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INTRODUCTION

Nowadays, conventional fluid with the 
addition of ultrafine particles in nanometer 
size makes a difference in enhancing heat 
transfer exchange in many applications which 
emit high heat flux, such as MEMS/NEMS 
systems, high performance electronic device, 
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ABSTRACT

One of the best ways to enhance heat transfer coefficient is by improving thermal properties of the 
working fluid. Gold/water nanofluid flow through horizontal minitube with very low Reynolds number 
was simulated by using Thermal Lattice Boltzmann Method (TLBM) under uniform heat flux boundary 
condition. The effect of different volume fraction of nanoparticles on the heat transfer coefficient was 
studied and compared with the base fluid (water). The results were verified using Finite Volume Method 
(FVM). The results showed enhancement of heat transfer coefficient when using gold/water nanofluid 
and this enhancement depends on the volume concentration of Gold nanoparticles. The maximum 
enhancement was 18% with 0.03 volume concentration.
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solar cells and many applications that need high performance cooling systems (Hussien et al., 
2016; Verma & Tiwari, 2015) . These nanoparticles have thermal conductivity of a hundred 
times more than conventional fluid. This means that the thermal and rheological properties 
will be changed upon the addition of nanoparticles to the fluid even at a very low amount 
(Zhou et al., 2012). Moreover, the change depends on the size, shape and the material of the 
nanoparticles (Anoop et al., 2009; Ji et al., 2011) . Many experimental research have been 
conducted to identify the physical properties of nanofluids and compared with existing models 
as described in nanofluids cases (Mostafizur et al., 2015; Solangi et al., 2015) . Besides that, 
the nanoparticles are continuously in the stage of development by introducing new materials 
(hybrid nanoparticles), shapes and sizes (Sarkar et al., 2015; Tian et al., 2015) . 

So far, the literature survey conducted by researchers have created roles for very small 
channels to increase the heat transfer coefficient. It is desirable for high heat transfer rate and 
that is the reason why the contact surface area is higher out of the volume.

Many experimental investigations performed so far have concerned mainly with the study 
of nanofluids with micro/minichannels for developing a new generation of cooling systems. For 
instance, Jung et al. (2009) found enhancing the heat transfer up to 30% in their experimental 
study of AL2O3/water nanofluid in rectangle microchannels. Meanwhile, Nitiapiruk et al. 
(2013) studied TiO2/water nanofluids in rectangle microchannels experimentally and their 
results showed that enhancing heat transfer coefficient depends on the volume concentration 
of the nanoparticles. Nazari et al. (2014) experimented with the performance of the CPU 
cooling performance by using nanofluids. They used two types of nanoparticles (Al2O3 and 
CNT) dispersant in (water and EG) with various particle concentrations in their experiment. 
Their results showed 13% maximum enhancement in convection heat transfer which occurred 
when they used CNT nanoparticles. They also concluded that the maximum enhancement 
can be achieved when the optimum concentration of nanoparticles and flow rate is taken into 
consideration.

Recently, numerical simulations of testing the enhancement of heat transfer performance 
when using nanofluids in micro/minichannels were taken into account for avoiding experimental 
fabrication efforts and saving time and money. Jang and Choi (2006) investigated numerically 
Cu/water and diamond/water nanofluids in rectangle microchannels heat sink. The enhancement 
in thermal performance was about 10%. In another study, J. Li and Kleinstreuer (2008) 
worked numerically to find out CuO/water nanofluid in trapezoidal microchannels leading to 
extra pressure drop with the enhancement of heat transfer. Mohammed et al. (2011) tested six 
different types of nanofluids (Al2O3, Ag, CuO, diamond, SiO2 and TiO2)/water in triangular 
microchannels numerically and based on their observation, the peak thermal performance 
and less pressure drop can be utilised using Diamond and Ag /water nanofluids. Salman et 
al. (2012) studied convection heat transfer of (Al2O3, CuO,SiO2, ZnO) / EG nanofluids flow 
through circular microchannel with different nanoparticle sizes and volume concentrations. 
Their results revealed significant effects on the Nusselt number, velocity, wall shear stress and 
pressure drop with the change of size and concentration of the nanoparticles. Mohammadian et 
al. (2014) studied the performance of counter flow microchannel heat exchanger when using 
Al2O3–water nanofluid numerically. They used different nanoparticle volume concentrations 
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and sizes. The results pinned that the highest thermal performance can be achieved using the 
highest concentration and the smallest particle size.

Some researchers prefer the minichannel when using nanofluids by for two main reasons: 
the cost of fabrication and less of pressure drop (Shenoy et al., 2011). Ijam and Saidur (2012) 
studied the cooling performance of the heat sink by using the SiC–water and TiO2– water 
in the minichannel. They found out that the improvement was between 7–12%. Liu and Yu 
(2011) investigated experimentally convective heat transfer Al2O3/water nanofluid flow inside 
circular minichannel (Di= 1.09 mm) in different flow types of laminar and transition and 
turbulence. Their results revealed that the laminar flow caused greater enhancement compared 
with the transition and turbulent flow with pressure drop penalty while the conventional 
correlations can be used in the laminar regime. Vafaei and Wen (2012) studied the Al2O3/
water nanofluid flow inside circular minichannel (Di= 510 μm). The enhancement of the heat 
transfer coefficient reached 40% for higher flow rate. In addition, Al2O3/water nanofluid with 
rectangle minichannels heat sink was investigated experimentally by Ho et al. (2014) with the 
hydraulic diameter at 1.2 mm. Ijam et al. (2012) investigated (Al2O3, TiO2)/water nanofluids 
flow through rectangle minichannels heat sink. Hassan et al. (2013) concluded that nanofluids 
with laminar flow in minichannels are a superior coolant when compared between the circular 
minichannel (Di=3mm) and microchannel (Di=50 μm) with Al2O3/water nanofluid. 

Many types of nanofluids have been studied so far for high thermal conductivity of metal 
nanoparticles, such as Au, Ag, Cu, Al, which made it highly demanding for being the perfect 
coolant in the recent market. However, very few researches have been concerned with the 
convection of heat transfer performance on gold/water nanofluid. Sabir et al. (2015) studied 
experimentally the characteristics of convection heat transfer of gold nanofluid with very low 
volume concentrations and their results detected up to 30% of enhancement in heat transfer 
coefficient. On the other hand, Patel et al. (2003) detected 9% thermal conductivity enhancement 
in their experimental research when they used Au/water nanofluid, while Tsai et al. (2004) 
revealed that using gold/water nanofluid reduced the thermal resistance of the heat pipes.

In the past few years, researchers have started using the Thermal Lattice Boltzman 
Method (TLBM), which is considered as a very effective method to simulate many problems 
for fluid and thermal flow (Sidik & Razali, 2014). Sheikholeslami et al. (2013) applied TLBM 
to figure the magnetic field effect to concentric annuals filled by A2O3/H2O nanofluid. In another 
research, Karimipour et al. (2015) used TLBM the force convection of Cu/H2O nanofluid flow 
inside the microtube in very low Reynolds number with slip wall flow boundary condition.

This article focuses on the enhancement of heat transfer coefficient by using gold/water 
nanofluid flow inside the minitube with different volume concentrations using TLBM.

GEOMETRY MODELING AND GOVERNING EQUATIONS

The continuity, 2-D Navier-Stokes and energy equations will be used to describe the flow 
velocities and temperature distributions in the whole region. Figure 1 shows the computational 
domain, the axial and radial axis (z, r) respectively, and the uniform heat flux (q”) which 
will be exposed to the outer surface of the minitube. According to Kandlinkar classifications 
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(Kandlikar, 2006), the channel that has hydraulic diameter from 200µm to 3mm is considered 
minichannel, whereas the minitube diameter is 2.1 mm with wall thickness of 0.45 mm. 

Figure 1. Schematic diagram

The governing equations are:

               [1]

             [2]

           [3]

             [4]

where vu,  are the velocity components in z and r directions respectively.

The following assumptions will be considered:

 - Continuum.

 -  Newtonian fluid.

 - Incompressible.

 - Constant viscosity, density, and thermal conductivity.

 - Negligible gravity force.

 - Negligible nuclear, electromagnetic and radiation energy transfer

NUMERICAL METHOD

Nanofluids Treatment

In this paper, we used gold-water nanofluid as homogenous working fluid. The physical and 
thermal properties of the nanofluid were calculated from the properties of water and gold as 
shown in Table 1. 
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Table 1 
The Properties of Water and Gold nanoparticles at T=313.15K (Bergman et al., 2011) 

ρ
(kg m−3)

Cp

(J kg−1 K−1)
µ
(kg m−1 s−1)

K
(W m-1 K-1)

Water 992.22 4178 0.0006532 0.6305
Gold nanoparticles 19300 126 - 318

The general formulas for fluid-solid mixture was used to find the density and specific heat 
capacity of the nanofluids:

            [5]

          [6]

Batchelor’s model (Batchelor, 1977) was used to calculate the effective viscosity of 
nanofluids:

            [7]

The effective thermal conductivity was calculated by using the Hamilton and crosser 
model (Hamilton & Crosser, 1962):

         [8] 

where the kinematic viscosity is , the prandtl number is  and the thermal 
diffusivity is .

According to Hamilton and Crosser (1962), increasing the volume concentration caused 
an increase in the thermal conductivity and the viscosity in the crosser model and Batchelor’s 
model, as can be seen in Figure 2.

Figure 2. The effect of the nanoparticles volume concentrations on the (a) viscosity and (b) thermal 
conductivity
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Lattice Boltzmann Methods

Numerical simulations are considered over experimental at the situations where it becomes 
tedious to collect data from setup. Numerical methods are preferable because experimental setup 
needs very high treatment care, special tools and expensive instruments. Thus, the Thermal 
Lattice Boltzman Method (TLBM) has become a very significant research technique in mini/ 
microchannels with nanofluids (Yang & Lai, 2011). In this study, TLBM was used for the 
analysis of fluid flow and heat transfer in minitube, with uniform heat flux.

The idea of Lattice Boltzmann Method (LBM) is to take advantage of micro-scale and 
macro-scale by considering a collection of particles as a unit, which is called the meso-scale. 
For instance, LBM is connected between the entropy of a system with time and the change in 
macroscopic variables. It can predict the macroscopic behaviour by studying the distribution 
functions which is in a general probability of finding particles in Lattice Unite at a certain time 
f( r,c,t) and g(r,c,t) respectively.

Halliday et al. (2001) were the first to explore the energy equation in axisymmetry by 
LGK approximation with selected source terms. Later, many models studied the axisymmetric 
flow such as those by Lee et al. (2006), Reis and Phillips (2008), Guo et al. (2009) and J. G. 
Zhou (2011).

In this paper, Zhou’s model (J. G. Zhou, 2011) was used to define the source terms in the 
D2Q9 LB Model, the distribution function of nine velocities were formulated as:

                [9]
the source terms θ and  are defined as: , and  respectively.

where  is the distribution functions,  is the position vector  the effective 
relaxation time depends on the position, i index represents z and r. The other parameters of 
the D2Q9 model are shown in Table 2.

Table 2 
D2Q9 LBM Model Variables (Mohamad, 2011)

Α

1/3

0 (0,0) 4/9

1,2,3,4 1/9

5,6,7,8 1/36

The equilibrium distribution function can be formulated as:

          [10]
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The distribution functions give the density and the velocity as: 

            [11]

             [12]

Peng et al. (2003) proposed the first axisymmetric flow in TLBM by solving the temperature 
distribution with finite difference method. The hybrid model was then used to solve the thermal 
and vorticity stream function (Sheng Chen et al., 2009).

In recent times, the dual lattice form has been used to recover thermal energy equation by 
new distribution function g(x,t) with f(x,t) (Wang et al., 2007; Q. Li et al., 2009; Zheng et al., 
2010). In this paper, D2Q4 thermal model was used for solving the temperature distributions, 
which in turn helps to reduce the computational efforts over D2Q9 thermal model (Djebali 
et al., 2008). In this model, the scalar distribution function can be derived from the following 
formulation:

               [13]

where: 

 and the relation between thermal diffusivity  and thermal relaxation time

 is . The equilibrium distribution , where

 and  as shown in Fig. 3. 

The macroscopic temperature is obtained similarly as that of flow distribution functions:

             [14]

Boundary conditions

After the streaming process,  are unknown at the inlet and for outlet its 
. N`ow at the wall,  and at the axis  as 

shown in Figure 3. 
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Figure 3. Distribution functions at the boundaries for D2Q9-D2Q4 flow thermal model

Applying boundary conditions helps to locate the unknown distribution functions. For 
a boundary condition with nonzero velocity, the inlet flow in the west side is known, so the 
bounce-back scheme is obviously invalid. The Zou and He (Zou & He, 1997) boundary 
condition for known inlet velocity was used, whereas for constant inlet temperature,  was 
divided to scalar distribution function and hence, the macroscopic and microscopic boundary 
conditions are:

 
               [15]

For constant heat flux at the wall, the bounce back boundary (Shiyi Chen et al., 1996) 
condition was used to the flow distribution function, and constant temperature gradient for 
scalar distribution functions is expressed as (Tarokh et al., 2013):

 
               [16]
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Simple forward finite’s difference scheme was used to define the unknown distribution 
function around the central axis as shown in Eq. (17).

         [17]

As outlet density and velocity are unknown, it is assumed that velocity at the point before 
last lattice is the outlet velocity and the same procedure of inlet boundary condition is applied 
(Mohamad, 2011). For thermal distribution function, the extrapolation was used to define the 
unknown value.

Figure 4 shows the sequence steps for each time step to solve BKG-LBM D2Q9-D2Q4 
flow thermal models until convergence (Mohamad, 2011).

Figure 4. The TLBM steps

DISCUSSION

In this simulation, the uniform heat flux was applied at the surface of the tube  
with low Reynolds number  for all process fluids. In total, four different volume 
concentrations of gold nanoparticles were used to perform the experiment, namely 0.1,0.5,1 
and 3% volume concentrations. The enhancement of heat transfer coefficient through axial 
distance was studied by using a 2.1 mm diameter minitube and 27cm axial length. 
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Thus, the local heat transfer coefficient was calculated by applying the Newton law:

            [18]

where  is the temperature of the inner wall surface and  is the mean temperature in 
the z location and can be predicted by using the following formulae:

              [19]

 is the mean density and the mean axial velocity in the same axial point respectively:

            [20]

The results of D2Q9-D2Q4 TLBM showed acceptable values as compared with commercial 
CFD package. From Figure 5 and Figure 6, it can be easily confirmed that wall temperature 
along the axial direction and cross section temperature distribution in different axial locations 
are almost matching respectively.

Figure 5. The Inner wall temperature along the axial direction for water
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Figure 6. Temperature distribution for different axial locations

Figure 7 shows the dimensionless inner wall temperature θw, with reference to Eq.20 along 
the axial distance ranges from 0 - 0.27m. This curve indicates that the increase in volume 
concentration of nanoparticles will decrease the dimensionless wall temperature. This is due 
to the increase in effective thermal conductivity of the nanofluids, which in turn improves 
the heat transfer along the radial direction. This relation can be seen especially in the fully 
developed regions. 

Figure 7. The dimensionless inner wall temperature variation with different nanoparticles volume 
concentration
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Figure 8 shows heat transfer coefficient along axial direction by considering volume 
concentrations of gold nanoparticles. It can be seen that heat transfer coefficient increases with 
the increase in concentration of the gold/water nanofluid. Now comparing results with that of 
water, we found out that there is an enhancement of 18% for 3.0vol.% gold/water nanofluid. 
Hence, for very low concentration of 0.1vol.%, the enhancement was around 1%. With these 
figures, a much large enhancement was seen at the beginning of the developing region.

Figure 8. The heat transfer coefficient variation with different volume concentrations of nanoparticles

The average Nusselt number increases with the increase in volume concentration of gold 
nanoparticle, as shown in Figure 9. The results show very low enhancement in average Nusselt 
number which is due to the enhancing of nanofluids thermal conductivity. The maximum 
developing value of Average Nusselt number in comparing water is 7% for 3.0vol.% gold/
water nanofluid.   

The major advantage of using nanofluids will not only boost effective thermal conductivity 
but also drastically enhance viscosity. For example, the velocity of the 3.0vol.% gold/water 
nanofluid is about 30% less than the velocity of water at the same Reynolds number. This 
shows that the reduction in the mean velocity causes more heat carrier.
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Figure 9. Average Nusselt number variation with different volume concentrations of nanoparticles

Nowadays, research on gold/water nanofluid is rarely seen, thus more experimental research 
must be carried out in this area for a comprehensive understanding. 

CONCLUSION

The Thermal Lattice Boltzmann Method (D2Q9-D2Q4 TLBM) has been used to simulate 
the force convection heat transfer by using gold/water nanofluid with different volume 
concentrations through minitube. The results pinned that heat transfer coefficient enhances 
with gold/water nanofluid over pure water. Furthermore, the enhancement depends on the 
volume concentration of the gold nanoparticles proportionally. From this study, the maximum 
enhancement was 20% for 0.03 volume concentration of gold/water nanofluid compared 
with water. The enhancement of the heat transfer coefficient was due to the effective thermal 
conductivity and effective viscosity. From this study, it has been observed that there is a 
shortage in the investigation of gold/water nanofluid and its effects in enhancing heat transfer 
coefficient experimentally.
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