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Abstract: Concerns over the exponential increase in the heat produced per unit area in electronic 

chips have driven advanced research into the nanofluid capability as a coolant. Generally reported 
for its improved thermal conductivity in particular at higher concentrations, different types of 
surfactant normally added used to stabilize the nanofluid have reported different thermal resistance 
to heat flow. This paper reports an analysis of the thermal performance of a nanofuid-cooled 
microchannel heat sink (MCHS) with 0.1% volume fraction of CNT nanofluid utilizing two 
different surfactants; Lignin (N2) and sodium polycarboxylate (N3) as stabilizers. Multi-objective 
particle swarm optimization (MOPSO) algorithm was utilized to simultaneously minimize the 
thermal resistance and pumping power by optimizing the design parameters; the wall width and 
channel aspect ratios. Optimization outcomes showed that the thermal resistance of CNT nanofluids 
is lower than water by 1% at 20°C. Nanofluid with N3 has a significantly higher pressure drop than 
water, up to 47%. CNT nanofluid with N3 performed poorly due to the high viscosity which 
consequently results both in higher thermal resistance and pressure drop. Since a surfactant alters 
the properties of nanofluid, it could improve or deteriorate the performance of a MCHS overall and 
must not be taken lightly as a MCHS is expected to operate for a long time.  

 
Keywords: microchannel heat sink; nanofluid; lignin; carbon nanotubes; sodium 

polycarboxylate 
 

 

1.  Introduction  

Heat sink is an effective heat removal system used to 
remove unwanted heat from a generating source such as 
electronic chips from computers. The first micro-sized 
physical cooling system of a heat sink was proposed by 
Tuckerman and Pease in 19811). They promoted water as 
a coolant flowing in laminar flow in a silicon 
microchannel heat sink (MCHS) to eliminate high heat 
loads. The coolant of a MCHS since its emergence, have 
moved to air, oil, ethane and more, depending on its 
application. In the current century, the size of the modern 
technology electronic chips has become smaller while the 
power density has exponentially increased as the industry 
moved to miniaturization and digitalization. The design of 
a good thermal management system to carry heat away 
from the electronic chips becomes a major concern in this 
electronic industry. To some extend for extreme heat load, 
the flow condition in a MCHS may evolve from a single 
phase into two-phase where both liquid and gas are 

present in the system with the highest thermal 
performance driven by maximizing convection and 
minimizing entropy generation2). 

Water as liquid coolant would not be adequate to 
perform effective cooling of the MCHS for future 
practices. To further improve the thermal performance, 
nanofluid is promoted to increase the rate of heat transfer. 
Nanofluid is generally comprised of a base fluid such as 
water, ethylene glycol, or oil, and nanoparticles typically 
made of oxides, metals, nitrides, carbides, or carbon 
materials such as carbon nanotubes (CNT). In 2007, the 
first ever nanofluid-cooled rectangular MCHS with CNT 
was proposed by Tsai and Chein3). CNT is considered as 
a new material during these few decades not only in a 
MCHS but also as lubricants4,5) with its current production 
technology being explored such as flame synthesis6), two-
step cascade process7) and laminar hydrogen/air flames 
streaming8). Tsai and Chein3) demonstrated that the 
coolant CNT-water with 2% and 4 % volume fraction of 
nanotube provided a better heat transfer than pure water 
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which is 0.0657 K/W and 0.086 K/W respectively. Adham 
et al9) reported that nanofluid achieved a lower thermal 
resistance compared to pure water. These nanoparticles 
increase the thermal conductivity of a working fluid, thus 
enhancing its thermal performance. 

Halelfadl et al.10) used the thermal resistance model and 
concluded that CNT nanofluid with surfactant sodium 
dodecyl benzoic sulfate (SDBS) reduced the thermal 
resistance and improved significantly the thermal 
performance of a MCHS at high temperature10). The 
optimized thermal resistance for their CNT nanofluid 
tested performed better than water at high temperature by 
enhancing the cooling performance. However, the 
nanofluid is generally unstable and the presence of a 
surfactant is necessary to prevent agglomeration of the 
nanoparticles11,12). Ruliandini13) reported that 
agglomeration occurs due to the Van der Waals forces and 
instability in the nanofluid will not produce the desired 
improved heat transfer performance13). Surfactants are an 
important ingredient to stabilize a nanofluid and their 
effect have often been neglected during investigations of 
the enhancement outcomes of a nanofluid14). Thus, any 
study involving a particular nanofluid should explicitly 
state the type of surfactant used. In the current study, the 
performance of similar CNT used to produce nanofluids 
with two types surfactants, Lignin (N2) and Sodium 
Polycarboxylate (N3)15) were investigated with a MCHS 
design of Tuckerman and Pease1). 

It has been generally agreed that the reduction in the 
thermal resistance will result in an increase in the pressure 
drop and vice versa. In order to achieve a high 
performance thermally and hydrodynamically, both 
performance parameters must be as low as possible. The 
importance of decreasing the pressure drop is crucial as it 
reduces the energy consumption of the system via 
pumping power which contributes to energy demand 
reduction. New technology must always be accompanied 
with considerations towards energy savings in order to 
move to the digitalization era and a sustainable society16). 
Therefore, optimization, the process of identifying the 
best solution from among several possible solutions, is 
required especially when conflicting objectives are 
involved17,18); social19), economic20,21,22), physical23), and 
technological24,25) constraints.  

In this study, outcomes of the simultaneous 
minimization of the thermal resistance and pressure drop 
of a rectangular MCHS using aqueous carbon nanotubes 
based nanofluid, with N2 and N3 surfactants, are reported. 
Though there are many optimization methods available 
for designs to achieve multiple objectives for heat 
exchangers18), there are two optimization tools which have 
been found to be relevant for a MCHS: 

a) Multi-Objective Genetic Algorithm (MOGA)9) 
b) Multi-Objective Particle Swarm Optimization 

(MOPSO)15) 
MOGA has been widely used in a MCHS optimization 

compared to MOPSO. However, it has been clearly shown 

that with the same parameters, Mohd-Ghazali et al.15) have 
attained better optimization results with MOPSO. They 
also found that the optimum volume fraction for nanofluid 
CNT is only 0.1%, any higher will result in an 
overwhelming increase in the pressure drop. Thus, in this 
study MOPSO is used in optimizing the parameters of a 
MCHS with the studied nanofluids. The bulk properties 
are shown in Table 1. It is observed in the Table that main 
difference between both nanofluids come from viscosity 
values. Such a difference is attributed to the dispersion 
state of CNT that is linked to the type of surfactant. 

 
Table 1: Bulk properties at 20°C of 0.1%vf CNT nanofluids 

with different surfactants15) 

 
Lignin (N2) 

Sodium 
Polycarboxylate 
(N3) 

Thermal 
conductivity, 
kf (W/m.K) 

0.62392 0.62392 

Density,  
(kg/m3) 

1001.29 1001.29 

Heat Capacity 
Cp (J/kg.K) 

4175.021 4175.021 

Dynamic 
viscosity, μf 
(Ns/m2) 

0.00107259 0.00138372 

 

2.  Methodology 

2.1 Mathematical Model 

Fig. 1 shows a schematic of a MCHS with rectangular 
microchannels identical with that experimented by 
Tuckerman and Pease1). For this modelling, a uniform 
heat flux boundary condition is assumed to be at the 
lowest point of the MCHS where the microchip highest 
surface will be in contact. Coolant is pumped through the 
microchannels via a micropump and a cover plate covers 
the top of the MCHS with the system assumed to be 
adiabatic. The thermal performance of a MCHS is 
represented by its thermal resistance. The material used 
for the heat sink is silicon. 
 

 
Fig. 1: Schematic structure of rectangular cross section 

MCHS9) 

 
The design parameters are the width of the MCHS, W, 

height of the MCHS, H, length of the MCHS, L, thickness 
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of the substrate, t, channel height, Hc, channel width, wc, 
and wall width, ww. To determine the thermal performance 
of a nanofluid-cooled MCHS, the model system is 
evaluated and optimized using the total thermal resistance 
equation of Adham et al.9). The thermal resistance model 
shown in Eq. 1 is able to assess the thermal performance 
of the heat sink system. Since the device utilized the 
design of a microchannel, the flow of coolant and its 
capability as a heat transporter, the total thermal resistance 
of all heat transfer categories must be evaluated: 
 

capacitiveconvectiveconductivetotal RRRR 
 

 (1) 
 
The three conductive, convective, and capacitance 

resistances were evaluated to determine the thermal 
performance of the MCHS. Heat flux from the heat source 
flows through the substrate whose resistance is calculated 
with Eq. 2 through conductive resistance to the 
microchannel. Once the heat reaches the microchannel, it 
is then transferred to the coolant either from the substrate 
highest point or through the wall between the 
microchannel which in Eq. 3 is assumed as fin here10). Eq. 
4 is the heat being removed following the capability of the 
coolant to store heat which is measured with the capacitive 
thermal resistance. All three types of heat transfer thermal 
resistance are defined as: 
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The resistances are then combined as the total thermal 

resistance as in Eq. 1. 
The hydrodynamic performance is represented by the 

pressure drop, ∆p, of the microchannel as well as the 
pumping power, Pp: 

 
  321 pppp       (5) 

 
22

1 2

1
V

H

L
fp f

c


         (6) 

 ba ppp 222             (7) 












1

1
23.279.12ap     (8) 

2

2 1

1
53.0 











bp      (9) 

2

2

3
V

p f         (10) 

GpPp                  (11) 

 

In the optimization process, the channel aspect ratio, α, 
and wall width ratio, , are the keys to manage the design 
variables for a maximum optimized thermal performance 
of a MCHS and described as: 
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w

w

w
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2.2 Mathematical Model Validation  

According to Table 2 which is the validation of the 
model used with the experimental results of Tuckerman 
and Pease1), the relative difference of the thermal 
resistance and pressure drop is 5.8% and 3.5% 
respectively, showing that the model has a good accuracy 
with the experimental results. The deviation could be 
caused by the different properties of the coolant as 
Tuckerman and Pease1) used deionized water at 23°C, 
while here 20°C was presently considered. The slight 
difference in the properties could have caused the 
deviations. 
 

Table 2: Mathematical model validation 

Parameters
Tuckerman 
and Pease1) 

Current 
Model 

W (m) 0.01 0.01 

L (m) 0.01 0.01 

Hc (m) 0.00032 0.00032 

α 5.7143 5.7143 

β 0.7857 0.7857 

Rth (K/W) 0.110 0.104 

ΔP (kPa) 103.4 107.01 

Pp (W) 0.49 0.50 

Relative 
uncertainty

    

Rth (%) - 5.8 

ΔP (%) - 3.5 

 
2.3 Optimization 

The optimization method of Multi-Objective Particle 
Swarm optimization (MOPSO) is referenced from 
Mohammad26). The manipulated variables are α and β 
with its boundary set by 3.2 to 32 and 1 to 10 respectively 
to limit wc and ww. 

Utilizing the same design parameters of Tuckerman and 
Pease1), the optimization was carried out and the outcomes 
shown in Table 3.  
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Table 3: Optimization with water and compared to non-

optimized water 

 
Non-

optimized  
Optimized 

α 5.71 6.32 

β 0.79 0.23 

wc (µm) 56 50.6 

ww (µm) 44 13.6 

Rth (K/W) 0.104 0.100 

ΔP (kPa) 107 90.5 

Pp (W) 0.50 0.43 

ΔRth/Rth - 3.8% 

ΔPp/Pp - 15.4% 

Constant Variables 

Hc (µm) 320 

t (µm) 213 

G (cm3/s) 4.7 

 
The channel height, substrate thickness and the flow rate 

were kept constant according to the experimental values. 
Simultaneous optimization has been done for the 
minimization of the thermal resistance and pressure drop. 
The possible solutions were able to lower both the thermal 
resistance and pressure drop of water by 3.8% and 15.4%, 
respectively. MOPSO method is capable to find the 
optimum design parameters to improve the MCHS 
according to the coolant’s properties. 
 
3.  Results and Discussion 

With the same design parameters of that Tuckerman and 
Pease1), the thermophysical properties in Table 1 was 
extracted into the model to predict its performance and 
tabulated into Table 4.

Table 4: MCHS performance with CNT nanofluids with 
different surfactant, N2 and N3, at 20°C compared to water. 

 
Non - optimized 

N2 N3 

α 5.71 5.71 

β 0.79 0.79 

wc (µm) 56 56 

ww (µm) 44 44 

Rth (K/W) 0.1025 0.1025 

ΔP (kPa) 122 157 

Pp (W) 0.58 0.74 

ΔRth/Rth -1% -1% 

ΔPp/Pp 14% 47% 

Constant Variables 

Hc (µm) 320 

t (µm) 213 

G (cm3/s) 4.7 

 
N3, with sodium polycarboxylate surfactant has a 

higher pumping power than N2, with lignin, which can be 
seen in Table 4. Since the nanofluid is mixed with a 
different surfactant, the viscosity has a significant 
difference although both CNT nanofluids, herewith 
referred to as N2 and N3, have the same other 
thermophysical properties. Due to this, N3 obtained a 
higher pressure drop as much as 35kPa difference 
compared to N2 as it is directly affected by viscosity. The 
viscosity affects directly with friction factor, which results 
in N2 having a lower pumping power than N3. Although 
the thermal resistance is the same, the pressure drop will 
definitely affect the thermal resistance in the optimization 
process as MOPSO considered both objectives to be 
attained simultaneously. Fig. 2 shows the sets solutions 
(pareto front) of optimization of N2 and N3. 
 

 
Fig. 2: Optimized pumping power against total thermal 

resistance for water and CNT nanofluids at 20°C 
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Figure 2 shows the consequence of reducing the thermal 

resistance as the pressure drop increases. Each point in the 
graph is the result of solutions for optimized thermal and 
hydrodynamic performance according to the limitation 
that has been programmed in MOPSO. N2 nanofluid 
performs better than N3 because the pareto front of N3 is 
higher compared to N2. N3 surfactant affected the 
viscosity causing a higher thermal resistance and pressure 
drop compared to N2. Therefore, only one point of 
possible solution with the same pressure drop was chosen 
for comparison in Table 5. 
 
Table 5: Optimized CNT nanofluid N2 and N3 and comparison 

to non-optimized. 

 
Optimized 

N2 N3 

α 6.38 6.28 

β 0.32 0.31 

wc (µm) 50.2 51.0 

ww (µm) 15.9 15.8 

Rth (K/W) 0.098 0.099 

ΔP (kPa) 110 136 

Pp (W) 0.50 0.63 

ΔRth/Rth -4.3% -3.6% 

ΔPp/Pp -10% -13% 

 Constant Variables 

Hc (µm) 320 

t (µm) 213 

G (cm3/s) 4.7 

 
Simultaneous optimization has been done for both CNT 

nanofluids, N2 and N3. Reduction of thermal resistance 
and pressure drop by 4.3% and 10% could be achieved by 
CNT nanofluid with lignin as surfactant. With 
optimization, CNT nanofluid with Sodium 
polycarboxylate, the reduction in its pressure drop is 
higher, by 13%. However, to compensate for the high 
pressure drop due to viscosity, it is impossible to achieve 
thermal resistance any better than CNT nanofluid N2. 
Both optimized CNT nanofluids have lowered the thermal 
resistance and pressure drop, but since surfactant Sodium 
polycarboxylate has resulted in a higher viscosity in the 
CNT nanofluid, its pressure drop and thermal resistance 
was larger than N2 even after being optimized. With the 
results of N2, a lower viscosity in the MCHS system also 
enables to further reduce the system’s thermal resistance.  

Optimization is a desirable process to find the design 
variable, dimensions, to reduce both the thermal 
resistance and pressure drop in a MCHS. But even with 
the change of only viscosity due to the presence of a 
surfactant with no difference in thermal conductivity, it 
jeopardized the overall performance of the system after 
being optimized. A surfactant that increases the nanofluid 

viscosity will result in a higher thermal resistance as the 
geometry were adjusted according to the properties that 
caused the desired heat removal capability. Therefore, the 
effects of different types of surfactant should be taken into 
consideration when utilizing nanofluids for a MCHS 
coolant. This study shows that with the same type of 
nanoparticles or nanotubes in a nanofluid, different 
surfactants effects must be investigated as they change the 
properties of the nanofluid due to difference in dispersion 
state. Hence, it will dramatically alter the impact of using 
a nanofluid specifically for MCHS cooling applications.  
 
4.  Conclusion 

The thermal performances of a MCHS cooled with 
CNT nanofluid containing different surfactants which are 
Lignin (N2) and Sodium polycarboxylate (N3) have been 
completed utilizing MOPSO. With the same volume 
fraction of 0.1%, nanofluid with N2 surpasses that with 
N3 in the hydrodynamic performance due to a lower 
pressure drop or pumping power necessary to achieve the 
same heat removal capacity. With difference in viscosity, 
CNT nanofluid N2 and N3 were able to further reduce the 
thermal resistance by 4.3% and 3.6% respectively through 
optimization. Thermal resistance of optimized CNT 
nanofluid N3 was only able to reduce by 3.6% to 
compensate for its lower pressure drop. It has reduced the 
pressure drop by 13% while CNT nanofluid N2 was only 
reduced by 10%. Nevertheless, both thermal resistance 
and pressure drop of the CNT nanofluid N2 is lower than 
CNT nanofluid N3. For current findings, lignin surfactant 
was proven to be a better stabilizer for CNT nanofluid as 
compared to Sodium polycarboxylate. Further studies 
need to be done to look over more types of surfactants for 
better a performance in applications involving MCHS 
coolants with CNT nanofluids. The effects of surfactants 
towards the properties of CNT nanofluid have 
significantly influenced the MCHS performance which 
therefore must be investigated thoroughly since a MCHS 
cooling ability is dependent on the coolant’s stability over 
long durations of application of nanofluids. 
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Nomenclature 

Cp Heat capacity (J/kg.K) 

f Friction factor 

G Volumetric flow rate (m3/s) 

h Height (m) 

hav Heat transfer coefficient (W/m2.K) 

k Thermal conductivity (W/mK) 

L Length (m) 

Pp Pumping power (W) 

R Thermal resistance (K/W) 

Re Reynolds number 

t Substrate thickness (m) 

V Velocity (m/s) 

W,w Width (m) 
 
Greek symbols 
μ Dynamic viscosity (kg/sm) 

α Channel aspect ratio 

β Wall width ratio 

n Fin efficiency 

∆p Pressure drop (Pa) 

ρ Density (kg/m3) 
 
Subscript 

c Channel 

f Fluid 

hs Heat sink 

nf Nanofluid 

w wall 
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