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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Liquid-based nanoparticle deposition in 
a microchannel was studied. 

• Optimal flow characteristics were ob-
tained to reduce deposition. 

• Ideal nanofluid properties were selected 
to delay deposition. 

• Deposition effect was evaluated by heat 
transfer and pressure drop 
comprehensively.  
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A B S T R A C T   

Nanofluid-microchannels (NF-MCs) have emerged as an important topic for thermal management of electronic 
devices. However, deposition of nanoparticles is a tricky problem, and this paper conducts a numerical study to 
identify the best working conditions to prevent deposition of nanofluids in a microchannel cooling system. 
According to the findings, large nanoparticles, high velocity, low inlet temperature, high nanoparticle density, 
low nanofluid density, and high base fluid viscosity are the best working conditions for improving nanofluid 
stability. However, heat transfer rates and pressure drop must also be taken into account. The nanoparticle 
deposition rate and average heat transfer coefficient only increase by 2.71% and 0.92% respectively as the heat 
flux increases from 20 kW/m2 to 100 kW/m2, but the pressure drop decreases by 10.57%. Therefore, changing 
the heat flux is not the best option. Moreover, the inlet temperature has only a minor effect on the heat transfer 
coefficient, so it is crucial to balance the pressure drop and nanoparticle deposition when designing systems.   

1. Introduction 

At present, conventional working fluids used in microelectronic 
cooling systems cannot meet the increased heat dissipation 

requirements of these devices. Thus, Choi et al. [1] investigated the 
thermal properties of nanofluids composed of well-dispersed nano-
particle suspensions [2]. Nanofluids have many advantages, including 
adjustable properties, high thermal conductivity and high specific sur-
face area [3]. Dehghan et al. simulated Al2O3-water nanofluids in 
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converging flow passages, showing that the nanofluid enhanced the 
convection heat transfer coefficient [4]. Additionally, Wen and Ding [5] 
concluded that nanofluids enhanced heat transfer, particularly at the 
entrance area. Whereas Esfe et al. [6] reported that the increase in heat 
transfer coefficient was primarily due to a change in the thermal con-
ductivity of pure water and nanofluids with nanoparticle concentrations 
of 0.0625%, 0.125%, 0.25%, 0.5%, and 1%. In addition, different ap-
plications of nanofluids are reported in solar systems, industrial pro-
cesses and biomedical fields. The study by Aljaloud et al. [7] focused on 
the thermal impact of cross nanofluid with applications of bioconvection 
phenomenon and found that the velocity profile increased as the cur-
vature index and curvature parameter increased. Huhemandula et al. 
[8] simulated Graphene Oxide-water nanofluid in a solar collector heat 
exchanger to predict the whole range of data. Although nanofluids have 
been researched for around 20 years, it is still challenging to employ 
them on an industrial scale. There are three primary reasons: firstly, it is 
difficult to manufacture a number of nanofluids; secondly, nanofluids 
have a narrow operating range, and cannot be used at their boiling 
point; finally, nanoparticles can be quickly deposited out of their base 
fluids so losing the characteristics and advantages of nanofluids [9]. The 
third reason is the most severe problem, so this paper focuses on 
nanoparticle deposition. 

Nanofluids are suspensions of nanoparticles in base fluids. Different 
nanoparticles and base fluids are used to synthesize different thermo-
physical properties of a fluid. The most common nanoparticles are 
copper, aluminium, gold and nickel [10]. Various carbon materials 
including carbon nanotubes (CNTs), multiwall carbon nanotubes 
(MWCNTs), diamonds, and graphite also provide nanofluids with 
enhanced thermophysical properties. However, metallic nanoparticles 
and carbon materials lack widespread industrial application because of 
their high cost [11]. Consequently, alternative materials are more 
commonly used, including metal oxide (Al2O3, CuO, MgO, ZnO, SiO2, 
Fe2O3, TiO2), metal nitride (AlN, Si3N4), and metal carbide (SiC, TiC). As 

for the base fluid, water, ethylene glycol, methanol, kerosene, and 
transformer oil are all commonly used. 

In a parallel line of research, Tuckerman and Pease first introduced 
the concept of MCHS at Stanford University in the early 1980s [12]. 
Since MCHS have the advantage of large heat transfer surfaces to volume 
ratios, compact structures, and outstanding thermal performance, they 
have been primarily applied to heat dissipation of electronic devices 
with high heat flux [13–15]. Most researchers improved thermal effi-
ciency by changing the channel structure. For instance, Dehghan et al. 
[16] found that the pumping power of an MCHS using converging flow 
passages could be reduced by a factor of four compared to that of a 
straight channel at the same heat dissipation rate. Wang et al. [17] found 
that rectangular microchannel has better thermal performance than 
trapezoid and triangle microchannels, hence the rectangular micro-
channels used in this paper. However, clogging can be a problem 
because of its compact structure, resulting in reduced performance and 
lifespan. 

A combination of nanofluids and MCHS is an effective method to 
improve MCHS thermal performance [18]. However, a nanoparticle 
diameter of 1 to 100 nm and the hydraulic diameter of the microchannel 
of 10 to 200 μm create deposition and clogging problems. In this sce-
nario, nanofluids lose their high-efficiency characteristics due to depo-
sition, while MCHS see reduced heat transfer, increased energy 
consumption, and a shorter lifespan [19–21]. Nanofluid stability is 
being improved through chemical approaches. By studying static 
nanofluids, researchers analysed the underlying reason for these prob-
lems [22,23]. Consequently, one way to achieve stable nanofluids is 
through the addition of surfactants, balancing their surface charges 
[24,25]. At the same time, mechanical mixing or ultrasonication is 
another effective method for reducing agglomeration [26–28], which 
continuously breaks the bonds between particles. Nevertheless, sta-
tionary nanofluids are far from industrial applications. These systems 
require flowing fluid, and there have only been a few studies examining 

Nomenclature 

Ri Richardson number 
g gravitational acceleration 
l characteristic length 
v velocity 
F→ external body forces 
P static pressure 
I unit tensor 
T temperature 
k thermal conductivity 
Cp specific heat 
ST volumetric heat sources 
h heat transfer coefficient 
m mass 
ζi Gaussian white noise function 
Δt time step 
S0 spectral intensity 
kB Boltzmann constant 
Cc Cunningham correction 
Kn Knudsen number 
dp nanoparticle diameter 
DT thermophoretic diffusion coefficient 
Cvm virtual mass factor 
τr particle relaxation time 
Rer relative Reynolds number 
K Saffman number 
dij deformation tensor 
N deposition particle number 

Nu Nusselt number 

Greeks 
β thermal expansion coefficient 
ρ density 
τ stress tensor 
μ dynamic viscosity 
ν kinematic viscosity 
λ mean free path 
φ volume concentration 

Acronyms 
NF-MC nanofluid-microchannel 
MCHS microchannel heat sink 
DPM discrete phase model 
CFD computational fluid dynamics 

Subscripts 
hot hot wall 
ref reference 
p particle 
B Brownian force 
T thermophoretic force 
G Gravity 
V virtual mass force 
D drag force 
P pressure gradient force 
L Saffman’s lift force 
nf nanofluids 
bf base fluid  
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the thermal factors that influence the deposition of flowing nanofluids 
[29]. Therefore, this paper investigates the factors that influence the 
deposition of flowing nanofluids. 

As a result of the accumulation of deposition nanoparticles in ap-
plications, fouling occurs. Deposition is a tricky problem in modern 
nanomaterial applications. Water treatment systems, for example, are 
especially vulnerable to membrane fouling as it affects desalination and 
reclamation efficiency [30,31]. Fouling in food production systems also 
adversely affects the organoleptic quality of the product and reduces 
production [32,33]. Fouling in biological systems results in arterial 
blood flow blockage. On the other hand, fouling can also occur in in-
ternal channels [19–21] and outside fins [34] of heat transfer devices, 
such as heat exchangers. Nanofluid-microchannel heat exchangers pre-
vent fouling by prolonging or preventing particle deposition. The 
number of published papers in this area is relatively small, and most 
researchers have paid considerable attention to the effects of particle 
migration on heat transfer efficiency. According to the study of Goudarzi 
et al. [35], particle migration significantly increased the Nusselt number 
by increasing thermophoresis diffusion by up to 11%. As for the research 
of Hedayati and Domairry [36], local conductivity and viscosity 
increased in regions with high nanoparticle concentrations, resulting in 
stronger conduction and weaker convection rates. Particle migration 
reduces heat transfer, and particle deposition destroys the entire system. 
Therefore, a better method of stopping particle deposition should be 
researched. 

To apply nanofluid cooling technology widely, the deposition prob-
lem in NF-MC systems must be resolved. Nanoparticle stability has been 
studied extensively, but most studies focused on chemical methods for 
improving stability in static fluids. In real systems, flow characteristics 
and properties also affect nanoparticle stability, so recently, researchers 
have begun to investigate the deposition of gas-based fluids [37,38]. 
However, there are almost no studies conducted on liquid-based fluids 
(nanofluids) and the nanoparticles moving in microchannels. Therefore, 
a discrete phase model (DPM) is used to simulate the nanofluid prop-
erties (i.e., nanoparticle diameter, nanoparticle density, base-fluid 
density, and base-fluid viscosity) and the flow characteristics (i.e., ve-
locity, heat flux, and inlet temperature). Furthermore, heat transfer 
performance and pressure drop are also considered for each working 
condition. Overall, this paper aims to find the optimal working condi-
tions to prolong nanoparticle deposition in nanofluids and provides a 
comprehensive evaluation of each working condition, which benefits 
the design of NF-MC cooling systems. 

2. Numerical modelling and methods 

As shown in Fig. 1, a 3D microchannel model is created with a width 
of 0.2 mm and a height of 0.067 mm. The channel length is 20 mm, 
which is sufficient for a fully developed flow under the flow Reynolds 

number investigated. The mass continuity, momentum, and energy 
transport equations are simultaneously solved using Computational 
Fluid Dynamics (CFD), ANSYS Fluent 2020 Ra. The Euler-Lagrange 
approach, regarding dispersed phases as dispersions, is applied on 
nanofluids. So, DPM is employed in this study since the nanoparticle 
concentration is consider to be <10% [37]. In DPM, the base fluid is 
considered as a continuum fluid phase, solved by the Navier-Stokes 
equations, and the nanoparticles are regarded as dispersions, calcu-
lated from the flow field. To improve the precision and efficiency of the 
calculation, the following assumptions are made:  

(1) Nanofluid flow is three-dimensional, steady and incompressible.  
(2) Nanoparticles are smooth and spherical. 
(3) The volume concentration of nanoparticles is <10%, so the in-

teractions between the nanoparticles are ignored [38].  
(4) A one-way coupling method is applied. So, the base fluid affects 

nanoparticles, while the influence of the nanoparticles on the 
base flow is neglected [39].  

(5) The distribution of nanoparticles is uniform in the inlet.  
(6) According to Eq. (1), Richardson number Ri = 3.99 × 10− 4 < 0.1, 

so forced convection is dominant in this study. 

Ri =
gβ

(
Thot − Tref

)
l

v2 (1)  

where g is the gravitational acceleration, β is the thermal expansion 
coefficient, Thot is the hot wall temperature, Tref is the reference tem-
perature, l is the characteristic length, and v is the fluid velocity. 

2.1. Flow field simulation 

The governing equations of the developing fluid flow in micro-
channel are presented below. 

Mass continuity equation: 

∇⋅(ρ v→) = 0 (2) 

Momentum conservation equation: 

∇⋅(ρ v→ v→) = − ∇P+∇⋅(τ)+ ρ g→+ F→ (3) 

Where τ is the stress tensor defined as: 

τ = μ
[

(∇ v→+∇ v→T
) −

2
3
∇⋅ v→I

]

(4) 

Energy transport equation: 

∇⋅(ρT v→) = ∇⋅
(

k
Cp

grad T
)

+ ST (5)  

where ρ is the density; v→ is the velocity vector; P is the static pressure; F→

Fig. 1. Schematic of the calculation domain and meshing of a MCHS.  
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is the external body forces (for example, that arise from the interaction 
with the dispersed phase); ρ g→ is the gravitational body force; μ is the 
dynamic viscosity; T is the temperature; I is the unit tensor; k is the 
thermal conductivity; Cp is the specific heat; and ST is the source term. 

The presence of particles changes the energy equation in Eq. (5) as 
they pass through each of the control volumes in the simulation. Thus, 
the energy transfer between particles and base fluid is calculated as [40]: 

ST =
∑

np

mp

δV
Cp,p⋅

dTp

dt
(6)  

where Cp is the specific heat capacity; δV is the number of particles 
within a cell volume and the cell with np = 0 is assigned a zero value for 
ST. The shape of the particle is spherical in the simulation, so the energy 
equation of a particle is obtained as [40,41]: 

ρpCp,p
dTp

dt
=

6h
dp

(
T − Tp

)
(7)  

where h is the heat transfer coefficient. 

2.2. Particle transport simulation 

The forces of nanoparticle transport mainly include Brownian mo-
tion, thermophoretic force, Gravity, virtual mass force, drag force, 
pressure gradient force and Saffman’s lift force. Therefore, the nano-
particle trace is calculated by the Newton’s Second Law of motion [42]: 

mp
dvp
→

dt
= FB

̅→
+ FT
̅→

+ FG
̅→

+ FV
̅→

+ FD
̅→

+ FP
̅→

+ FL
̅→ (8)  

where mp is the nanoparticle mass; and vp
→ is the nanoparticle velocity. 

The amplitude of the Brownian force components FBi is expressed as 
[43,44]: 

FBi = mpζi

̅̅̅̅̅̅̅
πSo

Δt

√

(9)  

where ζi is the Gaussian white noise function with a zero-mean value; Δt 
is the time step; and S0 is a spectral intensity defined as: 

S0 =
216νkBT

π2ρd5
p

( ρp
ρ

)2Cc

(10)  

where Cc is the Cunningham correction (i.e., slip correction factor) that 
modifies the slip condition on the nanoparticle surface defined as [45]: 

Cc = 1+Kn
(

1.257+ 0.4exp
(

−
1.1
Kn

))

(11)  

where Kn = 2λ/dp is the Knudsen number; ν is the kinematic viscosity; kB 
is the Boltzmann constant 1.3807 × 10− 23 J/K; dp is the nanoparticle 
diameter; and λ is the mean free path. 

The thermophoretic force is formulated as [46]: 

FT
̅→

= − DT
∇T
T

(12)  

where ∇T is the temperature difference; and DT is the thermophoretic 
diffusion coefficient determined as: 

DT =
6πdpμ2Cs(K + CtKn)

ρ(1 + 3CmKn)(1 + 2K + 2CtKn)
(13) 

Where K = k/kp; kp is the nanoparticle thermal conductivity; and for 
a spherical nanoparticle shape, Cs=1.17, Ct=2.18, Cm=1.14 [46]. 

The Gravitational force component is calculated by: 

FG
̅→

= mp
g→
(
ρp − ρl

)

ρp
(14) 

The virtual mass force is calculated as [42]: 

FV
̅→

= Cvmmp
ρ
ρp

(

vp
→∇ v→−

dvp
→

dt

)

(15)  

where Cvm is the virtual mass factor. For nanofluids, the distance be-
tween nanoparticles is far due to low concentration, therefore Cvm = 0.5 
[47]. 

The drag force is related to the fluid friction, which is determined by 
[48]: 

FD
̅→

= mp
v→− vp

→

τr
(16)  

where τr is the nanoparticle relaxation time defined as: 

τr =
ρpd2

p

18μ
24

Cc Rer
(17)  

where Rer is the relative Reynolds number given by: 

Rer =
ρdp

⃒
⃒ v→− vp

→⃒
⃒

μ (18) 

The pressure gradient force is shown by [42]: 

FP
̅→

= mp
ρ
ρp

vp
→∇ v→ (19) 

Finally, the Saffman’s lift force is induced by the slip-shear velocity 
between fluid and nanoparticle, which is shown in [44,49]: 

FL
̅→

= mp
2Kν1

2ρdij

ρpdp(dlkdkl)
1
4

(
v→− vp

→)
(20)  

where K is the Saffman number taken as K=2.594; and dij is the defor-
mation tensor. 

As tracking all nanoparticles individually is impractical and will 
involve a highly expensive simulation procedure, DPM divides similar 
nanoparticles into several small packs, and the position of each pack is 
determined by tracking a single representative nanoparticle. The num-
ber of packs is then determined by the meshes of the inlet of MCHS. In 
this study, the deposition rate is used to evaluate the nanoparticle 
deposition as: 

η =
Nd

Ntotal
× 100% (21)  

where Nd is the number of nanoparticles deposited on the wall; and Ntotal 
is the total number of nanoparticles released from the inlet of the 
microchannel. 

2.3. Thermophysical properties of nanofluids 

Traditionally, heat transfer fluids such as water have a lower thermal 
conductivity than solids, so dispersing nano-sized solids such as alumina 
nanoparticles can enhance the thermophysical properties of the fluid. 
The thermophysical properties of nanoparticles are shown in Table 1, 
and the thermophysical properties of base fluids are shown in Table 2. 

The thermophysical properties of nanofluids depend on the proper-
ties of nanoparticles, base fluid, temperature and nanoparticle concen-
tration. The density ρnf and specific heat capacity Cp, nf of nanofluid are 

Table 1 
Specific thermophysical properties of nanoparticles.  

Thermophysical properties Al2O3 Au CNTs 

ρp [kg/m3] 3880 19,320 1600 
Cp, p [J/kgK] 733 129.81 687 
kp [W/mK] 36 297.73 2800  
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determined by nanoparticle concentration φ and defined respectively as 
[50]: 

ρnf = (1 − φ)ρbf +φρp (22)  

(
ρCp

)

nf = (1 − φ)
(
ρCp

)

bf +φ
(
ρCp

)

p (23) 

The dynamic viscosity μnf of water–alumina nanofluid is given as 
[51]: 

μnf

μbf
= exp

(
4.91φ

0.2092 − φ

)

(24) 

While the thermal conductivity knf of water–alumina nanofluid is 
shown as [52]: 

knf

kbf
= 1+ 4.4Re0.4

p Pr0.66
bf

(
T
Tfr

)10( kp

kbf

)0.03

φ0.66 (25)  

here, Rep is the nanoparticles Reynolds number, defined as: 

Rep =
ρbf vBdp

μbf
=

2ρbf kbT
πμ2

bf dp
(26)  

where vB is the nanoparticle Brownian velocity; Tfr is the freezing point 
of base fluid. 

2.4. Simulation procedures 

The DPM is used to solve the transport phenomena of nanofluids in 
the microchannel with the specific boundary conditions, as shown in 
Table 3. Various heat fluxes and velocities are selected to achieve the 
research aims. The inlet velocity ranges from 0.1 to 1 m/s, corre-
sponding to the flow Reynolds numbers between 10.71 and 107.1. Since 
the simulation is intended to analyse nanoparticle deposition on walls, 
the near-wall grid density must be refined. Therefore, the dimensionless 
distance from the wall (y+) is maintained at a value <1. At the same 
time, the meshing at the inlet section is also densified to resolve the stiff 
gradient near the inlet zone, as shown in Fig. 1. Due to the laminar flow 
and simple structure, the SIMPLE algorithm is introduced as a pressure- 
based solver coupling pressure and velocity in equations. The second- 
order central difference scheme is applied to the diffusion and convec-
tive terms of the transport equations. For all the governing equations 
performed in this simulation, converged solutions are usually achieved 
with the residuals <10− 6. 

3. Grid sensitivity test and solution verification 

In order to ensure the accuracy of the simulation results and grid 

sensitivity, the average Nusselt number and deposition rate are calcu-
lated and shown in Table 4. In this case, the heat flux of 100 kW/m2 is 
considered on the bottom wall of the MCHS, the inlet velocity is kept at 
0.1 m/s (Re = 10.72), and the nanoparticle diameter is 10 nm. Five grid 
combinations are used: 15*50*1200, 20*65*1200, 25*75*1200, 
25*75*1500 and 25*75*1800. It is shown that the average Nusselt 
numbers are unchanged from 25*75*1200, and the deviation of the 
deposition efficiency is only 0.07% for the grid numbers between 
25*75*1200 and 25*75*1500. Therefore, the grid 25*75*1200 (giving 
the total number of mesh nodes 2,373,176) is deemed to be sufficient for 
the simulation, considering both the accuracy and computational cost. 

Simultaneously, the simulation validation is performed for the flow 
field and nanoparticle deposition. As shown in Fig. 2, the Nusselt 
number is compared with the data published in the literature at different 
Reynolds numbers [40,53,54], and the results agree well. The changing 
trend of nanoparticle deposition in Fig. 3 is also in line with the simu-
lation and theoretical results in the published papers [55,56]. It is worth 
noting that there is a small difference below 40 nm (maximum 0.25%) 
because this model induced Gaussian white noise (random signal) to 
calculate the Brownian motion in Eq. (9), and the Brownian effect in-
creases with the decrease of nanoparticle diameter, as shown in Eq. (10). 
However, the trend remains the same, and the difference of 0.25% is also 
insignificant. 

4. Results and discussion 

A reduction in nanoparticle deposition is necessary to improve the 
stability of NF-MC. Thus, in order to determine the optimal working 
conditions for reducing deposition in cooling systems, DPM numerically 
analyses the nanofluid properties (i.e., nanoparticle diameter, nano-
particle density, base-fluid density and base-fluid viscosity) as well as 
the flow characteristics (i.e., velocity, heat flux, and inlet temperature). 
In addition, heat transfer performance and pressure drop are considered 
and the findings are presented in the sections below. 

4.1. Influence of particle diameter 

The bottom wall of the microchannel in this case is heated with a 
heat flux of 100 kW/m2, whereas the remaining walls are kept adiabatic. 
The inlet temperature is 300 K, and the nanoparticle concentration is 
1%. Fig. 4 illustrates that the nanoparticle deposition rate decreases with 
increasing nanoparticle diameter at different velocities. Brownian mo-
tion in this case is a dominant factor in the flow of nanoparticles [57]. 
For instance, as shown in Eqs. (9) and (10), when the nanoparticle 
diameter increases, the Brownian motion decreases, resulting in a longer 
radial-directional residence time for the nanoparticles in motion. 
Moreover, since the fluid velocity is kept the same, the axial-directional 
residence time remains nearly the same. The nanoparticles, therefore, 
spend more time travelling to the walls, which retards their deposition. 
Additionally, the thermophoresis and Saffman’s lift forces also affect the 
nanoparticle deposition. As can be seen from Eq. (13), the thermopho-
resis force is proportional to the nanoparticle diameter, so more nano-
particles leave the hot surfaces with the increase of nanoparticle 
diameters. With the increase in nanoparticle diameter as in Eq. (20), the 
Saffman’s lift force decreases, resulting in an increase in the radial- 
directional residence time, which in turn prolongs the deposition time 

Table 2 
Specific thermophysical properties of base fluids.  

Thermophysical 
properties 

Water Methanol Kerosene Transformer 
oil 

ρbf [kg/m3] 998.2 792 780 890 
Cp, bf [J/kgK] 4182 2226 2090 1860 
kbf [W/mK] 0.597 0.2 0.149 0.136 
μbf [kg/ms] 0.000993 0.000544 0.0024 0.04361  

Table 3 
Boundary conditions.   

Type Heat Flux [kW/m2] Velocity [m/s] Pressure [Pa] DPM Other 

Inlet Velocity-Inlet / 0.1–1 / Escape 280 K, 290 K and 300 K fluid temperature 
Outlet Pressure-Outlet / / 0 Escape / 
Top Wall Wall 0 / / Trap No-slip boundary 
Side Wall Wall 0 / / Trap No-slip boundary 
Bottom Wall Wall 20, 50 and 100 / / Trap No-slip boundary  
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in the same manner as Brownian motion. Other important forces, such as 
virtual mass and drag forces, are also affected by the nanoparticle 
movement track. Even though they are perpendicular to the deposition 
direction, the axial-directional residence time is affected. According to 
Eqs. (15) and (16), as the nanoparticle diameter increases, the virtual 
mass and drag forces increase as well, causing the nanoparticles to move 
rapidly in the axial direction. It is therefore indirectly possible to reduce 
the axial-directional residence time, thereby reducing the deposition 
rate. 

Furthermore, the actual velocity needs to be considered when 
selecting the appropriate nanoparticle diameter for the MCHS systems 

designed to reduce nanoparticle deposition. As further shown in Fig. 4, 
when the MCHS system requires a deposition rate lower than 1%, the 
nanoparticle diameters need to be >40 nm, 30 nm, 20 nm, 15 nm, and 
15 nm, respectively for the fluid velocity of 0.2 m/s, 0.4 m/s, 0.6 m/s, 
0.8 m/s, and 1 m/s. In order to reduce the nanoparticle deposition in 
MCHS, the nanoparticle diameter should not be too small, or the fluid 
velocity should be improved. In fact, the particle diameter does not al-
ways reduce the deposition rate. To further explore the influence of 
particle diameter on particle deposition, Fig. 5 illustrates a large range of 
particle diameters for the two selected velocities, 0.1 m/s and 0.2 m/s. 
The deposition rate drops initially, then stabilises until it increases 
rapidly when the particle diameter is above 3900 nm. The specific value 
depends on the velocity. This is because the gravitational force con-
tributes significantly to deposition rates at diameters over 3900 nm. 
However, it must be noted that large-diameter particles are no longer 
suitable for microsystems [58]. From both these figures, it can therefore 
be concluded that the deposition rate of NF-MCs decreases as the 
nanoparticle diameter increases. 

Furthermore, in addition to the nanoparticle deposition rate, heat 
transfer and pressure drop should also be considered when selecting the 
nanoparticle diameter of nanofluids. However, there are many contro-
versial observations and conclusions reported in the literature regarding 
the effect of nanoparticle size [59–61], which require further investi-
gation. Therefore, in Fig. 6, four major influence factors such as the 
nanoparticle deposition rate, the average heat transfer coefficient, the 
total nanoparticle surface area and the pressure drop are presented with 
nanoparticle diameters ranging from 10 nm to 50 nm at a velocity of 0.5 
m/s. Based on the graph, increasing the diameter of nanoparticles results 
in a decrease in the pressure drop and deposition rate, thereby reducing 
the pump power and energy consumption. While the pressure drop is not 
pronounced when the nanoparticle diameter increases from 10 nm to 50 
nm. The main reason for the increase in pressure drop by adding 
nanoparticles is the enhancement of the viscosity of nanofluid, which is 
only related to the nanoparticle concentration, not the diameter of 
nanoparticles. Thus, the pressure drop has negligible influence. How-
ever, the pressure drop is still reduced by only 0.02% due to an increase 
in the shear stress between nanofluid layers, as the nanoparticle diam-
eter increases. Nevertheless, due to the small size of nanoparticles and 
their low concentrations, this influence is unlikely to have a significant 
impact. 

In terms of heat transfer performance, as also shown in Fig. 6, the 
average heat transfer coefficient decreases from 14.91 kW/(m2. K) to 
14.75 kW/(m2. K) as the nanoparticle diameter increases from 10 nm to 
50 nm. This is due to three important reasons: firstly, large nanoparticles 
have a small surface-to-volume ratio resulting in a low thermal con-
ductivity, thus nanoparticles with a smaller diameter exhibit a higher 
heat transfer coefficient; secondly, large nanoparticles reduce the 
Brownian motion, thus further reducing the chaotic movements of 
nanoparticles [62]; and finally, nanoparticle migration results in the loss 
of properties of nanofluids [63]. In spite of this, the heat transfer coef-
ficient is not sensitive to nanoparticle diameters. This finding is in 
agreement with the experiment conducted by He et al. [64] and the 
simulation performed by Kalteh et al. [65]. More specifically, the heat 
transfer coefficient only reduces by 1.08% when the diameter of the 
nanoparticles increases from 10 to 50 nm, due to the slight difference in 
the surface area of the nanoparticles (based on Fig. 6, the total nano-
particle surface area decreases by 12.86 cm2). 

The reduction in heat transfer caused by an increase in nanoparticle 

Table 4 
Average Nusselt number and deposition rate at different grids.  

Grid 15*50*1200 20*65*1200 25*75*1200 25*75*1500 25*75*1800 

Nodes 980,016 1,664,586 2,373,176 2,965,976 3,375,000 
Nu 0.094795 0.0947687 0.0948398 0.094911 0.094968 
η 10.4% 8.54% 8.43% 8.36% 8.32%  

Fig. 2. Nusselt number varies with Reynolds number in a nanoparticle con-
centration of 1%. 

Fig. 3. Deposition rate changes with nanoparticle diameter.  
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diameter is also demonstrated in Fig. 7, where the local heat transfer 
coefficient along the MCHS for different nanoparticle diameters is pre-
sented. The heat transfer coefficient drops sharply from the inlet and 
then monotonically reduces in the flow direction due to the develop-
ment of the thermal boundary layer and the increase of the nanofluid 
temperature [66]. The thermal boundary layer eventually plateaus to a 
constant in the fully developed region, keeping the heat transfer almost 
constant. Overall, heat transfer and pressure drop are only slightly 
affected by increasing nanoparticle diameters. It does, however, reduce 
the deposition rate, which may reduce corrosion and clogging of the 
MCHS, extending its lifetime. 

4.2. Influence of density and viscosity of nanofluids 

The selection of appropriate nanoparticles and base fluids for the 
synthesis of nanofluids can also reduce the number of depositions. 
Therefore, the highest and lowest thermophysical properties of 
frequently used nanoparticles and base fluids [10] are selected for the 
study. Tables 2 and 3 provide the details of these specific thermophysical 

properties. As shown in Fig. 8, nanoparticle deposition can be alleviated 
by selecting high-density nanoparticles and low-density base fluids. In 
Fig. 8 (a), the deposition number is presented with the variation of the 
nanoparticle diameter at the highest or lowest density (Au and CNTs) 
with the base fluids of water and kerosene. The simulation boundary 
conditions, in this case, are as follows: the inlet temperature of 300 K, 
the nanoparticle concentration of 1%, the velocity of 0.2 m/s, and a heat 
flux of 100 kW/m2 applied to the bottom wall of the microchannel. As 
shown in this figure, the deposition number of high-density nano-
particles (Au) is less than that of low-density nanoparticles (CNTs) at the 
same base fluids and nanoparticle diameters, while the deposition 
number of high-density base fluid (water) is much more than that of low- 
density base fluid (kerosene) at the same nanoparticles and nanoparticle 
diameters. The main reason is that the density of nanoparticles and base 
fluid affects the Brownian motion, the pressure gradient, and the Saff-
man’s lift forces, and ρp/ρ is inversely proportional to these forces, as 
indicated by Eqs. (10), (19) and (20). Therefore, the decrease in ρp/ρ 
leads to a decrease in these forces, resulting in reduced deposition 
numbers. 

As far as the influence of viscosity is concerned, only the viscosity of 
the base fluid has been studied since the addition of low-concentration 
nanoparticles leads to a slight change in the viscosity of nanofluids. As 
a consequence, it appears that a high-viscosity base fluid can prevent the 
nanoparticle deposition. Fig. 8 (b) illustrates that the deposition number 
varies according to the diameter of nanoparticles in the highest (trans-
former oil) and lowest (methanol) base fluids of commonly used nano-
fluids. The nanoparticles are Au. Based on the simulation of using 
transformer oil, the deposition number is virtually zero, far lower than 
the deposition number generated by using methanol. Therefore, it is 
understood that high-viscosity base fluids stabilise nanofluids due to 
their enhanced resistance to nanoparticle flow compared to low- 
viscosity base fluids. 

4.3. Influence of velocity 

Fig. 9 shows the changing trends in the deposition rate against the 
velocity and it is interesting to report the two distinct features – one of 
which is having the general trend of the deposition rate decreasing with 
the increasing velocity when the nanoparticle diameter exceeds 5 nm, 
while the other is opposite when the nanoparticle diameter is 1 nm. The 
former is due to the fact that both the Brownian motion and the ther-
mophoresis force are unaffected by fluid velocity, so the radial- 
directional residence times remain almost the same. However, virtual 

Fig. 4. Deposition rate against the nanoparticle diameter at different velocities.  

Fig. 5. Deposition rate varies with a large range of particle diameters.  
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mass and drag forces increase with the increase of velocity, resulting in a 
decrease in axial-directional residence time. Therefore, the nano-
particles require a considerable amount of time to deposit on the walls. 
In contrast, for the latter, as the velocity increases from 0.1 to 1 m/s for 
the nanoparticle diameter of 1 nm, the deposition rate is no longer 
sensitive to the velocity, even though a slight increase in the deposition 
number is predicted. In order to further investigate this phenomenon, a 
scaling analysis is performed as shown in Table 5. The scaling analysis of 
the y-direction forces (Brownian motion, thermophoretic force, gravity, 
pressure gradient force and Saffman’s lift force) is calculated according 
to Eqs. (9), (12), (14), (19) and (20). It can be seen that the dominant 
forces are Brownian motion and the thermophoretic force when the 
diameter is above 10 nm [35], while Brownian motion and the Saff-
man’s lift force become the main forces when the diameter is 1 nm. 
Brownian forces increase with decreasing diameter, and this force is not 
affected by velocity, so the trend is not sensitive to the velocity. How-
ever, the velocity does affects the Saffman’s lift force. As shown in Eq. 
(20), increasing velocity and decreasing diameter strengthen this force, 

thereby reducing the radial-directional residence time of nanoparticles. 
As reported in the section above, the axial-directional residence time is 
decreased simultaneously because of both the virtual mass and drag 
forces, but the radial-directional influence is more significant due to the 
micro-size channel. Therefore, the trend is a slight increase. It should be 
noted that the simulation boundary conditions, in this case, remain the 
same (i.e., inlet temperature 300 K, nanoparticle concentration 1%, and 
heat flux 100 kW/m2). 

For further understanding of this phenomenon and the pattern of 
nanoparticle deposition, Fig. 10 illustrates the specific deposition posi-
tions along the microchannel for various nanoparticle diameters and 
velocities. Table 6 shows specific working conditions. The 20 mm 
microchannel is divided into six segments, and due to the differences in 
surface areas between the six segments, the average number of de-
positions per unit area is calculated to evaluate the deposition situation. 
As can be seen, segment 1 has the highest deposition number, while the 
rest are almost identical. Most nanoparticles deposit in segment 1 
because nanoparticles near the microchannel inlet are easy to deposit. 
With the nanofluid flowing, the majority of the nanoparticles migrate 
towards the centreline [67,68], which results in a decrease in de-
positions. In addition, the inlet effect also contributes to increased 
deposition as the unstable flow in the inlet section changes nanoparticle 
directions randomly. Upon reaching a fully developed state, the number 
of depositions becomes almost constant. 

Furthermore, Fig. 11 shows the specific number of depositions on 
each wall. Since the side area differs from the top and bottom areas, it is 
necessary to calculate the average deposition number per unit area. As 
can be seen, the deposition numbers of the top and bottom walls are 
almost identical, and so are the deposition numbers of the two sides. The 
reason can be explained by the temperature and velocity magnitude 
contours of the cross-section in the midplane, as shown in Fig. 12. Ac-
cording to Fig. 12 (a), the temperature contour of the microchannel 
cross-section is asymmetric in the y-direction due to heating from the 
bottom wall. In contrast, the magnitude contour of velocity is symmetric 
in the y-direction, as can be seen in Fig. 12 (b). It is clear that the 
temperature has little effect on the fluid velocity contour in the micro-
channel because of its high velocity. In addition, the gravity of nano-
particles can also be ignored, while Brownian motion plays the greatest 
role in determining their moving directions. Thus, the deposition 
numbers at the top and bottom are similar. In regard to the walls of both 
sides, the velocity and temperature contours are symmetrical in the x- 
direction, so the deposition number is also the same on both sides. It is 

Fig. 6. Nanoparticle deposition rate, average heat transfer coefficient, total nanoparticle surface area and pressure drop change with nanoparticle diameters.  

Fig. 7. The local heat transfer coefficient variation along the microchannel 
depending on the nanoparticle diameter. 
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worth noting that the number of depositions on the top and bottom walls 
is more than those on the sides because only Brownian motion affects the 
nanoparticle deposition on the side walls. However, the gravity, ther-
mophoresis, pressure gradient and Saffman’s lift forces act vertically 
apart from Brownian motion. This causes the nanoparticle deposition on 
both the top and bottom walls. 

The heat transfer and pressure drop are also affected by velocity, as 
shown in Fig. 13. Two different nanoparticle concentrations (1% and 
4%) are considered in this case and the nanoparticle diameter is 10 nm. 

It is shown that the deposition rate decreases along with the increase in 
nanoparticle concentration because the increased nanoparticles enhance 
the chance of collision with the walls. As for heat transfer performance, 
the average heat transfer coefficient increases as the velocity increases. 
The heat transfer enhancement is caused by the convective heat transfer 
coefficient being proportional to the thermal conductivity and inversely 
proportional to the thermal boundary layer thickness. Simultaneously, 
the decrease in velocity is accompanied by a decrease in the boundary 
layer thickness [64] and an increase in thermal conduction (dynamic 
effect) [69]. 

Moreover, the heat transfer coefficient improves slightly as the 
nanoparticle concentration increases at a given velocity. For example, 
when the nanofluid concentrations are 1% and 4% with a velocity of 1 
m/s, the heat transfer coefficients are 16.83 kW/(m2. K)and 17.56kW/ 
(m2. K), respectively. A clear demonstration of this phenomenon can be 
found in Fig. 14, which illustrates the local heat transfer coefficient for 
nanoparticle concentrations of 0%, 1% and 4% with velocities of 0.6 m/s 
and 1 m/s. Added the nanoparticle increases the local heat transfer 
coefficient, and this enhancement is more evident at a high fluid ve-
locity. This is because nanoparticles improve thermal conduction, and 
the improvement increases as nanoparticle concentration increases. 
However, the viscosity of fluids also increases due to the increase in 
nanoparticles, resulting in an increase in boundary layer thickness [64]. 
It is also clear that the heat transfer coefficients are enhanced by the 
influence of thermal conduction over the fluid viscosity. 

Nevertheless, the pressure drop increases with the increase of ve-
locities, requiring more energy to promote the nanofluids and leading to 
an increase in energy consumption. At the same time, the pressure drop 
enhances as the nanoparticle concentrations increase due to the increase 
in the viscosity of the working fluid. As shown in Fig. 13, for example, at 
1 m/s, when the nanofluid concentrations are 1% and 4%, the pressure 
drops are 68.448 kPa and 169.533 kPa, respectively. In summary, the 
increase in fluid velocity reduces the nanoparticle deposition and en-
hances heat transfer but must balance with the severe pressure drop. 

4.4. Influence of heat flux 

To investigate the influence of heat flux on NF-MCs, nanoparticle 
deposition rate, average heat transfer coefficient, and pressure drop are 
simulated at heat fluxes ranging from 20 kW/m2 to 100 kW/m2, as 
shown in Fig. 15. The nanoparticle diameter, in this case, is 10 nm, the 
inlet temperature is 300 K, the velocity is 0.6 m/s, and the nanoparticle 

Fig. 8. Deposition number varies with the nanoparticle diameters in different nanoparticles and base fluids at the velocity of 0.2 m/s.  

Fig. 9. The deposition rate varies with velocity in different nano-
particle diameters. 

Table 5 
Scaling analysis of five kinds of forces.   

1 2 3 4 5 

dp = 1 nm FB~10− 13 FT~10− 19 FG~10− 20 FP~10− 23 FL~10− 17 

dp = 10 nm FB~10− 15 FT~10− 18 FG~10− 20 FP~10− 23 FL~10− 18 

dp = 100 nm FB~10− 17 FT~10− 17 FG~10− 20 FP~10− 23 FL~10− 19 

Required scales μ~10− 3, k~1, kp~10, Kn~10− 2, ρ~103, ρp~103, dij~10− 2, 
ϑ~10− 6, mp~10− 21, T~102, ΔT~10, kB~10− 23  
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concentration is 1%. Increasing the heat flux from 20 kW/m2 to 100 kW/ 
m2, the nanoparticle deposition rate increases slightly from 2.51% to 
2.72% due to Brownian motion and thermophoresis force. On the one 
hand, the nanofluid temperature is affected by the heat flux in the 
microchannel. The high heat flux results in a high average fluid tem-
perature, and an increased fluid temperature enhances Brownian mo-
tion, aggravating nanoparticle irregular movement according to Eqs. (9) 
and (10). As a result, nanoparticles are more likely to move close to 
walls. On the other hand, heat flux also affects fluid temperature dif-
ferences. According to Fig. 16, the centreline temperature of the bottom 
wall and midplane varies with the different heat fluxes along the 
microchannel, and the fluid velocity at the inlet is 0.6 m/s. In the same 
cross-section, the higher the heat flux, the greater the temperature dif-
ference between the bottom wall and midplane. In addition, Eq. (12) 

Fig. 10. The local deposition at each segment of microchannel for various nanoparticle diameters and velocities.  

Table 6 
The simulation conditions at various diameters and velocities.   

Case 
1 

Case 
2 

Case 
3 

Case 
4 

Case 
5 

Case 
6 

Case 
7 

Case 
8 

d (nm) 1 1 1 1 5 5 5 5 
v (m/ 

s) 
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8  

Case 
9 

Case 
10 

Case 
11 

Case 
12 

Case 
13 

Case 
14 

Case 
15 

Case 
16 

d (nm) 10 10 10 10 20 20 20 20 
v (m/ 

s) 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8  

Fig. 11. The local deposition at each wall of microchannel for various nanoparticle diameters and velocities.  
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indicates that the temperature difference increases the thermophoresis 
force, forcing nanoparticles to move from hot to cold areas. As a result, 
nanoparticles are less likely to reach the wall. Despite the opposing ef-
fects of Brownian motion and thermophoresis force, the Brownian mo-
tion is stronger than thermophoresis. Therefore, the deposition rate 
increases slightly. Furthermore, the average heat transfer coefficient 
only increases by 0.92%, while the pressure drop decreases by 10.57% 
due to the decrease in nanofluid viscosity. Overall, the heat transfer 
coefficient and the nanoparticle deposition rate are not significantly 
affected by the increase in heat flux, while the pressure drop decreases. 

4.5. Influence of inlet temperature 

Inlet temperature also affects the heat transfer performance of the 
microchannel. As shown in Fig. 17, the nanoparticle deposition rate, 
average heat transfer coefficient, and pressure drop change with the 
inlet temperature, which has been set at 280 K, 290 K, and 300 K to 
prevent boiling at the outlet. In this case, the nanoparticle diameter is 
10 nm, the velocity is 0.6 m/s, the heat flux is 100 kW/m2, and the 
nanoparticle concentration is 1%. Increasing the inlet temperature from 
280 K to 300 K increases the deposition rate from 0.80% to 2.72%, 
because the inlet temperature has a significant impact on the fluid 
temperature. As shown in Fig. 18, the centreline temperature changes 

Fig. 12. Contour of the cross section in the midplane at a fluid velocity of 0.5 m/s: (a) temperature contour and (b) velocity magnitude contour.  

Fig. 13. Nanoparticle deposition rate, average heat transfer coefficient and pressure drop change with the velocity at the nanoparticle concentrations of 1% and 4%.  

Fig. 14. The local heat transfer coefficient varies along the microchannel for 
different nanoparticle concentrations and velocities. 
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along the channel. As the inlet temperature increases, the average fluid 
temperature increases, so the Brownian motion also enhances according 
to Eqs. (9) and (10). Thus, a low inlet temperature reduces the deposi-
tion rate effectively below the boiling point. 

Moreover, a decrease in the inlet temperature has a negative effect 
on the average heat transfer coefficient, but the reduction is not pro-
nounced, only decreasing by 2.73% when the inlet temperature is 
reduced from 300 K to 280 K. However, by decreasing the inlet tem-
perature from 300 K to 280 K, the pressure drop does increase by 
60.21% simultaneously. This is because a decrease in temperature in-
creases nanofluid viscosity, which results in increased pressure drop. 
Therefore, decreasing the inlet temperature leads to a substantial pres-
sure drop, which is not an excellent option for reducing nanoparticle 
deposition. 

5. Conclusions 

To determine the optimal working conditions for reducing deposi-
tion in NF-MC cooling systems, several important factors were examined 
by DPM. Several significant findings are reported as below:  

• When the nanoparticles were increased from 10 nm to 50 nm, the 
average heat transfer coefficient decreased only by 1.08%, and the 
pressure drop decreased only by 0.02%. By increasing the nano-
particle diameters, the deposition rate was effectively reduced while 
the pressure drop and heat transfer coefficient remained largely 
unchanged.  

• Choosing high-density nanoparticles, low-density base fluids and 
high-viscosity base fluids reduced the deposition numbers. 

• When the fluid velocity increased from 0.2 m/s to 1 m/s, the nano-
particle deposition rate decreased from 6.51% to 1.49%, the average 
heat transfer coefficient increased from 7.06 kW/(m2. K) to 16.83 
kW/(m2. K), and the pressure enhanced from 10.743 kPa to 68.448 
kPa. The appropriate velocity should be therefore selected according 
to specific NF-MC systems.  

• Changing heat flux was not an ideal way to reduce nanoparticle 
deposition.  

• Finally, when the inlet temperature increased from 280 K to 300 K, 
the average deposition rate increased from 0.80% to 2.72%. In 
contrast, the average heat transfer rate only reduced by 2.73% and 
the pressure drop increased by 60.21%. Thus, it is important to 
balance the pressure drop and nanoparticle deposition when 
designing a NF-MC system. 
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