
stage, the optimisation stage, a superstructure is generated con-
taining all possible network configurations based on the result
obtained from the first stage. This is then formulated and solved
as a non-linear programming (NLP) problem. They then went on
to present a single stage mixed-integer non-linear programming
(MINLP) model [6] that simultaneously optimised the HEN retrofit.
Yee and Grossmann [7] proposed an improved two-stage model for
retrofitting HENs: a pre-screening stage and an optimisation stage.
The purpose of the pre-screening stage is to determine the optimal
heat recovery level and the economic feasibility of the retrofit
design. The optimisation stage takes into consideration only the
number of new units required to achieve the optimum investment.
It consists of the construction of a retrofit superstructure that
includes all the possible retrofit designs embedded within it. To
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determine the best retrofit design, a MILP model is formulated and
solved. As clearly outlined above, it can be noted that most work
using mathematical modelling relies greatly on a screening and
optimisation step. Even though the mathematical programming
method allows for the HEN retrofit procedure to be automated,
its weakness lies in the fact that it lacks user interaction, it is very
sensitive to the initial guess and it requires expensive computa-
tional time.

To overcome the problems posed by the pinch analysis method
and the mathematical programming method, the benefits of the
aforementioned methods are combined. This gave rise to the birth
of stochastic algorithms, such as simulated annealing algorithms
[8] and genetic algorithms [9,10] to solve the HEN retrofit MINLP
problems. Asante and Zhu [11] developed a new method for HEN
retrofit and introduced the concept of the network pinch that iden-
tifies the bottleneck of the existing network that limits energy
recovery and the most effective change. The retrofit MINLP prob-
lem was then decomposed into a MILP problem and a NLP problem.
Modifications to this methodology were made to account for
temperature-dependent thermal properties of streams, combined
structural modifications and cost optimisation in a single step to
avoid missing cost-effective solutions [12].

The desire to retrofit HENs without the need of additional heat
transfer area and topology modification has led to a rise in the
investigation into using heat transfer enhancement for retrofit.
Heat transfer enhancement can be used to avoid the implementa-
tion of additional heat transfer area, which can lead to significant
cost savings. The cost savings are due to the fact that with heat
transfer enhancement there is no need for piping or civil works.
Heat transfer enhancement is also beneficial as it can be imple-
mented during normal maintenance periods, thereby, avoiding
production losses during retrofit. However, the application of exist-
ing methods for HEN retrofit is limited when it comes to its appli-
cation with heat transfer enhancement. Polley et al. [13] first
proposed the idea of combining both heat transfer enhancement
and HEN retrofit. Up until that point, both aspects have only been
researched separately. The research conducted by Polley et al. [13]
analysed the potential benefit of using heat transfer enhancement
in retrofit, and the effect of pressure drop and fouling. The research
also contained comparison between different enhancement
devices. However, only a targeting methodology was proposed.
This methodology was based on area efficiency in which area effi-
ciency is the ratio between the target area and existing area
installed for the level of heat recovery reached in the existing
HEN. Finally, their study didn’t present a systematic way for apply-
ing heat transfer enhancement in retrofit. Nie and Zhu [14] pro-
posed a methodology considering heat transfer enhancement and
pressure drop. In this work, heat transfer enhancement was only
used in reducing retrofit investment, therefore, was not included
in the methodology. The main focus of their work was placed on
pressure drop. The methodology proposed is not robust enough,
and hence, will be difficult to implement on large-scale problems.
Zhu et al. [15] proposed a two-stage approach methodology based
on the network pinch with heat transfer enhancement. The first
stage, the targeting stage, makes use of the network pinch
approach for the determination of the best heat exchanger candi-
dates to be enhanced and also the augmentation level of enhance-
ment. The second stage, the selection stage, involves selecting the
most suitable heat transfer enhancement technique for each of the
suitable candidates identified in the targeting stage using a pres-
sure drop criterion. The drawback of this methodology is that
enhancement is only considered when additional heat transfer
area requirements are determined using the network pinch analy-
sis. An MILP optimisation methodology was proposed to address
the systematic implementation of heat transfer enhancement in
retrofit without topology modifications [16]. This work considered

the exact value of the log mean temperature difference and corre-
lation factor Fr and multiple tube passes are also considered in the
optimisation process. This allows for the optimisation of heat
transfer enhancement and presents a simple implementation nat-
ure of heat transfer enhancement. However, this study is limited to
small-scale design problems. Pan et al. [17] proposed an MILP
based iterative method for the retrofit of HENs with heat transfer
enhancement. This method was able to overcome drawbacks of
existing design methods. However, the level of enhancement pro-
posed cannot be guaranteed based on the geometry of existing
heat exchangers in the network. Moreover, the applicability of
the mathematical programming solution is quite challenging in
industrial processes. Wang et al. [18] proposed a set a heuristic
rules to retrofit HENs that overcomes the drawbacks posed by
mathematical programming in terms of industrial application.
Their work was able to provide the amount of energy saving and
position of the required heat transfer enhancement. However, the
work was based on the assumption of pure counter current heat
exchangers, which is unrealistic in terms of industrial practice.
The research also was unable to guarantee the feasibility of the
required heat transfer enhancement. To overcome the drawback
of this work, Jiang et al. [19] presented a methodology for retrofit
without topology modifications that made use of the detailed
design of heat exchangers in the network without assuming pure
counter current heat exchangers. However, this method did not
account for the effect of applying heat transfer enhancement on
other heat exchangers in the network such as the need for addi-
tional heat transfer area in downstream heat exchangers after
enhancement due to the decrease in driving force. This limits the
level of energy saving that can be attained and also increases the
capital cost associated with the use enhancement. Therefore, this
work presents a retrofit methodology that makes use of heat trans-
fer enhancement without the need for topology modifications and
additional heat transfer area based on the detailed design of heat
exchangers in the network. This is an extension to the methodol-
ogy presented by Jiang et al. [19] by, (1) identifying the best loca-
tion to apply enhancement; (2) presenting a methodology that can
be used to automatically identify candidate heat exchangers for
enhancement i.e. heat exchangers on a utility path and; (3) tack-
ling the issue of downstream effects after enhancement with the
aid of a cost based optimisation strategy. This allows for more
exchangers to be enhanced and hence, provides a greater energy
saving in retrofit at a low retrofit investment. The proposed
methodology capitalises on the benefit of user interaction and a
cost based optimisation model to guarantee an optimal retrofitted
HEN that meets the retrofit objective. The validity and robustness
of the proposed method will be tested with a case study.

2. Identification of utility paths

A utility path is a connection between two utilities through pro-
cess streams and heat exchangers. This work aims to develop a cost
effective methodology for retrofit of HENs without topology mod-
ifications and additional heat transfer area. To achieve the retrofit
objective, exchangers to be modified must be on a utility path to
allow for heat loads to be shifted. This is based by the concept pro-
posed by Linnhoff and Hindmarsh [20]. HENs are complex system
with interactions between various components. A change in one
component, affects the performance of other components and the
heat balance in the HEN. Utility paths can be used in tackling the
effects of the change in exchanger performance and stream balance
in HEN after enhancement.

Patel [21] proposed a method based on the incidence matrix
approach for the identification of utility paths in HENs. The
methodology is based on that proposed by Pethe et al. [22] for
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the identification of loops in HENs. The difference between both
methods is the addition of a column vector to the incidence matrix
to signify the pseudo link between two utilities. Outlined below is
the methodology used in the identification of utility paths based on
the incidence matrix approach.

1. Let Ns and N represent the number of streams and heat
exchangers in the network respectively. The incidence matrix
is a Ns x Ng matrix. The rows in the incidence matrix represent
the process and utility streams. The columns represent the pro-
cess and utility heat exchangers.

2. If a heat exchanger removes heat from a stream and supplies
heat to another, a value of +1 is added column-wise in the
row from which heat is removed and a value of —1 is added
column-wise in the row to which heat is added.

3. The column vector added to the incidence matrix has all zero
entries with the exception of entries of +1 and —1 for the hot
and cold utility respectively.

A vital point to note when constructing the incidence matrix is
that all hot utilities are assumed to have one stream and same for
cold utilities. The example from Li and Chang [23] is used to
demonstrate the incidence matrix approach for the identification
of utility paths. From Fig. 1, both cold utilities C1 and C2 are
assumed to be on the same stream and the hot utility H has its
own stream. Therefore, the HEN has 7 streams and 7 heat exchang-
ers. Applying the aforementioned procedure, the incidence matrix
generated is given in Table 1. The utility path is dependent on the
column vector P in the incidence matrix. This is represented as a
linear combination of independent columns in the incidence
matrix. If the column sums in the incidence matrix adds up to a
row of zero, the matrix is said to be linearly dependent. This is
because at least one of these rows can be represented as a linear
combination of other rows. Based on the initial incidence matrix
shown in Table 1, it can be noted that the column sum produces
a row of zero therefore, the initial incidence matrix is said to be lin-
early dependent.

Converting the matrix from linear dependency to independency
involves the following steps:

1. Scan through each row in the incidence matrix and find the first
non-zero entry.

2. Ensure all other entries below this entry are zero. This can be
achieved by making row operations.

3. Repeat for all rows in the incidence matrix.

The row operations performed based on data from Table 1 are
outlined below. Table 2 shows the linearly independent incidence
matrix obtained after row operations. From this table, it can be
noted that the column sums no longer adds up to a row of zeros.
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Fig. 1. An example HEN.

Table 1

Initial incidence matrix.
S/E 1 2 3 4 c1 2 H P
H1 0 0 +1 +1 0 0
H2 0 0 +1 0 +1 0 0
H3 +1 +1 0 0 0 0
Cc1 -1 -1 0 0 0 0
c2 -1 0 0 -1 0 0 -1 0
HU 0 0 0 0 0 +1 +1
CU 0 0 0 0 -1 -1 0 -1
Total 0 0 0 0 0 0 0 0

Table 2

Independent incidence matrix.
SIE 1 2 3 4 Cc1 C2 H P
H1 0 0 +1 0 +1 0 0 0
H2 0 0 0 +1 0 +1 0 0
H3 +1 +1 0 0 0 0 0
C1 0 -1 0 0 +1 0 0
c2 0 0 0 0 +1 +1 -1 0
HU 0 0 0 0 0 0 +1 +1
CU 0 0 0 0 0 0 0 0
Total +1 0 +1 +1 +3 +2 0 +1

e First row: Row H1 + Row C1

e Second row: Row H2 + Row C2
e Third row: Row H3 + Row C2

e Fourth row: Row C1 + Row C2
o Fifth row: Row C2 + Row CU

e Sixth row: Row HU + Row CU

The column vector P represents the utility path, which is a link
between two utilities through process heat exchangers. Therefore,
after finding a linearly independent matrix, the column vector P is
then equated to a linear combination of columns in the incidence
matrix, as shown in Table 3.

The linear combination follows the law of path analysis, which
states that if a certain amount of heat load is added to a heater, that
same amount must be subtracted from a process heat exchanger,
added to the next process heat exchanger and so on, until it is
finally added to a cooler. Graphical representations of the utility
paths obtained are shown in Fig. 2.

The use of the incidence matrix approach for the identification
of utility paths has advantages that include computational effi-
ciency, ease of implementation, rigor even for large scale problems
and the potential to be automated as part of a retrofit methodology
for HENs.

3. Determination of enhancement location

Considering a shell and tube heat exchanger, a decision has to
be made on the location to apply heat transfer enhancement (shell
side, tube side or both). The overall heat transfer coefficient U of
candidate heat exchangers is dependent on the tube side and shell
side heat transfer coefficients (h, and hs respectively). The shell

Table 3
Path identification by incidence matrix approach.
Other columns (as linear combination of other columns) Utility
paths
Column P = Column H — Column 4 + Column C2 H-4-C2
Column P = Column H — Column 1 + Column 2 — Column 3 H-1-2-3-
+ Column C1 C1
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side and tube side heat transfer coefficients are determined using
established design equations for shell and tube heat exchangers,
which are fundamentally based on their geometries [24]. The value
of U tends towards the value of the smaller heat transfer coeffi-
cient. The dominance ratio in shell and tube heat exchangers can
be defined as the ratio between the shell side to tube side heat
transfer coefficient, hs/h,. When hs/h; < 1 the shell side has a greater
heat transfer resistance. In this case, enhancement should be
applied to the shell side to harness the benefits of enhancement.
On the other hand, when hg/h; > 1 enhancement should be applied
to the tube side. Finally, if the dominance ratio is close to unity,
enhancing both sides should be considered. It is important to point
out that greater benefits of using enhancement will be attained the
more the value of the dominance ratio deviates from unity. Fig. 3
represents the relationship between dominance ratio and determi-
nation of the best location to apply enhancement.

4. Sensitivity analysis

Sensitivity analysis was first proposed by Kotjabasakis and
Linnhoff [25] for the purpose of enhancing the flexibility of HENs.
It can identify the passive response in a HEN when design changes
are made. Sensitivity analysis is based on the well-known heat
transfer equation (shown in Eq. (1)). In order to perform sensitivity
analysis, the only information needed is the base case stream data
and the HEN structure.

Q = UAATFr (1)

Sensitivity analysis is conducted by varying UAF; of each candi-
date heat exchanger against the inlet temperature of the chosen
utility heat exchanger that can bring about energy savings at
reduced cost. Sensitivity analysis provides a simple approach to
identify the best heat exchanger to apply enhancement in retrofit.
Wang [26] highlighted some physical insights into the heat

ho/h,

Enhance Both Sides

Enhance Tube Side

= Enhance Shell Side

Ex1 Ex2 Ex3 Ex4 Heat Exchanger

Fig. 3. Dominance ratio to determine enhancement location.

exchangers that exhibit high sensitivity. It was stated that for a
heat exchanger to exhibit high sensitivity, the location of the heat
exchanger is important. This is because, when a design change is
made on a particular heat exchanger, there will be an effect on
all other heat exchangers located downstream from the changed
heat exchanger. Therefore, the closer the exchanger is to the key
utility exchanger, the greater its impact in terms of energy saving.
Another reason for high sensitivity is based on the maximum sav-
ing potential of candidate heat exchangers. The equation for the
maximum energy recovery after enhancement (AQmax) is depicted
in Eq. (2). From the equation, it can be noted that AQp,.y is directly
proportional to both the minimum temperature difference (ATuin)
and the minimum stream heat capacity flow rate of candidate
exchanger (CPyn). Therefore, if ATy, and CPp,;, of a candidate heat
exchanger are high, the heat exchanger will exhibit high sensitiv-
ity. The research also highlighted the importance of ATy, in
respect to effectiveness of the application of heat transfer enhance-
ment. It was pointed out that if AT, of a heat exchanger is close
to zero, the heat transfer area of that heat exchanger tends to be
infinite. Alternatively, if AT, is close to zero for a given heat
transfer area, the heat transfer coefficient of that heat exchanger
tends to infinity. Therefore, at very low AT, the application of
heat transfer enhancement will not be effective.

AQax = ATminACPmin (2)

5. Optimisation

HENs are complex systems with interactions between various
components. A change in one component affects the performance
of other components in the HEN. When performing retrofit of HENs
with heat transfer enhancement, without the need for topology
modifications and additional area, two key violations that can
occur after enhancement are target temperature and heat transfer
area violations. Target temperature violation arises from the dis-
turbance in the network after enhancement. Given the example
HEN shown in Fig. 4, if exchanger 4 is enhanced, an increase and
decrease in the target temperature of stream C2 and H2 will be
observed respectively at constant duty of all other exchangers in
the network. Heat transfer area violation on the other hand is as
a result of a decrease in the driving force of heat exchangers
located downstream from an enhanced heat exchanger. Similar
to the target temperature violation, if exchanger 4 is enhanced, a
decrease in the driving force of exchangers located downstream
(in this case exchanger 1) will be observed. Therefore, at constant
duty of exchanger 1, additional heat transfer area will be required
in exchanger 1 as shown in Fig. 5.

An important feature of a utility path is that heat loads can be
shifted from one utility to another utility through process heat
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exchangers, as shown in Fig. 6. With this, the target temperatures
of all streams are maintained and only the exchangers’ operating
conditions (heat load and driving force) are changed. In retrofit,
if the heat transfer area of each heat exchanger is fixed when shift-
ing heat loads along a utility path, heat exchangers with a higher
duty will require increased heat transfer driving force and heat
exchangers with a decreased duty will require a bypass.

Performing optimisation of the heat exchanger network after
enhancement is vital to ensure the retrofit objective is met, while
producing a feasible retrofitted HEN. The optimisation is based
on utility path analysis. The amount of heat load (H) that needs
to be shifted to correct additional heat transfer area and target
temperature violations can be determined using an optimisation
model. This model is based on a trade-off between utility savings
and capital cost (additional heat transfer area). This trade-off can
be seen in Fig. 6, which shows that a certain amount of heat load
needs to be added to both utilities and subtracted from the exchan-
ger requiring additional area. This in turn reduces the initial utility
savings obtained when exchanger 4 was enhanced.

5.1. Model

Given that this is a retrofit problem, an assumption is made that
the stream properties, heat exchanger data and stream matches are

known. Detailed design of exchangers can be performed using
models presented in [22]. The design and energy balance equations
for all heat exchangers and streams are:

Q = UAATLMF T vexchangers

Q = CpH(Tin - Tout)

vhotstreams

Q = CPc(Tou — Tin)

First the base case total cost of the utilities is calculated. The ini-
tial installation costs of all heat exchangers are not included.

TCs = TC,up + TC,cup

Vcolclstreams

(6)

At constant heat transfer area, the enhanced duty of the
enhanced heat exchanger can be calculated using:

Qg = UgAATFr (7)

As a result of the downstream effect of the enhanced heat
exchanger, the new heat transfer area for all process heat exchang-

ers needs to be calculated. At constant duty, the new area after
enhancement is given by:

__Q
N UATL]\/IFT (8)

The total cost after enhancement, which is given, by the new
total cost of both utilities and the cost of retrofit as shown in Eq.

(9).
TCe =TCpyg + TC,cu + TCk

Ag

9)

The cost of retrofit is dependent on the cost of applying
enhancement, the cost of additional heat transfer area to existing
heat exchangers and the cost of applying a bypass, as shown in
Eq. (10).

TCgr =TCg +TCp + TCpp (10)

The goal is to perform retrofit with heat transfer enhancement
without the need for topology modifications and additional heat
transfer area, while maintaining a balanced network. Therefore, if
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the heat transfer area of existing heat exchangers after enhance-
ment are greater than that before, and there are target temperature
violations, optimisation is performed.

The objective when performing optimisation is to maximise the
retrofit profit i.e. the difference between the total cost before
enhancement and the total cost after enhancement as shown in
Eq. (11). This is subject to maintaining the existing heat transfer
area of all heat exchangers and maintaining the target tempera-
tures of all streams by varying the duties of all heat exchangers
where there are heat transfer area violations and, the utility heat
exchangers on the same utility path.

Objective function : Maximise RP = TCz — TCg (11)

6. New retrofit methodology

Considering the robustness of sensitivity analysis for the identi-
fication of the best heat exchangers in the network to enhance, and
the understanding of the interactions between various compo-
nents in the network, an approach to cost-effective retrofit can
be proposed. Fig. 7 shows the proposed flowchart for the retrofit
of heat exchanger networks with heat transfer enhancement with-
out topology modifications and additional heat transfer area. This
includes:

Step 1: Given that this is a retrofit problem, we can assume that
the heat exchanger and stream data are known. Considering a
shell and tube heat exchanger, the first step involves the iden-
tification of the best location to apply enhancement (shell-
side, tube-side or both sides).

Step 2: This involves the identification of candidate heat
exchangers that can improve energy recovery in the existing
HEN. The incidence matrix approach is employed as a result
of its ability to efficiently identify all utility paths in a HEN.
Step 3: Sensitivity analysis is used to identify the best candidate
heat exchangers from those identified in the previous step. This
is based on the influence of candidate heat exchangers on the

| Base Case HEN |

v

Determination of Enhancement Location I

v

| 2. Identification of Utility Paths |

v

| 3. Sensitivity Analysis |

S

¥

4. Enhancement and
Constraint Violations

5. Optimisation

6. Stopping Criterion
RP,>RP,?

Retrofitted HEN

Fig. 7. Proposed HEN retrofit flowchart.

inlet temperature of the chosen utility heat exchanger under
investigation.

Step 4: The best heat exchanger identified in step 3 can then be
enhanced. After enhancement on the best heat exchanger is
performed, the retrofit process could become infeasible as a
result of either violations in stream target temperature, mini-
mum temperature approach or additional heat transfer area
requirement. Therefore, a feasibility check must be performed.
Step 5: The violations are then corrected by finding the optimal
heat load that should be shifted through utility paths subject to
maximising retrofit profit. If a situation exists where the mini-
mum temperature approach is still limiting, modifications may
be made to another heat exchanger.

Step 6: If the maximum retrofit profit after enhancement is less
than the initial retrofit profit, the retrofit procedure should be
aborted. If not, continue to step 7.

Step 7: After obtaining a feasible retrofitted HEN, further
improvement can be sort by reinitialising the retrofit approach
outlined in steps 1-6 based on the newly formulated base case.
This procedure is repeated until the stopping criterion is
violated.

7. Case study

The case study is a simplified preheat train. As shown in Fig. 8,
the base case HEN has twelve heat exchangers and six process
streams (five hot streams and one cold stream). The details of
the base case HEN are shown in Table 4. The hot utility (12) is sup-
plied by a fired heater, while the cold utilities (8,9, 10 and 11) are
cooling water coolers. The retrofit objective is to maximise retrofit

R OO O®

95°C
o/ \/

IE 299°C @ @grc

m 230°C m @gc

T N 178°C

52°C

E 206°C

Fig. 8. Base case heat exchanger network.

Table 4
Heat exchanger details.

Exchanger A (m?) h he U Q (kW) Ns Fr
(kW/m? °C) (kW/m?°C) (kW/m? °C)

1 396.72 2.07 133 0.52 614133 2 0.88
2 545.45 2.31 1.40 0.48 6134.83 2 0.82
3 633.85 4.54 0.78 0.16 5556.61 1 0.88
4 354.64 1.27 0.62 0.10 2688.79 1 0.94
5 183.85 2.56 0.78 0.32 3431.16 1 0.98
6 843.73 0.96 0.49 0.06 2291.88 1 0.97
7 114.28 3.38 0.98 0.36 3623.20 1 0.98
8 - - - - 657.23 - -
9 - - - - 1141.81 - -

10 - - - - 816.94 - -

11 - - - - 880.62 - -

12 - - - - 1445541 - -
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Table 5
Cost data.

Retrofit cost data

Cost of inserts: 500 + 10 x A ($)
Implementing by-pass: 500 ($)
Cost of increasing heat exchanger
area: 4000 +200 « A ($)

Utility cost data

Hot utility cost: 400 ($/kW y)
Cold utility cost: 5.5 ($/kW'y)

profit, without the need for topology modifications and additional
heat transfer area in any process heat exchanger in the network.

The proposed retrofit methodology is applied to this case study
with the following assumptions:

1. It is assumed that the cold utilities have only one stream and
the hot utility has its own stream for the identification of utility
path based on the incidence matrix approach.

2. Implementing a bypass can be used to reduce the duty of all
heat exchangers.

3. The cost parameters used in this case study are outlined in
Table 5.

4. The operating time is assumed to be one year for the purpose of
calculating the total profit.

8. Results and discussion

Based on the retrofit methodology, the first step is the determi-
nation of enhancement location. It is found that all process heat
exchangers are suitable for tube-side enhancement since the ther-
mal resistances are all higher in the tubes, as shown in Table 6.

The next step is the identification of utility paths in the HEN.
Tables 7 and 8 show the final incidence matrix and the utility paths
in the HEN. From Table 8, it is clear that exchanger 7 is the only
heat exchanger not on a utility path and as such, has been elimi-
nated from the next step of the retrofit methodology.

For sensitivity analysis the hot utility is chosen as the key utility
due to the fact that the hot utility is more expensive than the cold
utility. As such, a greater retrofit profit will be attained if the hot
utility consumption is reduced. Sensitivity analysis identifies the
most influential heat exchangers that can have an effect on the

Table 6
Determination of dominant side.

Exchanger Dominance ratio (hs/hy)
1 1.56
2 1.65
3 5.82
4 2.04
5 3.28
6 1.96
7 3.45
Table 7
Final incidence matrix.

1 2 3 4 5 6 7 8 9 10 11 12 P
H1 1 1 1 o 0 O O 1 0 O 0 0 o0
H2 0 0 o0 1 0 0 0 0 1 0 0 0 o0
H3 0o 0 0 0 1 o 0 0 o0 1 0 0 o0
H4 o 0 O O 0 1 0O 0 0 © 1 0 0
H5 o 0 O O O 0 1 0 0 O 0 0 O
C1 o 0 O O O o0 0 1 1 1 1 -1 0
HEAT 0 O O O O 0O 0 0 O0 ©O 0 1 1
cw o 0 O O O O O o0 o0 O 0 0 0
Sum 1 1 1 1 1 1 1 2 2 2 2 0 1

consumption of the hot utility. The inlet temperature of the hot
utility (12) has been used as the objective temperature for sensitiv-
ity analysis. A decrease in the inlet temperature directly correlates
to a reduction in the usage of hot utility. From Fig. 9, it is clear that
exchanger 5 exerts the greatest influence on the inlet temperature
of the hot utility exchanger for the required range of UAF;
variation.

Exchanger 5 is then enhanced. Based on the dominance ratio of
exchanger 5, tube side enhancement technique is used. Tube
inserts are commonly used because inserts are relatively cheap
and can be easily installed in existing heat exchangers. Heat trans-
fer enhancement models for twisted tape and coiled wires [24] are
used to calculate the enhanced performance of exchanger 5. Tables
9 and 10 show the details of exchanger 5 and its performance for
the two enhancement techniques used respectively. From Table 10,
twisted tape tube insert with a twist ratio of 2.66 and thickness
2.15 mm showed a better performance than coiled wire tube
inserts with a pitch of 42.5 mm and thickness of 2.15 mm.

It is important to point out that the consequence of an increase
in heat transfer coefficient is an increase in pressure drop. This
might introduce constraints in practical applications. Whether
such constraints apply depends on the design of the pumps in
the system. If there is a limit in the capacity of the pumps, then this
will restrict the number of heat exchangers that can be enhanced.
In this work it will be assumed that the pumps have spare capacity
to cope with the corresponding increase in pressure drop.

Twisted tape inserts have been chosen as the enhancement
technique for this case study as it provides a greater degree of
enhancement than coiled wire.

Feasibility check on the network after enhancing exchanger 5
found that exchanger 1 requires additional heat transfer area and
the target temperatures of streams 3 and 6 are not met. Therefore,
optimisation is conducted. Optimisation was conducted using glo-
bal solver on LINDO Systems What'’s Best! [27]. Table 11 shows the
results obtained after enhancement and after optimisation. Given
an initial utility cost of $5,801,396, the maximum retrofit profit
obtained after enhancing exchanger 5 is shown in Table 12.

The breakdown of load shift during optimisation is as follows:

1. Enhancing exchanger 5 correlated to the addition of 810.60 kW
to its initial duty. Based on path analysis, to balance the target
temperature, this same heat load had to be subtracted from
utility exchanger on the same path as exchanger 5 (12 and 10).

Table 8

Utility paths present in the case study HEN.
Other columns (as linear combination of other columns) Utility paths
Column P = Column 12 — Column 1 + Column 8 12-1-8
Column P = Column 12 — Column 2 + Column 8 12-2-8
Column P = Column 12 — Column 3 + Column 8 12-3-8
Column P = Column 12 — Column 4 + Column 9 12-4-9
Column P = Column 12 — Column 5 + Column 10 12-5-10
Column P = Column 12 — Column 6 + Column 11 12-6-11
)
E —o—Exchanger 1
?‘ ~#-Exchanger 2
E _ —#—Exchanger 3
g S —<—Exchanger 4
& -100% 200%
E ——Exchanger 5
= ~o—Exchanger 6
o0
] -6
= UAF; Variation (%)

Fig. 9. Sensitivity analysis.
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Table 9

Exchanger 5 data.
Streams Shell- Tube-

side side

Heat capacity flowrate C, (J/kg K) 2718.5 2325
Thermal conductivity k (W/m K) 0.104 0.0905
Viscosity p (Pa's) 9.86E-05 1.14E-03
Density p (kg/m®) 776 544.5
Mass flow rate m (kg/s) 67.94 61.90
Inlet temperature T;, (°C) 273 193.03

Outlet temperature T, (°C)
Fouling resistance (m? K/W)

Heat exchanger geometry

254.42 216.87
0.0007 0.00028

Tube pitch Py (m) 0.025
Number of tubes n, 665
Number of passes n, 2
Tube length L (m) 4.5
Tube effective length Leg (m) 4.4
Tube conductivity keype (W/m K) 51.91
Tube layout angle 90
Tube inner diameter D; (m) 0.016
Tube outer diameter D, (m) 0.020
Shell inner diameter D (m) 0.82
Number of baffles ny, 41
Baffle spacing B (m) 0.488
Inlet baffle spacing B;, (m) 0.488
Outlet baffle spacing Boye (M) 0.488
Baffle cut B. 25%
Inner diameter of tube-side inlet nozzle D; jnjec (M) 0.3048
Inner diameter of tube-side outlet nozzle D; oygier (M) 0.3048
Inner diameter of shell-side inlet nozzle Dy pier (M) 0.3048
Inner diameter of tube-side outlet nozzle Dy, oytiet (M) 0.3048
Shell-bundle diametric clearance Ly, (m) 0.041

Table 10

Enhancement techniques result for exchanger 5.

Options hs (kW/m?°C)  he (kW/m?°C) U (kW/m?°C)  Q (kW)
Twisted tape  2.56 1.67 0.448 4241.75
Coiled wires  2.56 1.66 0.447 4237.45
Table 11
Exchanger details after enhancement and optimisation.
EXChﬂnger Qafter enhancement AA Qafter optimisation AA
(kw) (m?) (kW) (m?)
1 6141.33 85.60 5769.86 0
2 6134.83 0 6134.83 0
3 5556.61 0 5556.61 0
4 2688.79 0 2688.79 0
5 4241.75 0 4241.75 0
6 2291.88 0 2291.88 0
7 3623.20 0 3623.20 0
8 657.23 - 1028.70 -
9 1141.81 - 1141.81 -
10 816.94 - 6.35 -
11 880.62 - 880.62 -
12 14455.41 - 14016.28 -
Table 12
Retrofit profit after enhancing exchanger 5.
Retrofit Enhancement $2338
cost Increasing area $0
Implementing by-pass $500
Total cost $2838
Retrofit Utilities savings $178,076
profit Net saving (utility savings — $175,238 (~3% of initial

total cost)

utility cost)

| Exchanger 5 |

v
Exchanger 1

v
| Exchanger 2 |

v

| Exchanger 3 |

v
| Exchanger 4 |

v
| Exchanger 6 |

Fig. 10. Enhancement sequence.

450,000
400,000
350,000
300,000
250,000

200,000

150,000

Retrofit Profit ($)

100,000

50,000

0

5 5.1 51,2 5,1,2,3  5,1,2,3,4 5,1,2,3,4,6
Exchangers Enhanced

Fig. 11. Retrofit profit.

2. As a result of the decrease in driving force of exchanger 1, addi-
tional heat transfer area of 85.60 m? was required. To eliminate
this additional area, 371.47 kW had to be subtracted from
exchanger 1. Given that exchanger 1 is on a utility path with
exchanger 12 and 8, this amount of heat load had to be added
to the utility exchangers 12 and 8 to balance the network.

3. Therefore, the total heat load subtracted from the hot utility
heat exchanger 12, is the difference between the maximum
heat load subtracted based on enhancing exchanger 5 and that
added to the utility exchanger 12 based on the elimination of
additional heat transfer area in exchanger 1. This corresponds
to a total of 439.13 kW.

Further retrofit, is carried out by repeating the retrofit method-
ology with the next most influential heat exchanger. Fig. 10 shows
the enhancement sequence based on the case study. The retrofit
profit after each enhancement is shown in Fig. 11. Given that the
retrofit objective is to maximise retrofit profit, enhancement is
stopped after enhancing the fifth most influential heat exchanger
(exchanger 4). This is because, after enhancing the sixth exchanger
(exchanger 6), there is a decrease in the retrofit profit obtained,
which violates the specified stopping criterion. The resulting final
cumulative retrofit profit is $382,866, which is approximately
6.6% of the initial total cost.

9. Conclusions
A retrofit methodology based on a combination of heuristic

rules and an optimisation strategy is proposed for heat exchanger
networks without topology modifications and additional heat
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transfer area. This method addresses ways of dealing with issues
associated with the use of heat transfer enhancement in HEN retro-
fit. These issues include, identifying enhancement location, identi-
fying the best heat exchanger to enhance and, dealing with
downstream effects after enhancement. Dominance ratio is used
in identifying the best location to apply enhancement. From the
simple case study, all heat exchangers under investigation are suit-
able for tube-side enhancement as the thermal resistances in the
tubes are dominant. Two enhancement techniques are considered
in this study i.e. twisted tape inserts and coiled-wire inserts.
Twisted tape inserts are used as the enhancement device in this
study as they provided a greater increase in heat transfer coeffi-
cient than coiled-wire inserts. The identification of the best candi-
date heat exchanger is broken down into two parts; identifying
candidate heat exchangers i.e. exchangers on a utility path and
performing sensitivity analysis to efficiently identify the hierarchy
in which candidate heat exchanger in the network should be
enhanced. In terms of dealing with downstream effects, a cost
based optimisation strategy is used. This ensures the feasibility
of the retrofit procedure, while meeting set constraints such as
heat transfer area and target temperature constraints. The retrofit
procedure is repeated until the stopping criterion is violated. The
proposed methodology applied to a simple case study resulted in
a retrofit profit of approximately 6.6% of the initial cost before ret-
rofit. This can be considered as a comparatively cost effective retro-
fit due to the fact that topology modifications and additional heat
transfer area are not considered. However, sensitivity analysis is
solely based on a single temperature, that of the inlet temperature
to a hot utility exchanger, which might be a problem in systems
with multiple utilities. Also, the analysis has to be repeated after
each modification is made as a result of change in temperatures
of the network. Therefore, a more comprehensive method of iden-
tifying the hierarchy for enhancing candidate heat exchangers that
can deal with multiple utilities and independent of temperature
change in a HEN should be explored. It has also been assumed that
the pumps can completely accommodate for the increase in pres-
sure drop associated with the use of heat transfer enhancement.
In practice, pressure drop might constrain the introduction of heat
transfer enhancement in some places in the network, depending on
pump capacity. This will be the subject of future work.
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The goal for performing heat exchanger network (HEN) retrofit is not only to reduce utility consumption
but to ensure that the retrofit is economically viable. The problem of using heat transfer enhancement for
retrofit lies with the uncertainty of the best location in which to apply enhancement, the augmentation
level and dealing with downstream effects after enhancement is conducted.

To solve these problems, a systematic methodology is proposed. The first step in this methodology is
the identification of candidate heat exchangers. In the second step, two methods, sensitivity analysis

Keywords: and an area ratio approach are compared for the identification of the best candidate heat exchangers
Heat exchanger network . .
Retrofit to enhance. Heat transfer enhancement is then performed on the best candidate heat exchanger and, a

non-linear optimisation based model is used to deal with the downstream effects after enhancement,
subject to meeting set constraints on the HEN, such as the stream target temperatures and heat transfer
area. Following this approach, the problems posed by the use of enhancement for retrofit can be
addressed in a simple and computationally inexpensive manner.

Heat transfer enhancement is an attractive option for HEN retrofit as it can provide energy saving with-
out the need for topology modifications and additional heat transfer area with an added benefit of
reduced implementation time, as modifications can be carried out during normal shutdown periods.

© 2015 Elsevier Ltd. All rights reserved.

Heat transfer enhancement
Optimisation

Area ratio

Sensitivity analysis

1. Introduction

The desire to improve the energy efficiency in process indus-
tries has resulted in a rise of interest into the retrofit of heat
exchanger networks (HENSs). This is based on the heat integration
strategies proposed to recover and utilise more of the heat avail-
able in the processes and reduce dependence on external utilities
in satisfying process heating and cooling demands. The success
or failure of these heat integration strategies depends on the
design of HENs. The retrofit of heat exchanger networks (HENs)
is commonly centred on the use of pinch analysis, mathematical
programming or a combination of both methods (hybrid methods).
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E-mail address: mary.akpomiemie@manchester.ac.uk (M.O. Akpomiemie).

http://dx.doi.org/10.1016/j.apenergy.2015.11.056
0306-2619/© 2015 Elsevier Ltd. All rights reserved.

The pinch analysis method was first proposed by Tjoe and Linnhoff
[1]. This work provided retrofit targets (for additional heat transfer
area and utility consumption), network analysis tools, and a mod-
ification strategy for energy saving retrofits. The drawback associ-
ated with this work was that the area targets obtained did not
reflect a complete area distribution within the HEN. Polley and
Panjeshahi [2] extended this work to take into account pressure
drop constraints. Shokoya and Kotjabasakis [3] proposed a new
technique that tackled the limitations of the pinch design method.
The technique proposed takes into account the area distribution of
the existing HEN into the retrofit target. This method provides a
more realistic area target than that proposed by Tjoe and Linnoff
[1] due to the consideration of area distribution. Carlsson et al.
[4] introduced the cost matrix method for HEN retrofit. They con-
sidered the cost of heat transfer area, physical piping distance
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Nomenclature

Q heat duty, kW

U overall heat transfer coefficient, kW m~2°C~!

A heat transfer area, m?

ATim log mean temperature difference, °C

Fr correction factor, -

Aexisting  €Xisting heat transfer area, m?

Quiliy  heat duty of utility heat exchangers, kW

hs shell-side heat transfer coefficient, kW m=2 °C~!

hsg shell-side fouling resistance, kW m~2 °C~!

D, tube outer diameter, m

D; tube inner diameter, m

Kkeube tube thermal conductivity, KW m~! °C~!

hr tube-side fouling resistance, kW m~2 °C~!

hy tube-side heat transfer coefficient, kW m=2 °C~!

AR area ratio, -

y twist ratio, -

H twist pitch, m

u fluid velocity, m s}

p axial roughness pitch, m

e wire diameter, m

Cp heat capacity, ] kg~ ! °C™!

k fluid thermal conductivity, kW m~! °C~!

m mass flowrate, kg s~ !

Tin inlet temperature, °C

Tout outlet temperature, °C

Np number of tube passes, —

Nr number of tubes, -

Ns number of shells, -

Pr tube pitch, m

Legr effective tube length, m

Ds shell inside diameter, m

B baffle spacing, m

np number of baffles, -

Bin inlet baffle spacing, m

Bout outlet baffle spacing, m

B¢ baffle cut, %

Drnjnler  inner diameter of the inlet nozzle for the shell-side fluid,
m

Drnoutler inner diameter of the outlet nozzle for the shell-side
fluid, m

TT target temperature, °C

TS supply temperature, °C

THI hot inlet temperature, °C

THO hot outlet temperature, °C

TCI cold inlet temperature, °C

TCO cold outlet temperature, °C

THIS hot inlet temperature of stream, °C
THOS hot outlet temperature of stream, °C
TCIS cold inlet temperature of stream, °C
TCOS cold outlet temperature of stream, °C
RP retrofit profit, $

RC retrofit cost, §

ucC utility cost, $

EC enhancement cost, $

AC area cost, $

BC bypass cost, $

Cccu cost parameter for cold utility, $/y
CHU cost parameter for hot utility, $/y
oT operating time, y

EF enhancement factor, -

Greek letters

u viscosity, Pa s

0 fluid density, kg m—3

1 tape thickness, m

1) physical correction factor, -

Dimensionless groups

Nu Nusselt number = %

Pr Prandtl number = CL,j‘

Re Reynolds number = %Df ]
Sw Swirl number = £ - [1 + (%)ZT
Subscripts

B base

E enhanced

T tube

S shell

UWT uniform wall temperature

b bulk

w wall

ex exchanger

HS hot stream

CS cold stream

Ccu cold utility

HU hot utility

i initial

f final

E, O enhanced and optimised

between pair of streams, auxiliary equipment and, pumping cost.
The pinch analysis method although promoting good user interac-
tion, can be very time consuming due to its heuristic nature. The
heuristic nature of the decision process could make it difficult to
apply pinch analysis to larger problems due to the increased num-
ber of design alternatives.

Mathematical programming methods can be further subdivided
into deterministic and probabilistic (stochastic) optimisation
methods. In both cases, the retrofit problem is converted into an
optimisation task by formulating the problem as a mathematical
model. Ciric and Floudas [5] proposed a systematic two-stage
approach for retrofit of HENSs. In the first stage, a minimum tem-
perature approach for the HEN is selected and calculations for
the minimum utility cost are made. All possible pairings of streams
and heat exchangers are then considered, so that all possible struc-

tural modifications are included in the mixed integer linear pro-
gramming (MILP) model. This model is then solved to obtain the
minimum modification cost. The second stage consists of produc-
ing a superstructure containing all the alternative network struc-
tures and then solving this superstructure as a non-linear
programming (NLP) problem. The solution of this superstructure
is the retrofitted network with the minimum cost of investment.
A major limitation of this methodology is the large and complex
superstructure in the mathematical formulation. The complexity
of the superstructure could make the application of the methodol-
ogy to large systems prohibitive, as very long computational times
(and cost) could be required to obtain a feasible solution. To relieve
this problem, they then went on to present a single stage mixed
integer non-linear programming (MINLP) model [6] that simulta-
neously optimised the HEN retrofit. To better account for
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trade-offs between energy and capital costs, Yee and Grossmann
[7] presented a two-stage procedure consisting of a pre-
screening and a superstructure optimisation stage. The economic
feasibility of the retrofit of an existing heat exchanger network is
investigated in the pre-screening stage. This involved comparing
the minimum annual cost of utilities, additional area requirement,
and fixed cost of structural modifications estimated at different
levels of heat recovery to the existing operating costs. The optimi-
sation stage takes into consideration only the number of new units
required to achieve the optimum investment. To determine the
best retrofit design, a MILP model is formulated and solved. Mathe-
matical programming methods have the advantage of being able to
be automated, but are not ideal for large industrial problems due
to the black box nature of its analysis. It can also require extensive
computation time and provides little scope for user interaction.

Asante and Zhu [8] introduced a novel two-stage hybrid method-
ology for the retrofit of HEN. The methodology is based on identify-
ing structural limitations to the heat recovery of the existing
network, and making modifications to ease those limitations. Points
in the network where these limitations occur are labelled network
pinch points. The first stage of the retrofit procedure, the diagnosis
stage, involves sequential selection of topology modifications to
the existing HEN. Only one modification is selected at a time during
the procedure. After identification of a topology modification in the
diagnosis stage, the HEN including the selected topology modifica-
tion is then optimised in the optimisation stage (second stage). A
superstructure optimisation is used to minimise the heat transfer
area, and also optimise the branch flow rates of potential stream
splits introduced to the HEN. The procedure can then be repeated
for additional topology modifications until a satisfactory retrofitted
HEN is obtained. Capital costs are not considered in the first stage of
this optimisation procedure, and this may lead to cost effective solu-
tions being dismissed solely because they offer slightly lower sav-
ings in terms of utility consumption. Smith et al. [9] presented a
modified network pinch approach which can handle streams with
temperature dependent thermal properties. The modified network
pinch approach also combines both stages of the original network
pinch approach into a single step. The stages are merged to prevent
the possibility of missing cost effective modification options in the
diagnosis stage. The methodology is formulated as a non-linear pro-
gramming (NLP) problem and is solved using a simulated annealing
algorithm with a feasibility solver.

The conventional retrofit methods usually rely greatly on topol-
ogy modifications and additional heat transfer area. However, these
methods are not ideal as they require high capital investment for ret-
rofit, are difficult to implement as a result of the constraints posed by
the existing HEN and they bring about high production losses from
the prolonged shut down periods required during retrofit. As a result
of the aforementioned drawbacks, there has been a rise in recent
years into the use of heat transfer enhancement for retrofit. Heat
transfer enhancement has the potential to improve energy recovery
in existing HENs with fixed network structures and no additional
heat transfer area. At constant heat load, reduced heat transfer area
is required due to an increase in the heat transfer coefficient of
enhanced heat exchangers. Also, higher thermodynamic efficiency
can be attained as smaller driving forces can be used to transfer the
same amount of heat load. Alternatively, a greater heat load can be
exchanged for the same heat transfer area and driving force. In retro-
fit, the implementation of heat transfer enhancement is a relatively
simple task with no production losses as modifications can be carried
out during normal shutdown periods. The use of heat transfer
enhancement in retrofit requires considerably reduced modifica-
tions to the existing HEN. It is also generally cheaper to implement
than additional heat transfer area, thereby reducing retrofit cost.

The methods used for heat transfer enhancement can be
divided into two categories: passive methods (require no direct

stimulation from external power such as rough and extended sur-
faces or swirl flow devices) and, active methods (require extra
external power such as fluid vibration and suction). There are dif-
ferent enhancement techniques, all of which have different effects
on pressure drop, fouling and heat transfer coefficients. Shell and
tube heat exchangers are by far the most commonly used heat
exchangers in industry. As such, this paper focuses on the retrofit
of this type of heat exchanger. The heat transfer enhancement
techniques used can also be divided into two additional categories:
shell-side and tube-side enhancement techniques.

The most commonly used shell-side enhancement is the seg-
mental baffle. The conventional segmental baffle improves the
shell-side heat transfer in the exchanger. Drawbacks of using the
segmental baffle include: high shell-side pressure drop, low
shell-side mass flow velocity, fouling and vibration. As a result of
these drawbacks, helical baffles were developed to reduce the
number of dead spots created by the segmental baffle design. A
comparative analysis [10] made between segmental baffles and
helical baffles for shell-side enhancement highlighted the benefits
of the use of helical baffles. The result from the study was backed
up that conducted by Kral et al. [11]. The benefits of helical baffles
include: improved heat transfer coefficient, low pressure drop, low
possibility of flow-induced vibration, and reduced fouling with an
insignificant increase in pumping. There are two classes of helical
baffles: continuous and non-continuous baffles. The non-
continuous helical baffle is more effective than the continuous
helical baffle as it offers superior augmentation levels with an
insignificant increase in pressure drop. It is also important to point
out that both classes of helical baffle offer high levels of augmenta-
tion at smaller helix angles and helical pitches. External fins are
also used for shell-side heat transfer enhancement. The use of
external fins is beneficial as it increases the heat transfer coeffi-
cient with added turbulence and also increases the heat transfer
area. A study performed by Mukherjee [12] showed that extended
surface finned tubes provide two to four times as much heat trans-
fer area on the outside compared with a bare tube. This in turn
helps to offset a lower outside heat transfer coefficient. Hashizume
[13] performed a study which analysed the effects of externally
finned tubes in terms of heat transfer and pressure drop. It was
found that finned tubes are able to provide a high increase in heat
transfer but at a high pressure drop penalty. Design models for
finned tubes were presented by Ganapathy [14]. Two commonly
used tube-side enhancement devices are twisted-tape inserts and
coiled-wire inserts. Twisted-tape inserts consist of a thin strip of
twisted metal with normally the same width as that of the tube
inner diameter. They are swirl-flow devices that create a spiral or
secondary flow along the length of the tube to increase turbulence.
Studies [15,16] conducted showed that twisted-tapes are able to
provide, especially within the laminar region, high levels of
enhancement. An important fact that was also noticed was that
the pressure drop penalty is very high and independent of Rey-
nolds number. A conclusion was drawn that if the pressure drop
is of no concern, then twisted-tapes should be preferred in both
laminar and turbulent regions. In practice this is not ideal, as pres-
sure drop is an important factor in the design of HENs, hence the
reason why twisted-tape inserts are not widely used in the process
industries. Coiled-wire inserts consist of a helical coiled spring,
which acts as a non-integral roughness. They are commonly used
in pre-heaters or oil cooling devices. Coiled-wire inserts function
by inducing a swirl effect and speeds the flow transition from lam-
inar to turbulent. Garcia et al. [17] presented the advantages of
using coiled-wire inserts. These include: the ease of installation
and removal (including in an existing heat exchanger), low cost
and they do not disrupt the mechanical strength of the tube.
Empirical correlations were developed by early research [18,19]
regarding the performance of coiled-wire inserts in turbulent flow.
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Following this, other studies [20-22] were performed to predict
the performance of coiled-wire inserts. The studies showed that
they provide greater enhancement under laminar flow conditions
with only a small pressure drop increase as a drawback. On the
other hand, as the flow progressed from laminar to turbulent, the
increase in pressure drop was relatively high.

Pan et al. [23] presented an MILP optimisation methodology to
address the systematic implementation of heat transfer enhance-
ment in retrofit without topology modifications. This study took
into account the exact value of the log mean temperature differ-
ence, correction factor and multiple tube passes [24] in the optimi-
sation process. Another study [25] proposed an MILP based
iterative method for HEN retrofit. However, the level of enhance-
ment obtained in this study cannot be guaranteed based on the
existing exchanger geometry in the network. In addition, the appli-
cation of mathematical programming is difficult in industrial pro-
cesses. A heuristic based method to overcome the drawbacks of
mathematical programming was proposed by Wang et al. [26]. This
work presented a method based on sensitivity analysis was able to
identify heat exchangers that can bring about energy savings in
HEN retrofit. However, the assumption of pure counter current
heat exchangers, and the inability to guarantee the proposed level
of enhancement were drawbacks in this research. Jiang et al. [27]
presented a methodology for the retrofit of HEN with heat transfer
enhancement that accounted for exchanger geometry when calcu-
lating the degree of enhancement. However, this method did con-
sider the effect of applying heat transfer enhancement on other
heat exchangers in the network. To solve this problem Akpomie-
mie and Smith [28] presented a new method for the retrofit of heat
exchanger networks with heat transfer enhancement without the
need for topology modifications and additional heat transfer area.
This study made use of the methodology proposed by Wang
et al. [26] for the identification of the best heat exchanger to
enhance i.e. sensitivity analysis, and an optimisation model to deal
with the downstream effects on the HEN after applying enhance-
ment. A key drawback of the use of sensitivity analysis includes
its dependence on a key utility heat exchanger. Therefore, in com-
plex HENs with multiple utilities, finding the enhancement
sequence can be computationally expensive. This is because; the
analysis has to be repeated after each modification is made as a
result of change in temperatures of the network. Therefore,
exchangers that were considered good candidates for enhance-
ment might no longer be, as a result of the changes in temperature
after enhancement. Therefore, this paper focuses on presenting a
methodology that identifies the hierarchy for enhancing candidate
heat exchangers in a HEN. Comparison with the well-established
sensitivity analysis will be made. The methodology also tackles
the issue of downstream effects after enhancement. The validity
of the proposed methodology will be tested with the aid of an illus-
trative example and an industrial case study.

2. Problem statement

It is assumed that heat recovery is based on heat transfer
through shell-and-tube heat exchangers. This is because shell-
and-tube heat exchangers are most widely used in the process
industries. It is assumed that the following information is given:

1. Stream data: flowrates, inlet temperature, outlet temperature,
density, specific heat transfer coefficient, viscosity, thermal con-
ductivity and fouling coefficients.

2. Tube-side geometry of the heat exchanger: tube length, tube
inner diameter, number of tubes, number of tube passes, tube
wall conductivity and nozzle inner diameters.

3. Shell-side geometry of heat exchanger: tube outer diameter,
tube pitch, tube layout angle, shell diameter, number of shell
passes, baffle spacing, baffle cut, shell bundle clearance and
nozzle diameters.

4. Matches between hot and cold streams (network structure).

. Geometry of enhancement techniques.

6. The current use of utilities for heating and cooling in the exist-
ing HEN.

7. Cost for implementing heat transfer enhancement and utility
costs.

wu

3. New retrofit methodology

This paper focuses on the use of heat transfer enhancement for
the retrofit of heat exchanger networks without additional heat
transfer area and topology modifications. However, there are vari-
ous problems with the effective implementation of heat transfer
enhancement. These problems include, identifying candidate heat
exchangers that can improve energy recovery, selection of the best
heat exchanger for enhancement, dealing with downstream effects
after enhancement and finally, specifying a suitable criterion that
lends its self to identifying the number of heat exchangers that
should be enhanced.

The proposed methodology shown in Fig. 1 is based on a com-
bination of a set of heuristic rules and an optimisation model.
The retrofit problem in this paper is considered from the view
point of maximising retrofit profit. Detailed explanation of each
heuristic rule and the optimisation model will be presented. The
link between each rule and their respective importance will also
be highlighted.

3.1. Heuristic 1: Network structure analysis

Being able to automatically analyse a network structure is vital
during retrofit of HENs. Network structure analysis can be used in
the identification of candidate heat exchangers that can improve
energy recovery in an existing HEN. The objective in this paper is
to maximise retrofit profit. This can be achieved by reducing the
utility consumption through the process of shifting heat load
through a utility path. Therefore, candidate heat exchangers for
enhancement should be on a utility path. A utility path is a connec-
tion between two utilities through process streams and heat
exchangers [29]. A detailed methodology for the identification of
utility paths in HEN can be found in [30].

From Fig. 2, if Exchanger 3 is enhanced and a certain amount of
heat load (Q) is added, based on the path concept [31,32], that
same amount of heat load must be subtracted from the heater
(HU) and the cooler (CU). This ensures that the enthalpy balance
and stream target temperatures are maintained. However, in retro-
fit, this is not a straight forward task as the operating conditions
are changed as a result of load shifting. In a situation where other
heat exchangers are located downstream from the enhanced heat
exchanger, a change in driving force may be observed. This may
result in constraints imposed on the network to be violated. The
proposed retrofit methodology considers ways by which the con-
straints are met by making use of path analysis through load
shifting.

3.2. Heuristic 2: Identification of the best candidate for enhancement

This step is vital as the energy saving potential of each candi-
date exchanger (exchangers on a utility path) is analysed by iden-
tifying promising design changes. The commonly used method for
the identification of the best candidate is sensitivity analysis [28].
A new numerical method for the identification of the best
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candidate heat exchanger will be proposed and a comparison made
between both methods.

3.2.1. Sensitivity analysis

This method was first proposed by Kotjabaskis and Linnhoff
[33] for the purpose of enhancing the flexibility of HENs. This work
was restricted to countercurrent heat exchangers. It can identify
the passive response in a HEN when design changes are made.

Later the approach was extended to non-countercurrent heat
exchangers by Jiang et al. [27]. Sensitivity analysis is based on
the well-known heat transfer equation (Eq. (1)):

Q = UAAT F; (1)

In order to perform sensitivity analysis, the only information
needed is the base case stream data and the HEN structure. Sensi-
tivity analysis identifies the energy saving potential of candidate
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heat exchangers based on their effect on the inlet temperature of
the key utility heat exchanger. This is done by varying the product
of the overall heat transfer coefficient (U), heat transfer area (A)
and the correction factor (Fr) against the inlet temperature of the
key utility exchanger. The best candidate heat exchanger is one
which can bring about the greatest increase in the inlet tempera-
ture of the key utility exchanger.

With sensitivity analysis, the best candidate is identified from
an unbalanced heat exchanger network, as the energy balance is
not maintained during analysis. Also, in a case of multiple utilities,
sensitivity analysis has to be carried out separately for different
key utilities within the HEN. This is because sensitivity analysis
is solely based around a single temperature; that of the inlet tem-
perature of the key utility exchanger in the same utility path as the
candidate heat exchangers under investigation. This can result in a
tedious and computationally expensive process in large networks.
Another drawback with the use of sensitivity analysis for the iden-
tification of the best candidate heat exchanger for enhancement is
down to its inability to examine if a suggested level enhancement
for the best candidate heat exchanger is feasible, based on the
exchanger geometry.

3.2.2. Area ratio

Area ratio can be used in identifying the best candidate heat
exchanger for enhancement. This is based on the ability of existing
heat exchangers to accommodate additional heat transfer area
based on their geometries. In retrofit, additional heat transfer area
might be used in reducing the utility consumption in the HEN. It
follows that decrease in utility consumption is directly propor-
tional to the rate of increase in heat transfer area in existing heat
exchangers as shown in Eq. (2).

! Qutility o T Aexisting (2)

If the increased duty, the new log mean temperature difference
obtained as a result of increasing the heat transfer area in a heat
exchanger are fixed, the relationship between the heat duty and
the additional heat transfer area is given by:

Q = U(AEXiSting + AA)AT]_MFT (3)

A benefit of heat transfer enhancement is that an enhanced heat
exchanger has a higher heat transfer coefficient to exchange the
same duty under smaller heat transfer area requirement. In other
words, an enhanced heat exchanger at the same duty might be able
to maintain an existing heat transfer area requirement. This rela-
tionship is given by:

Q = UpAexistingATimFr (4)
Assuming heat transfer enhancement can completely accom-
modate the need for additional heat transfer area:
U(Aexisting + AA)ATiMFr = UennancedAexisting ATimFr (5)
The initial design equation for U is given by:
-1
U= (it i )

The overall heat transfer coefficient after enhancement Ug is
dependent on the enhancement location. Considering a shell-
and-tube heat exchanger, enhancement can either be applied on
the shell-side (Eq. (7)), tube-side (Eq. (8)) or on both sides (Eq. (9)).

1 1 D,InD,/D) D, D, )‘1
U= (7—+7—+—
£ <hs,E hsg 2Ktube Dihte * Dihr

(6)

(7)

Do In(D,/D;) D, D, >7 (8)
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Rearranging Eq. (5) gives an equation for calculating the area
ratio:
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(10)

The best candidate heat exchanger is that with the smallest area
ratio. From Eq. (10), it follows that the smaller the area ratio, the
greater the additional heat transfer area of a particular heat
exchanger. In retrofit, area ratio is a more tailored method for
the identification of the best candidate heat exchanger for
enhancement. This is because, it not only identifies the best candi-
date heat exchanger for enhancement but also the maximum
allowable enhancement that still maintains a balanced network.
Also, area ratio is computationally inexpensive, encourages good
user interaction and it easy to perform and can therefore be
applied to large networks. Given that area ratio is numerically
determined based on the geometry of exchangers; it can easily
be automated as part of a retrofit methodology for HENs with heat
transfer enhancement.

3.3. Heuristic 3: Enhancement and constraint violations

This paper focuses on tube-side enhancement techniques. Mod-
els for the two commonly used inserts i.e. twisted-tape and coiled-
wire, will be presented. A comparison between both inserts will be
illustrated by the use of a simple example involving the enhance-
ment of a single heat exchanger.

3.3.1. Twisted-tape inserts

Twisted-tape inserts are the most commonly used form of tube-
side heat transfer enhancement in industries. They are frequently
used in the retrofit of existing shell-and-tube heat exchangers to
increase tube-side heat transfer coefficient. Fig. 3 shows the geom-
etry of twisted tape inserts. Enhancement using twisted tape
inserts is defined geometrically by the thickness of the tape &
and its twist ratio y. Twist ratio is defined as the axial length for
a 180° turn of the tape (H) divided by the internal diameter of
the tube (D;). For heat transfer purposes, the surface area of the
twisted tape itself is not taken into account. Only the effect on
the heat transfer coefficient of the tube’s inner surface is
considered.

The following procedure is used to model a twisted tape insert
for a tube:

1. Specify the twisted tape insert size: twist ratio y = H/D;, tape
thickness ratio 6/D; (or H, §).

2. Calculate the swirl number (Sw) using correlation proposed by
Manglik and Bergles [35]:

Re b Nk
W=y m-a@/D) ”(m)} (an
where

Re = Reynoldsnumber = pub;

(12)

3. Determine the enhanced heat transfer coefficient hrg: taking
into account only fully developed tape-induced swirl flows at
a uniform wall temperature (UWT) and neglecting thermal
entrance effects and convection effects, the mean Nusselt num-
ber (Nu) for twisted tape inserts for laminar flow (Sw < 2000) is
given by [35]:
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For turbulent flow heat transfer, (Re > 10,000), the Nusslet
number for twisted tape under UWT condition is given by [36]:

hr eD;
Nurywr = T',i

:O.O23Re0'8Pr°'4(l + mr2-20/ Df)]o’z

03’69> [7'5 - 47(-55/D,-)] ) n—4(3/D;)

where ¢ is the physical correction factor.
In situations where by Sw > 2000 and Re < 10,000, the algebraic
average of Egs. (13) and (15) is used.

(15)

3.3.2. Coiled-wire Inserts

Coiled-wire inserts are currently used in application such as
preheaters and oil cooling devices. This is because they exhibit
advantages in relation to other enhancement devices such as pre-
serving the mechanical strength of an existing tube, cheap, easy to
install and remove in/from an existing plain tube heat exchanger.
Coiled-wire inserts are defined by geometries shown in Fig. 4:
the axial roughness pitch (p), the wire-diameter (e) and the tube
inner diameter (D;). These geometries can also be defined in
dimensionless forms: dimensionless pitch p/D;, dimensionless
wire-diameter e/D; and, pitch to wire-diameter ratio p/e.

The following procedure is used to model a coiled-wire insert
for a tube:

1. Specify the coiled wire insert size: p, e (or p/D;, e/D;; or p/D;, p/e).
2. Determine the enhanced heat transfer coefficient hrg:

For laminar regime (Re <
(16) is recommended.

1000), the correlation shown in Eq.
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Fig. 4. Wire coil geometry.
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For 1000 < Re < 80,000 turbulent regimes, the correlation pro-
posed by Garcia et al. [17] is recommended.

hreD;
k

-0.372
Nup = “TE2F _ 0.132Re"7PrY <ﬂ> (18)

D;

For Re =80,000-250,000 turbulent regime, Ravigururajan and
Bergles [37] proposed a correlation that is considered to be the
most general and accurate method for the performance prediction
of heat transfer in single phase turbulent flow in a wide range of
rough tubes.

Nuy = hT*l’zD‘
0212 —021 029 7\ 7
Nus{l +|2.64Re"* (Di) (&) (s5) Pr“oﬂ }
(19)
where
s — 152 (20)

k

The example case study presented in Table 1 will be used to
perform calculations to examine the performance of both
twisted-tape and coiled-wire inserts. It is assumed that a twist
ratio, tape thickness and physical property correction factor of 5,
0.001 m and 1 respectively for twisted-tape insert. Also, an axial
roughness pitch and roughness height of 0.0425 m and 0.0016 m
respectively for coiled-wire insert are used.

From Table 2, it can be noted that both enhancement tech-
niques show an increase in tube-side heat transfer coefficient. It
is important to point out that in this example, pressure drop has
not been considered. Coiled-wire inserts can present a higher
increase in heat transfer coefficient compared to twisted-tape
inserts, depending on their geometry. However, when considering
a heat exchanger as part of a network, the increase in heat transfer
coefficient can result in the elimination of the utility heat exchan-
ger if the increased duty, exceeds that of the utility exchanger. This
can lead to violations in stream target temperatures, which in the
context of retrofit, could be considered unacceptable. Therefore, if
pressure drop is not considered, the enhancement device that
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Table 1

Exchanger data.
Fluids Shell-side Tube-side
Heat capacity flowrate C, (J/kg K) 2273 2303
Thermal conductivity k (W/m K) 0.08 0.0899
Viscosity u (Pas) 1.89E-02 9.35E-04
Density p (kg/m?) 966 791
Mass flow rate m (kg/s) 46.25 202.54
Inlet temperature T;, (°C) 227 131
Fouling resistance (m? K/W) 0.00176 0.00053
Heat exchanger geometry
Tube pitch Pr (m) 0.03125
Number of tubes n, 612
Number of passes n, 2
Tube length L (m) 6
Tube effective length Legs (m) 5.9
Tube conductivity keype (W/m K) 51.91
Tube layout angle 90
Bundle configuration Straight tube bundle
Tube inner diameter D; (m) 0.02
Tube outer diameter D, (m) 0.025
Shell inner diameter Dg (m) 0.97
Number of baffles nj, 25
Baffle spacing B (m) 0.22
Inlet baffle spacing B;, (m) 0.3117
Outlet baffle spacing Boye (m) 03117
Baffle cut B. 20%
Inner diameter of tube-side inlet nozzle Djnjer (M) 0.336
Inner diameter of tube-side outlet nozzle Djoyger (M)  0.336
Inner diameter of shell-side inlet nozzle D jniec (M) 0.154
Inner diameter of tube-side outlet nozzle D, outier (M)  0.154
Shell-bundle diametric clearance Ly, (m) 0.069

Table 2
Enhancement results.
Base  Twisted-  Coiled-
case  tape wire
Tube-side heat transfer coefficient (kW/m?K) 158  2.64 3.26

should be chosen must be capable of providing the best enhance-
ment subject to maintaining existing utility paths in the HEN.

3.3.3. Constraint violations

In retrofit, increasing the duty of an enhanced heat exchanger
will have an effect on downstream heat exchangers and stream tar-
get temperatures in a HEN. After enhancement, a change in the
driving force of other heat exchangers in the network will be
observed. This can result in minimum temperature approach,
stream target temperature and, heat transfer area violations. A
constraint has not been placed on temperature approach in this
case but it is useful to include it in order to avoid making existing
heat exchangers inefficient as a result of small temperature differ-
ences [27]. For the retrofit objective of maximising retrofit profit
without topology modifications and additional heat transfer area.
Stream target temperature and heat transfer area constraints are
particularly important. These violations can be corrected using
optimisation.

3.4. Optimisation

This is a key step in the proposed retrofit methodology, as the
heat transfer area after enhancement and the stream target tem-
peratures can be maintained. This requires a certain heat load to
be shifted through a utility path for heat exchangers requiring
additional area on a utility path. For heat exchangers not on a util-
ity path, enhancement can be implemented at constant duty when
additional area is required or a bypass can be implemented in the
case of reduced area use. The amount of heat load that needs to be

shifted, degree of enhancement and the degree of overall heat
transfer coefficient reduction through bypass to satisfy heat trans-
fer area and stream target temperature constraints can be deter-
mined using a non-linear optimisation model. The non-linearity
of the model is as a result of the logarithmic mean temperature dif-
ference (ATyy) and the heat exchanger area (A). Eq. (21) represents
the logarithmic mean temperature difference of all heat exchang-
ers (ATimex), Where, THIex, THOex, TClex, TCOcx are inlet and outlet
temperatures of hot and cold streams in exchanger ex and, EX is
the set of all heat exchangers.

(THIex — TCOex) — (THOex —

11] (THIex —TCOex)
(THOex—TClex)

TCley)

ATy, = Vex € EX (21)

The heat transfer area of all process heat exchangers (Aex) in the
network should be constant during retrofit. Eq. (22) represents the
equation used in calculating the heat transfer area based on the
duty of heat exchangers (Qex), overall heat transfer coefficient of
exchangers (Uex), correction factor (Frex) and ATiyex After
enhancement, heat transfer area should be the same. This is com-
pensated for by the change in Qex, Uex, Frex, and ATy ex. The con-
straint shown in Eq. (23) is used where E represents the value
after enhancement.

Qex

AGX =37 AT T
UexATLMEXFT‘ex

Vex € EX (22)

Aex = Ar Vex € EXp (23)

After enhancement, there will be changes in the stream temper-
atures for process streams of the enhanced heat exchanger. How-
ever, similar to heat transfer area, this value should be constant
during retrofit. Eqs. (24)-(27) represents the constraint for all cold
and hot streams, CS and HS. EXics, EX°Cs, EXiys, EX°ys describe the
set of all exchangers located in the inlet and outlet of all cold and
hot streams respectively. TCIScs and TCOScs, THISys and THOSys
represent the cold and hot inlet and outlet temperatures of all cold
and hot streams.

TClex = TCIScs  Vex € EXkg (24)
TCOex = TCOScs  Vex € EXY (25)
THIex = THISks  Vex € EXg (26)
THOex = THOScs  Vex € EX¥ (27)

To satisfy the aforementioned constraints, the duty of all heat
exchangers on a utility path in the network can then be varied
based on path analysis. The overall heat transfer coefficient of all
heat exchangers not on a utility path can also varied at constant
duty. It is important to note that the Fr.x depends on the value of
Uex. Therefore, after the application of enhancement, the change
in the inlet and outlet temperatures in both the hot and cold
streams, and Uey will result in a change in the Frex value of the
enhanced exchanger. A correlation used in determining the value
of Frex can be found in a study by Jiang et al. [38]. The retrofit objec-
tive is to maximise the retrofit profit (RP). This is based on the dif-
ference between the base case utility cost (UCg) and the sum of the
utility cost after enhancement (UCg) and the retrofit cost of all heat
exchangers (RCex) as shown in Eq. (28).

RP = UG —

UG+ > RCeX} (28)
exeEX
The utility costs for the base case and after enhancement are
shown in Egs. (29) and (30) where, CCU and CHU are the yearly
cost parameter for cold and hot utility, Qg and Qg are the duty
before and after enhancement and OT is the operating time.
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UCp = OT x {ccu X > Qpex+CHUx Y QB_EX} (29)
exeEXqy exeEXyy

UCe = OT x {CCU X Y Qpex+CHUx >~ Qm} (30)
excEXcy excEXyy

The retrofit cost is dependent on the cost of enhancement, the
cost of additional heat transfer area and the cost of implementing
a bypass. It is important to note that the cost for additional heat
transfer area after optimisation should be zero based on the con-
straint highlighted in Eq. (23). The cost of enhancement depends
on the type of enhancement chosen, and is mostly a function of
the heat transfer area of the existing heat exchanger. The cost of
bypass is only applied if there is a decrease in the duty of heat
exchangers below their base case values. This cost is given by a
fixed value. However, an enhancement factor, EF, is assigned to
each individual cost. If a heat exchanger is enhanced, additional
area is required or bypass is required this value is one otherwise,
zero. Eq. (31) shows the equation used to calculate the retrofit cost
where, ECex is the enhancement cost of exchangers, ACe is the
additional area cost and BCey is the cost of bypass.

RCex = ECex X EFex + ACex X EFex + BCex x EFex  Vex € EX (31)

In summary, the new NLP model consists of an objective func-
tion given in Eq. (28) and the model constraints are given in Eqgs.
(23) and (24)-(27). The model proposed is able to find the optimal
heat load that needs to be shifted along a utility path to meet set
constraints for heat exchangers on a utility path, and also the
increase in the overall heat transfer coefficient of heat exchangers
not on a utility path. This is done by identifying heat exchangers
after the application of enhancement that violates the constraints
imposed on the network.

3.5. Stopping criterion violation

The optimisation model is based on a trade-off between utility
consumption and capital cost (allocated to additional area). There-
fore, a stopping criterion is necessary to ensure that the retrofit
objective is met while meeting set constraints. The proposed retro-
fit methodology stopping criterion is based on comparison
between the initial retrofit profit and the final retrofit profit after
a heat exchanger is enhanced. If the retrofit profit before enhance-
ment (RP;) is greater than that after (RPy), the retrofit process is
stopped. This means that the utility savings attained by enhancing
that particular heat exchanger is not enough to cover the cost of
retrofit required.

The heat exchanger network can then be explored to further
increase energy recovery and retrofit profit by repeating the pro-
posed methodology until the stopping criterion is violated and,
there are no other eligible candidate heat exchangers for
enhancement.

4. Illustrative example

The stream and process exchanger data for this example are
shown in Tables 3 and 4 respectively. The fouling coefficient for
all process heat exchangers are 5 kW/°C and 6 kW/°C for the shell
and tube side respectively. The HEN shown in Fig. 5 has 13 heat
exchangers (6 process and 7 utility heat exchangers), 10 process
streams (5 hot streams and 5 cold streams) and 2 utility streams
(1 hot utility and 1 cold utility stream). The proposed retrofit
methodology is applied to this example with the following
assumptions:

Table 3

Stream details.
Stream CP (kW/°C) TS (°C) TT (°C) Q (kw)
H1 300 330 210 36,000
H2 150 450 220 34,500
H3 150 300 135 24,750
H4 200 380 190 38,000
H5 125 340 75 33,125
C1 210 240 430 39,900
c2 340 55 150 32,300
c3 220 70 210 30,800
c4 120 150 365 25,800
c5 180 200 370 30,600
HU - 850 500 -
Ccu - 15 25 -

Table 4

Heat exchanger data for illustrative example.
Exchanger hy (kW[  hs (KW/ UKW/ A(m?) Q Ns Fr

°C) °C) °C) (kW)

1 1.61 3.53 0.72 439.52 25800 8 099
2 0.97 2.34 0.51 939.05 32,300 2 0.82
3 2.75 6.23 1.03 118991 23,777 5 0.81
4 2.56 4.36 0.93 981.08 21,237 3 078
5 3.36 9.94 1.19 262.73 24,750 2 0.9
6 0.86 1.03 037 117.53 3368 1 099

1. The overall heat transfer coefficient of all heat exchangers can
be reduced by implementing a bypass.

2. Constant temperature dependent stream properties specific
heat capacity, thermal conductivity, viscosity, etc.

3. The cost parameters used in this case study are outlined in
Table 5.

4. The operating time is assumed to be one year for the purpose of
calculating the total profit.

4.1. Results and discussion

Based on the proposed retrofit methodology, the first step is to
perform network structure analysis to find the candidate heat
exchangers that can improve energy recovery (exchangers on a
utility path). From Fig. 5, only exchangers 3, 4 and 6 are on a utility
path. Therefore, for the purpose of increasing energy recovery, the
other process heat exchangers (1, 2 and 5) have not been consid-
ered for the second phase of the retrofit methodology. The best
candidate heat exchanger to enhance and the hierarchy for per-
forming enhancement are obtained using both sensitivity analysis
and area ratio.

With sensitivity analysis, the first step is the identification of
the most expensive utility heat exchangers that can bring about
large retrofit profit. As indicated in Table 5, the hot utility cost is
more expensive that the cold utility cost hence, the hot utility heat
exchangers, 7, 8 and 9 are chosen. Given that utility exchanger 8 is
not on a utility path, opportunities for energy savings are not
viable. Therefore, focus has been placed on reducing the energy
consumption of utility exchangers 7 and 9. The second step is
the identification of the most expensive utility exchanger (one
with the higher duty) as there is a greater opportunity for more
energy saving. The initial duty of exchanger 7 is 12755 kW as
opposed to exchanger 9 with a duty of 9363 kW. Therefore, sensi-
tivity analysis will be conducted around exchanger 7 first.

The first sensitivity analysis is then performed along the utility
paths 7-6-11 and 7-3-12. The analysis is centred on the inlet tem-
perature of exchanger 7. Fig. 6 shows that exchanger 6 is the most
sensitive heat exchanger and should be enhanced first. The second
utility is then explored. From Fig. 5, it is clear that only exchanger 4
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Fig. 5. Original HEN.

Utility cost data

Retrofit cost data

Hot utility cost: 400 ($/kW y)
Cold utility cost: 15 ($/kWy)

Cost of inserts: 500 + 10 + A ($)
Implementing by-pass: 500 ($)

Cost of increasing heat exchanger
area: 400 +200 x A ($)
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Fig. 6. Sensitivity analysis based on first utility.

Table 6
Area ratio result.

Heat exchangers

Coiled-wire

Twisted-tape

is on a utility path and as such, there is no need to perform sensi-
tivity analysis. The hierarchy for enhancement based on sensitivity
analysis is 6-3-4.

In terms of area ratio, it follows that the heat exchanger with
the smallest area ratio translates to the heat exchanger that can
bring about the greatest decrease in energy consumption. This is
because the heat exchanger has the capability of accommodating
the greatest additional heat transfer area. Considering only tube-
side enhancement techniques, twisted-tape and coiled-wire
inserts, the area ratio of all candidate heat exchangers found are
shown in Table 6. Therefore, the hierarchy for enhancement based
on area ratio is identified as 6-3-4.

Based on the retrofit methodology, exchanger 6 is then
enhanced first. Coiled-wire inserts have been chosen as the
enhancement device as compared to twisted-tape inserts, a greater
degree of enhancement is observed as shown in Table 7. The values
were obtained using a twist ratio and tape thickness of 10 and
0.005 m for twisted-tape insert and; axial roughness pitch and
roughness height of 0.025m and 0.0016 m for the three heat
exchangers.

After enhancing exchanger 6, the network was then checked for
constraint violations. There was an area violation in exchanger 1
and the target temperatures of Streams H2 and C1 as shown in
Fig. 7. Therefore, optimisation was conducted. This was performed
using the global solver in LINDO Systems What’s Best! [39]. Results
obtained after enhancing exchanger 6 and performing optimisation
are shown in Table 8 where subscripts E and E, O represents
enhanced, and enhanced and optimised respectively. It is impor-
tant to point out that to maintain the area constraints imposed
on the network, exchanger 1 had to be enhanced at constant duty.

The proposed retrofit methodology is then repeated for the next

3 0.76 0.79 . ..
4 077 0.80 heat exchanger with the smallest area ratio i.e. exchanger 3. The
6 0.69 0.77 stopping criterion was violated as the retrofit profit after
enhancing exchanger 6 ($9261) was more than double that after
Table 7
Enhancement performance for candidate heat exchangers.
Options Exchanger 3 Exchanger 4 Exchanger 6
hs (kW/m? °C) hr (kW/m? °C) hs (kW/m? °C) hr (kW/m? °C) hs (kW/m? °C) hr (kW/m? °C)
Base case 6.08 2.77 436 2.56 1.03 0.86
Coiled-wire 6.59 5.81 2.33
Twisted-tape 5.45 5.06 1.66




32 M.O. Akpomiemie, R. Smith/Applied Energy 165 (2016) 22-35

330°C 210°C
H1 \4 10
o 450°C s 1 213°C
[rz ] NTAND A i
= 300°C m 135°C
O/
@ 380°C A 12 190°C
-/
340°C 75°C
[ H5 | 2 13
240°C
55C] 7Y (9 o
7 6 3 Cl
NP A el
150°C
2 C2
210°C 7, N ¢
s 5
365°C \J f\ 150°C
) Lol
200°C
C5
500°C
25°C Fa 7 7 15°C
10 13 CU
Nl Nert  hgod At ot =l
Target Temperature Violation: |:I Area Violation: O
Fig. 7. After enhancing exchanger 6.
Table 8
Enhancement results after enhancement and optimisation of exchanger 6.

Exchangers Q (kW) A (m?) U (kW/m? °C) Qe (kW) Ag (m?) U (kW/m? °C) Qo (kW) Ao (m?) Ugo (kW/m? °C)
1 25,800 440 0.76 25,800 482 0.76 25,800 440 0.79
2 32,300 939 0.51 32,300 939 0.51 32,300 939 0.51
3 23,777 1190 1.03 23,777 1190 1.03 23,777 1190 1.03
4 21,237 981 0.93 21,237 981 0.93 21,237 981 0.93
5 24,750 263 1.19 24,750 263 1.19 24,750 263 1.19
6 3368 118 0.37 4424 118 0.54 4424 118 0.54
7 12,755 - - 12,755 - - 11,699 - -

8 6050 - - 6050 - - 6050 - -
9 9363 - - 9363 - - 9363 - -

10 14,763 - - 14,763 - - 14,763 - -

11 5332 - - 5332 - - 4276 - -

12 14,223 - - 14,223 - - 14,223 - -

13 825 - - 825 - - 825 - -

Table 9
Exchanger details of original HEN and retrofitted HEN.

Exchangers  THlex (°C)  THOex (°C)  TClex (°C)  TCOex (°C)  ATimex (°C)  Aex (°C)  Uex (KW/m2°C)  Frex  Q(KW) RCex (§) ES(KW) RP($)

Original

1 427.54 255.54 150.00 365.00 82.18 439.52 0.72 0.99 25,800

2 340.00 81.60 55.00 150.00 83.11 939.05 0.51 0.82 32,300

3 380.00 261.12 240.00 353.22 23.83 1189.91 1.03 0.81 23,777

4 330.00 259.21 200.00 317.99 29.59 981.08 0.93 0.78 21,237

5 300.00 135.00 70.00 182.50 88.67 262.73 1.19 0.89 24,750

6 450.00 427.54 353.22 369.26 77.48 117.53 0.37 0.99 3368

Retrofit

1 420.51 248.51 150.00 365.00 74.96 439.52 0.79 0.99 25,800 4895 2111 9261
2 340.00 81.60 55.00 150.00 83.11 939.05 0.51 0.82 32,300 -

3 380.00 261.12 240.00 353.22 23.83 1189.91 1.03 0.81 23,777 -

4 330.00 259.21 200.00 317.99 29.59 981.08 0.93 0.78 21,237 -

5 300.00 135.00 70.00 182.50 88.67 262.73 1.19 0.89 24,750 -

6 450.00 420.51 353.22 374.29 71.41 117.53 0.54 0.98 4425 1675

enhancing exchanger 3 ($3794). Therefore, enhancement was remains valid in this case. Fig. 8 shows the HEN and the exchanger

stopped. Table 9 shows the final exchanger details after retrofit. data are shown in Table 10.
5. Case study 5.1. Results and discussion
The case study is a simplified pre-heat train studied by Akpo- From network structure analysis, it is clear that all process heat

miemie and Smith [28]. The assumptions made in that paper still exchangers in the network shown in Fig. 8 are on a utility path
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with the exception of exchanger 7. As such, exchanger 7 is left out
from the next analysis. Both sensitivity analysis and area ratio
approach are then applied to identify the best heat exchanger to
enhance and the enhancement hierarchy. With sensitivity analysis,
the first step is the identification of the key utility heat exchanger.
In this case, the hot utility exchanger 12 is chosen as the key utility
exchanger. This leaves us with 6 process heat exchangers located
on the same utility path as this key utility exchanger. Fig. 9 shows
the result obtained by using sensitivity analysis. From sensitivity
analysis, exchanger 5 is clearly the most sensitive heat exchanger
and should be enhanced first.

In terms of area ratio, twisted-tape inserts are used as the cho-
sen enhancement device as it provided a greater increase in the
heat transfer coefficient than coiled-wire inserts based on the
exchanger geometry [28]. Table 11 shows the area ratio of all can-
didate heat exchangers for enhancement. From Table 11, exchan-
ger 5 has the smallest area ratio. This means that exchanger 5
should be enhanced first based on the proposed methodology.

Table 11

Area ratio results.
Exchangers U (kW/m? °C) Ug (kW/m? °C) Ag
1 0.517 0.669 0.773
2 0.475 0.597 0.795
3 0.158 0.198 0.798
4 0.0963 0.108 0.891
5 0.325 0.448 0.725
6 0.610 0.674 0.905

The steps outlined in the proposed methodology are then followed
i.e. identifying any constraints violations, if there are, solving the
problem using the NLP optimisation model. The procedure is
repeated using both methods until the stopping criterion is vio-
lated. Again the result obtained by the use of area ratio is the same
as that of sensitivity analysis. The final enhancement sequence is
shown in Fig. 10. The stopping criterion was violated after enhanc-
ing exchanger 6 [28]. The final decrease in utility consumption was
found to be ~7%. Table 12 shows the final retrofit result based on
this case study.

In conclusion, although both methods identified the same hier-
archy for enhancement in both the illustrative example and the
case study, a judgement on whether this will always be the case
cannot be made. However, the benefits of area ratio over sensitivity
analysis can be highlighted. It is clear that area ratio method as a
one-step approach is more computationally inexpensive compared
with sensitivity analysis. The area ratio approach is not also
restricted by the presence of multiple utilities, as the decision is
based solely on the geometry of exchangers and the maximum
allowable additional area of existing heat exchangers. The effec-
tiveness of the area ratio approach in comparison with sensitivity
analysis is that the decision is not based on a single utility
exchanger. With that, further identification procedures for the
hierarchy, as necessary with sensitivity analysis, is not required.

Table 10
Heat exchanger data for case study.
Exchanger A (m?) hs (KW/m? °C) hr (kW/m? °C) U (kW/m? °C) Q (kW) N Fr
1 396.72 2.07 133 0.52 6141.33 2 0.88
2 545.45 231 1.40 0.48 6134.83 2 0.82
3 633.85 4.54 0.78 0.16 5556.61 1 0.88
4 354.64 1.27 0.62 0.10 2688.79 1 0.94
5 183.85 2.56 0.78 0.32 3431.16 1 0.98
6 843.73 0.96 0.49 0.06 2291.88 1 0.97
7 114.28 3.38 0.98 0.36 3623.20 1 0.98
8 - - - - 657.23 - -
9 - - - - 1141.81 - -
10 - - - - 816.94 - -
11 - - - - 880.62 - -
12 - - - - 14455.41 - -
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Fig. 9. Sensitivity analysis result.
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Fig. 10. Enhancement sequence.

Table 12
Retrofit results.

Parameters Costs

Retrofit cost

Enhancement $25,288

Increasing area $0

Implementing by-pass $1000

Total cost $26,288

Retrofit profit

Utility savings $409,154

Net saving (utility $382,866 (~6.6% of initial utility cost
savings — total cost) $5,801,396)

The numerical based determination of the best heat exchanger for
enhancement is an advantage as it can be automated as part of a
retrofit methodology for HENs with heat transfer enhancement.
Therefore, for large HEN with multiple utilities, the area ratio
approach is more robust for the identification of the best heat
exchangers for enhancement in retrofit.

6. Conclusions

A methodology for the retrofit of heat exchanger networks
(HENs) without the need for topology modifications and additional
heat transfer area has been proposed. This new methodology is
able to tackle the key issues posed by the use of enhancement tech-
niques in HEN retrofit. The key issues include: (1) identifying the
best heat exchanger in the network to enhance, (2) obtaining the
level of enhancement for each heat exchanger based on their
geometry, and (3) dealing with downstream effects after
enhancement.

A comparison between two methods i.e. sensitivity analysis and
area ratio was made for the identification of the best candidate
heat exchanger for enhancement. Although both methods identi-
fied the same hierarchy of heat exchangers for enhancement, the
area ratio method was observed to be a more robust and computa-
tionally inexpensive method of identifying the best candidate heat
exchangers for enhancement based on the exchanger geometry.
Two enhancement techniques have been considered; twisted-
tape and coiled-wire inserts. For the illustrative example, coiled-
wire inserts were chosen as the enhancement device because, as
opposed to twisted-tape inserts, a greater degree of enhancement

was attained. The opposite was the case with the case study
(pre-heat train). A profit based non-linear optimisation framework
was used to ensure the constraints imposed on the network i.e.
stream target temperature and heat transfer area constraints are
met. The objective in the framework was to maximise retrofit
profit, which is the difference between the initial cost of utilities
and the sum of the utility cost and retrofit cost after enhancement.

Future research will consider other forms of enhancement.
Although heat transfer enhancement using tube inserts provides
an adequate degree of energy savings (~8% and ~7% of hot utility
based for the illustrative example and case study respectively), it is
not always applicable. It will be worthwhile to consider other heat
transfer enhancement devices. In addition, future research can also
consider the application of heat transfer enhancement in other
types of heat exchangers such as plate heat exchangers. The use
of heat transfer enhancement with topology modifications and
additional heat transfer area to maximise the retrofit profit will
be considered in a future paper.
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Chapter 4 Retrofit with Heat Transfer Enhancement

4.4 Non-Linear Optimisation Model Validation

To authenticate the robustness of the non-linear optimisation model presented in
Publications 1 and 2, it is applied on examples presented by Pan et al. (2012). Unlike
the proposed non-linear optimisation model, the optimisation carried out by Pan et
al. (2012) is a mixed integer linear programming (MILP) model based on two
iteration loops. The main aim of this section is to highlight the benefits of using the
exact values of nonlinear terms in retrofit as opposed to linearization of these terms
to obtain a feasible design. The examples are shown in Figures 4.1 and 4.2

respectively. The full details of the HENs can be found in Pan et al. (2012).

In this work, the LINDO Systems What’sBest! Global Solver is used as the
optimisation tool for solving the proposed non-linear optimisation model. This solver
has not been used in the context of HEN retrofit. What’sBest/ capitalises on the
flexibility of the Excel environment and ease of use. Constraints and relationships
for the model are expressed using standard Excel style functions. This makes the
models visual and interactive (constraints display their status in forms of violated,
satisfied, or precisely satisfied). This makes tracking down any problems with the
optimisation model easy. The Global Solver converts the original non-convex,
nonlinear problem into several convex, linear sub-problems. The solver makes use of
the branch-and-bound technique to ensure the global solution is obtained (LINDO
Systems, 2013).

In contrast, the solver employed by Pan et al. (2012) is the CPLEX solver in GAMS.
GAMS software, allows the user to develop and work with models that are more
complicated. This is due to the presence of large sets of solution algorithms.

Therefore, all that is required is the formulation of a good model.

Both models are employed for two objective functions i.e. maximising the retrofit
profit, RP (the difference between the profit from energy savings over a specified
payback time and the total cost of retrofit) and maximising the energy savings ES.
These analyses are carried out by varying the duties and overall heat transfer
coefficients of all heat exchangers in the HENs subject to the target temperatures of
all streams and the heat transfer area of all heat exchangers being maintained. This is
also subject to a fixed minimum temperature approach of 5°K for both examples.

Tables 4.1 and 4.2 shows the results obtained for Example 1. From both tables, it can
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be noted that both solvers identified the same heat exchangers to enhance. This is
true for both objective functions. This is also true when applied to the second

example HEN. The results obtained are shown in Tables 4.3 and 4.4.
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Figure 4.1: Network 1 curled from Pan et al. (2012)
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Table 4.1: Maximum retrofit profit (Network 1)

Enhanced Heat | Maximum ES | Maximum RP
Solver
Exchangers (kW) %)
CPLEX: GAMS 1,3 and 4 5,240 132,747
What’s Best!: LINDO System 1,3and 4 5,288 132,956

Table 4.2: Maximum duty savings (Network 1)

Enhanced Heat | Maximum ES | Maximum RP
Solver
Exchangers (kW) &)
CPLEX: GAMS 1,3and 4 5,462 129,044
What’s Best!: LINDO System 1,3 and 4 5,462 129,032

Table 4.3: Maximum retrofit profit (Network 2)

Enhanced Heat Maximum | Maximum
Solver
Exchangers ES (kW) RP ($)
CPLEX: GAMS 3,6,20,22 -24,26 — 28 8,615 204,558

What’s Best!: LINDO
3,6,20,22-24,26 - 28 8,723 222,384

System

Table 4.4: Maximum duty savings (Network 2)

Maximum | Maximum
ES (kW) RP ($)
CPLEX: GAMS | 3-6,13,17,18,20-24,26 - 29 10,673 107,331
What’s Best!:
LINDO System

Solver Enhanced Heat Exchangers

3-6,13,17,18,20-24,26 - 29 10,676 102,706

It can be noted from the results presented that the non-linear optimisation model
used in this work identifies a better solution compared to the MILP presented by Pan
et al. (2012). This is because, the exact correlation for the non-linear terms such as
log mean temperature difference have been used as opposed to the linearized version
used in the work by Pan et al. (2012). The computational times required for the work
by Pan et al. (2012) were around 20 seconds for the first example and less than
40seconds for the second. In contrast, the times for this work are less than a second

for the first example and 32 seconds for the second. To conclude, the non-linear
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optimisation model presented and solved using the Global Solver using LINDO
System What’sBest! is proficient with regards to the retrofit of both small and large
scale HENSs.

4.5 Summary

Publications 1 and 2 highlight the benefits of heat transfer enhancement in HEN
retrofit. The case studies examined in both publications show that energy recovery
could be attained without structural modifications and additional heat transfer area.
For small scale HENS, the use of sensitivity analysis can be employed. In the case of
large HENSs, the use of the area ratio approach is recommended, as it is
computationally inexpensive and easy to perform. Although an objective function of
retrofit profit is employed in both publications, this can be adjusted to suite other
retrofit objectives such as maximum energy recovery, minimum operating cost. It is
also important to point out that the cost functions used in determining the retrofit
cost does not include the engineering costs that may be required with the application

of enhancement.

The non-linear optimisation model and solver used in this work has been compared
against the work of Pan et al. (2012) for the application of heat transfer enhancement
in retrofit and the results show that it is capable for dealing with downstream effects
after enhancement, and can identify the best heat exchangers to enhance if an
optimisation approach is used. In Publications 1 and 2, only heat transfer area and
target temperature are considered as constraints, as the objective is to present a
method for the application of heat transfer enhancement. Other practical constraints
for the application of heat transfer enhancement are not accounted for (e.g. pressure
drop). In Chapter 5, the methodologies with heat transfer enhancement are extended

to consider pressure drop.
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Chapter S Pressure Drop Considerations with Heat
Transfer Enhancement

5.1 Introduction to Publication 3

This section tackles the second research objective in Section 1.3 of this thesis and
answers the corresponding questions. Pressure drop consideration in retrofit is
important, as failure to consider it might lead to an unachievable decrease in energy
consumption because pumps or compressors are unable to cope with the increased
pressure drop after retrofit. In worst-case scenario, the pumps and compressors might
need to be replaced and this may outweigh the profit obtained from energy saving.

Publication 3 presents a methodology for considering pressure drop in retrofit.

5.1.1 Pressure Drop Mitigation

This section addresses the question posed in “Objective 2, Question a”. Nie and Zhu
(1999) presented useful methods for mitigating pressure drop in retrofit. In their
work, pressure drop is considered with structural modifications and heat transfer
enhancement was only considered as a way of reducing the additional heat transfer
area in retrofit. Therefore, Publication 3 employs the methods presented by Nie and
Zhu (1999) for pressure drop mitigation with heat transfer enhancement. Publication
3 presents correlations that accurately predict the effect of the enhancement devices
studied in Publications 1 and 2. As such, the correct influence of the enhancement

devices on pressure drop is known.

5.1.2 Retrofit Methodology

This section addresses the question posed in “Objective 2, Question b”. The new
method is an extension of the retrofit methodology presented in Publications 1 and 2.
A new retrofit methodology that incorporates pressure drop as a constraint, together
with heat transfer area and target temperature constraint is presented in the third
publication. For a given heat exchanger, there might be various methods for
mitigating the increase in pressure drop with enhancement. Therefore, the new
methodology includes the definition of a selection factor that identifies the best
mitigation technique to use for a given heat exchanger. The final retrofit

methodology with the use of heat transfer enhancement is presented in this

87



Chapter 5 Pressure Drop Considerations with Heat Transfer Enhancement

publication. Although the area ratio approach is used in this work for identifying the
best heat exchanger to enhance, sensitivity analysis can also be used, depending on

the size of the retrofit problem.
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5.2 Publication 3:
Akpomiemie, M. O., and Smith, R., (2016). Pressure drop

considerations with heat transfer enhancement in heat exchanger

network retrofit.
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Abstract

The success of heat exchanger network (HEN) retrofit not only lies in the amount of
energy savings that can be obtained but also being able to comply with any pressure
drop constraints imposed on the network. The techniques used for heat transfer
enhancement increase the performance of the heat exchanger but at a penalty of
increased pressure drop. In order for a retrofit design with heat transfer enhancement
to be realistic, pressure drop must be considered. The effects of heat transfer
enhancement on pressure drop can be mitigated by applying different techniques. For
shell and tube heat exchangers, the decision on which technique to apply is
dependent on the side that is constrained i.e. shell side or tube side. The variety of
options available for pressure drop mitigation can make the process more complex.
To effectively solve the problem, a step wise approach for the application of heat
transfer enhancement with pressure drop consideration is proposed. The first step is
the identification of the heat exchangers that bring about pressure drop violation
when enhanced. Pressure drop mitigation techniques can then be applied.
Considering there might be multiple mitigation techniques that can be used for a
given heat exchanger, a ranking criterion has been defined for the identification of
the best modification required. After mitigation techniques have been applied to
candidate heat exchangers and the network is no longer constrained by pressure
drop, a simple nonlinear optimisation based model is then used, together with the
new geometry of modified heat exchangers to apply heat transfer enhancement. Heat
transfer enhancement is conducted subject to the target temperatures of all streams
being met and no additional heat transfer area required. Heat transfer enhancement,

even with pressure drop considerations remains an attractive option for HEN retrofit
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as the costs associated with changing the network topology are eliminated, and it

requires reduced time for implementation.
Highlights:

e New systematic methodology for consideration pressure drop consideration in
heat exchanger networks.

e Pressure drop constraints reduce the degree of enhancement in heat exchangers.

e Energy saving can be accommodated with pressure drop constraints in network

retrofit with heat transfer enhancement.

1 Introduction

Environmental concerns regarding global warming and declining energy resources
create an urgent need to improve the energy efficiency in process plants. There has
been significant research performed on the retrofit of HENs. The objective has been
to develop ways of optimising the use of existing exchangers and identifying
attractive structural modifications that can be applied to an existing HEN. Recently,
there has been increased interest in the use of heat transfer enhancement for retrofit.
Retrofit methods can be broadly divided into groups: pinch analysis, mathematical

programming and hybrid methods.

In terms of pinch design method, early research on the retrofit of HEN focused on
estimating the cost and area requirements for additional exchangers to achieve a
retrofit target. Tjoe and Linnhoff [1] first proposed a two-step approach for the
retrofit of HENS. In the first step, a retrofit target was established in terms of energy
reduction and additional area required. To improve the energy efficiency of the
process, modifications were then carried out in the second step. The drawback of this
approach is that there is no method for identifying the area distribution within a
given HEN. Subsequent research conducted based on the pinch design method
overcame this limitation by integrating the area distribution of the existing HEN into
the targeting stage [2]. The design method was further modified to include the costs
of structural modifications required with each match [3]. This was based on the
development of a cost matrix. The cost matrix is used together with a set of heuristic
rules, and the capital -energy trade-off is evaluated by producing different design

options at varying energy reduction levels. The advantage of pinch analysis is that it
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encourages user interaction and provides physical insights to the retrofit problem. On
the other hand, the heuristic nature results in a very time consuming process, which

can be difficult to implement in large HENS.

Mathematical programming methods formulate the retrofit problem as an
optimisation task and solves. Ciric and Floudas [4] first proposed a two-step
approach which consisted of a match selection and an optimisation step. A mixed
integer linear programming (MILP) model was used in the match selection stage to
determine the process stream matches, which was then optimised in the optimisation
stage using a nonlinear programming (NLP) model to determine the flow
configurations in terms of capital cost. The proposed method was later combined
into a single step consisting of a mixed integer nonlinear programming (MINLP)
model for the retrofit of HENs [5]. This formulation is used in simultaneously
optimising all the aspects of retrofit. Yee and Grossmann [6] produced a pre-
screening and an optimisation stage for solving retrofit problems with mathematical
programming. In the pre-screening stage, the optimal energy recovery and the
economic feasibility of the retrofit design were determined using an MILP model.
The network was then optimised in the optimisation stage using a detailed MINLP
model to determine the number of units required to achieve the optimal retrofit
investment. The amount of detail incorporated in the MINLP model restricts it from
being applied to large scale problems as a result of the presence of binary variables.
Abbas et al. [7] developed a new method based on heuristic rules to solve the retrofit
problem based on constraint logic programming (CLP). The heuristic rules used in
this method involved shifting a certain amount of heat load between utilities and
process heat exchangers by the addition of a new shell to the existing unit, and
creating a new utility path by adding a new heat exchanger between utilities. Ma et
al. [8] proposed a two-step approach which included a constant approach
temperature (CAT) model to optimise the HEN structure in the first step, and an
MINLP model, which includes additional variables for exchanger area and takes into
account the actual approach temperatures of all heat exchangers, is used in the
second step. Sorsak and Kravanja [9] proposed a simultaneous MINLP model based
on the original superstructure [10] consisting of different heat exchangers types. The
superstructure is updated with heat transfer area of heat exchangers, the type and the

location of the heat exchanger in the HEN. Although being automated is a benefit of



the mathematical programming method, its lack of user interaction and prolonged
computational time required are drawbacks that readily restrict its practical

application in industry.

To capitalise on the benefits of pinch analysis and mathematical programming, both
methods have been combined to solve the retrofit problem. Briones and Kokossis
[11] proposed a three step approach. The first step, the screening stage, involves area
targeting and minimisation of modifications simultaneously. In the second stage, an
MILP model is developed, taking into account the topology identified in the first
stage, to simultaneously optimise heat transfer area and modifications to the existing
HEN. A NLP model is then solved using the structure developed in the second stage.
Asante and Zhu [12, 13] proposed a two-step approach for solving the HEN problem
that combined pinch analysis and mathematical programming. The new method
aimed to simplify the retrofit procedure by the use of the network pinch. The
network pinch defines the bottleneck of the existing network that limits energy
recovery. To overcome the network pinch, structural modifications must be
performed on the existing network. In the first step, the diagnosis step, promising
structural modifications are identified. The modifications identified are then
optimised based on an energy-capital cost trade-off. Smith et al. [14] presented a
modified network pinch concept for solving retrofit problems. The novelty of this
work is its ability to handle temperature-dependent thermal properties of streams.
The diagnosis stage and optimisation stage were combined to eliminate the
likelihood of missing cost effective designs. A simulated annealing algorithm is then

used in solving the formulated NLP model, together with a feasibility solver.

The methods discussed so far all depend on the need for additional heat transfer area
or structural modifications. In retrofit, this might not be ideal as a result of the cost
associated with these modifications, layout restrictions and difficulty in
implementation. This gave rise to research into the use of heat transfer enhancement
techniques in retrofit. The benefits of heat transfer enhancement include its ability to
improve the performance of existing heat exchangers without altering the network
structure. It is easy to implement, and as such can be done during normal shut down
periods. It is generally cheaper to implement heat transfer enhancement than
additional heat transfer area or structural modifications. Zhu et al. [15] presented a
two-step approach for the implementation of heat transfer enhancement in retrofit. In

4



the first step, the network pinch method is used to identify structural stages for a
given HEN. The different enhancement techniques are applied depending on the
controlling side (given a shell and tube heat exchanger; shell side or tube side). Up to
this point, enhancement has been looked as a way of reducing or eliminating the area
requirement after structural modifications are applied. To highlight the benefit of
heat transfer enhancement, Pan et al. [16] presented an MINLP model for solving the
retrofit problem considering only enhancement. To reduce the computational
difficulties associated with the MINLP model, an MILP model was developed to
solve the problem. Pan et al. [17] then presented an MILP optimisation model taking
into account only tube-side enhancement. The novelty of this work was presenting a
way of overcoming the difficulty faced in optimisation as due to the nonlinearities of
the log mean temperature difference and the correction factor. The work was then
extended by including two iteration loops for solving the retrofit problem with heat
transfer enhancement using a simple MILP model [18]. The first loop is solved
based on an objective function of energy saving or retrofit profit i.e. the difference
between the profit from energy savings and the total cost of retrofit. The maximum
energy savings and retrofit profit is then obtained using the second loop. The
advantage of this method is that it is able to considerably reduce the computational
difficulties due to the nonlinear formulation in the existing HEN retrofit
formulations. However, the mathematical approach used limits its application in
industry as insights into the interactions within the HEN are not known. To tackle
this problem, Wang et al. [19] presented a method for the application of heat transfer
enhancement techniques based on heuristics. The proposed methodology highlighted
the benefits of network structure analysis and sensitivity analysis in identifying the
best heat exchanger to enhance. However, the degree of enhancement in this study
cannot be guaranteed, as detailed modelling of heat exchangers was not considered.
Jiang et al. [20] extended the proposed method to take into account detailed heat
exchanger design. Although a systematic methodology for the application of heat
transfer enhancement was presented in both publications [19, 20], ways of dealing
with the downstream effects after enhancement was not provided. This is essential as
a result of the close interactions between units in the HEN. To tackle this issue
Akpomiemie and Smith [21] presented a novel method based on the combination of
heuristic rules and a NLP model to solve the retrofit problem with heat transfer
enhancement. The methodology presented was based on sensitivity analysis for the
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identification of the best heat exchanger to enhance. The NLP model was used in
eliminating the need for additional heat transfer area after the application of
enhancement. Although sensitivity analysis is an efficient method for the
identification of the best heat exchanger to enhance, the procedure can be
computationally expensive if applied to large scale networks. This is because, the
determination of the best heat exchanger to enhance is dependent on a key utility
exchanger, and only heat exchangers located on a utility path with the key utility
exchanger are considered. This can be problematic if there is more than one utility
exchanger. Therefore, to tackle this issue a more robust method i.e. the area ratio
approach was developed [22]. The area ratio approach identifies the best heat
exchangers to enhance based on the ability of candidate heat exchangers to
accommodate for additional heat transfer area. This lends itself to being applicable in

large scale HEN for retrofit.

One of the major drawbacks as to why heat transfer enhancement is not readily used
in industry is as a result of the pressure drop penalty of enhancement devices. Many
studies do not consider pressure drop, which may present a false sense of energy
efficiency in existing HEN. A typical assumption made with the use of enhancement
is that the existing pumps have enough capacity to cope with the increase in pressure
drop due to the application of heat transfer enhancement techniques. This work
presents methods that can be used in mitigating pressure drop when heat transfer
enhancement is used. A systematic approach that makes use of exchanger
modifications with heat transfer enhancement methodology [21, 22] is used. A
ranking criterion is presented that helps in identifying the best modification when
there are multiple viable options. The new approach presents a more realistic
representation of energy saving that can be attained when pressure drop constraints
are imposed on process streams. First the retrofit problem with heat transfer
enhancement is defined in Section 2. This section also includes the correlations used
for detailed modelling of shell and tube heat exchangers with two commonly used
tube side enhancement techniques i.e. twisted tape and wire coil inserts. A simple
example is used in highlighting the effects of the enhancement techniques on
pressure drop. Section 3 then presents the various methods that can be used for
pressure drop mitigation. Section 4 presents the retrofit methodology for the

application of heat transfer enhancement with pressure drop considerations. This



methodology is then applied to the case study and the results obtained discussed.
Finally, conclusions and recommendations for improving the proposed methodology

are presented in Section 5.

2 Retrofit problem

Although heat transfer enhancement has the ability to provide a good degree of
energy saving in an existing network, it is not so readily applied in process
industries. This is due to the pressure drop penalty associated with the use of heat
transfer enhancement techniques. In an existing HEN, each stream is constrained by
a maximum allowable pressure drop. If enhancement is applied, this constraint might
be violated. This work is an extension of the novel methodologies for the application
of tube side heat transfer enhancement techniques [21, 22]. First it is important to
examine the effect of the use of tube side enhancement techniques. Two tube side
enhancement techniques commonly used i.e. twisted tape and wire coil inserts, and
the correlations for modelling the respective heat transfer coefficients for both inserts
are provided in Akpomiemie and Smith [22]. Outlined below are correlations used in

calculating the pressure drop when both enhancement techniques are used.

2.1 Twisted tape inserts:

The total pressure drop (APr) is given by the sum of the pressure drop in the straight
tube with twisted tape inserts (APt1)), pressure drop in the tube entrances, exits and
reversals (APtg) and the pressure drop in the inlet and outlet nozzle (APtyn). TO
calculate APtt;, Manglik and Bergles [23] proposed a correlation to predict the
isothermal Fanning friction factor (cfr) for a fully developed laminar flow (see
Equation 1). The equation is subject to 0 < Swirl number (Sw) < 2000; 1.5 < twist
ratio (y) < oo; 0.02 < ratio of thickness of tape to tube inner diameter (6/Di) < 0.12
[23, 24, 25].
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For turbulent flow, [26] proposed the correlation shown in Equation 4. The equation
is valid for Re > 10000; and twist ratio (y) of between 2.5 and 10.

¢ ~0.0791 ( 4 2.752) [ T ]1.75 n+2 —2(8/D,) 1.25 Equation 4
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Serth [27] presented a correlation for calculating the pressure drop in the tube
entrance, exit and reversal AP¢ and the pressure loss in the inlet and outlet nozzles
AP\ (see Equation 6 and 9).

AP = 0.50R VT Equation 6
ar = 2Np — 1.5 for Re > 2100 Equation 7

where
Equation 8

o = 3.25Np — 1.5 for 500 <Re <2100

_ — 2 2 i
APTN - APTN,inlet+ APTN,outlet - CTN’inletpTVTN,inlet+ CTN’OutletpTVTN,outlet Equatlon 9

C1N, intet = 0.375 for Reqy, inet™> 2100; and Cr;, intet = 0.75 for 100 < Rery, iner <
2100

where
C1N, outlet = 0.375 for Rery, ouier > 2100; and Cryyouttet = 0.75 for 100 < Reqy,
outlett < 2100

The Reynolds number for the inlet (Rery ine) @and outlet (Rery, ouer) @and velocity for
the inlet (vry, iner) @and outlet (Vo outer) NOZZle are given in Equations 10 — 13. Both
equations are a function of the inner diameter of the inlet and outlet nozzle for the

tube-side fluid (D1, inlet@nd D1, outlet respectively).
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The total pressure drop is given by:
APT = APTT] + APTE + APTN Equatlon 14

For heat exchangers with multiple shells connected in series, the total pressure drop
is the pressure drop calculated using Equation 14 multiplied by the total number of

shells.

2.2  Wire coil inserts:

The total pressure drop (AP7) is given by the sum of the pressure drop in the straight
tube with wire coil inserts (APwcy), pressure drop in the tube entrances, exits and
reversals (APtg) and the pressure drop in the inlet and outlet nozzle (APty). APwc iS
calculated using the pressure drop equation (see Equation 5). However, the friction

factor is different in the case of wire coil inserts.

Garcia et al. [28] proposed a correlation for calculating the Fanning friction factor
(cfw) for 2000 < Re < 30000 (see Equation 15).

-1.16

ofy=9.35 (g) Re 027 Equation 15

Ravigururajan and Bergles [29] proposed a correlation for calculating the Fanning
friction factor for 30000 < Re < 250000 in augmented tube with structured roughness

(see Equation 16).
16
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Filonenko [30] defined a correlation for the smooth tube friction factor (cfs):
cf,= (1.58InRe —3.28)7 Equation 22

The total pressure drop is given by:
APT = APWCI + APTE + APTN Equat'on 23

Similar to twisted tape inserts, heat exchangers with multiple shells connected in
series, the total pressure drop is the pressure drop calculated in Equation 23

multiplied by the total number of shells.

2.3 Example

Table 1 shows the details of an example heat exchanger. The heat exchanger was
modelled using the correlations provided for twisted tape and wire coil inserts to
calculate the pressure drop of the heat exchanger before [22] and after enhancement.
Table 2 shows the results obtained. Assumed parameters for twisted tape insert
include a twist ratio of 5 and a tape thickness of 0.001m. In terms of wire coil insert,
an axial roughness pitch (p) and roughness height () of 0.0425 and 0.0016m

respectively are used.
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Table 1: Exchanger Data

Fluids Shell side Tube Side
Heat Capacity Flowrate C, (J/kg °C) 2273 2303
Thermal Conductivity k (W/m °C) 0.08 0.0899
Viscosity 1 (Pa s) 1.89E-04 9.35E-04
Density p (kg/m°) 966 791
Mass Flow rate m (kg/s) 46.25 202.54
Inlet Temperature Ti, (°C) 227 131
Fouling Resistance (m? °C /W) 0.00053 0.00053

Heat exchang

er geometry

Tube Pitch P+ (m) 0.03125 Number of Baffles ny 25
Number of Tubes N; 612 Baffle Spacing B (m) 0.22
Number of Passes Np 2 Inlet Baffle Spacing Bi, (m) 0.3117

Outlet Baffle Spacing Bout
Tube Length L (m) 6 0.3117
(m)
Tube Effective Length
5.9 Baffle cut B, 20%
Leff (m)
Tube Conductivity Kiype Inner Diameter of Tube-side
51.91 0.336
(W/m K) Inlet Nozzle D jnjet (M)
Inner Diameter of Tube-side
Tube Layout Angle 90 0.336
Outlet Nozzle Dr gutiet (M)
) ) Straight Tube | Inner Diameter of Shell-side
Bundle Configuration 0.154
Bundle Inlet Nozzle Ds jnjet (M)
Tube Inner Diameter D; Inner Diameter of Shell-side
0.02 0.154
(m) Outlet Nozzle Ds outiet (M)
Tube Outer Diameter D, Shell-Bundle Diametric
0.025 0.069
(m) Clearance Lg, (M)
Shell Inner Diameter Ds Shell arrangement (series x
0.97 2x1
(m) parallel)
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Table 2: Enhancement Results

Tube Side Shell side
hy (KW/m?°C) | APy (kPa) | hg (KW/m”°C) | APg (kPa)
Base Case 1.58 95.23 1.91 69.09
Twisted Tape 2.64 130.32 1.91 69.09
Wire Coll 3.26 111.51 1.91 69.09

From the result shown in Table 2, the use of both enhancement techniques led to an
increase in the pressure drop by 36.9% for twisted tape and 17.1% for wire coil
inserts. In this case, the existing pumps might not be able to cope with the increase in
pressure drop. This problem can be solved by installing additional pumps either as
replacements or in series with existing ones or retrofitting the existing pumps.
However, in retrofit, it might not be economic to consider the installation of pumps
with increased capacity. Therefore, presenting different methods for mitigating the

increase in pressure drop with enhancement is vital.

3 Pressure drop mitigation

The example studied in the previous section highlights the effect of heat transfer
enhancement on both heat transfer coefficient and pressure drop. Not only does the
heat transfer enhancement techniques used increase the heat transfer coefficient, but
also the pressure drop. With the exception of installing a pump to cope with the
increase in pressure drop, other methods can be considered for pressure drop
mitigation. Methods used in mitigating pressure drop are discussed in more detail in

the following sections.

3.1 Tube passes:

Modifying the tube passes in existing heat exchangers is one way of reducing the
pressure drop. Reducing the tube passes in existing heat exchangers results in a
decrease in the tube-side flow velocity but the overall performance of the heat
exchanger can still be improved with the use of heat transfer enhancement. Examples
of common tube passes used in the design of shell and tube heat exchangers are one,
two, four, six, eight, ten and twelve. Based on this existing number of tube passes,
there are different possible options for the tube pass reduction (see Table 3). The

proposed modifications are relatively simple to implement. From the majority of the
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retrofit options proposed in Table 3, two underlying principles that can be stated are
that the tubes for each pass should be the same after decreasing tube passes and no

new partition installation channels can be installed.

Table 3: Options for reducing tube passes

Tube passes | Retrofit options Actions required
One None None
1) Remove all the partitions;
T Reduce the number | 2) Replace the existing heads with two new
wo
of tube passes to one heads;
3) Rearrange or repipe the flows if necessary
1) Remove all the partitions;
2) Replace the existing heads with two new
Reduce the number heads;
of tube passes to two | 3) Install a new partition in the middle of the
Four or front head;
Eight 4) Rearrange or repipe the flows if necessary
1) Remove all the partitions;
Reduce the number | 2) Replace the existing heads with two new
of tube passes to one heads;
3) Rearrange or repipe the flows if necessary
Reduce the number | Remove all partitions except the middle one
of tube passes to two | in the front head
Six or Ten 1) Remove all the partitions;
Reduce the number | 2) Replace the existing heads with two new
of tube passes to one heads;
3) Rearrange or repipe the flows if necessary
Reduce the number | Remove some partitions and retain those in
Twelve of tube passes to | the typical 4-tube-pass layout
four
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1) Remove all the partitions;

2) Replace the existing heads with two new
Reduce the number heads;

of tube passes to two | 3) Install a new partition in the middle of the
front head;

4) Rearrange or repipe the flows if necessary

1) Remove all the partitions;

Reduce the number | 2) Replace the existing heads with two new
of tube passes to one heads;

3) Rearrange or repipe the flows if necessary

This technique is used in reducing the tube side pressure drop. Therefore,
considering the example heat exchanger provided in Table 1, the pressure drop after
the application of heat transfer enhancement can be reduced by modifying the tube
passes. There are two tube passes in this example heat exchanger. From Table 3, the
only option available is to reduce the number of tube passes from two to one. Table 4

shows the result obtained when this procedure was applied.

Table 4: Result from tube pass reduction

Before Modification After Modification
hy (kW/m?°C) | AP; (kPa) | hy (KW/m?°C) | AP; (kPa)
Base Case 1.58 95.23 0.905 21.26
Twisted Tape 2.64 130.32 151 42.23
Wire Coil 3.26 111.51 1.98 49.77

From Table 4, it can be noted that the heat transfer coefficient in the base case
scenario decreases as a result of the decrease in the number of tube passes. However,
the decrease in performance can be compensated for with the use of enhancement in
particular. In this case, a wire coil insert has been used, which was still able to
provide a degree of enhancement compared to the base case but at a lower pressure
drop. In summary, this example shows that modifying the number of tube passes can

mitigate the increase in pressure drop with the use of heat transfer enhancement.
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However, this comes at a penalty of decreased level of enhancement when compared

to the scenario where pressure drop is not considered.

3.2 Modification of shell arrangement:

In retrofit, the presence of more than one shell in a heat exchanger allows for an
opportunity to reduce its pressure drop requirement. The total pressure drop of the
heat exchanger is dependent on the shell arrangement of the total number of shells.
Different shell arrangements have a significant impact on pressure drop. For
example, for a two shell heat exchanger, the shells can either be arranged in series or
in parallel (see Figure 1). In the case of the series arrangement of shells, the total
pressure drop is the sum of pressure drop of both shells. In the series arrangement,
the entire flow goes through both shells resulting in pressure drop and heat transfer
coefficient that are relatively high. On the other hand, with parallel arrangement, the
total pressure drop is given by the maximum pressure drop in either of the shells.
With a parallel arrangement, the heat transfer coefficient and pressure drop are lower
as the flow going through each shell is lower than that of series arrangement.

2 - shell heat exchanger

®
— ) — -
NG (D)
_/
Series arrangement Parallel arrangement

Figure 1: Shell arrangement

In the case where there are more than two shells in a heat exchanger, a mixed
arrangement can be used (see Figure 2). In this case, each shell has intermediate heat
transfer coefficients and pressure drops compared to the series and parallel

arrangements.
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4 - shell heat exchanger

S —
(D
o0

Figure 2: Mixed arrangement (2series, 2 parallel)

This technique can be used in reducing both the shell and tube side pressure drop
requirement. Again, considering the example heat exchanger provided in Table 1, it
is assumed that the two shells are in series. Therefore, to reduce the pressure drop we
can modify the shell arrangement from series to parallel. A split ratio of 0.5 is
assumed for both the shell and tube side analysis. Tables 5 and 6 show the result
obtained when this approach was applied to reduce the shell and tube side pressure

drop respectively.

Table 5: Shell side mitigation

Before Modification After Modification
hg (KW/m? °C) APg (kPa) | hg (kW/m?°C) | APg (kPa)
Base Case 1.91 69.09 1.21 18.92
Twisted Tape 1.91 69.09 1.21 18.92
Wire Coil 1.91 69.09 1.21 18.92

Table 6: Tube side mitigation

Before Modification After Modification
hy (KW/m?°C) | APy (kPa) | hy (kW/m*°C) | APy (kPa)
Base Case 1.58 95.23 0.905 27.31
Twisted Tape 2.64 130.32 151 37.61
Wire Coil 3.26 111.51 1.98 45.16
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The results show that modifying the shell arrangement resulted in a decrease in both
the heat transfer coefficients and the pressure drop for both cases. Also, the result
obtained in Table 6 is the same as that obtained for reducing the number of tube
passes from two to one (see Table 4) in terms of heat transfer coefficients. This result
is expected as the velocity of the tube-side in both cases decreases by a factor of half.
However, the pressure drop is different from that of reducing the number of tube
passes due to the tube-side entrance and exit pressure drop losses, which is a factor
of the number of tube passes (see Equations 7 and 8).

3.3 Heat transfer enhancement

The general perception of heat transfer enhancement is that it not only increases the
performance of heat exchangers, but also increases pressure drop. This assertion is
true for most enhancement devices but not all. An example of enhancement device
that can aid in reducing the pressure drop in heat exchangers is helical baffles.
Helical baffles are known to actually have a greater impact in terms of reducing
pressure drop than increasing heat transfer coefficient [31]. They are also known to
reduce the heat transfer coefficient in some cases. Helical baffles are mostly used
when there is a need to reduce the pressure drop in the shell side as it is a form of
shell side enhancement technique. Zhang et al. [32] presented useful correlations in
calculating the shell side heat transfer coefficient with helical baffles (hsug) and
pressure drop using helical baffles (APsyg). The shell side heat transfer coefficient is
determined from the Nusselt number (Nuspg) correlation shown in Equation 24

where A and B are constants that depends on the type of baffle used.

hsygD
Nugyp = >=ARe] Pr,” Equation 24
. psUsDo :
where Re, = Shell side Reynolds number = " Equation 25
. Cpsht :
Pr = Shell side Prandtl number = k—s Equation 26
S

The friction factor (cfspg) is dependent on the shell side Reynolds number, as shown

in Equation 27, where C and D are constants dependent on the baffle type.

cfgyp = C ReP Equation 27
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The pressure drop for helical baffles can then be calculated using the correlation
shown in Equation 28. Variables for each constant (A, B, C and D) are given in
Table 7.

2 cfsug Ny L p, uj

APgyp = X Equation 28
where X =,/2D; tanP Equation 29
Table 7: Coefficients of constants A, B, C and D [32]
Baffle type A B C D
Helical baffles, = 20° 0.275 0.542 11.0 -0.715
Helical baffles, p = 30° 0.365 0.516 13.5 -0.774
Helical baffles, § = 40° 0.455 0.488 34.7 -0.806
Helical baffles, f = 50° 0.326 0.512 47.9 -0.849

The total pressure drop when helical baffles are used is the sum of the pressure drop
in the straight section with helical baffles and the pressure drop in the nozzles
(APsN).

APS = APSHB + APSN Equation 30

For heat exchangers with multiple shells, the pressure drop calculated using Equation

30 is multiplied by the total number of shells.

To examine the influence on helical baffles on heat transfer coefficient and pressure
drop; helical baffles are implemented in the example heat exchanger shown in Table
1. Table 8 confirms that helical baffles not only reduce the shell side pressure drop
but also the heat transfer coefficient. Based on this example, the best baffle type to
use will be 30°, as the degree of enhancement between this baffle and that at 40° is

close, but the difference in pressure drop is considerable.
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Table 8: Application of helical baffles

Shell side
hg (kW/m”°C) | AP (kPa)
Base Case 1.91 69.09
Helical baffles, = 20° 0.848 67.87
Helical baffles, B = 30° 0.832 32.27
Helical baffles, = 40° 0.748 37.23
Helical baffles, B = 50° 0.709 25.86

3.4 Other practical methods

Nie and Zhu [33] identified four other opportunities that can be applied in practice to
tackle pressure drop problems when looking at a HEN. The opportunities identified

are as follows.
Option 1: Exploiting streams with spare pressure drop capacity:

This opportunity arises from the fact that in a given HEN, not every stream will have
a pressure drop constraint. Therefore, a certain amount of heat load can be shifted

between exchangers on constrained and unconstrained streams.
Option 2: Releasing pressure drop from existing heat exchangers on the same stream:

The shell arrangements of each heat exchanger on the stream can be manipulated to
reduce the pressure drop requirement of the stream. This releases the pressure drop
and allows for heat transfer enhancement techniques to be applied, while still
maintaining the pressure constraint of the stream. Also, if the shell arrangement of a
heat exchanger is modified from series to parallel, this not only reduces the pressure
drop requirement, but also increases the performance of heat exchangers located

downstream. As such, the overall energy performance is improved.

Option 3: Modifying the existing pumps to increase the allowable pressure drop

requirement:
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This is often not a desirable option in retrofit due to the cost associated with pump
modification. However, if this is an option the pump capacity can be improved by
methods such as increasing the impeller size or increasing the rotating speed of the
pump. This increases the discharge pressure and the allowable pressure drop of the
HEN.

Option 4: Exploiting utility conditions:

Modifications made to a heat exchanger might result in the violation of target
temperatures of streams which contain that heat exchanger. Ordinarily, additional
heat transfer area can be added to existing heat exchangers in order to maintain the
energy balance. However, this might result in an increase in the pressure drop
beyond the allowable limit of the existing pump. With this method, utilities are either
replaced with higher temperature utility or one with a higher heat transfer

coefficient, instead of increasing the heat transfer area of existing heat exchangers.

In addition to the practical methods presented by Nie and Zhu [33], other methods
can be used in mitigating pressure drop in the shell and tube sides. In terms of shell
side pressure drop mitigation, the baffle cut, baffle spacing and tube pitch can be
increased. Other methods include changing the tube pitch configuration from
triangular to square or rotated to in-line or use an alternative baffle design. For tube
side mitigation, the tube length can be decreased; the shell diameter and tube
diameter can be increased. In summary, it is important to point out that although
these methods might be able to mitigate pressure drop requirement, it is always

advisable to explore the effect of performing these modifications in terms of cost.

4 Retrofit methodology

The methodology shown in Figure 3 shows the proposed approach for considering
pressure drop with heat transfer enhancement in retrofit. Given that this is a retrofit
problem, it is assumed that the heat exchanger data are available.

Step 1: Given the base case heat exchanger data, the first step is the identification of
the best heat exchanger to enhance. This procedure is a two-step approach as

described in [21, 22]. The first step is the identification of heat exchangers on a
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utility path. Then either sensitivity analysis [19, 20 and 21] or the area ratio approach

[22] can be used in determining the best heat exchanger to enhance.

Step 2: In the second step, the chosen enhancement technique is then applied to the

best heat exchanger identified in Step 1.

Step 3: The stream pressure drop is then checked after enhancement. If there are
pressure drop violations, the mitigation techniques described in Section 3 is applied
(Step 3.1). If not continue to Step 4. The decision on what technique to apply
depends on the stream that is constrained. For example, if the shell side is
constrained, helical baffles or changing the shell arrangements could be considered.
If on the other hand, the constraint is on the tube side, then reduction in the number
of tube passes or change in the shell arrangement could be considered. Given the
new exchanger geometry and data, the new heat transfer coefficient and pressure
drop for the new base case and enhanced conditions could be determined. In
situations where there is more than one mitigation option, a ranking criterion is
required to determine the best modification option. The ranking criterion (SF) is
defined as the change in pressure drop with respect to the change in the degree of
enhancement before and after applying modifications (Equation 31). The best option
is one with the smallest selection factor, as this signifies the modification that can

still provide a higher degree of enhancement with the lowest pressure drop penalty.

APy — AP Ugg—U
SF = | =& il BF B Equation 31
APgg—APg J \UnEg —Un

Step 4: After satisfying the pressure drop constraint, the network is then checked for
heat transfer area and target temperature constraint violations. This is essential, as
the aim is to apply heat transfer enhancement without the need for additional heat
transfer area, while ensuring energy balance is maintained. If the constraints are not

violated, continue to Step 6 otherwise continue to Step 5.

Step 5: In case of constraint violations, a non-linear optimisation model can then be
applied. The non-linear optimisation model is similar to that presented in [21, 22].
However, it has been modified to take into account the cost associated with the
application of the mitigation techniques. The objective function is still to maximise
the retrofit profit (RP) where:
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RP = UCB -

UCg + Z RCeX] Equation 32
ex€EX

In this case, the retrofit cost includes the cost of modifications and is given by:

RCey = ECey X EFey 4 ACey X EFgy + BCey X EFey + MCey

Equation 33
X EFqy Vex € EX

where, EC¢ is the enhancement cost of exchangers, ACg is the additional area cost,
BCex Is the cost of bypass, and MC is the modification cost. An enhancement
factor, EF, is assigned to each individual cost. If a heat exchanger is enhanced,
additional area is required, bypass is required or modifications are made to the
exchanger geometry then this value is one otherwise, zero. Correlations shown in
Equations 34 and 35 are used in calculating the utility cost before and after
enhancement a CCU and CHU are the yearly cost parameter for cold and hot utility,

Qs and Qg are the duty before and after enhancement and OT is the operating time.

Equation 34
UCg = OT X |CCU X z Qpex +CHU x z QB ex
ex€EXcy ex€EEXHy
Equation 35
UCg = OT X [CCU x Z Qgex +CHU x Z QE ex
ex€EXcy exXEEXHy

The aim of the optimisation model is to be able to apply heat transfer enhancement
without the need for additional heat transfer area and ensuring the target
temperatures of all streams are met (see Equations 36 — 38). Equations 36 to
Equation 38 represent the constraints for heat transfer area requirement, for all cold
and hot streams, CS and HS. A and Ag represent the heat transfer area of all
process heat exchangers before and after the application of enhancement. EX'cs,
EX%%s, EXiHs, EX°4s describe the set of all exchangers located at the inlet and outlet
of all cold and hot streams respectively. TCOScs and THOSys represent the cold and

hot outlet stream temperatures.

A = Ag Vex € EXg Equation 36

TCOgx = TCOScs Vex € EXZg Equation 37
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THOgx = THOS(s Vex € EXs Equation 38

Variables used in this model are the overall heat transfer coefficient of all process
heat exchangers, subject to this value not exceeding the maximum determined based
on the exchanger geometry. The duty of all heat exchangers on a utility path is
another variable used in this model. It is important to point out that although the
overall heat transfer coefficients of heat exchangers not on a utility path are varied,

this is done at constant heat exchanger duty.

Step 6: Given that the retrofit objective is to maximise the retrofit profit, after the
application of the non-linear optimisation model, if the retrofit profit before
enhancement is greater than that after, the procedure is stopped. This means that the
profit obtained from applying enhancement is less than the cost of retrofit. As such,
it is uneconomic. If this is not the case, proceed to Step 7.

Step 7: There might be more than one heat exchanger that can improve energy
recovery. If so, other candidate heat exchangers are sorted and the procedure is
repeated. If all potential for energy recovery has been explored, the procedure can

then be terminated.
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Step 5: Apply Non-Linear Optimisation Model

Step 6: Stopping
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Step 7. Further
Retrofit

End Procedure
Figure 3: Retrofit methodology with pressure drop and heat transfer enhancement

5 Case Study

The case study shown in Figure 4 depicts a simplified crude-oil pre heat train [21,
22]. Table 9 shows the data for each process heat exchanger in the network. The

objective is to present a retrofit design with the maximum retrofit profit while
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minimising the energy consumption of the hot utility (exchanger 12) and maintaining

the pressure drop, heat transfer area and target temperature constraints in the

network. Table 9 and 10 shows the original heat exchanger and stream data for the

case study, including the maximum pressure drop of each process stream in the

HEN.

Ol

E 299°C

120°
10 250°C

E 273°C

IE 230°C

IE 206°C

178°C

Figure 4: Case study

Table 9: Original Heat Exchanger Data

=AY (kW/rr]1512°C) (ﬁgg) (kW/hr;ZC’C) (ﬁppg) (kW/lrJn%c:) Q (kW)
1 30672 | 207 78.49 133 167.29 052 | 614133
2 | easas | 231 100.80 140 131.40 043 | 613483
3 633.85 454 75.76 0.78 73.43 0.16 5556.61
4 | 3sap4| 127 127 0.62 2538 0l0 | 2688.79
5 | 1gags | 256 98.38 0.78 15.73 032 | 343116
6 |g4z73 | 096 14.66 0.49 14674 006 | 220Ls8
7 11228 | 338 91.09 0.98 88.54 036 | 362320
g | : : ] 657.23
s | . ; : ] 1141.81
0| : : ] 816.9
11| : : ] 880.62
12 : : 14455 41
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Table 10: Stream Details

Stream | CP [kW/°C] | TS[°C] | TT[°C] | Q [kW] Maximum AP (kPa)
H1 86 310 95 18,490.0 400
H2 21.4 299 120 3,830.6 200
H3 184.7 273 250 4,248.1 200
H4 23.5 230 95 3,172.5 200
H5 129.4 206 178 3,623.2 100
C1 143.91 52 360 44,323.2 700

The first step is the identification of the best heat exchangers to enhance. In this
work, only tube side enhancement techniques are considered and in particular,
twisted tape inserts are used, as they brought about the greatest degree of
enhancement in all candidate process heat exchangers. The geometric details of all
candidate heat exchangers are given in Table 11. The area ratio approach [22] is used
in determining the enhancement sequence for this case study. Table 12 shows the
results obtained for each candidate heat exchanger. It is important to point out that
result for Exchanger 7 is not provided as it is the only process heat exchanger not on
a utility path. From Table 12, the best heat exchanger for enhancement is Exchanger
5, as it has the smallest area ratio (i.e. signifies the heat exchanger that can
accommodate for the greatest increase in heat transfer area, and as such greatest

decrease in utility consumption).

After enhancing Exchanger 5, the pressure drop on stream C1 is then checked for
pressure drop violation. Applying enhancement to Exchanger 5, results in an
increase in its tube side pressure drop from 15.73kPa to 37.67kPa. Initially, the total
pressure drop of stream C1 was 668.51kPa. After enhancement, this value increases
to 690.45kPa, which is below the maximum allowable pressure drop in stream C1.
Therefore, the next step in the retrofit process is to check for heat transfer area and

target temperature violations.

Enhancing Exchanger 5 resulted in a decrease in the driving force for Exchanger 1.
At constant duty, additional heat transfer area is required in Exchanger 1 to maintain
the target temperatures. Therefore, the non-linear optimisation model is applied. The

optimisation was carried out using the LINDO system What’s Best global solver

26




[34]. Table 13 shows the cost data for the utilities and cost of modifications. Table
14 shows the result obtained after enhancing Exchanger 5 and applying the non-
linear optimisation model. From Table 14, enhancing exchanger 5 can bring about a
total retrofit profit of ~3% of the initial utility cost of $5,801,395.

Table 11: Detailed exchanger geometry

Heztegﬁ;?;ger Exl | Ex2 | Ex3 Ex.4 Ex.5 Ex.6
Py (M) 0.025 | 0025 | 0025 | 0025 | 0025 | 0025

N 1032 | 985 | 1192 798 665 985

Np 4 2 2 2 2 2

L (m) 6.4 9.3 8.5 7.4 4.4 13.6

Keupe (W/m°C) 5191 | 51.91 | 5191 | 5191 | 5191 | 5191

Tube Layout Angle 90 90 90 90 90 90
Di (m) 0.015 | 0015 | 0016 | 0016 | 0016 | 0016

D (M) 0.019 | 0019 | 0020 | 0020 | 0020 | 0.020

Ds (M) 102 | 100 | 110 0.90 0.82 1.00

Ny 41 41 41 41 41 41

B (m) 0.3 0.3 0.3 0.3 0.488 0.25

Bin (M) 0.127 | 0127 | 0127 | 0127 | o488 | o0.127

Bout (M) 0127 | 0127 | 0127 | 0127 | o488 | o0.127

B. 20% | 20% | 20% 20% 25% 20%
D jntet (M) 0.1023 | 0.1023 | 0.1023 | 01023 | 0.3048 | 0.1023
D outter (M) 0.1023 | 01023 | 0.1023 | 0.1023 | 0.3048 | 0.1023

Ds intet (M) 0.079 | 0079 | 0079 | 0079 | 03048 | 0.079

Ds outiet (M) 0.079 | 0079 | 0079 | 0079 | 03048 | 0.079
Lo (M) 0074 | 0074 | 0071 | 0071 | 0041 | 0071

Table 12: Area Ratio Result

Exchangers U (kW/m®C) Ue(kW/m?°C) Ar
1 0.517 0.669 0.773
2 0.475 0.597 0.795
3 0.158 0.198 0.798
4 0.0963 0.108 0.891
5 0.325 0.448 0.725
6 0.610 0.674 0.905
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Table 13: Cost Data

Utility Cost Data

Retrofit Cost Data

Hot Utility Cost: 400 ($/kW y)

Cost of Inserts: 500 + 10*A (3$)

Cold Utility Cost: 5.5 ($/kW y)

Implementing By-Pass: 500 ($)

Cost of Increasing Heat Exchanger Area: 4000 +

200*A ($)

Cost of modifying shell arrangement: 10,000($)

Cost of modifying tube passes: 5,000 ($)

Table 14: Enhancement Result after Enhancing Exchanger 5

Enhancement $2,338
Modification for Pressure Drop
e $0
Mitigation
Retrofit Cost Increasing Area $0
Implementing By-pass $500
Total Cost $2,838
Utilities Savings $178,076
Retrofit Profit

Net Saving (Utility Savings -
Total Cost)

$175,238 (~3.0% of initial utility
cost)

The next step is to explore other opportunities for energy recovery. The next

candidate heat exchanger for enhancement is Exchanger 1. Applying tube side

enhancement to Exchanger 1 not only results in an increase of its overall heat
transfer coefficient from 0.52 kW/m?°C to 0.67 kW/m?°C, but also the pressure drop
from 167.29kPa to 169.25kPa. The total pressure drop of stream C1 has now

increased to 692.41kPa. Again this is below the maximum allowable pressure drop,

and as such the retrofit procedure can proceed to the next step which is dealing with

heat transfer area and target temperature violations. The final result obtained after

enhancing Exchanger 1 is given in Table 15.
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Table 15: Enhancement Result after Enhancing Exchanger 5 and 1

Enhancement $8,448
Modification for Pressure Drop
e $0
Mitigation

Retrofit Cost Increasing Area $0
Implementing By-pass $1,500
Total Cost $9,948

Utilities Savings (relative to initial $321.924

utility cost)
Retrofit Profit

Net Saving (Utility Savings - Total $311,976 (~5.4% of
Cost) initial utility cost)

The procedure is repeated for the next best heat exchanger i.e. Exchanger 2. In the
case of Exchanger 2, the pressure drop after enhancement increased from 131.40kPa
to 163.31kPa. This increased the total pressure drop of Stream C1 to a value of
724.32kPa. Therefore, pressure drop mitigation techniques must be applied.
Exchanger 2 has two shells arranged in series and two tube passes. In this case, there
are two options available i.e. reducing the number of tube passes from two to one
and changing the shell arrangement from series to parallel. A split fraction of 0.5 is
assumed for the case of changing shell arrangement. In this case, the selection of the
best modification is based on the ranking criterion (SF). From the result shown in
Table 16, the modification of the shell arrangement is the best, as it has the lowest

value for SF.
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Table 16: Modification for Exchanger 2

Base Case After Modification
UB UB,E APB APB,E UN UN,E APN APN,E SF
(KW/m?°C) | (kW/m*C) | (kPa) (kPa) | (KW/m?**C) | (kW/m*°C) | (kPa) (kPa)
Original
) 0.475 0.597 131.40 | 16331 - - - - -
Design '
Tube pass
reduction 0.475 0.597 131.40 | 16331 0.356 0.490 113.80 | 12548 | 0.33
(two to one)
Shell
Modification
) 0.475 0.597 131.40 | 163.31 0.361 0.494 33.77 43.22 | 0.27
(series to ' ' ' '
parallel)
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The modification is applied based on the degree of enhancement after shell
modification to Exchanger 2 is applied. The network is checked for violations and if
there are any, the violations are corrected using the non-linear optimisation model.
The retrofit profit obtained after enhancing Exchanger 2 (see Table 17) is less than
that before. Therefore, the result obtained is discarded, as it is not economic to apply
enhancement. The final details of all heat exchangers after enhancement with

pressure drop consideration are given in Table 18.

Table 17: Enhancement Result after Enhancing Exchanger 5, 1 and 2

Enhancement $14,323
I\/Iodlflcatlon_ f_or F_’ressure Drop $10,000
Mitigation
Retrofit Cost Increasing Area $0
Implementing By-pass $1,500
Total Cost $25,823
Utilities Savings (relative to $242.017

initial utility cost)
Retrofit Profit

Net Saving (Utility Savings - | $216,194 (~3.9% of initial utility
Total Cost) cost)

Table 18: Final Heat Exchanger Data

Ex 2 Ur ATpm KW APy APg
AM) 1 wimec) | (°0) Fr QUM | pa) | (kpa)
1 396.72 0.67 28.29 0.88 6104.73 | 169.25 78.49
2 545.45 0.48 29.00 0.82 6162.68 | 13140 | 100.80
3 633.85 0.16 62.80 0.88 5561.54 | 7343 75.76
4 354.64 0.10 84.06 0.94 2688.32 | 4538 4.27
5 | 18385 0.45 53.53 0.96 4230.13 | 3767 98.38
6 | 843.73 0.06 46.00 0.97 2291.21 | 146.74 | 14.66
7 114.28 0.36 88.76 0.97 3623.20 | gg 54 91.09
8 . - - - 661.04 - .
9 . - - - 1142.28 - .
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10 - - - - 17.97 - -

11 - - - - 881.29 - -

12 - - - - 13661.52 - -

A comparative analysis (see Figure 5) shows that with pressure drop consideration,
only a decrease in utility consumption of ~5.5% can be achieved, compared to the
7% achieved without pressure drop consideration [21, 22]. Compared to the result
obtained without pressure drop [21, 22], the retrofit profit obtained with pressure
drop consideration represents a decrease of ~18.5%. This result was obtained even
though the retrofit cost with pressure drop was considerably lower than that without.
The higher retrofit profit without pressure drop is obtained as there was more

opportunity for increasing energy recovery by enhancing more candidate heat

exchangers.
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Only Enhancement Enhancement with Pressure
Drop
ORetrofit Profit M Retrofit Cost # Energy Savings

Figure 5: Comparative Analysis

6 Conclusions

Pressure drop consideration is important in retrofit, especially when heat transfer
enhancement is considered. The use of heat transfer enhancement techniques results
in an increase in the pressure drop of enhanced heat exchangers. In retrofit, the

modifications made are restricted by pressure drop constraints imposed by the
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existing pumps. Correlations used in calculating the increase in pressure drop for
twisted tape and wire coil inserts have been presented. In this work, a combination of
heuristics and optimisation for pressure drop consideration is proposed. The method
first identifies the heat exchangers for enhancement. Then the network is checked for
pressure drop violations. If there are violations, pressure drop mitigation techniques
are used to solve the problem. For tube side pressure drop violation, modification of
the number of tube passes and the shell arrangement can be considered. In terms of
shell side violation, the use of helical baffles or the modification of shell
arrangement can be considered. In the case, where there are no pressure drop
violations, other constraints such as heat transfer area and target temperature
constraints, are examined. Heat transfer area and target temperature violations are
corrected using a non-linear optimisation model. The aim in retrofit is not only to
present a feasible design methodology that incorporates all network constraints, but
also an economic design. Therefore, a stopping criterion of retrofit profit is included
in the methodology. The procedure is stopped when the application of enhancement,

subject to all constraints being met, becomes uneconomic.

This procedure was applied to a case study and the result obtained demonstrated that
pressure drop consideration can be vital in order to be able to present a more realistic
retrofit design. The results showed that the level of energy saving when pressure
drop is constraining is less than that without. As such, the retrofit profit obtained is
reduced compared to the case without pressure drop considerations. It still needs to
be emphasized that, although there is a decrease in the projected level of energy
saving that can be achieved, heat transfer enhancement can still be an attractive
option in HEN retrofit. This is as a result of the ease in which it can be applied. It is
generally cheaper to implement than conventional retrofit methods as it requires
reduced civil and piping work. However, the amount of energy savings that can be
achieved by the application of conventional retrofit methods (i.e resequencing,
stream splitting, adding a new heat exchanger to create a path or loop) cannot be
ignored. Current methodologies for the application of conventional retrofit methods
do not support user interaction Future work will look into developing a step-wise
approach for the application of conventional retrofit methods in HEN retrofit that
provides useful insights into the identification of the best network modification to

make.
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Nomenclature

Symbols
APy

APpry
APrg
APry

y
D;

Cer
Usw
ur
L
Np
VTN inlet
VTN,outlet

DTN,inlet

DTN,outlet

D intet
DSN,outlet
mr
Al:’WCI

Crw

Definitions
Total tube-side pressure drop

Pressure drop in the straight tubes with twisted tapes
Pressure drop in the tube entrances, exits and reversal
Pressure drop in tube side nozzles

Twist ratio
Tube inner diameter
Tube-side friction factor for twisted tape
Effective swirl velocity
Mean fluid velocity inside the tubes
Length
Number of tube passes

velocity of the inlet nozzle for the tube-side fluid

velocity of the outlet nozzle for the tube-side fluid

Inner diameter of the inlet nozzle for the tube-side fluid
Inner diameter of the outlet nozzle for the tube-side fluid

Inner diameter of the inlet nozzle for the shell-side fluid

Inner diameter of the outlet nozzle for the shell-side fluid

Mass flowrate on the tube-side
Pressure drop in the straight tubes with wire coil
Tube-side friction factor for wire coil
Roughness pitch
Wire diameter
Smooth tube friction factor
Heat capacity
Fluid thermal conductivity
Mass flowrate
Number of tube passes

Tube thermal conductivity
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Units
kPa

kPa
kPa

kPa

kgs
kPa

3 3

Jkg-loc-l
kWmtec?
kgs’

kwmec?



hSHB

Effective tube length
Tube pitch
Baffle spacing
Shell inside diameter
Tube outer diameter
Number of baffles
Baffle cut
Inlet baffle spacing
Outlet baffle spacing
Tube-side heat transfer coefficient
Shell-side heat transfer coefficient

Total shell-side pressure drop

Shell-side heat transfer coefficient with helical baffles

Total shell-side pressure drop using helical baffles

Mean fluid velocity inside the shell
Shell thermal conductivity
friction factor for helical baffles

Shell-side pressure drop with helical baffles
Pressure drop in shell side nozzles

Selection factor

New total pressure drop after enhancement
Base total pressure drop after enhancement
New total pressure drop
Base total pressure drop

Base overall heat transfer coefficient after enhancement
New overall heat transfer coefficient after enhancement
Base overall heat transfer coefficient
New overall heat transfer coefficient
Retrofit Profit

Retrofit cost
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3 3 3 3 3

kwm?C*
kwm?C*
kPa
kwm?C
kPa
ms’
kwmeC*

kPa

kPa

kPa
kPa
kPa
kPa
kwm?C™*
kwm?°C™!

kwm2°C?
kwm2°C?



ucC Utility cost $
EC Enhancement cost $
AC Area cost $
BC Bypass cost $
MC Modification cost $
CCU Cost parameter for cold utility $ly
CHU Cost parameter forhot utility $ly
OT Operating time y
EF Enhancement Factor -
Q Heat duty kwW
A Heat transfer area m?
THO Hot outlet temperature °C
TCO Cold outlet temperature °C
THOS Hot outlet temperature of stream °C
TCOS Cold outlet temperature of stream °C
TT Target temperature °C
TS Supply temperature °C
ATy M Log Mean Temperature Difference °C
Fr Correction factor -
AR Area ratio -
Ug Enhanced overall heat transfer coefficient kwm?c?
U Final overall heat transfer coefficient kwm?°C™

Greek letters

n Viscosity Pas
p Fluid density kgm™3
d Tape thickness m

B Helical baffles angle type °

o Function of number of tube passes -

Dimensionless groups:

hD;
Nu: Nusselt number = 'S
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G
k
puD;

Pr: Prandtl number =

Re: Reynolds number =

Sw: Swirl number =

Subscripts:

TT
wWC

nw 4 m w

SHB
ex, EX
HS
CS
CuU
HU
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Chapter 5 Pressure Drop Considerations with Heat Transfer Enhancement

5.3 Summary

The use of heat transfer enhancement in retrofit can have a negative impact on
pressure drop. This is not the case for all enhancement devices e.g. helical baffles for
shell side enhancement. However, this work focuses on the use of tube-side
enhancement devices that have a negative impact on pressure drop. Publication 3
shows that the consideration of pressure drop in retrofit resulted in the decrease in
the energy recovery and retrofit profit compared with the results presented in
Publications 1 and 2, where pressure drop is not considered. The decrease in energy
recovery is due to the decrease in the performance of heat exchangers where pressure
drop mitigations are applied. In terms of retrofit profit, the decrease in energy
recovery and the cost required for heat exchanger modifications used in pressure
drop mitigation are contributing factors. However, this result paints a more realistic

picture of the effects of heat transfer enhancement in retrofit.

Structural modifications are not usually ideal in retrofit due to the cost associated
with the modifications required to achieve a degree of energy savings and the
constraints that might be imposed on the existing network. Although these are
drawbacks, the benefits of the reduced energy consumption cannot be ignored. The
goal in retrofit is to be able to present low cost techniques by minimising the amount
of structural modifications required in retrofit. Therefore, a new interactive method
needs to be developed considering structural modifications that results in a less

complex retrofit. Chapter 6 addresses this issue.
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Chapter 6 Structural Modifications

6.1 Introduction to Publication 4

This section tackles the third research objective of this thesis given in Section 1.3.
As mentioned previously, structural modifications and additional heat transfer area
are not desirable in retrofit. This has a direct impact on the cost associated with the
retrofit process and hence, the retrofit profit. However, the degree of energy savings

that can be obtained by applying structural modifications cannot be ignored.

The uncertainty associated with applying structural modifications is addressed in
Publication 4. However, before the application of structural modifications, this
publication highlights the benefit of pinching the existing network by adjusting the
degrees of freedom to minimise energy consumption, subject to a minimum
temperature approach. Pinching the existing network identifies the network
bottleneck that restricts energy recovery (network pinch). By pinching the network,
additional heat transfer area might be required to maintain the network energy
balance. If there are still opportunities for energy recovery, structural modifications
can then be carried out. The structural modifications analysed in this publication are
resequencing heat exchangers, introducing stream splitting, and adding new heat

exchangers or new matches to create a loop and/or a utility path.

6.1.1 Guidelines and Algorithm for Structural Modifications

This section addresses the questions posed in “Objective 3, Questions ‘a’ and ‘b’”.
The guidelines for identifying the most suitable location for applying structural
modifications are based on key features of the heat exchanger network (HEN) such
as the presence of utility exchangers that are not fully utilised, and the location and
number of pinched heat exchangers in a given network. The guidelines present new
insights and form the basis of the new interactive method that could lead to reduced
complexity in retrofit. Questions such as, why is it that the application of
resequencing provides a greater decrease in energy consumption for a given network
than stream splitting, are answered. With the new method, the best modification at

each stage in the retrofit process can be obtained.
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6.1.2 Validation

The proposed method has been applied to five case studies for both single and
multiple modifications. To validate the robustness of the new method, the results
obtained have been compared with that obtained with the use of a stochastic
optimisation method i.e. simulated annealing in terms of energy recovery, number of

modifications required and additional heat transfer area required.
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6.2 Publication 4:

Akpomiemie, M. O., Ambakkaden, D.M., Ajenifuja, A., and Smith,
R., (2016). New step-by-step method for heat exchanger network

retrofit based on network pinch approach.
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Abstract

In this work, new guidelines and retrofit methodologies are presented for carrying
out structural modifications in heat exchanger network (HEN) retrofit. Structural
modifications considered in this work are resequencing heat exchange matches,
stream splitting and adding new heat exchangers. The guidelines and methodology
presented are based on new insights that capitalise on the interactions between the
different components in the networks. This provides useful insights into determining
the best structural modification(s) for a given HEN. It has been found that the
decision on the best network modification depends on four key factors; (1) location
of cross pinch exchangers, (2) the number of pinched exchangers, (3) the location of
pinched exchangers relative to each other and in the network, and (4) the location of
viable utilities (utility with non-zero duty). The benefits of the new approach are
demonstrated with the use of five case studies by comparing the results obtained
against that of a well-established stochastic optimisation method i.e. simulated

annealing.
Highlights:

e New guidelines and methodologies for retrofit of heat exchanger networks.

e Best network modification is based on energy saving potential.

e The new approach highlights the interactions and key features of an existing
network.

e Simulated annealing is used in validating the retrofit results.
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1 Introduction

The retrofit of heat exchanger networks (HENS) plays an important role in reducing
energy consumption in the process industries. Strategies employed in retrofit have
been centred on the modification of existing HEN structures and the application of
heat transfer enhancement techniques to indirectly add heat transfer area by
increasing heat transfer coefficients. This paper will concentrate on modifications to
the network structure. These modifications include adding new heat exchangers or
new matches, resequencing heat exchangers, repiping process streams and
introducing stream splitting. This is usually carried out with an objective of a
minimum return on capital investment and minimising the energy consumption of
the network subject to process constraints being met. The three methods used for
HEN retrofit can be classified as pinch analysis, mathematical programming, and
hybrid methods.

Pinch analysis is based on thermodynamic rules. Whilst these rules are fundamental,
it requires an expert user for its application. The use of pinch analysis in retrofit was
first introduced by Tjoe and Linnhoff [1]. The proposed approach involved
establishing targets for energy consumption and heat transfer area. Cross-pinch heat
exchangers in the existing HEN were identified, disconnected, and reconnected to
obey pinch decomposition. The disadvantage of this approach was that the solution
did not reflect the true state of area distribution within the existing HEN. Shokoya
and Kotjabasakis [2] presented a method that takes into account the area distribution
of the existing HEN to provide a more realistic area target and retrofit design
compared to that proposed by Tjoe and Linnhoff [1]. Lack of rules for retrofit
rendered the approach impractical when applied to large scale problems, due to the
increased number of design alternatives and decisions that needs to be made. This
often leads to complex and uneconomic retrofits as it uses an ideal new design as a
reference. Also, its dependence on an expert user means that the quality of the final

retrofit design may be compromised.

Mathematical programming methods can be further subdivided into deterministic
and stochastic search optimisation methods. These methods convert the retrofit
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problem into an optimisation task to solve the problem. The mathematical
programming models used in the optimisation can be classified on the basis of the
presence or absence of non-linear and discrete variables as linear programming (LP),
non-linear programming (NLP), mixed integer linear programming (MILP), or
mixed integer non-linear programming (MINLP). These deterministic optimisation
approaches optimise a superstructure to obtain a design. However, it is unable to
guarantee finding the global optimal solution due to the non-convexity of the
problem if formulated as NLP or MINLP. Other disadvantages include: it does not
allow user interaction, and is not suited to the solution of large networks and
including rigorous heat exchanger models. The stochastic search optimisation
methods on the other hand, have an increased chance of finding the global optimum
due to the random search nature. These methods allow more detailed models to be
included in the optimisation and are suited to solve large scale problems. However, a

longer computational time compared to the deterministic based approach is required.

An MILP assignment-transhipment model was first developed by Yee and
Grossmann [3] for solving retrofit problems based on mathematical programming.
The model was used in predicting the minimum number of network modifications
that can be carried out in an existing HEN. Based on the set objective, they were able
to present a HEN structure that was very close to the existing one after performing
the network modifications. Ciric and Floudas [4] proposed an MILP model used for
the identification of structural modifications that can be applied in HEN retrofit. This
was then optimised by generating a superstructure that contains all the possible
structural modifications and solved as an NLP problem. The drawback of this model
is the complexity in the proposed superstructure. This could result in prolonged
computational times to obtain a feasible solution. Ciric and Floudas [5] then
presented a single stage MINLP model that accounted for the trade-offs between the
energy and capital costs by simultaneously optimising the HEN retrofit problem.
Yee and Grossmann [6] proposed a new method where, firstly the optimal energy
recovery level and economic feasibility of the retrofit design is determined. Then, an
MILP model is formulated and solved taking into account all the possible retrofit
designs embedded within a superstructure. An advantage of mathematical
programming methods is that they are fully automated. This is beneficial as the

retrofit solution is less sensitive to the need for an expert user. This ensures the



reliability and consistency of the retrofit solution. However, this can also be a
disadvantage as sub-optimal results, or infeasible solutions might be obtained. This
is because the model may not be able to include key aspects of the HEN during the
optimisation stage.

The hybrid methods stemmed from the desire to combine the advantages of both the
pinch analysis and mathematical programming methods. Asante and Zhu [7] first
introduced the concept of network pinch. This method identifies the bottleneck of
the existing HEN that limits energy recovery subject to a minimum temperature
approach and overcomes this by performing structural modifications. Structural
modifications were identified by MILP and then the capital-energy trade-off carried
out using NLP. Structural modifications were explored sequentially. This is a fully
automated process, but also allows for user interaction during the design phase. This
ensures that a more robust procedure that takes into account positive aspects of pinch
analysis and mathematical programming methods, while minimising their respective
drawbacks. A disadvantage of the method is that there is no guarantee that choosing
a sequence of modifications in turn leads to choosing the best combination. This
method was later modified by Smith et al. [8] by combining the structural
modifications and capital-energy optimisation into a single step. The new method
also considered adjusting both the heat loads and split fractions for stream split to
ensure that the network pinch is caused by the existing network structure and not by
the heat transfer area limits or split fractions.

As opposed to pinch analysis and mathematical programming methods, the network
pinch approach has the benefit of user interaction while ensuring a good retrofit
design. While there have been successful applications of the network pinch approach
in solving retrofit problems that leads to improved energy recovery, there have not
been much investigation into why the modification choices are made. Also, there has
been little research into explaining why a modification may be better than another

when applied to an existing HEN.

The main objective of this paper is to present insights into the decisions involved in
retrofit based on the application of the network pinch approach. The new step-by-
step approach presented in this work, includes guidelines that aid in identifying the

most suitable modifications to a given HEN and the best location to apply such



modifications. Modifications such as resequencing, stream splitting and adding a
new heat exchanger to create a loop and path are considered. This approach has an
advantage of early identification of unfavourable modification options, which can
then be eliminated without the need for comprehensive calculations. Computational
time is considerably reduced, whilst also improving the quality of the solutions
obtained in the retrofit process. The guidelines that will be presented also serve as a
basis for the development of a more robust retrofit design methodology that can be
applied to a wider range of retrofit problems. In this work, energy recovery will be
used as the major performance indicator. The proposed guidelines and methodology
will be applied to five case studies for single network and multiple modifications. To
further validate the proposed approach, the result obtained from the step-by-step
approach will be compared to those of an optimisation based approach.

2 Background on network pinch

Before considering network modifications, it is always good practice to pinch the
existing network by adjusting the degrees of freedom to minimise energy
consumption subject to a minimum temperature approach. This ensures that all
outstanding opportunities for energy recovery are utilised. Given an existing
network, the network pinch can be used in reducing the existing energy
consumption, while maintaining the network structure. This can be done by
exploiting the degrees of freedom of the existing network. For example, Figure 1a
shows an existing HEN with an energy recovery of 200MW and a minimum
temperature difference (ATmin) Of 20°C. The corresponding energy recovery based

on the composite curves is obtained with a AT, of 22.5°C (Figure 1b).
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Figure 1: An existing network [7]



To reduce the energy consumption while maintaining the network structure, the only
way possible is by exploiting the utility paths present in the existing network. The
bubble overlaid on the HEN shown in Figure 1a highlights the only degree of
freedom of the existing network. It shows the connection between the heater (H) and
cooler (C) through a process heat exchanger. The matches outside of the bubble are
constrained by the heat duties on individual streams. For the sake of illustration, the
ATnin Of the existing HEN is then set to 0°C. This corresponds to an increase in the
energy recovery of 20MW as shown in Figure 2a. We can note that even by
maximising the energy recovery down to 0°C the energy performance is worse than
the energy target obtained using the composite curves shown in Figure 2b. The
difference between both results for maximum energy recovery results from the fact

that the existing HEN structure is not appropriate for maximum energy recovery.

160° 120°

Iﬂzooo .Y [0 200°]

180 7

_____ 160 7]

-
I

",E 200° 140° (0)]
: I 5

140 7

120 _":

Qpec = 250 MW

kg0 o o 100 1%
1‘\90 130 14(1/ ® : :
. [40]  le0] . 140 ,
____________ H (MW)
a. Qpgc =220 MW b. Composite Curve Qgpe =250 MW

Figure 2: Maximum Energy Recovery [7]

From the network structure for maximum energy recovery based on a AT, of 0°C,
the exchanger that limits the energy recovery based on the existing network is
identified. This heat exchanger is referred to as the pinching match (Figure 3a) and
the point at which this occurs in the existing network is known as the network pinch.
Note that this is still based on the minimum temperature difference of 0°C. In
practice, if the network pinch is being identified in the design phase, a practical
ATnmin of say 10°C or 20°C is used [9]. The composite curves for the same energy

recovery are shown in Figure 3b.
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Figure 3: Network Pinch

The only way to overcome the network pinch is by performing structural
modifications. With this, there is always a trade-off between energy recovery and
additional heat transfer area requirement (see Figure 4).
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Figure 4: Energy — Area trade-off after each modification [7]
There are four structural modifications that can be carried out i.e. resequencing;
repiping; adding a new heat exchanger; and stream splitting [9].

a. Resequencing: This is the relocation of an existing heat exchanger to a new

location in the network, while maintaining the same streams as its original



match. This allows for heat to be transferred from below to above the pinch
thereby easing the constraints on the pinching match, allowing them to take up
increased heat load, and reducing the energy consumption. From Figure 5, there
is a cold stream being heated by two hot streams. There is one pinching match
identified as the temperature profile tends to the minimum. Moving the process
heat exchanger located upstream from the pinching match eases the constraint on
the pinched exchanger. This allows for the pinched exchanger to take on more
heat load (Q) by exploiting the utility path. If the utility path is exploited to its
limit, then a new network pinch is created, but now at lower energy consumption
for the network [9].
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Figure 5: Resequencing to overcome network pinch

b. Repiping: This involves the movement of a heat exchanger to a new location in
the existing HEN. With repiping, the streams of the original match for a heat
exchanger are not maintained, as in the case of resequencing. In essence,
repiping is a more general structural modification compared to resequencing, but
might not be practical to implement especially in cases restricted by the materials
of construction and pressure rating of equipment being unsuitable for other
streams [9]. Repiping as a structural modification is not considered in this work.

c. Adding a new exchanger: As the name suggests, this involves adding a new heat
exchanger or match in the existing network structure to allow for a certain
amount of heat load to be transferred from below to above the network pinch. A
new heat exchanger can be added to create a loop with an existing heat
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exchanger as shown in Figure 6. As with the case of resequencing, there are two
hot streams and a cold stream. The pinching match is identified by the
temperature profile. If the new match is inserted such that the duty of the hot
stream adjacent to the pinching match is decreased and replaced by the new
match, then the position of the pinching match can be changed such that it is no
longer pinching [9]. This then allows for the utility path to be exploited and
allows for the pinching match to take up more heat load to reduce the energy
consumption in the network. Another option with the addition of a new heat
exchanger is the creation of a new utility path. This option is only considered if
there are utility exchangers that are not fully utilised and there is a clear scope for

energy recovery that does not violate the constraints imposed by the network.
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Figure 6: Adding a new heat exchanger to overcome network pinch

d. Stream Splitting: This is employed when there is more than one pinching match
as shown in Figure 7. By introducing stream splits, the cold stream profiles in the
two pinched exchangers are now such that one of the pinching matches is no
longer pinched [9]. This creates an avenue for more energy recovery by
exploiting a utility path by shifting a certain amount of heat load subject to the

constraint of the network.
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Figure 7: Stream splitting to overcome network pinch

3 Pinch Retrofit Method

As stated earlier, to overcome the network pinch, structural modifications need to be
carried out. This paper provides guidelines that govern the placement of the different
types of structural modifications in a given HEN to achieve maximum energy
recovery. Novel methods for the identification of the best single modification and

best multiple modifications to achieve maximum energy recovery are presented.

3.1 Guidelines for performing structural modifications

This section highlights guidelines and reasons for the placement of a given
modification in a HEN. The guidelines are based on identifying the pinching
matches and their location in the HEN; cross process pinch and cross utility pinch
exchangers, which contribute to the excessive use of utilities; other process heat
exchangers that are not pinched exchangers and does not transfer heat across the
pinch. The properties of these exchangers such as their log mean temperature
difference (AT_m), heat duty (Q) and the total cross pinch heat transfer of either
process or utility pinch heat exchangers (Qcp). Graphical representations of the
guidelines are provided in Figures 8 — 13. Structural modifications considered are
resequencing, adding a new heat exchanger to create a loop, adding a new heat

exchanger to create a utility path, and stream splitting.
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3.1.1 Resequencing

Resequencing is considered only when there is cross utility pinch as opposed to cross
process pinch heat transfer. There must also be at least one process heat exchanger
that does not transfer heat across the pinch and is not pinched. This heat exchanger
must be located upstream from the pinched exchanger(s) on both the hot and cold
stream on which the pinched exchanger(s) is matched.

Step 1: If the pinched exchanger(s) is on a utility path then, on either the hot or cold
stream(s), identify the exchanger upstream from the pinched exchanger(s) with the
highest AT . If there is more than one heat exchanger with the same ATy, then
choose the one with the highest heat duty. Choosing the heat exchanger with the
highest AT v provides the greatest potential to relax the temperature constraint of
the pinched exchanger. Figure 8a (i) and 8a (ii) shows the case when exchanger with

the highest AT\ v is on the cold and hot streams respectively.

Step 2: Move the identified heat exchanger downstream, along the stream on which
the pinched exchanger(s) is matched, to the outlet of the pinched exchanger that is on
a utility path. By doing this, the pinched exchanger becomes unconstrained and
allows for the pinched exchanger to take up more heat load, while reducing the

energy consumption of utilities (see Figure 8b (i and ii)).
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3.1.2 New exchanger to create a loop

There are two scenarios considered: (1) when cross process pinch exchanger(s) is

present, and (2) when cross utility pinch exchanger(s) is present.
1. Cross process pinch exchanger(s):

A prerequisite is that there must be at least one cross process pinch heat exchanger in
the network.

Step 1: Identify the cross process pinch with the highest cross pinch heat transfer.
This represents the heat exchanger that provides the greatest potential to reduce or
eliminate the total cross pinch heat transfer that restricts achieving maximum energy
recovery. Figure 9a (i) and 9a (ii) shows the case when there are process heat

exchangers and pinched exchangers respectively.

Step 2a: If there are other process exchangers on the same stream as the cross
process pinch exchanger, add a new heat exchanger to create a loop with the
identified cross process pinch exchanger by placing the new heat exchanger at the
exit of the process exchanger if not on a utility path and the entrance of the process
exchanger if on a utility path, and on the stream with the selected cross process pinch
exchanger. This allows for the cross pinch heat transfer of the selected exchanger to
be reduced or eliminated without violating the energy balance of the network (see
Figure 9Db (i)).

Step 2b: If there are pinched exchangers on the same stream as the cross process
pinch exchanger in the network, add the new heat exchanger to create a loop with the
identified cross process pinch exchanger by placing the new heat exchanger
downstream, along the same stream on which the pinched exchanger on a utility path
is matched. If the new heat exchanger is placed before the pinched exchanger, the
heat load of the pinched heat exchanger will have to be reduced, which can result in
either energy balance violation or more heat load requirement in the utility
exchangers on a utility path with the pinched exchanger. Therefore, it is more
beneficial to place the new heat exchanger at the exit of the pinched exchanger to
prevent temperature constraint and energy balance violations. In addition, if the
pinched exchanger identified transfers heat across the pinch, the new heat exchanger

should be placed before the pinched exchanger. This provides an opportunity for
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reducing the total cross pinch heat transfer in the cross pinch heat exchanger (see
Figure 9b (ii)).

Qqp = 5,000kW
:C () 2
| B B
P enanger | 3] 28

exchanger

:Process ._®7%; .

exchanger ]
Pinch Point Pinch Point

a() o _____ b(i)
Q., = 3,000kW, L2 Pinched exchangers ! i

O—eo— I Qiu® o]

) Q,=5 noak;i ____________ A
:Pinched
I exchanger K IE . g

=]

(]

,,:__|

\ }J w - ) ;] ; ? EI.

pinched
exchanger

1
Pinch Point Pinch Point

a(ii) ) b(ii)
Figure 9: Guidelines for New Exchanger to Create a Loop (1)

2. Cross utility pinch exchanger(s):

A prerequisite is that there must be at least one process heat exchanger that does not
transfer heat across the pinch and is not pinched. This heat exchanger must be
located upstream from the pinched exchanger(s) on both the hot and cold stream on
which the pinched exchanger(s) is matched.

Step 1: If the pinched exchanger(s) is on a utility path then, on either the hot or cold
stream(s), identify the process heat exchanger upstream from the pinched
exchanger(s) with the highest AT yu. This represents the heat exchanger with the
highest potential for energy recovery. Figure 10a (i) and 10a (ii) shows the case

when exchanger with the highest ATy is on the cold and hot streams respectively.

Step 2: Add a new exchanger to create a loop with the identified upstream exchanger
by placing the new heat exchanger at the exit of the pinched exchanger on a utility

path. This allows for the temperature constraint on pinched exchanger to be relaxed
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to take up more heat load, while maintaining the energy balance of the network (see
Figure 10b(i and ii)).
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Figure 10: Guidelines for New Exchanger to Create a Loop (2)

3.1.3 New exchanger to create a utility path:

Similar to adding a new heat exchanger to create a loop, there are two scenarios
considered: (1) when cross process pinch exchanger(s) is present, and (2) when cross
utility pinch exchanger(s) is present.

1. Cross process pinch exchanger(s):

A prerequisite is that there must be at least one cross process pinch heat exchanger in
the network.
Step 1: Identify hot and cold utility exchangers with the highest duty. These

exchangers represent the highest potential for energy recovery. Figure 11a (i) and
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11a (ii) shows the case when there are process heat exchangers and pinched

exchangers respectively.

Step 2a: If there are upstream process exchangers on the same stream as the selected
utilities, add a new heat exchanger to create a path by placing the new exchanger at
the entrance of the process exchangers if on a utility path or loop, and at the exit if
not on a utility path or loop. This allows for the cross pinch heat transfer of the
selected exchanger to be reduced or eliminated. The energy consumption of the HEN

is reduced without violating the energy balance of the network (see Figure 11b (i)).

Step 2b: If there are pinched exchangers on the same stream as the selected utilities,
add a new heat exchanger to create a path by placing the new heat exchanger
downstream, along the same stream on which the pinched exchanger on a utility path
is matched. This is to prevent excessive use of utilities as a result of the reduction in
the duty of pinched exchangers if the new exchanger is placed before. In addition, if
the pinched exchanger identified transfers heat across the pinch, the new heat
exchanger should be placed before the pinched exchanger. This provides an
opportunity for reducing the total cross pinch heat transfer in the cross pinch heat

exchanger (see Figure 11b (ii)).
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Figure 11: Guidelines for New Exchanger to Create a Utility Path (1)
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2. Cross utility pinch exchanger(s):

A prerequisite is that there are only cross utility pinch exchangers.

Step 1: Identify hot and/or cold utility exchangers that transfer the most heat across
the pinch and the hot and/or cold utility with the highest duty. These represent the
utilities that provide the greatest potential to reduce/eliminate cross pinch heat
transfer that restricts achieving maximum energy recovery. Figures 12a (i) and 12a

(ii) show the case when there are hot utility pinch and cold utility pinch respectively.

Step 2: For the cases given in Step 1, if there are upstream process exchangers from
the selected utilities, place the new exchanger at the entrance of the upstream process
exchanger if the upstream exchanger is on a utility path or loop, and at the exit of the
upstream process exchanger if not on a utility path or loop, on both the hot and cold
streams. This allows for the process heat exchanger to be used in correcting the
energy balance of the network, while the new exchanger takes up heat load. On the
other hand, if there are pinched exchangers, the new exchanger should be placed
downstream of the pinched exchanger to ensure that maximum energy recovery can
be attained, on both the hot and cold streams. The cases for the presence of both
process exchangers and pinched exchangers are shown in Figures 12b (i) and 12b (ii)

for hot and cold utility pinch respectively.
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Figure 12: Guidelines for New Exchanger to Create a Utility Path (2)
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3.1.4 Stream Splitting

Stream splitting is only possible if there are pinched exchangers located adjacent to
one another in a HEN.

Step 1: ldentify stream(s) with adjacent pinched exchangers. Select the one with the
highest duty. This represents stream(s) with the highest potential for energy recovery
(see Figure 13a).

Step 2: Arrange pinched exchangers that are on a viable utility path or loop on each
branch. This is done so that as many of the originally downstream pinched
exchangers as possible becomes unconstrained. Being on a viable utility path or loop
allows for pinching matches to take up more heat load, without violating the network

energy balance (see Figure 13b).
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Figure 13: Guidelines for Stream Splitting

3.2 Single modification

To identify the best single network modification for a given HEN, the retrofit
methodology shown in Figure 14 is proposed. Based on the proposed methodology,
the first step is to pinch the network. This step is beneficial, as capital costs and
process downtime are minimised as reduction in energy consumption is obtained,
while maintaining the network structure. It also helps in identifying the location of
heat exchangers that restrict energy recovery (pinched exchangers), and exchangers
that contribute to excessive use of utilities (cross process pinch and cross utility
pinch exchangers). The absence of any pinched exchangers indicates that the
specified ATnin IS not attained and that temperature driving forces do not limit the
amount of energy recovery obtainable. Resequencing, stream splitting, and adding

new exchangers to create a loop are modifications made to ease ATy constraints on
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pinched exchangers. Therefore, in the absence of pinched exchangers these
modifications are not beneficial. Such a situation indicates that the existing network
does not have adequate utility paths through which the utility demand can be further
reduced. Adding a new heat exchanger to create a utility path will be the most
beneficial option in such a case as the heat transferred across the pinch either by
utility exchangers or process exchangers can be reduced or eliminated. The presence
of pinched exchangers indicates that the specified ATmi, constraint is a limiting
factor to additional energy recovery. Modifications such as resequencing, stream

splitting and adding new heat exchangers will be beneficial.

The network is examined to identify process heat exchangers located upstream from
pinched exchangers. If there are upstream process heat exchangers, the temperature
constraint can be eased by directly moving heat from below to above the pinch by
applying resequencing or adding a new heat exchanger to create a loop. The
feasibility of moving heat load from the upstream heat exchanger across the pinch
based on the temperature driving force is then examined. Doing this prevents futile
attempts to implement modifications where an upstream process heat exchanger
exists but heat load cannot be moved due to the temperature constraints. The
decision on what modification to then apply is based on whether all the heat load of
the chosen upstream heat exchanger can be moved. If the entire heat load of the
upstream heat exchanger can be moved, it is more economic to apply resequencing
than adding a new heat exchanger to create a loop. However, if moving all the heat
load of the upstream heat exchanger is not an option, resequencing becomes less
beneficial and adding a new heat exchanger to create a loop becomes the most

beneficial option.

In cases where no process heat exchangers are found upstream of any pinched
exchanger, the most beneficial options would be to implement stream splitting or to
add a new heat exchanger to create a utility path. The implementation of stream
splitting is only beneficial over adding a new heat exchanger to create a utility path if
there are more than two pinched exchangers adjacent to each other and on a viable
utility path or loop. By applying stream splitting the ATni, constraints is eased
because, the pinched exchangers further downstream are exposed to lower cold
stream and higher hot stream temperature than its original conditions. This allows
for the pinched heat exchangers to take up more heat load, thereby reducing the
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energy consumption of the HEN. If the requirement for stream splitting is not
satisfied then adding a new heat exchanger to create a utility path should be

implemented.

However, this is subject to there not being any pinched exchangers on both streams
of the viable utilities selected for analysis. There can be pinched exchangers on one
but not both of the streams with the selected utility exchangers for analysis. If there
are pinched exchangers on both streams as the viable utilities, the maximum energy
recovery that can be obtained is constrained as although the new heat exchanger can
take up more heat load and reduce the energy consumption of the utilities, more heat
load will have to be added back to the utilities connected to the pinched exchangers.
This is for the purpose of maintaining the network energy balance and the
temperature constraints of the pinched exchangers. In this situation, it will be more
beneficial to add a new exchanger to create a loop. The sequence of the flowchart
suggests the existence of an inherent hierarchy of examining the modification
options. However, this can always be modified to take into account other constraints

that might be imposed on the existing network such as safety considerations.

To summarise, the key features that allow for structural modifications to overcome

the network pinch are:

a. Resequencing: Presence of unconstrained process heat exchangers located
upstream from pinched exchanger(s) and cross utility pinch exchangers.

b. New heat exchanger (Loop creation): Presence of cross process pinch heat
exchanger(s) and upstream process heat exchangers from pinched
exchangers.

c. New heat exchanger (Utility path creation): Presence of viable utility
exchangers (i.e. utility exchangers with a duty greater than zero) and cross
utility pinch exchanger(s).

d. Stream splitting: Location of pinching matches relative to one another and
the duty of process streams in the network.
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3.2.1 Case Study 1

The first case study was originally presented by Tjoe and Linnhoff [1]. The work by
Li and Chang [10] identified inconsistencies in the original data set and
modifications were made accordingly to correct them. The stream data after
modifications are given in Table 1. The corresponding HEN is given in Figure 15.
The goal is to reduce the energy consumption of the hot utility (H) subject to ATmin
of 19°C. This corresponds to a minimum hot and cold utility consumption of
12,410kW and 10,323kW respectively. From network structure analysis, the heat
exchanger network is made up of 3 hot and 2 cold process streams. There are 4
process heat exchangers, 2 cold utility and 1 hot utility heat exchangers. There are 2
degrees of freedom (2 utility paths present). Note that all analysis has been carried
out using SPRINT v.2.9 [11].
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. 267°C T 13’6/9%‘“/ 80°C
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265°C_ ) °

) w—_) W, 12
17,597kW  9,230kW 2,000kW

Figure 15: Original HEN for Case Study 1

Table 1: Stream Data for Case Study 1

Stream Name | Ts(°C) | Tt (°C) | Q (kW) | CP (kwW/°C) | H.T.C.(kW/m*°C)
H1l 159 77 18,737.0 228.5 0.40
H2 267 80 3,841.8 20.4 0.30
H3 343 90 13,611.4 53.8 0.25
C1 26 127 9,423.3 93.3 0.15
C2 118 265 28,826.7 196.1 0.50
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Pinching the network identified Exchangers 1 and 4 as both pinched exchangers and
cross process pinch exchangers (see Figure 16). The pinch temperatures are 159°C
(hot) and 140°C (cold).
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Figure 16: Pinched HEN for Case Study 1

Analysing the network structure shown in Figure 16 based on the proposed
methodology shown in Figure 14, the best network modification should be adding a

new heat exchanger to create a utility path. This is because:

1. There are no heat exchangers upstream from the pinched exchangers. This
eliminates resequencing and adding a new heat exchanger to create a loop as
beneficial options.

2. There are only two pinched exchangers present. So although a degree of energy
saving can be obtained by applying stream splitting, it would not be the
maximum for single modification.

3. Although there are pinched exchangers on the stream with the selected hot utility
(H), there are no pinched exchangers on the stream with the selected cold utility
(.
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Figure 17: Best single modification for Case Study 1
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Figure 18: Alternative single modification for Case Study 1

Figure 17 shows the network structure after a new heat exchanger (Exchanger N) is
added to form a utility path with the utilities with the highest duties i.e. Exchangers
H and C1. It is important to point out that based on the guidelines, the new heat
exchanger has been placed upstream of Exchanger 3, as exchanger 3 is on a utility
path. The new exchanger has also been placed upstream of the pinched exchangers
as both pinched exchanger transfers heat across the pinch. The network structure
generated for the other viable structural modification option (stream splitting) is

shown in Figure 18. A decrease in energy consumption of 21.1% for new heat

exchanger as opposed to 14.2% for stream splitting is obtained.
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3.2.2 Case Study 2

The second case study is the simplified crude oil pre-heat train studied in

Akpomiemie and Smith [12]. The stream data and network structure are given in

Table 2 and Figure 19 respectively. The goal is to reduce the energy consumption of

the hot utility (H) subject to ATmin of 10°C. This corresponds to a minimum hot and

cold utility consumption of 10,958kW and OkW respectively. The heat exchanger

network is made up of 5 hot and 1 cold process streams. There are 7 process heat

exchangers, 4 cold utility and 1 hot utility heat exchangers. There are 9 degrees of

freedom (6 utility paths and 3 loops present).
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E 206°C m 178°C
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14,455kW

Figure 19: Original HEN for Case Study 2

Table 2: Stream Data

Stream Name | Ts(°C) | T+ (°C) | Q (kW) | CP (KW/°C) | H.T.C.(KW/m*C)
H1 310 95 | 18,490.0 86.0 0.5
H2 299 120 | 3,830.6 214 05
H3 273 250 | 4,248.1 184.7 05
H4 230 95 | 3,725 235 0.5
H5 206 178 | 3,623.2 129.4 0.5
C1 52 360 | 4,4321.2 143.9 05

In this case, pinching the network resulted in the elimination of 4 utility paths, as the

duties of the cold utilities C1 and C3 became zero (see Figure 20).
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Figure 20: Pinched HEN for Case Study 2

There are two utility pinch temperatures. These are 62°C (hot) and 52°C (cold), and
40°C (hot) and 30°C (cold).The pinched exchangers identified in this case study are
Exchangers 2, 4 and 6. There were no cross process pinch exchangers, but
exchangers C2 and C4 were identified as cross utility pinch exchangers. Based on
the proposed retrofit methodology, the most beneficial options for retrofit will be
resequencing or adding a new heat exchanger to create a loop. This is as a result of
the presence of heat exchangers 3 and 7 upstream from the pinched exchangers.
Next, the network is analysed to determine the feasibility of moving the entire heat
load of the heat exchanger with the highest AT\ further downstream. The heat
exchanger with the highest AT v was identified to be Exchanger 7. Moving
Exchanger 7 downstream does not violate the network temperature constraint, as the
inlet temperatures of the pinched exchangers on the cold stream C1 decreases, which
in turn allows for them to take up more heat load. Therefore, the best single
modification for this case study was to resequence Exchanger 7. Exchanger 7 is then
moved to the outlet of the pinched exchanger furthest downstream and still on a
viable utility path i.e. Exchanger 4 (Figure 21).
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Figure 21: Best single modification for Case Study 2

Figures 22 — 24 show the network structures for other viable modification options.
Adding a new heat exchanger to create a loop provided the same decrease in energy
consumption as in the case of resequencing. However, in the case of adding a new
heat exchanger to create a loop, exchanger 7 was left dormant as its entire load was
moved to the new heat exchanger, effectively resequencing. Therefore, the best
single modification for this HEN is the application of resequencing in terms of
energy savings and cost. A decrease in energy consumption of 18.9% is achieved as

opposed to 17.4% and 18.1% for stream splitting and adding a new heat exchanger to

create a utility path.
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Figure 22: New exchanger to create a loop for Case Study 2
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Figure 23: Stream splitting for Case Study 2
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Figure 24: New exchanger to create a utility path for Case Study 2

3.2.3 Case Study 3
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The third case study is curled from Akpomiemie and Smith, [13]. The network
shown in Figure 25 is made up of 5 hot streams and 5 cold streams. The network
consists of 5 process heat exchangers and 7 utility exchangers (3 hot and 4 cold
utilities). The goal is to reduce the energy consumption of the hot utilities (H1, H2
and H3) subject to ATmin of 10°C. This corresponds to a minimum hot and cold



utility consumption of 8,300kW and 15,275kW respectively. The stream data is
shown in Table 3. This HEN has 3 degrees of freedom (3 utility paths).
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Figure 25: Original HEN for Case Study 3

Table 3: Stream Data

Stream Name | Ts(°C) | T (°C) | Q (kW) | CP (kW/°C) | H.T.C.(kW/m*°C)
H1 330 210 36,000 300 0.5
H2 450 220 34,500 150 0.5
H3 300 135 24,750 150 0.5
H4 380 190 38,000 200 0.5
H5 340 75 33,125 125 0.5
C1 240 430 39,900 210 0.5
C2 55 150 32,300 340 0.5
C3 70 210 30,800 220 0.5
C4 150 365 25,800 120 0.5
C5 200 370 30,600 180 0.5

After pinching the network, the number of viable utility paths decreases to 2 (see
Figure 26). Exchangers 3 and 4 were identified as pinched exchangers. The pinch
temperatures are 330°C (hot) and 320°C (cold).
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Figure 26: Pinched HEN for Case Study 3

There were 3 cross process pinch exchangers (Exchangers 1, 2 and 3) and 1 cross
utility pinch exchanger (Exchanger H2). The best modification identified based on
the proposed method is adding a new heat exchanger to create a path. This is

because:

1. There are no process heat exchangers upstream from the pinched exchangers.
This eliminates resequencing and adding a new heat exchanger to create a loop
as beneficial options.

2. There are only two pinched exchangers, and none are adjacent. This makes the

implementation of stream splitting not feasible.

Figure 27 shows the network structure for the best single modification (adding a new
heat exchanger to create a path). The new exchanger has been added to create a path
with the cross utility pinch exchanger with the highest duty (H2) and the cold utility
exchanger with the highest duty (C1). Also, the new exchanger has been added after
the pinched exchanger 4 and it does not transfer heat across the pinch as indicated in
the guidelines. It has also been added after Exchanger 5 on stream C3 because
Exchanger 5 is not on a utility path or loop. This ensures that the network energy
balance is maintained. With this network there were no viable retrofit designs with

the application of the other retrofit options.
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Figure 27: Best single modification for Case Study 3

3.24 Case Study 4

Case study 4 is from Wang, [14]. The network shown in Figure 28 is made up of 7
hot streams and 3 cold streams. The network consists of 11 process heat exchangers
and 8 utility exchangers. The goal is to reduce the energy consumption of the hot
utility (H) subject to ATmin of 10°C. This corresponds to a minimum hot and cold
utility consumption of 13,906kW and 6,714kW respectively. The stream data is
shown in Table 4. This HEN has 5 degrees of freedom (4 utility paths and 1 loop).
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Figure 28: Original HEN for Case Study 4
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Table 4: Stream Data

Stream Name | Ts(°C) | T (°C) | Q (kw) | CP (kW/°C) | H.T.C.(kW/m?*°C)
H1l 170 120 6,460.0 129.2 1
H2 205 125 11,608.0 145.1 1
H3 237 180 7,364.4 129.2 1
H4 249 60 10,111.5 53.5 1
H5 286 215 9,372.0 132.0 1
H6 296 50 2,361.6 9.6 1
H7 310 160 14,610.0 97.4 1
C1 26 145 21,705.6 182.4 1
C2 135 178 9,395.5 218.5 1
C3 178 350 37,977.6 220.8 1

After pinching the network, there is only one viable utility path left as the duties of

utility exchangers C3, C4, C5 and C7 becomes zero (see Figure 29). Pinched

exchangers identified for in this case study are Exchangers 1 and 3. The pinch
temperatures are 286°C (hot) and 276°C (cold).
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Figure 29: Pinched HEN for Case Study 4

There is one cross process pinch exchanger (Exchanger 1) and 2 cross utility pinch

exchangers (Exchangers H and C6). Repeating the retrofit methodology identifies

that adding a new heat exchanger to create a loop is the best option (see Figure 30).
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A loop has been created with the only cross process pinch heat exchanger
(Exchanger 1). Note that the new heat exchanger has been placed before Exchanger
2 on the cold stream (C3) and before Exchanger 6 on the hot stream (H7). This is
because both Exchangers 2 and 6 are on a viable loop. The new exchanger has also
been placed after Exchanger 3 as it is pinched and does not transfer heat across the
pinch. The network structure generated for the other viable structural modification
option (new exchanger to create a path) is shown in Figure 31. A decrease in energy
consumption of 27.9% for new heat exchanger to create a loop as opposed to 22.9%

of new heat exchanger to create a path is obtained.
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Figure 30: Best single modification for Case Study 4
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Figure 31: New Exchanger to create a path for Case Study 4
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3.25 Case Study 5

The fifth case study is from Wang, [14]. The network shown in Figure 32 is made up
of 6 hot streams and 3 cold streams. The network consists of 8 process heat
exchangers and 7 utility exchangers. The goal is to reduce the energy consumption of
the hot utility (H) subject to ATy, of 10°C. This corresponds to a minimum hot and
cold utility consumption of 11,568 and 10,968kW respectively. The stream data is
shown in Table 5. This HEN has 6 degrees of freedom (6 utility paths).
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Figure 32: Original HEN for Case Study 5
Table 5: Stream Data
Stream Name | Ts(°C) | T (°C) | Q (kW) | CP (kW/°C) | H.T.C.(kW/m*°C)

H1 205 125 11608.0 145.1 15
H2 237 180 7364.4 129.2 15
H3 249 60 101115 53.5 15
H4 286 215 9372.0 132.0 15
H5 296 50 2361.6 9.6 15
H6 334 50 27661.6 97.4 15
C1 26 145 21705.6 182.4 0.75
C2 135 178 9395.5 218.5 0.75
C3 178 350 37977.6 220.8 15
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After pinching the network, the number of viable utility paths decreases to 4 (see
Figure 33). Also, Exchangers 1, 2, 3 and 5 were identified as pinched exchangers.
The pinch temperatures are 286°C (hot) and 276°C (cold). Exchangers 1 and C5
transfers heat across the pinch.
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Figure 33: Pinched HEN for Case Study 5

The best modification identified based on the retrofit methodology is stream

splitting. This is because:

1. There are no heat exchangers upstream from the pinched exchangers. This
eliminates resequencing and adding a new heat exchanger to create a loop as
beneficial options.

2. There are four pinching matches, all located adjacent to each other and on utility
paths. Therefore, stream splitting will be more beneficial than adding a new heat

exchanger to create a utility path.

Figure 34 shows the network structure after splitting stream C3. The network
structure generated for the other viable structural modification, new heat exchanger
to create a utility path is shown in Figure 35. A decrease in energy consumption of
22.9% for stream splitting as opposed to 4.6% for new heat exchanger to create a
utility path is obtained.
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Figure 35: New Exchanger to create a utility path for Case Study 5

3.3 Multiple Modifications

Given the various options that can be employed for the retrofit of HENS, it is
difficult to ascertain the correct order in which to apply multiple modifications. After
applying a single network modification, the decision on what modification to apply
next is unknown (see Figure 36a). From Figure 36D, it can be noted that selecting the

best option at each stage of the retrofit process and repeating that same option, may
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not be the best strategy. A combination of retrofit options may need to be
implemented to obtain the best retrofit results in terms of providing the greatest

benefits with the fewest number of modifications.

Benefit

Existing HEN

| Add New Match ‘ Resequencing | | Split Stream |
No. Modifications
(a) Sequential approach (b) Possibility of an inappropriate selection of options

Figure 36: Paths for multiple modifications

To tackle this issue, the retrofit methodology proposed in Figure 37 is used. The only
difference between the proposed methodology for single and multiple modifications
is for resequencing and new heat exchanger to create a loop to be a beneficial option,
upstream heat exchangers must not be on a utility path. If they are, it will be more
beneficial to shift a certain amount of heat load along the utility path containing
these heat exchangers. This not only reduces the energy consumption but also retrofit
capital cost as investments in terms of structural modifications can be avoided. Also,
in this situation, it will be more beneficial to consider either adding a new heat

exchanger to create a utility path or splitting viable streams.

The network data is updated and the retrofit methodology repeated until the set
stopping criteria such as maximum energy recovery or maximum number of
modifications, is met. This methodology overcomes the premise that the best single
modification if repeated will provide the maximum energy recovery. The best
modification at each stage is obtained based on the updated network data and the key

features of the new network.
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Figure 37: Proposed retrofit methodology for multiple modifications

37



3.3.1 Case Study 1

To validate the proposed retrofit methodology, the procedure is first applied to Case
Study 1 analysed in the single modification. The stopping criteria used for the
analysis of case study 1 is to reduce the consumption of the hot utility, H, to
12,410kW subject to ATmin of 19°C. The best single modification identified is the

addition of a new heat exchanger to create a utility path (see Figure 17).

The network data is updated and after pinching the revised network, Exchangers 1, 3
and 4 are identified as pinched exchangers. Exchangers 2 and 4 are also identified as
cross process pinch exchangers. From the retrofit methodology, adding a new heat
exchanger to create a loop will be the most beneficial option. This is because:

1. From Figure 16, there are two exchangers upstream from the pinched exchangers
1, 3 and 4 (i.e. Exchangers 2 and 6). However, moving the upstream heat
exchanger with the highest ATy (Exchanger 2) is not feasible. This eliminates
resequencing as the most beneficial option.

2. Although the number of pinched exchangers is greater than 2, they are not
located adjacent to one another. This eliminates stream splitting as the most
beneficial option.

3. There are pinched heat exchangers on the streams with the utilities with the
highest duty (stream C2 and H1). This eliminates adding a new heat exchanger to
create a path as the most beneficial option.

Figure 38 shows the result of the best second modification for this case study. A new
heat exchanger has been added to form a loop with the cross process pinch
exchanger with the highest cross pinch heat transfer (Exchanger 2). Comparing this
to performing stream splitting (see Figure 39), new heat exchanger to create a loop
provided a further decrease in energy consumption of 873kW, as opposed to 643kW
for stream splitting.
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Figure 39: Stream splitting as second modification for Case Study 1

The best second modification does not meet the minimum energy requirement.
Therefore, the network is updated and the procedure repeated. After the second
modification, pinched exchangers identified are exchangers 1, 4 and N1. The new
exchanger N1 is the only heat exchanger that transfers heat across the pinch.
Considering there are no upstream process heat exchangers from all pinched
exchangers, the only viable options will be to apply stream splitting or to add a new
heat exchanger to create a path. Based on the proposed methodology, there are more
than two pinched exchangers. Therefore, stream splitting will be the most beneficial
option. Also, adding a new heat exchanger to add a utility path is eliminated as the

most beneficial option due to the presence of pinched exchangers on the same
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streams as the viable utilities. Figure 40 shows the result obtained by applying

stream splitting.
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Figure 40: Best retrofit solution for Case Study 1

After the third modification, the minimum energy requirement is obtained. If the best
single modification (addition of new heat exchanger to create a utility path) is
repeated until the minimum energy requirement is obtained, following the logic
presented in Figure 36b, 4 new heat exchangers will be required to achieve the same
degree of energy savings as shown in Figure 41. This validates the proposed retrofit
methodology in terms of identifying the best modifications in each stage of the
retrofit process, which ultimately leads to the least number of modifications required

to obtain maximum energy savings.
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Figure 41: Alternative final solution for Case Study 1
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3.3.2 Case Study 2

In this case, the best single modification identified is the application of resequencing
(see Figure 21). The stopping criteria used for analysis is to achieve a minimum hot

utility requirement of 10,959kW subject to a ATmi, of 10°C.

Updating the network data and pinching the network after the single modification
identified Exchangers 2, 4 and 6 as pinched exchangers. Utility exchangers C2 and
C4 transfers heat across the pinch. From Figure 21, it can be noted that Exchanger 3
is located upstream from pinched exchangers. As such, both resequencing and
adding a new heat exchanger to create a loop are the most beneficial options. Next
the feasibility of moving all the heat load of Exchanger 3 is examined. By doing this,
the network constraint is violated when Exchanger 3 is moved to the outlet of the
pinched exchanger furthest downstream. Therefore, the most beneficial option is to
add a new heat exchanger to create a loop with exchanger 3. Figure 42 shows the
result of the best second modification for this case study. Comparing this to
resequencing Exchanger 3 to the only feasible location, i.e. to the exit of the pinched
exchanger, Exchanger 6 (see Figure 43). Adding a new heat exchanger to create a
loop provides a further decrease in energy consumption of 758kW compared with

325kW for resequencing.
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Figure 42: Best second modification for Case Study 2
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Figure 43: Resequencing as second modification for Case Study 2

3.3.3 Case Study 3

In this case, the best single modification identified is the addition of a new heat
exchanger to create a path (see Figure 27). The stopping criteria used for analysis is a
minimum hot utility requirement subject to a ATy, of 10°C. This is equivalent to a
minimum hot utility requirement of 8,300kW. After the first modification,
Exchangers 3 and 4 are still pinched. Also, Exchangers 1, 2 and 3 are identified as
cross process pinch exchangers. Analysing the network structure in Figure 27 shows
that there are no upstream heat exchangers from the pinched exchangers and the
pinched exchangers are not adjacent to each other. However, due to the presence of a
pinched exchanger on the streams as the most viable utilities (H3 and C4), adding a
new exchanger to create a path will be infeasible as the temperature constraint of that
heat exchanger will be violated. Therefore, to create a utility path, other placements
might be required which will not provide the maximum energy recovery possible
(for example Figure 44). From Figure 44, a new heat exchanger to create a path has
been added to connect utility exchangers H3 and C4. This is because only the cold
utility C4 is not connected to a pinched exchanger. Therefore, the best second

modification will be to add a new heat exchanger to create a loop with the cross
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process pinch exchanger with the highest cross pinch heat transfer, exchanger 1 (see

Figure 45).
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Figure 44: Alternative second modification for Case Study 3
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Figure 45: Best second modification for Case Study 3
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The maximum energy saving is not achieved after the second modification.
Therefore, the retrofit methodology is repeated until this is attained. The final
network structure is given in Figure 46. The final result was obtained by carrying out
a total of 9 modifications (4 new exchangers to create a loop and 5 new exchangers
to create a utility path).
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Figure 46: Best retrofit solution for Case Study 3

3.3.4 Case Study 4

The objective is to reduce the hot utility (H) consumption to a value of 13,906kW,
which represents the minimum energy consumption at a ATmi, 0of 10°C. The best
single modification identified in this case was adding a new heat exchanger to create
a path (see Figure 30). Pinching the network again identifies Exchangers 1, 2, 3 and
N as pinched exchangers. Exchanger 1 is identified as a cross process pinch
exchanger and utility exchangers H and C6 are identified as cross utility pinch
exchangers. Analysing the network structure, stream splitting will be the most
beneficial option (see Figure 47) because there are no upstream heat exchangers
from pinched exchangers. Therefore, resequencing and adding a new heat exchanger
to create a loop are eliminated. Also, the number of pinched exchangers is greater

than 2. Although adding a new heat exchanger to create a utility path (see Figure 48)
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can provide a decrease in energy consumption, the degree of energy saving will be
less than that of stream splitting. This is because the cold utility with the highest duty
C1 is constrained by the presence of the pinched exchanger 4. Note that Exchanger
3, although a pinched exchanger, has not been included in the split streams. This is
because exchanger 3 is neither on a viable loop or path. Including exchanger 3 will

result in a violation of the network energy balance or network constraint.

e AW
[Hr} @ @ 120°C
7,347TkW 3,2_3_€_>kW .
[H_—Zi 205°C \:i ""J ::\C_l:,‘ 125°C
0kW
N 237°C (7 o 180°C
249°C 3’2%“’ 6’85;{“" 0AW  sorc
FAY
n 9.195kW v b &
[T }-286C ’ A
TN
(] 296°C
oc 2,339kW
310°C ;
J
H7
O} 0,
145°C N
7,364kW
1 OO )
350°C o~ TkW / N 2,041kW lvszg;
et \ 8,114kW i
15,086kW )
_O_ Split Fraction = 0.5

Figure 47: Best second modification for Case Study 4
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Figure 48: Alternative second modification for Case Study 4
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The maximum energy saving is not achieved after the second modification.
Therefore, the retrofit methodology is repeated until this is attained. The final
network structure is given in Figure 49. The final result was obtained by carrying out
a total of 7 modifications (1 stream split, 3 new exchangers and 3 resequencing

moves).
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Figure 49: Best retrofit solution for Case Study 4

3.3.5 Case Study 5

The objective is to reduce the hot utility (H) consumption to a value of 11,568kW,
which represents the minimum energy consumption at a ATmi, of 10°C. The best
single modification identified in this case was the application of stream splitting (see
Figure 34). Pinching the network again identifies Exchangers 2, 3, 5 and 7 as
pinched exchangers. Exchanger 1 and 7 are identified as a cross process pinch
exchangers. Analysing the network structure, adding a new exchanger to create a
loop will be the most beneficial option (see Figure 50) because there are no upstream
heat exchangers from pinched exchangers. Therefore, resequencing is eliminated as a
beneficial option. Also, although the number of pinched exchangers is greater than 2,
all the pinched exchangers are not adjacent to each other. Therefore, stream splitting

will not be a beneficial option. There are pinched exchanger on the streams with the
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beneficial as adding a new exchanger to create a loop

highest utility therefore, adding a new exchanger to create a utility path will not be as
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Figure 50: Best second modification for Case Study 5

The maximum energy saving is not achieved after the second modification.
Therefore, the retrofit methodology is repeated. After the second modifications
exchangers 1, 2, 3 and 5 are pinched. In addition, utility exchanger C5 transfers heat
across the pinch. Based on the retrofit methodology, the best modification will be to
add a new exchanger to create a utility path with the cross utility pinch exchanger.
After doing this, the minimum energy consumption is obtained. The final network
structure is given in Figure 51. The final result was obtained by carrying out a total

of 3 modifications i.e.1 stream split and 2 new exchangers (1 loop and 1 path).
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Figure 51: Best retrofit solution for Case Study 5

In conclusion, the step-by-step method is advantageous as it is able to provide simple
and practical designs subject to a chosen ATmi,. Also, it can be automated and

encourages user interaction.

4 Optimisation-based Approach

Rather than use the step-by-step approach, the retrofit process can be carried using a
single step optimisation approach. In this work, simulated annealing (SA) is used as
the optimisation algorithm in validating the proposed retrofit methodology of step-
by-step approach. This is because SA is widely used with benefits associated with its

ability to avoid the local optima due to the random nature of its search.

The aim of the step-by-step approach was to provide insights based on key features
of a given HEN to identify the best network modifications that can be applied. In the
case of simulated annealing, the number of modifications required to meet a target
can be set and the corresponding retrofit result obtained. Depending on the number
of modifications, different retrofit designs can be obtained. With SA the following
modifications considered are adding, deleting and resequencing heat exchangers;
changing the heat loads of the heat exchangers; adding and/or deleting stream

splitters; and modifying the splitting ratios.
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To validate the results obtained by the step-by-step approach, SA has been applied to
the five case studies studied in the previous section. The objective for all is the same
as that used in the step-by-step approach, i.e. to maximise energy recovery subject to
the network ATy value, while ensuring the network energy balance is maintained.
Initially, all modification options are assumed to have the same probability and no

constraint on the maximum number of modifications.
4.1 SA Results

SA like the step-by-step approach was able to achieve the maximum energy recovery
for all case studies as shown in Figures 52 — 56. It can be noted that there are slight
variations between these results and that shown for the step-by-step approach
(Figures 40, 42, 46, 49 and 51). The difference in continuous variables such as the
duties and split fractions has an effect on the heat transfer area required. Also, the

number of modifications required is different for both methods as shown in Table 5.
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Figure 52: SA solution for Case Study 1
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Figure 54: SA solution for Case Study 3
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Figure 56: SA solution for Case Study 5
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Table 6: Result Comparison

Case Studies Methods

Number of modifications

Additional
Area (m?)

Step-by-Step

3
2 new exchangers (1 loop and 1
path) and 1 stream split

2,471.72

SA

3
2 new exchangers (1 loop and 1
path) and 1 stream split

2,923.86

Step-by-Step

2
1 resequencing and 1 new
exchanger to create a loop

2,778.83

SA

3
1 resequencing and 2 new
exchangers (1 loop and 1 path)

2,641.74

Step-by-Step

9
9 new exchangers (4 loops and 5
paths)

11,716.50

SA

9
1 stream split and 8 new
exchangers (2 loops and 6 paths)

20,315.90

Step-by-Step

7
1 stream split, 3 new exchangers
(all paths) and 3 resequencing

4,116.31

SA

9
3 stream splits, 4 new
exchangers (all paths) and 2
resequencing

4,070.71

Step-by-Step

3

1 stream split and 2 new
exchangers (1 loop and 1 path)

1,954.57

SA

8

2 stream split and 6 new
exchangers (3 loop and 3 path)

2,281.02
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The results show that compared to the SA approach, the step-by-step approach
identifies the modifications that can bring about maximum energy recovery with the
fewest number of modifications. However, the result shown for SA is subject to
there being no constraints on the number of modifications that can be made. If
maximum numbers of modifications are set with SA for all case studies examined,
SA identifies exactly the same network structures, heat loads, stream split fractions

and heat transfer area requirement for all case studies.

5 Conclusions

A new step-by-step approach to HEN retrofit has been developed that can be used in
identifying the best network modifications for a given HEN. Unlike the conventional
methods used in retrofit, this method provides insights into the decision making
process for the identification of the best network modifications. The new approach
makes use of key features of a HEN to establish a retrofit design that is not only
feasible, but guarantees the maximum energy recovery based on the network pinch
approach. It also has the advantage over previous approaches by promoting user

interaction.

However, analysis carried out in this work has solely been dependent on maximising
energy recovery. As a result, capital cost associated with the suggested modifications
and additional heat transfer area has not been considered in the decision making
process. Future work will consider analysing the cost implication of the
modifications and the additional heat transfer area required. In addition, future work
will consider reducing the cost associated with performing structural modifications
with the application of heat transfer enhancement in retrofit.

Nomenclature

Symbols Definitions Units
Qrec Energy recovery MW
ATmin Minimum temperature approach °C

T Temperature °C
H Enthalpy MW
Aexist Existing area m?
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CP Heat capacity flowrate kw C*
Eexist Existing energy requirement MW
AT Exchanger temperature difference °C

NP Number of pinching matches -

Ts Start temperature °C

Tt Target temperature °C

Q Duty kwW
Qep Total cross pinch heat transfer KW

HT.C Stream heat transfer coefficient kW m2c?
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Chapter 6 Structural Modifications

6.3 Summary

A new step-by-step approach was validated by comparing the results obtained with
stochastic optimisation i.e. simulated annealing. The result shows that the new
method is able to identify the least number of modifications required to achieve a set
target compared to stochastic optimisation. In addition, as opposed to the
optimisation-based approach, this method provides useful and new insights into the
interaction between different components of the HEN. It also has an advantage over
previous approaches by promoting user interaction. The method presented can be
said to be a robust method for the identification for the best modifications to be

applied to an existing HEN.

The objective of the new method is to identify the best modifications to obtain
maximum energy recovery. However, the retrofit capital cost in terms of structural
modifications and increasing the heat transfer area of existing exchangers has not
been taken into account. The aim of this project is to present cost effective retrofit
methods for HENs, thus the costs associated with performing structural
modifications needs to be determined. In addition, ways of reducing the retrofit
capital cost with structural modifications needs to be presented. This is tackled in the

next section of this thesis.

97



Chapter 6 Structural Modifications

98



Chapter 7 Structural Modifications with Heat Transfer Enhancement

Chapter 7 Structural Modifications with Heat
Transfer Enhancement

7.1 Introduction to Publication 5

This section tackles the fourth research objective of this thesis given in Section 1.3.
The ultimate goal in retrofit is to be able to present a cost effective design that
achieves maximum energy recovery. Publication 5 develops the benefits of both
structural modifications (high-energy recovery) and heat transfer enhancement (low
retrofit capital cost). However, before achieving the ultimate goal set out in retrofit,
the costs associated with the application of structural modifications are determined.
This is based on literature cost data for performing structural modifications.
Publication 5 is a combination of the methodologies for structural modifications and
heat transfer enhancement with and without pressure drop considerations presented

in previous chapters.

7.1.1 Development of Cost Effective Retrofit Methodology

This section addresses the question posed in “Objective 4, Questions ‘a’. To obtain
maximum energy recovery structural modifications are applied to existing networks.
A drawback of the application of structural modifications is the need for additional
heat transfer area in existing exchangers. This work exploits the benefits of heat
transfer enhancement i.e. an enhanced heat exchanger has a higher heat transfer
coefficient to exchange the same duty under smaller heat transfer area requirements.
Therefore, the energy saving obtained by applying structural modifications can be
maintained and heat transfer enhancement used in eliminating or reducing the
additional heat transfer area requirements after retrofit. The effects of heat transfer
enhancement on pressure drop are also taken into consideration in Publication 5. A
comparison is made between the use of only heat transfer enhancement in retrofit,
the use of enhancement considering pressure drop constraints, the use of only
structural modifications, and the use of structural modifications with heat transfer
enhancement considering pressure drop in terms of energy recovery and retrofit

profit.
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7.2 Publication 5:
Akpomiemie, M. O., and Smith, R., (2016). Combined methods for

heat exchanger network retrofit.
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Abstract

In this work, structural modifications based on the network pinch approach have
been combined with heat transfer enhancement to maximise energy recovery while
maximising retrofit profit (i.e. difference between profit from energy savings subject
to a specified payback time and capital cost of retrofit). The method presented is
sequential in approach, where structural modifications are first considered to obtain
maximum energy recovery. Heat exchangers requiring additional area are identified,
and heat transfer enhancement is then used to reduce or eliminate the additional heat
transfer area requirement. The reduced cost is as a result of it being generally
cheaper to implement heat transfer enhancement than increasing the heat transfer
area of existing heat exchangers in retrofit. With the application of enhancement, the
added constraint of pressure drop restricts the maximum degree of enhancement of
certain heat exchangers. As such, the retrofit profit is decreased. A comparative
analysis is also presented in this work where the results obtained from four scenarios
(the use of only heat transfer enhancement, the use of heat transfer enhancement
considering pressure drop, the use of only structural modifications, the use of
structural modifications and heat transfer enhancement considering pressure drop)

are examined.

Highlights:

o Cost-effective retrofit by combining structural modifications and enhancement.

e Maximum energy recovery and reduced retrofit cost.

e Pressure drop considerations reduce retrofit profit.

Keywords: Heat exchanger network; Retrofit; Heat transfer enhancement; Structural

Modifications; Pressure Drop



1 Introduction

Increasing concerns associated with greenhouse gas emissions have led to a rise in
interest into the retrofit of heat exchanger networks (HENS). In the process
industries, the retrofit of HENs can be a cost effective method to reduce the energy
consumption. The retrofit of HENs is generally classified by three key methods,
which are Pinch Analysis methods, Mathematical Programming methods and Hybrid
methods. A detailed review of these methods has been presented in the work by

Sreepathi and Rangaiah [1].

The pioneering work on Pinch Analysis was presented by Tjoe and Linnhoff [2].
Generally, Pinch Analysis makes use of a targeting stage for estimating the
maximum energy recovery of a network, and a re-design stage to reconnect the
cross-pinch exchangers to obey pinch decomposition. The drawback of Pinch
Analysis is that it requires an expert user for its application and does not highlight
the number of modifications required and the appropriate placement for the
additional heat transfer area requirement.

In terms of mathematical programming, the retrofit problem is converted to an
optimization model and solved. With mathematical programming, there are
numerous network modifications that can be obtained either with the use of a
superstructure [3] or through a matrix representation [4-6]. The HEN retrofit is a
mixed integer non-linear programming (MINLP) problem [3]. The difficulty in
solving a MINLP problem has led to authors simplifying the retrofit problem and to
avoid a local optimum solution [7-9]. Drawbacks associated with the use of
mathematical programming techniques include lack of guarantee of optimality,
prolonged computational times required, the uncertainty in the optimality of the
solution due to the assumptions and simplifications made to the model and that lack

of user interaction.

Asante and Zhu [10] pioneered the hybrid method for retrofit that combines the
features of Pinch Analysis and Mathematical Programming methods. The method
proposed referred to as the network pinch approach, consists of a diagnosis and an
optimisation stage. In the diagnosis stage, a mixed integer linear programming
(MILP) model is used to identify the possible structural modifications that can

provide maximum energy recovery subject to an assumed minimum temperature



approach. The optimisation stage makes use of a non-linear programming (NLP)
model to optimise the capital-energy trade-off of the structural modifications
determined in the first stage. The sequential approach enables the automation of the
design procedure while maintaining user interaction. The network pinch approach
was modified by Smith et al. [11] by converting the process from sequential to
simultaneous (structural modifications and capital-energy optimisation are
considered in a single step). However, with the network pinch approach, there was
still a lack of insights into the decision making process i.e. why a modification is
favored above another. As such, there is a possibility of selecting a retrofit option
early in the procedure that prevents obtaining the optimal solution in subsequent
steps. To tackle this issue, Akpomiemie et al. [12] proposed a step-by-step approach
based on the network pinch approach for retrofit of HENS. This work provides
insights into the key interactions and key features of an existing HEN that aids in the
selection of the best network modifications. This method provides the user with
guidelines and selection criteria that aims to overcome the possibility of not being
able to find the optimal solution.

Generally, retrofit methods for HENs involve performing structural modifications or
the use of heat transfer enhancement. Mathematical programming methods with the
application of heat transfer enhancement [13] are plagued with the same drawbacks
as those mentioned for mathematical programming methods. To tackle the issues of
mathematical programming methods with heat transfer enhancement, heuristic based
methods have been developed. Wang et al. [14] presented a method based on
sensitivity analysis. However, this method did not consider the impact of
enhancement on the network, and assumptions of the degree of enhancement were
made. Jiang et al. [15] extended the approach to consider accurate modelling of the
chosen enhancement technique to ensure accurate representation of proposed energy
saving. The work by Akpomiemie and Smith [16] extended both methodologies to
account for the downstream effects on the network after the application of
enhancement. The drawbacks with the use of sensitivity analysis for identifying the
best heat exchanger to enhance were highlighted by Akpomiemie and Smith [17].
The authors presented an alternative method known as the area ratio approach for the
identification of the best heat exchangers to enhance. With this method, the decision

on the best heat exchanger is not dependent on a key utility exchanger, as in the case



of sensitivity analysis, but on the degree of enhancement a heat exchanger can
provide subject to its base case value. As such this method is more suited to large-
scale problems. However, a drawback with the aforementioned methods is the lack
of consideration of pressure drop resulting from heat transfer enhancement. A
disadvantage with the use of enhancement in retrofit is its impact on pressure drop.
Therefore, ignoring the effects of pressure drop in retrofit might present a retrofit

result that cannot be replicated industrially.

The work by Akpomiemie and Smith [18] tackles this problem. The work makes use
of pressure drop mitigation techniques proposed by Nie and Zhu [19] to tackle the
pressure drop violations with heat transfer enhancement. Pressure drop mitigation
techniques considered are reducing the number of tube passes or changing the shell
arrangements of existing heat exchangers from series to parallel. Both methods have
an impact of the tube-side velocity of the exchangers, which not only dictates the

heat transfer coefficient, but also the pressure drop requirement.

In this work, a sequential method is presented for combining structural modifications
and enhancement in retrofit. A case study is used to illustrate the proposed method
and the benefits of this study are highlighted by a comparative analysis of the various

retrofit options that can be applied to the retrofit of an existing HEN.

2 Retrofit Methodology

The proposed approach maximises the potential energy recovery with structural
modifications for a given HEN, while reducing the retrofit cost with the application

of heat transfer enhancement. The approach is shown in Figure 1.

Step 1: First, the step-by-step approach proposed by Akpomiemie et al. [12] is used
to identify the best structural modifications that can achieve maximum energy
savings. Heat exchangers that require additional area are then determined by

evaluating the energy balance of the new network structure.

Step 2: The cost of performing structural modifications is evaluated to allow for a
comparative study in terms of retrofit profit (RP). Equation 1 is used in determining

the initial retrofit profit (RP;) and is given by the difference between the utility cost



before modifications (UCg) and the utility cost after modifications (UCsy) together
with the retrofit capital cost (RC).

RP = UCg — Equation 1

UCsy + Z RCey
ex€EX
Equations 2 and 3 are used in calculating the utility cost before and after
modifications. CCU and CHU are the annual cost parameters for cold and hot utility,
Qg and Qsym are the duty before and after modifications and OT is the payback

operating time.

Equation 2
UCg = OT x |CCU x Z Qpex + CHU X Z Qb.ex

ex€EXcy ex€EXyy

Equation 3
UCsy = OT X |CCU x Z Qsmex + CHU X Z Qs ox

ex€EXcy ex€EXyy

The initial retrofit cost RC; is given in Equation 4. The retrofit capital cost is a
function of the cost of structural modifications (SMC,y), cost of additional area

(ACe), and cost of installing a by-pass (BCe).

RCi,ex = SMC¢x + ACex + BCg Vex € EX Equation 4

Step 3: The enhancement sequence for all candidate heat exchangers (heat
exchangers requiring additional area) can then be determined based on the area ratio
approach [17]. The area ratio signifies the relationship between the degree of
enhancement a heat exchanger can provide and its capability to accommodate for
additional area as shown in Equation 5. Therefore, the best heat exchanger to
enhance first is one with the smallest area ratio, as this signifies the heat exchanger
that can provide the greatest degree of enhancement relative to its base case value.
Detailed description on how the area ratio is determined is given in Akpomiemie and
Smith [17].

Aexisting U Equation 5

Ap = = —
: (Aexisting + AA) Ug




Step 4: After each application of enhancement, the stream pressure drop is checked
for pressure drop violations. If there are violations, pressure drop mitigation
techniques such as those proposed by Nie and Zhu [19] and used in Akpomiemie and
Smith [18] are applied. The application of these techniques will lead to a decrease in
the degree of enhancement. The degree of enhancement that can be achieved is
dependent on the heat exchanger modifications that are employed to reduce the
pressure drop requirements. This decrease is as a result of the decrease in velocity
when the pressure drop mitigation techniques are applied. Modifications considered
in this work are reducing the number of tube passes and changing the shell
arrangement from series to parallel. For each heat exchanger considered, the
selection criterion defined in Equation 6 is used in determining the best modification
to be applied to reduce pressure drop requirement [18]. The best option is one with
the smallest selection factor, as this signifies the modification that can still provide a

higher degree of enhancement with the lowest pressure drop penalty.

APy~ APy (Ugz— Ug |
SF = . : Equation 6
(APB,E - APB> <UN,E Uy |

Step 5: If there are no pressure drop violations, the new retrofit profit can then be
determined. The difference between the new retrofit profit and those determined
previously, is the addition of the cost of modifying the exchanger geometry to deal
with pressure drop violations (MCe). The new retrofit cost is given in Equation 7.
Note that Equation 1 is still used in determining the retrofit profit. The difference
between the initial and new retrofit profit is due to the inclusion of modification
costs to account for pressure drop mitigation shown in Equation 7.

RCpex = SMCex + ACey + BCex +ECey +MCex Vey € EX Equation 7

Step 6: If the new retrofit profit is less than the initial profit determined after the
application of structural modifications, the procedure is stopped. This is to ensure
that maximum retrofit profit is obtained with each modification. If not continue to
Step 7.



Step 7: Finally, other viable heat exchangers requiring additional area are explored
and the procedure is repeated until either the stream pressure drop requirement is

violated or there are no other viable candidate heat exchangers for enhancement.

Start Procedure

Step 1: Maximise Energy Recovery by Performing Structural Modifications

and Identify Heat Exchangers Requiring Additional Area

|

Step 2: Calculate Initial Retrofit Profit (RP;)

A 4

Step 3: Determine Enhancement Sequence and Enhance the Best Requiring
Additional Area

y

I

Step 4: Stream Pressure
Drop Violation?
APgp <APgg

Step 4.1: Apply Pressure Drop
Mitigation Techniques

YES Step 5: Calculate New the Retrofit Profit (RP,)

Step 6: RP, <RP,?

Step 7: Other Viable
Options?

End Procedure

Figure 1: Retrofit Approach

3 Case Study

The proposed approach is applied to an existing HEN that has been studied by
Akpomiemie and Smith [16] for the application of heat transfer enhancement in
retrofit. The original network structure is given in Figures 2. The stream, exchanger
details and the cost of modifications for this case study are given in Tables 1, 2 and 3



respectively. A payback time of one year has been assumed for the purpose of

calculating the retrofit profit.
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Figure 2: Simplified Pre-Heat Train

Table 1: Stream Data

Stream | CP [KW/°C] | TS[°C] [ TT [°C] | Q [kW] Maximum AP (kPa)
H1 86 310 95 | 18,490.0 400
H2 214 299 120 | 3,830.6 200
H3 184.7 273 250 | 4,248.1 200
H4 235 230 95 31725 200
H5 129.4 206 178 | 3,623.2 100
C1 14391 52 360 | 44,3232 700




Table 2: Exchanger Data

=AM (kW/rr]:]2°C) (ﬁgg) (kW/hr;2°C) (ﬁgg) (kW/Lr:12°C) QW)
1 396.72 2.07 78.49 1.33 167.29 0.52 6141.33
2 |oisas | 231 100.80 140 | 13140 | s 6134.83
3 | o3385 | 454 75.76 0.78 | 7343 | o016 5556.61
4 | 3apa | L27 427 062 | 4538 | 010 2688.79
5 | 18385 | 2.56 98.38 0.78 | 1573 | a2 3431.16
6 843.73 0.96 14.66 0.49 146.74 0.06 2291.88
7 11428 | 338 91.09 098 | 8854 | 036 3623.20
C1 . - - . 657.23
C2 . - - . 1141.81
C3 . - - - 816.94
C4 . - - . 880.62
H i i 14455 41

Table 3: Cost Data

Utility Cost Data

Retrofit Cost Data

CHU: 400 ($/kW y)

EC: 500 + 10*A ($)

CCU: 5.5 ($/kW y)

BC: 500 ($)

Cost of Increasing Heat Exchanger Area: 4,000 + 200*A ($)

Cost of Resequencing: 30,000 ($)

Cost of New Heat Exchanger: 6,000 + 200*A ($)

Cost of Stream Splitting: 30,000 ($)

The best structural modifications are identified by applying the step-by-step

approach. The objective was to maximise energy recovery, subject to a minimum

temperature approach of 10° C. Analysis has been carried out using the SPRINT

software [20]. The application of resequencing Exchanger 7 and adding a new heat

exchanger N to create a loop with Exchanger 3 provided the greatest decrease in

energy consumption as shown in Figure 3. Table 4 shows the exchanger data for this

case study after applying structural modifications.
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Figure 3: New Network Structure

Table 4: Exchanger Data after Structural Modifications

1 396.72 451.96 0.52 6141.33 | 3449.98
2 545.45 550.45 0.48 6134.83 | 5351.40
3 633.85 475.44 0.16 5556.61 |  3449.94
4 354.64 569.73 0.10 2688.79 |  3830.60
5 183.85 826.71 0.32 3431.16 | 4248.10
6 843.73 906.89 0.06 2291.88 | 3172.50
7 114.28 892.97 0.36 3623.20 | 3623.20
N . 1177.16 0.25 - 6338.68
C1 _ - - 657.23 0
c2 _ - - 114.81 0
C3 ] - - 816.94 0
c4 _ - - 880.62 0
H . - - 14455.41 10958.81
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The initial retrofit profit (RPi) after structural modifications is:

Profit from energy savings ($1, 417876)

—Cost of resequencing ($30,000)

— Cost of additional area ($863,741)

— Cost of new heat exchanger ($241, 433)

— Cost of by-pass ($1,500)

= $281, 203
To ensure that there are no stream pressure drop violations, enhancement is applied
to heat exchangers requiring additional heat transfer area in a sequential manner. The
maximum pressure drop in stream C1 is 700kPa and the existing total pressure drop
is 668.51kPa (see Tables 1 and 2). The cost of modifying shell arrangements and the
number of tube passes is assumed to be $10,000 and $5,000 respectively. From the
study conducted by Akpomiemie and Smith [16] it was found that twisted tape
inserts provided a greater degree of enhancement than wire coil inserts for this case

study. Therefore, twisted tape inserts have been chosen as the enhancement device.

Table 5 shows the twist ratio and tape thickness used to model each heat exchanger.

Table 5: Twisted Tape Insert Parameters

EX. Twist Ratio Tape Thickness (m)
1 5.62 0.0022

2 2.83 0.0022

3 250 0.0084

4 2 44 0.0022

5 2.65 0.0022

6 265 0.0022

7 2.83 0.0022

The first step is determining the area ratio of all candidate heat exchangers for
enhancement. From Table 4, all process heat exchangers required additional area

with the exception of Exchanger 3. Therefore, Exchanger 3 has been left out from

11



the next analysis. The area ratios of all candidate heat exchangers for enhancement
are given in Table 6. Note that although Exchanger 7 is not on a utility path, it has
been considered for enhancement because in this case, enhancement is carried out

subject to maintaining the existing duty of all heat exchangers.

Table 6: Area Ratio Results

Ex Ug (KW/m®C) Ue(kW/m?°C) Ar
1 0.517 0.669 0.773
2 0.475 0.597 0.795
4 0.0963 0.108 0.891
5 0.325 0.448 0.725
6 0.610 0.674 0.905
7 0.363 0.487 0.745

First enhancement is applied to the heat exchanger with the smallest area ratio (i.e.
Exchanger 5). By doing this, the tube-side pressure drop of Exchanger 5 increases
from 15.73kPa to 37.67kPa. This brings the total pressure drop of the stream to
690.45kPa, which is below the maximum allowable enhancement. Therefore, the
maximum degree of enhancement can be applied to Exchanger 5. The retrofit profit
after enhancing Exchanger 5 is as follows:

Profit from energy savings ($1, 417,876)
—Cost of resequencing ($30,000)

— Cost of additional area ($818,332)

— Cost of new heat exchanger ($241, 433)
— Cost of by-pass ($1,500)

— Cost of enhancement ($6,497)

= $320,114

The new retrofit profit is higher than the initial retrofit profit. Therefore, the retrofit
process is repeated with the heat exchanger with the next smallest area ratio (i.e.
exchanger 7). Enhancing Exchanger 7 will result in an increase in the tube-side
pressure drop from 88.54kPa to 131.95kPa. This brings the total pressure drop of the

12




stream to 733.86kPa, which is above the maximum allowable. In this case, pressure

drop mitigation techniques need to be applied.

Exchanger 7 has only one shell and two tube passes. In this case, there is only one
option available i.e. reducing the number of tube passes from two to one. Decreasing
the number of tube passes not only reduces the pressure drop with enhancement from
131.95kPa to 79.32kPa, but also the heat transfer coefficient from 0.487 kW/m?°C to
0.4 kW/m?C. By doing this, the total stream pressure drop reduces from 733.86kPa
to 681.23kPa, which is below the maximum allowable. The new retrofit profit
obtained is:

Profit from energy savings ($1, 417,876)
—Cost of resequencing ($30,000)

— Cost of additional area ($801,458)

— Cost of new heat exchanger ($241, 433)
— Cost of by-pass ($1,500)

— Cost of enhancement ($15,083)

— Cost of modifying tube passes ($5,000)
= $323,403

The next best heat exchanger identified is Exchanger 1. Enhancing Exchanger 1
results in an increase of its tube-side pressure drop from 167.29kPa to 169.25kPa.
This results in an increase in the total pressure drop to the value of 683.19kPa, which
is below the total allowed. Therefore, Exchanger 1 is enhanced to the maximum

degree of enhancement. The retrofit profit obtained is:
Profit from energy savings ($1, 417,876)
—Cost of resequencing ($30,000)
— Cost of additional area ($707,066)

— Cost of new heat exchanger ($241, 433)

13



— Cost of by-pass ($1,500)

— Cost of enhancement ($19,078)

— Cost of modifying tube passes ($5,000)
= $413,800

Again, this value is greater than the previous calculated. Therefore, the retrofit
procedure is continued. Enhancing Exchanger 2 results in an increase of its tube-side
pressure drop from 131.40kPa to 163.31kPa. This brings the stream total pressure
drop to 715.10kPa, which is above the maximum allowable. Therefore, pressure drop
mitigation techniques are applied. Exchanger 2 has two shells arranged in series and
two tube passes. In this case, there are two options available i.e. reducing the number
of tube passes from two to one and changing the shell arrangement from series to
parallel. A split fraction of 0.5 is assumed for the case of changing shell
arrangement. To determine the best option to select, the selection factor (SF) is used.
From the result shown in Table 7, the modification of the shell arrangement is the
best, as it has the lowest value for SF. This decreases the stream total pressure drop
from 715.1kPa to 595.01kPa.

The retrofit profit obtained in this case is:
Profit from energy savings ($1, 417,876)
—Cost of resequencing ($30,000)
— Cost of additional area ($592,976)
— Cost of new heat exchanger ($241, 433)
— Cost of by-pass ($1,500)
— Cost of enhancement ($24,871)
— Cost of modifying tube passes ($5,000)
— Cost of modifying shell arrangement ($10,000)

= $512,097
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Table 7: Modification for Exchanger 2

Base Case After Modification
Us Uge APy APy Un Une APy APy SF
(KW/m?°C) | (kW/m?°C) | (kPa) (kPa) | (KW/m?*°C) | (kW/m*C) | (kPa) (kPa)

Original Design 0.475 0.597 131.40 | 163.31 - - - - -
Tube pass reduction

0.475 0.597 131.40 | 163.31 0.356 0.490 113.80 | 125.48 | 0.33

(two to one)

Shell Modification

_ 0.475 0.597 131.40 | 163.31 0.361 0.494 33.77 43.22 | 0.27
(series to parallel)
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Enhancing the next heat exchanger, Exchanger 4, results in an increase in its
pressure drop from 45.38kPa to 60.53kPa, which increases the total pressure drop of
the stream to 610.16kPa. The maximum pressure drop is not violated in this case.
Therefore, Exchanger 4 is enhanced to its maximum capacity. The new retrofit profit

obtained is:
Profit from energy savings ($1, 417,876)
—Cost of resequencing ($30,000)
— Cost of additional area ($580,525)
— Cost of new heat exchanger ($241, 433)
— Cost of by-pass ($1,500)
— Cost of enhancement ($30,445)
— Cost of modifying tube passes ($5,000)
— Cost of modifying shell arrangement ($10,000)
= $518,973

The final viable option, Exchanger 6 is enhanced. The tube-side pressure drop of
exchanger 6 increases from 146.74kPa to 202.14kPa. This represents an increase in
the total stream pressure drop from 610.16kPa to 665.56kPa, which is below the
maximum allowable. Therefore Exchanger 6 is enhanced and the new retrofit profit

is:
Profit from energy savings ($1, 417,876)
—Cost of resequencing ($30,000)
— Cost of additional area ($395,148)
— Cost of new heat exchanger ($241, 433)
— Cost of by-pass ($1,500)

— Cost of enhancement ($39,154)
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— Cost of modifying tube passes ($5,000)

— Cost of modifying shell arrangement ($10,000)

= $695,642

The final exchanger details are given in Table 8.

Table 8: Final Exchanger Details

EX. A(er);i]%i)ng Asm (M°) Ae (M) (kW;Jrﬁ%C) (kW;JrTIj%C) Qe (KW) | Qsu (kW)
1 39672 451.96 349.53 0.52 0.67 6141.33 | 344998
2 545 45 550.45 529.27 0.48 0.49 6134.83 | 535140
3 633.85 475.44 475.44 0.16 0.16 5556.61 | 344994
4 | 35464 569.73 507.47 0.10 0.11 2688.79 | 383060
5 183 85 826.71 599.67 0.32 0.45 343116 | 424810
6 843.73 906.89 820.84 0.06 0.07 2291.88 | 317250
7 114.28 892.97 808.60 0.36 0.40 3623.20 | 1362320
N - 1177.16 - 0.25 - - 6338.68

C1 ] - - - - 657.23 0

C2 ] - - - - 114.81 0

C3 ] - - - - 816.94 0

C4 ] - - - - 880.62 0
H ] - - - - 1445541 | 1095881

4 Comparative Analysis

The four scenarios studied are: (1) only heat transfer enhancement [16, 17], (2) heat

transfer

enhancement considering pressure drop [18],

(3) only structural

modifications [12], (4) structural modifications and heat transfer enhancement

considering pressure drop (this work).

Figure 4 shows a comparative analysis of the results obtained for the case study in

this work in terms of energy savings and retrofit profit. From Figure 4, the use of

heat transfer enhancement alone provides a higher retrofit profit than the use of only

structural modifications, but at a lower level of energy savings. However, when

17




pressure drop is considered alongside the use of enhancement, both the retrofit profit
and the energy savings are reduced. Considering pressure drop with enhancement
provides a more realistic picture of the use of enhancement in retrofit as violating the
maximum pressure drop in @ HEN can be costly as either new pumps/compressors
will need to be purchased or the existing pumps/compressors might need to be
retrofitted to cope with the increase in pressure drop. This cost might not be justified
in retrofit. Hence, it is advisable to always consider pressure drop alongside the use
of heat transfer enhancement in retrofit.

Comparing the first three scenarios to scenario 4, there is a drastic increase in the
retrofit profit obtained, while maintaining the energy savings of scenario 3. The
increase in retrofit profit is due to the consideration of heat transfer enhancement, as
it has been used to accommodate for the additional heat transfer area required after
applying structural modifications. Therefore, scenario 4 is the best retrofit option as
it maximises energy recovery and has a high retrofit profit, while making sure all the

network constraints such as stream pressure drop are satisfied.
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Figure 4: Comparative analysis of Different Retrofit Options
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It is important to note that with structural modifications, other factors that can impact
on the retrofit profit have not been considered, such as the downtime required in

performing the proposed modifications.

5 Conclusions

A sequential method has been presented for the combination of structural
modifications and heat transfer enhancement for HEN retrofit. The method
capitalises on the benefits of structural modifications in retrofit and heat transfer
enhancement. The method also accounts for the impact of the chosen heat transfer
enhancement technique on pressure drop. Considering pressure drop constraint has
an impact on the retrofit profit as the degree of enhancement that can be applied to a
candidate heat exchanger might be reduced to prevent violating the network pressure
drop constraint. Depending on the retrofit objective, this work shows the different

methods that can be applied.

Nomenclature

Symbols Definitions Units
APy Total tube-side pressure drop kPa
hy Tube-side heat transfer coefficient kW m?2°C?
hg Shell-side heat transfer coefficient kW m?2°C?
AP; Total shell-side pressure drop kPa
SF Selection factor -
APy g New total pressure drop after enhancement kPa
APg g Base total pressure drop after enhancement kPa
APy New total pressure drop kPa
APg Base total pressure drop kPa
Ugk Base overall heat transfer coefficient after enhancement kKW m°C?
Une New overall heat transfer coefficient after enhancement kw m?e°c™*
Up Base overall heat transfer coefficient kW m?°C?
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RP
RC
UcC
EC
AC
BC
MC
SMC
CCU
CHU
oT
Q
A
TT
TS
ATim
Fr
AR
Ug

Subscripts:

»w 4 m W

ex, EX
HS
CS
CU
HU

New overall heat transfer coefficient
Retrofit Profit
Retrofit cost
Utility cost
Enhancement cost
Area cost
Bypass cost
Modification cost
Structural Modification cost
Cost parameter for cold utility
Cost parameter for hot utility
Operating time
Heat duty
Heat transfer area
Target temperature
Supply temperature
Log Mean Temperature Difference
Correction factor
Area ratio

Enhanced overall heat transfer coefficient

Base
Enhanced
Tube
Shell
Structural Modification
Exchanger
Hot stream
Cold stream
Cold utility
Hot utility
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Chapter 7 Structural Modifications with Heat Transfer Enhancement

7.3 Summary

Publication 5 presents a sequential method for the application of structural
modifications with heat transfer enhancement. Detailed models for determining the
degree of enhancement and its effects on pressure drop have been used. The
methodology in this paper presents a cost effective retrofit option for HENs. The
comparison between the various retrofit options studied shows that heat transfer
enhancement is an efficient method for reducing the additional area requirements in

retrofit and as such, the retrofit capital cost.
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Chapter 8 Conclusions and Future Work

Chapter 8 Conclusions and Future Work

8.1 Conclusions

The aim of this thesis was to present cost effective methods for the retrofit of heat
exchanger networks (HENSs). In this thesis, insights from the existing HEN structure
and the identification of gaps from the literature survey were used to achieve this
goal. From this, two retrofit methodologies have been proposed for the use of heat
transfer enhancement in retrofit. However, a drawback with the use of heat transfer
enhancement, pressure drop, needed to be addressed. Therefore, a retrofit
methodology that considers pressure drop alongside heat transfer enhancement was
proposed. Another aspect considered in this thesis was the use of structural
modifications in retrofit. This thesis proposed guidelines and a retrofit methodology
for the identification of the best structural modifications to achieve maximum energy
recovery. However, a drawback with the application of structural modifications is
the high capital investment required in retrofit. Therefore, this thesis investigated
ways of combining the benefits of heat transfer enhancement and structural
modifications to achieve maximum energy recovery but at low capital investment. It
is important to point out that in this work, the cost functions used in determining the
retrofit cost does not include the engineering costs that may be required with each

modification option i.e. the use of enhancement and structural modifications.

Outlined below are the main contributions of this work that satisfied the four thesis

objectives.

8.1.1 Retrofit Methodologies with Heat Transfer Enhancement for
HEN Retrofit without Topology Modifications and Additional

Area

From the literature survery conducted on the benefits of heat transfer enhancement, it
was found that, if heat transfer enhancement is solely considered, the retrofit of HEN
can be cost effective and easy to perform. However, given a HEN, it might not be
beneficial to apply heat transfer enhancement on all process heat exchangers, as this
might lead to the violation of the network constraint and/or the energy balance of the

network. Therefore, before heat transfer enhancement can be applied, it is vital to
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identify a comprehensive method for the identification of the best heat exchangers to
enhance. Also, in HENs, the change in one component can affect the performance of
others within the network. An example of an effect that can occur is the need for
additional heat transfer area in heat exchangers located downstream from an
enhanced exchanger. This is due to the decrease in the driving force of these heat
exchangers. Therefore, a method for dealing with this effect is required. To achieve
these goals, two novel methodologies are proposed. This is based on a three-stage

approach.

The first stage involves presenting a method for the identification of candidate heat
exchangers. Candidate heat exchangers are referred to as heat exchangers that can
provide energy savings without violating the energy balance of the network. In order
to maintain the energy balance of the network, only heat exchangers on a utility path
can be considered for enhancement. Therefore, a systematic method based on an
incidence matrix, is used to identify heat exchangers on a utility path in a HEN. This
method has been automated as part of a Centre for Process Integration (CPI)
software, SPRINT. This method not only identifies utility paths, but can also identify

other key network structural features such as loops.

In the second stage, the best candidate heat exchanger is identified. Two methods i.e.
sensitivity analysis and area ratio approach are used. Sensitivity analysis identifies
the best heat exchanger to enhance based on the passive response a heat exchanger
has on a network. However, sensitivity analysis is not tailored for the application in
large-scale networks due to its dependence on a key utility exchanger. Therefore, the
area ratio approach is proposed for the identification of the best heat exchanger in
large-scale networks. This is because the decision is not based on a key utility
exchanger, but on the ability of candidate heat exchangers to accommodate for

additional area , which still maintains a balanced network.

A non-linear optimisation model is used in the third stage. This is solely required to
eliminate the need for additional heat transfer area on other process exchangers after
the application of enhancement on the best candidate heat exchanger. The objective
function used in this model is to maximise the retrofit profit i.e. the difference

between the profit from energy savings subject to a payback time period and the total
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cost of retrofit. This is achieved by varying the duty of heat exchangers on a utility

path and the overall heat transfer coefficient of heat exchangers not on a utility path.

The proposed methodologies used for solving objective one can be summarised to be
a combination of heuristics and optimisation. This is beneficial as it not only has the
benefit of encouraging user interaction and providing insights into retrofit with heat
transfer enhancement, but also ensures that the optimal degree of of energy savings
is attained while meeting set constraints such as no additional heat transfer area
requirement and maintaining the energy balance of the network. The benefits of the

methodologies proposed makes it applicable to large-scale retrofit problems.

8.1.2 Pressure Drop Considerations In HEN Retrofit with Heat

Transfer Enhancement

Most enhancement techniques considerably increase pressure drop in existing heat
exchangers. This is a key drawback with the use of heat transfer enhancement for
industrial applications. In situations, where existing pumps/compressors cannot
accommodate the required increase, this can have a negative financial implication in
terms of the retrofit process. In addition, retrofit requiring the purchase of

pumps/compressors might not be justified in retrofit.

Reducing the stream velocity in a heat exchanger not only reduces its heat transfer
performance, but also the pressure drop. This can be achieved by performing
structural modifications such as, reducing the number of tube passes and changing
shell arrangement from series to parallel. The decrease in performance is
compensated for by the use of heat transfer enhancement. As such, a degree of

enhancement can still be obtained but at lower pressure drop requirement.

In different heat exchangers, there might be more than one beneficial option.
Therefore, in this thesis, a selection factor is defined to ensure the best modification

is chosen in terms of level of pressure drop reduction and low retrofit cost.

Analysis carried out considering pressure drop with enhancement showed that the
degree of energy savings is reduced. This also reduces the retrofit profit obtained
compared with the use of heat transfer enhancement without considering pressure

drop. By doing this, the actual energy saving and retrofit profit with enhancement is
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presented that meets not only network constraints and energy balance of the network,

but also ensures there are no pressure drop violations in the HEN.

8.1.3 Retrofit Guidelines and Methodology for Structural

Modifications

The decision on the best structural modification has been based on obtaining a set
objective. However, there are no insights into why a certain structural modification is
suggested, as opposed to others in a given network. In addition, there is no guarantee
that the recommended structural modification or number of modifications suggested
is the best given a HEN. This work presents guidelines for identifying the best
location to apply each type of structural modifications. This work makes use of the
network pinch approach. Guidelines are formed by analysing the HEN structure and
identifying key features such as: presence of utility paths and loops, presence of
pinching matches, location of pinching matches in the network and with respect to
one another. The insights obtained in this study help to provide insights to the
designer to ensure modifications carried out for maximum energy recovery are

placed appropriately in a HEN.

Retrofit methodologies for both single and multiple modifications have been
presented in this work. The methodology makes use of the key features of a HEN to
justify the best modification that guarantees minimum amount of modifications for
maximum energy recovery. To validate the proposed approach, the results obtained
by its application were compared with those of stochastic optimisation (i.e. simulated
annealing). Results show that the new approach overall can identify either fewer or

exactly the same number of modifications to achieve the set objective.

In general, the application of structural modifications is able to provide a greater
decrease in energy consumption, as opposed to the use of enhancement. This is
justified as with enhancement, the level of enhancement a heat exchanger can
provide is restricted by the exchanger geometry and the type of enhancement
technique used. With structural modifications, higher energy recovery is obtained as

the network pinch, which restricts energy recovery, is overcome.
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8.1.4 Structural Modifications with Heat Transfer Enhancement

From the analysis carried out in this work, it is clear that structural modifications as
opposed to the use of heat transfer enhancement can provide higher decrease in
energy consumption in existing HENs. However, the cost associated with carrying
out such modifications is high. To reiterate, the best retrofit design is one with low
retrofit cost. To achieve this, heat transfer enhancement has been used in eliminating
or reducing the area requirement in existing heat exchangers. This is beneficial as
additional area accounts for a large percentage of the retrofit costs when structural

modifications are applied.

A sequential methodology that incorporates structural modifications and heat
transfer enhancement with pressure drop considerations is presented in this work.
From the results obtained, the use of heat transfer enhancement with structural
modifications considerably reduces the retrofit cost, while maintaining the energy
recovery when compared to the use of only structural modifications. The reduction
in cost is because of heat transfer enhancement being generally cheaper than the
increased area of existing exchangers. Heat transfer enhancement is also beneficial in
this case, the issue of plant layout (i.e. evaluating if there is sufficient opportunity to
apply the recommended additional area requirement after structural modifications) is
addressed. However, with pressure drop considerations, the retrofit profit is reduced
due to the decrease in the degree of enhancement that can be obtained in certain heat
exchangers and the cost associated with the techniques used for pressure drop

mitigation.

8.2 Future Work

Although the retrofit objectives set out in this thesis have been met, other areas are

worth further research.

1. Retrofit methodologies included in this work have solely been focused on the
application on shell and tube heat exchangers. It might be beneficial to consider
extending the retrofit methodologies with heat transfer enhancement to other

types of heat exchangers such as plate heat exchangers.
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2. Retrofit methods for heat-integrated distillation systems usually involve
performing structural modifications of the existing HEN. Future work can
consider incorporating the retrofit methodologies with heat transfer enhancement
and/or structural modifications with heat transfer enhancement presented in this
work into heat—integrated distillation system as a retrofit strategy to reduce

capital investment.

3. Other heat exchangers such as plate heat exchangers and twisted tube heat
exchangers have been reported to be efficient methods for reducing annual CO2
emissions and energy consumption. Future work can consider replacing
conventional shell and tube heat exchangers with welded plate heat exchangers

or twisted tube heat exchangers as a retrofit strategy for existing HENs.

4. Although pressure drop has been tackled in this work, the approach used is
sequential. A promising area will be to include the proposed methodology as part
of a superstructure optimisation for performing exchanger modifications (i.e.
modifying shell arrangements and tube passes) if there are violations in HEN

pressure drop constraints in retrofit.

5. In this work, it has been assumed that the fouling factors in heat exchangers
modelled are provided in retrofit and constant. In addition, the effect of heat
transfer enhancement on fouling has not been considered. Modifications made to
existing exchangers either by the application of enhancement alone, enhancement
considering pressure drop or performing structural modifications will have an
effect on temperature dependent properties and Reynolds number (in terms of
change in velocity). This will have different impacts on fouling. It might be
beneficial to consider presenting reliable models for predicting the fouling
coefficients of heat exchangers in a given HEN that can accurately account for

these changes.
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