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a b s t r a c t

The analysis of steam generators as an interface between primary and secondary circuits

in light water nuclear power plants is crucial in terms of safety and design issues. VVER-

1000 nuclear power plants use horizontal steam generators which demand a detailed

thermal hydraulics investigation in order to predict their behavior during normal and

transient operational conditions. Two phase flow field simulation on adjacent tube bundles

is important in obtaining logical numerical results. However, the complexity of the tube

bundles, due to geometry and arrangement, makes it complicated. Employment of porous

media is suggested to simplify numerical modeling. This study presents the use of porous

media to simulate the tube bundles within a general-purpose computational fluid dy-

namics code. Solved governing equations are generalized phase continuity, momentum,

and energy equations. Boundary conditions, as one of the main challenges in this

numerical analysis, are optimized. The model has been verified and tuned by simple

two-dimensional geometry. It is shown that the obtained vapor volume fraction near the

cold and hot collectors predict the experimental results more accurately than in previous

studies.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The analysis and study of steam generators (SGs) is one of the

more interesting and important subjects in the investigation

of Pressurized water reactor (PWR) nuclear power plants. The

importance of these studies could be summarized in two is-

sues: (1) generating dry steam; and (2) avoiding the radioactive

pollution boundary between primary and secondary circuits.

In this study, the influence of porous media in order to

simulate the tube bundle is investigated. Previous studies in

this area are mentioned in the following sections.

In order to investigate the importance of the tube bundle

and its modeling as a porous media, Rahman et al [1] inves-

tigated interfacial drag force in their calculations, and pro-

posed pressure drop equations that can predict the two phase

flow field reasonably. These equations have been obtained by

the experimental observations in different two phase flow

regimes. Bearing in mind these types of experiments, Stosic

et al [2] proposed one of the most complete numerical models

that suggest the replacement of the tube bundle with porous

media. This model, with the aim of prediction of complex

geometry thermal hydraulic characteristics, has been used in

* Corresponding author.
E-mail address: rabiee@shirazu.ac.ir (A. Rabiee).

Available online at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate /net

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 9 ( 2 0 1 7 ) 9 2e1 0 2

http://dx.doi.org/10.1016/j.net.2016.08.008
1738-5733/Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rabiee@shirazu.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2016.08.008&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
http://dx.doi.org/10.1016/j.net.2016.08.008
http://dx.doi.org/10.1016/j.net.2016.08.008
http://dx.doi.org/10.1016/j.net.2016.08.008
http://creativecommons.org/licenses/by-nc-nd/4.0/


the simulation of kettle reboilers [3e5] and SGs [6e8]. In this

research, few of the governing equations have been expressed

based on Simovic et al [9]. In these studies, in addition to

reduction of the Computational fluid dynamics (CFD) execu-

tion time, compliance between obtained results and experi-

mental results has been reported.

Bamardouf et al [10] carried out experimental and numer-

ical studies in order to obtain amodel to predict pressure drop

in two phase flows across the horizontal tube bundle. In

addition to the experimental results, different correlations

have been obtained for two phase flows across the tube bun-

dles in different flow regimes. Based on available modeling

and their previous research in two phase flow, a slice of the

kettle reboiler flow field has been simulated with CFX soft-

ware. Different outlet boundary conditions have been dis-

cussed and have shown that the predicted pressure drop and

vapor volume fraction distribution is in compliance with the

experimental results also [11,12].

To the best of the authors' knowledge, there are few refer-

ences on the simulation of the VVER-1000 SG modeled by the

use of porous media. The purpose of this study is to evaluate

the capability of the available CFD software in simulation of the

SG tube bundle by comparing the results of numerical code

with the available experimental results and in the presence of

appropriate boundary conditions. In the current study, to

properly simulate the two phase flow field, the change of flow

regime from bubble flow to churn and finally mist flow has

been considered. The details of the numerical algorithm that is

important in such simulations including tube bundle pressure

drop, turbulence, heat, and mass transfer models are fine-

tuned and explained in the following section.

2. Governing equations

The flow field adjacent to the tube bundle in an SG can be

studied through a variety of techniques. In order to model the

two phase flow field, averaged NaviereStokes equations have

been used with an EulerianeEulerian approach for each.

Detailed descriptions of the mathematical models used in

the available code (FLUENT) are stated in the following

section [13].

2.1. Continuity equation
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In Eq. (1), subscript “q” indicates the qth phase, and n is the

number of phases in the system, aq, rq, v!q, are the volume

fraction, density, and velocity vector in the qth phase, respec-

tively. _mpq denotes the mass transfer from pth to qth phase,

while _mqp is the mass transfer from qth to pth phase. Sq is the

external mass source applied on the qth phase and g is the

porosity coefficient of the porous media.
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Fig. 1 e Tube bundle arrangement. Px, Py and D are horizontal pitch, vertical pitch and diameter, respectively.

Fig. 2 e Wall temperature distribution along the tube

length.
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In Eq. (2), p is pressure, tq is stressestrain tensor in the qth

phase, is the interfacial drag force between the two phases,

and F
!

q, F
!

lift;q, and F
!

vm;q are the external body, lift, and virtual

mass exchange forces, respectively.

2.3. Energy equation

v
�
gaqrqhq

�
vt

þ V$
�
gaqrq v

!
qhq

�
¼� gaq

vpq

vt
þ �

gtq : V v!q
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� V:
�
g q!q

�
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Xn
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Q pq þ _mpqhpq

� _mqphqp

�
þ Q sp

(3)

where hq, Sq, Qpq are the specific enthalpy of the qth phase,

external heat source term, and the intensity of heat exchange

between the phases, respectively. hpq, hqp, and Qsp are the

interphase enthalpies and heat transfer between the porous

media solid phase and each vapor and liquid phases,

respectively.

Fig. 3 e Kettle reboiler tube bundle arrangements.

Fig. 4 e Kettle reboiler boundary conditions.

Table 1 e Kettle reboiler characteristics.

Arrangement
1

Arrangement
2

Tube diameter (mm) 19 15.9

Tube pitch (mm) 25.4 23.88

Radius of the shell (m) 0.368 0.254

Level of fluid from center of the

shell (m)

0.21 0.17

Distance between center of the

tube bundle and the shell (m)

0.114 0.0714

Tube no. 241 75

Tube arrangement Square Square

Working fluid R113 R113
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2.4. Pressure drop

According to Simovic et al. [9], the relationship of tube bundle

pressure drop has been used from Isachenko et al [14]. This

correlation is obtained from experiments that have been

performed on the tube bundle flow field as a two phase flow

multiplier.

2.5. Liquid phase pressure drop

Dp1 ¼ Eu1rf u
2
f ð1� 4Þ (4)

2.6. Vapor phase pressure drop

Dp2 ¼ Eu2rgu
2
g4 (5)

where 4 is vapor volume fraction and Eu defined by following

equations [9]:

Euk ¼ 1:4ðzþ 1ÞRe�0:25
k $

1� D
P

P
D � 1

� 0:53 (6)

Euk ¼ 1:93ðzþ 1Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1� D

P
P
D � 1

s
Re�0:25

k $
1� D

P
P
D � 1

>0:53 (7)

In Eqs. (6) and (7), z, Rek, D, and P are the tube bundle rows

in the direction of flow, Reynolds number for liquid (k ¼ 1) or

vapor (k ¼ 2) and diameter of the tubes, and pitch of the tube

bundles, respectively.

2.7. Interfacial drag force

Interfacial drag force in the momentum conservation equa-

tion is crucial to predict the vapor volume fraction. Simovic

et al [9] drag correlation has been used in this research.

R
!
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4
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�
(8)

Interfacial drag coefficient has been employed as:

Cd ¼ 0:267Db

ffiffiffiffiffiffiffiffiffi
gDr
s

r 8<
:
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
17:67ð1� 4Þ97
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18:67ð1� 4Þ3=2

9=
;
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$ 4 � 0:3 (9)

Cd ¼ 1:487Db

ffiffiffiffiffiffiffiffiffi
gDr
s

r
ð1� 4Þ3ð1� 0:754Þ2 $ 4>0:3 (10)

It should be stated that thementioned topological function

in this simulation tries to follow the regime change from

bubble flow to churn andmist flow based on the void fraction.

It seems that in every computational cell, the void fraction of

<0.3 represents the bubble flow regime. Otherwise churn flow
Fig. 6 e Kettle reboiler (Arrangement 1) pressure drop in

heat flux 20 kW/m2.

Fig. 5 e Kettle reboiler (Arrangement 1) pressure drop in

heat flux 10 kW/m2.

Fig. 7 e Description of kettle reboiler (Arrangement 2) liquid

phase vectors in heat flux 10 kW/m2.
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plays a significant role. It is noteworthy that in the mo-

mentum equation virtual mass force has not been considered

and the lift force coefficient is considered as 0.3 based on the

reference [2].

2.8. Porosity

In the present work, according to the arrangements of the SG

tube bundle as shown in Fig. 1, the porosity can be defined by

Eq. (11) based on McNeil et al [12].

g ¼ 1� p

4
D2

PxPy
(11)

2.9. Interfacial phase change

Heat transfer between the first and second loop due to the

enthalpy increasing and the liquid phase change to vapor, can

be computed based on the interfacial phase change as in the

following equations.

Ge ¼
ð1� 4Þrf

te

h1 � h0

h00 � h'
$ h1 <h0 (12)

Gc ¼
ð1� 4Þrf

tc

h0 � h1

h00 � h0 $ h1 >h0; a2 >0 (13)

where Ge and Gc are the evaporation and condensation mass

transfer and rf and h1 are the liquid density and liquid

enthalpy respectively. te and tc are the evaporation and

condensation relaxing times [2] and h0 and h
00
are the satura-

tion liquid and vapor enthalpy, respectively.

2.10. Turbulence modeling

In this study, two regions are considered; the tube bundle and

shell regions. k-Epsilon equations are used in the shell region

to simulate the two phase flow field, while in the tube bundle

zone, a porous media model is used and no turbulent model

has been considered [3].

Fig. 8 e Description of kettle reboiler (Arrangement 2) vapor

phase vectors in heat flux 10 kW/m2.

Fig. 9 e Kettle reboiler (Arrangement 2) vapor void fraction

contours in heat flux 10 kW/m2.

Fig. 10 e Kettle reboiler (Arrangement 2) void fraction

distribution in heat flux 10 kW/m2 between first and

second rows. Exp., Experiment.
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2.11. k-ε Model

vðrkÞ
vt

þ V$ðrukÞ ¼
�
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�
Dkþ G� rε (14)

vðrεÞ
vt
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�
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ε

k
G� C

ε2r
ε
2

k
(15)

where k is the turbulence kinetic energy, ε is the dissipation

rate, and “G” denotes the production of turbulence kinetic

energy. The model closure coefficients used here are the

standard’ ones (see, e.g., [13]): Cm ¼ 0.09, sk ¼ 1.0, s
ε
¼ 1.3,

C
ε1 ¼ 1.44, and C

ε2 ¼ 1.92.

2.12. Heat transfer of primary to secondary loops

The primary circuit is modeled by taking inspiration from the

energy source term that has been reported in Stosic et al [2] as

follows:

_qAK ¼ hðTt w � TkÞ (16)

Tt w is the tube bundle wall temperature and Tk is the tem-

perature of the fluid that is placed around the tubes. The heat

transfer coefficient can be computed as follows:

h ¼ fðpÞqn
A (17)

fðpÞ ¼ 4:32
�
p0:14 þ 1:28� 10�2p2

�
n ¼ 0:7 (18)

p is the pressure (MPa), qA is the surface heat flux, and n is the

constant equal to 0.7.

It should be noted that the flow in the tube bundle is a kind

of single phase flow that transfers heat from the primary side

of the SG to the secondary side.

To compute the wall temperature, the following method-

ology is used. The water temperature at the inlet and outlet is

set at 321�C and 291�C respectively (VVER-1000 SG character-

istics). Due to the fact that boiling occurs on the outer side of

the tube wall, the temperature in this zone (not tube wall

temperature) is fixed. As a result, Fig. 2 is obtained numeri-

cally for the wall temperature:

According to the stated equations, the wall heat flux would

decrease along the tube bundle. It is noteworthy to say that

this procedure has been used for VVER-440 SG by considering

its inlet and outlet temperatures.

Fig. 11 e Kettle reboiler (Arrangement 2) void fraction

distribution in heat flux 10 kW/m2 between 4th and 5th

rows. Exp., Experiment.

Fig. 12 e Kettle reboiler (Arrengement 2) void fraction

distribution in heat flux 10 kW/m2 between 8th and 9th

rows.

Fig. 13 e Kettle reboiler (Arrengement 2) void fraction

distribution in heat flux 10 kW/m2 between 13th and 14th

rows. Exp., Experiment.

Table 2 e Bushehr Nuclear power plant (BNPP) SG
characteristics.

Parameter Value

Thermal power (MW) 753

Steam capacity (t/hr) 1,470

Outlet pressure (MPa) 6.27

Coolant inlet temperature (�C) 321

Coolant outlet temperature (�C) 291

Feedwater temperature (�C) 220

Coolant flow rate (m3/hr) 21,200

Nominal secondary side level (m) 2.6

Distance between axes of rows (mm) 19

Distance between tubes axes in a row (mm) 23

Total heat transfer area (Secondary side) (m2) 6.115

SG ¼ steam generator.
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3. Results and Discussion

This section presents the results of the modeling of the two

phase flow field accompanied by porous media for a reboiler

for validation of the available CFD code (FLUENT) and simu-

lation of the VVER-1000 SG.

3.1. Results of the kettle reboiler thermal-hydraulic
characteristics

The kettle reboiler as a special reboiler with the horizontal

tube bundle has been considered to validate the CFD code.

According to the available experimental results [4,5] two

Fig. 14 e Bushehr NPP SG [15]. 1, housing; 2, heat exchanger surface; 3, collector; 4, feed water collector; 5, emergency feed

water collector; 6, steam perforated plate; 7, perforated plate, SG, steam generator; BNPP, Bushehr nuclear power plant.
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arrangements have been considered. Figs. 3 and 4 and Table 1

depict the geometry, boundary condition, and characteristics

of the kettle reboiler, respectively.

The inlet mass flow rate is based on the vapor generation

on the reboiler as follows:

_m ¼
_Q

hfg
(19)

_Q is the tube bundle heat power (W) and hfg is the differ-

ence between the saturation vapor enthalpy that exits the

kettle reboiler and the saturation liquid which enters the

kettle reboiler.

The tube bundles are simulated using the porous media

and outlet boundary conditions with vapor volume fraction

90% as reversed flow [12]. Fig. 4 depicts the schematic of the

kettle reboiler boundary conditions. It is noteworthy that the

computational domain could be generated simply by using the

tube bundle as porous media. According to Arrangement 1

which is mentioned in Table 1, pressure drops in different

rows are depicted in Figs. 5 and 6. As can be seen, the pressure

drop profiles are in reasonably good agreement with the

experiment and an increase in the heat flux level reduces the

pressure drop in every row, correspondingly.

According to Table 1 and Arrangement 2, the description of

both liquid and vapor phases vectors in heat flux 10 kW/m2

have been depicted in Figs. 7 and 8, respectively.

As can be seen from these figures, natural circulations have

taken place in the kettle reboiler, due to the hot tube bundle

which is placed in the middle of the shell reboiler and leads to

a reverse flow, particularly at the boundary conditions. The

direction of the reverse flow, due to natural circulation, would

be clockwise in the computational domain which blocks the

vapor phase flow that is exiting the flow field, near the curved

reboiler wall (Fig. 7). It seems that due to flow at the opening

outlet boundary conditions, with vapor void fraction of 0.9,

reverse flow can take place in these boundary conditions and

some of the vapor can be trapped, due to the curvature of the

reboiler shell wall (Fig. 9).

In the following vapor volume fraction, distributions in

different rows are shown in Figs. 10e13 for a wall heat flux of

10 kW/m2. In this case, inlet and outlet boundary conditions

are considered as mass flow inlet and pressure outlet,

respectively [3]. It could be concluded that the obtained re-

sults, based on the outlet boundary conditions, have better

agreementwith themeasurements comparedwith the similar

CFD simulation of Pezo et al [3].

3.2. Results of the Bushehr nuclear power plant (BNPP)
SG thermal-hydraulic characteristics

The SG vapor volume fraction could affect the design and the

vapor quality that transfers to the turbine. Results of the BNPP

SG thermal-hydraulic characteristics are reported in the

following section.

Fig. 15 e Schematic of feed water in computational

domain.

Fig. 16 e Grid-independence examinations. SG, steam

generator.

Table 3 e Criterion points.

Point Distance from perforated plate (mm)
41;42;43;48

410;412;413;414
350

44;411 70

Fig. 17 e Positions of criterion points.
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3.3. Geometry and boundary conditions

The SGs of the BNPP are the type of SGs with horizontal tube

bundles. Table 2 and Fig. 14 depict geometry and character-

istics of BNPP SG, respectively.

Feed water nozzles inject water from a collector that in-

cludes perforated tubes above the hot side of the SG. In normal

operations, the average mass of the feed water injection is

equal to generation vapor. In this study, according to Fig. 15,

feed water is simulated by the five feed water sources above

the tube bundle. In order to reduce the computational cell, the

outlet boundary is set at the nominal level of the SG (see

Fig. 16).

The grid dependency has been investigated based on

average relative pressure along the height of the SG. The

following figure depicts the grid dependency analysis. It is

obvious that the three grids return similar solutions, indi-

cating mesh-independency has been achieved.

3.4. Results and discussion of Bushehr Steam Generator

The EulerianeEulerian approach is used to predict vapor vol-

ume fraction distribution in computational fluid dynamics

modeling. Obtained results in this research have been

compared with similar research [7,8]. Table 3 and Fig. 17 show

the criterion points at which measurements have occurred.

In order to reduce the computational cell, the outlet

boundary has been set at the nominal level of the SG and

reversed flow has been considered as the 80% vapor volume

fraction. Fig. 18 and Table 4 show the vapor volume fraction

and the comparison between current and similar studies

with the measurements, respectively. Although, as can be

seen from Table 4, the predicted vapor volume fractions in

some points such as 12 and 14 are slightly underpredicted,

vapor volume fractions are in reasonably good agreement

with the experiments in comparisonwith previous numerical

studies [7,8].

Basically, achieving an accurate solution in multiphase

flows, particularly in a two phase flow, demands tuning the

available code based on the various models, such as heat and

Fig. 18 e SG vapor volume fraction at different sections. SG, steam generator.

Table 4 e Comparison of the vapor volume fraction in
different studies.

Point EXP.
[16]

Melikhov et al
[7]

Safavi et al
[8]

Current
study

41 0.30 0.55 0.45 0.32

42 0.43 0.63 0.49 0.43

43 0.45 0.54 0.50 0.41

44 0.76 e 0.64 0.72

46 0.70 0.77 0.68 0.69

48 0.55 0.55 0.53 0.51

410 0.45 0.56 0.54 0.40

412 0.55 0.51 0.51 0.44

413 0.50 0.63 0.57 0.46

414 0.52 0.54 0.48 0.48

Exp. ¼ Experiment.

Fig. 19 e Distribution of cold leg void fraction. Exp.,

Experiment.
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mass transfer models, lift and drag, and coupling these

models with turbulent models, spatial discretization, and

adjusting proper boundary conditions.

The distributions of averaged void fraction in the vicinity

of the hot and cold legs at the different elevations are shown

in Figs. 19 and 20. In addition to the higher value of the

vapor volume fraction at hot side of the SG, it is observed that

the void fraction increases with the elevation and relatively

has good agreement with the measurements in comparison

with drift flux numerical model [17] as well as the RELAP

numerical simulations [18,19]. Three-dimensional simula-

tion in the current study in comparison with the

one-dimensional simulations in previous works, is one of the

main reasons for improved agreement with experimental

results.

4. Conclusion

In this research, an effort is made to simulate the BNPP SG

tube bundles using the porous media model within the

general-purpose computational fluid dynamics codes.

Simulation of the flow field is carried out using averaged

NaviereStokes equations with the EulerianeEulerian

approach for each phase and optimized boundary conditions.

To validate and tune the available computational fluid dy-

namic code, a two-dimensional analysis of a typical kettle

reboiler has been considered (Figs. 5e13). A point-to-point

comparison of the obtained results in various parts of BNPP

SG indicates better agreement with the experimental data

than previous studies (Table 4). Averaged void fractions

calculated near the walls of the cold and hot legs at

different elevations signifies that the amount of vapor vol-

ume fractions at SG hot side is higher than the cold one due to

more heat flux in the hot side (Figs. 18 and 20) and the loca-

tion of the feed water nozzle that leads to an increase in

turbulence also.
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Nomenclature

C2 Inertial resistance coefficient [m�1]

Cd Drag coefficient

D Tube diameter [m]

Db Average bubble dimeter [m]

Flift Lift force [N]

FVM Virtual mass force [N]

g Gravitional accelaration [m$s�2]

hf Enthalpy of saturated liquid [j$kg�1]

hg Enthalpy of saturated vapor [j$kg�1]

hfg Difference of enthalpy between saturated liquid and

vapor [j$kg�1]

L Length [m]
_mpq Mass flow rate between phases [kg$s�1]

Mg Vapor mass flow rate [kg$s�1]

P Tube bundle pitch [m]

R
!

pq Interfacial drag force [N]

S Source

t Time [s]

T Temperature [K]

Uf Liquid velocity [m$s�1]

Ug Vapor velocity [m$s�1]

1/a Viscous resistance coefficient [m�2]

4 Vapor volume fraction

rf Liquid density [kg$m�3]

rg Vapor density [kg$m�3]

m Dynamic viscosity [Pa$s]

s Surface tension [N$m�1]

Dpf Liquid tube bundle pressure drop [Pa]

Dpg Vapor tube bundle pressure drop [Pa]

Gc Condensation mass transfer [kg$s�1]

Ge Evaporation mass transfer [kg$s�1]

tc Condensation relaxing time [s]

te Evaporation relaxing time [s]

g Porosity
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