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Abstract

The present study’s goal was to investigate the efficiency of applying carbon/water Nanofluid and triangular baffles in the
double-tube heat exchangers. The Reynolds number was in the range of 4000 to 14,000, and the carbon/water Nanofluid,
which was with various volume fractions ranged between 0.1 and 0.3 volume percentages, was applied. Moreover, triangular
baffles were implemented as turbulators with the numbers of 4, 8, and 12, as well as angles of 70° and 40°. Using the response
surface method, the experiments design was carried out. The prediction process was eventually conducted using Perceptron
artificial neural network that included the input data of Reynolds number, Nanofluids volume fraction, baffles number and
angle, as well as Nusselt number target. Results showed that the simultaneous use of 12 triangular baffles at the 40° angle and
a Nanofluid with a 0.3 volume fraction led to the 35% increase in Nusselt number compared to applying smooth tubes and
water-based fluid. The coefficient of friction with a 0.3% volume fraction of Nanofluid associated with 12 triangular baffles
at a 40° angle was, respectively, 5-10% and 1.5 times higher than that of the water flow within a smooth tube without the
presence of baffles and Nanofluids. Moreover, results of Perceptron artificial neural network showed that applying a 1-32-4
topology and Levenberg—Marquardt algorithm would derive 0.98828 and 3.6275 values for the mean squared error (MSE)
and coefficient of correlation, respectively.

Keywords Carbon/water Nanofluid - Triangular baffle - Artificial neural network (ANN) - Coefficient of friction - Nusselt
number

Abbreviations h Convective heat transfer coefficient (W m~2°k ")

A Heat transfer area (m?) k Thermal conductivity (W m~' K=1)

C, Specific heat (kJ kg~! °C™1) L Tube length (m)

d Diameter (m) m° Mass flow rate (kg s7h
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Nu Nusselt number (Dimensionless)
TPF  Thermal performance factor

MSE Mean squared error

(0] Heat transfer rate (W)

Re Reynolds number (Dimensionless)
T Temperature (°C)

Vv Velocity (ms™)

f Friction factor

pr Prandtl number (Dimensionless)

Greek symbols

AT,, Logarithmic mean temperature difference (°C)

AP  Pressure drop

p Density (kg m™>)

@ Nanoparticle volume concentration
(Dimensionless)

u Viscosity

Subscripts

h Hot

c Cold

f Fluid

i Inlet

nf Nanofluid
bf Base fluid

0 Outlet

p Particles
w Wall

b Bulk
Introduction

There are various methods for improving the heat transfer
at industrial scales. Fins, baffles, and spiral conveyors in the
flow path of the fluid are used to enhance the heat transfer.
A change in the geometry of fins, baffles, and ribs decreases
pressure drop and system friction coefficient, improving the
system functions. The effect of using baffles and Nanoflu-
ids in the heat transfer has been investigated [1-9]. In their
study, Kumarasan et al. [10] investigated the impact of baf-
fles deviation and cut percentages on optimizing the heat
exchanger performance and found their important role in
this regard. Zheng et al. [11] examined four kinds of orifice
baffles. Based on the results, the cinquefoil orifice baffles
caused the highest increase in the heat transfer coefficient.
Zhiya et al. [12] studied a shell and tube heat exchanger with
different tube arrangements numerically. In a study, Makool
et al. [13] examined the spiral baffle impact on a double-pipe
heat exchanger and demonstrated that these baffles increased
the heat transfer and pressure drop. Using ANSYS Fluent
software, Rao et al. [14] investigated simulation of the shell-
side flow in a heat exchange with sector baffles and elliptical
tubes. Their findings showed that the heat exchanger with
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an elliptical tubes performed appropriately. The heat transfer
rate increase using copper oxide/water Nanofluid at different
concentrations within a spiral conveyor-equipped corrugated
pipe was studied by Khanchi et al. [15]. According to their
results, for the same heat transfer rate, the friction coeffi-
cient increased due to using copper oxide/water Nanofluid.
Rousta et al. [16] studied the heat transfer and hydrodynamic
performance of the flow using various types of the vortex
generator empirically and found that the imperforated rec-
tangular vortex generator had the highest coefficient of fric-
tion, but the heat transfer obtained by the biforate trapezoidal
vortex generator was slightly higher. The thermal properties
and hybrid flow of Nanofluid within the channel associated
with rectangular, trapezoidal, and triangular vortex genera-
tors were examined by Sheikhzadeh et al. [17]. The findings
revealed that the rectangular vortex generators increased the
heat transfer ratio and the heat transfer rate increased with an
increase in the volume fraction of Nanoparticles enhance-
ment. In a study by Hahn et al. [18], four types of curved
vortex generators were investigated. Based on the obtained
results, the heat transfer improvement increased because of
the fluid flow conductivity enhancement. Abdullahi et al.
[19] studied the effects of shape and angles of attack of the
vortex generators on the heat transfer. Using the neural net-
work and multi-objective algorithms was considered as the
optimal state. In another study by Murthy et al. [20], the heat
exchanger performance efficiency obtained due to using alu-
minum oxide and graphene oxide Nanofluids was assessed.
Results revealed the increase in the Nusselt number with 10
baffles. Promvonge et al. [21] studied the baffle efficiency
and found an increase in the Nusselt number. Indri Yaningsih
et al. [22] investigated the effect of using baffles. Based on
the results, the heat transfer and volume fraction increased.
In a study by Rashidi et al. [23], thermophysical properties
of hybrid Nanofluids were evaluated. Their result showed
that the specific heat variation depends on the base fluid,
and the increase in temperature increases the thermal con-
ductivity. Ghalandari et al. [24] investigated applications of
intelligent methods in different kinds of heat exchangers and
concluded that intelligent methods are useful in investigating
heat exchanger performance due to their capabilities in exact
prediction and fast performance. Kuosa et al. [25] studied a
heating system with the ring network technology and plate
heat exchangers, and they found almost identical heat capac-
ity flows. Maleki et al. [26] examined thermal conductivity
modeling of Nanofluids using ANN and MARS. According
to their results, the most accurate model is obtained using
ANN with Levenberg—Marquardt. Basit Shafiq et al. [27]
investigated thermal performance improvement of shell and
helical coil heat exchanger using MWCNTs/water Nano-
fluid and found that when using this Nanofluid, the high-
est improvement in Nusselt number was obtained. Mazdak
et al. [28] analyzed a heat exchanger with curved segmental
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baffle and Cassini oval cross-section tubes in various bundle
arrangements numerically. The obtained results revealed the
PEC increase with curved baffles.

Samruaisin et al. [29] investigated enhanced heat
transfer of a heat exchanger tube installed with V-shaped
delta-wing baffle turbulators. They found that eight-wing
baffles provided a maximum aerothermal performance
factor. Dhumal et al. [30] examined enhancing heat trans-
fer performance in a double-tube heat exchanger with
twisted and helical tapes. Based on the results, twist ratios
have a critical role in optimizing heat transfer efficiency.
Akalin et al. [31] evaluated the preparation, characteriza-
tion, and antibacterial properties of chitosan/pectin silver
Nanoparticle films. Their results showed the increase in
the thermal stability due to the presence of pectin. Taner
et al. [32] studied a new method for the fresh strawberry
package using CMC-based edible coating composite
films. Based on their results, the protein and phenolic
compounds used in CMC benefited the CMC film-coated
strawberry. DALKILIC [33], in a study, reviewed flow
boiling in mini- and microchannel for enhanced geom-
etries. He found that using these structures is increas-
ing as a result of cooling need in small confined spaces.
DALKILIC [34] examined energy, exergy, and thermo-
economic analyses on vapor-compression system cas-
caded with libr/water and nh3/water absorption cascade
refrigeration cycle. His findings showed that cascade sys-
tems’ COP values increase due to increasing the generator
and evaporator temperatures and they also increase with
decreasing the condenser and absorber temperatures.

Previous studies indicated that adding turbulators
would have a special effect on the improvement of heat
transfer performance. However, investigating the effects
of related numbers and angles on the heat transfer per-
formance has not been studied widely. The present study
addresses the effects of using triangular baffles with dif-
ferent angles and numbers, as well as carbon/water Nano-
fluid on the heat transfer, Nusselt number, and coefficient

Fig. 1 Applied triangular baffles
at 70° and 40° angles: a 4 baf-

of friction. Adding the triangular baffles, the efficiency
of Perceptron ANN, and response surface method to pre-
dict the Nusselt number of double-tube heat exchangers
are the innovations of the present study.

The laboratory Section
Applied laboratory devices and baffles

In the current experiments, copper triangular baffles at 70°
and 40° angles with 1mm thicknesses and numbers of 4,
8, and 12 were located within the copper inner tube of the
exchanger (Fig. 1). A 1mm thickness was selected with the
purpose of preventing higher frictions.

Triangular baffles with the above-mentioned geometric
parameters were located in a round copper tube with the
inner and outside diameters of 20 mm and 22 mm, respec-
tively. The outside tube with the water base fluid flow was
associated with 25 mm and 27 mm inner and outside diam-
eters, respectively. In order to prevent heat loss and achieve
more accurate solutions, the outer wall of the converter is
insulated with glass wool and foam, significantly reducing
heat loss. According to Fig. 2, a copper double-tube heat
exchanger with an 1100 mm length was applied. It included
an inner and outside tube that separated the Nanofluid and
base fluid. Two numbers of a flow meter (model Flownetix
series 100 with + 1% accuracy) and a brass valve were
applied to control the carbon/water Nanofluid flow as the
hot and cold fluids. Two calibrated RTD-PT 100 temperature
sensors with a digital indicator of accuracy 0.1 °C measure
the temperature of the entrance and exit of the test area.
Also, six flexible thermocouples of K-type, with a temper-
ature range from 15 to 350 °C and accuracy of +0.1, are
placed on the wall of the flow tube with a distance of 120
mm from each other to measure the temperature distribution
of the tube wall. To measure the static (thermodynamic)
pressure drop of the Nanofluid flow along the test area, a

fles; b 8 baffles; ¢ 12 baffles
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Fig.2 A double-tube heat
exchanger with baffles applied
to the inner tube and carbon/
water Nanofluid

Condensing unit

O

Table 1 Physical properties of the applied carbon black Nanoparticles

Carbon black Nanoparticles size 25 nm

Powder purity 99.3%

Specific surface area 700 cm? g~

Color Black

pH 9.62

Moisture content <4%

True density (particle density) <035¢g
cm™?

Electrical conductivity 0.28 S cm™!

3051 cd-type pressure drop transmitter with an accuracy
of +0.1 was used. This equipment measures the pressure
drop between the entrance and exit areas of the test area
in each test. A heater equipped with a digital thermostat is
used to adjust the temperature of the hot fluid tank (Nano-
fluid) with the dimensions and specifications of 3 kW,
100 mm X 10 mm (L X D) at the desired temperature. For
the rotation of the Nanofluid and the base fluid, two cen-
trifugal, stainless steel impeller model pumps were used.
The mentioned triangular baffles were welded on a copper
wire at 70° and 40° angles and then located within the inner
tube of the exchanger. To measure the fluid flow, an ultra-
sonic flow meter (manufactured by Flownetix) is installed in
trajectory line of fluid. An AC bolt heater (manufactured by
Cetal Co.) is installed inside the Nanofluid tank. For water
and Nanofluid loops, a refrigerant cooler is installed inside
the tank for chilling the warmed water.
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Providing the carbon/water Nanofluid

In the current study, the carbon black/deionized water was
tested. Nanoparticles were purchased from an American
company called Nanomaterials Research US. Table 1
provides the physical properties of applied carbon black
Nanoparticles.

To provide the carbon black Nanoparticle, a two-step
method was used. The implemented Nanofluid is provided
at 0.1-0.3 volume fractions using Eq. 1.

(2).

Volume concentration, (@) = ——— €))]
(5),+(3)
P/ bf P /np

where w,, is mass of Nanoparticles, wy,¢ is maass of base
fluid, p,, is density of Nanofluid, and py is density of the
base fluid.

To prototype the Nanofluid, 100-cc deionized water was
poured into a beaker. Then, the Nanoparticle and surfactant
were added based on the calculated mass (< 0.1%). In the
following, the mixture was placed in the stirrer at 500 rpm
to achieve a steady carbon/water Nanofluid. Next, a 600-W
ultrasonic homogenizer was applied for 3-6 h to reach a
steady particle suspension. The evaluation of Nanofluid
stability was carried out through related electrical conduc-
tivity at various pH values. The volume fractions of Nano-
particles applied to the current study were determined to
be 0.2, 0.3, and 0.1 volume percent in a 25 nm diameter.
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Fig.3 a AZ electrical conductivity meter; b pH meter; and ¢ Brook-
field viscometer

To conduct the process of pH measurement, a Milwaukee
pHS56 waterproof with replaceable probe was applied in a
range of 2 to 10. Also, the device temperature range was
0.5-60 °C (Fig. 3). The prototype remained stable for a
few weeks without any sedimentation. The Nanofluid elec-
trical conductivity was tested using AZ8351 device made
by Taiwanese Az Company (Fig. 3a). The range of testing
conductivity was determined to be 0-20000 pS with a 1%
resolution. The range of temperature measurement of the
device was between 0 and 50 °C with a 0.1 °C temperature
resolution. The achieved values of electrical conductivity
for water base fluid and Nanofluid with volume fractions
of 0.1, 0.2, and 0.3 volume percent at pH values of 6.80,
7.1,7.3, and 7.4 were, respectively, determined to be 530,
684, 794, 898, and 1056 pS/cm.

Measurement of the coefficient of thermal
conductivity, viscosity, and electrical conductivity

To calculate the Nanofluid coefficient of thermal conduc-
tivity and viscosity, the transient hot-wire technique was
applied using Pro-KD2, Probe KS1, and Brookfield vis-
cometer (Fig. 3c). The spindle speed was in the range of
0-100 rpm.

Uncertainty analysis

To measure the heat transfer parameters uncertainty, the
following equation could be applied.

Table 2 The percent error for laboratory parameters

Parameter Uncertainty error
Nanofluid heat transfer 1.9%

Nusselt number 1.76%
Coefficient of friction 1.97%

Mo N2 3

R= lZ <§5xj> ] ()
j=1 ]

where 6R, 6Xj, M, and j are, respectively, the specific mutual

parameters, as well as the quantity of R-dependent and X;

-independent variables. The values of uncertainty error and
resulted percent errors are provided in Tables 2 and 3.

Governing equations

The Nanofluid viscosity (), specific heat capacity (Cp ),
and density (p,) can be computed using the following equa-
tions [14].

Pt = Hpr + (1 +2.5¢) 3)
Cp, = @Cpp + (1 + @)Cpyy 4)

Por = @py + (1= @), o)

The indices bf, nf, and p indicate the base fluid, Nanofluid,
and Nanoparticle, respectively.

The Reynolds number, Nanofluid heat transfer, base fluid,
average heat transfer, as well as log mean temperature differ-
ence, are, respectively, shown in Eqs.6-10.

pvd

Re =224
e P 6)
Oy = m;Cph(Thi — Tho) @)
0. = m:;Cpc(Tco - Tci) ®)

+ O
Qave = Qh 2 Q (9)
(Thi - Tco) - (Tho - Tci)
ATLM - Thi_Tco (10)
In [ Tho_Tci ]
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Table 3 Percent errors considered for laboratory devices

Device Device Measurement parameter Minimum calibrating Experimental minimum Instability
measurement and maximum measure-
range ments
Flowmeter 0-28 L min~! Volumetric flow type 0.01 L min™! 2-10 L min~! 0.18%
Temperature thermocouple (data 50-200°C Flow temperature 0.1°C 30-55°C 0.23%
logger)
Temperature thermocouple (data 73-260°C Wall temperature 0.1°C 30-65°C 0.61%
logger)
Pressure transmitter 0-20000 Pa  Pressure 10 Pa 100-1700 Pa 0.66%

In these equations,m;, mZ,Cph, and CpC are the flow rate of
hot and cold fluids and the heat capacity of hot and cold fluids,
respectively.

The Nanofluid convection heat transfer coefficient, Nusselt
number, and coefficient of friction could also be calculated as

the following, respectively.

— qurf (1 1)
Asurf X (Ts - Tb)
hd
Nu = =
u= (12)
Apeyp

f;:xp =

According to the above equations, the heat transfer sur-
face (Qq,¢), tube wall temperature, and bulk temperature,
which is the average of Nanofluid inlet and outlet, were,
respectively, shown by A ., T,,, and T},

The coefficient of friction factor, pressure difference, den-
sity, and length were also identified by f,;,, Apeyp, p, and L.

The thermal performance factor, which is a performance
evaluation criteria applied to compare the conditions of
tube-embedded triangular baffles and baffles removal from
smooth tubes, would be achieved as the following.

[ Nu ] 1/3
Nuplain tube

[ P ] 1/3
JSolain be

TPF = (14)

Optimization using the response surface
method

In the current study, the data analysis and optimization of

heat transfer process were carried out using the response
surface method. Trials were conducted based on the
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central-composite design using Minitab 18 software. Trial
points of the central-composite design included the main,
axial, and central points. According to the mentioned design,
the number of experiments is calculated using Eq. 1.

N=2"+2u+C, (15)

where N, u, 2", 2u, and C,, respectively, show the numbers
of trials, parameters, main points-related trials, axial points-
related trials, and central point iteration-related trials. The
quantity of iteration points depends upon the number of vari-
ables determined by the software, which could be applied
to the error calculation. In the current study, the central-
composite design was defined with 30 trials considering
the selection levels. The levels of the encoded independent
variables of a double-tube heat exchanger are provided in
Table 4.

The basis of response surface method is the two-level
factorial designs. The linearity assumption considered for
factorial effects is the main reason of applying the two-level
factorial designs. To conduct a behavioral modeling of the
mentioned systems, Eq. 16 is implemented.

k k
y=p+ Z Bix; + Z Z Byxix; (16)
=1

i<j=2

where the response variable, model constant, number of
variables, coefficients of variables, independent variable,
and coefficient of variables cross-impacts are, respec-
tively, shown by f,, k, f;, X, and ﬁij. This is a first-degree

Table 4 Levels of encoded independent variables of a double-tube
heat exchanger

Variable Encoded levels of the variable

1 0 -1
Reynolds number 4000 8000 14,000
Nanofluid volume fraction 0 0.15 0.3
Baffles number 4 8 12
Baffles angles 40 70
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polynomial model, which is only suitable to show some
curvatures of the response function. Equation 17, which is
called the second-order response surface model, is applied to
cases wherein the model was not able to model the response
function curvatures.

k k k
Y=By+ D B+ Y D B+ ) B (17)
=1 =1

i<j=2

According to the above equation,f;; showed the coeffi-
cient of the second-order parameter. Due to the fact that the
quantity of § s is higher than that of treatments, the two-level
multi-factorial design with central and real points could not
be applied to estimate the variable coefficients (f s) of a
second-order model. Therefore, f s calculation and more
appropriate application of the second-order model would be
achieved through adding the axial points.

ANN-based optimization process

In the current study, the process of ANN-based optimization
was first carried out through normalizing the experimental
data. Then, SUM variable was defined as the optimization
index considering the importance of response variables and
assigning the mass factors. To create artificial networks for
the double-tube exchanger, various parameters were applied
as the input of network instruction and evaluation. These
parameters included the Reynolds number, Nanofluid vol-
ume fraction, as well as baffles quantity and angles. Moreo-
ver, Nusselt number was considered as the target or output.

Normalization

The experimental data are normalized to increase the net-
work speed and accuracy with the purpose of the value
equalization of the input data using Eq. 18. The process of
normalization prevented the over-mass loss [7].

X, = X—Xl _X;m' (18)

max min

where the parameter normalized quantity, real value of each
parameter, as well as maximized and minimized values of
the considered parameter, were, respectively, shown by X,
Xis Xppax> and X .

ANN implementation

A number of 30 empirical tests were conducted for double-
tube heat exchangers. After the data normalization and achiev-
ing the SUM factor for each test, 75% of data were randomly

Output
o } ’OUtpT
bl Q‘ -
1

Fig.4 The schematic structure of a three-layer Perceptron neural net-
work to predict the Nusselt number

Table 5 Input and output parameters used in the analysis

Input Output

Reynolds number Nusselt number
Nanofluid volume fraction
Baffles number

Baffles angles

selected for the network instruction and the remaining 25%
were applied to the process of instructed networks evaluation.
Then, the normalized and SUM factor data were the ANN
toolbox input using R2009a MATLAB software in the form
of four transpose matrixes. Therefore, the feed-forward back
propagation (FFBP) and cascade-forward back propagation
(CFBP), which are considered as the most important ANN's
applied to the engineering issues and scientific calculations,
were selected [7]. Then, the instruction input and output data
were selected. Considering the instruction functions, Leven-
berg—Marquardt algorithms were applied. Then, a three-layer
Perceptron network was tested to determine the optimal struc-
ture. The schematic structure of the three-layer Perceptron net-
work is shown by Fig. 4. The first layer was data entry without
any processing, the second hidden layer conducted the pro-
cessing, and the last layer provided the output and processed
data for the user or system. There are 1-40 neurons determined
for the middle layer. To create a network, PURELIN, TANSIG,
and LOGSIG functions were selected. The input and output
parameters used in the analysis are represented in the table
below (Table 5).

To analyze and find a network with an appropriate topol-
ogy using the instruction algorithm, several quantitative
indexes were applied. The following criteria were applied to
determine the quality of network performance in the current
study: The mean squared error (MSE) was implemented with
the purpose of minimizing the mentioned error. Decreased
values of the mentioned error led to the reduction of dif-
ference between the real and predicted values, which are
achieved using Eq. 19.

> (NyNuy,)?

n

MSE = (19)
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> (Ny; — Nu,)?
Y, (Nu; — Nuy?

R=1- (20)

where Nu;, @i, Nu, and n are experimental data, predict
data, the average value of experimental data, and the number
of data points, respectively.

Discussion and conclusion

Validation of the coefficient of thermal conductivity,
viscosity, and heat transfer parameters

The temperature and volume fraction are considered as the
parameters with significant effects on coefficients of ther-
mal conductivity of Nanofluids. Therefore, the coefficients
of thermal conductivity could be recognized as a function
of temperature and volume fraction that could change as a
result of transformations in the mentioned parameters. The
volume fraction is the only parameter represented in most
of the classical and empirical models to estimate the coef-
ficient of thermal conductivity of Nanofluids. The volume
fraction- and temperature-based changes in the coefficient of
thermal conductivity of carbon/water Nanofluid are shown
in Fig. 5. These changes were associated with a similar pro-
cess with different slopes for each temperature and volume
fraction. According to Fig. 5, increased temperature and
volume fraction would enhance the coefficient of thermal
conductivity of Nanofluid. The main causes of increased
coefficient of thermal conductivity could be attributed to
various factors. Nanofluid molecules were associated with
specific kinetic energies at determined temperatures. As
the temperature increased, the kinetic energy, Brownian
motions of Nanoparticles and, consequently, the coefficient
of thermal conductivity of Nanofluids would enhance. On
the other hand, the increased number of Nanoparticles sus-
pended within the fluid enhanced the coefficient of thermal
conductivity. This could be attributed to various factors,

Volume fractions (0)
Volume fractions (0.2%)

Volume fractions (0.1%)
Volume fractions (0.3%)
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Thermalconductivity/W m-K

35 40 45 50 55
Temperature/°C

Fig.5 The temperature-based changes in the coefficient of thermal
conductivity for different volume fractions of carbon/water Nanofluid
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such as increased surface to volume ratio, clustering, and
collision of Nanoparticles. Due to the mentioned reasons, a
significant enhancement could be observed in the coefficient
of thermal conductivity as a result of the simultaneously
increased temperature and volume fraction.

According to Fig. 5, the coefficient of thermal conductiv-
ity linearly increased. The mentioned enhancement was asso-
ciated with an increased slope at>0.1 volume fractions. In
other words, the temperature changes could highly influence
the Nanofluids coefficient of thermal conductivity at higher
volume fractions. Considering the minimal volume fraction
(0.1), a double increase in temperature, which was 35 °C to
55 °C, led the Nanofluids coefficient of thermal conductiv-
ity to increase from 0.62 to 0.71 W/m~! K~!. Meanwhile,
the coefficient of thermal conductivity increased from 0.62
to 0.71 W/m~' K~ at the highest volume fraction (0.3) in
the similar temperature range of 35-55 °C. According to
Fig. 6, changes in the viscosity of carbon/water Nanofluid
with a shear stress at different volume fractions of the Nano-
fluid were between 0.1 and 0.3%. The viscosity tests were
carried out at 20 °C. It is concluded that the shear viscosity
increased as a result of the volume fraction enhancement of
carbon/water Nanofluid. This could be due to the fact that
the increased number of carbon black Nanoparticles would
increase the influence of Nanoparticles on the base fluid-
derived atoms. Consequently, the Van der Waal force between
particles enhanced, which prevented the heat transfer between
layers and increased the dynamic viscosity. As a result of
increased shear velocity, the mass structures of Nanoparti-
cles were broken and led to the viscosity enhancement. The
Nanoparticles interactions and resisting force enhancement
were achieved due to the increased volume fraction of Nano-
fluid. Therefore, the viscosity and thermal resistance could
be increased as a result of the volume fraction enhancement.

Results of initial tests applied to validate the laboratory
system structured for the water base fluid in a smooth tube

@ nanofluid(0.1 %) O nanofluid(0.2%) @ nanofluid(0.3 %)

0.5
0.45
0.4

p 0.35

S

o
w

0.25

o
(Y]

Viscosity/Pa

0.15
0.1+
0.05 -

20 30 40 50 60
Shear rate/s—1

Fig.6 Viscosity changes with shear stress for different volume frac-
tions of carbon/water Nanofluid
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Fig.7 A comparison between Nusselt number and coefficient of fric-
tion factor for the water base fluid in a smooth tube
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Fig. 8 Particle size distribution fitted with a log normal distribution
function for carbon black Nanoparticles. (Color figure online)

are shown by Fig. 7. The achieved findings were compared
with those of Gnielinski and Pethukov [35, 36]. As it could be
observed, the experimental data of Nusselt number and coeffi-
cient of friction were in a good accordance with the theoretical
models. Moreover, the deviations between real and theoretical
values related to Nusselt number and coefficient of friction
were determined to be almost 3.8 and 3.6%.

(%)(Re — 1000)pr
1o 127(£) (o - 1)

f = (0.78InRe — 1.64)72

Nu =

2y

3000 < Re < 5 x 10° (22)

The Nanoparticles size and standard deviation

The Nanoparticles size and standard deviation for carbon black
are almost 12 nm and 1.5421 nm, respectively (Fig. 8).

Fig.9 Nusselt number values achieved for the triangular smooth
tubes with 4, 8, and 12 triangular baffles embedded at a 70° angle
without the presence of Nanofluid
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Fig. 10 Nusselt number values achieved for the triangular smooth
tubes with 4, 8, and 12 triangular baffles embedded at a 40° angle
without the presence of Nanofluid

The analysis of Nusselt number achieved using 4, 8,
and 12 triangular baffles at 70° and 40° angles

According to Figs. 9, 10, the effects of applying 4, 8, and
12 triangular baffles at 70° and 40° angles within the inner
tube were found. As it could be observed, Nusselt num-
ber increased as a result of the enhanced baffles quantity,
decreased baffle angles, and increased Reynolds num-
ber. As an example, four 70° triangular baffles that could
derive 22.36, 24.15, 26.39, and 28.69 Nusselt numbers were
achieved at 4000 Reynolds number. Meanwhile, these values
were, respectively, determined to be 24.36, 26.35, 28.6, and
31.25 under similar conditions at a 40° angle. The imple-
mentation of triangular baffles within tubes would consid-
erably increase the heat transfer, specifically at higher flow
rates. Moreover, it could cause a strong turbulence within the
tube and, consequently, a fast turbulence between the core
and wall flow of the inner tube. This would increase the base
water fluid Nusselt number. In other words, the increase in
baffles from 4 to 8 and 12 could form higher longitudinal and
cross-flows, as well as a natural vortex along the tube. This
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Fig. 11 Nusselt number values achieved for the triangular smooth
tubes with 4 triangular baffles embedded at a 70° angle in the pres-
ence of carbon/water Nanofluid
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Fig. 12 Nusselt number values achieved for the triangular smooth
tubes with 8 triangular baffles embedded at a 70° angle in the pres-
ence of carbon/water Nanofluid

could facilitate the more appropriate and faster turbulence
of the fluid between the core and farther areas and, conse-
quently, the gradient of higher temperatures near the tube
wall. A collision would rapidly occur between the flow and
the next baffle while applying 12 triangular baffles due to
their insignificant spaces. Consequently, the velocity would
increase; however, the decreased number of triangular baf-
fles within the inner tube of Nanofluid was associated with
a larger space and time to reach the next baffle. Therefore,
the related velocity would decrease.

Changes in Nusselt number with different quantities of
triangular baffles embedded at 70° and 40° angles in the
presence of carbon/water Nanofluid at 0.1-0.3 volume frac-
tions are shown in Figs. 11— 16. Compared to the water
base fluid, a higher Nusselt number was observed for all
volume fractions of carbon/water Nanofluid. The mentioned
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Fig. 13 Nusselt number values achieved for the triangular smooth
tubes with 12 triangular baffles embedded at a 70° angle in the pres-
ence of carbon/water Nanofluid
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Fig. 14 Nusselt number values achieved for the triangular smooth
tubes with 4 triangular baffles embedded at a 40° angle in the pres-
ence of carbon/water Nanofluid
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Fig. 15 Nusselt number values achieved for the triangular smooth
tubes with 8 triangular baffles embedded at a 40° angle in the pres-
ence of carbon/water Nanofluid
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Fig. 16 Nusselt number values achieved for the triangular smooth
tubes with 12 triangular baffles embedded at a 40° angle in the pres-
ence of carbon/water Nanofluid

increased heat transfer of Nanofluid could be due to several
issues, including the enhancement of thermal conductivity,
mixing the effects of Nanoparticles near the wall, Brown-
ian motion of Nanoparticles, as well as decreased thickness
of the boundary layer. This showed that the application of
Nanofluid was more efficient to increase the heat transfer
ratio within a triangular baffles-equipped tube. According
to Figs. 11— 16, a higher Nusselt number was achieved at
0.3 volume fraction. A 90.32 Nusselt number was achieved
under the same conditions, 14,000 Reynolds number, and
implementation of 12 baffles at 40°. This indicated the fact
that the effects of carbon black Nanoparticles within the base
fluid on the heat transfer enhancement would be increased as
a result of applying more baffles and decreasing the angles
from 70° to 40°. Moreover, it was found that the maximum
enhancement of Nusselt number was determined to be 36%.
It is noteworthy that according to thermophysical proper-
ties measurements, the Nanofluid was associated with higher
dynamic viscosity and density compared to water base
Nanofluid. Therefore, the density indicated an increase in
Reynolds number, while the dynamic viscosity possessed
an inverse nature. The high volume fractions of the Nano-
fluid and increased quantity of triangular baffles indicated
a higher heat transfer velocity within a triangular baffles-
equipped tube compared to smooth tubes with similar pump-
ing powers. The data achieved from Figs. 11— 16 showed
that under similar engineering and operating conditions, a
triangular baffles-equipped double-tube heat exchanger was
associated with the maximum Nusselt number compared
with the smooth tubes. It could be concluded that two con-
siderable factors influenced the fluid flow and heat transfer
distribution as a result of the increased surface of triangular
baffles-equipped tubes. These factors included the increased
heat exchange area between the tube and Nanofluid, as well

as increased flow turbulence within the tubes width due to
the baffles embedment on the tubes surface.

Figure 17 shows the simultaneous effect of two parameters
on Nusselt number. According to the figure, Nusselt number
would increase in the vortex-included areas due to the pres-
ence of triangular baffles. Considering the space between
the mentioned area and the next baffle, the vortex effect and
turbulence would decrease and lead to an optimal develop-
ment. The Nusselt number distribution and related maximum
amount changed as a result of increasing the quantity of baf-
fles from 4 to 12. Nusselt number was significantly increased
due to the baffles enhancement, as the maximum amount of
Nusselt number was determined to be 25 under the conditions
of lack of baffles, applying a smooth tube, and 14,000 Reyn-
olds number. However, it increased as a result of applying 4,
8, and 12 baffles at the same Reynolds number. This could
be due to the fact that the fluid deviation resulted from trian-
gular baffles at higher Reynolds numbers generated stronger
and more massive vortexes. Under the conditions of higher
input flow momentum, the baffles acted as obstacles against
the flow more efficiently. At higher momentum values, they
were associated with stringer and more massive vortex. The
quantity and size of generated vortexes around baffles were
also changed as a result of increasing the baffles from 4 to 8
and 12. Due to the increase in triangular baffles, more areas
around baffles would be associated with less cross-section
and higher velocities. This could increase the convection heat
transfer compared to the conducting heat transfer and, con-
sequently, enhance the Nusselt number. Despite increased
cross-section and convection heat transfer in the area under
the baffles, the eddy current and turbulence would be more
efficient to raise the coefficient of heat transfer and Nusselt
number as a result of extending the baffles quantity.

The Nusselt number values achieved as result of the
binary factors are shown in Fig. 18. According to all of the
figures, the Nusselt number incremental results were asso-
ciated with the extended baffles quantity, Reynolds num-
ber, Nanofluid volume fraction, as well as baffles angles.
It could be said that decreased baffles angles would raise
vortexes quantities; moreover, the Nanofluid volume fraction
would influence the mentioned parameter and increase the
Nusselt number considerably. On the other hand, the time
span required for temperature changes would decrease at
the Nanoscale. The decreased time span required for com-
plete temperature changes in Nanoparticles could provide
enough time for the particles complete temperature changes
while contacting the cooling tubes. Also, the enhancement
of Nanoparticles volume fraction from 0.1 to 0.2 and 0.3
could increase the number of contacts with cooling tubes
and, consequently, Nusselt number. According to Fig. 18,
the order of calculated curves disarranged, and related slopes
changed due to the extended volume fraction of carbon/water
Nanofluid.
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Fig. 18 The effect of binary parameters on the achieved Nusselt number
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Fig. 19 Values calculated for the coefficient of friction of the smooth
tubes and tubes with 4 and 12 triangular baffles at a 70° angle

The changes in coefficient of friction related to the
smooth tubes as well as tubes with 4 and 12 triangle baf-
fles at 70° and 40° angles are shown in Figs. 19, 20. As
it could be observed, the enhancement of Reynolds num-
ber decreased the coefficient of friction. There was not a
significant difference between the coefficient of friction
found for the smooth tubes and those with triangular baf-
fles. However, the pressure drop factor could be consid-
ered. According to Figs. 19, 20, the decreased number
of triangular baffles diminished the coefficient of fric-
tion. This could be due to the fact that in case of applying
more baffles, the baffle spacing would decrease and lead
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Fig.20 Values calculated for the coefficient of friction of the smooth
tubes and tubes with 4 and 12 triangular baffles at a 40° angle

to the fluid flow acceleration and, consequently, increase
its contacts with triangular baffles. Therefore, the turbu-
lence would increase and cause the flow path pressure drop
within the inner tube. In fact, the baffle spacing causes
pressure drop. However, the decrease in baffles quantity
could extend the flows motion range, decrease its veloc-
ity, and reduce the pressure resulted from contacts with
triangular baffles. According to the figure, the coefficient
of friction of the smooth tubes using the water base fluid
and those of tubes with 4 and 12 triangular baffles at 70°
and 40° angles with 4000 and 14,000 Reynolds numbers
was, respectively, determined to be 0.038, 0.026, 0.039,
0.033, 0,039, and 0.034.
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Fig.21 The coefficient of friction values determined for the tubes
with 4 triangular baffles at a 70° angle using the Nanofluid
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Fig.22 The coefficient of friction values determined for the tubes
with 4 triangular baffles at a 40° angle using the Nanofluid

The values achieved for the coefficient of friction related
to the tube with 4 and 12 triangular baffles at 70° and 40°
angles using the Nanofluid at different volume fractions of
0.1-0.3 are shown in Figs. 21, 22. The presence of Nanofluid
could be attributed to the fact that the pressure drop of Nano-
fluid flow at higher volume fractions exceeded the base fluid.
Moreover, the flow velocity of Nanofluid was higher than that
of water base fluid at the tube inlet due to the high viscosity
of carbon/water Nanofluid at a constant Reynolds number.
Therefore, the water base fluid flows pressure drop was lower
than that of the Nanofluid flow. The increased concentration
of Nanoparticles led to the pressure drop enhancement of
the Nanofluid and, consequently, its coefficient of friction.

The heat efficiency factor related to the tube with 4 and
12 triangular baffles at different angles is shown in Figs. 23,
24. It could be observed that there was a significant dif-
ference between TPE values of the water base fluid and
Nanofluid, which were achieved through increasing the
baffles quantity and volume fraction from 0.1 to 0.3. It is
noteworthy that effect of Reynolds number on 12 baffles was
considerably higher than that of 4 baffles. As an example,
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Fig. 23 Values achieved for the heat efficiency factor of the tube with
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Fig. 24 Values achieved for the heat efficiency factor of the tube with
12 triangular baffles at a 40° angle in the presence of the Nanofluid

the extension of Reynolds number from 4000 to 14,000 led
to the 5.1 to 15.6% enhancement of TPE values while apply-
ing 4 and 12 baffles, respectively. Considering the inner tube
with 4 triangular baffles, it was found that the high velocity
could be observed behind the primary zone, or the tip, of
the baffle contact area. The velocity decreased along the
tube; however, it was higher than that of the simple tubes.
Extending the triangular baffles to 12 and retaining the
heat transfer surface led to the velocity acceleration behind
the baffles, coverage of more width of the exchanger tubes
surface and, consequently, turbulence enhancement. The
mentioned quantity of baffles increased the level of velocity
across the tube and along the inner tube. Consequently, the
turbulent flow increased in the total area behind the baffles,
which could extend the heat transfer and Nusselt number.
However, the minimum Nusselt number was found for the
simple tube, which could be due to the uniform movement
of Nanofluid flow within the tube and lack of an adequate
heat transfer between the tube wall and flow.

The residuals chart of Nusselt number is shown in Fig. 25.
The deviation from basic assumptions and model adequacy
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would be possible through investigating the residuals. The
closeness of residuals chart and the standard normal distribu-
tion chart, as well as lack of outliers, indicated the fact that the
assumption of normality was held (Fig. 25a). Also, the failure
of residuals to follow a pattern implied that the grid independ-
ence assumption was held (Fig. 25b). Residuals around the
base line were arranged randomly without following any spe-
cific pattern. Moreover, they were associated with positive and
negative values (Fig. 25¢), which indicated the independency
of data and residuals. As it could be observed, the data dis-
tribution was close to the transversal line. This indicated the
fact that errors were associated with a normal distribution and
the fitted model possessed an appropriate quality (Fig. 25d).
As it can be observed in Fig. 26, the single, binary, and triad
parameters were shown considering the 95% efficiency. The
maximum influence on Nusselt number was resulted from
single parameters, such as Reynolds number and volume frac-
tion of Nanoparticles, as well as binary parameters, such as
Reynolds number and volume fraction of Nanofluid, and the
square of baffles quantity. It is found from Fig. 27 that the
importance of parameters in the process of calculating Nusselt
number would increase due to the extended distance between
parameters and the red line in the chart. However, this could
raise their influences on the heat transfer process. Compared

to the Nanofluid volume fraction, Fig. 27 shows that Nusselt
number was highly influenced by Reynolds number due to its
high distance from the mentioned red line.

The resulted quadratic equation represented the relation-
ship between the general changes in Nusselt number and
independent variables. As it could be observed, the effects
of single, binary, and triad parameters were clear, and the
coefficients of equation were determined using Minitab 18.

Nusselt number
= 3.3 + 0.00730Re — 61volumefractions(%)
+ 2.12NO.OfBaffles — 0.04AngleBaffle
— 0.000000Re * Re + 414volumefractions(%)
+ volumefractions(%) — 0.258NO.OfBaffles
+* NO.OfBaffles + 0.0033AngleBaffle + AngleBaffle
+ 0.00800Re * volumefractions(%) — 0.000006Re
x* NO.OfBaffles — 0.000050Re = AngleBaffle
— 2.08volumefractions(%) * NO.OfBaffles
— 1.17volumefractions(%) * AngleBaffle
+ 0.0417NO.OfBaffles * AngleBaffle

Residual plots for nusselt number

Normal probability plot

(@) g
90 ’/“’ / ’
. P

10 ‘//
-

1 P
-20 -10 0 10 20
Residual
(c) Histogram
10.0
- 7.5
(]
C
g
3 5.0
e
[T
2.5
0.0 I l
-20 -10 0 10 20
Residual

(b) Versus fits
20 ¢
3
10 %
— °
T ]
3 ¢ ¢ )
e ¢ ¢ ..
@ o
-10 - >
¢ ®
-20
40 60 80 100
Fitted value
(d) Versus order
20 r
I\
% ’

10
‘\ rll * lI I'l Il'II ,
| Frond Ao [

R d

Residual
o

-10

-20
10 12 14 16 18 20 22 24 26 28 30

Observation order

2 4 6 8

Fig.25 The residuals chart of the Nusselt number calculations; a residuals repetition; b residuals normal probability; ¢ residuals versus fitted

values; d the test order-based residuals

@ Springer



4254

A.Khadang et al.
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According to Table 6, it could be concluded that Nusselt
number was predicted using triangular baffles based on the
response surface method. As it could be observed in the
table, the model was reliable enough in order to be applied
to the evaluation of fitness of model and model analysis.
Also, SS parameter was the sum of squares of the differ-
ence between the total average and amount of changes, while
the mean squares divided by the degree of freedom derived
MS parameter. The F value indicated a comparison between
the mean squares and residuals mean square. The P value
indicated the probability of observing F value, which con-
firmed the accuracy of null hypothesis. The lower probabil-
ity values were specific to the null hypothesis. The P value
was compared with a @ = 0.05 value. Due to the fact that P
was a factor higher than 0.05, it could be concluded that its
effect on the process was negligible. Therefore, it indicated
a>0.1 P value associated with an insignificant effect. It was
found that F' was determined to be 2.14, which possessed an
appropriate compliance model. The high ratio of F, low P,
and lack of fitness indicated the fact that the model was not
associated with appropriate fitness. Results achieved from
the second-order model showed that it was statistically sig-
nificant, as it was noted in the table with a small P value.

The values achieved for the coefficient of correlation and
MSE related to the training, validation, testing, and total
data are shown by Fig. 28. The coefficient of correlation
was almost 1 for training data, while the MSE value of
training, validation, and testing, as well as total data, was,
respectively, determined to be 2, 8-9, and almost 4. Results
achieved from Perceptron neural network output and experi-
mental data with the number of samples are compared in
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Fig. 27 The efficiency of parameters based on their degree of impor-
tance with a a = 0.05 value

Fig. 29. The output of neural network for Nusselt number
was in a good accordance with experimental data.

The maximum and minimum error values against the
number of samples are shown in Fig. 30. The error values
close to the base line or zero error led to a more accurate
prediction. The maximum tolerance of errors was related to
10-20, 70-80, and 130 samples with a + 6 error range, while
it was found to be + 2 for other samples.
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Table 6 Analysis results and the

. . Source DF Adj SS Adj MS F value P value

variance achieved for Nusselt

number Model 15 5069.05 337.94 2.14 0.081
Blocks 1 1.84 1.84 0.01 0916
Linear 4 3502.57 875.64 5.55 0.007
Re 1 2358.16 2358.16 14.94 0.002
Volume fractions (%) 1 1084.90 1084.90 6.87 0.020
No. of baffles 1 2.05 2.05 0.01 0911
Angle of baffle 1 4.10 4.10 0.03 0.874
Square 4 351.39 87.85 0.56 0.698
Re*Re 1 33.42 3342 0.21 0.652
Volume fractions (%)*volume fractions (%) 1 138.55 138.55 0.88 0.365
No. of baffles*no. of baffles 1 228.58 228.58 1.45 0.249
Angle of baffle*angle of baffle 1 7.32 7.32 0.05 0.833
2-Way interaction 6 1036.50 172.75 1.09 0.412
Re*volume fractions (%) 1 576.00 576.00 3.65 0.077
Re*no. of baffles 1 0.25 0.25 0.00 0.969
Re*angle of baffle 1 225.00 225.00 143 0.252
Volume fractions (%)*no. of baffles 1 25.00 25.00 0.16 0.697
Volume fractions (%)*angle of baffle 1 110.25 110.25 0.70 0.417
No. of baffles*angle of baffle 1 100.00 100.00 0.63 0.439
Error 14 2209.25 157.80
Lack-of-fit 8 2029.75 253.72 8.48 0.009
Pure error 6 179.50 29.92
Total 29 7278.30

Mean square error/Mse
107

Training Validation Test All

Fig.28 ANN-derived values of the coefficient of correlation and MSE for

The MSE chart based on repetition steps against the
period numbers applied to the processes of training, vali-
dation, and experimental dataset of the Nanofluids Nusselt
number and triangular baffles is shown in Fig. 31. According
to the figure, the number of repetition epochs indicated the
fact that the process of predicting Nusselt number would be
more successful due to the extension of epochs by the fourth
repetition. Moreover, the mentioned enhancement could lead
the validation data to be closer to the normal line, which
indicated the more accurate prediction. Considering 10

Linear regression/R

Training Validation Test All

Nusselt number

epochs, the effectiveness achieved for the network was deter-
mined to be 8.9352. The maximum reduction was achieved
for the train data, which was associated with the maximum
MSE reduction. Figure 32 shows a diagram design of error
distribution related to Nusselt number data. The X values
represented the error difference between the achieved experi-
mental values and experimental data, as well as the mini-
mum and maximum errors of the analyte in the chart. Also,
the number of samples allocated to the training, validation,
and testing sections could be observed on the Y axis. The
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Fig. 33 Coefficient of correlation and MSE values achieved for the
experimental and predicted data of Nusselt number with 32 neurons
for train data

maximum error values were in the range of + 4 and mainly
included the train data.

According to the regression analysis and coefficient
of correlation, there was a linear relationship between
the response variable and a number of descriptive vari-
ables. The parameters of a linear model were estimated
using an objective function. Generally, the linear regres-
sion of a linear relationship was considered to be on the
basis of the model parameters. The evaluation of values
predicted for Nusselt number was carried out using MSE,
coefficient of correlation, and maximum error. These
values were proposed for training, validation, and total
data (Figs.33— 36). The coefficients of correlation were,
respectively, determined to be 0.99388, 0.97998, 0.9831,
and 0.98828. MSE values were 1.4512, 8.9352, 8.2117,
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Fig.35 Values of the coefficient of correlation and MSE value
achieved for the experimental and predicted data of Nusselt number
with 32 neurons for test data

and 3.6275, respectively. The achieved maximum error
values were also determined to be 4.2611, 7.2208, 6.4315,
and 7.2208. The regression plan of proposed neural net-
work and data achieved for the coefficient of correlation
are shown in Figs. 33— 36. As it could be observed, the
figures followed Y =X line and indicated the fact that the
network could predict Nusselt number accurately. In other
words, a 2 1 coefficient of correlation was required to
validate the data correlation.
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Fig.36 Values of the coefficient of correlation and MSE value
achieved for the experimental and predicted data of Nusselt number
with 32 neurons for the total data

Conclusions

In the current study, carbon/water Nanofluid and triangu-
lar baffles were applied to a mini-heat exchanger under
different angular and numerical conditions. Eventually,
the experimental data were evaluated using the response
surface method and ANNs with various topologies. The
following results were achieved:

1. The extension of Nanofluid volume fraction from 0.1 to
0.3 led to an almost 10% enhancement of coefficient of
thermal conductivity and viscosity compared to that of
water base fluid. Finally, this led to the increased heat
transfer.

2. As aresult of increasing the triangular baffles from 4 to
12 and decreasing the baffle angle from 70° to 40°, the
velocity of carbon/water Nanofluid was raised around
the baffles. Consequently, the heat transfer and Nusselt
number increased. The enhancement of triangular baf-
fles quantity also extended the average of coefficient of
performance by 15% and 20%, respectively.

3. At moderate Reynolds numbers, it was found that the
Nusselt number related to the heat exchangers inner tube
with 12 triangular baffles at a 40° angle was determined
to be > 8, which was higher than that of the tube with 4
triangular baffles at 70° and 40° angles. The embedment
of triangular baffles in the flow path led to a synergy
formation between the momentum and heat transfer phe-
nomena and, eventually, Nusselt number extension.

4. The enhancement of Nanofluid concentration from 0.1
to 0.3 increased the related pressure drop and, conse-
quently, coefficient of friction.
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