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A B S T R A C T   

Nanofluid-microchannels have gained prominence in recent years as a means of cooling electronic devices; 
however, nanoparticle deposition remains a challenge. In this paper, a discrete phase model (DPM) is used to 
study the effects of various forces on nanoparticle deposition of Al2O3-water nanofluids in a straight micro
channel. The results indicate that Brownian motion has a significant impact on nanoparticle deposition. For 
instance, when Cunningham values vary from 1.2 to 0.2, nanoparticle deposition ratios decrease from 8.69% to 
3.41%. When the fluid velocity is <0.6 m/s, the thermophoretic force becomes crucial, whereas Saffman’s lift 
force becomes important when the particle diameter is <10 nm. In addition, gravity and pressure gradient forces 
can be ignored. Virtual mass and drag forces impact deposition indirectly by changing residence times. Finally, a 
new correlation has been proposed for calculating particle deposition ratios.   

1. Introduction 

With the development of modern technology, the data that needs to 
be processed is growing exponentially [1,2]. In the big data era, tradi
tional heat dissipation methods are no longer adequate, and an ineffi
cient cooling system will reduce microelectronic device life [3,4]. 
During the early 1980s, high latent capacity fluids were considered the 
best method for the development of coolants [5]. In subsequent decades, 
Choi et al. [6] introduced the concept of nanofluids, which became novel 
fluids of ultrahigh thermal efficiency. Nanofluids have been studied for 
>20 years providing a good understanding of their properties [7], heat 
transfer rate [8–10], and environmental protection [11]. However, there 
are very few nanofluid cooling systems available today [12]. The main 
reason is that nanoparticles are prone to deposit on channel walls due to 
various forces acting upon them [13]. 

In parallel, Tuckerman and Pease proposed the concept of micro
channels [14]. As a result of their small geometry and low coolant re
quirements, microchannels can improve both the compactness and 
performance of cooling devices [15–18]. Despite this, their large 
surface-to-volume ratio means that, if combined with nanofluids, 
deposition problems may arise. As a result of many particles colliding 
with the walls, the nanofluid will lose its high-efficiency properties. 
Simultaneously, fouling deteriorates microchannel heat transfer, which 

increases energy consumption and shortens device lifespan [19–21]. 
Therefore, it is important to investigate the deposition of nano

particles within microchannels. Nanoparticle deposition has some 
drawbacks: it reduces the number of nanoparticles in the bulk fluid, 
which affects the thermophysical properties; nanoparticle deposition 
also results in increased surface roughness, which reduces the volu
metric flow rate of the nanofluid; in the long term, nanoparticle depo
sition results in abrasion, corrosion, and erosion of microchannels, even 
resulting in the microchannel becoming completely blocked. The ma
jority of nanoparticle deposition studies focus on stationary fluids and 
use chemical methods to enhance uniformity and stability. Researchers 
have considered the chemical reason for it by photographing static 
nanofluids [22,23]. The addition of surfactants has been identified as 
one way to obtain stable nanofluids, as surfactants alter the surface 
properties of the nanoparticles by balancing their net charge [24,25]. 
Expanding on this work, an investigation was conducted by Manjula 
et al. [26] to determine the optimal dispersion conditions for aqueous 
alumina powder suspensions with or without surfactants. Beyond sur
factants, mechanical mixing has been employed to maintain nanofluid 
stability, reducing agglomeration by mechanical stirring or ultra
sonication [27–29]. This continually breaks hydrogen and chemical 
bonds between particles with Rehman et al. [12] finding sonication time 
affected the average agglomerate size and sediment percentage. How
ever, these studies were all limited to stationary nanofluid depositions. 
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It is also true that the flow field affects nanoparticle deposition, and 
some researchers have studied the influence of forces on particle 
deposition during a flow process. Bao et al. [30] studied the character
istics of nanoparticle deposition in a gaseous fluid under various forces 
and concluded that particle deposition varied under the actions of 
Brownian, thermophoretic and drag forces. Yin et al. [31] researched 
aerosol nanoparticle deposition affected by thermophoresis and Brow
nian motion. They found that Brownian motion is more important for 
small particles, and thermophoresis caused fewer large particles to 
accumulate on the ceiling wall. Goudarzi et al. [32] considered nano
particle migration due to thermophoresis and Brownian motion and 
reported that thermophoresis is very dependent on volume concentra
tions, moving nanoparticles to cold walls. On the other hand, Mahdavi 
et al. [33] simulated a mixed convection pipe flow of Al2O3 nano
particles in water and concluded that relative particle depositions 
reduced by 28% and 18% respectively if Brownian motion and ther
mophoresis were omitted. However, these studies focus on gas-based 
fluids and macro-sized tubes. 

In recent years, some researchers have begun to investigate nano
fluids in microchannels. Mao et al. [34] developed a new model that 

includes particle rebound, deposition, and removal in order to predict 
particle behaviour. According to their findings, the asymptotic value of 
deposition mass decreased with increasing inlet velocity and decreasing 
particle concentration. Using CFD-DEM methods, Trofa et al. [35] 
studied microchannel fouling and quantitatively predicted cluster 
morphology and growth rate. Jung and Park [36] studied heat transfer 
phenomena by measuring nanofluid temperature and velocity fields in 
microchannel heat sinks. It was concluded that the generation rate of 
thermal entropy was 6.3% lower than that of water. Sarafraz et al. [37] 
investigated the thermal performance, pressure drop, and thermal 
fouling resistance parameters of a synthesized Ag/water nanofluid in a 
microchannel. However, particle deposition in a liquid-based fluid is 
still limited, and some papers focus on the effect of particle migration on 
heat transfer [38]. Deposition location and specific deposition surfaces 
have not been studied in relation to the influence of various forces. 

In order to adopt this technology, particle deposition in a nanofluid- 
microchannel must be resolved, and understanding the effects of various 
forces on particle motion is a key component. As the majority of existing 
studies analyse forces on particles moving in a gas-based fluid or a 
macro-channel, research is needed to understand how various forces 

Nomenclature 

F→ External body forces 
m Mass 
ζi Gaussian white noise function 
S0 Spectral intensity 
Δt Time step 
T Temperature 
v Velocity 
k Thermal conductivity 
Cp Specific heat 
kB Boltzmann constant 
uB Nanoparticle Brownian velocity 
P Static pressure 
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 

Greeks 
ρ Density 
μ Dynamic viscosity 
ν Kinematic viscosity 
λ Mean free path 
φ Volume concentration 
η Particle deposition ratio 

Acronyms 
DPM Discrete phase model 
UDF User defined function 
MAD Mean absolute deviation 

Subscripts 
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  

Fig. 1. Diagram depicting the calculation domain and structure of a rectangular microchannel.  

M. Wang et al.                                                                                                                                                                                                                                  



International Communications in Heat and Mass Transfer 155 (2024) 107533

3

differ in liquid-based nanofluids and how they cause changes in hy
drodynamical factors. Therefore, in this work, DPM and scaling analysis 
were employed to analyse the influence of various forces on nanofluid 
deposition in microchannels and compare gas-based and liquid-based 
fluids to identify strategies to reduce deposition. At the same time, a 
new correlation was developed to predict particle deposition ratios 
without the need for a full set of numerical simulations. 

2. Numerical methods 

The geometry and simulation methodologies used in the paper are 
the same as those used in our previous work [39]. This section provides a 
brief introduction. 

2.1. Geometry 

As shown in Fig. 1, a 3D model of a microchannel having a rectan
gular cross-section with a width of 200 μm and a height of 67 μm was 
employed. The microchannel length was 20 mm, which ensured that the 
flow was fully developed. The structural grid was used in this model to 
perform inlet densification where the gradient of the flow parameter 
changes dramatically. For the purpose of evaluating nanoparticle 
deposition on the walls, a refined near-wall grid density was necessary. 
Thus, the mesh consists of a first cell with non-dimensional height (y+ <

1). 

2.2. Flow field and particle transport simulation 

The flow field, governed by the mass continuity, momentum, and 
energy equations, was simulated using the Discrete Phase Model (DPM) 
and implemented on ANSYS-Fluent 2020 Ra. According to Newton’s 
Second Law of Motion, particle transport is determined by Brownian 
motion, Saffman’s lift force, gravity, thermophoresis, virtual mass force, 
drag force and pressure gradient force [34,40]: 

mp
d uB
̅→

dt
= FB

̅→
+ FT
̅→

+ FG
̅→

+ FV
̅→

+ FD
̅→

+ FP
̅→

+ FL
̅→ (1) 

Where mp is the mass of particles; and uB
̅→ is the velocity of particles. 

The various force components of nanoparticles with directions are 
shown in Fig. 2. 

The amplitude of Brownian motion components FBi is defined as 
[41,42]: 

FBi = mpζi

̅̅̅̅̅̅̅
πSo

Δt

√

(2) 

Where ζi is the Gaussian white noise function; S0 is the spectral in
tensity; and Δt is the time step expressed as: 

S0 =
216vkBT

π2ρd5
p

(
ρp
ρ

)2
Cc

(3) 

Where kB is the Boltzmann constant, and Cc is the Cunningham 
correction that corrects the particle surface conditions expressed as 
[43]: 

Cc = Kn
(

0.4exp
(

−
1.1
Kn

)

+ 1.257
)

+ 1 (4) 

Where Kn = 2λ/dp is the Knudsen number; v is the kinematic vis
cosity; dp is the particle diameter; and λ is the mean free path. 

The thermophoretic force is formulated as [44]: 

FT
̅→

= − DT
∇T
T

(5) 

Where ∇T is the temperature difference; and DT is the thermopho
retic diffusion coefficient expressed as: 

DT =
6πdpμ2Cs(K + CtKn)

ρ(1 + 3CmKn)(1 + 2K + 2CtKn)
(6) 

Where K = k/kp. 
The virtual mass force is defined as [40]: 

FV
̅→

= Cvmmp
ρ
ρp

(

up
→∇ u→−

dup
→

dt

)

(7) 

Where Cvm is the virtual mass factor. 
The Gravity is defined by: 

FG
̅→

= mp
g→
(
ρp − ρl

)

ρp
(8) 

Fluid friction is responsible for the drag force, which is determined 
by [45]: 

FD
̅→

= mp
u→− up

→

τr
(9) 

Where τr is the particle relaxation time given by: 

τr =
ρpd2

p

18μ
24

Cc Rer
(10) 

Where Rer is the relative Reynolds number determined by: 

Fig. 2. Schematic of nanoparticle forces near the heated wall.  
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Rer =
ρdp

⃒
⃒ u→− up

→⃒
⃒

μ (11) 

The pressure gradient force is defined as [40]: 

FP
̅→

= mp
ρ
ρp

up
→∇ u→ (12) 

Lastly, Saffman’s lift force is defined by [42,46]: 

FL
̅→

= mp
2Kv1

2ρdij

ρpdp(dlkdkl)
1
4

(
u→− up

→)
(13) 

Where K is the Saffman number, and dij is the deformation tensor. 
DPM divides similar nanoparticles into several small packs, and the 

position of each pack is determined by tracking a single representative 
nanoparticle. The number of packs depends on the inlet meshes, and the 
nanoparticle deposition is evaluated by the deposition ratio as: 

η =
Nd

Ntotal
× 100% (14) 

Where Nd denotes the number of packs that have been deposited; and 
Ntotal refers to the total number of packs left from the microchannel’s 
inlet (1875 packs in this case). 

The mean absolute deviation (MAD) is used to analyse the differ
ences between data defined as: 

MAD =
1
N

∑N

i=1
∣η1(i) − η2(i)∣ (15)  

2.3. Thermophysical properties of nanofluids 

Both homogeneous and multiphase models accurately estimate the 
thermal fields of the diluted nanofluids at low Reynolds numbers 
[47,48]. According to the homogeneous nanofluid model, the thermo
physical properties of nanofluids are determined by the properties of 
nanoparticles, the base fluid, the temperature, and the concentration of 
nanoparticles. The thermophysical properties of Al2O3 and water are 
shown in Table 1. The density ρnf and specific heat capacity Cp,nf of 
Al2O3-water nanofluids are determined by nanoparticle concentration φ 
and defined respectively as [49]: 

ρnf = (1 − φ)ρbf +φρp (16)  

(
ρCp

)

nf = (1 − φ)
(
ρCp

)

bf +φ
(
ρCp

)

p (17) 

The dynamic viscosity μnf of Al2O3-water nanofluid is given as [50]: 

μnf

μbf
= exp

(
4.91φ

0.2092 − φ

)

(18) 

While the thermal conductivity knf of Al2O3-water nanofluid is 
shown as [51]: 

knf

kbf
= 1+ 4.4Re0.4

p Pr0.66
bf

(
T
Tfr

)10( kp

kbf

)0.03

φ0.66 (19) 

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

Rep =
ρbf vBdp

μbf
=

2ρbf kBT
πμ2

bf dp
(20) 

Where vB is the nanoparticle Brownian velocity; Tfr is the freezing 

point of base fluid, Tfr = 273.15K. 

2.4. Grid sensitivity tests and verification 

As mentioned above, DPM was used to model nanofluid transport in 
the microchannel with the specific boundary conditions shown in 
Table 2. Inlet velocity was varied from 0.1 to 1 m/s, which corresponded 
to the flow Reynolds number ranging between 10.71 and 107.1. 
Therefore, the flow regime was laminar flow. In this work, the nano
particle was Al2O3, and the base fluid was water with a nanoparticle 
concentration φ = 1%,4%. User-defined functions (UDF) were used to 
calculate nanofluid properties. Our previous paper already described the 
specific thermophysical properties of this nanofluid [39] which have not 
been repeated here. The SIMPLE algorithm was introduced in a pressure- 
based solver, coupling pressure and velocity. The second-order central 
difference scheme was applied to the diffusion and convective terms of 
the transport equations. In the converged solutions, residuals were 
<10− 6. Grid sensitivity tests were shown in our previous work [39]. 

After the grid resolution was successfully tested, simulation valida
tion was performed based on flow field and nanoparticle deposition. For 
the flow field, the average Nusselt number was compared with the data 
published in the literature for different Reynolds numbers and volume 
concentrations, as shown in Fig. 3. The present results are in good 
agreement with the experimental results of Heris et al. [52], as well as 
the simulation results of Maiga et al. [53], Bianco et al. [54] and Mor
aveji et al. [47]. The simulated results of the particle deposition rate are 
also consistent with those of the theoretical results of Gormley and 
Kennedy [55] and the simulation results of Shi et al. [56] for the 
nanoparticle diameter below 100 nm, which have already been shown in 
our previous article [39]. 

3. Results and discussion 

With the model in place, Brownian motion FB, thermophoresis FT, 
Saffman’s lift force FL, gravity FG, pressure gradient force FP, virtual 
mass force FV and drag force FD were analysed one by one, according to 
their unique characters. 

3.1. Impacts of Brownian motion 

Brownian motion refers to nanoparticles moving in a random 
manner. As shown in Eqs. (2)–(4), the influence factors of this force 
include nanofluid temperature, viscosity, particle diameter and Cun
ningham correction. Among these factors, nanofluid temperature, vis
cosity and particle diameter also affect other forces, such as 
thermophoretic force, drag force and Saffman’s lift force. There is only 
one factor that is correlated with Brownian motion alone, and that is 
Cunningham correction. According to Kn = 2λ/dp, the Cunningham 
correction is further related to the mean free path which is the average 
distance moved by the nanoparticles between the two collisions. The 

Table 1 
Specific thermophysical properties.   

ρ [kg/m3] c[J/kgK] k[W/mK] μ[kg/ms] 

Al2O3 3880 733 36 / 
Water 998.2 4182 0.587 0.000993  

Table 2 
Boundary conditions.   

Type Heat 
flux 
[kW/ 
m2] 

Pressure 
[Pa] 

Velocity 
[m/s] 

DPM Boundary 
condition 

Outlet 
Pressure- 

outlet / / 0 Escape / 

Inlet 
Velocity- 

inlet 
/ / 0.1–1 Escape 300 K 

Bottom Wall 0 or 
100 

/ / Trap No-slip 

Side Wall 0 / / Trap No-slip 

Top Wall 
0 or 
100 / / Trap No-slip  
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mean free path is therefore considered in how the Brownian force affects 
particle deposition. The mean free path of molecules in liquid water is 
about 0.17 nm [57], and the mean free path of molecules in vapour 
water is about 67.3 nm [58]. According to Eq. (4), considering the same 
particle diameter, the Cunningham value of gas is higher than the 
Cunningham value of liquid, which indicates that the Brownian motion 
in a gas-based fluid is higher than in a liquid-based fluid. 

The mean free path is a temperature-dependent (TD) value, but the 
default DPM set in ANSYS Fluent treats it as a temperature-independent 
(TI) value. Therefore, it was necessary to investigate how temperature 
affects this factor when predicting particle deposition. Therefore, the 
ANSYS coupled UDF routine was used to include TD when calculating 
the mean free path, and the results between TD and TI were compared. 
In both cases, the bottom wall of the microchannel was heated at a rate 
of 100 kW/m2, whereas the other walls remained adiabatic. Results 
obtained from three different flow velocities (0.3, 0.5 and 1 m/s) were 
compared, with the changes in deposition ratio at different particle di
ameters shown in Fig. 4. The MAD values between TI and TD in the three 
cases vary only by 0.19%, 0.13% and 0.07%, respectively. It follows, 
therefore, that the effect of temperature on the mean free path of 
nanofluids within microchannels can be ignored. This is further 

explained by the fact that in nanofluids, Kn << 1, resulting in Cc ≈ 1 
[59]. Moreover, due to the small size of the particles, the drag force near 
the wall is equal to that in the bulk fluid, differing from a gas-based 
mixture [33]. In this regard, the default DPM options are sufficient to 
define the mean free path for nanofluids in microchannels. The gas- 
based mixture, however, as emphasised, cannot be used directly. 

Additionally, in Eq. (4), the Cunningham value is derived from the 
mean free path, and Fig. 5 illustrates the variation in deposition ratios 
with fluid velocity at various Cunningham values (0.2, 0.4, 0.6, 0.8, 1 
and 1.2) for a nanoparticle diameter of 10 nm. The deposition ratio at 
the same velocity varies significantly with Cunningham values, indi
cating that the Brownian force plays an important role in nanoparticle 
deposition. Moreover, the particle deposition ratio increases with an 
increase in Cunningham values due to an increase in the Brownian 
diffusion coefficient (DB = kBTCc/3πμdp) [41]. Interestingly, the rate of 
change in the deposition ratio decreases as the Cunningham value in
creases. For instance, the MAD value between Cc = 0.2 and Cc = 0.4 is 
1.04%, while between Cc = 0.8 and Cc = 1 is 0.5%. A decrease in the 
deposition ratio occurs when the Cunningham value is >0.8, which in
dicates that Brownian motion plays a limited role. A similar result has 
been demonstrated where the particle deposition ratio is around zero 

Fig. 3. Nusselt number varies with Re at nanoparticle concentrations of 1% and 4%.  

Fig. 4. Deposition ratio varies with particle diameter at the condition of TI 
and TD. 

Fig. 5. Deposition ratio changes with fluid velocity in various Cunning
ham values. 
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when the Cunningham value is 0.2 and the velocity exceeds 0.5 m/s. 
Therefore, Brownian motion has a great influence on particle deposition. 

3.2. Heating directions affecting thermophoretic force 

Thermophoresis occurs in suspended particles within nanofluids, and 
this force causes particles to move from a hot region (high energy) to a 
cold region (low energy) according to the fluid temperature and tem
perature gradient. Changing temperature affects Brownian motion, so it 
is difficult to separate this phenomenon from Brownian motion. As a 
result, changing the direction of the thermophoretic force was employed 
to determine the effect of this force, as shown in Fig. 6. Heating from the 
bottom wall causes the thermophoretic force to point upward, whereas 
heating from the top wall leads this force to point downward. It has no 
effect on particle deposition if there is no difference in deposition 
number; otherwise, it has an effect. Therefore, two cases were simulated, 
one with a heat flux of 100 kW/m2 on the bottom wall and the other with 
the same flux on the top wall. 

In Fig. 7, the deposition ratios resulting from the two thermophoretic 
force directions were compared with no thermophoretic force at 
different velocities and particle diameters. As shown, when fluid ve
locities are lower than 0.6 m/s, the deposition ratios are different; but 
when higher than 0.6 m/s, the deposition ratios are almost the same. For 
example, for a nanoparticle diameter of 30 nm, as the velocity is lower 
than 0.6 m/s, MAD = 0.31%; whereas as the velocity is higher than 0.6 
m/s, MAD = 0.16%. Consequently, the thermophoretic force has a 
marked effect on nanoparticle deposition in low-velocity fluids but has 
little influence in high-velocity fluids due to the fact that low-velocity 

fluids have a longer residence time. At the same time, the results of 
different force directions are also compared, e.g. MAD = 0.41% (10 nm) 
and MAD = 0.22% (30 nm). In this regard, thermophoresis has a greater 
impact on small particle diameters than on large particle diameters since 
small particles have little inertia. Compared with and without thermo
phoretic force, deposition ratios with thermophoresis are lower than 
without force at the same velocity and particle diameter. Therefore, the 
thermophoretic force can reduce deposition effectively. 

Fig. 8 illustrates the comparison of specific deposition positions with 
and without thermophoresis at a particle diameter of 10 nm. At a ve
locity of 0.1–1 m/s, the MAD is 0.35% on the bottom wall, and the MAD 
is 0.23% on the top wall. In most cases, the deposition number increases 
at both the top and bottom positions of the microchannel as thermo
phoresis is deleted. This consolidates the fact that thermophoretic force 
prevents nanoparticle deposition. Fig. 7 also supports the same conclu
sion. It should also be noted that, by turning off the thermophoretic force 
in ANSYS, the deposition number at the bottom of the microchannel is 
higher than at the top. The reason for this is that when the wall is heated 
from below, the direction of the thermophoretic force is upwards. In 

Fig. 6. Temperature contour of two heating conditions with the direction of 
thermophoretic force. 

Fig. 7. Deposition ratio changes with velocity for different thermopho
retic forces. 

Fig. 8. The deposition ratio varies with velocity at different positions within 
the microchannel. 

Fig. 9. Deposition ratio changes with velocity at different gravitational 
accelerations. 

M. Wang et al.                                                                                                                                                                                                                                  



International Communications in Heat and Mass Transfer 155 (2024) 107533

7

addition, this force has a greater influence at low velocity, so the 
deposition number decreases on the top position at high velocity. All in 
all, it can be concluded that the thermophoretic force affects particle 
deposition at low fluid velocity, and it is a resistant force that stops 
deposition. The main influence factors of this force are nanofluid tem
perature, temperature difference, nanoparticle thermal conductivity and 
fluid thermal conductivity, as shown in Eqs. (5) and (6). 

3.3. Gravitational field 

In order to study the influence of gravity on particle deposition in a 
microchannel system, gravitational acceleration was altered in the 
model. Heat flux was maintained at 100 kW/m2 from the bottom wall 
with particle diameters of 10 nm and 30 nm. As shown in Fig. 9, the 
deposition ratio varies with velocity at different gravitational accelera
tions (0, 8.81, 9.81 and 10.81) m/s2. In particular, a particle diameter of 
10 nm resulted in a maximum MAD of 0.14%, and a particle diameter of 
30 nm resulted in a maximum MAD of 0.07%. Fig. 9 shows that the 
deposition ratio is almost the same regardless of gravitational acceler
ation. It is, therefore, possible to ignore gravity due to the ultrafine 
particles and the micro-sized channel used. In this regard, the gravita
tional field has little effect on particle deposition. 

3.4. Virtual mass and drag forces 

Virtual mass and drag forces act parallel to fluid flow. The virtual 
mass force (i.e., added mass) is an inertia-adding force accelerated by 
the fluid around the particles, and its virtual mass factor is an essential 
feature of this force. As a result, when particles move in parallel and 
collide, the virtual mass factor becomes >0.5; whereas when particles 
move in a line and collide, the factor is <0.5. However, when the con
centration of particles is low and particles are far apart, the virtual mass 
factor equals 0.5 [60]. By changing the virtual mass factors, the influ
ence of virtual mass force was investigated, as shown in Fig. 10. In this 
case, a heat flux of 100 kW/m2 was applied to the bottom wall of the 
microchannel, with particle diameters of 10 nm and 30 nm, resulting in 
the maximum MADs of 0.24% and 0.15%, respectively. However, par
ticle deposition ratios do not appear to differ across the virtual mass 
factors for large particles, suggesting that the virtual mass force does not 
have a significant impact on particle deposition ratios. The reason for 
this is that the force direction is perpendicular to the direction of 
deposition. However, there is still some variation, especially for small 
particles, since it can affect the particle residence time in the flow 

direction, which indirectly affects deposition ratios. Similarly, drag 
force has the same effect on deposition as the virtual mass force. 

3.5. Pressure gradient and Saffman’s lift forces 

Based on Eqs. (12) and (13), the pressure gradient and Saffman’s lift 
forces are all related to ρ/ρp. Consequently, they are negligible when the 
particle density is much higher than the fluid density. Therefore, in the 
case of a gas mixture, these two forces are ignored. However, when it 
comes to nanofluids, their influence is similar to those discussed in the 
previous sections, making it difficult to distinguish them from other 
forces. Thus, the simulation was used to compare the results with and 
without these forces, as shown in Fig. 11. A heat flux of 100 kW/m2 at 
the bottom wall of the microchannel remained the same, and the particle 
diameters of 10 nm and 30 nm resulted in maximum MADs of 0.19% and 
0.09%, respectively. Compared with and without pressure gradient 
forces, the deposition ratios are nearly the same at different velocities. 
This is because the microchannel is narrow. Therefore, a pressure 
gradient is unlikely to form. In this case, a slight difference can be 
attributed to the fact that the heating position changes the density of the 
base fluid, thereby altering the pressure gradient. The same conclusions 

Fig. 10. Deposition ratio changes with velocity at different virtual mass factors.  Fig. 11. Deposition ratio varies with velocity at different forces.  

Fig. 12. Deposition ratio changes with and without pressure gradient forces.  
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can be drawn from Fig. 12 which shows the MADs of the deposition 
locations at the bottom, top, and sides are 0.1%, 0.12% and 0.12% 
respectively. 

Saffman’s lift force exhibits a different trend from the pressure 
gradient force. As further shown in Fig. 11, the deposition ratios are 
almost identical with variation in velocities, compared with and without 
Saffman’s lift force for particles with a diameter of 30 nm (MAD =
0.18%). There is, however, a difference in the deposition ratio when the 
particle diameter is 10 nm (MAD = 0.4%). As a further analysis of the 10 
nm diameter particle, the deposition positions along the microchannel 
were compared, as shown in Fig. 13. There is a difference in the depo
sition numbers, especially at the top and bottom walls, which indicates 
that Saffman’s lift force has some influence on the deposition of small 
particles. Additionally, this force is directed towards the centreline when 
particles lag behind fluids, preventing some deposition [61]. The in
fluence factors are particle diameter, fluid density, particle density, 
particle mass, fluid kinematic viscosity and fluid velocity, as shown in 
Eq. (13). 

3.6. Scaling analysis 

In order to further analyse the importance of all the force compo
nents, a scaling analysis of FB, FT , FG, FP and FL was calculated according 
to Eqs. (2), (5), (8), (12) and (13). However, it should be noted that since 
the virtual mass force and drag force have the same direction as the fluid 
flow, these two forces are not analysed here. The required scaling in
cludes: μ ∼ 10− 3, dp ∼ 10− 8, k ∼ 1 , kp ∼ 10, Kn ∼ 10− 2, ρ ∼ 103, 
ρp ∼ 103, dij ∼ 10− 2, ϑ ∼ 10− 6, mp ∼ 10− 21, T ∼ 102, ΔT ∼ 10 and 
kB ∼ 10− 23. The magnitude of each force was calculated for particles 
with diameters of 1 nm, 10 nm and 100 nm, as shown in Fig. 14. For 
nanoparticles below 100 nm, Brownian motion dominates the direction 
and velocity of nanoparticle motion. Gravitational and pressure gradient 
forces have a relatively small magnitude and do not change with 
nanoparticle diameter, making them negligible. The magnitude of 
thermophoretic and Saffman’s lift forces is in the middle, and their 
impact depends on the diameter of the nanoparticle. 

Overall, Brownian motion greatly affects particle deposition in 
nanofluids flowing in a microchannel, while thermophoretic force and 
Saffman’s lift force have a modest impact, particularly at a low velocity 
and a small nanoparticle diameter. Gravity and pressure gradient force 
can be ignored. Van der Waals and electrostatic forces are neglected as a 
result of their relatively small contribution [55]. The direction of virtual 
mass and drag forces differs from the direction of deposition, which has 
an indirect effect by altering the residence time. It is worth noting that 
the force impacts of a liquid-based fluid differ from those of a gas-based 
fluid. Comparative results are shown in Table 3, with differences in the 
density and mean free path between the two media accounting for the 
variation. 

3.7. Correlation 

In the study above, it was found that reducing Brownian motion, 
increasing thermophoretic forces, and using Saffman’s lift forces were 
effective methods for reducing nanoparticle deposition in micro
channels. Specifically, nanoparticle deposition was reduced by modi
fying the properties of the nanoparticles and the base fluid, as well as the 
velocity of the fluid. As a result, it is necessary to develop a correlation 
between Reynolds number, particle diameter and volume concentration 
in order to determine particle deposition ratios. This method provides 
the advantage of generating the particle deposition ratio at any given 
parameter without having to run a complete numerical simulation. 
Consequently, it reduces the time, cost, and effort that are involved in 
engineering practice when designing the working conditions for new 
microchannels. 

η =
(
0.09873× 1.00187− Re•dp + 0.000739569

)
× 100% (21) 

Where dp is the nanoparticle diameter (5 ≤ dp ≤ 50), nm; and Re is 
the nanofluid Reynolds number (0 ≤ Re ≤ 2300) given by: 

Re =
ρnf vdh

μnf
=

[
(1 − φ)ρbf + φρp

]
vdh

μbf
exp

(
0.2092 − φ

4.91φ

)

(22) 

Where φ is the volume concentration (φ ≤ 5%); v is the fluid velocity, 
m/s; dh is the hydrodynamic diameter of the microchannel, m; ρbf is the 

Fig. 13. Deposition ratio changes with and without Saffman’s lift forces.  

Fig. 14. Magnitude of five forces is calculated in different diameters.  

Table 3 
Evaluating the importance of forces in different base fluids.  

Force Liquid-based fluid Gas-based fluid [8,30] 

FB Great impact Great impact 
FT Medium impact Little impact 
FG Little impact Little impact 
FV Fluid flow direction Fluid flow direction 
FD Fluid flow direction Fluid flow direction 
FP Little impact Little impact 
FL Medium impact Little impact  
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base fluid density, m3/s; ρp is the nanoparticle density, m3/s; and μbf is 
the base fluid dynamic viscosity, kg/(ms). 

The correlation of Al2O3-water nanofluid was developed for the 
numerical calculation of the particle deposition ratio by using a non- 
linear regression analysis, as shown in Eqs. (21) and (22). Reynolds 
numbers, particle diameters and volume concentrations were integral 
factors in the correlation. R-Square was calculated to be 0.9469. Addi
tionally, Fig. 15 provides a validation between the numerical results and 
the suggested correlation of particle deposition ratios. It is evident from 
this figure that the numerical results and the proposed correlation are in 
good agreement. 

4. Conclusion 

By using DPM and scaling analysis, this study investigated the in
fluence of various forces on nanoparticle deposition in a microchannel. 
Several significant findings are as follows:  

• Brownian force has the greatest influence on nanoparticle 
deposition.  

• Particle deposition is also affected by Saffman’s lift force when the 
nanoparticle diameter is <10 nm and by thermophoretic force when 
the fluid velocity is <0.6 m/s. 

• The gravitational and pressure gradient forces can be ignored. Vir
tual mass and drag forces indirectly affect deposition rate by 
changing particle flow direction residence time.  

• Reducing Brownian motion and increasing thermophoretic and 
Saffman’s lift forces are effective methods for reducing nanoparticle 
deposition in microchannels.  

• A new correlation was developed between Reynolds number and 
particle diameter to determine particle deposition ratios without 
having to run a complete numerical simulation. This correlation re
duces the time, cost, and effort involved in engineering practice. 

These conclusions provide some guidance when designing micro
electronic cooling devices. Further studies can be conducted using cy
lindrical particles or other shapes of particles. Moreover, further 
research is required to determine whether the particle roughness affects 
the nanoparticle deposition, in order to better implement this new 
technique for microelectronic cooling applications. 
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