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ABSTRACT 
Numerical prediction of a three-dimensional flow in the annular-finned tube under laminar flow (Re=2033) and constant inlet 

temperature (60°C) for distilled water is presented. This work deals with fluid-structure interaction (FSI), one of the emerging 

areas of numerical simulation and calculation. The solution for such problems is based on the relations of continuum mechanics 

and is mostly solved with numerical methods. FSI occurs when the flow of fluid influences the properties of a structure or vice 

versa. It is a computational challenge to deal with such problems due to its complexity in defining the geometries, nature of the 

interaction between a fluid and solid, intricate physics of fluids and requirements of computational resources. There are two 

different fluid-structure interaction approaches that can be used, depending on the physics nature of the interaction. One- way and 

two-way coupled FSI. Recent progress in computing power has led to a great advance in computational fluid dynamics 

(CFD) and computational structural dynamics (CSD) so that many researchers are trying to solve the FSI problems by coupling the 

equation of motion for the fluid with that for the structure. The objectives of the paper are to develop a method for the simulation 

of horizontal finned tube structural member subjected to pressure loading using a two-way coupling FSI analysis and to 

investigate the structural response as well as a fluid response in two-way coupling method. The simulation results show that 

the maximum deformation occurs during the first half of the tube due to high temperature and the two-way coupling deformations 

oscillate  back  and  forth , with a maximum amplitude of around 0.003 mm with a maximum stress of (0.68 Mpa). This paper paves 
 the road for future research studies to consider FSI when augmentation of heat transfer is sought 

 

KEYWORDS:  Interaction, Structural transient, total deformation, Frequency 
 
Nomenclature: 

SYMBOL DESCRIPTION UNITS 
M mass matrix  - 
C damping matrix - 
K stiffness matrix - 
ρ fluid density kg/m

3 
v fluid velocity m/s 
p fluid pressure N/m

2 
ɷn   natural frequency  Hz 
φi mode shape vector(Eigen vector) of mode i - 

u, v, w 
Velocity component in Cartesian coordinate 

  m/s 
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INTRODUCTION 
 

Fluid- structure interaction (FSI) is a multi-physics phenomenon which occurs in a system where flow of a 
fluid causes a solid structure to deform which, in turn, changes the boundary condition of a fluid system. FSI 
problems play prominent roles in many scientific and engineering fields, yet a comprehensive study of such 
problems remains a challenge due to their strong nonlinearity and multidisciplinary nature. The advantages of 
FSI are: 

1. FSI is responsible for countless useful effects in engineering. 
2. It allows fans and propellers to function. 
3. Sails on marine vehicles to provide thrust. 
4. Aero foil's on race cars to produce down force. 
For most FSI problems, analytical solutions to the model equations are impossible to obtain, whereas 

laboratory experiments are limited in scope; thus to investigate the fundamental physics involved in the complex 
interaction between fluids and solids, numerical simulations may be employed. For the past ten years, the 
simulations of multi-physics problems have become more important in the field of numerical simulations and 
analyses. In order to solve such interaction problems, structure and fluid models i.e. equations which describe 
fluid dynamics and structural mechanics have to be coupled. 

Solution strategies for FSI simulations are mainly divided into monolithic and partitioned methods; this 
paper will focus only on partitioned methods. Partitioned methods are divided into one-way and two-way 
coupling. Two-way coupling is further divided into weakly and strongly coupled methods. 

The objectives of fluid-structure interaction has comparatively been less acclaimed in literature therefore 
the number of the publications dealing with it is limited. The most productive research has been continuously 
carried out by the following studies: 

Huang et al. [1] studied the natural frequency of fluid structure interaction in a pipeline conveying fluid in 
different boundary conditions, by using the eliminated element-Galerkin method. The results indicated that the 
effect of Coriolis force on the natural frequency was inappreciable. Kuehlert et al. [2] examined the accuracy of 
computational fluid dynamics in simulating the cross-flow around a steam generator tubes and the feasibility of 
a full scale coupled CFD/FEA fluid–structure interaction (FSI) analysis through successive validations. Results 
from the simulation of an individual tube experiencing two degrees  of freedom flow induced vibration (at Re = 
3800) are then shown to compare favorably to experimental results. Jean and Daniel [3] carried out numerical 
analysis of a two-dimensional tube bundle with fluid–structure interaction (FSI) Modelling. Calculation of eigen 
mode shapes, frequencies and effective masses with the two methods is performed; it is concluded that: (i) the 
computational time is significantly lowered when using the homogenization method instead of the coupled 
method, since the problem size is reduced by 90 %; (ii) the tube bundle dynamic is described in a space-
averaged manner, which is sufficient to account for the main inertial coupling effects. Heinsbroek [4] studied 
the FSI in liquid-filled pipeline system by the method of characteristics and finite element method. Experiments 
are performed in a large scale 3D test facility consisting of a steel pipeline system suspended by wires. The 
agreement between experiments and simulations is shown to be good: frequencies, amplitudes and wave 
phenomena are well predicted by the numerical simulations. It is demonstrated that the results obtained from a 
classical uncoupled water hammer computation, would render completely unreliable and useless results. D. Fan 
et al. [5] investigated numerically and experimentally the simultaneous occurrence of fluid-structure interaction 
(FSI) and vaporous cavitation in the transient vibration of freely suspended horizontal pipe systems. 

Extended water hammer and beam equations, including the relevant FSI mechanisms, are solved by the 
method of characteristics. Column separation and cavitation are accounted for by a lumped parameter model. 
They found Close agreement between numerical results and unique experimental data obtained in a single-
elbow pipe system. Nahidh Mahmood [6] investigated experimentally and numerically the response of a conduit 
(thin wall pipe) conveying fluid due to a forced vibration. Several end pipe supports, like fixed-fixed, pinned-
pinned, fixed-free and flexible-flexible were adopted. From the results obtained, a well agreement was found 
between the experimental and both theoretical analysis, for the values of natural frequencies and shell vibration 
modes creation. Concerning the fluid- structure analysis, it was concluded that the fixed-free pipe has a great 
influence on the fluid flow deformation, and in general, the values of natural frequencies, pipe deformations and 
stresses were less than those of pipes without fluid. 

 
2. Governing Equation:  

This section provides the detailed information on the governing equations for the CFD and FSI simulation. 
Commercially available Finite Volume Analysis software, ANSYS 15.0 is used in the present study for CFD 
and FSI simulation.  
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2.2.1 Equations for CFD:  
The solution of the fluid side is based on the continuity equation and the Navier

Navier-Stokes equation, written in Einstein summation convention, is given by (1):
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A solution for this equation requires a fine discretization in space and time. To reduce the computational 
effort, the solution variables are split into a mean value and a fluctuation value, as shown in equation (2):

 

ϕϕϕ ′+=    

 
By using Reynolds averaging, we obtain (3), the Unsteady
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The continuity equation and the Navier

Starting with the continuity equation in integral form (4), three terms must be solved: the first term describes the 
change in mass in the control volume; the second deals with the mass flux through the control volume boundary; 
the third describes the change of the control volume throughout mesh deformation:
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2.2.2 Equations of FSI solution: 

The calculations for the structure side are based on the impulse    conservation (5). It is solved using a finite 
element approach, where a finite element is chosen for each specific problem:
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3.  System coupling: 

In ANSYS Workbench, the FSI (two
participants to a component system called System Coupling. A participant system is a system which either feeds 
or receives data in a coupled analysis. Here, Fluent (participant 1) and ANSYS Mechanical (participant 2) are 
acting as coupling participants as shown in figure

 

 
Fig. 1: System Coupling - flow chart

 
In the case of two-way coupling, as any time step (coupling step) is launched, Fluent acquires a converged 

solution according to its own criterion of the convergence and transfers the fluid forces to ANSYS 
Then the displacement value of a structural member is obtained with help of the solution provided by Fluent for 
the same time step. Now the difference exists compared to the one way coupling. The calculated solution of 
ANSYS Mechanical is given back to the Fluent to determine a new set of fluid forces according to nodal 
displacements of previous time step. This is said to be a coupling iteration and continues until the convergence 
criterion of data transfer is reached. 
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The solution of the fluid side is based on the continuity equation and the Navier
Stokes equation, written in Einstein summation convention, is given by (1): 















∂
∂−

∂
∂

+
∂
∂

∂
∂+ ij

k

k

i

j

j

i

ji x

u

x

u

x

u

x

p δη
3

2
  

A solution for this equation requires a fine discretization in space and time. To reduce the computational 
effort, the solution variables are split into a mean value and a fluctuation value, as shown in equation (2):

      

By using Reynolds averaging, we obtain (3), the Unsteady-Reynolds-Averaged-Navier
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The continuity equation and the Navier-Stokes equations are solved using a finite 
Starting with the continuity equation in integral form (4), three terms must be solved: the first term describes the 
change in mass in the control volume; the second deals with the mass flux through the control volume boundary; 

escribes the change of the control volume throughout mesh deformation: 

∫ =
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The calculations for the structure side are based on the impulse    conservation (5). It is solved using a finite 
element approach, where a finite element is chosen for each specific problem: 
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In ANSYS Workbench, the FSI (two-way coupling) analysis can be performed by connecting the coupling 
a component system called System Coupling. A participant system is a system which either feeds 

or receives data in a coupled analysis. Here, Fluent (participant 1) and ANSYS Mechanical (participant 2) are 
acting as coupling participants as shown in figure (1). 

flow chart 

way coupling, as any time step (coupling step) is launched, Fluent acquires a converged 
solution according to its own criterion of the convergence and transfers the fluid forces to ANSYS 
Then the displacement value of a structural member is obtained with help of the solution provided by Fluent for 
the same time step. Now the difference exists compared to the one way coupling. The calculated solution of 

back to the Fluent to determine a new set of fluid forces according to nodal 
displacements of previous time step. This is said to be a coupling iteration and continues until the convergence 
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The solution of the fluid side is based on the continuity equation and the Navier-Stokes equation. The 
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A solution for this equation requires a fine discretization in space and time. To reduce the computational 
effort, the solution variables are split into a mean value and a fluctuation value, as shown in equation (2): 
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Navier-Stokes Equation: 
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Stokes equations are solved using a finite volume approach. 
Starting with the continuity equation in integral form (4), three terms must be solved: the first term describes the 
change in mass in the control volume; the second deals with the mass flux through the control volume boundary; 
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The calculations for the structure side are based on the impulse    conservation (5). It is solved using a finite 
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displacements of previous time step. This is said to be a coupling iteration and continues until the convergence 
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Fig. 2: Solution algorithm for strong two

 
4. Numerical Analysis: 
4.1. A 3-D Geometry model of the coupling system:

The fluid domain is made as a cylindrical member in which the annular finned tube is placed outside. 
Figure (3) shows the entire fluid domain 
purpose of transient structural analysis is shown in figure (4). The position of the structural member in the 
Computational Structural Mechanics (CSM) model is identical to the position of the 
model; otherwise it would lead to errors while transferring data between two solvers.

 

Fig. 3: Geometry of a fluid domain.
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algorithm for strong two-way coupling. 

D Geometry model of the coupling system: 
The fluid domain is made as a cylindrical member in which the annular finned tube is placed outside. 

shows the entire fluid domain with dimensions. The geometry of the structural member for the 
purpose of transient structural analysis is shown in figure (4). The position of the structural member in the 
Computational Structural Mechanics (CSM) model is identical to the position of the cylindrical wall in the CFD 
model; otherwise it would lead to errors while transferring data between two solvers. 

Geometry of a fluid domain. 
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The fluid domain is made as a cylindrical member in which the annular finned tube is placed outside. 
with dimensions. The geometry of the structural member for the 

purpose of transient structural analysis is shown in figure (4). The position of the structural member in the 
cylindrical wall in the CFD 
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Fig. 4: Structural member. 
 

3.2     Computational mesh: 
In the case of the CFD mesh, the surface mesh is first created using triangular elements, which is then used 

to create a volume mesh. The volume mesh is made up of tetrahedral cells, belonging to the category of 
unstructured mesh. Unlike the structured mes
index. The reason for not using hexahedral cells is that it is not compatible with the use of dynamic mesh in the 
current version of ANSYS Fluent. The mesh of the entire computational flu

 

Fig. 5: Computational mesh of the fluid domain.
 
The computational mesh of the structural member is created with the help of ANSYS Meshing tool. Figure 

(6) shows the mesh of structural member.
 

Fig. 6: Structural mesh. 
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In the case of the CFD mesh, the surface mesh is first created using triangular elements, which is then used 
to create a volume mesh. The volume mesh is made up of tetrahedral cells, belonging to the category of 
unstructured mesh. Unlike the structured mesh, the cells of unstructured mesh cannot be identified using i, j, k 
index. The reason for not using hexahedral cells is that it is not compatible with the use of dynamic mesh in the 
current version of ANSYS Fluent. The mesh of the entire computational fluid domain is shown below.

Computational mesh of the fluid domain. 

The computational mesh of the structural member is created with the help of ANSYS Meshing tool. Figure 
(6) shows the mesh of structural member. 
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In the case of the CFD mesh, the surface mesh is first created using triangular elements, which is then used 
to create a volume mesh. The volume mesh is made up of tetrahedral cells, belonging to the category of 

h, the cells of unstructured mesh cannot be identified using i, j, k 
index. The reason for not using hexahedral cells is that it is not compatible with the use of dynamic mesh in the 

id domain is shown below. 

 

The computational mesh of the structural member is created with the help of ANSYS Meshing tool. Figure 
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The whole CSM finite element mesh consists of 51465 shell elements. The type of shell element used here 
is SHELL181. This is the standard and suitable element used by ANSYS Mechanical for analyzing structures 
with thin to moderately thick shell structures. It is a four-node element with six degrees of freedom at each node. 
Six degrees of freedom include translations in the x, y and z directions and rotations about the x, y and z axes 
[7]. 

 
3.3 Analysis of the dynamic characteristics: 

Generally, modal analysis is used to determine the vibrational characteristics of a structure. The vibrational 
characteristics such as natural frequencies and mode shapes of a structure are important in designing a structure 
subjected to a dynamic load. It can be considered as a starting point for a transient dynamic analysis. Also, the 
response of a structure can be evaluated when these modes are excited. The basic equation used in undamped 
modal analysis is the classical Eigen value problem which is given as: 
 
K φi=ɷ

2
n m φi               (6) 

  
In fact pressure loads are highly non-linear and time varying and this necessitates the consideration of a 

dynamic response of the structure. If the applied load drives the mode shapes then it leads to the resonance and 
failure of a whole system. So it is an essential process to find out the natural frequencies and its mode shapes of 
a structure. Generally, the dynamic response of a structure is measured by a parameter called Dynamic 
Amplification Factor (DAF) which is defined as a ratio of dynamic response amplitude to the corresponding 
static response.  

 
RESULTS AND DISCUSSION 

 
5.1. Modal analysis:  

The result of modal analysis of our case is shown in figure (7). The result includes the first six mode shapes 
with its respective natural frequency values. The first and second modes represent bending in x direction. The 
third and fourth mode shapes show the c-shape in x and z directions respectively. Finally fifth and sixth modes 
are representing bending in y and s-shape in x directions respectively. 

The maximum total deformation occurs in the fourth mode shape, and its value (8.1096 m), but the 
minimum total deformation occurs in the sixth mode shape, and its value (6.0167 m).  

 

 
Fig. 7: Six different mode shapes. 
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5.2. Dynamic displacement analysis: 
In figure (8) the displacement is shown for six time periods. The pressure load is decreased linearly up to 

0.11 second. From this time up to 0.125 second and onward, full load is applied where the maximum 
deformation occurred.  This shows that the two-way coupling deformations oscillate back and forth, with a 
maximum amplitude of around 0.003 mm.  

 
5.3  Stress Distribution:  

The stress distribution from two-way simulations gave similar results as in one-way simulations. The 
maximum von-Mises stress is far from the yield limit and only has mild fluctuations between every coupling 
iteration. Figure (9) shows the distribution of von Mises stress on the mesh from simulation in structural 
transient. The maximum stress for the mesh is (0.68 MPa) at time period of (1×10-8 sec.), but the minimum 
stress for the mesh is (928.81Pa) at time period of (1 sec).  

 
5.4.   Strain Distribution:  

The distribution of equivalent elastic strain on the mesh from simulation in transient structural is shown in 
figure (10). The maximum strain for the mesh is (0.003m/m) at time period of (0.01 sec.). From this figure we 
can see that the greatest strain happens in the central region of the twisted tape.  

 

 
 

Fig. 8: Transient deformation for six periods at (Re = 2033) for water. 
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T1 = 0.2 second 

T2 = 0.6 second 
 

T3 = 1 second 
 

Fig. 9: Transient stress for three periods at (Re = 2033) for water.
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Transient stress for three periods at (Re = 2033) for water. 
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T1 = 0.2 second 

T2 = 0.4 second 

T3 = 0.7 second 
Fig. 10: Transient strain for three periods at (Re = 2033) for water.

 
Conclusions: 

The current numerical investigation study
transfer in annular finned tube. The governing continuity, momentum and energy transfer equations are solved 
using Ansys-fluent and transient structural. This work is considered very novel since
literature have carried any of the geometrical and flow configurations for enhanced annular finned tube 
detection within a fluidic cell under fluid
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Transient strain for three periods at (Re = 2033) for water. 

The current numerical investigation study the fluid–structure interaction model of fluid flow and heat 
transfer in annular finned tube. The governing continuity, momentum and energy transfer equations are solved 

fluent and transient structural. This work is considered very novel since none of the studies in the 
literature have carried any of the geometrical and flow configurations for enhanced annular finned tube 
detection within a fluidic cell under fluid–structure interaction model. The results of the present work show that:

104-95, Pages: 6201

 

 

 

 

 

structure interaction model of fluid flow and heat 
transfer in annular finned tube. The governing continuity, momentum and energy transfer equations are solved 

none of the studies in the 
literature have carried any of the geometrical and flow configurations for enhanced annular finned tube 

structure interaction model. The results of the present work show that: 
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(1) The first vibration mode of the finned tube is a longitudinal mode, and the deflection of the tube is small 
in every vibration mode. Since the longitudinal stiffness of the tube is large, the tube shows potential for 
collapse in the transverse direction. The application of isolation technology can reduce a tube structural stiffness 
and lengthen the vibration period. 

(2) With the tube long, the maximum transversal displacements of structure decrease. This means damping 
equipment should not be used to reduce the displacement response in any event. 

(3) Moreover, the presented results indicate that the tube becomes excited at an earlier elapsed time at the 
first half of the tube due to high inlet temperature. 

(4) The maximum von Mises stress is far from the yield limit which is estimated from material tables to at 
least 25 MPa. 

(5) From these figures we can see that the maximum stress occurs in the leading region (inlet) of the tube 
and its value 0.68 MPa, but the minimum stress was found in the middle region because of the lack of fins.     

 
REFERENCES 

 
1. Huang, Y.M., Y.S. Liu, B.H. Li, Y.J. Li and Z.F. Yue, 2010. “Natural Frequency Analysis of Fluid 

Conveying Pipeline with Different Boundary Condition”, Journal of Nuclear Engineering and Design, 240: 
461-467. 

2.  Kuehlert, K., S. Webb, D. Schowalter, W. Holmes, A. Chilka and S. Reuss, 2008. "Simulation of the fluid–
structure-interaction of steam generator tubes and bluff bodies", Nuclear Engineering and Design, 238: 
2048-2054. 

3. Jean-François Sigrist and Daniel Broc, 2008. "Homogenisation method for the modal analysis of tube 
bundle with fluid–structure interaction modelling", Finite Elements in Analysis and Design, 44: 323-333. 

4. Heinsbroek, A. G.T.J., 1997. Fluid–structure interaction in non-rigid pipeline systems. Nucl. Eng. Des., 
172: 123-135. 

5.  TIJSSELING, A.S., A. E. VARDY AND D. FAN, 1996. "Fluid Structure Interaction and Cavitation in a 
Single-Elbow Pipe System", Journal of Fluids and Structures, 10: 395-420. 

6. Nahidh Mahmood, 2011." Study of the Response of a Conduit Conveying Fluid Due to a Forced 
Vibration", Ph.D. thesis, University of Technology. 

7. ANSYS Workbench 14.0- user guide.  
 
 


