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ABSTRACT: The effect of γ-Al2O3 nanoparticles on heat transfer rate, baffle spacing and pressure drop in the shell side of small shell
and tube heat exchangers was investigated numerically under turbulent regime. γ-Al2O3-water nanofluids and pure water were used in
the shell side and the tube side of heat exchangers, respectively. Since the properties of γ-Al2O3-water nanofluids were variable, they
were defined using the user define function. The results revealed that heat transfer and pressure drop were increased with mass flow rate
as well as baffle numbers. Adding nanoparticles to the based fluid did not have a significant effect on pressure drop in the shell side.
The best heat transfer performance of heat exchangers was for γ-Al2O3-water 1 vol.% and higher nanoparticles concentration was not
suitable. The suitable baffle spacing was 43.4% of the shell diameter, showing a good agreement with Bell-Delaware method.
KEYWORDS: Baffle spacing; CFD models; γ-Al2O3-water nanofluids; Shell and tube heat exchanger; User define function (UDF)

INTRODUCTION
Today, due to the high cost of energy, increasing
environmental pollution and limitations in the use fossil
fuels, energy consumption optimization in various
industrial processes has become very important. One of the
most widely-used equipment in various industries, such as
petrochemical, oil and gas refinery, etc., are heat
exchangers that can be used for heating or cooling fluids.
Among them, shell and tube heat exchangers are one of the
most common. So it is very essential to optimize these
types of heat exchangers.
Baffles play an important role in shell and tube heat
exchangers heat transfer by increasing the heat transfer
coefficient.
One of the most effective methods used for enhancing
the heat transfer coefficient in shell and tube heat
exchangers has been the use of a baffle arrangement. But
after the advent of nanofluids, which are stable suspensions
containing nanometer sized particles, improvement in the
thermal properties of fluids in the heat exchangers to
enhance the heat transfer rate and energy consumption
optimization has been considered too [1-6]. The vast
majority of studies on the heat transfer of nanofluids have
reported that heat transfer in nanofluids is increased with
nanoparticles concentration [6-11]. Nanoparticels increase
the thermal conductivity of nanofluids through which the
overall heat transfer is increase. Heat transfer performance
of heat exchangers can be improved by using nanofluids.
The nanofluids can help to reduce the cost and size of the
heat exchangers, and heating and cooling systems.
Lower baffle spacing leads to increased heat transfer rate,
*Corresponding Author Email: hbeiki@qiet.ac.ir
Tel.: +989155095198

29

but the pressure drop of the shell side fluid is also increased
due to the leakage, bypass and decreased flow area effects.
So, for the maximum heat transfer and minimal pressure
drop to take place, the optimum number of baffles should
be chosen. The most important works in this field are
limited to common fluids. The well-known Kern method is
used to predict shell side pressure drop and heat transfer
coefficient [12].
The first computation method, which is the analysis of
the shell side flow, is related to Tinker [13]. But this
method is very difficult. After a series of experiments,
Bell– Delaware method was presented. In this method the
effect of baffle leakage has been considered and it is
suitable for hand calculations [14].
There are some experimental studies related to the heat
transfer of nanofluids in heat exchangers that commonly
refer to the increase in the nanofluids heat transfer rate
compared to the base fluid [10,15-19], but there are few
published studies dealing with numerical and computational
studies of heat transfer and pressure drop for the shell side
in a shell and tube heat exchanger, especially when a
nanofluid has been used as a working fluid under turbulent
flow condition [20]. The effect of γ-Al2O3 and TiO2
nanoparticles on a shell and tube heat exchanger heat
transfer under turbulent flow regime was experimentally
investigated, showing that at a certain Peclet number, heat
transfer coefficient of TiO2-water nanofluid at its optimum
nanoparticles concentration was greater than that of γAl2O3-water nanofluid while γ-Al2O3-water nanofluid
possessed a better heat transfer behavior at higher
nanoparticle concentration [21].The effect of nanoparticles
shape on the overall heat transfer coefficient, heat transfer
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rate and entropy generation of shell and tube heat
exchanger with different baffle angles and segmental baffle
was also investigated, revealing that cylindrical shape
nanoparticles had the best performance in respect to the
overall heat transfer coefficient and heat transfer rate
among the other shapes for different baffle angles along
with the segmental baffle [22].
Ghozatloo et al. [23] investigated convective heat
transfer of graphene nanofluidsin a shell and tube heat
exchanger under laminar regimes. They observed that
adding 0.075 wt.%graphene to the base fluid increased the
heat transfer coefficient compared to pure water [23].
Akhtari et al. [20] studied the heat transfer of α- Al2O3water nanofluids in two types of heat exchangers, double
pipe and shell and tube heat exchangers, under laminar flow
conditions. In their study, input flow rate for cold fluid was
90, 180 and 200 (lit/h), and for the hot fluid, it was 100, 200
and 300 (lit/h). Also, the concentration of nanoparticles was
0.2% and 0.5 vol.%. They observed that the heat transfer
performance of both double pipe and shell and tube heat
exchangers was increased with increasing the hot and cold
volume flow rates, as well as the nanoparticle
concentrations and nanofluids inlet temperature [20].
Baffle spacing is the most important parameter used in
the design of shell and tube heat exchangers and there are a
few CFD studies in this area, even for common fluids.
Baffle spacing can be variable, between 20% and 100%
of the shells diameter. This was obtained by Taborek for
single-phase shell-side flows with single segmental baffles
[24]. Using computer software for the thermal design of
shell and tube heat exchanger, which was working with
various traditional fluids in the shell side, Mukherjee
showed that the optimum baffle spacing of the shell and
tube heat exchanger normally ranged from 0.3 to 0.6 times
of the shell diameter [25]. By using the heat exchanger
design handbook methods, Saffar-Avval and Damangir [26]
optimized the baffle spacing and the number of sealing
strips for all types of single-phase shell and tube heat
30

Temperature (K)
Overall heat transfer coefficient (W m-2 K-1)
Velocity component (m s-1)
Velocity vector
Greek Symbols
Viscous dissipation rate (m2 s-3)
Kinetic energy of turbulent fluctuations per unit
mass
Viscosity (kg m-1 s-1)
Density (kg m-3)
Nanoparticles volume fraction
Subscripts
Base fluid
Nanofluid
Nanoparticles

exchangers. They proved that pumping power was strongly
dependent on the baffle spacing while the effect of sealing
strips number on the pumping power and optimum heat
transfer area was negligible [26]. Soltan et al. [27] studied
the baffle spacing effect on heat transfer area and pressure
drop. They determined the optimum distance of baffles for
single phase E and J types of shell and tube heat exchangers
[27]. Thermoeconomic analysis was also used to determine
the optimum baffle spacing for a shell and tube heat
exchanger. Eryener [28] demonstrated that thermoeconomic
analysis was a powerful tool to determine the optimum ratio
of baffle spacing in the shell and tube heat exchanger.
Ozden and Tari numerically [29] investigated the baffle
spacing and baffle cut dependencies of the heat transfer
coefficient and the pressure drop by modeling a small heat
exchanger. They also studied the difference between the
results of Bell and CFD methods for water as the working
fluid and different turbulence models in a commercial CFD
package [29].
Heat transfer fluids in all above baffle spacing studies
were common fluids such as water, oil, ethylene glycol, etc.
Since the nanofluids are a kind of superior heat transfer
fluid, in the present work, we used nanofluids to determine
the suitable baffle spacing in a shell and tube heat
exchanger.
The purpose of this study was a numerical investigation
of nanoparticles effect on baffle spacing in a shell and tube
heat exchanger that operated with γ-Al2O3-water nanofluids
as the working fluid under turbulent regime. Suitability of
baffle spacing for shell and tube heat exchangers containing
nanofluids was done using computational fluid dynamics
simulation. By simulating heat exchangers with different
number of baffles and solving them in the same boundary
conditions and comparing heat transfer and shell side
pressure drop in CFD heat exchanger models, the suitable
baffle spacing was determined. Suitability of baffle spacing
in shell and tube heat exchangers and the simultaneous use
of nanofluids can help designers of heat exchanger to
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variable with temperature, they are defined by using UDF
[30-32]. The properties of γ-Al2O3 nanoparticles used in the
study were: density: ρp=3.97 g/cm3, thermal conductivity:
Kp=40 W/mK, specific heat capacity: Cp=765 J/kg K. The
following formulas were used to compute the thermophysical properties of nanofluids in the UDF. The Einstein
equation, which is suitable for small rigid spherical
particles in the volume fraction of less than 5 vol.%, was
used to estimate the viscosity of nanofluids [33]:

reduce costs as that of pumping power, heat exchanger
sizes and the number of baffles.

MATHEMATICAL MODELING DETAILS
In this study, counter current flow shell and tube heat
exchangers consisting of 7 tubes were considered. The heat
exchangers were made out of Aluminum. The CFD models
are shown in Figure1.

nf  1+2.5  bf

(1)

The density of nanofluids was calculated from equation
2 [34]:

 nf    p  1     bf

(2)

The effective thermal conductivity of nanofluids was
given by the following equation [35]:

 k p  2k bf  2  k p  k bf  
k nf  
 k bf
 k p  2k bf    k p  k bf  

Fig. 1. CFD models

Fixed geometric parameters were similar to those in
Ozden and Tari [29], as indicated in Table 1.

The specific heat capacity can be calculated according
to the following equation [35]:

Table 1
Fixed geometric parameters [29].
Ds
D0 Tube bundle Geometry Nt
L
BC
and PT
90mm 20mm
Triangular, 30 mm
7
600mm 25%

cPnf 

Nb

1

86

6

2

61.43

8

3

47.78

10

4

39.09

12

5

33.07

14

6

28.67

16

7

25.30

18

8

22.63

20

1      c 
p

bf

    cP p

(4)

 nf

Some simplifying assumptions were used to simulate the
CFD models:
 The fluid flow and heat transfer processes were
turbulent.
 The process was steady state.
 The leak flows between tubes and the baffles and
that between the baffles and the shell were
neglected.
 The heat exchanger was well insulated; hence the
heat loss to the environment was totally neglected.
 Single-phase method was used for nanofluids.
 The γ-Al2O3 suspensions were Newtonian and
incompressible fluids.
The governing equations for turbulent, steady state
nanofluids flow can be written as follows [36].

The baffle spacing for eight CFD models is listed in
Table 2.
Table 2
CFD models baffle spacing.
No. CFD models
B(mm)

(3)

Total continuity equation:

  nf V  0



The shell side and tube side fluids were γ-Al2O3-water
nanofluids and pure water, respectively. In the current
study, to define the properties of nanofluids, the singlephase method was used for nanofluids. It should be note
that since the properties of γ-Al2O3-water nanofluids are



(5)

Equation of motion in three dimensions:


  nf ν V  P    nf V
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between the CFD results and Bell-Delaware methods was
32.5%. It is observed that the CFD results are in good
agreement with the Bell-Delaware results.

Energy equation:

  nf c P V T    k nf T 





(7)

Table 4
Validation of CFD results.
Nb Shell Working
U
P (kPa)
side fluid
(W m-2 K-1)
mass
CFD Kern BellCFD Kern
Bellflow
results method Delaware results method Delawre
rate
method
method
kg s-1)
6 0.5
water 1687 1666 1619 4.549 3.964
3.81
1
2463 2397 2263 9.100 7.598
8.42
2
3224 2548 2976 36.469 13.533 27.55

In this study, the flow in the shell side was turbulent, so
for the simulation of the CFD models, turbulence models
had to be considered. Turbulence model used in this work
was κ-ε model. This model has been used in different
studies, proving to be suitable for turbulent flow simulation
of nanofluids [37,38] and the shell and tube heat exchanger
[29,39].
The second order upwind discretization scheme was
selected for the equations of motion and energy and the first
order upwind discretization scheme was employed for
equations of turbulent kinetic energy and dissipation rate.
To solve the governing equations, the convergence criteria
residual for energy equation was 10-6 and that for other
equations was 10-3.
The shell and tube volume was meshed using tetragonalhybrid elements [29]. There were about 1,000,000 cells in
each of CFD models.
The boundary conditions used are presented in Error!
Reference source not found..To compute the shell side
equivalent diameter for the triangular arrangement of tubes,
the following formula was used [40].
De 

1.1
 PT  0.917Do2 
Ds

Figure 2 shows the heat transfer enhancement ratio,
which is the ratio of nanofluids heat transfer rate to heat
transfer rate of pure water, for different nanoparticles
concentrations in various number of baffles. It was clear
that the addition of nanoparticles to the base fluid increased
the heat transfer rate.

(8)

The equivalent diameter in our CFD models is 29.326 mm.
Fig. 1. Heat transfer rate vs. number of baffles

Table 3
Boundary conditions.
Boundary
Shell (Hot)
Tube
Unit
condition Type
(Cold)
Inlet
Mass flow rate
0.5, 1, 2
0.5
kg/s
Outlet
Pressure Outlet
0
0
Pa
Wall
No Slip Condition No Heat Flux Coupled
Wall Thickness
0.001
m
Temperature Inlet Temperature
363
296
K

Figure 3 represents the pressure drop inside the shell
versus the nanoparticles volume concentration. As
expected, the pressure drops was increased with increasing
the baffles number. It seemed to show the insignificant
effect of nanoparticles concentration on the pressure drop
under turbulent flow conditions. For pure water, 1%, 1.5%,
2% and 2.5% of nanoparticles volume concentrations, the
simulation results of heat exchangers models are shown in
Table 5.
As expected, it was clear from the results that pressure
drop and heat transfer rate were increased with baffles
number. The results also showed that the addition of
nanoparticles improved the thermal properties of the
working fluids. The maximum heat transfer in the shell and
tube heat exchanger occurred at 1 vol.%γ-Al2O3 nanofluid
and higher concentrations of nanoparticles aggravated heat
transfer rate. These results were similar to those reported in
[41] for the experimental investigation of the steady state
turbulent flow of γ-Al2O3-water nanofluid inside a circular
tube.
The reason of this was the reduction of the heat capacity,
and a slight increase in the thermal conductivity of

RESULTS AND DISCUSSION
To validate the CFD models, the numerical results of
pure water in the shell side for 6 baffles heat exchanger
were compared with Kern and Bell-Delaware methods [40].
The overall heat transfer coefficients based on the shell side
surface area and pressure drops in the shell side values, for
our work and Kern and Bell-Delaware methods, are
tabulated in Table 4. The overall heat transfer coefficients,
as evaluated from CFD results, had an average deviation of
10.13%, 7.12% from that of Kern and Bell-Delaware
methods, respectively. The pressure drop in shell side
differences between our work and Kern method was
increased with increasing the shell side mass flow rate. For
pressure drop inside the shell, the maximum difference
32

Trans. Phenom. Nano Micro Scales, 4(1) 29-35, Winter - Spring 2016

nanofluids at higher than 1% nanoparticles volume
concentrations.
The results also showed that pressure drop in the
turbulent regime was slightly decreased with nanoparticles
volume concentration as a function of baffle numbers.

method. The optimal range of baffles spacing from Bell’s
method was between 33% and 61% of the shell diameter, as
shown in Figure 4 [24].

Fig. 3. Pressure drop vs. numbers of baffles

Fig. 4. The suitable range of baffle spacing from Bell–Delaware
method. SBC: segmental baffle cuts in no-phase-change flow; CV:
baffle cuts applicable to condensing vapors[24]

Φ% Nb
0
6
10
14
20
1.5
6
10
14
20
2.5
6
10
14
20

Table 5
Boundary conditions.
ΔP[kPa] Q,[kW] Φ% Nb ΔP[kPa] Q,[kW]
1
9.100
38.512
6
9.083 42.244
16.730
43.791
10 16.685 47.557
30.015
48.060
14 29.906 51.697
57.202
50.863
20 57.042 54.155
2
8.947
42.147
6
8.818 42.092
16.476
47.539
10 16.235 47.425
29.469
51.690
14 29.027 51.478
56.218
54.075
20 55.395 54.037
8.684
15.996
28.615
54.582

The suitable baffle spacing in this study obtained to be
43.4% of the shell diameter showing a good agreement with
Bell’s method as shown in Figure 4.
The effect of shell side mass flow rate on heat transfer
and pressure drop was investigated in three different inlet
mass flow rates of 0.5, 1 and 2 kg/s for model 4. The effects
of mass flow rate on heat transfer rate and pressure drop in
the shell side were shown in Figure 5 and Figure 6.
respectively.

42.047
47.331
51.470
53.882

For the determination of the optimal baffle spacing, the
effect of the number of baffles on pressure drop and heat
transfer rate in the shell side for different nanoparticles
volume concentrations was considered. It was evident that
heat transfer rate and pressure drop were increased with
number of baffles.
According to Table 5, for models with 14 or more
baffles, the enhancement in heat transfer rate was reduced
while pressure drop was strongly increased.
High pressure drop without a drastic change in the heat
transfer rate was not desired. In other words, enhancement
in heat transfer rate decreased for heat exchanger with 14 or
more baffles.
This result is also shown in Figure 2 by trend curve.
Therefore, model 4 had the best performance among the
others and so, the optimal baffle spacing was 43.4% of the
shell diameter.
Due to the use of the single-phase model for nanofluids,
the numerical results could be compared to those of Bell’s

Fig. 5. Heat transfer rate vs. inlet mass flow rate for heat exchanger
model 4

The results showed that pressure drop in shell side and
heat transfer rate were increased with input mass flow rate.
However, the enhancement in heat transfer rate was
negligible compared to the pressure drop in the shell side.
For 1 vol.% γ-Al2O3-water nanofluid, by increasing the
input mass flow rate from 0.5 to 1 kg/s, the augmentation of
heat transfer rate was about 36% while the pressure drop
was 3 times bigger.
The nanoparticle concentrations were less than 2.5%. It
may cause the small changes in heat transfer rate, at
constant mass flow rate [36, 41]. The rheological properties
of nanofluids are similar to the based fluids, so
33
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[3]

nanoparticles concentrations do not have a significant effect
on pressure drop in the shell side.

[4]

[5]

[6]
Fig. 6. Pressure drop vs. inlet mass flow for heat exchanger model 4

CONCLUSION
The suitable baffle spacing in the CFD models of shell
and tube heat exchangers was investigated under turbulent
condition.
Shell side fluid was γ-Al2O3-water with
nanoparticles volume concentration of 0, 1, 1.5, 2 and
2.5%. By simulating heat exchangers with different baffles
numbers and solving them in the same boundary conditions,
the suitable baffle spacing was determined. The
enhancement in heat transfer rate was reduced for the heat
exchanger with 14 and more baffle numbers while the
pressure drop was strongly increased. Therefore, the
optimal baffle spacing was 43.4% of the shell diameter. The
suitable baffle spacing in this study showed a good
agreement with Bell-Delaware method.
The best thermal performance was for 1 vol.%γ-Al2O3water nanofluid and higher concentrations were not suitable
for heat transfer enhancement. The results also showed that
the pressure drop in turbulent flow regime was almost
independent of nanoparticles concentration. The effect of
inlet mass flow rate on the pressure drop in the shell side
and heat transfer rate was investigated for the heat
exchanger with 12 baffles. The shell side inlet flow rate was
changed from 0.5 to 2 kg/s. The pressure drop shell side
and heat transfer rate were increased with the mass flow
rate. But the increase in heat transfer rate was less than that
in pressure drop.
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