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Summary

We present the numerical model of a large evaporator used in the nuclear industry: the steam
generator of the VVER-440 type nuclear reactors in Paks, Hungary. The physical processes to be
modeled include boiling heat transfer, bubbly flow through tube bundles, boiling and recondensation,
gravity-driven flow, formation of free surface. The physical models were implemented using user-
defined functions by the ANSYS-FLUENT computational fluid dynamics software. Results for the flow
field and for the settlement of suspended contaminants are presented.
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1. Introduction

Steam generators (in other words: secondary boilers) are heat exchangers of pressurized water
nuclear power reactors (PWR) used for evaporating the secondary circuit water. Non-volatile
contaminants, such as ionic and dispersed corrosion products, need to be extracted by a periodically
operated blow-down system. If the concentration of contaminants is highly non-uniform, the locations
of the extraction points of the blow-down system must be carefully designed: in order to achieve high
blow-down efficiency, the extraction outlets need to be placed at the points of maximum contaminant
concentration. Inefficient blow-down is a known design problems of VVER-440 type steam
generators.

Since secondary boilers are critical parts from the point of view of the prolongation of life cycle of the
nuclear power plant, the improvement of blow-down efficiency has been issued by NPP (Nuclear
Power Plant) Paks. Revision of the blow-down system has been conducted by LG Energy Ltd.
Analyses of the three-dimensional multi-phase flow on the shell side of the tube bank, together with
the transport processes of contaminants, has been carried out by CFD.HU Ltd. using ANSYS—
FLUENT simulation system, as a part of the latter project.

The most important effect concerning the shell side flow in a secondary boiler is the unevenness of
heating. Every VVER-440 type steam generator contains 5536 pipes of 16 mm external diameter
bended in horizontal planes delivering high temperature primary circuit water. The enthalpy of the
primary circuit coolant delivered by the pipes heats up the secondary circuit water on the shell side of
the pipes to saturation temperature and eventually evaporates it. Spatial distribution of the heat flux
has been obtained from a pipe-wise coupled 1D thermo-hydraulic model. The anisotropic shell side
resistance of the tube bank and the resistance of pipe supports have been calculated by using 2D and
3D micro-models.

Due to the overheating of the water phase, the bubbles grow while rising towards the surface. In
regions characterized by high local void fraction, the bubbles tend to agglomerate, thus further
increasing the bubble size. Owing to these effects, the velocity difference between the bubbly and the
liquid phases (slip velocity) varies. In order to be able to match existing data for the free surface shape
and the vapor distribution, the local value of slip velocity has been obtained from a mathematical
model based on measured correlations. For the accurate representation of pre-heating and steam
generation processes a special multi-phase flow model fulfilling local mass and energy balances has
been developed.

The user defined function (UDF) capability of ANSYS—-FLUENT has been utilized for the
implementation of slip velocity and phase change models, as well as for the control of water level in
the numerical system.

2. Methodology

2.1 Geometry and mesh

Three-dimensional meshes of two different resolution and a two-dimensional (cross-sectional) mesh
have been generated. The latter has been found very useful for the physical model development. Time
dependent (unsteady) simulation has been carried out in every case with sufficient number of time
steps for achieving converged solution.

The number of computational cells in our most detailed 3D model is 1.2 million, the simplified 3D
model consist of 0.5 million cells. In the latter case some details of minor importance have been
omitted, in order to reduce the number of cells. By using the converged results of the simplified model
as initial condition for the finely resolved model, five-fold reduction of the computational time has been
achieved.

The upper boundary condition has been placed well above the water surface, therefore the liquid
water content of the flow was nearly zero at the outlet. Water surface elevation has been locally
obtained from dynamics of phase separation. Adiabatic wall boundary conditions have been used for
modeling the remaining part of the vessel wall. Further mass, momentum and energy exchange
processes have been described with spatially distributed volume sources.

2.2 Heating

Shell side water circulation in the steam generator vessel is driven by heat flux received from the heat
exchanger tubes and the consequential increase in the specific volume of the fluid, which is 6.7% in
the case of feed water pre-heating, and a factor of 33.8 in the case of evaporation.
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Local heating intensity has been computed on the basis of coupled 1D simulation of every primary
circuit pipe in collaboration with LG Energy Ltd. Pressure drop of primary circuit water between the hot
and the cold legs uniformly effects every heat exchanger pipe, therefore the tubes can be regarded as
different hydraulic resistances in parallel connection. Diameter and wall thickness of each pipe is
identical but the lengths differ by a factor of 1.5. Shorter pipes deliver more water with smaller
temperature drop along the pipe. In view of the mass flow-rate values, the cooling curves and heat flux
distribution could be calculated for each individual pipe. A nonlinear boiling heat transfer correlation,
proposed specifically for water, has been applied to the shell side of the pipes, in which the heat flux is
a quadratic function of the wall superheat [1]. Outlet temperature of the primary circuit water has been
calculated as the mass weighted average of the pipe outlet temperatures. Potentially the exact
locations of inactive (plugged) pipes can be taken into account in the model, as well.

Spatial variation of space between the pipes has also been taken into account when evaluating the
local intensity of the heat source representing the energy received by the secondary circuit flow.

2.3 Hydraulic resistance of the tube bank and pipe supports

The tube bank of the steam generator has been modeled as a porous zone of variable resistance
matrices obtained from zone by zone, using 2D micro-models of the flow. Pipe supports have been
taken into account as porous surfaces (porous jumps). Resistance coefficient has been identified via
3D micro-modeling by assuming periodicity both in horizontal and in vertical direction.

2.4  Pre-heating and evaporation

Feed water injection has been modeled by volume mass sources active in the vicinity of injection
nozzles. Intensities of the volume sources have been approximated by a linear function of axial
coordinate parameterized on the basis of hydraulic assumptions concerning the feed water collectors.
Feed water injection systems of both according to the original design (low level injection) and the
presently operational near-surface feed water injection can be alternatively activated in the simulation
model.

The feed water, characterized by a temperature range 223...225 T, mixes with the boiling water
(characterized by the saturation temperature 258.7 C and by variable fraction of vapor bubbles) when
injected into the vessel. When relatively small portion of feed water is mixed with boiling water of high
vapor content, the liquid temperature in the resulting mixture reaches the saturation temperature.
When volume fraction of the initial feed water is larger, the vapor content can condense totally and the
temperature of the resulting mixture can be lower than the saturation temperature. The mixing process
can take place within the tube bank too, in which case, the additional heat received from the heat
exchanger pipes must be taken into account.

This coupled process of pre-heating, condensation and heat exchange with the solid surface has been
described by using mixture model in ANSYS—FLUENT with the introduction of a fictive third phase —
the feed water phase. In every computational cell a mixture of the following phases are present:

phase 1: saturated vapor — primary phase,
phase 2: saturated water — secondary phase,
phase 3: feed water — secondary phase.

In thermodynamic equilibrium state, feed water and vapor cannot be present together in the same
computational cell, therefore the phase change calculations have been carried out in the following
three steps: Firstly, the enthalpy of the equilibrium mixture has been calculated and compared with
those of saturated water. Seconly, the intensity of the volume mass sources of fluid phases are
calculated: either phase 1 or phase 3 is perfectly destroyed, the concentration of the remaining of
those, and the necesary source intensity, has been calculated from the known enthalpy of equilibrium
mixture. Thirdly, the volume mass source of saturated water has been calculated from the local mass
balance. The volume sources have been evaluated in user defined functions in every iteration step for
every computational cell.

By the application of the above three-phase model together with the source terms, solution of the
energy equation for temperature can be avoided.

2.4  Slip velocity

Slip velocity of water vapor relative to the liquid phases is calculated from a model based on measured
correlation [2] [3] with the local vapor content. The model was modified to take into consideration the
vector sum of gravity and inertial accelerations and the known characteristics of the wet steam at the
outlet. Slip velocity evaluated by our two-dimensional steam generator model for the operating
conditions specific to NPP Paks is plotted in Fig. 1.
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Figure 1. Distribution of slip velocity [m s™] in the cross-section of the steam generator.

The slip velocity formula, employed in this study, provide at least qualitatively correct description of the
water droplet sedimentation above the surface. This model feature is necessary for realistic formation
of water surface which is actually the upper boundary condition for the shell side water circulation in
the steam generator vessel.

2.5 Numerical control of water level

Water level is controlled by signals of real time water level measurements in the actual technological
process. Output signal of the water level probes is proportional to the hydrostatic pressure difference
between the higher and the lower taping points of the probe. If the lower taping point is positioned to a
height other than the bottom of the tank, which is usually the case, the total mass of liquid water
contained by the vessel depends on the unknown steam content under the lower tapping point. The
applied mathematical model of multiphase flow ensures mass conservation for the saturated water
phase, but the initial mass is unknown due to its dependence on the steam concentration, therefore, a
numerical level control must be employed.

The role of numerical level control is the fastest possible adjustment of the instantaneous water level
to a given target level, for that reason, time constant of level control in the numerical system has been
chosen to 1 second, which is much shorter than that in the reality. By the application of an evenly
distributed mass source of saturated water the numerical level control has managed to stabilize the
instantaneous water level within an error bound of 1 mm after 10 seconds of simulation time.

3. Results and conclusions

In the vicinity of the hot leg (inlet collector) temperature of the primary circuit water and the
consequential heat flux is higher then those at the cold leg (outlet collector). Unevenness of steam
production due to the spatial variation of heat flux is the driver of the shell side circulation visualized in
Fig. 2. Pipe supports placed in planes perpendicular to the axis of the vessel has a significant
resistance against the axial flow component, thus the circulation is forced into cross-sectional planes
(nearly 2D flow). Really three-dimensional flow takes place only at the end walls of the vessel, and in
the vicinity of the collectors. Circulation intensity is limited by the shell side resistance of the tube bank
and by the admittance of the relatively large gap between the tube bank and the vessel wall.
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Figure 2: Stream lines (colored by velocity magnitude) and the main flow features highlighted by
heavy arrows.

Feed water injection has a large impact on the shell-side circulation as well. 9.3% of the heat power is
spent on pre-heating of the feed water to saturation temperature. This is mostly covered by latent heat
released by the bubbly vapor phase during local condensation processes. Since the energy demand
of feed water decreases the vapor content and the specific volume, feed water sinks from the injection
point. 3D simulations have been carried out by assuming two feed water injection methods: low level
injection (according to the original design) and the presently operational near surface injection. Results
are shown in Fig. 3. Traces of low temperature feed water plumes can be clearly identified.
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Figure 3 : Volume fraction of water vapor in the cross section 1.5 m away from the symmetry plane
with lower (left) and upper (right) feed water supply.
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The void fraction data obtained from the simulation in the case of low level injection falls within the
range of the few published measurement data [4]. Maximum volume fraction of water vapor in the
liquid mixture is about 55%. A well defined surface is formed, above of which, the volume fraction of
vapor approaches 100%. As can be seen in Fig. 4, the highest point of the water surface is located in
the vicinity of the hot leg, the lowest point (0.4 m below the highest level) is close the end wall
characterised by larger distance from the hot leg. Water surface at the lowest level point approaches
(or reaches) the heat exchanger tube bank. Surface shape obtained from the simulation model is in
good correlation with earlier experimental observations [5].

Figure 4. Water surface elevation [m] defined by the 70% iso-surface of the volume fraction of water
vapor.

Sedimentation of dispersed corrosion prodcts in quasy steady two-phase flow has been calculated by
using dicrete phase model available in ANSYS—-FLUENT 6.2. Particle deposition profile on the bottom
of the vessel, shown in Fig. 5, is shifted towards the hotter side of the tube bank, which is in good
correspondance with the maintenance experiences.

Figure 5 : Deposition pattern of 50 mm magnetit particles on the bottom of the steam generator vessel.

The numerical simulation provides a complete picture upon the spatial distributions of velocity and
void fraction, thus allowing detailed analysis of the sedimentation of disperse corrosion products,
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which is essential for improvement of blow-down efficiency. Numerous further application of the
Computational Fluid Dynamic (CFD) model is foreseeable.
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