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Abstract—This paper reports an investigation into the effects of different nanoparticles, including copper oxide, zirco-
nium oxide, aluminum oxide, and silicon oxide nanoparticles, on thermoeconomic optimization of the gasket plate
heat exchanger (GPHE). Effectiveness and total annual cost (TAC) were selected as two objective functions simultane-
ously. The non-dominated sorting genetic algorithm (NSGA-II) with seven design variables involving particle volumet-
ric concentration and geometrical parameters of the GPHE was used for optimization. Results showed that TAC versus
effectiveness was improved when nanoparticles were applied. The results of the optimization show that heat exchanger
thermoeconomic parameters are better improved in the case of copper oxide as nanoparticles and generally followed
by zirconium oxide, aluminiom oxide, silicon oxide. For example, 2.61% growth in the effectiveness and 6.8% reduc-
tion in the TAC are observed in the case of copper oxide nanoparticles compared with the case of without nanoparti-
cles. The effectiveness and TAC decreased with an increase in the corrugation wavelength, while an enhancing in the
plate length of the GPHE leads to an increase in effectiveness and TAC. Also, the results indicate that with an enhance-
ment of the particle volumetric concentration of nanoparticles, effectiveness and TAC were increased linearly. Finally,
the effect of the price of different nanoparticles on TAC was studied.
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INTRODUCTION

Irrespective of their models and their working fluids, heat ex-
changers include shell and tube heat exchangers, multi-tube heat
exchangers, and GPHEs and provide heat transfer in two or more
fluids with various temperatures. GPHEs are applied in power gen-
eration plants, food industries, and petroleum and oil industries.
Global warming, climate change, greenhouse gas emissions, the high
cost of energy; and energy wastes are serious issues around the world,
which have motivated people and scientists to improve energy sys-
tems. Due to the extensive application of heat exchangers and
energy crisis in the world and the importance of effectiveness en-
hancement in energy systems, it is important to improve heat ex-
changer effectiveness.

The use of turbulent instruments in the flow path is a way to
improve the total coefficient of heat transfer and effectiveness [1,2].
There are many studies available on the design and optimization of
heat exchangers. Thermal and hydraulic optimization of water to
water chevron type plate heat exchanger was presented by Imran
et al. [3]. They found that pressure drop and heat transfer increase
with increase in number of thermal plates and horizontal port cen-
ter distance. Cagin et al. [4] studied the performance of GPHE with
three different plates and showed that thermal and hydraulic prop-
erties reduce with decreasing the plates coordination. Abdullah et
al. [5] numerically and experimentally investigated a chevron-type
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heat exchanger and found that the numerical results and experi-
mental date were in suitbale agreement. Shokouhmand et al. [6]
studied the effect of flow maldistribution on the optimal design of
a plate heat exchanger using constrained multi objective genetic
algorithm. Thermal behavior of the flow boiling of a complex nano-
fluid in a rectangular channel was explored by Hayder et al. [7].
Yongfeng et al. [8] evaluated multiple semi-twisted tape inserts in
a heat exchanger pipe using ALO; nanofluid. Gholap et al. [9] de-
signed and optimized a heat exchanger using multi-objective opti-
mization to minimize energy and consuming cost. Improvement
of heat transfer and critical heat flux (CHF) via nanofluid in pool
boiling was examined by Hayder et al. [10]. Multiphase flow and
boiling heat transfer modelling of nanofluids in horizontal tubes
embedded in a metal foam was investigated by Hayder et al. [11].
They found that by decreasing the porosity and increasing the pore
density of the metal foam, higher volume fraction of vapor and pres-
sure drop are achieved in the pipe outlet. Hajabdollahi et al. [12]
designed GPHE with an optimum design using a multimodal genetic
algorithm. They found that the chevron corrugation wavelength
parameter, plate width, and plate surface area (length *width) had
an important impact on the contrast between the objective func-
tions. In addition to the mentioned methods, pressure drop and
cost increase (the cost of using additional equipment and pressure
drop increase) further increase the effectiveness.

Although different methods have been used to enhance the effec-
tiveness of heat exchangers, the application of nanoparticles with
better heat properties than base fluids, e.g., water and ethyl glycols,
has generated interest in the use of solid particles in base fluids.
For instance, thermal conductivity is one of these properties with a
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direct influence on the coefficient of heat transfer. It is good to
mention that solid particles in milli and micro sizes deposit faster
and occlude the flow path, causing erosion in pipelines and fur-
ther pressure drop in pipes, while nanofluids compared to the cur-
rent methods for heat transfer enhancement have a great potential
for increasing the heat transfer rate in heating systems, which would
decrease the pressure drop in the flow path.

Hayder et al. [13] performed an experimental investigation of
nanoparticle concentration, boiler temperature and flow rate on
flow boiling of zinc bromide and acetone solution in a rectangu-
lar duct. They found that the stability of the acetone/ZnBr, based
Graphene is mainly dependent on the density of the base fluid
(ZnBr, concentration). Vajjha et al. [14] studied the thermal con-
ductivity of three various nanofluids and provided a new correla-
tion that covers the vast majority of nanoparticle concentrations
and temperatures experimentally. They found it useful to use nano-
fluids in high-temperature environments because of the improve-
ment in thermal conductivity at higher temperatures. The effects
of temperature and nanofluid volumetric concentration on ther-
mophysical properties, heat transfer effectiveness, and pumping
power were addressed by Vajjha et al. [15]. Sharma et al. [16] used
past research, datasets of previous studies, and nonlinear regres-
sion to provide some single relationships for thermophysical prop-
erties of nanofluid flows (thermal conductivity and viscosity) as
well as coefficient of heat transfer and friction factor so that it can
be employed for a significant number of nanoparticles accurately
enough. Lotfl et al. [17] investigated the convective heat transfer
coefficient of various nanofluids and compared various approaches
numerically.

Extensive studies and investigations are being conducted on heat
exchangers and the use of nanofluids in heat exchangers. Some re-
searchers have experimentally investigated employing nanofluids
in heat exchangers and many have used numerical methods to design
and optimize heat exchangers with one and multi-objective opti-
mization methods. Thierry et al. [18] studied the heat effectiveness
of plate heat exchangers at low temperatures by using two nano-
fluids. They found that in laminar flow; the coefficient of convec-
tive heat transfer for aluminum oxide and CN'Ts was enhanced by
42% and 50%, respectively, compared to distilled water at the same
Reynolds number. Guo [19] reviewed and summarized the appli-
cation of nanofluids to increase heat transfer, a variation of experi-
mental measurement and numerical models of thermophysical
and thermal properties of nanofluids and improvement mecha-
nisms revealed. Fluid performance in a plate heat exchanger with
different nanofluids was studied by Arun Kumar et al. [20]. Pantzali
et al. [21] investigated nanofluid operation as a cooling fluid in
plate heat exchangers. Vikas Kumar et al. [22] looked at the effect
of a chevron angel (60 and 30 degrees) on the thermal performance
of plate heat exchangers with ZnO/water nanofluid that had 0.5-
2% volumetric concentration. They found that when the volumet-
ric concentration of nanoparticles was 1%, parameter performance
was in the best responses. Taghizadeh et al. [23] investigated the
TiO,/water nanofluid usage in a plate heat exchanger of milk pas-
teurized industries. They evaluated negative and positive aspects of
the nanofluid application in plate heat exchangers and the effec-
tiveness prominent parameter was introduced. Their results estab-

lished the possible use of this nanofluid in plate heat exchangers.
Dan et al. [24] investigated the pressure drop and convection heat
transfer coefficient of different nanofluids in chevron heat exchang-
ers. Hajabdollahi et al. [25-27] examined the effects of shapes of
nanoparticles on the thermoeconomic optimization of a gasket plate
heat exchanger, tubular heat exchanger network and fin and tube
heat eaxchanger filled by boehmite alumina nanofluid. They indi-
cated that the nanofluids involving cylinder, blade and brick shaped
nanoparticles have the best performance, respectively.

The key purpose of present study was to investigate the influ-
ence of different nanoparticles on thermo-economic optimization
of a gasket plate heat exchanger, and the results were compared
with each other and with the case without nanoparticles. Due to
the application of GPHE in various industries, the present results
could be found useful.

As a summary, the following are the contribution of this study
into the subject:

+ Thermoeconomic modeling and multi-objective optimization

of the GPHE in the presence of different nanoparticles.

o Optimization was done with a fast and elitist non-dominated

sorting genetic (NSGA-II) algorithm by seven decision vari-
ables, including the volumetric concentration of nanoparticles,
amplitude and wavelength of corrugation, width and length
of plate, corrugation angle, and the number of plates in differ-
ent cold mass flow rates.
Copper oxide (CuO), zirconium oxide (ZrO,), aluminum oxide
(ALO:;) and silicon oxide (SiO,) nanoparticles were used at dif-
ferent volumetric concentrations ranging from 0% to 4% in
base fluid (water) as a cooling fluid on thermoeconomic im-
provement of GPHE parameters and comparing the results
with different of nanoparticles and with the case of base fluid
(without nanoparticle).

THERMAL MODELING

A schematic diagram of the GPHE is in Fig. 1. Since two inlet
temperatures were known, effectiveness-number of transfer unit
or &NTU procedure was used in this research. In this well-known
method, the effectiveness for each type of heat exchanger is avail-
able in terms of NTU, ratio of heat capacity (C") as well as stream
direction [1]. In fact, by having NTU and C, effectiveness could
be determined, which is discussed as below.

Effectiveness for the counterflow heat exchanger is obtained as
[1]:

o e NTUa C). o

1 C*eNTUO-C)
where C" and NTU are described as [12]:

C

o
UAtat

NTU= m 3

Cmin = min((mcp)c' (rhcp)h) 4)

Cmux: maX((me)c : (me)h) (5)
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Fig. 1. Schematic of GPHE with chevron corrugated plate.

In the above equations, m is mass flow rate and subscripts h and ¢
refer to the hot and cold side streams, respectively. Furthermore,
the total coefficient of heat transfer (U) and total heat transfer sur-
face area (A,,) was calculated from following equations [12]:

1

U= 6
l+R +—t-+R +—1- ©
h Mk, Y h,

A =2x¢xWxL,xN, )

¢= é(1+A/1+X2+4A/1+0.5X2) 8)

where W, L, N,. #t. R, and Ry, are plate width, plate length, num-
ber of plates, dimensionless number, plate thickness, and cold- and
hot-side fouling resistance factor, respectively. Furthermore, h, and
hy, are cold- and hot-side coefficients of convective heat transfer,
respectively, which are provided in the below sub-sections.
1. Heat Transfer Coefficient and Friction Factor on the Cold
Side

Several various mathematical relations for the heat transfer and
pressure drop in chevron plate (Fig. 1) heat exchangers have been
presented in the texts. The formulation of the cold-side Fanning
factor (f) and Nusselt number (Nu) is estimated as below [28]:

f=— 9)
Re™

1 1

hD 3 6 .
Nu= Th - o.zo5pr3(zi”) (f. Re*sin2 )" (10)

W

in which fis the angle of corrugation. The above correlations are
valid for #in the range of 10-80° within +13 deviation. Note that
the values of £, and £, should be calculated from the average tem-
perature of the stream and the temperature of wall, respectively.
Furthermore, values of k; and k, are given in [28] as functions of
Reynolds number for various values of chevron angles.

In addition, Prandtl number (Pr) and (Re) Reynolds number
are related to the mass flux, hydraulic diameter, and viscosity eval-
uated as [1]:

C

Pr:‘ikﬂ (11)
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Re= 22k (12)
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=1 (14)

in which G is the mass flux calculated as [12]:

m

=W 15

where a and A are the amplitude and wavelength of chevron cor-
rugations, respectively. Finally, the total pressure drop is estimated
as below [28]:

2L N o -0.17
AP=2pfG ‘1‘372(;) (16)
where N, is the number of plates and L, is the total length of plate
as illustrated in Fig. 1.

2. Base Flow and Nanoparticle Properties

In this study, water is considered as the base flow and its prop-
erties, such as thermal conductivity, heat capacity and density; are
evaluated at the average temperature of inlet and outlet. In fact, the
mentioned properties are available in terms of temperature and
developed code selected them by interpolation method.

Different nanoparticles, including copper oxide (CuO), zirco-
nium oxide (ZrQ,), aluminum oxide (ALQO;), and silicon oxide
(Si0,), were used with water to prepare the nanofluid on the cold
side to enhance the heat transfer rate. In addition to the wide avail-
ability of the mentioned nanoparticles, thermo-physical properties
for these types of nanoparticles are developed well, which this is
the main reason for selection of these particles. Furthermore, the
thermal conductivity for these type of nanoparticles is high which
leads to the higher rate of heat transfer and effectiveness.

Thermophysical properties of nanofluid flows including den-
sity (p), thermal conductivity (k), specific heat (c,), and dynamic
viscosity (z) were estimated as below [16]:

onp=(1-D)ppr+Dpnp 17)

(1_ 0)(pCP)BF+ Q(pCP)Np
(1-9)pppt+Dpnr

Cp, NF= (18)
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Hne 113( Tyr— 273.15)*0038( de)fo‘%l
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p C,(1+9) + =

+ (19)
- 170

kyg . 37( Tr— 273'15)0.2777( dw)—o.om(a\w 001737
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where @, T, d, C, and « are the particle volumetric concentration
(PVC), nanoparticle temperature, diameter, type constant of nano-
particle, and thermal diffusivity factor, respectively. Also, the sub-
scripts NB, BF and NF indicate nanoparticles, base fluid, and nano-
fluid, respectively. Equations 19 and 20 are valid for the base fluid
of water, 293.15<Ty;<340.15, 20<dxp<100 and 0<@<0.04 with a
maximum error of +%10.

OPTIMIZATION

Adding nanoparticles in the base fluid will enhance both the
heat transfer and friction factor. Accordingly; heat transfer improves
the result in pressure drop is enhanced. Consequently, there is a
conflict between the heat transfer rate and pressure drop in the
applying of nanofluid instead of base fluid as working fluid. Opti-
mization was done with the fast and elitist NSGA-II algorithm by
seven decision variables and two objective functions.

1. Objective Functions, Design Parameters

For evaluating both influences, effectiveness and TAC (includ-
ing investment cost and operating cost) were chosen as objective
functions in the present research. Effectiveness is described in Eq.
(1) and TAC is expected as below [12]:

TAC($/year)=aC,,+C,,, 21
Ci($)=Cix Al +Cyp (22)
i
Q= — (23)
I —a+i)?

where a; C,, i, and y are annualized factor, cost of investment,
interest rate, and depreciation time, respectively. C, and n are con-
stants, and Cyp denotes the cost of nanoparticles provision com-
puted as follows:

Cap=myp*Zyp (24)

/)

where my, and Zy; are the needed mass and the unit price of nano-
particles, respectively. The operational cost related to the pumping
power of both hot and cold flow is calculated as follows [12]:

()= (529 + (229 ) o

where 7, Tand k, are pump effectiveness, hours of operation, and
unit price of electricity, respectively.

Decision variables include the volumetric concentration of nano-
particles, amplitude and wavelength of corrugation, width and length
of plate, corrugation angle, and the number of plates in different
cold mass flow rates.

2. Case Study

In the present investigation, various nanoparticles, such as CuQ,
ZrO,, ALO; and SiO,, with an average diameter of 29 nm were
selected and used in a gasket plate heat exchanger. The input model
data presented in Table 1 were selected for modeling. Oil with inlet

Table 1. Constants considered as input parameters in the optimiza-

tion

Parameter Value
Mass flow rate of cold flow (kg/s) 1-1.5-2
Mass flow rate of hot flow (kg/s) 3
Inlet hot temperature (°C) 20
Inlet cold temperature (°C) 70
Fouling factor (cold stream) (m> W/K) 0.000086
Fouling factor (hot stream) (m*> W/K) 0.00086
Insert rate (-) 0.1
Equipment life period (year) 10
Hours of operation per year (h/year) 5000
Price of electrical energy ($/MWh) 60
Pump effectiveness (-) 0.6

Table 2. Nanoparticle properties used in this study [16]

Thermal conductivity Density ~ Specific heat

Nanoparticles (W/m? K) kg/m) (kg K)
ALO, 36 3,880 773
CuO 69 6,350 535
7rO, 1.7 5,500 502
SiO, 14 2,220 745

temperature of 70 °C and with a mass flow rate 3 kg/s was chosen
as the hot stream which was cooled by water with an inlet tem-
perature of 20 °C. Additionally, Table 2 shows the the properties of
the nanoparticles used in this research. Lastly, to evaluate the results,
optimization was carried out for various cold-side mass flow rates
involving 1, 1.5, and 2 kg/s. The unit prices of CuO, ZrO,, ALO;,
and SiO, are 250, 300, and 400 $/kg according to the existing mar-
ket price. Genetic algorithm optimization was done for 1,000 gen-
erations, by a search population size of M=100 individuals, crossover
probability of pc=0.9, gene mutation probability of pm=0.035, and
controlled elitism value ¢=0.55. Fig. 2 illustrates the Pareto opti-
mal curve, which noticeably indicates the conflict between the two
objectives, ie.,, the effectiveness and TAC. For developing the ther-
moeconomic modeling of GPHE, a confirmed code, which was
extended by Hajabdollahi et al. [12], was applied.

RESULTS AND DISCUSSION

The essential aim of present research was to investigate the influ-
ence of four nanoparticles, including CuO, ZrO,, ALO;, and SiO,,
on thermoeconomic optimization of GPHE. The variations of the
seven considered design parameters are provided in Table 3. Opti-
mum results of using various nanofluids and water as working fluid
were evaluated.

Optimum Pareto fronts without and with different nanoparti-
cles at various cold-side mass flow rates involving 1, 1.5, and 2 kg/s
are shown in Fig. 2 (the price of nanoparticles is 300 $/kg). The
results reveal that the algorithm was correctly convergent and the
optimal Pareto front for both case generally dominated. In fact, it
can be said that nanoparticles (CuO, ZrO,, AL,O;, and SiO,) had a

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Table 3. Decision variables and their range of variation

Decision variable Lower bound  Upper bound

30°-45°-50°-60°-65°

Corrugation angle (degree)

Corrugation wavelength (mm) 3 8
Corrugation amplitude (mm) 1 10
Plate width (m) 0.2 0.8
Plate length (m) 0.3 1
Number of plate (-) 10 100
PVC (1) 0 0.04

good significant effect at the lower cold-side mass flow rates of 1
and 1.5 kg/s, respectively. It can also be inferred that by adding the
nanoparticles, the results of TAC versus effectiveness at the cold-
side mass flow rate of 2 kg/s were almost the same as the results of
the base fluid as depicted in Fig. 2(c). It can be said that at a high
cold mass flow rate, the total coefficient of convective heat transfer
is high enough and further improvement by nanoparticles does not
result in a not noticeable enhancement in the total coefficient of
heat transfer and hence the effectiveness of GPHE does not change
significantly.

It can be found in Fig. 2(a) that the optimum results determine
that GPHE thermo-economic parameters were improved to a
greater extent when CuO was applied as the nanoparticle. It was
generally followed by ZrO,, AL,O;, and SiO,.

In fact, the thermal conductivity of a fluid directly depends on
the coefficient of heat transfer. The heat transfer coefficient is en-
hanced by the improvement of thermal conductivity. Since CuO
nanoparticles have better thermal conductivity, it was quite pre-
dictable to make the greatest improvement.

In addition, by increasing the cold-side mass flow rate, the pres-
sure drop on this side increased and the operational cost of the
GPHE and consequently TAC increased as shown in Fig. 2.

To complete the optimization, the finest point had to be deter-
mined between the optimal points of the Pareto front. For this
aim, the Linamp procedure was used [29]. In this procedure, after
the objective functions are made dimensionless, the finest point is
presented and the closest point to the finest point is designated as
the final optimal solution [30]. The finishing values of the two objec-
tive functions (effectiveness and TAC) for the case without nano-
particles was used and the cases in which nanoparticles (CuO,

Zr0O,, Al,O;, and SiO,) were applied are presented in Table 4 for
the Pareto front in Fig. 2(a). Also, the improvement of each objec-
tive function in the nanoparticle case was compared to the base
fluid whose results are provided in Table 5. Actually, the effective-
ness of the final optimum point in the state with CuQO, ZrO,, ALOs,
and SiO, nanofluids was significantly improved by 2.61%, 1.76%,
1.5%, and 0.56% relative to base fluid, respectively. In fact, the use
of nanofluid improves the rate of heat transfer and consequently
the effectiveness.

On the other hand, the final optimum values for the TAC of the
case in which CuO, ZrO,, and ALO; nanofluids were used were
improved by 6.8%, 5.9%, and 2.59%, respectively. Although pres-
sure drop increases in the presence of nanofluid for the fixed manu-
factured heat exchangers as compared with the base fluid, but the
optimization algorithm could find an exchanger which has the
lower pressure drop or operational cost. Actually, the optimization
code finds the configuration (for example by decreasing the sur-
face area or plate length) which leads to the lower pressure drop.
As well, TAC was increased by 0.08% when SiO, nanoparticles were
added.

Figs. 3-6 depict the effects of some design parameters on the
effectiveness and TAC of the final optimum point for the states
with nanoparticles (copper oxide, zirconium oxide, aluminum oxide,
and silicon oxide) and without nanoparticles (base fluid). In these
figures, the objective functions are plotted by changing the vari-
ables (specified within their upper and lower allowed limits). Fig. 3
shows the variations in TAC and effectiveness in terms of plane
length variations for different nanofluids and the base fluid. By
enhancing the plate length of the heat exchanger, the total area of
the heat transfer was increased, and being constant the total coeffi-
cient of heat transfer increases the NTU by virtue of Eq. (3), and
consequently; as is evident in Fig. 3, it increased the effectiveness.
Moreover, according to Fig. 3, by enhancing the plate length, the
amount of consumable material and the pressure drop were also
increased and ultimately it increased the operating cost. Conse-
quently, as shown in Fig. 3, TAC was increased.

Fig. 4 shows the variation in TAC and effectiveness in terms of
corrugation wavelength variations for the cases with and without
nanoparticles. According to Fig. 4, by enhancing the wavelength of
corrugation, the effectiveness and TAC for the final optimum
points were decreased. In fact, with increasing the corrugation wave-
length, according to Eq. (8) and (14), the total area of the heat trans-

Table 4. Final optimum objective functions for the different cold side mass flow rates in three cases of without and with nanoparticles

Without nanoparticle CuO ZrO, AlLO, Sio,
Effectiveness (-) 0.6462 0.6631 0.6576 0.6559 0.6498
TAC ($/year) 123.6 115.2 116.3 1204 123.7

Table 5. Percent of improvement in effectiveness and TAC at m_=1kg/s, m, =3 kg/s according to Fig. 2(a) in the case of “with nanoparticles”

compared with the case of “without nanoparticles” (%)

Nanoparticles CuO 71O, ALO, SiO,
Percent of grown in effectiveness (%) 2.61 1.76 1.50 0.56
Percent of reduction in TAC (%) 6.8 59 2.59 —-0.08
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Fig. 3. Variation of objective functions (Total annual cost-Effectiveness) in terms plate length for different nanofluid and base fluid.

fer was reduced and, consequently, NTU was decreased according increasing the hydraulic diameter according to Eq. (16) resulted in
to Eq. (3), which, according to Fig. 4, reduced the effectiveness of decreasing the pressure drop, and accordingly the decrease the oper-
the heat exchanger. In addition, reducing the friction factor and ational cost on the one hand and the reduction of the total area of
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Fig. 4. Variation of objective functions (Total annual cost-Effectiveness) in terms corrugation wavelength for different nanofluid and base fluid.

Fig. 5 shows changes in TAC and effectiveness in terms of the
number of plates for different nanoparticles and without nanopar-
ticle (base fluid). As provided in Fig. 5, by enhancing the number

heat transfer would reduce the investment cost. Finally, the reduc-
tion of investment costs and operating costs would reduce TAC as
shown in Fig. 4.
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Fig. 5. Variation of objective functions (Total annual cost-Effectiveness) in terms of number of plates for different nanofluid and base fluid.

of plates, the effectiveness and TAC were increased. This is related
to the fact that as the number of plates is improved, the total area
of the heat transfer increases, which increases the NTU and ulti-

mately increases the effectiveness of the heat exchanger. Thus, by
increasing the number of plates, the pressure drop increased. In
addition, by increasing the number of plates, the cost of the con-

October, 2022



Effect of nanoparticles on thermoeconomic optimization of GPHE

0.7 Ccuo T T 120
--#--TAC ($/year)
-+ Effectiveness (-}
&
e
el
e
0.65 e w115
«* ot
~ P o
e & 4t =
2 e g
e & At =
2 x*"f»* +* g
° e Q
o P 2 K3
& &
W el
-+ f\j‘
0.6 Fya-tt g 11C
+ F's 0
Iw«
¥
0.55 . . . 105
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Particle volumetric concentration(-)
0.66 T et T 118
i{'”’
--r-=TAC ($/year) #
-—+-- Effectiveness (-) X,.v’g
i
s
n‘“ %
E +
0.64 « A 116
e +*
P4 #
n’ﬂ A
2 ul ‘*'*
- ra o
< £ ot —
8 - + s
@ e A o
2 S e >
S 0621 > - {114 &
= e A Q
H A o z
£ Pl A =
w » o
w”’ ” A7
2 +
‘)" ” A
Fg A
0.6 I - 112
# -
K LA
XA
A
-
0.58 1 . L 110
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Particle volumetric concentration(-)

2645

0.66 T T Al203 125
-t TAC ($lyear) T
— Effectiveness (-) ,“"”
A
ry
*
*’”‘
o
g
»’* AT
0.64 - .:{w' +*‘*( 120
o A+
-~ g 4
- o« - —
@ E g 4t Fo
@ S At 3
@ Ky A+
c ) T oy
2 T =
° B A o
@ AT o
= i
w ot
s
0.62 L+ el 115
>
;4
»
o
4
¥
/
*
0.6 L 1 . . 110
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Particle volumetric concentration(-)
0.65 T sio2 . %124
A
—-x--TAC ($lyear) ¢
-+ Effectiveness (-)
0.645 - 1123
064 - J122
4 g
S 0635 - = ¥ 121 &
2 o A g 21é
= % Q
S o A <
£ o " -
w s A
A A
0.63 - el ",’* 120
K A
;ﬁ *
A
b4
A e
o &
0.625 - ¥ H 119
7 ¥
4 A
I
S o
+
0.62 L . . L 118
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Particle volumetric concentration(-)

Fig. 6. Variation of objective functions (Total annual cost-Effectiveness) in terms of particle volumetric concentration for different nanofluid.

sumable material increased (which is considered in the investment
cost). The same factors increased the operating cost and, conse-
quently, TAC.

Fig. 6 shows variations in the objective functions in terms of the
particle volumetric concentrations of nanoparticles for copper oxide,
zirconium oxide, aluminum oxide, and silicon oxide nanofluids.
As shown in Fig. 6, effectiveness and TAC were increased linearly.
In fact, an enhancement of the nanofluid concentration leads to
an improvement of effectiveness. Since the thermal conductivity of
the fluid is depending on the coefficient of heat transfer, by in-
creasing the concentration of the nanofluid the thermal conduc-
tivity of the nanofluid was increased, which increased the heat
transfer coefficient of fluid, resulting in the effectiveness of the heat
exchanger. So, by increasing the particle volumetric concentra-
tions, TAC also increased almost linearly. In fact, an enhancement
of the concentration of the nanofluid leads to an increase in the
pressure drop, which, as shown in Fig. 6, led to an increase in TAC.
1. Objective Functions for Five Optimum Points (m_ =1 kg/s,
m, =3 kg/s)

The optimum Pareto front is shown in Fig. 7 with different nano-
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Fig. 7. Optimal Pareto fronts in the case of without nanoparticles
and different nanoparticle additive and for cooling fluid mass

flow rate of 1 kg/s.
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fluids (copper oxide, zirconium oxide, aluminum oxide, and sili- the two objective functions (effectiveness and TAC). It is seen in

con oxide) and base fluid at a cold-side flow rate of 1kg/s along Fig. 7 that, as an example for copper oxide nanofluid, the highest
with five optimal points. The results indicate a contradiction between effectiveness occurred at point A (0.9698), while this value was calcu-

Table 6. Design parameters and objective functions for five optimum points A-E in Fig. 2(a) in the case of without nanoparticles

A B C D E
Corrugation wavelength (mm) 3.1 3.7 3.7 5.1 6.1
Corrugation amplitude (mm) 1 1 2.9 42 4.6
Plate width (m) 0.628 0.419 0.555 0.418 0.262
Plate length (m) 0.303 0.3 0.3 0.3 0.3
Corrugation angle (degree) 65 65 65 65 65
Number of plate (-) 74 71 15 10 12
Effectiveness (-) 0.9330 0.8559 0.7332 0.5398 0.4326
TAC ($/year) 263.1 200 150 100 80
Table 7. Design parameters and objective functions for five optimum points A-E in Fig. 7 in the case of CuO
A B C D E
Corrugation wavelength (mm) 31 3 3.8 51 6.4
Corrugation amplitude (mm) 1 1.6 2.8 3.7 4.1
Plate width (m) 0.702 0.655 0.675 0.271 0.246
Plate length (m) 0.318 0.3 0.3 0.3 0.3
Corrugation angle (degree) 65 65 65 65 65
Number of plate (-) 56 25 12 15 13
PVC (-) 0.04 0.04 0.04 0.04 0.04
Effectiveness (-) 0.9698 0.9109 0.7949 0.5889 0.4670
TAC ($/year) 263.1 200 150 100 80
Table 8. Design parameters and objective functions for five optimum points A-E in Fig. 7 in the case of ZrO,
A B C D E
Corrugation wavelength (mm) 3 3 3.6 5 6.9
Corrugation amplitude (mm) 1.1 1.9 4.6 44 3.1
Plate width (m) 0.487 0.283 0.364 0.208 0.327
Plate length (m) 0.303 0.3 0.303 0.3 0.302
Corrugation angle (degree) 65 65 65 65 65
Number of plate (-) 80 51 13 16 13
PVC (-) 0.04 0.04 0.04 0.04 0.04
Effectiveness (-) 0.9623 0.8989 0.7836 0.5746 0.4587
TAC ($/year) 263.1 200 150 100 80
Table 9. Design parameters and objective functions for five optimum points A-E in Fig. 7 in the case of ALO;
A B C D E
Corrugation wavelength (mm) 31 35 39 5 6.2
Corrugation amplitude (mm) 1 1.2 2.1 512 5.1
Plate width (m) 0.762 0.774 54 0.204 0.202
Plate length (m) 0.308 0.3 0.3 0.3 0.3
Corrugation angle (degree) 65 65 65 65 65
Number of plate (-) 54 32 19 15 13
PVC (-) 0.0394 0.0381 0.0394 0.04 0.0368
Effectiveness (-) 0.9556 0.8855 0.7639 0.5598 0.4432
TAC ($/year) 263.1 200 150 100 80
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lated for zirconium oxide, aluminum oxide, silicon oxide nanofluids,
and the base fluid at 0.9623, 0.9556, 0.9403, and 0.9330, respec-
tively. TAC also maximized at point A for copper oxide (263.1 $/
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year). In addition, for fixed values of TAC of 200 $/yaer, the effec-
tiveness of the case without nanoparticles (base fluid) and for cop-
per oxide, zirconium oxide, aluminum oxide, and silicon oxide

Table 10. Design parameters and objective functions for five optimum points A-E in Fig. 7 in the case of SiO,

Corrugation wavelength (mm)

Plate width (m)

A B C D E
Corrugation wavelength (mm) 31 32 5 49 6.1
Corrugation amplitude (mm) 1 1 14 49 5.3
Plate width (m) 0.505 0.507 0.304 0.275 0.201
Plate length (m) 0314 0.314 0.3 0.3 0.3
Corrugation angle (degree) 65 65 65 65 65
Number of plate (-) 77 71 57 12 14
PVC (-) 0.0394 0.0394 0.0356 0.0063 0.00063
Effectiveness (-) 0.9403 0.8628 0.7390 0.5416 0.4332
TAC ($/year) 263.1 200 150 100 80
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Fig. 8. Continued.

nanofluids were calculated to be 0.8559, 0.9109, 0.8989, 0.8855,
and 0.8628, respectively, whereas the effectiveness growth percent-
ages for copper oxide, zirconium oxide, aluminum oxide, and sili-
con oxide nanofluids were 6.42%, 5.02%, 3.45% and 0.81% versus
the case in which without nanoparticles was applied, respectively.

The lowest effectiveness at point E for the case without nano-
particles and copper oxide, zirconium oxide, aluminum oxide, sili-
con oxide nanofluids, and base fluid were obtained at 0.4326, 0.4670,
0.4587, 04432, and 04332, respectively. The results of five optimum
points are provided in Tables 6-10 for optimum distribution of
optimal values of decision variables and consider functions for the
states in which different or without nanoparticle were applied.

The scattering of the parameters for the optimum points on the

October, 2022

Pareto front (Fig. 7) is illustrated in Figs. 8(a)-(f). The range of
parameter changes is highlighted by dotted lines. The following
points could be assumed for the optimal variables in Fig. 8:

1. The wavelength of corrugation, plate width, and particle vol-
umetric concentration has the value dispersed in the same
way over its whole acceptable domain.

2. The numerical values of the number of plates, amplitude of
corrugation, and plate length are dispersed in their minimum
permissible domain.

3. The numerical values of the corrugation angle are at their
highest level.

Because the optimal values of wavelength of corrugation, plate

width, and particle volume concentration of the nanoparticles were
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Table 11. Final optimum objective functions for the several price of nanoparticles

Price SiO, ALO, ZrO, CuO
250 ($/kg) 0.6493 0.6530 0.6599 0.6599
Effectiveness (-) 300 ($/kg) 0.6498 0.6559 0.6576 0.6631
400 ($/kg) 0.6501 0.6545 0.6578 0.6628
250 ($/kg) 122.6 118.7 115.8 1134
TAC ($/year) 300 ($/kg) 1237 120.4 116.3 1152
400 ($/kg) 124.2 122.1 118.3 117.1
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Fig. 9. Optimal Pareto fronts in the case of several nanoparticle prices for different nanofluid.

distributed almost equally across all of their permitted domains, it
can be forecasted that these three variables had a significant effect
on the contradiction between effectiveness and TAC. By examin-
ing the corrugation angle, it can be concluded that because it had
the highest value, it had little effect on the contradiction between
the effectiveness and TAC. Additionally; corrugation amplitude, plate
length, and the number of plates had a sensible influence on the
contradiction among the two objective functions.
2. Sensitivity Analysis on Different Prices of Nanoparticles

To have a proper insight into the influence of nanoparticle prices
on the objective functions (effectiveness and TAC), optimization
was made at different prices of nanoparticles, including 250, 300,
and 400 USD/kg. Subsequently, the percentage of improvement in
TAC for different nanofluids at the final optimum point was cal-
culated, whose results are presented in Table 11. In addition, the
optimum Pareto front diagrams for copper oxide, zirconium oxide,
aluminum oxide, and silicon oxide nanofluids at different prices

are shown in Fig. 9. As can be seen from the results of Table 11, at
the final optimum point, a decrease or increase in the price of
nanoparticles does not significantly affect the effectiveness of the
heat exchanger, it changes TAC. For example, if the price of nano-
particles is considered to increase to 300 USD/year from 250 USD/
year, the increasing rates of TAC for copper oxide, zirconium oxide,
aluminum oxide, and silicon oxide nanoparticles will be 1.59%,
0.43%, 1.43%, and 0.9%, respectively.

CONCLUSIONS

The effects of different nanoparticles on the thermo-economic
optimization of GPHE were explored at various cold-side mass flow
rates of 1, 1.5, and 2kg/s. Different nanofluids, including CuO,
ZrO,, ALO;, and SiO,, were used in this work. For this goal, the
heat exchanger was optimized by the NSGA-II algorithm, and the
results were compared with each other and with the case without

Korean J. Chem. Eng.(Vol. 39, No. 10)
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nanoparticles. For this purpose, effectiveness and TAC were con-
sidered as two objective functions and seven decision variables were
selected. The following results were concluded:

o Thermoeconomic improvement was found at lower cold-side
mass flow rates when nanoparticles were used in comparison to
the case in which base fluid was used.

o The effectiveness increased by 2.61%, 1.76%, 1.50%, and 0.56%
when CuO, ZrO,, AL,O;, and SiO, were used, respectively; as com-
pared with the case of base fluid, and TAC was reduced by 6.8%,
5.9%, 2.59%, respectively. But TAC increased by 0.08% when SiO,
nanoparticles were used.

* 6.42% enhancement in the effectiveness was observed in the
case of CuO shape as compared with the base fluid for the fixed
value of TAC=200 $/year. The mentioned improvements were 5.02%,
3.45% and 0.81% for the cases of ZrO,, Al,O, and SiO,.

o The price of nanoparticles is considered to increase to 300
USD/year from 250 USD/year, the increased rates of TAC for copper
oxide, zirconium oxide, aluminum oxide, and silicon oxide nanopar-
ticles will be 1.59%, 0.43%, 1.43%, and 0.9%, respectively.

o The effectiveness and TAC decreased with an increase in the
corrugation wavelength while with an increase in the plate length
of the heat exchanger, the effectiveness and TAC were increased.

« Because the optimal values of wavelength of corrugation, width
of the plate, and particle volume concentration of the nanoparti-
cles were distributed almost equally across all of their permitted
domains, it can be forecasted that these three variables will have a
significant effect on the contradiction between effectiveness and
TAC.

NOMENCLATURE

>

o :total heat transfer surface area [m’]
:annualized factor [-]

: chevron corrugation amplitude [mm]
: specific heat [J/kg-K]

:minimum of C, and C, [W/K]

: maximum of C, and C, [W/K]
:investment cost [$]

: cost of nanoparticles supply [$]

: operational cost [$/year]
:hydraulic diameter [m]

: fanning friction factor [-]

: mass flux [kg/m”s]

: heat transfer coefficient [W/m” K]
:interest rate [-]

: thermal conductivity [Wm™ 'K ']

s unit price of electricity [$/kWh]

: plate length [m]

:mass flow rate [kg/s]

:number of chevron plates [-]

: Nusselt number [-]

:number of transfer units [-]

PVC : particle volumetric concentration [-]
Pr  :Prandtl number [-]

Re  :Reynolds number [-]

Ry :fouling resistance [K-m*/W])
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T  :temperature [K]
U :overall heat transfer coefficient [W/m® K]
V,  :volumetric flow rate [m’/s]
W :plate width [m]
y  :depreciation time [year]
Zyp :unit price of nanoparticles [$/kg]
Greek Symbols
4 :viscosity [kgm's™']
@  :particle volumetric concentration [-]
7,  :pump effectiveness [-]
p  :density [kg/m’]
£ : effectiveness [-]
A :chevron corrugation angle [mm]
B :corrugation angle [deg]
7 :hours of operation per year
Subscripts
bf  :base fluid
c :cold side
h  :hotside
m  :medium
nf  :nanofluid
np :nanoparticles
tot  :total
w  cwall
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