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Abstract

Heat exchanger network (HEN) synthesis has been a well-studied subject over the past four decades. Many studies and methodologies have been proposed to recover energy between process streams, minimizing the utilities consumption and the number of heat transfer equipment. Most of these formulations assume constant heat-transfer coefficients and counter current arrangement for all stream matches, which can lead to non-optimal results. In the present contribution an optimisation model for the synthesis of HEN that includes a detailed design for each heat exchanger in the network is proposed. Shell and tube pressure drops and fouling have been considered, as well as mechanical aspects, like shell and tube bundle diameters, internal and external diameter of tubes, number of tubes, number of baffles, baffles spacing, number of shells, tube length, tube pitch, tube arrangement and the fluid allocation in the heat exchanger. Particle Swarm Optimisation approach has been applied to determine the HEN that minimizes the total annual cost, considering capital costs of heat exchangers, energy costs for utilities and pumping duties. The algorithm combines two distinct models, a superstructure simultaneous optimisation model for the HEN synthesis and a model for the detailed equipment design according to TEMA. An illustrative example shows the potential of the method, and optimum HEN configuration with the detailed heat exchangers design was obtained. 
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1. Introduction

The synthesis of heat exchanger networks (HEN) is an important field in process systems engineering, and has been the subject of considerable research efforts over the last 40 years, according to the review paper of Furman and Sahinidis1. Many studies and methodologies were proposed to make possible the energy recovery between process streams, minimizing the utilities consumption and the number of heat transfer equipment2. Most formulations, however, assume constant heat-transfer coefficients and purely counter-current arrangement for all stream matches, which can lead to non-optimal results.

Over the past few years, several papers have been published considering the heat exchanger design during the HEN synthesis stage. Ravagnani, et al.3 presented a methodology for the synthesis of HEN including the thermo-hydraulic design of the heat exchangers. The HEN synthesis is accomplished by using Pinch Analysis. The network is evolved by identification and loop breaking. After the evolution, the heat exchangers of the network are designed considering pressure drops and fouling with the Bell-Delaware method for the shell side.

Frausto-Hernandez et al.4 presented a mixed integer non linear programming (MINLP) model to the synthesis of HEN considering pressure drop effects. Heat transfer coefficients are calculated based on the fixed pressure drops, using the equations proposed by Panjeh Shahi5, Polley et al.6 and Polley and Panjeh Shahi7.

Mizutani et al.8 presented a Mathematical Programming model to the design of shell and tube heat exchangers. The model is based on the generalized disjunctive programming (GDP) with a MINLP formulation and uses the Bell-Delaware equations to calculate heat transfer and pressure drop for the shell side. The objective function takes in account area and pumping costs. Based on this work, Mizutani et al.9 developed a model for the synthesis of HEN including their heat exchanger design model. 

Ravagnani and Caballero10 proposed a mathematical model to find the best shell-and-tube heat exchanger configuration, using the Bell-Delaware method for the shell side thermal calculation and following rigorously the standards of the Tubular Exchangers Manufacturers Association (TEMA)11.

In this paper it is proposed a method based on Particle Swarm Optimisation (PSO) for the HEN synthesis that includes the detailed design of the heat exchanger units. An algorithm similar to the proposed by Yee and Grossmann12, based on a stage-wise superstructure representation, considering stream splitting is used for HEN synthesis. A model proposed in Ravagnani and Caballero10 is used for the design of shell and tube heat exchangers. The model follows TEMA standards and Bell-Delaware method is used to the shell side calculations. Mechanical design features (shell and tube bundle diameters, internal and external tube diameters, tubes length, pitch and arrangement, number of shells, number of tubes and tube passes) and thermal-hydraulic variables (heat, area, individual and global heat transfer coefficient, shell and tube pressure drops and fouling) are variables to be optimised. The equipments are designed under pressure drop and fouling limits. The main contribution of this paper is, besides the incorporation of the equipment detailed design considering TEMA standards, the optimisation with PSO method. PSO is able to avoid local optima and suits very well to non linear problems.
HEN Problem Definition: The problem consists of finding the HEN that minimizes the total annual investment plus operating costs. The investment term includes the cost of exchangers and pumps, and the operating costs comprise the energy for utilities and pumps.

Given a set of hot and cold streams with their supply and target temperatures, flowrates and physical properties (density, viscosity, heat capacity and thermal conductivity), pressure drop and fouling limits, as well as hot and cold utilities with their temperatures and corresponding costs, the objective is to find the HEN with the detailed heat exchangers design concerning the minimum global annual cost, considering utility, area and pumping costs. The problem consists in to find the best HEN configuration and to optimise the heat exchangers units variables.

For the HEN synthesis an algorithm similar to the stage-wise superstructure representation of Yee and Grossmmann12 is proposed. Stream splitting and by pass is considered in the HEN synthesis model. Heaters and coolers are placed at the ends of the streams. This algorithm (master problem) is combined with the heat exchangers design model presented in Ravagnani and Caballero10 for each network equipment, to find the minimum global annual cost, comprising area, utilities and pumping costs. The design of heat exchangers is solved as an inner optimisation loop.
2. Model Formulation of Heat Exchanger Design

Shell and tube heat exchangers are the most used heat transfer equipment in industrial processes due to their resistant manufacturing features and design flexibility. Nevertheless, some difficulties are found, especially in the shell-side design, because of the complex characteristics of heat transfer and pressure drop.

In the present paper, Bell-Delaware method, presented in (10), is used to formulate the mathematical model involving discrete and continuous variables for the selection of the configuration and operating levels, respectively. A tube counting table, following the TEMA Standards is proposed, allowing to calculate the shell diameter, the tube bundle diameter, the external tube diameter, the tube pitch, the tube arrangement pattern, the number of tube passes and the number of tubes. Furthermore, some complementing features are proposed. Besides the table counting, shell and tube side pressure drops and fouling factor are calculated and the model has as constraints operational limits, previously fixed, as in industrial applications.

The problem to be formulated as an optimisation problem is the design of the optimum shell and tube equipment to exchange heat between a cold and a hot stream. The objective is to find the heat exchanger that presents the minimum cost including exchange area cost and pumping cost, following TEMA standards constrained to allowable pressure drops and fouling limits. Inlet data for both fluids are: Tin (inlet temperature), Tout (outlet temperature), m (mass flowrate),  (density), Cp (heat capacity),  (viscosity),  (thermal conductivity), allowable Pdesign (pressure drop), rddesign (fouling factor) and area and pumping cost data. The mechanical variables to be optimised are tube inside diameter (din), tube outside diameter (dex), tube arrangement (arr), tube pitch (pt), tube length (L), number of tube passes (Ntp) and number of tubes (Nt), for the tube-side. To the shell-side, the desired variables are the external diameter (Ds), the tube bundle diameter (Dotl), baffles number (Nb), number of shells (NS), baffles cut (lc) and baffle spacing (ls). Finally, thermal-hydraulic variables to be calculated are heat duty (Q), heat exchange area (A), tube-side and shellside film coefficients (ht and hs), dirty and clean overall heat transfer coefficient (Ud and Uc), pressure drops (Pt and Ps), fouling factor (rd), log mean temperature difference (LMTD), the correction factor of LMTD (Ft) and the fluids location inside the heat exchanger.

The main equations of the model are related bellow.

	Tube-Side Heat Transfer Coefficients (ht)
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Tube-Side Pressure Drop (Pt)
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 Shell-Side Heat Transfer Coefficients (hs)
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Pressure Drop Across the Shell-Side (Ps)
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Heat exchange area (A)
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	Clean Overall Heat Transfer Coefficients (Uc)
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 Dirty Overall Heat Transfer Coefficients (Ud)
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Fouling Factor Calculation (rd)
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Area Cost (Carea)
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Optimisation Problem

Minimize: 
[image: image10.wmf]pump

area

total

C

C

C

+

=


Subject to: 
[image: image11.wmf]
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3. Particle Swarm Optimisation

Particle swarm optimisation (PSO) is a stochastic optimisation technique developed by Kennedy and Elberhart13, inspired by social behaviour of bird flocking or fish schooling. PSO as an optimisation tool provides a population-based search procedure in which individuals called particles change their position (state) with time. In a PSO system, particles fly around in a multidimensional search space. During flight, each particle adjusts its position according to its own experience, and according to the experience of a neighbouring particle, making use of the best position encountered by itself and its neighbour.
In the last years, PSO has been successfully applied in many research and application areas. One of the reasons that PSO is attractive is that there are few parameters to adjust. In this work, the particles and the velocity of each particle are actualized according to:
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Where 
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 is the inertia weight, c1 and c2 are constants, r1 and r2 are two random vectors, 
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is the position with the best result of the group. In above equations subscript k refers to the iteration number.

4. Illustrative Example

An example, considered in Ravagnani and Caballero2, is presented to illustrate the potential of applicability of the proposed algorithm for the synthesis of HEN considering the detailed design of the heat exchangers. The objective function considers area, utilities and pumping costs. The purpose is to find the optimal heat exchanger network configuration with the equipments detailed design. The problem has two hot and two cold streams and a hot and a cold utility are available. Temperatures, flow rate and physical properties of the streams and utilities, pumping, area and cost data are shown on Table 1.

By applying the proposed methodology, the optimal network configuration obtained is presented in Fig. 1. The value of the HEN global annual cost is 96,007.39 $/year. Table 2 presents the details of the equipments design. Also, the designed heat exchangers are in accordance with TEMA standards. Table 3 shows the comparison with literature.

5. Conclusions

In the present paper an algorithm for the synthesis of HEN including the detailed design of the equipments is proposed. It is based in a model for the optimal synthesis of HEN considering stream splitting and by pass and a model for the optimal design of a shell and tube heat exchanger design, following rigorously TEMA standards. The global annual cost objective function takes into account investment, utility and pumping costs. 

An example was used to describe the algorithm applicability. The final results obtained in this paper are consistent with the presented in the literature. The problem was optimised with PSO method, which is a reliable way compared with other methods, because it suits well to MINLP problems. Although with a computational time of 80 minutes the results are better than the presented in Ravagnani and Caballero10.
Table 1 – Streams and Cost Data

	Stream
	Tin (K)
	Tout (K)
	m (kg/s)
	  (kg/ms)
	 (kg/m3)
	Cp (J/kgK)
	 (W/mK)
	P (kPa)
	rd (W/mK)

	H1
	368
	348
	8.15
	2.4 E-4
	634
	2454
	0.114
	68.95
	1.7 E-4

	H2
	353
	348
	81.5
	2.4 E-4
	634
	2454
	0.114
	68.95
	1.7 E-4

	C1
	303
	363
	16.3
	2.4 E-4
	634
	2454
	0.114
	68.95
	1.7 E-4

	C2
	333
	343
	20.4
	2.4 E-4
	634
	2454
	0.114
	68.95
	1.7 E-4

	UQ
	500
	500
	
	
	
	
	
	
	

	UF
	300
	320
	
	
	
	
	
	
	

	Area cost=1000 + 60A0.6, A in m2. Pumping cost = 0.7 ((Ptmt/ρt +(Psms/ρs), (P in Pa, m in kg/s and ρ in kg/m3. Hot utility cost = 60 $/kW year. Cold utility cost = 6 $/kW year.
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Figure 1 – Optimal HEN

Table 2 - Detailed equipment design
	
	E1
	E2
	
	E1
	E2

	Area (m2)
	36.76
	73.43
	L (m)
	3.658
	3.658

	Q (W)
	400
	1000
	hs (W/m2 K)
	1662.34
	964.46

	Ntp
	4
	1
	ht (W/m2 K)
	1212.61
	995.65

	NS
	1
	1
	Uc (W/m2 K)
	524.37
	390.29

	Ds (m)
	0.43815
	0.6858
	Ud (W/m2 K)
	441.36
	334.62

	Dotl (m)
	0.4064
	0.64453
	Pt (kPa)
	9299.32
	1165.84

	Nt
	168
	286
	Ps (kPa)
	1563.14
	418.88

	Nb
	12
	7
	rd (m2 KW)
	3.58E-04
	4.26E-04

	dex (mm)
	0.01905
	0.0254
	Arrangement 
	Square
	Square

	din (mm)
	0.017
	0.0225
	Hot fluid 
	Tube
	Tube

	pt (mm)
	0.0254
	0.03175
	allocation
	
	


Table 3 - Final results
	
	Ravagnani and Caballero (2007)
	Present paper

	Global annual cost ($/year)
	96013.65
	96007.39

	Area cost ($/year)
	5844.09
	5783.23

	Pumping cost ($/year)
	169.56
	224.16

	Utility cost ($/year)
	90000.00
	90000.00

	CPU time (min) @ Pentium IV 170 GHz 
	
	~ 80


6. Nomenclature

	a1,a2,a3
	Cost parameters
	Rl
	Correction Factor for the Effect of Baffle Leakage on Pressure Drop 

	fl
	Friction factor for the tube-side
	v
	Fluid velocity

	hoi
	Shell-Side Heat Transfer Coefficient for an Ideal Tube Bank
	Pb
	Pressure Drop for an Ideal Cross-Flow Section 

	Jb
	Correction Factor for Bundle-Bypassing Effects
	Pw
	Pressure Drop for an Ideal Window Section 

	Jc
	Correction Factor for Baffle Configuration Effects
	
	

	Jl
	Correction Factor for Baffle-Leakage Effects
	
	Index

	Nc
	Number of tube rows crossed in one cross-flow section
	c
	Cold fluid

	Ncw
	Number of tube columns effectively crossed in each window
	h
	Hot fluid

	Nu
	Number of Nusselt
	s
	Shell-side

	Rb
	Correction Factor for Bundle Bypass 
	t
	Tube-side
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