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Jetting succeeded by accumulation is the characteristic of the vacuum 
filling, which is different from the conventional pressure-driven flow. In 
order to simulate this kind of flow, a three-dimensional theoretical model 
in terms of incompressible and viscous flow is established, and an iterative 
method combined with finite element method (FEM) is proposed to solve 
the flow problem. The Lagranian-VOF method is constructed to trace 
the jetting and accumulated flow fronts. Based on the proposed model 
and algorithm, a simulation program is developed to predict the velocity, 
pressure, temperature, and advancement progress. To validate the model 
and algorithm, a visual experimental equipment for vacuum filling is 
designed and construted. The vacuum filling experiments with different 
viscous materials and negative pressures were conducted and compared 
with the corresponding simulations. The results show the flow front shape 
closely depends on the fluid viscosity and less relates to the vacuum 
pressure.

Keywords:
Vacuum
Finite element method
Lagranian technique
VOF method
Flow front

1. Introduction

Vacuum filling is an approach that uses vacuum to suck 
materials to fill the cavity. It is widely used in vacuum-as-
sisted resin transfer molding (VARTM) and vacuum infu-
sion molding process (VIMP). The most difficult issue is 
the prediction of complete fill time which closely depends 

on the fluid viscosity, density and vacuum. In order to 
simulate the process, scientists and engineers have devel-
oped some models and numerical methods to trace the 
flow advancement, calculate the values of physical varia-
bles and predict the filling time [1].

Using numerical simulation can predict the develop-
ment and evolution of the flow front during the filling 
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https://orcid.org/0000-0003-4365-922X
https://orcid.org/0000-0003-0660-6743
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process, optimize the process and mold structure of com-
posite molding [2], and improve the quality of parts [3,4]. 
Song and Youn [5] established an analytical model for the 
post-infusion VARTM process by the non-rigid control 
volume approach. They successfully predicted the thick-
ness gradient due to the flexible nature of the bagging 
approach and the pressure gradient developed during in-
fusion. It has also been used to predict the resin bleeding 
behavior for various processing scenarios. Robinson and 
Kosmatka [6] established compaction and permeability 
constitutive models, and proposed a numerical method to 
simulate the post-filling. Yang et al. [7] built the resin flow 
governing equations for vacuum-assisted resin infusion 
and an approach to calculate the primary flow by the nor-
mal Darcy’s law. They conducted three examples to verify 
the precision and flexibility of the approach. Regarding 
resin as an incompressible fluid, Cai et al. [8] also used 
Darcy’s law to describe the position of the resin flow front 
in the mold and the filling time, and used RTM-worx to 
complete the flow filling simulation.

There are two types of methods for advancement track-
ing, which are classified as Lagrangian and Eulerian [9]. 
The two methods are based on the strategies of mobile 
mesh and fixed mesh respectively. The Lagrangian method 
is limited by mesh deformation and contact processing [10].  
To overcome this shortage it was developed into the arbi-
trary Lagrangian-Eulerian method which combines advan-
tages of the two methods. Both Lagrangian and Eulerian 
methods have been employed to develop various frontier 
flow solutions. The well-known volume of filling (VOF) 
method and Level Set method are interface capture meth-
ods constructed under Eulerian mesh. They have strong 
topological processing ability and are widely used in the 
simulation of front flow. In 1981, hirt et al. [11] proposed 
VOF method. The VOF method can be divided into an 
algebraic VOF method and a geometric VOF method. 
The geometric VOF method geometrically reconstructs 
the free surface, and then uses the reconstructed free sur-
face to update the volume fraction rate distribution. The 
algebraic VOF method solves the volume fraction rate 
transport equation directly, without involving any geomet-
ric object. Existing researches show that the VOF method 
can depict complex interface structure and changes, and 
can be applied to the solution of two-phase flow [12]. Gim 
et al. [13] presented an improved VOF model that based on 
smoothing functions, which effectively reduced the issue 
of spurious velocities. At present, most CFD programs 
use variations of the VOF method to solve the interfa-
cial problems [14], which can be found in ANSYS Fluent, 
OpenFOAM, Gerris etc. Recently, Li et al. [15] developed 
a new calculation method via VOF method to predict the 

interface evolution, velocity and the temperature distribu-
tion. Fan et al. [16] also used this approach to design a new 
solver called varRhoTurbVOF based on OpenFOAM soft-
ware to improve the turbulence models.

Osher and Sethian [17] developed the Level Set Method 
is another effective approach to predict flow front evolu-
tion developed in the 1980s. This method is widely used 
in many disciplines such as image processing, compu-
tational geometry, optimization and computational fluid 
dynamics. The basic idea of this method is to express the 
motion of the two-phase interface with the zero point of a 
higher-order function (Level Set function ). The value of 

 is used to distinguish the phases in the calculation area. 
Then update the interface by solving the advection equa-
tion of . The solution of  may change greatly, there-
fore, it is necessary to reinitialize the function  to main-
tain the distance function characteristics and the accuracy 
of the movement of the flow front [18,19]. Sussman et al. [20] 
proposed a method based on partial differential equations 
to reinitialize the level set function in 1994. To improve 
the simulated precision, Dai et al. [21] proposed a piecewise 
constant level set method for solving the topology opti-
mization of steady NavierStokes flow. Sodeyama et al. [22] 
found that the choice of re-initialization method was very 
important to avoid non-physical deformation of  and 
proposed a new re-initialization method to implement a 
multi-dimensional calculation of fluid flows. Furthermore, 
Hong et al. [23] established a new equidistant filling theory 
based on the level set function and a corresponding nu-
merical algorithm based on the dynamic finite difference 
method. The algorithm can effectively produce the reman-
ufacturing repair path of a complex die, and improve the 
efficiency of die manufacturing by more than 60%. 

In this paper, a three-dimensional theoretical model 
for viscous flow driven by the vacuum is established 
and the finite element method is constructed to solve the 
flow problem. The Lagranian method is used to track the 
velocity, position and shape of the jet in the early stage. 
When the fluid reaches the bottom, the jet flow transfers 
to heaping and the backward filling happens under vacu-
um. The new development of the flow front is simulated 
by the VOF method. Based on the viscous flow theory and 
the Lagranian-VOF algorithm, a simulation program was 
developed to predict the velocity, pressure, temperature, 
and track the flow front and air trap position.

2. Vacuum Filling Theory and Numerical 
Method 

2.1 Governing 

The melt inertial force is much lower than the viscous 

https://www.webofscience.com/wos/alldb/general-summary?queryJson=%5B%7B%22rowField%22:%22AU%22,%22rowText%22:%22Cai%20Yingqiang%22%7D%5D&eventMode=oneClickSearch
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force and is neglected. The governing equations for vis-
cous, incompressible flow are written as

0∇⋅ =u ,� (1)

( )pρ η−∇ +∇⋅ =f γ 0 .� (2)

Where ρ , pC , k and η  are the melt density, specific 
heat, thermal conductivity and viscosity respectively, and 
ρf , u , p  and ( ) 2T= ∇ +∇γ u u  represent the body force, 
velocity, pressure and shear rate tensor respectively.

2.2 Boundary Conditions

The pressure are assumed to be atmosphere and vacu-
um at the gate and meltfront respectively

ap p= 	 at meltfront,	�  (3)

vp p= 	 at meltfront.	�  (4)

2.3 Numerical Method

Let tΩ denote the filled region at current time t and 
( )i

tH Ω  represents the ith order Hilbert function space in 
region tΩ . Multiplying the governing equations with test 
functions ( ) ( ) ( )31 2, t tq H H∈ Ω × Ωv  and integrating by parts 
using the Gauss formula subject to the boundary condi-
tions (3) and (4) yields the variational equations

t t

nqd dS
Ω ∂Ω

⋅∇ Ω =∫∫∫ ∫∫u u 	 ( )1
tq H∀ ∈ Ω ,� (5)

( )( ) : 0.
t t t

T d p d dη ρ
Ω Ω Ω

∇ + ∇ ∇ Ω+ ∇ ⋅ Ω− ⋅ Ω =∫∫∫ ∫∫∫ ∫∫∫u u v v f v � (6)

We use the Galerkin finite element method to discretize 
the variational Equations (5) - (6). The part is discretized 
with tetrahedral elements, and the velocity u is approxi-
mated with ( )10

2P  quadratic polynomials (10 nodes) owing 
to their second-order derivatives in the equations. The 
pressure p is approximated with ( )4

1P  linear polynomials 
(4 nodes). This interpolation satisfies the Brezzi-Babuska 
condition for numerical stability.

The pressure, velocity are interdependent in the above 
equations. To determine the two variables simultaneously, 
the time step and mesh sizes have to be satisfied the strict 
limitation to ensure numerical stability and convergence. 
Sometimes this requires a very small time step and fine 
mesh which involves a large number of computations. 
However, if the pressure is assumed to be known, then a 
nominal solution for velocity can be obtained from the in-
variant momentum Equation (6) at node P. 

( )P P N N E E
N E

a a c p+ = − ∇∑ ∑u uu u .� (7)

Here N and E denote the nodes and elements surround-

ing node P respectively. Substituting this formula into the 
invariant continuity Equation (5) yields 

t

c p qd Q
Ω

′∇ ⋅∇ Ω =∫∫∫ 	 ( )1
tq H∀ ∈ Ω �  (8)

Equation (8) is the weak form of pseudo Poisson 
equation for pressure p, which makes the discrete matrix 
symmetric. This increases the convergence of the itera-
tive scheme for solving linear equations, such as in the 
Gauss-Seidel method. When the pressure is determined 
the velocity can be calculated by Equation (7).

2.4 Fluid Advancing Simulation

The fluid used for vacuum is usually less viscous mate-
rial, which leads the fluid filling like pillar flow. When the 
pillar arrives the bottom or contacts with the early arrived 
fluid , it piles along the opposite direction of gravity. The 
fluid advances with different manners in the two stages. 

In order to trace the fluid advancement in pillar flow 
correctly, the Lagrange method is employed to calculate 
the flow fields and determine the fluid advancement. As-
sume a particle identified with X enters the cavity, its new 
position can be calculated with the following formula in 
Lagrange expression
d
dt

=
X u .	�  (9)

The velocity u is determined from governing equations, 
and the new position of the particle can be calculated with 
integration of Equation (9).

When the fluid switches to piled filling stage, the grav-
ity drives the fluid to fill the remain cavity while restricted 
by the viscous force. The advancement is similar with vis-
cous fluid filling droved by pressure. So the conventional 
volume of filling (VOF) approach is employed to predict 
the fluid advancement. Let F represents the filled factor of 
a control volume, it must satisfy the transport equation

0F F
t

∂
+ ⋅∇ =

∂
u .	�  (10)

In the first filling stage, the velocity of the particle 
decreases significantly once contacts with the previous ar-
rived fluid while the viscous force increases obviously. So 
the velocity and viscous stress derivatives are used as the 
critical values switch from pillar filling to fluid advancing.

3. Experiment Setting

3.1 Experimental Equipment and Materials

The vacuum filling equipment is consisted by vacuum 
pump, buffer barrel, vacuum filling container and material 
container, see Figure 1. The buffering barrel is used to 
store the suction fluid to prevent backward fluid into the 
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pump. The experimental equipment is connected by rub-
ber hose. The volume of the glass cup is a 300 mL, and 
both the suction fluid tube diameter and extraction air tube 
diameter are both 10 mm. Once the vacuum pump starts 
the fluid in the beaker will be sucked into the glass cup, 
and stop when the power turns off.

The flow front of the vacuum filling is recorded by vid-
eo. The mixture of resin GE-7118A and curing agent GE-
7114B was first used in the experiment. They are mixed 
at room temperature of about 20 °C, and the mass ratio 
of the two materials is 100:30. The vacuum filling was 
first performed at minus 0.75 atm and get the filling front 
by video, see Figure 2(a). In order to change the fluid 
viscosity rapidly some soil is also added to this mixture. 
The filling front is shown in Figure 2(b). The fluid starts 
accumulating along the petting pillar when the viscosity 
increases.

3.2 Improvement of Experiments

The shortage of the experiment is the flow front can-
not be well captured by the camera especially for the first 
mixture, and the liquid column was obviously inclined. 
In addition, the bubbles appearing in the fluid during the 
experiments, which influences fluid advancing.

To improve the imagine resolution, the hair conditioner 
was used for experiments instead of the mixture of resin 
GE-7118A and curing agent GE-7114B. In order to pre-
vent bubbles during the filling the material was drained in 
drying hopper at room temperature. In addition, the pipe 
angle was adjusted so as to the jetting column is vertical 
to the bottom. The flow fronts are shown in Figure 3 after 
improving. It can be seen that the problem of tilt jetting 
column had been significantly improved. The bubble and 
delamination phenomenon had also been removed. 

Figure 1. The schematic diagram of the vacuum equipment

 

(a) 

    

(b)

Figure 2. Screenshot of the vacuum filling at 1s for (a) 
mixture of resin and (b) mixture with additional soil.

Figure 3. The vacuum filling with hair conditioner.
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4. Results and Discussion

To perform the numerical simulation, the container, see 
Figure 4, was discretized into 78910 tetrahedral elements. 
The temperature was set to ambient temperature 20 °C 
and the gravity direction is vertical the ground. We change 
the material viscosity and negative pressure to validate the 
proposed method.

Figure 4. Schematic diagram of glass cup.

4.1 Viscosity Effects

The vacuum filling was firstly conducted at 1 minus 
atm. When the fluid enters the glass under negative pres-
sure, it is almost equivalent to that the fluid is only af-
fected by gravity. When the temperature does not change, 
the viscosity of the mixture will keep constant. The fluid 
does not accumulate along the jetting column and there is 
a slight depression near the liquid column as the viscosity 
is only 350 mPa∙s which can not sustain the accumulat-
ed materials. We used analysis software to simulate the 
vacuum filling of resin mixture. The experimental and 
simulated fluid advancements at 1 s and 2 s are shown in 
Figures 5(a) and 5(b) respectively. The simulated fluid 
advancements are in good agreement with the experimen-
tal results. Figure 5 shows the program is also capable of 
simulation of the depression in low viscous vacuum.

Then some soil was added to resin to increase the ma-
terial viscosity and conducted the vacuum filling again. 
The fluid advancements corresponding to 1 s and 2 s 
are shown in Figures 6(a) and 6(b). The viscosity of the 
sample in the experiment increases to 2500 mPa∙s. The 
filling volume within the same period is smaller than that 

(a)   (b)

Figure 5. Comparison between experimental and simulated vacuum filling advancements at  
(a) 1 s and (b) 2 s under minus 1 atmosphere.

(a)   (b)

Figure 6. Comparison of experimental and simulated filling advancements of mixed resin and soil at  
(a) 1 s and (b) 2 s under minus 1 atmosphere
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of the previous one. This is because the flow resistance 
increases with the enhance of fluid viscosity. Both the 
experimental and simulating results show that the middle 
depression near the liquid column still exists but shallow-
er than before. The accumulated pyramid shape along the 
jetting column does not happen during the whole vacuum 
filling for the two materials. This mean the shape of front 
advancements depends on the fluid viscosity and does not 
change significantly for this viscosity scale.

Figure 5 and Figure 6 indicate the filling speed, front 
shape and accumulation along the jetting pillar depend 
on the material viscosity. To verify this assumption, we 
further increased the material viscosity to 9600 mPa∙s by 
replaced the material with hair conditioner. In addition, 
we have also improved the program so that the jetting col-
umn is displayed with runner elements instead of triangle 
elements. The experimental and simulated front advance-
ments are shown in Figure 7.

Figure 7 shows the filled volumes are further reduced 
due to increased viscosity. The filling velocity is different 
from that of low viscosity fluid in the first stage of fill-
ing. In the initial stage of filling, it can be observed that 

the time taken for high viscosity fluid to enter from the 
inlet to the cup of the glass increases compared with low 
viscosity fluid. Through the recording of the camera, we 
found that the low viscosity fluid took 130 millisecond. 
However, high viscosity fluids took 197 millisecond. 
In addition, the flow front shape is much different from 
that of low viscous fluid. The pyramid shape generates 
in the middle front area for high viscous fluid filling. It 
maintains its shape and quickly spreads around and fills 
the whole glass. Fortunately the developed program suc-
cessfully predicts this phenomenon as we considered all 
the fundamental factors especially viscous force in the 
theoretical model. In addition, the program can predict the 
front heights accurately, which means the program can 
also work well for high viscous fluid.

4.2 Negative Pressure Effects

The vacuum pressure was reduced to minus 0.75 atm. 
and conducted the experiment and simulation again with 
the soil mixture. The filling advancements corresponding 
to 1 s and 2 s are shown in Figures 8(a) and 8(b). The fill-
ing volumes are only half of minus 1 atm within the same 

 

(a)

   

(b)

 

(c)

    

(d)

Figure 7. Comparison of the experimental and simulated filling front shapes for (a) 1 s, (b) 2 s, (c) 3 s and (d) 4 s under 
minus 1 atmosphere.
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filling period. The flow front shapes are consistent with 
the before though the vacuum pressure changes. Mean-
while, Figure 6 and Figure 8 show the diameters of the 
jetting column do not vary with vacuum pressure, which 
indicates the jetting shape only depends on the entrance 
diameter and less relates the pressure. 

Similarly, we also conducted comparative experiments 

with high viscosity materials at the same pressure. The re-
sults are shown in Figure 9. Both experimental and simulat-
ed results illustrate that the shape of the flow front does not 
change much, and they are almost the same with the high 
vacuum one. Therefore, it once again demonstrates that the 
filling shape only depends on the fluid viscosity and less re-
late the value of vacuum which only affect the filling speed.

(a)

   

(b)

Figure 8. Comparison of experimental and simulated fluid advancements of mixed resin and soil at (a) 1 s and (b) 2 s 
under minus 0.75 atmosphere.

(a)

  

(b)

 

(c)

  

(d)

Figure 9. Comparison of the experimental and simulated filling front shapes for (a) 1 s, (b) 2 s, (c) 3 s and (d) 4 s under 
minus 0.75 atmosphere.
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5. Conclusions

The vacuum filling is considerably different from the 
fluid filling of pressure-driven flow, in which the gravi-
ty force plays an important role. The conventional VOF 
method can not be used to simulate the flow front. In or-
der to predict the filling process accurately a flow model 
is established to describe the viscous fluid. An iterative 
method combined with FEM is proposed to solve the flow 
problem. In order to capture the flow front mixed with 
jetting and accumulation a Lagranian and VOF method 
is constructed to simulate the advancement. A series of 
vacuum filling experiments were conducted to validate the 
model and numerical methods. The results of this study 
show:

(a) The flow front shape closely depends on the fluid 
viscosity and less relates to the vacuum pressure.

(b) The depression on the middle area will be formed 
for the low viscous fluid vacuum filling.

(c) The pyramid front generates for high viscous fluid 
vacuum filling as the larger viscous material can bear 
heavy force.
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This article aims to examine the behavior of Unplasticized Poly-Vinyl-
Chloride (UPVC) bounded reinforced columns with polypropylene fibers 
under axial compression. To develop this model, samples of concrete filled 
UPVC pipe (CFUT) with different geometric properties were tested. To 
obtain the specimens different class pipes with three different diameters were 
used to investigate the sensitivity of these columns to various parameters. 
The effect of each variable on the ultimate strength, ductility and confinement 
efficiency of the samples was investigated. All specimens were compressed 
by applying load only to the concrete core to obtain the load-displacement 
variations and the corresponding deformation mode. A finite element model 
was developed using the proposed stress-strain variation of confined concrete 
with UPVC tubes to simulate axial compression of CFUT specimens. 
According to the results obtained, the effect of the change in diameter-
thickness ratio failure stress of concrete limited by (D/t) is obtained and 
discussed with empirical relationship. Polypropylene fibers were found to 
slightly increase column strength up to a certain volume fraction, after which 
the strength generally experienced a decrease.

Keywords:
Unplasticized Poly-Vinyl Chloride (UPVC) tubes
Composite column
Tube confinement
Column strength 

1. Introduction

Concrete filled tube is a type of composite column that 
consists of a tubular encasing of any shape with concrete 
filled into it. The tube may be made up of different material 
like steel, fibre reinforced plastic (FRP) and Poly Vinyl Chlo-
ride (PVC)/Unplasticised PVC. Plastics have outstanding 
properties such as low cost, high resistance to severe environ-
mental attack and high strength-to-weight ratio. Because of 
these properties, plastics used for different purposes, includ-

ing commercial and engineering. UPVC pipes are often used 
for worldwide water supply. These pipes are designed for the 
induced internal pressure of the flowing water. These pipes 
are divided into different classes on the basis of resistance to 
water pressure and depending on the nominal pressure exert-
ed by the flowing water.

Yu et al. [1] performed investigations on the CFRPPVC 
confined long and short columns under cyclic displace-
ments and determined the failure mechanisms and the gen-
eral performance. Gao et al. [2] performed experimental and 
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numerical studies on the recycled aggregate concrete con-
fined with PVCPFRP tube. Studies have been performed 
on plain concrete-encased with PVC tubes to measure the 
axial load and deformation characteristics [3]. Wang and 
Yang [4] studied the effects of material mechanical parame-
ters of PVC-confined plain concrete and proposed a simple 
relation to calculate the increase in load capacity due to 
PVC confinement. Wang et al. [5] validated a finite element 
(FE) model for a wide range of experimental concrete-filled 
steel columns and used it to generate parameter variance 
in over 499 circular and rectangular stub columns. The 
parameters included steel tube yield strength, concrete 
core compressive strength, diameter-to-thickness ratio (for 
circular stubs), height-to-width ratio and height-to-thick-
ness ratio (for rectangular columns). They subsequently 
proposed regression models for the prediction of compres-
sive strength, stiffness, and deformation of the composite 
columns. Saadoon [6] to study parameters such as concrete 
strength, tube thickness and slenderness ratio. Saadoon also 
investigated the effect of transverse steel reinforcement in 
these PVC confined columns. An important characteristic 
of the thermoplastic family is its durability against harsh 
and undesirable environments, where exposed concrete or 
steel would deteriorate quickly. Machine Hsie et al. [7] stud-
ied the combined effects of two types of PP fibers and ob-
served an increase in compressive strength as high as 17%. 
An investigation with scanning electron microscope (SEM) 
was performed by Sun and Xu [8] and it was observed that 
PP fibers cause widespread alteration in the microstructure 
of concrete, and therefore have positive effects on various 
mechanical properties of concrete. Gupta and Verma [9] im-
mersed a series of samples of varying diameter-thickness 
and length-thickness in artificial seawater and then tested 
them under axial compression to examine the coating ef-
fectiveness of PVC pipes in the marine environment. No 
significant difference in sample response was observed and 
it was concluded that the PVC coating effectively protected 
the concrete. Wang and Yang [10] presented an experimental 
study on plastic pipe wrapped concrete (PPC). Plastic pipes 
are taken as HDPE pipes. They reported that the thickness 
and unconfined compressive strength of the concrete affect 
the ultimate strength and post-peak behavior of the PPC. 
They observed that at the lower constraint, the breaking 
mode was shear, and at the higher constraint, the drum 
type. According to Ragab et al. [11] tested rigid PVC pipes 
with a diameter of 60 mm (2.36 inches) and biaxially 5.3 
mm (2.09 inches) thickness with 1 MPa (145 psi) working 
pressure. The tension system covering the four quadrants of 
the plane-stress space. Upload done tension, compression, 
torque, and internal and external pressure. They tested the 
samples at different strain rates and temperatures. They 

planned yield’s location various strain rates and tempera-
tures. They observed that rigid PVC pipes followed the von 
Mises criterion. A study with scanning electron microscopy 
(SEM) was conducted by Sun and Xu [12] and it has been 
observed that PP fibers cause widespread changes in the 
microstructure of concrete and therefore have positive ef-
fects on various mechanical properties of concrete.

Based on the above discussion, composite use of PVC 
and concrete addresses some important mechanical and 
environmental challenges. In addition to the advantages of 
UPVC pipes such as no mold demand, fast construction, 
chemical and mechanical improvements due to mechani-
cal protection and containment for core concrete.

It can be seen that only a few researchers have studied 
the behavior of concrete-filled plastic pipes subjected to 
axial compression. The investigation of such columns with 
the help of computer modeling is still not reported. In this 
study, a systematic experimental and computational study is 
attempted to understand and model the behavior of concrete 
filled PVC pipes subjected to axial compression.

2. Experimental Study

2.1 Specimen Configuration

Column specimens were manufactured and tested un-
der axial compression applying only on concrete core. 
CFUT specimen is made with tube of different class hav-
ing different nominal diameter filled with plain concrete 
of grade M30 & M40. The pipes are placed in the circular 
mold before casting the samples. Freshly prepared con-
crete was placed in three layers and appropriate vibration 
and compression have been made in each layer. The sam-
ples were tightly covered with a thick polyethylene sheet 
to avoid evaporation of water. So sample identificated as 
200P5PC40; where 200 indicates the outer diameter of the 
pipe, PC40 is that the plain concrete of grade M40, P5 is 
used for class 5 pipe with nominal pressure of 1.0 MPa. 
These specimens and their corresponding parameters are 
listed in Table 1 and Table 2, respectively. D is the outer 
diameter (including the pipe thickness), h is the height of 
the specimen, and t is the thickness of pipe.

2.2 Material Properties

2.2.1 Concrete

Samples are made of Ordinary Portland cement, fine 
and coarse aggregates and admixture with mix designs of 
M30 & M40. Superplasticizer was added as a percentage 
of cement weight to increase the workability of the sam-
ples and increase their strength by reducing the water con-
tent. Concrete mix proportions are listed in Table 1.
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Table 1. Concrete Mix proportions used in this study

Grade M30 M40

w/c ratio 0.45 0.40

Water (kg/m3) 171 160

Cement (kg/m3) 380 400

Fine Aggregate (kg/m3) 673 675

Coarse Aggregate (kg/m3) 1089 1093

Admixture (%) 0.25 0.35

Cube strength (MPa) 42.22 48.88

2.2.2 Unplasticized Poly-Vinyl Chloride (UPVC) 
Tubes

Unplasticized Polyvinyl Chloride is a hard form of 
PVC (a type of plastic) which used especially for making 
pipes and window frames. Although some researchers use 
the terms PVC and UPVC interchangeably, their industrial 
definitions are quite different and exhibit different me-
chanical properties. PVC is often used to make siding and 
fences, whereas UPVC is used for window and door con-
struction. UPVC is a durable material. It does not contain 
phthalates or BPA. It provides a safe local product. It is 
also highly resistant to corrosion, weathering, and chem-
icals. The use of PVC in confinement of concrete speci-
mens is investigated to some extent in the literature. Due 
to these desirable characteristics, this study attempts to 
evaluate the enhancement behavior of columns confined 
with UPVC tubes.

Different classes of pipes are usually specified with the 
maximum nominal pressure procured from the market. 
These UPVC pipes of class 3, 4 and 5 with nominal pres-
sure of 0.6 MPa, 0.8 MPa and 1.0 MPa and the diameters 
of 160 mm, 200 mm and 225 mm used in this study. The 
specimen length of 800 mm made by this different class 
of UPVC Pipes. The authors conducted a series of tests to 
determine the mechanical properties of the UPVC tube. 
To determine the tensile behaviour of the UPVC, standard 
specimens (Figure 1) were extracted from pipes. The ma-
terial properties of the UPVC element were determined in 
accordance with the tension test of the UPVC specimen 
shown in Figure 2, and the stress-strain curve of UPVC is 
shown in Figure 3, which finds an ultimate tensile stress 
of approximately 52 MPa at 20 °C.

Figure 1. Specimen

Figure 2. Tension test of UPVC

Figure 3. Stress-strain curve of UPVC

Table 2 summarizes the mechanical properties of the 
UPVC pipes that were provided in the manufacturer’s, 
such as young’s modulus, density and Poisson’s ratio. 
Internal hydrostatic pressure test of UPVC pipes was con-
ducted in the laboratory to get confining pressure. It’s set 
up shown in Figure 4 and the confining pressure is given 
in Table 3.

Table 2. Physical properties of UPVC provided by the 
manufacturer

Characteristics Value

Density 1.3 gm/cm3

Elastic modulus 880 MPa

Ultimate tensile strength 22.5 MPa

Poisson’s ratio 0.35

Service life >50 years

2.3 Test Setup and Apparatus

The test was performed using a servo-hydraulic Uni-
versal Testing Machine (UTM) with a loading capacity of 
25000 KN. Template testing and setup tools are shown in 
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Figure 5. It is noteworthy that capping is done precisely 
to produce a thin layer. All column models were loaded 
with a displacement control rate of 0.4 mm/min until they 
reached approximately 1.2%-2.5% strain. Although some 
of these closed models can often be overcrowded, testing 
has been discontinued following a significant reduction in 

load capacity. The displacement used only concrete. Tubes 
were used only for confinement purpose. Deformation 
was recorded from 2 LVDTs placed on opposite sides of 
the crossheads to record the entire length of the samples. 
The load-displacement curves were recorded by the ma-
chine automatically.

Table 3. Confining pressure of UPVC pipes tested by the authors

Class of pipe 
(Nominal pressure)

Dimensions (mm) Confining pressure (MPa)

Nominal Outer 
diameter (D)

Internal diameter (d) Thickness (t) Experimental
Calculated
p= fu(2t/d)

Three 
(0.6 MPa)

160 152.17 3.99 1.15 1.18

200 187.97 5.22 1.35 1.42

225 207.48 7.02 1.72 1.87

Four 
(0.8 MPa)

160 149.44 5.94 1.52 1.57

200 183.34 8.11 1.99 1.99

225 205.42 8.89 2.00 2.09

Five 
(1.0 MPa)

160 146.15 8.65 2.15 2.16

200 181.44 9.58 2.25 2.20

225 204.59 9.97 2.17 2.19

Figure 4. set up for find confining pressure

Figure 5. Casting & Testing of specimens



14

Journal of Mechanical Materials and Mechanics Research | Volume 05 | Issue 01 | March 2022

3. FEM Modelling and Simulation

FEM feature 3D model was developed using Abaqus 
software to mimic a concrete filled UPVC tube under 
axial pressure. For modeling a concrete core, three di-
mensions eight solid elements of node “SOLID 65” were 
used. To model tube, an eight-node solid element SOLID 
45 was used. The main reinforcement and the lateral rela-
tionships are modeled by the link element “LINK8” [15]. A 
discrete model was used to model vertical steel. Bangash [13]  
unconfined concrete model was found to be suitable for 
modelling concrete in RCC. Contact is defined as a sur-
face contact. The yield stress of the plate is taken as 1000 
MPa. The stress-strain variation is modeled using the elas-
tic-perfect plastic material command. The plate behaved 
as rigid. The mesh size was chosen from 4 mm to 8 mm 
for the tube, concrete core and steel plate. Load was ap-
plied to the column through the top loading plate. Surface 
contact interaction used between rigid plate and column 
surface top and bottom side. Figure 6 shows a typical 
finite element model adopted for modeling of concrete 

filled UVFC column. In the standard FEM feature model, 
the solid bottom plate that touches the base of the column 
is centered on all six points with the reference node. The 
solid plate over the top of the column is modeled as a 
language set in five directions, and movement is allowed 
on the column axis only in the reference area. The load is 
used as a removal of the vertical uniform plate on the up-
per plate near the center node of the solid plate. Confined 
concrete is subjected to triaxial compressive stresses; the 
effective stress and effective strain values may be repre-
sented by the uniaxial stress and strain values obtained 
from the stress-strain equation proposed by Saenz (1964). 
It is given as

2 3
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4. Test Results and Discussion

In this study, further experiments were performed to 
determine the behavior of concrete enclosed in a UPVC 
tube. In this process the specimens are cast and tested 
using axial loading in the concrete context only. Internal 
hydrostatic pressure tests were performed to detect closed 
pressure. The confinement is the main governing factor to 
study the behavior of concrete filled tubes. In specimens 
where the jackets had lower degrees of radial strength 
compared to the concrete core, failure occurred mainly in 

the UPVC tubes and the concrete experienced relatively 
limited cracking in the form of shallow hairline cracks 
and other specimens where the influence of UPVC tube 
on strength of the column is more pronounced, the tube 
undergoes a variety of deformations such as local bulg-
ing, drumming, and buckling while it does not experience 
rupturing shown in Figure 7. The results of the test and 
numerical simulation of UPVC-filled concrete tubes are 
given in Table 4. Disable shape of a few tested samples 
and corresponding load-removable curves are planned. 

Figure 6. Finite Element modeling for concrete filled UPVC tube
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The largest deviation of failure was observed between 10 
mm and 14 mm. The angle of shear cracks from the hori-
zontal axis is measured. It was between 63° and 65°. Post 
peak displacement is important with regard to the ductile 
behavior of objects. From the load-moving curve, it was 
found that the migration behind the maximum load was 
approximately 5 mm-10 mm. Load curves found in nu-

merical analysis and accuracy checking. Typical variation 
of loading curves-removal of templates made of UPVC 
tubes with different width of the same class and the same 
width of different class respectively. It can be seen in Fig-
ure 7 that the initial slope of the curves increases as the 
diameter of the tubes increases and the slope of the post is 
almost the same.

 

Figure 7. Experimental Results
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5. Concluding Remarks

In this study, a series of tests were performed on UP-
VC-confined columns. A new type of composite column, 
which can be obtained by filling a plastic container with 
non-plastic poly vinyl chloride (UPVC) is proposed and 
investigated. Based on the results obtained from the ex-
periments and finite element analysis of UPVC-filled con-
crete tubes, the following conclusions can be derived.

•	 A stress-strain model enclosed by a UPVC tube is 
proposed. This model is achieved by changing the 
stress-strain model of concrete bound with different 
materials such as steel.

•	 For specimens made from lower concrete strength, 
the UPVC tube in a concrete filled UPVC tube col-
umn contributed significantly to the axial load carry-
ing capability. The load-carrying capacity in a con-
fined state for a column with an aspect ratio of two 
(h/D=2) was 1.12-1.65 times the sum of individual 
capacity in an unconfined state.

•	 The concrete was complete with shallow cracks and 
cracking occurred in the UPVC tube. On the other 

hand, when the tube was relatively strong, the con-
crete navel had deep and wide cracks while the tubes 
maintained their integrity without cracking and dam-
age to the surface. Failure of all specimens leads by 
development of shear crack and macrocracks with 
slight bulging.

•	 This study used to propose a model to predict the ul-
timate strength of UPVC confined concrete columns. 

•	 The strain at break for short specimens tested ranges 
from 1.25% to 1.70%. The 2t/D ratio and h/D ratio 
both had an effect on the post-peak stress-strain be-
haviour of UPVC confined concrete. As the 2t/D ratio 
increased, the absolute value of the slope decreased.

•	 The behavior of the load-compression curve depends 
on the ambient pressure of the pipe and the compres-
sive strength of the concrete. The absolute value of 
the slope of the curve increases with increasing con-
crete strength and decreases with increasing ambient 
pressure.

•	 The UPVC confinement improved the columns’ duc-
tility and energy absorption.

Table 4. Experimental and fem Modeling results

Specimen

Ultimate Load (kN) Constraining 
parameter

α=Ap fu/Ac fc

Confinement ratio
 β= ( f l / fc)

Mode of failure Failure load 
Max. strain at 

failureExperimen-
tal 

FEM Mode-
ling 

160P3PC30 758 752 0.067 0.034

Sh
ea

r c
ra

ck
s w

ith
 sl

ig
ht

 b
ul

ge

348.28 0.0169

160P4PC30 769 763 0.089 0.045 350.70 0.0150

160P5PC30 793 789 0.123 0.062 372.08 0.0149

200P3PC30 1123 1128 0.081 0.041 509.40 0.0151

200P4PC30 1142 1135 0.114 0.057 656.69 0.0149

200P5PC30 1182 1177 0.125 0.063 614.16 0.0140

225P3PC30 1352 1354 0.107 0.053 607.22 0.0150

225P4PC30 1420 1412 0.119 0.059 695.44 0.0146

225P5PC30 1491 1482 0.125 0.062 772.05 0.0138

160P3PC40 816 812 0.060 0.030 324.59 0.0155

160P4PC40 839 832 0.080 0.040 383.80 0.0142

160P5PC40 850 844 0.111 0.055 456.14 0.0132

200P3PC40 1231 1222 0.073 0.036 564.15 0.0138

200P4PC40 1245 1239 0.102 0.051 598.87 0.0138

200P5PC40 1280 1276 0.113 0.056 650.86 0.0130

225P3PC40 1486 1472 0.096 0.048 693.89 0.0143

225P4PC40 1550 1539 0.107 0.054 759.42 0.0134

225P5PC40 1610 1598 0.112 0.056 806.35 0.0128
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Carbon nanotubes (CNTs) were discovered in 1991 
inside NEC Corporation laboratories by S. Iijima, who 
studied the synthesis of fullerenes and first prepared a new 
type of carbon structures, referred to as CNTs, which were 
described as “helical microtubules of graphitic carbon” [1].

Since CNTs have very high Young’s modulus and ten-
sile strength, together with very small diameter, then they 
can reach natural frequencies of the THz order and there-
fore can be used as high sensitivity resonators in many 
electro-mechanical devices such as sensors, charge detec-
tors and oscillators.

In addition, the extremely high electric and thermal con-
ductivity of CNTs, together with the very high transparency 
in the visible range, makes them promising candidates for 
innovative applications that include heat exchangers and 
energy conversion systems, with the role of advanced cata-
lyst supports or electrodes in solar and fuel cells.

CNTs are divided in two main classes: single-walled 
carbon nanotubes (SWCNTs), given by graphene sheets 
rolled into cylinders, and multi-walled carbon nanotubes 
(MWCNTs), composed by concentric SWCNTs, where 
the different cylinders are connected by van der Waals in-
teraction forces.

Due to their relevant applications in several mechanical 
components, vibrations of CNTs have been attracted much 
attention from researchers. Specifically, CNT vibrations 
have been studied by means of experimental, atomistic 
mechanics and continuum mechanics methods.

Resonant Raman spectroscopy (RRS) starts from the 
experimental measurement of CNT diameter by means of 
atomic force microscopy and investigates atomic struc-
ture, chirality and natural frequencies of CNTs. Howev-
er, due to the high technological complexity and costs, 
experimental methods cannot be considered as efficient 
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approaches to study mechanical behaviour of CNTs.
Molecular dynamics (MD) simulations consider CNT 

atoms as interacting point-like masses, where the vibra-
tions of the free atoms are recorded for a certain time 
duration at fixed temperature. However, due to the high 
computational effort, atomistic mechanics methods cannot 
be easily applied to CNT structural simulation, specially 
MWCNTs, which incorporate a large number of carbon 
atoms.

Since theoretical models based on continuum mechan-
ics are computationally more efficient than MD simula-
tions and do not present the technological complexity and 
high costs of RRS, then continuous elastic models are the 
most commonly adopted methods for the study of CNT 
vibrations.

In these models, it is assumed that the effective discrete 
structure of CNTs can be replaced by means of an equiv-
alent homogeneous elastic structure with a continuous 
distribution of mass and stiffness, not considering their 
intrinsic atomic nature and so reducing the number of de-
grees of freedom.

In order to carefully investigate the validity of contin-
uum mechanics approaches for CNT vibrations, in the 
cases when the lattice structure of CNT is modelled with a 
continuous circular cylindrical shell, some very important 
open issues should be taken into account and properly dis-
cussed.

The first relevant issue to be taken into account in the 
modelling of CNTs as continuous elastic shells is given by 
anisotropy. CNTs are usually modelled as isotropic elastic 
shells; however, they present a chirality-induced aniso-
tropic behaviour due to their discrete nature that cannot be 
captured by using an isotropic shell model.

To this aim, Chang et al. [2] developed a molecular 
mechanics model, called “stick-spiral model”, able to 
correctly predict chirality and size-dependent elastic prop-
erties of CNTs. They found explicit expressions for longi-
tudinal Young’s modulus and Poisson’s ratio, circumferen-
tial Young’s modulus and Poisson’s ratio, and longitudinal 
shear modulus in case of chiral SWCNTs. This molecular 
based anisotropic elastic shell model including chirality 
effects was validated via comparisons with RRS and MD 
data, proving that the classical relationship of isotropic 
elastic continuum mechanics between Young’s and shear 
modulus is not valid for SWCNTs.

In addition to anisotropy, another relevant issue in the 
modelling of CNTs as continuous elastic shells is given 
by nonlocality. Classical continuum mechanics models 
assume that the stress state at a given point of the body is 
uniquely dependent on the strain state at that point, and 
they do not admit any intrinsic size dependence in the 

elastic constitutive equations; therefore, they are not able 
to identify the small-scale effect on CNT mechanical be-
haviour. On the other hand, Eringen’s nonlocal elasticity 
theory assumes that the stress state at a given point of a 
body is a function of the strain field at every point of the 
body, where the scale effect is inserted in the constitutive 
equations as a constant nonlocal parameter.

Starting from Eringen’s nonlocal elasticity theory, Fa-
zelzadeh and Ghavanloo [3] developed a refined nonlocal 
anisotropic elastic shell model by calibrating the value of 
nonlocal parameter with the results of MD simulations to 
obtain the linear vibrations of CNTs with different chirali-
ties, geometries and boundary conditions.

Besides anisotropy and nonlocality, in the specific case 
of MWCNTs a third relevant issue to be taken into con-
sideration in the continuum modelling is given by van der 
Waals interactions between the concentric SWCNTs.

Ru [4] proposed a linear relationship between pressure 
due to van der Waals interaction and radial displacement 
for the buckling and vibration analysis of MWCNTs in 
which the interaction coefficient is constant, i.e., it is not 
dependent on the radius of the individual SWCNT. How-
ever, it is clear that this simplified formulation is not accu-
rate in modelling van der Waals interactions.

In order to accurately describe van der Waals interac-
tion forces in MWCNTs, He et al. [5] proposed a linear 
relationship between pressure due to van der Waals inter-
action and radial displacement where the interaction coef-
ficient is radius-dependent. By using this refined formula-
tion, natural frequencies of MWCNTs were analysed for 
different geometries and chiralities, obtaining an excellent 
agreement with MD results.

To conclude, as reported above, several advanced mod-
els have been proposed in the last decades for the continu-
um modelling of carbon nanotubes. However, it is impor-
tant to develop new more accurate models, able to better 
capture the actual CNT behaviour derived by experiments 
and MD simulations. To this purpose, Journal of Mechan-
ical Materials and Mechanics Research, a peer-review 
and open access journal, provides a good service platform 
for researchers to publish their works on advances in con-
tinuum modelling of carbon nanotubes.
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Increasing the thermal efficiency in newly designed power stations is a 
priority. Keeping the efficiency in existed plants close to the rated one is 
of paramount importance. This research contributes to investigating the 
adverse effects of changes in condenser seawater coolant characteristics, 
(temperature, fouling, and salinity), on the thermal performance of a 
Boiling Water Reactor Nuclear Power Plant (BWR) NPP. A mathematical 
model is developed to relate seawater cooling temperature, fouling, and 
salinity to output power and thermal efficiency. The model also explains the 
impact of the condenser performance on power and efficiency. The thermal 
efficiency of the considered BWR NPP is reduced by 2.26% for a combined 
extreme increases in the condenser cooling seawater temperature, fouling 
factor of seawater and treated boiler feed water, and salinity by 10 °C, 
0.0002, 0.00001 m2K/W, and 100 g/kg, respectively. A rise in the condenser 
efficiency from 40% - 100% results in an increase in the output power by 
7.049%, and the thermal efficiency increases by about 2.62%. Conclusions 
are useful for reactor’s design.
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1. Introduction

The ultimate goal of designers of power stations wheth-
er thermal or nuclear, from the thermodynamic point of 
view, is to attain the maximum possible thermal efficien-
cy. For operators thereafter, the job is to maintain and run 
the station close to the rated efficiency. The low tempera-
ture sink is the heat rejected by the condenser, which is a 
crucial component of power stations. Its proper operation 

according to the design data is of paramount importance 
for the station to operate efficiently. There is a desirability 
of having a high temperature internally and a low tem-
perature in the external environment. This consideration 
gives rise to desirably siting power plants alongside cold 
water. Most power plants have higher efficiencies in win-
ter than in summer.

A power plant is designed according to pre-determined 
design conditions for optimum efficiency. However, in 
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practice rated conditions cannot be maintained as the time 
goes by, because inlet conditions are not as per design 
data, hence the efficiency and output power drop. A steam 
plant and the second cycle of a nuclear plant are com-
posed of many components; each is designed for optimum 
operation in order to satisfy the overall plant efficiency. 
The condenser is not the largest piece of equipment in the 
plant, but it is a key item in determining the plant efficiency.

Surface condensers are the types usually used in pow-
er plants. The condenser is necessarily a large piece of 
equipment because more than 60% of the thermal energy 
produced by a plant ends up as low enthalpy heat because 
of the thermodynamic limitation of the Rankine cycle. 
This reject heat is dissipated by the condenser to the en-
vironment. The heat transfer area in a power plant’s sur-
face condenser easily dwarfs any other heat exchanger in 
the plant. The lower heat sink temperature means higher 
Carnot cycle efficiency. The upper heat reservoir is lim-
ited by material considerations. Therefore, attaining the 
lowest possible condensing temperature in the heat sink of 
the Rankine cycle is a primary goal in surface condenser 
design. Since the saturation temperature and pressure of 
steam are proportionally related at low pressures, the ob-
jective of low condensing temperature necessitates a low 
condenser operating pressure. The condenser reduces the 
turbine exhaust pressure so as to increase the specific tur-
bine output. 

The steam power plant performance strongly depends 
on its low pressure end operating conditions, where the 
condenser is the key component to do this. The thermal 
efficiency of power plants mainly depends on its tur-
bine-condenser performance. Generally, as the condenser 
pressure increases, due to changes in its cooling water 
characteristics, both thermal efficiency and net output 
power decrease and the steam consumption increases.

Condensers in power plants are usually cooled by wa-
ter. Thus, factors affecting the condenser performance are 
related to characteristics of the condenser cooling water. 
The present research deals with nuclear power plants 
(NPPs), which are mostly located near seas, and con-
densers are cooled by seawater. Three properties of the 
condenser cooling seawater are important: temperature, 
fouling, and salinity. The adverse effects of these factors, 
due to deviations from design values, on the thermal per-
formance of a BWR NPP are investigated. In fossil fuel 
power plants (PPs), some of the heat discharged is in the 
flue gases through the stack, whereas in a NPP virtually 
all the waste heat has to be dumped into the condenser 
cooling water. Thermal PPs have an intrinsic advantage 
which enables them to run their internal boilers at higher 
temperatures than those with finely engineered nuclear 

fuel assemblies which must avoid damage for safety. This 
means that the efficiency of modern fossil fuelled plants 
is typically higher than that of nuclear plants. A nuclear 
or thermal plant running at 33% thermal efficiency, for 
instance will need to dump more heat than ones with 36% 
efficiency. Nuclear plants currently being built have about 
34%-36% thermal efficiency, depending on the site (es-
pecially concerning water temperature). Older NPPs are 
often only 32%-33% efficient. 

The water temperature in oceans, lakes, seas, and 
rivers differs significantly from one site to another. The 
seasonal variations of water temperature differ depending 
on the location. The design of the condenser in a power 
station depends on the inlet cooling water temperature. 
Therefore, the station should be sited carefully, according 
to the cooling water temperature of the source; low tem-
perature sites with less seasonal variations are preferable 
if in hand. Sometimes it is unavoidable to locate the plant 
on a high temperature water source like in the Arabian 
Gulf region. As the temperature of the condenser cooling 
water changes, the condenser pressure is directly affected, 
and this reflects on the plant performance. Cooling water 
temperature increase means condenser pressure increase, 
and consequently plant efficiency decrease. It has been 
concluded that for a proposed PWR NPP, the output 
power and the thermal efficiency of the plant decrease by 
approximately 0.3929% and 0.16%, respectively, for 1 °C 
increase in the temperature of the condenser cooling sea-
water [1]. It is shown that an increase in the inlet cooling 
seawater temperature of 15 °C reduces the efficiency and 
the output power by 2% and 6%, respectively, of the 1450 
MW power cycle of the APR 1400 PWR NPP in the Unit-
ed Arab Emirates located on the Arabian Gulf [2]. A study 
on the effect of cooling water temperature on the thermal 
efficiency of a PWR NPP, found that an increase of 1 °C 
of the coolant water results in a decrease of about 0.45% 
and 0.12% in the power output and thermal efficiency of 
the plant, respectively [3]. For nuclear power plants, a rise 
in temperature of 1 °C reduces the nuclear power by about 
0.5% through its effect on the thermal efficiency [4]. For a 
225 MW steam PP, every 1 °C increase in the condenser 
cooling seawater temperature, the output power of the 
plant decreased by about 0.171%, the condenser pressure 
increased by about 5.146%, and the plant efficiency de-
creased by approximately 0.168% [5]. Reference [6] investi-
gated, by a thermodynamic model, the impact of flow rate, 
temperature and velocity of the cooling water on the heat 
transfer and condenser effectiveness, for a coal fired plant, 
and found that 1 °C increase in the inlet temperature of 
cooling water leads to deviation of the condenser pressure 
by 0.59 kPa, which reduces the cycle heat transfer rate 
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by 0.36% and the unit generation by 33 MW. An experi-
mental work on the performance of a steam condenser in 
a 600 MW thermal PP depicted that the plant efficiency 
increased from 38.83% to 39.45% by reducing the con-
denser pressure to 65.21 bar [7]. A research on the effect 
of the condenser [8]. For an increase of 30 °C in the inlet 
cooling water temperature, the annual cash flow decreases 
by million 3.6 Dollars, and the electricity production cost 
is increased to 0.148 cent/kWh [8]. A Rankine cycle model 
for the secondary cycle of a VVER 1200 NPP showed a 
decrease in the thermal efficiency from 37.44% to 33.65% 
due to an increase in the condenser pressure from 4 kPa - 
15 kPa, which was attributed to increase in the condenser 
cooling temperature and atmospheric temperature [9].

Fouling of heat exchangers may be defined as the ac-
cumulation of undesirable deposits on heat transfer sur-
faces. The fouled layer creates an additional resistance to 
heat transfer, and the contraction of the flow area, due to 
fouling, results in an increased flow velocity for a given 
volumetric flow rate. Furthermore, the deposit is usually 
hydro dynamically rough so that there is an increased re-
sistance to the fluid flow across the deposited surface. In 
shell and tube steam condensers, the cooling water flow 
velocity is usually low, and this gives rise to more fouling 
accumulation in the tubes. Thus, the problems associ-
ated with condenser fouling will be more pronounced. 
Therefore, the consequences of fouling are, in general, a 
reduction in the exchanger efficiency and other associat-
ed operating problems including excessive pressure drop 
across the exchanger. This affects the plant thermal per-
formance. In order to cope with the expected fouling, the 
heat exchanger should have an additional area over that 
required to give the same heat rate in the clean condition. 
A model for studying the effect of changes in the condens-
er cooling seawater fouling on the thermal efficiency and 
output power of a PWR NPP, indicated that an increase in 
the condenser cooling seawater fouling factor in the range 
0.00015 m2K/W-0.00035 m2K/W had led to a decrease in 
the plant output power and thermal efficiency of 1.36% 
and 0.448%, respectively [10]. The effect of the thermal 
resistance of fouling on the power output of a condens-
ing turbine, after one year of operation, indicated that for 
old condensers the fouling resistance could reach 0.0007 
m2K/W, and this reduced the turbine power output by up 
to 4.1%, whereas for new condensers, the power output 
drop did not exceed 1.5% [11]. A model to predict the effect 
of fouling effect of fouling on the thermal performance of 
evaporative coolers and condensers showed that the maxi-
mum decrease in effectiveness due to fouling was 78% for 
condensers [12]. Research published [13] showed that unde-
sirable design procedures and operation problems of heat 

exchangers typically oversize them by 70%-80% of which 
30%-50% is attributed to fouling. It has been stated that if 
the overall heat transfer coefficient for the fouled condi-
tion is ½ the coefficient for clean condition, then the heat 
transfer area is doubled, and that the choice of the fouling 
resistance is crucial not only for efficient operation of 
the heat exchanger and its operating cost, but also on its 
capital cost [14]. A study on the impact of water fouling 
properties on the thermal and hydraulic parameters of the 
shell and tube heat exchanger tubes demonstrated that mi-
nor change in the fouling layer thickness has direct effect 
on the heat transfer compared to the pressure drop for the 
heat exchanger [15]. A model has been provided to study 
the effect of fouling on the effectiveness and water outlet 
temperatures of cooling towers demonstrated about 0.6% 
decrease in effectiveness and about 1.2% increase in the 
water outlet temperature [16]. Reference [17] studied the bio 
fouling control of seawater to achieve efficient operation 
of a power station, and reported that it is important for 
power plant designers to choose the most suitable control 
method to combat bio fouling in practical, economical, 
and environmentally acceptable manners.

Salinity is the saltiness or the quantity of salt dissolved 
in water, which is called saline water. This is usually 
measured in g salt/kg seawater. Salinity is a thermody-
namic state variable that, along with temperature and 
pressure, governs physical characteristics like the density 
and heat capacity of saline water. Thus, changes in the 
salinity of the condenser cooling seawater could affect its 
performance. Salinity in closed seas, like the Dead Sea is 
much higher than that in oceans and large area seas, riv-
ers and lakes have very lower salinities in comparison. A 
model was provided to obtain the effect of salinity of the 
condenser cooling seawater of a PWR NPP on the ther-
mo-physical properties of seawater on the thermal perfor-
mance of the plant revealed that increasing the condenser 
cooling seawater salinity by 10 g/kg, 50 g/kg, and 100 g/kg 
resulted in losses in the thermal efficiency of the plant by 
0.011%, 0.06%, and 0.14%, respectively with respective 
reductions in the output power for the same salinity values 
of 0.033%, 0.039%, and 0.044% [18]. An investigation on 
the effect of changing the salt content on many properties 
of seawater, such as density, thermal expansion, tem-
perature of maximum density, viscosity, speed of sound, 
vapor pressure, etc. gives that knowledge of the way these 
parameters change, as well as the processes that cause the 
changes, are essential for the design of systems that will 
effectively operate in the ocean [19]. A model relating the 
condenser cooling seawater salinity and temperature and 
the thermal efficiency of a PWR NPP reported a loss of 
0.2% in the efficiency, for temperature and salinity values 
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of 5 K, and 10000 ppm [20]. Reference [21] investigated the 
thermal performance of a seawater cooling tower exper-
imentally and theoretically, and found that the air effec-
tiveness decreased with increasing the seawater salinity, 
with a maximum decrease of 15% for a salinity of 85 g/kg. 
A work connected with injecting seawater into the nuclear 
reactors of the Fukushima disaster (Japan, 2011), in order 
to cool down fuel elements, illustrated that seawater af-
fects the heat transfer due to changes in salinity and other 
physical properties of the coolant [22]. 

We could not detect research work concerning the com-
bined effect of temperature, fouling, and salinity of the 
condenser cooling seawater on the thermal performance of 
NPPs except that by Ibrahim et al. [23]. This study focused 
on a proposed PWR NPP, and showed that a significant 
loss in the plant output power and thermal efficiency of 
up to 8.242% and 2.77%, respectively, can result from an 
increase in the condenser cooling seawater temperature 
from 15 °C-30 °C, fouling factor from 0.00015 m2K/W- 
0.00035 m2K/W, and salinity from 0 g/kg.-100 g/kg.

Since the efficiency of NPPs is lower than that of ther-
mal PPs, therefore, it is important to mitigate or prevent 
if at all possible all factors that reduce their efficiency. To 
achieve this, relations between such factors and the ther-
mal efficiency and output power of NPPs should be stud-
ied and analyzed. The current research contributes to the 
adverse effects of variations in the condenser inlet cooling 
seawater temperature, fouling, and salinity on the thermal 
efficiency and power output of a proposed BWR NPP. The 
paper includes the individual effects of these properties 
as well their combined impacts. We developed a model, 
based on thermodynamic and heat balance considerations, 
to calculate the required effects, and numerical solutions 
were performed by a computer program. The work is re-
lated to a BWR NPP, since there is no research conducted 
on this type of plant relevant to the subject of the current 
research.

2. The Selected BWR NPP

The present study is concerned with the complete cycle of 
a typical BWR NPP. An OKG’s Oskarshamn 3 (O3) NPP is 
selected as a case study of such a plant. Oskarshamn is one 
of three active nuclear power plants in Sweden. The plant 
is located about 30 kilometers north of Oskarshamn, on 
the Baltic Sea coast. In 1985, Oskarshamn 3 was phased 
in online and reached its full power of 1050 MW. In 1989, 
the power of O3 was scaled up to a maximum of 1200 MW. 
In 2012, the power was further increased to 1450 MW, 
making O3 one of the largest BWRs in the world.

The plant consists typically of a BWR, reactor cool-
ant pump, high-pressure steam turbine (HPST), three 

low pressure steam turbines (LPST), moisture separator 
and reheater (MS/R), deaerator feed water heater, two 
high-pressure feed water heaters (HPFWH), and three low 
pressure feed water heaters (LPFWH), condenser, bypass 
valve (BPV) which is essential to keep the pressure inside 
the reactor at 70 bar to ensure good and stable moderation, 
and necessary pumps (feed water and condensate pumps). 
Figure 1 is a schematic diagram showing the main compo-
nents of the proposed plant [24].

Figure 1. A Schematic of main components of the pro-
posed BWR NPP

Technical design data of the Oskarshamn 3 NPP are 
given in Table 1.

Table 1. Design data of the Oskarshamn 3 BWR NPP

Vapor data 
before high pressure turbine  
after high pressure turbine  

in condenser

MPa / °C  
MPa / °C  
kPa / °C

6.5 / 283  
0.97 / 179  
4.0 / 30

Number of preheating steps  
- low pressure preheating  
- high pressure preheating

stages 
6  
4  
2

Feed water temperature °C 218

Generator power MW 1450

Gross efficiency % 36.5

Aggregate net power MW 1400

Steam flow rate Kg / s 2115

Condenser cooling water flow rate m3 / s 55

Condenser cooling water inlet temperature °C 5

Condenser cooling water temperature increase °C 10.5

3. The Present Theoretical Model 

3.1 Model Calculation Data

The present calculations were made for these values: 
● 	The range of change of cooling water temperature is 

5 °C-15 °C.
● 	The range of change of the fouling factor, F is 
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0.00015 m2K/W-0.00035 m2K/W.
● 	The treated boiler feed water range is 0.00005 m2K/W- 

0.00015 m2K/W.
● 	The change of cooling seawater salinity Sp is 0 g/kg-

100 g/kg.
The combined effect of cooling seawater temperature, 

fouling factor, and salinity was calculated for the above 
given values.

3.2 Model Assumptions

(1)	 Thermodynamic conditions of the steam at exit of 
the nuclear reactor are fixed.

(2)	 Thermal power of the BWR changes slowly to 
provide constant thermodynamic properties of the 
steam at exit from the nuclear reactor, since the 
variation in the cooling water temperature occurs 
seasonally and very slowly.

(3)	 Constant cooling water temperature difference.
(4)	 The condenser vacuum pressure varies with the 

temperature of cooling water extracted from the 
sea at fixed mass flow rate into the condenser.

(5)	 Constant mass flow rates of condensate and cool-
ing water.

(6)	 Fixed total surface area of condenser tubes and 
material properties.

(7)	 There is no pressure drop across the condenser.
(8)	 Constant condenser heat transfer area and heat 

load.
(9)	 Potential and kinetic energies of the flow and heat 

losses from all equipment and pipes are negligible.

3.3 Model Formulation and Equations

3.3.1 Thermodynamic Analysis

The energy balance equations for the various processes 
involving steady flow equipment such as the nuclear reac-
tor, turbine, pumps, and condenser are:

♦ Heat added to steam from reactor, Qadd is
Qadd = ṁst (hout − hin) kW� (1)
where ṁst= mass flow rate of steam exit from reactor or 
steam generator, kg/s, hin = enthalpy of feed water inlet to 
reactor or steam generator, kJ/kg, and hout = enthalpy of 
steam outlet from reactor or steam generator, kJ/kg.

♦ Total turbine work, WT is
WT = WHPT + WLPT kW� (2)

WHPT = ṁst (hin − hout ) kW� (3) 

WLPT = ṁst (hin − hout ) kW� (4)
where ṁst = mass flow rate of steam inlet to turbine, kg/s,  
hin = enthalpy of steam inlet to turbine, kJ/kg, hout = en-

thalpy of steam outlet from turbine, kJ/kg, WHPT= high 
pressure turbine work, kW, and WLPT = low pressure tur-
bine work, kW.

♦ Pump work, WP is
Wp = Wcp + Wfwp kW� (5)

Wfwp = ṁfw ( hin − hout ) kW� (6)

Wcp = ṁfw ( hin − hout ) kW� (7)
where ṁfw = mass flow rate of feed water inlet to pump, kg/s,  
hin = enthalpy of feed water to pump, kJ/kg, hout = en-
thalpy of feed water outlet from pump, kJ/kg, Wfwp = feed 
water pump work, kW, and Wcp = condensate pump work, 
kW.

♦ Heat rejected from condenser, QRej is
QRej = (ṁmix ∗ hin − ṁfw ∗ hout ) kW� (8)
where ṁmix = mass flow rate of mixture inlet to condenser, kg/s,  
hin = enthalpy of mixture inlet to condenser, kJ/kg, and 
hout = enthalpy of feed water outlet from condenser, kJ/kg.

♦ Net work done, Wnet is
Wnet = WT − Wp kW� (9) 

♦ Cycle efficiency, ηth is

ηth =  %� (10)

3.3.2 Heat Balance Equations 

Heat Balance of Feed Water Heaters

A lower temperature than that of natural environment 
cannot be utilized, therefore, the large amount of heat re-
jected from the condenser is wasted. To mitigate such heat 
waste, regenerative feed water heaters (FWHs) are em-
ployed in which feed water is heated to its final tempera-
ture by extracted steam from various stages of turbines. 

There are two different types of FWHs commonly used 
in power plants: open FWH, and closed FWHs, where 
a heat exchanger is used to transfer heat between two 
streams, which can be maintained at different pressures.

♦ Closed feed water heaters
Most feed water heaters are shell-and-tube heat ex-

changers, although some are of the header type. A few 
employ straight tubes, although the majority uses U-tubes, 
which are relatively tolerant to the thermal expansion dur-
ing operation.

In shell and tube closed FWHs, the condensed steam, 
on the shell side, from each feed water heater drains suc-
cessively to the next lower pressure heater and is returned 
to the feed water by means of heater drain pumps or 
through the condenser. The heat balance equation is
ṁst ∗ (h1 - h2) = ṁfw ∗ (hout − hin)� (11)
where ṁst = steam mass flow rate extracted from turbine 
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to feed water heater, kg/s, ṁfw = feed water mass flow rate 
inlet to feed water heater, kg/s, h1 = enthalpy of steam in-
let to feed water heater, kJ/kg, h2 = enthalpy of steam out-
let from feed water heater, kJ/kg, hin = enthalpy of mixture 
inlet to feed water heater, kJ/kg, and hout= enthalpy of feed 
water outlet from feed water heater, kJ/kg.

♦ Deaerator
Dissolved oxygen and carbon dioxide in the feed water 

fed to the boiler cause internal corrosion of pipes. Thus, 
it is extremely important to get rid of all dissolved gases 
from feed water, and this is achieved by using a deaera-
tor, which is an open feed water heater. Equipment life 
can be extended at little or no cost by limiting the oxygen 
concentration to 5 ppb. Dissolved CO2 is essentially com-
pletely removed by the deaerator.

Deaerators in steam generating systems of most ther-
mal power plants use low pressure steam obtained from 
an extraction point in their steam turbine system. The heat 
balance is 
(ṁst + ṁfw) ∗ hout = (ṁst ∗ h1) + (ṁfw ∗ hin)� (12)
where ṁst = mass flow rate of Steam extracted from tur-
bine to deaerator, kg/s, ṁfw = mass flow rate of Feed water 
inlet to deaerator, kg/s, h1 = enthalpy of steam inlet to de-
aerator, kJ/kg, hin = enthalpy of feed water inlet to deaer-
ator, kJ/kg, and hout = enthalpy of feed water outlet from 
deaerator, kJ/kg.

Heat Balance of Moisture Separator and Reheater

During expansion through the HP section, the moisture 
content in the steam increases to approximately 12% at 
the HP turbine exhaust. Moisture in the steam reduces the 
mechanical efficiency in the LP turbines and causes ero-
sion of LP turbine blades. 

The separator may be separate from the reheater or 
integral with it. Separate separators usually employ cen-
trifugal principles.. In integral ones, sudden changes in the 
steam direction, by means of vanes or baffles, causing lose 
in the moisture momentum, thus falls down and get sepa-
rated from the steam. The heat balance of the separator is
ṁr ∗ (h1 -h2) = (ṁs ∗ hs) + ((ṁst − ṁs) ∗ hout ) − (ṁst ∗ hin)� (13)
where ṁst = mass flow rate of steam inlet to moisture 
separator and reheater, kg/s, ṁs = mass flow rate of water 
drained from moisture separator and reheater to deaerator, kg/s,  
ṁr = mass flow rate of reheating steam inlet to moisture 
separator and reheater, kg/s, hin = enthalpy of steam with 
moisture inlet to moisture separator and reheater, kJ/kg, 
hout = enthalpy of superheated steam outlet from moisture 
separator and reheater, kJ/kg, hs = enthalpy of water drained 
from moisture separator and reheater to deaerator, kJ/kg,  
h1 = enthalpy of reheating steam inlet to moisture sep-

arator and reheater, kJ/kg, and h2 = enthalpy of reheating 
steam outlet from moisture separator and reheater to steam 
generator, or feed water heater, kJ/kg.

Heat Balance of Cooling Water System (condenser)

The rise in cooling water temperature and mass flow 
rate is related to the heat rejected in the condenser as
QRej = (ṁmix ∗ hin ) − (ṁfw ∗ hout )� (14)

QRej = ṁCW ∗ C ∗ ΔT� (15)  

ΔT = (Tcwo − Tcwi)� (16)  

QRej = U ∗ A ∗ LMTD� (17)

LMTD = � (18)  

where ṁCW= cooling water mass flow rate of condenser, kg/s,  
ṁfw= feed water mass flow rate of outlet from condenser, kg/ s,  
ṁmix= mixture mass flow rate inlet to condenser, kg/s, 
hin = enthalpy of mixture inlet to condenser, kJ/kg, hout = 
enthalpy of feed water outlet from condenser, kJ/kg, Tc =  
Condenser saturation temperature, °C, Tcwo = tempera-
ture of cooling water outlet from condenser, °C, Tcwi = 
temperature of cooling water inlet to condenser, °C, ΔT= 
temperature different between the cooling water exit and 
inlet temperature, °C, U = Overall heat transfer coefficient,  
W/m2K, C = specific heat of water, kJ/kgK, A = heat transfer 
area, m2, and LMTD = log mean temperature difference, °C.

3.4 Important Factors Affected by Changes in 
Cooling Seawater Temperature, Fouling Factor, 
and Salinity

♦ Inside overall heat transfer coefficient, Ui is

Ui =   W/m2K� (19)

where Ai = inside tube surface area, m2, Ri = thermal re-
sistance of inner seawater, K/W, Ro= thermal resistance 
of outer condensation film, K/W, Rw= thermal resistance 
of tube wall, K/W, Rf,i = fouling factor thermal resistance 
inside condenser tubes, K/W, and Rf,o= fouling factor ther-
mal resistance outside condenser tubes, K/W.

♦ Outside overall heat transfer coefficient, Uo is 

Uo =  W/m2K   �   (20)

where Ao= outside tube surface area, m2, Ri= thermal re-
sistance of inner seawater, K/W, Ro =thermal resistance of 
outer condensation film, K/W, and Rw =thermal resistance 
of tube wall, K/W, Rf,i = fouling factor thermal resistance 
inside condenser tubes, K/W, and Rf,o = fouling factor 
thermal resistance outside condenser tubes, K/W.

♦ Thermal resistance of inner seawater, Ri is 
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Ri =  K/W     �   (21)   

where Ai= inside tube surface area, m2, and hi=heat trans-
fer coefficient for flow inside circular tubes, W/m2 K.

♦ Thermal resistance of outer seawater, Ro is

Ro =  K/W  �      (22)

where Ao= outside tube surface area, m2, and ho= film con-
densation heat transfer coefficient in bundles of horizontal 
tubes, W/m2K.

♦ Thermal resistance of tube wall, Rw is

Rw =  K/W    �    (23)   

where k= thermal conductivity of tube, W/m K, ro= outer 
radius, m, ri = inner radius, m, and L= tube length, m.

♦ Thermal resistance of seawater fouling factor, Rf is 

Rf = K/W �       (24)   

where A= tube surface area, m2, and F= fouling factor, m2 K/W.
♦ Heat transfer coefficient of flow inside circular tubes, 

hi 

hi =  W/m2K      �  (25)  

where:

Nu = 0.023 *  *     �    (26)  

Re =        �   (27)  

Pr =    �      (28)  

where ρsw= seawater density, kg/m3, V= flow velocity, m/s,  
d= tube diameter, m, μsw= seawater dynamic viscosity, N/m2 s,  
ksw= seawater thermal conductivity, W/m K, and Cp,sw= 
seawater specific heat capacity, J/kg K.

♦ Film condensation heat transfer coefficient in bundles 
of horizontal tubes, ho is [25] 

ho = 0.725  W/m2K� (29)   

where ρl= liquid density, kg/m3, ρV= Steam or vapor density, kg/m3,  
μl= liquid dynamic viscosity, N/m2.s, Tst= steam or vapor 
saturation temperature, °C. Nh= number of horizontal 
tubes, hfg= latent heat for condensation, kJ/kg, k= thermal 
conductivity of liquid, W/m K, g = acceleration of gravity, m/s2, 
and Tw= condenser tube surface wall temperature, °C.

♦ Seawater density, 𝛒sw 
The density of seawater, ρsw as a function of tempera-

ture, pressure, and salinity is a fundamental oceanographic 
property. The thermo-physical seawater density correla-
tion is given as [26] 

ρsw =  kg /m3�(30)  

where:
a 1=9.999×10 2,  a 2= 2 .034×10 −2,  a 3=−6.162×10 −3, 
a4=2.261×10−5, a5=−4.657×10−8,
b1= 8.020×102, b2= −2.001, b3=1.677×10−2, b4=−3.060 
×10−5, b5=−1.613×10−5, and valid for ρsw in (kg/m3) for 0 ≤ 
T ≤ 180 °C, and 0 ≤ Sp ≤ 0.16 kg/kg, with accuracy ± 0.1 %.

♦ Seawater specific heat, Cpsw 
The specific heat of seawater, Cpsw changes as a func-

tion of both temperature and salinity. The thermo-physical 
seawater specific heat correlation is [26] 
Cpsw = A + B T + C T2 + D T3 kJ/kg K� (31)
where:
A = 5.328 − 9.76×10−2 Sp + 4.04×10−4Sp

2,
B = − 6.913×10−3 + 7.351×10−4 Sp − 3.15×10−6 Sp

2,
C = 9.6×10−6 − 1.927×10−6 Sp + 8.23×10−9 Sp

2,
D = 2.5×10−9 + 1.666×10−9 Sp − 7.125×10−12 Sp

2, and
the validity of Cpsw in (kJ/kg K) is for 273.15 < T < 453.15 
K, and 0 < Sp < 180 g/kg, with accuracy of ± 0.28%.

♦ Seawater thermal conductivity, ksw 
The thermal conductivity, ksw is an important property 

of seawater and one of the most difficult liquid properties 
to measure. Consequently data on seawater thermal con-
ductivity is very limited. For aqueous solutions containing 
an electrolyte, such as seawater, the thermal conductivity 
usually decreases with an increase in the concentration 
of dissolved salts. The thermo-physical seawater thermal 
conductivity correlation is [26] 
log10 (ksw) = log10 (240 + 0.0002 Sp) + 0.434 

 W/m K�
(32)   

where the validity is for ksw in W/m K, is for 0 < T < 180 
°C and 0 < Sp < 160 g/kg, with accuracy of ± 3%.

♦ Seawater dynamic viscosity, μsw 
The dynamic viscosity of seawater, μsw changes as 

a function of both temperature and salinity. The ther-
mo-physical seawater dynamic viscosity correlation is [26] 
μsw = μw (1+ A Sp + B Sp

2) kg/m s   �    (33)  
where:
A = 1.541 + 1.998 × 10−2T − 9.52 × 10−5T2,
B = 7.974 − 7.561 × 10−2T + 4.724 × 10−4T2,
μw = 4.2844 × 10−5+ (0.157 (T + 64.993 )2 − 91.296 )-1, and
the validity is for μsw and μw in (kg/m.s) for 0 < T < 180 °C 
and 0 < Sp < 0.15 kg/kg, with accuracy: ± 1.5%.

3.5 The Effect of Condenser Performance on the 
Thermal Performance of the Plant

The present model studies the effect of the condens-
er efficiency, ηc on the exhaust steam temperature and 
pressure, condenser loss factor (LF), and output power 
and thermal efficiency of the power plant. The condenser 
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loss factor is defined as the ratio of the heat released by 
the steam entering the condenser to the heat gained by its 
cooling water. The loss factor, output power and thermal 
efficiency are related to the condenser efficiency, ηc as [27]. 

ηc =  %     �   (34)  

LF =   �      (35)  

LF =     �   (36)  

where QRej ,st= heat rejected from condensate steam, kW, 
QRej ,cw= heat rejected from condensate steam to cooling 
water, kW, ṁmix= mass flow rate of mixture inlet to con-
denser, kg/s, ṁfw= mass flow rate of feed water outlet 
from condenser, kg/s, ṁCW= mass flow rate of cooling wa-
ter inlet to condenser, kg/s, hin= enthalpy of mixture inlet 
to condenser, kJ/kg, and hout= enthalpy of feed water outlet 
from condenser, kJ/kg. 

4. Results and Discussion
4.1 Thermodynamic Data and State Diagrams of 
Plant Components

Classical thermodynamic heat balance calculations are 

performed using computer software engineering equation 
solver (EES) to determine the thermodynamic properties 
at inlet and exit of each component in the steam cycle of 
the assigned BWR NPP. Thus, it will be easy to calculate 
and quantify all key parameters which indicate the state of 
the plant such as heat added to steam, heat rejection, tur-
bine output power, and the overall thermal efficiency.

These analyses represent the base to evaluate the im-
pact of climate changes on the thermal performance of the 
proposed BWR plant. Figure 2 represents the designed 
heat balance model of the proposed plant at a cooling wa-
ter temperature of about 5 °C, as obtained from the com-
puter software Probera [28].

Figure 3 illustrates the simplified design heat balance 
model of the proposed plant at a cooling water tempera-
ture of about 5 °C, as created by EES. 

Table 2 summarizes the inlet and exit thermodynamic 
properties for each component in the cycle of the O3 NPP 
at design conditions.

Figure 4 shows the thermodynamic state of each point 
and heat balance analysis of the studied plant on the T-s 
and h-s diagrams of the steam Rankine cycle.

Figure 2. Approximation of the heat balance of the O3 plant at a cooling water temperature of about 5 °C
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Figure 3. The EES model equivalent of thermodynamic and heat balance analyses for the proposed O3 BWR NPP

Table 2. Thermodynamic data of the plant

Point No. Temperature, T (°C) Pressure, p (MPa) Enthalpy, h (kg/kJ) Entropy, s (kJ/kg K) Quality, X Mass flow rate, (kg/s)
1 282.8 6.693 2771 5.827 0.997 2108
2 277.2 6.15 2771 5.857 0.9929 183.3
3 280.5 6.46 2771 5.84 0.9952 1906
4 223.7 2.487 2612 5.876 0.8968 70.75
5 206.4 1.775 2559 5.888 0.8759 101.5
6 177.3 0.9408 2462 5.912 0.8453 1733
7 177 0.935 2462 5.914 0.8455 143
8 177.3 0.9408 2462 5.912 0.8453 1590
9 177.3 0.9408 751.2 2.113 0 237.7
10 176.4 0.9219 2764 6.592 0.995 1353
11 273.1 5.773 1200 3.004 0 181.6
12 262.5 0.9018 2973 7.028 100 1356
13 135.4 0.2418 2735 7.112 100 107.1
14 86.84 0.06217 2497 7.083 0.9314 69.28
15 51.45 0.01328 2342 7.274 0.8941 42.17
16 30.7 0.004419 2245 7.411 0.8716 1137
17 28.85 0.004419 120.9 0.4206 –100 1185
18 29.08 2.851 124.4 0.4229 –100 1185
19 48.33 1.759 203.9 0.6813 –100 1185
20 81.85 1.491 343.8 1.096 –100 1185
21 123.6 0.9342 519.6 1.566 –100 1361
22 174.6 1.079 739.6 2.087 –100 2113
23 176 8.375 749.7 2.091 –100 2113
24 196.7 7.684 840.2 2.29 –100 2113
25 217.4 7.554 933.2 2.484 –100 2113
26 222 2.474 952.8 2.536 –100 271.2
27 206.4 1.775 952.8 2.54 0.03722 271.2
28 204.9 1.775 874.5 2.377 –100 371.3
29 177.3 0.9408 874.5 2.387 0.06094 371.3
30 122.8 0.2383 515.7 1.558 –100 106
31 86.84 0.06217 515.7 1.578 0.06639 106
32 83.92 0.058 351.4 1.122 –100 176
33 83.65 1.491 351.4 1.117 –100 176
34 25.77 0.012 108 0.3778 –100 42.17
35 30.71 0.004421 367.2 1.231 0.09826 46.96
36 82.08 1.491 344.8 1.099 –100 1361
37 223.7 2.487 2771 6.196 0.9832 19.04
38 223.7 2.487 2646 5.944 0.9152 89.79



30

Journal of Mechanical Materials and Mechanics Research | Volume 05 | Issue 01 | March 2022

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
0

100

200

300

400

s, kJ/kg.K

T,
 °C

 6.46 MPa

 2.487 MPa

 0.9408 MPa

 0.06217 MPa

 0.01328 MPa
 0.004419 MPa

 0.2  0.4  0.6  0.8

Steam

1

23

4

5

6

7

89
10

11
12

13

14

15

1617
18

19

20

21

22
23

24

25 26
27

28

29

30

31
32

33

34 35

36

3738

3940

4142

 

 (a)

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
0

500

1000

1500

2000

2500

3000

3500

4000

h,
 k

J/
kg

 6.46 MPa 
 2.487 MPa 

 0.9408 MPa 

 0.06217 MPa 

 0.01328 MPa 

 0.004419 MPa 

 0.4 

 0.6 

 0.8 

 0.9 

Steam

12
3

4
5
6 7

8

9

10

11

12

13

14
15

16

17
18

19
20

21
22
23

24
25

2627
2829

30
31

32

33

34
3536

37
38

39

40 41
42

s, kJ/kg.K
 

 (b)
Figure 4. (a) T- s diagram and (b) h-s diagram of the O3 

BWR NPP

4.2 The Effect of Condenser Inlet Cooling Water 
Temperature on Ẇnet and ηth

The results show that as Tcwi increases both Tcwe, and TC 
increase. The relation between Tcwe and Tcwi is found to be 
linear, since the temperature difference (Tcwe−Tcwi) is con-
stant with nil effect of the condenser terminal temperature 
difference TTDC (TC−Tcwe). Also, the variation of TC and 
Tcwi exhibits a linear relationship, with approximately 1 °C  
difference in TC for subsequent values of TTDC at any 
constant value of Tcwi.

Variations of PC, corresponding to the saturation 
temperature TC, with Tcwi, resulted in increases in PC 
of 0.000259 MPa, 0.000530 MPa, 0.001429 MPa, and 
0.003242 MPa, for increases in of 1 °C, 2 °C, 5 °C, and 
10 °C, respectively.

When PC increases, the enthalpy of the extracted steam 
from low pressure turbines also increases and consequent-
ly the output power of turbines decreases. Figure 5 depicts 
the variation of Ẇnet with Tcwi. It is clearly seen that Ẇnet 
decreases as Tcwi increases. A decrease in Ẇnet by 0.4123%, 
0.8247%, 2.0618%, and 4.1927% are the result of increas-
es in Tcwi of 1 °C, 2 °C, 5 °C, and 10 °C, respectively.
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Figure 5. Relation between Ẇnet, and Tcwi

Figure 6 presents the variation of ηth with Tcwi. As 
shown, ηth decreases as Tcwi increases. Decreases in ηth by 
0.16%, 0.32%, 0.8%, and 1.58%, are due to increases in 
Tcwi of 1 °C, 2 °C, 5 °C, and 10 °C, respectively.
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Figure 6. Relation between ηth and Tcwi

Figure 7 is a summary of the negative impact of varia-
tions in Tcwi on ηth and Ẇnet of the plant. 

Figure 7. The impact of Tcwi on Ẇnet and ηth of the O3 NPP
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4.3 The Effect of Condenser Cooling Water 
Fouling on Ẇnet and ηth 

Many factors are affected by changes in Tcwi and Fi, 
such as the inside overall heat transfer coefficient Ui, the 
outside overall heat transfer coefficient Uo, the condenser 
temperature TC, and the condenser vacuum pressure PC.

It is found that Ui and Uo decrease with increase in Fi and 
decrease in Tcwi. Ui decreases by 24 W/m2K, and 200.4 W/m2K  
for increases in Fi of 0.00002 m2K/W, and 0.0002 m2K/W, 
respectively for constant Tcwi. Uo decreases by 22.4 W/m2K, 
and 185.7 W/m2K as Fi increases by 0.00002 m2K/W, and 
0.0002 m2K/W, respectively for constant Tcwi. These are 
significant decreases in Ui and Uo.

TC increased by 0.3 °C and 3 °C for Fi increases of 
0.00002 W/m2K, and 0.0002 W/m2K, respectively for con-
stant Tcwi. PC went up to 0.000076 MPa and 0.000816 MPa 
as Fi increased by 0.00002 m2K/W, and 0.0002 m2K/W,  
respectively for fixed Tcwi.

Figure 8 represents the relation between Ẇnet and Fi for 

different values of Tcwi. It is observed that Ẇnet decreases as Fi 
and Tcwi increase. Ẇnet decreases by 0.1374% and 1.2371% of 
the nominal power due to increases in Fi by 0.00002 m2K/W, 
and 0.0002 m2K/W, respectively for fixed Tcwi.

Figure 9 indicates changes in ηth with Fi for different 
values of Tcwi. The results show a decrease in ηth by 0.05% 
and 0.48% due to increases in Fi of 0.00002 m2K/W, and 
0.0002 m2K/W, respectively at constant Tcwi.

Any increase in Fi and Tcwi leads to increasing the foul-
ing thermal resistance of the condenser and these lead to a 
reduction in Ui and Uo. These decreases in the overall heat 
transfer coefficients cause a decrease in the amount of the 
heat transferred to the seawater coolant, thus the steam 
turbine exhaust temperature increases and accordingly the 
corresponding pressure, which is a power loss. 

Figure 10 shows a summary of the effect of Fi on Ẇnet 
and ηth of the proposed NPP for a constant value of Tcwi.

The combined effect of condenser cooling seawater 
fouling and temperature on, Ẇnet and ηth of the O3 plant 
are exhibited in Figure 11.
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Figure 8. Variations of Ẇnet with Fi for different values of Tcwi

Figure 9. Variation of ηth with Fi for different values of Tcwi
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4.4 The Effect of Condenser Cooling Water 
Salinity on Ẇnet and ηth

The model demonstrates that the seawater density ρsw 
increases as SP increases, and decreases with Tcwi increase. 
ρsw increases by 8 kg/m3 and 79 kg/m3 as Sp increases by 
10 g/kg, and 100 g/kg, respectively for constant Tcwi.

The results depict that the seawater specific heat, CP,sw 
decreases with SP and Tcwi increases until the salinity 
reaches 20%, thereafter the increase in SP damps out this 
decrease and the effect of temperature takes over, i.e., 
CP,sw increases with increasing Tcwi. It is depicted that CP,sw 
decreases by 0.063 kJ/kg.K and 0.525 kJ/kg.K for Sp in-
creases of 10 g/kg, and 100 g/kg, respectively at the same 
Tcwi.

The results give that μsw increases for SP increase, and 
decreases as Tcwi increases. μsw increases by 0.000026 kg/m.s 

and 0.000364 kg/m.s for increases in Sp of 10 g/kg, and 
100 g/kg, respectively for unchanged Tcwi.

The results revealed that the seawater thermal conduc-
tivity ksw decreases as SP increase, and increases with Tcwi 
increase. ksw decreases by 0.0006 W/m.K and 0.0058 W/m.K, 
as Sp increases by 10 g/kg, and 100 g/kg, respectively at 
constant Tcwi.

Thermal resistance and heat transfer coefficients of 
the condenser change with changes in all the above 
mentioned thermo-physical properties of the condenser 
cooling seawater. The inside tube heat transfer coefficient 
of the condenser hi decreases as SP increases, and increas-
es with increase in Tcwi. hi decreases by 39 W/m2K and  
454 W/m2K as Sp increases by 10 g/kg, and 100 g/kg, re-
spectively for fixed Tcwi.

The change in hi results in changing both Ui and Uo. In 

Figure 10. The effect of Fi on the thermal efficiency and output power of the BWR NPP

Figure 11. Impact of Tcwi and Fi on Ẇnet and ηth of the NPP
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fact Ui and Uo, decrease as SP increases, and increase as Tcwi 
increases. Ui and Uo decrease by 2 W/m2K and 1.7 W/m2K  
for a 10 g/kg increase in Sp, respectively, and by 21 W/m2K  
and 19.1 W/m2K, for Sp increase of 100 g/kg, respectively 
at constant Tcwi. 

The decrease in overall heat transfer coefficients of 
the condenser reduces the output power and thermal effi-
ciency of the plant. Figure 12 shows the relation between 
Ẇnet, and Sp, at different values of Tcwi. It is seen that Ẇnet 
decreases as SP and Tcwi increase. Ẇnet decreases by about 
0.0343% and 0.4123% of nominal power, for increases in 
Sp of 10 g/kg, and 100 g/kg, respectively for a given Tcwi. 

Figure 13 exhibits the relation between ηth, and Sp, for 
some values of Tcwi. It is seen that ηth decreases approxi-
mately by 0.02% and 0.16%, as Sp increases by 10 g/kg, 
and 100 g/kg, respectively for the same Tcwi.

The adverse effects on hi, which lead to reductions in 
Ui and Uo are the result of the effects of increased seawater 
salinity on the thermo physical properties of the condenser 
coolant. This results in less capability of heat transfer to cool-
ant. Accordingly, the turbine exhaust temperature and pres-
sure increase, which truly reduces Ẇnet and ηth of the plant.

The present results depict that changes in μsw, due to 
increases in SP, produce the worst effect on Ẇnet and ηth of 
the plant. ρsw, has the least effect on Ẇnet and ηth. The re-
sults indicate that an increase in μsw from 0.001306 kg/m.s  
to 0.001627 kg/m.s, decreases Ẇnet by about 2200 kW, and 
ηth by about 0.04%, while an increase in ρsw from 999.5 kg/m3  
to 1078 kg/m3, decreases Ẇnet by about 500 kW, and ηth by 
nearly 0.0125%.

Figure 14 represents the concluded results of the effect 
of Sp on Ẇnet and ηth of the selected O3 NPP.
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Figure 12. Variations of Ẇnet, with Sp for different values of Tcwi

 

Figure 13. Variations of ηth with Sp for different values of Tcwi
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4.5 The Combined Effect of Condenser Cooling 
Water Temperature, Fouling Factor, and Salinity 
on Ẇnet and ηth

The results indicate that Ui and Uo increase with increase 
in Tcwi and decrease with increasing F and Sp, whereas TC, 
and PC increase with increasing Tcwi, F, and Sp. For 1 °C  
increase in Tcwi, fouling factor of seawater and treated 
boiler feed water of 0.00002 m2K/W and 0.00001 m2K/W,  
respectively, and seawater salinity of 10 g/kg, cause de-
creases in: Ui, and Uo by 34 W/m2K, 30.9 W/m2K, respec-
tively, and increases in TC, and PC by 1.44 °C and 0.000377 
MPa, respectively. For an increase of Tcwi of 10 °C, fouling 
factor of seawater and treated boiler feed water by 0.0002 m2K/W  
and 0.0001 m2K/W, respectively, and Sp of 100 g/kg, Ui 
and Uo are reduced by 261.8 m2K/W and 242 W/m2K, re-
spectively, and TC, and PC increase by 14.4 °C and 0.004971 
MPa, respectively.

The inside and outside overall heat transfer coefficients 

increase with temperature increase and decrease as foul-
ing and salinity increase. The combined effect of increas-
ing temperature, fouling, and salinity makes the thermal 
resistance of the condenser to go up; this explains the 
observed reductions in Ui and Uo. As a result, the pressure 
and temperature of the turbine exhaust are raised, which 
reduce both output power and thermal efficiency of the 
plant.

Figure 15 presents variations of Ẇnet with Tcwi at differ-
ent values of fouling factor of seawater Fi, fouling factor of 
treated boiler feed water Fo, and Sp. It is seen that Ẇnet de-
creases by 0.6185% of nominal power when increasing Tcwi 
by 1 °C, Fi and Fo by 0.00002 m2K/W and 0.00001 m2K/W,  
respectively and Sp by 10 g/kg. For an increase of Tcwi by 
10 °C, Fi and Fo by 0.0002 m2K/W and 0.0001 m2K/W, 
respectively, and Sp by 100 g/kg, Ẇnet decreases by 5.979% 
of nominal power. These are significant reductions which 
should be avoided.

Figure 14. The Effect of Sp on ηth and Ẇnet of the NPP

 

Figure 15. Variations of Ẇnet Tcwi for different values of Fi, Fo and Sp
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Figure 16 illustrates variations of ηth with Tcwi for differ-
ent values of Fi, Fo, and Sp. As shown ηth decreases by 0.23% 
when increasing Tcwi by 1 °C, Fi and Fo by 0.00002 m2K/W  
and 0.00001 m2K/W, respectively, and Sp by 10 g/kg.  
For an increase of Tcwi by 10 °C, Fi and Fo by 0.0002 m2K/
W and 0.0001 m2K/W, respectively, and Sp by 100 g/kg,  
ηth decreases by 2.26%. Such reductions cannot be ig-
nored.

Figure 17 gives the combined impact of Tcwi, Fi, Fo, and 
Sp on both Ẇnet and ηth of the NPP. Quite large losses in 
Ẇnet and ηth can result from combined variations in con-
denser cooling sea water temperature, fouling and salinity. 
It is observed that Ẇnet and ηth of the plant are reduced by 
5.979% and 2.26%, respectively for extreme changes in 
Tcwi, Fi, Fo, and Sp.

4.6 The Effect of Condenser Performance on Ẇnet 
and ηth

Since the condenser is a fundamental player in the ther-
mal efficiency of power plants, therefore, we performed 
numerical calculations to obtain the effect of changing 
the condenser efficiency, ηC from 40% - 100 % on the 
condenser loss factor, LF, exhaust steam pressure, PC and 
temperature, TC, and plant Ẇnet, and ηth. 

Figure 18 illustrates the effect of ηC on TC and PC. It is 
seen that TC and PC decrease with increasing ηC. For an in-
crease in ηC from 40% - 100%, TC decreases by about 16.2 °C  
and PC decreases approximately by 0.002962 MPa.

The condenser loss factor is reduced as a result of the 
increase in the amount of heat transferred to the cooling 
seawater, which is a consequence of the decrease in the 

Figure 16. Variations of ηth with Tcwi at different values of Fi, Fo, and Sp

Figure 17. The combined effect of, Tcwi, Fi and Fo ,and, Sp on Ẇnet and ηth
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temperature of the turbine exhaust condensate. Figure 19 
presents the effect of ηC, on LF. It is seen that LF decreas-
es with increasing ηC. For an increase in ηC from 40% - 
100%, LF decreases by about 0.009. 
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Figure 18. Variations of TC and PC, with ηC
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Figure 19. Variations of LF with ηC

The important conclusion is to determine quantitatively 
the effect of the condenser efficiency, ηC, on Ẇnet and ηth, of 
the plant. It is clearly shown in Figure 20 that increasing ηC 
increases both Ẇnet and ηth. For an increase in ηC from 40% -  
100%, Ẇnet increases by 102000 kW, i.e. by 7.049% of the 
nominal power, and ηth increases by 2.62%. These are high 
adverse effects and should be taken care of.
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Figure 20. Variations of Ẇnet and ηth with ηC

A decrease in ηC leads to increases in TC, PC, and LF. 
Increases in TC and PC translate directly to a power loss 
and hence less efficient plant. The role of the condenser, 
as a pivotal component in a power plant, cannot be over-
looked. Inefficient condenser can be a burden on the plant. 
The optimum operating conditions of the condenser must 
be continuously maintained.

5. Conclusions
The main findings of this research are:
1) An increase of 1 °C in the temperature of the coolant 

extracted from the sea can result in decreases of 0.4123% 
and 0.16% in the power output and the thermal efficiency, 
respectively.

2) The output power and the thermal efficiency are re-
duced by 1.2371% and 0.48%, respectively for an increase 
in the fouling factor of the condenser cooling seawater of 
0.0002 m2K/W. 

3) An increase in the condenser cooling seawater sa-
linity of 100 g/kg, decreases the power output by approx-
imately 0.4123%, and the overall thermal efficiency by 
about 0.16%.

4) The output power and the overall thermal efficiency 
are reduced by 5.979% and 2.26%, respectively, for com-
bined extreme increases in the condenser cooling seawater 
temperature, fouling factor of seawater, fouling factor of 
treated boiler feed water, and salinity of 10 °C, 0.0002 
m2K/W, 0.0001 m2K/W, and 100 g/kg, respectively.

5) A rise in the condenser efficiency from 40% to 
100% increases the output power and thermal efficiency 
by 7.049%, and 2.62%, respectively. Thus, environmental 
factors and data should be used in the design of these con-
densers to compensate for the expected decrease in their 
performance under actual operating conditions during the 
life time of the NPP. The condenser design and its proper 
operation are rather important.

The highest adverse impact on the efficiency is due to 
increases in the condenser seawater cooling temperature, 
followed by fouling then salinity. Decreases in the thermal 
efficiency resulting from power losses are significant, and 
cannot be tolerated. Engineers are working hard and large 
investments are allocated in order to increase the efficien-
cy by even 0.5% or 1%. The combined negative impacts 
of all considered factors together are likely to take place 
rather than their individual effects. Moreover, the extreme 
values could be achieved in the light, for instance of in-
creased global climate impacts, increasing maritime trade, 
human activities, and increased water desalination.

The site of NPPs to be built on seas should be care-
fully selected, in order for changes in characteristics of 
seawater in the selected site to be a minimum. However, 
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adverse impacts on the thermal performance of the plant 
are unavoidable as the operation time goes by, and these 
should be minimized or eliminated if at all possible. It is 
recommended to introduce an additional component in 
new NPPs to keep the seawater condenser coolant temper-
ature, fouling, and salinity within design values. The tem-
perature could be controlled by a heat exchanger working 
in connection with a refrigeration unit, or/and blow down 
of hot water and add cold fresh water. Fouling could be 
controlled chemically, mechanically or otherwise; it is the 
hardest to deal with. Salinity may be reduced chemically 
or/and by adding soft water. All could be controlled in one 
unit with specific sensors for each item, with automatic 
control operation. The cost of such additional component 
would be compensated by decreases of the high mainte-
nance costs in NPPs, fuel cost, waste disposal, and keep-
ing the plant operating within its rated efficiency.

The present conclusions should be useful in the design 
of NPPs in order to avoid the deterioration in the plant’s 
efficiency, which has many adverse technical and eco-
nomic implications. 
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Nomenclature

A Heat transfer area m2

C Specific heat kJ/kg K

d Diameter m

F Fouling factor m2K/W

g Acceleration of gravity m/s2

L Length m

LF Loss factor Dimensionless

LMTD Log mean temperature difference °C

h Enthalpy kJ/kg

k Thermal Conductivity W/m K

ṁ Mass flow rate kg/s

N Number Dimensionless

Nu Nusselt number Dimensionless

P Pressure bar

Pr Prandtle number Dimensionless

Q Heat kJ/kg

R Resistance m2K/W

r Radius m

R Reynolds number Dimensionless

s Entropy kJ/kg K

SP Salinity g/kg

T Temperature °C

∆T Temperature difference °C

U Overall heat transfer coefficient W/m2K

V Flow velocity m/s

W Output power kJ/kg

X Moisture content Dimensionless

Greek Letters

η Efficiency %

ρ Density kg/m3

μ Dynamic viscosity kg/m.s

Subscripts

ad Added

c Condenser

cp Condensate pump

cw Cooling water

cwi Cooling water in

cwo Cooling water out

f Reheated steam

h Horizontal

fw Feed water

fwp Feed water pump

HPT High pressure turbine
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i, in Inside

LPT Low pressure turbine

mix Mixture

net Net

o, out Outside

P Pump

p Specific

r Reheat

rej Rejected

s Drained water

st Steam

T Turbine

th Thermal

v Vapor

w Tube wall

Abbreviations

BWR Boiling water reactor

BPV Bypass valve

FWH Feed water heater

HP High pressure

HPFWH High pressure feed water heater

HPST High pressure steam turbine

LPFWH Low pressure feed water heater

LPST Low pressure steam turbine

NPP Nuclear power plant




