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This study focused on investigating the impact of a-Al203 nanoparticles of volume
concentration 0.1% on heat transfer in shell and helical coiled tube heat exchangers. The
objective was to analyze the influence of geometrical characteristics, specifically the
coil pitch, on the Nusselt numbers of both sides using a combination of numerical
simulations and experimental methods. The working fluid for the hot side was water.
The research encompassed an examination of the friction factor for three different coils,
exploring the effects of pitch spacing on heat transfer, and assessing the influence of
nanoparticles on heat transfer on the inner side of the coil. The findings of the current
work indicated significant improvements in heat transfer parameters when employing
water-a-Al203 nanoparticles as the cold fluid. Comparing this heat exchanger to one
without the inclusion of a-Al.0s nanoparticles revealed a remarkable efficiency
enhancement of 7.68 percent. This increase strongly suggests a notable acceleration in
the rate of heat transmission within the heat exchanger. Overall, this study provides
valuable insights into the utilization of a-Al203 nanoparticles in enhancing heat transfer
in shell and helical coiled tube heat exchangers. The results highlight the potential
benefits of incorporating nanoparticles into such systems, leading to improved

performance and more efficient heat exchange processes.

1. Introduction

To move heat from one medium to another,
heat exchangers are used. These add-ons may
improve productivity and safeguard machinery.
Refrigeration, the food industry, heat recovery
systems, HVAC, power plants, and nuclear
reactors are just some of the numerous places
shell and tube heat exchangers are used [1-4].
The helically coiled tube is preferable to the
straight tube because of its decreased heat
transfer coefficient, improved heat capacity, and
less pressure loss. These heat exchangers have a
better heat transfer coefficient than straight
tubes because centrifugal force creates a

* Corresponding author.
E-mail address: Mustafa.Sabah@ntu.edu.iq
DOI: 10.24237/djes.2023.16306

secondary flow that moves in the same direction
as the primary flow [5].

The use of nanofluids in a secondary cooling
loop was the subject of a pilot study [6]. Where
Al, 05 was utilized, mass flow rates of 40-80 g/s
were employed, and input temperatures of
30-40 °C were used. The efficiency of the new
system was improved by including a Al,O4
nanofluid in the secondary loop. In cases when
a higher COP was possible, it peaked at 6.5. It
was found that the nanofluid had a considerably
higher heat conductivity than regular water.
Nanofluid (Al,03) was used in an exergy
investigation [7] using helical and conical tube
heat exchangers with 0.3, 0.6, and 1.0
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volumetric concentrations. Increases in particle
size concentration lead to a rise in the
nanofluid's overall heat transfer coefficient,
convective heat transfer coefficient, coil-side
Nusselt number, reactivity, and exothermic
efficiency compared to pure water. Increasing
the coil's twist from 0.052 to 0.0202 improved
Uov, ht, Nut, & and mex. [8] examined heat
transfer in concentric annular pipes of different
forms (Circular, Square, Diamond, Triangular,
Rectangular, and Elliptic) using pure water.
Elliptic and circular pipes transferred heat 40%
and 37% quicker than other designs. Al203-
H20 and H20-SiO3 nanofluids demonstrated a
6% greater heat transfer coefficient than pure
water at low pressure. Finally, the study
examined how inclination angle (6) and aspect
ratio (AR) affect heat transport and annular gap
pressure, finding an ideal design at AR = 8 and
0=90°. [9] looked at LMTD time series and heat
transfer efficiency using helical shell heat
exchangers and AI203 nanoparticles at a
volumetric concentration of 0.1%. When Al, 04
nanoparticles (at a concentration of 0.1%) were
added, and the LMTD time series was shown to
decrease. As a cold solution for a heat
exchanger, water and alumina are 2.2% more
effective than distilled water.[10] studied shell
and spiral tube heat exchange utilizing Al,04
nanofluid concentrations of 0.1%, 0.4%, and
0.8% by volume. The findings indicate that the
overall coefficient of heat transfer, pressure
drop, internal coefficient of heat transfer, and
internal Nusselt number is 30%, 15%, and 56%
more than that of water with a concentration of
0.8% by volume. As the viscosity of a fluid
increases, its particle size gets more
concentrated, resulting in a pressure reduction.
The impact of surfactants at volumetric
concentrations of 0.1-0.4% on the heat transfer
of alumina-silver nanoparticles in a spiral heat
exchanger was studied [11]. Adding 0.2%
alumina hybrid silver particles and 0.1% sodium
dodecyl sulfate anionic surfactants boosted
thermal efficiency by 16% compared to pure
water. Nanofluids (Al,O; and TiO,) with a
volumetric concentration of 0.25-1.0% and
500-4500 Reynolds numbers were used in
experimental research using helical tubes [12].
As aresult of Al, 05 nanofluids' superior thermal

conductivity and smaller size in comparison to
TiO, nanoparticles, heat transmission is
improved. Both experimentally and statistically,
[13] investigated the influence of a water-based
Al,05 nanofluid on heat transport in a spirally
coiled tube at varying Reynolds numbers. At
Reynolds numbers 200, 600, and 1500, heat
transfer in Al,05 nanofluids are enhanced. At
low Reynolds numbers, the Al,05; nanofluids
cooled the tube wall more than water using
polygonal geometries with varying coil
rotations, [14] conducted a computational
investigation of the heat transfer performance of
a helical heat exchanger operating with water-
based nanofluids (Al,05, Cu0O,, Si0,, Zn0O), at
a volumetric concentration (4%). The findings
indicate that utilizing a double-sided head
design and rotating 30 coils may increase heat
transfer by as much as 80%. Al203 has a greater
heat transfer rate, much as SiO2. A numerical
study of turbulent heat transfer and the flow of
nanofluids in a spiral heat exchanger is
presented [15]. Water-based nanofluids with
15, 3, 4, and 5% volume concentrations
of Al, 05, CuO, and Si0,. At a high Reynolds
number, the researcher found that a five-lobed
cross-section increased the Nusselt number and
decreased the pressure by 4.8% and 3.7%,
respectively. Thermally, three-lobed designs are
the most effective. When compared to other
materials, CuO nanofluid had the highest
thermal efficiency. In addition, the thermal
performance of Al,0;, CuO, and SiO,
nanofluids in a spiral heat exchanger has been
analyzed [16] [17]. numerically evaluated
Al;Os/water, CuOl/water, and SiO2/water
nanofluids (2%, 4%, and 6% volume fractions)
in different channel geometries under uniform
and varying hot surface temperatures. Elliptical
cross-sectioned channels had double the heat
transmission coefficient of airfoil pipe, square,
circle, and ellipse at the same hot surface
temperature. Al2Os dispersion enhanced heat
transfer by 15%. Higher nanofluid fractions
improved heat transmission with low-pressure
decreases. [18] investigated temperature
variation in a shell and single/double coil heat
exchanger using experimental and numerical
analysis. They examined different coil pitches
and hot/cold water flow rates on the coil's outer
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surface. The results show a decrease of 3.07% in
hot outlet temperature for double coils at a
2.5L/min hot water flow rate. Increasing coil
pitch improved hot fluid-coil contact and
reduced hot fluid outlet temperature. Centrifugal
forces in double-coil heat exchangers with
different coil pitches significantly affected
secondary flow. For the same conditions [19]
found that the Nusselt number in a double coil
was 18.2% higher than a single coil at 1800
Reynolds number on the shell side. The exit
temperature difference increased by less than
1% and 8%, respectively, when the coil
diameter was raised by 11%, from 0.016 to
0.022. CuO has the highest Reynolds number of
any aqueous nanofluid. Furthermore, between
2% and 4% concentration, the nanofluid
modulus is at its lowest. Lobed helical coils in
Al, 05 nanofluids were investigated in laminar
flow [20]. The results show that the n=6 coil has
the highest Nusselt number and the least
friction. Increases in coil diameter led to
increases in both the Nusselt number and
friction factor and the Nusselt number of the
Al,0; nanofluid was greater than that of the
base fluid and grew with increasing
nanoparticles volume using Reynolds numbers
between 10,000 and 60,000 and coil curvatures
between 0.032 and 0.052 [21], they analyzed the
turbulent flow of Al,05; nanofluids in helically
coiled, hybrid rectangular tubes subjected to
continuous wall convective flow at volumetric
concentrations (1-4%). The nanoparticle density
and curvature outcomes were better heat
transmission and reduced friction pressure. A
numerical investigation of Al,05; nanofluid in
helical heat exchangers have been conducted
[22]. Adding nanoparticles at concentrations of
0.2% and 0.3% increases heat transmission by
14% and 18%. Raising the particle
concentration improves heat transmission on
both the coil and shell sides and throughout the
system. [23] conducted a numerical
investigation utilizing (HCHES). The first test
used water, whereas the second substituted
Al, 05 for both the coiled and outer layers. Due
to the high specific heat of Al,05, the findings
demonstrated that the coefficient of heat transfer
is greatly enhanced when fluid flows within a
helically coiled tube as opposed to a straight

one. [24] looked into the effects of different
Nanofluid volume concentrations on the
convective heat transfer and pressure drop of
water/Al,0; Nanofluid flowing in helical heat
exchangers (0.5 wt %, 1.0 wt %, and 2.0 wt %).
The diameters of the coils range from 0.18 to
0.24 to 0.30 meters. Increases in the curvature
ratio result in a greater friction factor under
continuous  pressure  decrease. Helically
corrugated tubes filled with Al203 nanofluids
were subjected to a computational study of
turbulent heat transport [25]. At 10,000-40,000
Reynolds numbers and volumetric
concentrations of 0.3-0.7%. Heat transmission
was shown to be enhanced with increasing
nanofluid size. Heat transfer is enhanced by
21% and 58%, respectively, when nanofluid is
used at a volume concentration of 2% and 4%.
[26] studied numerically the evaluated flow
structure and coil friction factor and wall shear
stress using STD(k-w) and STD(k-€)). Three
identical 0.005m and 0.04m coils were tested.
The initial pitch variations for the first, second,
and third models were 0.01 m, 0.05 m, and 0.25
m. In turbulent flows, the Dean number reduced
the colil friction factor more than the pitch size.

Few studies have examined how changing
the coil pitch in a helically coiled heat exchanger
affects the thermal efficiency of operating with
a— Al,0; nanofluids in distilled water.
Therefore, a 3D helically coiled heat exchanger
working with a a — Al,05 nanofluid based on
distilled water has been the subject of theoretical
and experimental investigation in this study.
Coil intake temperature, shell/coil flow rate, coil
diameter, and Coil pitch ratio have all been
considered to provide optimal heat transmission
in the heat exchanger. The findings show that
the efficiency of the heat exchanger is
drastically increased by using a nanofluid based
ona — Al,05.

2. Experimental methodology
2.1 Test rig

The experimental setup is depicted
schematically in Fig. 1 and consists of a tank,
pumps, heat exchangers, a flow meter, a
pressure gauge, and a temperature controller.
Coil 1, Coil 2, and Coil 3 are made of copper
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tubes with internal and external diameters of 8.5
mm and 9 mm, respectively, and lengths of
6.224 m, 3.417 m, and 2.39 m, respectively.
Copper tubes are bent on a cylindrical track of
specified diameter to produce coil pitches of 20
mm, 35 mm, and 50 mm, respectively, using salt
inside the copper tube to prevent bending or
cracking. Then rinse with hot water to remove
the salt. The shell is made of U-PVC tubing
measuring 152.4 millimeters in diameter. The
heat exchanger is finally separated using
fiberglass that is 3 cm thick. A temperature
controller keeps the temperature within the
specified range when the heater heats the water.
The heated fluid then passes through the heat
exchanger at T1 and leaves at T2 respectively.
A centrifugal pump, type QB50-0.15HP Pipe
Pump, pumps the cold nanofluid. The cold
nanofluid then passes through the flowmeter,
entering the coil side of the heat exchanger at T3
temperature and leaving at T4 temperature. All
temperatures are obtained through the Data
Logger using thermocouples of the K type, with

an uncertainty of £2.5°C. The heat exchanger's
outside is wholly insulated to lower heat loss.

2.2 Nanofluid preparation

Nanoparticles of 99.9+% pure 50 nm o-
Al>,O3 were employed in a helical coil tube study
of heat exchange. In Fig. 2, we see scanning
electron microscopy (SEM) pictures of an a-
Al>03 nanoparticle, which provide details about
its form. This study utilized optimal mixing and
sonication to maintain nanoparticle dispersion
throughout the base fluid. The volume content
of the a-Al,Os/water nanofluid is 0.1 vol%. In
order to control the concentration of the a-
Al>O3 nanofluid in a given volume, the weight
of the fluid is determined using an analytical
balance. The nanofluids are made homogenous
and stable by 1 hour of ultrasonic
homogenization using a VEVOR ultrasonic and
30 minutes of stirring with a SNIJDERS
magnetic stirrer.

Figure 1. lllustration diagram of the test rig

Sedimentation of nanoparticles was
detected after ultrasonication in this study. The
stability time of the nanoparticles and the time
needed for their dispersal throughout the water
were calculated by continuously monitoring the
nanofluid until the particle separation phase

began. In experiments, it was found that a
nanofluid's consistency could be sustained for
around 72 hours at a volume content of 0.1%.
Fig. 3 visually represents the procedure
employed to monitor the nanofluid sample.
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Figure 2. SEM images of « — Al,05.

72 hr 48 hr 24 hr 1hr

Figure 3. Time-lapse photograph of a- Al,O3 sample
stability.

Table 1: contains a list of water and o — Al,03's
Thermo-physical characteristics [25].

. . Thermal
Fluid ﬁe’}s'tg’ Sp((;;'l]:c T(e)at conductivity
(kg/m*) g (W/m .K)
Water 997 4179 0.6
a-Al,03 3700 880 46

2.3 Uncertainty calculation

Uncertainty estimation plays an essential
role in any experimental activity. The resulting
data may be seen in Table 2. The most
significant error percentages for the Nu and
Reynolds values are 3.92% and 3.72%,
respectively.

2.4 Data analysis

Sensor data is utilized to calculate the
Nusselt number, heat transfer coefficient, and
heat transfer rate for the whole experiment. As a
result, the average heat transfer rate may be
calculated as follows [27]:
qn = My X Cpegrn X (Th; — Thy) (1)
qc = e X Cpee X (Tco — Tey) (2)

Table 2: The value of experimental uncertainty

Parameters Formulas [28] Results
. 2 _ ) 2 _ 2
() i)+ ()
me di :ueff,c
2 2 2 2 _ 2
o [ ) )
qavg Dh As Tw,avg - Tc,ang Tw,ave - Tc,avg

+

Qavg = an . dc (3)
Where q,, refers to the heat transfer from the
shell, and q,. refers to the heat transfer from the
coil. In addition, the average rate of heat transfer
is denoted by qg,4, While the rate of mass flow
is denoted by m.

To get the overall heat transfer coefficient, we
use Eq. (4), with F=1 for counter-flow [29]:
U. = qavg

"7 A x LMTD x F

(4)

And

(Th; — Tc,) — (Th, — Tc;)
LMTD - ( (Th = TCO)) (5)

(Th, — Tg)
LMTD is the logarithmic mean temperature
difference, and (As) is the inner tube's heat
transfer area. The coil side Nusselt number is
calculated using this formula:
h; X d;

keff,i

Nu,

(6)
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And [30]:
[(% (Dsh,i)2 X Lsh) - (% (dc,o)2 X Lc)]
Dy =4 @)
[(T[Dsh,i]-‘sh) + (ndc,o]-‘c)]

The hydraulic diameter is denoted by D,,.
Additionally, the heat transfer coefficient of the
coil and its thermal conductivity is denoted by
h; and k;, respectively.

T he pressure difference (AP) is calculated
using a pressure gauge [31].
AP = Pip — Pout (8)

Calculate the friction factor for the coil tube

from the following equation [32]:
AP
f=— 9)

L. (Perrui
@ (“4)
Where L, d;, perr and u; are the coil length,
inner coil diameter, density, and flow velocity of
nanofluid, respectively.
Finally, heat exchanger effectiveness is [29]:
e = ATmin — (Tco - Tci) (10)
ATmax (Thi - Tci)
Where T, and T, denote the coil and shell
temperatures, respectively. Inner and outer

fluids are represented by the letters i and o,
respectively.

In this study, the a-Al>O3/DW nanofluid
was used. The effective properties of the a-
Al,03/DW nanofluids are defined as follows
[33]:

Density:
Pnt = (1 — @)pefrw T @ X Pestp (11)
Specific heat:

1-9) (peffcpeff)w te (peffcpeff)p

Cp . = 12
Fnf (1 - (p)peff,w + P X peff,p ( )
Thermal conductivity:
k, + 2k, + 2(k, — ky )@

ok + 2k, — (ky —ky)o
Dynamic viscosity:
Mnr = (1 + 2.5@) pegrw (14)

Thermo-physical parameters of water as a
function of temperature are determined using
the following relations [34], which are accurate
between 273.15 K and 423.15 K:

p(T)=999.79684+0.068317355 (T-273.15)- 0.010740248 (T-273.15)240.00082140905

(T-273.15)%°-2.3030988x107° (T-273.15)3
1

(15)

w(T)=

557.82468+19.408782 (T-273.15)+0.1360459 (T-273.15)?

(16)

C,(T)=[4.2174356-0.005618625 (T-273.15)+0.0012992528 (T-273.15)1°-0.00011535353

(T-273.15)2+4.14964% 10 (T-273.15)%°]x 103

(17)

K(T)=0.5650285+0.0026363895 (T-273.15)-0.00012516934 (T-273.15)1°-1.5154918x 10°°

(T-273.15)%-0.0009412945 (T-273.15)%°

3. Numerical methodology
3.1 Domain geometry

A diagram of the helical coil heat
exchangers used in this research is shown in Fig.
4. Helical coil tubing with 10, 14.28, and 25
turns are all part of the geometry. To prepare the
nanofluid, distilled water serves as the essential
liquid, which o — Al,0; nanoparticles are
added. Water circulates outside the shell while
the nanofluid moves around within the coil.

(18)

Table 3 lists the values for the geometric
parameters considered in this analysis. Coiled
tubes of wvarying pitches are simulated
numerically.

3.2 Mesh generation

A grid independence analysis is carried out
to investigate the precision of the numerical
simulation. ANSYS Fluent R20 is used to
produce the mesh. As shown in Fig. 5, a free
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triangle-type mesh connects the helical coil and
shell. The helical coil uses fine mesh for
precision. Table 4 displays the outcomes for the
five meshes used in the study (G1, G2, G3, and
G4). The table shows that G4 and G5 give the
same result, so G4 is chosen to reduce
computational load.

Figure 5. Mesh generated in the helical coil and the

Figure 4. The model's helical coil heat exchangers' shell.
geometry.
Table 3: Domain parameters.
Sudyfied oy (m) N
Experiment  0.079 0.1524 0.5 0.55 0.0085 0.009 0.02, 0.035 and 0.05 10, 14.28 and 25
Simulation  0.079 0.1524 0.5 0.55 0.0085 0.009 0.020,0.035and 0.05 10, 14.28 and 25

Table 4: Grid independence result.

Grid No. of element T, Tho Nu,
Gl 2284351 57.8 63.6 74
G2 3373465 57.9 63.7 70
G3 4388259 58.8 63.9 71
G4 5426653 58.2 64.4 68
G5 6667849 58.12 64.5 67.9

3.3 Governing equations

This section presents the governing
equations for solving fluid flow and heat
transfer within the computational domain. Flux

field solutions are obtained by solving the
governing equations, including continuity
equations, momentum, and energy at a steady
state for 3D [35]. In addition to this governing
equation, the (Standard k—e) turbulent model is
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used to simulate turbulent flow due to the high
velocities used in this investigation; the
Reynolds number is over 10000, indicating a
turbulent flow, which is represented by
Equation 22-24 [36]. These equations are
summarized as follows:

Continuity equation:

d(pw) _
o 0 (19)
Momentum equation:
Ouy
d(pujuy) _ 9 (I’l axi) 3 ap 20)
0%; 0%; 0Xy
Energy equation:
6( K ot )
d(puit) Cp 0%;
aXi B aXi (21)

Turbulent kinetic energy:

9P | div(pkU)=div [ﬁ grad k] +21.S; .
at 6k
Sij-pe (22)
Where
k2
U = CpIl = pC”? (23)
Energy dissipation rate
@+div( elU)=div [ﬁ d ] +C E2 Sii
ot p - 88 grad g 1£k 28 ij*
82
Sij- CZSPE (24)

Where the empirical constants of the Standard
k—e model are given as follows:
C,=0.09,8,=1,8,=13,C;,=1.44, C,;=1.92

[E] hot water outlet

3.4. Boundary conditions

Mass flow rate and temperature
distributions are specified as the inlet boundary
conditions. The outlet's (gauge pressure = 0)
value was set. In addition, a no-slip state is
established on the wall. The outside walls of the
shell side are regarded as adiabatic, as shown in
Fig. 6, whereas the coil walls are subject to the
requirement of coupling heat transfer. In
addition, the disturbance intensity and hydraulic
dimensions for the inlets and outlets of the two
sides were determined. The hydraulic diameter
of the coil side was considered equal to the coil's
interior diameter, and the hydraulic diameter of
the shell side was deemed equivalent to the shell
diameter. The core turbulence intensity of a
fully developed duct flow may be predicted
using the following empirical correlation for a
pipe flow-derived equation [37]:

-1
[=0.16 x ReDh/8 (25)

The heat exchanger's operating conditions
were assumed to be as follows:

e Three-dimension model.

e The nanofluid remains a single-phase,
steady-state flow and is incompressible.

e Neglecting gravity, radiation heat
transfer, and viscous dissipation.

e Constant heat flux at the heat exchanger
wall

e Fluid properties vary with temperature.

Figure 6. The numerical study of 3D domain's boundary conditions.
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4. Results and discussion
4.1. Verification

A discussion of the results of both numerical
and experimental studies is presented in this
section. The first section includes the validation
of the results. Fig. 7A compares the
experimental data reported by Mokhtari et al.
[38], Wu et al. [39], Jayakumar et al. [40], and
Fig. 7B Pawar et al. [41], Janssen &
Hoogendoorn [42], and Beigzadeh & Rahimi
[43] to the numerical results obtained in the
present study in terms of the internal Nusselt
Number. There is substantial agreement
between the current research and the
conclusions published in [38-43]. Here, we
address the findings of both numerical and
experimental investigations. The results of the

300

© Present Experimental work
260 Present Numerical work

E Mokhtari et al. [38]
€ 220 |x wuetal. [39]
% 180 X Jayakumar et al. [40] g
o
A 140
2
< 100
S
60
20

8000 13000 18000 23000 28000 33000

Reynolds Number

(@)

Coil Nusselt Number

current work agree well with those reported in
[38-43], as shown in the Figures. A satisfactory
agreement is indicated by the fact that the most
significant disparity between the numerical
results and the experimental findings of this
work is approximately 9.94%. Regarding
friction factor, Fig. 8 shows the relationships
found by Beigzadeh & Rahimi [43] and 1t [44]
compared to this study's numerical and
theoretical results. The results of this work are
consistent with [43] and [44].

Next, Fig. 9 contrasts the computational
findings with the experimental results obtained
for a nanoparticle size of 0.1%. The image
demonstrates the high degree of consensus
among the findings. Here, the highest error is
just around 9.61%; therefore, the numerical
modeling is accurate.

230 -
© Present Experimental work
Present Numerical work
190 Pawar et al. [41]
Janssen & Hoogendoorn [42]
150 | X Beigzadeh & Rahimi [43]
b 4
110
70 =
30

8000 13000 18000 23000 28000 330C
Reynolds Number

(b)

Figure 7. Present experimental and numerical Nusselt Number results with a) [38-40] b) [41-43]

0.05

0.046

0.042 @

0.038

Fraction Factor

0.034

© Present Experimental work

Present Numerical work
Beigzadeh & Rahimi [43]
1to [44]

’
<55

0.03

8000 13000 18000

23000 28000 33000

Reynolds number
Figure 8. Present experimental and numerical friction factor results with [43] & [44].
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220
=Exp-0.1% Coil P20mm
190 ©Num-0.1% Coil P20mm
Exp-0.1% Coil P35mm N
_ Exp-0.1% Coil P50mm -
& 160 Num-0.1% Coil P35mm
g Num-0.1% Coil P50mm
Z 130
2
2 100
g
70
40
0 1 2 4 5 6 7

Coil flow rate (LPM)

Figure 9. Experimental and numerical comparison of three helical pitches at 0.1% volume concentration

4.2 The distributions of velocity and temperature

As shown in Fig. 10, the velocity
distribution in a cross-section of the three heat
exchangers with varying pitch is demonstrated
for a range of Reynolds numbers. As was
previously mentioned, the maximum velocity in
a helically coiled heat exchanger is found at the
tube's outside radius rather than its center, as is
the case with a straight tube. Furthermore, the
secondary flow within the coil increases the heat
transfer rate. Such a flow, however, increases
turbulence and, by extension, friction.

The temperature profile in the cross-section
of heat exchangers and helical coils of varying
pitch and Reynolds number is depicted in Fig.
11. As can be seen, the hot water enters the
exchanger (on the shell side), undergoes a
temperature reduction as a result of heat
exchange with the cold liquid on the coil side,
and then exits the exchanger at a cooler
temperature. In contrast, the end of the coil
experiences a more significant temperature
increase than the beginning due to the more
substantial temperature gradient.

4.3 The impact of volume concentration
nanoparticle
4.3.1 Heat transfer on the inner side of the coil

Figs. 12 and 13 depict how the nanoparticle
volume percentage affects the heat transfer
coefficient (h) increase and the internal Nusselt
number of the coil, respectively. At a constant
temperature and flow rate at the shell side, it is
observed that an increase in the flow rate on the
coil side considerably raises the average heat
transfer coefficient (h) and, thus, the Nusselt
number. This is because turbulence in the flow
within the tube increases the Reynolds number
and the intensity, significantly raising the (h) of
the heat exchanger. Increasing the Nusselt
number of nanofluids, for instance, is not very
evident at a low coil flow rate (Qc =2 LPM), yet
the number improves overall by 1.99%. Adding
nanoparticles to the base fluid, in this case,
a — Al,03/DW is excellent for enhancing the
coil flow rate. For instance, at (Qc =6 LPM), the
Nusselt number is improved by about 7.72%
compared to distilled water. This is primarily
due to the nanofluid's dramatically enhanced
heat gain.
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Figure 11. Temperature distribution for (a) Coil 1, (b) Coil 2, (c) Coil 3

On the effective volume fraction of Maximum heat transfer occurs at a volume
nanoparticles on the (h), as was to be predicted, percentage of 0.1% (h = 13470.97 W/m?.K)),
the incorporation of nanoparticles would result indicating a 7.45% improvement over o —
in an increase in (h) at all Reynolds numbers. Al,03/DW in terms of heat transfer.
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4.4 Impacts of Coil Pitch on Heat Transfer

Fig. 14 depicts the correlation between the
Reynolds number and the volume concentration
of the nanofluid, together with the Nusselt
number for the flow inside coils 1 (with a pitch
of 25), 2 (with a pitch of 35), and 3 (with a pitch
of 50). The Figure shows that the flow pattern
within coil 3, characterized by the most
substantial pitch gap, demonstrates a higher
Nusselt number, implying a more efficient heat
transfer rate. Nevertheless, this phenomenon
becomes more evident when observing larger
Reynolds numbers. As an example, with a
constant Reynolds number of 28525, the Nusselt

200

numbers for coils 1, 2, and 3 with a nanofluid
volume concentration of 0.1% are determined to
be 172.42, 179.90, and 182.22, respectively.
However, when the Reynolds number reaches
10280, the Nusselt number exhibits
corresponding improvements of 64.89, 65.19,
and 70. The observed pattern, characterized by
large centrifugal forces, can be attributed to
buoyancy, which primarily influences the flow
structure under high Reynolds numbers. An
object's pitch also impacts the centrifugal force
exerted on a fluid in motion. Consequently,
secondary flows inside the pipe's cross-sectional
area will be affected.
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Figure 12. Nusselt number variations in terms of Reynolds number for various coil pitches and coil flow rates on the
inner coil side.
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Figure 13. Heat transfer coefficient variations in terms of Reynolds number for various coil pitches and coil flow rates
on the inner coil side.
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Figure 14. The effect of pitch spacing on heat transfer for the three coils

4.5 Impacts of coil pitch on friction factor

Unlike the Nusselt number, the friction
factor tends to decrease as the profile side of the
Reynolds number increases. Fig. 15 shows that
the friction factor decreases in the helical coil at
coil 3 when the coil side Reynolds number
increases from 10000 to 32250. The friction
factor decreases from 0.04161 to 0.033337
under the stator's coil pitch (p = 50 mm) as the
Reynolds number rises. When the friction factor
decreases, the Reynolds number increases from
10,000 to 32,250. The reason is that an increase
in the Reynolds number will increase the flow
rate, which leads to an increase in the velocity.
Moreover, the friction factor exhibits an inverse
relationship with the flow rate, reducing the
friction factor as the flow rate increases.

4.6 Impacts of coil pitch on pressure drop

Fig. 16 illustrates the impact of nanofluid
(0o- Al203) and the pitch ratio of the helical tube
on pressure drop. A concentration of just 0.1%
of (a- Al203) nanoparticles leads to notable
pressure differences. At Reynolds number

10280, pressure reductions of 1.31%, 4.76%,
and 6.45% were observed compared to distilled
water. The maximum pressure drop measured
was 37231.65 Pa for distilled water and 38610.6
Pa for o-Al;03 at a 0.1% volumetric
concentration and Reynolds number 32250. The
Figure shows that as the Reynolds number rises,
the flow becomes more turbulent, resulting in
increased momentum transfer and a greater
pressure drop. The presence of nanoparticles
(0- Al20O3) in the nanofluid elevates its viscosity,
introducing additional resistance to flow.
Consequently, the pressure drop when using
nanofluid (a- Al203) rises more rapidly with
increasing Reynolds number compared to
distilled water.

5. Nusselt number estimate correlation

Using a least-squares power-law fit
experimental data, we find the following
correlation, with a corrected correlation
coefficient R? = 99.46%, that may be used to
determine the Nusselt number of nanofluid flow
within the helical coils.

76



Mustafa S. Abdullahl, Adnan M. Hussein/ Diyala Journal of Engineering Sciences Vol (16) No 3, 2023: 64-81

Nu, = 0.023Re?%8py04y~008 (26) numbers, as depicted in Fig. 17, exhibit a
deviation of -4.87% to +4.30% from the
The parameters' ranges are as follows: corresponding experimental values.

10000 < Re <32250, 2.88 < Pr < 3.33, and
0.080625655 < y < 0.201564138. The Nusselt
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Figure 15. Coil Pitch effect on friction factor for the three coils.
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Figure 16. Pressure drop variations in terms of Reynolds number for various coil pitches and coil flow rates on the inner
coil side.
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Figure 17. Coil-side Nusselt number comparison between experiment and predicted.

4. Conclusions

In the current study, experiments and
computer simulations were used to study the
heat transfer coefficients of shell and helical coil
tube heat exchangers using a small volume
concentration of nanofluid a — Al, 05, which is
0.1%. Three heat exchangers with different coil
pitches were tested in parallel and counter-flow
configurations. Experimental and numerical
settings are explained, and results from a range
of flow rates on the coil side of the system (i.e.,
Nusselt number and heat transfer coefficient)
were compiled. Moreover, a comprehensive
investigation has been undertaken to examine
several facets, such as the influence of coil
pitches on heat transfer and the friction factor on
the coil side. The following results provide
many conclusions:

e In counter-flow setups, the Nusselt
numbers on the coil side exceeded those
observed in parallel-flow arrangements.

e The heat transfer coefficients for larger
pitch coils were notably higher than
those for smaller ones on the coil side.

e The heat transfer coefficient and the heat
transfer rate of a heat exchanger are
enhanced when a nanofluid is used
instead of water. These coefficients

grow as the nanofluid's
increases.

e The third coil, featuring a 50mm pitch
and a flow rate of 6 LPM, achieved the
highest heat transfer coefficient,
measuring 13,471 W/m?.C°. This result
indicated a 7.45% enhancement over the
base fluid's performance.

e The highest Nusselt number was
observed when a nanofluid with a 0.1%
volume concentration flowed at a rate of
6 LPM through coil 3, spaced 50mm
apart, resulting in a value of 182.22. This
represented a 7.72% enhancement
compared to a liquid based on water.

e Maximum friction occurred at 2 LPM of
fluid flow within coil 3 with a 50mm
pitch and a friction factor of 0.044587.
On the other hand, under the identical
flow rate settings, the coil with a pitch of
20mm, denoted as coil 1, exhibited the
minimum value of 0.03333.

velocity
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Nomenclature
Symbol Description Symbol Description
Al,04 Aluminum oxide P Pitch (m)
Sio, Silicon dioxide d (m) Tube diameter, m
Ag Silver D.(m) Diameter of coil, m
Zn0O Zinc oxide m Flow rate, kg/s
CuO Cupric Oxide h Heat transfer coefficient, W /m?. K
TiO, Titanium dioxide LPM  Litre per minutes
MWCNT Multi-walled carbon nanotubes Nu Nusselt number
A Area, mm? Pr Prandtl number
Cy Specific heat, J /kg. K Re Reynolds number
k Thermal conductivity, W /m. K LMTD Logarithmic mean temperature difference
i Dynamic viscosity L Shell and coil length, m
COoP Coefficient of performance ) Overall heat transfer coefficient, W /m?2.°C
Dw Distilled water vol%  volume percent
N Number of turns wt%  Weight percent
Greek Letters
p Density, kg/m?3 A Coil torsion, Pc/ n Dc
1) Volume fraction of nanoparticles foi Alpha
u Dynamic viscosity, Pa.s n efficiency
£ Effectiveness
Subscripts
c Coil or cold fluid 0 Outlet
h Hot fluid t Tube
i Inner or internal ex exergy
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