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SYNTHESE:

Apres une phase de validation d'ASTRID Eau-Vapeur dans des geometries
elementaires de type tube ou espace annulaire, la simulation d'un ecoulement bouillant
sous-sature a ete realisee dans une configuration 3D de type faisceau de tubes.
L'experience simulee est 1'experience Poseidon qui represente un faisceau de trois
tubes chauffants. Le point d'essai simule correspond a des conditions
thermohydrauliques proches des conditions d'apparition de la crise d'ebullition.

Les resultats de calculs sont analyses et compares aux mesures disponibles qui
sont pour l'essentiel les temperatures du liquide et des parois. Le comportement
d'ASTRID Eau-Vapeur se revele satisfaisant dans cette configuration. La temperature
du liquide et des parois chauffantes est bien predite par le code dans les differentes
zones de l'ecoulement. Malgre le caractere sous-sature de l'ecoulement on enregistre
des niveaux eleves de taux de presence de vapeur atteignant 40 % au voisinage des
tubes chauffants. Par ailleurs, revolution des grandeurs physiques calculees fait
apparaitre que l'approche tridimensionnelle apporte des informations capitales pour
1'analyse des phenomenes physiques qui se manifestent dans ce type d'ecoulement.

Les bons resultats dans la geometrie Poseidon sont tres encourageants. Ils
permettent d'envisager la simulation et l'analyse d'ecoulements en faisceau a l'aide
d'ASTRID Eau-Vapeur.

(HT-34/97/050/A)



EXECUTIVE SUMMARY:

After different validation simulations of flows throudh cylindrical and annular
channels, a subcooled boiling flow through a rod bundle has been simulated with
ASTRID Steam-Water of software. The experiment we simulated is called Poseidon. It
is a vertical rectangular channel with three heating rods inside. The thermohydraulic
conditions of the simulated flow were close to the DNB conditions.

The simulation results were analysed and compared against the available
measurements of liquid and wall temperatures. ASTRID Steam-Water produced
satisfactory results. The wall and the liquid temperatures were well predicted in the
different parts of the flow. The void fraction reached 40 % in the vicinity of the heating
rods.

The distribution of the different calculated variables showed that a
three-dimensional simulation gives essential information for the analysis of the
physical phenomena involved in this kind of flow. The good results obtained in
Poseidon geometry will encourage future rod bundle flow simulations and analyses
with ASTRID Steam-Water code.

(HT-34/97/050/A)
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I. INTRODUCTION

The first step in the validation programme for the
ASTRID Steam-Water code involved simulating boiling
flow experiments in relatively simple configurations (tube
and annular space), for which local measurement data were
available. An essential criterion for the selection of
reference experiments was, in particular, the existence of
void fraction measurements, essential for quantification of
the ASTRID Steam-Water boiling model. In this
connection, the Debora [11 (tube) and ASU [2! (annular
space) experiments, the measurement data from which was
compared with simulation results [3), represented excellent
validation examples.

Simulation of boiling flows in a Poseidon type
configuration, represents a major step towards application
of the ASTRID Steam-Water code in EDF industrial
context, and in particular for prediction of two-phase flows
in PWR power station reactor cores. The Poseidon model
reproduces both the thermohydraulic conditions of PWR
cores, and a tube bundle type 3D geometry. Despite the
absence of void fraction measurement data, simulation of a
flow of this type enables us to quantify the performance of
the code in a configuration more complex than that of the
ASU or Debora experiments.

Simulation of a two-phase boiling flow was
consequently achieved under the experimental conditions
of the Poseidon model. This paper compares the results of
this simulation with available measurement data.

II. ASTRID CODE

The ASTRID code is being developed by Electricite de
France, Research & Development Division. ASTRID is a
3-D, 2-fluid computer code for the Eulerian simulation of
two-phase flows (Thai Van w, Boree & Freydier [51,
Larrauri & Briere [6]).

The numerical method is based on finite difference and
finite volume discretization, and an incremental version of
the fractional step method.

A. Balance equations

The six averaged balance equations of mass,
momentum and energy which govern the two phases (k=l
or 2) are written as follows :

- Mass Equation
d{akPk) ^d{akPkUkj)^r

dt dx: k



- Momentum Equation

Ukj =~ak ^ T + a * Pk Si

dxj Kl "

- Energy Equation (H = enthalpy)

dHt „ dHt

+nk-Hkrk

with the conditions at the interface

Jb=l it=l k=l

a is the volumetric phase fraction, p the density, P the
pressure of both continuous and dispersed phase, g the
gravitation force per unit mass and U the mean velocity.
<>k is the averaging operator associated to the phase k.
For any variable X, x" is its fluctuating part.
F, I and n are the interface transfer terms for mass,
momentum and energy respectively.

B. Boundary conditions

The system obtained from the conservation equations
can be solved only if appropriate boundary conditions are
given.

Boundary conditions at the inlets and outlets of the
domain bring no modelling difficulty. However, they are
seldom known accurately, and assumptions must be made
on the main variable profiles.

The dynamic boundary conditions at the walls are
written as for single-phase flows : a laminar and a turbulent
sub-layers are assumed to be present. They apply only to
the continuous phase ; the conditions for the dispersed
phase are derived from those for the continuous phase.

The thermal boundary conditions at heating walls, in
the case of nucleate flow boiling, are detailed below.

Heat transfer at the wall

Boiling heat transfer modelling is actually a real
challenge for researchers. Indeed, boiling involves complex
phenomena and a lot of research work is still needed before
reaching a satisfactory understanding of the process.

In this context, a first model must rely on a
simplification of the basic physical mechanisms which
control the strong increase of heat transfer during the
nucleate boiling process. These mechanisms depend on
local interaction between the wall and the fluid, in

particular the wall site activity, that is to say the life of
isolated bubbles (growth, collapse or departure) in a given
thermal-hydraulic state and the spatial distribution of active
sites.

In the lack of any global understanding of the processes
involved we provided ASTRID with a first model of the
wall heat transfer mechanisms. This modelling of wall
nucleate boiling takes into account the presence of cavities
on the wall and is based on two steps :

- the boiling incipience prediction (Hsu [?1, Hino &
Ueda[81[9)),

- the heat flux calculation (Del Valle & Kenning [10),
Kurul & Podowskitul).

The different correlations implemented in ASTRID to
calculate the density of active sites, the bubble frequency
and the bubble detachment diameter are given by Kurul &
Podowski1111 and Unal1121.

C. Closure laws

This six equation system is not closed and must be
supplemented by additional relationships to achieve the
closure. These closure laws are related to :

- the state equations,

- the turbulence terms (i.e. the terms containing the
average of fluctuation products in the above equations),

- the interface transfer terms (F, I and FI) which are
obtained by averaging the local behaviour of single
inclusions.

Closure relations are an important and difficult part of
two-fluid modelling : the closure laws are specific to each
phenomenon and no universal acknowledged expression
exists, in contrast to the conservation equations given
above. Thus, any ASTRID user must specify these laws, in
order to adapt them to the physical phenomena involved in
the flow to be simulated. The main difficulty is to correctly
specify the phase interaction terms which govern the fluid
behaviour.

ASTRID closure relations are always based on the
assumption that one phase (k=l) is dominant and
continuous, while the other phase (k=2) is composed of
dispersed inclusions. For instance, this allows the
simulation of a bubbly flow, with vapour bubbles dispersed
in the continuous liquid.

Heat and mass transfer between phases

Thermal interaction between vapour bubbles and the
surrounding liquid is characterised by a heat transfer which



governs the rate of vapour production (overheated liquid)
or condensation (subcooled liquid). We have chosen to
calculate the heat transfer between phases with the
following assumptions :

- the interface between the bubble and the liquid is
assumed to be at the saturation temperature,

- heat transfer between the bubble and the interface is
instantaneous, which leads to a vapour phase at the
saturation temperature,

The mass transfer between phases is calculated using
the equivalence between the heat received by the interface
(energy balance at the interface) and the latent energy of
vaporisation (condensation if negative).

r2 = l -Tsat)+ a
-Tsat)

III. EXPERIMENTAL CONDITIONS

- a thermal boundary layer surrounds the bubble, so that
the heat transfer between the liquid and the interface
occurs through this boundary layer. The Nusselt
number is a function of the Reynolds number, the liquid
Prandtl number, the Peclet number and the Jacob
number, where the Jacob number is based on the liquid
superheat ATi and the Reynolds and Peclet numbers are
based on the relative velocity between phases Ur :

Ja =
PiCDiATi
—•—L

Re =

and
2R

Nu = — h

and Pe =

where L is the latent energy of vaporisation, R is the
bubble radius, pi is the liquid density, Cpi is the liquid
specific heat, v\ is the liquid viscosity, aj is the liquid
diffusivity and h is the heat transfer coefficient.
The Nusselt number is calculated in a different way
according to the Jacob number sign (boiling case if Ja >
0 and condensation case if Ja < 0) and the Peclet
number value:

if Ja<0 then Nu = 2 + 0.6Rea5Pr0-33

if Ja>0 and Pe<—Ja2 then Nu=—Ja

if Ja>0 and Pe>—Ja2 then Nu--T=4Pe
it JK

The first relation (Ja < 0) is a classical one which does
not take into account mass transfer during bubble collapse.
It is based on the assumption that the heat transfer at the
phase interface of a condensing bubble is similar to that
around a moving solid sphere. The second one is obtained
by calculating the heat exchange through a thin boundary
layer surrounding a motionless growing bubble. The third
one corresponds to the boiling case where heat transfer is
controlled by the relative velocity rather than the liquid
superheat.

The Poseidon model comprises a vertical channel with
a rectangular section, with three heater tubes arranged
inside the channel. The model is supplied with Freon 12 at
the bottom, and imposed thermohydraulic conditions are
representative of those encountered in pressurized water
reactors (similarity of Ahmad's critical flux [B1). The
diameter of the heater tubes is twice as big as fuel rod
diameter for a PWR assembly.

Figures 1 and 2 illustrate the geometry of the Poseidon
model. Refer to !14) and [15] for a more detailed description
of this model.

Figure 1: Poseidon model
•General view-

Figure 2: Poseidon model
•2D section-

h = 2.088 m (heating length)
L = 82.00 mm
1 = 31.50 mm
D= 19mm
P = 25.25 mm

Tests on the Poseidon model were essentially aimed at
studying the conditions for the appearance of a boiling
crisis, and have so far formed part of critical flux
parametric study campaigns. However, a test point has
been created specially for the purpose of characterizing the
subcooled two-phase boiling flow in the Poseidon
geometry, under experimental conditions.

Operating conditions for this two-phase boiling test
point (R12) are detailed in the table below :

Outlet pressure
(bar)
27.02

Mass flow
(kg/m2/s)

3471

Inlet temperature
(°C)

64.04

Heat flux
(W/m2)
238810



The equivalent conditions for water would be :

Outlet pressure
(bar)
158.4

Mass flow
(kg/m2/s)

4924

Inlet temperature
(°C)

294.5

Heat flux
(W/m2)

3810513

These conditions correspond to a stationary, subcooled
turbulent boiling flow, close to the boiling crisis. Quality
varies between - 0.37 at inlet and - 0.18 at outlet. Heat flux
is 5% below critical flux measured under these pressure,
flow and inlet quality conditions. The Reynolds number
calculated from the hydraulic diameter is approximately
400,000.

For this test, the essential data available comprised
mean liquid and wall temperatures for different sections.

\
/
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Figure 4 : Mesh (constant z section)

It will be observed that the distance between the surface
joining the first nodes of the fluid mesh close to the
heaters, and the surface of the heaters themselves, is
approximately uniform round each heater, with a value of
the order of 1 mm.

IV. SIMULATION

Simulation of the Poseidon test point, as described
above, was the first simulation undertaken with the
ASTRID Steam-Water code for a tube bundle type 3D
geometry. This consequently provided complementary
validation for the ASTRID Steam-Water code.

The purpose of this study is not to analyse the
sensitivity of two-phase simulation results to different
parameters, but simply to present the results obtained under
given computation conditions (mesh, numerical method,
boundary conditions, etc.) in detail.

A. Computation domain and mesh

Given the symmetrical properties of the Poseidon
model, the computation domain was reduced to one-quarter
of the actual domain (see Figure 3 below). Furthermore,
only a length equal to the effective length of the heaters (a
little over 2 m) was taken into account for computation
purposes.

PSA

PSA PSA: solid adiabatic wall
psc: solid heating wall
PS: plane of symmetry

computation domain

Figure 3 : Computation domain

A Cartesian mesh was used with 30 x 13 x 282 =
109,980 nodes, the surface of the heaters being
approximated by means of triangular elements. The spatial
step in the z direction was regular, with a value of 7.5 mm.
Node distribution in the horizontal plane is shown in
Figure 4.

B. Computation conditions

Simulation of the boiling test point described in § III
was performed with the following boundary conditions:

Inlet velocity
(m/s)
3.105

Inlet temperature
(°C)

64.04

Outlet pressure
(bar)
27.02

Heat flux
(W/m2)
238810

Inlet boundary conditions were imposed uniformly
throughout the fluid. The outlet pressure limit conditions

was of the type £P_
dzdn

= 0.

Flow turbulence was represented by the k-e model for
the continuous phase, and a local equilibrium model for the
dispersed phase. Lift force was ignored for inter-phase
momentum transfers.

Mass transfers (boiling and condensation) were
computed using the standard ASTRID Steam-Water model.
Bubble diameter was assumed constant at a value of 1 mm.
This value is coherent with mean mesh element size in the
vicinity of the heaters (see § IV A).

C. Results

Various analyses of simulation results for Poseidon
boiling flow are presented. We have selected the following
quantities for special analysis:

- axial liquid velocity,

- axial steam velocity,

- liquid temperature,

- heater wall temperature,



- different wall heat flux components,

- void fraction.

Three types of evolution are examined in particular,
according to the quantities concerned:

- transverse evolution in a horizontal section,
located at the end of the heater zone and for four
axes with a constant y value (Figures 8 to 11),

- axial evolution in the z direction, at different
points of a flow section (Figures 12 to 15),

-azimuth evolution on the periphery of the heaters
(Figures 16 to 19).

Only calculation results for liquid and heater wall
temperatures were compared with experimental results.

Axial liquid velocity

Figure 5 represents the axial velocity field of the liquid
in a horizontal plane at the end of the heater zone (K =
281). We observe the significant acceleration of Freon flow
in the inter-tube space. Indeed, the velocity reaches a value
exceeding 4 m/s at this point, compared with a mean figure
of 3.1 m/s at inlet.

This acceleration is due on the one hand to a
geometrical containment effect (also encountered in a
single-phase flow), and on the other to a two-phase effect.
The liquid accelerates in zones with a high void fraction, so
as to ensure local conservation of flow.

A more precise description of the axial velocity field is
given in Figure 8, where four transverse profiles are
plotted. Velocities in the inter-tube space are substantially
greater (+ 0.5 m/s) than computed velocities for the space
between the lateral tube and the side wall (x > 0.035 mm
and y < 5 mm).

Axial steam velocity

Transverse evolution of axial steam velocity at the end
of the heater zone (Figure 9) is largely similar to the
change in liquid velocity. We observe that the slip between
phases is practically uniform for the complete section, with
a mean relative velocity of about 0.15 m/s. This value is
directly linked to bubble diameter as imposed for
computation purposes.

Liquid temperature

The liquid temperature field (Figure 6) confirms the
subcooled character of the flow. No point in the fluid at a
distance exceeding 1 mm from the heater walls shows a

temperature exceeding saturation temperature, which is
88.5°C in this section. Furthermore, we note a cold zone in
the corner formed by the lateral adiabatic walls, where the
temperature remains below 70°C. The presence of these
"cold" walls consequently has a marked influence on the
temperature field, giving it a substantially three-
dimensional character.

The subcooled character of the flow is also clearly
demonstrated in Figures 14 and 18, which represent axial
and azimuth evolution of liquid temperature respectively,
in the vicinity of tube 1. The term "vicinity" describes a
mean for the closest points of the mesh belonging to the
fluid, and corresponding to a distance of about 1 mm from
the wall for the mesh used.

Azimuth evolution in a plane located 20 mm before the
end of the heater length, indicates a mean temperature of
about 80°C, with a maximum 9 angle close to 180°, namely
in the zone opposite the second heater (Figure 18).

Axial evolution shows a progressive increase in
temperature from domain inlet to outlet, where it is about
5°C below saturation temperature (Figure 14).

Comparisons between liquid temperature calculated by
ASTRID Steam-Water, and measured on the Poseidon
model, are given in Figures 10 and 12.

In Figure 12, we observe that axial temperature change
at two special instrumentation points (A and B) is clearly
predicted by computation. The multiple experimental
points correspond to the same test, but for different
measurements taken at symmetrical points of the model.

In Figure 10, the comparison between computed and
experimental results (continuous line and dotted line) is not
quite so good, but is still satisfactory in view of the
dispersion of the experimental points, and the fact that
measurements were taken 115 mm after the end of the
heater length. Computation clearly shows a variance of
about 3°C between points located at x = 11.5 mm and x =
35.5 mm.

Heater wall temperature

With no void fraction measurement data available for
the Poseidon experiment, it is extremely instructive to
compare wall temperature measured on the heaters, with
wall temperature computed with ASTRID Steam-Water,
using the nucleate boiling model. This is an essential
quantity which controls initiation of boiling action, and
steam production rate on the wall.

Figures 16 and 17 represent azimuth evolution of wall
temperature on the surface of the two heaters. The multiple
experimental points at a given 9 angle, correspond to
symmetrical points on the periphery of the tubes.
Saturation temperature in the section concerned (20 mm
ahead of the end of the heater length) is also plotted on the
graphs.

We can note first that overheating on the wall exceeds
10°C. This is relatively high, and explains the substantial



production of steam on the surface of the heaters.
Furthermore, no significant azimuth temperature gradient is
demonstrated either by computation or actual
measurement. It should be remembered however, that a
liquid temperature gradient appears in the vicinity of the
wall.

The axial wall temperature gradient is very slight, as
shown in Figure 13. The flow does not therefore impose a
temperature gradient on the surface of the heater walls, and
interactive solution of temperature in the solid and fluid is
therefore superfluous. We can indeed consider that the time
and space scales used for averaging physical phenomena
with ASTRID Steam-Water, integrate the small scale
thermal conduction occurring in the walls. However, the
interesting point here is that, on a larger scale, thermal
conduction in the walls does not play a significant part, at
least in this configuration.

Finally, we can consider that comparisons of
experimentally measured and computed wall temperatures
are highly satisfactory (in view of the dispersion of the
experimental points). These comparisons enable us to
validate the wall heat flux breakdown model integrated in
ASTRID Steam-Water on the Poseidon model.

Wall heat flux components

Without going into detail in the ASTRID Steam-Water
wall boiling flow model m , it should nevertheless be
remembered that heat flux imposed on the wall is broken
down into three contributory elements:

- "single-phase" type flux heating the liquid,

- "quenching" flux, also transmitted to the liquid,
but due to rewetting of the wall during the
nucleation cycle,

- "boiling" flux producing steam on the wall.

The wall temperature previously analysed plays an
essential part in the analysis of these three elements, and it
is interesting to estimate the contribution of each element,
in quantitative terms, for the Poseidon model example
considered.

Axial evolution of the three fluxes at a point on the
lateral heater (tube 1) indicates monotonic increase in
boiling flux, which represents over 70% of total flux at
domain outlet (Figure 15). The "single-phase" flux
becomes insignificant, leading to the view that the surface
of the heaters not affected by nucleation is extremely small
in this flow.

Azimuth evolution of these quantities for the outlet
section and lateral tube, indicates a slight increase in
boiling flux for 9 = 180°, whereas quenching flux
decreases slightly at the same time (Figure 19). The
increase in liquid temperature observed for 0 = 180° is

consequently not due to an increase in the heat flux
transmitted from the wall to the fluid, but should be
interpreted as a consequence of recondensation of the
steam bubbles.

Voidfraction

The void fraction field (volume fraction of the steam)
computed at the end of the heater length, is shown in
Figure 7. This reveals a maximum void fraction of 40%,
located on the periphery of the heaters. In more detail in
Figure 11, we observe that transverse void fraction
gradients can be substantial. This corresponds to subcooled
boiling, for which the steam bubbles are concentrated in a
thin layer round the tubes. Condensation plays a major
part, and the void fraction drops below 5% at a distance of
5 mm from the surface of the heaters.

3.991

3.663

3.344

3.B25

5.70G

2.309 T
Figure 5: Liquid axial velocity field (end of heater zone)
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Figure 6 : Liquid temperature field (end of heater zone)

Figure 7: Void fraction field (end of heater zone)
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V. CONCLUSION

This simulation constitutes a first example of boiling
flow prediction in a tube bundle type geometry, using
ASTRID Steam-Water. The performance of the code
proved satisfactory, making it possible to extend the field
of application of ASTRID Steam-Water to complex
geometry. Despite the absence of void fraction
measurement data for the Poseidon model, analysis of wall
temperature makes it possible to validate one aspect of the
nucleate boiling model.

Analysis of wall temperature on the surface of the
heaters, whether measured or computed, does not indicate
the existence of any significant gradient. Simulation of a
stationary boiling flow of this type does not therefore
necessarily require interactive solution of wall and fluid
temperature, if we limit our simulation to the time and
space scales provided by ASTRID Steam-Water.

The highly three-dimensional aspect of the behaviour of
the various physical quantities computed, appears very
clearly with this geometry. This is the case in particular
with velocities, liquid temperature and above all the void
fraction. The use of a 3D type simulation tool
unquestionably contributes important information for
analysis of the complex physical phenomena involved in
rod bundle flows.
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Poseidon Simulation - transverse evolutions at end of heater length
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fig. 10 : Liquid temperature evolution fig. 11 : Void fraction evolution
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Poseidon Simulation - axial evolutions
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fig. 12 : Liquid temperature evolution (points A and B)
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fig. 13 : Wall temperature evolution (points C and D)
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fig. 14: Liquid temperature evolution in the vicinity of point C fig. 15 : Heat flux components evolution
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Poseidon simulation - azimuth evolutions
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fig. 16 : Wall temperature tube 1 fig. 17 : Wall temperature tube 2
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fig. 18 : Liquid temperature in the vicinity of tube 1 fig. 19 : Wall heat flux components
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