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Abstract

A three-dimensional porous media model has beerlemgnted for the secondary side of the
horizontal steam generator of a VVER-440 plant Bing the ANSYS FLUENT 12.0 code. The
primary circuit is solved with the APROS system eodnd the outer wall temperatures are
interpolated to the CFD model. The necessary modelshe heat and mass transfer and drag are
implemented as User Defined Functions in the EHllder two-phase model of the FLUENT code.
The steady state full power operation of the stemmerator is solved. The calculated result is
compared to void fraction and flow velocity measneats at a few points. The shape of the surface
level is compared to observations.

1. INTRODUCTION

In a steam generator of a pressurized water reRWR), water is evaporated on the secondary side
by the heat flux transported by the hot water anpghimary side. The generated steam is conducted
further to turbines to be transformed into mechalnémergy and further to be used for the elecyricit
production. Two types of PWR steam generators :ettist Western reactors include mostly vertical
steam generatardut in VVER-type plants horizontal steam genesatmave been applied. Geometry
of the horizontal VVER-440 steam generator is thated in Figure 1.

In horizontal steam generators, the heat tranafezs are put horizontally into the water pool ledat

in a horizontal cylindrical vessel. The mixture whter and steam is circulating in different flow
patterns between the tubes and peripheral regietaieen tubes the flow is mainly upwards directed
two-phase flow, where steam is rising faster thaew but the most essential phase separation takes
place in the open pool above the tube banks. Témrsipenetrates through the water level into the
steam space, containing perhaps a small concemtratiliquid as droplets. Steam dryers are located
above the water level before the steam outlet hepifito the steam lines.

The models for nucleate boiling of commercial comagonal fluid dynamics (CFD) codes are
achieving the level, where it is possible to applsm for problems in nuclear power plants. Sinee th
geometry of the steam generator is very complicataty small part of the tubes could be modelled
by using a detailed geometry model. Therefore, lmeto use a simplified approach, where the tubes
are not described in detail in the model of theosdary side of the steam generator. Instead thestub
are described with a porous media model, whereeffeet of the tubes on the two-phase flow is
modelled by using pressure loss and source termentbalpy and mass.

In modelling the secondary side of the steam geéoeriais important to use a realistic model fhe t
primary circuit because it determines the boundeopdition and the result of the calculation.
Therefore, the APROS system code (APROS, 20093ed tor modelling the primary circuit and for
the calculation of the source terms of enthalpyhensecondary side.

! Babcock&Wilcox once-through vertical steam genensatould be considered as a third type.



In CFD modelling of the secondary side, the EuleleEmultiphase model of the commercial ANSYS
FLUENT 12.0 CFD code is used (ANSYS, 2009). In Ehder-Euler model, the equations for mass,
momentum and enthalpy conservation are solvedworghases: liquid and vapour. The tubes of the
primary circuit are described by using porous medadel. The numerical model used in this work
contains the relevant interactions between the gshasich as the drag forces and the mass transfer
between the phases due to evaporation and conensghe interactions between the phases have
been implemented as User Defined Functions in FLUEN

In this work, the basic equations needed for modgkh horizontal steam generator of a VVER-440
reactor are described. In writing the interactiemms of the phases, guidance has been taken fm th
work of Stosic and Stevanovic (2002) who have usgubrous media model for modelling a steam
generator of a VVER-1000 nuclear reactor. The erpartal friction correlations for two-phase flow
presented by Simovic et al. (2007) have been atllizA somewhat similar approach to steam
generator modelling has also been earlier usedrisgdf et al. (2008).

In Section 2, the basic conservation laws for magsnentum and energy are formulated. Different
drag forces affecting the vapour and liquid phdsethe porous media model are discussed. Mass
transfer between the phases due to evaporatiooc@arknsation is described. The source terms of the
energy equation are formulated, which are relatggzhiase changes and heat transfer. In Sectior 3, th
APROS model of the primary circuit and the FLUENDdel of the secondary side are described.
Coupling of the APROS and FLUENT models is discdsdm Section 4, results on the validation
calculations are presented. Finally, Section 5 sarmes the work and contains some discussion.

2. POROUS MEDIA MODEL

In the following, the basic conservation laws ofssilamomentum and energy in the Euler-Euler
multiphase model are formulated. The model equateme written in the form used in the ANSYS

FLUENT version 12.0 and the source terms are foatedl in the form suitable for implementation as
User Defined Functions in FLUENT. Most of the titiee approach presented earlier by Stosic and
Stevanovic (2002) is followed.

2.1 Conservation Laws
Conservation of mass of phagés (ANSYS, 2009)

%(yaqpq) + D 0P4V4) = Shassq @)

Fig. 1: Horizontal steam generator of a VVER-44énpl



wherey is porosity,q; is the volume fractiony, is the density and, is the velocity of phase. The
index g = 1 stands for the liquid phase aqd= 2 for the vapour phase. The sum of the volume

fractions isa, + a, =1. Evaporation and condensation are described hilsource terrasg.

Conservation of momentum of phages

0
a (yaqpqvq) +0 |lyalqpqquq) = SM,q (2)

The source ternsyq on the right-hand side contains interphase momertansfer, lift force and
virtual mass force. In addition, it includes effeof pressure gradient, gravitation and turbulence.

Conservation of energy is

0
a(yaqpqhq)-l_mqyaqpqvqhq):SE,q (3)

whereh, is the specific enthalpy of the phageThe source terre4 on the right-hand side includes
the interfacial heat exchange and the heat souwme the porous media, i.e., the tube banks. In
addition, it contains effects of turbulence andmgjiag pressure.

2.2 Momentum Source Terms
In the conservation law of momentum, Eq. (2), theree term is (ANSYS, 2009)
SM .q = _Wqu +U [Qy‘rq)-l- quqg +R pq + I:CE,q + I:Iift ,q + va,q + I:DF,q (4)

wherep is the pressure aglis the gravitational acceleration. The stressrstensor is denoted iy,

and R, is the interfacial friction force anBipeg is the friction caused by the tubes of the primary
circuit. Fceq is the force related to momentum transfer betwsleases, when mass transfer between
phases occursiq q is the lift force andF,mq is the virtual mass force. The main forces drivihg
flow are the gravitational forces, wall frictionf@fting both phases and the interfacial friction.

The interfacial drag force
The interfacial drag force is proportional to thedocity difference between the phases:
R = KV, —vy) )

The interfacial momentum exchange coefficiéht, is
3 C
K,,==a,0—2|v, -V
2n= 2P d, | 2 1| (6)

The correlation for the ratio of interfacial dragefficient and the bubble diamet€l;/d,, consists of
three parts described below.

The first part, which is valid for bubbly flow rege (@, < 0.3), has been adopted from Ishii and Zuber
(1979). Stosic and Stevanovic (2002) have moditiedoriginal correlation by multiplying it by 0.4.
This made a better fit to their experimental datiasich was bubbly flow over a horizontal tube bank:

12 6/7 2
Co _ 0.267( gA,o) 1+1767f(a,) Ko
d, o 18671 (a,)

Hereg is the acceleration of gravityyp is the difference between liquid and vapour dgnsit

is the surface tension, and the dependence ondidefraction is f(a,)=(1-a,)**. The
second part of the correlation for churn-turbuléows (o, > 0.3) reads as



C A 1/2
~o - 1.487(Mj (1-a,)(1- 075a, ) ®)
d, o

where the dependence on void fraction has the $ammeas in the CATHARE code. The third part of
the correlation is valid for annular and mist fl¢ag > 0.3)

C A 1/2
= = 7.136X10‘5(M) (L-a,)v,|’ ©)
d, o

The larger value of the second and third partdefcorrelation is selected.

Drag force caused by the tubes of the primary dircu

On the secondary side, the pressure losses caysee hubes of the primary circuit are described
based on the porous material formulation. The pressoss is divided between the phases as

Forgq = VaFor , Where

1
For= _zap'uprVp_Ezappp|vp|cpvp (10)
P P

In the porous media approximation, the drag fomreshe fluid phases consist of two parts: a viscous
loss term proportional to flow velocity and an imarloss term proportional to the square of thowil
velocity. In an anisotropic porous medium, suchthes tube banks, the proportionality coefficients
describing the friction forced), andC,, are tensors. The effect of the viscous loss teas been
ignored,D, = 0, because the proportionality coefficient disieg the inertial loss ternC,, becomes
dominant when flow velocities are large; is also assumed to be diagonal.

The pressure losses in the cross flow directioniiaige direction parallel to the tubes are
Forn = 1 C
DFO ~ _Ezappp p,D|Vp|Vp,D (11)
p
1
Fory = -gZapppCpu\Vp\Vpu (12)
p
In the direction parallel to the tubes, the Blastasrelation is appliedC,, = 0.3165/(D,Re)*),

whereD. is the equivalent diameter and,ReReynolds number of phape

In the cross-flow direction, the pressure loss atcudated according to the model presented by
Simovic et al. (2007). The pressure loss coefficitor equilateral in-line tube arrangement is

C,o =2Eu,/P, whereP is the equilateral pitch. The phasic Euler numiaees

Eu_ =0.26 L 0.8 L Re” (13)
p d3 d3 p

whereds is the outer diameter of the tubes &R is the Reynolds number for phaseThe
exponentsn andn are calculated as has been described by Simouic @007).

2.3 Mass Source Terms
The mass transfer between the phases is includadagrce term in the continuity equation, Eq. (1),

for each phase. The source term for the liquid @heaused by condensation of vapour and
evaporation of liquid is



Shasst = Mpy =My, + My g =My e (14)
The mass transfer rate from the phpge the phaseg due to bulk evaporation and/or condensation is
m,,. The mass transfer rate from phgseo phaseq due to the heat transferred from the primary

circuit is M, pr, Which is discussed in detail in Sec. 2.4. Thersauerm for the continuation
equation of the vapour phaseSg.ss 2= —Snass 1

Evaporation occurs, when the liquid enthalpy ishkigthan the liquid saturation enthalpy, ilg.>
h', whereas condensation occurs, when vapour isritacbwith subcooled liquid, i.eh; < h'. The
bulk evaporation and condensation are calculated the correlations

evaporatio: rm, = %%
. h'- (15)
condensatin: m,, = NPy %

C

wherer, is the evaporation relaxation time ands the condensation relaxation time. Constanteglu
of one second have been adopted for both relaxaitres.

2.4 Energy Source Terms

In the conservation law of energy, Eqg. (3), thersederm is (ANSYS, 2009)

op :
Seq = TWIg 5 T YT Ve~ fy01q)+ Quq + Scq + S (16)
whereqq is the heat fluxQyq is the intensity of heat exchange between phpsexiqg. The last two
terms are related to bulk condensation and evaparatd to heat transfer from the primary circuit.

The source term of enthalpy caused by the bulk@adipn and condensation is for the liquid phase
Secy = (My, —1y,)(h" =h) (17)
The corresponding source term in the enthalpy emuédr vapour isS.., = -Sc;-

In the following, the heat transfer from the primanircuit to the secondary side is written in the
porous media formulation. The volumetric heat tfansate for the liquid heating is

q\:/,lzhxlllv,l(Tw_Tl)(AE/\/tot)(1_a2) (18)
where the surface related heat transfer coefficgeodlculated from the Dittus-Boelter correlation:
h,; = 0.02A,/ D,) Rel’ Pr* (19)

The Reynolds number for the mixture is definedRs&, = pm|Vm|De/,Ul, where the mixture density

and velocity are defined as volume averaged quesitiThe equivalent diameter for the complex tube
bank is derived from the fluid volume and surfaceaaasD, = 4V, / A, .

When the heating walls are in contact with vapthe,heat transfer rate is
G 2=N (T~ TIA V), (20)
whereh,, , is obtained from the Dittus-Boelter correlatiby:, = 0.0234,/D,) Re}’ Pr,* .

Boiling is added to the heat transfer, when theicttire temperature exceeds the saturation
temperature. The volumetric boiling correlationdga



G =Moo MaX(T, =~ T O)(A Vi) (1-,) (21)
where the Thom pool boiling correlation is usedtfar surface area heat transfer coefficient

h, =19712e°2(T, -T,,) ., | = wim?k (22)
An additional Iimiter,(l— afz)o‘l, has been included to limit the heat transfeiig kioid fractions.
When the liquid sub-cooling exceetis = 20 K, all the heat transferred from the primainguit is
used in liquid heating. For saturated and supeeldeéajuid, all the heat transferred from the priynar

circuit is used for steam generation. Between tisdimiting cases, linear interpolation is used f
dividing the heat between liquid heating and stgameration. The volumetric steam generation is

rhlZ,PR :(1_ r)(q\:/b + q\:/,l)/ hrg (23)
where the linear ramp function is defined fas min[max((TS -T,)/T,,0) ,1]. The corresponding

energy source term for vapour is

at

Sk = mlz,PRhfg + q\:/,z (24)
The rest of the total heat flux is used for lighihting
Sors =1 (o + 1) (25)

3. THREE-DIMENSIONAL MODEL OF A VVER-440 STEAM GE NERATOR

The horizontal steam generator of a VVER-440 PWHss modelled by using the APROS code. The
outer wall temperatures of the tubes of the prinrguit are calculated and then used as an input t
the FLUENT model of the secondary side. In theofelhg, the APROS and the FLUENT models are
presented and the APROS-FLUENT coupling is bridégcribed.

In the APROS model, the primary circuit has beemdéid into five horizontal layers. The uppermost
layer is presented in Fig. 2. Several tubes areeftexi with the same APROS component: four
consecutive tubes in the horizontal direction &fiden in the vertical direction. The flow rate tbie
primary circuit is controlled by a control valvedaa control circuit.

The secondary side of the steam generator is gezbém Fig. 3. The portion of the secondary side
occupied by the tube banks has also been dividedfive horizontal layers. Five vertically aligned
“downcomer” nodes have been added to allow somectgation, and the area above the tube banks
(steam dome) is modelled with two nodes. The heaisferred in each of the five layers of the
primary circuit is conveyed into its own node oe gecondary side. The feed water flow is adjusted
with a three-point control, which monitors the wdexel of the uppermost downcomer node.

The secondary side of the horizontal steam genehste been modelled by using the Euler-Euler
multiphase model of FLUENT 12.0. The portion of $ieam generator occupied by the tube banks
has been described with the porous media modelLfENT, which introduces additional source
terms for the pressure loss caused by the tubesbané the enthalpy source. The source terms
described in Section 2 were implemented as Usan&gfunctions in the FLUENT model.

Most of the simulations were performed with a FLUEModel consisting of 120 000 grid cells. The
grid independency was checked by performing a fewlstions with mesh consisting of about
950 000 grid cells. The grid is almost purely heedral. The free flow areas are modelled with arfine
mesh than the porous areas. The tube support pleespresented as thin walls. The inner strusture
of the FLUENT model are illustrated in Fig. 4, whethe tube banks are shown in green and the
support plates and collectors are shown in brovire. few feed water manifold can be seen above the
tube banks on the hot side. The old feed water foldris located in the middle of the tube banks.



Fig. 2: The uppermost level of the primary cirénithe APROS model of the VVER-440 horizontal
steam generator.

® o @ e @ e ® 5 @

Fig. 3: The secondary side of the APROS modelHenfVER-440 steam generator.

In the spatial discretization, the QUICK scheme wsexd for the volume fraction and the second order
upwind scheme for other quantities. For the pressatocity coupling, the phase coupled SIMPLE
scheme was used. In the temporal discretizatianfitst order implicit method was used with a time
step of4dt = 0.05 s for the coarse mesh. The primary tube® wedelled as porous media with a
porosity of 0.72. Turbulence was modelled with kheturbulence model for the mixture of liquid and
vapour. The effect of the primary tubes on the ulebce on the secondary side was not taken into
account in the model.

Simulation of the primary circuit by using APROS kaa it possible to provide a realistic boundary
condition for the CFD simulation of the secondaiges The temperatures of the outer walls of the
tubes of the primary circuit are solved by using &PROS model. The wall temperatures are then
interpolated from the nodes of the APROS modelaichegrid cell in the tube banks of the FLUENT
model. The interpolation is based on finding tharast APROS node for each grid cell of the
FLUENT model. The outer wall temperatures are theed in the CFD simulation for calculation of
the heat transfer from the primary circuit to teeandary side.
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Fig. 4: The FLUENT model for the secondary sid¢hef VVER-440 steam generator.

The flow on the secondary side is driven by grdniteand the density differences of the water-vapou
mixture. The density differences are caused bydifierences in void fraction, which are caused by
differences in heat transfer on the cold and hie¢ssbf the steam generator. Therefore, it is ergect
that the use of an accurate estimate for the walperatures of the primary circuit is a cruciapste
determining the correct flow field on the secondside.

4. SIMULATION OF THE VVER-440 STEAM GENERATOR

In the following, the steady state operation of #team generator at full power is studied. In the
simulations, the feed water was injected from thiefeed water manifold located in the middle of the
tube banks. The reason for this is that some medsidata on void fractions is available for such a
situation (Haapalehto and Bestion, 1993).

The parameters for VVER-440 steam generator arevishio Table 1, when the old feed water
manifold is used. The mass of water on the secgralde was 33 tons in the stationary state that was
the target. The temperature of the feed water 8s°Z and the injection rate was 130 kg/s. This
corresponds to the full power of 242 MW of the stegenerator. The steam generator is
approximately 12 m long, and has a diameter of@pprately 3 m. The heat transfer area is 2 510 m

4.1 Simulation of the Stationary State

First, the temperatures of the primary tubes ahleedowith the APROS model. In Fig. 5, the outer
wall temperatures of the tubes are shown, wheABIROS result has been interpolated to the CFD
mesh. Cooling down of the primary flow from the lotlector to the cold collector can be seen in the
result. The temperature distribution is clearlyetidimensional. In addition to the difference betwe
the hot and the cold side, the temperature als@s/am the vertical direction. The tubes near the
bottom are colder than those near the top of the banks.

In Fig. 6, the volumetric vapour generation ratshiswn on the secondary side. As can be expected,
the maximum amount of vapour is produced near thedllector. Near the cold collector the vapour
generation rate is very small. More vapour is geteel in the top part of the tube banks than in the
bottom.

In Fig. 7, the void fraction is shown in two vedicross-sections of the steam generator. Theiposit
of the feed water manifold is indicated in the ntéddf the tube banks. Most of the feed water is
injected towards the hot side, which can be cleselgn in the void fraction distribution. The sueac
level is higher on the hot side, where more steagenerated than on the cold side. Near the bottom,
the void fraction is almost zero.



Table 1: Model parameters for the primary and gwsdary side of the VVER-440 steam generator.

Primary side Secondary side
Inflow temperature of primary water| 295 °C Power 242 MW
Tprim,in Steam production 130.1 kg/s
Outflow temperature of primary 265.7 °C Mass of waterm_ 33 000 kg
water, Toim,ou Pressurep_ 46.0 bar
Mass flow rate of primary water, 1 560 kg/s TemperatureT 259 °C
Myim Feed water injection 130.1 kg/d
Pressure,pprim 122.5 bar Feed water temperaturne 222.9 °C

hot collector cold collector
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00 discussed in Section 4.2 are also indicated.

In Fig. 8, the void fraction is shown at the cerdral in the hot end of the steam generator. The hot
side is located on the right-hand side in theseszsections. The bulk condensation caused by tlde co
feed water injected towards the hot side is cleadiple. In the bottom, the void fraction is snealbn

the cold side than on the hot side.
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Table 2: Comparison of the simulations to measuogd fractions and flow velocities of liquid water.
Simulation results obtained with the physical angesficial velocity formulations are shown.

Voidl [-] | Void2 [] | Void3 [-] | Void4 [] |Vell [m/s] | Vel2 [m/s]| Vel3 [m/s]| Vel4 [m/s]
Measurement 0.3..0.4 | 0.3..0.4| 03..04 03.04 0.04 .08 | 0.04 | 0..04

Simulation, 0.31 0.42 0.31 0.30 0.31 0.30 0.07 0.26
physical

Simulation, 0.30 0.39 0.31 0.33 0.29 0.28 0.14 0.27
superficial

In Fig. 9, the velocity of liquid water is showntlae centre and in the hot end of the steam georerat
In the gap between the tube banks and the shelrvlaws downwards and the stagnation point is
close to the centre of the steam generator or stiatetewards the hot side. On the hot side, water
flows mainly upwards and on the cold side mainlydwards. This flow pattern is driven by the
density difference caused by the different voidtitn on the hot and cold sides.

4.2 Comparison with Available Measured Data

The available measured data on the secondary &fdél size steam generators is very scarce. Only a
few measurements for horizontal steam generaterkraown by the authors of the present report. We
have chosen to compare the calculated void frestiand flow velocities to the measurements
presented by Haapalehto and Bestion (1993). Thenfi@asurement points were located 70 cm below
the top of the tube banks, and their positionsshmvn in Fig. 6.

In the porous media model of FLUENT 12.0, two alé&give velocity formulations can be used:
superficial and physical. In the superficial vetgciormulation, the velocity in the porous region

remains the same as outside the porous regionViSurica = ¥ Vonysicar 1N€ Physical velocity model

takes into account the acceleration of the flowthia region, where the flow area is reduced by the
tubes. The physical velocity formulation has begseduto obtain the results presented so far.

In Table 2, the calculated results are comparethéasurements. Results obtained both with the
physical and superficial velocity models are showme calculated void fractions are in a very good
agreement with the measured values that were imathige 0.3...0.4 at all four measurement points.
The error bars of the measured velocities of liquater were unfortunately rather large: the flow
velocities were 0...0.4 m/s. The calculated vafitegell within this range.

Some information is also available on the positmnthe water surface in VVER-440 steam

generators. Dmitriev et al. (1991) present the un&tlevel on the hot and cold sides of the steam
generator. The exact definition of the measuredctume level” is, however, not available. In Fig. 10
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we have plotted the calculated 70% mixture levgkther with the measured result. The qualitative
similarity of the calculated and measured mixtueel is apparent both on the hot and on the cold
side. Quantitative comparison is hampered by tfiedlty in the interpretation of the measured data

5. SUMMARY AND DISCUSSION

A three-dimensional porous media model has beeremgnted for the secondary side of the
horizontal steam generator of a VVER-440 plant kjng the ANSYS FLUENT 12.0 code. The
primary circuit is solved with the APROS system eodnd the outer wall temperatures are
interpolated to the CFD model. Steady state opmrati full power is solved.

The implemented model has been found to be rolmastaconverge well towards the stationary state,
when time dependent simulations are performed.cHheulated void fractions and flow velocities of
liquid water are in good agreement with the meanards at the few measurement points, where
measured data is available. The shape of the mixtevel is in qualitative agreement with
observations. More accurate measurements of vaadidns, velocities and the mixture levels would
be necessary for better validation of the model.

In general, the coarse mesh with 120 000 grid @edls found to produce very similar results as the
finer mesh with 960 000 grid cells. The coarse meskms to be suitable for most practical
applications. Some details of the solution, sucthagets of cold feed water, are not well capturgd
the coarse mesh. The wall friction is only propadgolved with the finer mesh. At least in steady
state situations, this does not, however, affexitach the overall behaviour of the model.
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