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The objective of this study is to investigate, through numerical simulations, the flow and heat transfer characteristics of Al2O3, Cu,
TiO2, and SiC water-based nanofluids flowing over micro-cylinder groups arranged in an inline configuration. The simulations were
carried out under laminar flow conditions, and the analysis considered seven different low values of the Reynolds number, with a
constant volume fraction of 2 %. The aim of this investigation was to determine how nanofluids, i.e., suspensions of nanoparticles in
water as the base fluid, can affect the pressure drop and heat transfer performance in micro-cylinder groups. To accomplish this, the
finite volume method was employed to evaluate the impact of the nanofluids on pressure drop and heat transfer characteristics in the
micro-cylinder groups. The study results demonstrate that, for all the nanofluids studied, the pressure drop and friction factor of the
micro-cylinder groups increased with increasing Reynolds number. This behavior can be attributed to the interaction between the
nanoparticles and the wall, which results in an increase in friction. Furthermore, the Nusselt number was found to increase with
increasing Reynolds number. The SiC/Water nanofluid exhibited the highest Nusselt numbers among the four nanofluids tested,
indicating that it provides better heat transfer performance than the other nanofluids. These results are consistent with experimental
findings, indicating that the numerical simulations were accurate and reliable.
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INTRODUCTION

The electronics industry is a constantly growing industry worldwide. With the increasing demand for energy-
efficient technologies, research in this field has focused on minimizing the heat generated by electronic chips and
maximizing their efficiency. Several innovative technologies have been developed to enhance heat transfer, including
microchannel cooling technology and nano-technology. Microchannel cooling technology was first introduced by
Tuckerman and Pease [1] in an attempt to transfer maximum heat in minimum volume. The technology uses micro-sized
channels to circulate cooling fluids close to the heat source, which results in an effective cooling system. In addition to
microchannel cooling technology, researchers have explored the use of micro-finned surfaces to improve heat transfer
efficiency. Mizunuma et al. [2] conducted experimental and numerical studies to investigate the forced convective heat
transfer from a micro-finned surface. They found that micro-finned surfaces can be effective in improving heat transfer
performance in microchannels. Overall, the development of innovative technologies such as microchannel cooling and
micro-finned surfaces has opened up new possibilities for enhancing heat transfer and improving the energy efficiency of
electronic devices. Kosar et al. [3] conducted an experimental investigation on the pressure drops and friction factors
associated with the forced flow of de-ionized water over staggered and in-line circular/diamond-shaped micro pin-fin
bundles. The study aimed to determine the pressure drops and friction factors in micro pin-fin heat exchangers. In a similar
vein, Galvis et al. [4] have studied several models of pin-fin heat exchangers. The results show that the micro pin-fin heat
exchanger’s thermal performance always exceeded that of the smooth channel and that pin-fin heat exchangers can be
highly effective in enhancing heat transfer in electronic cooling systems. Moreover, Ohadi et al. [5] have investigated
thermal managements techniques for cooling high-flux electronics. The techniques included immersion cooling, jet
impingement, spray cooling, and ultra-thin film evaporation (UTF), which are used primarily for hot spot cooling of the
chip. The study aimed to develop effective cooling techniques that can prevent overheating and improve the overall
performance of electronic devices. Liu and Guan et al. [6,7] conducted a numerical analysis of the relationship between
vortex and temperature distributions in in-line and staggered arranged micro-cylinder groups. They suggested that the end
wall effect and the vortex distribution have a significant impact on the thermal performance of micro-cylinder groups.
This study aims to improve the understanding of the heat transfer mechanisms in micro-cylinder groups to optimize their
thermal performance. In addition, nano-technology has become an important area in the field of heat transfer. Nanofluids
are fluids containing nano-scale particles added to a base fluid such as water, ethylene glycol, or oil. They have various
applications in microelectronics, fuel cells, heat exchangers, micro-electro-mechanical systems, and pharmaceutical
devices. Choi [8] conducted a theoretical examination of the thermal conductivity of a fluid with Cu nanoparticles, which
is later referred to as a nanofluid. The study aimed to enhance the understanding of the thermal conductivity of nanofluids,
which is crucial for designing efficient heat transfer systems. Furthermore, Abu-Nada et al. [9] carried out a numerical
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study on the natural convection of different nanofluids in horizontal concentric annuli. They found that the addition of
nanoparticles to the base fluid leads to higher thermal conductivity and better heat transfer, especially at high Rayleigh
numbers. Mohammed et al. [10] performed a numerical study on the flow and heat transfer of an alumina-water nanofluid
in a microchannel heat sink. Their results showed that increasing the volume fraction of nanoparticles led to an increase
in both heat transfer coefficient and wall shear stress, while the thermal resistance decreased. In another study, Akbani et
al. [11] compared single-phase and two-phase models of a nanofluid for turbulent forced convection. They concluded that
the single-phase model was more suitable due to its less expensive numerical integration and its simplicity of
implementation. Moraveji et al. [12] developed a numerical model of the flow of nanofluids in a mini-channel heat
exchanger with TiO, and SiC nanoparticles, considering various concentrations. Their study found that heat transfer
extended with increasing volume fraction and Reynolds number.

Adriana [13] conducted a numerical analysis of the flow and heat transfer characteristics of water- Al;O3 nanofluid in
a horizontal tube. They found that the heat transfer coefficient increased by 2.33% to 26.45% compared to pure water and
that uncertainties in the properties of the nanofluid have a significant effect on the results. Said et al. [14] investigated the
thermal performance of TiO,-water nanofluid for different mass flow rates and volume fractions. They concluded that an
increase in energy efficiency of up to 76.6% was observed for a volume fraction of 0.1% and a flow rate of 0.5 kg/min. In a
study by Bouhazza et al. [15], the heat transfer of nanofluids containing Cu and TiO, nanoparticles was simulated at various
volume fractions. The results revealed that increasing the volume fraction led to enhanced heat transfer and that the Cu-water
nanofluid exhibited the best heat conductivity. Dabiri [16] conducted experiments and found that using SiC nanofluid in a
circular tube led to an increase of up to 8.88% in the Nusselt number. Bowers [17] experimentally investigated the flow and
heat transfer of silica and alumina nanofluids in micro-channels and found that at low volume fractions of both nanofluids,
there was an improvement in heat transfer which increased with rising Reynolds number and hydraulic diameter. Goodarzi
[18] employed the finite volume method to investigate the natural convection of nanofluids containing Cu, MWCNT, and
Al O3 nanoparticles in a two-dimensional closed cavity. The study revealed that the presence of nanofluids led to heat transfer
in the cavity with distinct regions of low and high temperatures. On the other hand, Zhang et al. [19] utilized both nanofluid
and micro-channel technologies to experimentally investigate the heat transfer of SiC-water nanofluid in micro-cylinder-
groups under laminar flow with varying volume fractions and two different arrangements. The results indicated a decrease
in the Nusselt number with increasing volume fraction and a heat transfer enhancement factor above 1 for volume fractions
0f 0.02 and 0.05. Kamini et al. [20] conducted an experimental study on the convective heat transfer of SiC-water nanofluid
in a shell and tube heat exchanger. The results showed that the presence of SiC nanoparticles increased heat transfer by
19.8%. Zheng et al. [21] also carried out an experimental investigation on the flow and heat transfer of nanofluids containing
Al O3, SiC, Cu, and Fe3;04 in water. They found that the Fe;O4-water nanofluid had the greatest thermal enhancement, and
empirical relations were developed to predict the thermal behavior of nanofluids. Ahmad [22] performed a simulation and
experimental analysis on the effect of twisted tape and nanofluids on heat transfer in a circular tube at high Reynolds
numbers. Two types of nanofluids (SiC/Water and Al,O3/Water) at various volume fractions were used, and the results
showed that the heat transfer efficiency was improved by up to 10% with the use of SiC/Water nanofluid. Presently, there
has been significant scholarly interest in exploring the flow and heat transfer characteristics of nanofluids in microchannels.
Researchers from various fields have conducted investigations to understand how nanofluids behave in different types of
microchannels. However, there remains a noticeable gap in the literature regarding the heat transfer behavior of nanofluids
in micro-channels that consist of micro-cylinder groups. This specific configuration has received limited attention in research
studies thus far. Moreover, the existing studies that have examined the heat transfer phenomena in micro-cylinder groups
using nanofluids have primarily relied on experimental approaches [19] rather than numerical simulations or modeling.
Furthermore, there is a dearth of conclusive evidence regarding the accuracy and reliability of numerical models in replicating
the flow and heat transfer characteristics of nanofluids in micro-cylinder groups. The capability of numerical models to
accurately predict the behavior of nanofluids in this particular micro-channel configuration has not been firmly established.
As a result, further research and investigation are needed to evaluate and enhance the performance of numerical models in
capturing the intricate flow and heat transfer phenomena exhibited by nanofluids in micro-cylinder groups.

In the current study, the four different water-based nanofluids containing SiC, Cu, Al,Os, and TiO; nanoparticles were
simulated numerically to investigate their flow and heat transfer characteristics in the micro-cylinder groups arranged in an
inline configuration. The simulations were conducted under laminar flow conditions, with low Reynolds numbers. The
volume fraction of the nanoparticles was set to 0.02. This work also examines the agreement between the experimental and
numerical results and the ability of these simulations to reproduce the physical phenomena acting in this geometry in the
presence of nanofluids. Conducting this research will also help to provide prime predictions on the potential applications of
these different nanofluids in such heat transfer systems. The effects of the nanoparticles on the flow and heat transfer
characteristics, such as velocity profiles, temperature distributions, and heat transfer coefficients, were analyzed and
compared to those of pure water.

PHYSICAL MODEL AND MATHEMATICAL FORMULATION
The physical domain of the micro-cylinder groups is shown in Figure (1). It consists of thirty circular cylinders
arranged in line, placed in a micro-channel filled with four different water-based nanofluids in a laminar flow regime.
The dimensions of the micro-cylinder-groups, including the diameter of the micro-cylinders (d), the length and width of
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the micro-channel (L and W, respectively), and the height of the micro-cylinders (M), are presented in Table 1. To analyze
the forced convection of the nanofluids, the continuity, momentum, and energy equations were solved using both the
single-phase approach and the two-phase mixture approaches.
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Figure 1. The physical domain of the micro-cylinder-group

Table 1. Detailed dimensions of the micro-cylinder-groups

d(mm) S/d N M(mm) L(mm)
0.5 2 10 0.5 40
Single Phase Approach

The single-phase approach is a modeling approach that treats nanofluids as a single homogeneous liquid with
effective thermophysical properties. In this approach, the continuity, momentum, and energy equations are solved for the
nanofluid as a single-phase fluid. The effective properties of the nanofluid are obtained by using the volume fraction of
nanoparticles and the properties of the base fluid. The equations are:

Continuity:
V.(pV)=0 (1
Momentum:
V.(pVV)=-V.P+V.(uVFV)+pg 2
Energy equation:
V.(pVH)=-V.q-7:V.V (3)
Reynolds number
Re = 2ol ()
%

In order to solve the above equations, accurate effective thermo-physical properties must be involved. The literature
contains various models allowing us to theoretically calculate the nanofluid’s hydrothermal properties. The expressions
used to define these properties used in this work are: for the homogeneous single-phase model with constant properties,
density and heat capacity of nanofluid, are estimated by using classical models [23,24,25] as follows:

Density:

P =(1-9)(pCp), +o(pCp), (%)
Specific heat:
(pCp) ,,=1-)(pCp) ;+9(pCp), (6)
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Thermal expansion coefficient:

(pB) = U=0)pB) +o(pB),

Dynamic viscosity (Brinkman [26]):
M,
(1-9)*°

On the other hand, nanofluid thermal conductivity is determined by the correlation reported by Maxwell [27]
Thermal conductivity (Maxwell [27]):

'unf=

k,, (-@)k +2k )+3pk,

o _

k,  (1-@)(k,+2k ) +3pk,

Table 2. Thermo-physical properties of water and nanoparticles [28], [29], [30], [31]

Thermo-physical Density (Kg/m?) Specific heat Thermal conductivity
properties
Water 997 4179 0.673
Al203 3970 765 40
Cu 8933 385 401
Tio2 4250 686.2 8.4
SiC 3160 723 490

Mixture Two-Phase Approach

)

®

&)

The mixture model considers the nanofluid as a two-phase fluid where water is considered as the continuous liquid
first phase while the nanoparticles as the dispersed solid secondary phase. The continuity, momentum, and energy
equations are solved for the mixture at the same time an additional equation: the mass conservation equation or volume

fraction equation is solved only for the second phase.

Continuity equation for the mixture:
V.(p,V,)=0

Momentum equation of the mixture:
V. (pml7ml7m ) =-V.P + V.[,u V. +kZ: (p,cpvk_vkj +p,8+ V[g qokkad,)ka,)kJ
Energy equation of the mixture:
V.(gqokkaka) =—V.qm—T:VI7m
Volume fraction equation of the secondary phase:
VAop )=V 0P Nus)

The mixture velocity, density and viscosity are:

7 o= 2;1 ¢kpkl7k
! P

P =D 0P
k=1

U= 0,
k=1

The k™ phase’s drift velocity is:

V ai=V

m

Where ¢ is the volume fraction of the phase k.
The formulation of friction factor is given by:

(10)

(11)

(12)

(13)

(14

(15)

(16)

amn
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2HA
f= —zp (18)
LpU max
Nusselt number:
Nu =P (19)
/Unf
Convective heat transfer coefficient:
0
h=— 20
AT (20)
Thermal enhancement factor:
_ Nu,/Nu,
TEF =————~ 7 (21)
(f n/’/ f /’)

Boundary conditions
The physical problem's boundary conditions consist of various components, such as adiabatic walls, heating walls,
a velocity inlet, a fully developed outlet, and a symmetry plane as presented in Figure (2). These components are crucial
for the analysis of the flow and heat transfer of the nanofluids within the micro-cylinder groups.

Adiabatic

walls
Heated

walls
4 ) ouriet

Inlet -

Figure 2. Boundary conditions
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The resolution of the equations cited above allowed the analysis of the variations in the pressure drops, the Nusselt
numbers as well as the temperature distributions, and their influence on the thermal performance of the nanofluids.

MESH AND VALIDATION

The simulation considers the flow to be three-dimensional, and a 3D hexahedral mesh is generated based on half of
the physical model, taking into account the structural symmetry of the micro-cylinder groups. Preliminary calculations
are carried out to evaluate the mesh sensitivity, and three meshes (800000, 1700000, and 2300000) are employed. Table
3 summarizes the sensitivity measures, which are the obtained values of the average Nusselt numbers and the pressure
drop. The deviation of the pressure drops and Nusselt number among the three different grids is less than 0.6% and 2.5%,
respectively. Consequently, the mesh containing 1700000 elements is deemed satisfactory for the simulation of flow and
heat transfer characteristics.

Table 3. Comparison of average Nusselt number and pressure drop among different grids tested for Re =236

Grid Nusselt number Err % Pressure drop Err %
Grid 1 (800000) 9,7574037 1221,7252
Grid 2 (1700000) 10,00619 2,486323965 1215,6107 0,500480796
Grid 3 (2300000) 10,04324 0,368904855 1215,2634 0,028578167
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In order to validate the numerical predictions with the experimental results [19], both single phase approach and
mixture two phase approach were employed.

Figures (3) and (4) provide a comparison between the experimental and numerical results obtained through both
approaches for the pressure drop and Nusselt number. As indicated in Figure (3), the three graphs have consistent trends.
However, at low Reynolds numbers, the mixture two-phase model yielded results that were closer to the experimental
findings. In contrast, at higher Reynolds numbers, the single-phase model was more accurate. Figure (4) shows that the
mixture approach overestimated the Nusselt number, while the single-phase approach produced results that were close to
the experimental findings. These comparisons provide validation for the numerical model proposed in this study and
demonstrate its accuracy.

Figure 3. View of the grid distribution of the physical domain

NUMERICAL METHODS

To solve the governing equations that describe the flow and heat transfer characteristics in the micro-cylinder groups,
the finite volume method was used. This method involves dividing the computational domain into a grid of discrete cells
and evaluating the variables at specific locations within each cell. The differential equations were then converted to
algebraic equations that can be solved numerically. By resolving these equations, it was possible to analyze the influence
of the nanoparticles on the pressure drop, heat transfer, and efficiency of the system. The resolution of the equations was
carried out using the second-order upwind scheme, which is a numerical scheme commonly used for the discretization of
the energy and momentum equations. The coupling between the pressure and velocity fields was achieved using the
SIMPLE algorithm, which is a well-established approach for solving the Navier-Stokes equations in computational fluid
dynamics. To ensure the accuracy and reliability of the numerical simulations, a convergence criterion of 10 was used
for all computations. This criterion ensures that the solution has converged to a stable and consistent solution. With these
numerical tools and techniques, it was possible to gain insights into the flow and heat transfer characteristics of the micro-
cylinder groups and understand how the nanoparticles affect these characteristics.
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RESULTS AND DISCUSSION

In this study, the thermal performance of four different water-based nanofluids in micro-cylinder groups was
numerically analyzed to assess the enhancement of heat transfer. The simulations were performed in a laminar regime
with Reynolds numbers below 300 and a volume concentration of 2%. Figure 6 depicts the variation of pressure drop for
each nanofluid. It can be observed that the pressure drop increases with increasing Reynolds number, and this is primarily
attributed to the increase in velocity. In this micro-flow, the boundary layer between the micro-cylinders is thin, and the
presence of solid particles disturbs this layer, exacerbating the pressure drop. The presence of nanoparticles in the
nanofluids has a significant effect on the pressure drop, and this effect increases with increasing Reynolds number.
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Figure 6. variation of pressure drops

In Figure 7, the velocity fields of SiC/water nanofluid at a specific location (z=0.25 mm) along the x-direction are
depicted for two different Reynolds numbers, namely a low and a high value. Upon analysis, it becomes apparent that
there are two distinct regions of intensified velocity located in the upper section of the geometry, positioned between the
two columns of micro-cylinders. With an increase in the Reynolds number, these high-speed regions not only expand in
size but also exhibit an augmentation in the maximum velocity magnitude within those areas. This observation suggests
that the flow behavior and characteristics are strongly influenced by the Reynolds number. The occurrence of these high-
speed narrow regions can be attributed to multiple factors. Firstly, viscous forces play a significant role in shaping the
flow patterns. The presence of the micro-cylinders causes the fluid to experience changes in momentum, resulting in
localized regions with elevated velocities. These regions are confined and exhibit a narrow shape due to the influence of
the micro-cylinder geometry. Secondly, the superposition of velocity fields contributes to the formation of these high-
speed regions. As the fluid flows past the micro-cylinders, the velocity fields from different regions combine, leading to
regions of accelerated flow. It is important to note that the expansion and intensification of these high-speed regions are
directly associated with the Reynolds number. As the Reynolds number increases, the impact of viscous forces and the
superposition of velocity fields become more pronounced, resulting in larger and more energetic high-speed regions. In
summary, the appearance of the two high-speed narrow regions in the upper part of the geometry, positioned between the
micro-cylinders, can be attributed to the interplay between viscous forces and the superposition of velocity fields. These
regions expand and exhibit higher velocities with increasing Reynolds numbers, indicating the significant influence of
fluid dynamics on the flow behavior within micro-channel configurations.
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Figure 7. Velocity fields (a) Re= 94, (b) Re=212

Furthermore, Figure 8 displays the variation of Nusselt number for the nanofluids studied, with a heat flux of 15 W/cm2 and
under laminar flow conditions. All the graphs show a consistent trend in which the Nusselt number increases with the rise of Reynolds
number. This increase in Nusselt number is an indication of enhanced heat transfer, which is produced by the disturbance or separation
of the boundary layer caused by the increasing velocity. The presence of nanoparticles in the nanofluids has a significant effect on the
improvement and increase of thermal conductivity, which in turn enhances the heat transfer.



116

EEJP. 4 (2023) Lina Wafaa Belhadj Senini, et al.
124 —-AR03 109
~P—Cu
—A—SiC
114
—k—TiO3 _r/:
————
10
g g
g 94 E 9.4
-~ >~
S 84 < R — =
z £
74
6 T T T r T T T T Y 8 -
80 100 120 140 160 180 200 220 240 260 142
Re Re

Figure 8. Variation of Nusselt Number

Figure 9 shows the temperature distributions of SiC/water nanofluid for two different Reynolds numbers: a low
Reynolds number of 94 and a high Reynolds number of 212. The analysis reveals that there is a prominent low-
temperature region upstream of the micro-cylinders. This behavior is due to an increased heat transfer resulting from the
separation of the boundary layer in this region. Conversely, in the downstream region of each micro-cylinder, there is a
decrease in the heat transfer coefficient, leading to a high-temperature region. These regions become larger with an
increase in the Reynolds number, thereby significantly impacting the overall temperature distribution of the system.

It's worth noting that the temperature downstream of the micro-cylinder is higher than the temperature upstream,
which is in agreement with the theory of boundary layer flow. The separation of the boundary layer creates a wake vortex
downstream of the micro-cylinder, which leads to a decrease in flow velocity and, consequently, an increase in
temperature. The present analysis of temperature distributions for different Reynolds numbers provides valuable insights
into the flow dynamics and heat transfer in this complex system.

The thermal enhancement factor is a key parameter that measures the relative effectiveness of nanofluids compared
to the base fluid. It is defined as the ratio of the heat transfer coefficient and friction factor of the nanofluid to those of the
base fluid. When this factor is above 1, the nanofluid is considered to be effective, which means that the growth of heat
transfer is greater than the loss of pressure drops. This factor is an essential tool used in this study to evaluate the thermal
efficiency of nanofluids inside micro-cylinder groups. It provides insights into the performance of nanofluids in terms of
heat transfer and fluid flow. Furthermore, it offers a useful means of comparing the thermal performance of different
nanofluids and identifying the most effective nanofluid for a specific application.

300 305 310 315 320 325 330 335 340 345 350 355 360 365 370

Figure 9. Temperature distributions at (a) Re=94 and (b) Re=212

Figure 10 depicts the variation of thermal enhancement factor with the Reynolds number for various nanofluids containing
metallic oxide nanoparticles. The graph reveals a positive correlation between the Reynolds number and the thermal
enhancement factor, suggesting an increase in heat transfer performance with an increase in Reynolds number. However, the
nanofluids containing metallic oxide nanoparticles exhibit better performance under specific conditions, including geometry,
volume fraction, and Reynolds number. In these conditions, the presence of metallic oxide nanoparticles can improve heat
transfer, resulting in a thermal enhancement factor greater than 1 for SiC nanoparticles. Nevertheless, in general, the introduction
of metallic oxide nanoparticles does not have a positive impact on heat transfer, as indicated by thermal enhancement factors
below 1. These findings indicate the need for further investigations to explore the influence of various parameters on the heat
transfer performance of nanofluids. The parameters to be considered in such studies include particle size, shape, and
concentration, among others. An in-depth understanding of the effect of these parameters on the performance of nanofluids
could lead to the development of optimized nanofluid formulations for various engineering applications.
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CONCLUSIONS

The objective of this research was to examine the heat transfer and flow properties of four types of nanofluids in micro-cylinder
groups operating under laminar conditions and a volume fraction of 0.02.

In order to validate the new numerical findings, a comparison was made between the results obtained in this study and the
experimental data from a previous work conducted by Zhang et al. [19]. Remarkably, the two sets of results exhibited strong agreement,
further corroborating the validity and accuracy of the numerical findings in this study.

- The obtained results clearly indicate that an elevation in Reynolds number corresponds to amplified values of both pressures
drop and Nusselt number. This observation can be attributed to the escalating disturbance of the boundary layer as the Reynolds
number increases.

- Under the specific conditions considered, the SiC/water nanofluid demonstrated the highest Nusselt number among the Cu,
AlI203, and TiO2 nanofluids. The SiC/water nanofluid exhibited superior heat transfer performance compared to the other
nanofluids in terms of convective heat transfer efficiency.

- The increased viscosity of nanofluids compared to the base fluid can limit their effectiveness in certain applications. However,
an analysis of the thermal enhancement variation reveals that only SiC nanofluids, at the specific concentration studied, exhibit
significant and effective performance with thermal enhancement factors exceeding 1.

Further study into this issue is still required in order to check the enhancement of the heat transfer processes in such geometries.
A more detailed research effort that will consider different factors, such as volume fraction and micro-cylinder arrangements, to expand
our understanding of the flow and heat transfer properties of nanofluids.

List of abbreviations

Re Reynolds number Greek letters
d Micro-cylinders diameter (mm) p Density (kg m-3)
S Space between micro-cylinders (mm) u Dynamic viscosity (N s m-2)
N Micro-cylinders column number T Stress tensor ( N m-2)
M Microchannel height (mm) 0 Volume fraction
L Microchannel length (mm) p Thermal expansion factor (k)
A% Velocity (m s™) Subscripts
P Pressure (pa) Nf Nanofluid
g Gravity (m s2) Max maximum
Q,q Heat flux (W m?) F fluid
H Entropy (J k') P particle
U X velocity (m s M mixture
Cp Specific heat (j kgl k™) N Nth phase
k Thermal conductivity (W m™ k1) K Kth phase
Nu Nusselt number dr Drift
f Friction factor Wall-h Heated wall
h Convective heat transfer coefficient Wall-ad Adiabatic wall
T Temperature (k) In Inlet
TEF  Thermal enhancement factor out Outlet
sym symmetry
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AHAJII3 XAPAKTEPUCTUK TEIIVIOOBMIHY HAHOPIIWH B MIKPOIIMJIIHAPUYHUX I'PYIIAX
Jlina Badaa Benxanpx Cenini, Mycrnaxa Byccydi, Amina Cabep
Jlabopamopis mopcvkux Hayk ma indcenepii paxynbmemy mauunodyoysanns, Yuisepcumem nayku i mexnonozii Opana
Moxammeoa Byoiagpa, BP 1505 Ene M'Haysp Opan 31000, Anxcup
Meta 1bOro JOCHIDKEHHSA MONArae B JOCHIDKCHHI 33 JONOMOTOI0 YHCEIBbHOTO MOJIENIOBAHHS XapaKTePUCTUK IIOTOKY Ta
terulonepenadi HaHoroiiB Ha BoaHiit ocHOBI Al2O3, Cu, TiO2 Ta SiC, 1m0 IpOTIKaIOTh Yepe3 IPyNH MiKpOLMIIHAPIB, PO3TALIOBaHI
B psAHIN KOHQirypanii. MogemoBaHHS MPOBOIMIOCS B YMOBaX JJaMiHAPHOTO TIOTOKY, 1 aHAJIi3 BPaXOBYBaB CiM Pi3HUX HU3bKHUX 3HAYCHb
uyncna PeliHombAca 3 moOCTiHOIO 00’€MHOI0 YacTKoO 2%. MeToro mporo AOCTiKeHHS Oyllo BH3HAYMTH, SK HAHO(IIOIAH, TOOTO
CycrieH3ii HaHOYaCTHHOK y BOAI sIK 0a30Bil pianHi, MOXYTH BIUIMBATH Ha IEperaj THCKY Ta TEIUIOBiANady B rpynax MIKpOLMIIIH/PIB.
Ilo6 mocsrté 1BOro, OyB 3aCTOCOBAHUI METON KIHIIEBOTO 00’€éMy JUIs OIIIHKH BIDIMBY HAHOQIIIOINIB Ha Tepemaj THCKY Ta
XapaKTCPUCTHKH TEIJIOOOMIHY B TpyMax MiKpOIMIIHIPiB. Pe3ynpraTi MOCTIHKEHHS JEMOHCTPYIOTh, IO IS BCiX JOCHIPKYBaHHX
HaHO(IIOINIB Tepenajg THUCKY Ta KoeQilieHT TepTs TPyl MIKpPOLWIIHIPIB 3pOCTaiu 3i 30unblIeHHsAM uucia PeiiHonpaca. Taky
MOBEIiHKY MOYKHA MOSICHUTH B3a€MOJIEI0 MiXK HAHOYaCTHHKAMH Ta CTIHKOIO, 110 MPU3BOAUTH A0 30iibineHHs TepTs. Kpim Toro, Oysio
BHUSIBIICHO, 110 uncino Hyccenbra 3poctae 3i 36inbiienHsM uucia Peitnosnbaca. Hanopiguna SiC/Boma mpoaeMoHCTpyBaia HalBHUII
yuciaa HyccenbTa cepei 4OTHPhOX NPOTECTOBAHMX HAHOPINMHM, IO BKAa3ye Ha Te, IO BOHA 3al0e3medye Kpalli MOKa3HUKH
TEIUIoNepeaadi, HiK iHII HaHOPiAWHHU. Lli pe3ynbraTé y3ro[KyrOThCS 3 €KCIIEPUMEHTATbHUMH BHCHOBKAMH, BKa3yIOUH Ha Te€, IO
YHCeTbHE MOJEIIOBaHHS OYJI0 TOUHHM 1 HaJIHHUM.
KunrouoBi ciioBa: nanovacmunxu; mikpoyuninopuuna epyna, HOCUIeHHs Meniogiooaui, KOHEeKYis, TAMIHAPHULL PeICUM





