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Abstract

A two-dimensional model of subcooled boiling in a vertical channel was developed. Its basic idea is that the
vapor phase generation has a similar effect on the flow field as a hypothetical liquid phase generation. The
bubble volume, generated due to evaporation process, was filled with liquid and included as a source term in the
continuity equation for the liquid phase. Thus, the single-phase form of transport equations was preserved and
bubbles were retained in the "boundary layer" near the heated surface. Time development of subcooled boiling
was simulated and effects of governing physical mechanisms (evaporation, condensation, vapor-phase
convection, vapor-phase diffusion) on the flow field and pressure drop were analyzed.

The Results of the proposed two-dimensional model were compared with experimental data and
RELAP5/MOD3.2 calculations. The presented model represents a contribution to the two-dimensional
simulation of the subcooled boiling phenomenon.

Nomenclature Greek letters

A surface, m2 t( volume void fraction
C vapor diffusion coefficient, m2/s p density, kg/mr3

CP specific heat at constant pressure, F mass generation, kg/m3s
J/kgK ATsa, wall superheat, T -Tsat, K

D pipe diameter, channel width, m AT,,b liquid subcooling, T77, -To; K
dt time step, s 2 thermal conductivity, W/m2

h enthalpy, J/kg A(') turbulent thermal conductivity,
h ' saturation enthalpy of the liquid, J/kg W/m2

h" saturation enthalpy of the vapor, J/kg P dynamic viscosity, kg/ms
Im mixing length, m P) turbulent viscosity, kg/ms
p pressure, bar
q " surface heat flux, W/m2

Prt0) Turbulent Prandtl number
t time, s Subscripts
T temperature, K
u horizontal velocity component, mi/s f liquid
v vertical velocity component, m/s g vapor
xy,z Cartesian spatial coordinates, m
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1 Introduction

Simulation of two-phase flow is a very demanding task, the presence of phase-change
making it even more difficult. The later especially applies to subcooled boiling phenomena in
heated channels. Since the phase-change rate is governed mainly by the lateral transport of the
vapor phase towards the subcooled liquid region, the related processes can be poorly simulated
by l-D models which are only axially-dependent. The l-D subcooled boiling model used in the
RELAP5 code, which is widely used for nuclear safety analyses, is based on experimental
correlations and on prescribed conditions for net vapor generation. It provides reasonable results
for developed steady-state flows at high pressure conditions, but its application to transients and
low pressure flows are questionable. It was shown, that void fraction calculated by RELAP5
subcooled boiling model at low pressure and low mass flow conditions was considerably lower
than in experiment [ 1].

In this paper, a two-dimensional model is developed to simulate the phenomenon of
subcooled flow boiling. A heated vertical channel was simulated with conditions similar to
those in a water-cooled reactor core exposed to constant heat flux. Considering the heat
transfer, two different regimes of subcooled flow boiling can be distinguished [2].

* Partial Subcooled Boiling is a transition region where one part of the total heat flux is
still being used for raising the liquid bulk temperature, while the other part is used for
vapor generation at the heated wall. The bubbles generated at the wall cannot grow due
to condensation at the bubble interface which is surrounded by highly subcooled liquid.
They do not detach from the wall and collapse very quickly at the wall surface.

* Fully Developed Subcooled Boiling is established when total heat flux is used
exclusively for vapor generation at heated wall. Bubbles grow large enough to detach
from the wall and are swept downstream, recondensing slowly as they move through
the subcooled liquid. The local enthalpy of the liquid in the vicinity of the heated wall
is equal to the liquid saturation enthalpy.

To describe the Partial Subcooled Boiling region, an additional model for simultaneous
heating of bulk liquid and vapor generation would be needed. In the present work only Fully
Developed Subcooled Boiling is modeled, where the local liquid enthalpy near the heated wall
is equal to the saturation enthalpy.

2 Model assumptions

A new approach was implemented to incorporate the vapor generation rate into the
governing equations for single-phase flow. The basic idea of the model is that the vapor phase
generation has a similar effect on the flow field as a hypothetical liquid phase generation. The
bubble volume, generated due to evaporation process, was filled with liquid and included as a
source term in the continuity equation (I) for the liquid phase. The main assumptions
implemented in the proposed two-dimensional model of subcooled boiling are as follows:

* Velocities of liquid and vapor phase are equal.
* The vapor density in momentum equation is assumed equal to the liquid density

(PgP'O)
* The source of the vapor mass ig is equal to the liquid mass sink Ef. However, the liquid

density is much higher than the vapor density, thus the volume sources of the liquid in
continuity equation can be neglected (j/pf -- 0).
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* The volume of the bubble, generated during the evaporation process, was filled with
liquid instead of vapor (figure 1).

real model

equal volume of
the bubbles

Figure 1 Assumption of the 2D subcooled boiling model

3 Mathematical description

Considering the above assumptions, the proposed two-dimensional model of subcooled
boiling is given by the following conservation equations of mass, momentum and energy:

v F=r-, (1)
P,

= -(i-V)i - -- Vp -g +-(V 2 i) (2)
at f

-T = _(v;. VJ + A V2 T+ .1(3)
at f cp Pf CP

Derivation of the equations is described in detail in [3]. The phase-change induced
buoyancy force is excluded from the model with the assumption of equal densities of liquid
and vapor phase for the purpose of retaining the bubbles in the evaporation region of the
heated wall. To describe the void fraction field an additional equation is needed. In the
equation the main mechanisms of subcooled boiling are included:

Da= -V(av)+C.V2a+ +- (4)
at ~~~~P,

The terms on the right hand side of equation (4) represent, respectively:
(i) the vapor convection,
(ii) the vapor diffusion term, where C is the vapor diffusion coefficient,
(iii) the generation term.

Modeling of the vapor phase convection in the early phase of subcooled boiling is
legitimate, since the bubbles detach from the heated surface (especially at low pressure
conditions) soon after the onset point of subcooled boiling [4]. A major influence on lateral
vapor diffusion is expected from the turbulent mixing in the bubble boundary layer, as
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reported in [5]. Phenomena of evaporation and condensation are included in the generation
term as a source and a sink of the vapor phase, respectively. The convection term balances the
generation term in equation (4) and leads to a steady-state solution.

3.1 Phase-change rate

The phase-change rate appears in equations (1) and (4) and is defined by:

'rg Pj ~1 fh-h)

Pg Pg ( dtX h-h')

where "*" indicates equilibrium conditions. During the evaporation process h* indicates the
liquid saturation enthalpy h' and during condensation h* indicates the mixing enthalpy hm.

Condensation

Due to convection and diffusion mechanisms, vapor bubbles migrate to the region with
locally subcooled liquid and condense, which causes the increase of liquid enthalpy. Vapor
condensation is considered as a sink term in the equations (1) and (4). The mixing enthalpy is
derived from the energy balance of condensation:

(I - a) gh +f(h"-h')
h. = IC P (6)

ap, +(la)p,

In the case when mixing enhtalpy in equation (6) exceeds the value of the saturation
enhtalpy (h, > h '), it is set equal to the saturation enthalpy (h = h ). Therefore only part of
the vapor condenses, while some amount of the vapor phase remained uncondensed at the
saturation enthalpy.

3.2 Turbulence modeling

To model the turbulent flow of the liquid, the Prandtl algebraic model, based on mixing
layer theory, was used:

(,) 1 2 (7)

On the basis of the Boussinesq's approximation, the turbulent viscosity ,uI') is included in
the diffusion term of the momentum equation. The mixing length Im is defined by the
Nikuradze algebraic equation for a fully developed turbulent flow [6}:

21, 2y 2OO61j4 8
D ( D ) D ) (8

where D denotes the pipe diameter or the channel width, while y denotes the distance from
the wall. Equation (8) is not valid in the vicinity of the wall, where the viscosity effects have
to be considered in particular. Thus, the Van Driest dumping function [6] was applied to
describe the mixing length in the vicinity of the wall. To model the turbulent heat transfer, the
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analogy with turbulent momentum exchange was applied. Turbulent thermal conductivity is
defined by turbulent Prandtl number with value PrW = 0.9 [71::

(OC
()1 C (p (9)

4 Numerical method

The system of equations from (1) to (4) was discretisized in a 2D Cartesian coordinate
system on a staggered grid using a finite difference method. In order to avoid oscillations in
the vicinity of non-smooth solutions, a first-order accurate upwind method was applied to
discretisize the convection terms in equations (2), (3) and (4). For time integration, an explicit
first-order accurate scheme was used. The pressure field was obtained using the projection
method [8].

5 Results and discussion

Results shown in this section include a simulation of a test case with the purpose to analyze
the subcooled boiling phenomena, and the comparison of the results against experimental data
and RELAP5/MOD3.2 calculations. The value of the vapor diffusion coefficient C was set to

1X0-42m/5lxlOX m2/s.
A flow through the heated vertical channel was simulated. The geometry and the flow and

heat transfer conditions for the test case are the following:

* Channel width and length: 0.0 1x 0.05 m
* Wall heat flux: 20 kW/m2

* Inlet mass flux: 193 kg/mr2s
* Inlet temperature: 100 0C
* System pressure: 1.14 bar

The time development of vapor phase during subcooled boiling in the vertical flow is
presented in figure 2. Vapor generation started on the heated wall at the outlet of the channel,
where the saturation enthalpy of the liquid was first exceeded. The bubble layer propagates
very quickly towards the inlet part of the channel due to constant heat flux. Convection in the
longitudinal direction prevents further propagation of the bubble layer towards the channel
inlet, while lateral convection and vapor diffusion enable lateral migration of the vapor phase
into the subcooled liquid. A steady-state solution is obtained after 0.8 seconds.

Figures 3 and 4 show the velocity fields for "no condensation" and "condensation" case,
respectively. Steady-state solutions are: presented. In the case, where condensation was not
modeled, the liquid velocity field is affected only by evaporation through the source term in
the continuity equation. The vapor phase generation caused acceleration and bending of the
longitudinal velocity field due to forcing out of the liquid phase. Feedback of condensation
mechanism is modeled with the sink term in the continuity equation. As shown in figure 4, the
longitudinal velocity field is significantly flattened at the location, where vapor loss takes
place.

In figure 5, the longitudinal velocity profiles at the channel outlet are presented. The
evaporation at the heated wall accelerates the flow in the center of the channel, being the
largest in the "no condensation" case. Condensation of vapor bubbles acts as a sink term in
the continuity equation and thus reduces the flow acceleration ("condensation" case). In the
"single-phase flow" case, there is no heat flux through the walls.
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Figure 6 shows the influence of the bubble layer on the pressure drop along the channel.
The presence of bubbles in the flow increases pressure drop, mainly due to acceleration
effects. Thus, the pressure drop is the highest in the "no condensation" case.

Contours a:
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t=0.2x s t=0.36 s t=0.4`1 s t-0.66 s t=1.0 s

Figure 2 Time development of the void fraction at subcooled flow boiling in the vertical
channel (only half of the channel is simulated on grid: 15x 150)

L no condensation condensation X

0 0.0

Figure 3 Longitudinal velocity field, Figure 4 Longitudinal velocity field,
(grid: 1 x1 50) (grid:1 5x150)
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Figure 5 Influence of void fraction on velocity Figure 6 Influence of void fraction on pressure
profile drop along the channel

The proposed model has also been validated against one-dimensional experimental data
[91. A vertical flow through the heated annular section (Din= 0.0127 m, Do,,= 0.0254 m, L=
0.3 m) with the following conditions was simulated on the Cartesian coordinate system:

* Wall heat flux: 213.6 kW/m2

* Inlet mass flux: 161.2 k g/m 2s

* Inlet temperature: 90 0C

* System pressure: 1.14 bar

This experiment was chosen to show the benefits of the proposed 2D model against the
RELAP5 subcooled boiling model, which gives poor results at low pressure conditions. A
comparison of average void fraction along the tube length between the experiment, proposed
2D model and RELAP5/MOD3.2 simulation is presented in figure 5. The RELAP5
calculation strongly underestimates the void fraction. Moreover, the deviation from
experiment increases along the tube. The proposed 2D simulation predicts a correct trend of
the void fraction curve, but slightly overestimates the experimental data, mainly due to earlier
onset of rapid void fraction growth. The onset of rapid vapor growth in 2D model is defined
by the onset of Fully Developed Boiling. The constant void fraction plateau in the first part of
the channel is characteristic for Partial Developed Subcooled Boiling, which cannot be
described by the present 2D model.
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Figure 7 Void fraction along the channel
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6 Conclusions

Subcooled boiling in vertical heated flow was simulated with the presented 2D model. The
following conclusions can be drawn:

* The presented model is still in the development phase, thus being able to describe only
the Fully Developed Subcooled Boiling region.

* The first results of the 2D model are encouraging. The model exhibited the ability to
describe all main mechanisms of subcooled flow boiling (evaporation, condensation,
vapor-phase diffusion, vapor-phase convection) and its feedback effects on the flow
field.

* The main deficiency of the present model is the occurrence of jumps in the void
fraction field caused by the condensation model.

* Comparison of 2D model with I D low-pressure experiment showed a correct
prediction of the trend of void fraction growth along the tube, and a better agreement
with experiment than the RELAP5/MOD3.2 calculation, which strongly underestimates
the void fraction.
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