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Abstract. In this paper, the conjugate heat transfer for water-Al2O3 nanouid ow in
double pipe heat exchangers was numerically modeled. The important parameters such as
temperature distribution, local heat transfer coe�cient, pressure drop, and the heat transfer
rate in inner and outer uids were evaluated and compared. All the obtained results were
simultaneously analyzed for parallel and counter ows, laminar and turbulent ows, and
the presence or absence of nanouid. The nanouid ow was modeled by employing a two-
phase mixture method. The �ndings indicate that parallel or counter ows have a more
signi�cant e�ect on the heat transfer performance in the laminar ow than the turbulent
one. The results also show that for warming a cold uid, the most e�ective mechanism is
to use nanouids in the tube containing the warm uid. Similarly, for cooling a warm uid,
the most e�cient method is to use nanouids in the tube containing the cold uid (using
the nanouid in the other tube).
© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

The cooling and warming of uids have important and
wide-ranging applications in industrial processes such
as air conditioning, refrigerating, cooling of electronic
components, etc. Enhancing the heat transfer in
the cooling and warming of uids has long attracted
the attention of researchers and industrialists. An
important and useful way to enhance the heat transfer
in tubes is the use of a nanouid instead of a base
uid. A nanouid refers to a compound in which solid,
and mostly metallic, particles at nano sizes (usually
less than 100 nm) are added to an ordinary uid,
and it helps increase the value of the conductivity of
mixture; thus, the nanouid improves the amount of
heat transfer in that uid. Numerous experimental, nu-
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merical, and analytical researches have been conducted
in recent years on various aspects of nanouids [1-
4]. A substantial increase in heat transfer along
with a slight pressure drop, which is exhibited by
nanouids, compared to base uids, has led to an
extensive use of nanouids in di�erent types of heat
exchangers including the double-pipe heat exchang-
ers [5-9]. Akhtari et al. [6] investigated the ow of
water-Al2O3 nanouid in shell tube, and double-pipe
heat exchangers in the laminar ow. They investigated
the e�ects of di�erent parameters on the behavior
of nanouid ow and observed that by using the
mentioned nanouid at 0.5% vol., the heat transfer
coe�cient in the double-pipe and shell tube heat
exchangers increases by 13% and 26%, respectively.
Mohammad et al. [7], numerically, modeled the ow of
di�erent nanouids in the double-pipe heat exchangers
containing louvered strip inserts. They �nally con-
cluded that by using nanouids and louvered strips
in the ow, the amount of heat transfer increases,
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but the pressure drop goes up as well. A similar
research has been previously conducted by Eiamsa-
ard et al. [10] using a base uid. Chavda et al. [8]
experimentally evaluated the parallel/counter ows of
a nanouid in a double-pipe heat exchanger. Aghayari
et al. [9] experimentally investigated the turbulent
ow of a nanouid in the double-pipe heat exchanger
and realized that the use of nanouids in this type
of heat exchanger can signi�cantly increase the heat
transfer.

Based on our information, no numerical study has
been carried out yet on the conjugate heat transfer
of the nanouid ow in double-pipe heat exchangers
that considers the mutual e�ects of parallel and counter
ows, laminar and turbulent ows, and the presence or
absence of nanouid on the important ow parameters
such as temperature distribution, Nusselt number, heat
transfer, and pressure drop values. In this paper,
the water-Al2O3 nanouid ow in double pipe heat
exchangers has been numerically modeled. All the
obtained results have been simultaneously analyzed for
parallel and counter ows, laminar and turbulent ows,
and the presence or absence of a nanouid.

2. Mathematical modeling

2.1. Mixture model
In this article, numerical simulation of a nanouid
ow in the double pipe heat exchanger is performed
using mixture model, which is a single-uid two-phase
method. This approach investigates equilibrium over
spatial length scales. In this method, each phase has its
own velocity �eld, and in a given control volume, there
is a certain fraction of base uid and nanoparticles.
Instead of utilizing the governing equations of each
phase separately, it solves the continuity, momentum,
and energy equations for the mixture of phases, and
the volume fraction equation for nanoparticles. The
equations for the steady-state conditions are as follows:

� Continuity:

r:(�mVm) = 0: (1)

� Momentum:

r:(�mVmVm) = �rP +r:(�mrVm)

+r:
 

nX
k=1

'k�kVdr;kVdr;k

!
��m;i�mg(T�Ti):

(2)

� Energy:

r:
 

nX
k=1

'kVk(�kHk + P )

!
= r:(kmrT ): (3)

� Volume fraction:
r:('P �PVm) = �r:('P �PVdr;P ); (4)

where Vm is the mass average velocity:

Vm =

nP
k=1

'k�kVk

�m
: (5)

In Eq. (2), Vdr;k is the drift velocity for nanoparticles:

Vdr;k = Vk � Vm: (6)

The slip velocity is calculated as the velocity of
nanoparticles relative to the velocity of the base uid:

Vpf = Vp � Vf : (7)

The relation between drift velocity and relative velocity
is as follows:

Vdr;p = Vpf �
nX
k=1

'k�k
�m

Vfk: (8)

The relative velocity and drag function are calculated
using Manninen et al. [11] and Schiller and Nau-
mann [12] relations, respectively, as follows:

Vpf =
�P d2

P
18�ffdrag

(�P � �m)
�P

a; (9)

fdrag =

(
1 + 0:15Re0:687

P for ReP � 1000
0:0183ReP for ReP > 1000

(10)

The acceleration (a) in Eq. (9) is:

a = g � (Vm:r)Vm: (11)

2.2. Turbulence modeling
In this paper, as suggested by Namburu et al. [13],
the k-" model, proposed by Launder and Spalding [14],
is investigated. This model introduces two new equa-
tions: one for the turbulent kinetic energy (k) and
the other for turbulent dissipation rate ("). The two
equations are given by:

r:(�mVmk)=r:
��
�m+

�tm
�k

�
rk
�

+Gm��m";
(12)

r:(�mVm") =r:
��
�m +

�tm
�"

�
r"
�

+
"
k

(C1Gm � C2�m"); (13)

where:

�tm = �mC�
k2

"
; (14)

Gm = �tm(rVm + (rVm)T ); (15)

with C1 = 1:44, C2 = 1:92, C� = 0:09, �k = 1, and
�" = 1.



H. Sa�khani et al./Scientia Iranica, Transactions B: Mechanical Engineering 23 (2016) 2211{2219 2213

2.3. Nanouid mixture properties
The mixture properties of Al2O3-water nanouids are
calculated based on the following expressions:

� Density [15]:

�m = '�p + (1� ')�f : (16)

� Speci�c heat capacity [16]:

(�Cp)m = '(�Cp)p + (1� ')(�Cp)f : (17)

� Dynamic viscosity [17]:

�m = �f +
�pVBd2

p

72C�
; (18)

where VB and � are the Brownian motion
of nanoparticles, and the distance between the
nanoparticles is respectively calculated from:

VB =
1
dp

s
18kBT
��pdp

; (19)

� = 3

r
�
6'
dp; (20)

C in Eq. (18) is de�ned as:

C =
(C1dp + C2)'+ (C3dp + C4)

�f
; (21)

where C1, C2, C3, and C4 are given as:
C1 = �0:000001133; C2 = �0:000002771;

C3 = 0:00000009; C4 = �0:000000393: (22)

� Thermal conductivity [18]:

km
kf

=1 + 64:7'0:7460
�
df
dp

�0:3690�kp
kf

�0:7476

Pr0:9955
f Re1:2321

f ; (23)

where Ref and Prf can be expressed as:

Ref =
�kBT

3��2�f
; (24)

Prf =
�

�f�f
; (25)

where �f is the MFP (mean free path) of water
molecular (�f = 0:17 nm), kB is Boltzmann con-
stant (kB = 1:3807 � 10�23 J/K), and � can be
de�ned by the following equation:

� = A:10
B

T�C ; A = 2:414� 10�5;

B = 247:8; C = 140: (26)

� Thermal expansion coe�cient [19]:

�m =

24 1
1 + (1�')�f

'�p

�p
�f

+
1

1 + '
1�'

�p
�f

35�f : (27)

Figure 1. The schematic geometry of the double pipe
heat exchanger and the related boundary conditions.

2.4. Boundary conditions
To numerically model the nanouid ow in the double
pipe heat exchanger, the problem is solved as an
axisymmetric problem. The inner tube's central line is
modeled as the axis and the outer tube wall is modeled
with adiabatic boundary condition. At the inlets of
tubes, the input ow velocity, temperature, and the
volume fraction of nanoparticles are speci�ed; at the
outlets, the constant pressure boundary condition is
applied. The schematic geometry of the double pipe
heat exchanger and the related boundary conditions
are shown in Figure 1.

2.5. Numerical methods
The numerical simulation is performed using the �nite
volume method. A second order upwind method is
used for the convective and di�usive terms, and the
SIMPLE algorithm is employed to solve the coupling
of the velocity and pressure �elds.

To make sure that the obtained results are in-
dependent of the size and the number of generated
grids, several grids with di�erent sizes along the axial
and radial directions have been tested for each tube;
and it has been attempted to consider for each tube
the best grid with the highest accuracy and the lowest
computation cost. Figure 2 shows a sample of grid
generation for the nanouid ow in the double pipe
heat exchanger.

Figure 2. A sample of grid generation for the nanouid
ow in the double pipe heat exchanger.
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Figure 3. Comparison of local heat transfer coe�cient
with the available related data for the laminar ow in a
circular tube; Re = 1460, q00 = 2089 W/m2, dp = 20 nm,
and ' = 3%.

Figure 4. Comparison of local heat transfer coe�cient of
the present numerical simulation with the available data
for the turbulent ow in the circular tube; Re = 20000,
q00 = 500 kW/m2, and dp = 38 nm.

2.6. Validations
To attain the con�dence about the simulations, it is
necessary to compare the results with the available
related data. Figures 3 and 4 compare the local heat
transfer coe�cient (h) in laminar and turbulent ows,
respectively, in the tube of the present study with the
available data of Kim et al. [20], Ebrahimnia et al. [21]
(laminar ow), and Bianco et al. [22] (turbulent ow).
As is evident from these �gures, the present simulations
agree well with the available data.

3. Results

In this paper, the Water-Al2O3 nanouid ow in
double pipe heat exchangers is numerically modeled.
All the obtained results are simultaneously presented
for parallel and counter ows, laminar and turbulent

ows, and the presence or absence of nanouids. In
Figure 5, the axial distribution of non-dimensional
temperature along with the heat exchanger for parallel
and counter ows, laminar and turbulent ows, and
the presence and absence of nanouids are investigated
and compared with each other. Figure 5(a) and (b) and
5(c) and (d) indicate the distributions of temperature
in the laminar and the turbulent ows, respectively.
Figure 5(a) and (c) and 5(b) and (d) indicate the
distributions of temperature in the parallel and the
counter ows, respectively. Each of the mentioned
�gures illustrates four pairs of lines, with each pair
indicating the mean uid temperature in the inner and
outer tubes. In the mentioned conditions in Figure 5,
four di�erent cases have been compared with each other
with regard to the presence or absence of a nanouid.
In the �rst case, there is base uid in both the inner
and outer tubes ('i = 0, 'o = 0). In the second
case, nanouid (3% vol.) and base uid exist in the
inner and outer tubes, respectively ('i = 3%, 'o =
0). In the third case, base uid and nanouid (3%
vol.) exist in the inner and outer tubes, respectively.
Finally, in the fourth case, both the inner and outer
tubes contain nanouids ('i = 3%, 'o = 3%). As
Figure 5(a) and (c) indicate, for warming a cold uid
(inner uid), the most e�ective mechanism is the use
of nanouids in the tube containing the warm uid
(outer uid). Similarly, for cooling a warm uid (outer
uid), the most e�cient method is the use of nanouids
in the tube that contains the cold uid (inner uid).
This means that in order to increase or reduce the
temperature in each tube, it is better to use a nanouid
in the other tube.

In Figure 6, the Nusselt numbers for the inner and
outer uid ows, parallel and counter ows, laminar
and turbulent ows and also for four di�erent cases of
the presence and absence of a nanouid are analyzed
and compared with each other. As is observed, in
parallel ows (Figure 6(a) and (c)) at the inlets of
tubes (left side of the �gure), the Nusselt numbers
are very large, and with the increase of the thermal
boundary layer thickness along the heat exchanger,
these values gradually diminish. Similarly, in counter
ows (Figure 6(b) and (d)) at the inlets of tubes, from
the right and left sides, the Nusselt numbers have very
large values, and these values, with the increase of
the thermal boundary layer thickness along the heat
exchanger, gradually diminish. This �gure also shows
that the Nusselt number curves related to the turbulent
ow (Figure 6(c) and (d)) have a atter shape relative
to the laminar ow curves (Figure 6(a) and (b)). Also,
the use of nanouid in the uids of each inner or outer
tube causes a relatively large increase in the Nusselt
value of that tube.

In Figure 7, the amounts of heat transfer rate
in the heat exchangers in the laminar and turbulent
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Figure 5. Dimensionless temperature distribution of the nanouid ow in inner and outer pipes: (a) Parallel and laminar
ow; (b) counter and laminar ow; (c) parallel and turbulent ow; and (d) counter and turbulent ow.

ows (Figure 7(a) and (b), respectively), parallel and
counter ows (triangle and circle marks, respectively),
and in the presence or absence of nanouid (four
di�erent cases) have been compared with each other
at various Reynolds numbers (Re). As is observed,
in all the cases, the heat transfer increases with the
increase of Re. A very important point to note in
this �gure is that the parallel or counter ows are
very important in the laminar ow; in the turbulent
ow, it is not so important. In the laminar ow, more
heat is transferred in a counter ow heat arrangement
than in a parallel ow heat exchanger. As is obvious,
by using a nanouid in each of the four cases, the
amount of heat transfer increases. The heat exchanger
with nanouids in both of its tubes has the highest
amount of heat transfer, followed by the exchanger
with nanouid in its inner tube, then the one with
nanouid in its outer tube, and �nally, the exchanger
that contains no nanouid is ranked last in terms of the
heat transfer rate. This �gure also shows that turbulent
ow (Figure 7(b)) is capable of transferring more heat
than laminar ow (Figure 7(a)).

The pressure drop in the inner and outer tubes
containing nanouids under di�erent conditions has
been illustrated in Figures 8 and 9, respectively.
According to these �gures, in all the considered condi-
tions, the pressure drop increases with the increase of

Re. Also, pressure drop increases slightly with the use
of nanouid. Parallel or counter ows have no e�ect on
the amount of the pressure drop. Pressure drop is also
much greater in the turbulent ow relative to laminar
ow.

4. Conclusions

In this paper, the conjugate heat transfer of water-
Al2O3 nanouid ow in the double pipe heat exchanger
was numerically modeled. Important parameters such
as temperature distribution, local heat transfer coef-
�cient, pressure drop, and the heat transfer rate in
inner and outer uids were evaluated and compared.
All the obtained results were simultaneously analyzed
for the parallel and counter ows, laminar and turbu-
lent ows, and the presence or absence of nanouid.
The nanouid ow was modeled by employing a two-
phase mixture method. With regard to the presence
or absence of a nanouid, four di�erent cases were
considered: in the �rst case, both the inner and outer
tubes lack any nanouid; in the second case, the inner
tube contains a nanouid, while the outer tube does
not; in the third case, there is no nanouid in the inner
tube, while the outer tube contains a nanouid; and
in the fourth case, both tubes contain nanouids. In
summary, the following results were obtained:
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Figure 6. Local Nusselt number of nanouid ow in inner and outer pipes: (a) Parallel and laminar ow; (b) counter and
laminar ow; (c) parallel and turbulent ow; and (d) counter and turbulent ow.

Figure 7. Variations of heat transfer rate of the double pipe heat exchanger versus Re number in (a) laminar ow, and
(b) turbulent ow.

� For warming a cold uid (inner uid), the most
e�ective mechanism is the use of nanouid in the
tube containing the warm uid (outer uid); simi-
larly, for cooling a warm uid (outer uid), the most
e�cient method is the use of nanouid in the tube
that contains the cold uid (inner uid). This means
that in order to increase or reduce the temperature
in each tube, it is better to use a nanouid in the
other tube;

� The use of nanouid in the uids of each inner or
outer tube causes a relatively large increase in the
Nu of that tube;

� The heat transfer increases with the increase of Re;
� The parallel or counter ows are very important

in the laminar ow; it is not so important in the
turbulent ow;

� By using a nanouid in each of the four cases,
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Figure 8. Variations of inner pipe pressure drop of the double pipe heat exchanger versus Re number in (a) laminar ow,
and (b) turbulent ow.

Figure 9. Variations of the outer pipe pressure drop of the double pipe heat exchanger versus Re number in (a) laminar
ow, and (b) turbulent ow.

the amount of heat transfer increases. The heat
exchanger with nanouid in both of its tubes has
the highest amount of heat transfer, followed by the
exchanger with nanouid in its inner tube, and then
the one with nanouid in its outer tube, and �nally
the exchanger that contains no nanouid is ranked
last in terms of the heat transfer rate;

� Turbulent ow is capable of transferring more heat
than laminar ow;

� Pressure drop increases with the increase of Re.
Also, pressure drop increases slightly with the use
of nanouid;

� Parallel or counter ows have no e�ect on the
amount of pressure drop;

� Pressure drop is also much greater in turbulent ow
relative to laminar ow.

Nomenclature

a Acceleration (m s�2)
Cp Speci�c heat (J kg�1 K�1)

C Constant in Eq. (18)
Dh Hydraulic diameter of tubes (m)
dp Diameter of nanoparticles (m)
f Skin friction coe�cient
g Gravitational acceleration (m s�2)
h Local heat transfer coe�cient (W

m�2K�1)

k Thermal conductivity (W m�1 K�1)

kB Boltzmann constant (= 1:3807� 10�23

J K�1)
L Length of tubes (m)
Nu Nusselt number (= hDh=k)
P Pressure (Pa)
Pr Prandtl number (= �m=�m)

q00 Heat ux (W m�2)
Re Reynolds number (= V Dh=�m)
T Temperature (K)

V Velocity (m s�1)
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W Width of at tube (m)

Greek symbols

� Thermal di�usivity (= k=�Cp)
� Dimensionless temperature (=

T�Tc;i
Th;i�Tc;i )

� Nanoparticles volume fraction
�f Mean free path of water molecular (m)

� Dynamic viscosity (N s m�2)
� Kinematic viscosity (m2 s�1)
� Density (kg m�3)

Subscripts

BF Base Fluid
dr Drift
f Fluid
i Inner
k Indices
m Mixture
o Outer
p Nanoparticle phase
w Wall
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