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ABSTRACT: This article aims to model and analyze the heat and fluid flow characteristics of a carboxymethyl cellulose
(CMC) nanofluid within a convergent-divergent shaped microchannel (Two-dimensional). The base fluid, water +
CMC (0.5%), is mixed with CuO and AL O; nanoparticles at volume fractions of 0.5% and 1.5%, respectively. The
research is conducted through the conjugate usage of experimental and theoretical models to represent more realistic
properties of the non-Newtonian nanofluid. Three types of microchannels including straight, divergent, and convergent
are considered, all having the same length and identical inlet cross-sectional area. Using ANSYS FLUENT software,
Navier-Stokes equations are solved for the laminar flow of the non-Newtonian nanofluid. The study examines the effects
of Reynolds number, nanoparticle concentration and type, and microchannel geometry on flow and heat transfer. The
results prove that the alumina nanoparticles outperform copper oxide in increasing the Nusselt number at a 0.5%
volume fraction, while copper oxide nanoparticles excel at a 1.5% volume fraction. Moreover, in the selected case
study, as the Reynolds number increases from 100 to 500, the Nusselt number rises by 56.26% in straight geometry,
52.93% in divergent geometry, and 59.10% in convergent geometry. Besides, the Nusselt number enhances by 18.75%
when transitioning from straight to convergent geometry at a Reynolds number of 500, and by 19.81% at a Reynolds
number of 1000. Finally, the results of the research depict that the use of thermophysical properties derived from
the experimental achievements, despite creating complexity in the modeling and the solution method, leads to more
accurate and realistic outputs.

KEYWORDS: Convergent-divergent microchannel; CMC-base nanofluid; non-Newtonian; numerical simulation;
experimental model

1 Introduction

In recent decades, significant efforts have been undertaken to create highly efficient heat exchange
devices that focus on energy conservation and the optimization of raw materials, all while addressing
economic and environmental concerns [1,2]. The primary goal is to reduce the size of the heat exchanger
required for a given thermal load and to increase the capacity of existing heat exchangers [3]. The world-
wide need for high-performance and cost-effective heat exchange systems continues to grow significantly,
especially in industrial processes, power plants, HVAC applications, and automotive sectors. Heat transfer
enhancement can be achieved through various approaches, which are primarily classified into passive and
active techniques. Passive methods do not require external force and include the use of extended surfaces [4],
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compact heat exchangers [5], non-circular cross-section channels, vortex-enhanced heat transfer, altering
the rheological properties of fluids, microchannels, surface coating and finishing, using moving devices
within the fluid channel, flow rotating devices, creating interruptions and breaks in flow [6], helical tubes,
and additives to liquids and gases. Active methods require external power and include mechanical stirring,
surface scraping, rotating surfaces [7], surface oscillation, fluid oscillation, using electric fields, injection, and
suction [8].

Microchannels [9,10] are increasingly recognized as an effective passive method for enhancing heat
transfer in various applications, including cooling systems, power generation, and electronic devices. These
channels characterized by their small hydraulic diameters [11]. The enhanced thermal performance is
attributed to the increased surface contact between the fluid and the channel walls, as well as the higher
heat transfer coeflicients achievable in micro-scale flows [12]. Microchannels facilitate rapid heat dissipation,
making them ideal for applications where space is limited and high heat fluxes are encountered, such
as in microprocessors and compact heat exchangers. Additionally, the use of microchannels can lead
to a reduction in the overall size and weight of thermal management systems, contributing to energy
and material savings. The manufacturing of microchannels involves advanced techniques such as micro-
milling, photolithography, and etching, which allow for precise control over the channel dimensions and
surface characteristics. Incorporating microchannels into heat exchange devices can lead to substantial
improvements in thermal performance and energy efficiency, aligning with the growing demand for reliable,
economical, and environmentally friendly thermal management solutions.

Nanofluids, which are engineered colloidal suspensions containing either a single type of nanoparticle
(conventional nanofluids) or multiple types of nanoparticles (hybrid nanofluids, e.g., Fe,O4-Ti0,-Ag/H,0)
in a base fluids, represent a promising advancement in the field of heat transfer enhancement [13-15].
These fluids show interesting properties in the thermal framework [16-19]. The high thermal conductivity of
nanoparticles significantly enhances the thermal conductivity of the base fluid [20-23]. This enhancement
leads to more eflicient heat transfer, which is crucial for applications requiring high thermal performance,
such as electronic device cooling. The preparation of nanofluids involves techniques such as two-step
methods, where nanoparticles are first produced and then dispersed into the base fluid, and one-step
methods, where nanoparticles are synthesized and dispersed simultaneously. Stabilizing agents or surfactants
are often added to prevent particle agglomeration and ensure uniform dispersion, maintaining the stability
and performance of the nanofluid. Despite their potential, the application of nanofluids faces challenges such
as high production costs, potential long-term stability issues, and the need for extensive research to fully
understand their thermal behavior and interactions with various materials. However, ongoing advancements
in nanotechnology and material science continue to address these challenges, paving the way for broader
adoption of nanofluids in enhancing heat transfer efficiency. The integration of nanofluids into thermal
management systems aligns with the global demand for innovative, energy-efficient, and environmentally
friendly solutions, contributing to advancements in various industrial sectors.

The increasing demand for efficient cooling systems in various industries has served as the primary
motivation for this research. This study deals with the behavior and performance of nanofluids within
microchannels, as microchannels, owing to their high surface-to-volume ratio, and nanofluids, due to their
superior thermal properties, hold significant potential for enhanced heat transfer. In addition, the unique
properties of non-Newtonian nanofluids, combined with the characteristics of microchannels, hold immense
potential for enhancement in heat exchanger performance. These findings emphasize how important the
optimal selection of channel geometry, base fluid, and volume fraction of nanoparticles is in order to obtain
superior heat transfer rates with minimum pressure drop.
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The objective of the present study is to model and analyze the flow and heat transfer characteristics
of non-Newtonian nanofluids within microchannels of different geometries. Various geometries, namely
straight, diverging, and converging microchannels, will be used and compared for their efficiency in heat
transfer and pressure drop. Moreover, the influence of various parameters, such as the Reynolds number
and nanoparticle concentration, on the performance will be studied in detail. To improve the accuracy
in numerical models, experimental data should be included. Some of the important parameters tested in
this study, which probably affect the thermal and hydrodynamic performance of non-Newtonian fluids,
include the channel geometry, the type of nanoparticle, and the nanoparticle concentration. Two types of
nanoparticles, copper and alumina, dispersed in a CMC-based fluid at 0.5% and 1.5% concentrations are
considered, while Reynolds numbers in a wide range, between 100 and 1000, characterizing the laminar
flow regime, are tested. These results could, therefore, lead to ways to optimize the cooling systems widely
used in electronics, automobiles, medical equipment, and harnessing solar energy. The unique feature of this
study lies in the creative combination of different parameters, various microchannel geometries, different
nanoparticles, and a comprehensive analysis of their mutual effects on the behavior of non-Newtonian
nanofluid flow.

2 Geometry, Flow Characteristics and Modeling
2.1 Microchannel Geometry

This involves the use of three microchannels with the same length but different geometries: a straight

microchannel (Case 1), a divergent microchannel (Case 2), and a convergent microchannel (Case 3).

4A
P(wet)

cross-sectional area in all three microchannels, the inlet hydraulic diameter of each microchannel is assumed
to be 150 pm (Dj, = 150 pum). The length of each microchannel is 3 mm, or 20 times the hydraulic diameter
at the inlet as is shown in Fig. 1. The cross-sectional area of the convergent and divergent microchannels
changes linearly along the length of the microchannel, with the cross-sectional area at the outlet being 100

Considering the hydraulic diameter formula (Dh = ) for a rectangular channel and the constant inlet

and 200 um, respectively. Besides, the schematic of a straight microchannel with a constant cross-section
(Case 1) and coordinate axes is presented in Fig. 2.

Number | Microchannel Schematic View of Geometry
Case 1
Straight
(a)
Case 2
Divergent
(b)
Case 3
Convergent
(©)

Figure 1: Schematic of two-dimensional geometries used in this study: (a) straight (Case 1); (b) divergent (Case 2); (c)
converging (Case 3)



666 Front Heat Mass Transf. 2025;23(2)

5 ¥ - axis

Inlet 2
--} e (M ) L e e e o Ce e e e o e O o] Outlet
T, u,
X — axis

Figure 2: Schematic of a straight microchannel with a constant cross-section (Case 1) and coordinate axes

2.2 The Governing Equations

In this study, given the hydraulic diameter of the microchannel and the mean free path of water, the
Knudsen number is very small (Kn = 1/Dj, < 0.001). Therefore, no-slip boundary conditions can be used.
The governing equations for the problem are explained below.

In the steady state, assuming constant properties and laminar flow, equations for a single-phase non-
Newtonian nanofluid are as follows:

vV-V=0 1)
PesfV - VV = =VP+ ey V2V )
(pCp)effV'VTZkeffva (3)

In the above equations, P and T are the pressure and temperature of the nanofluid, respectively.
Peff (PCpless terr and k.ss to calculate the thermophysical properties of the nanofluid are described
in Table 1 [24-27].

Table 1: Relationships for properties [24-27]

Properties Relations
Effective density % =(1-2)+ 2, Ee
. . (p P)
Effective heat capacity (PCP)eff [ ((pC ), ) +(1- @)] (pCp)f
. . kp+2k;—2(kj—k, )@
Effective thermal conductivity kepr= ka +5x10*B@pyCp, 11 /P];—gpf (T,2)
£ (T, @) = (~6.042 + 0.4705) T + (1722.3% — 134.63)
B = 8.4407 (1002) """ for AL O,
B = 9.881(1002) ****® for Cu

Using the above-mentioned formulas, the first step is to calculate the effective properties at the average
temperature (315 K). To do so, Table | is made based on the mentioned references that includes the utilized
formula. Then, using the formulas provided in Table 1, the thermophysical properties required for nanofluids
simulation are derived as presented by Table 2.

Table 2: Thermophysical properties of materials used in this study [24]

Thermo-physical properties Pr P ( %) C, ( Ry K ) k (m—WK)
Water 6.2 9971 4179 0.613
Water + CMC (0.5%) - 998.6 4188 0.5592

(Continued)
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Table 2 (continued)

Thermo-physical properties Pr P ( % ) Cy ( Ké{%( ) k ( m—WK )
AL, O3 - 3970 765 40
CuO - 6500 540 18
CMC (0.5%) + 0.5% Al, O3 - 1013.5 4121 0.6262
CMC (0.5%) +1.5% AL, O3 - 1043 3993 0.6399
CMC (0.5%) + 0.5% CuO - 1026 4072 0.6335
CMC (0.5%) +1.5% CuO - 1081 3859 0.6558

In this study, the microchannel walls are subject to a constant temperature boundary condition. The fluid
enters the microchannel with a constant inlet velocity (determined based on the specified Reynolds number)
and a uniform temperature profile. The inlet temperature is 300 K, and the outlet boundary condition is an
outlet pressure of 0 Pa. The no-slip boundary condition is imposed at the walls, which are maintained at a
constant temperature of 330 K. These boundary conditions provide a realistic basis for accurate flow and heat
transfer simulations in the microchannel, enabling the study of fluid behavior and thermal characteristics
along the flow path. The dimensionless parameters are defined as follows:

Ui e P, T-T.

Pr= , >
prof Pefflbe Ty-T.

(4)

here, u, is the inlet velocity of the microchannel. Given the temperature range of 30 degrees Celsius in the
studied problem and its negligible influence on heat transfer and microchannel flow, the thermophysical
properties of the non-Newtonian nanofluid are calculated at the average temperature of the wall and the
inlet. The thermophysical properties of the nanoparticles, the 0.5% weight carboxymethyl cellulose (CMC)
solution in water as the base fluid, and the resulting mixture at different volume fractions used in this study
are shown in Table 2 [24].

Alumina and copper oxide nanoparticles are used in the present study owing to their proven thermo-
physical superiority, exceptional thermal properties, strong chemical stability, and low cost. Besides that,
nanoparticles of such types are also commonly used in the previous studies on nanofluids, which therefore
justifies their applicability here. For the low concentrations of nanoparticles (0.5% and 1.5%), a single-
phase homogeneous model is used, in which good agreements with experimental data are obtained. The
combination of experimental methods with numerical techniques provides more accurate results that better
reflect reality. This approach helps us reduce the complexity of non-Newtonian nanofluid simulations and
lower computational costs. Consequently, we can solve the problem using a single-phase homogeneous
approach without the need for two-phase analysis, while the obtained results will be very close to those of the
two-phase model. After determining the thermophysical properties, the next step is to select the problem-
solving method. The power law model is chosen based on the provided references, and the rheological
properties are extracted from it (Table 3). Here, the shear stress relationship in the non-Newtonian fluid
(power law) is as follows [28]:

7=Kyp" (5)
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Table 3: Rheological properties of the nanofluid [24,29]

Nanoparticle and base fluid Nanoparticle volume fraction Power law index (n) Power law coefficient (K) K(Pa - s")
Base Fluid Water + CMC (0.5%) 0.584 0.092
0.5% Al, O3 0.531 0.148
Base Fluid + Alz 03 1.5% A1203 0.547 0.137
0.5% CuO 0.579 0.095
Base Fluid + CuO 1.5% CuO 0.643 0.060

In the above relation, K, y and » are the consistency index, shear rate, and power law index, respectively.
To define the Reynolds number in forced convection flow of non-Newtonian fluid, the effect of the power
law index and coefficient in determining the Reynolds number and the starting velocity of the fluid at the
microchannel inlet is significant. The Reynolds number for a non-Newtonian fluid is defined as:

2-n n
u=""D
Re=PH 21 (6)
K

The rheological properties of the non-Newtonian nanofluids with aluminum oxide and copper nanopar-

ticles at different volume fractions used in this study are shown in Table 3 [24,29].

In this research, the Nusselt number is calculated using the following relation:

Nu= —2Dn 7)
AkAT 4

AT),14 is as follows:

ATy = (Tw = To,out) - (T — T,in) (8)

I (5)

The pumping power (PP) for circulating the nanofluid is as follows:

PP=Q x AP 9)
Additionally, to obtain the volumetric flow rate, we use the following equation:

Q=Ax Vi (10)

where A represents the cross-sectional area of the inlet and V;,, denotes the inlet velocity. Besides, Q is the
volumetric flow rate, and AP is the total pressure drop along the microchannel.

Calculation of the pressure drop in microchannels becomes important because it directly gives the level
of consumption of the pump’s power and hence the system’s operating costs. Besides, pressure drop analysis
enables the designer to obtain an optimal balance between enhanced heat transfer and the consumption of
increased pump power.

2.3 Grid Independence

The computational grid for simulating heat transfer and flow of non-Newtonian nanofluids in straight
(Case 1), divergent (Case 2), and convergent (Case 3) two-dimensional microchannels were selected as 9 x
300, 18 x 300, 27 x 300, 36 x 300, and 36 x 600. We then analyzed the output for every microchannel. Table 4
shows the values of the global Nusselt number and the dimensionless total pressure drop for each of the
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grids investigated, calculated from the simulation of pure water flow at Reynolds Number of 500 (Table 4).
Looking at the results per geometry, it can be seen that the results from the 27 x 300 and 36 x 300 grids are
very close and differ slightly from one another (less than 2%). In addition, the distribution of the selected grid
elements throughout each straight, divergent, and convergent geometries are provided respectively in Fig. 3.
It can be seen from Fig. 3 that, in order to appropriately calculate the heat flux and shear rate in the flow
of the non-Newtonian fluid, the smallest elements were distributed near the transverse boundaries and the
largest elements were distributed in the central region.

Case 1

Case 2

(b)

Case 3

(©

Figure 3: Distribution of selected mesh elements in each of the straight, divergent, and convergent microchannel
geometries: (a) straight; (b) divergent; (c) convergent

Table 4: Investigation of grid independence for pure water flow in microchannels at a reynolds number of 500

Case number Mesh 9 x 300 18 x 300 27 x 300 36 x 300 36 x 600
Nu; 8.045 7.828 7.807 7.832 7.806
Casel Diff. (%) 3.05 0.27 0.00 0.32 0.01
Nu, 6.565 6.865 6.967 6.916 6.893
Case 2 Diff. (%) 5.78 1.47 0.00 0.74 1.07
Nu, 8.944 9.189 9.116 9.115 9.146

Case 3 Diff.(%) 1.89 0.80 0.00 0.01 0.32
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3 Numerical Method for Flow and Heat Transfer in Micro Dimensions and Validation

A combination of experimental and numerical methods plays a pivotal role in this research to compre-
hensively investigate heat transfer and nanofluid flow in microchannels. The experimental approach provides
real-world data on the thermophysical properties of fluids, enabling the validation of numerical models
and the discovery of novel phenomena. In this investigation, the governing equations for the problem were
solved and the flow and heat transfer of a non-Newtonian nanofluid in a two-dimensional microchannel
were simulated using the finite volume method and the commercial software ANSYS FLUENT. A coupled
method was used to relate the velocity and pressure, and for the discretization of the momentum and energy
equations, and the pressure equation, a second-order upwind scheme was utilized. The convergence criterion
to ensure the accuracy of the results was the reduction of the maximum residual of the mass, momentum,
and energy conservation equations to less than 107°. The numerical simulation offers the capability to
examine a wide range of conditions, conduct detailed flow analysis, optimize designs, and reduce costs. In
this study, experimental data serves as input for ANSYS FLUENT simulations, and the resulting outputs
are validated against the experimental data. This hybrid approach, leveraging the strengths of both methods
simultaneously, yields more reliable results for the design and optimization of heat transfer systems.

To validate the method used for solving flow and heat transfer fields in micro dimensions, the study
by Hajialigol et al. [30], which has conditions somewhat similar to the problem under study, was selected
and simulated, and its results were compared. Hajialigol et al. numerically studied combined heat transfer
and laminar flow of pure water in a three-dimensional straight microchannel with different aspect ratios
and with a constant wall heat flux boundary condition in the Reynolds number range Re = 50 — 400. By
examining Fig. 4a,b, it is observed that the results of the numerical simulation show very good agreement
with the results of the study by Hajialigol et al. The Nusselt number values differ by a maximum of 1.9%
(Fig. 4a). Also, this difference in total pressure drop is a maximum of 2.0% (Fig. 4b). As a result, by comparing
the results, the accuracy of the selected method for modeling the flow field and heat transfer in micro
dimensions can be assured.

36
~¢=—Present work . ;
- . -‘J_'—.-.
—4+—Hajialigol et al. L1
;.; ) A\
g1
f 30 ":‘i 09
S08 8
27 E Present work
I — .|_« i . 07 === Haaiigol et al
PLEE SR E m R s
| o . N . 3O, . . 3. 3 %
24 06
50 100 150 200 250 300 350 400 $ 100 150 200 250 00 B0 400
Re Re
(a) (b)

Figure 4: Comparison of the results of present simulation and the research of Hajialigol et al. [30]: (a) schematic
representation of Hajialigol et al’s geometry [30]; (b) comparison of simulation results in the present study with those
of Hajialigol et al. [30] regarding total pressure drop
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Albojamal et al. [31] simulated the laminar flow of pure water and water-alumina nanofluid in a
1-m-long pipe with a constant circular cross-section of 1 cm in diameter and a constant wall heat flux
boundary condition in two dimensions, using the ANSYS FLUENT software with an axial symmetry
boundary condition. Table 5 shows that, in the Reynolds number range of 250 and nanoparticle volume
fractions from 0 to 4 percent, the simulation results have a small discrepancy with the results obtained from
the homogeneous single-phase nanofluid simulation method in the Albojamal et al. paper. The differences
in the results obtained from the simulation are a maximum of 3.11 percent for the Nusselt number and 2.38
percent for the heat transfer coefficient compared to their results. As a result, by comparing the results in
the Albojamal et al. paper and the simulation results, the accuracy of the chosen method for modeling the
nanofluid as a homogeneous single-phase can be assured.

Table 5: Comparison of the Nusselt number and heat transfer coefficient obtained by Albojamal et al. [31], for pure water
and water-alumina nanofluid in volume fractions of 1% and 4%

@ of ALO3 h (W/m?K) Nu
Present work Albojamal et al. [31] % diff Present work Albojamal et al. [31] % diff
0% 348.3 3514 0.88 5.83 5.89 1.02
1% 356.1 364.8 2.38 5.92 6.11 311
4% 407.0 416.7 2.33 6.79 6.98 2.72

4 Results and Discussion
4.1 Analysis of Cross-Sectional Effect on Micro-Channel Flow

In this part, the influence of choosing microchannel geometry on heat transfer and non-Newtonian
base fluid flow of 0.5 wt% carboxymethyl cellulose solution in water, at Reynolds numbers 100, 500, and
1000, is studied on straight, divergent and convergent microchannels. The non-Newtonian base fluid flow
enters the straight, diverging, and converging microchannel with a constant and uniform velocity. Eq. (6) is
used to calculate the input velocity. The non-Newtonian base fluid temperature at the entrance of each of the
microchannels is 300 K and the wall temperature is 330 K. In the following, the results obtained from the
simulation of the flow and heat transfer of the non-Newtonian base fluid in each of the microchannels are
described. Fig. 5 shows the Nusselt number values of the total non-Newtonian base fluid flow at Reynolds
numbers 100, 500 and 1000 obtained from straight (Case 1), divergent (Case 2) and convergent (Case 3)
microchannels.

Fig. 5 illustrates that in each of the studied microchannels, the Nusselt number is enhanced with
the increase of the Reynolds number. This augmentation can be due to the increase in flow velocity and
therefore the enhancement in velocity near the microchannel wall and the increase in convective heat
transfer. In addition, Fig. 5 depicts that the values of the total Reynolds number obtained from the convergent
microchannel are higher than the straight microchannel and the straight microchannel is higher than the
divergent microchannel. The increase in the value of the Reynolds number in the convergent geometry and its
decrease in the divergent geometry according to the law of conservation of mass can be due to the increase in
the flow velocity due to the decrease in the cross-sectional area in the convergent geometry and the reduction
in the flow velocity due to the increase in the cross-section area in the divergent geometry.

Fig. 6 shows the influence of increasing the Reynolds number on the dimensionless total pressure
drop values of the non-Newtonian base fluid flow. In each geometry, the total pressure drop values are
dimensionless with the total pressure drop value at Reynolds number 100. Fig. 6 shows that the dimensionless
total pressure drop usually increases with the enhancement of Reynolds number. The increase in the
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dimensionless total pressure drop with the enhancement in the Reynolds number can be due to the increase
in velocity near the surface and therefore the enhancement in friction. The augmentation in the value of the
dimensionless total pressure drop in the convergent geometry and its decrease in the divergent geometry
according to law of conservation of mass can be due to the changes in the cross-section area.

20

18 |

16 |

14

Z 12 /

10
8 | = =casel: Water +0.3% CMC
6 =e—case2: Water +0.5% CMC
4 —i—case3: Water +0.5% CMC

0 200 400 600 800 1000 1200
Re

Figure 5: The Nusselt number values of the non-Newtonian base fluid flow at Reynolds numbers 100, 500, and 1000
obtained from straight (Case 1), divergent (Case 2) and convergent (Case 3) microchannels

~—casel: Water +0.5% CMC
~o~case2: Water +0.5% CMC

=—case3: Water +0.5% CMC
Compared to Re 100

Pressure drop ratio

0 200 400 600 800 1000 1200
Re

Figure 6: The dimensionless total pressure drop of the non-Newtonian base fluid flow obtained from straight (Case 1),
divergent (Case 2) and convergent (Case 3) microchannel compared with total pressure drop value at Reynolds number
100

Table 6 also demonstrates the values of the Nusselt number at Reynolds numbers 100, 500 and 1000
and the percentage change of the Nusselt number values with the enhancement of the Reynolds number
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in each of the microchannels. For example, in straight geometry, as the Reynolds number increases from
100 to 500, the Nusselt number increases by 56.26%. This enhancement is 52.93% in divergent geometry
and 59.10% in convergent geometry. Examining the results of Table 6 shows that the enhancement of the
Nusselt number with the enhancement of the Reynolds number is more in convergent geometry than in
straight and divergent geometry. Further, by examining the results of Table 6, it can be seen thatata Reynolds
number of 100, by changing the geometry from straight geometry to divergent geometry, the Nusselt number
decreases by 11.01%, and by changing the geometry from straight geometry to convergent geometry, the
Nusselt number enhances by 16.64%. The reduction of the Nusselt number by changing the geometry from
straight geometry to divergent geometry is 12.91% at Reynolds number 500% and 14.05% at Reynolds number
1000. In contrast, the increase in the value of the Nusselt number by changing the geometry from straight
geometry to convergent geometry is 18.75% at Reynolds number 500% and 19.81% at Reynolds number 1000.
In summary, the results show that the selection of convergent geometry improves the transmission compared
to direct geometry. On the other hand, choosing divergent geometry reduces heat transfer compared to
straight geometry.

Table 6: The Nusselt number values at Reynolds numbers 100, 500, and 1000, and percentage change in three cases of
the microchannels

Re =100 Re=500 Re=1000

Nu 7.210 11.266 14.169
Straight micro-channel % diff Relative to Reynolds number ~ 0.00 56.26 96.53
100
% diff Relative to straight 0.00 0.00 0.00
microchannel
Nu 6.416 9.812 12.178
Divergent micro-channel % diff Relative to Reynolds number ~ 0.00 52.93 89.81
100
% diff Relative to straight -11.01  -1291  -14.05
microchannel
Nu 8.409 13.379 16.977
Convergent micro-channel % diff Relative to Reynolds number ~ 0.00 59.10 101.88
100
% diff Relative to straight 16.64 18.75 19.81

microchannel

To study the effect of choosing the geometry and increasing the Reynolds number on the flow field
and temperature, the contours of velocity and temperature are presented in Figs. 7 and 8. Fig. 7 shows the
velocity contours obtained from straight (Case 1), divergent (Case 2) and convergent (Case 3) geometries
at Reynolds numbers 100 and 500. The study of the velocity contours in Fig. 7 depicts that in each of the
Reynolds numbers, by choosing the divergent geometry, the velocity in the central part along the length of
the microchannel decreases and tends to the green color. On the other hand, by choosing the convergent
geometry, the velocity increases in the central part along the microchannel and tends to the red color. The
reduction of the velocity in the central part in the converging microchannel and its increase in the converging
microchannel is justified according to the law of conservation of mass. According to the assumption of
continuity of the base fluid and the boundary condition of non-slip on the surface of the microchannel,
the velocity on the surface of the microchannel is 0 m/s. Therefore, the velocity of the central part should
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decrease as it approaches the surface. The speed reduction rate in the divergent microchannel is lower than
the straight microchannel due to the smaller velocity in the central part and the larger distance between
the central part and the boundary surface. On the other hand, the velocity reduction rate in the convergent
microchannel is higher due to the greater velocity in the central part and the smaller distance between the
central part and the boundary surface compared to the straight microchannel. By choosing the convergent
microchannel and as a result increasing the velocity reduction rate, it can be expected that the shear stress
on the surface and as a result the pressure drop along the convergent microchannel will increase compared
to the straight microchannels.

—
Case 1 Re =100 Case 1 Re =500
(a)
- —— -
Case 2 Re =100 Case 2 Re =500
(b)
S —
/"'-'_._'_

Case 3 Re =100 Case 3 Re =500
(©)

Figure 7: Velocity contours in Re = 100, and Re = 500 obtained from: (a) straight (Case 1); (b) divergent (Case 2); (c)
convergent (Case 3) microchannels at Reynolds numbers 100 and 500

Fig. 8 depicts the temperature contours obtained from straight (Case 1), divergent (Case 2) and
convergent (Case 3) geometries at Reynolds numbers 100 and 500. The study of the temperature contours
in Fig. 8 shows that in each of the Reynolds numbers along each of the straight, divergent and convergent
geometries, the thickness of the thermal boundary layer increases and a larger part of the cross-sectional
area is placed under the effect of microchannel wall. By comparing the temperature contour obtained from
straight, divergent and converging microchannels, it is observed that in each of the Reynolds numbers 100
and 500, the temperature changes from 300 K in the central part to 330 K on the boundary surface in
the divergent microchannel due to the greater distance of the central part. It happens with the boundary
surface in a longer length than the straight and converging microchannel. On the other hand, these changes
occur in the convergent microchannel in a shorter length than the straight microchannel. Therefore, the
rate of temperature change in the width and, as a result, the rate of heat transfer from the surface is higher
in the converging microchannel than in the straight microchannel and in the straight microchannel than
in the divergent microchannel. As a result, it is expected that the total heat transfer and Nusselt number
will increase by choosing convergent geometry compared to straight geometry and decrease by choosing
divergent geometry compared to straight geometry.
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Case 1 Re =100 Case 1 Re =500
(a)

Case 2 Re =100 Case 2 Re =500
(b)

\/

Case 3 Re =500

Case 3 Re =100
(©)

Figure 8: Temperature contours in Re = 100, and Re = 500 obtained from: (a) straight (Case 1); (b) divergent (Case 2);
(c) convergent (Case 3) microchannels at Reynolds numbers 100 and 500

4.2 Analysis of Nanoparticle Effect on Micro-Channel Flow

To investigate the effect of increasing the Reynolds number on the variations in the Nusselt number and
the influence of different nanoparticles at various volume fractions, Fig. 9 is plotted and examined. Fig. 9
shows the changes in the Nusselt number for the base fluid flow and non-Newtonian nanofluid in straight
(Case 1), divergent (Case 2), and convergent (Case 3) microchannels as the Reynolds number increases from
100 to 1000 with volume fractions of 0.5% and 1.5% of alumina and copper oxide nanoparticles. The results
indicate that, in general, increasing the Reynolds number leads to an increase in the Nusselt number across
different geometries and nanoparticle volume fractions. This is because an increase in the Reynolds number,
and consequently the flow velocity, while keeping the geometry and fluid properties constant, can increase the
velocity near the microchannel surface. This increased velocity near the surface can enhance the convective
heat transfer coefficient, thereby increasing the overall heat transfer in the microchannel.

Fig. 9 shows that adding nanoparticles improves the thermophysical properties of the non-Newtonian
nanofluid mixture, resulting in increased heat transfer and consequently higher Nusselt numbers compared
to the base fluid across all Reynolds numbers and geometries. For example, in the straight geometry
(Casel), the Nusselt number for the base fluid in a straight microchannel increase by 96.5%, from 7.21 to 14.17,
as the Reynolds number increases from 100 to 1000. With the addition of 0.5% and 1.5% volume fractions of
alumina nanoparticles to the non-Newtonian base fluid, the Nusselt number increases by 94.1%, from 7.89
to 15.31, and by 94.5%, from 8.03 to 15.62, respectively. Similarly, with the addition of 0.5% and 1.5% volume
fractions of copper oxide nanoparticles to the non-Newtonian base fluid, the Nusselt number increases by
95.2%, from 7.82 to 15.27, and by 97.5%, from 8.01 to 15.82, respectively.

Moreover, the results show that at a 0.5% volume fraction, alumina nanoparticles perform better
than copper oxide in increasing the Nusselt number, whereas at a 1.5% volume fraction, copper oxide
nanoparticles show better performance. This trend is also observed in divergent (Case 2) and convergent
(Case 3) microchannels. For instance, the Nusselt number in the divergent microchannel increases by 89.81%,
from 6.42 to 12.18, for the non-Newtonian base fluid, by 88.02%, from 7.14 to 13.43, with the addition of 1.5%
alumina nanoparticles, and by 91.25%, from 713 to 13.64, with the addition of 1.5% copper oxide nanoparticles
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as the Reynolds number increases from 100 to 1000. Similarly, in the convergent microchannel, the Nusselt
number increases by 101.88%, from 8.41 to 16.98, for the non-Newtonian base fluid, by 99.45%, from 9.38 to
18.71, with the addition of 1.5% alumina nanoparticles, and by 102.34%, from 9.34 to 18.89, with the addition
of 1.5% copper oxide nanoparticles, as the Reynolds number increases from 100 to 1000.
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Figure 9: The Nusselt number of base fluid and non-Newtonian nanofluid in the microchannel with increasing
Reynolds number for various geometry of microchannels: (a) Straight Microchannel; (b) Divergent microchannel; (c)

Convergent microchannel
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Table 7 presents the Nusselt number for the base fluid and non-Newtonian nanofluid with 0.5% and
1.5% volume fractions of alumina and copper oxide nanoparticles at Reynolds numbers 0f 100, 500, and 1000,
across straight (Case 1), divergent (Case 2), and convergent (Case 3) geometries. Examining the results at
these Reynolds numbers reveals that the highest increase in the Nusselt number compared to the base fluid
flow in a straight microchannel is observed with a 33.3% increase for the 1.5% volume fraction of copper
oxide nanofluid in the convergent microchannel. Conversely, the greatest decrease in the Nusselt number
compared to the base fluid flow in a straight microchannel is observed with a 14.1% decrease for the base
fluid flow in the divergent microchannel.

Table 7: Nusselt number of base fluid and non-Newtonian nanofluid in volume fractions of 0.5% and 1.5% for alumina
and copper oxide nanoparticles in different Reynolds numbers and geometries

Re Basefluid +0.5% ALO, +1.5% ALO, +0.5% CuO +1.5% CuO

100 7210 7.888 8.031 7.824 8.011

Straight microchannel 500 11.266 12.209 12.450 12.156 12.555
1000 14.169 15.306 15.619 15.268 15.822

100 6.416 7.011 7141 6.959 7132

Divergent microchannel 500 9.812 10.623 10.838 10.594 10.962
1000 12.178 13.152 13.426 13.140 13.640

100 8.409 9.218 9.382 9.133 9.337

Convergent 500 13.379 14.517 14.795 14.427 14.863
microchannel 1000 16.977 18.345 18.712 18.270 18.893

Figs. 10 and 11 illustrate, respectively, the dimensionless velocity profile normalized by the inlet velocity
in each of the studied cases and the dimensionless temperature profile for pure water flow, the base fluid, and
non-Newtonian nanofluid at a Reynolds number of 500. Comparing the velocity and temperature profiles in
each of the different cases reveals that using a non-Newtonian fluid increases the rate of change of velocity
and consequently the velocity near the microchannel surface. According to the law of mass conservation,
this results in a decreased velocity in the central part of the microchannel compared to the flow of pure
Newtonian water. The increased velocity near the microchannel surface leads to higher rates of temperature
change and surface heat transfer, resulting in an increased convective heat transfer coeflicient and Nusselt
number compared to the pure Newtonian water flow. These changes follow a similar pattern across straight,
divergent, and convergent geometries. The inlet velocity of the microchannel has a direct impact on the
flow and heat transfer within the microchannel. At a constant Reynolds number, adding copper oxide and
alumina nanoparticles at various volume fractions can alter the inlet velocity profile, which in turn can
affect the velocity profile and changes near the surface, influencing the heat transfer in the microchannel.
Besides, the comparison of the dimensionless velocity and temperature profiles shows that in pure Newtonian
water and non-Newtonian nanofluid, the rate of change of velocity and temperature near the wall increases
in convergent geometry compared to straight geometry, and in straight geometry compared to divergent
geometry. This results in enhanced heat transfer and increased total pressure drop in the microchannel. Using
non-Newtonian nanofluids not only improves the fluid properties but also increases the rates of temperature
and velocity changes, thereby improving heat transfer and increasing the total pressure drop.
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Figure 10: Dimensionless velocity for pure water, base fluid and non-Newtonian nanofluid at Reynolds number 500
and geometries of: (a) straight (Case 1); (b) divergent (Case 2) (c) convergent (Case 3)
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Figure 11: Dimensionless temperature for pure water, base fluid and non-Newtonian nanofluid at Reynolds number
500 and geometries of: (a) straight (Case 1); (b) divergent (Case 2); (c) convergent (Case 3)

4.3 Geometry and Nanoparticles Effects on Pressure Drop and Pumping Power

Table 8 presents a detailed analysis of the influence of geometry and nanoparticles on pressure drop
and pumping power. Results evidence that due to changes in geometry and the addition of nanoparticles,
significant changes occur in the hydrodynamic performance compared to a straight microchannel (Case 1).
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During a base fluid Reynolds number of 500, the convergent geometry of Case 3 presents an increase
in friction factor of about 188%, starting from that with the straight geometry at a value of 8694.30 to
25,036.90 (Pa), while the geometry of Case 2, having a diverging shape, gave a reduction in friction factor of
about 70.7%, starting from a value of 8694.30 to 2545.38 (Pa). This becomes even more pronounced when the
Reynolds number is increased to 1000: convergent geometry shows a pressure drop increase of 259% while
the divergent geometry presents a reduction of 93.8% in respect to the straight channel. A peculiar feature
of the divergent geometry is that both pressure drop and pumping power take negative values for higher
Reynolds numbers, precisely Re = 1000, explained by the flow reversal occurring in this geometry.

Table 8: Effects of geometry and nanoparticles on pressure drop and pump power

Geometry case Working fluid Pressure type Re =100 Re =500 Re =1000
Base fluid PD (Pa) 2945.97 8694.30 14,792.33
PP (W) 0.6089 5.594 15.554
+0.5% ALO, PD 2668.96 7233.00 11,804.66
pp 0.5432 4.4038 11.5230
Casel +1.5% ALO, PD 2975.21 8268.43 13,664.66
PP 0.6247 5.2339 13.9379
+0.5% CuO PD 2836.64 8303.20 14,072.48
PP 0.5701 5.1799 14.2906
+1.5% CuO PD 3651.72 11,913.73 21,277.07
PP 0.7723 8.2562 24.5750
base fluid PD 1729.83 2545.38 917.03
pp 0.35755 1.6379 0.9642
+0.5% Al,O, PD 1558.08 1892.53 61.89
PP 0.3171 11522 0.0603
Case 2 +1.5% ALO, PD 1740.15 2245.87 320.03
PP 0.3654 1.4216 0.3264
+0.5% CuO PD 509.46 103.80 -1108.16
PP 0.10240 0.0647 -1.1253
+1.5% CuO PD 651.40 228.47 —-1345.56
pp 0.13777 0.1590 —1.5541
base fluid PD 5874.60 25,036.90 53,079.01
pp 1.2142 16.1112 55.81257
+0.5% AlO, PD 5330.13 21,430.92 44,272.48
PP 1.0849 13.0482 43.1656
Case 3 +1.5% ALO; PD 5937.99 24,276.02 50,534.35
pp 1.2469 15.3667 51.5450
+0.5% CuO PD 5656.83 23,970.08 50,695.17
pp 1.1370 14.9537 51.4809
+1.5% CuO PD 7282.57 33,392.72 73,166.39
pp 1.5402 23.2413 84.5071

This flow reversal, because of flow separation in divergent geometry, brings about a change in pressure
gradient direction. Similarly, variations are observed in pumping power, with the Reynolds number 1000
recording a 259% increase from 15.554 to 55.81257 (W) in convergent geometry and a 93.8% decrease from
15.554 to 0.9642 (W) in divergent geometry compared to straight geometry.
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The incorporation of copper oxide and alumina nanoparticles manifests the irregular features appearing
in pressure drop and, hence, the pumping power, too. It has been inferred that adding 1.5% CuO nanoparticles
to this base fluid caused approximately a pressure raise of about 37% as compared with the original value
in the case of a straight microchannel at Re = 500 (8694.30 to 11,913.73 Pa). For horizontal microchannel,
the pressure drop shows more decrement at an additive of 0.5% (AL O;) NPs added to water, which has
evidenced a pressure drop reduction from 8694.30 to 7233 Pa (-16.8%). This trend changes with an increase
in Reynolds number to 1000, where in straight geometry, 1.5% CuO nanofluid shows an increase of 43.8%,
and 0.5% AL O; nanofluid shows a decrease of 20.2%, as compared to the base fluid in pressure drop.

The combination of convergent geometry with 1.5% CuO nanofluid gives the highest increase in pressure
drop and pumping power. These create a pressure drop enhancement of 394% at Reynolds number 1000
as compared with that obtained by the base fluid in the straight channel. But the combination of divergent
geometry with 0.5% AL Os nanofluid has the least pressure drop in all, creating a pressure drop fall about
99.6% below the pressure drops exhibited by the base fluid in a straight channel when the Reynolds number
is 1000 from 14,792.33 down to 61.89 (Pa).

These results suggest that microchannel geometry plays a much stronger role than nanoparticle addition
in influencing pressure drop and pumping power. In addition, an increase in Reynolds number enhances
these effects. These findings are useful in the optimal design of microchannels, as this involves consideration
of a trade-off between thermal and hydrodynamic performance.

5 Conclusions

This study presents a comprehensive analysis and modeling of heat and fluid flow characteristics of
a carboxymethyl cellulose (CMC) nanofluid in microchannels with varying geometries. The base fluid,
composed of water and 0.5% CMC, is infused with CuO and AL O;. Utilizing both experimental and
theoretical approaches, the research aims to accurately depict the non-Newtonian nanofluid behavior. The
governing equations for mass, momentum, and energy conservation were solved using ANSYS FLUENT.
Main results are as follows:

(1)  the research demonstrates the importance of using experimentally derived thermophysical properties
for accurate modeling, despite the added complexity.

(2) in the selected case study, when the Reynolds number rises from 100 to 500, the Nusselt number
increases by 56.26% in straight geometry, 52.93% in divergent geometry, and 59.10% in conver-
gent geometry.

(3) in the selected case study, the Nusselt number increases by 18.75% when shifting from straight to
convergent geometry at a Reynolds number of 500, and by 19.81% at a Reynolds number of 1000.

(4) along each of the straight, divergent and convergent geometries, the thickness of the thermal
boundary layer increases and a larger part of the cross-sectional area is placed under the effect of
microchannel wall.

(5) ata0.5% volume fraction, alumina nanoparticles perform better than copper oxide in increasing the
Nusselt number, whereas at a 1.5% volume fraction, copper oxide nanoparticles show better perfor-
mance.

(6) In the final analyses, for microchannel, geometric effect prevails over nanoparticle addition at larger
pressure drops and pumping powers. At 1000 Reynolds numbers, flow is characterized to enhance
the geometry: convergent shows increases of about 259%, and divergent shows about a 93.8% decline
in wall pressure drop concerning that of straight-channel geometry. Flow reversal also justifies the
attainment of negative value with high Reynolds number geometries related to diverging microchannel
geometry wall pressure drop and pumping power.
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(7)  The convergent geometry with the 1.5% CuO nanofluid combination exerts the maximum increase in
pressure drop and pumping power, which is 394% of the base fluid in a straight channel with a Reynolds
number of 1000. At the same time, the divergent geometry combined with 0.5% AL Os nanofluid exerts
the least value in pressure drop by 99.6%.

Although the current study has produced significant findings on the flow and heat transfer charac-
teristics of non-Newtonian nanofluids in microchannels, there are many limitations and opportunities for
future research. The main challenges include long-term nanofluid stability, high production costs, corrosion
and wear effects, microchannel clogging, manufacturing complexity, and non-uniform heat transfer in real
applications. Future studies should focus on investigating various types of nanoparticles and hybrid compos-
ites at higher concentrations, while assessing their long-term stability. To address these challenges, research
efforts should be directed toward developing cost-effective production methods, improving manufacturing
techniques for complex microchannel geometries, and implementing advanced two-phase models that
consider surface effects and magnetic forces. The scalability of laboratory results to industrial applications
requires particular attention, especially regarding system performance in larger dimensions and under actual
operating conditions.
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Nomenclature
Cp  Specific heat, J/kg K
D Diameter, m

K Thermal conductivity, W/m K
Kn Knudsen number
Nu Total Nusselt number

P Pressure, N/m?

Q Volumetric flow rate

Re Reynolds number

T Temperature, K

u,v  Components of velocity, m/s
1% Velocity vector, m/s

x,y  Cartesian coordinates, m
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Greek Symbols

@ Volume fraction of nanoparticles
m Dynamic viscosity, N s/m?

0 Dimensionless temperature

P Density, kg/m®

Superscripts and Subscripts

in Inlet of microchannel

p Particles

bf Base fluid

nf Nanofluid

eff  Properties effective

* Dimensionless
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