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The multi-parameter dependence of nanofluid viscosity and thermal conductivity on
the flow and heat transmission properties of Al,Os-water nanofluid in micro-chan-
nels is investigated in this paper using a numerical simulation approach, exploring
the effects of various parameters on flow and heat dissipation characteristics, such
as flow velocity, pressure drop, temperature, and heat transfer coefficient, under
different Reynolds numbers, etc. These parameters include the nanoparticle sphe-
ricity (0.5~1.0), volume fraction (0.6~6.0%), and temperature (290~370K) of the
nanofluids, as well as the boundary parameter Reynolds number (200~1000). The
results show that the multi-parameter dependence of nanofluid viscosity and ther-
mal conductivity setting has a significant impact on the flow and heat dissipation
characteristics of nanofluids, comparing analysis with the nanofluid viscosity and
thermal conductivity only related to the volume fraction under the same condition.
Under the combined action of sphericity, volume fraction, and temperature, in-
creasing the sphericity increases the pressure drop and decreases the heat transfer
coefficient. For example, at a Reynolds number of 1000, the maximum rates of
change for pressure drop and heat transfer coefficient are 0.85 and 4.26, respec-
tively. The nanofluid thermo-hydraulic performance is sensitive to temperature,
volume fraction and sphericity in turn. Setting up viscosity and thermal conduc-
tivity equations with multiple parameter dependencies can provide more accurate
results for the research of nanofluids, further deepening the application research
of nanofluids.

Key words: multi-parameter dependence of nanofluid viscosity and thermal
conductivity, Al,Os;-water nanofluid, comparing analysis, sensitive

Introduction

Nanofluids have been widely applied in various engineering fields, particularly in
energy and power, aerospace, biochemical engineering, nuclear, and microelectronics, due to
their excellent thermal conductivity [1-3], and have also drawn more attention from researchers
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[4-6]. The viscosity and thermal conductivity of nanofluids significantly influence their flow
and heat transfer characteristics, and different constitutive equations sometimes exhibit signifi-
cant differences [7-9]. This work contributes to a deeper understanding of the use of nanofluids
in heat and mass transfer by examining the multi-parameter thermophysical dependence of
nanofluids on their flow and heat dissipation characteristics in micro-fluidic channels.

Lee et al. [10] investigated the viscosity of Al,O; nanofluids in water and proposed
a relationship between viscosity, temperature, and particle volume fraction. The viscosity sig-
nificantly decreases with increasing temperature and increases with increasing volume frac-
tion of alumina. Nguyen et al. [11] investigated the effects of temperature and particle size
on the dynamic viscosity of two water-based mixtures, AL,Os;-water and CuO-water, using
experimental methods. They found that when the particle volume fraction was less than 4%,
the viscosity of Al,O;-water nanofluids with particle sizes of 36 nm and 47 nm was approx-
imately the same. However, for higher particle fractions, the viscosity of the 47 nm particle
size was significantly higher than that of the 36 nm particle size. Tian et al. [12] investigated
the thermal conductivity of graphene oxide-Al,O;-water-glycol hybrid nanofluids at different
nanoparticle temperatures and volume fractions using ANN. The flow heat transfer charac-
teristics of various mixed nanofluids (including water-based nanofluids containing aluminum
trioxide) in different heat exchangers, such as micro-channels, were studied using numerical
methods. The goal was to determine the optimal heat dissipation structure or parameters and
to obtain the changing law of temperature and Nusselt number under each factor [13-16]. Raza
et al. [17] and Selimefendigil et al. [18] investigated the combined effects of nanofluids, such
as molybdenum disulfide nanofluids, under thermal, flow, and magnetic fields using compu-
tational methods to enhance heat exchanger performance in terms of heat transfer.

It is evident from the aforementioned literature that the primary parameters of volume
fraction are the main focus of the viscosity and thermal conductivity models of nanofluids. Ad-
ditionally, some models take into account the impacts of particle size parameters and volume
fraction [19, 20], or the combined effects of temperature and volume fraction on fluid viscosity
[21]. Tt is also taken into consideration how temperature and volume fraction affect thermal
conductivity [22-24], as well as how volume fraction and particle size affect it [9, 25, 26].
Nevertheless, there may be variations in the associated analytical results because these models
do not fully represent the multi-parameter dependency of viscosity and thermal conductivity in
nanofluids.

This paper’s goal is to examine how the flow and heat transfer properties of alumina
nanofluids in micro-fluidic channels are influenced by their reliance on temperature, volume
fraction, and particle sphericity. Finding the relationship between these variables and the heat
transfer coefficient, pressure drop, and overall evaluation factor will be helpful in choosing ap-
propriate nanofluids. These will support the use of nanofluids in micro-fluidic heat exchangers
for improved heat dissipation.

Multiparameter dependence of viscosity and
thermal conductivity of Al,Os;-water nanofluid

In this paper, the viscosity and thermal conductivity of nanofluids are modeled using
egs. (1) and (2) [27], respectively, to examine the impact of the multiparameter dependence of
these parameters on the flow and heat dissipation performance of the fluids in micro-fluidic
channels. Figure 1 confirms the reliability of the viscosity and thermal conductivity equation by
comparing them with experimental data, which has a maximum relative error of less than 11%
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and, therefore, can be used in the study of this paper. The density and specific heat capacity of
the nanofluid are expressed using eqgs. (3) and (4) [17, 18]:

T 10° = 125.85¢+2.67T +29.09« —8.20(p2 +0.51pT —171.89¢a —192.10 (1)
UR

%-103 =127.87p+4.65T —1558.46a —5.07¢" +1265.95a" —3.46aT —33.9609+918.73  (2)
f

Pt = Pe (1-0)+ p, 3)

('OCP)nf :(pcp)f (1_(p)+(pcp)p¢ “4)

where 7,¢ is the dynamic viscosity of alumina nanofluid, 4,;— the thermal conductivity of nano-
fluid, #; — the viscosity of the base fluid, A; — the thermal conductivity of the base fluid, a —
the sphericity of nanoparticles, ¢ (0.6~6.0%) — the volume fraction of particles, and 7' (290~370 K)
— the temperature of nanofluid.

Here, eq. (5), which provides a full characterization of the various particle sizes and
shapes, defines particle sphericity (o, 0.5~1.0), and a spherical particle has a sphericity of 1

[28]:
2/3
4,{%)
Sy 4 %)

o=—=

Sp Sp

where Sy is the surface area of a sphere of the same volume as the particle, V: — the particle
volume, S, — the particle surface area, and a — the particle sphericity.
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Figure 1. Validity of equations; (a) viscosity equation validation and
(b) thermal conductivity equation validation

From the aforementioned equations, the viscosity and thermal conductivity of nano-
fluids are closely related to three parameters that must be considered in their use. In particular,
the viscosity and thermal conductivity of the nanofluid largely determine its flow and heat
transfer characteristics in the micro-channel. Therefore, when studying the flow and heat trans-
fer properties of nanofluids, the influence of the multi-dimensional parametric dependence of
viscosity and thermal conductivity must be considered. Further elaboration is provided in sub-
sequent studies.
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Numerical simulation
Computational model

To ensure the accuracy of the ensuing analytical procedure and outcomes, a numer-
ical simulation model has been created in this part using the software COMSOL and calibrat-
ed. Gridded micro-fluidic heat sinks generally
consist of two main flow channels and several
auxiliary flow channels. Therefore, full-domain
simulations are expensive in terms of time and
CPU usage. In the current study, the heat trans-
fer heat of flow of the nanofluid occurs only
between the fluid and the solid, so the symme-
try and scalability of the numerical analysis of
the micro-fluidic unit can be exploited by using
an aluminum-based unit micro-fluidic channel
with a length of 10 mm, a height of 500 pum
and a width of 200 um. The model schematic

Figure 2. Schematic of the rectangular ‘ . . - . ;
heat sink unit cell is shown in fig. 2 and its specific dimensional

parameters are shown in tab. 1.

Table 1. Dimensions of the rectangular shape
micro-channel heat sink unit cell

L, [pm] He, [um] W [pm] | Hyan [wm] | Woan [pm]
10 200 100 150 50

The following assumptions are considered to simplify the simulation:
— Nanofluid is considered steady, incompressible, and laminar, following the Hagen-Poi-
seuille equation.
— Negligible gravity and boundary slip.
— Thermal conductivity and viscosity of nanofluids are determined by personalizedparame-
ters-dependent models.
The simulations are performed with the commercial software COMSOL Multiphysics
6.1, where the uniform velocity is applied at the channel inlet and the pressure outlet condition
is assigned to the channel outlet with velocity-pressure coupling. Nanofluids in micro-fluidic
channels still follow the conservation of mass continuity, moment, and energy as the set of
governing equations eq. (6). To better minimize the interference of other factors with the heat
transfer performance of the nanofluid-flow in the micro-fluidic channel, a uniform heat flux is
applied to the upper surface and the other surfaces are adiabatic:

Vu=0
g(uVu) =-Vp+ ,u2Vu (6)
gV(u) =0

The specific boundary setting can be expressed as a system of equations [18, 29-33].
In the fluid domain:

¥=0, u=uy, v=w=0, I'=T, (7)
ou oOv ow

=LC’_:_=_=0’ = u 8
Y=L o= T P = Pout )
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At the top of the micro-channel is uniform heat flux:

oT
z=Hyy +Hy, —4—=¢3 )
Oz
At the bottom of the micro-channel is an adiabatic condition:
oT
z=0, —=0 (10)
oz
oT
y=0 andy:Wwall-i—VVch’g:O (11)

Mesh independence

Good mesh quality can help ensure the accuracy and stability of simulation results,
and also, improve the speed and convergence of calculations. Four different grid models were
used for the calculations and the comparison revealed that all three metrics used to evaluate the
quality of the grid remained very stable when the number of grid cells reached around 636000,
as shown in tab. 2. The grid skewness gets closer to 1 as the number of cells increases, but
the growth becomes very slow; the pressure energy done by the fluid and the average fluid
temperature, T,,, change is negligible. Therefore, taking into account computational efficiency,
numerical reliability and cost, Further processing was done using this grid lay-out, which has
635724 elements.

Table 2. Grid independence test for model

Elemen kewn Pr Pressure ener; .
nﬁmﬁeﬁs RLETAES gif?:iegzz eneers;yur[i] e(?isfl;e:eicz = T [K] U GRS
89713 0.6307 Reference 1.29 - 107 reference 311.22 Reference
204077 0.6556 3.95% 1.30- 107 0.82% 309.42 0.58%
635724 0.6638 1.25% 1.30 - 10 0.00% 306.76 0.86%
2518194 0.6717 1.19% 1.30 - 10 0.00% 306.76 0.00%
Method verification 70 50
To further validate the numerical model % 60 ap / E 40§
and simulation method, the structure from the 5 50 ~Z,
literature [34] is adopted. A comparison of the = 40 0 430
results is shown in fig. 3, which shows a good "
match between the literature results and the . 320
simulation results. Not only is the trend of fluid 28 pep, el S
pressure drop and inlet/outlet temperature dif- 10 /’ AT/ . ]
ference with Reynolds number consistent, but b T
the errors in both indicators are small, with a 0 200 400 600 800 1000 7200 1400
relative error of less than 10% for most data. Figure 3. Validation of numerical model

Data reductions

This section explains the main formulas used in the analysis of data obtained from
numerical simulations. The pressure drop, AP, is characterized as the difference between the
average pressure on the inlet and outlet surfaces and the temperature difference, AT, is the dif-
ference in the average surface temperature between the outlet and the inlet.
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Where x is the micro-fluidic axial co-ordinate, u and p is the average dynamic viscosi-
ty and density in the cross-section at x, and v,, is the maximum velocity in the cross-section at x.
The expression for the average friction coefficient, £, of nanofluid in the micro-channel:
2APD,
f=—F (12)
Pay chum‘,2

where p,, is the nanofluid average density over the entire fluid domain (Qmch), u,,, — the nanoflu-

id average velocity along the x-direction, and D), — the hydraulic diameter of the micro-channel:

Dh — 2[—Ic:hI/V(:h (13)
Hy, + Wy,
The average heat transfer coefficient, 4,,, reflects the convective heat exchange capac-
ity between the nanofluid and the solid wall surface in the micro-fluidic channel:
qw 4
haV - Atot(Tw _]}) (14)
where A, is the top wall near the heat source, 4, — the four walls of the micro-fluidic channel,

T, — is the average temperature on the surface 4,, and 7;— the mean temperature over the entire
fluid domain (Qmch).

Result and discussion

The discussion of the results of the analysis is fully developed in this section. The
law of influence of multi-parameter effects of nanofluid viscosity and thermal conductivity on
its flow heat transfer characteristics in micro-fluidic channel at different Reynolds numbers is
obtained. A comparison analysis also reveals the need for carrying out a multiparameter depen-
dence investigation of the thermophysical characteristics of nanofluids. In this paper, the results
are also analyzed in comparison with the results of associating only the volume fraction in the
physical property equations of viscosity and thermal conductivity under the same conditions,
which use the viscosity and thermal conductivity expressions as eqgs. (15) [35] and (16) [36]:

Hog = # (142.50) (15)
ki_kp+2kf+2¢(kf—kp)
ke ok + 2k (ki k)

(16)

Effect of parameters on liquidity performance of Al,Oswater nanofluid

Variation in nanofluid dynamic viscosity. Figure 4(a) exhibits a linear increase and
the increase in dynamic viscosity decreases as the Reynolds number increases, and the rate of
change of u,, with a is almost equal for different Reynolds numbers. In the case of relatively
slow flow, the effect of increased molecular spacing of the fluid temperature rise is lower than
the increased inter-particle adsorption due to increased sphericity, leading to increased inter-
nal friction and increased u,,. Figure 4(b) shows a wave-like upward growth pattern with the
increase of volume fraction. It has a high dynamic viscosity at low Reynolds number and high
volume fraction. This phenomenon may be because the increased inter-particle adsorption of
increasing concentration outweighs the dilution effect of increasing temperature on viscosity,
thus increasing the kinetic viscosity. For the same Reynolds number, the change in dynamic
viscosity due to volume fraction is higher than that due to sphericity, the respective values are
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approximately 1.89 and 0.34. with Re = 200. In fig. 4, the star points represent the data used
for comparison, and it is found that the Reynolds number change does not affect the dynamic
viscosity of the nanofluid. Moreover, the viscosity when considering only the volume fraction
is skewed more than when combining the effects of temperature, volume fraction, and sphe-
ricity. Higher dynamic viscosity results in greater power consumption, so it is advisable to use
relatively lower sphericity and volume fraction.
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Figure 4. Variation in dynamic viscosity; (a) viscosity vs. sphericity and
(b) viscosity vs. volume fraction

Velocity in nanofluid. Nanofluids primarily flow in micro-channels under the influ-
ence of pressure and viscous forces, and variations in viscosity can result in velocity fluctua-
tions. Here, selecting the transverse cross-section in the y-direction presents this phenomenon
more intuitively.

In figs. 5(a) and 5(b), from the wall to the middle of the cross-section, the velocity
is primarily divided into two linear stages (approximately 27% and 28% of the semi-intercept
interval, respectively.) as it approaches the mainstream velocity. It is observed that the rate of
change in the first section is higher compared to the second section. For lower sphericity, it
takes a longer time to reach the mainstream velocity. Additionally, the rate of velocity change in
both sections increases with increasing sphericity. At a sphericity of 0.512, the rates are approx-
imately k£,=2.91 and k, = 1.51, respectively. On the other hand, a lower volume fraction results
in a closer approach to the mainstream velocity, and the rate of velocity change in both sections
decreases with increasing volume fraction. At a volume fraction of 0.6%, the rates are approx-
imately &, = 2.98 and k, = 1.54, respectively. When considering only the volume fraction, fig.
5(c), the velocity of the nanofluid reaches the main flow rate more directly from the near-wall
end to the intermediate region instead of transitioning into two-stages, fig. 5(a) vs. Figure 5(b),
as well as the larger fluctuation of the velocity due to the change of sphericity or the change of
the volume fraction under the real-time temperature interaction. The faster the main flow rate
is reached, the thinner the flow boundary-layer along the axial direction of the flow channel be-
comes. This leads to an increased convective zone and enhances the convective heat dissipation
effect of the nanofluid in the micro-fluidic channel. Therefore, it is recommended to use nano-
fluids with low concentration and high sphericity for improved convective heat dissipation.

Pressure drop in nanofluid. Figure 6(a) demonstrates that the pressure drop increases
nearly linearly with increasing sphericity at different Reynolds numbers, and the rate of increase
is more pronounced at higher Reynolds numbers. For instance, at Re = 1000, the growth rate is
approximately 6.5 kPa per unit of sphericity, and at higher sphericity values, the pressure drop
is also greater. For example, at o = 0.988, AP = 74.4 kPa. On the other hand, fig. 6(b) reveals
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that the pressure drop decreases nearly linearly with increasing volume concentration at differ-
ent Reynolds numbers, and the rate of decrease is more significant at higher Reynolds numbers.
For instance, at Re = 1000, the growth rate is approximately 167.5 kPa per unit volume con-
centration, and at lower volume fractions, the pressure drop value is greater. For example, at
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»=0.6%, AP =74.3 kPa. An increase in flow rate reduces the viscous force effect, and this phe-
nomenon is more prominent for the increase in viscosity due to an increase in volume fraction
and sphericity. When considering only the volume fraction, fig. 6(c), the pressure drop of the
nanofluid rises faster and the rate of increase becomes larger as the Reynolds number increases,
which is reduced in figs. 6(a) and 6(b) under the real-time temperature interaction. An increase
in the differential pressure drop at the inlet and outlet leads to an increase in the pump work.
Therefore, it is advisable to choose a nanofluid with low sphericity and high volume fraction.

Variation in the thermal conductivity of nanofluids. Figure 7(a) shows that the thermal
conductivity of the nanofluid decays exponentially with increasing sphericity, and the rate of re-
duction tends to slow down. The reason is that the increase in sphericity will reduce the contact
area between the particles when they are close to spherical, reducing the heat transfer between
them and leading to a decrease in thermal conductivity. At the same sphericity, lower Reynolds
numbers have higher thermal conductivity, but increasing the Reynolds number, a decrease in
thermal conductivity is observed, and this decrease tends to become smaller. For example, at
a = 0.512, the 4,, is 0.8289 W/mK, 0.80741 W/mK, 0.79909 W/mK, 0.79462 W/mK, and
0.79181 W/mK for a change from Re =200 to Re =1000, respectively. Figure 7(b) shows a lin-
ear increase in the thermal conductivity of the nanofluid with increasing volume fraction. The
reason is that an increase in particle concentration increases collisions between particles, inten-
sifying the heat transfer between them and leading to an increase in thermal conductivity. Lower
Reynolds numbers have higher thermal conductivity at the same volume fraction, but increas-
ing the Reynolds number reveals a decrease in thermal conductivity, and this decrease tends to
become smaller. For example, at ¢ = 0.6%, the 4,, is 0.586 W/mK, 0.572 W/mK, 0.567 W/mK,
0.564 W/mK, and 0.562 W/mK for a change from Re = 200 to Re = 1000, respectively. From
fig. 7(b), only considering volume fraction, the dashed line in fig. (b), the thermal conductiv-
ity increases linearly and the change of Reynolds number does not affect the rate of change.
Under the combined effect of volume fraction and temperature, the thermal conductivity still
increases, but the increase becomes smaller and fluctuates, and the growth rate is high at a low
Reynolds number. Low sphericity and high volume concentration should be chosen to obtain
higher thermal conductivity of the nanofluid.
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Figure 7. Variation in thermal conductivity;
(a) thermal conductivity vs. sphericity and (b) thermal conductivity vs. volume fraction
Variation in the temperature of nanofluids. Figure 8 shows that an increase in both
volume fraction and sphericity raises the average temperature of the fluid, but it varies as a
power function of sphericity and tends to increase more slowly as sphericity Approaches 1, and
it varies linearly with volume fraction and the higher the volume fraction, the higher the tem-
perature is. In fig. 8(a), the temperature is lower at low sphericity for the same Reynolds num-
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ber, and the range of temperature change due to sphericity diminishes with increasing Reynolds
number, and the rate of temperature rise also diminishes. If alpha goes from 0.512-0.988 and
Reynolds number goes from 200 to 1000, the corresponding temperature change ranges from
0.82-0.12 K, and the temperature rise rate at the starting point is from 2.34-0.34.
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Also, fig. 8(b) shows that the temperature is higher at the same Reynolds number for
higher volume fractions,and the range of temperature change and the temperature rise rate due
to volume fraction both diminish with increasing Reynolds number. For example, for ¢ from
0.6-5.9% and Reynolds number from 200-1000, the corresponding temperature change range is
from 7.8 K to 2.17 K, and the temperature rise rate from 146.75-41.0. A change in volume frac-
tion leads to an even greater change in fluid temperature. The temperature decreases with the
increase of volume fraction only taking the volume fraction, fig. 8(c), but when the Reynolds
number increases to 1000, the mobility is enhanced, and the particle concentration increases to
a certain extent, which increases the temperature, i.e., the heat transfer effect of the nanofluid is
enhanced. However, the volume fraction, sphericity and temperature work together, figs. 8(a)
and (b), the heat transfer effect is better, and all of them show an enhanced trend. For better
diffusion of heat through the fluid, higher sphericity and volume fractions should be chosen.

Variation of convection heat transfer coefficient. Figure 9(a) shows that at the same
Reynolds number, the rate of decline of the heat transfer coefficient is large at low sphericity,
the closer it is to 1, the flatter the rate of decline. e.g. Re = 1000, o = 0.519, and o = 0.907, the
rate of decline is 5.19 and 2.0, respectively. At different Reynolds numbers, the rate of decline
is nearly the same at the same sphericity, e.g. @ = 0.761, the rate of decline is all approximately
equal to 3.99. Figure 9(b) tells that at the same Reynolds number, low volume concentrations
have high heat transfer coefficients, e.g. h,, = 12.26 for Re = 1000, and ¢ = 0..6%. The rate of
decline becomes faster with increasing Reynolds numbers.
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Volume fraction is solely considered, fig. 9(c), the heat transfer coefficient increases
with the increase of volume fraction, and the growth rate is almost equal at different Reynolds
numbers. However, under the combined effect of volume fraction, sphericity and temperature.
figs. 9(a) and 9(b), the sphericity and volume fraction leads to non-linear and linear changes, re-
spectively. As sphericity and volume fraction increase, the frequency of collisions between flu-
id molecules and the wall decreases, leading to a reduction in the efficiency of heat exchange.
Consequently, the heat exchange coefficient decreases as sphericity and volume fraction in-
crease at the walls near the hot end. So, Small sphericity and low concentration of nanofluid
should be chosen to improve the heat transfer effect.

Comprehensive evaluation factor analysis

Here, the effect of sphericity and volume concentration, temperature and their sensi-
tivity to Reynolds number are further analyzed using a comprehensive evaluation factor, 77. The
n is expressed as shown in eq. (17), with higher values reflecting enhanced heat transfer and
lower resistance increases:

= Nu Nu 77_1
- RePr!3 - C 13> 1 f 17
Re[ Zﬂj a7

where 7 is the overall evaluation factor, characterizing the heat dissipation capacity of the nano-
fluid at low energy consumption and j — the heat dissipation capacity factor, characterizing the
heat dissipation capacity of the fluid.

Figure 10(a) shows that as the sphericity increases, at Re = 200, # decreases approxi-
mately linearly, at Re = 400, # first increases non-linearly, then a reaches 0.858 and then begins
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to decrease again. At Re = 600-1000, 7 increases non-linearly in all cases, and the trend increas-
es very slowly after a reaches 0.858. Figure 10(b) shows that at different Reynolds numbers,
n increases linearly with increasing volume fraction, and the higher the Reynolds number, the
smaller the rate of rise of # is. For example, at Re = 200 and 1000, the rate of rise is 6.54 and
1.33, respectively. At the same sphericity, high volume fraction and low Reynolds number have
high 7, e.g. at ¢ = 5.9%, Re =200 and 1000, the # values are 2.72 and 0.74, respectively. Only
considering the volume fraction, fig. 10(c), # decreases with the increase of the volume frac-
tion, and the larger the Reynolds number, the faster the deceleration is. Under the joint effect
of volume fraction, sphericity and temperature, figs. 10(a) and (b), # shows a general trend of
growth. High volume fractions and sphericity should be taken at Reynolds numbers (> 400) to
obtain high 7.
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Conclusions

This study analyzes the influence of the multi-variable dependence of nanofluid vis-
cosity and thermal conductivity on the flow and heat transfer characteristics in micro-channels
with particle sphericity, volume fraction, and latent variable temperature. Some main conclu-
sions are as follows.

e Taking into account the dependence of thermophysical parameters on temperature, spheric-
ity, and volume fraction would yield more dependable results and conclusions for nanofluid
research.

e The sensitivity indicators for Al,O;-water nanofluids thermo-hydraulic performance are
temperature, volume fraction and sphericity in turn.

e At low Reynolds, the effect of the nanofluid-enhanced heat transfer will be better when
temperature, sphericity, and volume fraction are combined. For example, low sphericity and
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large volume fraction will improve the nanofluid’s integrated thermal performance evalua-
tion factor 7 to 2.75 at Re = 200 and volume fraction ¢ = 0.6%.

The flow velocity from the near-wall end to the middle area of the channel is divided into two-
stages of transition under the combined impact of temperature, sphericity, and volume fraction.
The combined effects of temperature, sphericity, and volume fraction significantly reduce
the difference in pressure drop between the flow channel’s inlet and outlet. Additionally,
the rate at which the pressure drop varies with parameter change is reduced in comparison
solely taking the volume fraction into account.
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Nomenclature
f —friction coefficient Greek symbols
H,, —height of micro-channel, [um] a - particle sphericity, [Wm 'K ']
H,,.,— wall thickness in the height direction n  —overall evaluation factor
of micro-channel, [um] n:  — base fluid viscosity, [Pa-s]
hy — convec.tlon heat trzans]fer Mo — nanofluid viscosity, [Pa-s]
) coefficient, [Wm K] 1n/1s— relative viscosity
j  —heat dissipation capacity factor Ja —average thermal conductivity
Ly, —length of micro-channel, [mm)] of nanofluid, [Wm'K"]
AP —inlet and outlet pressurezdrop Js  —base fluid thermal conductivity, [Wm'K™']
S, - particle surface area, [m’] Jor —nanofluid thermal conductivity, [Wm™'K™']
I —temperature, [K] , JnilAs— relative thermal conductivity
Ve —particle volume, [m’] U — average dynamic viscosity of
W — width of micro-channel, [um]

Wan — wall thickness in the width direction of

nanofluid, [Pa-s]

; ¢  —volume percent, [vol.%]
micro-channel, [pum]
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