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Abstract: This study investigates the hydrothermal performance of a horizontal double-pipe heat exchanger with a
counter-flow arrangement. The system incorporates flower baffles at a relative angle of y = 90° and segmental baffles,
while AlI203/water nanofluid is used in the annular side. The experiments evaluate the effects of nanoparticle
concentration (0-1.5% by volume), annulus Reynolds number (2620 < Re,, < 13110), and Prandtl number (3.91 < Pr,, <
7.48) under steady operating conditions. Hot water at 70°C is maintained at a constant flow rate in the inner tube, while
cold water circulates in the annular region. Key findings demonstrate significant enhancements in the Nusselt number
("Nu_an) and friction factor (f_an) with the addition of baffles and Al203 nanoparticles. Flower baffles outperformed
segmental baffles, achieving increases in “Nu_an and f_an by 343.1% and 190.3%, respectively, at a nanoparticle
concentration of 1.5%. The Heat Transfer Performance Index (HTPI) consistently exceeded unity across all test
parameters, with the highest HTPI of 3.24 observed for flower baffles with 6 = 16.7% and A = 8.3%. Furthermore,
empirical correlations for "Nu_an, f an, and HTPI are proposed. The results highlight the combined potential of
nanoparticle-enhanced fluids and innovative baffle geometries to improve heat exchanger performance, offering valuable
insights for industrial applications.

Keywords :Double-pipe heat exchanger; Flower baffles; Al,O3; nanofluid; Heat Transfer Performance Index; Compound
heat transfer enhancement.

1. INTRODUCTION has focused on optimizing heat exchangers through

Double Pipe Heat Exchangers (DPHES) are extensively
utilized in various industries for effective heat transfer due to
their superior thermal efficiency. They consist of two
concentric pipes, where the inner and outer fluids flow in
opposite directions, allowing heat exchange between the hot
and cold fluids. These exchangers are especially favored for
their ability to handle high-temperature and high-pressure
applications, owing to their compact design. Although they
may occupy more physical space compared to some other
heat exchanger types, their simplicity and reliability make
them an enduring choice for engineers seeking an optimal
balance between cost efficiency and thermal effectiveness
[1]. To address growing energy demands, extensive research

innovative designs and materials. In particular, passive heat
transfer techniques, such as the use of fins, baffles, and
nanofluids, have been identified for their ability to enhance
thermal performance without increasing operating costs [2-
5]. The main challenge with traditional heat exchangers is the
use of fluids with low thermal conductivity, limiting the heat
transfer rates. Introducing nanofluids suspensions of
nanoparticles (sized between 1 and 100 nm) within base
fluids enhances thermophysical properties, leading to
improved heat transfer performance. This advancement
enables the design of more efficient and compact heat
exchangers [6]. Baffle-walled channel heat exchangers have
emerged as another promising design. Baffles help enhance

- 149 -


https://erjsh.journals.ekb.eg/?_action=article&au=983204&_au=Ashraf+Elsayed++Abdelaleem+Elmohlawy
https://erjsh.journals.ekb.eg/?_action=article&au=983213&_au=Mohamed+M.+Ellaban
https://erjsh.journals.ekb.eg/?_action=article&au=494811&_au=Mohamed+Reda+Salem
https://erjsh.journals.ekb.eg/?_action=article&au=983215&_au=Ragab+K.+Ali

Engineering Research Journal (ERJ)

Ashraf Elsayed Abdelaleem et al

Vol.54, No.2 April 2025, pp.149-160

the turbulence of the fluid flow, improving heat transfer.
However, the inclusion of baffles increases pressure drops
and can lead to thermal stress at the baffle root. Research has
focused on optimizing baffle geometry to balance heat
transfer improvement and pressure drop minimization [7-10].
Studies by Shahmohammadi and Jafari [11] demonstrated
that nanofluids outperform baffled tubes in terms of heat
transfer within a Reynolds number range of 600 to 2100.
Similarly, Bahiraei et al. [12] used numerical evaluations to
examine water/alumina nanofluid in heat exchangers with
helical baffles. Their findings suggested that higher
nanoparticle concentrations and smaller helix angles could
optimize heat transfer. Other studies, such as those by
Shahmohammadi and Beiki [13], Akyirek et al. [14], and
Ahmed and Mohammed [15], also highlighted the positive
effects of nanofluids on heat transfer, particularly in systems
equipped with different baffle configurations. Several studies
have investigated the impact of baffles and nanofluids on heat
exchanger performance under various conditions. Magalh&es
et al. [16] formulated a differential transient model for a
helical shell-and-tube heat exchanger to analyze temperature
distribution, heat transfer, and pressure losses. Utilizing
Python and SiO: nanofluid, their study aimed to address a gap
in transient differential analysis. Ghobadi et al. [17] found
that using rectangular baffles significantly improved heat
transfer, while Alazwari and Safaei [18] showed that
increasing nanoparticle concentrations and Reynolds
numbers positively affected heat exchange rates. Phu et al.
[19] explored the effect of baffle height on nanofluid-based
heat exchangers, highlighting its considerable influence on
pressure loss. Meanwhile, research by Bahiraei et al. [20] and
Javaherdeh et al. [21] revealed that nanofluids, particularly
with platelet-shaped nanoparticles, showed higher heat
transfer rates than conventional fluids, especially when
combined with baffles. The studies of Bellahcene et al. [22]
and Arani [23] corroborated these findings, showing that
higher nanoparticle concentrations and optimal baffle
configurations enhance heat transfer and minimize entropy
generation. Baffle geometry and the type of nanofluid used
also affect thermal performance. Researchers have explored
the effect of different baffle configurations, including twisted
helical baffles [24], as well as the impact of nanoparticle
shape on heat transfer efficiency.

To further refine the design of heat exchangers, researchers
have examined various nanoparticle shapes, such as platelet-
shaped nanoparticles, which are known to significantly
improve thermal efficiency compared to other shapes. The
integration of nanofluids with baffle systems has become a
key focus for optimizing heat exchanger performance [25-
32]. Gugulothu and Sanke [26] found that using Al,Os-water
nanofluid in combination with helical baffles improved heat
transfer coefficients. Other studies, such as those by Sameer
et al. [28] and Almulla et al. [29], demonstrated the
advantages of combining baffles, nanofluids, and
semicircular tubes for enhanced thermal performance. Recent
investigations have also focused on the use of novel baffle
designs, such as flower-shaped baffles, which show
significant improvements in thermal performance compared
to traditional designs. The unique geometry of flower baffles,

with their petal-like structure, enhances fluid mixing and heat
transfer [5, 33-35]. Mahendran [33] explored the impact of
flower baffles and found that they improve thermal behavior
compared to helical baffles. Vivekanandan et al. [34] also
studied the performance of heat exchangers with helical wire
inserts and flower-patterned baffles, showing that the
combination of these designs results in better heat transfer
rates. Chen et al. [35] experimented with different baffle
configurations and found that triple-layer flower baffles
offered the best thermal performance. Furthermore, Salem et
al. [5] conducted a comparative experimental study between
segmental and flower baffles, concluding that flower baffles
outperformed segmental ones under all operating conditions
in the annular side.

Researchers are actively exploring ways to improve the
thermal performance of heat exchangers due to increasing
industrial demands and rising energy costs. While individual
enhancement techniques may not be sufficient on their own,
combining multiple methods has proven effective. Baffles
have been shown to play a key role in improving heat
exchange performance, and the use of nanoparticles in the
annulus side further enhances heat transfer. The
concentration of nanoparticles has a substantial impact on the
performance of nanofluids. However, the combined effect of
floral-designed baffles and nanofluids has not been
extensively studied. This research aims to experimentally
analyze the thermal performance of a horizontal counterflow
double-pipe heat exchanger with segmental or flower baffles
and Al,Os/water nanofluid under various operating
conditions and nanoparticle concentrations.

2 EXPERIMENTAL SETUP

2.1 Experimental Apparatus Specifications

The experimental setup for this study features a heat
exchange system, as depicted in Salem et al. [5], specifically
designed for accurate temperature regulation. It comprises
two interconnected circuits: a heating loop and a cooling
loop. The heating circuit incorporates key components such
as a heating unit, a centrifugal pump, ball valves, an internal
copper tube, and a rotameter. Similarly, the cooling circuit
consists of a centrifugal pump, ball valves, the outer pipe
(annular section), and an additional rotameter. Figures 1 and
2 provide a visual representation of both circuits and the
complete system. To achieve the desired water temperature
(70°C), the heating tank employs two 5 kW electric heaters.
Simultaneously, the cooling tank integrates vapor
compression refrigeration systems with a total capacity of
10.5 kW to cool the nanofluid to the desired temperature.
Digital thermostats regulate and maintain stable temperatures
for the fluids circulating through the heat exchanger. Each
tank is equipped with top and bottom ports: the top ports
receive the working fluid from both the heat exchanger and
the bypass line, while the bottom ports direct the liquids
toward the heat exchanger and the drain line. Additionally,
two centrifugal pumps, each rated at 1.5 hp, facilitate fluid
circulation within their respective loops. The annular main
line is linked to a differential pressure transducer via PVC
and flexible nylon connections.
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The volume flow rates of both hot and cold fluids within the
heat exchanger were quantified using two calibrated
rotameters (1.7-18 L/min) with an accuracy of +5%.
Temperature measurements at the inlet and outlet of the
fluids in both the annular region and the inner tube were
obtained using four K-type thermocouples, positioned
approximately 5 cm from the heat exchanger ports. These
temperature readings were displayed on a digital
thermometer with a resolution of 0.1°C. Furthermore, a
calibrated digital transducer, operating within a pressure
range of 0-103.4 kPa and an accuracy of +1%, was employed
to determine the differential pressure across the annulus.
Three concentric tube heat exchangers with counter-flow
configurations were designed and fabricated, including one
without baffles, one incorporating conventional segmental
baffles, and another utilizing flower baffles. The baffles were
configured with a fixed pitch of 150 mm, consisting of 12
baffles, and featured cut ratios of 8.3% and 16.7%,
respectively. To optimize performance, flower baffles were
arranged at a relative angle of 90°, as recommended by Salem
et al. [5], with pure water serving as the working fluid in the
annular section.

In the experimental setup, the baffles were fabricated from 2
mm-thick acrylic sheets and precisely cut using a laser to
form circular shapes that align with the diameter of the heat
exchanger’s annular pipe. This annular pipe comprises a
seamless black steel tube with an internal diameter of 56 mm
and a wall thickness of 4 mm, with PVC caps sealing its ends.
Each heat exchanger incorporates an internal copper tube
with an effective length of 1800 mm, featuring external and
internal diameters of 22 mm and 20 mm, respectively. To
minimize thermal losses, the exterior of the annular pipe is
insulated with multiple layers of glass wool, asbestos rope,
and ceramic fiber. Figure 3 illustrates the cross-sectional and
3D representations of the baffle arrangement within the
annulus. The cut-off ratio (5), which is a critical parameter, is
determined using Eq. (1) based on the total unoccupied area
(Aci) in each baffle, calculated via SolidWorks.
Additionally, the baffle pitch ratio (1) is defined by Eq. (2) as
the ratio of the baffle pitch (pparrie) to the tube length (L:). The
relative angle (y) between consecutive baffles, as depicted in
Fig. 4, also influences the heat exchanger’s performance. The
impact of these parameters on heat transfer efficiency in the
annular section with pure water flow has been previously
analyzed by Salem et al. [5].
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2.2 Nanofluid Preparation

In the context of this study, the preparation of a stable
nanoparticle suspension within the base liquid serves as the
initial step in utilizing nanofluids as heat transfer working
fluids. Specifically, alumina nanopowder supplied by
Inframat® Advanced Materials Corporation, USA, are
employed. These nanoparticles exhibit key characteristics
and relevant thermophysical properties, which are detailed in
Table 1. The focus lies on an alumina/water nanofluid,
prepared with varying volume concentrations of
nanoparticles (¢): 0.25%, 0.5%, 0.75%, 1%, 1.25%, and
1.5%. Achieving uniform dispersion and stable suspension is
critical. To this end, the designed concentration of alumina is
mixed in a measuring flask. Subsequently, an agitator bath
operating at 3450 rpm runs continuously for 36 hours over
four sequential days, ensuring thorough dispersion.
Additionally, ultrasonic vibration techniques maintain
homogeneity. The mixture undergoes 5 hours of ultrasonic
vibration at room temperature using an ultrasonic mixing
system (with 420 W ultrasonic pulses at 50+5 kHz).
Furthermore, a subsequent 3-hour ultrasonic vibration occurs
at 85°C. Remarkably, even after 45 days of static conditions,
no noticeable settlement of nanopowder is observed by visual

inspection. The volume concentration (¢) of nanoparticles is
typically calculated as:

Mpp
_ Vnp _ Vnp _ Pnp 3
"~ Viotat  Vap + Vpr  Zmp  Mbr )
total np bf —+—
Pnp Pbf

TABLE 1. Characteristics of alumina nanoparticles.

Purity 99.9%
Average particle size (nm) 40
Specific surface area (m?/g) > 200
Thermal conductivity (W/m . °C) 36
Density (kg/m3) 3600
Specific heat (J/kg. °C) 773

3 EXPERIMENTAL PROCEDURES

In this meticulously designed study, strategically positioned
thermocouples monitor temperature variations at the annulus
inlet, exit, and tube sides. The experimental setup comprises
essential components: a double-pipe heat exchanger, pumps,
pipelines, heating and cooling units, flow meters, and a
differential pressure transducer. Meticulously, the heating
and cooling tanks are filled with water and a precisely
prepared y-Al,Os/water nanofluid, respectively. Upon
activation, the pumps, cooler, and heater orchestrate a
comprehensive series of 378 experiments across three
distinct heat exchangers. Steady-state conditions prevail
when nanofluid intake and exit temperatures exhibit minimal
fluctuations; less than 0.1°C. These meticulously recorded
values serve as crucial data for subsequent analysis. For
reference, Table 2 succinctly outlines the operational
conditions.

TABLE 2. Range of the working circumstances during the experiments.

Parameters

Range or value

Annulus-side flow rate, L/min
Annulus-side inlet temperature, °C
Tube-side flow rate, L/min
Tube-side inlet temperature, °C
Al,O3 volume concentration, %

4.1-16.3 (2620 < Re,, < 13110)
15, 20, 25 (3.91 < Pr,, < 7.48)
8.1 (Re, = 19300)

70 (Pr, = 2.76)
0,0.25,0.5,0.75, 1, 1.25, 1.5

4 CALCULATION METHODOLOGY

In the present analysis, the thermophysical properties of the
cooling and heating fluids in the annulus and the tube are
calculated at the mean temperatures, T,,, and T,
respectively. Besides, the thermophysical properties of
alumina/water nanofluid are assessed using Eqgs. (6) to (16)
[36-40].

Tano + Tani

Tanm ::___L_E____; )
Teo + Tes
Tem = % (5)
Knf = Kstatic + Kgrownian ( ) (6)
k + Zkbf + Z(P k - kbf
Kstatic = L - (7)

f Knp + 2Kpr — @(Knp — Kpr)
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4 kT
kBrownian =5x10*T E @ Ppr Cpbf —d (8)
Pnp Anp
T = (1722.3¢ — 134.63) — (6.04¢ — 0.4705)T 9)
£ = 0.0017(100¢p)~0-0841 (10)
Hnf = Mstatic + HBrownian (11)
Hpf
Hstatic = [7Z o128 (12)
4 kT
HBrownian = 5x10 EF @ Ppr d (13)
np “np
Pnf = (ppnp + (1 - (p)pbf (14)
C 1- C
Cpnf — (p(pnp pnp) + ( @)(be pbf) (15)
Pnf
C
Prnf — Hnf UPnf (16)

knf

In the realm of heat transfer calculations, six fundamental
variables are pivotal: the flow rates and temperatures at both
the inlet and outlet of the heat exchanger. Egs. (17) and (18)
are utilized to calculate the heat transfer rates, designated as
Q. and Q,,, on the tube and annulus sides, respectively. In an
ideal scenario where measurements are flawless and there are
no heat gains or losses, the energy balance would equate these
two rates (Q; = Q). However, practical experiments often
reveal minor discrepancies between them. As a result, the
average value, Q,,., is used for the calculations. Notably, the
heating and cooling loads on the hot and cold sides differ by
no more than £3.9% across all experimental trials. This
average heat transfer rate is then employed to determine the
overall thermal conductance (U;A¢ ;).

Qc = 1 Cpe(Tys — Tyo) (17)
Qan = ManCPan(Tano = Tans) (18)
0. =2 +2 |Qunl (19)
AQuye(9) = 2 =1l 5 (20)
Qave
Uiy = f;:; 21)
A = T[dtlLt (22)
oy, = (T = Tano) = (Too = Tan,) 23

In [Tti_Tano]
Tto=Tan,i
The tube's length 1800 mm is 90 times its hydraulic diameter
(d¢;= 20 mm), indicating that the water flow within the tube
is fully developed. Utilizing the Dittus-Boelter correlation
[41], as expressed in Eq. (24), the average Nusselt number on
the tube side (Nu,) is determined. This correlation is
applicable for L./d, = 60, 0.7 < Pr, < 100, and Re, >
10000. Subsequently, Eq. (25) is utilized to estimate the heat
transfer coefficient on the annular side. Furthermore, the
average Nusselt number and the Fanning friction factor for

the annulus side can be calculated using Egs. (26) and (31),
respectively.

Nu, = 0.023 * Re?8  Pr04 (24)
—  Nu.k
ki (25)
de;

1 _ 1 N 1 26
UjAg; HanAt,o HtAt‘i (26)
N_llan — har;(dan,h (27)

an
dan,h = dan,i - dt,o (28)
R i (29)
e, =
‘ Td e
4m
Re,, = ——— 30
an T[dan,h“an ( )
AP, % p,, d>
f-an — an T pan an,h (31)

32 Ly, m2,

5 UNCERTAINTY ANALYSIS

This study utilizes laboratory data and physical
characteristics to assess the experimental findings. To
accurately calculate the uncertainty factor, it is essential to
consider measurement errors. Achieving precision in sensor
reading involves adhering to manufacturer standards and
calibration procedures. The internal tube diameter has a
manufacturer's margin of error of +0.05 mm, while the
uncertainty for other specified dimensions is £0.5 mm.
Additionally, a tolerance of +0.1% is applied to the
thermophysical properties of the water. Table 3 outlines the
maximum uncertainties in dominant parameters assessed
using method of Kline and McClintock [42] while Appendix
A introduces further details.

TABLE 3. Maximum uncertainties.

Uncertainty
Parameter (%)
Annulus-side Reynolds number +1.72
Tube-side Reynolds number +1.91
Annulus-side average Nusselt +3.38
number
Annulus-side average heat transfer +3.12
coefficient
Tube-side average Nusselt number +1.35
Tube-side average heat transfer +1.71
coefficient
Overall heat transfer coefficient +4.51
Annulus-side Fanning friction factor +5.72
Hydrothermal performance index +5.97
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6 APPARATUS VALIDATION AND DATA
VERIFICATION

To validate the accuracy of the heat transfer and friction
factor measurements, the flow and thermal parameters in the
annular region are continuously observed. The average

yielded congruent outcomes for both Nu,, and f,,,
exhibiting maximum deviations of 7.2% and 5.5%,

Nusselt number on the annulus side, denoted as Nu,,, and

the friction factor, f,,, are evaluated against well-known

empirical relationships, as detailed in Table 4. Specifically,

Nu,, is benchmarked against the equation provided by

Gnielinski [43], Eq. (32), and f,, is assessed using the
Filonenko's correlation [44], Eq. (33). These assessments
TABLE 4. Conditions of the validation process.

Parameters

Range or value

Annulus-side flow rate, L/min
Annulus-side inlet temperature, °C

4.1-16.3 (2985 < Re,, < 12835)
15, 20, 25 (5.59 < Pry, < 7.48)

_ L1 (Rean — 1000)Pr, A2
Nty = 1 '
Han fan 2/3 * ( Lan )
1+127 B2 (pr2* 1)
fan = 0.25(1.821log Re,, — 1.64)72

Tube-side inlet te

Tube-side flow rate, L/min

mperature, °C

8.1 (Re, = 19715)
70 (Pr; = 2.69)
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FIG 7. Effect of baffle layout on heat exchanger performance.

respectively, as depicted in Fig. 5. Such findings affirm the
reliability of the experimental setup, measurement protocols,
and computational procedures.

(32

(33)

-154-


https://erjsh.journals.ekb.eg/?_action=article&au=983204&_au=Ashraf+Elsayed++Abdelaleem+Elmohlawy

Engineering Research Journal (ERJ)

Ashraf Elsayed Abdelaleem et al

Vol.54, No.2 April 2025, pp.149-160

4m
420 || Flower baffles, Tan i=15=C | O
ko] aa=0% we=015% O o
am ¢a=03ts +a=0.73%
*¥=l0%  ep=l1i% O o ¥
g2m [leemist ¥ ;;
= 1m o % 4
17 mi %
1m §
nrog g
zu L L L A
2000 4000 6000 5000 10000 12000
R
(a) Nu.,

0.034 ~
oa | x | Flover baffles, Tan,i=15°C |
m] ad=0% wg=0.15%
0O o o ad=05%  +4=0.75%
$ 38=100  ad=1230
oo poX 0§ O [os=law
i iy + 2 ]
By 9 O
o f X s g O
A + $
n.o1e | & % o %
005 | R R
0013 . . . .
2000 4000 6000 3000 10000 12000
T
(b) fan

FIG 8. Effect of alumina nanoparticles loading on heat exchanger performance

7 RESULTS AND ANALYSIS

7.1 Effect of Annulus-Side Operating Conditions

In this analysis, seven flow rates in annulus side over three
inlet temperature values are considered for the three tested
heat exchangers. Figure 6 provides a sample of the results,

focusing on key parameters; Nu,, and f,, using flower
baffles and alumina nanoparticles with concentration 1.5% in
annulus side. As the inlet temperature of the annulus side

decreases, observe that the Nu,,, experiences slight increase.
This behaviour can be attributed to the decline in the annular-
side Prandtl value with rising fluid temperature. Furthermore,
an increase in the Reynolds number (Re,,) substantially
enhances these parameters. The higher flow velocity leads to
increased turbulence, promoting better fluid mixing.
Improved mixing disrupts the thermal boundary layer,
resulting in augmented heat transfer rates. Interestingly, the
influence of flow inlet temperature on flow resistance can be
disregarded. Viscosity changes have minimal effects
compared to inertia forces. Notably, increasing Re,,, leads to
a notable reduction in f,,, emphasizing the dominance of
momentum forces over viscous forces.

7.2 Effect of Baffle Layout

In this analysis, the impact of incorporating segmental or
flower baffles with/without adding nanoparticles in the
annular tube is examined under various operational
conditions and compared to the scenario without baffles.
Figure 7 shows sample results at T,i=20°C and ¢ = 1%. It
is clear that the heat transfer rate in the heat exchanger
increases with the use of baffles. However, these
improvements come with a significant rise in the pumping
power needed to counteract the increased pressure loss in the
annular tube fluid. Across all tests using water or nanofluid
in the annulus side, the findings show that the average

enhancements in Nu,,,, compared to no baffles, are 165.9%
and 100.7% with flower and segmental layouts, respectively.
These conditions also correspond to average increases of
95.5% and 64.7%, respectively, in the annulus-friction factor.
The enhanced performance of the flower-shaped baffles can

be attributed to their unique design, which effectively reduces
the wake zone behind them. Conversely, conventional single-
segmental baffles, characterized by a cut on one edge, tend to
generate a larger wake zone, leading to reduced fluid mixing
around the internal tube. Salem et al. [5] and Sahel [45]
showed also that using flower baffles make great enhance for
heat exchanger performance for fluid without nanoparticles
also.

7.3 Effect of Alumina Nanoparticles Loading

In this study, six different volume concentrations of alumina
nanoparticles, ranging from 0.25% to 1.5%, were
investigated under different operating conditions. These
conditions included setups both with and without segmental
or flower baffles, as detailed in Table 2. Figure 8 illustrates
sample results when flower baffles are used at an inlet

temperature of 15°C. Significant increases in both the Nu,,,
and f,, are observed, correlating with the nanoparticle
concentration. Specifically, at a 0.25% concentration, the
average increases are 3.7% and 11.8%, 99.0% and 76.8%,
and 168.7% and 113.9% for heat exchangers with plain
annulus, segmental baffles, and flower baffles, respectively.
At a 1.5% concentration, the increases are 62.3% and 46.4%,
223.1% and 142.1%, and 343.1% and 190.3%, respectively.
The enhancement in heat transfer can be attributed to several
factors. First, the addition of alumina nanoparticles to the
working fluid improves its thermal conductivity which lead
to significant increase in Nusselt number. This enhancement
occurs because the nanoparticles have high thermal
conductivity, which promotes more effective heat transfer
between the fluid and the heat exchanger surfaces. Second,
the enhanced Brownian motion of the nanoparticles boosts
micro-convection within the fluid. As the nanoparticles move
randomly, they stir the fluid, facilitating better mixing and
improving overall heat transfer. However, it’s crucial to
acknowledge that adding nanoparticles also increases the
fluid’s viscosity. This higher viscosity leads to greater flow
resistance, particularly on the annulus side of the heat
exchanger which lead to significant increase in friction
factor. The increased resistance results in higher pressure
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drops, which in turn requires more pumping power to
maintain a constant flow rate. Thus, although the use of
nanoparticles can significantly improve heat transfer, it also
presents challenges, such as increased flow resistance and
potential energy costs. Overall, the study demonstrates that
the integration of alumina nanoparticles in heat exchangers,
particularly in conjunction with segmental or flower baffles,
results in considerable improvements in heat transfer
performance. These findings highlight the potential of
nanofluids to enhance the efficiency of thermal systems,
although careful consideration must be given to the
associated increases in flow resistance and energy
requirements.

7.4 Hydrothermal Performance Index

The analyses in the previous sections demonstrate that both
baffles and nanofluids independently enhance the heat
transfer rate. The improvement hierarchy, from lowest to
highest, is as follows: conventional segmental baffles,
flower-shaped baffles, and nanofluids at a 1.5%
concentration. Additionally, the simultaneous use of baffles
and nanofluids results in even greater improvements.
Specifically, combining nanofluids with flower-shaped
baffles yields more significant enhancements compared to
nanofluids  with  conventional  segmental  baffles.
Furthermore, these improvements in the heat exchange rate
are associated with an increase in pressure drop. The trend of
increasing flow resistance on the annulus side corresponds to
the trend of improving the heat exchange rate, the greater the
heat transfer rate, the greater the flow resistance. Therefore,
a standard is needed to evaluate the performance of the
method used, whether it involves baffles alone, a single
nanofluid, or the simultaneous use of both. Eq. 34 is applied
to compare the percentage increase in the heat transfer rate
with the accompanying increase in flow resistance. This
equation determines the HTPI by assessing the St,,, and f,,
ratios [5,8,46].

Stan,modified /Stan,no modification

HTPI = e

(34)
(fan,modified /fan,no modification

For heat exchangers with segmental baffles (5=16.7%,
2=8.3%) and flower baffles (6=16.7%, A=8.3%, y=90°), the
HTPI is calculated for various concentrations of alumina
nanoparticles. The results are presented in Fig. 9. Under
varying working conditions and nanoparticle concentrations,
the HTPI for heat exchangers with flower baffles consistently
exceeded unity, indicating superior performance compared to
conventional segmental baffles. Specifically, the highest
average HTPI is observed at 3.24 for the flower baffles heat
exchanger at a nanoparticle concentration of $=1.5%. For the
segmental baffles heat exchanger, the maximum average

HTPI is 2.51 also at ¢=1.5%. These findings highlight the
significant enhancement in heat transfer performance
achieved by adding nanoparticles to the working fluid.
Furthermore, the results underscore the remarkable
effectiveness of flower baffles in improving heat exchanger
performance, demonstrating their potential to outperform
conventional segmental baffles in similar conditions.

40
15 4 ONo baffles
e O3ezmental hafflez
& 30 1 [_Flower bafles Y
LR . 11
B201 1= 13 :
[
i Li], 16 11
- 10 1
0.5 1
0.0 - T T T T T T
o=0%  o=02%% ¢=05% ¢=0.73% ¢=10% ¢=L25% ¢=L3%
A0y nanoparticles concentration

FIG 9. The average HTPI for heat exchangers with flower
or segmental baffles

8. CORRELATIONS
In the present study, a series of correlations have been
developed to predict essential parameters, including the

average Nusselt number (Nu,,), friction factor (f,,,), and heat
transfer performance index (HTPI). These correlations are
formulated for the simultaneous application of alumina/water
nanofluid and baffles in a double-pipe heat exchanger,
covering a broad range of operating conditions on the annular
side. The baffles are of cut ratio of 16.7% and pitch ratio of
8.3% and they are either conventional segmental (y=180°) or
flower design (y=90°). Correlations (Egs. 35 to 37) for tested
heat exchangers are applicable within the ranges of
2620<Re,,<13110, 3.91 <Pr,,<7.48, and Al,Os/water
nanofluid of concentration 0<¢<1.5. All correlations are also
applicable to double-pipe heat exchangers without baffles,
where the condition constant (C) is set to 0, while values of
C =1 or C = 2 correspond to configurations incorporating
segmental or flower baffles, respectively. The maximum
variances of +7.6%, +6.8%, and +7.8% for Nuy,, f,,, and
HTPI, respectively, the suggested correlations anticipate the
current experimental findings as demonstrated in Fig. 10.

man = 0.00024 Rel}?671 pr25791 (1

+ 0)08764(1 4 364234 (35)
fn = 015952 Rez0326% (1 + €)°567(1

+ §)246397 (36)
HTPI = 0.97982 Re2.9258 py.~01227(1 -

+ C)0'6956(1 + ¢)30.4955
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FIG 10. Comparisons between the correlated outputs
and the current experimental results for conventional

segmental baffles.

+78

9. CONCLUSIONS

This research experimentally evaluates the hydrothermal
performance of a horizontal double-pipe heat exchanger
configured in a counter-flow arrangement. The investigation
incorporates either flower baffles, arranged at a relative angle
of v = 90° or segmental baffles, while employing

w w 2 2% 2
Yo _ 4 ( Acut) + ( dan)
6 Acut dan

ALOs/water nanofluid with nanoparticle  volume
concentrations ranging from 0% to 1.5% in the annular side.
During the tests, hot water at 70°C flows at a constant flow
rate in the internal tube, while cold water flows in the annular
pipe within the ranges of 2620<Re,,<13110, 3.91
<Pr,,<7.48. The baffles have geometric specifications of 3 =
16.7% and A = 8.3%. The key findings are summarized as
follows:

e The Nu,, and f,, increase significantly when baffles are
inserted in the annular side of the heat exchanger and
when Al,Os nanoparticles are used.

e By increasing the Al,Oz; nanoparticle concentration,

Nu,, and f,, increase by 223.1% and 142.1%,
respectively, for the segmental baffles, and by 343.1%
and 190.3%, respectively, for the flower baffles.

e The temperature does not affect the friction factor but
significantly reduces Nu,, as the annulus-fluid inlet
temperature rises.

e Increasing Re,, results in higher Nusselt numbers and
lower friction factors.

e The HTPI is evaluated to assess the heat exchanger’s
performance with Al,Os/water nanofluid and baffles.
Across the parameter ranges:

o HTPI consistently exceeds unity.

o Flower-design baffles show better HTPI compared
to the conventional segmental layout, especially
with the addition of Al,O3 nanoparticles.

o HTPI increases with increasing nanoparticle
concentration.

e The highest average HTPI of 3.24 is achieved for the
flower baffle design with 8 = 16.7%, A = 8.3%, and y =
90° at ¢ = 1.5%.

e  Experimental correlations for Nu,, and f,,, and HTPI
predictions are suggested.

These findings highlight the effectiveness of combining

Al,Oz/water nanofluid and innovative baffle geometries in

enhancing heat transfer performance, providing valuable

insights for optimizing heat exchanger designs in practical
applications.

10 APPENDIX A

In accordance  with Kline and  McClintock’s
methodology [42], we systematically evaluate the impact of
each variable to quantify the uncertainty associated with
computed parameters. By doing so, we gain a deeper
understanding of the reliability of the results.

(A1)
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NOMENCLATURES

A Area, m?2

Cp Specific heat, ] /kg. °C

d Diameter, m

f Fanning friction factor

h Convection heat transfer coefficient, W/m?2.°C
k Thermal conductivity, W/m.°C

L Length, m

m Mass flow rate, kg/s

N Number of baffles

P Pressure, Pa

P Baffle pitch, mm

Q Heat transfer rate, W

T Temperature, °C or K

t Time, s

U Overall heat transfer coefficient, W/m?2.°C
\Y Volume, m?

14 Volume flow rate, m3/s
DIMENSIONLESS GROUPS

Nu Average Nusselt number

Pr Prandtl number

Re Reynolds number

St Stanton number

GREEK LETTERS

A Baffle pitch ratio

¢ Volume concentration of nanoparticles
A Differential

1) Uncertainty

y Baffle relative angle, °

1) Baffle cut-off ratio

T Pi = A mathematical constant = 3.1416
p Density, kg/m3

SUPERSCRIPTS AND SUBSCRIPTS

an Annulus

ave Average

h Hydraulic

i Inlet/Inner/Internal
LM Logarithmic mean
0 Out/Outer

t Tube

ACRONYMS AND ABBREVIATIONS
HTPI Hydrothermal Performance Index
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