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Abstract. In this work, a plate-fin heat exchanger is optirdiferough the Adaptive Differential Evolution JAREthod. The plate-
fin heat exchangers are widely used in industrigblegations such as cryogenics, microturbines, viehand various chemical
process. This heat exchanger topology has highntheefficiency, high heat transfer area per unitwoe and high thermal
conductivity. Adaptive Differential Evolution JAD& an evolutionary algorithm with self-adjustablerpmeters derived from the
differential evolution. This method, presentechs gcientific community in 2009, has a mutatioatstly based on the neighborhood
and an optional external file aiming to improve tenvergence of the method of differential evotutithe traditional approach of
the design of this heat exchanger involves segmainetric parameters and operational constrainte gieometric parameters used
in the optimization were heights, thicknesses, le)din density and the amount of overlap of find the operational restriction of
amount of heat to be exchanged. The optimizatioredithe minimization of the total annual cost efplate-fin heat exchanger and
their results were compared with the Genetic Aldonit(GA) and Particle Swarm Optimization (PSO). Tesults of the 50
independent experiments demonstrate improvemerits 15h80% when compared to the GA and up to 10@B&6h compared with
the PSO.
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1. NOMENCLATURE

Atot  heat exchanger surface area (m?) AP pressure drop (N.1%)
Aff free flow area (m?) Q heat duty (W)

C heat capacity rate (W:R Re Reynolds number
wm specific heat (J.k.K ™) S fin spacing(m)

Dh hydraulic diameter (m) t fin thickness (m)
f Fanning friction factor T temperature (K)
G mass flux velocity (kg.ms?) Greek letters

h heat transfer coefficient (W:AK™1) € effectiveness

H height of the fin (m) u viscosity (N.n?.s?)
] Colburn factor p density (kg.I¥)

I lance length of the fin (m) Subscripts

L heat exchanger length (m) c cold stream

m mass flow rate (kg9 h hot stream

n fin frequency [ inlet

N number of fin layers min minimum

NTU  number of transfer units max  maximum

P pressure (N.M) ) outlet

Pr Prandtl number
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2. INTRODUCTION

The transfer of heat between different medias baeral applications in the real world and the emépt used to
accomplish that consists in the heat exchangemteTare innumerous types of heat exchangers, leuthat presents
high place among others is the compact heat exenandpich can be plate-fin or tube-fin type (Raal &atel, 2010).
Cross-flow plate-fin exchangers are used in seviedhistrial processes, especially in gas-to-gadiagiipns such as
cryogenics, micro-turbines, automobiles, chemicatpss plants, naval and aeronautical applica{iieset al., 2008;
Mishra et al., 2009; Rao and Patel, 2010).

Cross-flow plate-fin heat exchangers presents sorpertant characteristics that may be considerearyydesigner
such as high thermal conductivity, large heat fiemsurface area per unit of volume and high théeffactiveness that
determinate a reduction of space and energy rageing weight, and cost (Xie et al., 2008; Rao aalP2010).

The design of plate-fin heat exchangers considfseietermination of several geometrical pararsetader certain
constraints. The most used geometrical parametersptimization of this type of heat exchangerhis kength, height,
thickness of the fins along with lance length oEfifin frequency and number of fin layers, allsthéor the hot and cold
fluids involved into the process.

Currently, evolutionary algorithms were helpfulsimlve optimization problems that presents sevdratacteristics,
for example: non-linearity, non-convexity, non-dantty, non-differentiability and multi-modality (hamed, 2015). In
general, evolutionary algorithms took inspiratiopn tatural mechanisms of evolution where the expimnaand the
exploitation of the search space through selectiod reproduction operators (Engelbrecht, 2006). #gnthese
techniques, one of the most effective is the Déffeial Evolution that consists in a stochastic paten-based search
technique presented by Storn & Price in 1997 (SémchPrice, 1997) that was posteriorly modifieddelf-adaptation of
control parameters by Zhang & Sanderson in 200&uighand Sanderson, 2009) in the called Adaptivéetiftial
Evolution with Optional External Archive (JADE) thaim enhance the convergence of the original ntktho

There are many previous studies about the optifoizaif plate-fin heat exchangers (PFHES). Xie et(2008)
proposed the optimization of this heat exchangerguGenetic Algorithms using an objective functiminminimization
of total annual cost, Mishra et al. (2009) investigl the optimization of plate-fin heat exchangeing GA for the
minimization of the entropy generation units whene conclusion was the direct relation to the valuthe objective
function with the pressure drops for both composeifthe system.

Peng et al. (2008) with the use of the Particle i@w@ptimization (PSO) optimized this type of heatleanger
utilizing a cost objective function. Posteriorlya®and Patel (2010) investigated the same casasbfrdlet al. (2009)
utilizing PSO where better results, about 16% dfiotion in the value of entropy generation unitasweached. After,
Ghosh et al (2011) applied the GA for the maximarabf heat load through the improvement of theldtay pattern.

Other authors can be cited such as Yousefi e2@L1, 2012, 2013) where the minimization of thet lueasfer area
and pressure drops were taken into account usingt@eAlgorithm hybrid with Particle Swarm Optimtzan (GAPSO)
and Harmony Search Algorithm (HSA), and Imperia@stmpetitive Algorithm (ICA) for the minimizationf @ntropy
generation units. Lately, Zarea et al. (2014) psagbothe optimization of the plate-fin heat exchanigeugh the Bees
Algorithms (BA) for the maximization of effectivesg and minimization of entropy generation units.

A closer look at the previous works allow to verthat the most investigated objectives functionstfis heat
exchanger concerns about the minimization of eptggmeration units and total annual cost.

The main objectives of this study are at first ppimize the influential parameters of plate-fin heachangers from
economic point of view and, for second, to dematstthe effectiveness of JADE and Tsallis JADE (DA in the
design optimization of PFHES from economic pointiefv. The results obtained with both algorithmsstfee case study
are compared with other studies that already ardlytze same case.

3. THERMAL MODELLING, OPTIMIZATION TECHNIQUESAND OBJETIVE FUNCTION

The following sections presents the mathematicpeets of the plate-fin heat exchanger, the charatits of the
optimization methods applied in this work and thgeative function aimed for the minimization ofabannual cost.

3.1 Thermal modelling of plate-fin heat exchangers

The Fig. (1a) presents the configuration of a pfmtdieat exchanger from the macro point-of-viewilestirig (1b)
presents some geometrical parameters of the strgpmicro point-of-view, of this heat exchanger.

From the Fig.1 it can be seen the crossflow agbattis inherent to this tipology of heat exchangileng with the
multiple layers for both fluids streams that papides in the heat transfer of the system.
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Figure 1. Configuration and strip of a plate-firmhexchanger.
The following calculations were taken from Zareaakt (2014) and some adaptations were made coirgider
additional references such as Mishra et al (2009).

Considering a cross-flow plate-fin heat exchangith Wwoth fluids unmixed, the heat transfer rateatculated by
Equation 1,

Q =&Crin(Thi-Tei) (1)
wheree is the effectivenesg€;,,, is the minimum heat capacity rate anglandT,; are the inlet temperatures of the hot
and cold fluids, respectively.

The effectiveness is given by Equation 2,

e = 1-expC, *NTU?%(exp(-C,NTW’"8)-1)) (2)

whereCr= Cmi“/c andNTU is the number of transfer units determined froradipn 3,
max
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—=C,. ( - h + - b c ) 3
NTU min \j PP 06670, A, JoPPTe 0667 A (3)

whereAff is the free flow ared is the heat transfer argais the Colburn factor¢p is the specific heat arfg, is the
Prandtl number for each fluid, hot and cold.
The free flow areas can be obtained from Equatioasd 5,

Affh: (Hh'th)(J-nhth) LCNh (4)
Aff = (He-te) (Z-net,)LaNe )

whereH is the height of the firt, is the fin thickness is the fin frequency. is the heat exchanger length avds the
number of fin layers for each fluid, rememberingtik,=N,+1.
The heat exchangers areas are given by Equatiand 8,

An=LLeNa(1+(2n,(Hi-th))) (6)
Ac=LnLeNp(1+(2ne(Hc-to))) (@)

where the total heat exchanger aiat= A, +A..
The Colburn factor is determined by Equations 8 @nd

51015 5014
510 H-t

. ~ _4L' .
j= 0.21R& -

j= 0.53Ré& =, Re<1500 (8)
24 4-0.02

— " Re>1500 9)

whereReis the Reynolds numbdrjs the lance length of the fidh is the hydraulic diameter and the fin spacéadr

1/ for hot and cold fluids.
The Reynolds number for each fluid of the systemlwaobtained from Equation 10,

_ mdh
Re= 10 (10)

wherem s the mass flow rate anpdis the viscosity of each fluid, remembering tGat mAff_
The hydraulic diameter can be determined for bloid$ by Equation 11,

dh= &UZ‘? (11)
s+H-t+(00)

Also, the frictional pressure drops for the twaatns are given by Equations 12 e 13,

2f p2Lp,
AP = h 12
N dMLENE (Hy-t) 2(1-th)2 (12)

2f L
AP= : 13
€ pdheLENZ(Heto)2(1-ngt)2 (13)

wheref is the fanning friction factor, determined by Etjoas 14 and 15,

-0.41
f= 8.12RE™L %% Re1500 (14)

N
H-t
-0.65 { -0.17

f= 1L12R*_ 17" Re>1500 (15)

The convective heat transfer coefficient for bdtidf can be determined by Equation 16,

. 2m
h=j cpPr3 e (16)
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The outlet pressures and temperatures are giv&gbgtions 17, 18, 19 and 20,

Pho= Phi-APy, (17
F)co:Pci'APc (18)
Crin
Tho=Thi- <8®(Thi'-rci)> (19)
Teo=Tet (8%(Thi'-rci)> (20)
for both fluids.

3.2 JADE and TsallisJADE (TJADE)

A global optimization problem can be defined as&un 21 (Mohamed, 2015),
minf(X), X=[xy, %.... %1:S.t. % €la, b, ¥=1,2,....D (21)

wheref is the objective functiorx is the variables vector arglandb; are the upper and lower boundaries, respectively.
The JADE basics implementation consists in the stmaeDifferential Evolution (DE), that is generataandom
population,NP vectorsx, Vi=1,2,...,NR within the boundaries. These individuals are e®dlby operators of mutation
and crossover to generate trial vector. Then, apemsison between the parent and its trial vectonasle to select the
vector which should survive to the next generaf®torn and Price, 1997; Mohamed, 2015). After, fmajor steps can
describe the process of evolution of the algoritmitialization, mutation, crossover and selection.
The initialization starts with an randomly genewatodf initial individuals within the boundaries iasEquation 22,

xj=aj+rand(b;-a) (22)

whererand denotes a uniform distribution between [0,1] gating new values for each decision parameter dalvi:.
The major difference between JADE and DE is thatrtiutation occurs at each generati®nfor each target vector,

x®, where a mutant vector, is generated considering multiple optimal solgi@ccording to Equation 23 (Wang and
Zhao, 2013),

VEEXPHF (XGest X ) +Fi (X X3), rl#r2# (23)
with x5, selected between thebest members of the population whpe§0,1] while x® andx$ is randomly chosen from
the population andS is ramdomly chosen between the union of the pdipmland the external archive. The external
archive is a selection of the rest of the individeseembers that were not the best member in theigus\population

which size is not superior to the size of the dgbegulation. At each generation the scale faEtand the crossove&lR
are determinated by Cauchy and Gaussian distritmtioth variation equal to 0.1 according to Equagi@4 and 25,

F :randCauchMF,O. )] (24)
CR:randGaussiar(ﬂCRvo-l) (25)

whereu. andu., are the mean values of the factor scale and cressBoth parameters are initialized with valueaqu
to 0.5 and actualized at the end of each generatioarding to Equations 26 and 27,

HE*=(1-p+mean (S)o (26)
1= (1-Opcrmean (Ser)e (27)

wherec €0,1], S andS:g are the hall of factor that achieve success irgtrerationmean is the Lehmer mean and
mean is the arithmetic mean.
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The JADE variant, denominated as Tsallis JADE, qrené a self-adaptation of the scale factor andsoner in the
original algorithm using the Tsallis DistributioMqallis, 1988) instead of the Cauchy Distributiomd aGaussian
Distribution, respectively. The definition of thedilis Distribution is given by Equations 29, 3@i&1.

1
P=Aq [1+(q-1) By (x-uq)z] e (29)

Z[qi]J q-1
= 3q7 /—B (30)
a gV 7
By=[(3-9)a?]* (31)

whereq is the first distribution control parameter linkiecthe type of distribution that assumes valuemfi to 3. Values
of q close to 1 performs a Gaussian distribution, \&abfe close to 2 performs a Lorentzian distribution a&atlies ofg
close to 3 perform a Lévy distribution. The normation constant i¢, and B, are the second distribution control
parameter linked to the height and width of theritigtion. The mean of the distributionp’@ and the variance of the

distribution isa3.

For each member of the population a random valugveds generated for the determination of the distidim. This
procedure is loop until the stopping criteria. Thigialization values, initial means and variancéshe factor scale and
crossover continues as the same as JADE, both &g04d in initialization and initial mean valuedawariance of 0.1.

3.3 Objective function and study case

The objective function is defined as the total aimost, that is given by Equation 32 (Xie et 803),
Coo=CaA™ X (AP Vi +APV) (32)

where the first member of the equation represdrgsinvestment cost) and the second member of the equation
represents the operational caSt4), C, is the cost per unit of area equal to 100%.mis the pumping efficiency equal
to 0.6,kg is the electricity price equal to 30$.MWh is the amount of hours of operation equal to 65a0tandV,, . is
the volumetric flow rate for hot and cold fluidsuedito 1.2 m3:3 and 0.6 m3:$respectively. All the previous parameters
were taken from Xie et al. (2008) for comparisongmses.

The Table 1 presents the properties and input sdhrethe temperature and pressure for both flirebsns.

Table 1. Properties and input values for the hdtaoid fluids given for the case study.

Properties and input values Hot fluid Cold fluid

m (kg.sY) 0.8962 0.8296

T; (K) 513 277

u (kg.ntd) 0.8196 0.9385

Cp (kJ.kg'.KY) 1017.7 1011.8

u (Pa.s) 0.00002410 0.00002182
Pr 0.6878 0.6954

P; (kPa) 100 100

From Table 1 it can be observed that both fluidsvary similar, with major differences being fouindhe values of
dynamic viscosity and heat specific capacity.

The values of the optimization variables in seaghce for werél between 0.002 and 0.01 thetween 0.0001 and
0.0002 mn between 100 and 1000 fins/ihetween 0.001 and 0.01 M, between 1 and 10 and bdthandL. between
0.1and 1 m.

For both algorithms were performed 50 independans rwith an initial population of 10 times the nuenlof
optimization variables and 5000 evaluations ofdhgctive function with values for the parameteendp equal to 0.1
and 0.05 respectively.

4. RESULTSAND DISCUSSION
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The results for JADE and TJADE presented minimurnues (best) of 2687.85$ and 2361.33$%, maximum walue
(worst) of 4545.00$% and 4219.20%, mean values 643®$ and 3243.30$ and standard deviations ofo8$7and
400.65%, respectively. The Fig. 2 presents the eaence of the JADE and TJADE methods appliedecsthady.

The TJADE method was able to outcome the origihgdréhm in both the best value and mean value inbth
presenting a slightly larger value of amplitude]ifierence of only 5.12% between one amplitude #redother, and
standard deviation, a difference of only 6.38% leetwTJADE and JADE, with allows inferring that thege of possible
distributions obtained by the Tsallis Distributiomy have some advantages in the tuning of contuchmeters of
evolution algorithms.

JADE TJADE
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3700 - = JADE mean = = TJADE mean
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Total annual cost ($)
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Figure 2. Convergence of JADE and TJADE methodk wiean values.

From the Fig. 2 an observation about the convem@an be presented, where the TIADE obtained cgenee
below 50 iterations and JADE below 60 iterationhéugh the TJADE method has wider range of possiidtributions
it can achieve the convergence with less iteratibasthe original method, JADE.

The Fig. 3 shows a contour plot with the variatidrh,, andL. for JADE and TJADE methods pointing the position
of the best value reached for each technique. Bhees of the others optimization variables for JAREthod wereH
equal to 0.009 nt, equal to 0.0001 mm equal to 157 fins/m, equal to 0.0094 m arld, equal to 10. The values of the
same optimization variables for TJADE method wdrequal to 0.009 nt,equal to 0.0001 mm equal to 157 fins/m,
equal to 0.0094 m arid, equal to 10.

It can be seen that for both methods that lowenasbf the lengths for the hot and cold fluids pis decreasing
values for the investment cost while produces msireg values for the operational cost.
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Figure 3. Contour plots of costi(andC,,) for JADE and TJADE methods.
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The Table 2 presents the results of the simulatimha comparison against the Genetic Algorithme @fial., 2008)
and Particle Swarm Optimization (Rao and Patel020dethods results.

Table 2. Results and comparison for the optimahggoy obtained for the plate-fin heat exchanger.

Parameter GA PSO JADE TJADE
Ly, (m) 0.235 0.219 0.427 0.305

L. (M) 0.500 0.500 0.657 0.520
APy, (kPa) 0.2979 0.264 2.322 1.930
AP, (kPa) 1.8995 2.000 4,022 4,192

G (% - - 660.06 477.23
Coa (9) - - 2027.79 1884.10
Ciot (B) 3047.67 3017.90 2687.85 2361.33

From the Table 2 it can be observed that JADE haellaction in the total annual cost of 11.80% af®4% in
comparison with GA and PSO, respectively, while DEhad a reduction in the total annual cost of 22%nd 21.76%
in comparison with the same methods.

About the parameterk, presented an increase of 81.70% and 94.98% willEJiA comparison to the values reached
with GA and PSO, respectively. The TJIADE preseritedthe same parameter increases of 29.79% and%@9ia
comparison with the same methods. For the pararbgtle increases of 31.40% and 4% were achievedJAE and
TJADE, respectively, in comparison to GA and PS@e pressure drops obtained significant changdseivalues for
both algorithms. Moreover, still looking at the T@R, it is possible to discriminate the contribuatthat both investment
and operational costs has over the total annual ebere the first contributes with 24.56% of tbéat value for JADE
and 20.21% for TJADE.

About the convective heat transfer coefficients,}ADE method achieved values of 1.025 W' for the hot fluid
and 1.095 W.m.K* for the cold fluid while TJIADE reached values of@1 W.n?.K™* for the hot fluid and 1.238 W.:m
2.K"1 for the cold fluid. The modification provided ine original method was able to enhance the corweshtat transfer
coefficient up to 7.41% and 13.05% for hot and dhlitls, respectively. It is important to noticeathigher convective
heat transfer coefficients provides higher effeatiess in the heat transfer of the system.

5. CONCLUSIONS

The present work investigated the application efAldaptive Differential Evolution JADE and a modétion, called
Tsallis Adaptive Differential Evolution TJADE, ih¢ optimization of a plate-fin heat exchanger ftbmeconomic point
of- view. In the modification provided in the onigil method, JADE, the Gaussian and Cauchy Distabsitwere
substituted for the Tsallis Distribution in the b of the control parameter of evolution for facscale and crossover
parameters. Both algorithms reached the convergander 60 iterations and the results showed th@ElAad a
reduction in the total annual cost of 11.80% an®4% in comparison with Genetic Algorithm and RaetiSwarm
Optimization, respectively, while TJADE had a refilue in the total annual cost of 22.52% and 21.76%omparison
with the same methods where the best results @utdor JADE was 2687.85% and for TJADE was 2361.38%ut the
optimization valuesl,, presented an increase of 81.70% and 94.98% wibEJAvith value equal to 0.427 m, in
comparison to the values reached with GA and P&pectively. The TIJADE presented for the same patiermealue of
0.305 m, that increases this variable about 29.286639.27% in comparison with the same methodstheoparameter
L. the increases of 31.40% and 4% were achievedJADE, with value 0.657 m, and TJADE, with value &g0.520
m, in comparison to Genetic Algorithm and PartiSl@arm Optimization respectively. The pressure droip®ined
significant changes in the values for both algongh The values of the others optimization variafides)ADE method
wereH equal to 0.009 nt,equal to 0.0001 my equal to 157 fins/m, equal to 0.0094 m ard, equal to 10. The values
of the same optimization variables for TJADE methesteH equal to 0.009 mt, equal to 0.0001 mm equal to 157
fins/m,| equal to 0.0094 m and, equal to 10. The results for the convective haausfer coefficients showed that JADE
method achieved values of 1.025 WK for the hot fluid and 1.095 W:AK! for the cold fluid while TJADE reached
values of 1.101 W.rAK? for the hot fluid and 1.238 W.:AK™ for the cold fluid. The modification provided ihe
original method was able to enhance the convettidat transfer coefficient up to 7.41% and 13.05%hfdt and cold
fluids, respectively.
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