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This study numerically investigates forced convection heat transfer and turbulent flow of
a SiO:-water nanofluid in a channel with trapezoidal obstacles. A two-dimensional
standard k-¢ turbulence model with improved wall treatment was used and validated
against experimental data. Simulations covered Reynolds numbers (Re) in the range of
(4000 <Re <10000), considering inline and staggered obstacle arrangements, nanoparticle
volume fractions (1-4%), nanoparticle diameters (20-40 nm), and obstacle pitch (8-12
mm). The staggered configuration enhanced thermal-hydraulic performance, yielding an
8.61% higher Nusselt number (Nu) and a lower friction factor (f) than the inline
arrangement. Increasing nanoparticle volume fraction from 1% to 4% at a fixed 30 nm
diameter improved Nu by 11.13% with negligible hydraulic penalty. A smaller
nanoparticle with a diameter of 20 nm improved heat transfer by 4.54% relative to 40 nm
due to enhanced Brownian motion. The thermal performance factor (TPF) exceeded unity
for all cases, reaching a maximum of 1.549 for the staggered configuration at Re = 4000,
4% volume fraction, and 20 nm diameter. An obstacle pitch of 10 mm provided the best
thermal enhancement with lower pressure drop at higher Re. The findings confirm that
nanofluids combined with trapezoidal obstacles, particularly in a staggered arrangement,
offer a promising balance between heat transfer enhancement and pressure drop for
compact heat exchanger-related applications.

1. INTRODUCTION

Heat transfer enhancement using water-based nanofluids
has attracted sustained attention due to the potential to improve
thermal performance and enable more compact heat exchanger
designs [1]. Among the wide range of nanoparticles studied,
silicon dioxide (SiO-) stands out as the most promising, as it
is stable, non-toxic, and exhibits predictable dispersion
behavior, making it a very useful choice for engineering
applications [2]. For turbulent internal flows, a combination of
these nanoparticle-induced thermophysical effects with
engineered geometric modifications, such as obstacles,
corrugations, fins, and baffles, can also be used to enhance
further convective heat transfer through turbulent mixing and
boundary-layer disruption [3].

Numerous numerical and experimental studies have been
conducted to assess the performance of nanofluids for heat
transfer enhancement under different geometrical and
operating conditions. Hamood et al. [4] numerically
investigated the laminar flow of Ag nanoparticles through a
channel with triangular obstacles and compared results for
three obstacle heights (4 m, 6 pm, 8 pm) and nanoparticle
volume fractions (2% to 6%). The results indicated that
maximum heat transfer occurs at a nanoparticle volume
fraction of 6% when the nanoparticle diameter is 25 nm, and
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the obstacle height is 8 pm. Barhdadi et al. [5] similarly
showed that turbulence formation in the flow induced by
channel obstacles increased convective heat transfer, with the
effect more pronounced at higher Re numbers. Yarmand et al.
[6] presented numerical results for SiO:-water nanofluids.
They reported that they have the highest Nusselt number (Nu)
among different types of nanoparticles under turbulent flow,
reinforcing their suitability for heat exchanger applications.
Ajeel et al. [7] found that semicircular corrugated channels
significantly improved heat transfer by enhancing fluid
mixing. Alshukri et al. [8] also confirmed that the TPF reached
a maximum of 2 over the Re number range of 5000 to 50000
using rectangular obstacles in the channel.

Further, Abchouyeh et al. [9] simulated CuO water
nanofluid flow using the Lattice Boltzmann Method (LBM)
past sinusoidal obstacles and concluded that enhancement in
the average Nu number by increasing Re number and
nanoparticle concentration was quite evident. Baghban et al.
[10] predicted heat transfer in SiO: nanofluid using a Least
Squares Support Vector Machine (LSSVM) model, which
showed good agreement with experimental results. Akbari et
al. [11] studied forced convective heat transfer over semi-
attached ribs. A trade-off between heat transfer augmentation
and friction factor (f) increase was reported. Simultaneously,
Kumar and Kumar [12] also noted in their review article that
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SiO:-water nanofluid consistently yields better results than the
base fluid in forced convection and emphasized the lack of
studies on the simultaneous effects of turbulence and
geometrical modifications. Esfeh et al. [13] also conducted a
numerical study on a nanofluid with natural convection in the
presence of cylindrical obstacles. They observed that
nanoparticle volume fraction and Rayleigh number positively
improve heat transfer. Ali and Alsaffawi [14] experimentally
studied a hybrid nanofluid. They concluded that the increase
in the friction factor was proportional to the increase in the
average Nu with increasing Re and nanoparticle concentration.

Lafta [15] studied the influence of square, rectangular, and
triangular obstacles. Results demonstrated that their use
increases local turbulence in the flow, thus enhancing
convective heat transfer. Abedalh et al. [16] reported a
significant increase in heat transfer (approximately 14%) and
a moderate increase in pressure drop (approximately 4%) with
the use of hybrid nanofluids. Shaalan et al. [17] reported that
the use of CuO nanofluids in heat pumps increased efficiency
by 22%. In contrast, Jehad and Hashim [18] numerically
modeled the forced convection of nanofluids and verified the
dependence of thermal performance on Reynolds number
(Re). Vajjha et al. [19] conducted an experimental study to
develop new empirical correlations for turbulent nanofluid
convection over a range of Re numbers, which can be used to
validate simulation results. Abdullah et al. [20] studied
numerically the heat transfer performance of a hybrid
nanofluid inside a wavy micro-channel. The results reveal that
nanoparticles with a concentration of 3% at Re = 1800 enhance
the heat transfer coefficient by 59.5% and help improve Nu by
42.25%.

Berrehal and Sowmya [21] focused on nanofluid flow in a
mini-channel and employed an advanced homotopy-based
modeling technique to investigate heat transport at the micro-
scale. Aghaei et al. [22] numerically studied nanofluid flow
through square barriers, finding a proportional relationship
between nanoparticle concentration and the convective heat
transfer rate. Finally, Vanaki et al. [23] reported on nanofluids.
They concluded that a wavy channel is superior to a smooth
channel, and that Re in the range of 6000 to 18000 is more
promising for higher heat transfer.

Unlike rectangular obstacles that promote large stagnant
recirculation zones and sharp-corner stress concentrations, or
triangular obstacles that induce aggressive pressure drops,
trapezoidal obstacles offer a favorable compromise: the sloped
walls gradually redirect flow, reducing form drag and
manufacturing complexity while still disrupting the thermal
boundary layer effectively [3, 8].

While the literature extensively reports studies on heat
transfer enhancement using either geometric obstacles
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(rectangular, triangular, sinusoidal corrugations) or nanofluid
addition  independently, the systematic  parametric
investigation combining trapezoidal obstacle geometry with
SiO.-water nanofluid (varying both particle size and volume
fraction) and comparing inline/staggered arrangements
remains unexplored. To address this gap, the current research
numerically analyzes the impact of Re (4000 < Re < 10000)
on average Nu, f, and TPF of SiOz-water nanofluids during
turbulent flow in a channel with trapezoidal obstacles in inline
and staggered arrangements. Moreover, a systematic study
was done on the effects of the nanoparticle size (20, 30, and
40 nm) and volume fraction (0 to 4%). Application of
trapezoidal obstacles is a geometric arrangement that is yet to
be fully discussed in the existing literature in relation to
rectangular and triangular baffles, and the joint evaluation of
nanoparticle size and volume fraction is informative in the
context of optimization of thermal-hydraulic performance.

2. NUMERICAL MODEL
2.1 Geometric description of the channel

The current numerical study utilizes a two-dimensional
computational framework to investigate forced convection and
thermal transport characteristics of water-based silicon oxide
(SiO2) nanofluids. The physical domain consists of a
horizontal rectangular duct featuring a series of trapezoidal
obstacles mounted on both the upper and lower surfaces, as
illustrated in Figure 1. The primary geometric parameters
include a channel height (H) of 10 mm, with the obstacle width
(w) and height (e) defined as 0.4H and 0.1H, respectively. To
facilitate a fully developed flow profile, a hydrodynamic entry
length of 20H is established prior to the first obstacle.
Furthermore, an exit section of 5H is maintained downstream
of the final obstacle to mitigate the influence of back-pressure
and potential flow reversal at the outlet boundary. The total
length of the active obstacle section is designated as 11H.
Table 1. Shows the geometric parameters of the channel. The
thermal-hydraulic performance is evaluated across five
distinct independent variables: Re, nanoparticle diameter,
volume fraction, obstacle configuration (inline vs. staggered),
and obstacle pitch. As depicted in Fig. 1, the trapezoidal
obstacles are characterized by a 30<inclination angle. Flow
enters the domain via a velocity inlet (4000 < Re < 10000) and
exits through a pressure outlet boundary. The incoming flow
is assumed to be turbulent, featuring a 5% turbulence intensity
at an ambient temperature Ti, of 300 K. A constant heat flux
is applied to the channel walls, and no-slip conditions are
imposed.
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Figure 1. Configuration of the enhanced channel with flow obstacles: (a) layout, (b) shapes and dimensions



Table 1. Channel geometric parameters

Parameter Symbol Value
Channel height H 10 mm
Obstacle width w 4 mm (0.4H)
Obstacle height e 1 mm (0.1H)
Obstacle inclination angle o 30°
Baseline pitch (variable) S 8,10, 12 mm
Entry section length L1 200 mm (20H)
Obstacle section length L2 110 mm (11H)
Exit section length Ls 50 mm (5H)
Total computational domain length L 360 (mm)

2.2 Governing equations

Figure 1 presents a schematic of a two-dimensional channel
with a trapezoidal obstacle model studied in this work. The
following assumptions were applied to operating conditions of
the enhanced channel: (i) flow in the channel is at steady-state;
(ii) fluid is incompressible, and it remains single-phase
throughout the channel; (iii) fluid properties and channel
material properties are independent of temperature; (iv) a
constant heat flux boundary condition is applied to the upper
and lower walls of the channel.

The thermal transport and fluid dynamics within the channel
are described using a group of governing equations formulated
in the Cartesian coordinate framework [24-26], which include:
Continuity equation:

d
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Momentum equation:
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The Reynolds-averaged method of turbulence modeling
necessitates that the Reynolds stresses (—pm) appearing in
Eg. (2) be modeled. Closure of these equations was obtained
by selecting the k-¢ turbulence model. A popular approach is
to use the Boussinesq hypothesis to model the Reynolds
stresses in terms of the mean velocity gradients:
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The turbulent viscosity p; is determined from an
appropriate turbulence model, expressed as:
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where, k from the modeled transport equation for TKE is given
by:
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Similarly, the dissipation rate £ of TKE is governed by:
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In these expressions, G, represents the production rate of
TKE, while pe¢ is its destruction rate. G, is defined as:

au]'
—Puy o (8)
The boundary values of turbulent quantities close to the wall
are imposed by using the enhanced wall treatment method.
The empirical constants C, = 0.09, Ci; = 1.44, C5,=1.92, ok =
1.0, o, = 1.3, and Pr; = 0.9 are used in the turbulence transport
equations [27].
The hydraulic diameter (Dy) of a rectangular channel of one
obstacle period is defined according to the study [28] as:

A
h_Ph

©)

The velocity based on Re, Dy, and the nanofluid effective
properties is calculated as follows [29]:

_ ,unfRe

= 10
m PnsDn (10)

The average friction factor (fay) for turbulent flow regime is
calculated based on the pressure drop over the length L [30,
31]:
2D, AP

L pu?

(11)

av

where, AP = Piy - Poy is the pressure difference between the
inlet and outlet

To evaluate the heat transfer characteristics, the local heat
transfer coefficient h(x) and the local Nusselt number Nu(x)
are defined [32]:

Q
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Nu(x) = h(/’{)th (13)

Whereas the average heat transfer coefficient (ha) is
calculated as follows by integrating local values along the
channel length L [33]:

L
w =7 [ hax (14)

Consequently, the average Nusselt number (Nua) could
thus be defined as [34]:

hath
Anf

Nug, = (15)



The overall hydrothermal performance of the channel with
inserted obstacles can be quantified by introducing the thermal
performance factor (TPF). TPF essentially measures how
much more heat transfer enhancement could be gained with
how much pressure drop penalty when compared to the plain

channel [35-37]:
fu
()

where, Nup and f, represent the ‘Nusselt number (Nu)’ and
friction factor of a smooth plain channel, respectively.

Nug,
N Uy

TPF = (16)

2.3 Thermophysical properties of nanofluids

For a nanofluid with spherical particles, the specific heat
capacity and effective density may be determined using the
following formulae [38, 39]:

Pnf = (1 - (p)pbf + ¢pnp (17)

(Cp)nf = [(1 - ¢)(pcp)bf + ¢(pcp)np] /pnf (18)

The effective thermal conductivity coefficient (4,) is
expressed as a two-term function, where the first term
represents the static part, and the second is related to Brownian
motion. The term related to Brownian motion considers the
particle size, particle volumetric concentration, temperature
and base fluid properties, together with the properties of
nanoparticles affected by Brownian motion. So, the effective
thermal conductivity of nanofluid is determined by the
following equations [23]:

Anf = Ast + Apr (19)
where,
20+ A,.) —2¢(A,r — A
Ast = Loy ( bf np) ¢( bf np) (20)
(s + Anp) + Aoy — Any)
. K,T
Agr = 5% 10* x /3¢pbf(cp)bf 7 fTe) @Y
pnp np

where, Ky, is the Boltzmann constant (Kp = 1.3807 %1072 J/K)
and £ indicates the fraction of liquid volume which moves
along with the nanoparticle. § for SiO, particle can be
determined by using the following empirical correlation [19]:

B = 1.9526(100¢)145% (22)
At1% < ¢ < 10%, and 298 < T(K) < 363

The expression f (T, ¢) is represented in the following form
[23]:

T
f(T,¢) = (0.028217¢ + 0.003917) - — 0.030669¢
o
—0.003391123

(23)

For
293 K.

1% <¢$p<4% , and 300 <T(K)<325 T, =
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The effective viscosity of nanofluid can be predicted by
using the following mean empirical correlation [40].

1
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Thermophysical parameters of SiO, and water are given in
Table 2.

Table 2. Characteristics of SiO,and water at 300 K

Fluid p(kg/m®) €, JkgK) AWmK) pu(Pas)
SiO2

[41] 2220 745 1.38 -
Water

[42] 997 4179 0.613 0.000855

2.4 Numerical implementation, grid testing and code
validation

In the present study, numerical simulations were conducted
to study the hydrothermal characteristics of SiO./water
nanofluids flowing inside a two-dimensional rectangular duct
with trapezoidal obstacles placed in-line and staggered
arrangements. The steady-state continuity, momentum, and
energy equations were solved employing the finite volume-
based ANSY'S Fluent 2024 R2 solver. The turbulent flow field
is modeled using the standard k-¢ transport equations coupled
with enhanced wall treatment to accurately capture the near-
wall details. A second-order central difference scheme was
used to discretize the diffusion term to obtain numerical
stability with a higher-order of accuracy, whereas the
momentum, energy, and turbulence transport equations’
convection terms are discretized with a second-upwind
difference scheme. The SIMPLE algorithm was used for the
pressure—velocity coupling. In addition, simulations were
carried out considering an inlet turbulence intensity of 5%.
Solutions were considered converged when the normalized
residuals of all variables reached <107,

110 ;0.1
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109 F ot 1 0095
108 | 1 0.09
107 F 1 0.085
5 106 ¢ 1008 5
E E i =
2105 F i 0075 %
= F o A i ]
2 104 | - 1007 E
=5 F 4 =
r 1 €9
“ 103 F 1 0.065
102 F 1 0.06
101 F 1 0.055
100 t ‘ ‘ : : 7 0.05
50000 70000 90000 110000 130000 150000
Number of Elements

Figure 2. Mesh independence verification: Variation of
Nusselt number (Nu) and friction factor (f) with total element
number



Figure 3. Schematic of grid structure used for the enhanced
channel simulation
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Figure 4. Validation of current work with experimental study
of Elshafei et al. [43]
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Figure 5. Numerical model validation through comparison of
Nusselt number (Nu) with the Dittus—Boelter correlation

A grid independence study was performed at (Re = 6000)
for five different structured meshes with 53,720, 71,640,
85,725, 106,920, and 133,320 elements to ensure reliable
numerical results. As seen from Figure 2, Nu and f approach
an asymptotic value with increasing number of mesh elements.
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Therefore, any change in Nu when the mesh elements are
increased from 106,920 no longer shows significant change
and may be considered grid independent. Thus, mesh
containing 106,920 elements was considered for all future
simulations, which saves computational time.
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Figure 6. Numerical model validation through comparison of
the friction factor with the Blasius correlation

The distribution of the chosen mesh for the two-dimensional
flow setup is shown in Figure 3. The structured non-uniform
grid was implemented for the enhanced channel walls,
characterized by significant refinement in the near-wall
regions. This ensures that the dimensionless wall distance (y*)
remains within the viscous sub-layer (y* = 1), providing
sufficient resolution to capture the complex flow physics
across the entire range of considered Re. The numerical
framework was initially validated by replicating the geometry
and boundary conditions reported in the experimental study by
Elshafei et al. [43]. As shown in Figure 4, the current
numerical predictions for the Nu demonstrate strong alignment
with the experimental data for (4100 < Re <9400). To further
consolidate the code validation, the Nu, and friction f, for the
plain smooth channel under turbulent flow were compared
against the established correlations of Dittus—Boelter and
Blasius [44]. The Dittus—Boelter correlation for heating is
given as:

Nu = 0.023Re%8pro4 (26)

The friction factor was also compared against the Blasius
equation:

f = 0.316Re~%%° for (3000 < Re < 20000) 27)

As can be seen in Figures 5 and 6, there is good agreement
between the numerical model and empirical correlations
(Blasius and Dittus-Boelter, respectively) for which the
average deviation is #3.67% and #4.07% in f, and Nup,
respectively, over the range of Re from 4000 to 10000, which
demonstrates reasonable accuracy of the present simulations.

3. RESULTS AND DISCUSSION

Results from the numerical investigations for assessing the
thermal-hydraulic performance of SiO.-water nanofluid flow
through a rectangular channel with trapezoidal obstacles are



detailed in this section. Four key parameters are studied,
considering nanoparticle volume fraction, diameter and pitch
of trapezoidal obstacles and arrangement of obstacles and
discussed in terms of thermal performance and flow field.
Those four parameters are: (i) arrangement of obstacles: inline
and staggered arrays, (ii) nanoparticle volume fraction: 1%,
2%, 3% and 4% vol., (iii) nanoparticle diameter: 20 nm, 30 nm
and 40 nm, and (iv) pitch of obstacles: 8 mm, 10 mm and 12
mm. All cases were simulated for Re between 4000 and 10000,
which are values that include the turbulent regime observed in
real heat exchangers. Evaluation metrics are the Nuay, fay, and
TPF.

3.1 The effect of different obstacle arrangement

This section evaluates the thermal-hydraulic performance of
the channel at a fixed particle diameter of 30 nm and volume
fraction of 4%, comparing the effectiveness of inline versus
staggered trapezoidal obstacle arrangements across a Re range
of 4000 to 10000. Figure 7. Illustrates that the staggered
arrangement provides superior heat transfer performance
when compared inline arrangement. The staggered obstacles
provide a larger Nu for all tested Re between 4000 < Re <
10000. At Re = 10000, Nu experienced an approximate 9%
increase from 128.71 to 140.34 for the staggered arrangement
of obstacles. The staggered arrangement outperforms the
inline configuration with a mean Nu enhancement of 8.61%
across all Re. This superiority is attributed to the staggered
geometry forcing the nanofluid into a more tortuous path,
which promotes lateral mixing and effectively redevelops the
thermal boundary layer more frequently than the inline setup.
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Figure 7. Impact of obstacle arrangement on Nusselt number
(Nu)

A critical finding is that the staggered arrangement not only
enhances heat transfer but also operates with a lower friction
factor compared to the inline configuration, as shown in Figure
8. This trend persists throughout all flow regimes. The reduced
hydraulic resistance in the staggered arrangement likely stems
from the more streamlined flow interaction between
successive obstacles, which avoids the massive, high-
pressure-drop recirculation zones typically trapped between
inline obstacle pairs. Consequently, the staggered arrangement
provides increased heat transfer at lower pumping power cost.

Figure 9 supports the assertion that the staggered
arrangement offers superior thermal performance. Since Nu
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staggered > Nu inline and f staggered < f inline, the resulting
TPF for the staggered arrangement is always much greater
than unity for any Re. The maximum TPF obtained from this
study is 1.504 for the staggered ribs at Re = 4000. Meanwhile,
inline obstacles only achieved a TPF of 1.379 at that Re.
Though the gap closes at higher turbulence levels, staggered
obstacles show a respectable TPF of 1.143 at Re = 10000,
whereas inline obstacles approach unity at 1.034. Therefore,
the staggered arrangement of trapezoidal obstacles should be
used when designing a trapezoidal channel with nanofluids for
the best thermal performance.
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Figure 8. Impact of obstacle arrangement on friction factor
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Figure 9. Impact of obstacle arrangement on thermal
performance factor (TPF)

3.2 The effect of nanoparticle volume fractions

A volume fraction of nanofluid size of 30 nm is considered
for staggered arrangement as it showed better thermal
performance. Figure 10 reveals a direct proportional
relationship between the nanoparticle volume fraction and the
Nu. As the volume fraction increases from 1% to 4%, a
consistent upward shift in Nu is observed across all Re. An
increase in volume fraction from 1% to 4% shows significant
thermal improvement for a particle diameter of 30 nm, keeping
other parameters constant. At Re = 10000, Nu increases from



131.13 to 145.71, which is a gain of nearly 11.1%. Across all
Re, increasing the volume fraction from 1% to 4% provides a
consistent mean enhancement of 11.13% in Nu. Such
improvement is primarily results from increase in the thermal
conductivity of the working fluid at higher volume fraction.
Additionally, increased density creates more collisions and
vigorous Brownian motion, which helps to thin down the
thermal boundary layer near the trapezoidal obstacle surface.
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Figure 10. Impact of nanofluid volume fractions on Nusselt
number (Nu)
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Figure 11. Impact of nanofluid volume fractions on friction
factor (f)

Unlike Nu, f seems to stay steady for all the volume
fractions investigated, as depicted in Figure 11. At any Re, f
varies negligibly (less than 0.05%) for volume fractions
between 1% and 4%. This indicates that for the given range of
volume fraction, the increase in viscous dissipation due to
nanoparticles gets dominated by form drag and turbulent
eddies formed due to trapezoidal obstacles. Thus, the increase
in particle loading doesn’t incur a high hydraulic penalty. This
outcome implies that an 11.1% Nu increase can be achieved
with negligible additional pumping power cost, making this
nanofluid volume fraction highly attractive for industrial
retrofitting or new designs where energy consumption is a
critical factor. Figure 12 demonstrates that since the friction
factor remains nearly constant while Nu increases with volume
fraction, higher volume fractions consistently deliver superior
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thermal performance.

The maximum TPF of 1.540 is recorded at Re = 4000 with
a 4% volume fraction, whereas the 1% volume fraction yields
the lowest TPF of 1.147 at Re = 10000. The steady increase in
TPF from 1% through 4% confirms that for the 30 nm
nanoparticle size, the highest studied volume fraction (4%)
provides the most efficient thermal-hydraulic performance in
a trapezoidal-ribbed configuration.

1.6
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- =2%

+(l) =3%
~d=4%
dup

30 nm

1.] b L il L L L
3000 4000 5000 6000 7000 8000 9000 10000 11000
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Figure 12. The impact of nanofluid volume fraction on
thermal performance factor (TPF)

3.3 The effect of different nanoparticle sizes

Variation of Nu with Re for staggered trapezoidal obstacle
arrangement for nanofluid volume fraction of 4% is shown in
Figure 13. For all particle sizes considered (d., = 20, 30, and
40 nm), Nu rises monotonically with Re, which can be
explained by stronger turbulent fluctuations at higher Re
leading to greater mixing and disruption of the thermal
boundary layer by the trapezoidal obstacles. Furthermore, at a
given Re value, a decrease in nanoparticle size results in a
significant enhancement of the heat transfer rate. In fact, Nu
obtained for dy, =20 nm is about 2.78% and 4.31% higher than
the Nu obtained for d,, = 30 nm and d., = 40 nm, respectively,
at Re = 10000. Across all Re, the 20 nm nanoparticles provide
a mean enhancement of 4.54% compared to 40 nm particles.
This enhancement in heat transfer performance can primarily
be explained by two factors: the increase in specific surface
area and the intensification of Brownian motion. A reduction
in particle size increases the available surface area per unit
volume, thereby improving the interaction between the
nanoparticles and the base fluid and facilitating more efficient
heat transfer. In addition, a reduction in particle size intensifies
Brownian motion, leading to greater particle mobility within
the fluid. This increased random movement promotes energy
transport and continuously generates supplementary pathways
for heat flow, thereby enhancing the overall heat transfer
performance of the nanofluid. Results obtained for d,, =30 nm
are intermediate values between those obtained for d,, =20 nm
and d., = 40 nm, confirming consistent degradation of heat
transport properties with increase in nanoparticle size within
the studied range.

The impact of nanoparticle diameter on the friction factor
() appears to be statistically marginal, as shown in Figure 14.
Across the range of 4000 < Re < 10000, the values of f for all
three diameters are nearly identical. This suggests that at a
constant volume fraction of 4%, the hydraulic resistance is



dominated by the form drag and secondary flow vortices
generated by the trapezoidal rib geometry rather than the
internal physical dimensions of the suspended nanoparticles.
The reduction of f with increasing Re follows the standard
trend for turbulent flow in roughened channels, indicating that
the use of smaller nanoparticles offers a thermal advantage
without any supplemental penalty in pumping power.
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Figure 13. The impact of nanoparticle size on Nusselt
number (Nu)
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Figure 14. The impact of nanoparticle size on the friction
factor (f)

Figure 15 compares the TPF obtained for all cases
considered. Values of TPF obtained are all larger than unity,
ranging between 1.15 and 1.549, thus confirming observations
above that enhancement in heat transfer by use of obstacles
and nanofluids is always more than the penalty suffered in the
friction factor. Cases using d., = 20 nm nanoparticles exhibit
the highest TPF values, reaching a maximum of 1.549 for the
lowest Re value. Nu using d., = 30 nm nanoparticles settles in
between those obtained with d,, = 20 nm and d,, = 40 nm
nanoparticles as expected (illustrated with example 1.375 vs.
1.388 for d, = 20 nm at Re = 6000). Although all values of
TPF converge towards each other as Re increases, optimal
nanoparticle size remains d,, = 20 nm. The observed trend
clearly states that for optimum thermal-hydraulic performance
of nanofluid in high performance application with trapezoidal
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obstacles heat transfer should be enhanced by decreasing
nanoparticle size as much as possible.
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Figure 15. Impact of nanoparticle size on thermal
performance factor (TPF)

3.4 The effect of different obstacle pitches

This section investigates the thermal-hydraulic performance
of the trapezoidal-obstacle channel by varying the obstacle
pitch (S = 8, 10, and 12 mm) at a constant nanoparticle
diameter of 30 nm and a volume fraction of 3% for a staggered
arrangement.

The results indicate that the Nu is inversely proportional to
the obstacle pitch, as shown in Figure 16. The highest Nu
values are recorded for the smallest pitch (S = 8 mm), where
the frequency of boundary layer interruption and flow
reattachment is greatest. At Re = 10000, the Nu for S = 8 mm
is 141.92, which is approximately 6.4% higher than the value
of 133.40 observed for S = 12 mm. A smaller pitch promotes
more intensive mixing and turbulence near the wall, thereby
maximizing the thermal transport capacity of the nanofluid.

The friction factor increases significantly as the pitch
decreases, as shown in Figure 17. The S =8 mm configuration
consistently exhibits the highest hydraulic resistance due to the
increased density of trapezoidal obstructions per unit length of
the channel. For example, at Re = 4,000, the friction factor for
S = 8 mm is approximately 29% higher than that for S = 12
mm.

Pitch variation presents a fundamental trade-off: smaller
pitch (S =8 mm) maximizes Nu (6.4% higher than S =12 mm)
but incurs 29% higher friction factor penalty. Larger pitch (S
= 12 mm) minimizes the friction factor but reduces heat
transfer gains. Figure 18 shows the nonlinear optimization
trend of TPF with changing pitch. Maximum TPF at Re = 4000
was achieved with a pitch of 8 mm (TPF = 1.544). However,
when considering operation across the entire investigated Re
range, S = 10 mm pitch offers superior overall thermal-
hydraulic performance, with TPF = 1.155 at Re = 10,000,
compared to 1.124 for S = 8 mm and 1.142 for S = 12 mm.
This indicates that for Re > 4000, a pitch of 10 mm is the
optimal configuration, as heat transfer improvement justifies
the penalty incurred by pressure drop. The smaller pitch of 8
mm suffers from an extremely high pressure drop, while the
larger pitch of 12 mm does not improve heat transfer as much.
Therefore, S = 10 mm is recommended as the optimal



geometric configuration for practical operation.
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Figure 16. The impact of obstacle pitch on Nusselt number
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Figure 17. The impact of obstacle pitch on friction factor (f)
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Figure 18. The impact of obstacle pitch on thermal
performance factor (TPF)
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4. CONCLUSION

A comprehensive parametric study on thermal-hydraulic
performance of SiO-water nanofluid turbulent flow through a
rectangular channel with trapezoidal obstacles was conducted
numerically in the present study. Variation in obstacle
configuration, nanoparticle volume fraction, nanoparticle
diameter, and obstacle pitch over the Re range of (4000 to
10000) has been thoroughly investigated. The following is the
conclusion drawn based on the results presented and discussed
in the article:

«Obstacle configuration: Staggered arrangement enhanced
the performance by producing 8.61% higher Nu and a lower
friction factor than the inline arrangement. Further, at a
volume fraction of 4% and dn, = 30 nm, the TPF value was
recorded as 1.504 and 1.379 for staggered and inline obstacles,
respectively, at Re = 4000.

*Nanoparticle volume fraction: Enhancing nanoparticle
volume fraction from 1% to 4% (considering dn, = 30 nm)
improves Nu by 11.13% across all Re with insignificant
change in friction factor. Further, the maximum value of TPF
was found as 1.540 at Re = 4000 with 4% volume fraction.

*Nanoparticle diameter: Trapezoidal obstacles with
nanoparticles of diameter 20 nm were found to perform better
with an improvement of 4.54% in Nu over 40 nm particles
across all Re. Variation in friction factor was found negligible
with change in particle diameter.

*Obstacle pitch: Decreasing pitch resulted in better
performance with respect to Nu (8 mm > 10 mm > 12 mm) but
with a relatively higher friction factor. While the highest TPF
at Re = 4000 was found with a pitch of 8 mm, a pitch of 10
mm provided the most balanced thermal-hydraulic
performance across the higher Re range.

On comparing all the cases considered for parametric study,
it can be concluded that maximum value of TPF is achieved
for case with staggered arrangement of trapezoidal obstacles,
nanoparticle volume fraction of 4%, dnp, = 20 nm and pitch of
10 mm. This combination results in TPF of 1.549 at Re = 4000.
Within the numerical assumptions adopted in the present
study, all investigated cases resulted in TPF values greater
than unity, indicating a net thermal-hydraulic advantage of
employing SiO.-water nanofluid in a rectangular channel
equipped with trapezoidal obstacles for compact heat
exchanger applications.

5. LIMITATIONS AND FUTURE WORK

It is important to mention that the present 2D single-phase
model does not account for the complexities of the actual 3D
turbulent flow or nanoparticle migration phenomena.
Validations and further studies with the implementation of 3D
simulation and two-phase model will be pursued in future
work.

Future investigations should also consider the thermal-
hydraulic performance of other nanoparticle materials and
hybrid nanofluids within similar obstacle configurations to
assess if other materials can yield better or similar thermal-
hydraulic performance.
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NOMENCLATURE

A cross section area, m?

C. turbulence model constant

Co specific heat capacity, J/(kg K)

Dn hydraulic diameter, m

Onp nanoparticle diameter, nm

ds equivalent diameter of a base fluid Molecule

e obstacle height, m

f friction factor

Gk production of turbulent kinetic energy due to mean

velocity gradients, kg/(m sF

h heat transfer coefficient, W/(m=K)

H channel height, m

A thermal conductivity, W/(m K)



— 4 W0nwmw o= N T O =~
3greTesITE=S
N

X s c c

turbulent kinetic energy, (M%<
molecular weight, g/mol
Avogadro number, mol™
Nusselt number

pressure, N/m=

Prandtl number

pressure drop, N/m=

heat flux, W/m?

surface geometry function
Reynolds number

obstacle pitch, m

silicon dioxide

temperature, K

thermal performance factor
flow velocity component, m/s

velocity fluctuation component, m/s

obstacle width, m
axial coordinate

Greek symbols

B

r
It

fraction of the liquid volume that moves along

with a nanoparticle
molecular thermal diffusivity
turbulent thermal diffusivity
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€ turbulent dissipation rate, m?/s3

Kb Boltzmann constant, 1.3807 %102 J/K

U dynamic viscosity, Pa s

p density, kg/m3

Pbfo the mass density of the base fluid calculated at
temperature T, = 293 K

¢ nanoparticles volume fraction

Subscripts

av average

b bulk

bf base fluid

Br Brownian

eff effect

in inlet

ij components

m mean

nf nanofluid

np nanoparticle

out outlet

st static

t turbulent

w wall





