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Abstract: Liquid film dryout in annular two-phase flow is a crucial problem to ensure the safety of nuclear
power plants since it is a main triggering mechanism of the critical heat flux condition in high-quality flow
boiling encountered in nuclear reactor core. This article presents the outline of the prediction methods of the
wall heat flux at which the liquid film dryout takes place. Effects of additional factors related to the dryout are
also discussed. The factors discussed herein include the spacer effect on the droplet deposition, the effect of
flow oscillation on the critical heat flux and the droplet entrainment induced by the drop impact.

Keyword: liquid film dryout; annular flow model; spacer effect; flow oscillation; secondary entrainment

1 Introduction

Critical heat flux in forced-convective flow boiling is
one of the most important design parameters of
nuclear power plants, since the fuel temperature
increases rapidly due to a sudden reduction of heat
transfer coefficient if the critical heat flux condition
is reached. First, we consider the following simple
situation: flow channel is a round tube, a working
fluid is water, and the channel wall is heated
uniformly. In this case, the critical heat flux can be
expressed as a function of several parameters
including pressure, tube diameter, heated length, flow
rate, and inlet temperature. Here, the effects of
severa additional factors such as the wettability and
the roughness of the heated surface and the dissolved
gas in water are assumed to be insignificant for
simplicity. Since the critical heat flux is a function of
a reasonably small number of parameters and a
number of experimental data are available, many
correlations were developed so farl™™. As one of the
best correlations, Katto and Ohno's correlation is
shown below:

% =X@+K£EJ 1
GAh, Ah,

where q is the critical heat flux, G is the mass flux,
Ahy is the latent heat of vaporization, and Ahg is the
inlet subcooling; X and K are rather complicated
functions of the following three dimensionless groups
L' =L/D, R = pdp, and W = op/G°L; here, L isthe
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heated length, D is the tube diameter, p is the density,
o is the surface tension, and the subscripts g and |
denote gas and liquid phases, respectively. For
example, under the conditions of low pressure, low
mass flux and long tube, X and K are calculated by

X =0.34W %3 /| 2
K =0.77/W°% 3)

This kind of correlations is definitely useful for
prompt estimation of the critical heat flux. However,
even if the correlation is represented in a
dimensionless form, it should still be regarded as an
empirical correlation since it is not based on physical
mechanisms to induce the critical heat flux condition.
Therefore, great care is indispensable to use the
correlations outside the range which the base
experimental data of individual correlations cover. In
addition, if the heat flux distribution is non-uniform
or the flow rate is not constant, it is generaly
impossible to define the situation with a small
number of parameters. It is considered that these
difficulties of the empiricdl methods as well as
scientific interests led to developments of more
mechanistically- or  phenomenologically-based
methods for the critical heat flux.

The mechanisms leading to the critica heat flux
condition in flow boiling can roughly be divided into
the two types: the departure from nucleate boiling
(DNB) and the liquid film dryout. Although the DNB
is not the main topic of this article, it has a close
relation to the transition from nucleate boiling to film
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boiling observed in heat-flux-controlled pool boiling
experiments. In high-vapor-quality flow boiling, the
critical heat flux condition is reached at the lower
heat flux since the flow pattern transition to the
annular two-phase flow takes place in a boiling
channel. In this case, the channel wall is exposed to
the vapor phase when the liquid film is depleted, and
the wall temperature rises sharply due to the sudden
deterioration of the heat transfer coefficient. Hewitt,
et al. would be the first to provide clear experimental
evidence that the onset of critical heat flux condition
in annular two-phase flow regime corresponds
closely to the depletion of the liquid film. They
performed simultaneous measurements of the film
flow rate and the wall temperature in uniformly
heated boiling channels to show that the critical heat
flux a which the temperature excursion took place
was very close to the heat flux at which the local film
flow rate at the channel exit became zero™™®!.

The understanding of the situation at the onset of
critical heat flux condition led to a development of
the annular flow model that enabled more
mechanistic prediction of the critical heat flux caused
by the liquid film dryout™. The annular flow model
overcame some of the difficulties associated with
fully-empirical CHF correlations. It should however
be noted that a number of simplifications and
empirical constants are needed to calculate the axial
distribution of the film flow rate in a boiling channel.
Therefore, empiricism still remains even in the
annular flow model. In the present article, the
prediction of CHF using the annular flow model is
outlined, and then thermal- hydraulic issues regarding
its general validity are discussed.

2 Prediction of dryout type CHF

2.1 Annular flow model

A distinct feature of annular two-phase flow is that
liquid phase flows partly as entrained droplets in
high-velocity gas core and partly as a liquid film
moving along a channel wall. Entrainment fraction is
hence used as the term to express the ratio of the
droplet flow rate to the total liquid flow rate. In
adiabatic annular flow, the entrainment fraction near
the mixing section is dependent on the method to mix
the gas and liquid phases, but it reaches a
quasi-equilibrium state sufficiently downstream from

the mixing section®. This experimental evidence
indicates that mass transfers are present between the
droplets and the liquid film in annular two-phase flow.
Different terminologies are used to express the mass
transfer process from the droplets to the liquid film
and that in the opposite direction. The former is the
droplet deposition and the latter is the droplet
entrainment. In diabatic annular flow, it may further
be assumed that the wall heat flux is spent for the
vaporization of the liquid film. Therefore, variation
of the film flow rate in the axia direction is
expressed by

dG,
dz

4
=E(md—me—nb) 4

where G; is the mass flux of a liquid film, z is the
axia coordinate, D is the tube diameter, my is the
deposition rate of droplets, me is the entrainment rate
of droplets, and m, is the vaporization rate. Equation
4 is a first-order ordinary differential equation.
Therefore, if it is integrated numerically, axia
distribution of G; can be calculated without difficulty.
Since m, is a monotonically increasing function of
the wall heat flux q,, G; decreases with anincreasein
Ow- The value of q, at which the minimum vaue of
G within a boiling channel is small enough can be
regarded as the critical heat flux.

In Eq. (4), we can see severa advantages of the
annular flow model over the fully-empirica
correlations. First, the annular flow model requires no
specia treatments for axially non-uniform heating.
Since it predicts the axial distribution of Gy, not only
the critical heat flux but also the dryout point is
readily calculated. Second, Eq. (4) can be extended
for the dryout in a transient statd” as well as the
situation in which multiple liquid films are present!®.
Therefore, the annular flow model is applicable to
more complicated situations such as the transient
dryout and the liquid film dryout in annuli and rod
bundles. One can expect that these features are
particularly advantageous in the application to the
prediction of the critical heat flux in nuclear reactor
core.

2.2 Correlations

To perform the integration of EQ. (4), appropriate
correlations are necessary to evaluate the mass
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transfer rates and to specify boundary conditions.
Due to empirica constants included in the
correlations, general validity of the calculated CHF
values suffers certain deterioration. Since numerous
correlations were developed so far, the correlations
used in author's work!™ are mainly discussed in this
section.

2.2.1 Mass transfer rates

First, the methods to evaluate my, me and m, in Eq. (4)
are discussed. In order to express my with simple
equations, it is generally assumed that my is
proportional to the droplet concentration in the gas
core C:

m, =k,C (5)

where ky is a droplet transfer coefficient having the
units of velocity. If the liquid film is sufficiently thin
and the droplet velocity relative to the gas phase is
neglected, C is calculated by

C~p,G, /G, (6)

where p is the density, G is the mass flux, and the
subscripts g and d denote the gas phase and droplets,
respectively. Accurate evauation of ky is a
particularly important step in predicting the CHF
using the annular flow model. It is known that ky is
dependent on various parameters such as the flow
rate of gas phase™ and the droplet concentration in
the gas coré®™. It was also reported that some
detailed experimental setup has an additiona
influence on k™. For better prediction of kg,
Okawa, et al.™ used the following two correlations
depending on the flow conditions.

-0.5
D
k222 — 00632 & @)
o) Py
k -0.5 G D -0.2
el :0.009{3] [ 9 ] P ()
Gg pg /Ug

where p is the viscosity and Pr is the Prandtl number.
Equation 7 is based on the experimental data for
various fluids including water compiled by Govan, et
al.*¥ and Eq. (8) was developed by Sugawara using
the data for steam-water annular flow!’®. In the
earlier stage, the correlation was developed based
entirely on dimensional analysis. In recent studies,

detailed numerical simulations were carried out to
elucidate the mechanisms to determine the
dependence of kg on various parameters’ %, For
example, Yamamoto and Okawa™ conducted
particle tracking simulations to show that
modification of turbulent flow field in the gas core
plays a significant role in causing a reduction of ky
with anincreasein C.

Direct measurement of the entrainment rate is very
difficult. In the determination of entrainment rate, it
is usually assumed that the entrainment rate is equal
to the deposition rate in the equilibrium region of
adiabatic annular flow. Therefore, the data of my
obtained in the equilibrium region may be used to
develop the correlation for m™. In the alternative
method, the data of the entrainment fraction in the
equilibrium region Ey are used. Since Gy = E«Gi,,
the assumption of m, = my leads to

m, =k, 0,E,G /G, (9)

Okawa, et al.'"* further assumed that the droplet
entrainment is enhanced by the interfacial shear force
acting on a liquid film while suppressed by the
surface tension force acting on it, and introduced the
following dimensionless number defined as the ratio
of the two forces.
fingé
To=—— (10)
PyC
where f; is the interfacial friction factor and o is the
film thickness. They showed that the data of Eg
reported in various sources are collapsed
satisfactorily well if the following functional form is
assumed for me.

m =k.o7g (11)

where the proportionality factor ke and the exponent n
are the model constants and their values are
dependent on the range of z™. Okawa, et al.™"
further included the contribution of the boiling that
would take place in aliquid film in diabatic annular
flow. The correlation developed by Ueda, et al.’?!
was used for this purpose. The correlation is based on
the experiments on the droplet entrainment from a
freely falling liquid film on vertical heated tubes, in
which the shear force acting on a liquid film may be
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neglected. It should however be noted that there
would be a controversy whether or not the results for
afreely faling film can be applied directly to aliquid
film in annular two-phase flow.

It is considered that gas and liquid phases are nearly
saturated in annular two-phase flow. It would be fair
to assume that al the heat is spent for the
vaporization of aliquid film.

m, =q,/4h, (12)

where q, isthe heat flux.

2.2.2 Boundary conditions

To specify the upstream boundary condition of the
integration, correlations are needed for the transition
to annular flow and the entrainment fraction at the
transition point. These correlations are particularly
important for short tubes, in which the effect of the
inlet condition tends to remain even at the channel
exit!??. Although many methods are available for the
transition, one of the best ones would be that
proposed by Wallis??,

0.6+0.4,/aD(p, — p,)p 1G
% = (13)
0.6+./p/p,

where X is the quality at the transition and g is the
gravitational acceleration. Since the entrainment
fraction is usually measured in the equilibrium region
of adiabatic annular flow, experimental information
for the entrainment fraction at the transition to
annular flow E; is scarce. It may hence be most
presumable to assume that the hydrodynamic
equilibrium (my = my) is established promptly at the
transition point to calculate E;.

Circumferential distribution of a liquid film would
not be perfectly uniform even in a round tube, and
local instantaneous film flow rate would not be
constant even in a steady state due to the presence of
interfacial waves such as ripple and disturbance
waves. Therefore, in a strict sense, loca
instantaneous film flow rate can be zero to cause
temperature excursion before the cross-sectional and
time averaged film flow rate that is the flow rate
calculated by the annular flow model becomes zero.
In addition, a certain amount of liquid is needed to
cover the heated surface completely. These lead to

the concept of critica film flow rate at which a
sudden increase in the wall temperature occurs.
Okawa, et al.™ modified the correlation by Ueda
and Isayama® to evaluate the critical film flow rate.
In many conditions of interest, however, the CHF
value calculated by the annular flow model is not
dependent significantly on the critical film flow
rate’®?. Therefore, the use of the simplest assumption
that the complete depletion of a liquid film
corresponds to sudden deterioration of heat transfer
would also be recommended. However, the critical
heat flux is sometimes overestimated even if the
predictions of the film flow rate at the heat fluxes less
than CHF are satisfactory!®. Such discrepancies may
be attributed to present insufficient understanding of
the situation at the onset of critical heat flux
condition.

2.3 Comparisonswith experimental data

The annular flow model outlined in the previous
section was used to calculate the dryout type critical
heat flux in uniformly-heated round tubes. The results
are depicted in Fig. 1™, It can be seen that the
calculated CHFs are in fairly good agreements with
experimental data (standard deviation is 0.128 for
1926 data). It was aso demonstrated that the
predictive performance is not deteriorated even for
axially non-uniform heating and non-circular
channels. In the case of thin rectangular channels,
however, the present model tended to overestimate
the critical heat flux. Accumulation of the liquid film
at the corner sections was considered to be a main
cause of the discrepancy.

In the calculation of CHF using the annular flow
model, appropriate correlations should be prepared
for extremely complex processes such as the
deposition and entrainment of droplets. Evidently,
further experimental and numerical studies are
necessary to improve the accuracy and reliability of
each correlation. However, al the correlations
included in the present model were derived from the
experimental data of the film flow rate and droplet
flow rate in adiabatic and diabatic two-phase flows.
At least, the model does not include the arbitrary
constants that should be adjusted from the
comparisons of the calculated and measured critica
heat fluxes. Nonetheless, fairly good agreements
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could be achieved as demonstrated in Fig. 1. It is
considered that the annular flow model is a powerful
tool to predict the dryout type critical heat flux.
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Fig.1 Comparisons between measured and calculated
dryout-type critical heat fluxesin uniformly heated vertical
round tubes™Y.

3 Relevant thermal-hydraulic issues

To apply the annular flow model to the prediction of
the CHF in nuclear reactor core and more
complicated situations, additiona issues frequently
arise. Such issues addressed in author's |aboratory are
discussed in what follows.

3.1 Spacer effect

In the fuel assemblies in nuclear reactor core, the rod
spacing devices called spacer are used to maintain the
configuration of fuel rods. Although the primary
purpose of the spacer is to keep the arrangement of
fuel rods, it is known that it enhances the critical heat
flux?®®?". The spacer effect on the critical heat flux
can be attributed to the enhancement of droplet
deposition. In annular two-phase flow, the droplet
paths are nearly parallel to the channel wall. Slight
deviation from the ideal path causes the droplet
deposition on a liquid film. The spacer can be
regarded as the flow obstacle placed in a boiling
channel. It may be expected that the droplet paths are
deviated significantly from the ideal ones and many
droplets are deposited on a liquid film around the
spacer.

In order to €lucidate the detailed mechanisms of the
deposition enhancement, a series of air-water

experiments were carried out®>%. The test sections
are shown schematically in Fig. 2%, The air-water
annular flow entered the test section from its bottom.
The test section was a 5 mm diameter vertical round
tube. The whole of the liquid film was extracted
together with a small amount of air at the first
extraction unit, in which the tube wall was made of
porous material. Since the remaining droplets were
re-deposited onto the tube wall, a new liquid film was
build up between the first and second extraction units.
The new liquid film was extracted at the second film
extraction unit to calculate the deposition rate of
droplets within the re-deposition section. Five small
tubes of 20 mm in length were placed concentrically
in the test section to explore the obstacle effect on the
droplet deposition. The five obstacles had different
inner and outer diameters; their blockage ratios were
within 0.12-0.40. In many models for the spacer
effect, it is hypothesized that the deposition
enhancement is mainly caused downstream of the
flow obstacle due to turbulence augmentation, drift
flow, run-off effect, etc. It was however speculated
that the deposition enhancement occurs not only
downstream but also at the inlet of the obstacle
section. In the present experiment, the obstacles were
placed at the three axial locations as depicted in Fig.
2. It was supposed that the film flow rate measured at
the second film extraction unit reflects no obstacle
effect in the first configuration, includes the
deposition enhancement at the inlet of the obstacle
section in the second configuration, and the whole of
the obstacle effect in the third configuration.

As typical experimental data, the film flow rates
relative to the total liquid flow rates measured for
Type-R obstacle (D;=2.0mm, D,=3.0mm, /4 =0.20)
and Type-D1 obstacle (D;j=1.0mm, Do =2.5mm, =
0.21) are depicted in Fig. 3; here, D; and D, are the
inner and outer diameters of the obstacle tube and £,
is the blockage ratio. It can be seen that the film flow
rate was significantly greater downstream of the
obstacles than upstream in al the experimenta
conditions. Another important observation in Fig. 3is
that a noticeable increase in the film flow rate already
took place at the middle of the flow obstacles. These
results clearly indicate that the droplet deposition is
enhanced significantly by the flow obstacle, and that
the deposition enhancement occurs not only
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downstream but also at the inlet of the obstacle
section.
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Fig.2 Schematic diagram of the deposition rate
measuring section; anew liquid film is extracted (a) upstream,
(b) at the middle, and (c) downstream of a flow obstacle®.

(unit: mm)
1.0 T 1.0 T
Type-R Type-D1

- O G|0—848kg/m S — O G= 848kg/m S
o O G|0-423kglm S o O G|-423kglm S
Q & Gy=212kgim s e A G=212kgim s
g g
£ £
o o
'50.5F 505
g g
S S
c j
9 9
S S
< <
TR o [T

Single Gg =330kg/m Zs Single Gg-330kglm 2s

Double G 0—220kg/m s Double G4 220kglm S

0.0 : 0.0 :
Up Mlddle Down Up Mlddle Down
a b

Fig. 3 Fractional flow rates of liquid film at the second
film extraction unit; the liquid film was extracted (Up)
upstream, (Middle) at the middle, and (Down) downstream of
the small tubular flow obstacles; (a) Type-R obstacle and (b)
Type-D1 obstacl€™?.

Detailed andysis showed that the deposition
enhancement at the inlet became noticeable with an
increase in the blockage ratio and a decrease in the

obstacle diameter. The number of the droplets
impinging on the front face of the obstacle would
roughly be proportional to the cross-sectional area of
the obstacle and the drift flow formed at the inlet
section would tend to direct toward the channel wall
for small-diameter tubes. It was therefore supposed
that part of the droplets impinged on the obstacle, and
then they were carried to the channel wall by the drift
flow to contribute to the deposition enhancement. It
was also shown that the deposition enhancement
downstream of the obstacle was significant when the
wall thickness of the obstacle was large. It was
speculated that the size of the turbulent eddy formed
behind the obstacle was influential in the deposition
enhancement observed downstream of the obstacle.

Based on the results of air-water experiments, Okawa,
et al. developed an empirical correlation and a
mechanistic model for the obstacle-induced

deposition  enhancement™®®*”.  The  empirica
correlation is
4p. (k,z, +
m, = 2% |1 el Pg (KaZy + KysZs) (14
4z, G,D

where Gy, is the droplet flow rate at the inlet of the
obstacle section and z; is the deposition length; kgsZis
is the term to express the obstacle effect and
expressed by

09 p-11 pgD >
Ko =528,°B, ( . ] D (15)

where Sy is the ratio of the mean obstacle diameter to
the channel diameter. The mechanistic model only
accounts for the deposition enhancement at the inlet
and given by

_DCuly - _Aogka% 16
= {1 d ﬁs)exp[ oD H (16)

where £ is the area ratio of the outer region beyond
the stagnation line in the front face of the obstacle to
the channel cross-section. Although these correlation
and model were developed solely based on the
air-water data, the deposition enhancement in
steam-water annular flow was aso predicted
satisfactorily well, as demonstrated in Fig. 4. It
should be noted that the present correlation and
model would not be applicable to intricately-shaped
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spacers used in the nuclear reactor core. It is however
expected that they provide conservative estimation of
the spacer effect and can be used as the base of more
sophisticated methods.
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Fig.4 Comparisons of calculated deposition rate of
droplets with experimental data for steam-water annular flow
in the channel containing a tubular flow obstacleY.

3.2 Effect of flow oscillation

Since an increase in the core power density is one of
the most promising ways to further improve the
economic efficiency, high-power-density core is
adopted in many advanced nuclear reactors. It is
however known that an increase in the power density
commonly leads to the reduction of the margin to the
onset of unanticipated flow instability in boiling
two-phase flow systems®?. Therefore, to ensure the
safety of the advanced nuclear reactors, a
satisfactorily reliable method is needed to predict the
critical heat flux even under the flow oscillation
conditions as well asin the steady states.

We consider a rather simple situation in which the
test section is a uniformly heated round tube and the
inlet mass flux G is oscillated sinusoidaly, as
illustrated in Fig. 5.

G=G + AGsin(z—”tj (17)

OC

where t is the time, Gave is the time-averaged inlet
mass flux, AG is the oscillation amplitude, and togc is
the oscillation period. The minimum inlet mass flux
Gmin is equal to Gave — AG. It is expected that, if the
heat flux qy is increased gradualy, the first
instantaneous dryout takes place at the channel exit
when the fluid corresponding to Gy arrives at the
channel exit. If the heated length L is short or the

oscillation period tog is long, the flow oscillation at
the inlet would directly affect the dryout at the
channel exit. In this case, the critical heat flux under
the oscillatory condition gosc Would be equal to gwin
that is the critical heat flux in the steady state of G =
Gmin- Whilst, for sufficiently long L or sufficiently
short tos, the situation at the channel exit would not
be influenced by the oscillation of the inlet mass flux.
In this case, qosc would be equal to gae that is the
critical heat flux in the steady state of G = Gae. In
view of these, Okawa, et al.®™ introduced the
dimensionless critical heat flux q defined by

q* — Oosc — Quin (18)

Aave — Auin

The fluid velocity in the liquid film depends on the
film thickness. For example, the liquid can move
only slowly in athin film due to significant influence
of the wall shear stress. It is therefore expected that
interaction takes place between the thin and thick
film regions to cause liquid transport from the thick
to thin film regions. Based on the velocity difference
within the liquid film under the flow oscillation
condition, the dimensionless heated length L~ was
derived to characterize the degree of interaction.

- _2pn, ( AG ]0‘2

(19)
GAVE

GAVE tOS:

The alternative form of L~ was aso derived using a
nonlinear wave theory™**. |t was expected that q" is
expressed as a monotonically increasing function of

*

L.

To test the validity of the proposed theory and to
determine the functional relation between q and L,
numerical simulations using a one-dimensiona
three-fluid model were performed. The basic
equations of the three-fluid model consist of the
conservation equations of mass, momentum and
energy for a liquid film, droplets and gas phase™®.
The mass conservation equation for aliquid filmis
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Fig.5 Thermal-hydraulic condition supposed in a boiling channel under a flow oscillation condition®¥.
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Fig.6 Timevariations of the inlet and outlet mass fluxes
calculated using a one-dimensional three-fluid mode!'3.

1.5 T T T
Reference condition

D=10mm, L=4m, P x=7MPa, G 4,£=500kg/m ’s
AG/G pg=0.5, T ggc=2.1s

D=5-45mm
L=1-40m

Pex=0.1-9MPa
Gpve=100-2000kg/m?s  /
AG/G g=0.1-0.9 y
Tosc=0.5-325 8

+Xx e o@0Oo

10

1

Fig. 7 Relation between the dimensionless heated length
L" and the dimensionless critical heat flux g in the numerical

simulation®3,

reduced to the basic equation of the annular flow
model in the steady state. The time variations of the
mass fluxes at the inlet and outlet of the boiling
channel are depicted in Fig. 6. The flow oscillation
imposed at the inlet decayed noticeably at the outlet
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Fig. 8 Relation between the dimensionless heated length
L" and the dimensionless critical heat flux g in the
experiment™?.

as expected in the proposed theory. The relation
between L" and g is explored in Fig. 7. It can be seen
that the following simple function is satisfactory to
express the relation between the two dimensionless
numbers:

g =tanh(0.4L) (20)

Experimental measurements of the critical heat flux
under flow oscillation conditions were conducted to
test the validity of Eq. (20). The test section was a
stainless steel tube of 12 mm in inner diameter and
heated ohmically using a DC power supply; the
heated length was 1.36 m. The test fluid was water
and the experiments were conducted under the
atmospheric pressure. To generate flow oscillation,
electric power supplied to the circulation pump was
oscillated sinusoidally. The experimental ranges of
Gave, AGIGae and toge Were 41-237 kg/m?s, 0.25—
0.84 and 2-20 s, respectively. The experimental
results are shown in Fig. 8. As in the numerical
simulation, g tended to increase with an increase in
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L". However, Eq. (20) generally underestimates the
experimental data. The liquid film in annular flow is
covered by interfacial waves such as the ripple and
disturbance waves®**". In particular, the disturbance
waves have a height several times the mean film
thickness, move at a velocity greater than the mean
film velocity, and retain their identity throughout the
flow channel®¥. Their influence was however not
taken into account in the numerical smulation. The
discrepancy between the numerical and experimental
results may hence be attributed to the axial liquid
transport caused by the disturbance waves. Evidently,
further studies are needed to elucidate the cause of
the discrepancy. However, since the experimental
data of the critical heat flux were generally greater
than the values calculated by Eg. (20), the proposed
correlation would be useful for the conservative
estimation of the critical heat flux under flow
oscillation conditions.

3.3 Secondary entrainment

In modeling the deposition rate and entrainment rate
of droplets, it is commonly assumed that the droplets
are absorbed in a liquid film after the collision and
the interfacial shear force exerted by the high
velocity gas core is the main cause of the droplet
entrainment. It is however known that secondary
droplets may be produced during the impact
process=?. The production process of the secondary

droplets taken in author's laboratory is depicted in Fig.

99 The sequential photographs clearly indicate that
significant amount of secondary droplets can be
produced during the impact process. In the case of
the normal impingement of a water droplet on a thin
water layer, the critical condition is expressed by!*”

04
2
M:zloo[ £ ] (22)

o Jpod

where V and d are the impact velocity and the droplet
diameter, respectively. If the properties of the
saturated water under the atmospheric pressure are
substituted and the drop diameter is assumed to be
0.5 mm, the critical velocity calculated by the above
equation is 4.8 m/s. The typical droplet velocity in
annular flow is higher than this value, suggesting that
the drop impact should also be taken into account as
the mechanism of the droplet entrainment. The
secondary entrainment is the term to express the

droplet entrainment caused by the drop impact and
has been concerned by many researchers in modeling
the droplet transfer rates in annular two-phase flow.

O0ms 29.5ms

25ms 47 ms

Fig. 9 Time-elapsed images of normal impact of awater
droplet on a plane water surface (d=4.1 mm,V=3.6 m/s, h=
2 mm)l9,
E «—mpacting drop

0Oms Oms

0.75ms 0.5ms

Fig. 10 Time-elapsed images of oblique impacts of single
water droplets; (a) impact on aplane liquid layer (6= 49°, We
= 215), (b) impact on afalling liquid film (We = 379)1!.

One of the most distinct differences between
available drop impact experiments and the situation
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in annular flow is the impingement angle. In annular
two-phase flow, the droplets impinge on a liquid film
obliquely. If the radiad droplet velocity is
approximated by the friction velocity in turbulent
pipe flow!*3, the impingement angle from the film
surface is only about 3° In most experiments,
however, droplets impinge on a target liquid layer
normally with the impingement angle of 90°. The
lack of detailed experimenta information concerning
the effect of impingement angle may be attributed to
the technical difficulty to let droplets collide
obliquely on aplaneliquid surface.

To investigate the role of impingement angle,
observations were made for oblique impacts of single
water dropletd®*!. The primary droplets were
produced from a spray nozzle to let them collide
obliquely. Typical observation results are depicted in
Fig. 10. The primary droplets collided on a plane
liquid layer and a freely falling liquid film in Figs.
10a and b, respectively. In both cases, secondary
droplets were produced during the impact. At least in
these cases, it is evident that the total volume of
secondary droplets is not negligible comparing with
that of primary droplet.

Let us return to Eq. (21). In oblique drop impact, not
the total velocity component but the component
normal to the surface may be of importance in
determining the outcome of collision. If this is the
case, V in the left-hand-side of Eq. (21) should be
replaced by Vsingd and the critica velocity is
calculated about 100 m/s. The effect of & on the
deposition-splashing limit is explored in Fig. 11. Here,
K is the impact K-number defined by K = \WeOh™*
and the total velocity component was used in
calculating We. A plane liquid film was used as the
target. It can be seen that the experimentally-
determined limit agrees with Eq. (21) fairly well in
moderately oblique impacts of > 30°. This indicates
that the tangential as well as norma components
were equally influential in determining the outcome
of collision and was contrast to the drop impact on a
solid surface in which the influencing factor is the
momentum of the primary droplets in the direction
normal to the surface and not the total momentum
vector®.  For very obliqueimpactsof §< 30°,

O Secondary drops were produced
| x No secondary drop was observed

0 (degree)
Fig. 11 Effect of the impingement angle on the
deposition-splashing limit!*,

10 T
A §=35-45deg

10%F * 6=20-30deg E

10%
£

W
10 ¢
——%
1072k o 4
- TR Correlation for normal impact

1079 4000 8000

K

Fig. 12 Effect of the impingement angle on the total mass
of secondary droplets**.

however, @ had noticeable influence on the limit. The
critical value of K increased to 3000—4000 at & = 25°
and no splashing was observed for € < 20° under the
experimental conditions tested. The experimenta
data of the amount of secondary droplets are shown
in Fig. 12. Here, Ey, denotes the mass ratio of the total
secondary droplets to the primary droplet, and an
empirical correlation for normal impact'*” is depicted
for comparison. It might be surprising that the total
amount of secondary droplets measured for
moderately oblique impacts of 6 = 35-45° was about
100 times greater than that for normal impacts. It is
considered that the remarkable increase of the
secondary droplets can be attributed to the prow-like
asymmetric interfacial structure developed during the
impact (see Fig. 10). However, if the impingement
angle is further reduced to 20-30°, the total amount
of secondary droplets decreased significantly. In
addition, when 6 was less than 20°, production of
secondary droplets was not observed even if K was
greater than 7000. Okawa, et al. discussed that large
portion of the kinetic energy of the primary droplet
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was spent on the formation of liquid flow below the
film surface in very oblique impacts*!. These
experimental  results suggest that secondary
entrainment plays a minor role in determining the
mass transfer rates of droplets in annular two-phase
flow.

4 Concluding remarks

The outline of the CHF prediction using the annular
flow model and severa relevant thermal-hydraulic
issues were discussed. The annular flow model is a
phenomenologicad model to calculate the axia
evolution of the film flow rate in annular two-phase
flow. It requires a number of correlations to evaluate
various quantities that may affect the film flow rate.
Since some quantities are determined through
extremely complex rate processes, the use of the
correlations containing empirical constants would be
unavoidable. Therefore, the reliability of the
calculated CHF values depends significantly on the
accuracy of individual correlations. However,
through mechanistically-based modifications, it can
be applied to more complicated situations in which
no experimental CHF datais available. Thiswould be
one of the most advantageous points over fully-
empirical methods. The first-principle simulation of
the whole thermal-hydraulic field in a boiling channel
is still beyond the present computer power and
numerical methods. The annular flow model and its
extended versions such as the three-fluid model and
subchannel analysis are definitely powerful tools to
evauate the critical heat flux particularly in nuclear
reactor core. There is a substantial need to further
improve these methods.

The relevant issues discussed herein are the spacer
effect, the effect of flow oscillation on CHF and the
secondary entrainment. It should however be noted
that there are many other issues. Several examples
are the cross flow: the fluid transport between
subchannels in nuclear reactor core®®, the cold wall
effect: the influence of non-heated wall on the spatial
distribution of a liquid film™”, and peculiar behavior
of CHF in bilaterally heated annulil®®. The effects of
rod bowing!*¥ and partial length rods™ on behavior
of droplets and aliquid film would also be interesting
aswell asimportant research topics.

Nomenclature

C
D
d
E
fi

G

Em

droplet concentration (kg/m°)

tube diameter (m)

droplet diameter (m)

entrainment fraction (dimensionless)
interfacial friction factor (dimensionless)
mass flux (kg/m?s)

mass ratio of the total secondary droplets
to the primary droplet (dimensionless)
gravitational acceleration (m/s’)
liquid layer thickness (m)

impact K-number (dimensionless)
droplet transfer coefficient (m/s)
proportionality factor in Eq. (11) (mV/s)
heated length (m)

deposition transfer rate (kg/m?s)
entrainment transfer rate (kg/m?s)
vaporization transfer rate (kg/m?s)
Ohnesorge number (dimensionless)
Prandtl number (dimensionless)

heat flux (W/m?)

critical heat flux (W/m?

wall heat flux (W/m?)

time (s)

oscillation frequency (s)

impact velocity (m/s)

Weber number (dimensionless)

vapor quality (dimensionless)
deposition length (m)

Greek symbols

B blockage ratio (dimensionless)

ir diameter ratio (dimensionless)

Ds area ratio of the outer region beyond the
stagnation line in the front face of the
obstacle to the channel cross-section
(dimensionless)

AG  oscillation amplitude (kg/m?s)

Ahs inlet subcooling (Jkg)

Ah,  latent heat of vaporization (Jkg)

) film thickness (m)

7, viscosity (Pa:s)

T dimensionless number defined by Eg. (10)
(dimensionless)

0 impingement angle (dimensionless)

p) density (kg/m°)

o surface tension (N/m)
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Subscripts

1 inlet of deposition section
AVE timeaverage

d droplet

eq equilibrium

i inside

f liquid film

g gas phase

I liquid phase

MIN  minimum

OSC oscillation

o] outside

s obstacle effect

t transition to annular flow
Super script

* dimensionless
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