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Abstract


This research is the continuation and a joint work with a master thesis that has been
 done in this department recently by Hemamali Chathurangani Yashika Jayathunga.


The mathematical system of the equations in the designed Heat Exchanger Net-
work synthesis has been extended by adding a number of equipment; such as heat
exchangers, mixers and dividers. The solutions of the system is obtained and the
optimal setting of the valves (Each divider contains a valve) is calculated by intro-
ducing grid-based optimization. Finding the best position of the valves will lead
to maximization of the transferred heat in the hot stream and minimization of the
pressure drop in the cold stream. The aim of the following thesis will be achieved
by practicing the cost optimization to model an optimized network.
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1 INTRODUCTION


Heat exchanger is an equipment targeted to the efficient transfer of heat from a
 hot fluid to a cold fluid stream, mostly through a transitional wall. An important
 component in many applications that people use daily. keeping the cars from over-
 heating and also in air conditioners are different examples. In industry they are used
 to recover the heat contained in a process stream recycled from the latest stage and
 use it to preheat the stream entering the earlier stage in the process [1].


The basic designs for heat exchangers are shell and tube and plate heat exchangers.


Both configurations are used in engineering practices, but thermal performance and
 design are best explained in terms of the simple parallel-flow configurations. One
 of the most common problems in industry is the excessive consumption of energy.


Studies in heat recovery systems has been increased after the first world energetic
 crisis during seventies. Therefore the importance of minimization in consumption
 of energy has increased recently. A large amount of heat energy is used in cooling
 systems. It is often possible to collect and reuse part of the heat energy by Heat
 Exchangers and this produces savings. Instead of using a single HE-unit one may
 couple them together in a network. Such a system is built by combining hot and
 cold process streams, several heat exchangers and adding mixers, dividers or other
 equipment for heat transfer between the streams. We can minimize the utility
 costs by optimizing the performance of such a system of heat exchangers (called
 superstructure) by controlling how the cold flow is running through the system.


This control is done by optimal configuration of the divider valves. In general such
 a network may contain several heat exchanger devices and several divider valves.


In this work a simple reduced model having two components was introduced and
 then the extension of it was studied having three components. The same approach
 is easily generalized to a bigger system.


The aim of this thesis work is to extend the model equations form a previously
 done thesis of the same department and mainly to optimize the best position of the
 existing divider valves in order to minimize the pressure drop hence to minimize
 the pumping cost and to maximize the thermal performance by maximizing the
 heat transfer. In another word, The optimal design of a heat exchanger network
 is to structure a system to perform the given tasks at the minimum utility costs.


Minimizing total cost means two-objective optimization. One should simultaneously
maximize heat transfer and minimize pumping costs. The objective function (utility
function) will be formed by combining these two objectives.
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 The optimal design of a heat exchanger network is to structure a system to perform
 the given tasks at the minimum utility costs. The methodologies of the optimal
 design of the network synthesis do not focus on the detailed parameters. It takes
 the network as a system and determines the network configuration and heat loads
 of the exchangers used in the network for the further detailed unit design [1]. There
 are three major methodologies for heat exchanger network synthesis. The first is
 pinch technology. The term was introduced by Linnhoff and Vredeveld to represent
 a new set of thermodynamically based methods that guarantee minimum energy lev-
 els in design of heat exchanger networks [2]. The second one belongs to optimization
 methods and minimization of total annual cost of networks by mathematical pro-
 gramming which typically require a mixed-integer nonlinear programming (MINLP)
 model for their solution (MINLP synthesis of optimal cooling networks). The third
 method involves stochastic methods like Simulated Annealing and Genetic Algo-
 rithm [3] which have always good results in finding the global optimum and has
 been used by several researchers recently.


In order to make a clear idea for the reader, the research has been divided to several
 parts. The following chapter, Chapter 2, introduces the fundamental knowledge
 about heat transfer, several types of heat exchangers and different flow types in heat
 exchangers. Chapter 3, explains the derivation of heat exchangers energy equations,
 the main model, the simplified one and the extended version and also the idea of the
 extension. Then it explains about the rest of the equations of the system, including
 mass balances and pressure drops. Chapter 4, indicates and explains explicitly
 the system of equations and introduces the way to solve it. Chapter 5, represents
 different optimization methods and also the main method used in this research.


Then the results is presented in chapter 6 and the research will end with concluding
and summarizing the whole project in chapter 7.
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2 Basics of Heat Exchangers



2.1 Principles of Heat Transfer


Heat transfer is the science that seeks to predict the energy transfer that may take
 place between material bodies as a result of a temperature difference. Thermody-
 namics says that this energy transfer is defined as heat [4]. In a simple way it is
 stated that the heat transfer is affected by two factors: temperature, which repre-
 sents the amount of heat energy and the heat flow, which represents the movement
 of heat energy from one place to another. The transfer of heat from the higher
 temperature material to the lower temperature is called heat transfer. It can be
 performed by three methods: conduction, convection and radiation which is shown
 by Figure 1.


Figure 1: Thermal Energy Transfer


The conduction is defined as the energy transfer from one point of a medium to
another under the influence of temperature gradients [5]. In a laminar flow the
conduction heat transfer occurs at right angles in the direction of fluid flow. Also
Convection involves the transfer of heat from one place to another place of the fluid
by the motion of the fluid [5]. Both heat transfers of conduction and convection
occurs simultaneously in a heat exchanger and it is relatively difficult to distinguish
them. Finally the radiation is an energy transfer through space by electromagnetic
waves which is rather not appear in the energy transfer of a heat exchanger.
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2.2 Heat Exchanger Device


Heat exchangers are devices targeted the efficient transfer of heat from hot fluid to
 cold fluid, mainly through a metallic wall. Heat losses of heat exchangers with the
 environment can be neglected in comparison to the heat transferred though the wall,
 between both fluids. So it can be assumed adiabatic. The main mode of thermal
 energy transfer in heat exchangers is governed by conduction. Heat exchangers can
 be classified in respect to their construction, flow arrangement, transfer process,
 mechanism and number of fluids. By their construction they can be divided to
 plate heat exchangers, tubular heat exchangers, extended surface heat exchanger
 and regenerators. Also the flow arrangement can divide the heat exchangers to
 three types, as shown in Figure 2, parallel flow heat exchangers, counter flow heat
 exchangers and cross flow heat exchangers. The main heat exchanger type which
 is practiced in this research is the counter flow heat exchangers. Heat Exchangers
 and particularly counter-flow heat exchangers have several applications in industries
 which will also be discussed in following chapters.


Figure 2: Different Types of Flow Arrangements in Heat Exchangers
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2.3 Counter Flow Heat Exchangers


Heat exchangers are mechanical devices designed for efficient heat transfer from one
 fluid matter to another via a solid surface. The solid surface separate the fluids
 from each other without mixing. The flow arrangement in heat exchangers can be
 Parallel-flow, cross-flow and Counter-flow. For the modeling and optimization of
 the network of heat exchangers in this research a generic form of counter-flow heat
 exchanger has been used in order to avoid dealing with the technical and geometric
 complexities of more realistic specific devices. In a counter-flow heat exchanger
 as shown in Figure 3, the two fluids flow parallel to each other but in opposite
 directions [6].


Figure 3: Counter Flow Heat Exchanger


The variation of the temperatures between hot and cold fluid are shown in Figure
 4. The temperature fluctuate periodically along the wall between the wall limits.


HereC˙h = ( ˙mcp)h is the rate of heat capacity of the hot fluid,C˙c is the rate of heat
 capacity of the cold fluid, and cp are the specific heats which are considered to be
 constants. The counter flow heat arrangement is the most efficient flow arrangement,
 generating the highest temperature difference in both fluids and also creating the
 lowest waste of temperature of hot and cold at the terminals between the surfaces
 of the wall conduction.


The model which was used in this work is a much simpler case compared to the actual
heat exchangers ,used for engineering purposes. For that purpose the heat exchanger
should be replaced by more accurate device. Specific models should be taken into
account such as the type, geometric design, dimensions, exact flow regimes, possi-
ble phase changes, etc., Moreover, for the simplicity some of the essential features
such as: losses due to height variation, exact description of surface roughness has
been neglected since the concentration was on the challenge of modeling a network
superstructure.



(15)2 BASICS OF HEAT EXCHANGERS 15


Figure 4: Temperature Distribution in a Counter-Flow Heat Exchanger



2.4 Use and Purpose of Heat Exchangers


Heat exchangers control a system’s temperature by adding or removing thermal
 energy. Although, there are different types of heat exchangers in different sizes and
 different level of sophistication, they all include a thermal conducting element to
 separate two fluids, such that the thermal energy can be transferred from one fluid
 to the other. To meet a variety of highly demanding requirements modern heat
 exchangers are manufactured to ensure maximum heat transfer while keeping the
 size to a minimum.


Most common use of heat exchanger is the home heating system. The system use a
 heat exchanger to transfer combustion gas heat to water or air, which is circulated
 through the house. Moreover, heat exchanger is considered to be a necessary piece
 of device in the modern technological advanced chemical plants. Heat exchanger
 is given a major role and importance in the reaction system. In the purification
 systems, the distillation column in reality is a direct contact heat exchanger [6, 8].


Moreover, heat exchangers are used in a wide variety of applications such as in power
 production, process, food industries, cryogenics, waste heat recovery, electronics, en-
 vironmental engineering, manufacturing industry and in space applications. Process
 industry use two-phase flow heat exchangers for the purpose of vaporizing, condens-
 ing, and freezing in crystallization [7]. Various types of nuclear steam generators,
 fossil boilers, condensers, cooling towers and regenerators are used in the power
 industry. In refrigerators and in air conditioners heat exchangers are used in an
 opposite way from general heating systems [8].


In general, heat exchangers should satisfy some requirements to be efficient such as
higher thermal effectiveness, low pressure drop, high life expectancy and reliability,



(16)compatibility of the materials with the fluids used, easy to install and appropriate
size, high quality invention with high safety, convenient maintenance, low initial
cost, low weight but strong enough to withstand the high pressures and vibrations
and simple to manufacture [6].
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3 Heat Exchangers Network Model


When a cooling apparatus for a given process is designed, the size and heat transfer
 capacity should be selected in an optimal way corresponding to the mass flow and
 temperature of the incoming fluid. However the off-the-shelf heat exchanger units
 are usually available only in a number of fixed types and sizes. A networks structure
 can offer a solution by which one can approach the ideal total capacity by combining
 several units into a network, also called a superstructure. The term superstructure
 refers to the architecture of the network, which may consist of several lines, coupled
 in series or parallel or both, hence generating a complex coupled system. Designing
 an ideal superstructure architecture may be an challenging discrete optimization
 problem in itself. Once the superstructure architecture is given, the switching of
 the coolant flow in the network by divider valves should be optimized. Modelling
 the flow and heat transfer in the network is the challenge of our work. The system
 model is needed in order to derive the optimal control of the coolant flow. The
 superstructure required for this thesis and also the system of equations needed to
 build the model are discussed in the following chapter.



3.1 Derivation of Heat Exchanger Energy Equation using LMTD


Figure 5: Counterflow Heat Exchanger With LMTD Design


The logarithmic mean temperature difference (LMTD) is a basic concept used when
designing and analyzing heat exchangers [9]. The term LMTD (logarithmic mean
temperature difference) is an expression that results when solving a pair of partial



(18)differential equations describing the transfer (by Fourier’s law) of heat from hot
 to cold stream in a generic counter flow device through a wall with given heat
 conductivity.


The relationship between the total heat transfer rate Q˙ and the temperature differ-
 ence ∆Tlm, is given by [10]:


Q˙ =U·A·F ·∆Tlm (1)


Where F accounts for the correction factor. In the case of counter flow heat ex-
 changersF = 1[5]. Also∆Tlmis the logarithmic mean temperature difference given
 by [11]:


∆Tlm = (T1,in−T2,out)−(T1,out−T2,in)
 ln


(T1,in−T2,out)
 (T1,out−T2,in)


 (2)


Where T1,in(T1,out) stands for the hot stream going inside (out of) the system and
 T2,in(T2,out)stands for the cold stream going inside (out of) the system. Also assume
 that there is negligible heat transfer between the exchanger and its surroundings.


Moreover, the potential energy and the kinetic energy changes are assumed to be
 negligible. The energy balance for the both hot and cold streams are given by [11]:


Q˙ = ˙m1·cp1·(T1,in−T1,out) (3)
 Q˙ = ˙m2·cp2·(T1,out−T2,in) (4)
 Therefore the energy balance equation for LMTD is given by:


Q˙ =U·A·(T1,in−T2,out)−(T1,out−Tc,in)
 ln


(T1,in−T2,out)
 (T1,out−T2,in)


 = ˙m1cp1(T1,in−T1,out) = ˙m2cpc(T2,out−T2,in)


(5)
Figure 6 indicates temperature difference between hot and cold fluids.
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Figure 6: Counterflow heat exchanger temperature difference



3.2 Heat Exchanger Network


The structure of the network of heat exchangers as shown in the Figure 7 is con-
 structed based on the stage wise structure of the heat exchanger network as intro-
 duced by Yee and Grossman yee for the synthesis of HEN. Either fresh or cold flow
 is used as the cold utility in order to obtain a network with minimum cost. The
 superstructure as shown in Figure 7, contains of three hot process streams and three
 cold process streams. The number of stages of the system is equal to the number of
 hot streams and connected nodes represents a unit heat exchanger arrangement [2].


Figure 7: Extended Model of Heat Exchangers Network



(20)The outlet temperatures and pressures of each heat exchanger is considered as the
 inlet temperature and pressure to the consecutive heat exchanger. DIV1andDIV2
 represents the stream splits. In dividers major pipe is divided into several pipes with
 specific flow rates and also the temperatures and enthalpies are conserved within
 the network. In this research a control valve has been used for the stream divisions.


Also M IX1 and M IX2 represent the fluid flow mixers. Mixer is constructed in a
 way pipe branches combines to form a single pipe. The mass flow of the main pipe
 is equal to the addition of the branched pipe mass flows and the balance of enthalpy
 can be used to calculate the enthalpy and the temperatures [8].


Figure 8: Model of Heat Exchangers Network used by Hemamali Jayathunga
 For the simplification of the network of Figure 7, a simpler structure of a HEN
 is studied in the department of mathematics at the same time of studying this
 research by Jayathunga [8]. Modeling a system of nonlinear equations was done by
 her. A system of equations to determine the intermediate temperatures, pressures
 and velocities while the inlet temperature and inlet pressure are given. Her model
 consisted of two heat exchangers, two dividers and two mixers indicated by Figure
 8.



3.3 The Idea of the Extended Model


The architecture of the superstructure - unless it is a trivial series system - means
that the system model cannot - in theoretical sense - solved by serial manner solving
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 the input-output relationship of one unit at the time. In practice some engineering
 approaches have been developed for such approach and in actual complex real scale
 systems such approximate approach may be the only realistic way.


In this work we have attempted to build a mathematical model that will deal with the
 systems as a coupled system where all the active variables are solved simultaneously.


To carry out this task in a reasonable time and avoiding the growth of the system
 too big and computationally heavy we have done several simplifying assumptions.


Therefore a simplified model as can be seen in Figure 8 is discussed and an extension
 of this model is explicitly explored and modeled. Three heat exchangers are used in
 this new version of model to make it more similar to the industrial version shown
 by Figure 9. Though still there are differences between the new model and the main
 model but this helped to avoid the complexity of the equations when solving the
 nonlinear equation systems. Moreover, the true scale complex network would have
 been too much heavy to compute and even write the model equations.


However, it should be noted that the same approach can be easily generalized to
 more complex and more accurate system by replacing component models with more
 accurate versions, by including minor effects etc. This will add more of the number
 of variables and equations and increase computing time but essentially the same
 method would work.


Figure 9: Extended Model of Heat Exchangers Network



(22)The designed model has one hot process stream and one cold process stream with
 three heat exchangers, two mixers and three dividers. The input temperature and
 the pressure of hot inlet and cold inlet will be known (position 1 and position 5).


The outlet hot tube and outlet cold tube will be connected to a long pipe with rough
 interior surface in order to make the pressure at the end to be zero.


Since the main objective of this research is to minimize the utility costs by optimizing
 the performance of the heat exchangers, a more complex model with several number
 of heat exchangers could lead us to get better results avoiding the probable error
 occurring due to the high amount of simplification. It was found that the more the
 system is simplified the more the sensitivity of the system will rise. Therefore few
 equipments is added to the system and the equation system is rebuilt and extended
 in a more precised way.



3.4 Mass Balance for the Mixers, Dividers and T-junctions


The physics of the mixer and divider will be discussed in the sections below [10].


Mass Balance of a Mixer


A mixer with two fluid flows and one outlet flow has been used in this research work.


Pipe setting of a T-junction has been used in the mixing device. The mass balance
 equation describes that the total mass inlet is equal to the total mass outlet. If
 there are two inlet flow branches (in,1), (in,2)and one outlet branch (out,1) then
 the mass balance can be expressed as follows:


m(in,1)+m(in,2)−m(out,1) = 0 (6)


Wherem(in,1) andm(in,2) are the inlet mass flows andm(out,1) is the outlet mass flow.


Mass Balance of a T-junction


Also, there are several t-junctions in this model, including some mixing flow t-
 junctions and one dividing flow t-junction. For the mixing flow T-junctions the
 same equations as equation 6 is used and for the dividing flow t-junction it will be
 as follows:


m(in,1)−m(out,1)−m(out,2) = 0 (7)


Mass Balance of a divider
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 As mentioned under topic 3.2, divider is a device with one inlet flow and two outlet
 flows where the outlet split fractions are controlled by a control valve. The mass
 balance equations for the divider model are introduced as below:


m(in,1)−m(out,1)−m(out,2) = 0 (8)


x1·m(in,1)−m(out,1) = 0 (9)


x2·m(in,1)−m(out,2) = 0 (10)


where x1 and x2 are the split fractions of outlet branches, m(in,1) is the inlet mass
 flow and m(out,1) and m(out,2) are the first and second outlet mass flows.



3.5 Pressure Drop


Head loss also known as pressure loss is used as a measure to compute total energy
 per unit weight above a particular point of reference. Usually the pressure loss
 which occurs in a pipe is the loss of flow energy due to the friction or turbulence.


It is directly proportional to the length of the pipe, the square of the velocity of the
 fluid flow and the constant of friction factor while diameter is inversely proportional.


More over, the pressure loss is divided into two components namely Major loss and
 Minor loss. The shear stress that act on the fully developed flowing fluid is known
 as pipe head loss or Major head loss and component head loss is occurred when the
 fluid flows through pipe such as valves, bends and tees. The total head loss is the
 combination of these two head losses.


Pressure Drop Across the Heat Exchanger


Fluids are required to be pumped through the heat exchangers and this is required
 as a part of the cost operation analysis. Pumping power is directly proportional
 to the pressure drop across the heat exchanger. The most useful equation in fluid
 mechanics for calculating the pressure drop in a fluid in a straight flow pipe is the
 Darcy-Weisbach equation. To use the Darcy-Weisbach equation the friction factor
 should be obtained.


Darcy Friction factor is dependant to the Reynolds number as shown below [13]:


f = 64


Re (11)



(24)Where ;


Re= ρV D


µ (12)


By converting the heat loss unit from SI unit to Pascals, the pressure drop will be
 obtained by equation 13 and after simplifying it will be written as equation 14.


∆P =f · L


D · ρ·V2


2 (13)


∆P = 0.1582·ρ3/4·L·D−5/4·µ1/4·V7/4 (14)
 Whereρstands for the density of the fluid, V , the velocity ,D, the diameter,Lthe
 length of the pipe and f represents the friction factor obtained from equation 11.


In addition pressure drop in a heat exchanger (in a steady flow) can be obtained by
 using the Bernoulli equation. Bernoulli equation is an important principle in fluid
 dynamics and is derived from the principle of conservation law of energy [14] [15].


Figure 10: Pressure Drop from Bernoulli Equation


h1+ P1


ρ·g + V12


2·g =h2+ P2


ρ·g + V22


2·g +hm (15)


For simplification of the equation the pipe is supposed to be always in the same level.


Therefore h1 and h2 are equal, see Figure 10. Also hm represents the minor head
loss per unit weight while the fluid is passing through the valves or bends from the
first stream line to the second stream line. In a heat exchanger, which is considered
to be a straight pipe, hm is equal to zero. Therefore the pressure drop equation is
as follows:
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P1−P2 = ρ


2 ·(V22−V12) (16)
 Pressure Drop Across the Dividers


Figure 11: control valve


The divider in the system is considered to be a control valve for the division of
 the fluid flow into the given proportions. The divider controls the fluid by opening,
 closing or partially obstructing. Daniel Bernoulli introduced a relationship to express
 the relation between the pressure drop at the valve and the velocity by using the
 principle of conservation of energy. The pressure drop is directly proportional to
 the square of the velocity.The valve sizing coefficient is directly (Cv) computed by
 experiments and it is dependent on the size and the type of the valve. The pressure
 drop across the valve is as follows [17] [16].


Q=Cv
 r∆P


G (17)


By rearranging the terms,


∆P =G·
 Q


Cv
 2


(18)
Where Gis the specific gravity of fluids,Qis the capacity in Gallon per minuet and
pressure drop will be presented in psi unit (1psi= 6894.75729P a).



(26)Pressure Drop Across the Mixers and T-junctions


Figure 12: Flow situations for combining and dividing flows


The mixers of this heat exchanger network are considered to have t-junctions. There-
 fore computing the pressure drop at mixers and t-junctions give the same result. The
 pressure loss which occurs at this places depends on few factors; such as : velocity
 of incoming and outgoing fluid at the junction, pipe diameter and the angle of the
 branches at the junctions. Here the angle is supposed to be 90 degree (alpha= 90).


There are few assumptions at the t-junctions to compute the pressure loss. It can
 be considered a combination of flows or a division of flows as shown in Figure 12.


The pressure drop is calculated according to the Bernoulli equation, Equation 15.


There is minor head loss from the friction accruing in the valves and bends. Therefor
 the head loss will be part of equation and hm will be written as follows:


hm = 1


2 ·k·V2 (19)


And the pressure equation will be written as:


P1−P2 = 1


2·(V22−V12) + 1


2 ·k·V2 (20)


The loss coefficient factor (k) is obtained with different formulas depending on the
flow. For the combining flow shown in Figure 12 (right), the simplified formula of
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 the fluid according to this research model (the angle is 90 degree), within the branch
 1 and 0 is given by,


K1,0 =
 V1


V0
 2


+1−2
 V1


V0


a·V1
 a·V0





cos 1.375+


a·V2
 a·V0


a·V2
 a·V0





cos 1.375
 


(21)


Also the loss coefficient for the dividing flow within branch 0 and 1 of the Figure 12
 (left), is calculated as [18]:


K1,00 = 1 + 0.8·
 V1


V0
 2


−2·0.9·
 V1


V0
 


cos 1.375 (22)



(28)
4 System of Non-linear Equations


This section will express how the mathematical model equations for the three main
 devices heat exchangers, dividers and mixers has been formed. Also we want to
 remark that in the key formulas of thermal physics the Kelvin temperature scale
 must be used. Here we actually corrected a minor mistake that was found in the
 computations of the earlier thesis work.



4.1 Mathematical Model Equations for the Devices


Figure 13: Interpretation of Heat exchanger


The set HS is used to indicate the total number of hot process streams, CS to
 indicate total number of cold process streams and ST to indicate the total number
 of stages in the super structure [8]. The energy balance model equations for the hot
 stream i, and cold stream j of a heat exchanger unit as written according to the
 Equation 5 is as follows:


Vi,k+1·ai,k+1·ρ·cph(Ti,k+1−Ti,k)−Vj,k·aj,k·ρ·cph·(Tj,k+1−Tj,k) = 0
 Vi,k+1·ai,k+1·ρ·cph(Ti,k+1−Ti,k)−U·A· (Ti,k+1−Tj,k+1)−(Ti,k−Tj,k)


ln


(Ti,k+1−Tj,k+1)
 (Ti,k−Tj,k)


 = 0(23)
 Where, i ∈ HS k ∈ ST and ai,k+1 = aj,k (Assuming that throughout the system
 pipe diameter remains constant).There exists temperature feasibility equations, to
 confirm a monotonous decrease of temperature along the stages of the network of
 heat exchangers. The constraints are as follows:


Ti,k ≤Ti,k+1 i∈HS k ∈ST


Tj,k ≤Tj,k+1 j ∈CS k ∈ST (24)
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 The pressure drop model equations across the heat recovery unit i for the hot flow
 and j for the cold hot flow is expressed accordingly by the Equation 13 and by
 Equation 16 is as follows:


Pi,k+1−Pi,k− f·L


2·D·g ·Vi,k+12 = 0
 Pj,k −Pj,k+1− f·L


2·D·g ·Vj,k2 = 0 (25)
 Pi,k+1−Pi,k − ρ


2·(Vi,k2 −Vi,k+12 ) = 0
 Pj,k+1−Pj,k− ρ


2 ·(Vj,k2 −Vj,k+12 ) = 0 (26)


Model of Temperature, Pressure and Velocity for a Divider


Figure 14: Interpretation of divider


Temperature after the stream splitting will be the same to the incoming flow and it
 can be represented mathematically as follows:


Tj,k−Tj0,k+1 = 0


Tj,k −Tj00,k+1 = 0 (27)


The pressure drop relationship across the divider in the cold stream j can be ex-
 pressed accordingly to the Equation 18 is as follows:


Pj,k−Pj0,k+1−k1·(yp·Vj,k2 ) = 0


Pj,k −Pj00,k+1−k1 ·((1−yp)·Vj,k2 ) = 0 (28)
Where;



(30)k1 =


0.0104·a2j,k ·ρ
 Cv2





, p = 1,2 and assuming that yp proportion of the incoming
 flow will pass across the branch j0, k+ 1 and the remaining amount1−yp will pass
 through the branch j00, k+ 1.


Also due to the conservation of mass for analysis a physical system there would be
 number of equations. The mass flow rate going in the tube should be equal to the
 mass flow rates of the both fluids going out of the tubes. Combining equation 29
 and 30 , equation 31 is written for velocities in the divider.


m =V ·a·ρ (29)


Wherem stands for mass flow rate of the fluid flowing in the tube andais the cross
 section area of the tube.


mj,k −mj0,k+1−mj00,k+ = 0 (30)


Vj,k−Vj0,k+1−Vj00,k+1 = 0 (31)
 Model of Temperature, Pressure and Velocity for a Mixer


Figure 15: Interpretation of mixer


Temperature balance or energy balance in a mixer can be expressed as follows:


Tj,k·Vj,k −Tj0,k+1·Vj0,k+1−Tj00,k+1·Vj00,k+1 = 0 (32)
The pressure drop relationship across the mixer in the cold streamjcan be expressed
accordingly as represented by Equation 20, is as follows:
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Pj00,k+1−Pj,k− ρ


2 ·(Vj,k2−Vj00,k+12)− ρ


2·kj00,k+1,j,k·Vj200,k+1 = 0
 Pj0,k+1−Pj,k− ρ


2 ·(Vj,k2−Vj0,k+12)− ρ


2 ·kj0,k+1,j,k·Vj20,k+1 = 0 (33)
 Where;


K(j00,k+1),(j,k) and K(j0,k+1),(j,k) are the loss coefficents along the branchesj00, k+ 1to
 j, k and j0, k+ 1 to j, k respectively.


Also for the only one dividing t-junction in the model instead of using k in the
 mentioned Equation , k0 must be replaced (see Equation 22).


The mass balance equations for mixers and T-junctions follow the routine of the
 mass balance equations of dividers as Equation 31.


Vj,k−Vj0,k+1−Vj00,k+1 = 0 (34)



4.2 Algorithm of Solving Non-linear Equation Systems


If the system of non-linear equations is expressed as given by the system of Equation
 8, it can be further written in the form below respectively [8].


F(X) = 0 (35)


Where the X vector denotes the non-linear system of equations.


XT = [x1, x2,· · · , xn] (36)
 The vector F consists of n functions interpreted into the system of non-linear equa-
 tions given by model equations in Section 8.


FT = [f1, f2,· · · , fn] (37)
 The solution of the system of equations is usually approximated using the successive
 calculations starting with some initial conditions.


X(0)T = [x(0)1 , x(0)2 ,· · · , x(0)n ] (38)



(32)By using the Newton Method the solution of the non-linear system of equations (see
 Section 8) can be determined. Newton method is constructed on the Taylor linear
 approximation formula.


f(X)≈f(X(0)) +


n


X


j=1


∂f


∂xj
 
 
 
 X=X(0)


·∆xj
 


(39)
 The generalized form of the Taylor linear approximation on entiren functions of the
 system of equations will be formed as follows:


fi(X)≈f(X(0)) +


n


X


j=1


∂fi


∂xj
 
 
 
 X=X(0)


·∆xj
 


i= 1,2,· · · , n (40)
 A new form of equation is formed by using the equation (36), equation (37) and
 equation (40).


F(X) =F(X(0)) +J(X(0))∆X (41)
 J(X)represents the Jacobean matrix coupled to the system of non-linear equations.


J(X) =
































∂f1


∂x1


∂f1


∂x2 · · · ∂f1


∂xn


∂f2


∂x1


∂f2


∂x2 · · · ∂f2


∂xn


· · · ·


∂fn


∂x1


∂fn


∂x2 · · · ∂fn


∂xn
































(42)


The Newton Method is used for calculation of the parameters in the non-linear
system of equations that are given in Appendix. MATLAB solver functions are
used for this calculation.
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5 Optimization of the Network


Heat exchanger networks synthesis (HEN) has been a main problem of the field
 of process design, promoted heavily by the rising energy cost observed in the past
 decades [2]. Therefore the study of minimization of the consumption of energy
 produced has dramatically increased. Basically, the HEN superstructure duty is to
 find a practical sequence of equipment mixing pairs of streams, in the way that the
 optimal design is achieved. If the number of streams are fixed there will be hundreds
 of different ways of combinations. Nevertheless, few combination of them can lead
 to minimum utility consumption [3]. Therefore to have an optimal HEN several
 items can be optimized; such as, Heat energy consumption, number of heat transfer
 equipment and global costs.


There are several kinds of studies aiming to develop methodologies to obtain opti-
 mal network. Several research has been done regarding the optimal but the main
 three methodologies to obtain this goal is Pinch Analysis, which is based on thermo-
 dynamic concepts, Evolutionary based approaches and Mathematical Programming
 with MINLP models. Next chapter will discuss these ways in brief.



5.1 Optimization methods


5.1.1 Pinch Point Analysis


According to Ravagnani [3], to obtain the optimal network using Pinch Point Analy-
 sis three objectives should be considered; finding the minimum heat energy demand,
 the minimum number of heat exchangers and the minimum utility cost. To achieve
 these objectives some rules of First and Second Laws of Thermodynamics are re-
 quired. These laws will help to find the minimum hot and cold utility demand.


Also the location of the pinch point (a specified temperature) for∆Tmin is obtained.


Therefore the model is divided into different temperature intervals and energy bal-
ances for each part can be done. In this way the minimum energy demand is obtained
and the optimal number of heat utilities will be placed in the model.



(34)5.1.2 Heuristic Methods of Optimization


Heuristics methods are based on the practical rules, derived form the observation of
 a behaviour in the system. These methods are applied to varied kinds of problems
 such as optimization problems which has data uncertainty in reality. During 50s, by
 using analogies with nature, some heuristic algorithms were proposed, called Natural
 Optimization Methods [3], such as Genetic Algorithm.


Genetic Algorithm tries to simulate the natural processes, observing the evolution of
 species. This method is a recent method and since it does not use any information
 of derivatives and also as it follows stochastic rules, it can escape from the local
 minimum. Therefore is the best way to catch global minimum.


Figure 16: Genetic Operations for Each Generation


In heat exchanger network model, a set of valve positions is called individual (can-
didate solution) and a group of candidates is called population. Also The initial
population of individuals is created randomly. As can be seen in Figure 16, there
are two operators for this evolutionary algorithm; Crossover and Mutation. In each
population some structures are copied from the previous population to the next gen-
eration, if they present a more probable solution of the fitness function (objective
function). Therefore they will have the chance to reproduce by the crossover with
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 another individual to make a generation with both characteristics. The population
 will converge to the optimal solution if the algorithm is developed in a correct way.


5.1.3 Classical Optimization


There are several ways of optimizing the network of heat exchangers by applying
 mathematical programming. This approach involves the use of superstructures,
 which typically require a mixed integer non-linear programming (MINLP) model
 for their solutions [2]. It is possible to apply unconstrained multivariate optimiza-
 tions for gradient based problems such as the method of Steepest Descent. Also
 Metropolis-type methods of stochastic search will lead to the solution. In this re-
 search, a new method is introduced. The method of grid-based optimization.



5.2 Grid-based Approximation


Figure 17: Grid-based representation of the state space


The Grid Based Approximation (GBA) is an estimation method that uses marginal
 distribution with the suggested values of parameters where an estimate is determined
 in approximating the parameters. The estimate is calculated by taking the value,
 from suggested values, that gives maximum marginal distribution. For instance, if
 the original parameter is known, say 0.5, then one can suggest possible values of
 estimates from 0.1 to 0.9. So we find, from range, the value that gives maximum
 marginal distribution.


Several approached for constructing a grid has been discovered. A fixed-resolution



(36)regular grid is introduced by Lovejoy [19] in a way that the points of the grid are
 made in a regular pattern and equal-sized values are going to be the input of the
 objective function. The failing point of this regular patterned grid is that the size
 of the grid will increase extensionally when the resolution or the the number of
 parameters will get more. Though there is the possibility to use the non-regular
 grids that allows the points to be unevenly spaced, but still the regular grids are
 used in this research as the interpolation algorithm will be much more efficient [20].


In case of three-variable optimization the grid in Figure 17 is replaced by three
 dimensional grid of cubic boxes and the refinement increases the computational
 steps. In higher dimensions the computing load increases exponentially and this is
 a restriction when the number of variables increases.


5.2.1 Refining the Grid


The matter of refining the grid has an importance specially in a regular patterned
 grid , as is used in this thesis. Refining the grid is to selectively adjust the resolution
 of the grid in different areas of the grid sample. For instance, if the optimum
 parameter is obtained between 0.1 and 0.2, one can divide it to 10 more grid to have
 the accuracy of the second digit decimal.


The grid-based optimization algorithm can be expressed as following Figure 18:


Figure 18: Algorithm of Grid-based Optimization
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 5.2.2 Optimization Task


The system of nonlinear equations which were discussed in chapter 4 consists of 48
 equations. Equivalent to the equations there is 48 variables in this system. Flow ve-


locities(V1, ..., V12), temperatures(T2, T3, T4, T6, ..., T12)and pressures(P2, P3, P4, P6, ..., P12)
 are the variables at various points of the system (see Figure 9). In addition the sys-


tem has 3 divider valves, splitting the flow. Their positions (x1, x2, x3) are also
 parameters in the problem (0 < xi < 1). Also input values are pressure and tem-
 perature of incoming flow of hot stream and cold stream and the valve settings
 (P1, T1, P5, T5, x1, x2, x3). These input values determine the system state, meaning
 the values of the other variables. To optimize the position of the valves, the input
 value will change to (X,Θ) = (P1, T1, P5, T5, x1, x2, x3) where Θ = (x1, x2, x3) and
 the response or state vector will be written as:


Y = (V1, ..., V12, P2, P3, P4, P6, ..., P12, T2, T3, T4, T6, ..., T12) (43)
 It is difficult to formulate the system as Y = F(Y, X,Θ) but having all terms on
 one side we can write it as:


F(Y, X,Θ) = 0 (44)


Where;


(x,Θ) = (P1, T1, P5, T5, x1, x2, x3) (45)
First MATLAB codes using an f-solver will solve Y for given (x,Θ). The aim is
to use these data to optimize the best position of the valve where they are not
given as the input. So the best performance of the HE-network will be obtained
by minimizing the pressure drop and maximizing the heat transfer. This objective
function will be given as a weighted combination of these objectives and it will be a
function U =u(Y) of the state variables.



(38)5.2.3 Optimization Function


Optimizing the heat transfer means maximizing the amount of heat transferred from
 hot stream to the cold stream. The input-output temperature of the hot stream of
 the system, as can be seen form Figure9, is indicated by T1 − T4 which shows
 the performance of the heat exchanger, so it can be taken this as a measure of
 heat transfer. Also the cost of pumping in the cold stream depends on the input-
 output pressure drop in the cold side. Therefore the function to be minimized
 will be indicated by P20 −P5. Some relative unit prices, CT and CP to measure
 the importance of the increasing temperature drop by 1 degree or decreasing the
 pressure drop by 1 unit are considered. After choosing suitable prices the objective
 function to be maximized is as follows:


U(Y) =CT ·(T1−T4)−CP ·(P5−P20) (46)
Therefore the optimization task will be to find the valve settingΘ = (x1, x2, x3) for
a given input X = (P1, T1, P5, T5); which produces optimal state Y, the one which
maximize the utilityU(Y).
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6 Results


This Chapter includes the solution of the system of nonlinear equations that has been
 done with collaboration of Hemamali Jayathunga chathu and has been extended and
 improved to fit this research. Also more importantly the results of the optimization
 work inspired by the extended model is presented in the following chapter.



6.1 Solving the System of Equations


Table 1, represents the physical properties used in the equation solving and table 2,
 indicates the incoming temperature of hot and cold stream along with the incoming
 pressure of hot and cold stream.


Property Symbol Value


Specific heat capacity of the hot and cold process cph, cpc 4200 (J/K)
 Overall heat transfer coefficient U 1400(W/m2)


Length of the pipe L 10 (m)


Flow coefficient Cv 5


Gravitational acceleration g 9.81 (m/s2)


Diameter of the pipe D 0.025 (m)


Density of water ρ 999.97 (Kg/m3)


Dynamic viscosity of hot water (Average value) µh 0.315×10−3 (Kg/ms)
 Dynamic viscosity of cold water (Average value) µc 0.798×10−3 (Kg/ms)


Table 1: Physical Properties of the Counter-current Heat Exchanger
 Property Hot Stream Cold Stream


Temperature (Kelvin) 363.15 278.15


Pressure (Bar) 1 1


Table 2: Stream Data for the Hot and Cold Inlet Streams



(40)Solutions for intermediate velocities, temperatures and pressures are indicated in
 the table 3. Also here the valve position is fixed on Θ = (0.5,0.5,0.5), which means
 all the three valves are half open and the water will split equally in each divider. As
 it is expected, temperatures from position 1to 4is cooling down and from position
 5 to20 is getting warmed up.


Position Pressure (Bar) Temperature (Kelvin) Velocity (m/s)


1 1.000000000 363.15 6.4


2 0.983550040 346.70 6.6


3 0.965955198 340.20 6.9


4 0.947147451 332.48 7.1


5 1.000000000 278.15 4.7


6 0.999942908 278.15 2.5


7 0.999942908 278.15 2.1


8 0.995677385 298.71 2.7


9 0.996268085 278.15 0.8


10 0.995658336 298.71 0.1


11 0.990392648 281.03 1.0


12 0.995658336 298.71 2.6


13 0.989863895 278.15 1.2


14 0.989545835 323.17 0.8


15 0.989548911 323.17 1.1


16 0.989545835 323.17 0.2


17 0.953928982 240.73 2.6


18 0.949428042 280.12 2.8


19 0.949410749 300.64 2.8


20 0.790015414 290.37 5.6


Table 3: Solution for Intermediate Temperature, Pressure and Velocity
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6.2 Optimizing the Best Valve Positions


Table 4 (right), indicates the regular-valued grid which is used for the parameters.


It divides the parameters to 9 equivalent meshes which should be taken between
 0 and 1. The optimization is run with the indicated mesh and the optimal value
 is calculated as, Θ = (0.9,0.1,0.1); which is actually equal to x1 = 0.9, x2 = 0.1
 and x3 = 0.1. The grid needs to be refined to be more precise on the parameter
 optimization. Therefore as can be seen in table 4 (left), the next mesh that has
 been done on the parameters. After the codes run twice the results appears as ,
 Θ = (0.99,0.01,0.01).


x1 x2 x3


0.85 0.01 0.01
 0.86 0.02 0.02
 0.87 0.03 0.3
 0.88 0.04 0.04
 0.89 0.05 0.05
 0.90 0.06 0.06
 0.91 0.07 0.07
 0.92 0.08 0.08
 0.93 0.09 0.09
 0.94 0.1 0.1
 0.95 0.11 0.11
 0.96 0.12 0.12
 0.97 0.13 0.13
 0.98 0.14 0.14
 0.99 0.15 0.15


x1 x2 x3
 0.1 0.1 0.1
 0.2 0.2 0.2
 0.3 0.3 0.3
 0.4 0.4 0.4
 0.5 0.5 0.5
 0.6 0.6 0.6
 0.7 0.7 0.7
 0.8 0.8 0.8
 0.9 0.9 0.9


Table 4: Right: The grid for parameters, Left: Refining of the parameters
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7 Conclusion


A heat exchanger network synthesis was studied thoroughly in this research. A net-
 work which is simplified from the originally used model in industry. The introduced
 model emphasis the importance of pressure drop in the system and its equations are
 built according to the laws of physics in energy balances , mass balances and head
 losses. Several heat transfer equipments such as mixers and dividers are used beside
 the heat exchangers. The core of the study was to rebuilt a system of equations
 from the simultaneously studied equations of Hemamali Jayathunga, improve them
 and extend them wisely. Also to optimize the best valve positions in a way to get
 the most heat transfer through the system and to get the least pressure loss in the
 cold stream part of the system. The optimization results indicated that it is better
 that the first valve be fully open while the second and third valves preferably are
 fully closed. The estimated utility cost function with each possible value position
 indicated in the mesh figure, was so close and the difference of them was just in
 few digit decimals. The utility function was orbiting around 1.47 and the difference
 appeared in the third decimal. Finally, for the non-linear equation of,


F(Y, X,Θ) = 0 (47)


Where the Y vector is given and it is indicated as,


Y = (V1, ..., V12, P2, P3, P4, P6, ..., P12, T2, T3, T4, T6, ..., T12) (48)
 The unknown vector ofΘwhen theXis an input of Equation 49, will give the result
 of Equation 50.


(x,Θ) = (P1, T1, P5, T5, x1, x2, x3) (49)


Θ = (0.99,0.01,0.01) (50)


Therefore the valve position of(0.99,0.01,0.01)won the challenge between thousands
of valve position choices, after applying the appeared results on the model. The
ultimate model will be so simple as this optimization offered. Having another look
to the extended model in Figure 9 it will be found that preferably to have the least
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cost for the model or to have the most amount of heat transfer through the hot
stream while having the least amount of pressure loss in cold stream, path 7, 9, 13,
12, 16 and 19 should be removed from the optimum model.
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8 Future Work


The main motivation and challenge in this work was the system modeling challenge
 and practicing a cost optimization method rather than aiming at accurate engineer-
 ing forecasts. Due to these technical simplifications our results are deviating from
 true values. However it should be noted that the same approach can be easily gen-
 eralized to more complex and more accurate system by replacing component models
 with more accurate versions, by including minor effects etc. This will add the num-
 ber of variables and equations - and increase computing time but essentially the
 same method should work. In another words, simplifying the model in order to have
 a less complicated system of equations maybe was a good way of learning through
 the system and figure out the configuration of the streams. But it is possible that by
 this simplification one has ignored some mechanical facts of fluid flows. Therefore
 engineering the mechanical fluids is an vital fact that should be considered through
 a more complex model. The research may continue by constructing the system of
 equations for a more complex model as Figure 19, and optimizing the system might
 give us different results.


Figure 19: Future Model of Heat Exchangers Network


Also, the optimization task can be taken further than optimizing only the valve
positions.The outlet pressure for the cooling utility can be treated as an optimization
variable so that a proper trade off between the capital costs of the equipment and the
cost due to the utility consumption can be identified. Also treated as optimization
variables are the temperatures for each stage for the hot process streams, the outlet
temperatures for the cold utility stream for each stage in each match and the inlet
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 temperatures for the stages [2].


Finally in the optimization phase an important question will be the robustness of the
method and sensitivity of the solution. If there are errors in the model parameters,
how much variation will appear in the solution of the state equations. Similarly when
the optimal valve positions are computed, how sensitive is the optimal solution with
regard to the initial values or the model parameters.
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