
International Journal of Heat and Mass Transfer 53 (2010) 4287–4295
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
A new correlation and the review of two-phase flow pressure change across
sudden expansion in small channels

Chi-Chuan Wang c, Chih-Yung Tseng a,b, Ing Youn Chen a,*

a Mechanical Engineering Department, National Yunlin University of Science and Technology, Yunlin 640, Taiwan
b Energy & Environment Research Laboratories, Industrial Technology Research Institute, Hsinchu 310, Taiwan
c Deaprtment of Mechanical Engineering, National Chiao Tung University, Hsinchu 300, Taiwan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 3 March 2010
Received in revised form 14 May 2010
Accepted 14 May 2010
Available online 11 June 2010

Keywords:
Two-phase flow
Pressure change
Sudden expansion
0017-9310/$ - see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.ijheatmasstransfer.2010.05.057

* Corresponding author. Address: 123 University R
640, Taiwan. Tel.: +886 5 5342601; fax: +886 5 5312

E-mail address: cheniy@yuntech.edu.tw (I.Y. Chen
In this study, the authors first present a short overview on the single-phase flow across sudden expan-
sion, followed by a thorough review of the relevant literature for two-phase flow across sudden expan-
sion, and examination of the applicability of the existing correlations. Also, 282 data available from five
publications are collected. It is found that none of the existing correlations can accurately predict the
entire database. Most of the correlations highly over predict the data with a mini test section which
has a Bond number being less than 0.1 in which the effect of surface tension dominates. Also, some of
the correlations significantly under predict the data for very large test sections. Among the models/cor-
relations being examined, the homogeneous model shows a poor predictive ability than the others, but it
is handy for the engineering aspect. Hence by taking account the influences of Bond number, Weber num-
ber, Froude number, liquid Reynolds number, gas quality and area ratio into the original homogeneous
model, a modified homogeneous model is proposed that considerably improves the predictive ability
over existing correlations with a mean deviation of 23% and a standard deviation of 29% to all the data
with wider ranges of operating parameters for application.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The flow of two-phase mixtures across sudden expansions and
contractions is commonly seen among connection piping as well
as relevant to many applications such as chemical reactors, power
generation units, oil wells and petrochemical plants. It is well known
that the gas–liquid interactions in sudden flow area changes such as
pipeline connections and heat exchangers are a complex function of
the flow rates of the two phases, their physical properties and pipe
geometry. As the two-phase mixture flows through the sudden area
changes, the flow might form a separation region at the sharp corner
and results in an appreciable pressure loss due to irreversibility.
Two-phase flow studies having constant cross-sectional pipes had
been widely studied in the literatures, however, frictional perfor-
mance arisen from singularities such as expansion and contraction
are among the least studies of two-phase system [1]. On the other
hand, the small and narrow channels are widely adopted in compact
heat exchangers; or act as an integral part of CPU cold plate using the
liquid cooling with or without phase change. Recently, the authors
had investigated the two-phase flow pressure change across sudden
contractions with small channels. A correlation was proposed that
ll rights reserved.
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considerably improves the predictive ability (with a mean deviation
of 30%) over existing correlations with their 156 data and 357 avail-
able literature data [2].

Though, there are several correlations for the two-phase flow
across sudden expansions available in the literature. Most of the cor-
relations could only predict their own database, and extrapolating
their correlations outside their database was uncertain. In this sense,
one of the objectives of this study is to examine the applicability of
existing correlations subject to sudden expansions. In the following,
a short overview on the single-phase flow across sudden expansion
is firstly given, followed by a thorough review of the relevant litera-
tures for two-phase flow across sudden expansions. Based on the
available data collected from the literatures, the applicability for
each cited correlation/model is tested. It will be shown later that
none of them is able to predict the entire database. Hence, a ratio-
nally based correlation incorporating with all the significant param-
eters is proposed to encapsulate the much larger database.

2. Review of literature

2.1. Single-phase pressure change across sudden expansion

For single-phase flow, this pressure change across the sudden
expansion is mathematically given as a function of the enlarge-
ment loss coefficient (Ke) and the kinetic energy of the flow:
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Fig. 1. Idealized pressure variations across sudden expansion.

Nomenclature

Bo Bond number defined Eq. (34)
Ch Chisholm’s factor defined Eq. (15)
d internal diameter of circular tube (m)
g gravity (m s�2)
fe total friction factor, defined in Eq. (23)
Fr Froude number defined in Eq. (36)
G total mass flux (kg m�2 s�1)
K loss coefficient
P pressure, Pa
DPe pressure change across the sudden expansion (Pa)
DPir irreversible pressure change, defined in Eq. (26) (Pa)
DPer reversible pressure change, defined in Eq. (27) (Pa)
Po average wall pressure (Pa)
Pw local wall pressure (Pa)
r correction factor given in Eq. (14)
Re Reynolds number (qud/l)
S slip ratio
u fluid mean velocity (m s�1)
uG actual gas velocity (m s�1)
uL actual liquid velocity (m s�1)
x gas quality
X Martinelli parameter
We Weber number defined in Eq. (35)
Z, c coefficients defined in Eq. (31)

Greek symbols
X correction factors given in Eq. (37)
a mean void fraction
aE mean volumetric entrainment, defined in Eq. (18)
U characteristic function defined in Eq. (14)
q density (kg m�3)
qeff mean effect density, defined in Eq. (16) (kg m�3)
q0 fictitious mixture density, defined in Eq. (29) (kg m�3)
q00 fictitious mixture density, defined in Eq. (30) (kg m�3)
Dq density difference between liquid and gas (kg m�3)
r surface tension (N m�1)
rA flow cross-sectional area expansion ratio, 0 < rA < 1
h function of the area ratio defined in Eq. (14)
l viscosity (N s m�2)

Subscripts
G gas phase
h two-phase homogeneous mixture
in sudden expansion inlet
L liquid phase
LO all liquid flow
out sudden expansion outlet
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where u is the mean flow velocity, q is the fluid density, and mass
flux, G is calculated based on the smaller cross-sectional area of the
inlet tube, Ke is a function of Reynolds number and the passage
cross-section area ratio (rA < 1), Ke decreases as rA is increased
[3]. As rA approaches 0, Ke becomes 1. The enlargement pressure
difference becomes a simple correlation by Delhaye [4] from a sim-
plified momentum balance equation

DPe ¼
G2rAð1� rAÞ

q
ð2Þ

Fig. 1 shows a typical change of static pressure along the axis for
flow across the expansion. Due to the deceleration of the flow in
the transitional region, the static pressure initially increases at
the expansion area. After the pressure reaches the maximum, the
pressure gradient merges with the downstream pressure gradient
line. The pressure change at the sudden expansion is defined as
the pressure difference for upstream and downstream fully devel-
oped pressure gradient lines extended to the expansion position,
i.e., DPEXP, as shown in Fig. 1.

2.2. Two-phase pressure change across sudden expansion

Romie [5], Richardson [6], Lottes [7], Mendler [8], and McGee [9]
were among the first to investigate two-phase flow through sudden
expansions. And this topic was continuously investigated by Chis-
holm and Sutherland [9], Delhaye [4], Wadle [11], Schmidt and Fri-
edel [12], Attou et al. [13], Attou and Bolle [14], Abdelall et al. [15],
and Chalfi et al. [1]. In the majority of the previous studies, the void
fraction, area ratio and gas quality, as well as the densities of gas and
liquid were used to estimate the pressure recovery across the sud-
den area expansion. The pressure change equations were obtained
from the mass and momentum balances without considering the
structure of the flow and the frictional effect on the pipe wall. Ahmed
[16] had shown that once the flow is fully developed, the flow pat-
tern, void fraction and pressure gradient can be characterized only
by the pipe geometry and local flow conditions without memory
of its formation. Recently, Ahmed et al. [17] considered the influence
of wall shear stress in the developing region immediately down-
stream of the expansion and the wall pressure on the downstream
face of the expansion in the flow developing region on the pressure
recovery. More recently, Ahmed et al. [18] included the length of the
developing regime to the area ratio and the upstream liquid Rey-
nolds number in their correlation.

By allowing a relative velocity between the momentum bal-
ances among phases, Romie [5] derived an expression for sudden
enlargement

DPe ¼
G2rA

qL
ð1� xÞ2 1

ð1� ainÞ
� rA

ð1� aoutÞ

� �
þ x2 qL

qG

1
ain
� rA

aout

� �� �
ð3Þ

where the subscripts, in denotes upstream of expansion, and out
represents downstream of expansion.

If the void fraction remains unchanged, Eq. (3) is simplified to
[4]:

DPe ¼
G2rAð1� rAÞ

qL

ð1� xÞ2

ð1� aÞ þ
ðqL=qGÞx2

a

" #
ð4Þ
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McGee [9] measured pressure drops for steam–water mixtures
flowing through sudden expansions with area ratios (rA) of 0.332,
0.546, and 0.607. His test conditions are summarized in Table 1.
The predicted pressure change by Romie’s equation (3) using the
measured upstream and down stream void fractions is in fair
agreement with the data. The predictive ability of his correlation
against his 64 point data was in the order of ±40%. A further sim-
plification by neglecting the density change and replacing the void
fractions, ain and aout by their average value, the predictive ability
of Eq. (4) remains unchanged with a 39% standard deviation as
shown in Table 2.

Considering a homogeneous flow from the momentum balance,
Eq. (4) is reduced to [4]:

DPe ¼ G2rAð1� rAÞ
ð1� xÞ

qL
þ x

qG

� �
ð5Þ

However, the homogeneous model gave a very poor predictive abil-
ity against McGee’s [9] database with a standard deviation exceed-
ing 138% as shown in Table 1. Attou et al. [13] and Abdelall et al.
[15] had pointed out that the homogeneous model tends to signif-
icantly overestimate the experimental results due to the assump-
tion of no slip between the phases.

From the mechanical energy balance for the mixture with
neglecting the friction dissipation, Delhaye [4] also derived the fol-
lowing expression:

DPe ¼
G2ð1� r2

AÞ
2

ð1� xÞ3

q2
L ð1� aÞ2

þ x3

q2
Ga2

" #
ð1� xÞ

qL
þ x

qG

� ��1

ð6Þ

Eq. (6) allows a relative velocity between the phases. For homo-
geneous flow, the mechanical energy equation (6) is simplified to
[4]:

DPe ¼
G2ð1� r2

AÞ
2

ð1� xÞ
qL

þ x
qG

� �
ð7Þ

Richardson [6] simplified the energy balance model and as-
sumed that the pressure recovery is proportional to the kinetic
energies of the phases:

DPe ¼
G2ð1� r2

AÞ
2

rAð1� xÞ2

qLð1� aÞ

" #
ð8Þ

Assuming the void fraction remains unchanged, Lottes [7] ig-
nored the gas mass flow rate and assumed that all losses of dy-
Table 1
Available data for two-phase pressure change across sudden expansions.

Researchers Abdellal et al. [15]
1 tube

Chalfi et al. [1]
1 tube

M
3

G (kg/m2 s) 3074–4212 506–664 6
x 0.002–0.013 0.0285–0.182 0
Working fluid Air–water

25 �C
Air–water
25 �C

S
1

din (mm) 0.84 0.84 9
1
1

rA 0.276 0.276 0
0
0

Bo ¼ Dqgd2

r
0.095 0.095 M

M

Fr ¼ G2

q2
m gd

Max – 1.67E+05 Max – 9.19E+05 M
Min – 9.35E+03 Min – 2.64E+04 M

We ¼ G2 d
rqm

Max – 1.33E+03 Max – 5.94E+02 M
Min – 3.12E+02 Min – 1.00E+02 M

Re ¼ Gd
lL

Max – 3.53E+03 Max – 5.71E+02 M
Min – 2.58E+03 Min – 4.35E+02 M

DPe (kPa) Max – 4.62 Max – 3.71 M
Min – 0.726 Min – 0.801 M

Total points 14 24 9
namic pressure head can only take place in the liquid phase,
yielding

DPe ¼
G2rAð1� rAÞ
qLð1� aÞ2

ð9Þ

Mendler [8] also measured the pressure drops for steam–water
mixtures flowing through sudden expansions with area ratios (rA)
of 0.145, 0.264, and 0.693, respectively. His test conditions are
listed in Table 1. Three correlations were proposed by using the
least square method to test the database. Since the correlations
were empirically obtained from his data, they were only recom-
mended for use at x < 0.15, rA < 0.5, and a steam pressure < 41.2 -
bar. However, the predictions by homogeneous model and the
simplified Romie’s equation (4) by Delhaye [4] were fair against
Mendler’s data [8] with a standard deviation of 65% and 36%,
respectively, as shown in Table 2.

Chisholm and Sutherland [10] also developed a heterogeneous
model based on the momentum balance:

DPe ¼
G2rAð1� rAÞð1� xÞ2

qL
1þ Ch

X
þ 1

X2

� �
ð10Þ

where

X ¼ qG

qL

� �0:5 ð1� xÞ
x

ð11Þ

and

Ch ¼ 1� 0:5
qL � qG

qL

� �0:5
" #

qL

qG

� �0:5

þ qG

qL

� �0:5
" #

ð12Þ

The model of Chisholm and Sutherland [10] was compared with
the air–water bubbly flow data (a < 0.35) [13]. Their predictions re-
mained reasonably good with the test data but with a slightly un-
der estimation. The underestimation of the Chisholm model was
also reported by Wadle [11].

Wadle [11] assumed the liquid is decelerated much less than
the gas when it passes through the expansion due to its higher
inertia. The pressure recovery at the sudden expansion is caused
by the bulk deceleration effect and a formula was proposed to de-
scribe his pressure recovery data in an abrupt diffuser. The model
includes an artificial constant K in connection with different work-
ing fluids (K = 0.667 for steam–water, K = 0.83 for air–water)
endler [8]
tubes

McGee [9]
3 tubes

Schmidt and Friedel [12]
2 tubes

92–5642 544–2480 1000–3000
.032–0.469 0.001–0.304 0.01–0.99
team–water
94–252 �C

Steam–water
141–195 �C

Air-water
25 �C

.55
2.9
7.63

8.64
11.68

17.2
19

.145

.264

.493

0.332
0.546
0.607

0.0568
0.0937

ax-92.1 Max-30.7 Max-48.8
in-19.8 Min-13.5 Min-40
ax – 3.76E+04 Max – 9.57E+04 Max – 1.72E+05
in – 2.57E+01 Min – 1.03E+01 Min – 3.95E+01
ax – 4.55E+04 Max – 1.55E+04 Max – 8.36E+04
in – 1.02E+03 Min – 1.85E+02 Min – 7.16E+02
ax – 4.95E+05 Max – 1.37E+05 Max – 6.30E+04
in – 9.02E+04 Min – 3.36E+04 Min – 1.90E+04
ax – 15.6 Max – 14.4 Max – 36.0
in – 0.575 Min – 0.069 Min – 0.2

0 64 90



Table 2
The standard deviations for the predictions of correlations to the data

Correlations Data (%)

Abdellal et al. [15]
1 tube

Chalfi et al. [1]
1 tube

Mendler [8]
3 tubes

McGee [9]
3 tubes

Schmidt and Friedel [12]
2 tubes

Total
282 Points

Delhaye [4] 139 28 36 39 59 54
Homogenous 468 207 65 138 31 143
Richardson [6] 57 51 54 44 82 63
Chisholm and Sutherland [10] 250 77 37 56 49 74
Wadle [11] 178 46 52 66 123 92
Schmit and Friedel [12] 259 28 43 47 41 69
Attou and Bolle [14] 93 53 54 52 83 66
Abdelall et al. [15] 133 46 169 80 360 230
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DPe ¼
G2Kð1� r2

AÞ
2

ð1� xÞ2

qL
þ x2

qG

" #
ð13Þ

Attou et al. [13] mentioned that Wadle’s model significantly
overestimated their air–water bubbly flow data (a < 0.35). Owen
et al. [19] also noticed this phenomenon and claimed that, with
K = 0.22 (very different from 0.667), Wadle’s model [11] agreed
quite well with their measurements. The difference of the K values
was speculated by the difference of the expansion geometries and
flow conditions having a lower mass flow rate. The parameter, K, is
an empirical constant that summed up various influencing param-
eters. For further clarifying the individual effects, an adequate
modeling is needed.

Attou and Bolle [14] simplified the jet line emerging from a sud-
den expansion as a straight line, and then the central flow is con-
fined inside a conical diffuser. By applying the momentum
balance within the boundary of the conical jet for an incompress-
ible and adiabatic flow, they obtained a correlation applicable for
two-phase flow pressure recovery from a sudden expansion:

DPe ¼ G2rAð1� rAÞ½Uhr þ ð1� hrÞ=qL� ð14Þ

where U = x2/(aqG) + (1 � x)2/[(1 � a)qL], h = 3/[1 + rA0.5 + rA] and
r is a correction factor related to the physical properties of the mix-
ture. For a gas quality of x = 0, Eq. (14) can be reduced to Eq. (2). The
best fitting to the correction factor is r = 1 for steam–water mixture
and r = �1.4 for air–water mixture. The predictions of Eq. (14) had
been compared with air–water data and steam–water data. The
mean quadratic errors were about 23.4%. The correlation is particu-
larly good for small mass velocities, but it is inapplicable to high gas
quality flows (x > 0.2).

Based on the momentum and mass transfer balances, Schmidt
and Friedel [12] developed a new pressure drop model for sudden
expansion which incorporated all of the relevant boundary condi-
tions. In this model all the relevant physical parameters were also
included in their sudden contraction paper [20]. Assuming con-
stant properties, the equations for calculating the pressure change
across the sudden expansion are simplified as the following

DPe ¼
G2 rA

qeff
� r2

A
qeff
� feqeff

x
qGa�

ð1�xÞ
qLð1�aÞ

� �2
ð1� r0:5

A Þ
2

� �
1� Ceð1� rAÞ

ð15Þ

where

1
qeff
¼ x2

qGa
þ ð1� xÞ2

qLð1� aÞ þ
aEqLð1� aÞ

1� aE

x
qGa
� 1� x

qLð1� aÞ

� �2

ð16Þ

a ¼ 1� 2ð1� xÞ2

1� 2xþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4xð1� xÞ qL

qG
� 1

� �r ð17Þ
aE ¼
1
S

1� 1� x

1� xð1� 0:05We0:27Re0:05Þ

" #
ð18Þ

S ¼ x
1� x

ð1� aÞ
a

qL

qG
ð19Þ

We ¼ G2x2 d
qGr

ðqL � qGÞ
qG

ð20Þ

Re ¼ Gð1� xÞd
lL

ð21Þ

Ce ¼ 1� r0:25
A ð22Þ

fe ¼ 4:9� 10�3x2ð1� xÞ2 lL

lG

� �0:7

ð23Þ

The model predicted several experimental data sets from eight
test sections with several conventional inlet (17.2–44.2 mm) and
outlet (44.2–72.2 mm) diameters. The average of the logarithmic ra-
tios of measured and predicted values was less than�3%, the scatter
equaled to 61%. The water–air data for the test sections with area ra-
tio of 0.0568 and 0.0937 conducted at 25 �C and 5 bar was‘ shown in
their paper [12] which are also listed in Table 1.

Recently, Abdelall et al. [15] investigated air–water pressure
drops caused by abrupt flow area expansions in two small tubes.
The tube diameters were 1.6 and 0.84 mm with a sudden area
change ratio of 0.276. Their measured two-phase pressure differ-
ence indicated the occurrence of significant velocity slip. With
the assumption of an ideal annular flow regime in accordance with
minimum kinetic energy of the flowing mixture, the velocity slip
ratio given by Zivi [21] is:

S ¼ uG

uL
¼ ð1� aÞxqL

að1� xÞqG
¼ qL

qG

� �1=3

ð24Þ

where uG and uL are the actual gas and liquid velocities of gas and
liquid phases, respectively. In practice the slip ratio is actually vary-
ing along the flow path. The pressure drop across the sudden expan-
sion (DPe) is the combination of the reversible pressure change
(DPeR) and the irreversible pressure changes (DPeI), i.e.,

DPe ¼ DPeR þ DPeI ð25Þ

For an incompressible and adiabatic flow,

DPe;R ¼
G2

2
1

q002
� rA

q002

� �
ð26Þ

DPeI ¼ 0:5
G2

qL

2qLrAðrA � 1Þ
q0

� qhqLðrA � 1Þ
q002

� �
ð27Þ
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where

qh ¼
x
qG
þ ð1� xÞ

qL

� ��1

ð28Þ

q0 ¼ ð1� x2Þ
qLð1� aÞf g þ

x2

ðqGaÞ

� ��1

ð29Þ

q00 ¼ ð1� xÞ3

q2
L ð1� aÞ2

þ x3

ðq2
Ga2Þ

" #�1=2

ð30Þ

An empirical relation between a and x, Eq. (24), must be used to
relate the slip ratio for applying Eqs. (25)–(27). The predictions of
Abdelall et al.’s slip flow model [15] are slightly higher than the
experimental data, but the simplified homogeneous model, Eq.
(5) significantly over predicts the data. The error margins for the
predictions of the homogeneous model and Abdelall et al.’s slip
flow model to their 14 data were not reported in their study.

Based on the same test facility of Abdelall et al. [15], Chalfi et al.
[1] recently reported more data for single-phase and two-phase
flow pressure drops caused by expansion and contraction using
air and water. Their new data fell within an even lower all liquid
Reynolds number (ReLO < 500) than that of Abdelall et al.’s data
[15] (2578 < ReLO < 3530). The Zivi slip flow model [21] along with
the Armand-type void fraction, a = 0.5JG/(JL + JG), under predicted
their 24 data up to about 30%, where J is the superficial velocity.

Ahmed et al. [17] utilized an analytical formulation for the pres-
sure recovery of two-phase flow across a sudden expansion. Their
formula covered the pressure change, Eq. (3), for the sudden
enlargement from the momentum balance derived by Romie [4]
with the change in void fraction across the expansion, and also in-
cluded the difference between the pressure at the centerline just
before the expansion (P1) and the average pressure of the down-
stream face at the expansion (P0), as well as the additional wall
shear stress in the developing region downstream of the expan-
sion. Experiments were performed using air–oil two-phase flow
to evaluate the relative contribution of the individual terms to
the pressure recovery for three area ratios of 0.0625, 0.25 and
0.444. The ranges of the tested mass quality and oil mass flux are
0.0007–0.67 and 20–2050 kg/m2s, respectively. Upstream and
downstream flow regimes were identified by a high-speed video
camera. The cross-sectional average void fractions at different
locations along the test section were obtained using capacitance
sensors located along the test section [16]. Four pressure taps were
located on the downstream face of the sudden expansion wall to
measure the local wall pressures (Pw). The pressure at the center-
line of the expansion, P1, was obtained by extrapolating the fully
developed upstream pressure gradient line to the sudden expan-
sion section. The average wall pressure (P0) was integrated from
the measured local wall pressures (Pw).

For the model predictions of Ahmed et al. [17], the upstream
and downstream flow patterns were identified using the flow pat-
tern map of Taitel and Dukler [22]. The upstream and downstream
void fractions were estimated using the appropriate correlations
on the local flow pattern. The wall pressure was obtained by
extrapolating the measured data to different area ratios and higher
mass qualities for all the present air–oil data, while the additional
wall shear stress term was estimated using the correlation of Aloui
et al. [23] for bubbly flow. For annular flow, the wall pressure term
rises with the mass quality, and its contribution is more significant
than the additional wall shear stress in the developing region.
While for the elongated bubbly and intermittent flows, the addi-
tional wall shear stress is more significant than the wall pressure.
The existing literature data along with their air–oil data (192
points) were compared against the predicted values using their
formulation. Most of the data were in a good agreement with the
predicted values to within ±35% of the relative standard deviation.
However, the data of Schmidt and Friedel [12] at mass qualities
higher than 0.5 were highly over predicted with a standard devia-
tion of 50% since the mass quality for most of their data was less
than 0.5. The inclusion of the wall pressure term had improved
the prediction of the pressure recovery for mass qualities lower
than 0.5.

Ahmed et al. [17] utilized the pipe geometry and local flow con-
ditions at upstream and downstream to predict the flow patterns,
then using the appropriate correlations related to the flow patterns
to predict the void fraction. They also proposed a formula to pre-
dict the pressure recovery via the momentum recovery, the wall
pressure at the expansion surface and the additional viscous shear
stress in the developing length. The developing length was found
to be strongly dependent on the upstream liquid Reynolds number
and the sudden expansion area ratio [18] in their correlation. How-
ever, for the engineering application, this formula is tedious to use
since the flow patterns at the upstream and downstream are re-
quired for the prediction of void fractions. Also, the predictions
of the pressure change across the sudden expansions entail the
empirical wall pressure and the developing length which are not
practical for most of the cases. In addition, air and oil are used
for the two-phase mixtures in their studies. However, the name
of oil and the oil properties were not given in their papers, even
not included in Ahmed’s Ph.D. Thesis [16]. Therefore, their oil
and water data were not included in this study for correlation
development.

From the foregoing review of the two-phase pressure change
across the sudden expansion, the information of void fraction is re-
quired except the homogeneous model, and equations of Wadle
[11] and Chisholm and Sutherland [10]. The void fraction may vary
in the short length of the sudden expansion due to the flow sepa-
ration, velocity and geometry changes. Most of the pressure change
correlations were based on the inlet conditions to give a constant
void fraction. The void fraction can be estimated from measure-
ments, predictions from conventional correlations, or by the indi-
vidually developed empirical correlations. Some of the
investigations included the upstream and downstream void frac-
tions from the measurements [12,15,17]. Ahmed et al. [17] also
predicted the flow patterns at the upstream and downstream, then
using the appropriate correlations to predict the corresponding
void fractions.

McGee [9] neglected the density change and replacing the local
a by the average value at upstream and downstream, the predic-
tions did not affect the results significantly. Abdelall et al. [15]
and Chalfi et al. [1] utilized Zivi slip flow model [21] for the predic-
tion of the averaged void fraction. There are many void fraction
correlations available in the literature. Recently, Dalkilic et al.
[24] had surveyed the void fraction correlations and a summary
of 35 correlations. The correlations were then compared with data,
and it is found that the Thom’s void fraction correlation [25] was
among the best. Thom obtained an empirical relationship between
quality and void fraction by assuming the slip velocity to be depen-
dent on phase viscosities and densities. Thom’s correlation is given
as

a ¼ cx
1þ xðc� 1Þ where c ¼ Z1:6; Z ¼ qL

qG

� �0:555 lG

lL

� �0:111

ð31Þ

The void fraction a is calculated by the Thom’s correlation to predict
the pressure change across the sudden expansions in this study.
Several void fraction correlations had also been tested, but Thom’s
correlation gave the overall best results.

In summary of the aforementioned review, most of the pro-
posed correlations/models are only applicable to their own data-
base. Also, some of the correlations are not handy for the
engineering application. To tackle this problem, the present study
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Fig. 3. Comparison of homogeneous predictions, Eq. (5), with data.
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is to provide a simplified and reliable correlation to predict the
two-phase pressure change at sudden expansions with rationally
based parameters from a much wider database of the literatures.

3. Results and discussion

To test the validity of the foregoing described models/correla-
tions from the existing literatures, 90 data from Mendler [8], 64
data from McGee [9], 90 data from Schmidt and Friedel [12], 14
data from Abdellal et al. [15] and 24 data from Chalfi et al. [1]
are collected and their test conditions, as well as the ranges of
the momentous parameters are also listed in Table 1. The data
are compared with the previously described correlations/models
by Delhaye [4] for Eq. (4), homogeneous for Eq. (5), Richardson
[6] for Eq. (8), Chisholm and Sutherland [10] for Eq. (10), Wadle
[11] for Eq. (13), Schmidt and Friedel [12] for Eq. (15), Attou and
Bolle [14] for Eq. (14) and Abdelall et al. [15] for Eq. (25). Table 2
shows the standard deviations for the predictions of correlations
with a total of 282 data. The standard deviations of the relevant
predictions to the total data are 54%, 143%, 63%, 74%, 92%, 69%,
66%, 230% by correlations of Delhaye [4], homogeneous flow mod-
el, Richardson [6], Chisholm and Sutherland [10], Wadle [11],
Schmidt and Friedel [12], Attou and Bolle [14] and Abdelall et al.
[15], respectively. Also, the mean deviations for the above predic-
tions are obtained as 42%, 83%, 58%, 49%, 65%, 43%, 52% and
146%, respectively. None of them can accurately predict the entire
database. The standard deviation is defined by:

standard deviation ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
n¼1

data�prediction
data

� �2

n

vuut
ð32Þ

where n is the number of data. The mean deviation is defined by:

mean deviation ¼
Pn

n¼1
data�prediction

data

			 			
n

ð33Þ

Fig. 2 shows the comparison of Delhaye [4] predictions against
the database. Acceptable predictions are observed to the data sets
of Mendler [8], McGee [9], and Chalfi et al. [1], but over predicts the
Abdelall et al. [15] data (139% standard deviation) and the under
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Fig. 2. Comparison of Delhaye [4] predictions, Eq. (4), with data.
predicts the Schmidt and Friedel [12] data (59% standard devia-
tion). Notice that Abdelall et al. [15] and Chalfi et al. [1] utilized
the same mini test section. The Chalfi et al.’s data [1] fell within
an even lower all liquid Reynolds number (ReLO < 500) than that
of Abdelall et al.’s data [15] (2578 < ReLO < 3530), but the standard
deviations are 28% and 139%, respectively. Fig. 3 compares the
homogeneous predictions with the database, and it shows a poor
predictive ability with a standard deviation of 143%. Particularly,
the standard deviations for Abdelall et al. data [15] and Chalfi
et al. data [1] are 468% and 207%, respectively. Despite its poor
ability, homogeneous model is quite handy to use and it is easy
to apply especially for engineering applications. The large discrep-
ancy of this model may arise from surface tension in the mini test
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Fig. 4. Comparison of Richardson [6] predictions, Eq. (8), with data.
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section. Fig. 4 is the comparison of Richardson [6] predictions with
data. It gives a fair agreement with a standard deviation of 63%.
However, the correlation significantly under predicts Schmidt
and Friedel data [12] with a standard deviation of 82%. Fig. 5 shows
the comparison of Chisholm and Sutherland [10] predictions to the
database also with a fair standard deviation of 74% to all the data
but it significantly over predicts (250%) the Abdelall et al.’s data
[15]. Fig. 6 is the comparison of Wadle [11] predictions to the data.
Fair predictions are observed to the data sets of Mendler [8],
McGee [9], and Chalfi et al. [1], but over predictions are found for
the data sets of Schmidt and Friedel [12] and Abdellal et al. [15]
with 123% and 178% standard deviations, respectively. Fig. 7 shows
the fair predictive ability of Schmidt and Friedel [12] correlation
10-3

10-2

10-1

100

101

102

103

Δ P
e (

W
ad

le
,k

Pa
)

10-3 10-2 10-1 100 101 102 103

ΔPe (Experiment Data,kPa)

 Abdellal [15] (14 Data)

10-3

10-2

10-1

100

101

102

103

10-3 10-2 10-1 100 101 102 103

 Chalfi [1] (24 Data)

10-3

10-2

10-1

100

101

102

103

10-3 10-2 10-1 100 101 102 103

 Mendler [8] (90 Data)

10-3

10-2

10-1

100

101

102

103

10-3 10-2 10-1 100 101 102 103

 Mcgee [9] (64 Data)

10-3

10-2

10-1

100

101

102

103

10-3 10-2 10-1 100 101 102 103

 Schmidt [12] (90 Data)

+50%

-50%

Total Standard Deviation = 92%
Total Data = 282

Standard Deviation = 178%

Standard Deviation = 46%

Standard Deviation = 52%

Standard Deviation = 66%

Standard Deviation = 123%

Fig. 6. Comparison of Wadle [11] predictions, Eq. (13), with data.
but it also significantly over predicts the Abdelall et al.’s data
[15]. Similarly, as shown in Fig. 8, the correlation of Attou and Bolle
[14] also over predicts the Abdelall et al.’s data [15] with 93% stan-
dard deviation and it also highly under predicts the Schmidt and
Friedel [12] data (83%), but gives fair predictions to the other three
data sets. In addition, the Abdelall et al.’s method [15] gives very
poor predictions to most of the data sets as shown in Table 2. This
is not surprised because this correlation is developed from only 14
data in a mini test section.

In summary of the predictive capability for the existing models/
correlations from Table 2 and in Figs. 2–8, it appears that none of
the existing correlations can accurately predict the entire database.
Most of the correlations highly over predict the data with a mini
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Fig. 8. Comparison of Attou and Bolle [14] predictions, Eq. (14), with data.
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Fig. 9. Comparison of the data with modified homogeneous model, Eq. (37).
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test section which has a Bond number being less than 0.1 in which
the surface tension plays essential role. Also, some of the correla-
tions significantly under predict the Schmidt and Friedel [12] data.
This is probably because the original correlation is valid for small
or medium size test section in contrast to the large test section
of Schmidt and Friedel [12].

Delhaye [4] correlation seems to give the best predictions to the
database with a standard deviation of 54%, but it over predicts the
Abdelall et al. [15] data (139% standard deviation) and under pre-
dicts the Schmidt and Friedel [12] data (59% standard deviation).
Followed by the Richardson [6] correlation with a standard devia-
tion of 63%, but it significantly under predicts the Schmidt and Fri-
edel [12] data (82% standard deviation). Attou and Bolle [14]
correlation comes in third with a standard deviation of 66%, but
it also significantly under predicts the Schmidt and Friedel [12]
data (83% standard deviation). The above three correlations all en-
tail the void fraction during calculation. This will raise uncertainty
for there are so many correlations available in the literature
[24,26]. It is very difficult to justify the best one. Moreover, the void
fraction does not remain a constant in the short path of the sudden
expansion due to the changes of velocity and flow pattern. There-
fore, to include the void fraction in the prediction is inconvenient
for the viewpoint of engineering applications. In addition, the cor-
relations of Attou and Bolle [14] and Wadle [11] include an artifi-
cial factor which is varied for different two-phase flow mixtures.

The highly over predictions by the existing correlations to the
Abdelall et al. data [15] could be attributed to the very small outlet
section (din = 0.84 mm, dout = 1.6 mm). In addition, the significantly
under predictions for most of the correlations to the Schmidt and
Friedel [12] data could be due to the very large test sections
(din = 17.2 mm, dout = 72.2 mm and din = 19.0 mm, dout = 56.0 mm).
For obtaining a better predictive ability for mini test sections,
one should also take into account the influence of surface tension
force [27]. The balance of buoyancy force and surface tension force
can be represented by Bond number (Bo) as:

Bo ¼ Dqgd2

r
ð34Þ

When the value of Bo is near or less than 1.0, the stratified flow pat-
tern is not able to exist in most of the two-phase flow conditions.
Chen et al. [2,28] had utilized the Bond number (Bo) to balance
buoyancy force and surface tension in developed the two-phase
frictional pressure drop correlations in small straight tubes and sud-
den contractions, respectively.

Considering the effects of total mass flux and gas quality to the
surface tension, Schmidt and Friedel [12,20] had proposed a Weber
number to correlate the two-phase pressure change across sudden
expansions and contractions. Chen et al. [29] recognized this influ-
ence and defined the Weber number as the ratio between the mix-
ture inertia and liquid surface tension for correlating the frictional
two-phase pressure drop in small U-type wavy tubes

We ¼ G2d
rqh

ð35Þ

The Froude number representing the ratio between the mixture
inertia and the buoyancy force was utilized by Friedel [30] for the
two-phase frictional pressure drop correlation in conventional
straight tubes

Fr ¼ G2

q2
hgd

ð36Þ

In addition, the liquid Reynolds number, ReLO = Gd/lL, was used
as a significant parameter for the two-phase frictional pressure
drop correlation in small tubes [31]. Ahmed et al. [18] also utilized
the liquid Reynolds number for correlating the developing length
at the downstream of a sudden expansion.
As discussed in previous section, homogeneous model shows a
little poor than the others, but it is handy to use. Hence by taking
account the influences of the significant parameters in prior dis-
cussions, the corresponding effects can be corrected by introducing
the correction factors that include the influences Bond number,
Weber number, Froude number, liquid Reynolds number, gas qual-
ity and area ratio to the original homogeneous model (Eq. (5)). The
calculations of the relevant parameters and fluid properties are all
based on the inlet conditions of the sudden expansions. The pro-
posed modified homogeneous model takes the form as:

DPModify ¼ DPHomogeneous � ð1þX1 �X2Þ � ð1þX3Þ

X1 ¼
WeBo
ReLo

� �2

� 1� x
x

� �0:3

� 1
Fr0:8

X2 ¼ 0:2� lG

lL

� �0:4

X3 ¼ 0:4� x
1� x

� �0:3
þ 0:3� e

1:6
Re0:1

LO � 0:4� qL

qG

� �0:2

ð37Þ

This proposed modified homogeneous correlation considerably
improves the predictive ability over existing correlations with a
mean deviation of 23% and a standard deviation of 29% to all the data
as shown in Fig. 9. The standard deviations for the predictions of the
original homogeneous model to the data sets of Abdellal et al. [15],
Chalfi et al. [1], Mendler [8], McGee [9] and Schmidt and Friedel
[12] are greatly improved by the proposed modified homogeneous
model, from 468%, 207%, 65%, 138% and 31% to 26%, 32%, 31%, 34%
and 24%, respectively. In summary, the proposed correlation shows
a very good accuracy against the existing data and is capable of han-
dling the effects of gas quality, area ratio, mixture inertia, surface
tension and buoyancy force, and is applicable for much wider ranges
with 506 < G < 5642 kg/m2 s, 0.002 < x < 0.99, 0.057 < rA < 0.607,
0.84 < din < 19 mm, 0.095 < Bo < 92, 1.03E+1 < Fr < 9.19E+5, 1.0E+2 <
We < 8.3E+4, and 4.35E+2 < ReLO < 4.95E+05.
4. Conclusion

The flow of two-phase mixtures across sudden expansions and
contractions are widely encountered in typical industrial pipe lines
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and heat exchanging devices. There had been some studies con-
cerning this subject but mostly are applicable for larger channels.
Also, most of correlations are only applicable to their data, extrap-
olating the correlation outside their database is usually not
recommended.

In this study, the authors firstly give a thorough review of the
relevant literature for two-phase flow across sudden expansions,
and examine the applicability of the existing correlations. Also,
282 data available from five publications are collected. It is found
that none of the existing eight correlations can accurately predict
the entire database. Most of the correlations highly over predict
the database with a mini test section which has a Bond number
being less than 0.1 in which the effect of surface tension domi-
nates. Some of the correlations significantly under predict the data
with very large test sections. The significant parameters of Bond
number, Weber number, Froude number, and liquid Reynolds
number to the frictional two-phase pressure change across sudden
area expansions are discussed.

Among the models/correlations being examined, the homoge-
neous model shows a poor predictive ability than the others, but
it is handy as far as engineering application is concerned. Hence
by taking account the influences of Bond number, Weber number,
Froude number, liquid Reynolds number, gas quality and area ratio
into the original homogeneous model for correlating with the data,
a modified homogeneous correlation is proposed that considerably
improves the predictive ability over existing correlations with a
mean deviation of 23% and a standard deviation of 29% to all the
data with much wider ranges of application.
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