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Abstract. In this paper, the effect of turbulent flow on the thermal stresses and strains created in an annular
finned-tube bundle is studied. The finite volume method and the transition SST model, along with the
SIMPLE algorithm, are used to solve the flow equations, and the finite element method is used to solve the
thermal stress equations in solid. The results obtained from the effective stress and strain in the annular fins
bundle show that despite the temperature difference of less than 1 degree between the base and the edge of the
fin, the amount of thermal stresses cannot be ignored and the asymmetric distribution of temperature in the
fins leads to the shear stresses which play a key role in determining the maximum position of the effective
stresses in some rows. The results show that the amount of effective stress and strain in the third and fourth
rows are significantly smaller than the first and second rows. The results also show that the highest amount of
the effective stress occurs in the first row and the fin base at zero-degree angle, the value of which is 0.6MPa.
The predominance of the tangential stresses at the fin base in this row is the cause of this issue. However, in the
second fins onwards, although the tangential stresses are still higher, the greater asymmetry of the
temperature around the fins in these rows leads to comparability of the shear stresses with tangential stresses
and creates the maximum effective stress at angles other than zero degree. Therefore, according to the results
of this paper, the analysis of the flow around the annular fins is necessary to calculate thermal stress and strains
and it determines the vulnerable points in each tube row. It is natural that with increasing temperature
difference between the base and the edge of the fin and with increasing fin hight, the importance of these
studies increases.

Keywords: Finite element method / finite volume method / annular fin / thermal stress / thermal strain /
turbulent flow / flow around finned tubes bank
1 Introduction

Today, the use of tubes bundle is one of the common
methods for heat transfer in industry. The extensive use of
the tubes bundle in industry has led researchers to conduct
numerous research to increase the efficiency of the tubes
bundle. One of the methods that is used today to improve
the performance of the tubes bundle in the field of the heat
transfer is to place the fins on the bundle of tubes. But on
the other hand, the temperature gradient created in the fins
increases the stress. This has led researchers to conduct
several studies on the thermal stresses in the tubes and fins.
In the following, we will review some of the research done in
the field of examining the thermal stresses in the annular
_payan_usb@eng.usb.ac.ir
fins and studying the flow in the annular finned-tube
bundle.

First, let’s refer to some of the studies that have been
done to investigate the distribution of temperature and the
thermal stress in the annular fin with no flow. Using two
methods of the inverse Laplace transform and the Simpson
rule, Shang Sheng [1], studied the thermal stresses in a
homogeneous and isotropic annular fin under the assump-
tion of one-dimensional and transient heat transfer. Also
Yu and Chen [2] investigated the stress distribution and
the heat transfer in isotropic annular fin in one-dimensional
mode with the convective, radiative, and convective-
radiative boundary conditions in both steady and transient
modes using hybrid method. They compared the tempera-
ture distribution and thermal stress obtained with different
boundary conditions. Chiu and Chen [3] also used the
analytical method to investigate the distribution of
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the temperature and thermal stresses in an isotropic
annular fin. Their results showed that small temperature
variations also cause significant differences in the thermal
stresses. Using the homotopy analysis method, Aksoy [4]
also examined the temperature distribution in an annular
fin and compared the temperature distribution results with
the finite difference numerical method. Roy and Ghosal [5]
also used the method of homotopy perturbation to
investigate the temperature distribution in the annular
fin and the effect of temperature-dependent variations in
the thermal conductivity coefficient on the efficiency of the
fin and its temperature distribution. Peng and Chen [6] also
investigated the distribution of temperature in an annular
fin using the hybrid differential transform and the finite
difference methods. Among the other research we can refer
to the study by Aziz [7]. He solved the two-dimensional
conduction in a rectangular fin and examined the effects of
the presence of a thermal source, the non-uniform
temperature of the fin base, and the variations in the
thermal conductivity coefficient. Lau and Tan [8] also
studied errors in one-dimensional analysis of heat transfer
in straight annular fins. They presented a two-dimensional
analytical solution for a fin under constant base tempera-
ture and the uniform thermal conductivity coefficient
around the fin. Among other research that studied the
temperature distribution and thermal stress in the annular
fins, it can be mentioned to references [9–12].

We now turn to a number of studies that have examined
the flow and heat transfer at annular finned-tube bundle.
Jang et al. [13] experimentally and numerically studied the
thermal performance of annular finned-tube bundle in 4
rows in dry and humid conditions at input velocity of
1–6m/s. Their studies show that increasing the fluid
velocity and one-dimensional fin assumption cause the
error in approximation of the fin efficiency increase. Neal
et al. [14] examined the heat transfer and flow behaviors of
a nine-row annular finned-tube bundle. Mon and Gross [15]
also numerically examined the effect of fin pitch on heat
transfer, pressure drop, and flow field in four-rows annular
finned-tube bundle with turbulent flow. Their results
showed that the expansion of the boundary layer on the fin
and the tube surfaces is essentially dependent on the ratio
of the fin pitch to the fin height and also show that in linear
arrangement when this ratio increases, the heat transfer
coefficient increases and the pressure drop decreases.
Bilirgen et al. [16] also repeated the research by Mon and
Gross for a row annular finned-tube bundle with turbulent
flow and examine more precisely the effect of Reynolds
number and the effect the fin pitch, fin height, fin thickness,
and fin material on pressure drop and heat transfer. Their
results showed that the effect of the fin thickness on heat
transfer and pressure drop is much less than the fin height
and fin pitch. Jang and Yang [17] also studied the pressure
drop and heat transfer at different input velocities (from 2
to 7m/s) in the annular and elliptical finned-tube bundles
by the numerical and experimental methods. They showed
that the heat transfer coefficient of the annular finned-tube
is 20 to 50% higher than that of the elliptical finned-tube
with similar tubes. However, the pressure drop in the
annular tubes is much higher than in the elliptical tubes.
Hu and Jacobi [18] also conducted numerical-experimental
study on heat transfer on a four-row annular finned-tube
bundle. Their results indicated that at Reynolds number
between 3,300 and 12,000, even if the angle of attack was
very small, there would be a significant change in
convective mass transfer and mass transfer behavior.
Kuntysh and Stenin [19] repeated the study by Hu and
Jacobi under turbulence flow assumption. Mon [20] also
investigated the effect of geometry parameters such as the
fin thickness, fin height, tube diameter, fin spacing, the
fluid velocity and the fin arrangement of the annular
finned-tube bundle on the heat transfer coefficient.
The results showed that in linear arrangement, by
increasing the ratio of the fin spacing to fin height, the
heat transfer coefficient increases and the pressure drop
decreases, while in the staggered arrangement, the heat
transfer coefficient first increases and then decreases.
Shokouhmand et al. [21] also investigated the optimization
of the annular finned-tube bundle using constructal design
method. Their goal was to find the optimal geometry to
increase heat transfer. They showed that the optimal
geometry is influenced by the flow condition. Nemati and
Moghimi [22] also studied the numerical flow at the finned-
tubes bundle in the heat exchangers with different models
of flow turbulence. Their results showed that the Transi-
tion SST model is well compatible with the experimental
results. Also, Nemati and Samivand [23] used the
Transition SST model to study the flow and heat transfer
in annular and elliptical finned-tube. Pis’Mennyi [24] also
investigated the thermal and hydraulic performance of
bent finned-tubes bundle in different directions. The
results showed that using proposed levels significantly
reduced the amount of metal and the size of the heat
transfer equipment. As known, the fin back region in
streamwise direction does not contribute much to the heat
transfer. For this reason, Kuntish and Kuzentsov [25]
removed the back part of the fins. Their results showed that
this increased the heat transfer coefficient. However,
decrease in heat exchange level leads to decrease in heat
transfer rate, especially for high Reynolds numbers.

Finally, an overview of other research on the solving
fluid flow problems and thermal stresses is given
simultaneously. Wang et al. [26] used the liquid-solid-
thermal coupling to investigate heat transfer and heat
stress distribution along a tube of coil heat exchanger.
Their results showed that as the velocity of the input flow
increased, the heat transfer increased and the temperature
difference decreased. Their results also showed that
reducing the temperature difference lead to reduce the
amount of thermal stress and increase the effect of the
initial stress. Zhang et al. [27] used numerical and
experimental methods to investigate the thermal perfor-
mance and mechanical properties in plate-fins heat
exchangers. They obtained the flow contours, pressure
drop and temperature difference in their models. Demirdzic
et al. [28] proposed a numerical method that can be used to
analyze stress in a solid object and to predict fluid flow,
both independently and coupled with a solid. They solved
an example of a solid-coupled fluid flow in order to
demonstrate the full capabilities of their method.
Alzaharnah et al. [29] investigated the thermal stresses
caused by the temperature distribution in the tube.
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They studied their problem under a fully developed flow
assumption and a laminar flow field with constant
properties inside the tube, and examined the problem as
the symmetric axial problem with a uniform heat flux of
1300W/m2 on the outer wall with an inlet fluid tempera-
ture of 293K. They investigated the effect of diameter,
thickness and length of the tube on the thermal stresses
created in three different compositions and 27 different
samples. Their results showed that the thickness of the
tube wall and the tube diameter are important parameters
that affect the thermal stresses of the tube. Hosseini et al.
[30] investigated the thermal stresses and strains in a fin by
passing an external flow over it. They used periodic
boundary conditions to model a fin. They analyzed their
problem in two regimes: the laminar and turbulence flow in
transient way. Their results showed that during turbulent
flow, the thermal stresses were much higher than the
laminar flow, and the effect of flow on thermal stresses
cannot be ignored.

According to the review of the literature it can be
observed that some researchers limited their studies to the
computation of the temperature [1–8] and the distribution
of the thermal stresses and strains [1–3] on an annular fin in
which the temperature distribution is one-dimensional in
the fin. On the other hand, a number of researchers [13–25]
have only studied the heat transfer and flow behaviors in
the annular finned-tube bundle. Finally, some papers
examined the flow inside the tubes [26–29] or the flow
outside on a fin [30]. Although they related to both fluid
flow and thermal stresses simultaneously, the thermal
stresses and strains in the fin bundle have not been
investigated. Therefore, the innovation of the present
paper can be expressed as follows:

–
 Investigating the effect of turbulence flow on each of
annular fin in four row finned-tube bundle.
–
 Investigating the effect of different shapes of fins on the
thermal effeciency of the bank of finned tubes and the
thermal stresses created in the annular fins.
–
 Finally, finding the best fin’s shape in reducing the
thermal stresses created in fin with the highest thermal
stress.

2 Problem description and governing
equations

2.1 Problem description

In the present study, an annular fin bundle with boundary
and geometric conditions, distance from the flow inlet
(a=23.8mm), distance from flow outlet (b=105.4mm),
solution domain height (h=2.5mm), solution domain
width (c=40.8mm), two fin spacing (d=6.8mm) shown in
Figure 1A–C, is studied. Other geometrical characteristics
and the material properties of the fin are shown in Table 1.
The temperature of the tube wall is also constant and equal
to the temperature of the fin base. The airflow is turbulent,
incompressible, constant and three-dimensional. Also, the
fin is assumed homogenous and isotropic. Solution of the
fluid area in the present study is done with the boundary
conditions shown in Figure 1A–C using the FVM method
and the Transition SSTmodel [22] and the solid area is also
done using the FEM method. Also, since the thickness of
the fin is small, the governing equations in the solid area are
solved with the assumption of plane stress. The geometric
and the boundary conditions of the fluid domain are in
accordance with the reference [22]. ANSYS Fluent and
ANSYS Mechanical software [31] with Fluid-structural
method iteration was used for numerical solution.

2.2 Governing equations and boundary conditions
2.2.1 Fluid domain

The governing equations of heat transfer in turbulent,
steady, and incompressible fluid flow are as follows [22]:

A � Continuity equation:
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In equation (2), m is the dynamic viscosity, mt is the
turbulent viscosity, and k is the turbulent kinetic energy.

C � Energy equation:
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In equation (3), E is the total energy.
D � Boundary conditions
1. Inlet and outlet boundary conditions:
At the inlet, the fluid flow is uniform and in the

direction of x1, with a temperature of 308.15 K, 1%
turbulence intensity, and 2% turbulent viscosity ratio.
At the outlet, the relative pressure is considered to be
zero.

2. At the surfaces shown in Figure 1, the symmetry
boundary condition is defined as follows.
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3. The no-slip condition defined for the tube and the
fin is:

ui
f ¼ 0 ð5Þ

In equations (4) and (5), ui
f is the component i of the

fluid velocity.



Table 1. Thermal and geometric and material properties of the aluminum fins.

Fin material properties Dimensions Specified temperatures

rs = 2700 kg/m3 j = r � rb/re � rb Ta = 308.15 K

Es = 7.1 � 10
10

Pa j* = r/rb Tsur= 308.15 K

ns = 0.33 rb = 12 mm Tb = 283.15 K

c2p ¼ 925 J=kg K re = 17 mm

a*s = 2.3e−5 wt = 0.5 mm

Tensile yield strength = 280 MPa
Compressive yield strength = 280 MPa

Fig. 1. Annular finned tube bundle (A) X1–X3 plane, (B) X1-X2 plane, (C) a distinct fin.

4 A. Hatami et al.: Mechanics & Industry 21, 601 (2020)
2.2.2 Solid domain (fin)

The governing equations of the solid domain (fin) include
the energy equations, equilibrium equations, structural
equations, and strain-displacement equations. The bound-
ary conditions used to solve the energy equation are the
thermal boundary condition of the constant temperature at
the fin base and the boundary condition of the coupling
between the fin and the fluid. Also, the condition of zero
radial stress in the inner and outer radius and zero axial
stress in the perpendicular to the fin to solve equilibrium
equations and structural equations of the material is in the
z direction. In addition, the important governing assump-
tions on the problem include the independence the heat
equations from stress equations. This means that the
energy equation is first solved using thermal boundary



Fig. 2. Grid type defined for the fins.

Fig. 3. Grid type defined for the fluid domain and fin-fluid
interface.

Table 2. Mesh Independence.

Mesh No. Nodes Nu Err

1 1630748 28.86
2 2668653 32.54 12.75
3 2986782 35.42 8.85
4 3522744 35.92 1.41
5 4930590 35.93 0.02
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conditions and then equilibrium, strain-displacement and
structural equations are solved using the calculated
temperatures of the energy equation, with the mentioned
boundary conditions of stress. Now, according to the stated
explanations, the governing equations of the solid domain
(fin) are as follows.
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In equation (6), Ts is the temperature, rs is the density,
ks is the thermal conductivity, and csp is the special heat
capacity of the fin. Also, for modeling of solid part,
constitutive and equuilibrium equations [30] are used.
3 Grid and validation

3.1 Grid

Grid independence is checked for inlet velocity 2m/s and
Reynolds number 9058. The grid independence section,
griding, starts from the basic mesh 1630748 including the
number of 686000 solid grid and 944748 the fluid grid.
It should also be noted that in the present work,
Fluid-structural interation method is used to the fluid
and solid boundary meshes are compatible. The number of
nodes is increased in a several steps until there is no change
in the results after that number to ensure the selected grid.
The type of the griding is shown in Figures 2 and 3.
Structured grid is used in the space around the fins and the
depth of the computational range. In each grid during the
solution, the grid is modified to reduce the amount of y+ to
less than 5. Table 2 shows the results of the grid
independence. As shown in Table 2, grid 4 can be selected
as the appropriate mesh. The value of y+ in grid 4 is 1.15.

3.2 Validation
3.2.1 Fluid domain

To ensure the accuracy of the fluid domain solution results,
the obtained numerical results and the experimental results
are examined in three different Reynolds numbers.
The following experimental relationships are used to
predict the Nusselt number in an annular finned-tube
bundle. The acceptable error rate for these relationships is
also mentioned. As shown in Table 3, the highest error is
with reference [33], which does not exceed 14.96%. In this
way, the error obtained is in the acceptable range of 25%.
The formula |ai� bi|/ai� 100 is also was used to calculate
the relative error.

Nu ¼ 0:22Re0:6 Pr
1
3

A

At

� ��0:15

;

Maximum deviation ±25%; ðRef:½32�Þ ð7Þ

Nu ¼ 0:3Re0:625 Pr
1
3

A

At

� ��0:375

;

Maximum deviation ±25%; ðRef:½33�Þ ð8Þ



Fig. 4. Geometry of an annular fin having inner radius a and tip
radius b.

Table 3. Validation results for the fluid domain.

uin (m/s) Nu [32] Nu [33] Nupresent work Err [32] Err [33]

2 34.95 38.16 35.92 2.77 5.87
2.5 39.96 43.87 41.06 2.75 6.40
3 44.58 49.16 50.35 12.94 2.42

Fig. 5. Comparison of temperature values.

Fig. 6. Comparison of radial stress.
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3.2.2 Solid domain

Figure 4 shows a schematic figure of the fin studied by
Mallick and Das [9]. They considered the dimensionless
boundary conditions shown in Figure 4 for their problem.
The aim was to calculate the dimensionless temperature
distribution and to calculate the thermal stresses in the
annular fin. They used the SIMPLEX SEARCH
METHOD to solve their given problem. Then, they
compared the obtained results from their model with the
results of Chiu and Chen [3] study in order to validate
their model. Since the model used in Mallick and Das [9]
study has been validated for all temperature conditions
(they solved problem with boundary conditions in
dimensionless mode), so if the present study is validated
with Mallick and Das [9] work, the model used in the
present work can also be applied for different tempera-
ture conditions and different temperature range of fins.
Figures 5–7 show the comparison of the temperature
distribution and thermal stresses of the present study
with the results of both Mallick and Das [9] and Chiu and
Chen [3] research, which indicates the accuracy of the
numerical method used in the present study. In Figure 8,
the results of the present numerical method are
compared with the results of reference [9] study with
different temperature conditions of the fin tip. As can be
seen, the error between the two methods in the
temperature distribution is less than 1.5%. According
to the studies, the numerical method used for solving the
thermal stresses in solid can be used for the given
temperature conditions in the fins bundle, which is
discussion subject in this paper.
4 Results and discussion

In this section, the contours of temperature, and radial,
tangential, shear and effective stress and strain are



Fig. 8. Comparison of temperature values.

Fig. 9. Legend of areas and angles.

Fig. 7. Comparison of tangential stress.
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examined. The areas mentioned in the text were shown in
Figure 9. The direction of the presented angles expressed in
the text is shown in Figure 9, too.

4.1 Temperature variations in the fins bundle

The temperature contours in fins of the rows 1 to 4 are
shown in Figure 10. The contours show that the highest
temperature variations occur in the radial direction in row
1 in area C, and in the other three rows in areas A and B.
Also, due to the lack of a fin onward the fin of row 4, it is
observed that the temperature distribution in the back area
of fin 4 is different from that of the other fins.
4.2 Radial, tangential and shear stress variations

The radial, tangential, and shear stress contours in
Figures 11–13 show that the highest amount of the radial,
tangential, and shear stresses occur in row 1. It is also
observed that the distribution of the radial, tangential and
shear stresses in fin of the row 1 is different from other rows
which is due to having different temperature gradient in
the fin of row 1 than other rows. Contours in Figure 11 show
that the maximum radial stress occurs in areas corre-
sponding to the maximum radial temperature gradient.
Also, the results of the tangential stress in Figure 12 show
that themaximum absolute value of the tangential stress in
all rows is at the fin base, where the fin couples and fixes to
the tube. The comparison of the temperature and
tangential stress contours shows the similarity of these
two contours, which determines the predominant effect of
the temperature on the tangential stress. Also, the values of
the created shear stress are important because of the
asymmetric temperature gradient in the fins so that its
values are greater than the values of radial stresses and can
be compared even with the tangential stress values in rows
2, 3 and 4. The shear stress contours in Figure 13 show that
the highest amount of the shear stress locates at the edge of
the fin in all rows.

4.3 Radial, tangential and shear strain variations

The radial, tangential, and shear strain contours are
plotted in Figures 14–16. These contours indicate that the
highest amount of strain occurs in fin of the row 1.
Figures 14 and 15 also show that the highest absolute value
of the radial and tangential strain is in row 1 at the fin base
and in other rows is at the edge of the fin in areas A and B.
Figure 16 also shows that the highest absolute value of



Fig. 10. Temperature contours of the fins (inlet flow rate= 2m/s).

Fig. 11. Radial stress contours in the finned tubes bank (inlet flow rate=2m/s).
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the shear strain is at the fin edge in all rows. Another
important point is that the maximum values of shear strain
in rows 3, 2 and 4 are higher than the values of tangential
strains in these rows which is due to the higher temperature
asymmetry in these rows.
4.4 Effective strain and strain variations

The thermal stress and strain are effective decision
making measure for determining the worst or most
vulnerable area in terms of the strength and deformation.



Fig. 13. Shear stress contours in the finned tubes bank (inlet flow rate= 2m/s).

Fig. 12. Tangential stress contours in the finned tubes bank (inlet flow rate=2m/s).
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The effective stress and strain contours are shown in
Figures 17 and 18. The equation of effective stress and
effective strain in this study is (9) and (10). The contours
of Figures 17 and 18 show that the highest amount of
effective stress and strain occurs in the fin of row 1, which
is due to the higher temperature gradient in this fin than in
other fins. It is also observed that the highest amount of
effective stress and strain is in the fin base of row 1 at the
areaCandapproximatelyatzeroangle.However, inrows2,3
and 4, the highest amount of effective stress and strain at the
fin edge the is approximately at an angle of 70 and −70
degrees and this is because of the absolute value of the stress



Fig. 14. Radial strain contours in the finned tubes bank (inlet flow rate=2m/s).

Fig. 15. Tangential strain contours in the finned tubes bank (inlet flow rate=2m/s).
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as well as the shear strain at the fin edge in rows 2, 3, and
4, which has significant value compared to the maximum
tangential stresses at the fin base. The position of the
worst place is influenced by this issue. Also, behind the
fin of row 4, the effective stress and strain have increased
compared to the fins of rows 1, 2 and 3 in the base
location and the fin edge which is due to the temperature
variations created in it.

sef ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2s2

rr þ 2s2
uu � 2srrsuu þ 6s2

ru

q
ð9Þ

eef ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2rr þ 2e2uu � 2erreuu þ 6e2ru

q
ð10Þ



Fig. 16. Shear strain contours in the finned tubes bank (inlet flow rate=2m/s).

Fig. 17. Effective stress contours in the finned tubes bank (inlet flow rate=2m/s).
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4.5 The comparison of an alone fin under periodic
condition and each fin into the bundle of fins

In this section an alone fin under periodic condition is
simulated. The simulation of a fin under periodic condition
in the streamwise direction had been done by [30];
therefore, same simulation method is used in this paper.
The aim of this section is to compare the obtained results
from previous sections with the alone fin under periodic
condition. Same dimensions of the present fins into the
finned-tube bundle are considered for designing of
alone fin. The comparison of the obtained results in



Fig. 18. Effective strain contours in the finned tubes bank (inlet flow rate= 2m/s).

Fig. 19. Temperature and effective Stress Contours (a fin with periodic condition).
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Figure 19 with Figures 10 and 17 shows that stress and
temperature distributions of alone fin (a fin with
periodic condition) are similar to fins of 2, 3, and 4 rows
but they are different from fin of first row. Moreover, more
matching there is between second row fin and alone fin.
The location and value of maximum stresses are
expressed in Table 4. Also, the maximum value of
effective stress and critical location of effective stress
are shown in Table 4. As seen, while the location of
maximum stresses of alone fin are similar to fins of 2, 3 and
4 rows, the value of stresses are different from each other
except for second row. In addition, the CPU time for
alone fin was compared with the CPU time of finned-
tube bank. The CPU time for alone fin was 240 h while
the CPU time for bank of finned tubes was 2 h. Therefore,
the running time of bank of finned tubes was faster
than running time of the alone fin under periodic
condition.

4.6 Effect of change shape of the first row fin on heat
transfer

Since the maximum amount of effective stress and strain
is in fin of row 1, we are looking for a solution to reduce
stress in this fin. To achieve this, four types of
deformation are first applied to the annular fin of the
row 1 as shown in Figure 20, and the efficiency of the fin
bundle is calculated in each case. For this purpose,



Fig. 20. Geometry exchange of the fin of first row.

Table 5. Thermal effeciency for various modes.

Mode Nu/f Err

0 608.87 0.00
1 617.38 1.39
2 613.90 0.82
3 628.32 3.19
4 599.51 −1.53

Table 6. The comparison of effective stress and strain for
two modes 0 and 1.

Fin Max seff Err Max eeff Err

A1
B1

0.671
0.620

7.59↓ 1.3646e−5

1.2887e−5
5.56↓

A2
B2

0.557
0.560

0.51↑ 1.0925e−5

1.1089e−5
1.50↑

A3
B3

0.383
0.390

1.74↑ 7.3253e−6

7.4472e−6
1.66↑

A4
B4

0.335
0.340

1.40↑ 6.5234e−6

6.6107e−6
1.33↑

Table 4. The comparison of stresses (MPa).

Fin srr(max) jsuujðmaxÞ sru(max) seff(max) ðu; rÞsrrðmaxÞ ðu; rÞjsuu jðmaxÞ ðu; rÞsruðmaxÞ ðu; rÞ
effðmaxÞ

A1 0.043 0.490 0.138 0.671 (60�, 14.5mm) (0�, 12mm) (115�, 17mm) (0�, 12mm)
Periodic 0.019 0.378 0.083 0.531 (60�, 14mm) (80�, 17mm) (55�, 17mm) (80�, 17mm)
A2 0.020 0.396 0.095 0.557 (90�, 14mm) (80�, 17mm) (55�, 17mm) (80�, 17mm)
Periodic 0.019 0.378 0.083 0.531 (60�, 14mm) (80�, 17mm) (55�, 17mm) (80�, 17mm)
A3 0.014 0.272 0.064 0.383 (100�, 14mm) (80�, 17mm) (55�, 17mm) (80�, 17mm)
Periodic 0.019 0.378 0.083 0.530 (60�, 14mm) (80�, 17mm) (55�, 17mm) (80�, 17mm)
A4 0.012 0.238 0.057 0.335 (100�, 14mm) (80�, 17mm) (55�, 17mm) (80�, 17mm)
Periodic 0.019 0.378 0.083 0.531 (60�, 14mm) (80�, 17mm) (55�, 17mm) (80�, 17mm)
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the efficiency of the fin bundle is defined as the equation
(11) (the ratio of the Nusselt number to the friction
coefficient) and then the efficiency percent is calculated
according to the equation (12) and is expressed in
Table 5. The results of Table 6 show that the best modes
are mode 3 and then mode 1 in terms of the thermal
efficiency. In the next section, we examine the effective
stresses in these modes and compare it with the 0 mode
(reference mode).

h ¼ Nu=f ð11Þ

Err ¼ jai � bij=ai � 100 ð12Þ
That ai, bi are variables in various states.

4.7 Effect of change shape of the first row fin
on effective stress and strain

Figure 21 shows the temperature and stress contours of
the fin of first-row for both 0 and 3 modes. As can be seen,
the shape change of mode 3 increases the effective stress
because of increase of the temperature gradient, so this
type of shape change is not suitable. Now, considering
that mode 1 has the highest value of thermal efficiency
after mode 3, we examine the stress in this mode.
Figure 22 shows the geometry of the finned-tube bundle
with the created shape change in the fin of first row
(mode 1). In this figure, rv=12mm and rh=13mm. The
effective stress and strain contours are shown in
Figures 23 and 25 for the two modes A (Mode 0) and
B (Mode 1). Figures 23 and 25 show that the highest
amount of effective stress and strain in both A and B
modes is at the fin of row 1, which is due to having
higher temperature gradient in this fin than in other fins.
Also, you can see in the contours of the effective stress in
Figure 23 that the maximum point of the stress in
mode A is at the fin base and in mode B is at the fin edge.
This is due to the decrease in temperature gradient in the
radial direction in area C of the fin at the mode B, as seen
in the temperature contours of these two fins in
Figure 24. On the other hand, a comparison of the
decrease or increase rate of the effective stress and
strain of mode B and mode A (zero mode) in Table 6
shows that changing the shape of the tube as elliptical in
row 1 causes a significant reduction of the effective
stress and strain in the fin of row 1 and a slight increase
of the effective stress and strain in other rows. As a
result, the shape change of the fin of row 1 is a good
way to increase the thermal efficiency and reduce the
stress.



Fig. 21. Temperature and effective Stress Contours in the fin of first row for 0 mode and 3 mode.

Fig. 22. Fin of first row (Mode 1).
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5 Conclusion

In this paper, the thermal stresses and strains in a four-row
annular finned-tube bundle exposed to the transverse flow
were analyzed. The fluid flow was turbulent, and the fins
were in line arrangement. The finite volume method and
the Transition SST model, along with the SIMPLE
algorithm, were used to solve the flow equations using
FLUENT software, and the finite elementmethod was used
to solve the thermal stress equations in the solid using
ANSYS software. Studies have shown that although the
maximum temperature difference in the fin bundle is less
than 1K degree, the maximum effective stress and strain,
which are 0.67MPa and 1.36e−5, respectively, cannot be
ignored. It should also be noted that with increasing
temperature difference between the fluid and the fin base
and because of the asymmetric distribution of temperature,
the importance of studying the heat flow on thermal
stresses and strains increases. The obtained results of the
study on the effect flow on the created strains and stresses
in an annular finned-tube bundle are summarized as
follows:

–
 The highest effective stress and strain appeared in the
first row.
–
 The temperature gradient, stress, and strain in row 1
were different from other rows.
–
 The highest effective stress in the first row occurred in
the fin base. In the other rows, they appeared at the edge
of the fin. The effective stress and strain were greater in
the first and second rows than in the third and fourth
rows.
–
 The highest effective stresses were observed in area C of
row 1 and areas A and B of rows 2, 3 and 4.
–
 The highest effective strains for all rows were observed in
areas A and B.
–
 In area D of rows 1, 2, and 3, the effective stress and strain
were relatively low, but in row 4, they were higher than in
other rows.
–
 In all rows, temperature gradient had a dominant
influence on tangential stress and tangential strain.
–
 The radial strain of the highest magnitude in row 1
appeared in the base of the fin. In rows 2, 3 and 4, it was
observed at the edge of the fin at angles of about 70 and
�70 degrees.
–
 The tangential stress and strain of the greatest
magnitude in row 1 were seen in the base of the fin. In
other rows, they appeared at the edge of the fin at angles
of about 70 and �70 degrees.



Fig. 24. Temperature contours in the fin of first row for both A and B modes.

Fig. 23. Effective stress contours in the finned tubes bank for two modes A and B at input speed 2m/s.
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Fig. 25. Effective strain contours in the finned tubes bank for both A and B modes at input speed 2m/s.
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–
 The highest absolute value of the stress and shear strain
of the fin of row 1 is about 110 and 110 degrees and that of
the other fins in rows 2, 3 and 4 is around 70 and �70
degrees at the fin edge.
–
 The comparison of alone fin under periodic condition
with each fin into the fins bundle showed that more
matching there was between alone fin and fin of second
row.
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Based on all the results, it is clear that it is necessary to
take into account the thermal stresses and strains in the
design of annular fins.

Also, our examination of the outcomes of geometrical
change of tube of first row showed that using elliptical
tubes in heat exchangers can be a good solution to reduce
stress and increase thermal efficiency.
Nomenclature

English symbols
cp
 Specific heat at constant pressure, j/kg k

E
 Modulus of elasticity, Pa

h
 Convective heat transfer coefficient, W/m2 k

kf
 Thermal conductivity, W/mk

kt
 Turbulent thermal conductivity, W/mk

r
 Radius, m

rb
 Inner radius of the fin, m

re
 Outer radius of the fin, m

Srr
 Radial stress

Suu
 Tangential stress

Sru
 Shear tress

T
 Temperature, K

Ta
 Fluid temperature, K

Tb
 Temperature at the fin base, K

u
 Displacement, m

wt
 Fin thickness, m
Greek symbols
a
 Surface absorptivity

a�
 Thermal expansion coefficient

e
 Surface emissivity

err
 Radial strain

euu
 Tangential strain

y
 Poisson’s ratio

r
 Density, kg/m3
m
 Dynamic viscosity, kg/ms

mt
 Turbulent viscosity, kg/ms
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