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FUZZY THERMOECONOMIC APPROACH TO NANOFLUID SELECTION IN VAPOR

COMPRESSION REFRIGERATION CYCLE

The working fluid selection in the vapour compression refrigeration cycles has been studied as a
fuzzy thermoeconomic optimization problem. Three criteria: thermodynamic (COP Coefficient Of
Performance), economic (LCC Life Cycle Cost), and ecologic (GWP — Global Warming Potential)
are chosen as target functions. The decision variables X as an information characteristics of de-
sired refrigerant are presented by its critical parameters and normal boiling temperature. Local
criteria are expressed via thermodynamic properties restored from information characteristics of
refrigerant X, as well as life cycle costs are calculated by the standard economic relationships.
GWP values are taken from the refrigerant database. Class of substances under consideration is
presented by the natural refrigerant R600a embedded with nanostructured materials.
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HEYITKUA TEPMQEKOHOMILIHVIVI niaxia 4o BUBOPY HAHO®NIOIAIB B
NMAPOKOMIMPECIMHUX XOonoaunbHUX LUXKKITAX

3aBmgaHHA BHOODPY pOOOUYNX cepedosuiy 0711 XON0OUIbHUX NAPOKOMNPECIUHUX YUK PO3CNAHYMO
AK  3a0aua Heuimkoi mepmoexonomiynoi onmumizayii. B axocmi yinboeux @ynxyit poszensioanu
mpu Kkpumepii: mepmMoOuHamivHuil (Koegiyichm mepmompancgopmayii), ekoHoOMIuHUL (YiHa
AHCUMMEBO2O YUKTY) [ eKonociuHull (nomenyian 2nobanrbHozo nomenainus). Ilapamempu
ynpagninua X (iHgopmayitini Xapakxmepucmuku Xo1000a2eHmy) npeocmasieni KpUmudHuMy na-
pamempamy i HOPMAIbHOI MmeMnepamyporo KuniuHa. Jlokanvui Kpumepii eupadsiceni uepe3
MEPMOOUHAMIYHI 8IACMUBOCIE, WO BIOHOBTIEHI 3 IHOPMAYIIHUX XAPAKMEPUCTIUK XOL000A2EeHNY.
Lina sorcummegozo yukiy po3apaxo8yemvcs 3a CMaHOAPMHUMU eKOHOMIYHUMU CNIBBIOHOUIEHHAMU.
3nauenns nomenyiany 2n106anibH020 NOmMeninHA 83ami 3 baszu Oanux 0ns xonoodoazcenmis. Kiac
PO32ISIHYMUX PeHO8UH NPedCmaesieHo npupoonum xorodoazenmom R600a 3 dobaskamu nanocm-
PYKMYpOGaAHUX Mamepianis.

Knirouogi cnosa: Tepmoexonomika - Heuimrxa muooicuna - Bubip xonoooacenmy - 36opomuuii yuki
- Hanocmpyxmypui mamepianu - | Hanoguoiou

I. INTRODUCTION

The selection of refrigerants with desirable com-
bination of such properties as contribution to green-
house effect, flammability, toxicity, thermodynamic
behavior, performance specifications, and the others is
one of the most important stages in simulation and
design of refrigeration processes. Refrigerant selection
problem has been tackled using achievements of mo-
lecular theory, engineering experience and experi-
mental studies [1] - [4]. Selection strategy is an in-
verse engineering problem of incorporating property
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and technological performances directly into the de-
sign of the refrigeration devices. Clearly, a refrigerant
that combines all the desirable properties and has no
undesirable properties does not exist. However, algo-
rithms for searching of a “tailored” refrigerant with
desirable combination of properties are able to formu-
late mathematically on the basis of the multi-criteria
decision making approach.

There are many criteria of efficiency of refrigera-
tion system and the extreme values are desirable to
reach for each ones taken separately. Usually, three
main goals are involved in the design process: ther-
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modynamic, economic and environmental. The gen-
eralized efficiency criterion is represented for the
whole system by the vector K, including the local cri-
teria Ki as the components and mapping the multitude
of requirements imposed on refrigeration system. The
attainment of optimum solution corresponds to a com-
promise between different criteria and reflects a sus-
tainability of engineering decisions. Various method-
ologies have been suggested to find a compromise
between thermodynamic and economic criteria for
local criteria aggregation into single objective func-
tion.

The aim of present study is to introduce the
fuzzy set methodology in order to meet thermodynam-
ic, economic, and environmental goals for selection of
refrigerants embedded with nanostructured materials.
Thermoeconomic optimization has been considered as
a fuzzy nonlinear programming problem where local
criteria: maximum energy (exergy) efficiency and
minimum total cost rate as well as different environ-
mental constraints in an ill-structured situation were
represented by the fuzzy sets. The Bellman - Zadeh
model as the intersection of all fuzzy criteria and con-
straints has been used for a final decision-making.

Il. TAILORED REFRIGERANT CONCEPT

We consider here only such criteria, which are
linked by certain relations R to the properties of work-
ing fluids P, i.e. the system defined by a three-tuple
{ K, R, P }. The relation R is a kind of technological
operator and its structure can be determined via the
equations of mass, momentum and energy balance,
supplemented with the characteristic equation of state.
So, we need to enlist restricted experimental infor-
mation to define real properties P via their model
properties M (X). The set of model parameters X, as a
mapping of the experimental data containing the ob-
served properties P, gains in importance as infor-
mation characteristics of substance by which its prop-
erty behavior can be restored. A physical meaning is
no less important for the vector X and should map the
working fluid characteristics on the molecular level to
select a proper molecular configuration. The refriger-
ant selection problem can be mathematically formu-
lated as the following multi-criteria optimization prob-
lem: to find

Opt K [Ky (X), Kz(X); ..., Kn(X)], X € Xp (1)
We assume that K;(X) = || P;, Mj(X) || is a "dis-
tance™ between the desired (ideal) efficiency of system
Pj and its real model M;. For thermodynamic crite-

rion, Ky, the value P corresponds to the theoretical

maximum of the objective function, e.g. efficiency of
the Carnot cycle. Solution of multicriteria problem is a
finding of compromise among all criteria and con-
straints and can be formulated as follows: to construct
the function

K=K, NK, (] ...NK,. (2)
The formal solution of problem is added up to
determination of the optimum vector X, of such kind

that [K (Xopt )| > |K (X)| for any X Xq, where > is
preference sign. The model parameters X, identify a
trade-off decision possessing to desired efficiency
criteria. In our case the model parameters Xopt identi-
fy an optimum working medium having the desired
complex of properties (“tailored™ refrigerant). Critical
parameters of refrigerants are typical examples of the
information characteristics of substance linked with its
molecular structure.

I1I. UNCERTAINTY IN MULTICRITERIA
MAKING DECISION

Here we attempt to develop a flexible model of
thermoeconomic analysis taking into consideration a
multicriteria nature of making-decision process and to
minimize the uncertainties arising from different
sources in the design of refrigeration unit.

Thermoeconomic optimization problem is formu-
lated as a fuzzy nonlinear programming problem with
n non-compatible criteria (economic, environmental,
and thermodynamic), m decision variables, and k non-
linear constraints:

Optimize K [Kth(X)’ Kec()()n Ken(AX)] (3)

subject to
GLi < Gi (X) —<GUi: | = 1,2, vy k (4)

XLi < Xi —<XUi, i=12,..m (5)

where Ki(X), Kee(X), Ken(X) represents the fuzzy
local criteria of thermodynamic, economic, and envi-
ronmental efficiency; X (Xy Xp, ..., Xp) is a vector of
decision variables; G;, Gy, are respectively the lower
and upper limits for the constraints G;(X) and x;, Xui
are respectively the lower and upper bounds for the
decision variables.

IV. CONVOLUTION SCHEMES

Crisp convolution schemes. The next step consists
in determination of the final parameter set from the
Pareto set using additional exogenous information and
reducing the vector criterion to a scalar one. This step
is in a fact the problem of decision-making and cannot
be entirely formalized. There are many approaches
how a vector criterion can be transformed into a scalar
criterion.

A general concept as origin of the final decision
that satisfies the Pareto ranking is based on the striv-
ing for uncertainty minimization. Two basic tenden-
cies (isolationistic and cooperative) usually are con-
sidered to aggregate a vector of local criteria into
global (or generalized) scalar criterion. The isolation-
istic convolution schemes are additive (global crite-
rion is represented as a weighted sum of local criteria)
and entropic (global criterion is represented as a sum
of local criterion logarithms). If behaviour of each
criterion is complied with common decision to mini-
mize some general (cooperative) criterion then a con-
volution scheme can be presented in the form
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Ke (X) = minw, (K; (X) - KO)| 1<i<n, XeXo (6)

where w; are the weight coefficients, Ki0 - an infimum

of desired result ( the ideal point) that is acceptable for
decision maker remaining in the coalition, Kc is a
global trade off criterion. If it is possible to come to an
agreement on preference (weight) for each criterion
then final decision can be found as the solution of sca-
lar non-linear programming problem;

KC(X)=minZn:
i=1

If no concordance among decision makers con-
cerning of weight choice then arbitration network is
preferable. Classical arbitration scheme was derived
mathematically rigorously by Nash but very often
criticized from common sense:

KC(X)=minﬁ

All crisp convolution schemes under discussion try to
reduce an uncertainty deriving from conflict among
different criteria in the Pareto domain. The next step is
extenuation of uncertainty driving from vagueness.

w; (K; (X) - Kio)‘v XeXp (7)

K, (X)- Kio‘, XeXe  (8)

Fuzzy convolution scheme

The theory of fuzzy sets was put forward by
Zadeh [5] with explicit reference to the vagueness of
natural language, when describing quantitative or
qualitative goals of system. Here we assume that local
criteria: maximum thermodynamic efficiency (or min-
imum deviation of real thermodynamic efficiency
from ideal one) and maximum profit per unit of pro-
duction (or minimum total cost rate) as well as differ-
ent constraints in an ill-structured situation can be
represented by fuzzy sets.

A final decision is defined by the Bellman and
Zadeh [6] model as the intersection of all fuzzy crite-
ria and constraints and is represented by its member-
ship function u(X) as follows:

i X) = ptein(X) N pec(X) N pagen(X) N p16i(X)).

The membership function of the objectives and
constraints can be chosen linear or nonlinear depend-
ing on the context of problem. One of possible fuzzy
convolution schemes is presented below.
= [|nitial approximation X-vector is chosen. Maxi-

mum (minimum) values for each criterion K; are

= Maximum and minimum bounds for criteria are
defined:

K™ =minK;(X{)=K;(X?), i=1.n;
max J 0 : (10)
K, =mJaij(Xj), i=1.n

= The membership functions are assumed for all
fuzzy goals as follows

0, if K;(X)> K™
K_max _ K i )
i (X) = —K.n;ax - K.m'in if KM <K, < K™ (11)
1 1
1, if K;(X)<KMn

= Fuzzy constraints are formulated:
GJ-(X)SG;“*‘X+dj, j=12,..k (12)

where d; is a subjective parameter that denotes a
distance of admissible displacement for the bound

G}“"‘X of the j-constraint. Corresponding membership
functions are defined in following manner:

IR

0, if Gj(X)>G
G'(x)_G_max )
Hgj(X)= 1—%” G <G(X)<G"™+d;
1 if Gj(X)<G"™

(13)
= A final decision is determined as the intersection
of all fuzzy criteria and constraints represented by its
membership functions. This problem is reduced to the
standard nonlinear programming problems: to find the
such values X and A that maximizes 1 subject to

A< i (X), i=1,2,...,n;

A< g (X), j=1,2,..k
The solution of the multicriteria problem discloses
the meaning of the optimality operator (1) and de-

pends on the decision maker experience and problem
understanding.

(14)

V. RESULTS AND DISCUSSION

Replacement of artificial refrigerants that are in-
compatible with Nature can be eliminate or block a
pathway of ozone harmful substances to biosphere.
Here we consider the operation of refrigeration system
which is simulated by the reverse Rankine cycle. The
reference refrigerant isobutene R600a was chosen.

The main processes in the single-stage vapor com-
pression cycle include isentropic compression, isobaric
cooling + condensation + subcooling, throttling, and

established via scalar maximization (minimization).
Results are denoted as “ideal” points { X? ,j=1..m}

= The matrix table [7], where the diagonal elements
are “ideal” points, is defined as follows:

Ki(X?)  Ka(XPD).. Kn(X{)
[T]= _Kl(x;’) _KZ(XS)... _Kn(XS) 9)

Ki(X2) Ky(X2)... Ky(Xp)
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isobaric cooling + evaporation + superheating.
The following design specifications are chosen:
evaporator and condenser temperatures,

Te?/ =-10°C, T2 , =35°C ; net refrigerating effect

cond —
- qg and condenser/evaporator pressure ratio —
P, < 10. The entire set of design indices includes: eco-
nomic (life cycle cost), thermodynamic (specific re-
frigerating effect, volumetric capacity, specific adia-
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batic work, condenser/evaporator pressure ratio, coef-
ficient of performance, adiabatic power), and envi-
ronmental (flammability index and GWP) criteria.
Constraint for environmental criterion is chosen as
GWP < 400. LCC calculations have been provided
by algorithms from [7].

To apply fuzzy thermoeconomic approach the ef-
fect of nanoparticle doping on the coefficient of per-
formance (COP) is studied. We suggest the fluids
with small impurities obey the corresponding state
principle. It is hypothesized that the regular and singu-
lar parts of thermodynamic surface of base fluid and
nanofluid with small nanoparticle volume concentra-
tion are coincided in reduced form. To predict the crit-
ical point shift of pure substances at nanostructured
materials adding the thermodynamic models are used
and influence of nanoparticle size and geometry is
studied. The equations of state for nanofluids are pre-
sented and thermodynamic properties are calculated
on the similarity theory base. The search algorithm of
nanofluid critical parameters is as follows. The com-
pressibility factor (Z) of nanofluid is defined via
scaled pure reference fluid properties. To estimate the
critical parameters of nanofluid the fundamental
equations of state in reduced form for industrial flu-
ids [8] are used.

Here we have considered the critical point shift for
some low GWP refrigerants embedded with Al,Os3,
MnO,, TiO,, F;04 nanoparticles. To compute thermo-
dynamic properties of nanofluids in the range 0... 5%
volume concentrations of nanoparticles the density of
nanofluid calculated via reference fluid density by
standard linear relationship. The critical parameters
for nanofluids also give an opportunity to calculate
their thermodynamic properties from the reduced
EoS [8]. The change of thermodynamic properties due
to the compressibility of the fluid with nanoparticles
suspended is negligible in the low volume fraction
limit.

The direct assessment of the efficiency criteria for
the reverse Rankine cycle via artificial neural net-
works (ANN) approach is used. The construction of
ANN includes the following sequence of actions: a
choice of initial data for training; a choice of
architecture of a network; dialogue selection of ANN
parameters; process of training; check of adequacy of
training (validation); and forecasting. Output values in
the initial sample were calculated for Al,O;, MnO,,
Fs0, nanoparticles based on thermodynamic
properties. As input values the given T¢, Pc and Tg
are used. The various architectures of neural networks
with different neuron numbers and activation
functions in the first and second layers were
considered. The forecast of efficiency criteria for the
reverse Rankine cycle as output parameters which
describe the coefficient of performance with high ac-
curacy and without thermodynamic property calcula-
tions is given.

Multi-criteria comparative analysis algorithm is
realized by the following way:

e Thermodynamic properties and design characteris-
tics of vapor compression cycle are calculated for
specified external conditions.

e The best value of design characteristics K. is cho-
sen for each criterion among all concurrent refriger-
ants. The “ideal” indexes KiO are presented by the

vector criterion K which is calculated via thermody-
namic properties.

e The membership functions u; for each thermody-
namic and economic index are defined by relations
(10) — (14). Environmental criteria cannot be ex-
pressed by direct way via information characteristics
in the terms of critical parameters of substances.

e The thermoeconomic criterion of refrigerant selec-
tion is written in the C-metrics form

N
Ke = |uil
i—1

e Minimum value of K¢ - criterion corresponds to
best refrigerant among competitive working fluids
from thermoeconomic point of view. A final decision
takes into account a ranking of the environmental cri-
teria also.

The final result corresponds the next preference
chain of trade off efficiency nanorefrigerants based on
reference R600a fluid: Al,O3, TiO,, MnO,, F30,.

(15)

VI. CONCLUSIONS

Fuzzy thermoeconomic analysis is powerful tool
to finding of compromise among energy efficiency,
environmental constraints and economic indices of
working media in conceptual design of refrigeration
systems. This study is one of first attempts to apply
methodology of tailored working fluid design to se-
lecting optimum nanoparticle doping for reverse cy-
cles. Present calculations demonstrate the best addi-
tives to R600a are Al,O; nanoparticles that have ther-
modynamic and economic items.

NOMENCLATURE
COP  Coefficient of performance

CD Compressor displacement
DB Database

G Constraints

GWP  Global warming potential
K Vector criterion

Ki Local criterion

Kc Compromise criterion
LCC Life Cycle Cost

ODP  Ozone depletion potential
P, Condenser/evaporator pressure ratio
Qo Net refrigerating effect

T Temperature (K)

X Decision variables

w Weight coefficient
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Subscripts
c critical
cond condenser
ec economic
en environmental
opt optimum
th thermodynamic
u membership function
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HEYETKUA TEPMO3KOHOMMYECKUX NOAXOA K BbIEOPY HAHO®JIOMOOB B
NMAPOKOMIMNPECCUOHHbBbIX XONoAuIbHbIX LIUKITAX

3aodaua svibopa pabouux cped 6 X0N0OUIbHBIX NAPOKOMAPECCUOHHBIX YUKIAX PACCMOMPEHA KAK HEYemKasl 3d-
0aua mepmoIKOHOMULECKOU onmumuzayuu. B kawecmee yenegvlx QyHKyuil ¢bloUpanu mpu Kpumepusi: mepmo-
Ounamuueckuil (Kosgguyuenm mepmompancgopmayuu), IKOHOMUYECKUll (YeHA HCUSHEHHO20 YUKIA) U IKOILO-
euueckutl (nomenyuan 2nobanvHo2o nomenienus). llapamempol ynpasnenus X (ungpopmayuornmvie xapaxmepu-
CMuUKYU X1a0d2eHma) npeoCmasienbl KpUmui4ecKumMu napamempamiu U HOPMALbHOU MEMNEPAmypol KUneHus.
JlokanvHble Kpumepuu blpajicenvl yepes mepMoOUHAMULecKue C8OUCMEad, 80CCIMANHOBNICHHbIE N0 UHpOpMaYU-
OHHBIM Xapakmepucmuxam xaadazenma X. Llena dcusnenno2o yukia paccuumuléaemcs no CmaHOapmubiM 3K0-
HOMUYECKUM COOMHOWEHUAM. 3HAYEHUsT NOMEeHYuana 2no00aibHo20 NOmenaeHus 63smol u3 0asvl OaHHbIX 075
xnaoazenmos. Knacc pacemampusaemvix seuwgecmes npedcmasien npupoorvim xiadazenmom R600a ¢ dobasxamu
HAHOCMPYKMYPUPOBAHHBIX MATNEPUALO8.
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