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Abstract This study aims to reveal the effects of liquid en-
trainment, initial entrained fraction and tube diameter on liq-
uid film dryout in vertical upward annular flow for flow boil-
ing. Entrainment and deposition rates of droplets were includ-
ed in mass conservation equations to estimate the local liquid
film mass flux in annular flow, and the critical vapor quality at
dryout conditions. Different entrainment rate correlations
were evaluated using flow boiling data of water and organic
liquids including n-pentane, iso-octane and R134a. Effect of
the initial entrained fraction (IEF) at the churn-to-annular flow
transition was also investigated. A transitional Boiling number
was proposed to separate the IEF-sensitive region at high
Boiling numbers and the IEF-insensitive region at low
Boiling numbers. Besides, the diameter effect on dryout vapor
quality was studied. The dryout vapor quality increases with
decreasing tube diameter. It needs to be pointed out that the
dryout characteristics of submillimeter channels might be dif-
ferent because of different mechanisms of dryout, i.e., drying
of liquid film underneath long vapor slugs and flow boiling
instabilities.

Nomenclature
a, b, c dimensionless constants
Bl Boiling number, q/(hLGG)
C droplet concentration, kg m−3

D deposition rate, kg m−2 s−1

d diameter, m
E entrainment rate, kg m−2 s−1

G mass flux, kg m−2 s−1

GLFC critical liquid film mass flux, kg m−2 s−1

g gravitational acceleration, m s−2

hLG latent heat of vaporization, J kg−1

kD deposition mass transfer coefficient, m s−1

L heated length of the tube, m
P pressure, bar
q heat flux, kW m−2

Re Reynolds number, Gd/μ
T temperature, K
UGS superficial gas velocity, m s−1

uG gas phase velocity, m s−1

V evaporation rate, kg m−2 s−1

WeG Weber number, ρG UGS
2d/σ

x vapor quality
Greek symbols
μ dynamic viscosity, Pa s
ρ density, kg m−3

σ surface tension, N m−1

Subscripts
cr critical
exp experimental
G gas
L liquid
LE liquid entrained
LF liquid film
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LFC critical liquid film
pre predicted
sat saturated

1 Introduction

Critical heat flux (CHF) represents the operational limit of the
heat flux, which occurs at the transition from the nucleate
boiling regime or thin film evaporation regime to the film
boiling regime − a very poor heat transfer mechanism [1].
At CHF, the liquid being in contact with the heated surface
is replaced by a vapor blanket, characterized by a sharp reduc-
tion of the local heat transfer coefficient, and a sudden increase
in surface temperature for heat-flux controlled systems.
Therefore, CHF forms one of the most important design
criteria and boundaries for boiling/evaporation-related appli-
cations. CHF can be mainly categorized into two types based
on different heat transfer mechanisms: departure from nucle-
ate boiling (DNB) and liquid film dryout. DNB generally
occurs at high heat flux and low vapor quality (mainly at
subcooled) conditions for bubbly flow and/or slug flow.
Dryout of the liquid film on the tube wall is primarily encoun-
tered at relatively low/medium heat flux and medium/high
quality conditions in churn and annular flow. Numerous ex-
perimental CHF data and predictive correlations/models have
been reported in the literature, e.g., refs. [2–9]. The CHF look-
up table updated by Groeneveld et al. [4] is a normalized data
bank for a 8-mm vertical tube, predicting the CHF as a func-
tion of pressure, mass flux and vapor quality.

It is generally true that part of the liquid phase is entrained
as droplets in the vapor core in annular flow. During flow
boiling, the entrained droplets are mainly caused by inlet en-
trainment, by the bursting of bubbles at liquid surfaces from
the upstream bubbly flow and other flow patterns (e.g., slug
flow, plug flow, churn flow) and by the large disturbance
waves at the liquid-vapor interface due to flow boiling insta-
bilities [10, 11]. Different entrainment rate correlations are
proposed in the literature, e.g., Paleev and Filippovich [12]
and Dallman et al. [13] for horizontal adiabatic air-water flow,
Hewitt and Govan [14] for non-equilibrium flows with phase
change, Lopez de Bertodano et al. [15] for vertical adiabatic
air-water flow, and Kataoka et al. [16] for adiabatic two-phase
flow. Entrainment and deposition were implemented with
some success in liquid film dryout models for the annular flow
regime to estimate the dryout vapor quality or the dryout CHF
[14]. In liquid film dryout models, some initial conditions are
necessary such as the vapor quality and the initial entrained
fraction at the churn-to-annular flow transition. No agreement
has been achieved yet regarding the effect of the initial
entrained fraction. Azzopardi [17] carried out CHF calcula-
tions at a number of initial entrained fractions in the range of

0.01 to 0.99. A value of 0.7 for initial entrained fraction at the
onset of annular flow was assumed by Ahmad [18].

Effect of tube diameter on dryout is less understood due to
scarcity of systematic experimental work, despite the large
amount of available CHF data in the literature. It is difficult to
find a systematic set of data, with similar operating conditions
at different tube diameters for comparison [19]. One of the
earliest studies of diameter effect on CHF was carried out by
Becker [20] in Sweden in 1965, followed by Boltenko et al.
[21], Celata et al. [22], Tanase et al. [23] etc. There is no clear
and consistent view of the effect of diameter on CHF. Table 1
summarizes the main phenomena and the corresponding mech-
anisms for the diameter effect on CHF in conventional tubes. In
annular flow, generally CHF increases with decreasing tube
diameter. The probable reason for this trend for the dryout-
type CHF might be that significant liquid entrainment and
rough wavy liquid-vapor interface are more likely to occur in
large diameter tubes than in small diameter tubes. Flow visual-
ization studies indicate that there is significant entrainment in
the annular two-phase flow for large diameter tubes and the
liquid-vapor interface is very chaotic with vigorous activity of
droplet entrainment and deposition processes.More recent flow
visualization studies (e.g., Karayiannis et al. [24], Harirchian
and Garimella [25]) indicate that for flow boiling in small di-
ameter tubes, there is virtually no entrainment and the liquid
film interface is relatively smooth. These observations provide
compelling evidence that droplet entrainment would increase
with increasing tube diameter and hence reduce the dryout
quality as the tube diameter increases for dryout-type CHF. It
is noted that the features indicated in Table 1 might not be
applicable for micro/minichannels mainly due to the following
reasons. Firstly, explosive bubble growth and possible flow
instability and flow reversal tend to induce premature CHF
[1]. Secondly, bubbles tend to be confined and coalesced to
form elongated bubbles. The mechanism of intermittent dry-
out underneath the elongated bubbles probably differs from the
DNB-type CHF in conventional tubes. Thirdly, liquid film
around the wall ruptures due to departure from thermal-
hydraulic equilibrium in microchannels. In addition, the
bubble-tube interaction at smaller scales is potentially more
pronounced compared to large-scale tubes. Moreover, rough-
ness size not obvious in conventional tubes might need to be
considered compared to the small diameter of microchannels.

The present work aims to (1) evaluate different entrainment
rate correlations, (2) study the effect of initial entrained fraction
at the churn-to-annular flow transition and (3) the effect of tube
diameter on liquid film dryout in vertical upward annular flow.

2 Liquid film dryout in annular flow

The local value of the liquid filmmass flux in annular flow can
be estimated by integration of the mass conservation equation
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from the churn-to-annular flow transition point to the dryout
point (where the liquid film mass flux equals zero) [14]:

d
dz

GLF ¼ 4

d
D−E−VLFð Þ ð1Þ

where D, E and VLF indicate the deposition rate, the en-
trainment rate and the liquid film evaporation rate (mass per
unit channel surface area per unit time), respectively. D is
calculated by [14]:

D ¼ KDC ð2Þ

The droplet concentration C in the gas core is calculated on
a homogeneous basis as:

C ¼ GLE

GG

ρG
þ GLE

ρL

ð3Þ

The deposition mass transfer coefficient (KD) was correlat-
ed in the form [14]:

KD ¼
0:18

σ
ρGd

� �0:5

if
C
ρG

≤0:3

0:083
σ

ρGd

� �0:5 ρG
C

� �0:65
if

C
ρG

> 0:3

8>>><
>>>:

ð4Þ

Hewitt and Govan [14] proposed the following expression
to calculate the entrainment rate for adiabatic two-phase flow
and flow with evaporation:

E ¼ 5:75� 10−5Gx
dρL
σρ2G

GLF−GLFCð Þ2
� �0:316

ð5Þ

where GLFC is the minimum liquid film mass flux for the
onset of droplet entrainment, given by [14]:

GLFC ¼ μL

d
exp 5:8504þ :04249

μG

μL

� �
ρL
ρG

� �0:5
" #

ð6Þ

Lopez de Bertodano et al. [15] proposed an entrainment
rate correlation based on air-water experiments in a vertical
tube of an internal diameter of 9.5 mm.

E ¼ 7:42� 10−7
μL

d
WeG

ρL−ρG
ρG

� �0:5

ReLF−ReLFCð Þ
" #n

μG

μL

� �0:26

ð7Þ

where the minimum Reynolds number for the onset of
droplet entrainment of the liquid film is

ReLFC ¼ 80 ð8Þ

The gas Weber number WeG can be calculated by

WeG ¼ ρGU
2
GSd
σ

ð9Þ

Later, based on air-water and R-113 entrainment rate data,
Lopez de Bertodano et al. [26] developed a new model to
estimate the entrainment rate

E ¼ 5� 10−8
μL

d
ReLF−ReLFCð ÞWeG

ρL
ρG

� �0:5

ð10Þ

Dallman et al. [13] correlated the entrainment rate from a
liquid film for air-water upflow as follows

E ¼ 9:5� 10−7d GLF−GLFCð Þμ2
Gρ

0:5
G ρ0:5L ð11Þ

Table 1 The diameter effect on CHF for conventional tubes

CHF types Phenomena in smaller diameter tubes Mechanisms for higher CHF in smaller diameter tubes

DNB-type CHF at subcooled and low vapor quality
conditions (bubbly and/or slug flow)

Thinner bubble boundary layer
Lower void fraction within bubble

layer
Higher temperature and velocity

gradients of the boundary layer
Interfacial friction inversely

proportional with Reynolds number

Better heat transfer
Easier re-entry of liquid replenishment
Higher condensation rate at bubble tip, slower bubble

generation and easier bubble detachment
Better heat transfer due to increased liquid-vapor inter-

actions

Dryout-type CHF at medium/high quality conditions
(churn and annular flow)

Thinner liquid film, i.e., lower liquid
mass flow rate in the film

Larger temperature gradient in the
liquid film

Lower liquid entrainment rate, suppressed nucleate
boiling, higher evaporation rate

Better heat transfer
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where GLFC is given by

GLFC ¼ 0:184
.
d ð12Þ

The following correlation can indicate the transition from
churn flow to annular flow.

UGS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρG

gd ρL−ρGð Þ
r

≥1 for annular flow ð13Þ

The above modelling of film dryout is essentially based on
adiabatic deposition and entrainment rates. One would guess
that the deposition rate depends on droplet concentration and
hence same for adiabatic or boiling situation. However, for
entrainment rate, there could be significant difference between
the two situations. Compared to adiabatic situation, the vapor
generation flux during the boiling process tends to “stir” the
liquid-vapor interface and promote liquid entrainment. The

Boiling number (Bl) is a good measure of vapor generation
flux. Therefore, an additional term of the Boiling number
might be adopted in the entrainment rate correlation to in-
crease the entrainment for flow boiling. The additional term
of Boiling number will be incorporated in the entrainment rate
correlation Eq. (5) for organic liquids. The additional Boiling
number term will not be used for water as the Hewitt and
Govan model [14] has been extensively validated for steam-
water systems. For organic liquids, a Boiling number term has
been added to Eq. (5) as follows:

E ¼ 5:75� 10−5Gx
dρL
σρ2G

GLF−GLFCð Þ2
� �0:316

1þ ax−1:2Bl0:1
	 


ð14Þ

Equation (14) shows that an additional term in the form of
(1 + axbBlc) has been used with a > 0, b < −1.0 and c > 0. Such
an additional Boiling number form has a value larger than

Fig. 1 Evaluation of the Hewitt and Govan model [14] (Eqs. (5) + (6)) and the modified model (Eqs. (14) + (6)) for n-pentane and iso-octane data of
Kandlbinder [27] and for R134a data of Kim and Chang [28] at two different IEF values: a n-pentane; b iso-octane; and c R134a
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unity, which indicates that flow boiling increases the droplet
entrainment.

3 Evaluation of entrainment rate correlations

Experimental dryout data from Kandlbinder [27] for flow
boiling of iso-octane and n-pentane, from Kim and Chang
[28] for flow boiling of R134a and from Becker [20] for flow
boiling of water were used to evaluate the entrainment rate
correlations. In Kandlbinder [27], the dryout data were obtain-
ed for flow boiling of iso-octane and n-pentane in a long
vertical tube with an inner diameter of 25.4 mm. The experi-
mental ranges for saturation pressure, mass flux and heat flux
are 2.06–9.99 bar, 191–522 kgm−2 s−1 and 29–100.5 kWm−2,
respectively. In Kim and Chang [28], the dryout-type CHF
data were obtained for flow boiling of R134a flowing upward

Fig. 2 Evaluation of the Hewitt and Govan model [14] (Eqs. (5) + (6))
for water data of Becker [20] at two different IEF values

Fig. 3 Evaluation of the Lopez de Bertodano et al. model [15] (Eqs. (7) +
(8)) and the Lopez de Bertodano et al. model [26] (Eqs. (10) + (8)) for n-
pentane and iso-octane data of Kandlbinder [27], for R134a data of Kim

and Chang [28] and for water data of Becker [20] at two different IEF
values: (a) n-pentane; (b) iso-octane; (c) R134a; and (d) water
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in a uniformly heated vertical tube with an inner diameter of
17.04 mm and a heated length of 3 m, and the corresponding
experimental ranges for saturation pressure, mass flux and
heat flux are 13.0–23.9 bar, 285–1300 kg m−2 s−1, and 35–
140 kW m−2, respectively. For Becker [20], the dryout data
were for flow boiling of water in vertical tubes of different
diameters. The experimental data at a saturation pressure of
50 bar were selected and the corresponding experimental
ranges for mass flux, heat flux and diameter are 255–
3795 kg m−2 s−1, 1002–4590 kW m−2, and 3.93–19.93 mm,
respectively. For all the three data sets, only the data points
with L/d ratios larger than 150 were selected [7].

Figure 1 shows the estimations of the Hewitt and Govan
model [14] at two different values of initial entrained fraction
(IEF) at the churn-to-annular flow transition. Information on
the amount of entrained liquid at the transition from churn to
annular flow boundary is required as it is the starting point of
integration of Eq. (1). Similar to Ahmad [18], an IEF of 0.7
was used. An IEF value of 0.1 was also used in this work for
comparison to investigate the effects of IEF on liquid film
dryout in annular flow, which will be discussed later. On one
hand, it can be noticed from Fig. 1a that the Hewitt and Govan
model [14] (Eqs. (5) and (6)) with an IEF value of 0.7 could
capture most of the data points of n-pentane within the ±30%
error band. On the other hand, the Hewitt and Govan model
[14] tends to over-predict the data points of iso-octane and
R134a, especially at low dryout vapor qualities. Figure 2
shows predictions of the Hewitt and Govan model [14] for
water data of Becker [20] at two different IEF values.
In general, the Hewitt and Govan model [14] can pre-
dict most of the data points of water within the ±30%
error band, only with a slight over-prediction at low dryout
vapor qualities. The Hewitt and Govan model [14] was gen-
eralized and evaluated based on a large water database.
Therefore, it generally shows very good estimations for water
data. Besides, from Fig. 1a, it still shows some predictive
potential for organic liquids.

As can be seen from Fig. 1b and c, the Hewitt and Govan
model [14] using Eq. (5) tends to over-predict the data for iso-
octane and R134a, especially at low dryout vapor qualities.
Therefore, in Eq. (14) a vapor quality term with a power index
less than −1.0 was used, which gives a larger entrainment rate
at a lower vapor quality. When b = −1.2 and c = 0.1, most of
the predicted dryout quality values for n-pentane, iso-octane
and R134a are almost evenly distributed within the ±30%
error band at IEF = 0.7 with an a value of 1.0, 1.5 and 2.0,
respectively. Such a trial indicates that an additional term with
a form similar to Eq. (14) might improve the predictive capa-
bility of liquid film dryout by considering the effect of flow
boiling on droplet entrainment. More specific values of a, b
and c could be obtained if a large database had been used.

Figure 3 shows the predictive abilities of the Lopez de
Bertodano et al. model [15] (Eqs. (7) + (8)) and the Lopez

de Bertodano et al. model [26] (Eqs. (10) + (8)) at two IEF
values. As shown in Fig. 3, there is only a small difference
between the predicted values based on Eqs. (7) + (8) and those
based on Eqs. (10) + (8). The two entrainment rate equations,
i.e., Eq. (7) and Eq. (10), have a similar form. Moreover, it
seems that the both models, i.e., [15] and [26], with an
IEF value of 0.7, can predict most of the data points of
n-pentane and water. The iso-octane data and the R134a
data were largely over-predicted by models [15] and
[26]. Similar to Figs. 1 and 2, an IEF value of 0.1
generally gives somewhat higher predictive values com-
pared to an IEF value of 0.7.

The estimations of the Dallman et al. model [13] are shown
in Fig. 4. The Dallman et al. model is unable to capture the
data reasonably by largely over-predicting many of the data
points.

4 Effect of the initial entrained fraction (IEF)
at the churn-to-annular flow transition on liquid film
dryout

A lower IEF value indicates a lower amount of entrained liq-
uid in the gas core and thus a larger liquid filmmass flux at the
churn-annular transition, which in general produces a higher
dryout vapor quality than that at a higher IEF value, as shown
in Figs. 1, 2, 3 and 4. However, this is not always the case.
Depending on the operating conditions such as mass fluxes
and heat fluxes, the effects of IEF on the liquid film
dryout quality are different. For instance, as seen in
Figs. 1, 3 and 4, some of the data points of n-pentane
and iso-octane calculated by the same model for IEF values of
0.1 and 0.7 are approximately overlapped. Based on this

Fig. 4 Evaluation of the Dallman et al. model [13] (Eqs. (11) + (12)) for
n-pentane and iso-octane data of Kandlbinder [27], for R134a data of Kim
and Chang [28] and for water data of Becker [20] at two IEF values
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finding, it seems that there exist an IEF-sensitive region and an
IEF-insensitive region.

By screening the data, it is found that the Boiling number
can be used as an index for IEF effects on dryout quality, as
shown in Fig. 5. There exists a transitional Boiling number
which ranges from 0.0004 to 0.0006. For simplicity, 0.0005
can be used as the transitional Boiling number. If the Boiling
number is larger than the transitional Boiling number, IEF
effects need to be considered to estimate the dryout quality.
Dryout qualites are insensitive to IEF values when the Boiling
number is lower than the transitional Boiling number.

For low Boiling numbers, the heat flux is comparatively low
and the mass flux is comparatively high. The liquid film evap-
oration rate VLF is comparably low and thus the liquid film
dryout might occur Bfar^ from the churn-to-annular flow tran-
sition. Therefore, there is a sufficient length to achieve a droplet
entrainment/deposition equilibrium. Thus, the effects of IEF
become negligible. On the contrary, for large Boiling numbers,
the liquid film evaporation rate VLF is comparably high and

causes liquid film dryout Bnear^ the churn-to-annular flow tran-
sition at a relatively low vapor quality. Thus, the dryout quality
is sensitive to the IEF for large Boiling numbers.

Figure 6 shows the local liquid film mass flux versus the
local vapor quality for n-pentane. The liquid film mass flux
approaches zero as vapor quality increases. For a low Boiling
number of 0.0004, although the IEF values affect the varia-
tions of the liquid film mass flux versus vapor quality, the
liquid film mass flux approaches zero at the same point for
the two different IEF values. For a high Boiling number of
0.0012 larger than the transitional Boiling number, the IEF
values affect both the variation of the liquid film mass flux
and the location of the zero GLF point, i.e., the dryout point.
Other organic liquids such as iso-octane and R134a also pres-
ent similar trends as n-pentane.

Normally, liquid film dryout occurs at low vapor qualities
for flows with high Boiling numbers. However, it should be
noted from Figs. 1, 2, 3 and 4 that the dryout quality tends to
be over-predicted at low vapor qualities (i.e., at high Boiling

Fig. 7 Liquid film mass flux distributions (GLF) in annular flow at
different tube diameters for water. The IEF value was set as 0.7

Fig. 6 Liquid film mass flux distributions (GLF) in annular flow versus
vapor quality for n-pentane

Fig. 5 The effects of IEF on dryout vapor quality versus the Boiling number: a n-pentane and iso-octane; and b water
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numbers). A probable reason for the over-prediction at high
Boiling numbers might be the limitation of the entrainment
rate correlations. The entrainment rate correlations are mainly
based on the entrainment mechanism of shearing off of roll
waves or the Kelvin-Helmholtz interface instability. At high
Boiling numbers, nucleate boiling might occur in the liquid
film and bubbles might burst through the liquid-vapor inter-
face, carrying liquid into the gas core, especially for large-
diameter tubes. Besides, the evaporation flux may inhibit
droplet deposition. Therefore, the net entrainment rate is
higher than the predicted values and thus the real dryout qual-
ity is over-predicted.

5 Effect of diameter on liquid film dryout

Figure 7 shows the local liquid film mass flux versus local
vapor quality along the tube for water at 50 bar for three

different diameters. At relatively high vapor qualities, the liq-
uid filmmass flux decreases with vapor quality until the liquid
film dries out at the dryout vapor quality. The local liquid film
mass flux in a small-diameter tube increases first as the
amount of deposited liquid exceeds the entrained and evapo-
rated liquid. Then the liquid film mass flux decreases as the
entrained and evaporated liquid exceeds the deposited liquid.
As shown in Fig. 7, smaller tube diameters would tend to have
a higher dryout vapor quality for stable flow boiling when the
other operating parameters are fixed. One of the main reasons
is that the entrainment rate is lower in smaller tubes and the
deposition rate is higher in smaller tubes than those in larger
tubes. Therefore, there is less droplet entrainment in the vapor
core and a larger liquid film mass flux in smaller tubes, in the
high quality region.

Figures 8 and 9 present the relationship between dryout
vapor quality and tube diameter at different Boiling numbers
for the Hewitt and Govan model [14] and the Lopez de

Fig. 9 Effects of diameter on dryout vapor quality based on the Lopez de Bertodano et al. model [15]: a n-pentane; and bwater. The IEF value was set as
0.7

Fig. 8 Effects of diameter on dryout vapor quality based on the Hewitt and Govan model [14]: a n-pentane; and b water. The IEF value was set as 0.7
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Bertodano et al. model [15], respectively. As shown in Figs. 8
and 9, the dryout vapor quality increases when the tube diam-
eter decreases. For stable flow boiling flowing upwards in
long vertical tubes, smaller tubes can achieve higher dryout
vapor qualities. As explained earlier, the main reason is less
liquid entrainment in smaller tubes than larger tubes. The
waviness of the liquid-vapor interface is much smaller due
to stronger surface tension in small channels than the large
disturbance waves in large channels. A probable evidence is
that one can observe smooth liquid-vapor interfaces in many
flow pattern images in the literature for stable flow boiling in
microchannels. Besides, when the diameter decreases, the rate
of increase of dryout quality is larger at high Boiling numbers
than that at low Boiling numbers, which is due to the large
difference in dryout vapor quality between small and large
tubes at high Boiling numbers.

However, it does not mean that the dryout vapor quality
will continue to increase when the diameter decreases further
to microchannels. The dryout vapor quality might again de-
crease in microchannels because the liquid film underneath
the long vapor slugs or elongated/confined bubbles might
dry out to cause intermittent dryout or premature critical heat
flux at low vapor qualities [29, 30]. Besides, the flow boiling
instabilities in micro/minichannels accelerate premature criti-
cal heat flux and degrade heat transfer quickly.

6 Conclusions

Dryout models implemented with appropriate entrainment
and deposition models are of general use. Entrainment and
deposition rates of droplets were included in mass conserva-
tion equations to estimate the local liquid film mass flux in
vertical upward annular flow, and the critical vapor quality at
dryout conditions. Different entrainment rate correlations
were evaluated based on the n-pentane and iso-octane data
of Kandlbinder [27], the R134a data of Kim and Chang [28]
and the water data of Becker [20]. The Hewitt and Govan
model [9] and the two correlations developed by Lopez de
Bertodano et al. [15, 26] can capture most of the data points
of n-pentane and water within the ±30% error band. For or-
ganic liquids, an additional term of Boiling number has been
added to the entrainment rate correlation Eq. (5) to increase
the entrainment for flow boiling, which considerably im-
proves the predictive capability of liquid film dryout for or-
ganic liquids.

Information on the amount of entrained liquid at the tran-
sition from churn to annular flow boundary is required as it is
the starting point of integration of the mass conservation equa-
tion. Effect of the initial entrained fraction (IEF) at the churn-
annular transition was outlined. A transitional Boiling number
was proposed to separate the IEF-sensitive region at high

Boiling numbers and the IEF-insensitive region at low
Boiling numbers.

In addition, the diameter effect on dryout vapor quality was
examined. In general, the dryout vapor quality increases with
decreasing tube diameter. A possible reason is that there is less
droplet entrainment in smaller tubes and thus larger liquid film
mass flux in smaller tubes. Less entrainment in the vapor core
in smaller tubes was also evidenced by flow visualization
studies in the literature. It should be noted that the above
statement is only applicable for Bconventional diameter^
tubes. The dryout vapor quality will generally not continue
to increase with decreasing diameters in microchannels due
to intermittent dryout of liquid film underneath the long vapor
slugs and flow boiling instability.
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