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Abstract
One of the challenges in thermal-hydraulic analyses of BWRs is correct prediction of dryout occurrence in
fuel assemblies. In practical applications the critical powers in fuel assemblies are found from correlations
that are based on experimental data. The drawback of this approach is that correlations are valid only for
these fuel assemblies on which the experiments have been conducted. Other restrictive factors are the limited
ranges of experimental working conditions including pressure, mass flux and axial power distributions. To
overcome the above-mentioned limitations, several different approaches have been proposed to predict the
dryout occurrence. One of them is to employ a phenomenological model of annular flow, in which the
mass transfer between the liquid film and the gas core is based on entrainment and deposition correlations.
Most of these correlations are derived from water-air flows in vertical tubes and their applicability to other
geometries in general, and rod-bundles in particular, should be analysed. This paper presents an analysis of
the entrainment rate in vertical annuli. Using the standard approach to calculate the entrainment rate, one can
demonstrate that the results deviate from measurements. It has been shown that modifying the entrainment
correlation based on data obtained in the annulus geometry leads to an essential improvement in the predictive
capability of the phenomenological model of annular two-phase flow.
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1. Introduction
An accurate prediction of dryout occurrence in
fuel assemblies of a Boiling Water Reactors (BWR)
is very important for an economical and safe operation of nuclear power plants. Due to complexity of the governing phenomena, the dryout occurrence is still predominantly evaluated by using specific correlations rather than computational models.
This is particularly true when performing safety and
licensing analyses for nuclear power plants where
specific correlations, derived from experimental data
∗

Corresponding author
Email address: henryk@kth.se (Henryk Anglart∗ )

obtained in full-scale dryout test, exhibit higher accuracy than corresponding general-purpose computational models. The drawback of correlations is
that they are limited to the test conditions (including both geometry and operational conditions) and
their derivation is very expensive. As a result, there
is a growing interest to develop accurate, generalpurpose computational models for the dryout occurrence.
During the past fifty years, the dryout conditions
have been tested by several researches using various types of test sections and applying a wide range
of operational conditions. Majority of experiments
have been performed in tubes, e.g. Bennet et al. [1],
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Nigmatulin [2], Milashenko et al. [3] and Adamsson and Anglart [4]. In this paper a special interest
is directed towards experiments performed in annuli,
where both the rod and the tube are heated. Such experiments have been performed by, e.g. Becker and
Letzter [5], Becker and Letzter [6], Wurtz [7], Behamin et al. [8], Anglart and Persson [9] and Anghel
and Anglart [10]. In such experiments it was observed that the dryout occurs exclusively on the rod
surface rather than on the tube when equal heat flux is
applied for both heated surfaces. Moeck [11], Mannov [12] and Wurtz [7] measured film flow rates on
both the rod and the tube wall and discovered that
the tube film flow per unit perimeter is 2 to 5 times
greater than corresponding rod film flow rate. Andersen and Wurtz [13] applied the radiation theory
based on the Lambert’s Cosine Law to explain the
asymmetric distribution of liquid films but concluded
that the theory cannot predict the observed distribution. Whalley and Hutchinson [14] indicated that
the radiation theory leads inevitably to the conclusion that for fully developed flow entrainment rates
on both walls are equal. They pointed out that the entrainment process is explosive and appears to project
droplets in all directions. Due to that an asymmetric
distribution of liquid films is obtained.
In this paper standard models for annular flows
have been applied for various annular channels. It
has been observed that the applied models predict approximately the same film flow rate per unit perimeter for both the rod and the tube film. These results
are in clear contradiction with the experimental observations and indicate a need for a revision of the
correlations for the entrainment and deposition rates
in annuli.
2. Model of film flow in annular geometry
Current state-of-the-art approach to predict dryout
occurrence in a boiling channel is to predict the liquid film flow rate on heated walls. Those locations
where the liquid film disappears from heated walls
will undergo the boiling transition resulting in dryout. The key issue in this type of approach is to formulate a proper mass balance equation for the liquid
film. The most common approach is to take into account three different mechanisms of the mass transfer

from the liquid film: entrainment and deposition of
liquid drops as well as evaporation on the surface of
the liquid film. The entrainment and deposition rates
are predicted from various correlations, whereas the
evaporation rate is found from the local heat balance,
assuming saturation conditions in the liquid film.
This type of phenomenological approach has been
explored by several researches. One of the first such
models valid for tubes was developed by Whalley et
al. [15]. The model was extended to annuli (Whalley [16]) and rod bundles (Whalley [17]). A significant improvement of the model was proposed by Govan et al. [18] and transient capabilities to the model
were introduced by Hewitt and Govan [19]. Nigmatulin et al. [20] used the same approach and validated predictions against various experimental data.
Okawa et al. [21] proposed own set of correlations
for entrainment and deposition and applied the model
to prediction of dryout. The model was validated
against a large experimental database and it was concluded that the model agreed fairly well with experimental data.
For steady-state flows in tubes, all abovementioned models are based on the following basic
mass conservation equations:
dWG
= PF Γ
dz

(1)

dWLE
= PF (E − D)
dz

(2)

dWLF
= PF (D − E − Γ)
dz

(3)

Here WG , WLE and WLF are mass flow rates of
vapour, entrained liquid and liquid film, respectively;
z is the axial distance, PF is the perimeter of the liquid film, D is the deposition rate, E is the entrainment
rate and Γ is the evaporation rate. There are several
different correlations sets for entrainment and deposition rates, which are available in the open literature. The majority of these correlations are based on
experimental data obtained mainly in tubes, with air
and water as working fluids.
The model given by Eqs. (1) through (3) can be
easily extended to annular flow in annuli, where two
liquid films are present. Putting the equations in a
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dimensionless form, the phenomenological model of
annular flow in annuli is as follows,
dxG
= BoLFr + BoLFt
dς

(4)

dxLE
= eLFr + eLFt − (dLFr + dLFt )
dς

(5)

dxLFr
= dLFr − eLFr − BoLFr
dς

(6)

dxLFt
= dLFt − eLFt − BoLFt
dς

(7)

where ς = z/dh is the dimensionless axial distance,
dh is the hydraulic diameter, x j = W j /WT is the
mass fraction of component j, ( j = G for vapor,
j = LE for entrained liquid, j = LFr for liquid film
on rod, j = LFt for liquid film on tube),
WT is the

total mass flow rate, Bo j = PF j dh q00j / WT h f g is the
boiling number for liquid film j, e j = PF j dh E j /WT
is the dimensionless entrainment rate for film j and
d j = PF j dh D j /WT is the dimensionless deposition
rate for film j.
3. Evaluation of entrainment and deposition correlations

"
E = 5.75 · 10

−5

(G LF

dh ρ L
− G LFC )
σρG2

#0.316

2

GG (11)

where G LFC is the critical film mass flux for the onset
of entrainment, given as,
r !
µG ρL µL
(12)
G LFC = exp 5.8504 + 0.4249
µL ρG dh
where µG and µL are the dynamic viscosities of the
gas and the liquid phase, respectively.
Bertodano et al. [22] proposed the entrainment rate
correlation as follows,
EdH
µL



1/2
G
= 4.47 × 10 WeG ρLρ−ρ
G
 
0.925 µG 0.26
(ReLF − ReLFC )]
µL
−7

(13)

where the following new quantities are introduced:
ρG jG2 dh
(14)
WeG =
σ
ρL jLF dh
ReLF =
(15)
µL
ReLFC = 80
(16)
Here jG , jLF are the superficial velocities of the gas
phase and the liquid film, respectively.

The deposition rate proposed by Govan et al. [18]
is as follows,
D = kC

(8)

where the deposition coefficient k is found as,






k=





q0.18

ρG dh
σ

0.083
q

ρG dh
σ

 −0.65
C
ρG

if

C
ρG

≤ 0.3

if

C
ρG

> 0.3

(9)

where ρG is the density of the gas phase, ρL is the
density of the liquid phase, σ is the surface tension
and the drop concentration C in the gas core is given
as,
G LE
(10)
C = GLE GG
+ ρG
ρL

Figure 1: Measured and calculated liquid film flow rates on
rod and tube walls in 5000 × 23.77 × 19.71 mm annulus, using the Govan et al. entrainment correlation. Total mass flux
1360 kg/m2 s, inlet quality 0.38, system pressure 6.89 MPa

Here G LE and GG are the mass flow rates of the entrained liquid and the gas phase, respectively. The
entrainment rate correlation proposed by Govan et
al. [18] is as follows,

The model of liquid film flow in annuli given by
Eqs. (4) through (7) has been applied to predict the
developing annular flow in 5000 × 23.77 × 19.71 mm
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Figure 2: Measured and calculated liquid film flow rates on
rod and tube walls in 5000 × 23.77 × 19.71 mm annulus, using
the Bertodano et al. entrainment correlation. Total mass flux
1360 kg/m2 s, inlet quality 0.38, system pressure 6.89 MPa

annulus. The results of calculations are compared
with experimental data obtained by Moeck [11].
Since flow is adiabatic, only entrainment and deposition of drops are responsible for the change of
mass flow rate of liquid films on the rod and the tube
walls. The deposition rate has been calculated from
the correlation given by Govan et al. [18], presented
in Eqs. (8) through (12). For the entrainment rate
calculation both the Govan et al. correlation (Eqs. 11
and 12) and the Bertodano et al. correlation (Eqs. 13
through 16) are used. The comparisons of predictions with Moeck’s data are shown in Figs. 1 and 2.
As can be seen, in both cases the predicted flow
rates for the liquid film are much higher than measured ones. The experimental data indicate that the
flow rate of the liquid film on the tube wall is decreasing, whereas the flow rate of the liquid film on
the rod wall is increasing. After approximately 2/3
of the pipe length the film flow rates are in equilibrium and fully-developed flow conditions are established. The Govan et al. correlations give a similar
asymptotic behaviour; however, the equilibrium flow
rates are higher than the measured ones. The Bertodano correlation in Fig. 2 gives an initial increase of
the film flow rate, which doesn’t agree with the measured data. In addition, as for the Govan correlation,
the exit (asymptotic) film flow rates are significantly
higher than the measured ones.

Figure 3: Measured (Mannov) and calculated (Eqs. 4÷12) exit
liquid film flow rates on rod wall in 3500 × 27.2 × 17 mm adiabatic annulus. Total mass flux 400–2000 kg/m2 s, system pressure 7 MPa

Figure 4: Measured (Mannov) and calculated (Eqs. 4÷12) exit
liquid film flow rates on tube wall in 3500 × 27.2 × 17 mm
adiabatic annulus. Total mass flux 400–2000 kg/m2 s, system
pressure 7 MPa

Comparisons of the Govan correlations with the
experimental data obtained in 3500 × 27.2 × 17 mm
annulus by Mannov [12] are shown in Figs. 3 through
6. Figure 3 shows the measured and calculated exit
film flow fraction on the rod surface in adiabatic annulus. Consistently with results shown in Fig. 1, the
calculated exit film flow rates are significantly higher
than the calculated ones. Interestingly, the calcu-
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lated exit film flow fraction on the tube wall, shown
in Fig. 4, is in good agreement with measured values. However, this is only coincidental, since the entrained rate in the annulus is underestimated, which
causes in turn underestimation of the deposition rate
on both the rod and the tube surface.

culations with measured data are shown in Figs. 5
and 6. The results exhibit somewhat increased scatter, which probably results from evaporation effects
on the liquid film.
Results presented in Figs. 1 through 6 demonstrate a significant discrepancy between predicted
and measured film flow rates on the rod surface. For
liquid film on the tube surface the predicted results
are generally in better agreement with measurements
(clearly visible in Fig. 4), even though some discrepancies are present (as seen in Fig. 1). This dissimilar behaviour of liquid films on the rod and the tube
surfaces suggests that the deposition and entrainment
rates may be different for the two surfaces.

4. Modified entrainment correlations

Figure 5: Measured (Mannov) and calculated (Eqs. 4÷12) exit
liquid film flow rates on rod wall in 3500 × 27.2 × 17 mm with
heated rod. Total mass flux 400–2000 kg/m2 s, system pressure
7 MPa

Figure 7: Entrainment rate in annulus estimated from Moeck
data and using the Govan et al. correlation for the deposition
rate

Figure 6: Measured (Mannov) and calculated (Eqs. 4÷12) exit
liquid film flow rates on tube wall in 3500 × 27.2 × 17 mm with
heated rod. Total mass flux 400–2000 kg/m2 s, system pressure
7 MPa

For cases with a heated rod, the comparisons of cal-

The Moeck data for developing liquid films in an
annulus can be used to derive the entrainment rate
as a function of local liquid film mass flux. Assuming that the deposition rate is the same for the rod
and the tube film, the derived entrainment rates are
as shown in Fig. 7. As can be seen the derived entrainment rate on the rod surface is much higher than
the entrainment rate obtained from the Govan correlation. This is particularly true for low values of the
following non-dimensional parameter,
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 (G LF − G LFC )2 dh ρL 



Ω = ln 

2
σρG

(17)

which is used as an independent variable in Fig. 7.
The results shown in Fig. 7 indicate that assuming
the same deposition rates on both the rod and the tube
walls, the entrainment rates are different for the two
surfaces. Even though this result is quite convincing, it has been obtained for an annulus with a rather
small hydraulic diameter (dh = 4 mm) and thus must
be treated with caution when applied to other annuli
and geometries.
Similar analysis can be performed for fullydeveloped adiabatic annular flow data. In this case,
Eqs. (4) through (7) become,
dxG
=0
dς

(18)

0 = eLFr + eLFt − (dLFr + dLFt )

(19)

0 = dLFr − eLFr

(20)

0 = dLFt − eLFt

(21)

Figure 8: Measured (Mannov) and calculated (Eqs. 4÷12) exit
liquid film flow rates on rod wall in 3500 × 27.2 × 17 mm adiabatic annulus, using modified entrainment rate correlation. Total mass flux 400–2000 kg/m2 s, system pressure 7 MPa

Eq. (19) can be dropped since it results from
Eqs. (20) and (21). It is clear that Eqs. (20) and (21)
are not satisfied when applying any correlations considered in this paper and using experimental data obtained in annuli. In other words, using mass flow
fractions of liquid films, vapour and the entrained
liquid and substituting to the deposition and entrainment correlations it can be seen that
dLFr − eLFr = εr , 0

(22)

dLFt − eLFt = εt , 0

(23)

Assuming further that the modified correlation for
the entrainment rate has the same form as given in
Eq. (11), that is:
#b
"
2 dh ρL
GG
(24)
E = a (G LF − G LFC )
σρG2
coefficients a and b can be derived from a proper experimental data sets. Using data obtained by Andersen and Wurtz [13] for adiabatic steam-water annular
flow in annular geometry, the coefficients for the entrainment rate from the rod surface can be obtained
as: a = 3.323 · 10−5 and b = 0.5.

Figure 9: Measured (Mannov) and calculated (Eqs. 4÷12) exit
liquid film flow rates on rod wall in 3500×27.2×17 mm annulus
with heated rod, using modified entrainment rate correlation.
Total mass flux 400–2000 kg/m2 s, system pressure 7 MPa

Figures 8 and 9 show the predicted film flow rates
obtained with the new entrainment correlation for the
rod surface, while keeping the standard Govan et al.
correlation for the tube surface.
Comparing Fig. 8 with Fig. 3, a significant improvement of prediction accuracy can be seen for adiabatic
annulus. Also some improvements of accuracy can
be seen for the annulus with heated rod, as can be
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deduced from a comparison of Figs. 9 and 5. Somewhat higher scatter in Fig. 9 probably results from
the influence of film evaporation on deposition and
entrainment rates. Clearly, this effect requires further
investigation in order to improve the present model.
5. Conclusions
It has been shown that currently available entrainment and deposition correlations are not applicable
to an annular geometry. In particular, the liquid film
thickness on the rod wall in an annulus is significantly over-predicted using correlations, which have
been applied in this paper. It has been shown that
modifying the entrainment correlation based on data
obtained in the annulus geometry leads to an essential improvement in the predictive capability. However, more work is needed to satisfactory explain the
observed difference in the entrainment rates on surface with various curvatures. Such improvement is
particularly needed for application of correlations to
predict the dryout occurrence in fuel assemblies of
Boiling Water Reactors.
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