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Abstract
Shell and tube heat exchangers are used in various industrial processes, and are one of the most commonly used heat exchang-
ers. A shell and tube heat exchanger with a 25% baffle cut was used in this study. Tubes of different cross-sections (circular, 
elliptical with an attack angle of 90° and elliptical with an attack angle of 0°) were studied. A combined model of a shell and 
tube heat exchanger with elliptical tubes with an attack angle of 90° and circular tubes was introduced. A heat exchanger with 
ellipsoidal tubes near the shell with an attack angle of 90° and circular tubes in the center of the shell showed the highest 
heat transfer compared with the shell and tube heat exchangers with circular tubes and elliptical tubes with an attack angle 
of 90° and 0°. The pressure drop in the tube and shell side was also investigated for all five cases in this study. The effect of 
the location of tubes on heat transfer was investigated. It was shown that tubes located near the shell have a greater impact 
on heat transfer compared with tubes located in the center of the shell.
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Introduction

Shell and tube heat exchangers are used in various industrial 
processes [1]. Heat exchangers allow heat transfer between 
two fluids [2] and are widely used to heat or cool non-
Newtonian fluids in various industries such as [3] chemi-
cal, pharmaceutical and petrochemical industries, oil and 
gas processes, refrigeration, air conditioning, power plants 
and many other applications [2–4]. There are various types 
of heat exchangers and thus selecting the proper type for a 
particular process is of great importance because improper 
selection causes undesired operation and equipment failure. 
Shell and tube heat exchangers are one of the most widely 
used types of heat exchangers [2, 5]. The most common 
type of shell and tube heat exchanger is those with single 

segmental baffles. Baffles are plates that support the tubes 
and displace the flow between the inside and outside of the 
shell side [4]. Such equipment should be compact and light-
weight with high efficiency.

Cross-flow heat exchangers with elliptical tube arrange-
ment increase the heat transfer surface compared with the 
circular tube arrangement. As a result, these exchangers 
have recently received much attention. However, increased 
heat transfer can lead to increased pump power consump-
tion. Thus, it is essential to optimize the increase in heat 
transfer and the cost of the power required by the pump [6]. 
Experimental studies usually are time consuming and costly 
and, therefore, are not suitable for comprehensive analysis 
of parameters in heat exchanger prototypes [7, 8]. Accord-
ingly, modeling and simulation of heat exchangers have been 
widely used in the field’s literature [9]. A detailed study has 
been published on the behavior of heat exchanger models 
in different areas and their role in engineering processes for 
efficient modeling [10]. Zaversky et al. [11] presented a pre-
cise modeling of this type of heat exchangers. Therefore, as 
a supplement to experimental studies, different numerical 
approaches are widely used for evaluating the characteristics 
of heat exchangers [7]. Shahdad and Fazelpour showed that 
use perforated fns instead of plain fns cause to increase con-
vection heat transfer coefficient and Nusselt  number [12].
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Increasing heat transfer is relatively important to increase 
the efficiency of shell and tube heat exchangers [3]. To study 
heat transfer and flow in a heat exchanger, the pressure drop 
and heat transfer should be examined. Xie et al. [13] showed 
that the heat transfer rate is increased in dimple tubes com-
pared with plain tubes, an advantage that can be used in heat 
exchanger enhancement applications. Matos et al. [14–16] 
compared 12 elliptical and circular tubes at Reynolds num-
bers between 300 and 800. Elliptical tubes were found to 
have a higher efficiency so that heat transfer increased by 
20%. According to Ibrahim and Gomaa [6], elliptical tubes 
with an attack angle of 0° had a higher thermal efficiency. 
Bouris et al. [17] found that fouling rate in elliptical tubes 
within a square arrangement was reduced by 73% compared 
to circular tubes leading to increased heat transfer area and 
reduced pressure drop. Nouri-Borujerdi and Lavasani [18, 
19] studied flow and heat transfer characteristics of single 
cam-shape tubes. Moawed [20] experimentally examined 
forced convection on the outer surface of spiral tubes. Rosen 
and Dincer showed smaller heat exchanger temperature dif-
ferences, and increasing heat exchanger efficiencies cause to 
avoid temperature degradation [21].

Mohanty et al. [22] studied the heat transfer coefficient 
and pressure drop in circular and elliptical tubes at Re num-
bers of 100–2000 in 2D. Harris and Goldschmidt [23] stud-
ied the effect of attack angle on the overall heat transfer 
in elliptical tube heat exchangers. Khan et al. [24] studied 
forced heat conduction in elliptical tubes with an axial ratio 
of 0.33 at an attack angle of 0°. Their results showed that 
heat transfer rate increases with increasing air–water flow 
rate. Li et al. [25] performed two-dimensional modeling of 
elliptical tubes with axial ratios of 0.3, 0.5 and 0.8 in laminar 
flow at constant surface temperature at Reynolds number of 
500–10,000. They concluded that elliptical tubes with an 
axial ratio of 0.5 reduce the pressure drop by 30–40% com-
pared with circular pipes at an attack angle of 0°. Li et al. 
[26] studied the friction factor and heat transfer in a fully 
developed flow inside an elliptical tube. Their results showed 
the higher heat transfer performance of elliptical tubes than 
circular tubes. Tao et al. [27] numerically studied a fin heat 
exchanger with elliptical tubes and found a 30% increase in 
heat transfer compared to circular tubes.

In this study, shell and tube heat exchangers with different 
cross-sections (circular, elliptical with an attack angle of 0° 
and 90°) are examined. The best arrangement in terms of 
lowest pressure drop and highest heat transfer rate is then 
introduced. As a result, a combined model of shell and tube 
heat exchanger with elliptical tubes with an attack angle of 
90° and circular tubes is presented.

A heat exchanger with circular tubes in the center and 
elliptical tubes with an attack angle of 90° near the shell 
shows the highest heat transfer rate compared to the shell and 
tube heat exchangers with elliptical tubes with an attack angle 

of 0° and 90°, and circular tubes. The effect of the location of 
tubes inside the shell on heat transfer is also studied. It was 
shown that tubes located near the shell have a greater impact 
on heat transfer than those in the center of the shell.

Methodology

Geometrical model

In this study, a shell and tube heat exchanger with single 
segmental baffle with a 25% baffle cut was used. The specifi-
cations and size of the heat exchanger are listed in Table 1. In 
this type of heat exchanger, air enters the shell from one side 
and water enters the tubes in the opposite direction. The tubes 
are arranged in a rotated triangular arrangement (Fig. 1).

Three different types of tubes were used in this study 
including elliptical tubes with an attack angle of 0°, elliptical 
tubes with an attack angle of 90° and normal circular tubes 
[28–30] (Fig. 2). All the tubes used in this study have the 
same perimeter.

The heat exchanger geometry was drawn in three dimen-
sion using SolidWorks™ (V. 2017) (Fig. 3).

The new shell and tube heat exchanger with different 
cross-sections was investigated. The combination used in 
this research includes elliptical tubes with an attack angle 
of 90° with circular tubes. The new arrangement of tubes 
was studied in two modes, (A) elliptical tubes with an attack 
angle of 90° in the center and circular tubes near the shell 
(STHE-ET90°&CT) and (B) circular tubes in the center and 
elliptical tubes with an attack angle of 90° near the shell 
(STHE-CT&ET90°). Figure 4 shows these two modes three 
dimensionally in SolidWorks (V. 2017).

Thermophysical properties

In this study, air/water fluid was used to investigate the heat 
transfer coefficient and pressure drop in a shell and tube heat 
exchanger. Thermophysical properties of the fluid are given 
in Table 2 [31, 32].

A Reynolds number of 4000 was considered for different 
mass flow rates of air and water, which is calculated from 

Table 1  Size of the heat exchanger

Property description Value Unit

Shell diameter 20 cm
Tube diameter 1.5 cm
Shell/tube length 50 cm
Number of tubes 37 Pieces
Shell outlet/inlet diameter 10 cm
Number of baffles 4 Pieces
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Eq. (1). Therefore, the flow regime in the heat exchanger is 
turbulent and incompressible. A hot fluid (water) enters the 
tubes at 353.15 K while the cold fluid (air) enters the shell at 
278.15 K. To evaluate the heat transfer and pressure drop, the 
hot and cold fluids with different mass flow rates of 0.38025, 
0.57039, 0.76049, and 0.95061 kg/s for water 0.0039857, 
0.0059794, 0.0079740, and 0.0099697 kg/s for air were con-
sidered. The fluid entered the tubes at atmospheric pressure 
and exited the shell at the same pressure. No-slip condition 
was also considered for the surface of tubes and shell. This 
boundary condition was used for numerical solution of the 
heat exchanger in the software:

(1)Re =
�uDH

�
,

� = water density 971.8W∕mK, u = water velocity 0.1m/s , 
DH = Tube hydraulic diameter 0.015m , � = water dynamic

viscosity in 353.15K 0.0003545 Pa s.

Mathematical model

COMSOL Multiphysics was used for numerical solution of 
the governing equations of heat transfer and pressure drop. 
First, the geometries drawn in SolidWorks™ were trans-
ferred to COMSOL. After specifying the type of fluid and 
heat exchanger, the governing equations for analyzing the 
heat transfer and pressure drop in the heat exchanger were 
selected, and boundary conditions were then applied to the 
software [33].

Fig. 1  Shell and tube heat exchanger with 25% single segmental baffle

Fig. 2  The cross-sectional shape of the tubes: a elliptical tube with 0° angle attack; b elliptical tube with 90° angle attack; c circular tube
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The diameter of circular tubes was considered 1.5 cm. 
Since the perimeter of circular and elliptical tubes is the 
same, the diameter of elliptical tubes with a ratio of 1:2 
can be calculated from the following equation [34]:

a = 0.474 and b = 0.949.

It is well known that CFD solution in COMSOL is 
based on the Finite Element Method [35, 36].

(2)

Dcir =1.5 cm andAcir = 2�r,

Aell =2�

√

a2 + b2

2
and a =

1

2
b,

The turbulent flow k–ɛ model was used to solve this prob-
lem. COMSOL uses the Navier–Stokes equations as the basic 
equations for solving the fluid flow models [33] as follows:

For turbulent kinetic energy, we can write as follows:

(3)

�(u ⋅ ∇)u = ∇ ⋅

[

−pI +
(

� + �T

)(

∇u + (∇u)T
)

−
2

3

(

� + �T

)

(∇ ⋅ u)I −
2

3
�kI

]

+ F,

∇ ⋅ (�u) = 0.

(4)�(u ⋅ ∇)k = ∇ ⋅

[(

� +
�T

�k

)

∇k

]

+ Pk − ��.

Fig. 3  a Elliptical tube with 0° angle attack; b elliptical tube with 90° angle attack; c circular tube
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For dissipation,

For turbulent viscosity,

(5)
�(u ⋅ ∇)� = ∇ ⋅

[(

� +
�T

�
�

)

∇�

]

+ Ce1

�

k
Pk − Ce2�

�
2

k
,

� = ep.

(6)�T = �C
�

k2

�
.

The constants used in the turbulent kinetic energy, tur-
bulent viscosity and dissipation equations are set to the fol-
lowing values: Ce1 = 1.44 , Ce2 = 1.92 , C

�
= 0.09 , �k = 1 and 

�
�
= 1.3.
The production of turbulent kinetic energy can be 

expressed as follows:

where u = fluid flow velocity, � = fluid density, p = fluid pres-
sure, � = fluid dynamic viscosity, I = identity matrix, ∇ = del 
operator, T = stress tensor.

Mesh control

Due to the complex structure of shell and tube heat 
exchanger (STHE), unstructured tetrahedral, pyramid, 
prism, triangular and quadrilateral structures are produced 
while meshing the geometry. Meshing was done by COM-
SOL Multiphysics. To evaluate the type and number of 
appropriate meshes, a shell and tube heat exchanger with 
a 25% baffle cut with circular tubes was modeled with k–ε 
model at a Reynolds number of 4337 and a mass flow rate 

(7)

Pk = �T

[

∇u ∶
(

∇u + (∇u)T
)

−
2

3
(∇ ⋅ u)2

]

−
2

3
�k∇ ⋅ u,

Fig. 4  a elliptical tubes with an attack angle of 90° in the center and circular tubes near the shell (STHE-ET90°&CT), b circular tubes in the 
center and elliptical tubes with an attack angle of 90° near the shell (STHE-CT&ET90°)

Table 2  Thermophysical properties of shell and tube side fluids at 
atmospheric pressure

Thermos physical properties Water Air Unit

Dynamic viscosity 0.0003545 0.00001754 Pa s
Ratio of specific heat 
(� = CP∕CV

)

1 1.4 1

Specific heat capacity 4194 1006 J/(kg K)
Density 971.8 1.269 kg/m3

Thermal conductivity 0.6562 0.02401 W/(m K)
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of 0.38025 kg/s. COMSOL automatically applies the opti-
mal number of meshes for the near wall region. Seven dif-
ferent types of mesh of different sizes were investigated to 
determine the number of suitable meshes. The total num-
ber of meshes in these cases from larger meshes to smaller 
meshes was equal to (1,292,741; 1,165,641; 1,140,747; 
1,055,370; 989,759; 886,459 and 791,018).

According to the results, the deviation of the overall 
heat transfer coefficient and the pressure drop of meshes 
of different sizes was less than 1.7% (Fig. 5). Since analy-
sis was conducted on a 3D geometry, the use of higher 
number of meshes will increase the computational time. 
It can be concluded that this effect can be ignored from 
1,140,747 meshes afterward. As a result, a mesh size of 
1,140,747 was chosen for computational models (Fig. 6).

For each number of meshes that were evaluated from 
different size of mesh element, we calculate heat trans-
fer coefficient and pressure drop. Upon comparison of the 
results, the best mesh number can be selected for com-
putational model (1,140,747). The maximum deviation 
of the mesh number was less than 1.7% for heat transfer 
coefficient (Fig. 6a) and 1.3% for pressure drop in shell 
side (Fig. 6b).

Model validation

We found no experimental model in open literature for vali-
dating data obtained from the software for the two new modes 
of tube arrangement. However, the common case of shell and 
tube heat exchanger with a simple segmental baffle of a baffle 
cut of 25% has been studied extensively. Comparison of the 
results obtained from the software with experimental results 
[37] indicates a very low difference of 5–8% (Fig. 7). In all 
the heat exchangers examined in this study, all the factors such 
as the type of fluid, governing equations, baffles, and type of 
flow were unchanged and only the shape of tubes was changed. 
Thus, it can be concluded that the results for the new cases in 
this study have an enough validity.

Result and discussion

By changing the mass flow rate, different Re number can be 
obtained. Hence, we calculated models in different Re number 
in COMSOL software. The results at a Re number 8000 are 
illustrated in Figs. 8 and 9.

Re =
�uDH

�
,

Fig. 5  a Overall heat transfer 
coefficient in different meshes, 
b pressure drop in the shell in 
different meshes
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� = water density 971.8W/mK , u = water velocity 0.2m/s , 
DH = Tube hydraulic diameter 0.015m  , 
� = water dynamic viscosity in 353.15K 0.0003545 Pa s.

Figure 8 shows the temperature contour inside the shell and 
tubes of the shell and tube heat exchanger with circular tubes 
at a Reynolds number of 8000.

Figure 9 shows the velocity contour at the cross-section 
of the shell and tube heat exchanger for all the cases in this 
study at a Reynolds number of 8000.

Heat transfer coefficient

The overall heat transfer coefficient is calculated by the fol-
lowing equation based on the flow rate and the temperature 
of the inlet and outlet fluids [37, 38]:

where Q represents the average heat flux between the cold 
and hot fluid and is obtained from the following equation 
[39]:

(8)U =
Q

A ⋅ Tm
,

(9)

Q =
(Qc + Qh)

2
,

Qc =mcCpc(Tco − Tci),

Qh =mhCph(Thi − Tho),

Qc =Average heat flux,

Qc =Heat transfer in the cold fluid,

Qh =Heat transfer in the hot fluid,

Fig. 6  The meshed model used in the numerical calculations of the heat exchanger with 1,140,747 meshes

Fig. 7  Comparison of the 
results obtained from the soft-
ware and experimental model
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where mc = mass flow rate in cold fluid, mh = mass flow rate 
in hot fluid, Cpc = specific heat at constant pressure in the 
cold fluid, Cph = specific heat at constant pressure in the hot 
fluid, and ΔTm is the logarithm mean temperature difference 
for the cold and hot flows. The logarithm mean temperature 
difference for the shell and tube heat exchanger with one 
shell pass countercurrent flow is obtained from the follow-
ing equation:

where t1 = tube side inlet temperature, t2 = tube side outlet 
temperature, T1 = shell side inlet temperature, T2 = shell side 
outlet temperature, and A, heat transfer surface on the tube 
side, is obtained from the following equation:

(10)

ΔTm =

�

t2 − t1
�

�
√

1 + R2

�

ln

�

2−P
�

1+R−
√

1+R2

��

�

2−P
�

1+R+
√

1+R2

��

,

R =
T1 − T2

t2 − t1
andP =

t2 − t1

T1 − t1
,

where N = number of tubes, do= outlet tube diameter, 
Lt = tube length.

The heat transfer coefficient for the shell and tube heat 
exchanger is obtained from the following equation [3, 40]:

where hi= heat transfer coefficients for the tube side, h = heat 
transfer coefficients for the shell side, k1 = thermal conduc-
tivity of the tube, di = inner diameters of the tube, do = outer 
diameters of the tube.

The highest overall heat transfer coefficient was obtained 
for STHE-CT&ET90° and STHE-ET90° arrangements, 
respectively. The lowest overall heat transfer coefficient 
was obtained for STHE-ET0° and STHE-CT arrangements, 
respectively. This indicates an increase in heat transfer in 
heat exchangers with elliptical tubes and an attack angle 
of 90° than elliptical tubes with an attack angle of 0° and 
circular tubes.

(11)A =
(

�doLt
)

N,

(12)1

U
=

1

hi
+

di ln
(

do∕di
)

2k1
+

di

do

1

ho
,

Fig. 8  The temperature contour 
inside the shell and tubes of the 
shell and tube heat exchanger 
with circular tubes (STHE-CT)
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The overall heat transfer coefficient for STHE-CT&ET90° 
increased by 30% and 10% compared to STHE-ET0° and 
STHE-CT, respectively. The overall heat transfer coefficient 
for STHE-ET90° increased by 26% and 6% compared to 
STHE-ET0° and STHE-CT, respectively. As a result, the use 
of the STHE-CT&ET90° combined structure leads to only 
5% increase in the heat transfer compared with the STHE-
ET90° arrangement.

The overall heat transfer coefficient for the STHE-
ET90°&CT arrangement decreased by 8% compared with 
STHE-CT&ET90°, but showed 24% increase as com-
pared with STHE-ET0°. As a result, the use of the STHE-
ET90°&CT combined arrangement leads to only 3% increase 
in heat transfer compared with STHE-CT arrangement.

Furthermore, from the above two conclusions, it can be 
established that tubes located near the shell have a greater 
impact on heat transfer compared with tubes located in the 
center of the shell.

The overall heat transfer coefficient in all the studied 
cases is compared in Fig. 10.

Nusselt number

The Nusselt number was obtained for all the studied cases 
using the Eq. (13) and the simulation results. The Nusselt num-
ber variation diagram as a function of Reynolds number is 
depicted in Fig. 11. As shown in Fig. 12, the Nusselt number 
obtained in this study for the STHE-CT heat exchanger dif-
fers from the Nusselt number obtained from the experimental 
equation introduced by Gnielinski [6, 40] by 9%:

(13)Nu =
hD

k
.

Fig. 9  The velocity contour at the cross-section of the shell and tube heat exchanger for the STHE-CT, STHE-ET0°, STHE-ET90°, STHE-
ET90°&CT, STHE-CT&ET90°
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Fig. 10  The overall heat transfer 
coefficient in the tube side of 
STHE-CT, STHE-ET0°, STHE-
ET90°, STHE-ET90°&CT and 
STHE-CT&ET90°
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Pressure drop in shell side

The pressure drop in the shell side can be obtained using the 
following equation [3, 41]:

ΔP = pressure drop in shell side , Res = Renumber in shell , 
F = friction factor, Ds = Sell diameter, De = equivalent 
diameter for the triangular pitch, Nb = number of baffle, 
� = density of the fluid , V = mean flow velocity, Pt =tube 
pith, do = outer diameters of the tube, um = velocity of the 
fluid, � = dynamic viscosity of the fluid.

The lowest and highest pressure drop was observed in 
the shell side of STHE-CT and STHE-CT&ET90°, respec-
tively. The pressure drop in the shell side of STHE-ET0° 
and STHE-ET90°, respectively, increased by 57% and 70% 
compared with STHE-CT. This indicates an increase in pres-
sure drop in the shell side of heat exchangers with elliptical 
tubes as compared with circular tubes.

The pressure drop in the shell side of the STHE-
ET90°&CT combined arrangement increased by 67% com-
pared to the STHE-CT, indicating the effect of the cross-
sectional shape of the tubes in the center of the shell on 
the shell side pressure drop. Due to the use of elliptical 
tubes with an attack angle of 90° in the center of the shell 

(14)

ΔP =f
Ds

De

(Nb + 1)
1

2
�V2,

f =exp(0.576 − 0.19 lnRes),

De =

4

�
√

3P2
t

4
−

�d2
o

8

�

�do

2

,

Res =
�umDe

�
,

in STHE-CT&ET90°, the pressure drop is very close to that 
in STHE-ET90° where all elliptical tubes are arranged with 
an attack angle of 90°.

The pressure drop in the shell side of the STHE-
CT&ET90° combined arrangement increased by 80% com-
pared to the STHE-CT. This confirms the impact of the 
cross-sectional shape of the tubes near the shell on the shell 
side pressure drop.

From the above two conclusions, it can be deduced that 
the cross-sectional shape of the tubes and their placement in 
the shell whether in the center or on the shell side are very 
effective in the shell side pressure drop.

Pressure drop in the shell for all the cases in this study is 
compared in Fig. 13.

Pressure drop in tube side

The pressure drop in the tube side can be calculated from the 
following equation [42]:

ΔP = pressure drop in tube side , ReD = Renumber in tube , 
F =friction factor, Lt=tube length, di=inner diameters of the 
tube, Np=number of pass, � = density of the fluid , V =mean 
flow velocity, um=velocity of the fluid, � = dynamic viscos-
ity of the fluid.

The lowest and highest pressure drop was observed in the 
tube side of STHE-CT and STHE-ET90°, respectively. The 

(15)

ΔP =4

[

fLt

di
+ 1

]

Np

1

2
�V2,

f =
(

1.58 lnReD − 3.28
)−2

,

ReD =
�umdi

�
,

Fig. 13  Pressure drop in 
shell side of STHE-CT, 
STHE-ET0°, STHE-ET90°, 
STHE-ET90°&CT and STHE-
CT&ET90°
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pressure drop in STHE-ET0 ° increased by 28% compared 
to STHE-CT.

The pressure drop in the tube side of STHE-ET90°&CT 
and STHE-CT&ET90° combined modes, respectively, 
increased by 40% and 55% compared with STHE-CT. The 
pressure drop in the shell side of STHE-ET90° was 67% 
higher than in STHE-CT. This shows a lower increase in 
the pressure drop due to the use of two types of tubes with 
different cross sections.

As a result, the pressure drop increased in the tube side 
of circular tubes and elliptical tubes with an attack angel of 
0° and 90°, respectively.

The pressure drop in tubes in the shell and tube heat 
exchanger in all the cases is presented in Fig. 14.

Conclusion

The overall heat transfer coefficient and the pressure drop 
in the shell side and tube side of the shell and tube heat 
exchanger with simple segmental baffle with 25% baffle cut 
were examined by changing the cross-sectional shape of the 
tubes and introduction of new type of tube bundles consist-
ing of tubes with circular cross-section and elliptical cross-
section with an attack angle of 90°. The following results 
were obtained:

1. Upon comparison between STHE-CT, STHE-ET0° and 
STHE-ET90°, minimum and maximum heat transfer 
coefficient was obtained in STHE-ET0° and STHE-
ET90°, respectively. However, the result indicates that 
for STHE-ET90°, the maximum pressure drop occurs in 
tube and in shell.

2. The highest overall heat transfer coefficient was obtained 
for STHE-CT&ET90° and STHE-ET90° arrangements, 
respectively. This indicates an increase in heat transfer 
in heat exchangers with elliptical tubes with an attack 
angle of 90° as compared with circular tube.

3. Additional conclusion that was drawn from this analysis 
is the impact of tube location in heat transfer. The impact 
of tubes near the shell on the overall heat transfer coeffi-
cient is much higher than those in the center of the shell.

4. STHE-CT and STHE-CT&ET90° showed the lowest 
and highest pressure drop in the shell side, respectively. 
The change in the cross-section of tubes from circular to 
elliptical caused an increase in the pressure drop in the 
shell side.

5. The cross-sectional shape of the tubes and their loca-
tion in the shell both in the center and on the shell side 
significantly affect the pressure drop in the shell side.

6. The lowest and highest pressure drop was observed in 
the tube side of STHE-CT and STHE-ET90°, respec-
tively. This indicates an increased pressure drop in the 
tube side in the elliptical tubes.

7. The pressure drop in the shell side and tube side of ellip-
tic tubes with an attack angle of 90° and 0° is higher 
than that in the circular tubes.

8. Although STHE-CT&ET90° and STHE-ET90°&CT 
combined arrangements increase the heat transfer by 
10% and 3%, respectively, compared to STHE-CT, they 
cause an increase in the pressure drop in the shell side, 
respectively, by 80% and 67% and lead to 55% and 40% 
increase in the tubes side compared with STHE-CT.

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://

Fig. 14  Pressure drop in 
the tube side of STHE-CT, 
STHE-ET0°, STHE-ET90°, 
STHE-ET90°&CT and STHE-
CT&ET90°
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