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ABSTRACT
In this paper a new mechanistic model for the diabatic annular two-phase flow is presented and applied to
prediction of dryout and post-dryout heat transfer in various channels. The model employs a
computational fluid dynamics code – OpenFOAM® – to solve the governing equations of two-phase
mixture flowing in a heated channel. Additional closure laws have been implemented to calculate the
location of the dryout and to predict wall temperature in the post-dryout region. Calculated results have
been compared with experimental data obtained in pipes and good agreement between predictions and
measurements has been achieved. The presented model is applicable to complex geometries and thus can
be used for prediction of post-dryout heat transfer in a wide variety of energy conversion systems.
KEYWORDS
Dryout, Post-Dryout, Annular Flow, Liquid Film, Droplets
Nomenclature
k
Volume fraction of phase k

Film thickness
c
Critical film thickness
evp
Evaporation rate of the liquid film
k
Mass source gained by phase k
g
Mass source gained by the gas from evaporation of the liquid film

Liquid film property variable
μg
Gas dynamic viscosity
μl
Liquid dynamic viscosity
ρg
Gas density
ρl
Liquid density
σ
Surface tension

Effective stress due to both molecular and turbulent effects
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Nabla operator tangential to the surface
Droplet concentration in the gas
Interfacial friction factor
Sauter mean diameter
Hydraulic diameter
Gravity acceleration vector
Mass flux of entrained liquid
Total force acting between the gas and a droplet
Drag force
Lift force
Mean specific enthalpy of the liquid film
Specific enthalpy of phase k at the interface
Droplet specific enthalpy
Thickness-averaged specific enthalpy of the liquid film
Latent heat
Gas volumetric flux
Coefficient in Eq. (16) equal to 4.79 ∙ 10-4 m/s,
Deposition coefficient
Interfacial momentum transfer to phase k
Interfacial momentum transfer between gas and droplets
Droplet mass
Surface-normal vector
Total pressure
Interfacial heat transfer to phase k
Effective heat flux including both molecular and turbulent effects
Energy source from the gas-droplet heat transfer
Source terms of mass equation
Source terms of momentum equation
Source terms of energy equation
Droplet deposition rate
Droplet entrainment rate
Mean film velocity
Entrained droplet velocity vector normal to the surface
Entrained liquid film velocity vector tangential to the surface
Thickness-averaged liquid film velocity
Droplet velocity vector tangential to the surface
Interfacial velocity vector for phase k
Droplet velocity vector
Droplet position vector
Coordinate in wall-normal direction

Abbreviations
BWR Boiling water reactor
CFD Computational fluid dynamics
DOM Discrete ordinate method
FT
Front tracking
ITM Interface tracking method
LPT Lagrangian particle tracking
RANS Reynolds-averaged Navier-Stokes
RTE Radiative transfer equation
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SST
VOF

Shear stress transport
Volume of fluid

1. INTRODUCTION
A frequent task in designing energy conversion systems is a precise prediction of temperature of walls
which are subject to high heat fluxes. This requirement stems from the fact that, if the wall temperature
exceed a specific, material-dependent value, the wall may be damaged. For example, the clad temperature
in a fuel assembly of a boiling water reactor (BWR) must not exceed a specific limit value, beyond which
the clad material can lose its integrity and a release of fission products to the coolant can occur. Thus,
accurate prediction models are required to calculate the clad temperature, both under normal and
accidental operating conditions. Such models require a thorough description of multiphase flow dynamics
in heated channels.
Multiphase flows exhibit a complex dynamical behavior resulting in several different possible flow
regimes, which can be in general divided into separated and mixed flows. One of the examples of a
separated flow is the annular two-phase flow, which distinguishes itself with presence of a liquid film,
flowing along channel walls, and a gas core, occupying central regions of the channel. The gas core
contains droplets, which are participating in mass, momentum and energy transfer with the liquid film
through the following main two mechanisms: (a) entrainment of droplets from the liquid film; (b)
deposition of droplets from the gas core to the liquid film.
One of the fundamental aspects in annular two-phase flows is prediction of the liquid film flow rate
and/or its thickness. This is because presence of the film on walls has a significant influence on the heat
transfer coefficient and on the local pressure gradient. Thus, annular flow models have to include
prediction of the liquid film flow rate in order to capture these fundamental phenomena. This requirement
asks for high accuracy in prediction of mass transfer rates on the liquid surface, such as due to the droplet
entrainment and deposition. When the channel is heated, the liquid film is in addition depleted by
evaporation, and this effect must be included as well.
There are various levels of approximation that can be employed for prediction of the annular two-phase
flow [1-32]. In the simplest approach only a mass conservation equation for the liquid film is considered
and the liquid film mass flow rate is calculated from a first-order nonlinear differential equation [1-4].
The advantage of the method is its robustness due to the simplicity. The disadvantage stems mainly from
unclear boundary conditions at the onset of annular flow point, but also from neglect of the pressure
change along the channel and inherent inability to account for the spatial three-dimensional effects, which
are important in complex geometries such as rod bundles in nuclear reactors.
To remedy the above-mentioned disadvantages, the phenomenological film model was implemented into
sub-channel codes [5] and CFD codes [7,8,28-31], where an increasing level of detail has been applied in
various implementations. However, in all these models, certain assumptions on the location and shape of
the film-gas interface have to be adopted.
In the most rigorous approach, the film-gas interface is resolved using the Interface Tracking Methods
(ITM) such as the Volume of Fluid (VOF), the Front Tracking (FT) and the Level Set methods. Such
methods are free from any assumptions on the interface shape and dynamics, however, they are still too
demanding in terms of the computational time to be used for industrial applications [32].
Clearly, substantial amount of modelling is required to successfully predict annular two-phase flow with
heat transfer. To this end it is necessary to investigate and discuss the governing phenomena in detail and
to build the required models using mechanistic principles. It is convenient to divide the fluid mechanics
phenomena in the following separate effects:
 gas core flow,
 liquid film flow,
 shear stress and pressure drop,
 droplet deposition and entrainment.
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The relevant heat transfer phenomena are as follows,
 pre-dryout heat transfer,
 onset of dryout,
 post-dryout heat transfer.
The next section contains a description of modelling principles of the above-mentioned phenomena that
have been employed in the current approach.
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2. MECHANISTIC MODEL FORMULATION
The present model is formulated separately for the gas core and the liquid film, with proper boundary
conditions at the interface for the conservation of mass, momentum and energy. The gas core is treated as
fully three-dimensional domain, whereas the conservation equations in the liquid film domain are
averaged in a layer distributed along the channel walls.
2.1. Governing Equations
Governing equations are formulated separately for each of the domains. A two-phase flow is assumed to
prevail in the gas core, whereas single-phase liquid flow is considered for the liquid film domain.
2.1.1 Gas core
Two different formulations are available for the gas core. The first one is based on an ensemble averaging
of the flow field, resulting with two sets of mass, momentum and energy conservation equation for each
of the phases. The gas phase is continuous, whereas the liquid phase is mono-dispersed and is
characterized by a specific mean drop size, where the drop size is calculated from a correlation, such as,
e.g., the one proposed by Caraghiaur and Anglart [25]:
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For the two-fluid (Eulerian-Eulerian) formulation of the model in the gas core, Li and Anglart [28] used
the following set of equations for conservation of mass, momentum and energy for phase k,

  k  k 
  k  k v k   k
t

,

(4)

  k  k v k 
    k  k v k v k    k p     k τ    k  k g  k v ki  M ki ,
t

(5)

  k  k hk 
  k  k hk v k      k q   k hki  q ki .
t

(6)

For the particle tracking (Eulerian-Lagrangian) approach, a unified annular flow model has been
developed by Li and Anglart [28]. In this approach the gas phase is treated as a continuum and RANS
(Reynolds-Averaged Navier-Stokes) equations are solved to find the velocity and pressure field in the
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core, while the droplets are solved by the Lagrangian Particle Tracking (LPT) method. The droplets can
exchange mass, momentum and energy with the gas phase. A two-way coupling between gas and droplets
is employed, thus the influence of droplets on the gas velocity distribution is considered. Currently,
droplet-droplet interactions are not taken into account, thus the coalescence and breakup of droplets are
not included.
The governing equations for the continuous (gas) phase are as follows [28]:

 g
t

    g v g   g ,

  g v g 
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    g hg v g     q   g h f  q d .

(9)

The effective stress tensor τ consists of two components, the molecular component and the turbulent
shear stress component, which is based on the Boussinesq approximation. The turbulent viscosity is
determined from a suitable model, such as either the standard k-ε model or the SST turbulence model.
The droplet motion is tracked individually according to the motion equation as:

dx d
 vd ,
dt

(10)

whereas the droplet velocity is calculated based on the droplet momentum equation as:

md

dv d
 F  FD  FL  md g .
dt

(11)

Here, as shown, the force vector F acting on the droplet is often decomposed into two components: the
drag force FD and the lift force FL.
2.1.2 Liquid film
In diabatic annular two-phase flow, e.g., in a vertical pipe as shown in Figure 1, the liquid phase flows
partly as a thin liquid film on the heated wall and partly as droplets in the gas core. The liquid film,
especially in the upstream region of the dryout point, is sufficiently thin to safely make the following
major thin-film assumptions:



the flow in the wall normal direction can be reasonably assumed to be negligible,
the spatial gradients of the dependent variables tangential to the wall surface are negligible
compared to those in the wall normal direction.

These assumptions imply that the advection can be treated in the wall-tangential direction and diffusion in
the wall-normal direction. As a result, the transport equations for the liquid film can be integrated in the
wall-normal direction to obtain the two-dimensional equations. All the liquid film properties, which vary
across the film thickness, appear as depth-averaged quantities and are in general defined as,
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For simplicity, the bar is omitted for all the depth-averaged liquid film properties used in the description
that follows. Then the mass, momentum, and energy equations are integrated in the wall normal direction
and yield the following set of two-dimensional conservation equations [28]:

  l  
  s  l U   S  ,
t

(13)

  l U 
  s  l UU    s p  S U ,
t

(14)

  l h 
  s  l hU   S h .
t

(15)

The corresponding source terms could result from interactions at the interface between the gas core and
the liquid film, e.g., the interfacial shear stress, and from the wall surface, e.g., the wall shear stress. This
means that all the source terms are considered in the boundary cells facing the wall and the liquid film
surface. It is noted that the advection for all the equations are explicitly described, however, the diffusion
and the external sources are modeled as source terms. The liquid film has a complex interaction with the
gas core flow, which means that corresponding models should be included as source terms to consider all
the phenomena of concern.
2.2. Closure Relationships
To be solved, the governing equations presented in the previous sections require additional closure
relationships for source terms. These closure relationships are discussed below.
2.2.1. Mass transfer at the film-gas interface
There are three main mass transfer terms that have to be considered: the evaporation of the liquid film, the
entrainment of droplets from the crests of disturbance waves and the deposition of droplets. The
evaporation rate S  ,evp is calculated from the energy balance for the liquid film assuming a local
thermodynamic equilibrium, whereas the deposition and entrainment rates can be found from any
equation representing these terms and provided in the literature. For example, using Okawa et al. (2003)
model, we have,

S  ,ent

C fi  g j g2   l 


 k e  l
 

 g

0.111

.

(16)

The mass transfer due to deposition can be calculated from the equation given by Okawa et al. (2003) as
follows,

S  ,dep  k d C .
The deposition coefficient is calculated as,

(17)
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(18)

Finally, the total mass source term for the liquid film is given as,
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S   S  ,evp  S  ,ent  S  ,dep .

(19)

2.2.2. Mass transfer at the droplet-gas interface
When dispersed droplets are surrounded by gas at a temperature higher than the saturation temperature
(that is, the vapor is superheated), evaporation of droplets takes place. Assuming saturated conditions for
the droplets, the mass transfer rate can be found from the heat transfer rate at the droplet surface. In the
present model this effect is neglected, however, which corresponds to weakly-superheated-vapor
conditions.
2.2.3. Momentum transfer at the film-gas interface
Momentum transfer term at the film-gas interface is split into the normal- and tangential-to-wall
components. The normal component results from several sources, such as the hydrostatic pressure, the
capillary pressure, the vapor recoil pressure, the drop deposition and the drop entrainment [28]. For the
tangential component, the following contributions are included: the gravity force, the shear stress, the
thermocapillary force, the contact angle force, as well as the drop deposition and entrainment effects.
The hydrostatic pressure is given as,

p    l n  g ,

(20)

whereas the capillary pressure results from the interface curvature and can be found as,

p   2s  .

(21)

Here  2s  is an approximation of the local curvature of the liquid film surface.
The vapor recoil pressure is calculated as,
2
pevp   evp

 2  ,

(22)

g

and the deposition and entrainment pressure effects are as follows, respectively:

p dep  dep v d  n  , p ent  entU fn .

(23)

The wall parallel component of the gravity force is given as,

S U ,   l g t .

(24)

The shear stress contains two contributions: the first one is due to the wall friction effect and the second
one is due to the interfacial friction effect. The latter is given as,
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S U ,i 

1
C fi  g v g  U f v g  U f  ,
2

(25)

whereas, the shear stresses caused by the droplet deposition and entrainment are found as,

S U ,dep  dep v dt ,

S U ,ent  ent U ft ,

(26)

respectively.
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2.2.4. Energy transfer at the film-gas interface
It is assumed that heat flux applied to a wall covered with a liquid film is causing the film evaporation.
For saturated conditions, the relationship between the mass transfer rate and the energy transfer rate at the
film interface is as follows:

S h ,vap  S  ,vap h fg .

(27)

In most cases the wall heat flux q w is known and thus,

S h ,vap  q w .

(28)

Combining the above two equations, the interfacial mass transfer can be found. The energy transfer due to
entrainment and deposition rates can be found as follows:

S h ,dep  S  ,dep hd ,

(29)

and for the energy transfer due to entrainment rate we have,

S h ,ent  S  ,ent h f .

(30)

2.3. Onset of Dryout
If a stable dry patch forms on a heated wall, the onset of dryout takes place. There are variety of
approaches to determine the stable dry patch conditions, based either on the minimum total energy of the
liquid film [35, 36] or on a force balance at the leading edge of the film [37]. From these models, the
minimum (or “critical”) liquid film thickness can be determined. Thus, the local dryout criterion is as
follows,

  c .

(31)

A more detailed description of the dryout criterion used in the current model is given by Li and Anglart
[30].
2.4. Post-Dryout Heat Transfer
In the post-dryout heat transfer regime, the liquid film does not exist any longer on the heated wall. In the
current model it is assumed that the heat flux is partitioned into several contributions, representing the
wall-gas convective heat transfer, the wall-droplet heat transfer and the thermal radiation heat transfer to
the gas and droplets. A detailed description of the model can be found in [30].
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3. RESULTS OF PREDICTIONS
The model described in the previous section has been implemented into OpenFOAM® (using
twoPhaseEulerFoam solver) and applied to predictions of annular two-phase flow in various channels
[28-31]. For the turbulence modeling, the standard k-epsilon model was used for both the gas phase and
the droplets. Figure 2 shows a typical computational mesh which has been used for calculations
performed in round tubes. As can be seen, a multi-block hexagonal mesh is used with 544 cells in the
cross section, for which y+ varies in a range from 30 to 150 for various cases analyzed. Such mesh allows
obtaining mesh-independent results for the gas-core both for the Eulerian-Eulerian and EulerianLagrangian approach, using a reasonable computational effort.
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3.1. Model Verification
The Eulerian-Eulerian and Lagrangian-Eulerian modes described in previous sections have been verified
against each-other for annular water-steam two-phase flow in a round tube with 14 mm internal diameter,
for which experimental results are presented in [33]. The operational conditions have been selected as
follows: mass flux G = 750 kg/m2s, system pressure at exit p = 7 MPa, inlet subcooling 10 K, exit
thermodynamic quality 0.75 and uniformly distributed heat flux in a 3.65 m long pipe. Such conditions
correspond to typical conditions encountered in fuel assemblies of BWRs. The results presented in [28]
and [29] confirmed that both models are consistent with each other. In particular, both models predicted
radial non-uniform distribution of drop concentration with the maximum located close to the liquid film
surface. Additionally, the deposition rates obtained from the Lagrangian-Eulerian model are in good
agreement with corresponding values obtained from the Okawa correlation. In the next section, the
models are compared with experimental data obtained at similar conditions as employed in the
verification calculation, however, the mass flux varies in a range from about 500 kg/m2s to 2000 kg/m2s.

3.2. Comparison with Measurements in Pipes
The experimental measurements show interesting post-dryout wall temperature behaviors with inlet mass
flow variation. Figure 3 shows three example measurements of wall temperature at different mass flow
rate presented in [38]. The flow conditions are described in Table 1. In all considered cases, the wall
temperature significantly increases immediately downstream of the dryout location. This rapid wall
temperature increase is due to a transition from the convective boiling heat transfer to the post-dryout heat
transfer regime. Further downstream, there is an almost linear increase of the wall temperature, which
corresponds to a single-phase convection heat transfer to the superheated vapor. In the exit region,
however, there is an apparent wall temperature decrease, for high mass flows, as could be observed in
Run273 and Run262 in Figure 3. This behavior is caused by improved heat transfer conditions due to the
increased mixture average flow velocity. This flow velocity increase is due to the intensive volumetric
vaporization of droplets in the superheated vapor.
The simulation results for the wall and vapor temperatures with reference models have been shown in
Figure 4, together with comparisons to the experimental results. Generally, both the predictions of the
dryout occurrence positions and the wall temperatures, give quite good agreement with the experimental
data.
Although there have been advancement in the modeling of industrial applications that involve both the
heat transfer and the fluid flow, the accurate post-dryout mist flow modeling is still a not fully-resolved
issue, due both to the high wall temperature and temperature gradients, and to the involvement of droplet
dispersion and evaporation. For the wall heat transfer, one interesting point is to evaluate the relative
contribution of the wall-vapor convective heat transfer, the wall-droplet direct contact heat transfer, and
the thermal radiation.
Since it is commonly believed that the wall-vapor convective heat transfer dominates the wall heat release,
calculations with and without wall-droplet direct contact heat transfer were conducted, and the wall
temperature results for Run 262 were shown in Figure 5. As could be observed, the calculations with the
wall-droplet direct contact heat transfer included, generally give lower wall temperatures. This could be
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explained as follows. The wall-droplet heat transfer shares one part of the wall heat flux, and then it
directly evaporates the droplets. The droplet evaporation process, on the other hand, accelerates the vapor
and improves the wall-vapor convective heat transfer. Both effects decrease the wall temperature.
However, the wall temperature change is not significant, which coincides with the general judgment.
Actually the maximum point contributions of the wall-droplet direct heat transfer using Guo and Mishima
[39] and IRSN [40] models, are 0.5% and 2.0%, compared to the total wall heat flux, respectively. In
consideration of the high total wall heat flux in current experimental data, the wall-droplet direct contact
heat transfer could be important, especially for lower wall heat flux situations.
Concerning the thermal radiation, as mentioned in previous sections, the accurate calculation of thermal
radiation has not been well established, especially in current two-phase mist flow regime, due generally
two reasons. One is the solving of the radiative transfer equation (RTE), with recent development on
finite volume discrete ordinate method (DOM), which needs a large computation effort. The other reason
is the identification of the medium properties, which is very complicated, varying with the radiation
spectrum and composition [41].
To demonstrate the importance of thermal radiation in our cases, one model based on the finite volume
discrete ordinates method with constant absorption coefficient was used for Run 262, as shown in Figure
6. For cases with constant absorption coefficient of 10 (1/m) and 100 (1/m), the maximum point values of
the wall radiative heat flux are 3.5% and 3.4% of the total wall heat flux, respectively. In the current
radiation calculation, scattering effect was not considered, and all the absorbed heat by the fluid was used
to heat the droplets. For the discretization, 4 polar angles and 8 azimuthal angles were used for the
radiative intensity calculation.
In conclusion, although the simulation results show the importance of thermal radiation in some situations,
there is no experimental validation of the obtained results available, and the employed radiative properties
have high uncertainties [42]. Nevertheless, the thermal radiation using DOM needs to be further
developed in the future work.

3.3 Prediction of Dryout Occurrence in a Subchannel
The capability of the developed model to predict dryout was demonstrated in a boiling water reactor
(BWR) fuel subchannel, where the fuel rods could have variable wall heat flux. A typical BWR fuel
channel with a square lattice is shown in Figure 7. In the current demonstration, the channel geometry
data were taken from the BFBT experiment [43], with rod outer diameter of 12.3 mm and pitch of 16.2
mm. The simulated length of the channel is 1 m, without spacers included. The overall data were
summarized in Table 2.
Similar numerical setup was used as in the previous sections. The channel gap was set as symmetry
boundary conditions here. The mesh detail of the fuel channel cross section is shown in Figure 8.
As shown in Figure 9, the vapor temperature increased because of the imposed heat from the wall. It is
noticeable that the vapor temperature near rod 3 is higher, due to the higher wall heat flux of that rod.
Figures 10-12 show the calculated wall temperature as seen from various angles. For each rod, the nonuniform azimuthal distribution of the dry-patch edge could be observed. The precise location of the drypatch edge depends on the local liquid film distribution, which develops due to the overall interaction of
droplet deposition, entrainment, and liquid film evaporation. The phenomenon of the non-uniform dry
patch distribution cannot be captured by the system or subchannel codes. However, it could be captured
by the present CFD-based models, which has been one of the objectives of the current work.
4. CONCLUSIONS
Current level of the numerical methods and the access to high computational capacity allow for a
mechanistic modeling of annular two-phase flow and heat transfer on an industrial scale. In particular, a
potential for mechanistic modelling of dryout and post-dryout heat transfer has been demonstrated. It has
been shown that by careful choice of closure laws, which adequately represent the governing phenomena,
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the predictions are in good agreement with measured data. The presented model is applicable to complex
geometries and thus can be used for prediction of post-dryout heat transfer in a wide variety of energy
conversion systems. Nevertheless, additional development in the field is still needed. In particular, more
accurate, locally based closure relationships for the interfacial mass transfer rate on the liquid film are
required to improve the over-all accuracy of the present approach. Also, more generic closure
relationships could allow to extend the applicability of the model to non-vertical channels, which are
present in many energy conversion systems.
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Figure 1 Schematic of diabatic upward annular two-phase flow.

Figure 2 Computational domain and mesh for annular flow calculations in round tubes [29].

Figure 3 Measured wall temperature for runs 277, 273 and 262 [38].
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Figure 4 Comparison of wall temperatures calculated with reference models and measured data for
Runs 277, 273 and 262.

Figure 5 Wall temperatures predicted with various wall-droplet heat transfer models for Run 262.
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Figure 6 Comparison of wall temperatures obtained with various radiation models for Run 262.

Figure 7 Schematic of a BWR subchannel.

Figure 8 Computational mesh in the subchannel cross section.
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Figure 9 Vapor temperature [K] distribution at the outlet cross section.

Figure 10 Wall temperature [K] distributions on the fuel rod surfaces.

Figure 11 Top view of wall temperature [K] distributions on the fuel rod surfaces.
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Figure 12 Side view of wall temperature [K] distributions on the fuel rod surfaces.
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Research Highlights


Research on diabatic annular two-phase flow in vertical channels



Mechanistic modelling of dryout and post-dryout heat transfer



Calculations of wall temperature in the post-dryout region
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Table 1 General data on the post-dryout experiment

Run
Pressure (MPa)
Inlet subcooling (K)
Mass flux (kg/m2s)
Wall heat flux (kW/m2)

277
7.02
11.2
500.6
511.0

Table 2 General data of the BWR subchannel
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Item
Pressure (MPa)
Inlet droplet velocity (m/s)
Inlet droplet volume fraction
Inlet liquid film thickness (mm)
Inlet liquid film velocity (m/s)
Heat flux on rod 1, 2, and 4 (MW/m2)
Heat flux on rod 3 (MW/m2)

Value
7.0
10.0
6%
0.1
4.5
1.0
1.2

273
7.01
11.6
1002.5
863.0

262
7.01
11.2
1986.3
1162.0

