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Abstract 
The performance of a shell-and-tube heat exchanger (STHE) is largely dependent on the type, orientation and offset arrangement of the baffles 
employed. In this paper, the thermal-hydraulic characteristics of STHEs with 90°, 120° and 180° offset arrangements of baffles were studied 
numerically. The study was performed on 19-tube and 31-tube heat exchangers, and also for three shell-side working fluids: air, water and engine 
oil. The numerical analyses were carried out using the k-ε model with imposed realizability constraint, and were solved with COMSOL 
Multiphysics. The STHE with 180° had higher pressure drop than other STHEs for all the ranges of mass flow rate. STHE with 120° showed better 
performance for shell-side heat transfer coefficient at the same pressure drop while STHE with 90° had much higher performance factor at the 
same mass flow rate. It is concluded that baffle offset arrangements significantly affected the shell and tube heat exchanger performance. 
 
Index Terms: Shell-and-tube heat exchangers, heat transfer coefficient, pressure drop, baffle offset 

——————————      —————————— 
 

1. INTRODUCTION 
Shell-and-tube heat exchangers (STHEs) are the most 
frequently used type of heat exchangers for transferring 
heat from one fluid to another [1,2]. This is due to their 
adaptability for large operating pressures and 
temperatures ranges, and their simplicity of construction 
[3–5]. Applications of STHEs are not limited to oil 
refining, food industry, power plants, [6,7] waste heat 
recovery, petrochemical plants, transformer oil cooling, 
ethanol mash-stillage and air-conditioning [7,8]. Heat 
exchanger design and its effectiveness have significant 
impact on the overall energy requirement of a system 
[10]. 

Baffles are placed in STHEs to improve the 
performance of the heat exchangers by enhancing the 
heat transfer between the interacting fluids through the 
tortuous motion of fluid on the shell-side. They also 
provide supports for the internal structure of the heat 
exchangers such as the tubes against flow-induced 
vibrations and sagging [11]. Different types of baffles are 
being employed in heat exchangers, such as the 
segmental (single, double and triple), rod, helical and 
grid baffles. Although, the other types of baffles, most 
especially the helical baffles have reportedly 
demonstrated good performance with much lower 
pressure drop than the segmental baffles, but are 
associated with lower heat transfer performance and 
higher manufacturing costs [12–14]. The single-
segmental baffles are the predominantly used due to 
their higher heat transfer enhancement capability. 
However, the inclination and orientation of these baffles 
have pronounced effect on the performance of STHEs 
[15-16]. 

Single-segmental baffles can be arranged with an 
inclination angle to the tube bundles to improve on 
fouling and minimise the pressure drop. From the 
experimental work reported by Kumar et al. [17] on 0°, 
15°, 30° and 45° inclination angles, the heat transfer rate 

increased up to 30° and dropped at 45° while the 
pressure drop slid down from 0° to 45° inclination angle. 
In the numerical analysis carried out by Raj and Ganne 
[12] for inclination angles of 0°, 10°, and 20°, it was 
discovered that the 20° inclination angle offered better 
performance than others. 
Segmental baffles can be categorized as perpendicular, 
parallel and inclined depending on the orientation of the 
baffle cut to shell inlet or nozzle axis (Figure 1) [18]. 
Some authors also grouped them accordingly as 
horizontal, vertical and rotated [15,16,19]. The horizontal 
(perpendicular-cut) baffles are always preferred for 
single-phase service on the shell-side to minimise deposit 
accumulation on the lower part of the shell and cause 
improvement of the flow distribution in the inlet and 
outlet zones [18,19]. However, the vertical (parallel-cut) 
baffles are more appropriate for condensing fluids 
[15,18]. 
 

 
Figure 1. The baffle orientations with respect to the 
nozzle axis 

 
 

Mohammadi et al. [20] conducted a numerical study 
on effects of baffle orientation on heat flow and heat 
transfer characteristics of STHEs. They found that for 
STHEs without leakage flow that the horizontal baffle is 
more desirable as its shell-side heat transfer coefficient to 
pressure drop ratio, that is the performance ratio, was 
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more than that of the vertical baffle. However, when the 
same series of studies were performed on STHEs with 
leakage flow, the vertical orientation was more 
advantageous except for performance at the inlet and 
outlet zones. They reported that there was up to 250% 
greater in pressure drop of the horizontal than the 
vertical baffle orientation while the heat transfer 
coefficient was just about 25% higher. 

Mohammadi et al. [21] performed another 
numerically investigated the effect of orientation of 
baffles in a heat exchanger with leakage flow using three 
shell-side fluids (air, water and engine oil) each at a time.  
They observed that the vertical baffle seemed to have 
better performance in terms of the heat transfer to 
pressure ratio than the horizontal baffles, and this was 
more noticeable with air as a shell-side fluid. 

It has been established from previous studies, as it 
can be seeing from the reviewed literatures, that the 
baffle orientations have significant effect on STHEs 
performance; however, as it had been noticed before 
carrying out this study, that studies of combined use of 
any of the baffle orientations in a single shell-and-tube 
heat exchanger have not been reported in the literature. 
Therefore, in this present study, the combined 
arrangements of the baffle orientations (parallel, 
perpendicular and inclined) on the performance of 
STHEs are numerically investigated and compared with 
the horizontal baffle shell-and-tube heat exchangers. 
Also, the effect of two different numbers of tubes as they 
affect this comparison is considered. 
 
2. MATHEMATICAL MODELLING 
In this section, the implementation steps for the 
simulations are discussed. 
2.1.  Basic Data for the Simulation 
The geometrical data of the computational model of the 
STHE under study are presented in Table 1. The heat 
exchanger baffles were arranged with adjacent baffles 
offsetting at 90° (STHE/90d), 120° (STHE/120d) and 180° 
(STHE/ST, the standard) (Figure 2). The thermophysical 
properties of the working fluids were varied with the 
temperature of the fluids. Water was selected as the 
tube-side working fluid while air, water and engine oil 
were used on the shell-side at separate runs. However, 
heat exchangers with 31 tubes had only the engine oil on 
the shell-side. The mass flow rate of water on the tube-
side was fixed as 0.3 kg/s while on the shell-side; the 
mass flow rates of water and engine oil were ranged 
0.10-3.10 kg/s, and the air was ranged 0.0025-0.0325 kg/s. 
These were chosen based on the practical range of 
velocities found in the literature [15,22]. 
 
Table 1. The geometrical data of the shell and tube heat 
exchanger 
 
Parameter Value 
Shell diameter 108.06 mm 

Shell duct diameter 30.00 mm 
Baffle cut 25% 
Baffle spacing 43.26 mm 
Baffle number 6 
Offset between 
adjacent baffles 

90°, 120° and 180° (standard, 
horizontal baffle) 

Tube number 19 and 31 
Tube diameter 15.88 mm and 12.70 mm 
Tube pitch ratio 1.25 
Tube layout Triangular (30°) 
 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 2. The baffle arrangements for (a) STHE/ST, 
(b) STHE/90d and (c) STHE/120d 
 
2.2.  Governing Equation 
The k-ε model was adopted for the computational 
analysis because of its robustness and fair accuracy in 
approximating turbulent flow problems [23]. Thus, the 
governing equations for the fluid flow and heat transfer 
within the STHEs as given by Wilcox [24] and Tannehill 
et al. [25] are: 
Continuity Equation 

( )
0j

j

u
x
ρ∂

=
∂


      (1) 

Momentum equation: 
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Energy equation: 
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Turbulent kinetic energy: 
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Turbulent dissipation energy: 
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while the production term, Pk in equations 4 and 5 is 
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(6) 
The closure constants are: 
Cε1 = 1.44, Cε2 = 1.92, Cμ = 0.09, σk = 1.0 and σε = 1.3. 
 
2.3.  Initial and Boundary Conditions 
The initial velocities of the working fluids were set as 
zero while the initial pressures were equalised to 
atmospheric pressure. Also, the fluids initial temperature 
was 303.15 K. Velocity-inlet conditions were set at the 
inlets to the tube- and shell-sides of the heat exchangers. 
The temperatures at the tube and shell inlets were 303.15 
K and 373.15 K respectively. Outflow boundary 
conditions were applied at the outlets with pressure at 
atmospheric pressure. Wall functions were applied at the 
tube and shell walls, and baffle surfaces to avert 
resolving the strong sharp velocity and temperature 
gradients close to the walls. Also by assuming the shell 
wall was insulated, the loss of heat to the surroundings 
was considered to be negligible. 

 
2.4. Mesh Generation and Numerical Method 
The computational domains were discretised into 
unstructured tetrahedral elements of averagely 70,175 
and 124,566 for the 19- and 31-tubes heat exchangers 
respectively (Figure 3). The equations governing the heat 
exchanger models were solved with COMSOL 
Multiphysics based on finite element method. The 
streamline diffusion (streamline-upwind Petrov-
Galerkin., SUPG and Galerkin Least-Square, GLS), and 
crosswind diffusion were employed to enhance the 
accuracy and stability of the analyses [30,31]. Three 

segregated solvers were used to obtain solutions to the 
primitive variables. There were two iterative solvers, the 
GMRES (preconditioner: Incomplete LU) for velocity and 
pressure, and temperature. A direct solver, MUMPS was 
selected for the turbulent kinetic energy and rate of 
dissipation for its robustness and efficiency [28]. 
 

 

 
(a) 

 
(b) 

Figure 3. The finite element mesh grid for (a) 19-
tube STHE and (b) 31-tube STHE 

 
3. Performance Indices and Naming Conventions 

of Heat Exchangers 
Two methods were used in assessing the performance of 
each heat exchanger in this study as compared against 
heat exchanger with horizontal baffle (180°) 
arrangement. The first method evaluated the equivalent 
shell-side heat transfer coefficient of each heat exchanger 
at the same pressure drop with the horizontal-baffle 
(180°) heat exchanger [12,13]. 
In the second method, performance factor was 
determined by dividing the shell gain factor of any STHE 
against that of STHE with standard baffle offset for the 
same mass flow rate or Reynolds number. The shell gain 
factor, Γ for each heat exchanger as obtained from 
Mohammadi et al. [21] was evaluated as 

h
p

Γ =
∆

      (10) 

where h is the shell-side heat transfer coefficient and Δp 
is the pressure drop of the fluid across the shell-side of 
the heat exchanger. 

Hence, the performance factor of a heat exchanger 
with a more desirable baffle offset should be greater than 
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one if operating at the same mass flow rate or Reynolds 
number as the heat exchanger with horizontal baffle. 
The naming conventions adopted to represent the 
graphical plots for all the offset arrangements of baffles, 
tube numbers and working fluids for easy interpretation 
are as shown in Figure 3. 

 
Figure 3. The naming convention for interpreting 
graphical plots 

 

4. RESULTS AND DISCUSSION  
The flow streams of the shell-side fluid (engine oil) at a 
mass flow rate of 3.10 kg/s for the different baffle offsets 
are as shown in Figure 4. It can be observed that the fluid 
flow paths are influenced by the offsets of the baffles and 
each pair of baffle offset for 19- and 31-tubes heat 
exchangers have the same flow behaviour. The flow 
through the STHE/ST (standard) exhibits a zigzag cross-
flow movement over the tube bundles while the other 
offsets have crisscross flow distribution. For all 
arrangements, the fluid velocities reduce from the shell-
inlet into the shell and then rise again at the shell-outlet. 
This is because the law of conservation of mass must be 
obeyed; the flow area between the shell and all the tubes 
is much greater than those at shell inlet and outlet. 
 

 

 

 
(a) 

 

 
(b) 

 

(c) 
 

(d) 

 

 
(e) 

 

(f) 
Figure 4. Streamline flow of the shell-side fluid (a) STHE/ST/19T/O, (b) STHE/90d/19T/O, (c) 
STHE/120d/19T/O, (d) STHE/ST/31T/O, (e) STHE/90d/31T/O and (f) STHE/120d/31T/O 

 
 

The plots of the shell-side heat transfer coefficient versus the Reynolds number are as shown in Figure 5. It can be seen 
that for each STHE baffle offset and working fluid, the heat transfer coefficient increases with the Reynolds number, which 
also corresponds to the increase in the mass flow rate of each of the fluid. However, for water and engine oil, the increment 
rates of their heat transfer coefficients tend to reduce at higher Reynolds numbers while linear increment was observed for 
air. This is partly due to the physical nature of each fluid. The shell-side heat transfer coefficients of STHE/90d/19T/A and 
STHE/120d/19T/A for the ranges of Reynolds numbers considered are -4.26% and 2.32%, respectively on average greater 
than STHE/ST/19T/A. STHE/90d/19T/W and STHE/120d/19T/W are greater with -4.06% and 3.93% than STHE/ST/19T/W, 
respectively. The corresponding values of STHE/90d/19T/O and STHE/120d/19T/O are -7.39% and 0.03% greater than 
STHE/ST/19T/O, respectively. Thus, all the STHE/120d have better shell-side heat transfer coefficients than others. This 
same trend can be observed as indicated in Figure 6 for STHEs with 19 and 31 tubes.  It can equally be observed that the 
heat transfer coefficients for all the 31-tube STHEs are greater than those of 19-tube STHEs, this is partly due to the fact that 
the 31-tube STHEs have more surface area for heat exchange between the working fluids on both sides of the tubes.  
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(a) Shell-side working fluid: air 

 

 
(b) Shell-side working fluid: water 

 

 
(c) Shell-side working fluid: engine oil 

Figure 5. Shell-side heat transfer coefficient versus Reynolds number (19-tube heat exchangers) 
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Figure 6. Shell-side heat transfer coefficient versus Reynolds number (19- and 31-tubes heat exchangers) 
 

The variations of the shell-side Nusselt number for 
each fluid against the Reynolds number for all heat 
exchangers are as indicated in Figure 7. The trends in 

these figures are similar to those for heat transfer 
coefficients showed in Figure 5 for each working fluid. 

 

 
(a) Shell-side working fluid: air 

 

 
(b) Shell-side working fluid: water 
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(c) Shell-side working fluid: engine oil 

Figure 7. Nusselt number versus Reynolds number (19-tube heat exchangers) 
 

Figure 8 shows the shell-side pressure drop versus 
the Reynolds number for the heat exchangers. The 
pressure drop increases rapidly with the increase in the 
Reynolds number. These trends were also observed in 
the studies conducted by Wang et al. [13] and Yang et al. 
[4]. Within the range of Reynolds number studied, the 
shell-side pressure drop of STHE/90d/19T/A and 
STHE/120d/19T/A are averagely lower than that of 
STHE/ST/19T/A by 19.76% and 5.30%, respectively. The 
STHE/90d/19T/W and STHE/120d/19T/W are lower than 
STHE/ST/19T/W by 18.18% and 3.93%, respectively. The 

pressure drop of STHE/90d/19T/O and 
STHE/120d/19T/O are 23.99% and 7.77% lower than 
STHE/ST/19T/O, respectively. This implies that all the 
STHE/ST demonstrate higher pressure on the shell-side, 
which can be attributed to the zigzag cross-flow motion 
of the fluid over tube bundles. Similar trends as observed 
in Figure 8 are also depicted in Figure 9. In Fig 9, the 
pressure drops across all the 31-tube heat exchangers are 
more pronounced than those of 19-tube heat exchangers 
with a lower surface area of shell-side working fluid 
interaction with the tubes. 

 

 
(a) Shell-side working fluid: air 
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(b) Shell-side working fluid: water 

 

 
(c) Shell-side working fluid: engine oil 

Figure 8. Shell-side pressure drop versus Reynolds number (19-tube heat exchangers) 
 

 
Figure 9. Shell-side pressure drop versus Reynolds number (19- and 31-tubes heat exchangers) 
 

The variations of the shell-side heat transfer 
coefficient of the heat exchangers with the overall 
pressure drops are presented in Figure 10. There are 
indications from the plots that the pressure drop 
increases more rapidly than the increase in the 

corresponding heat transfer coefficient with increasing 
mass flow rate. Evaluating the shell-side heat transfer 
coefficient of STHEs at the same pressure drop, the 
STHE/120d shows better performance. The heat transfer 
coefficient of STHE/90d/19T/A and STHE/120d/19T/A are 
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averagely greater than that of STHE/ST/19T/A by 2.79% 
and 4.13%, respectively. The STHE/90d/19T/W and 
STHE/120d/19T/W are higher with 0.36% and 4.67% than 
STHE/ST/19T/W, respectively. While in the same order, 
STHE/90d/19T/O and STHE/120d/19T/O are 0.53% and 
1.05% greater than STHE/ST/19T/O. Similar trends for all 
the baffle offsets are observed in Figure 11 for 31-tube 

heat exchangers. It can also be seen from this plot that 
the 31-tube STHEs exhibit better performance with 
higher heat transfer coefficient for the same pressure 
drop than the 19-tube STHEs. This implies a gain in heat 
transfer with increased surface area for the energy 
expended. 

 

 
(a) Shell-side working fluid: air 

 

 
(b) Shell-side working fluid: water 
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(c) Shell-side working fluid: engine oil 

Figure 10. Shell-side heat transfer coefficient versus pressure drop (19-tubes heat exchangers) 
 

 
Figure 11. Shell-side heat transfer coefficient versus pressure drop (19- and 31-tubes heat exchangers) 
 

The plots of the performance factors of the STHEs at 
varying Reynolds number are as shown in Figure 12. It 
can be observed that for all the working fluid in Figure 
12, the STHE/90d has the best performance factor at the 
same Reynolds number. Averagely, the performance 
factor of STHE/90d/19T/A and STHE/120d/19T/A are 
greater than that of STHE/ST/19T/A by 15.53% and 
7.62%, respectively. The STHE/90d/19T/W and 

STHE/120d/19T/W are higher with 14.15% and 7.87% 
than STHE/ST/19T/W, respectively. The performance 
factor of STHE/90d/19T/O and STHE/120d/19T/O are 
16.68% and 7.81% higher than STHE/ST/19T/O in that 
order. Figure 13 shows the same trend for 31-tube heat 
exchangers. For same baffle offsets, the 31-tube heat 
exchangers have higher performance factors than the 19-
tube heat exchangers. 
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(a) Shell-side working fluid: air 

 

 
(b) Shell-side working fluid: water 

 
 

 
(c) Shell-side working fluid: engine oil 

Figure 12. Performance factor versus Reynolds number (19-tubes heat exchangers) 
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Figure 13. Performance factor versus Reynolds number (19- and 31-tubes heat exchangers) 
 
5. CONCLUSION 
In this study, the thermal-hydraulic performance of three 
baffle arrangements in shell-and-tube heat exchangers has 
been carried out using the numerical approach. The three-
dimensional models of the heat exchangers were solved 
using the COMSOL Multiphysics CFD code. For all the shell-
side working fluids and the ranges of mass flow rates 
considered, the STHEs with 180° offsets (horizontal) are 
characterised with higher pressure drop than STHEs with 
other baffle offsets, this is as a result of zigzag movement of 
shell-side fluid caused by the arrangement of the 180° 
offsets. Assessing the performance of baffle arrangements 
based on the heat transfer coefficient at the same pressure 
drop, the 120° offset baffles are more desirable in heat 
exchangers than others while the 180° offset baffles have 
poorer performance. However, the 90° offset baffles are 
more suitable than other offset arrangements, using the 
performance factor at the same Reynolds number or mass 
flow rate while the 180° offset baffles still exhibit much 
lower performance. For each corresponding baffle offset and 
the two performance criteria used, the 31-tube heat 
exchangers are better than the 19-tube heat exchangers 
because of the increased surface area of tubes. It is thus 
concluded that baffle offsets and tube numbers significantly 
affected the performance of shell and tube heat exchangers. 
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