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Abstract

Annular flow in annulus geometry is characterized as two liquid films flowing along the inner heated rod and outer unheated wall.
Critical heat flux (CHF) occurs when the liquid film on the inner heated wall dries out, while there still exists the liquid film on the outer
cold wall. In the safety analysis code, film dryout is calculated by a mechanistic model or CHF table look-up method. The mechanistic
film dryout is a complex function of film flow rate, applied heat flux and entrainment/deposition rate, etc. and is determined by the
hydrodynamic solution. However, both models were not able to distinguish the liquid films on the cold surface from that on the hot
surfaces in a calculation cell, that is, the cold wall effect. This resulted in over-estimation of the calculated CHF in the single-channel
modeling of annulus geometry, so it needs a new model that could consider the cold wall effect mechanistically in the single-channel mod-
eling. In order to consider the cold wall effect, a mechanistic film-splitting model look-up table was developed, in which the inner and
outer liquid film fractions are solved analytically. The new look-up table was assessed using Wurtz experimental data and was assessed
indirectly using several annulus geometry CHF test data.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

CHF (critical heat flux) is defined as a discontinuous
reduction of the local heat transfer coefficient, which results
from the replacement of liquid by vapor on a heated sur-
face. To understand this phenomenon is very important
in the nuclear reactor safety, because the fuel failure due
to a rapid heat-up by CHF in a short time can lead the
release of radioactive materials into environments.

CHF phenomenon is considered in two kinds of mecha-
nisms. One is called as the Departure of Nucleate Boiling
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(DNB), in which the vapor blanket covering the heated sur-
face deteriorates the heat transfer rate. Heat transfer
regime transits from subcooled or saturated nucleate boil-
ing to film boiling. DNB occurs when the surface heat flux
is relatively high and the void quality is low and it has been
the major safety concern of pressurized water reactor
(PWR) transients. Another mechanism is the annular film
dryout, in which a continuous liquid film on the heated sur-
face is dried out by droplet entrainment and evaporation.
The dryout mechanism has been the main safety concern
not only of the boiling water reactor transients but also
of the PWR transients. Dryout occurs in an annular flow
regime when the void quality is relatively high.

Most of the thermal-hydraulic transient codes for PWRs
use a CHF look-up table method or experimental CHF
correlations specific to fuel design. Since DNB has been
the major safety issue of PWR safety, there are a lot of
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Nomenclature

G mass flux
P pressure
q00 critical heat flux
R radius
u velocity
Y distance between wall and liquid film edge

Greek symbols

a void fraction
j turbulent mixing length constant
q density
s viscous stress tensor

Subscripts

c core region
f liquid film
m maximum velocity location
i inner wall
o outer wall

Superscript

+ non-dimensional variable
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experimental databases available for DNB. However there
are few experimental and analytical databases for the dry-
out because it is only very recent for the dryout models to
get highlighted in the PWR analysis. With the introduction
of the best-estimation analysis to the design-basis and to
the beyond design-basis accident analysis, the dryout phe-
nomena in the core and the steam generator became
emphasized for the realistic prediction of transient system
response.

General safety analysis codes use the mechanistic mod-
els to solve the film dryout phenomena. The mechanistic
models for the annular flow dryout have been researched
theoretically for several decades. The theoretical processes
on the dryout phenomenon were first modeled by Whalley
et al. [16] who took into account entrainment of drops,
evaporation from the wall film and deposition of drops
back onto the film. This was quite successful at predicting
the critical heat flux. It was extended by Hewitt and Govan
[8] who developed the improved descriptions for entrain-
ment and deposition and allowed for an additional mecha-
nism for entrainment associated with heating suggested by
Miloshenko et al. [14].

The theory of film dryout analysis defines that the criti-
cal heat flux arises when the liquid film calculated from in
the process of evaporation, droplet entrainment and depo-
Fig. 1. Liquid film distribution in annulus geometries.
sition gets dryout. The dryout of film is generally assumed
that film thickness becomes zero or small thickness [6]. To
determine contribution of dryout, the flow rate of liquid
film related to the evaporation process should be estimated
accurately, which depends on a geometric characteristics.
While only one liquid film is formed along the wall in tube
geometry, two films are formed along the inner rod and the
outer tube wall in annulus geometry as shown in Fig. 1.
Only the inner film in annulus geometry is related to the
evaporation process and CHF occurs when the inner film
dries out, while the film at outer tube wall, so called cold
wall, still exists. This phenomenon is called Cold Wall
Effect [15]. Therefore the cold wall effect should be consid-
ered for the improvement of film dryout analysis.

2. Generating film-splitting look-up table using
mechanistic model in an annulus geometry

Annular flow in an annulus geometry is characterized as
two liquid films flowing along the inner heated rod and the
outer unheated wall, whereas the gas flows together with
the entrained droplets through the gas core. However, the
existence of two films in a calculation cell is not distinguish-
able in general safety analysis code. This results in the over-
estimation of dryout in the previous assessments [4]. To
compensate such overestimation, a new film-splitting
look-up table using mechanistic model was developed, in
which the continuous liquid mass flux given by the code
is subdivided into two film mass fluxes. One is the liquid
mass flux at the outer unheated wall and the other at the
inner heated wall [5].

The hydrodynamics module of the code calculates the
absolute mass flows for gas, continuous liquid and
entrained droplets and also the liquid velocities, which
would be used at best in the new film-splitting look-up
table. Only the continuous liquid mass phase needs to be
split in the code, whereas the mass flows of gas and the
entrained droplets are the input for the new model.

In order to develop new film-splitting look-up table
mechanically, the assumptions are introduced as follows.



Fig. 2. Schematics of the film-splitting concept.
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First, annular flow consists of two continuous film regions
and a vapor core region in which continuous vapor and
liquid droplets are uniformly mixed. The vapor core region
is divided into two regions (outside and inside) according
to the location of the maximum velocity plane as shown
in Fig. 2 [13]. The velocity profiles in the vapor core regions
are then assumed to be the form of a turbulent single-phase
universal profile from the law of the wall. The velocities of
the liquid films are respectively uniform.

Using the above assumptions, we can get the velocity
profiles for outer side as (1) and for inner side as (2):

Core vapor regions

uþco ¼ 2:5 ln
y
Y fo

� �
þ 5:5 outer side ð1Þ

uþci ¼ Ai ln
y
Y fi

� �
þ Bi inner side ð2Þ

The Nikuradse equation is used as the velocity profile in
the outside of vapor core. This equation has been used in
normal turbulent single phase without an objection. The
derived procedure of this equation is as follows [10].

The procedure starts with the assumption of boundary
layer near the wall.

The momentum differential equation for the turbulent
boundary layer is

u
ou
ox

þ v
ou
oy

� o

oy
ðmþ eMÞ

ou
oy

� �
þ 1

q
dP
dx

¼ 0 ð3Þ

eM is dimensionally the same as m, and the turbulent contri-
bution to diffusion in the y direction can be readily com-
pared with the molecular contribution. In most cases it is
found that eM � m in the fully turbulent region, while
m � eM in the viscous sublayer close to the wall.

The total apparent shear stress, molecular plus turbu-
lent, can be expressed as

s
q
¼ ðmþ eMÞ

ou
oy

ð4Þ
Substituting this into Eq. (3), we obtain

qu
ou
ox

þ qm
ou
oy

� os
oy

þ dP
dx

¼ 0 ð5Þ

In a region relatively close to the wall, the first term is
sufficiently smaller than the others that it can be ignored.
Under the assumption quðou=oxÞ ¼ 0 and u ¼ uðyÞ alone,
Eq. (5) becomes an ordinary differential equation, and with
m ¼ m0, the value of the normal velocity component at the
wall surface:

qm0
ou
oy

� os
oy

þ dP
dx

¼ 0 ð6Þ

This equation can be integrated with respect to y between
the limits s = s0 and u ¼ 0 at y = 0, and corresponding
value at any distance y.

s
s0

¼ 1þ qm0u
s0

�þ dP
dx

y
s0

ð7Þ

A set of non-dimensional variables based on quantities
that are significant in the near-wall region is introduced.
These are what have been referred to as wall coordinates.
First, from the definition of the friction coefficient, a shear
velocity or friction velocity, us is defined.

u2s ¼
s0
q

or us ¼
ffiffiffiffi
s0
q

r
ð8Þ

us has the dimension of velocity. Employing us as a charac-
teristic velocity, the following non-dimensional variables
can be formed.

uþ ¼ u
us

yþ ¼ yus
m

mþ0 ¼ m0
us

pþ ¼ ldP=dx

q1=2s3=20

ð9Þ

When these are substituted into Eq. (7), we obtain

s
s0

¼ 1þ mþ0 u
þ þ pþyþ ð10Þ

In the region near the wall, Eq. (10) reduces to

s
s0

¼ 1:0 ð11Þ

To obtain the law of the wall, Eq. (4) is integrated under
this condition. Thus

s0
q
¼ ðmþ eMÞ

ou
oy

ð12Þ

For the fully turbulent region (eM � m)

s0
q
¼ eM

ou
oy

ð13Þ
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Eq. (13) becomes Eq. (15) through introducing the
Prandtl mixing-length theory as following equation:

eM ¼ l2
ou
oy

����
���� ð14Þ

where l is mixing-length defined as l = jy.

s0
q
¼ l2

ou
oy

� �2

¼ j2y2
ou
oy

� �2

ð15Þ

The following equation is obtained by introducing the
definitions of non-dimensional parameters:

ouþ

oyþ
¼ 1

jyþ
ð16Þ

Then the equation is integrated from the outer edge of
the viscous sublayer:Z uþ

10:8

duþ ¼ 1

j

Z yþ

10:8

dyþ

yþ

uþ � 10:8 ¼ 1

j
ln

yþ

10:8
ð17Þ

Setting j = 0.41 and rearranging, the logarithmic equa-
tion that is generally called the law of the wall is obtained

uþ ¼ 2:44 ln yþ þ 5:0 ð18Þ
However the above equation is not valid for tube

because the shear stress is not independent of r. Some mod-
ification is necessary. Generally, the following modified
equation is used in tube geometry.

uþ ¼ 2:5 ln yþ þ 5:5 ð19Þ
Here y+ is the non-dimensional distance from the tube
wall.

In the case of liquid film existence, y+ is generally
defined as the ratio of distance from the tube wall to film
thickness.

There are several equations based on theoretical
approaches for inside of an annulus geometry but it was
proven that these approaches are not matched with exper-
imental data [12]. Instead, many researchers have suggested
fitting parameters with experimental data [11].

The coefficients Ai and Bi of inner side velocity profiles
have been proposed by many researchers. Ballow et al. pro-
duced these values by fitting with several experimental data
banks [1]. In this study, the Ballow�s correlation shown as
Eq. (20) is used because of the wide application range.
The range of experimental data that is used for developing
this correlation is given as Table 1. This range is applicable
to most of annulus CHF tests.
Table 1
Experimental condition used for barrow correlation

Parameter Range

Fluid Air, water
Ri/Ro 0.065–0.562
Reynolds 9000.0–320,000.0
Ai ¼ 2:7
Ri

Ro

� �0:353

; Bi ¼ 3:6
Ri

Ro

� ��0:439

ð20Þ

Calculation procedures of the new film-splitting model are
as follows:

1. Guess the maximum velocity location (Rm).
2. Guess the outside film thickness (Yfo).
3. Calculate the liquid fraction of outside film as
afo ¼
R2
o � ðRo � Y foÞ2

R2
o � R2

i

ð21Þ
4. Guess the inside film thickness (Yfi).
5. Calculate the ratio of the outside interfacial shear stress

to that of inside. This ratio is calculated from the pres-
sure drop in each side.

The outside interfacial shear stress is derived from
the outside pressure drop:
� dP
dz

F
� �

io

¼ Aiosio
Ai dz

¼ pðRo � Y foÞsio
p
4
½ðRo � Y foÞ2 � R2

m�

¼ 4ðRo � Y foÞsio
ðRo � Y foÞ2 � R2

m

ð22Þ

Similarly, the inside shear stress is

� dP
dz

F
� �

ii

¼ 4ðRi þ Y fiÞsii
R2
m � ðRi þ Y fiÞ2

ð23Þ

The pressure drops of both sides should be equal.
Therefore

� dP
dz

F
� �

io

¼ � dP
dz

F
� �

ii

4ðRo � Y foÞsio
ðRo � Y foÞ2 � R2

m

¼ 4ðRi þ Y fiÞsii
R2
m � ðRi þ Y fiÞ2

ð24Þ

Finally, the ratio of the interfacial shear stress in each
side is obtained as follows:

sio
sii

¼ Ri þ Y fi

Ro � Y fo

ðRo � Y foÞ2 � R2
m

R2
m � ðRi þ Y fiÞ2

ð25Þ

6. Calculate the liquid fraction of inside film
afi ¼
ðRi þ Y fiÞ2 � R2

i

R2
o � R2

i

ð26Þ
7. Find Yfi that satisfies the continuity of gas core velocity
at Rm
uco
Ro � Rm

Y fo

� �
¼ uci

Rm � Ri

Y fi

� �
ð27Þ

ffiffiffiffiffi
sio
q

r
uþco

Ro � Rm

Y fo

� �
¼

ffiffiffiffiffi
sii
q

r
uþci

Rm � Ri

Y fi

� �

ffiffiffiffiffi
sio
sii

r
2:5 ln

Ro � Rm

Y fo

� �
þ 5:5

� �
¼ Ai ln

Rm � Ri

Y fi

� �
þ Bi

ð28Þ
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8. Determine Yfo that satisfies the condition that the sum of
outside and inside liquid fraction is equal to liquid frac-
tion calculated from the code
afo þ afi ¼ af ;Code ð29Þ

9. To determine Rm, repeat step 1 to step 8 until the conti-

nuity of the eddy diffusivity at Rm is satisfied. The inner
and outer liquid film thickness and liquid fractions satis-
fying this condition are then determined
eMo ¼ eM i
; joyo;Rm

ffiffiffiffiffi
sio
q

r
¼ jiy i;Rm

ffiffiffiffiffi
sii
q

r

1

2:5
ðRo � RmÞ

ffiffiffiffiffi
sio
q

r
¼ 1

Ai

ðRm � RiÞ
ffiffiffiffiffi
sii
q

r
ð30Þ
Table 2
Application range of film-splitting look-up table

Parameter Range

Ri/Ro 0.1–0.8
Continuous liquid fraction 0.0001–0.3
The ratio of outside wall shear stress to that at inside
wall is also obtained from pressure drop

� dP
dz

F
� �

wo

¼ � dP
dz

F
� �

wi

4Rosio
R2
o � R2

m

¼ 4Risii
R2
m � R2

i

sRo

sRi

¼ Ri

Ro

R2
o � R2

m

R2
m � R2

i

ð31Þ

The following relationship is obtained from the defini-
tion of wall shear stress. Here, the Blausius correlation is
used in order to determine the wall friction factor at both
sides [10]:

sRo

sRi

¼
ffo

qLu
2
fo

2

ffi
qLu

2
fi

2

ð32Þ
Fig. 3. Process of film
Introducing the Blausius correlation as f = 0.078Re�0.25

sRo

sRi

¼ ffoqLu
2
fo=2

ffiqLu
2
fi=2

¼ Re�0:25
fo u2fo

Re�0:25
fi u2fi

¼ a�0:25
fo u1:75fo

a�0:25
fi u1:75fi

ð33Þ

From above equation, the ratio of outer film velocity to
inside film velocity becomes

ufo
ufi

¼ afo
afi

� �1=7 sRo

sRi

� �1=1:75

ð34Þ

Finally, the ratio of each side liquid film mass fluxes to
total liquid film mass flux is calculated using the liquid frac-
tions in each side and the liquid film velocity ratio

Gfo

Gfi

¼ afo
afi

� �
ufo
ufi

� �
ð35Þ

Gfo

Gf

¼
Gfo

Gfi

1þ Gfo

Gfi

ð36Þ

The above process is described in Fig. 3.
The film-splitting table was generated using the pilot

code to cover wide ranges of ratio of inner radius to outer
radius and continuous liquid fraction. The applicable
ranges of the look-up table are as shown in Table 2.

The ratio of outer liquid mass flow rate to total liquid
mass flow rate in this table is expressed in Fig. 4.
-splitting model.
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3. Assessment of mechanistic film-splitting model look-up

table

Based on the new film-splitting model, a look-up table
has been developed and examined for accuracy. In order
to examine the effectiveness of the new film-splitting
look-up table, Wurtz� experimental data [17] has been
assessed. Test 17/26L was selected for the assessment,
which are the steam-water annular flow tests in the annulus
geometry with adiabatic conditions. The annulus geometry
has an outer diameter of 0.026 m and inner rod�s diameter
of 0.017 m. The pressure ranges from 30 to 90 bars and the
quality ranges from 20% to 60%. In the tests, the flow rate
and thickness of the liquid films were measured by varying
the inlet mass flow and the exit quality.

From the look-up table assessment, it was found that
the outside film flows were slightly underestimated and
the inner flow rates were overestimated as shown in
Fig. 5. Since the pilot code simply splits the continuous
liquid flow into the inner and outer flow, even the slight
underestimation of the outer flow may result in a larger
deviation of the inner flow.

The outer film flow rate is larger than inner film flow
rate in most of the cases, and this is due to the velocity dis-
tribution in the vapor core. The maximum velocity plane in
the vapor core is shifted to inner side. This phenomenon is
understood easily using the example of simple laminar case
shown in Fig. 6. It was reported that the maximum velocity
plane is shifted to inner side as the Ri/Ro decreases [3]. The
average inner velocity is greater than the average outer
velocity in the vapor core and this difference of both sides
causes the difference of film thickness that the inner film
thickness is thinner than outer film thickness. This differ-
ence of film thickness results in the difference of liquid frac-
tion and mass flux of both liquid films.
This film-splitting look-up table should be used in CHF
calculation. Thus the table has been assessed indirectly
using several CHF data including annulus geometry.
Fig. 7 is plots of the experimental data versus calculation
results for CHF experiments. While Janssen�s experiment
and Becker�s experiment are performed at uniform heating
condition [9,2], KAERI test have both uniform and non-
uniform heater shaping cosine power [7]. Although some
data having large deviation are shown in the non-uniform
heating KAERI data, most of the results including non-
uniform shape are estimated well in RMS error of 0.12.
Also these results represent that results including film-split-
ting model gives better prediction than results without this
model (open data).

4. Conclusion

To improve accuracy of film dryout, it is very important
to estimate liquid film flow rate accurately. The liquid film
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1356 J.-H. Chun et al. / International Journal of Heat and Mass Transfer 49 (2006) 1350–1357
flow rate related an evaporation process should be esti-
mated accurately and depends on a geometric charac-
teristic because all amount of liquid flow in the tube
geometry are evaporated but only some part of liquid is
evaporated in the annulus geometry. Here, new mechanis-
tic film-splitting model for annulus geometry is necessary
because of cold wall effect. Mechanistic film-splitting in
annulus geometry is modeled in the code by using a film-
splitting look-up table. The look-up table was generated
using the mechanistic film-splitting model in various flow
conditions. And this look-up table was assessed using
Wurtz experimental data and several annulus CHF tests.
These assessments showed reasonably good results esti-
mated in RMS error of 0.12.
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