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a b s t r a c t

Measurements of liquid base film thickness distribution have been obtained for 206 horizontal annular
two-phase (air–water) flow conditions in 8.8 mm, 15.1 mm, and 26.3 mm ID tubes. It is found that the
trends in base film thickness measurement do not match trends in the literature for average film thick-
ness, which considers waves and base film together. An iterative critical friction factor model is used to
model circumferentially-averaged base film thickness; an explicit, empirical correlation is also provided.
Asymmetry is well-correlated by a modified Froude number based on the correlated base film thickness
and the gas mass flux. The iterative model is also extended to estimate the critical film flow rate.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In two-phase annular flow, many behaviors are thought to be
linked to film thickness, the size of the thin layer of liquid around
the periphery of the tube. Correlations for interfacial shear, which
are used as a step towards modeling frictional pressure loss, have
required film thickness or closely related data since the formative
work of Wallis (1969). The excess liquid concept, advanced by
Schadel (1988) and others, requires knowledge of the film flow rate
as separate from liquid flow in entrained droplets. A detailed
understanding of film behavior, including film thickness and tur-
bulence information, is also prerequisite for a plausible mechanis-
tic model of heat transfer.

Hewitt et al. (1990) observed that this film is composed of a
relatively smooth region (base film) and disturbance waves. The
recent model of Hurlburt et al. (2006) was one of the first to con-
sider these two zones separately with regard to interfacial shear
and pressure loss. In that model, a statistical criterion was used
to separate base film from waves, with film thickness measured
by conductance probes.

In the present work, an optical film thickness measurement
technique was selected (as outlined by Shedd and Newell (1998)
and further verified by Rodríguez and Shedd (2004)) that directly
provides indication of the base film thickness. In addition, pressure
drop and wave measurements were taken; these have been dis-
cussed in more detail in other works (Schubring and Shedd,
2008, 2009, respectively). These works have shown that published
film roughness correlations do not perform well for the present
databank when base film thickness is used. This indicates that con-
ll rights reserved.

: +1 608 262 8464.
.

sideration of wave behavior is necessary, either through wave
height and intermittency, as in average film thickness, or the gas
friction velocity.

Most often, average film thickness is taken as an experimental in-
put to a model, complicating analysis, as film thickness measure-
ments can be quite challenging to perform. Conductance probes do
not differentiate between disturbance waves and base film thick-
ness, may not entirely eliminate the effect of entrained droplets in
the gas core or bubbles in the film, are invasive into the experiment,
and require careful calibration. Optical methods, such as those used
in the present study, require calibration and a clear tube for visuali-
zation. Further, in the case of horizontal flow, a single measurement
of film thickness is not sufficient. Instead, several measurements
must be taken to study the distribution of liquid around the tube.

Many authors have attempted to model this film thickness dis-
tribution. Similar outlines of the physics suggested are provided by
Sutharshan et al. (1995) and Jayanti et al. (1990). One of the early
hypotheses, promoted by the work of Pletcher and McManus
(1965) and refined quantitatively by Laurinat et al. (1985) and
Lin et al. (1985), was that the asymmetry produces a circumferen-
tial variation in interfacial roughness that produces a two-vortex
secondary flow in the gas core, driving liquid up the tube wall.
An entrainment-centric model was suggested by research culmi-
nating in a paper by Anderson and Russell (1970). This model
was also explored by later authors and helped to spur work on
droplet deposition. A wave-spreading mechanism was proposed
by Butterworth (1972). The model of Fukano andOusaka (1989) ap-
plied a wave pumping mechanism. Aware of the models above,
Jayanti et al. (1990) recommended a wave-inclination model in-
stead, citing differences in wave behavior between the bottom
and top of the tube. Their data are at somewhat lower gas flow
rates than those in the present study. Sutharshan et al. (1995) pro-
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duced experimental data consistent with the hypothesis of Fukano
and Ousaka but suggest further work is necessary for refinement.
The data range in that work overlaps with the current set. More re-
cent work by Hurlburt and Newell (2000) simplified Laurinat’s
model and showed that it was a good fit for a wide range of hori-
zontal average film thickness data.

All of these analyses consider the distribution of average film
thickness, rather than base film alone. The present work provides
two relations for average base film thickness based on a large data-
bank of air–water data in small diameter horizontal tubes. The first
is a model based on a critical friction factor. However, it requires
iteration, so a second, purely empirical relation is provided. A sim-
ple asymmetry correlation is also provided.

2. Experimental setup

2.1. Flow loop

The two-phase flow loop used for these experiments is shown
in Fig. 1. Laboratory compressed air was delivered to the test sec-
tion inlet via a bank of variable-area volumetric flow meters. The
uncertainties, based on manufacturer’s stated values and including
density correction, were 8.4 L min�1 below 250 L min�1 flow,
14 L min�1 between 300 and 700 L min�1 flow, and 68 L min�1

above 700 LPM L min�1 flow. A pressure gauge near the flow
meters allowed for the correction of flow meter readings to
compensate for variations in air density and for the calculation of
the mass flow rate entering the test section. Water entered the
flow loop through a series of small (1.5 or 3 mm) holes drilled in
the test section wall about 150 mm from the air entrance.

The two-phase air/water mixture passed through a flow
development length before any measurements were obtained.
This length was 400 diameters for the 8.8 mm ID tube, 330
diameters for the 15.1 mm ID tube, and 210 diameters for the
26.3 mm ID tube. (See Okada and Fujita (1990) for a discussion
Fig. 1. (Top) Diagram of flow loop. (Bottom)
of required development length and the effects of the method
of liquid introduction.) The air and water were separated in a
gravity-assisted centrifugal separator, after which the water en-
tered a holding reservoir. A variable-speed peristaltic pump
was used to draw water from the reservoir through a 40 lm fil-
ter. Because of the pulsating nature of peristaltic pumps, a pulse
dampening closed reservoir was placed after the pump. The li-
quid flow was measured using a bank of variable-area rotame-
ters with manufacturer’s specified accuracies of 45 cm3 min�1

for less than 1500 cm3 min�1 flow, 90 cm3 min�1 for 1500–
3000 cm3 min�1 flow, and 5% of reading for above
3000 cm3 min�1 flow. The test sections were constructed of clear
PVC (Excelon R4000) for complete visualization of the flow from
liquid entrance to exit.

2.2. Pressure measurement

A bourdon-tube gauge was placed near the test section to esti-
mate local air density. In the 15.1 mm and 26.3 mm ID tubes, this
gauge was placed at the beginning of the test section, while it was
placed 0.5 m upstream for the 8.8 mm ID tube. The 8.8 mm ID case
is shown in Fig. 1.

Using the two static pressure measurements, dry air mass was
conserved in calculations. The air entering the test section was as-
sumed to be dry at a temperature of 20 �C. Within the test section,
a relative humidity of 100% was assumed at a temperature of 11 �C.

2.3. Film thickness measurement

Using a technique outlined by Shedd and Newell (1998), base
film thickness measurements were made at the top, bottom, and
side of the tube for each flow condition. This non-intrusive
method uses the pattern of diffuse light reflected from the liquid
surface to determine the liquid film thickness (see Fig. 1). Rodrí-
guez and Shedd (2004) have shown, by comparisons with direct
Film thickness data acquisition system.
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film measurements using planar fluorescence imaging, that this
optical method accurately determines the mean film thickness
between large liquid waves. Uncertainties vary with the film
thickness and surface roughness (waviness). Uncertainties are
estimated at 5–10% (highest for lowest gas flow rates). A calibra-
tion (bias) uncertainty of 5% is included in this estimate. This
calibration will affect each measurement for a specific diameter
and location (top, side, bottom).

The circumferentially-averaged base film thickness and maxi-
mum asymmetry were calculated by:

d ¼ dt þ 2ds þ db

4
ð1Þ

Assym ¼ db

dt
ð2Þ
2.4. Data range

For each diameter, an array of meter readings was selected to
provide a large bank of data. The 206 fully annular data points
are a subset of this data. Superficial gas and liquid velocities
were calculated according to Eqs. (3) and (4), with gas kinetic
energy calculated according to Eq. (5). In these equations, G is
the mass flux, x is the flow quality, _m is a mass flow rate, KEsg

is the gas kinetic energy density (or dynamic pressure) based
on superficial gas velocity, q is a density, and A refers to total
flow area.

usg ¼
Gx
qg

ð3Þ

usl ¼
Gð1� xÞ

ql
ð4Þ

KEsg ¼
U2

sgqg

2
ð5Þ

x ¼
_mg

_mg þ _ml
ð6Þ

G ¼
_mg þ _ml

A
ð7Þ

Superficial gas velocities of between 28 and 86 m s�1 were consid-
ered, with superficial liquid velocities between 0.045 and
0.30 m s�1. Flow qualities ranged from 0.12 to 0.78. Superficial
gas kinetic energy densities ranged from 600 to 5400 J m�3 as a re-
sult of the variable superficial velocities and gas densities through
the test section. The cut-off of 600 J m�3 was selected to correspond
with a change in trends of pressure drop, film thickness distribu-
tion, and wave behavior that may be indicative of a transition from
the fully annular behavior studied presently and a separate wavy-
annular regime. The data included can be seen in Schubring and
Shedd (2009) as arrays of G, x, and P.

3. Data and observation of trends

The data are shown in Fig. 2, which shows average base film
thickness for all tubes, and Fig. 3, which shows the maximum
asymmetry.

The following general trends are seen in these graphs:

� Average base film thickness is inversely related to gas flow rate
(superficial velocity) at constant liquid flow rate.

� For high gas flow rates, the dependence of average base film
thickness on liquid flow rate vanishes.

� The average base film thickness is larger for the larger tube
diameters; however, the dependence is less than linear.

� The film becomes more symmetric as the gas flow rate increases.
� The dependence of asymmetry on liquid flow rate is small and
becomes negligible for high gas flows.

� Asymmetry is more pronounced for larger tubes. Further, the
dependence on liquid flow rate for lower gas flows is clearer
for larger tubes.

Examination of the top, side, and bottom film thickness data
also shows that, for fully annular flows, the side film thickness is
very similar to the average. Therefore, modeling of the asymmetry
of fully annular flow is well-approximated by a single parameter:
the ratio of bottom and top base film thicknesses.

4. Average base film thickness

4.1. Empirical correlation

A first approximation to a film thickness correlation is shown in
Eq. (8). This estimate entirely ignores the liquid flow; regardless, it
provides agreement to within 11% MAE (defined by Eq. (9)) for the
present data. Because an approximate expression is available so
readily, a realistic model that includes the effects of both gas and
liquid can be expected to provide excellent accuracy.

d ¼ 12:5DRe
�2

3
gas ð8Þ

MAE ¼ 1
n

Xn

i¼1

xcorr;i � xexp;i

xexp;i

����
����100% ð9Þ

The purely empirical correlation shown in Eq. (10) produces compa-
rable statistics (MAE, RMS, etc.) as the critical friction factor model
(below) for the current databank. It includes effects of liquid flow
(through quality and a liquid Reynolds number – Eq. (11)) as well
as a dependence on gas density. However, the authors advise
against extending this relation beyond the specific range of condi-
tions in the present study, as it was constructed using trial and error
and dimensional analysis.

d
D
¼ 4:7

1
x

qg

ql

� �1
3

Re
�2

3
G ð10Þ

ReG ¼
GD
ll

ð11Þ
4.2. Critical friction factor model

A common approach in the literature is to assume a critical Rey-
nolds number in the film; however, the present data are poorly
correlated by such an expression. Noting the strong dependence
of both film thickness and single-phase friction factors on the gas
Reynolds number, a critical friction factor hypothesis is proposed.
For the Reynolds numbers seen in fully annular flow and relative
roughness on the order of film thickness, it can be shown that both
terms – roughness and gas Reynolds number – are significant in
computing the total friction factor.

By computing a smooth-tube friction factor and a fully rough-
ened wall friction factor, using a fraction of the base film thickness
to model ripples on the base film as an approximation for sand
roughness, it was found that the ratio of the two friction factors,
termed /RR in the present model, varied over a relatively narrow
range. Assuming that the ratio between these friction factors is
fixed allows a film thickness to be calculated iteratively; this rela-
tion has comparable accuracy as Eq. (8). The friction factors
selected for this model are the fully rough tube Haaland correlation
(Eq. (12)) and the smooth tube McAdams correlation (Eq. (13)),
increased by a constant factor /RR.



Fig. 2. Average base film thicknesses. (Top Left) 8.8 mm tube. (Top Right) 15.1 mm tube. (Bottom) 26.3 mm tube.
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1ffiffiffiffiffiffiffi
fcrit

p ¼ �1:8 log10
6:9

Reshear
þ RRcrit

3:7

� �10
9

" #
ð12Þ

fcrit ¼ 0:184/RRRe�0:20
shear ð13Þ

By adjusting the Reynolds number used to consider the relative
velocity of the gas core and the top of the film, as well as the diam-
eter of the gas core (rather than the whole tube), improvement to
9% MAE is possible. If the size of ripples is taken as a weak function
of flow quality, the present model, accurate to within 6% MAE, can
be constructed. It is necessary to iterate on the core diameter, Dcore,
and shearing velocity, Vshear, to achieve convergence. These, along
with the gas core shear Reynolds number, are defined by:

Dcore ¼ D� 2d ð14Þ
Vshear ¼ Vg � Vl;int ð15Þ

Reshear ¼
qgVshearDcore

lg
ð16Þ

The velocity of the gas core, Vg, is found by:

Ag ¼
pD2

core

4
ð17Þ

Vg ¼
_mg

qgAg
ð18Þ

The gas-core roughness multiplier, /RR, is set based on experimental
data and the details of the assumed velocity profile within the film.
A dependence on wall–liquid interaction (hydrophobicity) may also
exist. For the current air–water–PVC apparatus and the set of
assumptions discussed below, the gas-core /RR was found to best
correlate to 1.289. It is also found that averaging friction factors
from the Haaland equation applied at the top, side, and bottom of
the tube produces nearly identical results as solving for a single fric-
tion factor based on an average base film thickness. Since averaging
friction factors complicates the model and couples an asymmetry
calculation, it is recommended that an average base film thickness
be used to calculate an effective friction factor.

The size of ripples, dyripple, is modeled by Eq. (19). This size is
used to define the relative roughness, RRcrit (Eq. (20)). The weak
dependence on quality is similar to the dependence on Reshear in
Eq. (13) and accounts for the disruptive effects of waves and drop-
lets. Resulting relative roughness ranged from 0.001 to 0.004,
based on ripple sizes between 18 and 57 lm (between 20% and
32% of the corresponding film thickness).

dyripple ¼
d
3

x0:25 ð19Þ

RRcrit ¼
dyripple

Dcore
¼ d

3Dcore
x0:25 ð20Þ

A schematic of the base film is shown in Fig. 4 showing the assumed
velocity profile (indicated by a line) as well as the fluid beneath rip-
ples (darkly shaded) and the ripple region (lightly shaded). The dþmod

(defined below) of 10 and ripple size (5 in wall coordinates) shown
are typical of the present model.

The velocity of the top of the film is calculated based on a lin-
ear profile using the modeled wall shear (sw,mod) to determine the
slope from the wall to the bottom of the ripples and constant
(well-mixed) beyond this. Modeled interfacial shear, si,mod, is cal-
culated based on fcrit (Eq. (21)) and is converted to wall shear
(sw,mod) according to Eqs. (22) and (23) with a self-consistent
pressure gradient. This modeled wall shear, and corresponding
pressure gradient, strongly underpredicts experimental data (see



Fig. 3. Ratio of bottom to top base film thickness (asymmetry). (Top Left) 8.8 mm tube. (Top Right) 15.1 mm tube. (Bottom) 26.3 mm tube.
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Schubring and Shedd, 2009) at high liquid flows, since waves and
droplets (significant phenomena in these flows) are not
considered.

si;mod ¼
fcrit

4
qgV2

shear

2
ð21Þ

si;mod ¼ �
Dcore

4
1�

qgV2
shear

P

 !
dP
dz

ð22Þ
Fig. 4. Schematic of assumed ripple region and assumed velocity profile.
sw;mod ¼ si;mod
Dcore

D
� 1

4
dP
dz

D2 � D2
core

D
ð23Þ

The velocity of the liquid at the interface is calculated according to
the following equations. The fraction of the film modeled as linear
(from the wall to the troughs of ripples) is referred to as the ‘‘linear
fraction” (LF). The velocity above the troughs, assumed constant, is
termed uþmax;mod.

u�mod ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
sw;mod

ql

r
ð24Þ

dþmod ¼
du�mod

ml
ð25Þ

LF ¼
d� 0:5dyripple

d
¼ 1� x0:25

6
ð26Þ

uþmax;mod ¼ LFdþmod ð27Þ

Vl;int ¼ uþmax;modu�mod ð28Þ

The film thickness predictions of the present model are only weakly
sensitive to the assumed velocity profile. Use of the universal veloc-
ity profile (UVP – Eq. (29), as presented by Whalley (1987)) alters
the resulting MAE by less than 0.2%. Use of the UVP also changes
the film flow rate results (discussed in Section 6.4) by less than
3% on average.

uþ ¼

yþ if yþ < 5

�3þ 5 lnðyþÞ if 5 < yþ < 30

5:5þ 2:5 lnðyþÞ if 30 < yþ

8>><
>>: ð29Þ

A simple iteration scheme for these equations is to select an estimate
for d and Vl,int, perhaps 150 lm and 1 m s�1, respectively. The film
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thickness estimate can be used to calculate geometry, flow rates, and
shear Reynolds number. The equality of the two expressions of fric-
tion factor based on this Reynolds number can then be used to update
the estimate of roughness. An updated film thickness follows imme-
diately. The velocity at the top of film can then be updated by calcu-
lating wall shear and using the velocity profile. This process can then
be repeated until adequate convergence on d is achieved.

5. Film thickness distribution

It was found that the asymmetry is best predicted by the ratio of
gas mass flux (momentum density) and the square root of the
predicted mean film thickness. This was expressed as a modified
Froude number, Frd (Eq. (30), where g is the acceleration due to
gravity), to preserve a similar form as some of the literature (e.g.,
Hurlburt and Newell, 2000). An exponential curve, trending to-
wards symmetry for high gas flow rates, was fit to the data (Eq.
(31)). Predictions are made for local base film thickness by enforc-
ing Eq. (1), applying the iterative friction factor model, using the
asymmetry correlation presented here, and assuming that the side
and average base film thicknesses are identical.

Frd ¼
Gx

ql

ffiffiffiffiffiffi
gd

p ð30Þ

Asym�1 ¼ dt

db
¼ 1� expð�0:63FrdÞ ð31Þ
Fig. 5. (Top) Experimental average base film thickness vs. correlated average base
film thickness, using iterative model. (Bottom) Experimental average base film
thickness vs. correlated average base film thickness, using Eq. (10).
6. Results and discussion

The results of the roughness-based model, along with the
empirical equation (10), are shown in Fig. 5. The results for max-
imum asymmetry and top, side, and bottom film thicknesses are
shown in Fig. 6. Results are also shown in Table 1 for average
base film thickness, local base film thicknesses, and three mea-
surements of asymmetry. The correlations presented are opti-
mized such that mean errors are less than 1%. Beyond the
strong statistical performance of the present model, there appears
to be no trend to the residuals except at low gas flow rates for
which the dependence of base film thickness on liquid flow rate
is under-predicted.

6.1. Empiricism in iterative model

The model contains three empirical constants. The first is /RR,
from Eq. (13). The others, the power on flow quality and the con-
stant (one-third), are in Eq. (20), which relates film thickness and
roughness. The constant factor was selected to agree with flow
visualization, such as that of Rodríguez (2004), with consideration
given to the observations discussed in Sections 6.3 and 6.4. It was
observed that this constant could range from 0.1 to 1 with negligi-
ble change in MAE and other statistics, provided /RR was re-opti-
mized; that is, the maximum ratio of ripple height to film
thickness and /RR are not independent empiricisms for optimiza-
tion of the model. Direct measurement of film roughness may re-
move the need for both the estimate of maximum ripple size and
the quality dependence; this would leave only a single parameter,
/RR, to be estimated from data.

6.2. Asymmetry

It was found that asymmetry in base film thickness is a weaker
function of liquid flow rate than is average film thickness. Hurlburt
and Newell (2000) suggest a correlation, of a similar form to Eq.
(30), based on a modified Froude number:
FrH�N ¼
_mg

_ml

U2
sg

gD
ð32Þ

Correlation to this dimensionless group was attempted for the pres-
ent databank. It was found that this parameter overpredicts the
diameter and liquid flow rate effects on asymmetry, with the liquid
flow rate effect more strongly overpredicted.

If a correlation of asymmetry from this dimensionless group is
accurate for average film thickness, this indicates that the asym-
metry of waves and base film – the two parts of average film thick-
ness – are not the same for the same flow condition and must be
modeled independently. Correlation to FrH�N would indicate
increasing asymmetry with increasing liquid flow, which is not
seen in the present base film thickness data.

Since much of this increased liquid flow is transported by waves,
this implies that waves are more asymmetric structures than is the
base film. This implication emphasizes the differences in behavior
between base film and waves and illuminates the challenges and
limitations of mixing them into the average film thickness.

6.3. Estimate of wall shear

The model also produces estimates of wall shear (Eq. (23)) and
liquid film flow rate ( _mlf – Eq. (33)).

Wþ
mod ¼

Z dþ
mod

0
uþmoddyþ ¼ dþ

mod2

LF2

2
� ð1� LFÞLF

" #
ð33Þ

_mlf ¼Wþ
modpDll ð34Þ



Fig. 6. Asymmetry and local base film thickness against correlations. (Top Left) Maximum asymmetry. (Top Right) Top base film thickness. (Bottom Left) Side base film
thickness. (Bottom Right) Bottom base film thickness.

Table 1
Mean absolute (MAE) and root mean square (RMS) errors, present model.

Measurement MAE (%) RMS (%)

d 5.67 6.82
dt 6.17 7.61
ds 5.17 6.51
db 11.61 13.37
db
dt

8.44 10.47
ds
dt

6.92 8.49
db
ds

10.43 12.31
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Fig. 7 shows the ratios of experimental wall shears (see Schubring
and Shedd, 2009 for calculations) to those from the present model
for the 15.1 mm tube. (The series in these plots are labeled by aver-
age gas superficial velocity, which varies by approximately 5% in a
series; system pressure and gas density are also not constant within
a series.) At low liquid flows, it is expected that the base film will
transport the bulk of the liquid (i.e., few waves present to enhance
shear), so only the base film model need be modeled to estimate
shear. For low liquid flow conditions, reasonable agreement is
found.

6.4. Low liquid flows – critical film flow rate

The present model is not appropriate at very low liquid flows;
i.e., when the predicted film flow is larger than the total liquid
flow. Fig. 7 shows the equivalent base film superficial velocity
(that is, the superficial liquid velocity corresponding to _mlf , re-
ferred to as us,film) as functions of actual liquid superficial velocity
for the same series as the previous plot, again for the 15.1 mm
tube. Extrapolating the trends, the equivalent base film superficial
velocity appears to approach the actual liquid superficial velocity
when the latter is between 1.2 and 1.6 cm s�1, increasing with
increasing gas flow.

These flow rates are below what could be measured accurately
with the current experimental apparatus; however, a small num-
ber of film thickness measurements at liquid flows of 1.86 ± 20%
cm s�1 were taken in the 15.1 mm tube. A 10–20% reduction in film
thickness was found for high gas flows at this low liquid flow (rel-
ative to the fairly constant value at higher liquid flow and constant
gas flow), along with an inability to detect waves with the appara-
tus discussed in Schubring and Shedd (2008). These results match
what would be expected slightly below the critical film flow rate
(the highest liquid flow rate for which 100% of the liquid is trans-
ported in the base film). No such reduction was seen at lower gas
flows, matching the trends shown in Fig. 7 for critical film flow rate
as a function of gas flow.

By iterating on _ml until convergence with _mlf is achieved, an
estimate of this critical film flow rate ( _mcrit) can be obtained using
the critical friction factor model. The results from such a procedure
are shown in Fig. 8. To preserve a similar form as that in the liter-
ature (e.g., Asali, 1984; Schadel, 1988), the values of _mcrit are
shown. These plots show that _mcrit is a function of diameter, gas
superficial velocity, and system pressure (through gas density).
From these results, the power law proportionalities in Eq. (35)
can be estimated:

_mcrit /
D1:5u0:5

sg

q0:6
g

ð35Þ

The work of Schadel (1988) provides experimental results regarding
liquid droplet entrainment. By extrapolating these data as functions
of total liquid flow rate to the liquid flow corresponding to zero
entrainment, an estimate of the critical liquid flow was obtained



Fig. 8. Critical film flow rates, from model. (Top) Dependence on gas superficial
velocity and tube diameter, 101 kPa absolute pressure. (Bottom) Dependence on gas
superficial velocity and system pressure, 15.1 mm tube.

Fig. 7. Additional model outputs, 15.1 mm tube. (Top) Ratio of experimental wall
shear to wall shear from the iterative friction factor model. (Bottom) Liquid film
flow rate.
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in that work. For a 25.4 mm tube (vertical upflow), critical film flow
rates of between 0.0049 and 0.0060 kg s�1 (4.9–6.0 g s�1) were esti-
mated, weakly inverse with gas velocity. In a similar facility as that
of Schadel, Asali (1984) found that the critical film flow rate in a
22.9 mm tube was approximately 5.6 g s�1 and not a strong func-
tion of gas velocity.

These results are in reasonable agreement with the present
model that predicts _mcrit of 4.8–6.8 g s�1 for the 26.3 mm tube,
although there is not agreement regarding the effect of gas flow
on critical liquid flow. This discrepancy may come from the dif-
ferent geometries (vertical upflow vs. horizontal), estimation
technique (from entrainment data vs. from film model), or due
to the gas density effect noted above. Additional experimental
data regarding entrainment and critical film flow rate (particu-
larly as functions of system pressure and gas flow rate) in hori-
zontal geometry, or base film thickness measurements in
vertical upflow, would be advisable to provide better
comparisons.

7. Summary

� Base film thickness is inversely related to gas flow and increases
with increasing liquid flow. At high gas flow rates, the depen-
dence on liquid flow becomes small.

� Asymmetry shows similar gross trends as average base film thick-
ness, with a dominant inverse gas flow rate effect and small liquid
flow rate effect that is most significant at low gas flow rates.

� Film thickness and asymmetry both increase with increasing
diameter, but the dependencies are less than linear.
� For the air–water–PVC combination, base film thickness is well-
predicted by a roughness model that assumes a constant ratio of
rough-tube and smooth-tube friction factors.

� Asymmetry is well-predicted by a modified Froude number that
depends on gas mass flux and the correlated base film thickness.

� The film thickness model can also be used to estimate the criti-
cal liquid flow rate; these results are in fair agreement with
those using entrainment measurements.
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