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ABSTRACT

This study investigated a forced convection of nanofluid in a microchannel with the presence 
of square obstacles using lattice Boltzmann method. The slip boundary conditions for veloc-
ity and temperature jump are considered for microchannel. The study is conducted in three 
volume fractions of nanoparticles, two Knudsen numbers and two Reynolds numbers. The 
results is shown that with enhancing the volume fraction of nanoparticles, the heat transfer 
coefficient increases more than two times. It is observed that by increasing the Knudsen num-
ber, the velocity slip and also temperature jump increases, but the heat transfer coefficient 
and the friction coefficient decreases. The first obstacle in the microchannel is more effective 
which is due to the creation of the vortex and the vortex characteristics in dissembling the 
hydraulic and thermal boundary layers. Also, increasing the nanoparticles volume fraction, 
the heat transfer coefficient rises noticeably.
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 INTRODUCTION

With the growth of science and the advancement of 
technology in the recent years, micro and nano systems are 
increased rapidly. These systems have great and different 
applications such as micro sensors and micro valves and 
micro pumps. Investigation of the flow and the heat trans-
fer in microsystems has been considered by many research-
ers. When the dimensions of a system reach to micro scale, 
the ratio of surface to volume increases dramatically [1]. 
Therefore the surface phenomena overcome other phenom-
ena. Simulation of microscopic phenomena flow is different 

from the macroscopic flow. As a suitable example it can be 
refer to the effect of velocity slip and temperature jump. 
Also, when the dimensions of a geometry is small, the mol-
ecules dimensions and the distance between them become 
important and there is a need to introduce a new index 
named the Knudsen number. Knudsen number is the ratio 
of mean free path of molecules to the characteristic length. 
Whenever Kn<0.001, the fluid flow will be continuum and 
the Navier Stocks equation can be used using velocity no 
slip boundary condition. But as 0.001<Kn<0.1, 0.1<Kn<10, 
and Kn>10, the fluid flow is respectively similar to the slip 
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flow, transition flow and free molecule flow [2-4]. This 
flow regimes often take place in electro mechanic systems 
(MEMS) and they must be examined by methods based on 
particles such as molecular dynamic (MD) and direct sim-
ulation of Mont Carlo (DSMC). The high computational 
expenses and complicated mathematical equations of MD 
and DSMC methods has made researchers to look for a suit-
able and strong alternative approach as lattice Boltzmann 
method (LBM) for simulation of macro and micro flows 
[5-7]. In addition to methods based on particle movements 
(particle based methods) for simulation of flow and heat 
transfer of a slip flow, the classic equation of Navier stocks 
is also used as a basic equation. But it should be mentioned 
that the velocity slip and temperature jump boundary con-
ditions should be used in this case [8]. Chamkha et al. [9] 
studied a mixed convection of nanofluid in a cone with 
porous medium. They showed effect of nanoparticles on 
local Nusselt and Sherwood numbers. Also they investigated 
effects of Brownian motion for nano particles. Considering 
the high importance of heat transfer in microchannels, sev-
eral investigations have been conducted about this issue 
[10-13]. Arabpour et al [10] studied laminar heat transfer of 
nanofluids on micro channel. They used range of Reynolds 
number between 1 and 100. They showed Nusselt umber 
is increased by increasing volume friction and Reynolds 
number. Mohammed et al. [11] investigated heat transfer in 
a square micro channel heat exchanger. They showed that 
thermal properties and pressure drop are increased using 
nanofluids. Lv et al. [12] done wide researches for optimi-
zation and dissipation performance on microchannel with 
heat sink. Qazi zade et al. [13] numerically investigated the 
effects of variable physical properties on the flow and heat 
transfer characteristics of simultaneously developing slip-
flow in rectangular microchannels with constant wall tem-
perature. They revealed the degree of discrepancy varies for 
different cases depending on Knudsen number, aspect ratio 
and the temperature difference between the channel inlet 
and the wall. Also, their results shown that even low tem-
perature differences can alter the friction and heat transfer 
coefficients considerably. Adding a surface or an obstacle in 
microchannels is customary for better mixing of fluid flow. 
Simulation of vortex phenomena surrounding the sharp 
corners of obstacles in MEMS is of high importance [14] 
which may leads to increasing the heat transfer coefficient. 
Sharp et al. [15] used the induced-charge electroosmotic/
pressure driven flow to control the positional flow near the 
obstacles in a microchannel. Also Berra [16] have simulated 
the induced-charge electroosmotic flow near an obstacle 
in a microchannel. They solved the nonlinear equations 
of Navier stocks, Nernst Planck and Poisson using finite 
volume method and velocity slip boundary condition. 
Considering the importance of heat transfer around the 
obstacles and microchannels and lack of suitable experi-
mental results in different flow conditions, it is necessary 
to study about this issue and present results with suitable 
precision. One methods of increasing the heat transfer is 

using nanofluids as the operating fluid. Nanofluid is a 
result of adding solid nanoparticles to a liquid as water, oil 
or ethylene glycol. Roy et al. [17] numerically investigated 
the hydrodynamic and thermal fields of a water–Al2O3 
nanofluid in a radial laminar flow cooling system. They 
showed that considerable heat transfer enhancement is 
possible, even achieving a twofold increase in the case of 
a 10% nanoparticle volume fraction nanofluid. Also, they 
revealed an increase in wall shear stress was also noticed 
with an increase in particle volume concentration. Ho et al. 
[18] investigated heat transfer in micro channel with heat 
source by nanofluid. They showed that heat transfer coef-
ficient is more than some resistances. Tsai and Chein [19] 
studied a micro channel performance with heat sources and 
various nanofluids. They found that difference temperature 
is reduced between heated wall and nano particles. Jang 
et al. [20] studied nanofluid flow on micro channel with 
heat sink and found that heat transfer using nanofluids is 
increased about 10% compared with base fluid. Alipour et 
al. [21] simulated heat transfer nanofluid in a microchannel 
and studied effect of temperature jump on Nusselt num-
bers. Santra et al. [22] studied the effect of copper–water 
nanofluid as a cooling medium to simulate the heat transfer 
behaviour in a two-dimensional (infinite depth) horizon-
tal rectangular duct, where top and bottom walls are two 
isothermal symmetric heat sources. They observed that the 
heat transfer augmentation is possible using nanofluid in 
comparison to conventional fluids for both the cases. Also, 
they revealed that the rate of heat transfer increases with 
the increase in flow as well as increase in solid volume frac-
tion of the nanofluid. The lattice Boltzmann method is a 
rather new and applicable method for solving the nonlin-
ear differential equations and simulation of nanofluids. It 
has been showed recently that this technique is a precise 
method of computational dynamic fluid (CFD) which pro-
vides solving complicated geometrics with minimal com-
putation expenses [23]. LBM provides greater numerical 
stability using the internal energy distribution function 
and also included the heat discharge. Due to existence of 
both hydrodynamic and thermal conditions in one grid, the 
boundary conditions are simulated simply [24]. LBM has 
been used by several researchers in order to simulate the 
fluid flow in microchannels. Agarwal et al. [25] studied a 
simulation of heat transfer in microchannel with non-New-
tonian fluids using LBM method. Their results were com-
pared numerical solution with FLUENT software and 
showed there are agree well each other. Navidbakhsh et al. 
[26] studied a model of capsule migration in microchannel 
with LBM method. 

In this study, the slip flow of a nanofluid is studied in 
a microchannel with the presence of two obstacles using 
lattice Boltzmann method. The velocity slip and tempera-
ture jump boundary conditions are used for the simula-
tions. The nanofluid is made up of water and percentages 
of different volume fractions of aluminum dioxide (Al2O3) 
nanoparticles. In order to make difference in nanofluid 
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characteristics, a stable temperature distribution on the 
upper and lower walls is applied. In this work, the flow 
and heat transfer of a nanofluid in a microchannel with the 
presence of two obstacles is studied by lattice Boltzmann 
method. The velocity slip and temperature jump boundary 
conditions are used for numerical simulation.

BASIC EQUATIONS

Nanofluid 
Nanofluid is a homogenous mixture of the liquid (water) 

and the solid particles (Al2O3). Also, it is supposed that the 
fluid is Newtonian and incompressible and the flow regime 
is laminar. The nanoparticles are spherical and the diame-
ter of each particle is 100 nanometer (100 nm). Moreover, 
the glow effects are neglected. The effect of different vol-
ume fractions of nanoparticles on the forced convection of 
nanofluid in a microchannel with presence of obstacles is 
studied. The effective density of nanofluid in the reference 
temperature is presented as [27]:

  (1)

ϕ is the volume fraction of nanoparticles. The thermal 
capacity of nanofluid (Cp)nf can be written as follows:

  (2)

Also, the effective viscosity of nanofluid is defined as: 

  
(3)

In addition, the properties of the fluid and the solid par-
ticles are shown in Table 1.

In addition to that, the effective thermal conductivity 
(keff) is determined with the model of Patel et al. [28]. For 
nanofluids with suspended spherical particles, this model 
is as follows: 

  
(4)

where:

  
(5)

and also the Peclet number is defined as:

  
(6)

Where uP is the Brownian motion velocity and is defines 
as below [28]: 

  
(7)

Which kb is the Boltzmann number (1.3807×10−3 J/K) 
[28] 

Flow equations
The momentum equation and flow energy without con-

sidering body force and gravity is as follows [29]:

  (8)

  (9)

  (10)

To make dimensionless the momentum and energy 
equation, four dimensionless parameters for velocities, 
pressure and temperature are determined as below:

  
(11)

where Tm is the average temperature.
The dimensionless form of the momentum and energy 

equations in the x and y directions are shown in equations 
(12), (13) and (14): 

  
(12)

  
(13)

  
(14)

Table 1. Properties of fluid and the solid particles [27]

Properties Water Al2O3

Cp (J/kg.K) 4179 765
ρ (kg/m3) 997 3970
k (W/m.K) 0.613 40
µ (kg/m.s) 89×10-5 -
εr (C2/J.m) 7.0832×10-6 -
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In the above equations, Pr represents the fluid Prandtl 
number and Re is the flow Reynolds number based on the 
characteristic length as below: 

  
(15)

Lo is the channel characteristic length and is equal to 2H.
For solving the momentum and energy equations in the 

same time, the lattice Boltzmann method is used.

Lattice Boltzmann Method
The distribution function of a particle is in written as 

[30]:

  
(16)

Also the equation of internal energy density distribution 
function in lattice Boltzmann method is defined as below:

  
(17)

Which Ω is the collision term of Boltzmann equation 
which is defined in the BGK model as below:

  
(18)

  
(19)

where τf and τg are relaxation times. Also for dealing with 
problem of discretization, two new distribution functions 
of  and  are defined as [31]:

  
(20)

  
(21)

Which in here  and  are the discrete functions of 
distribution of the lattice Boltzmann stability for density 
and internal energy respectively. The subscript symbol of 
i is related to the D2Q9 figure which is shown in figure (1) 
which is applied in the current work and Zi is defined as 
follows [31]:

  
(22)

Which in this relation  is the total derivative. 
Furthermore: 

  

(23)

Where ci is the discretized particle lattice velocity. Also 
by applying the equilibrium distribution functions of ge and 
fe, the collision and streaming will be in this way [31]:

  
(24)

  

(25)

  
(26)

  

(27)

Figure 1. The lattice D2Q9 model [31].
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Which in this two dimensional condition for lattice 
method C2=3RT=1, ρe=ρRT and the weight function is 
ω0=1/9 and ω1=4/9 and ω2=1/36. Finally, the flow hydraulic 
and thermal variables are computed in this way [32]:

  

(28)

Also τf and τg (relaxation times) are determined as 
follows:

  

(29)

Boundary Conditions
The boundary conditions have the most defining effect 

on each problem. As shown in Fig. 2 air at a uniform velocity 
and temperature is introduced at the inlet. The pressure out-
let with zero gauge pressure was set at the outlet of domain. 
All walls assumed slip condition and temperature jump. 

The normal boundary conditions for the input and out-
put of the microchannel is as follows [33]:

  

(30)

  

(31)

Also the similar method is used to solve temperature 
distribution in the microchannel inlet. The function of 
undefined distribution is computed according to Eq. (32) 
and in outlet boundary; the boundary condition is defined 
according to Eq. (33): 

  

(32)

  
(33)

Also on the walls, the velocity slip and temperature jump 
boundary conditions are considered [33]. The velocity slip 
boundary conditions on the walls are written as below:

  
(34)

Figure 2. the schematic diagram of geometry.
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Where to increase the precision of results, r is chosen 
less that unity [33]. Also the temperature jump boundary 
condition will be in this way:

  
(35)

Which in here ρw and uw are density and velocity on 
walls respectively.

Problem Geometry
 In the current study, the forced convection of nano-

fluid in a two dimensional rectangle shaped microchannel 
with presence of two obstacles is investigated. The flow 
passes through two parallel surfaces and through the space 
between square obstacles (Figure 2). The channel height is 
H and the channel length is L, the obstacle dimensions is 
also h×h, that addition h=1/4H. Also the fully developed 
flow is entered to the microchannel. By considering the fact 
that the microchannel length ratio is greater to its height, 
the flow exit as fully developed form from the microchan-
nel. The distance between square shaped obstacles is equal 
to D. Also the size of the geometry dimensions are shown 
in figure (2).

Numerical Solution
Lattice Boltzmann method is applied to study the flow 

and heat transfer of the nanofluid in microchannel. Also 
the convergence criterion of 10-6 is considered. In order to 
achieve the results independent from the grid, the veloc-
ity profile in distance of x=0.4L and in the space between 
two obstacles is studied according to figure (3). As can be 
seen in figure (3), the velocity profile in grids with the cel-
lular number of 1500×60 and 2000×80 is almost the same. 
Hence in order to decrease computational cost in numerical 

analysis, the grid with cellular number of 1500×60 are 
applied. In order to ensure that numerical results are inde-
pendent from computational grid, the mesh independency 
is examined by using successively smaller cell sizes with a 
constant factor and mesh generation quality. The grid inde-
pendence test is conducted for velocity profile for 4 differ-
ent grid densities as illustrated in Fig. 3. It can be seen that 
the grid number of 1500×60 is sufficient to ensure the accu-
racy of the numerical results. 

In order to study the effect of nanofluid, slip condition 
and Reynolds number on the heat transfer, the heat transfer 
coefficient hx on the lower wall is defined as below: 

  

(36)

Too the Nusselt number is determined as follows:

  
(37)

Also considering the different percentages of nanofluid, 
studying the friction coefficient of Cf is of high importance. 
According to that the friction coefficient is computed as 
below:

  

(38)

Validation
Considering the innovation in simulation of nanofluid 

flow in microchannel and lack of numerical and experi-
mental results as an acceptable standard, in order to study 
the precision of the results and their validation, the results 
relating to simulation of the flow through a microchannel 
and the results relating to simulation of the flow through 
a channel are validated separately. To verify the accuracy 
of the numerical model, the simulation results for the flow 
in a microchannel and in slip condition in two Knudsen 
numbers of Kn=0.05 and Kn=0.1 with numerical results of 
Zhang et al. [34] (with permission from Elsevier) are shown 
in figure (4). Also in order to validate the results about the 
simulation of a nanofluid in a channel, the results in figure 
(5) have been compared with results of Santra et al. [22]. 
(With permission from Elsevier). 

RESULTS AND DISCUSSION

In the simulation, the issue of heat transfer and a nano-
fluid flow passing through a microchannel with presence 
of two obstacles in the microchannel is studied. The flow 
and heat transfer for a limited numbers of Reynolds Re and 

u (m/s)

y
(m

)

0 0.05 0.1 0.15 0.2 0.25
0
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60*1500
80*2000

Figure 3. Studying the independence from grid.



J Ther Eng, Vol. 11, No. 4, pp. 1148−1159, July, 20251154

Knudsen number Kn and the volume percentage of the 
nanoparticles (߶) is studied. The nanofluid is a homoge-
nous mixture of liquid (water) and solid particles (Al2O3) 
which are spherical and the diagonal of each particle is 
100 nano meters (100 nm). The simulation are done in 
three percent of nanoparticle volumes of ߶=0, 3 and 5 and 
Knudsen numbers of Kn=0.05 and 0.1 and the Reynolds 
numbers of Re=10, 50. Also considering the effect of heat 

direction of the nanofluid the study of heat transfer is of a 
very high importance. That’s the reason why the heat trans-
fer coefficient of h is used to study the effects of the variance 
parameters on increase of heat transfer. Also considering 
the fact the applying any active and inactive method in 
order to increase the heat transfer coefficient leads to pres-
sure drop and increase of friction coefficient, studying the 
friction coefficient is also of special importance. In this 
study considering the fact of adding the nanofluids and 
increasing the shear tension and friction, the friction coef-
ficient is also studied as well as the heat transfer coefficient. 
Considering the fact that the heat transfer coefficient and 
friction coefficient on the square shaped obstacles are also 
of high importance, the P parameter is defined which is the 
environment of the higher wall. Hence the results of the 
coefficient of the heat transfer displacement and friction 
coefficient are drawn in line with the walls environments 
which the square obstacles are also considered. Figure (6) 
shows streamlines in the microchannel. It can be seen that 
due to existence of square shape obstacles, the permanent 
vortexes are made which affect the hydraulic and thermal 
boundary layers and affect the heat transfer and nanofluid 
flow in the microchannel. 

The Effect of Nanoparticles Volume Fraction (ϕ) on Heat 
Transfer Coefficient

Figure (7) illustrates variations of the heat transfer 
coefficient with different nanoparticles volume fractions 
on the lower obstacle’s walls of microchannel for different 
Knudsen numbers in Reynolds number of 10. Also these 
variations in Reynolds number of 50 is shown in figure 
(8). According to these figures, the local heat transfer coef-
ficient increases by vortex creation in behind of obstacles 

Figure 5. Validation of the Nusselt number according to 
ϕ=0,3, and 5 in two Reynolds number of 50 and 100 with 
the results of Santra et al. [22]. (With permission from El-
sevier).

     

Figure 4. Validation of the developed and dimensionless velocity profile in Kn=0,05, 0,1 with the results of Zhang [34] 
(With permission from Elsevier).
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which this enhancement is similar for all three nanoparti-
cle volume fractions. This growth is because of the vortexes 
characteristics and disassembling of the thermal boundary 
layer in this district. In these districts, the heat transfer coef-
ficient increasing by increasing the nanoparticles volume 
fraction is less than it by increasing the vortexes. In addi-
tion to this, after the first obstacle and in the space between 
two obstacles and also in the district after the second obsta-
cle, due to existence of rotatory flow which is because of 
vortex generation by square obstacles, the increase in local 
heat transfer coefficient is noticeable. It can be seen in fig-
ures (7) and (8) that by increasing the nanoparticles volume 
fraction to 0.03, the heat transfer coefficient becomes 1.5 

times greater. Also by increasing it to 0.05, the heat transfer 
coefficient becomes two times greater than the state with-
out nanoparticles. In addition to this, by increasing the 
Knudsen number from 0.05 to 0.1, the heat transfer coeffi-
cient decreases. This decrease in heat transfer is because of 
increasing the effect of temperature jump with increasing 
the Knudsen number. By increasing the Knudsen number 
and the slippery of the flow and the creation of temperature 
jump phenomena and the more variance in wall and the 
fluid near the wall temperature, the heat transfer coefficient 
will reduces. By comparing figures (7) and (8) and the fact 
that the studied parameter is studied in a fixed Reynolds 
number.

(a) (b)

Figure 7. The variation of heat transfer coefficient on the lower wall and obstacle of the microchannel in Re=10, a) Kn=0.05 
and b) Kn=0.1.

Figure 6. The flow line through a microchannel with magnified display of flow lines around the square obstacles in Re=50, 
Kn=0.05, ϕ= 5.
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It is seen that the Reynolds number of 50 has less heat 
transfer coefficient than the Reynolds number of 10. In the 
other hand it is noticed that by increasing the Reynolds 
number, the effectiveness of the increase in nanoparticles 
volume fraction decreases. Also this variance between the 
heat transfer coefficients for two different Reynolds num-
bers is related to the flow nature and increase in momentum 
and the hydraulic and thermal boundary layer effects. Mean 
temperature increases with decreasing Reynolds number, 
but in other regions, the variation of mean temperature is 

irregular. It can be found that there is two maximum points 
for mean temperature just after first heat source for all 
Reynolds numbers and second heat source.

The Effect of Nanoparticles Volume Fraction (ϕ) on 
Friction Coefficient on the Wall

Figures (9) and (10) illustrate the variations of friction 
coefficient with different nanoparticle volume fractions 
on the lower obstacle’s walls of microchannel for differ-
ent Knudsen numbers in Reynolds numbers of 10 and 50, 
respectively. According to these figures it is observed that 

(a) (b)
Figure 9. Variation of the friction coefficient on the lower wall and obstacle of the microchannel in Re=10 in a) Kn=0.05, 
Kn=0.1.

(a) (b)

Figure 8. The variation of heat transfer coefficient on the lower wall and obstacle of the microchannel in Re=50, 
a) Kn=0.05 and b) Kn=0.1.
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by increasing the nanoparticles volume fraction (ϕ), the 
friction coefficient rises. This rise is because of the shear 
stress enhancement due to increase of effective viscosity 
of the nanofluid and the Brownian energy and increase of 
friction in the fluid flow. Also as it is clear from these fig-
ures, the friction coefficient has a maximum and noticeable 
enhancement near the obstacles. This positional increase is 
because of the sudden rise of the shear stress around the 
square obstacles. Due to existence of vortexes in the back 
of the square obstacles and generating rotatory flow and 
vortexes in this district, the shear stress raises intensively 
that leads to the friction coefficient rise. Also after the sec-
ond obstacle and after the development of the velocity and 
according to the stability of the velocity profile through x, 
the shear stress and the friction coefficient became fixed. 
In addition it is observed that by increasing the Knudsen 
number, the friction coefficient in a fixed Reynolds number 
and a fixed nanoparticles volume fraction have reduced. 
This decrease takes place because of the fact that the flow 
has more slips with increasing the Knudsen number, which 
leads to less shear stress. With increasing Kn-number, 
difference Nusselt number is increased between first and 
second heat sources. As it can be seen the average Nusselt 
number is increased with increasing Knudsen number for 
first heat source but it’s decreased with increasing Knudsen 
number for second heat source, in other words, convection 
heat transfer is decreased while conduction heat transfer is 
becomes more significant. Also by comparing figures 9 and 
10 and studying the Reynolds number parameter in a sta-
ble ϕ and Kn, it is concluded that by raising the Reynolds 
number the friction coefficient decreases. This decrease 
is because of the flow momentum rise which makes the 
hydraulic boundary layer thinner.

CONCLUSION

In this study, the slip flow of a nanofluid is studied in a 
microchannel with the presence of two obstacles using lat-
tice Boltzmann method. The velocity slip and temperature 
jump boundary conditions are used for the simulations. The 
nanofluid is made up of water and percentages of different 
volume fractions of aluminum dioxide (Al2O3) nanopar-
ticles. In order to make difference in nanofluid character-
istics, a stable temperature distribution on the upper and 
lower walls is applied.

The simulations are conducted for three volume frac-
tion of nanoparticles is 0 and 0.03, and 0.05, the Knudsen 
number is 0, 0.05, and 0.1, and Reynolds number is 10 and 
50. The following results can be summarized: 
· It is observed that by increasing the Knudsen number, 

the velocity slip and also temperature jump increases, 
but the heat transfer coefficient and the friction coeffi-
cient decreases.

· The first obstacle in the microchannel is more effective 
which is due to the creation of the vortex and the vortex 
characteristics in dissembling the hydraulic and ther-
mal boundary layers.

· It is observed that by increasing the nanoparticles vol-
ume fraction, the heat transfer coefficient rises notice-
ably. In the other hand the friction coefficient also rises 
by increasing the nanoparticles volume fraction.

· By increasing the Reynolds number, the heat trans-
fer coefficient increases and the friction coefficient 
decreases. In the other hand, it is observed that by 
increasing the Reynolds number, the effectiveness of 
nanoparticles volume fraction rise decreases. 

· With increasing Kn-number, difference Nusselt number 
is increased between first and second heat sources.

(a) (b)

Figure 10. Variation of the friction coefficient on the lower wall and obstacle of the microchannel in Re=50 in a) Kn=0.05 
and b) Kn=0.1.
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· Mean temperature increases with decreasing Reynolds 
number, but in other regions, the variation of mean 
temperature is irregular. It can be found that there is two 
maximum points for mean temperature just after first 
heat source for all Reynolds numbers and second heat 
source. 

NOMENCLATURE

A Ratio of applied external voltage to the base voltage
B Ratio of ion pressure to dynamic pressure
e  Electron charge [C]
E Strength of external field [V/m]
H Height of microchannel [m]
k  Thermal conductivity coefficient 
KB Boltzmann constant [j/K]
κ Debye-Huckel parameter [1/m]
L Length of microchannel [m]
nf  Nanofluid 
n0 ion concentration [ions/m3]
P Pressure [pa]
Pr Prandtl number
Re Reynolds number
Z Valance number
T Temperature [K]
ρ density[Kg/m3]
ν Kinetic viscous[m3/s]
τ Relaxation time
μ Dynamic viscous[Kg/s]
d  Diameter[m]
s Solid 
f fluid
V Velocity vector[m/s]
cp Specific heat capacity [J/Kg.K]
f Density distribution function 
g Temperature distribution function 
h Electric potential distribution function 
α Thermal penetration coefficient [m2/s]
D Hydraulic diameter
feq Maxwell-Boltzmann equilibrium distribution function 
Cs Sound velocity in the medium 
c  Velocity of data transfer in the network 
Nu Nusselt number
ζ Electric potential of wall [V]
ψ Distribution of electric potential 
ϕ Electric potential 
Ω Collision term of Boltzmann equation 
εr Electric permeability ratio versus vacuum 
ε0 Electric permeability in vacuum [C/Vm]
ε Internal energy per mass unit 
UHZ Helmhotz – Smocholofski velocity[m/s]
φ Volume fraction
wi Weight function 
ei Microscopic velocity vector 
Kn  Knudsen number
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