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a b s t r a c t

The study considers the prediction of pressure gradients in adiabatic gas–liquid annular two-phase flow
in the macro-to-microscale range. Twenty-four empirical correlations have been tested against an exper-
imental data bank drawn together in this study containing 3908 points for eight different gas–liquid com-
binations and 22 different tube diameters, covering microscale and macroscale channels from 0.517 to
31.7 mm in diameter. The correlations of Lombardi, Friedel and Baroczy-Chisholm were found to be
the best existing methods when considering macroscale data only, while the microscale database was
best predicted by the correlations of Lombardi, Müller-Steinhagen and Heck and the homogeneous model
with the two-phase viscosity defined according to Cicchitti. A new correlating approach based on the
vapor core Weber number, capable of providing physical insight into the flow, was proposed and worked
better than any of the existing methods for the macroscale database. This new macroscale method was
then extended to cover microscale conditions, resulting in one unified method for predicting annular
flows from the macroscale to the microscale covering both laminar and turbulent liquid films. The mac-
roscale method optimized for microchannels worked better than any of the other methods considered.

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

Annular two-phase flow is one of the most frequently observed
flow patterns in practical applications involving gas–liquid two-
phase flow, such as steam–water systems, liquid film evaporators,
air-conditioning systems, two-phase flow heat exchangers and
gas–liquid transportation systems. Annular flow is characterized
by the presence of a continuous liquid film flowing on the channel
wall, surrounding a central gas core laden with entrained liquid
droplets. Since accurate predictions of the pressure gradient are
critical for an energy efficient design of any two-phase flow sys-
tem, the subject of two-phase pressure drops has been extensively
investigated in the last decades and numerous empirical correla-
tions are available. With annular two-phase flow, in particular, be-
sides its relevance for design applications, the prediction of the
pressure gradient is also of interest for the modeling of such flows
to obtain relevant flow parameters such as the liquid film thickness
and the void fraction. Such annular flow models typically require
as input the wall shear stress, and thus an accurate two-phase
pressure drop method.
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The purpose of the present study is to first assess the accuracy
of leading empirical pressure drop correlations, focusing in partic-
ular on adiabatic annular two-phase flows. An experimental pres-
sure drop database, containing 3908 points for annular two-phase
flow covering eight different gas–liquid combinations and 22 tube
diameters, ranging from the micro to macroscale, has been col-
lected from the open literature. The database is used to assess
the predictive capability of 24 empirical correlations: 11 different
implementations of the homogeneous model, nine general purpose
empirical correlations and four more empirical methods specifi-
cally designed for microchannels. Finally, a new correlating ap-
proach based on dimensional analysis and capable of providing a
physical insight that empirical correlations typically lack is pro-
posed, covering the entire range from macroscale to microscale
and both laminar and turbulent liquid films.
2. Experimental database description

The main details regarding the experimental pressure drop
database collected from the open literature are summarized in Ta-
ble 1. All data refer to adiabatic gas–liquid (or vapor–liquid) annu-
lar two-phase flow through circular pipes. The collected data cover
eight different gas–liquid combinations, including both single-
component saturated fluids such as water–steam and refrigerants
R134a and R245fa and two-component fluids, such as water–air,
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Table 1
Experimental annular flow data bank.

Reference Fluids d (mm) Orientation, P (MPa) G (kgm�2 s�1) x Classificationa L/dc No. points
Tube material Markerb

CISE saturated (Silvestri at al., 1963;
Gaspari et al., 1964)

H2O–steam 4.90;4.99;5.00;
Stainless steel

" 2.0–9.4 497–4398 0.02–0.87 M-4 8–510 1501
5.04;5.08;5.20;
6.30;8.07;8.20;
9.18;10.1;15.2;
24.9

CISE 2 component (Silvestri at al. 1963;
Adorni et al., 1963; Casagrande et al., 1963;
Cravarolo et al., 1964)

H2O–argon 15.1;25.0
Perspex

" 0.3–2.4 255–3420 0.04–0.84 M-s 20–199 1529
H2O–nitrogen
Alcohol–argon
H2O–alcohol–argon

Water–Air (Anderson and Mantzouranis,
1960; Gill et al., 1964, 1965;
Shearer and Nedderman, 1965;
Willis, 1965)

H2O–air 10.8;12.7;
Perspex glass

" 0.1–0.2 39.4–1391 0.01–0.97 M-h 9–133 296
15.9;31.7

LTCM (Revellin, 2005; Revellin and
Thome, 2007; Consolini, 2008)

R134a 0.517;0.803;
Glass
! 0.2–0.9 184–1694 0.09–0.95 l-e 24–48 582

R245fa 1.03

a M, macroscale, l, microscale.
b Marker used in figures.
c Distance of test section inlet from mixer (two component flows) or preheater (saturated flows).
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water–argon, water–nitrogen and ethyl alcohol–argon. In addition,
a mixture of ethyl alcohol and water, with the ethyl alcohol con-
centration varying from 5% to 90% in weight and tested with argon
is included. The experimental data cover 22 different values of tube
diameter, ranging from 0.517 to 31.7 mm and spanning from micro
to macroscale. In particular, in the present study the data are clas-
sified as microscale or macroscale according to the criterion pro-
posed by Kandlikar (2002) that fixes the macro-to-micro
diameter threshold below which miniaturization effects on two-
phase flow become significant at 3 mm. Accordingly, all the refrig-
erant data are classified as microscale, while all other data are clas-
sified as macroscale. It is worth highlighting, however, that
Kandlikar’s criterion is only preliminary, as the macro-to-micro-
scale transition in two-phase flow is still an area of active research.
Notably, all the macroscale data are for vertical upflow, while the
microscale data refer to horizontal flow.

All macroscale data for gas–liquid flows and microscale data for
refrigerants have been obtained with transparent test sections to
allow the visual detection of the flow regime. All these data cover
adiabatic annular flow only, without any contamination of data
from other flow regimes. Macroscale data for adiabatic water-
steam, on the other hand, have been obtained with stainless steel
test sections and cover all flow regimes, not only annular flow.
Therefore, these data have been analyzed with the flow map of He-
witt and Roberts (1969) and the data regarding annular flow have
been segregated for use here, as indicated in Fig. 1. Since flow map
transition boundary lines are known to be approximate and actu-
ally specify the middle of a transition between two regimes, test
conditions that are predicted to be annular flow but that fall very
close to the boundary lines have also been excluded. Out of the ori-
ginal CISE saturated database containing 1581 points, 1501 points
are predicted to be annular flow, as indicated in Table 1, corre-
sponding to �95% of the original data. This further highlights the
predominance of the annular flow regime in practical applications.
The flow map of Hewitt and Roberts is valid for vertical, adiabatic
upflow and is based on observations for low pressure air–water
and high pressure steam–water flows in 10–30 mm diameter
tubes, so that its use appears appropriate in the present context.
As a further check, as shown in Fig. 2 (the markers used in the fig-
ures in the present study are described in Table 1), the flow map of
Hewitt and Roberts is also used to analyze the rest of the macro-
scale database, which is known to cover annular flow only, yielding
quite satisfactory results.
Since annular two-phase flow can be quite slow in reaching fully
developed flow conditions and some inlet effects can be present up
to 100–300 tube diameters from the inlet (Wolf et al., 2001), some
data might be affected by a residual dependence on inlet conditions.
Inlet effects, however, are not considered in the present study and no
data were excluded since no viable criterion is apparently available.

As pressure gradient values can be particularly high with small
diameter tubes, the flashing of the two-phase flow through the test
section can become significant with microchannels. In the present
study, in particular, the biasing of the microscale data from exces-
sive flashing is prevented by excluding from the database all the
data characterized by a vapor quality variation through the test sec-
tion greater than 10% (i.e., if the vapor quality at the inlet of the test
section is 0.50, then the experimental point is excluded from the
database if the vapor quality at the test section outlet is predicted
to be above 0.55). Out of the original LTCM microscale database
containing 1166 points, 582 points are predicted to satisfy the
above limiting condition on flashing, as indicated in Table 1.
3. Empirical correlations

In this study, 24 empirical correlations of frequent use in two-
phase flow design applications are considered: 11 different imple-
mentations of the homogeneous model (with two-phase viscosity
defined according to McAdams et al., 1942, Cicchitti et al., 1960,
Dukler et al., 1964, Owens, 1961, Beattie and Whalley, 1982, David-
son et al., 1943, Garcia et al., 2003 and Awad and Muzychka, 2008),
plus the macroscale correlations of Lockhart and Martinelli (1949),
Martinelli and Nelson (1948), Baroczy (1966) and Chisholm (1973),
Friedel (1979), Theissing (Stephan, 1992), Lombardi (Lombardi and
Carsana, 1992), Müller-Steinhagen and Heck (1986), Chawla (Ste-
phan, 1992) and Shannak (2008). Besides, the microscale methods
proposed by Mishima and Hibiki (1996), Zhang and Mishima
(Zhang, 2006), Sun and Mishima (2009) and Tran (Tran et al.,
2000) are also considered.

Further details on these correlations and their implementation can
be found in the Electronic Annex 1 in the online version of this article.
4. Results

The comparison of the measured pressure drop data versus
these empirical correlation predictions is presented in the figures
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Fig. 1. Flow regime predictions for CISE saturated data.
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Fig. 2. Flow regime predictions for CISE 2 component and water–air data.
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included in the Electronic Annex 2 in the online version of this arti-
cle, where the measured pressure gradients are compared with
predicted ones, while the statistical comparisons between mea-
sured data and predictions are reported in Tables 2 and 3 for the
macroscale and the microscale data, respectively. Both the homo-
geneous model and the correlation of Lombardi predict the total
pressure gradient, allowing a direct comparison of the predictions
with the total pressure drop data, as shown in Figs. 1–11 and 17 in
the Electronic Annex 2 in the online version of this article. The
other empirical correlations considered, however, only predict
the frictional component of the pressure gradient. The rationale be-
hind this is that in most two-phase flow systems the frictional
component of the total pressure gradient is largely predominant,
while it is left to the user to choose a void fraction equation to esti-
mate the accelerative and gravitational components. In this study,
in particular, the frictional component of the total pressure gradi-
ent is calculated from the linear momentum conservation equation
for the total flow, which for steady-state and fully-developed
annular two-phase flow is as follows:

� dP
dz

� �
tpf�t
¼4sw

d
þ G2 d

dz
x2

qge
þ e2ð1� xÞ2

qlcð1� eÞ þ
ð1� eÞ2ð1� xÞ2

qlð1� cÞð1� eÞ

" #

þ ½qlð1� eÞ þ qge�g sinðhÞ ð1Þ
The three terms appearing on the right-hand side of Eq. (1) rep-
resent the frictional, the acceleration and the gravitational compo-
nents of the total pressure gradient, respectively, sw is the wall
shear stress and e is the fraction of liquid entrained as droplets
in the gas core. As schematically indicated in Fig. 3, e is the void
fraction, which represents the fraction of the channel cross sec-
tional area occupied by the gas phase, while c is the liquid droplet
hold-up, representing the fraction of the liquid phase cross sec-
tional area occupied by the entrained droplets.

If the wall shear stress sw is assumed to be constant along the
channel, while the densities ql and qg and the void fraction e are
assumed to vary linearly along the channel, which is considered
to be acceptable to capture the small variations in these flow
parameters induced by the pressure reduction along the channel,
then Eq. (1) can be integrated to provide the following estimate
of the frictional component of the pressure gradient:

dP
dz

� �
tpf�f

¼ 4sw

d
¼ jDPj

Ldp
� G2

Ldp
ðUout �UinÞ � g sinðhÞW ð2Þ

where DP is the measured total pressure drop and Ldp is the distance
between the pressure taps, while the parameters U and W are as
follows:



Table 2
Statistical comparison between macroscale experimental data and correlations.

(1) (2) (3) (4) (5)

Homogeneous-McAdams 35.0 33.2 18.0 39.5 74.6
Homogeneous-Cicchitti 25.7 14.5 28.2 61.1 95.9
Homogeneous-Dukler 37.0 35.6 13.9 32.6 73.9
Homogeneous-Owens 26.0 4.5 30.3 70.4 92.8
Homogeneous-Beattie and Whalley 31.7 28.2 21.0 43.5 83.6
Homogeneous-Davidson 2730 �2728 22.6 35.4 48.7
Homogeneous-Garcia 41.5 40.1 6.9 24.7 64.4
Homogeneous-Awad and Muzychka No. 1 26.2 16.6 28.0 59.0 95.7
Homogeneous-Awad and Muzychka No. 2 31.4 28.3 22.2 47.4 80.8
Homogeneous-Awad and Muzychka No. 3 27.3 19.9 26.1 57.6 91.8
Homogeneous-Awad and Muzychka No. 4 27.5 21.1 26.3 54.7 93.7
Lockhart and Martinelli 96.0 �89.2 14.2 25.3 36.4
Martinelli and Nelson 240 �240 6.4 14.3 28.4
Baroczy-Chisholm 25.0 8.7 39.3 65.6 90.4
Friedel 21.9 6.7 38.8 72.7 96.4
Theissing 27.1 15.6 28.0 58.2 91.7
Lombardi 15.9 �10.1 61.8 89.4 95.8
Müller-Steinhagen and Heck 28.2 11.8 30.3 52.9 88.6
Chawla 48.7 48.4 5.3 18.2 48.3
Shannak 29.7 23.3 25.1 52.5 83.0
Mishima and Hibiki 91.7 �86.9 14.6 25.9 36.4
Zhang-Mishima 80.8 �74.8 15.6 28.8 41.4
Sun-Mishima 29.1 15.6 27.2 56.0 92.8
Tran 53.8 �30.4 21.8 42.0 63.8
Present study, Eqs. (30) and (31) 13.1 �2.4 69.7 92.7 97.1

(1) Mean absolute percentage error (%) 100
n

Pn
1
jðdP=dzÞexp�ðdP=dzÞcal j

ðdP=dzÞexp
.

(2) Mean percentage error (%) 100
n

Pn
1
ðdP=dzÞexp�ðdP=dzÞcal

ðdP=dzÞexp
.

(3) Percentage of experimental data within ±15%.
(4) Percentage of experimental data within ±30%.
(5) Percentage of experimental data within ±50%.

Table 3
Statistical comparison between microscale experimental data and correlations.

(1) (2) (3) (4) (5)

Homogeneous-McAdams 43.6 43.3 4.5 9.4 75.4
Homogeneous-Cicchitti 26.6 16.5 18.2 71.8 95.4
Homogeneous-Dukler 47.7 47.7 1.7 7.7 53.3
Homogeneous-Owens 40.0 �8.4 27.0 67.0 85.0
Homogeneous-Beattie and Whalley 39.2 38.9 4.5 15.8 88.3
Homogeneous-Davidson 3285 �3284 1.2 3.9 5.5
Homogeneous-Garcia 52.8 52.8 0.2 2.1 24.7
Homogeneous-Awad and Muzychka No. 1 27.8 21.0 15.5 62.0 96.2
Homogeneous-Awad and Muzychka No. 2 36.8 35.3 5.0 22.0 91.4
Homogeneous-Awad and Muzychka No. 3 30.0 25.2 10.3 49.5 97.1
Homogeneous-Awad and Muzychka No. 4 30.1 27.8 12.5 38.7 96.9
Lockhart and Martinelli 41.3 �36.3 27.0 52.6 63.9
Martinelli and Nelson 683 �683 0.0 0.0 0.0
Baroczy-Chisholm 32.6 �8.3 31.1 73.4 86.4
Friedel 28.0 10.2 22.7 69.9 90.9
Theissing 31.9 28.0 9.8 38.0 95.2
Lombardi 18.2 �5.2 58.9 87.5 94.0
Müller-Steinhagen and Heck 24.2 18.5 26.3 67.2 97.8
Chawla 51.8 51.7 1.7 7.4 34.5
Shannak 38.3 37.7 3.9 17.9 89.0
Mishima and Hibiki 47.2 47.1 1.5 9.3 51.7
Zhang-Mishima 39.8 39.7 2.4 16.0 83.3
Sun-Mishima 28.8 22.1 16.3 51.4 97.1
Tran 185 �185 0.5 3.4 6.9
Present study, Eqs. (30) and (31) 28.8 10.9 22.8 51.2 92.1
Present study, Eqs. (31) and (34) 13.1 9.2 62.2 97.8 100.0

(1) Mean absolute percentage error (%) 100
n

Pn
1
jðdP=dzÞexp�ðdP=dzÞcal j

ðdP=dzÞexp
.

(2) Mean percentage error (%) 100
n

Pn
1
ðdP=dzÞexp�ðdP=dzÞcal

ðdP=dzÞexp
.

(3) Percentage of experimental data within ±15%.
(4) Percentage of experimental data within ±30%.
(5) Percentage of experimental data within ±50%.

Alf = (1-γ)(1-ε)A 

Ag = εA 

Ale = γ(1-ε)A 

Fig. 3. Schematic representation of the cross sectional area A split among the
phases.
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Uin ¼
e2

inð1� xinÞ2

qlincinð1� einÞ
þ ð1� einÞ2ð1� xinÞ2

qlinð1� cinÞð1� einÞ
þ x2

in

qginein
ð3Þ

Uout ¼
e2

outð1� xoutÞ2

qloutcoutð1� eoutÞ
þ ð1� eoutÞ2ð1� xoutÞ2

qloutð1� coutÞð1� eoutÞ
þ x2

out

qgouteout
ð4Þ

W ¼ 1
3

DeðDqg � DqlÞ þ
1
2
½Deðqgin � qlinÞ þ ð1� einÞDql

þ einDqg � þ qlinð1� einÞ þ qginein ð5Þ
Dql ¼ qlout � qlin; Dqg ¼ qgout � qgin; De ¼ eout � ein ð6Þ

where qlin, qlout, qgin and qgout are the liquid and vapor densities
evaluated at the inlet and outlet of the test section while xin and xout,
ein and eout, ein and eout and cin and cout are the vapor quality, the en-
trained liquid fraction, the void fraction and the liquid droplet hold-
up evaluated at the inlet and outlet of the test section.

The fraction of liquid entrained as droplets in the gas core e is
estimated from a correlation proposed by Oliemans et al. (1986):

e
1� e

¼ 10b0qb1
l qb2

g lb3
l lb4

g rb5 db6 Jb7
l Jb8

g gb9 ð7Þ

where Jl and Jg are the superficial liquid and gas velocities:

Jl ¼
ð1� xÞG

ql
; Jg ¼

xG
qg

ð8Þ

The exponents b0–b9 appearing in Eq. (7) are summarized in Ta-
ble 4 as a function of the liquid film Reynolds number, which is de-
fined as follows:

Relf ¼ ð1� eÞð1� xÞGd
ll

ð9Þ

A constraint to the values of the exponents b0–b9 in Eq. (7) is
that the right-hand side of Eq. (7) forms a dimensionless group.
As can be seen in Eq. (9), the liquid film Reynolds number depends
on the fraction of liquid entrained e, so that an iterative calculation
is required. Operatively, a first order estimate for e is obtained
using the values b0–b9 from Table 4 which are applicable irrespec-
tive of the liquid film Reynolds number. The Reynolds number of
the liquid film can then be calculated, and the estimate for e
accordingly refined. The procedure is then repeated, with 2–3 steps
typically required to converge.

The void fraction e is predicted according to the expression of
Woldesemayat and Ghajar (2007):

e¼ Jg Jg 1þ Jl

Jg

 ! qg
ql

� �0:12
664

3
775þ2:9

gdrð1þcoshÞðql�qgÞ
q2

l

� �0:25

8>><
>>:

,

�ð1:22þ1:22sinhÞ
Patm

P

)
ð10Þ

where the numerical constant 2.9 appearing in Eq. (10) has the
dimension m�0.25, Patm is atmospheric pressure and P is the system
pressure.
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Finally, the liquid droplet hold-up is estimated neglecting the
slip between the entrained liquid droplets and the carrier gas
phase as follows:

c ¼ e
e

1� e
1� x

x
qg

ql
ð11Þ

As can be seen, the estimate of the frictional pressure gradient
in Eq. (2) depends on the liquid entrained fraction e and on the void
fraction e. Since the currently available predictive tools for these
flow parameters are limited in validity to macroscale channels,
the application of these methods to the data for microchannels
should be considered as a first approximation.

According to Eq. (2), the frictional component of the total pres-
sure gradient is predicted to be predominant over the accelerative
and gravitational components in most of the data. The acceleration
pressure gradient is typically a few percent of the total pressure
gradient, while the gravitational component, which disappears
for all the microscale data taken with horizontal test sections, is
normally within 10–20% of the total but can reach up to 40–60%
of the total in a few selected points characterized by low mass flux
values.

The frictional component of the total pressure gradient esti-
mated with Eq. (2) is compared with the correlation predictions
in Figs. 12–16 and 18–24 in the Electronic Annex 2 in the online
version of this article. The statistical comparisons between the
measured data and predictions are reported in Tables 2 and 3 for
the macroscale and microscale data, respectively. From inspection
of Table 2 it can be seen that with macroscale data the best predic-
tions are given by the correlation of Lombardi, with a mean abso-
lute percentage error of 15.9% and 9 points out of 10 predicted to
within ±30%, followed by the correlations of Friedel, Baroczy-Chis-
holm and the homogeneous model with the two-phase viscosity
defined according to Cicchitti, Owens and Awad and Muzychka
(definition No. 1 in Table a1 in the Electronic Annex 1 in the online
version of this article).

From Table 3 with microscale data, the best predictions are still
given by the correlation of Lombardi, with a mean absolute per-
centage error of 18.2% and 9 points out of 10 predicted to within
±30%, followed by the correlation of Müller-Steinhagen and Heck,
the homogeneous model with the two-phase viscosity defined
according to Cicchitti and Awad and Muzychka (definition No. 1
in Table a1 in the Electronic Annex 1 in the online version of this
article) and the correlation of Friedel. Among the correlations con-
sidered here that are specifically designed for microchannels, the
best performing one is the correlation of Sun and Mishima.

Good microscale predictions with the correlation of Müller-
Steinhagen and Heck have been reported by Ribatski et al. (2006)
and by Revellin and Thome (2007).

Since the homogeneous model is based on neglecting the slip
between the phases, in principle it should be most effective for
two-phase flows characterized by a fine mixing of the phases, such
as bubbly flow and mist flow, while less effective whenever the
phases tend to become segregated and consequently develop a slip,
as happens with annular flow. Nonetheless, as can be seen in
Table 4
Parameters for Oliemans et al. correlation.

Relf b0 b1 b2 b3 b4

All values �2.52 1.08 0.18 0.27 0
102–3 � 102 �0.69 0.63 0.96 �0.80 0
3 � 102–103 �1.73 0.94 0.62 �0.63 0
103–3 � 103 �3.31 1.15 0.40 �1.02 0
3 � 103–104 �8.27 0.77 0.71 �0.13 �1
104–3 � 104 �6.38 0.89 0.70 �0.17 �0
3 � 104–105 �0.12 0.45 0.25 0.86 �0
Tables 2 and 3, the homogeneous model can handle annular flow
quite well, provided that the two-phase viscosity is properly de-
fined. Within the limits of the present study, the best definitions
of the two-phase viscosity for macroscale data are those proposed
by Cicchitti and by Owens, in analogy with what was already ob-
served by Idsinga et al. (1977), while for microscale data the best
definitions of the two-phase viscosity are those proposed by Cic-
chitti and by Awad and Muzychka (definition No. 1 in Table a1 in
the Electronic Annex 1 in the online version of this article).

Interestingly, the correlation of Lombardi works very well (tak-
ing the ±30% interval) for both the macroscale and the microscale
databases, predicting correctly 89.4% of the former and 87.5% of
the latter, using a criterion based on modified Bond and Weber
number values to choose between two friction factor expressions.

5. Dimensional analysis and new prediction method

In what follows, a new correlating approach for the frictional
pressure gradient based on dimensional analysis and capable of
providing more physical insight than is typical of simple empirical
correlations is proposed. In particular, a technique based on regres-
sion analysis and similar to that used by Stephan and Abdelsalam
(1980) for natural convection boiling is used here.

In single-phase turbulent smooth pipe flow, the wall shear
stress sw is assumed to depend on the fluid density q and viscosity
l, on the mean flow velocity V and on the tube diameter d as
follows:

sw ¼ swðq;l;V ;dÞ ð12Þ

As it is well known, the application of dimensional analysis to
Eq. (12) relates the Fanning friction factor f to the Reynolds number
as follows:

f ¼ sw

1
2 qV2 ¼ f

qVd
l

� �
ð13Þ

This approach can be extended to annular two-phase flow
assuming the wall shear stress sw to depend on the densities ql

and qc and viscosities ll and lc of the liquid and the droplet-laden
gas core, on the surface tension r, on the mean velocities of the
liquid film Vl and gas core Vc, on the gas core hydraulic diameter
dc and on the average liquid film thickness t as follows:

sw ¼ swðql;qc;ll;lc;r;Vl;Vc;dc; tÞ ð14Þ

In a first approximation, an annular flow can be considered to
consist of a liquid film single-phase flow plus a spray flow (gas
and entrained droplets), where the spray flow can be treated as
an equivalent single-phase flow. An annular flow, therefore, can
be ideally decomposed in two single-phase flows, flowing concur-
rently through the channel. Since in single-phase channel flow the
density q, the viscosity l, the mean flow velocity V and a character-
istic dimension of the flow d do the job, as indicated in Eq. (12), it
seems reasonable to assume as influential parameters the densities
ql and qc, the viscosities ll and lc, two mean flow velocities Vl and
Vc and two characteristic dimensions, which are assumed to be the
b5 b6 b7 b8 b9

.28 �1.80 1.72 0.70 1.44 0.46

.09 �0.88 2.45 0.91 �0.16 0.86

.50 �1.42 2.04 1.05 0.96 0.48

.46 �1.00 1.97 0.95 0.78 0.41

.18 �0.17 1.16 0.83 1.45 �0.32

.55 �0.87 1.67 1.04 1.27 0.07

.05 �1.51 0.91 1.08 0.71 0.21
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average liquid film thickness t for the liquid film flow and the core
diameter dc for the core flow. In other words, ql, ll, Vl and t are as-
sumed to characterize the liquid film single-phase flow, while qc,
lc, Vc and dc are assumed to characterize the core flow (gas plus en-
trained droplets). Surface tension r is further included since it gov-
erns the interaction between the liquid film and the gas core, as
extensively demonstrated in the literature. These considerations
detail the reasoning behind Eq. (14).

This list of influential parameters in Eq. (14) is not claimed or
expected to be complete but should, nonetheless, include all the
essential physical properties that influence the wall shear stress
in annular two-phase flow. The mean velocities of the liquid film
Vl and gas core Vc are calculated as follows:

Vl ¼
ð1� eÞð1� xÞC

pqltðd� tÞ ; Vc ¼
4
p
½xþ eð1� xÞ�C

qcd2
c

ð15Þ

where e is the fraction of liquid entrained as droplets in the gas core,
estimated with Oliemans et al. (1986) correlation, Eq. (7), while C is
the total mass flow rate. The average liquid film thickness t is esti-
mated by numerically integrating the mass conservation equation
for the liquid film:

ð1� eÞð1� xÞC ¼ 2pql

Z t

0
Vlf ðyÞðR� yÞdy ð16Þ

where R and y are the tube radius and the distance from the tube
wall, respectively, while the velocity profile in the liquid film Vlf is
estimated according to Cioncolini et al. (2009) as follows:

Vþlf ¼
1
2þlf

1
1� n

yþ � yþ2

2Rþ
þ nRþ ln 1� yþ

Rþ

� �� �
þ 1

2
Clf yþ2

� 	
;

0 6 yþ 6 tþ ð17Þ

n ¼ x2G2

e
dvg

dP










; Clf ¼

y�2

llV
� ql �

qlð1� eÞ þ qge
1� n

� �
g sin h;

2þlf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:90 � 10�3tþ2

q
ð18Þ

where mg is the gas phase specific volume and P the pressure. The
dimensionless variables appearing in Eq. (17), together with the
velocity V* and length y* scales, are defined as follows:

Vþlf ¼
Vlf

V�
; yþ ¼ y

y�
; Rþ ¼ R

y�
; tþ ¼ t

y�
;

V� ¼
ffiffiffiffiffiffi
sw

ql

r
; y� ¼ ll

qlV
� ð19Þ

Once the average liquid film thickness t is known, the core flow
diameter is simply calculated as dc = d � 2t, while the void fraction
e and the liquid droplet hold-up c can be calculated from the follow-
ing relations:

ð1� eÞð1� cÞ ¼ tð2R� tÞ
R2 ; c

1� e
e
¼ e

1� x
x

qg

ql
ð20Þ

where the left expression is derived from the liquid film flow area,
while that on the right is derived by neglecting the slip between the
carrier gas and the entrained droplets. It is worth noting that the
above outlined procedure could be reversed: the void fraction could
be estimated from an empirical correlation, such as Eq. (10), and
the liquid droplet hold-up could then be calculated neglecting the slip
between the carrier gas and the entrained droplets, Eq. (11), and final-
ly the average liquid film thickness could be calculated from the void
fraction and liquid droplet hold-up values. Estimating the average li-
quid film thickness from integrating the liquid film velocity profile,
however, was found to be more accurate and therefore was preferred
in the present analysis. Finally, the density qc and the viscosity lc of
the droplet-laden gas core are calculated as follows:

qc ¼ ð1� ecÞql þ ecqg ; lc ¼ ð1� ecÞll þ eclg ð21Þ

where ec is the droplet laden gas core void fraction and is calculated as:

ec ¼
e

eþ cð1� eÞ ð22Þ

Returning to Eq. (14), application of dimensional analysis re-
lates the two-phase Fanning friction factor ftp to the six dimension-
less groups P1–P6 as follows:

ftp ¼
sw

1
2 qcV2

c

¼ ftpðP1;P2; . . . ;P6Þ ð23Þ

P1 ¼
ql

qc
; P2 ¼

ll

lc
; P3 ¼

qcVcdc

lc
¼ Rec; P4 ¼

qlV ldl

ll
¼ Rel

P5 ¼
qcV2

c dc

r
¼Wec; P6 ¼

t
dc

ð24Þ

The liquid film hydraulic diameter dl is calculated as:

dl ¼ 4
t
d
ðd� tÞ ð25Þ

A detailed derivation of the dimensionless groups P1–P6 is in-
cluded in the Appendix A. As can be seen, P1 and P2 are the ratios
of the densities and viscosities of the liquid film and the gas core,
respectively, P3 is a Reynolds number of the gas core, P4 is a Rey-
nolds number of the liquid film, P5 is a Weber number for the gas
core and P6 is the dimensionless liquid film thickness. Although
the dimensionless groups P1–P6 are among the most frequently
used in the annular two-phase flow literature, it is worth noting
that several other groups might be generated through manipula-
tion of the equations. Thus, returning to Eq. (23), one possible form
is a power law representation:

ftp ¼
sw

1
2 qcV2

c

¼ ftpðP1;P2; . . . ;P6Þ ¼ C �Pa1
1 Pa2

2 Pa3
3 Pa4

4 Pa5
5 Pa6

6 ð26Þ

Power law representations have proved to be appropriate in
many engineering applications, so that even though assuming a
power law representation is rather arbitrary, nonetheless it can
be considered an acceptable starting point. Besides, a power law
representation allows the use of multiple regression analysis to
both fix the values of the constant C and exponents ai that best
fit the data and to provide a ranking of importance of the groups
P1–P6, allowing selection of those groups that exert the most sig-
nificant influence on the friction factor ftp. Since dimensional anal-
ysis is being applied here to provide physical insight, the
possibility of reducing the number of dimensionless groups while
keeping the most influential ones is believed to be of considerable
importance. The ranking of the groups P1–P6 is achieved in differ-
ent steps according to the following scheme. In the first step, equa-
tions of the following form are assumed, one for each group Pi:

f step1
i ¼ C �Pai

i ; i ¼ 1; . . . ;6 ð27Þ

For each Pi, the constant C and the exponent ai are calculated
from fitting the experimental data with the least square method,
while the square error sum is calculated as indicated in Eq. (28),
where the sum spans the entire database.

Qstep1
i ¼

X
ðftp � f step1

i Þ2; i ¼ 1; . . . ;6 ð28Þ

The smallest square error sum allows the identification of the
most influential group Pi among P1–P6. In the second step,
equations of the following form are assumed for the remaining
groups Pi:



Table 5
Range of dimensionless groups.

Macroscale Microscale

ql/qc 1.75–817 18.5–146
ll/lc 1.55–54.9 11.5–38.5
Rec 1.2 � 104–4.6 � 106 6.7 � 103–8.5 � 104

Rel 2.7 � 101–1.2 � 105 3.6 � 101–6.3 � 103

Wec 3.5 � 101–3.4 � 105 6.8 � 101–3.6 � 103

t/dc 5.2 � 10�5–2.6 � 10�1 6.9 � 10�3–1.7 � 10�1
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f step2
i ¼ C �Pb �Pai

i ; i ¼ 1; . . . ;5 ð29Þ

where Pb stands for the most influential group identified in the first
step of the analysis. For each of the remaining Pi, the constant C and
the exponent ai are calculated from fitting the experimental data
with the least square method, while the identification of the small-
est square error sum allows the selection of the second most influ-
ential group Pi. The procedure is repeated until all groups are
ranked. Examination of the evolution of the square error sums
through the successive steps of regression analysis demonstrates
when the inclusion of a further group no longer provides any appre-
ciable increase in accuracy.

As can be seen, the analysis outlined so far strongly depends on
the predictions of the entrained liquid fraction and of the velocity
profile in the liquid film. Since the currently available predictive
tools for these key parameters are limited in validity to macroscale
channels, the analysis presented above is applied to the present
macroscale experimental data only. Since all these macroscale data
refer to vertical upflow, the cylindrical symmetry of the flow that
has been tacitly assumed thus far is appropriate. The ranking of
the dimensionless groups P1–P6 in diminishing order of impor-
tance is: Wec, ll/lc, Rec, t/dc, Rel, ql/qc. The ranges that the dimen-
sionless groups P1–P6 cover in the present study are summarized
in Table 5. Significantly, inclusion of more than one dimensionless
group beyond Wec was found to yield a negligible gain in accuracy,
so that the final form of Eq. (26) that fits the present macroscale
experimental database is the following:

ftp ¼ 0:172We�0:372
c ð30Þ

The two-phase Fanning friction factor and the gas core Weber
number values are displayed in Fig. 4, demonstrating that Eq.
(30) fits the data reasonably well.

The application of dimensional analysis to the macroscale annu-
lar flow database, therefore, identifies the droplet-laden gas core
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Fig. 4. Core flow Fanning friction fac
Weber number as the most influential dimensionless group in
determining annular flow shear stress and the corresponding fric-
tional pressure gradient. As such, within the limits of the present
analysis, friction in adiabatic annular two-phase flow seems to be
mostly determined by the inertia of the droplet-laden gas core
and by the surface energy of the interface between the liquid film
and the gas core. Of critical importance, therefore, are the fraction
of liquid entrained as droplets in the gas core, which directly af-
fects the gas core inertia, and the morphology of the interface be-
tween the liquid film and the gas core.

It might be surprising that a single dimensionless group, Wec,
correlates all of the data and hence some physical interpretation
may explain why. The interpretation of the Weber number as a ra-
tio of forces is helpful but might be somewhat limited, due to the
large number of comparable dynamic forces that influence the
hydrodynamics of annular flows and the feedbacks existing among
them. The Weber number is typically used in the analysis of mul-
tiphase flows characterized by an interface separating two differ-
ent fluids. In particular, the Weber number is a controlling
dimensionless group in spray theory in general, in the study of li-
quid atomization and in the study of surface tension waves on
shear-driven liquid films. In annular two-phase flow, the core flow
can be considered as a spray interacting with the liquid film, which
is shear-driven by the core flow and characterized by surface ten-
sion waves appearing at its surface. The tips of such waves are
atomized by the core flow, giving rise to the entrainment. As such,
the emergence of the Weber number as a characterizing group for
annular flows appears consistent with annular flow phenomena.
The empirical correlation of Lombardi (Lombardi and Carsana,
1992), which is the best performing correlation among the ones
considered in the present study, is also based on a different type
of modified Weber number to correlate the two-phase friction
factor.

The insight provided by Eq. (30) can also be of interest in the
context of proper selection of a two-phase flow experimental test
matrix, where the behavior of a two-phase flow system is investi-
gated on reduced-scale test facilities. If the natural circulation rate
of the system is of interest, as frequently happens with nuclear sys-
tem testing for safety applications, friction-preserving scaling of
the system piping becomes crucial and the information provided
by Eq. (30) can prove useful for a proper scaling of the piping sub-
ject to annular flow.

Although the turbulence structure in shear-driven liquid films is
not yet completely clarified, it is commonly accepted that thick
10000 100000 1000000

Number

Eq. (30)

tor vs. core flow Weber number.



A. Cioncolini et al. / International Journal of Multiphase Flow 35 (2009) 1138–1148 1145
films should be mostly turbulent, while laminarization should be
observed in very thin films. The average liquid film thickness val-
ues predicted from integration of Eq. (16) are in the range of
10�6–10�3 m, corresponding to a 10–1000 range for the dimen-
sionless thickness t+. As such, both laminar and turbulent liquid
films should be covered in the present macroscale study.

Statistically, Eq. (30) fits the data well enough to attempt to use
it to predict the pressure gradient in practical applications. In this
respect, the two-phase total pressure gradient can be predicted as
follows:

� dP
dz

� �
tpf�t

¼ 2f tp
G2

c

qcd
þ G2 d

dz
x2

qge
þ e2ð1� xÞ2

qlcð1� eÞ þ
ð1� eÞ2ð1� xÞ2

qlð1� cÞð1� eÞ

" #

þ ½qlð1� eÞ þ qge�g sinðhÞ ð31Þ

where the two-phase Fanning friction factor ftp is provided by Eq.
(30). In principle, the value of the average liquid film thickness that
is required as input to Eq. (30) should be obtained from integration
of the liquid film velocity profile, as indicated in Eq. (16). In order to
make the use of Eq. (31) easier for engineering applications, how-
ever, the average liquid film thickness t and the core flow diameter
dc can be predicted from the void fraction e and the liquid droplet
hold-up c values as follows:

t � d
2

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eþ c� ec

p� 
; dc � d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eþ c� ec

p
ð32Þ

where the void fraction e is predicted according to Woldesemayat
and Ghajar (2007), Eq. (10) and the liquid droplet hold-up c is cal-
culated neglecting the slip between entrained droplets and carrier
gas phase, Eq. (11). The core flow mass flux Gc and Weber number
Wec can correspondingly be estimated as follows.

Gc ¼
4
p
½xþ eð1� xÞ�C

d2
c

; Wec ¼
G2

c dc

qcr
ð33Þ

where the liquid entrained fraction e is predicted according to Olie-
mans et al. (1986), Eq. (7) and the core flow density qc is calculated
according with Eqs. (21) and (22). Since both Gc and Wec depend on
dc = (d � 2t) and since d is generally much bigger than t, even a
rough estimate of the average liquid film thickness provides a rea-
sonably accurate prediction of the core mass flux and Weber num-
ber. This conclusion is, however, limited to these two parameters,
and in the context of the complete dimensional analysis the average
liquid film thickness is more accurately estimated from integrating
the velocity profile in the liquid film, as already discussed. As can be
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Fig. 5. Total pressure gradient: predicted with Eqs
seen, although Eq. (30) is very simple, the actual calculation of the
core flow Weber number required to use it is a bit more involved.

The results are presented in Fig. 5, where the measured total
pressure gradient values are displayed versus the predictions of
Eq. (31). From inspection of Fig. 5, a systematic overprediction of
very low pressure gradient values obtained with water–air flows
can be noticed. Besides having large experimental uncertainties,
due to the very small pressure drop values measured, these very
low pressure gradient points are further characterized by a pre-
dominance of the gravitational component of the total pressure
gradient. As such, accurately predicting the void fraction becomes
crucial, while the wall shear stress backed out of the calculation
becomes quite inaccurate.

In Table 2 it can be seen that Eq. (31) fits the macroscale data
better than all the other correlations tested, with a mean absolute
percentage error of 13.1% and 7 out of 10 points predicted to with-
in ±15%. Direct comparison of Eq. (31) with other correlations,
however, is somewhat unfair, since Eq. (31) is based on the present
data set while all other correlations have been designed with dif-
ferent experimental data banks. Nonetheless, the good perfor-
mance of Eq. (31) further suggests that, within the limits of the
present study, the core flow Weber number seems to be the best
parameter to capture the essence of friction in adiabatic annular
two-phase flow.

Although not used to develop Eq. (30), the present microscale
experimental data are nonetheless included in Fig. 4 for compari-
son. The microscale points cluster quite well, suggesting that the
present approach may work for microchannels as well, provided
that dedicated design tools to predict the liquid entrained fraction
and the velocity profile in the liquid film become available (the
macroscale methods have been applied here). Besides, although
derived by fitting macroscale data only, Eq. (30) provides an
acceptable fit of microscale data as well, suggesting that the pres-
ent macroscale approach can be extrapolated, in first approxima-
tion, to microchannels. The microscale two-phase total pressure
gradient can then be predicted with Eqs. (30) and (31), and the re-
sults are presented in Fig. 6, where the measured total pressure
gradient values are displayed versus the predicted ones. Table 3
shows that the macroscale method proposed here, Eqs. (30) and
(31), extrapolates reasonably well to microchannels, yielding a
mean absolute percentage error of 28.8% that is comparable with
the errors of the correlation of Friedel and of the microscale meth-
od of Sun and Mishima. Future work should concentrate on mea-
surement of the liquid entrained fraction and of the velocity
0001001
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10

100

1000

10000

00001000100101

Total Pressure Gradient-Experimental [kPa/m]

To
ta

l P
re

ss
ur

e 
G

ra
di

en
t-P

re
di

ct
ed

 
[k

Pa
/m

]

+ 50%

- 50%

Fig. 6. Total pressure gradient: predicted with Eqs. (30) and (31) vs. measured microscale data.
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profile in the liquid film in microscale tests. For the time being,
more accurate microscale predictions for use in engineering appli-
cations can be obtained if the two-phase Fanning friction factor, in-
stead of being predicted with Eq. (30), is calculated as follows:

ftp�l ¼ 0:0196We�0:372
c Re0:318

l ð34Þ

where the liquid film Reynolds number Rel is calculated as:

Rel ¼ ð1� eÞð1� xÞGd
ll

ð35Þ

Eq. (34) is derived from Eq. (30) by including an empirical cor-
rection based on the liquid film Reynolds number Rel that is opti-
mized with the present microscale database. Within the limits of
the present study, the inclusion of the liquid film Reynolds number
in the correlating equation of the two-phase Fanning friction factor
is apparently capable of compensating for the already highlighted
deficiencies of the macroscale methods that are extrapolated here
down to microchannels to predict the liquid entrained fraction and
the velocity profile in the liquid film. The results are presented in
Fig. 7, where the measured total pressure gradient values are dis-
played versus the predictions of Eqs. (31) and (34). In Table 3 it
can be seen that Eqs. (31) and (34) fit the microscale data better
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Fig. 7. Total pressure gradient: predicted with Eqs
than all the other correlations tested, with a mean absolute per-
centage error of 13.1% and almost all points predicted to within
±30%.

For practical applications, the selection between Eqs. (30) and
(34) to predict the two-phase Fanning friction factor should be
done according to the value of the Bond number defined here as:

Bo ¼
gðql � qgÞd

2

r
ð36Þ

As suggested by Kew and Cornwell (1997), the macro-to-micro-
scale transition occurs at Bo � 4, with values below 4 being in the
microscale. Accordingly, Eq. (30) should be used for Bond number
values above 4, while Eq. (34) should be used for Bond number val-
ues below 4.The Bond number range covered in the present macro-
scale database is 7.8–208, while microscale data cover the range of
0.25–1.6.
6. Conclusions

The performances of 24 empirical correlations for use in pre-
dicting two-phase flow pressure drops were evaluated with re-
spect to experimental data for annular two-phase flow. Within
000010001
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. (31) and (34) vs. measured microscale data.
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the limits of the present study, for both microscale and macroscale
data, the best predictions by an existing method are given by far by
the correlation of Lombardi.

Applying dimensional analysis on annular two-phase flow, and
using only macroscale annular flow data, the Weber number of the
droplet laden gas core was found to be the lone dominant dimen-
sionless group. It has the benefit of including intrinsically the ef-
fects of the gas core velocity, the entrained liquid fraction and
the average liquid film thickness, thus providing more physical in-
sight into the two-phase frictional pressure gradient than other
previous correlations. The new gas core Weber number based cor-
relation proposed here gave the best predictions for the macroscale
database and yielded encouraging results when extrapolated to the
microscale database, suggesting that the gas core Weber number
may be the lone dominant dimensionless group in the microscale
as well. The new gas core Weber number based correlation pro-
posed here was modified to improve its predictive capability with
microchannels.
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Appendix A

Starting from Eq. (14), qc, Vc and dc are chosen to derive the
intrinsic scales for measuring mass, length and time:

½M� ¼ qcd3
c ðA1Þ

½L� ¼ dc ðA2Þ
½t� ¼ dcV�1

c ðA3Þ

The set of dimensionless groups that is correspondingly ob-
tained is as follows:

P1 ¼
ql

qc
; P2 ¼

ll

qcVcdc
; P3 ¼

lc

qcVcdc
; P4 ¼

Vl

Vc
;

P5 ¼
r

qcV2
c dc

; P6 ¼
t

dc
ðA4Þ

In dimensional analysis, it is common practice to manipulate
the dimensionless groups in order to facilitate their physical inter-
pretation and/or better capture the features of the phenomenon
under investigation. In particular, P2 is formally the inverse of a
Reynolds number, but contains mixed parameters (some referring
to the liquid, some referring to the core) that make its interpreta-
tion difficult. It is therefore manipulated as follows:

P2#P2P
�1
3 ¼

ll

lc
ðA5Þ

This form is preferred, since it is formally analogous to P1. For
what concerns P3, it is the inverse of a core flow Reynolds number,
so it is kept as it is, just inverted:

P3#P�1
3 ðA6Þ

P5 is the inverse of a core flow Weber number, so it is kept as it
is, just inverted:

P5#P�1
5 ðA7Þ

P4 is the slip between the liquid film and the core flow (droplets
and gas). Although it might be kept as it is, a different form was
preferred. Inspecting the other dimensionless groups it can be seen
that inertia in the core flow, viscous dissipation in the core flow
and surface energy of the interface between film and core are al-
ready represented, but inertia and viscous dissipation in the liquid
film are still missing. It was therefore preferred to manipulate P4

in order to get a Reynolds number for the liquid film:

P4#P4P1P
�1
2 P3P6 ¼

qlV lt
ll

ðA8Þ

P4 is now a Reynolds number for the liquid film, with the aver-
age liquid film thickness t as characteristic dimension. Although it
might be kept in this form, a further improvement was considered.
The hydraulic diameter of the liquid film is as follows:

dl ¼ 4
t
d
ðd� tÞ ¼ 4t

dc þ t
dc þ 2t

� 4t () d	 t ðA9Þ

As can be seen, the average liquid film thickness t is a good mea-
sure of the hydraulic diameter of the liquid film (apart from the
multiplicative constant 4) only in the limit of very thin films. Since
the experimental data bank used here is not limited to very thin
films, the liquid film Reynolds number is modified by replacing
the average liquid film thickness t with the liquid film hydraulic
diameter:

P4#
qlV ldl

ll
ðA10Þ

This kind of manipulation might be questioned. Since the avail-
able information is used as suggested by physical intuition, the
manipulation looks legitimate: although dimensional analysis is a
mathematical tool, it is applied to real-world problems, so that
some flexibility is required. Besides, in the end, the influence of
the liquid film Reynolds number turns out to be negligible. Physi-
cally-inspired modifications of dimensionless groups are not rare
in two-phase flow. For example, P1 might be modified as follows:

P1#
ql � qc

qc
ðA11Þ

Some authors found this form of the density ratio more effective
to capture huge pressure variations. In the present study, however,
the density ratio was not modified as described above.

The set of dimensionless groups that is finally obtained is as
indicated in Eq. (24).
Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ijmultiphaseflow.2009.07.005.
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