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Two-phase flow approaching singularities such as abrupt expansions and sudden contractions is widely encountered in
typical industrial and heat exchanging devices. There have been some studies concerning this subject but they mostly are
applicable for larger channels. In this study, the first attempt is made to review the existing efforts concerning two-phase
flow across sudden expansions/contractions and to examine the applicability of the existing correlations with respect to the
recent data in small channels. The second part of this study presents some newly measured pressure drops and observed flow
patterns pertaining to some special flow phenomena by expansion/contraction. For an abrupt expansion, it is found that the
existing correlations all fail to provide a reasonably predictive capability against the newly collected data. Furthermore,
a unique flow pattern called “liquid jet-like flow pattern” occurs at a very low quality region of total mass flux of 100
kg-m~2.s7!, and it raises a setback phenomenon of pressure drop. By contrast, an appreciable increase of pressure difference
is seen when the liquid jet-like flow pattern is completely gone. A similar conclusion is drawn for the data of contractions. For
the correlations/predictive models, the homogeneous model gives satisfactory prediction for conventional macro-channels
but fails to do so when the channels become smaller. This is especially pronounced for a small-diameter tube with a Bond

number being less than 1, in which the effect of surface tension dominates.

INTRODUCTION

In recent years, utilization of mini- and micro-channels has
become quite attractive in heat exchanging devices. However,
the length of the mini-/micro-channel is normally shorter than
that in a macro-channel to eliminate the accompanied high pres-
sure loss. This eventually leads to another problem of accurate
estimation of the total pressure drop in the mini/micro sys-
tem. Flow of two-phase mixtures across sudden expansions and
contractions is relevant in many applications, including heat-
exchanging equipment and connection pipelines. As the two-
phase mixture flows through the sudden area changes, the flow
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might form a separation region at a sharp corner and cause an
irreversible pressure loss. For the macro system, this loss is usu-
ally regarded as a minor loss, but its role becomes more and
more crucial as the channel size gets smaller and shorter. Accu-
rate methods for predicting the pressure drop in such systems
are therefore important. This is particularly true for modern
cooling systems where numerous channels or micro-channels
are exploited to distribute the working fluid. There have been
some developed correlations applicable to the pressure loss for
the conventional tubes; however, very few investigations have
been reported for this abrupt pressure change with respect to
mini-channels (Abdelall et al. [1], Chen et al. [2, 3]). Appli-
cability of the existing correlations/models to this area is quite
ambiguous. It is therefore essential to examine the correspond-
ing applicability.

LITERATURE REVIEW

For single-phase flow, by combining with the pressure bal-
ance equation, the static pressure difference subject to the

298
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sudden expansion is related to the kinetic energy of the flow:

AP,
GZ

2p

=-204(1—04) (D

where the mass flux density (G) and velocity (u) are calculated
based on the smaller cross-sectional area of the inlet tube. The
negative sign indicates a pressure recovery whose value varies
from zero to a maximum of 0.5 at o4 = 0.5. Analogously,
the pressure loss subject to sudden contraction is normally in
terms of the contraction loss coefficient (K) and multiplication
of kinetic energy of the flow:
AP, X
& = @)
2p

where 04 is the passage cross-sectional arearatioand 0 < o4 <
1, and total mass flux (G) and velocity (u) are calculated based
on the smaller cross-sectional area of the outlet tube. The value
of K is related to the Reynolds number and contraction ratio,
and it is close to 0.5 and 1.0 with a very small cross-sectional
area ratio (04 < 0.05) (Kays and London [4]).

For single-phase flow through the contraction, Chisholm [5]
combined the static pressure drop to the vena contracta (AP;,)
and the pressure recovery downstream of the vena contracta
(AP,.) to give the total static pressure drop at the contraction
(AP.):

AP, = G’ Co)y?—1 3
iy = (E) [(0ACc) % — 1] 3)
(&)
APyc = 22 [c7' —1] (4)
Pr

APc = AP, — AP,

G? 1 2(cz'—-1)
=(— —1- 5
(2pL> [(GACCV o ©

By comparing Eq. (2) with Eq. (5), the contraction loss co-
efficient can be found as:

1 2(cc'—1)
= —1-
(04Cc) 0% ©

The contraction coefficient C¢ correlated by Chisholm [5] is
given as follows:

1
T [0.639(1 — 04)%5 + 1]

Cc (7

Another contraction coefficient C¢ proposed by Geiger [6] is:

(I —o04)

Ce=1—
¢ [2.08(1 — o) + 0.5371]

®)
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Two-Phase Pressure Change Across Sudden Expansion

For the two-phase pressure change across sudden expansion,
Romie [7] derived the following expression for sudden enlarge-
ment:

TR
APez_GzoA (1—oy | \U— ) Xin
Y )2 2
L ., ( (-0 (Pe/pg) x )
(1 - “exp) Kexp
©

where the subscript “in” denotes upstream of expansion whereas
“exp” represents downstream of expansion. If the void fraction
remains unchanged, Eq. (9) becomes

AP, = —G%04(1—04) | 1 —x) N
Pr (11—

2
(pL/‘;G)x ] (10)

Richardson [8] simplified the energy balance model and as-
sumed that the pressure recovery is proportional to the kinetic
energies of the phases, yielding:

_ 201 2 o (1 —x?)
AP, =-0.5G" (1 0A)|:pL(1—oc) (11)

Assuming that a heterogeneous flow and a loss of dynamic
pressure head takes place in the liquid phase, Lottes [9] derived:

—G?04 (1 = 0y)

AP, = >
P —o)

(12)

By considering the pressure rise in a sudden expansion with
irreversible flow induced in a rough tube, Chisholm and Suther-
land [10] also developed a heterogeneous model based on the
momentum balance:

AP, = —G?04(1 — 04)(1 — x)?

2
y |:(1+Ch/XCH+1/XCH):| (13)
Pr
where
0.5
Xey = (p_G> u (14)
PL X
0.5 0.5 0.5
o-fpess-( )2
PL PG PL
(15)

The model of Chisholm and Sutherland [10] was compared
with the bubbly flow data («x < 0.35) for an air—water mixture.
Although their predictions remain reasonably good, their model
slightly underestimated the data (Attou et al. [11]).
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Based on some test data, Wadle [12] proposed a formula to
describe the pressure recovery in an abrupt diffuser. The model
includes an artificial constant K in connection with different
working fluids (K = 0.667 for steam-water, K = 0.83 for air-
water):

1 (1=x)? x2
AP, =—(1 - o> —GZK[—+— (16)
‘ ( A) 2 PL Pc

From the mechanical energy equation without friction dissi-
pation, Collier and Thome [13] derived the following expres-
sion:

~G*(1 - 03 1—x) 3
AP, = ( 1 ) [(1( 0;2) -+ af 2} (17)
X —x —
2(5+5) L *Pe

For estimation of the void fraction «, a very simple correla-
tion was recently proposed by Kawahara et al. [14] as
0.038%3
a= D0 (18)
(1 - 0.97,30-5)
where B is the gas volumetric flow ratio, given as B =
je!(je + jL), ji is the superficial liquid velocity, and js is
the superficial gas velocity. For homogeneous flow, Eq. (10)
becomes:

-0 i}
PL Pc

Since the gas phase and liquid phase have different velocities,
particularly for a large density difference between the gas and
liquid phases, more realistic models and additional parameters
are needed for the pressure recovery calculation.

Based on an annular-mist flow model accompanied with mass
and momentum balance, Schmidt and Friedel [15] proposed a
rather complex formula:

AP, = —G*0,4(1 —0,) [ (19)

oa o x (-0 2
AP, = ] [W " by~ SePers (97“ B oz.ﬂfvo) (1- Vo) }
“_ 1—T.(1—0y) 0
where
1 x? (1—-x)?* app (1 —a)
Pesr pgx  pp (1 —o0) 1 —ag
X 1—x 2
X _ 1)
pgx  pL(l— o)
2(1 —x)?
a=1- d-x (22)
1—2x+\/1 +4x(1 —x)(g—g— 1)
1 1—
“EZ_[I_ - 0271 .0.05 :| 23)
s 1 — x(1 — 0.05We2"Re %)
1_
s— - dz0p 24)

l-x « pg
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We = szZLM (25)
PGO Pc
Re = L—x)d (26)
299
Fo=1-0%% 27)
m 0.7
fo =49 x 1073x2(1 — x)? (—L> (28)
He

By applying the momentum balance within the boundary of
the conical jet for an incompressible and adiabatic flow, Attou
and Bolle [16] obtained a correlation for the two-phase flow
pressure recovery from a sudden expansion.

AP, = —04 (1 — 04)0.,G*®

N (1—6%)0a(1 —04)G?
Pr

where ® = x*/(opg) + (1 — x)?/[(1—x)p.], 05 = 3/[1 +
0%5 + 04], and r is a correction factor related to the physical
properties of the mixture. For a gas quality x =0, Eq. (29) can be
reducedto AP, = —o (1 —04)G?/p.. The best fitting to the cor-
rection factor is r = 1 for a steam—water mixture and » =—1.4
for an air—water mixture. The predictive ability of Eq. (29) asso-
ciated with the air—water and steam—water data is around 23.4%
or less (mean deviation). The correlation is particularly good for
small mass velocities, but it is inapplicable to high quality flows.

More recently, Abdelall et al. [1] investigated air—water pres-
sure drops caused by abrupt flow area expansions in two small
tubes. The tube diameters were 1.6 and 0.84 mm, respectively.
Their measured two-phase pressure difference indicated the oc-
currence of significant velocity slip. Assuming an ideal annular
flow regime in accordance with minimum kinetic energy of the
flowing mixture (slip ratio S = (p./p)'/?) leads to a reason-
able agreement between the data and the predictions. However,
in practice the slip ratio is actually varying along the flow path.
The pressure drop across the sudden expansion (AP,) is the dif-
ference between the reversible pressure change (AP,g) and the
irreversible pressure changes (AP,;),i.e., AP, = AP,g —AP,;.
For an incompressible and adiabatic flow,

—0.5p,G* (1 — 03)
p//2

(29)

AP = (30)

AP, =05p Gz[Zme(oA—l) PP (oA—l)]
el — V.oV —

p/ p//2
3D
Where

(32)
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Y (11— x)3 x3
= 34
S T ey &9

To apply Egs. (30) and (31), an empirical relation between o
and x is needed. The predictions of the Abdelall et al. slip flow
model [1] are only slightly higher than the experimental data,
but the simplified momentum balance model, Eq. (8), by Collier
and Thome [13] significantly overpredicts the data.

Two-Phase Pressure Change Across Sudden Contraction

Geiger [6] measured pressure drops for steam—water mix-
tures flowing through sudden contraction with area ratios (o4)
of 0.398, 0.253, and 0.144. His data were compared with the
homogeneous model, momentum equation, and mechanical en-
ergy equation across the contractions. The homogeneous model
gave the best predictions of the data.

McGee [17] had also measured the steam—water mixtures
flowing through sudden contraction using the same test rig as
Geiger [6], but with different test sections and conditions (o4 =
0.608, 0.546). The predictions by homogeneous model when
compared with his test data are quite satisfactory. The predic-
tions by the momentum and mechanical energy equations were
much lower than the test data. This deviation is believed to be
due to the assumption of no mechanical energy loss for the
acceleration of the fluids at the downstream of the contraction.

For two-phase flow, the frictional pressure drop due to con-
traction can be estimated using a homogeneous flow model as
recommended by Collier and Thome [13]:

AP, = (%) [(cz' = 1)+ (1-03)] [1 +x (g—g = 1)]

(35)

The mass flux G is calculated based on the cross-sectional area
of the outlet tube with smaller cross-sectional area.

Chisholm [5] also used his contraction loss coefficient K,
Eq. (5), in association with the homogeneous model, i.e.,

2 -1 _
arom (S L2
20, ) | (0aCc)? 03

x [1+x(ﬂ—1>] (36)
P

Furthermore, Chisholm [5] introduced a constant B coef-
ficient for flow through a discrete interval in evaluating the
contraction loss:

oL

AP, = AP, [1 + <
PG

- 1) (Bx(1 —x)+ xz):| (37)
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1 1 2 2
(& (e - 1) - KoCcol) (oZAK%m)}
1 2
—1

B = 3
— + =
(0ACc)? (Cco?) ol

(38)

where AP, is the contraction pressure drop for total flow as-
sumed liquid across the same sudden contraction as shown in
Eq. (5), contraction coefficient C¢ is given in Eq. (7), and Ko
is given as

0.5
(1+x(g—L—1)) for X >1
K, = 023 PO (39)
(%) for X <1

where X is the Martinelli parameter.

Based on the momentum and mass transfer balance, Schmidt
and Friedel [18]developed a new pressure drop model for sud-
den contraction that incorporates all of the relevant boundary
conditions. In this model all the relevant physical parameters
were also included in their sudden expansion paper [15]. In ad-
dition, the influence of liquid entrainment (g ) in the gas stream
is included, along with relevant parameters like area ratio (o4),
mass flux (G), gas quality (x), mean void fraction (), surface
tension (o), the viscosity and density of the gas and liquid phases
(M6, UL, PG, PL), and slip ratio (S), to calculate the effective
two-phase density (p.ss). Their test sections incorporated inlet
tube diameters in the range of 44.2-72.2 mm and with outlet
tubes in the range of 17.2-44.2 mm. The model predicts several
experimental data sets with different physical properties. The
comparison of the model and test results is fair, with 80% of the
data sets being predicted within +=30%. For incompressible and
adiabatic flow, the equation for pressure drop across a sudden
contraction is given as:

Ap,

2
2 1 - 120
G I:pef/' o Pi;\/ + f"”"pf‘ff<p2¢x - QL(lftx)> 1- 0y, ) ]
1 + Fcon(é - 1)

(40)

where f,, is the total fiction factor for the contraction, « is the
void fraction, p.s, is the effective density, I';,, is the base pres-
sure coefficient for the contraction, Re is the Reynolds number,
and We is the Weber number; p.rr, &, &g, S, We, and Re are
given in Eqgs. (19)—(24) and

Fcun = 0770'A(] —_ 0-%306) (41)

0.8
feon = 5.2 x 1073x%1 (1 — x) (oAﬂ> (42)
Hg

Abdelall et al. [1] investigated air—water pressure drops
caused by abrupt flow area expansion and contraction in a very
small test section. The larger and small tube diameters were 1.6
and 0.84 mm, respectively. Assuming incompressible gas and
liquid phases, and assuming x and « remained constant across

vol. 31 no. 4 2010
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the sudden contraction, the pressure drop across the sudden
contraction was derived as

G? P (CL% B 63‘) " (1-Cc)

AP = anz o

(43)

where pj,, p’ and p” are given in Eqgs. (32)—(34).

The contraction coefficient C¢, Eq. (7), given by Geiger [6],
is utilized in the Abdelall et al. correlation, as in Eq. (43). The
two-phase flow pressure change across the sudden contraction
data was found significantly lower than the predictions of the ho-
mogeneous model. It may be attributed to the significant velocity
slip at the vicinity of the flow area change. As a consequence,
Abdelall et al. reappraised the suitability of homogeneous flow
and concluded that the slip ratio model may be more relevant to
accelerating two-phase flow (Moody [19]). Using the Zivi [20]
model with the assumption of an ideal annular flow regime, the
slip ratio becomes:

1
Cug (l—o)px <&>
up (1 =x)pgo] PG
where ug and u; are the actual gas and liquid velocities of
gas and liquid phases, respectively. The void fraction () is
calculated from Eq. (44) by using gas quality and gas and liquid
densities. Subsequently Eq. (43) is combined with the slip flow
model to give a relatively close agreement with Abdelall et al.’s
experimental data. An attempt was also made to correlate the
two-phase pressure change data at the contraction point in terms

of the Martinelli parameter (X), yielding

v (M_L>0'l (l_l)og (p_G)O'S
ucG X PL

DL
—= = 120(XRe.)™"’
X (XReyr)

(44)

(45)

(40)

where ®.;, = AP,/AP, is the two-phase multiplier with all
liquid flow through the contraction, and AP, is the pressure
drop assuming total flow to be liquid flow. Rey, is the Reynolds
number in the smaller tube (considering total flow to be liquid).
Thus, the two-phase pressure change at the sudden contraction
can be predicted by

AP. = AP X [120 (XRer) "] (47)

From the foregoing review of the two-phase pressure change
across the sudden contraction, most of the investigations are
related to the abrupt area change for the upstream and down-
stream having round tube configuration and the tube sizes are
generally above 10 mm. However, it should be mentioned that
configuration variation across singularity (e.g., from rectangular
to round) is very common in practice. Hence the first objective
of this study is to provide new test data regarding to this influ-
ence. Further, it will be shown in subsequent comparisons that
most of the proposed correlations/models are only applicable to
their own database. In addition, a flow visualization experiment

heat transfer engineering

is also carried out to link with certain special pressure drop
phenomenon.

EXPERIMENTAL SETUP

The test rig shown in Figure 1 is designed to conduct tests
with air—water mixtures. Air is supplied from an air com-
pressor and then stored in a compressed-air storage tank. Air
flows through a pressure reducer and, depending on the mass
flux range, is measured by three Aalborg mass flow meters
for different ranges of flow rates with measurement uncer-
tainty ranging from 0.5 to 2%. The water flow loop consists
of a variable-speed gear pump that delivers water, and the wa-
ter volumetric flow rate is detected by a magnetic flow meter
with 0.001 L/s resolution. A self-made Y-shape mixer having
a spring insert that provides good mixing amid air and water
is placed ahead of the test section. An extra calming test sec-
tion with a length of 300 mm after the mixer is used before
the mixture goes into the test section. The gas quality is cal-
culated from the measured air flow rate and water flow rate,
namely,

me

X ="
mg +my,
The total mass flux (G) of air and water flow rate evaluated
at the entrance of rectangular test section range from 100 to
700 kg-m~2.s~! with gas quality (x) varying from 0.001 to 0.8.
The corresponding uncertainties for x are within +4.3%. The
inlet temperatures of air and water are near 25°C. The pres-
sure drops of the air-water mixtures are measured by three
Yokogawa EJ110 differential pressure transducers having an
adjustable span of 1300 to 13,000 Pa. Resolution of this pres-
sure differential transducer is 0.3% of the measurements. The
drilled holes of the pressure taps are perpendicular to the test
sections with a diameter of 0.5 mm. Pressure measurements
are made at nine locations along the inlet tube and along the
rectangular channel as shown in Figure 1. For validation of the
present test setup, measurements of the single-phase pressure
drops for air and water alone are in terms of friction factors
to compare with the friction factor equations for laminar and
turbulent flows in rectangular channels. The results are in line
with the known correlations having a deviation within £5%.
Leaving the test section, the air—water mixture is separated by
an open water tank in which the air is vented and the water
is recirculated. The air and water temperatures are measured
by resistance temperature device (Pt100€2) having a calibrated
accuracy of 0.1 K (calibrated by Hewlett-Packard quartz ther-
mometer probe with quartz thermometer, models 18111A and
2804A). Observations of flow patterns are obtained from im-
ages produced by a high-speed camera of Redlake Motionscope
PCI 8000s. The maximum camera shutter speed is 1/8000 s.
The high-speed camera can be placed at any position along the
rectangular channels or at the side view of the abrupt change of
flow area.

vol. 31 no. 4 2010
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Figure 1 Schematic of test rig and test section.

The test sections are made of transparent acrylic resin, so
that the flow pattern and flow structure at the vicinity of the AP
abrupt cross-sectional area change can be visualized. For the
expansion test sections, the test sections have the dimensions Upstream

Suisop-PIMQ

(a) Singularity (Expansion)

of gap (G) x width (W) =3 x 6 mm and 3 x 9 mm, and Pl
thus the corresponding aspect ratio A = g/ W = 0.333-60.50.
These test sections are also arranged in horizontal longitudinal APn
(HL, the wide side is vertical) and the intersection between
the rectangular and round tube is well fabricated to avoid any
irregularity. The area ratio for the abrupt flow area change (o4)
is in the range of 0.26 ~ 0.39. The schematic and the dimensions P27
of the test sections are also shown in Figure 1.

Figure 2a shows a typical change of static pressure along the

Pressure

P3

Downstream

axis for flow across the expansion. Due to the deceleration of
the flow in the transitional region, the static pressure initially Flow path
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 ex-
pansion is defined as the pressure difference for upstream and Upstream
downstream fully developed pressure gradient lines extended

P1

\

A (b) Singularity (Contraction)

to the expansion position, i.e., AP, as shown in Figure 2a.
Similarly, Figure 2b represents the variation of static pressure
along the flow direction across singularity (for expansion and
contraction). When flow approaches the contraction, due to the
acceleration of the flow in the transitional region, the static pres-
sure initially decreases to the contraction area. After the pressure
reaches the minimum, the pressure increases to a downstream
point and then merges with the downstream fully developed

Pressure

P2

con

Downstream

P3

»-
>

pressure gradient line. The pressure change at the sudden con-
traction is defined as the pressure difference at the intercep-
tion of singularity evaluated using the fully developed pressure  enlargement and (b) abrupt contraction.

Flow path
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Figure 2 Definition of pressure drop subject to the influence of (a) sudden
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gradients from upstream and downstream, respectively, i.e.,
AP,,,, as shown in Figure 2b.

Some previous investigations used a single pressure differ-
ential transducer to measure the difference across the sudden
contraction. This kind of measurement cannot actually reflect
the pressure loss and pressure recovery across the abrupt area
change. In this study, several pressure transducers are utilized for
measuring the local pressures in the upstream and downstream
parts of the test sections as shown in Figure 1. The measured
axial pressures versus the pressure tap positions are plotted in a
figure to setup the fully developed pressure gradient lines in the
upstream and downstream for further obtaining the correspond-
ing pressure change at the sudden contraction/expansion.

RESULTS AND DISCUSSION
Results for Expansion

The corresponding measured pressure drops subject to the
sudden enlargement is shown in Figure 3. In general, the pres-
sure drops increase with the rise of vapor quality. However,
a notable drop of pressure difference is seen for G = 100
kg-m~2.s~! near a vapor quality of 0.01. A similar phenomenon
was also reported by Schmidt and Friedel [15]. They also found
that the pressure difference occurs at the very low quality region
(~0.005-0.02, depending on the mass flux) and argued that this
phenomenon is not due to experimental errors but is associated
with the flow pattern changes. For better understanding about
this unique phenomenon, one can examine the variation of the
corresponding flow pattern. Photographs that are representative
of the observed flow patterns for 9 x mm and 6 x mm rect-
angular channels with a mass flux density of 100 kg-m~2.s~!
and vapor qualities ranging from 0.001 to 0.5 are displayed in
Figure 4 to show the flow progress in the presence of abrupt
enlargement. As seen in Figure 4, for G = 100 kg-m~2.s~!
at x = 0.001 flowing into the 9 x mm enlarged section, the
original flow pattern before flowing across the sudden enlarge-
ment is elongated bubbly flow, which turns into slug flow after
the abrupt area change. This is due to the considerable increase
of cross-sectional area, leading to a decline of velocity and to
aggregation of elongated bubble.

Note that the original liquid flow gathers at the bottom due
to gravity. Hence, as the vapor quality is increased further, the
entering flow contains sufficient momentum to become a jet-
like (Figure 4c, x = 0.01) pattern. However, the liquid jet front
heads towards the bottom section since its accompanied liquid
momentum is unable to sustain itself against the gravity. For
a further increase of vapor quality (Figure 4d, x = 0.05), the
liquid jet spreads more evenly around the periphery pertain-
ing to the higher momentum. The liquid jet-like flow pattern
is similar to the quasi-free-jet pattern observed by Attou et al.
[11]. The confined free-jet pattern appears to be conical with a
small opening angle. With a further increase of vapor quality, the
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Figure 3 Measured pressure changes as a function of mass flux and gas
quality.

inherited momentum can easily break up the liquid into droplets
and a quite uniformly spread film around the whole rectangular
section. The flow pattern is thus an annular flow pattern (e.g.,
Figure 4f, x = 0.5). The unique “liquid jet-like” flow pattern
persists at the entrance of the 9 x mm test section. This flow
pattern, however, is not seen for the 6 x mm test section as
seen from Figures 4g—1. However, by comparing the foregoing
observed flow patterns, one can see the unusual phenomenon
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(k) x = 0.1 (W6xG3

Figure 4 Progress of flow pattern for sudden enlargement vs. quality at G =
100 kg-m~2.s~1,

is actually related to the liquid jet-like flow pattern. When the
liquid jet flows across the sudden enlargement, part of its mo-
mentum is conserved and the gas flow is alongside the liquid
jet. In this regard, the corresponding expansion pressure change
decreases.

In fact, some of the measured pressure difference data of
this study also reveal a flat or slightly leveled-off phenomenon
versus vapor quality (e.g., G = 300 kg-m~2-s7!). A close ex-
amination of the data suggests that this region is also related to
the “liquid jet-like” flow pattern. The observations suggest that
a conceivable reduction of the pressure difference is encoun-
tered when liquid jet-like flow pattern prevails, yet a flattening
or leveling off of the pressure difference is seen when the liquid
jet-like flow is less pronounced. By contrast, one can find an ap-
preciable increase of pressure difference when the liquid jet-like
flow pattern is completely gone. Apparently the confinement ef-
fect of this test section is the main cause for the disappearance
of this flow pattern. Note that the distance from the brim of the
small diameter tube at the intersection of the abrupt enlargement
to the upper or lower surface of the rectangular tube for the 9
X 3 mm tube is two times larger than that of the 6 x 3 mm
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tube. Hence, the liquid flowing out of the smaller diameter tube
touches the adjacent walls comparatively easily, thereby elimi-
nating the “liquid jet-like” flow pattern accordingly. In addition,
the size of air bubbles of the 6 x 3 mm tube (Figure 4g) is much
smaller than that of the 9 x 3 mm tube at x = 0.001 (Figure 4a).

For a higher mass flux of 300 kg-m~2.s~!, progress of
flow pattern change is somewhat similar to that at G = 100
kg-m~2.s~! except that the development of flow pattern moves
toward a lower quality region. However, the liquid jet-like flow
pattern is rather unclear at higher gas quality in both test sec-
tions. Therefore, the leveling-off phenomenon of the expansion
pressure loss is almost unseen.

The measured pressure differences subject to abrupt enlarge-
ment are compared with the foregoing models/correlations de-
scribed in the literature review. In total, nine models and correla-
tions were used for comparison; detailed comparisons indicated
that none of the models/correlations can predict the present test
results with an acceptable accuracy. There are several possible
causes for this significant departure. The first one is attributable
to the evaluation of void fraction. Note that most of the mod-
els/correlations require information on a void fraction, except
for the homogeneous model, the Chisholm and Sutherland [10]
correlation, and the Wadle correlation [12]. This eventually in-
volves suitable selection of the correlation of void fraction. In
this study, the void fraction correlation being used is identical
to those suggested in previous researchers. However, one still
sees a tremendous digression from these comparison charts.
The second cause of this deviation is related to the geomet-
ric difference. The previous geometries are mostly at a much
larger scale, except those by Abdelall et al. [1]. Furthermore,
previous studies are generally applicable for round/round sud-
den enlargement, while the present experiments are conducted
for round/rectangular transformation. The best predictive abil-
ities for the previous models are those by Wadle [12] with a
mean deviation around 200%. The deviation is calculated as

N
%(21: W) x 100%, where N is the number of total

data points. The results imply that further efforts should be made
for seeking a better correlation.

Results for Contraction

Figure 5 shows the measured two-phase pressure drops sub-
ject to the sudden contraction for the 6 x 3 mm and 9 x 3 mm
channels, respectively; each test section has 40 data points. In
general, the contraction pressure drops increase with the quality
and mass flux. However, a noticeable drop of the pressure loss
is encountered at a low mass quality region (x < 0.1). This
phenomenon was also observed by Schmidt and Friedel [18] for
their air-water data at G = 1000 kg-m~2.s~!, where a local peak
of pressure drop versus vapor quality is seen at a low mass flow
quality. This phenomenon was characterized as a change of flow
pattern in the inlet pipe or outlet pipe. In this study, a notable
pressure drop is seen for G = 100 kg-m~2-s~! and a gas quality
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Figure 5 Measured pressure change as a function of mass flux and quality
for (a) 6 mm x 3 mm and (b) 9 mm x 3 mm channel.

of 0.05 as shown in Figure 5. For further understanding about
the phenomenon, one can see the progress of the flow pattern
subject to the influence of contraction from Figure 6. As shown
in the figure, for a mass flux of 100 kg-m~2-s~! at a low quality
less than 0.01, one can see that the intermittent flow pattern
prevails before and after the contraction. Although the stratified
flow might persist after the contraction, one can see that the
vena contracta is clearly absent. Note that the mentioned vena
contracta is slightly different from that in single-phase flow. For
single-phase flow, the vena contracta represents the point in a
fluid stream where the diameter of the jet stream is the least,
such as in the case of a stream issuing out of a nozzle. Here the
observed vena contracta denotes the gas stream surrounded by
liquid with the smallest diameter of gas core.

heat transfer engineering

G Flow Patterns (6x3) | Flow Patterns(9x3)
100
300
X :‘
-
(Annular) x =0.1 - (Annular), x=0.11

Figure 6 Progress of flow pattern vs. quality across the sudden contractions
for G = 100 and 300 kg-m~2.s~ 1,

With the rise of vapor quality (x = 0.01-0.1), the vena con-
tracta is observable for the major flow pattern after the contrac-
tion turn into an annular flow pattern. As delineated by Collier
and Thome [13], the presence of the vena contracta effectively
converted the accelerated and pressure energy into kinetic en-
ergy with little or no frictional dissipation from upstream. This
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will certainly offset the irreversible pressure loss caused by the
singularity. Beyond the vena contracta position, the conditions
are similar to those of sudden enlargement through which con-
siderable frictional dissipation occurs. In essence, the consid-
erable deflection of the contraction pressure drop is associated
with the transition of forming the vena contracta. For a larger
mass flux like G = 300 kg-m2-s~!, the vena contracta is still
seen even at a very low quality range of 0.001-0.005. However,
the rising frictional contribution with mass flux will counteract
the occurrence of vena contracta, thereby leading to a compar-
atively small influence of vena contracta on the pressure drop.
In addition, formation of vena contracta also shifts toward a
smaller gas quality, giving rise to an early deflection of pressure
drop at a lower gas quality. However, it should be mentioned that
this phenomenon becomes less and less pronounced when the
mass flux is increased. This is because the increasing frictional
performance counterbalances the effect of the vena contracta.

To test the validity of the foregoing described mod-
els/correlations from the existing literatures, the measured
two-phase pressure drop data subject to abrupt contraction in
two test sections are compared with the previously described
homogeneous model (Collier and Thome [13]), and correlations
of Chisholm [5], Schmidt and Friedel [18], and Abdelall et al.
[1]. The detailed comparisons and relevant mean deviations for
the models/correlations give fair predictions of the present data,
but none of them can accurately predict the entire database. Note
that most of the existing data were conducted for the geometry
from round/rectangular to round/rectangular configuration,
while the present test section is from rectangular to round tube
configuration. The average mean deviations of the relevant
predictions are 49.15%, 54.12%, 50.8%, 64.5%, and 74.8%
by the homogeneous model (Eq. 35), Chisholm homogeneous
model (Eq. 36), Chisholm correlation (Eq. 37), Schmidt and
Friedel correlation (Eq. 40), and Abdelall et al. correlation (Eq.
43), respectively. Also, the Abdelall et al. simplified correlation
(Eq. 43) gave a mean deviation of more than 100%. The homo-
geneous model gives better predictive ability than the others,
which had also been indicated by Geiger [6] and McGee [17].
For homogeneous predictions, the data with higher pressure
drop give a good agreement with the predictions. Note that the
flow patterns for these data with good predictions are actually
annular flow. However, the data for all slug and stratified flows,
where buoyancy force plays a significant role, are greatly over
the predictions.

There are some pressure drop data for two-phase flow across
sudden contractions available from the literature, as mentioned
earlier. For comparison purposes, the present data and some
available data along with some databases (Geiger [6]; McGee
[17]; Schmidt and Friedel [18]; Abdellal et al. [1]) are com-
pared with the relevant correlations and models. In general, the
homogeneous predictions give a very good agreement with the
two data sets reported by Geiger [6] and McGee [17], with
corresponding mean deviations of 19.93% and 16.81%, respec-
tively. The mean deviations for the data of Schmidt and Friedel
[18] and the present data are 43.46% and 49.15%, respectively.
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Nevertheless, the homogeneous model significantly overpre-
dicted the data of Abdelall et al. [1] with 468.79% mean de-
viation, which was also previously reported by these authors.
The possible cause for this large deviation is associated with
the micro-tubes (with one inner diameter of 1.60 mm and the
other of 0.84 mm) being tested. For these micro-tubes, influence
caused by surface tension takes control. For obtaining a better
predictive ability, one should also take into account the influ-
ence of surface tension force (Tripplet et al. [21]). The balance
of buoyancy and surface tension force can be represented by the
Bond number (Bo) as:

_ 8(p, — p)(D/2)*
o (e}

Bo

(48)

When the value of Bo is near or less than 1.0, the strati-
fied flow pattern is not able to exist in most of the two-phase
flow conditions. Chen et al. [2] had utilized the Bond number
(Bo) to count for the force balance between buoyancy and sur-
face tension in development of the two-phase frictional pressure
drop correlation in small tubes. From the foregoing compari-
son, it is found that the homogeneous model gives good predic-
tive ability but fails to predict the Abdelall et al. microchannel
data. By examining the corresponding Bond number for these
five databases, it is found that the departure of the predictive
ability of homogeneous model is strongly related to the Bond
number. In that regard, it is suggested that the influence of
Bond number should be included in future development of the
correlation.

CONCLUSIONS

Two-phase flow approaching singularities such as abrupt ex-
pansion and sudden contraction is widely encountered in typ-
ical industrial and heat-exchanging devices. For conventional
channels where the flow path may be comparatively long, the
associated pressure drops relative to the total pressure drops
may be small and are often neglected. However, with smaller
and smaller channels being introduced (such as mini- or micro-
channels) to the real world, one can no longer ignore their
influence, and the need for more accurate estimation of the
expansion/contraction loss becomes evident. There have been
some studies concerning this subject but mostly applicable for
larger channels. The major effort of this study is to review the
existing efforts concerning two-phase flow across sudden ex-
pansions/contractions and to examine the applicability of the
existing correlations with respect to the recent data in small
channels. The second part of this study is to present some newly
measured pressure drops and observed flow patterns pertaining
to influence of expansion/contraction. For an abrupt expan-
sion, it is found that the existing correlations all fail to pro-
vide a reasonably predictive capability versus the newly col-
lected data. Furthermore, a unique flow pattern called a “liquid
jet-like flow pattern” occurs at a very low quality region of
G = 100 kg-m~2-s~!, and it raises a setback phenomenon of
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pressure drop. By contrast, an appreciable increase of pressure
difference is seen when the liquid jet-like flow pattern is com-
pletely gone. Similar conclusion is drawn to the data of contrac-
tions. For the correlations/predictive models, the homogeneous
model gives satisfactory prediction for conventional macro-
channels but fails to do so when the channels become smaller.
This is especially pronounced for a small-diameter tube with a
Bond number being less than 1, in which the effect of surface
tension dominates. It is also found that most existing correla-

tions can only predict their own database, and extrapolation of

their correlations outside their test range is questionable. Hence,

it is suggested that the Bond number should be introduced to

modify the existing homogeneous model.

NOMENCLATURE

A aspect ratio, gap/width, 0 < A <1

Cy Chisholm’s factor, defined in Eq. (15)

Bo Bond number, defined in Eq. (48)

Cc contraction coefficient

d internal diameter of circular tube, m

D, hydraulic diameter, m

f friction factor

feon total fiction factor for the contraction

g rectangular channel gap, mm

G total mass flux, kg-m—2.s7!

jL superficial liquid velocity, m-s~!

JjG superficial gas velocity, m-s~!

K loss coefficient

7 mass flow rate, kg-s™!

P pressure, Pa

AP, pressure change across the sudden contraction, Pa

AP, pressure drop across the sudden contraction for total
flow assumed liquid, Pa

APy, static pressure drop to the vena contracta, Pa

AP, pressure recovery downstream of the vena contracta,
Pa

AP, pressure change across the sudden expansion, Pa

AP, irreversible pressure changes across the sudden ex-
pansion, Pa

AP,r reversible pressure changes across the sudden expan-
sion, Pa

dP/dz frictional pressure gradient, Pa-m~!

Re Reynolds number, pud/pn

S slip ratio

u mean axial velocity in the small tube, m-s™"!

x gas quality

w rectangular channel width, mm

We Weber number

I con base pressure coefficient for the contraction

X Martinelli parameter

XcH correlation parameter for Chisholm and Sutherland

[10]; see Eq. (14)
heat transfer engineering

Greek Symbols

o surface tension, N-m~!

o4 flow cross-sectional area contraction ratio

104 mean void fraction

XE mean volumetric liquid entrained in the gas flow

8 viscosity, N.s-m—2

D, two-phase multiplier with all liquid flow through the
contraction

B gas volumetric flow ratio, =js/(jc + jL)

P density, kg-m™3

p fictitious mixture density defined in Eq. (33), kg-m >

p” fictitious mixture density defined in Eq. (34), kg-m >

Pesf effective density defined in Eq. (21), kg:-m~—

Subscripts

con contraction

EXP experiments

G gas-phase

h homogeneous

L liquid-phase

PRED  values for correlation or model predictions
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