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Slip velocity and temperature
jump of a non-Newtonian

nanofluid, aqueous solution of
carboxy-methyl cellulose/

aluminum oxide nanoparticles,
through a microtube
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Mehdi Nojoomizadeh, Seyed Hossein Motaharipour,Quang-Vu Bach

and Arash Karimipour
(Author affiliations can be found at the end of the article)

Abstract
Purpose –With respect to two new subjects, i.e. nanofluids andmicrochannels, in heat transfer systems and
modern techniques used for building them, this paper aims to study on effect of using aluminum oxide
nanoparticles in non-Newtonian fluid of aqueous solution of carboxy-methyl cellulose in microtube and
through application of different slip coefficients to achieve various qualities on surface of microtube.
Design/methodology/approach – Simultaneously, the effect of presence of nanoparticles and phenomenon
of slip and temperature jump has been explored in non-Newtonian nanofluid in this essay. The assumption of
homogeneity of nanofluid and fixed temperature of wall inmicrotube has been used inmodeling processes.
Findings – The results have been presented as diagrams of velocity, temperature and Nusselt Number and
the investigations have indicated that addition of nanoparticles to the base fluid and increase in microtube slip
coefficient might improve rate of heat transfer in microtube.
Originality/value – The flow of non-Newtonian nanofluid of aqueous solution of carboxy methyl
cellulose-aluminum oxide has been determined in a microtube for the first time.

Keywords Nanofluid, Non-Newtonian fluid, Microtube, Slip velocity, Temperature jump

Paper type Research paper

Nomenclature
b � = Non-dimensional slip coefficient (=LS/D);
LS = slip length (m);
cp = Specific heat (J/kgK);
D = tube diameter (m);
h = convection heat transfer coefficient (W/m2k);
k = Thermal conductivity (W/mK);
Nux = Local Nusselt number;
Nut = Total Nusselt number;
p = Pressure (Pa);
Re = Reynolds number (=ru2–ninD

n/k );
r = radial coordinate (m);
R = Non-dimensional radial coordinate (=r/D);

HFF
29,5

1606

Received 5May 2018
Revised 8 July 2018
Accepted 25 July 2018

International Journal of Numerical
Methods for Heat & Fluid Flow
Vol. 29 No. 5, 2019
pp. 1606-1628
© EmeraldPublishingLimited
0961-5539
DOI 10.1108/HFF-05-2018-0192

The current issue and full text archive of this journal is available on Emerald Insight at:
www.emeraldinsight.com/0961-5539.htm

D
ow

nl
oa

de
d 

by
 M

rs
 M

ar
ja

n 
G

oo
da

rz
i A

t 1
9:

25
 0

1 
Ju

ly
 2

01
9 

(P
T

)

http://dx.doi.org/10.1108/HFF-05-2018-0192


Pr = Prandtl number (= Cp
uin
D Þn�1k
� ��

/k);
T = Temperature (K);
Tin = Temperature of inlet nanofluid (K);
U = Non-dimensional horizontal velocity;
Us = Non-dimensional slip velocity;
v = Vertical velocity (ms�1);
V = Non-dimensional vertical velocity;
x = Horizontal Cartesian coordinate (m);
X = Non-dimensional horizontal Cartesian coordinate;
y = Vertical Cartesian coordinate (m);
Y = Non-dimensional vertical Cartesian coordinate;
n = Power Law index (dimensionless); and
K = consistency index (Pa sn).

Greek symbols
a = Thermal diffusivity (=k/rcpm

2s�1);
b = Slip coefficient (m);
f = Volume fraction of nanoparticles;
u = Dynamic viscosity (Nsm�2)mNon-dimensional temperature =((T� Tw)/(Tin – Tw))));
r = Density (kgm�3);
y = Kinematic viscosity (m2s�1); and
g . = Shear rate (s�1).

Subscripts
f = Fluid;
nf = Nanofluid;
s = Solid;
x = Local value in X-direction;
eff = Effective; and
w =Wall.

1. Introduction
Energy has been assumed as the factor for advancement of industry from long time ago and
following to advancement of industry, employing heat transfer techniques with high
thermal efficiency and potential for transfer of high quantity of energy along with small
dimensions are deemed as one of the essential needs in many modern industries and
equipment. This issue is crucially important in various industrial tools and processes such
as cooling and heating of thermal sources, production processes and industries, e.g.
transportation, pharmacology, electronics, automotive and micro electromechanical and
nano electromechanical systems. Improvement of heat transfer by means of modern
techniques in general uses also leads to noticeable saving in the related costs and energy
resources and environmental protection. Some methods including use of suspensions
instead of active fluid in heat transfer equipment and utilization from surfaces finishing and
adjustment are new techniques which are highly addressed today. Overall, heat transfer
increasing techniques are divided into two general classes of active and passive techniques
(Bergles, 2001).

The active techniques are called to those methods in which conservation of mechanism
for improved heat transfer depends on presence of an external force while there is no need to
such a force in passive techniques. Table I has shown some examples of the existing
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methods at any category. Use of each of these techniques depends on operational conditions
of equipment and user’s requirements. The weak point of active techniques lies in use of a
power supply permanently that leads to higher costs for them compared to passive
techniques. Therefore, the passive techniques play pioneering role in various industry fields
and power generation. Following to advancement of industry during recent years and
taking step into small dimensions at nano level and smaller than them, manufacturing of
various equipment in these small dimension using of them has noticed and this course the
researches have drawn attention of many researchers regarding fluid flow and heat transfer
at micro scale and on the other hand this progress was led to production of materials and or
their correction at nanometer dimensions and it has exposed two new practices for heat
transfer equipment including utilization from nanoparticles as additives to fluids to improve
their thermal properties and also adjustment of surfaces on heat transfer equipment at nano
dimensions and creating special properties such as hydrophobicity for these surfaces. In the
path toward advancement of industry and along the mentioned issues, the active heat
transfer fluid has been also noticed, and in this regard, some items have been explored and
built that they are identified as non-Newtonian fluids and one of their characteristics is
behavior dependent on rate of flow shear. Themost well-known one of these non- Newtonian
fluids their behavior is expressed by Power Law. Many studies have been carried out to
explore behavior of flow and heat transfer in channels and microchannels, method of
production and use of nanoparticles, production and adjustment of microchannels and
effects of their application. Jung et al. (2009) have empirically analyzed compulsory heat
transfer displacement of nanofluids in microchannels using water- aluminum oxide
nanofluid and they found that nanofluid displacement coefficient with volumetric ratio of 1.8
per cent of nanoparticles was 32 per cent higher than pure water displacement coefficient
and heat transfer coefficient is smaller in Reynolds numbers in microchannels with smaller
dimensions and or greater than heat transfer coefficients in larger microchannels under
higher Reynolds numbers where this indicates properties of heat transfer in microchannel.

Through conducting empirical analysis on slow flow of water-aluminum oxide
nanofluid, Heris et al. (2006) concluded that the coefficient of head transfer displacement is
increased 40 per cent compared to water while thermal conductance coefficients has
maximally improved 15 per cent. Park and Cho (1998) carried out empirical studies to
explain friction in the turbulent flow and behavior of heat transfer in the formed nanofluid
by Al2O3 and TiO2 suspended in water in a circular tube and they concluded that rising
density of nanoparticles might increase Nusselt number there was useful relationship
among Nusselt number and Reynolds number in fully developed turbulent flow. Shen et al.
(2006) empirically analyzed flow and heat transfer in microchannel and with coarse wall and
water as active fluid and they came to the result that normal coarse surface might impact on

Table I.
Classification of heat
transfer techniques

Active techniques Passive techniques

Finished surfaces Surface vibration
Coarse surfaces Fluid vibration
Expanded surfaces Suction or aeration
Flow torsion tools Jet collision
Spiral tubes
Additives to fluids
Surface tension tools

Source: Bergles (2001)
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heart transfer from microchannel in slow flow to great extent and friction coefficient and
Nusselt number were remarkably distant from classic theories so this was probably because
of the existing coarseness and rising temperature of input flow and thermal power that
enhances thermal performance of the flow. The flow is classified in small dimensions for
gases based on ratio of free gas molecular distance and characteristic length of flow. This
ratio is called Knudsen number and accordingly if Knudsen number is smaller than 0.001,
there is continuous flow and Navier–Stokes equation applies to them. If Knudsen number
ranges among 0.001 and 0.1, it is called slip flow. At this mode, Navier–Stokes equation still
applies to the given flow but boundary conditions of flow has varied and they are expressed
as flow slip at this temperature and also temperature jump in energy. If Knudsen number is
placed within range (0.1-10) as transitional flow and if it exceeds from 10 it expresses free
molecular flow and classic Navier–Stokes equations no longer apply to them (Xuan et al.,
2007; Ho and Tia, 1998). However, there is no such type of classification in other liquids
since intermolecular forces is much stronger in liquids than in gases and it is led to conserve
continuity between them while based on interaction among liquid and solid including rate of
wetting on surface, fluid properties, ratio of flow shear force and surface coarseness there is
possibility for slip and temperature jump at the boundary of fluid (Samaha et al., 2012)
therefore by means of engineering on surface and the given coverage one can achieve
hydrophobic or ultrahydrophobic surfaces on which the flow is exposed to high slip (Neto
et al., 2005). For example, Lv and Zhang (2016) compared empirically pressure drop and heat
transfer in water flow inside simple and ultrahydrophobic tubes and showed that the rate of
pressure drop and heat transfer was lesser in ultrahydrophobic tubes than in simple state.

Hao et al. (2009) have empirically compared the rate of pressure drop in slow water flow
through simple and hydrophobic microchannels and indicated that the rate of flow slip was
higher for hydrophobic channel on surface of channel and the given pressure drop was
smaller. Raisi et al. (2012) studied the compulsory numerical displacement in slow flow of
water- copper nanofluid in a microchannel based on boundary condition with and without
slip. They have examined the cooling potential of pure water and nanofluid. Keshavarz et al.
(2012) have explored numerically compulsory heat transfer displacement in non-Newtonian
nanofluid of Xanthan-aluminum oxide through a horizontal tube under constant heat flux.
They expressed that density and diameter of nanoparticles might impact on displacement
heat transfer and at the same they implied the increase in Reynolds and Prandtl numbers
might increase the heat transfer coefficient and rate.

Hojati et al. (2011) have empirically surveyed the compulsory displacement of non-
Newtonian nanofluid in a microtube under boundary conditions of the fixed temperature
and observed that heat transfer coefficient and Nusselt number of nanofluid has been
increased in comparison to base fluid. Kamali and Binesh (2010) showed empirically
increase in heat transfer coefficient in non-Newtonian nanofluid including carbon nanotubes
and at the same time they have compared results of their study by a numerical model and
shown the precision of numerical model.

In this study, properties of the aforesaid modern technologies have been noticed along
with each other and the effect of using aluminum oxide nanoparticles and correction of
surface on parameters of flow and heat transfer has been examined in a non-Newtonian fluid
in a microtube for the first time (Shamshirband et al., 2015; Karimipour et al., 2012;
Karimipour, 2015a; Esfe et al., 2015b; Afrand et al., 2017; Karimipour, 2015b; Esfandiary
et al., 2016; Karimipour et al., 2016; Mahmoodi et al., 2015; Bahrami et al., 2016; Afrand et al.,
2015; Esfe et al., 2014b; Afrand et al., 2016; Akbari et al., 2017; Esfe et al., 2015e; Harandi
et al., 2016; Esfe et al., 2015c, 2015a; Zadkhast et al., 2017; Karimipour et al., 2011; Afrand,
2017a, 2017b; Soltanimehr and Afrand, 2016; Eshgarf and Afrand, 2016; Sadeghi et al., 2018;
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Hadjadj et al., 2015; Rashidi et al., 2017). Modeling process has been done numerically and by
means of finite volume method for a microtube with the fixed temperature wall and also
effects of surface correction has been considered using condition of slip and temperature
jump in the wall.

2. Problem statement
Figure 1 displays the given geometry in the current study including a microtube that is two-
dimensional using cylindrical coordinates and based on condition of axial symmetry in
respective of central line at microtube. The length of microtube is (L = 5 mm) with diameter
of (D = 200 mm) and temperature of fixed wall is (TW=308 k) with nanofluid input
temperature (Tin=298k) and it is assumed that based fluid and aluminum oxide nanofluid
nanoparticles include fully homogeneous suspension and this model will totally remain as
homogeneous. The aluminum oxide nanofluid nanoparticles have uniform and spherical
shape with diameter of 25 mm and the flow in this microtube is slow and non-contractible
while the effects of radiation and changes in properties of fluid by temperature may be
ignored. The base fluid is the aqueous solution of carboxy methyl cellulose with weight
percentage of 0.5 per cent. Thermophysical properties of the used nanofluid in numerical
model are shown in Table II.

3. Formulation
3.1 Governing equations
The governing equations over this problem comprise of continuity, momentum and energy
equations which are solved for permanent and slow state in cylindrical coordinates with
axial symmetry. These equations are listed in below:continuity equation:

@

@x
uxð Þ þ @

@r
urð Þ þ ur

r
¼ 0 (1)

Figure 1.
Schemata of
microtube design

Table II.
Thermophysical
properties of base
fluid and nanofluid

Property Base fluid
Nanofluid

1(%) 2(%)

r (Kg/m3) 997.1 1026.8 1056.8
k(W/m-k) 0.613 0.631 0.649
Cp (J/kg) 4179 4047 3922.4
n 0.54 0.52 0.49
K 0.15 0.18 0.25
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momentum equation in X direction:

1
r
@

@x
rruxuxð Þ þ 1

r
@

@r
rruruxð Þ ¼ � @P

@x
þ 2

r
@

@x
rm

@ux
@x

� �
þ 1

r
@

@r
rm

@ur
@x

þ @ux
@r

� �� �
(2)

momentum equation in R direction:

1
r
@

@x
rruruxð Þ þ 1

r
@

@r
rrururð Þ

¼ � @P
@r

þ 2
r
@

@r
rm

@ur
@r

� �
þ 1

r
@

@x
rm

@ur
@x

þ @ux
@r

� �� �
� 2m

ur
r2

(3)

energy equation:

@ uxTð Þ
@x

þ @ urTð Þ
@r

þ urT
r

¼ a
@2T
@x2

þ @2T
@r2

þ 1
r
@T
@r

� �
(4)

The value of efficient viscosity in momentum equation is calculated for non-Newtonian fluid
with respect to exponential viscosity law as follows (Kamali and Binesh, 2010):

m ¼ K _g n�1 (5)

The following equations have been employed for calculation of properties of nanofluid.
Density of nanofluid (Brinkman, 1952):

rnf ¼ 1� fð Þr f þ f r s (6)

Specific heat capacity of nanofluid:

rCpð Þnf ¼ 1� fð Þ rCpð Þf þ f rCpð Þs (7)

The efficient thermal conductivity coefficient of nanofluid (Chon et al., 2005):

keff
kf

¼ 1þ 64:7 f
df ks
dskf

 !0:7476

Pr0:9955f Re1:2321b (8)

Also Reynolds and Prandtl numbers have been calculated for non-Newtonian nanofluid as
follows (Shayam and Chhabra, 2013):

Re ¼ ru2�n
in Dn

k
(9)

Pr ¼ Cp uin
D

� 	n�1K
k

(10)

The following non-dimensionalization processes have been utilized to propose the results
better:
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R ¼ r
D
; u ¼ T � Tw

Tin � Tw
;X ¼ x

D
;U ¼ u

uin
(11)

The value of local Nusselt number has been computed as follows:

Nu xð Þ ¼ q
0
xð ÞD

kf Tb xð Þ � Twð Þ (12)

Tb xð Þ ¼
Ð
ru x; rð ÞT x; rð Þ dA

_m
(13)

In addition, total Nusselt number has been also calculated as follows:

NuT ¼ qD
kf Tw � Tinð Þ (14)

3.2 Hydrodynamic boundary conditions
As usual, no-slip condition is satisfied in the boundary among fluid and solid state namely it
denotes the same velocity in layer of fluid in contact with solid surface but under various
modes such as diluted fluid in gaseous form, very high pressure gradient through the path,
and/or in small dimensions in which the flow scale is adjacent to molecular dimension of
fluid it has been observed that the fluid layer has greater velocity on solid surface. On the
other hand, following to scientific advancement in engineering of surface and creating
surfaces with coarseness lower than nanometer and generating hydro phobicity and
ultrahydro phobicity properties in them some tubes have been built in them that included
greater velocity of fluid layer on solid layer under normal conditions as well. These
conditions are expressed as slip in flow of fluid and show temperature jump at this energy
level and implied as follows (Samaha et al., 2012):

us ¼ Ls
@ux
@r






r!rw

(15)

Tj ¼ Tw � Tf






r!rw

¼ Ls
Pr

@T
@r






r!rw

(16)

In these equations, Ls is called slip length and it denotes the amount of distance among a
point if no-slip condition satisfies in that point and flow velocity becomes equal to slip
velocity in the wall. This number becomes dimensionless as b * ¼ Ls

D . In this investigation,
Reynolds number Re = 50,100,500 and volume fraction of solid nanoparticles are f= 0, 1
per cent, 2 per cent as well as slip coefficient b � = 0.0, 005, 0.05 have been examined.

3.3 Convergence criterion
Simple numerical technique has been utilized to solve the equations and to determine the
convergence between two groups. Initially, the remainder of governing equations has been
solved as weighted by the coefficients and normalized by the value of residue from fifth
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iteration. The weighted form of remainder of parameter-X is defined according to numerical
discretization of that equation:

RX ¼
X

cells P
j
X

nb
anbXnb þ b� apXpjX

cells P
japXpj

(17)

In addition, this value is normalized according to fifth iteration as follows:

R
X ¼ RX

RX
5

(18)

The first convergence criterion in these equations was smaller value of this remainder than
10�6 and the second criterion was the lesser variances of physical parameters such as
temperature of bulk wall, maximum and minimum of slip velocity and temperature jump in
wall, and quantities of velocity and temperature at several points within solution range from
quantity of 10�6 along with five iterations.

4. Results and discussion
4.1 Independence of results from the grid
To determine the effect of a grid on numerical results and their independence from grid size,
flow with Reynolds number 500 modeled in various grids then the temperature and
dimensionless velocity were examined in a point called 1 with dimensionless coordinates
(12.5, 0.0). The results of this study are given in Table III. No other change was observed in
grid (1,000 � 40) following to smaller size of grid in the results and consequently this grid
has been utilized for all of calculations.

4.2 Validation of numerical solution
The method of operational slip condition (Raisi et al., 2012) was employed for validation of
numerical solution and profiles of developed velocity in water-copper nanofluid were
compared inside a microchannel for different values of velocity slip coefficient in Re= 50,
w = 0.03 per cent. Figure 2 compares the calculated velocity profiles in the current study
with the reference work and indicates full compliance with the results. The method of
modeling non-Newtonian fluid has been also used for validation in study of Keshavarz et al.
(2012). The comparison of averaged heat transfer coefficient for non-Newtonian nanofluid of
Xanthan-aluminum oxide in a tube was given for two different weight percentage and
Reynolds number Re = 1510 in Figure 3. The rate of calculated heat transfer is totally
consistent with the values acquired by Keshavarz et al. based on model in the current study
and it indicates correctness of modeling trend for non-Newtonian fluid. The main subject of
research was modeled after ensuring from method of solution of problems under various

Table III.
Temperature and

dimensionless
velocity in

various grids

Grid U1 u 1

500� 20 1.4570 0.6760
750� 30 1.4580 0.6760
1000� 40 1.4580 0.6770
1250� 50 1.4580 0.6770
1500� 60 1.4580 0.6770
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conditions. The results came from these modeling processes are given as diagrams of
dimensionless velocity and dimensionless temperature through the channel and along with
radial axis with total and local numbers along with the channel and discussed in the
followings.

4.3 Effects of Reynolds number and volume fraction of nanoparticles
The effect of Reynolds number for flow and volume fraction of nanoparticles to velocity at
central line of channel is given in Figure 4. The value of dimensionless velocity is proved for
the flow with Reynolds number 50 after point (X = 9) that indicates that the flow has been
developed in terms of hydrodynamics after this distance but no development occurs in flow
with Reynolds number 500 through this channel. The other point is reduction in velocity
because of rising number of nanoparticles at central line and this is because of effect of

Figure 2.
Comparison of
velocity profile for
validation of solution
at various slip
coefficients versus
Raisi et al. (2012)

Figure 3.
Comparison of heat
transfer coefficient
for validation of non-
Newtonian fluid
solution has been also
used for validation in
study of Keshavarz
et al. (2012)
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nanoparticles on non-Newtonian parameters in the fluid and it has caused increase in flow
strength and reduction in its velocity.

Figure 5 shows radial velocity at the middle of microtube for various volume fraction of
nanoparticles and the aforesaid point is well visible in this figure. The velocity profile is
given in Figure 6 for different Reynolds numbers at dimensionless length 18.75 and for
volume fraction of 2 per cent and slip coefficient of zero. The velocity profile for flows at
Reynolds numbers 50 and 100 which are developed at this length adjusted together and this
indicates the velocity profile is independent from Reynolds at this region.

4.4 The effect of slip coefficient
The effect of slip coefficient on form of velocity profile is shown in Figure 7 for Reynolds
number 500 with volumetric percentage of 2 per cent in nanofluid and at length X = 18.75.
Following to rise of slip coefficient, rate of velocity increases at the common boundary

Figure 4.
The velocity at
central line of
microtube at

Reynolds numbers 50
and 500 and volume

fraction of
nanoparticles with
slip coefficient of

0.005

Figure 5.
Velocity profile at the
center of microtube

for Reynolds number
500 and slip

coefficient 0.005 at
different volume

fraction of
nanoparticles
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among fluid and solid and on the other hand maximum velocity indicates reduction at the
given section i.e. more uniformity of velocity at radial axis.

The velocity profile is given in Figure 8 for Reynolds number 500 with volumetric percentage
of 2 per cent and slip coefficient of 0.05 at two lengths (X = 6.25 and X = 18.75). It is observed in
this figure that the slip velocity is not constant on the wall and it varies through the microtube.
The other point is related to change in uniformity of velocity alongmicrotubewhere this quantity
is reduced by advancement through microtube. To determine effect of slip coefficient on velocity
at central line of microtube, the quantity of this velocity has been drawn in Figure 9 at Reynolds
numbers of 50 and 100 and slip coefficients of zero and 0.05 for volume fraction of 1 per cent. This
figure indicates that rise of slip coefficient only influences in value of velocity and it has no effect
on length of input region and at the same time, flow Reynolds number is only directly related to
length of input regionwithout any effect on the developed region.

The variance of slip velocity along wall of microtube is drawn in Figure 10 for flow with
Reynolds number 100 and slip coefficient of 0.05 and for different volume fractions and it
indicates that rise of nanoparticles leads to increase in slip velocity at wall.

Figure 6.
Velocity profile in
X = 18.75 for 2 per
cent volume fraction
and slip coefficient of
zero with various
Reynolds numbers

Figure 7.
Velocity profile at the
center of microtube
for Reynolds number
500 and volume
fraction of (2%) at
different slip
coefficients
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Figure 8.
Velocity profile at
two lengths of X =
6.25 and X = 18.75

Figure 9.
Velocity at central
line of microtube at

Reynolds numbers 50
and 500 and slip

coefficients of zero
and 0.05 for volume
fraction of 1 per cent

Figure 10.
Slip velocity along

with microtube wall
for the flowwith

Reynolds number 100
and slip coefficient
0.05 and at various
volume fractions

Slip velocity
and temperature

jump
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4.5 Effect of Reynolds number and slip coefficient
The effect of flow Reynolds number and value of slip coefficient on rate of slip velocity at
wall is given in Figure 11. As it seen in Figure 11, the flow Reynolds number has no effect on
final quantity of slip velocity similar to velocity at central line of microtube and it only
approaches to this value by increase in flow Reynolds number and in fact input length
increases. The slip velocity also increases following to rise of slip coefficient.

Regarding the given heat transfer in microtube, initially bulk temperature is calculated
along with microtube at any section based on equation (13) and Reynolds numbers 50 and
500 and slip coefficients of zero and 0.05 have been drawn at volume fraction of 1 per cent in
Figure 12. Given that temperature is constant in wall of microtube and higher than input
fluid, rise of bulk temperature indicates absorption of heat from this wall by the fluid. As
Reynolds number increases in flow, the gradient of this curve decreases since velocity of
flow increases and therefore nanofluid has less opportunity for exchange of energy with
microtube. This point does not mean reduction in total heat transfer in microtube; of course,
and it only indicates that nanofluid has been less heated. On the other hand, it is observed
that gradient of this curve is increased following to rise of slip at wall. Whereas discharge of

Figure 11.
Slip velocity along
with microtube wall
for the flowwith
volume fraction of 2
per cent and slip
coefficients of 0.05
and 0.005 at different
Reynolds numbers

Figure 12.
Dimensionless bulk
temperature along
with microtube for
Reynolds numbers 50
and 500 and slip
coefficients of zero
and 0.05
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flow is fixed at this mode, rising bulk temperature indicates better heat transfer in
microtube.

Figure 13 indicates that gradient of bulk temperature curve for nanofluid is greater than
the gradient of this curve for the base fluid and rise of volume fraction in nanoparticles also
leads to increase in gradient at this curve. Temperature profile is drawn in Figure 14 at
length X = 18.75 and volume fraction of 1 per cent and slip coefficient of 0.05 for different
Reynolds numbers. Temperature has changed only at Reynolds number 50 at the center of
this section of microtubeand in two other cases the effects of wall temperature have not yet
reached to central line of microtube. The other point is related to the effect of Reynolds
number on rate of temperature jump in wall where the rate of temperature jump is increased
at wall as Reynolds number is added in flow.

Figure 15 indicates temperature profile with volume fraction of 2 per cent and Reynolds
number of flow of 100 at length X = 18.75 for different slip coefficients. Total form of
temperature profile has not varied tangibly and temperature jump has slightly increased by
rise of slip coefficient and effect of wall temperature is slightly better transferred near to

Figure 13.
Dimensionless bulk
temperature through
microtube for various

volume fractions
of nanofluid

Figure 14.
Temperature profile
at length X = 18.75
and volume fraction
of 1 per cent and slip

coefficient of 0.05
for different

Reynolds numbers

Slip velocity
and temperature

jump
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central line of microtube while temperature is more increased in this region, it is not too
tangible. The effect of volume fraction of nanoparticles on temperature profile is given in
Figure 16 for the flow with Reynolds number 50 and slip coefficient of 0.05 at length X =
18.75 for different volume fraction in nanofluid. This figure indicates that addition of
nanoparticles to base non-Newtonian fluid does not tangibly influence in temperature
profile.

4.6 Effect of Reynolds number, slip velocity and temperature jump
In case of absence of slip and temperature jump at wall, temperature of layer in nanofluid in
contact with the wall will be the same as wall temperature but with the presence of slip
phenomenon and temperature jump, this layer will no longer be isotherm with the given
layer an as it seen in Figure 17, the temperature jump among nanofluid layer with the wall is
increased as slip length is added and such a rise is directly related to Reynolds number in

Figure 15.
Temperature profile
at length X = 18.75
and volume fraction
of 2 per cent and
Reynolds number 100
for various slip
coefficients

Figure 16.
Temperature profile
at length X = 18.75
and Reynolds
number 50 with slip
coefficient 0.05 for
nanofluid
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flow and as Reynolds number of flow is higher, the distance of temperature in fluid is further
with temperature in wall and it needs more time to approach to temperature of wall so this is
because of rise of fluid momentum energy at solid surface because of increase in Reynolds
number.

Figure 18 indicates that rise of slip coefficient of flow leads to increase in rate of local
Nusselt number through the channel and this rise of flow is further with higher Reynolds.
The effect of volumetric percentage in nanoparticles on local Nusselt number is also given in
Figure 19 and it indicates that rise of nanoparticles has led to increase in local Nusselt
number at flow. It is seen in Figure 20 that rise in all three parameters of flow
Reynolds number, slip coefficient, and volumetric coefficient of nanoparticles increases total
Nusselt number in microtube but the impact of adding nanoparticles in flow is more efficient
with lower Reynolds number and rise in slip coefficient may further impact on flow with
higher Reynolds numbers.

Figure 17.
The effect of slip
coefficient and

Reynolds number on
temperature jump in

microtube wall

Figure 18.
The effect of slip
coefficient and

Reynolds number of
flow on value of local
Nusselt number for
nanofluid 1 per cent

Slip velocity
and temperature

jump
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5. Conclusion
The flow of non-Newtonian nanofluid of aqueous solution of carboxy methyl cellulose-
aluminum oxide has been determined in a microtube for the first time (Sadeghi et al., 2018;
Karimipour et al., 2017; Sajadifar et al., 2017; Chamkha et al., 2015; Chamkha and Rashad,
2012; Chamkha and Khaled, 2000; Kumar et al., 2010; Umavathi et al., 2005; Chamkha et al.,
2002; Reddy and Chamkha, 2018, 2017; Ben-Nakhi and Chamkha, 2007; Ben-Nakhi and
Chamkha, 2006; Goodarzi et al., 2014a; Behnampour et al., 2017; Togun et al., 2015; Safaei
et al., 2011; Nikkhah et al., 2015; Esfe et al., 2015d; Goodarzi et al., 2014b; Alipour et al., 2017;
Karimipour et al., 2015; Akbari et al., 2016a, 2016b; Safaei et al., 2014; Karimipour et al., 2014;
Goodarzi et al., 2014c, 2015; Esfe et al., 2014a; Afrand et al., 2017; Karimipour et al., 2013).
The effect of various volume fraction of nanoparticles and different slip coefficients was
explored under different conditions at surface of micro tube in Reynolds number below 500
on parameters of flow and heat transfer. The flow was modeled as single-phase by
assuming homogeneity and isotherm state of nanoparticles and base fluid. However,

Figure 19.
Effect of volume
fraction of
nanoparticles on rate
of local Nusselt for
flowwith Reynolds
number of 100 and
slip coefficient of 0.05

Figure 20.
Total Nusselt number
in microtube at
different modes
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Brownian motion of nanoparticles has been designated in the given calculation in this model
to compute thermal conductivity of nanofluid. It is seen that rise of volume fraction in
nanoparticles may reduce maximum velocity of flow and make velocity profile more
uniform at radial axis and similarly lead to increase in heat transfer among microtube and
nanofluid and further increase in bulk temperature of nanofluid through the microtube but it
has no tangible effect on temperature profile at radial axis. Similarly, addition of
nanoparticles has increased total heat transfer in microtubeand this rise is more visible in
fluid with lower Reynolds number.

Change on the surface of microtube and preparation of conditions for greater slip on that
surface was led to rise of flow slip coefficient which may cause the velocity profile to become
more uniform in flow and increase maximum velocity in microtube and at the same time
because of creating stronger flow near to the wall it increases rate of heat transfer in
microtube and such a rise shows the flow further by increase in Reynolds number.
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