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ABSTRACT

Experimental and computational studies of air-water mix-
tures flowing upwards in concentric and eccentric vertical an-
nular channels were performed. Videos taken from two di-
rections perpendicular to each other were analysed visually at
low speed. Four regimes were identified, namely, bubbly, cap-
bubbly, slug and churn flows. A flow regime map was con-
structed for the full range of eccentricity e. It was observed
that the boundaries between regimes in the map were shifted
with changes in eccentricity in the range 0.3 —0.7. Oscilla-
tory cross flows were identified both in the video recordings of
bubbly, cap-bubbly and slug flow regimes for e = 0.5 and 0.7
and in the numerical simulations at corresponding conditions.
These cross flows are attributed to gap vortex streets and are
the main source of eccentricity effects on regime transition.

INTRODUCTION

Multiphase flows can be classified into five types: gas-
liquid, gas-solid, liquid-solid, immiscible liquid-liquid, and
gas-liquid-solid ones. Because of the compressibility of gases
and the deformability of liquids, gas-liquid flows are consid-
ered to be the most complex two-phase flow type. Gas-liquid
flows are commonly encountered in thermal power generation
plants, petroleum extraction systems and chemical industries.
Among the engineering systems and processes in which the
prediction of gas-liquid flow characteristics is essential, one
may mention nuclear reactor cores supplied with emergency
coolant, steam boilers and heat exchangers, gas absorption
units, oil and gas wells, fuel pipelines, activated sludge pro-
cesses and polymer devolatilisation. The characteristics of
gas-liquid flows depend on the geometry of the vessel, the fluid
properties and the flow orientation with respect to the gravita-
tional direction. The main geometrical parameters for flows in
annular channels are the ratio ¥ = Dj, /Doy of the inner Djy,
and outer D,,; diameters of the annulus and the eccentricity
e=28/(Doyt — Dip), where 8 is the distance between the axes
of the inner and outer cylinders. Due to imperfections in man-
ufacturing and wear, annular channels in engineering systems
unavoidably have some eccentricity. The dynamic conditions

of a gas-liquid flow in an annular channel are characterised by
the inverse viscosity number Ny = [p;(p; — pg)gD;] 172 /1, the
Eotvos number Eo = (p; — pg)gD3 /0 and the Morton number
Mo=(p;— pg)guf/(p1203), where p;, p, are, respectively, the
densities of the liquid and the gas, D;, = D,,; — D, is the hy-
draulic diameter, L is the viscosity of the liquid and o is the
surface tension.

A main characteristic of gas-liquid flows is the flow
regime, which describes the pattern of the distribution of two
phases Hetsroni (1982); |Brennen| (2005). Although the ter-
minology used by different authors may vary somewhat, it is
recognised that, in upward vertical flows in pipes and chan-
nels, there are four main flow regimes: bubbly flow, slug flow,
churn flow and annular flow. Additional flow regimes de-
scribed in the literature are cap-bubbly flow, dispersed bub-
ble flow, mist flow, wispy annular flow and dispersed droplet
flow. The conditions for the occurrence of flow regimes are
summarised in maps, usually presented in terms of the gas and
liquid superficial velocities, respectively, je and j;. Transition
from one regime to another typically occurs by coalescence
or breakdown of bubbles, as conditions change. Gas-liquid
regime maps for circular and rectangular channels have been
presented by many authors (Oshinowo & Charles| |1974f |Tai-
tel et al.| [1980; Sadatomu et al., |1982; Mishima & Ishii), |1984;
Barneal, |1987}; |Hibiki & Mishima, 2001). Upward gas-liquid
flow regime maps for concentric vertical annular channels have
also been reported (Kelessidis & Dukler, [1989; |Caetano ef al.l
19924}, Das et al.l [1999; Hibiki et al., [2003} |Sun et al.l 2004;
Ozar et al.,[2008; Julia et al.,2009; Julia & Hibikil 2011} Julia
et al., 20115 |Guo et al.l 2018} |Y1n et al.l 2025), but such maps
for eccentric vertical annular channels are only available for
e = 0.5 (Kelessidis & Dukler, [1989,[1990) and e = 1 (Caetano!
et al.||1992alb;|De Sousa et al.,2014).

Previous literature (Tavoularis, [2011; |Choueiri &
Tavoularis, {2014} [2015; [Lamarche-Gagnon & Tavoularis,
2021) has shown that single-phase flows in eccentric annular
channels, rod bundles and other channels with axial gaps are
subject to the mechanism of gap instability, which, under
certain conditions, may generate a street of quasi-periodic,
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staggered, counter-rotating vortex pairs. Gap vortices trans-
port fluid across the gap and generate strong cross flows in
the entire cross section. The possible presence of gap vortex
streets in gas-liquid flows in eccentric annular channels and
its effects on the flow pattern and other characteristics have
never been investigated in the literature. The presence of
gas-filled bubbles disrupts the continuity of the liquid phase,
thus complicating the structure of any existing gap vortices.
Nevertheless, because the vortex street has a relatively long
wavelength, it seems unlikely that cross flows would be
annihilated by relatively small bubbles, at least in the bubbly
and cap-bubbly regimes and possibly in the slug flow regime.
Investigations of these phenomena seem worthwhile, first
because they would illuminate some interesting and complex
flow phenomena and second for their potentially important
practical consequences.

METHODOLOGY
Experimental methodology

A sketch of the flow facility is shown in Fig. [T} The
test section has the same annular channel configuration as the
horizontal annular channel described by |[Lamarche-Gagnon &
Tavoularis| (2021). It consists of an outer glass tube with a
diameter Dy,; = 37 mm + 1% and and an inner glass tube
with a diameter D;, = 18 mm £ 1%. These give a di-
ameter ratio ¥ = 0.49, a hydraulic diameter D;, = 19 mm,
and an ideal area-equivalent circular tube diameter D;y,q =

D%, — Dizn =32.3 mm. The test section lengthis L~3m ~
158Dy, =~ 93D;y.q- A cross-sectional view of the test section is
shown in Fig. 2} Flow entered the test section bottom through
a bell-shaped “trumpet” with an ellipsoidal profile and an area
ratio of 4.2. At its bottom, the inner tube was terminated and
sealed by an inlet coupling, which also had an ellipsoidal shape
to facilitate a smooth inlet into the annular channel. A threaded
rod with side spacers was placed inside the entire length of the
inner tube. This rod was fastened at its upper end on a horizon-
tal traversing mechanism, which was immersed in the upper
tank, and at its bottom end onto the inlet coupling of the inner
tube. The threaded rod allowed the inner tube to be suspended
from the top and free at its bottom. The eccentricity of the in-
ner tube was adjusted at three different elevations: at the top,
via the traversing mechanism, powered by a servomotor; in the
middle, via two stainless steel precision pins with a diameter
of 1 mm; and, at the bottom, with the use of stainless steel
wires with a 0.3 mm diameter, which were mounted on oppo-
site sides of the inner tube, penetrated through the trumpet and
were kept taut by guitar tuning pegs. For all tests, the upper
tank was left open to the atmosphere. The upper and bottom
tanks were connected in a closed loop and water was circu-
lated by a magnetic-drive pump (Iwaki, Model MD-70RLT).
The pump motor speed was kept fixed during the tests and the
water flow rate through the test section was controlled by a by-
pass valve, which diverted part of the flow to a separation tank
where trapped air in the return flow was vented. The water
flow rate was measured with a calibrated ultrasonic flowme-
ter (OMEGA, Model FTD-31-T). Air was released through a
solenoid valve in the bottom tank below the test section at a
regulated pressure P, and the air flow rate was measured with
one of two rotameters having different operating ranges.

Two simultaneous, perpendicular to each other, views of
the flow in a part of the test section that was enclosed in a view-
ing tank filled with water were recorded at a rate of 100 fps by
two video cameras (pco.edge sCMOS and pco.edge 5.5 CLHS
sCMOS, Excelitas PCO GmbH, Germany) to be referred to as
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Figure 1. Sketch of the experimental setup.
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Figure 2.  Sketch of the annular channel and the cameras.

Camera A and Camera B (see Fig. [2).

The uncertainty of eccentricity along the test section was
about 0.05. The resolution of the pressure gauge, approxi-
mated as half of the scale increments on the gauge, was 1.7
kPa. The ultrasonic flowmeter measured the liquid flow rate
within 1%. The resolution for the lower-range rotameter was
0.003 m3/h and the resolution of the wider-range rotameter
was 0.071 m3 /h.

Computational methodology

Computational studies of air-water flows in annular chan-
nels at conditions matching the experimental ones were con-
ducted using the Volume of Fluid (VOF) method to resolve
the gas-liquid interface and the Improved Delayed Detached
Eddy Simulation (IDDES) with the SST (Menter) kK — @ model
to model turbulence in the liquid. All simulations were per-
formed using the commercial finite volume CFD package Star-
CCM+. Multiple cases were run simultaneously on local
servers at the University of Ottawa and on servers available
through the Digital Research Alliance of Canada. Each of
these cases took approximately 4 months of CPU time in lo-
cal computers (44 processors) and 1 —2 months in Alliance
Canada computers (128 — 256 processors)

The computational domain is shown in Fig. [3] Its cross
section was the same as the experimental one, but its height
was L. = 20D,,; = 0.74 m, namely shorter than the experi-
mental test section, in order to keep the computational time
within tolerable levels. Previous studies (Kiran et al.l |[2020;
Liu er al.||2024) have shown that such a length would be suffi-
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cient for the flow to reach an approximately fully developed
state. The computational domain was discretised using an
automated mesh generator, which interfaced polyhedral cells
away from the wall with near-wall prismatic layers and en-
acted a surface remeshing, as shown in Fig. [3] Extensive mesh
dependence studies were performed for the analysis of Taylor
bubbles rising in a stagnant water column through the same
test section [2026). Based on these studies, we gener-
ated a mesh with 3.7 million cells for the present simulations;
this mesh was deemed to provide sufficient accuracy and reso-
lution for the present, largely qualitative, purposes. At the inlet
of the annular channel, air was injected with a uniform veloc-
ity through a round orifice with an area of 8 mm?2, whereas
water with also a uniform velocity was injected through the
remainder of the inlet cross section. The side boundaries of
the inner and outer tubes were set as walls, whereas the outlet
at the top was left open to the atmospheric pressure. The initial
condition was to fill the entire domain with water at the same
uniform velocity as the water inlet. An adaptive time-step con-
trol was used with a targeted mean Courant number of 0.5 and
a minimum time step of 107 .
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Figure 3. Computational domain and boundary conditions
(left); cross-sectional and axial meshes (right).

RESULTS AND DISCUSSION
Experimental and computational conditions
Experiments were conducted for the full range of eccen-
tricity (e = 0,40.3,40.5,4-0.7,41) and wide ranges of wa-
ter and air flow rates, presented in the form of corresponding
superficial velocities (0.032 < j; < 0.292 m/s and 0.006 <
Jg <2.028 m/s). The values of the main dimensionless pa-
rameters were Ny = 8,300, Eo =49 and Mo = 2.3 X 10~
Numerical simulations were run for three eccentricity values,
namely, e = 0.3,0.5 and 0.7, at approximately the maximum
experimental liquid superficial velocity (0.27 < j; < 0.29) and
four gas superficial velocities (j; = 0.006,0.074,0.144 and
2.028 m/s, adjusted to correspond to H = 2.8 m). Thus, a
total of 12 simulations were performed, at conditions approxi-
mating experimental conditions at which all four flow regimes
were observed. Performing additional simulations would ex-
ceed the time that was available for this work.

Figure 4. Representative images of flow patterns: bubbly
flow, cap-bubbly flow, slug flow and churn flow (left to right).
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Figure 5. Isosurfaces of the volume fraction of air (o, > 0.9)
on the y — z plane for e = 0.7.

Observed flow regimes

The flow regime was identified by visual observation of
the flow in real time and by inspecting videos of the flow
through the upper viewing tank (H = 2.8 m), replayed at a
lower speed when necessary. Four flow regimes were iden-
tified, namely, the bubbly, the cap-bubbly, the slug, and the
churn regime, representative images of which are shown in
Fig. E The bubbly flow contained only small, nearly spherical
bubbles, which did not coalesce to create larger ones. The cap-
bubbly flow contained short cap bubbles, which had a length
that was less than D), and a shape resembling the nose region of
Taylor bubbles. As the gas flow rate was increased, cap bub-
bles grew into Taylor bubbles, the length of which increased
with increasing flow rate. Further increase in gas flow rate
made the Taylor bubbles coalesce with each other and create
very long bubbles with lengths exceeding 30Dy, while the lig-
uid slugs between these bubbles became shorter and developed
an increasingly frothy appearance. Once these long bubbles
started to coalesce with each other, they became highly dis-
torted, with liquid occasionally dropping through the gas. Un-
der such conditions, the regime was identified as churn flow. It
is noted that the transition from slug to churn flow was not as
obvious as the transition from bubbly to cap bubbly flow and
from cap bubbly to slug flow. This is in agreement with the

observation of (2024).

All four regimes that were observed experimentally were
also found by computations at comparable conditions; exam-
ples of these are shown in Fig. EI It is noted, however, that,
if the computational domain were longer, it is possible that,
under certain conditions, additional transitions may have oc-
curred. In any case, the CFD results are used primarily for sup-
porting the experimental evidence for the occurrence of cross
flows and not for characterising regime transitions.
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Figure 6. Simultaneous flood maps of the axial velocity on
closely spaced x —y planes in bubbly flow for e = 0.7.

Evidence for the presence of cross flows

Observation of video recordings of air-water flows re-
played at low speed demonstrated that, at least for eccentric-
ities in the range 0.5 < e < 0.7, both dispersed and cap bub-
bles had roughly quasi-periodic cross motions of a type that
is consistent with the actions of gap vortex streets. Circum-
ferential motions were also observed in slug flow, but it was
not clear whether these motions were due to gap vortices or an
instability of the turbulent wakes of the liquid slugs. No reli-
able assertion can be made for circumferential motions in the
churn flow regime due to the chaotic nature of such flows. On
the other hand, numerical simulations for e = 0.7 revealed the
presence of strong oscillatory cross flows in all four regimes.
These observations were made by the inspection of instanta-
neous cross-sectional maps of the normalised axial velocity
U./j;, computed simultaneously at multiple axial locations of
the eccentric annular channels. Near the inlet (z/Dj, < 10.5),
these maps did not differ from each other significantly as the
fluid velocity was not far from being uniform. Around mid-
channel and beyond (z/Djy, > 20), however, significant differ-
ences between the axial speeds in the narrow and wide gap
regions, as well as oscillatory circumferential motions, were
observed. Representative axial velocity maps shown in Fig.
|§| demonstrate that the high axial velocity region (denoted by
green colour in the images) swung strongly circumferentially.
The amplitude of cross motion became larger with an increase
in eccentricity from 0.3 to 0.7. From these images, one may
estimate very roughly the axial wavelength of the oscillations
as 10Dy, =~ 10D;,. The present findings are in fair qualitative
agreement with results by |Choueiri & Tavoularis| (2014) and
many other authors and clearly prove the presence of gap vor-
tex streets in eccentric channels.

Regime transitions

A flow regime map for all eccentricities is shown in Fig.
m This map covers all four regimes that were discussed pre-
viously. For a fixed liquid flow rate within the entire range
of values tested, the flow regime progressed from bubbly to
churn flow as the gas flow rate was increased. In most of the
map, the flow was in the same regime for all eccentricities,
however, the boundaries between regimes shifted as eccentric-
ity changed. In other words, eccentricity did not affect the
type of regime away from transition regions, but, near transi-
tion regions, a change in eccentricity could trigger transition
from one regime to another. The transition regions have been
marked by shaded areas in Fig. [7] but, because the symbols for
different eccentricities largely overlap, it is not possible to dis-
cern clearly the effect of eccentricity. Even so, the following
general observation can be made: regardless of eccentricity,
all transitions were shifted towards higher gas flow rates as the
liquid flow rate was increased. Thus, the transition areas of
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Figure 7. Regime map of air-water flows in annular channels
with e =0 (A), 0.3 (O), 0.5 ($), 0.7 (O), and 1 (+); symbols
are blue for bubbly flow, black for cap-bubbly flow, red for
slug flow, and magenta for churn flow.

the map were tilted clockwise; this tilt is obvious for the two
transitions at lower j, and may be inferred for the higher-j,
transition, where the data density is relatively low.

Experiments were performed for 13 specific values of j,
and a wide range of j;. For nine values of jg, the flow regime
was the same for all eccentricities, but, each of four sets, those
with j, = 0.010,0.018,0.035 and 0.70 m/s and different ec-
centricities, had cases with different flow regimes. To illustrate
this effect, we have drawn regime maps in axes of e and j; for
the previously mentioned four values of j,. In general, these
maps demonstrate that eccentricity affects measurably the con-
ditions for transition from one regime to another and that this
effect does not depend monotonically on e, but is strongest for
intermediate values of e. For j, = 0.010 m/s (Fig. @), bubbly
flow was observed for all j; examined, when ¢ =0 and 1, but,
for intermediate eccentricities, bubbly flow occurred when j;
exceeded a specific threshold, which depended on e, whereas
cap-bubbly flow occurred when j; dropped below this thresh-
old. For j, =0.018 m/s (Fig. E[) two flow regimes, bubbly and
cap-bubbly flows, were observed, when ¢ = 0 and 1, but, for
intermediate eccentricities, three regimes, bubbly, cap-bubbly
and slug flows occurred. Representative images of flows in
these three regimes are shown in Fig. @ For j, = 0.035 (Fig.
, only a small part of the map (e =0, j; = 0.2 m/s) was in
cap-bubbly flow, whereas the rest of the map was in slug flow.
Although this figure, viewed in isolation, cannot describe the
general effect of eccentricity on regime transition, it does il-
lustrate that such effect exists and shows a transition trend that
is consistent with the trends that may be extracted from the
general regime map (Fig. |Z[) For j, = 0.70, the void frac-
tion was relatively high for all examined j; and only two flow
regimes were observed: slug flow occurred when j; exceeded
a threshold that depended on e and churn flow occurred when
Jji dropped below this threshold. Although for e = 1 the map
does not extend to sufficiently low values of j; for slug-to-
churn-flow transition to be observable, one may infer that such
transition would have occurred if j; were dropped below the
lowest value in the tests. This figure shows that, for e = 0.7,
transition occurred at a value of j; that was more than twice the
transition threshold for the concentric channel and for channels
with low eccentricities.

We now proceed to explain how gap vortices could af-
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Figure 8. Flow regime map for j, = 0.010 m/s; symbols are
blue for bubbly flow and black for cap-bubbly flow; the line
marks the approximate boundary between regimes.
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Figure 9. Flow regime map for j, = 0.018 m/s; symbols are
blue for bubbly flow, black for cap-bubbly flow and red for
slug flow.

Figure 10. Representative images of flow patterns near flow
transition boundaries for e = 0.3 and j, = 0.018 m/s; left:
bubbly flow (j; = 0.267 m/s); centre: cap-bubbly flow (j; =
0.194 m/s); and right: slug flow (j; = 0.124 m/s).

fect the flow regime boundaries. Because air has much lower
inertia than water, gas bubbles would tend to oscillate with
larger amplitudes, thus larger velocities, than the adjacent lig-
uid. Therefore, the magnitude of the velocity of bubbles would
tend to increase significantly above their axial velocity com-
ponent, which is accounted for by the superficial velocity of

0.3
L cap-bubbly

flow ° L4 °
025+
° ° ° °
0.2
z ° °
£ o015 e ®
~
slug
0.1 flow
0.05 . . ] °
0 . I I )
0 0.3 0.5 0.7 1

e

Figure 11. Flow regime map for j, = 0.035 m/s; symbols
are black for cap-bubbly flow and red for slug flow.
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Figure 12.  Flow regime map for j, = 0.70 m/s; symbols are
red for slug flow and magenta for churn flow.

air. Bubbles embedded in different parts of a liquid vortex
would have different velocity magnitudes and directions and
so the probability of bubble collisions and coalescence would
be higher than in the absence of gap vortices. One may thus
infer that, for a fixed j; in a strongly eccentric channel, the
flow would cross the regime boundary at a j, that is lower
than that in a concentric channel. Alternatively, for a fixed
Jg in a strongly eccentric channel, the flow would cross the
regime boundary at a higher j; than that in a concentric chan-
nel. A related but separate effect is that bubbles, which other-
wise would tend to concentrate in the wider part of the channel
where friction effects are less significant, would cross the nar-
row gap, where they are more likely to collide with other bub-
bles and coalesce. Although hydrodynamic stability analysis
(Moradi & Tavoularis, [2019) has shown that gap instability
may be triggered for eccentricities as small as 0.05, in prac-
tice, strong gap vortex streets in turbulent flows would likely
occur for e 2 0.5 (Lamarche-Gagnon & Tavoularis| 2021). In
view of these considerations, we may plausibly attribute the
apparent shift of the regime boundaries to the action of gap
vortex streets. This explanation seems to be well justified for
the bubbly-to-cap-bubbly and cap-bubbly-to-slug-flow transi-
tions. The effect of strong eccentricity on the slug-flow-to-
churn-flow transition seems to be also a shift towards higher
Jg (or lower jj), although the available information is insuffi-
cient for us to describe the precise mechanism that causes this
phenomenon.
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CONCLUSIONS

For the first time in the literature, an upward gas-liquid
flow regime map was created for an annular channel with the
full range of eccentricity. The map extended over four flow
regimes, namely, bubbly, cap-bubbly, slug and churn flow and
had sufficient resolution to identify the regime transition re-
gions. It was found that eccentricity in the range from 0.3
to 0.7 affected the transition from one regime to another. In
particular, the transitions from bubbly to cap-bubbly flow and
from cap-bubbly to slug flow under a constant water super-
ficial velocity were shifted towards higher air superficial ve-
locities. Flow visualisation showed the presence of oscillatory
cross flows in the bubbly, cap-bubbly and slug flow regimes for
e =0.5 and 0.7. Such cross flows were also observed in nu-
merical simulations. The presence of a gap vortex street was
identified as the cause for cross flows and explained the ef-
fect of eccentricity on regime transition. The present study has
complemented and expanded the literature on gas-liquid flows
in annular channels and has shown that eccentricity has signif-
icant effects. It has further provided evidence for the presence
of gap vortex streets in gas-liquid flows, thus connecting to the
substantial literature for single-phase flows in channels with
narrow gaps.
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