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Abstract

Conditions for the formation of a stable dry patch in vertical annular two-phase flows in heated channels are
investigated. An analytical model of the force balance for the leading edge of the liquid film is developed. In
addition to surface tension, evaporation thrust and capillary forces, the model includes the effect of turbulence,
the pressure gradient and the interfacial shear stress. Numerical evaluations are performed to validate the
model and to indicate the importance of various factors on the dry patch stability and on the resulting minimum
wetting rate of the liquid film. The analyses indicate that good agreement with measurements is obtained in
the case of a stagnant patch formed on liquid film flowing down a vertical surface. It is shown that for low and
moderate mass flow rate of the gas phase in vertical co-current annular flow, the force balance is dominated by
the stagnation and the shear stress forces. With growing mass flow rate of the gas phase, the pressure gradient
and the interfacial shear stress become increasingly important. As a result, in accordance with measurements,
the predicted minimum flow rate of the liquid film at which the patch is re-wetted decreases.
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1. Introduction

The critical heat flux (CHF) is one of the major
limiting factors when designing high performance
heat exchangers, which are encountered in many in-
dustrial applications such as cooling systems of elec-
tronic devices, steam generators and fuel assemblies
of nuclear reactors. In high quality two-phase flows,
when the annular flow pattern prevails, the CHF oc-
curs when the liquid film dries out and a permanent
dry patch is formed. For that reason this type of CHF
is often termed as dryout. Even though the dryout
mechanism is quite well understood, there is still no
consistent theory that is capable of predicting the oc-
currence of dryout in arbitrary geometry and under
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any flow conditions. As high precision predictions
are required in the safety evaluations of nuclear re-
actors, we still rely on correlations derived from full
scale experiments.

The key issue when predicting the occurrence of
dryout in annular two-phase flows is to ascertain the
conditions that are necessary for the creation of a per-
manent dry patch. The dry patch may appear, of
course, as a result of complete evaporation of the
liquid film. This hypothesis forms the basis of sev-
eral existing phenomenological models, which use
the mass balance equation for the liquid film to pre-
dict the location of the dry patch in places where the
film completely disappears [1, 2]. There is, however,
experimental evidence that dryout occurs even when
the mass flow rate in the liquid film per unit perime-
ter is as high as 0.8 kg/m·s, [3]. This critical film
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flow rate is virtually zero when flow quality is higher
than 50%, but it rapidly increases when the quality
decreases below that value. Thus, it seems plausible
to argue that for dryout to occur it is necessary that:
(a) the liquid film attains a minimum or “critical”
flow rate at which the film breaks down, (b) a stable
dry patch is created. The former may occur either
spontaneously or due to the presence of disturbances
in the liquid film. It should be noted that no dryout
will occur if only condition (a) is satisfied. Fukano
et al. [4] performed dryout experiments in channels
with obstacles and reported that close to the CHF the
heating surface was repeatedly dried out by evapora-
tion of the liquid film and rewetted by the passage of
disturbance waves. A stable dry patch was created
and the onset of dryout was noted only after further
increase of the heat flux.

The minimum stable film flow rate has been exten-
sively investigated by several researchers. Hobler [5]
proposed a theory where the minimum wetting rate
of a film flowing down a vertical wall was de-
rived from the minimum condition of the total en-
ergy of the liquid film. This approach was subse-
quently employed and extended by e.g. Bankoff [6],
Mikielewicz and Moszynski [7], Doniec [8], El-
Genk and Saber [9] and Mikielewicz et al. [10].

There are reasons to believe that the minimum sta-
ble film flow rate, as predicted by the total energy
theory, is not applicable to CHF conditions in annu-
lar two-phase flows. Hewitt and Lacey [11] inves-
tigated the breakdown of the liquid film in annular
air-water two phase flow. Their experiments indicate
that films can exist in a meta-stable state and will not
break down unless there is an external disturbance.
Spontaneous breakdown of the film typically occurs
at very low film mass flow rates. However, when
a disturbance is present, film breakdown occurs at
much higher film flow rates, resulting from the sta-
bility condition of the liquid film motion. Effects
such as nucleation, Marangoni forces and evapora-
tion on the interface may de-stabilize the liquid film
and cause pre-mature breakdown.

The objective of the current analysis is to in-
vestigate the conditions under which a stable dry
patch can exist in annular two-phase flow. Anal-
yses by Hartley and Murgatroyd [12], and Zuber
and Staub [13] are extended to include the effects of

turbulence, the pressure gradient and the interfacial
shear stress.

2. Velocity profile and forces acting on film

Various models have been developed to predict the
stable condition of a dry patch. Hartley and Mur-
gatroyd [12] proposed employing the force balance
to predict a stagnation condition of the dry patch.
The same approach was used later by Zuber and
Staub [13] and McPherson [14], who added addi-
tional effects to the force balance such as result-
ing from the thermo-capillary, vapor thrust and drag
forces.

The present approach enlarges on the ideas of the
above cited work and includes the following new as-
pects:

• vertical climbing film on a heated wall,

• pressure drop in the channel and the interfacial
shear stress,

• turbulent liquid film flow.

A stable dry patch in the liquid film will be formed
when all forces acting on the leading edge of the liq-
uid film are in balance. In the present model, the
following forces are taken into consideration:

• the stagnation pressure force,

• the surface tension force,

• the thermo-capillary force,

• the vapor thrust force,

• the skin and the shape drag force.

Fig. 1 shows the assumed geometry of the lead-
ing edge of the liquid film flowing vertically up in
a heated channel. A uniform film of an average thick-
ness δc and velocity w approaches the leading edge
between points A and C. The shape of the leading
edge depends on the surface as well as on the hydro-
dynamic forces. At point A a stable vertex of the dry
patch is formed. As the liquid film approaches this
vertex, flow separates into rivulets which are formed
on both sides of the dry patch.
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Figure 1: Leading edge of a liquid film upstream of a dry patch

The interface of the leading edge makes an angle
θ0 with the wall surface, which is equal to the contact
angle at the prevailing local conditions. The height of
the leading edge h is equal to the distance from point
C, where the stable film exists to point A, where the
stable dry patch vertex is formed. At any point B
located at the interface between points A and C, the
shape of the leading edge is characterized by the an-
gle ϕ that a tangential to the interface makes with
a line perpendicular to the wall surface. The forces
acting on the leading edge of the liquid film will be
expressed below in terms of the above mentioned pa-
rameters.

2.1. Velocity profile
For shear-driven laminar flow in the liquid film,

the velocity distribution is obtained from solving the
following differential equation, describing momen-
tum conservation in the film,

−
∂p
∂z

+ µl
d2w
dy2 + ρlgz = 0 (1)

with the following boundary conditions,
y = 0 ⇒ w = 0 (2)

y = δ⇒ µl
dw
dy

= τi (3)

The solution of Eqs. (1–3) is as follows,

w (y) = −

(
−
∂p
∂z + ρlgz

)
δ2

2µl

[(y
δ

)2
− 2

y
δ

]
+
τi

µl
y (4)

where p is the pressure, w is the local liquid film
velocity, y is the distance from the wall, z is the dis-
tance along the wall, δ is the film thickness, ρl is the
liquid density, µl is the liquid dynamic viscosity and
gz is the gravity acceleration along the wall surface.

For turbulent flow in the liquid film, the momen-
tum equation and the boundary conditions are as fol-
lows,

−
∂p
∂z

+
d
dy

(
µe f f

dw
dy

)
+ ρlgz = 0 (5)

with the following boundary conditions,
y = 0 ⇒ w = 0 (6)

y = δ⇒ µe f f
dw
dy

= τi (7)

here µe f f is the effective dynamic viscosity, which
is the sum of the molecular dynamic viscosity and the
eddy viscosity. Various models can be applied to cal-
culate this quantity. In general, the eddy viscosity in
liquid films is evaluated using relations that were de-
veloped for turbulent flows in tubes. However, such
models are not correct close to the liquid film in-
terface, where turbulence damping is observed. In
the present approach, the influence of the turbulence
model is simulated by employing three different for-
mulations: the mixing length model, the modified
mixing length model with interface damping and the
eddy viscosity model proposed by Blanghetti and
Schlunder [15].

Employing the standard mixing length model, the
effective viscosity is obtained as,

µe f f = µl + ρlκ
2y2

∣∣∣∣∣dw
dy

∣∣∣∣∣ (8)

where κ is the von Karman constant. In the mod-
ified mixing length approach, the damping at the in-
terface is introduced as follows,

µe f f =

 µl + ρlκ
2y2

∣∣∣∣dw
dy

∣∣∣∣ 0 ≤ y ≤ δ/2

µl + ρlκ
2 (y − δ)2

∣∣∣∣dw
dy

∣∣∣∣ δ/2 < y ≤ δ
(9)

In the Blanghetti and Schlunder model, the effec-
tive viscosity is found as,

µe f f = min
(
µe f f 1, µe f f 2

)
(10)

— 87 —



Journal of Power Technologies 94 (Nuclear Issue) (2014) 85–95

where

µe f f 1 = 0.5µl

{
1 +

[
1 + 0.64y+2

(
1 − e−y+2/26

)]1/2
}

(11)

µe f f 2 = µl

{
1 +

0.0161 Ka1/3 Re1.34
l

(ν2
l /g)

1/3[
τ(y)

g(ρl−ρv) + δ
(
1 − y+

δ+

)]
(δ+ − y+)

} (12)

Here the following dimensionless numbers are used,

Ka =
ρ3

l g3
(
ν2

l /g
)1/3

σ
(13)

Rel =
4Γ

µl
(14)

where Γ is the film mass flow rate per unit wetted
perimeter,

Γ = ρl

ˆ δ

0
w (y) dy (15)

τ (y) is shear stress in liquid film,

τ (y) = τi −

(
∂p
∂z

+ ρlg
)

(δ − y) (16)

y+ is the dimensionless distance from the wall,

y+ =
(τw/ρ)1/2 y

νl
(17)

δ+ is the dimensionless film thickness,

δ+ =
(τw/ρ)1/2 δ

νl
(18)

νl is the kinematic viscosity of liquid, σ—surface
tension, τw—wall shear stress, τi—interfacial shear
stress, g—gravity acceleration.

The velocity distribution in the liquid film, w(y), is
obtained from a numerical integration of Eq. (5) with
boundary conditions (6–7) and with the effective vis-
cosity, µe f f , determined by Eqs. (8–18). Both the
stagnation force and the film flow rate are obtained
numerically as well.

2.2. Stagnation force
The stagnation force per unit film perimeter acting

in z-direction is given as follows,

Fspz =
ρl

2

ˆ δc

0
w2 (y) dy (19)

where δ = δc is the critical film thickness at point
C shown in Fig. 1. For shear-driven laminar flow,

the force can be obtained in an analytical form as
follows,

Fspz =
ρl
15

(
−
∂p
∂z +ρlgz

µl

)2

δ5
c+

5ρl
(
−
∂p
∂z +ρlgz

)
τi

24µ2
l

δ4
c +

ρlτ
2
i

6µ2
l
δ3

c

(20)

In the case of turbulent flow a numerical integration
is necessary, using the velocity profile obtained from
a numerical solution of Eqs. (5–7), with the effective
viscosity given by Eqs. (8–18).

2.3. Surface tension force
The surface tension force acting in z-direction is

given as follows,

Fstz = σA cos θ0 − σC (21)

where θ0 is the contact angle and σA, σC is the sur-
face tension at points A and C, respectively, as shown
in Fig. 1. Taking into account the temperature vari-
ation of the surface tension, the surface tension at
point C can be expressed in terms of the surface ten-
sion at point A as follows,

σC = σA +
´ C

A
∂σ
∂s ds =

σA +
´ C

A
∂σ
∂T

∂T
∂y

∂y
∂sds = σA −

´ C
A

∂σ
∂T

q′′

λl
cos φds

(22)

where λl is the liquid thermal conductivity, T—liquid
temperature, s—distance along interface, q′′—heat
flux, φ—interface inclination angle. Thus, combin-
ing Eqs. (21) and (22), the surface tension force be-
comes,

Fstz = σA (cos θ0 − 1) +

ˆ C

A

∂σ

∂T
q′′

λl
cos φds (23)

2.4. Thermo-capillary force
Due to heating the temperature of the interface

may not be constant and the shear stress along the
interface will be created as follows,

τtc =
∂σ

∂s
(24)

The differential thermo-capillary force acting on seg-
ment ds and projected onto z-direction is as follows,

dFtcz = −dFtc sin φ = −
∂σ

∂s
sin φds (25)

Thus, the z-component of this force is obtained as,

Ftcz = −

ˆ C

A

∂σ

∂s
sin φds (26)
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2.5. Vapour thrust force

The net vapor thrust per unit perimeter and per
a differential length of the interface ds is as follows,

dFvt = γ′′ (vvn − vln) ds (27)

where γ′′ is the evaporation rate per unit interface
area and vvn, vln are vapor and liquid velocities nor-
mal to the interface, respectively. Mass conservation
on the interface yields, γ′′ = ρlvln = ρvvvn, and since,
vln = ρvvn/ρl, the vapor thrust force projected onto
z-direction becomes,

F =
´ C

A γ′′ (vvn − vln) cos φds =´ C
A ρvv2

vn

(
1 − ρv

ρl

)
cos φds

(28)

The evaporation rate can be obtained from the en-
ergy balance as follows,

q′′dz = γ′′i f gds = ρvvvni f gds.

This equation can be written as,
vvn = q′′dz/ρvi f gds = q′′ sin φ/ρvi f g.

Combining the above expression and substituting
into Eq. (28) yields,

Fvtz =

ˆ C

A
ρv

(
q′′

ρvi f g

)2 (
1 −

ρv

ρl

)
sin2 φ cos φds (29)

2.6. Drag force

The total skin drag force acting in z-direction is
obtained as,

Fsdz = −

ˆ C

A
τi sin φds (30)

The total form drag force projected onto z-axis is as
follows,

F f dz = −

ˆ C

A
pvi cos φds (31)

here pvi is the vapor pressure at the interface.
The form drag force results from the pressure dis-

tribution along the leading edge of the liquid film.
The vapor pressure distribution is approximated as,

pvi = pvC +

(
∂p
∂z

)
C

(z − zC) (32)

where (∂p/∂z)C is the total pressure gradient in z-
direction in the channel at location C. In writing
Eq. (32) it is assumed that the pressure in the gas core

changes linearly with the pressure gradient evaluated
at point C. Thus, the form drag force is as follows,

F f dz = −
´ C

A

[
pvC +

(
∂p
∂z

)
C

(z − zC)
]

cos φds =

−
´ C

A

(
∂p
∂z

)
C

(z − zC) cos φds =

−
(
∂p
∂z

)
C

´ C
A (z − zC) cos φds

(33)

3. The force balance

The formulation of the force balance requires in-
formation on the shape of the interface along the
leading edge of the liquid film, which, in principle,
is part of the solution. Strictly speaking this shape
can be obtained from a solution of the Laplace rela-
tionship between the pressure difference over the in-
terface and the interface curvature. However, it is ex-
pected that the results of such analysis would heavily
depend on the assumed pressure distributions along
the interface. Since these pressure distributions are
not well determined, it is thus justified to employ an
approximation in which the radius of the curvature
of the interface results from the contact angle and the
critical film thickness, as shown in Fig. 2.

Figure 2: Assumed curvature of the leading edge of the liquid
film

An additional advantage of the present approxima-
tion is that an analytical expression for the force bal-
ance can be obtained which is necessary to discern
the importance of various effects.

With this assumption, the forces are as follows:
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• the stagnation force is given by Eq. (20) and
it does not depend on the shape of the leading
edge of the liquid film,

• the surface tension force, Eq. (23), depends on
the shape of the leading edge and becomes,

Fstz = σA (cos θ0 − 1) +
∂σ

∂T
q′′

λl
δc (23a)

• the thermo-capillary force, Eq. (26), is as fol-
lows

Ftcz =
dσ
dT

q′′

λl

δc

2
(1 + cos θ0) (26a)

• the vapor thrust force (Eq. 29) becomes,

Fvtz = ρv

(
q′′

ρvi f g

)2 (
1 − ρv

ρl

)
δc
3 ×(

1 + cos θ0 + cos2 θ0

) (29a)

• the skin drag force, Eq. (30), is as follows,

Fsdz =
τiδc sin θ0

1 − cos θ0
(30a)

1. the form drag (Eq. 33) becomes,

F = −
(
∂p
∂z

)
C

1
2(1−cos θ0)2×

[θ0 − cos θ0 sin θ0] δ2
c

(33a)

The force balance for the leading edge of the liquid
film is as follows,

Fspz + Fstz + Ftcz + Fvtz + Fsdz + F f dz = 0 (34)

In the case of laminar flow, the force balance can
be written explicitly in terms of the critical film
thickness by substituting Eqs. (20), (23a), (26a),
(29a), (30a) and (33a) into (34) as follows,

ρl
15

(
−
∂p
∂z +ρlgz

µl

)2

δ5
c+

5ρl
(
−
∂p
∂z +ρlgz

)
τi

24µ2
l

δ4
c +

ρlτ
2
i

6µ2
l
δ3

c−(
∂p
∂z

)
C

1
2(1−cos θ0)2 [θ0 − cos θ0 sin θ0] δ2

c

+
[
∂σ
∂T

q′′

λl

(1−cos θ0)
2 −

ρv

(
q′′

ρvi f g

)2 (
∆ρ

ρl

) (1+cos θ0+cos2 θ0)
3 +

τi sin θ0
1−cos θ0

]
δc+

σ (cos θ0 − 1) = 0 (34a)

For shear-driven turbulent flow in the liquid film, the
force balance is obtained by substituting Eqs. (19),
(23a), (26a), (29a), (30a) and (33a) into (34) as fol-
lows,

ρl
2

´ δc

0 w2 (y) dy−(
∂p
∂z

)
C

1
2(1−cos θ0)2 [θ0 − cos θ0 sin θ0] δ2

c

+
[
∂σ
∂T

q′′

λl

(1−cos θ0)
2 −

ρv

(
q′′

ρvi f g

)2 (
∆ρ

ρl

) (1+cos θ0+cos2 θ0)
3 +

τi sin θ0
1−cos θ0

]
δc

σ (cos θ0 − 1) = 0 (34b)

Equation (34a) is a 5th degree polynomial that de-
scribes the dry patch stagnation condition in annular
two-phase flow with heating. The real and positive
root of the polynomial gives the minimum, or criti-
cal, film thickness at which the dry patch will remain
stable. Correspondingly, Eq. (34b) can be solved it-
eratively to obtain the value of the minimum film
thickness in the case of turbulent flow in the liquid
film. In the following section predictions are com-
pared with experimental data and the significance of
various effects and their influence on minimum film
thickness are presented.

4. Comparison with experimental data

The model given by Eq. (34a) was compared with
available measured data and with selected analyti-
cal models. Experimental data with measured min-
imum film thickness for vertical boiling two-phase
annular up-flow could not be found. Most of the
data are obtained for adiabatic liquid films flowing
down [16, 17]. Hewitt and Lacey [11] measured the
minimum wetting rate for a climbing film, in which
a dry patch was created by blowing air. It should be
mentioned that the predictive accuracy of the mini-
mum wetting rate strongly depends on the accuracy
of the corresponding contact angle used in calcula-
tions. In most cases the equilibrium contact angle is
measured, whereas very little is known about the dy-
namic contact angle, in particular at the leading edge
of liquid film with evaporation. Ponter et al. [17]
measured the minimum wetting rate for liquid films
flowing down stainless steel, copper and Perspex sur-
faces. They also provide data for the equilibrium
contact angle for various temperatures and surface
conditions. Fig. 3 shows the predicted minimum
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wetting rate using Eq. (34a) compared with the mea-
sured data. Predictions obtained from models given
by El-Genk and Saber [9] and Ponter et al. [16] are
shown as well.

Figure 3: Prediction of the minimum wetting rate of liquid film
flowing down a: copper surface (a), tainless steel surface (b),
Perspex surface (c)

As shown in the figures, the present predictions are
in good agreement with the measured data. For the

copper and the Perspex surfaces the predicted min-
imum wetting rate of the liquid film stays between
the measured initial and final wetting rates, while
for the stainless steel surface the predicted minimum
wetting rate is higher than both these values. It
should be noted that in all calculations an equilib-
rium static contact angle was used. A certain dis-
crepancy between measurements and predictions is
observed for low temperatures, in the range from
20 to 30◦C, where the measured minimum wetting
rate stays constant or increases slightly with increas-
ing temperature. All presented models predict a de-
creasing minimum wetting rate in the whole temper-
ature range. This is due to the fact that the con-
tact angle linearly decreases with increasing temper-
ature at a rate of −0.1◦/◦C, [16]. The reason why
the measured minimum wetting rate stays constant
or increases with temperature in the range from 20 to
30◦C is unknown.

Hewitt and Lacey [11] measured the minimum
wetting rate of a climbing liquid film for adia-
batic air-water annular two-phase flow in a vertical
12.7 mm/31.75 mm annulus. The dry patch was cre-
ated artificially by blowing air on the wall covered
with the liquid film. The flow rate of the liquid film
was decreased until the dry patch could not be rewet-
ted. Hewitt and Lacey [11] compared the measure-
ments with their own calculations based on the model
by Hartley and Murgatroyd [12] and concluded that
the predictions in general gave much higher values
of the minimum wetting rate than were observed in
the measurements. The predictions could be matched
with the measurements only if the contact angle was
assumed to be equal to 17◦C in the calculations. That
was a much lower value than the static contact angle
of 46◦C measured by the same authors for relevant
conditions. Hewitt and Lacey suggested that the dis-
crepancy between the predictions and measurements
could be due to the fact that the model lack an aero-
dynamic force acting on the leading edge of the liq-
uid film. Another explanation could be that the Hart-
ley and Murgatroyd’s model assumes laminar flow in
the liquid film, whereas the flow was turbulent in the
experiments.

A comparison of the present model given by
Eq. (34a) with Hewitt and Lacey data is shown in
Fig. 4.
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Figure 4: Minimum liquid film flow rate as a function of
air flow rate. Comparison of predictions with experimental
data [11]

As can be seen, the experimental data can be
matched by the predictions when the contact angle
is assumed equal to 24.5◦C. Increasing the contact
angle to 30◦C gives the minimum wetting rate which
is approximately 50% higher than the measured rate.
In spite of this discrepancy, the model correctly pre-
dicts decreasing minimum liquid flow rate with in-
creasing air flow rate. In that respect, the present
results are consistent with the results reported by He-
witt and Lacey. However, due to the inclusion of the
shape and skin drag forces acting on the leading edge
of the liquid film, some improvement can be noticed.

Since the results shown in Fig. 4 were obtained by
employing the laminar film flow model, a relevant
question is whether such approximation is admissi-
ble for the present conditions. Various turbulence
models were employed to investigate the effect of
turbulence on the results of predictions. Fig.s 5(a-c)
show the velocity profiles, minimum re-wetting liq-
uid film Reynolds number and the relative stagnation
force ( ratio of the stagnation force to the surface ten-
sion force) obtained with the laminar and the three
turbulence models described in Section 2.1.
Fig. 5(a) indicates that the velocity profiles for lam-
inar flow as well as for turbulent flow using the vis-
cosity model given by Blanghetti and Schlunder [15]
are similar. The mixing length and the modified mix-
ing length models predict more flat velocity distribu-
tions due to a higher value of the turbulent viscosity.

Figure 5: Influence of turbulence models on dry patch re-
wetting in air-water annular flow in 12.7 mm/31.75 mm annulus
at atmospheric pressure and contact angle 24.5◦C: velocity pro-
files in liquid film (a), minimum re-wetting liquid film Reynolds
number as a function of gas Reynolds number (b), ratio of stag-
nation force to surface tension force as a function of the liquid
film Reynolds number (c)

As a result, the liquid film thickness increases, when
the total mass flow rate is kept constant.
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Fig. 5(b) shows that the minimum film Reynolds
number, corresponding to the minimum wetting rate,
predicted with the laminar flow assumption is very
close to the results obtained with the Blanghetti and
Schlunder [15] turbulence model. At the same time,
the mixing length and the modified mixing length
models yield higher values of the minimum film
Reynolds number. This leads to a conclusion that the
discrepancy between measurements and predictions
for the Hewitt and Lacey data is not caused by the
neglect of turbulence in the liquid film, since the in-
creasing level of turbulence shifts the predicted min-
imum film Reynolds number (and thus the minimum
re-wetting rate) further away from the measured val-
ues.

Fig. 5(c) shows the magnitude of the relative stag-
nation force, defined as the ratio of the stagnation
force to the surface tension force, as a function of the
liquid film Reynolds number. As expected, this force
increases as the film Reynolds number increases. It
can also be seen that this force decrease for turbu-
lent films, while the film Reynolds number is kept
constant. This is due to the increasing thickness and
the decreasing flow velocity in liquid films with the
increasing level of turbulence.

5. Significance of various effects

The stagnation force plays an important role in dry
patch stability, as indicated in Fig. 5(c). The signif-
icance of this force was evaluated using as a refer-
ence the experimental data obtained by Hewitt and
Lacey [11].

Fig. 6 shows that the significance of the stagna-
tion force in the force balance decreases as the gas
Reynolds number increasing. For low gas Reynolds
numbers in a range of ∼ 3 · 104, the stagnation force
corresponds to 61% of the surface tension force.
With an increasing Reynolds number, this ratio de-
creases and drops below 50% when the gas Reynolds
number is larger than ∼ 9 ·104. This is due to the fact
that with increasing gas flow rate, the importance of
the skin and shape drag forces increases.

Fig.s 7 show the magnitude of various forces in
relation to the surface tension force for contact angle
in a range from 15 to 65◦C. The calculations are per-

Figure 6: Ratio of stagnation force to surface tension force
versus gas Reynolds number for air-water annular flow in
12.7 mm/31.75 mm annulus at atmospheric pressure; contact
angle 24.5◦C

formed for a water-steam mixture flowing at constant
pressure gradient, interfacial shear stress and wall
heat flux and at various system pressures from 2 to
12 MPa. In the whole range of pressure and contact
angle the prevailing forces are due to stagnation pres-
sure, skin drag and thermo-capillary effects, whereas
the form drag and the vapor thrust forces are negli-
gibly small. As can be seen, the magnitude of rela-
tive stagnation and thermo-capillary forces increase
with increasing contact angle, whereas the magni-
tude of relative skin drag force decreases with in-
creasing contact angle.
Fig.s 8 show the relative magnitude of various forces
as a function of the wall heat flux and at different sys-
tem pressures. As can be seen, the thermo-capillary
force linearly increases with the heat flux. This effect
is compensated with increasing magnitude of the rel-
ative stagnation force. As pressure increases from
2 to 12 MPa, the thermo-capillary force increases
from 25 to 70% of the surface tension force, when
the wall heat flux is equal to 2.5 MW/m2.

6. Conclusions

An analysis is presented that predicts the condi-
tions which allow for the formation of a stable dry
patch in diabatic annular two phase flows. The anal-
ysis employs a force balance formulated for the lead-
ing edge of the liquid film. In addition to stagnation,
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Figure 7: Relative force acting on a dry patch as a func-
tion of the contact angle for annular two-phase flow of steam-
water mixture; assumed pressure gradient 1700 Pa/m, interfa-
cial shear stress 8.8 Pa, wall heat flux= 1 MW/m2 at: p =

2 MPa (a), p = 7 MPa (b), p = 12 MPa (c)

thermo-capillary and vapor thrust forces, the analysis
includes the effects of the pressure gradient and the
interfacial shear stress. The importance of turbulence
in the liquid film is investigated by comparing results

Figure 8: Relative force acting on a dry patch as a function of
heat flux for annular two-phase flow of steam-water mixture;
assumed pressure gradient 1700 Pa/m, interfacial shear stress
8.8 Pa, contact angle 45◦C at: p = 2 MPa (a), p = 7 MPa (b),
p = 12 MPa (c)

obtained with various turbulence models to the ana-
lytical solution valid for laminar flow as well as to
selected experimental data.

It is concluded that the present model gives re-
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sults which are in good agreement with experiments
and analytical expressions given by Ponter et al. [16]
and El-Genk and Saber [9] in the case of an isother-
mal liquid film flowing down a vertical surface. For
adiabatic annular two-phase flow, the data obtained
by Hewitt and Lacey [11] were used as a reference.
The model correctly predicts a decreasing minimum
wetting rate of a dry patch with increasing flow rate
of the gas phase. The measured wetting rate could
be matched with using the contact angle that was
equal to one half of the static contact angle reported
in the experiments. A sensitivity study indicates
that the contact angle is the most sensitive param-
eter, whereas increasing turbulence level in the liq-
uid film causes increased discrepancy between pre-
dictions and measurements.

The analyses performed for steam-water mixtures
at various pressures indicate that the dominant forces
which govern dry patch stability are due to the stag-
nation pressure and the surface tension effects. In
the absence of other forces, the minimum wetting
rate is governed by the balance between these two
forces. With increasing heat flux, the importance of
the thermo-capillary force grows and neglecting it
may lead to a significant error. The fourth important
force is skin friction. Its magnitude can be compara-
ble to the stagnation force for small contact angles.
This effect increases with increasing pressure of the
two-phase mixture.
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