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1. Introduction

Fluid-structure interaction (FSI) is a multi-physics phe-
nomenon, which occurs in a system where a flow of fluid 
causes a solid structure to deform, which, in turn, changes 
the boundary condition of a fluid system. This kind of in-
teraction occurs in many natural phenomena and man-made 
engineering systems. It becomes a crucial consideration in 
the design and analysis of various engineering systems. In 
fact, it has a great role in heat transfer processes. FSI prob-
lems 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 multidisci-
plinary nature. 

The method to augment heat transfer performance is 
referred to as heat transfer enhancement, intensification 
or augmentation. Heat transfer by convection increased by 
augmentation techniques reduces the heat exchanger ther-
mal resistance. Heat transfer enhancement techniques cause 
an increase in the coefficient of heat transfer and pressure 

drop. When using any of these techniques to design a heat 
exchanger, the pressure drop and heat transfer rate analysis 
has to be performed [1]. Nowadays, engineering researchers 
are looking for new enhancement methods for transferring 
heat between surfaces and ambient fluid. By this fact, the 
researcher [2–4] classified the mechanisms of improving 
convective heat transfer for active or passive techniques.

Passive techniques do not need an outside energy input, 
not include the use of swirl flow devices, displaced promot-
ers, extended surfaces, roughened surfaces, and blower pow-
er or pump to move the fluid, amongst some others. Active 
techniques, on the other hand, need extra power to affect the 
process to enhance convective heat transfer [5]. The latter 
is called a hybrid technique and it is a combination of the 
previous techniques. Hybrid heat transfer techniques are a 
combined augmentation of two or more techniques applied 
at the same time to produce an improvement that is larger 
than when applying techniques separately. This technique 
has limited applications and includes complex designs [2]. 
A few examples of compound techniques are a twisted tape 
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This work deals with fluid-structure interac-
tion (FSI), one of the emerging areas of numer-
ical simulation and calculation. This research 
shows a numerical study investigating heat trans-
fer enhancement and fluid-structure interaction in 
a circular finned tube by using alumina nanofluid 
as a working fluid with a typical twisted tape that 
has a twisting ratio of 1.85. The studied nanoflu-
id volumes of fraction are φ=0, 3, 5 % under condi-
tions of laminar and turbulent flow. The solution for 
such problems is based on the relations of contin-
uum mechanics and is mostly done with numerical 
methods. FSI occurs when the flow of fluid influenc-
es the properties of a structure or vice versa. It is a 
computational challenge to deal with such problems 
due to complexity in defining the geometries, nature 
of the interaction between a fluid and solid, intri-
cate physics of fluids and requirements of compu-
tational resources. CFD investigations were made 
based on the numerical finite volume techniques to 
solve the governing three-dimensional partial dif-
ferential equations to get the influence of insert-
ed twisted tape and concentration of nanofluid on 
heat transfer enhancement, friction loss, average 
Nusselt number, velocity profile, thermal perfor-
mance factor characteristics, and two-way inter-
action in a circular tube at laminar and turbulent 
flow. The governing continuity, momentum and 
energy transfer equations are solved using Ansys 
Fluent and Transient Structural. The simulation 
results show that the deformations of two-way cou-
pling fluctuate from side to side, with 0.004 mm, as 
maximum amplitude, located at the typical twisted 
tape center. Heat transfer dissipation improved by 
adding fins and as Reynolds numbers increase the 
heat transfer behavior increases
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insert in an internally finned tube, acoustic vibrations with 
a rough cylinder, and twisted tape with a rough tube wall, 
fins and electric fields. 

Twisted tapes are strips made of metal twisted to a desired 
shape and dimensions using a suitable technique, inserted 
in the way of the flow. It is a widespread technique used in 
heat exchangers to improve the heat transfer rate and reduce 
the friction factor as a second advantage, which reduces the 
penalty on pumping power [6]. However, if it is inserted with 
clearance, it neglects the fin job, and the swirling flow will not 
be achieved. The clearance may also damage tubes because the 
tape repeatedly hits the wall. On the other hand, if it is too 
tight, the tapes’ insertion will be too hard. Inserted twisted 
tapes make a swirl flow and disrupt the thermal boundary 
layer on the tube wall due to continuous change in the surface 
geometry along with the flow, enhancing the convective heat 
transfer. The effect of twisted tape is to make superimposed 
vortex motion (swirl flow) and turbulence in a flow with a 
thinner boundary layer, due to continuous changes in the tape 
geometry, leading to an increase in the heat transfer coeffi-
cient and Nusselt number [7]. Despite, the pressure drop will 
be increased inside the tube by the effect of the tape insert. 
Therefore, several researchers investigated the optimal design 
experimentally and numerically and got a high thermal per-
formance with low friction losses. 

Modern technology to improve the heat transfer pro-
cess is called nanotechnology. This technology enabled 
nanoparticles production with a particle size below 100 nm. 
Nanoparticles have higher thermal properties than those 
of bulk materials of the same composition [8]. Nanofluid is 
nanoparticles mixed with a base fluid, which have the ability 
to transfer more heat than conventional heat fluid such as 
water, ethylene glycol and oil [9] with their superior thermal 
properties. The heat transfer capability is based on its prop-
erty, dimensions, and volume fraction [10]. Because of that, 
nanofluids are promising cooling fluids for next-generation 
heat dispersants. 

The nanofluids thermal conductivity is found to be 
an attractive property for many engineering applications. 
It represents the material ability to conduct or transmit 
heat. Much research has been conducted on measuring the 
nanofluid thermal conductivity. Most authors found that 
compared to base fluids, nanofluids deliver higher thermal 
conductivity. The thermal conductivity of nanofluids in-
creases with an increase in particle size, stability, dispersion, 
temperature, and particle concentration. These variables 
play a very important role in determining the thermal con-
ductivity of nanofluids [11]. Typical thermal conductivity 
enhancement is about 15 % over that of the base fluid and the 
heat transfer coefficient increases up to 40 % [10].

Production of nanoparticles is accomplished by one of 
the two ways: chemical processes and physical processes. 
Chemical processes include thermal spraying, spray pyrol-
ysis, and chemical precipitation. Physical techniques in-
clude the inert gas condensation technique and mechanical 
grinding. Nanofluids are potential fluids of convective heat 
transfer with improved thermal properties and heat transfer 
performance. They can be used in a variety of devices for 
better performance i. e. convective heat transfer, energy, and 
so on [12]. This work is considered very novel since none of 
the studies in the literature have carried any of the geomet-
rical and flow configurations for enhanced annular finned 
tube detection within a fluidic cell under a fluid-structure 
interaction model.

In this research, none of the previous studies have tack-
led the problem of fluid-heat-structure interaction between 
fluid flow, typical twisted tape insert, and this work paves 
the way for researchers to understand the mechanism of in-
teraction in sciences and to study the effect of fluid flow, as 
well as the effect of temperature, (heat transfer) on the struc-
ture of objects (tube and tapes), called a one-way interaction, 
and the effect of deformation of the tube and tape as a result 
of expansion and pressure on the fluid direction and heat 
transfer with time (transient case), called a two-way inter-
action. In fact, it is necessary to conduct scientific research 
on this topic to give a real perception of what is happening 
between fluids and structures in the presence of heat, and 
neglecting this interaction process gives unreal results. The 
results of this study can give a real picture of the extent to 
which tubes can withstand strains and stresses before reach-
ing the failure stage, and also enable us to predict the real 
processes of forced convection heat transfer on which most 
industrial processes depend.

2. Literature review and problem statement

There are two different fluid-structure interaction ap-
proaches, depending on the physical nature of the interac-
tion, one-way and two-way coupled FSI. Recent progress 
in computing power has led to a great advance in computa-
tional fluid dynamics (CFD) and computational structural 
dynamics (CSD), so, many researchers are trying to solve 
the FSI problems by coupling the equation of motion for 
the fluid with that for the structure. The multi-physics phe-
nomenon when a flow of fluid makes a deformation to the 
solid structure of a system, leading to changes in the system 
boundary conditions, is called fluid-structure interaction 
(FSI). In vice versa, when the solid structure around the flu-
id causes a change in fluid properties, this is also called FSI. 
This phenomenon may occur naturally or through engineer-
ing systems and becomes an essential matter in engineering 
systems design and analysis. In fact, it has a significant role 
in heat transfer processes. 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 com-
plex interaction between fluids and solids, numerical simula-
tions may be employed. For the past ten years, simulations of 
multi-physics problems have become more important in the 
field of numerical simulations and analyses.

A huge number of experimental works have been done to 
improve the heat transfer fluid side; though, the related heat 
transfer characteristics and flow profiles in complex geome-
tries still have to be confirmed. In fact, previous studies were 
concerned with the heat transfer process and its effect on the 
fluid or the structure, as the studies were done separately. 
The most important studies that are concerned with the ef-
fect of heat on the fluid inside heat exchangers can be stated 
as follows. The pressure drop and heat transfer enhancement 
of half-length twisted tape inserts in a U-bend double-pipe 
heat exchanger have been investigated experimentally [13]. 
The results were compared with the plain heat exchanger 
data and presented a 40 % increase in the heat transfer co-
efficient with half-length twisted tape inserts. The results 
also found that the performance of half-length twisted tape 
inserts in the U-bend heat exchanger was better than in the 
plain heat exchanger. The effect of nanofluids on heat trans-
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fer augmentation was studied experimentally to calculate the 
laminar heat transfer performance and pressure drop of alu-
mina nanofluid inside a circular finned tube under constant 
inlet temperature conditions [14]. For this purpose, Al2O3 
nanoparticles of 20 nm size were synthesized, characterized 
and dispersed in distilled water to formulate Al2O3/water 
nanofluid containing 3 and 5 % volume concentrations of 
nanoparticles. The thermophysical properties were calculat-
ed during the experiments at different volumes of fraction 
and validated. Experiments were carried out in the Reyn-
olds number range of 678–2,033 with a tape twist ratio  
H/D=1.85. The effect of different volume concentrations 
on the friction factor and the coefficient of convective heat 
transfer was studied. The results show that the coefficient of 
convective heat transfer is enhanced by increasing the con-
centration and particle volume. Measurements show a 21–
51 % enhancement in the average heat transfer coefficient 
with a volume concentration of 5 % and about a 19–38 % 
increase with a volume concentration of 3 % compared to 
distilled water. In addition, the average ratio of fnf/fbf was 
about 2.3 for 5 % volume concentration. Therefore, there is 
a significant increase in friction factor for nanofluids. Em-
pirical correlations are developed to estimate the Nusselt 
number and friction factor validation for nanofluids.

The objectives of fluid-structure interaction have com-
paratively been less acclaimed in the literature, so, the num-
ber of publications dealing with it is limited. The following 
are some studies that focused on studying the effect of vibra-
tions on structures only, and the influence of thermal stress-
es and strain on heat exchanger material. The fluid-structure 
interaction natural frequency inside a fluid transporting pipe 
system was investigated numerically using the element-free 
Galerkin method [15]. The equations of natural frequency 
under various ambient conditions were expressed during the 
simulation. Moreover, the first natural frequency equations 
are simplified in the status of various boundary conditions. 
The natural frequency was studied on a straight pipe fixed at 
both ends considering the Coriolis force, as an example. The 
four parameters (mass, hardness, length and velocity flow) 
are studied in a known boundary condition in detail, the 
four components relate to the natural frequency of the fluid 
transporting pipe system, and the results show that the in-
fluence of Coriolis force on natural frequency is unobtrusive. 
Then, they analyzed the connection in the natural frequency 
of the pipe system and that of the Euler beam.  

Experimental and theoretical studies on the response of 
a thin-wall fluid transporting pipe due to forced vibration 
were made in [16]. The experimental work examined sever-
al ends of pipes supports, pinned-pinned, flexible-flexible, 
fixed-fixed and fixed-free. The theoretical work was per-
formed using a FORTRAN computer language to calculate 
and analyze the natural frequencies, the corresponding 
mode shapes, pipe deformations, stresses and shell vibration 
modes creation in addition to the fluid flow properties and 
the fluid-structure interaction solution. The results showed 
close matching between experimental and theoretical works.

The current study focuses on the combination of two 
famous sciences of mechanical engineering (Power and 
Applied), so, the effect of temperature on the fluid and the 
structure will be studied together and simultaneously. Most 
of the previous studies were not able to study the effect of 
thermal stresses on the fluid and the structure together due 
to the lack of necessary tools. Modern simulation programs 
(Ansys Fluent) have provided a service to facilitate the task 

of conducting the current study, and to give advanced and 
very important results that can serve in engineering applica-
tions. In fact, this study is the first of its kind at the present 
time, and there are no previous studies before this research, 
and the results obtained will contribute greatly to solving 
many engineering problems and developing appropriate 
solutions to them.

3. The aim and objectives of the study

The aim of the study is to develop a method for the simu-
lation 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 the two-way coupling method. 

To achieve this aim, the following objectives are accom-
plished:

– to study the effect of volume fraction and Reynolds 
number on the total deformation, stress, strain, stream lines, 
velocity profile and two-way fluid-structure interaction for 
distilled water and nanofluid;

– to study the effect of interaction between the working 
fluid and twisted tape and finned tube on metal deformation;

– to study the influence of interaction between the work-
ing fluid and twisted tape and finned tube on velocity vector 
and magnitude; 

– the solid solution is structural deformation solved 
using the finite element method in ANSYS both static and 
transient structural analyses and the fluid field is solved by 
using finite volume CFD in ANSYS Fluent.

4. Materials and methods 

The present work uses a full-length typical twisted tape 
with nanofluid and fluid-structure interaction. The key 
objective of this study is to analyze the flow by developing 
numerical investigation tools, fluid-structure interaction 
and heat transfer characteristics of nanofluid (Al2O3/wa-
ter) in a horizontal circular finned tube fitted with typical 
twisted tape under laminar and turbulent flow at constant 
inlet temperature. 

The system geometry for the current study involves an 
integral-finned tube, where the working fluid flows, togeth-
er with a typical twisted tape insert. The dimensions of the 
finned tube as shown in Fig. 1 are 1,500 mm length and 
22 mm inner diameter. 240 fins are used in total with 3 mm 
height for each one and the spacing between them is 4 mm. 
Fig. 2 illustrates the twisted tape inserted in a finned tube. 
(H) refers to the axial length for a half-turn of the tape (180o 
turn of twisting) over (W), which refers to the width of the 
tube or tape known as the twist ratio y as shown below:

.
H

y
W

=  				    (1)

The twisted tape information is given in Table 1. The 
model is designed using SolidWorks computer program and 
meshed using ANSYS computer program.

The position of the structural member in the Computa-
tional Structural Mechanics (CSM) model is identical to 
the position of the model; otherwise, it would lead to errors 
while transferring data between two solvers.
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Table 1

Dimensions of twisted tape insert

Twisted 
Tape Type

Twist 
Ratio (y)

Pitch (H) 
(mm)

Width 
(W) (mm)

Thickness (δ) 
(mm)

Typical 1.85 40.8 17.15 1

The thermophysical properties are useful to define the 
nanofluid or base fluid that works inside the tube. To predict 
the effective thermal conductivity of nanofluids correctly, 
many empirical and theoretical models have been proposed. 
In this work, the Buongiorno model [18] is utilized to com-
pute the nanofluid thermal conductivity as follows:

( )1 7.74 .nf bfk k= + ϕ

A new correlation form for Al2O3/water nanofluid was 
presented in the graphical form [19] and compared with var-
ious other models as follows:

( )21 7.3 123 .nf bfµ = + ϕ + ϕ µ

The nanofluid density can be calculated from the equa-
tion shown below:

( )1 .bf bf p p
nf bf p

nf bf p

V Vm
V V V

ρ + ρ ρ = = = − ϕ ρ + ϕρ   +

The nanofluid specific heat can be computed by assum-
ing thermal equilibrium between the base fluid and nanopar-
ticles as follows: 

( )1
.bf bf p p

nf
nf

Cp Cp
Cp

− ϕ ρ + ϕρ
=

ρ

The calculation of volume concentration for nanoparti-
cles in the base fluid is performed by the following relation: 

( )
( ) ( )

/
% .

/ /
p p

p p bf bf

m

m m

ρ
ϕ =

ρ + ρ

The nanofluid information is listed in Table 2.

These properties are entered into the database of the 
Fluent program in order to extract the solution.

The test tube geometry is divided into two parts. One 
part is the cylindrical tube with 1,500 mm length, 22 mm 
inner diameter, and 5 mm thickness. This part represents 
the outer design of the geometry. The tube has an integral 

fin as mentioned above. The tube was designed by 
SolidWorks computer program and created as a 3D 
geometry by Ansys Workbench. The method used 
to create the mesh is the unstructured meshing 
method, which meshed it into 68.069 nodes and 
206.085 elements as illustrated in Fig. 3.

SolidWorks computer program was also used to 
design the twisted tape then ANSYS Workbench 
was used to create the 3D geometry. Patch inde-
pendent tetrahedron is the meshing method used, 
and it meshed the twisted tape into 94.982 nodes 
and 43.054 elements as illustrated in Fig. 4. 

Table 2

Nanofluid properties with different concentrations of Al2O3

Properties ϕ=0 % ϕ=3 % ϕ=5 %

knf (W/m∙K) 0.600 0.631 0.652

ρnf (kg/m3) 998.2 1084.65 1142.29

μnf (Kg/m∙s) 0.001002 0.001332 0.001676

Cp,nf (J/kg K) 4,182 3816.16 3603.03

knf /kbf 1 1.051 1.086

μnf/μbf 1 1.329 1.672

In this study, the triangular element type is employed 
for surface mesh and tetrahedron element type is used for 
three-dimensional geometry. This is because it has a priority 
in sophisticated geometries.

The flow in two ways is assumed to be laminar and 
turbulent flow. By this fact, the governing equations used 

Fig. 1. Physical geometry of the finned tube

Fig. 2. Physical geometry of the tube and twisted tape [17]

Direction 
of flow iD

Plain tube 

H Twisted 
tape 

Fig. 3. Meshing of the plain tube geometry

Fig. 4. Meshing of the twisted tape insert geometry
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belong to these two-condition flows. The flow should follow 
the laws of mass conservation (continuity equation), momen-
tum conservation, and energy conservation for the flow with 
the heat transfer process. For the flow of the nanofluid in 
two cases, every law will be written in two forms using Car-
tesian coordinate equations as follows (Governing equations 
in the laminar region).

The mass conservation equation (continuity equation) is 
obtained based on a constant mass (mass conservation) on a 
small differential volume.

0.
u v w
x y z

∂ ∂ ∂
+ + =

∂ ∂ ∂
				  

	
The Newton’s second law states “the variation of momen-

tum on a fluid differential volume is equal to the total forces 
applied on this volume”. By applying this law on a small 
differential nanofluid volume, the momentum equations 
could be derived. The Cartesian coordinate equations were 
converted to cylindrical coordinate by the Fluent package, 
so the equations in general are [20]:

– x-axis momentum equation: 

2 2 2

2 2 2 ;

u u u
u v w

nf x y z

p u u u
nfx x y z

 ∂ ∂ ∂
ρ + + = ∂ ∂ ∂ 

 ∂ ∂ ∂ ∂
= − + µ + + ∂ ∂ ∂ ∂ 

		
– y-axis momentum equation:

2 2 2

2 2 2 ;nf

v v v
u v w

nf x y z

p v v
y x y z

 ∂ ∂ ∂
ρ + + = ∂ ∂ ∂ 

 ∂ ∂ ∂ ∂
= − + µ + + ∂ ∂ ∂ ∂ 

		
– z-axis Momentum equation:

2 2 2

2 2 2 .

nf

nf

w w w
u v w

x y z

p w w w
z x y z

 ∂ ∂ ∂
ρ + + = ∂ ∂ ∂ 

 ∂ ∂ ∂ ∂
= − + µ + + ∂ ∂ ∂ ∂ 

			 
The first law of thermodynamics, which is known as en-

ergy conservation law states “the summation of rejected or 
added heat and the work done on fluid particle are equal to 
change in energy of it”. Therefore, the equation is converted 
to the following form:

( )
2 2 2

2 2 2 .

nf nf nf
p nf

nf nf nf
nf

T T T
C u v w

x y z

T T T
K

x y z

∂ ∂ ∂ 
ρ + + = ∂ ∂ ∂ 

 ∂ ∂ ∂
= + + ∂ ∂ ∂  		

	

The feature of turbulent flows is oscillating velocity 
fields, the transported quantities such as particle concentra-
tion, energy, and momentum also oscillate and mix. Unfor-
tunately, there is no ultimate turbulence model accepted for 
all cases of flow. Turbulence model can be chosen according 
to the assumption of the case such as the generated exercise 
for a specific case, the physics encompassed in the flow, the 
grade of accuracy needed, available computational resourc-
es, and time available for the simulation [21]. The continuity 
equation of turbulence flow is:

   
0.

u v w
x y z

∂ ∂ ∂
+ + =

∂ ∂ ∂ 				  

The momentum equations for 3-dimensional turbulence 
flow are:

– x-axis momentum equation: 

( ) ( ) ( )2

2

   

   

1
 ;

nf

u u u
u v w

x y z

u v u wu
x y z

p
u

x

 ∂ ∂ ∂
+ + + ∂ ∂ ∂ 

 ∂ ∂ ∂
+ + + =′ ′ ′ ′′ ∂ ∂ ∂ 

∂
= − + γ ∇

ρ ∂ 		

– y-axis momentum equation: 

( ) ( ) ( )2

2

   

   

1
 ;

nf

v v v
u v w

x y z

u v v vw
x y z

p
v

y

 ∂ ∂ ∂
+ + + ∂ ∂ ∂ 

 ∂ ∂ ∂
+ + + =′ ′ ′ ′ ∂ ∂ ∂ 

∂
= − + γ ∇

ρ ∂

– z-axis momentum equation: 

( ) ( ) ( )2

2

 

1
 .

nf

w w w
u v w

x y z

u w v w w
x y z

p
w

z

 ∂ ∂ ∂
+ + + ∂ ∂ ∂ 

 ∂ ∂ ∂
+ + + =′ ′ ′ ′ ′ ∂ ∂ ∂ 

∂
= − + γ ∇

ρ ∂

And the energy equation for turbulence flow is:

( ) ( ) ( )2

 

 .

nf nf nf

nf nf nf nf

T T T
u v w

x y z

T u T v T w T
x y z

 ∂ ∂ ∂
+ + = ∂ ∂ ∂ 

 ∂ ∂ ∂
= a∇ + − − −′ ′ ′ ′ ′ ′ ∂ ∂ ∂ 

The eddy viscosity distribution in the domain of flow 
must be created so as to compute the momentum and co-
efficients of heat diffusion for turbulent equations. This is 
the turbulent model job. The realizable k-ε model (RKE) 
was used in the present work [22], which provides better 
performance for flows involving thermal boundary layers, 
rotation, separation, and recirculation [23]. The turbulence 
kinetic energy, k, and its dissipation rate ε, are obtained from 
the following equations:  

( ) ( )

,

nf nf i
i

t
k b nf M k

j k j

k ku
t x

k
G G Y S

x x

∂ ∂
ρ + ρ =

∂ ∂

  µ∂ ∂
= µ + + + − ρ ε − +  ∂ s ∂   

( ) ( )

( )
2

1 3 2 .

t
nf nf i

i j k j

k b

u
t x x x

C G C G C S
k kε ε ε ε

  µ∂ ∂ ∂ ∂ε
ρ ε + ρ ε = µ + +  ∂ ∂ ∂ s ∂   

ε ε
+ + − +
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In the analysis of FSI, there is loads transfer from the 
structure and fluid at the interface and vice versa. In this case, 
boundary conditions have been changed and the mesh was 
updated at every step of the analysis. In the fluid, the conser-
vation of mass equation is the same, but as the solution domain 
keeps changing every time, the general momentum equation 
cannot be used in transient analysis, so as the flow boundary 
changed the grid has to be updated [24]. Thus, the equation of 
momentum is changed so the grid is subject to updating all the 
time, which is given by equation 20 for the ith element:

( ) ( ) .b ij j ij i
S S

n S i P n S b
t Ω Ω

∂
ρ∂Ω + ρ ν − ν ∂ = t − ∂ + ∂Ω

∂ ∫ ∫ ∫ ∫

The calculations for the struc-
ture side are based on impulse con-
servation. It is solved using a finite 
element approach, where a finite 
element is chosen for each specific 
problem.

[ ]{ } [ ]{ }
[ ]{ } { }.
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Transient dynamic analysis is 
conducted to find the structure 
dynamic response when subject-
ed to time-dependent loads. 

5. Numerical test rig data 
verification

The Nusselt number numerical results of the tube in-
duced with a plain twisted tape insert were validated with a 
correlation derived by Hong and Bergles [25]. Fig. 5 shows 
the validation results of the average Nusselt number between 
numerical results of the typical twisted tape insert (TT) and 
Hong and Bergles correlation. The experimental results are 
in good agreement with the experimental data and fall with-
in a deviation of 12 %.

6. Simulation results 

6. 1. Effect of volume concentration on total deformation
In Fig. 6, the displacement is shown at six time periods for 

nanofluid at laminar flow conditions and volume concentra-
tion of 3 %. The load of pressure increases linearly up to 0.125 
seconds. From this time period until 0.98 seconds and onward, 
maximum deformation occurred due to full load applying. This 
case shows that the deformations of two-way coupling fluctu-
ate back and forth, with higher amplitude of 0.004 mm. Fig. 7 
shows the total deformation for nanofluid under a turbulent 
flow regime with a volume concentration of 5 %. The maximum 
amplitude is 0.0033 mm.   

The two-way simulations show an interesting observa-
tion that the maximum deformation is located at the center 
of the twisted tape.

Fig. 5. Validation of ( )Nu  with numerical data for laminar 
flow regime

Fig. 6. Transient deformation during 1 second at Re=679 and φ=3 %: a – 0.1 s; b – 1 s

a b

Fig. 7. Transient deformation for six periods at Re=3391 and 
φ=5 %: a – 0.1 s; b – 1 s

a

b
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6. 2. Effect of interaction on 
stress distribution 

The maximum von Mises stress 
has moderate fluctuations between ev-
ery iteration of coupling. Fig. 8 demon-
strates the von Mises stress distribu-
tion on the twisted tape for alumina 
nanofluid at φ=3 % and Re=679. The 
higher stress for the twisted tape insert 
is 0.098 MPa at a period of 0.01 sec, 
but the minimum stress for the tape 
is 0.02 Pa at a time period of 0.13 sec. 
Fig. 9 shows the equivalent (von Mis-
es) stress for nanofluid under turbulent 
flow regime. The maximum stress value 
in the turbulent condition is 0.13 MPa 
at a volume concentration of 5 %.

The two-way simulations show an interesting observa-
tion that the maximum stress is located on both ends of the 
twisted tape.

6. 3. Effect of interaction on strain distribution
The equivalent elastic strain distribution on the typ-

ical twisted tape insert for nanofluid at a concentra-
tion φ=3 % is shown in Fig. 10. The higher strain is 
0.0000013 m/m at a period of 0.01 sec. From this figure, 
we can see that the highest strain occurs in the tape cen-
tral region. Fig. 11 shows the equivalent elastic strain for 
nanofluid under turbulent flow regime. The maximum 
elastic strain in turbulent flow is 0.00000012 m/m at a 
volume concentration of 5 %.

The two-way simulations show an inter-
esting observation that the maximum strain 
is located at the center of the twisted tape.

6. 4. Effect of interaction on velocity and vectors 
distribution 

Fig. 12 depicts a 3D view of typical twisted tape with 
contours of velocity along the test section for alumina nano-
fluid in two-way interaction with the coupling system for 
laminar flow regime. The CFD-Post picture shows that the 
velocity value changes with time transiently, because the 
direction of the velocity change is due to the reaction force of 
the twisted tape. Fig. 13 demonstrates the velocity contours 

Fig. 8. Equivalent stress for half-second at Re=679 and φ=3 %: 	
a – 0.1 s; b – 0.5 s

a b

Fig. 9. Equivalent stress for three periods at Re=3,391: a – 0.1 s; b – 0.5 s
a b

Fig. 10. Equivalent strain for three periods at Re=679 and φ=3 %: a – 0.6 s; b – 1 s
a b

Fig. 11. Equivalent strain for three periods at 
Re=3,391 and φ=5 %: a – 0.6 s; b – 1 s

a

b
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along the test section for nanofluid in two-way interaction 
with the coupling system, under turbulent flow regime. 
The CFD-Post picture shows the same change in direction 
and magnitude, as mentioned in the previous paragraph. 
Fig. 14, 15 highlight a 3D view of a typical twisted tape in-
sert with velocity vector along the test section for nanofluid 
at a volume of fraction of 3 % and 5 %, respectively. 

From these figures, we can observe that the vector mag-
nitude and its direction change at different time periods due 

to the twisted tape deformation effect, which is much higher 
than that of the rigid flat tube, result from elongation, effect 
of fluid pressure and its reaction force.

7. Discussion of simulation results

In this research, numerical results 
are presented and discussed to indi-
cate the reasons behind such results. 
They include the tests of both water 

and nanofluid in a horizontal tube with 
twisted tape using a twist ratio TR=1.85 
and nanofluid concentrations φ=3, 5 % 
by volume. Numerical results included 
also those situations that are difficult or 
impossible to measure with the available 
equipment, especially Fluid-Heat-Struc-
ture Interaction (FHSI).

To examine the effect of nanofluid 
on the total deformation, we can observe 
that the deformation of the twisted tape 
is the result of constant heat flow. The 
heat is transferred through the tube to the 
conveying fluid and then to the twisted 
tape, which leads to an increase in the 
temperature of the twisted tape and the 
force of water pushing on the tape and the 

reaction resulting from this force will lead to deformation 
in the metal of the twisted tape. As for adding nanofluids 

Fig. 12. Velocity contours for two periods at Re=679 and φ=3 %: а – 0.3 s; b – 0.8 s

a b

Fig. 13. Velocity contours for two periods at Re=3,391 and φ=5 %: 	
а – 0.02 s; b – 0.8 s

a b

Fig. 14. Velocity vectors for two time periods at Re=679 and φ=3 %: 	
а – 0.3 s; b – 0.8 s

a b

Fig. 15. Velocity vectors for two time 
periods at Re=3,391 and φ=5 %: 	

а – 0.02 s; b – 1 s

a

b
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to the water, the fluid temperature will decrease due to the 
ability of these particles to draw heat to the outside, which 
leads to a decrease in the surface temperature of the tape. 
Therefore, the force of the flow does not significantly affect 
the tape upon collision. It can also be noted that the reason 
for the deformation is concentrated in the center of the tube 
is that the twisted tape behaves as a simply supported beam 
fixed on both sides, therefore, the deformation is large in the 
center due to the free movement of the tape.

For the influence of interaction on thermal stresses, the 
addition of nanofluids to the water leads to an increase in 
the force of gravity of the fluid, and thus the force of collision 
with the twisted tape decreases, which leads to a reduction 
in the stress on the tape. It can also be seen that the stress 
value is high at the beginning due to the reaction strength 
of the tape metal, which gradually decreases with time, and 
that the highest stress is at the fixed sides because of the 
resultant reaction force and that the least stress is in the cen-
ter of the twisted tape because of the freedom of movement 
in this area. In the case of turbulent flow, the stress value 
increases with the increase in the nanofluid concentration 
due to the high velocity of water inside the tube, which over-
comes the force of gravity, which leads to an increase in the 
force exerted on the tape and thus an increase in the force 
exerted on the unit area. 

The influence of interaction on strain distribution is 
illustrated as follows, the value of the strain decreases with 
increasing nanofluid concentrations for the reasons men-
tioned in stress condition. However, the maximum value of 
the strain is in the center of the tape, unlike the stress that is 
concentrated on the edges due to the freedom of movement 
of the tape in this region, which leads to a change in the 
length of the tape relative to its original length. 

Velocity contours and vectors demonstrate the effect of 
interaction on the magnitude and direction of motion based 
on the presence of the nanofluid and the increase in the mass 
flow rate inside the tube. The force of the fluid collision with 

the tape and the reaction resulting from the collision led to 
a significant change in the velocity direction with time, and 
the presence of the nanofluid has led to back flow, especially 
in the sharp edges of the twisted tape and at the tube ends.

The advantage of this study is clarified real interaction 
that occurs between the fluid and the structure from action 
and reaction and its effect on the values of stress, strain and 
deformation in addition to the effect of temperature on the 
fluid and the structure (tube and twisted tape) at the same 
time without separating the two effects as was happening in 
previous studies. But the drawback of this study is that the 
simulation tool needs additional development, since the sim-
ulation process takes a very long time to extract the results 
and study them due to the difficulty of the cases. 

7. Conclusions 

1. The total deformation was affected by nanofluid addi-
tion and its influence was concentrated at the center of the 
twisted tape, and the maximum deformation was 0.004 mm. 

2. The stress value was affected by an increase in Reyn-
olds number, and its highest effect was at the edges of the 
twisted tape, and its magnitude was 0.098 MPa.

3. The strain value was also affected by adding nano-
fluid and increasing Reynolds number, and its highest 
value was in the middle of the tape, and its magnitude was 
0.0000013 m/m.

4. The velocity magnitude and direction change due to 
the reaction force of the twisted tape, and the maximum 
change was in the case of turbulent flow.
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