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Abstract

We report on an experimental investigation of adiabatic bubbly two-phase flow
development in a DN50 pipe with a ring-shaped and a baffle-shaped constriction

at different superficial velocities of gas (up to jg =0.1400 m-s™") and liquid (up to

J;=1.6110 m-s™) using ultrafast electron beam X-ray computed tomography
(UFXCT). From UFXCT images, cross-sectional gas holdup distributions were
obtained with a temporal resolution of up to 2,500 frames per second in 18
scanning planes along the pipe. A sophisticated data processing approach was
applied to extract gas holdup data immediately from the two-phase flow image
stack. Based on that, time-averaged gas holdup of the cross-section and the axial
center of the pipe were calculated. In addition, bubble sizes and velocities were

determined.

Key words: gas-liquid two-phase flow, bubbly flow, flow constriction,
three-dimensional flow, computed tomography, experimental

benchmark data
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1 Introduction

Two-phase flows can be found in many industrial applications. Examples are
multiphase chemical reactors, power plant circuits, heat exchangers or oil and gas
production. Hence, there is a continuing interest in modelling and simulation.
Computational fluid dynamics is the method of choice to simulate such flows at a
high level of detail. However, for two-phase flow such simulation codes are yet not
fully mature due to the inherent physical complexity of flows with phase
boundaries. This holds especially for gas-liquid two-phase flow due to the
deformability of gas-liquid interfaces. [1-3]. Thus, experimental validation is still
inevitable. The particular challenge there, however, is the need to produce data

with highest resolution in space and time, e.g. for transient flow phenomena.

Two phase flow in straight pipes of any inclination has been seen as a benchmark
case for multiphase CFD for some years now. Hence, numerous experimental test
cases are known from literature, e.g. for vertical upward flow [4-6], downward flow
[7-9] or both flow directions [10-12], as well as horizontal flow [13-15]. A logical
next step are benchmark cases for slightly more complex flow scenarios, such as
constrictions, bends or junctions, with significant three-dimensional flow effects,
such as flow separation at sharp edges, recirculation areas or curved streamlines.
For the latter, however, only very few CFD-grade experimental data are available.
One example is Prasser et al. [16] and Frank et al. [17], who investigated the flow
around an axially moveable semicircular obstacle for a vertical pipe with an inner
diameter of 195.3 mm using the wire-mesh sensor technique [18,19]. In these
studies, the authors measured phase distributions and bubble sizes with a
temporal resolution of 2,500 images per second for air-water and steam-water
flow. From this, axial and lateral gas bubble velocities as well as time-averaged
liquid velocities were estimated. The data was used for assessment and validation
of CFD simulations with ANSYS CFX employing a multiple size group modelling
approach for the gas phase [20]. The slight intrusiveness of the wire-mesh sensor
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and the driving mechanism of the obstacle as well as the 3 mm spatial resolution
brought about increasing uncertainties for smaller bubbles and lower liquid
velocities [21,22]. The present study aimed at the extension of the available
experimental database for bubbly gas-liquid two-phase flow with a pronounced
three-dimensional flow field. Experiments have been performed in a vertical pipe
with an inner diameter of 53 mm. The impact of two different flow constrictions
on the flow field were studied: a baffle-shaped and a ring-shaped type,
respectively. The choice was made, because the baffle-shaped constriction creates
an asymmetric flow field while the ring-shaped one creates an axially symmetric
flow fields. This is useful to study different aspects of the flow, such as in-plane
flow components. Hence, some comparability to already existing experimental
data [16] is given for the baffle-shaped flow constriction. In addition, the ring-

shaped flow constriction provides a true extension of the available database.

Experiments were performed using ultrafast X-ray computed tomography (UFXCT)
[23,24]. It is a fast and non-invasive imaging technique for the investigation of
highly transient processes, especially for bubbly two-phase flows [11,25-29]. With
the applied temporal resolution of up to 2,500 images per second, the fluid
dynamics could be studied without influencing the flow field. With this imaging
technique we obtained quantitative parameters, such as total phase holdups,
cross-sectional phase distributions, gas bubble sizes as well as their distributions
and velocities. In the following we discuss only selected results. For access to the

full data set the reader is referred to the RODARE Open Data Link given in [30,31].

2 Experimental setup
2.1 Vertical test section
Experiments are conducted in a vertical test section at the thermal-hydraulic test

facility TOPFLOW (see Figure 1 a)) [30], [31]. Here, flow investigations have been

performed under adiabatic conditions in an acrylic pipe with an inner diameter of
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D =53 mm and a total length of L =4950 mm. Deionized water and compressed
air were used as liquid and gas phase in co-current upward flow. Inlet flow rates
are controlled by a volute pump (HPH 100-250, KSB, Germany) and a mass flow
controller (F-202AC, Bronkhorst, Netherlands) for liquid and gas phase
respectively. With this equipment we maintain a constant liquid temperature of

30°C and pressure of 4 bar at the gas injection at the bottom of the test section.
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Figure 1:  Schematic representations of the vertical obstructed test section showing a) the entire
test section pipe connected to the (simplified and reduced depicted) TOPFLOW facility,
b) the applied flow constrictions for generation of three-dimensional flow fields and )
the gas injection module.

Figure 1 b) shows both flow constrictions, the baffle-shaped and ring-shaped one.
Both block exactly half of the inner pipe cross-section. Each obstacle is 5 mm thick

and its bottom edge is at a distance of [ = 2810 mm above the gas injector. That is,
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we have a length-to-diameter ratio of I/D =52, for which we consider the two-

phase flow as fully developed.

Figure 1 c) shows the gas injection module that was already used in previous
studies, e.g. Banowski et al. for comparability study of UFXCT and wire-mesh
sensor technique [22]. It mainly comprises four capillaries with an inner diameter
of 0.8 mm and six equidistantly arranged metal sheets for straightening and

homogenizing the liquid flow.

2.2 Ultrafast X-ray computed tomography

Ultrafast electron beam X-ray computed tomography (UFXCT) uses a deflected
electron beam to produce a rapidly rotating X-ray spot. Along with a stationary
multi-pixel dual-plane X-ray detector this configuration is used to scan
tomographic projections of the flow. From these, cross-sectional images are
reconstructed. Each image has a size of 180x180 pixels with a corresponding pixel
size of 0.5 mm. The in-plane spatial resolution of the UFXCT scanner is nominally
1 mm. However, since gas-liquid flow has a specific contrast, we found in earlier
studies that detection of single gas bubbles is secure only for bubbles with a
dimeter of dz =2 mm. The two imaging planes of the UFXCT scanner offer a
geometric distance of about 10 mm. The imaging speed in this study was up to
2,500 frames per second and per plane, depending on the expected flow velocity.
For more details on general principles of computed tomography, the reader is
referred to [34-36] and for more details on ultrafast X-ray computed tomography

to [24,37,38].

The UFXCT scanner can be freely moved along the pipe with the help of an elevator
mechanism. Hence itis possible to study the gas-liquid flow in any position up- and

downstream of the flow constriction. The scanning planes used in this study are
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compiled in Table 1 as distances z of the upper and lower imaging plane with

respect to the center of the flow constriction.

Table 1: Image plane identifiers along the vertical test section pipe and according distances z
of the upper and lower UFXCT imaging plane to the center of the respective flow
constriction. Additionally dimensionless distance-to-diameter ratios z/D are given.

|dentifier A B C D E F G H I

z [mm] -200 -60 0 5 20 50 100 200 400
-210 -70 -10 -5 10 40 90 190 390

z/D -4 -1 0 0.1 0.5 1 2 4 8

2.3 Gas holdup

The raw tomographic data is a set of gray value images encoding the X-ray
attenuation coefficient y; ;, of a pixel with indices (i, j) and temporal index k. The

conventional procedure to calculate gas holdup from UFXCT images is as follows:

(tp)

scans of the two-phase flow y; ;; and two k-averaged reference states, i.e. empty

cross section & and liquid filled cross section f{;?, are used to calculate the

gas holdup ¢; ;, according to

—(liq) _ (tp)
_ Ky THk 1
€ijk = "QiQ  —(gas) W
ij Pij

This method has already been introduced by Zalucky et al. [39]. However, it was
found that this method is sensitive to image artifacts from e.g. beam hardening,
radiation scattering and geometrical dispositions of the deflected X-ray source

and/or the object of investigation [40].

Therefore, an improved data processing procedure was developed. Here, the

liquid reference data set ﬂi(’l}q) and an estimation of the attenuation difference



142
143
144

145

146
147

148
149
150
151
152
153
154
155
156

157

158

159
160
161

162

a0 - g% are directly extracted from the two-phase flow data uiTr. The
calculation comprises two main processing steps: a) a histogram calibration step

from which the liquid reference data set ﬁg}q) is obtained and b) an optimization

step from which the attenuation difference ﬁl.('l]i.q)-ﬁi(ﬁas) is estimated. This

approach effectively suppresses adverse effects of image artifacts and non-

linearities.

Figure 2 illustrates the first data processing step. Here, a histogram of all k

(tp)
ijk

reconstructed attenuation values y; ;. is compiled for each image pixel (i, j). If the
average gas holdup of the corresponding pixel (i,j) is around 50%, then its
attenuation value distribution is typically bimodal (see Figure 2, bottom center).
Though the gas and liquid phase in a two-phase flow have well-defined
attenuation coefficients, the reconstructed values are corrupted by noise, artifacts
and non-linearities. As the Poisson noise of the X-ray source and the Gaussian

noise of the detectors are dominating we can assume a Gaussian distribution for

(lig)
i

(tp)
i,j,k

(gas)

both values. Hence, we extract average liquid u M

and gas u values from u

by fitting two Gaussian curves into the histogram. This is done for all image pixels.

(iq)

4 can be

As the liquid phase is dominant in our case of bubbly two-phase flow, u

determined with good accuracy. For uftgas) it is more difficult, as its peak in the

histogram is typically weak or even missing. Note, if gas phase would be dominate,

e.g. for droplet flow, the situation would be vice versa.
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Figure 2:  Schematic illustration to extract a full reference data set ﬁgljiq’ from the dynamic two-
phase flow data set yl.(j.pg based on a frequency distribution analysis of attenuation
values at each image pixel (i, )).

Thus, the attenuation difference ﬁg;q)-ﬁi(f;’.as) is determined in a second data

processing step. As illustrated in Figure 2 we may obtain ﬁl.(fj.as) from reference

pixels with average value ﬁgeﬂ outside the column. However, as it can also be seen
in Figure 2, the gas values in the bubble are on average slightly brighter which is
caused by partial volume effects as well as beam scattering and beam hardening

artifacts. Therefore, the sought value ;Il.(fj.as) is obtained in the following way.

We set ﬁi(ﬁ.as) = ﬁgef), calculate the gas holdup according to Eq. (1) and compile the

histogram (left side of Figure 3). As can be seen, the gas holdup maximum is e < 1
while we would expect it to be ¢ = 1. Now, we fit a Gaussian distribution function
to the right slope of the histogram and determine its mean value ¢,,. Now the task
is to find an appropriate average attenuation value for gas, which is larger than

the reference value by an offset q, that is

a5 =0 +a. @

If this reference value shifts ¢, to 1, as we would expect, then Eq. (1) can be written

as
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182  Setting A= u(hq) uffef) and solving for a yields
a=A1-¢y)

183  or by using Eq. (2)

B = = ety + em ity ™. ©

184  With this value for #(g s) we obtain the scaled histogram shown on the right side

185  of Figure 3.

initial scaled

108

frequency
)
S

o T
186 gas holdup gas holdup
187  Figure3: Gas holdup histogram calculated according to Eq.(1) using /7330 (left) and
188 1- em)u(hq) + &, ugeo (right) as empty reference u(gas).
189

190 2.4 Gas phase parameters and bubble properties

191  From the ¢;;, we can calculate the time-averaged cross-sectional gas phase

192  distribution:

Zk 1€k (6)

193 as well as time- and space-averaged total gas holdup
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Lowp it & (7)

R
€=Xi4 j=1Wij " E€ij

Here w;; are weights encoding the fraction of pixel area inside the pipe cross
section. In a next step, we binarize ¢ ;, in order to discriminate gas from liquid.
Thus, an iterative algorithm is applied which is based on a concept proposed by
Banowski et al. [41]. Here, pixel clusters are identified as connected objects based

on seed points of maximum gas holdup. This algorithm finally yields two data sets:

(bin)

a) a binarized data set ¢;;

containing values “1” and “0” for gas and liquid phase

(id)

only and b) a corresponding identifier data set ;.

containing individual bubble
numbers. Furthermore, the bubble property analysis module of the wire-mesh
sensor data processing software is used to extract bubble properties, e.g. bubble

size and its position [42].

In the image stack, the axial dimension is time k. Hence, the identified bubble
volume is given in mm2ms. It is required to convert time into length measures,
hence bubble volume needs to be multiplied by the axial gas phase velocity. To

determine this velocity a cross-correlation function

Z (IOW) ) e(um
k=1 l]k i,j,k

l] Ak = >
JZ aow) ve (40
l] k k=1\"i,j,k

(8)

of the gas holdup is calculated for each pixel pair (i,j) of upper scanning plane

(low)

£up)
and lower scanning plane &}

Eik separately. The index Ak corresponds to the
time-shift At = Ak/f with f being the image frequency per scanning plane. Then,

—(ax)

the axial gas phase velocity map u;’;

is calculated using the maximum of the

cross-correlation function according to

10
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o0 = TS f where Ake;7 ™ = argmax(F; j ). (9)

LJj

Here, the unequal distribution of the effective imaging plane distance of the UFXCT
scanner is taken into account by the distance map Am;; as introduced by
Neumann et al. [43]. This allows for a position-dependent calculation of bubble
sizes. This approach is typically valid only for unidirectional flow, which is, however,
not the case in areas around the flow constrictions and in recirculation zones.
Here, morphological bubble properties are utilized to estimate the bubble velocity
and, thus, the bubble size based on its E6tvos number and aspect ratio [11,22].
Furthermore, the bubble size distribution is given by the frequency of occurrence

of a respective size class according to

HOW (g, ) =% Z(de) with b € {1..N,|d(B, ) € dg.} (10)
B

z

Here, the frequency of occurrence H®"® for bubble size class dg, is defined as
gas holdup ratio of the sum ¥, (B, ) and the time- and space-averaged gas
holdup ¢, divided by bubble size class width Adg . The sum is given by each bubble
B, with b being element of the total bubble number N, and the restriction that
the bubble diameter of the respective bubble d(B, ) belongs to bubble size class
dg . In addition, an alternative representation of the bubble size distribution is
given by the probability density function (PDF) that is calculated by applying a

kernel density estimation with an interval width of 10%.

Furthermore, redistribution of gas and liquid phase lead to significant lateral

bubble movement, especially close to the flow constrictions. Therefore, the

transversal movement of each bubbles center of mass is directly tracked for

according cross-sectional images, which allows for the determination of its lateral
_(lat)

velocity. Subsequently, the lateral velocity field ;™ is derived by void fraction

11



235
236

237

238

239
240
241
242
243
244
245
246
247
248
249
250

251

weighted time-averaging of the lateral velocity over each available bubble that

crossed the imaging plane during scanning [16].

3 Results

At the beginning of each experiment, deionized water is heated up and circulated
through the test section, using the volute pump. In parallel, the pressure is
increased by injecting de-oiled gas to the test section until both temperature and
pressure reaches stable conditions of 30°C and 4 bar respectively. Subsequently,
specific operating conditions are set by adjusting the liquid and gas flow rates as
defined by their respective superficial velocity (see Table 2). In total, fifteen steady
state operating conditions within the bubbly flow regime are considered for each
flow constriction, based on flow maps of Taitel et al. [44]. After a waiting period of
about 30 min the UFXCT scans are performed at the different scanning heights,
starting at position “A” (see Table 1), for a scanning interval of 15 s. The imaging
frequency has been adapted corresponding to the expected flow velocity within

the pipe (see Table 2) to obtain a sufficient number of images.

12



252

253 and liquid superficial velocities. Highlighted numbers identify the applied UFXCT image
254 frequency f per scanning plane (blue: 1,000 Hz; green: 2,500 Hz).
Jjg — gas superficial velocity
m-s™ 0.0151 | 0.0368 | 0.0898 | 0.1400
g 16110 | #053 | #075 . .
g
= | 1.0170 #052 #074 #096 #107
O
<
8 | 04050 | #050 | #072 | #094 | #105
"
ke
5- 0.1020 #047 #069 #091 -
|
= | 0.0405 #045 #067 - -
255

Table 2:

Experimental matrix for both flow constrictions based on various combinations of gas

256  As a first analyzing step, the initial flow conditions for each flow constrictions and
257  operating condition are compared. Therefore, the total gas holdup values & of the
258 four furthest upstream imaging planes (upper and lower UFXCT imaging plane for
259 scanning positions “A” and “B") are compared as the two-phase flow is here
260 undisturbed and fully developed. The corresponding parity plot in Figure 4 shows

261 deviations of £ smaller than +10%.
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Figure 4:  Parity plot of total gas holdup & values of the undisturbed two-phase flow at the
furthest upstream imaging planes of both flow constrictions.

The coefficient of variation reveals a maximum deviation value of 7.16% for the
lowest gas holdups. This proves undisturbed two-phase flow conditions upstream
of the flow constrictions for each operating point, which is an important quality
criterion for CFD comparison and allows for the characterization of the flow
constriction impact on the flow field excluding operational influences.
Furthermore, the result of the initial flow condition comparison proves the

reliability of the introduced image data processing procedure.

3.1 Gas holdup and phase distribution

Figure 5 exemplarily shows sectional views of the gas fraction through the
cross-sectional center of the test section pipe (-1 <x/R <1 for y/R=0) for both

flow constrictions and superficial velocities of j, = 0.4050 m-s’ andjg =0.0368 m's™

14
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(#072). In addition, the time-averaged cross-sectional gas fractions & ; are shown.
The sectional views are perpendicularly arranged to the edge of the baffle-shaped
flow constriction and show the linearly interpolated time-averaged gas holdup
values obtained at the 18 imaging planes. Such sectional views allow a comparison
of both flow constrictions, showing gas accumulations for wide areas of the pipe,
especially downstream of the baffle-shaped flow constriction. In contrast, gas is
clearly redistributed while passing the blockage, leading to a homogenization of
the gas phase distribution far downstream of the flow constriction in case of the

ring-shaped type.

#072: j,=0.4050 ms" |,
jg=0.0368ms" @

JRED

10 mm 3 j 400 mm
5mm Ei 390 mm
0mm [4. 200 mm
5mm [‘)l 190 mm
10 mm @ 3 100 mm
B
-60 mm L J =— 90 mm
-70 mm [‘: 50 mm
-200 mm [.: 40 mm
-210 mm [.j 20 mm

o

20

Figure 5:  Time-averaged gas fraction sectional views up- and downstream of the baffle-shaped
(left) and ring-shaped (right) flow constriction.

Another visualization of determined gas holdup values & ; is given in Figure 6.
Here, each of the sectional views are additionally normalized to its corresponding
averaged total gas holdup £4B) of imaging planes “A” and “B” that is also indicated

at the top of Figure 6. Thus, the color scaling can be interpreted as the relative

15
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amount of gas phase that is distributed along the test section pipe compared to
unaffected flow conditions. Hence, this kind of visualization allows detailed
investigations on various operating conditions for a given flow constriction. In

Figure 6 results for constant gas superficial velocity of jg:0.0368 m-s' and

increasing liquid superficial velocities for the baffle-shaped flow constriction are

shown.
#067 #069 #072 #074 #075
ji 0.0405m-s’ 0.1020 m's" 0.4050 m-s” 1.0170 ms" 16110 ms'
g8 1497 % 11.36 % 5.58 % 3.03% 2.09 %
400 5
300
4
200
@13
]
w
100 4
=
©
£ ik
E O
N
-100 1
-200
Jd 0 1 . : 10 1 ¢
X/R X/R X/R X/R X/R

Figure 6:  Time-averaged and normalized gas holdup values e‘i‘j/e“B) up- and downstream of the
baffle-shaped flow constriction for various superficial liquid velocities j, and a constant
superficial gas velocity ofjg =0.0368 m-s™.

It can be concluded that all operating conditions provide symmetric flow profiles
for the unaffected region upstream of the flow constriction for z <-60 mm with a
maximum at the pipe center. After that, the influence of the half-sided blockage

on the phase distribution becomes more and more evident and leads to gas

16
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accumulations below the flow constriction for the two lowest superficial liquid
velocities (#067, #069) since the redirected liquid flow does not provide enough
energy to directly transport the gas phase towards the unobstructed side of the
pipe. With increasing superficial liquid velocity the gas accumulation below the
flow constriction decreases until it is completely vanished for j >1.0170 m-s™

(#072).

In contrast, gas is accumulated directly downstream of the flow constriction for
higher superficial liquid velocities (#072, #074 and #075). This clearly indicates the
presence of a recirculation area above the flow constriction that is caused by the
strong flow separation at the edge of the flow constriction. For highest superficial
liquid velocity j, = 1.6110 m's™ (#075) a large amount of gas accumulates straight
above the edge of the flow constriction, which indicates that the momentum of
the recirculated liquid is even high enough to displace gas from the recirculation
area back to the pipe center. However, no significant recirculating zone is found
for the two lowest superficial liquid velocities (#067, #069). Here, the flow almost
immediately re-develops to undisturbed pipe flow conditions, whereas significant
asymmetric flow fields are found far downstream of the flow constriction for all
other operating conditions (#072, #074 and #075). For the latter, gas is clearly
redistributed to the obstructed side of the pipe, which is caused by the lower

density of gas that is driven out of the accelerated liquid jet.

A more quantitative comparison is shown in Figure 7, where selected gas holdup
profiles from representative imaging planes up- and downstream of both flow
constrictions are plotted for the same operating conditions as already depicted in
Figure 6. For z =-200 mm the comparison of both flow constrictions show similar
holdup profiles for all operating conditions, although the overall amount of gas

decreases for increasing liquid superficial velocity.

Directly upstream of the baffle-shaped flow constriction at z=-10 mm a gas

accumulation zone with approximately twice as much gas as at the unobstructed
17
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pipe section is found below the blockage for operating conditions #067 and #069.
In contrast, almost no gas is found in this area for all other operating conditions.
Here, gas is clearly redistributed to the unobstructed pipe section, where a center
peak is developed at x = -10 mm. However, no significant stagnation zones or gas
redistribution are found for the ring-shaped flow constriction. Considering the
higher flow velocity due to the acceleration, the gas holdup is expected to decrease
close to the ring-shaped flow constriction. However, the profiles provide nearly the
same holdup maxima as for z=-200 mm (by respecting the different scaling).
Thus, it can be derived that gas is redistributed to the pipe center, where the
superimposition of the acceleration and redistribution effect result in

approximately constant gas holdup profiles along the centerline of the pipe.

18
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Figure 7.  Gas holdup profiles for selected imaging planes up- and downstream of each flow
constriction for operating points #067, #069, #072, #074 and #075, showing the effect

of increasing liquid superficial velocity j.

In the near vicinity downstream of the flow constriction at z =10 mm gas is clearly
redistributed towards the unobstructed pipe section for j <1.0170 m-s” and
baffle-shaped flow constriction. In contrast, the gas holdup profiles show an
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additional plateau for higher liquid superficial velocities (#074 and #075), due to
the recirculating flow in this area. Furthermore, the maxima of the profiles are
slightly eccentric towards the edge of the flow constriction with regard to the
unobstructed pipe section. In case of the ring-shaped flow constriction the holdup
profiles provide a more narrow distribution of the gas in the pipe center as
compared to the upstream condition. Here, the expansion of the flow leads to
significant lateral movement of the liquid, which in turn drives the gas towards the

pipe center due to its lower density.

At z=50 mm, the flow re-develops for operating conditions #067 and #0609,
independent of the flow constriction. On the other hand, the recirculating flow
causes a maximum of the holdup profiles between -8 mm < x <-5 mm for higher
liquid superficial velocities (#072, #074 and #075) in case of the baffle-shaped flow
constriction. In contrast, not only a center peak, but also two peaks near the pipe
wall are found in cases of the ring-shaped flow constriction for operating
conditions #072 and #074. The latter are caused by recirculating flow in the wake
region of the flow constriction. However, this recirculation is less pronounced than

for baffle-shaped type and is furthermore not noticeable for operating point #075.

Further downstream at z =200 mm and z =400 mm the gas holdup profiles
indicate that the two-phase flow is fully re-developed for operating conditions
#067 and #069 for both flow constrictions and no significant redistributions of the
gas are noticeable compared to the unaffected upstream conditions. In contrast,
the flow seems to be also re-developed for higher liquid superficial velocities
(#072, #074 and #075) and the ring-shaped flow constriction, but with a persisting
difference in the gas distribution, since no significant peaks are found as in case
of unaffected upstream conditions. On the other hand, a clear redistribution of
the gas towards the obstructed side of the pipe cross-section is still present for

those liquid superficial velocities in case of baffle-shaped flow constriction.
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Although the peaks decay for increasing relative distances, the flow requires

longer distances to re-develop for these operating conditions.

3.2 Bubble sizes

The impact of both, baffle-shaped and ring-shaped flow constriction, on bubble
sizes and their distribution is shown in Figure 8 for a bubble size class width of
Adg = 0.5 mm, again for the same operating conditions and imaging planes as
described in Figure 6. For better visual interpretation of the results, the bubble size
distributions of operating conditions #072, #074 and #075 are additionally shown
in the rescaled inset plots. A comparison of the undisturbed two-phase flow at
relative distance z = -200 mm reveals no change of the bubble size distribution for
both investigated flow constrictions. A most probable bubble diameter of
dg =6.0 mm can be identified for all cases, which was already observed by
Banowski et al. [22]. Thus, on the one hand it can be assumed that the gas injector
produces bubbles of comparable size over a wide range of inlet conditions and,
on the other hand, that the flow is fully developed for all considered operating
conditions. However, even smaller bubbles might be expected for highest liquid
superficial velocities, where higher shear forces and thus higher bubble break-up
is expected. In the near vicinity upstream of the flow blockage at z =-10 mm the
bubble size distribution is similar to the undisturbed upstream flow condition for
operating conditions #067, #069 and #072 for both flow constrictions. Slightly
larger bubbles are found for operating point #074 and both flow constrictions, as
well as operating point #075 in case of the rings-shaped flow constriction. Here,
the sudden reduction of the test section pipe leads to increased lateral movement
of the two-phase flow and, thus, a redistribution of the gas towards the unblocked
pipe cross-section or pipe center in case of baffle-shaped or ring-shaped flow
constriction respectively. Thus, bubble coalescence becomes more probable. In

contrast, two peaks of the bubble size distribution are found for operating point
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412  #075 and baffle-shaped flow constriction. Here, the liquid velocity gradients cause
413  high shear forces that additionally split bubbles. The superposition of both effects,
414  break-up and coalescence respectively, lead to most probable bubble sizes of

415 4.5 mmand 7.0 mm.
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417  Figure 8:  Bubble size distribution as frequency of occurrence H®"P for selected imaging planes
418 up- and downstream of each flow constriction for operating points #067, #069, #072,
419 #074 and #075, showing the effect of increasing liquid superficial velocity ji. For better
420 visual interpretation, insets represent a close-up view of operating points #072, #074
421 and #075.
422

423 Directly downstream of the flow constriction at z=10 mm, the bubble size

424  distribution for operating conditions #067, #069 and #072 shows no significant
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difference as compared to the undisturbed flow for both flow constrictions.
However, slightly higher amount of bubbles with dg <4.0 mm are found in case
of baffle-shaped flow constriction and at operating point #072, which are caused
by the higher shear of the accelerated flow. Furthermore, the bubble size
distribution provides a peak at smaller bubbles of d; =3.0 mm and also a wider
distribution for operating conditions #074 and #075 in case of baffle-shaped flow
constriction. In contrast, less but larger bubbles are found for the same operating
conditions and ring-shaped flow constriction. Thus, the symmetric reduction of the
cross-section causes less break-up of bubbles but higher coalescence rates at this

relative distance to the flow constriction.

At z =50 mm, the recirculation of the flow causes a wider distribution of the
bubble sizes, as well as a most probable bubble size of 4.0 mm, 3.5 mm and
3.0 mm for baffle-shaped flow constriction and operating conditions #072, #074
and #075, respectively. This is an explicit indicator for the complex interaction of
break-up and coalescence effects in the recirculation area in the wake of the
baffle-shaped flow constriction. Furthermore, the bubble size distribution is
slightly shifted towards smaller bubbles for the same three operating conditions
in case of the ring-shaped flow constriction, since gas is already redistributed
towards the pipe wall and, thus, more bubble break-up occurs. In contrast,
operating conditions #067 and #069 show slightly higher amounts of larger
bubbles with dg = 8.0 ... 14.0 mm for both flow constrictions. Further downstream
of the flow constriction (z =200 mm and 400 mm) the bubble size distribution
shows no significant changes but a slight increase of larger bubbles for operating
conditions #067 and #069 due to the reduced static pressure within the test
section. Furthermore, the bubble size distribution for operating point #072 is
approximately equal to the undisturbed upstream flow but with slightly smaller
most probable bubble size of dy =5.5 mm, also for both flow constrictions. Thus,

in terms of bubble sizes the two-phase flow has already re-developed at
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z =200 mm, although the gas is still redistributed as shown in Figure 7. In contrast,
bubble sizes are further decreased, resulting in a left skewed distribution for
operating conditions #074 and #075 in case of both flow constrictions. Here, the
high shear forces are still producing higher break-up rates of the bubbles and the

flow has not yet reached stable flow conditions.

In Figure 9 the bubble size distribution is shown as probability density function
(PDF) for all imaging planes and operating points #069 and #074. It shows the
development of the bubble size distribution up- and downstream of the
baffle-shaped flow constriction. Additionally, the averaged bubble diameter dj is
indicated as black vertical line for each distribution. In case of operating point
#069, no significant changes of the shape of the bubble size distribution as well as
the mean bubble diameter is discovered over the entire test section, which is
similar to results of the frequency of occurrence presented in Figure 8. In contrast,
a clear impact of the baffle-shaped flow constriction on the bubble size
distribution is found for operating point #074. On the one hand, the averaged
bubble diameter d; clearly decreases downstream of the flow constriction,
verifying the increased bubble break-up also in terms of the PDF. On the other
hand, the change of shape from mono- to bi-modal distribution (and vise-versa) of
the bubble size in the recirculation zone behind the flow constriction is clearly
provable (z = 5...50 mm). Subsequently, bubble sizes of operating point #074 show
narrower distributions as compared to operating point #069 for unaffected

upstream as well as far downstream flow conditions.
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Figure 9:  Bubble size distribution as probability density function for all imaging planes up- and

downstream of the baffle-shaped flow constriction and operating points #069 and
#074.

In Table 3, mean bubble diameters for undisturbed flow d.™ and affected flow
Jg’“t) for both flow constrictions are shown for the same operating conditions as
in Figure 8. Here, dgn> and Jf;’“t) represent the averaged mean diameter of the four
upstream imaging planes of scanning positions “A”, “B” and of the two downstream
imaging planes of scanning positon “I", respectively. Eventually, the change in
mean bubble size is defined as dJ*"* = d°"?/d™. It can be seen, that d5™ is

approximately equal for all operating conditions, whereas df;’“t) clearly decreases
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with increasing liquid superficial velocity. No influence of the flow constriction is
recognizable for operating condition #067, where the mean bubble size increases
because of the decreased static pressure within the test section. Interestingly, the
mean bubble diameter is influenced in the same way for both flow constrictions,

despite the different bubble size distributions as discussed for Figure 8.

Table 3: Mean bubble diameter d, for operating points #067, #069, #072, #074 and #075,
showing the effect of increasing liquid superficial velocity j,. The listed values represent

averaged data for undisturbed flow upstream (ig“) and affected flow downstream

d®" of each flow constriction, as well as their ratio 0%,

baffle-shaped constriction ring-shaped constriction
#067 | #069 | #072 | #074 | #075 || #067 | #069 | #072 | #074 | #075
czf;“) 568 | 550 | 559 | 549 | 569 || 5.69 | 554 | 5.68 | 5.51 | 5.69
cif;’“t) 583 | 557 | 496 | 352 | 3.60 || 5.88 | 558 | 527 | 3.65 | 3.72
Jgati") 1.03 | 1.01 | 0.89 | 0.64 | 0.63 || 1.03 | 1.01 | 0.93 | 0.66 | 0.65

3.3 Lateral bubble velocities

In the following, calculated lateral bubble velocity fields for selected imaging
planes up- and downstream of the baffle-shaped flow constriction are discussed
for operating conditions #069 (Figure 10) and #074 (Figure 11). Both operating
conditions represent two main distinct flow fields that are found in all investigated
operating conditions: a) flow fields with gas accumulation upstream of the
baffle-shaped flow constriction, but nearly no recirculating flow downstream of it
and b) a strong recirculating flow in the wake of the flow constriction for higher
liquid superficial velocities. For better visualization, the magnitude of lateral
bubble velocity is given by colored image plots, whereas the direction is given by

normalized velocity vectors.
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In Figure 10 the lateral bubble velocity field of operating point #069 with lower
liquid superficial velocity of j =0.1020 m's™ is shown. In case of unaffected
two-phase flow at maximum distance upstream of the baffle-shaped flow
constriction only low lateral bubble velocity and, thus, lateral movement of the
bubbles is found. The velocity vectors point mainly outwards from the center of
the pipe because the lateral movement is dominated by bubbles with
dg <5.5mm, which move towards the pipe wall due to the lift force. The lateral
movement clearly increases in the direct vicinity upstream of the flow constriction
at z =-10 mm. Here, both radial and azimuthal bubble movement is found, which
appears to be counteractive regarding the center plane of the pipe that is
perpendicular to the edge of the flow constriction. Following the flow progress, at
z =-6 mm, bubbles mainly move towards the unobstructed pipe section which is
also found at the center height of the flow constriction. After passing the flow
constriction, two distinct zones with approximately equal lateral bubble velocity
are found. The velocity vectors show both movement towards the unobstructed
and the obstructed pipe section. Interestingly, both zones are separated by a
defined line of zero bubble velocity, which moves from the edge of the flow
constriction towards the periphery of the unobstructed pipe section from at
z=0mm to 50 mm, respectively. In this course, bubble movement towards the
obstructed pipe section becomes more dominant with a clear maximum at
z =50 mm. Further downstream, the lateral bubble velocity field shows again

unaffected behavior in terms of velocity magnitude and vectors.
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Figure 10: Lateral bubble velocity fields for selected imaging planes up- and downstream of the
baffle-shaped flow constriction for operating point #069 with j =0.1020 m-s” und
jg =0.0368 m's”". The color scaling shows the magnitude and the arrows show the

velocity vectors of the lateral bubble velocity (velocity vectors are normalized for better
visualization).

In contrast, Figure 11 shows lateral bubble velocity fields for operating point #074
with higher liquid superficial velocity of j =1.0170 ms™. Although the lateral
bubble velocity is higher for unaffected two-phase flow at maximum distance to
the flow constriction, the direction of the velocity vectors is comparable to
operating point #069. However, the liquid velocity gradient between center and
wall region is steeper whereby the lateral bubble velocities rise correspondingly.

Close to the flow constriction, the lateral movement clearly increases again.
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However, in contrast to operating point #069 velocity vectors mainly point towards

the unobstructed pipe section with less azimuthal movement.
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Figure 11: Lateral bubble velocity fields for selected imaging planes up- and downstream of the
baffle shaped flow constriction for operating point #074 with j =1.0170 m-s™' und
jg =0.0368 m's”'. The color scaling shows the magnitude and the arrows show the

velocity vectors of the lateral bubble velocity (velocity vectors are normalized for better
visualization).

By passing the flow constriction at z=0 mm, only low lateral movement is found

and bubbles tend to move to the edge of the flow constriction.

In the following downstream wake region from z =0 mm to 50 mm recirculating
flow with negative axial liquid velocity is found at the obstructed pipe section. This

velocity is, however, lower than for the unobstructed pipe section, which forces
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bubbles mainly towards the centerline of the pipe straight above the edge of the
flow constriction. In contrast, nearly no lateral movement is found in the
downward flow, especially at z=20 mm and 50 mm, and the bubble velocity
vectors indicate only statistical fluctuations, and, thus, no clear directed
movement. At z =100 mm bubbles move towards the obstructed pipe section,
which indicates that no recirculating flow affects the lateral movement anymore.
Further downstream at z =400 mm, the lateral bubble velocity field shows only

statistical movement and rather low velocities of bubbles.

4 Conclusion

We experimentally studied the two-phase flow around two different flow
constrictions using UFXCT imaging technique. A baffle-shaped and a ring-shaped
type of flow constriction were used to induce generic three-dimensional flow fields
in a vertical DN50 pipe. We studied the flow at various gas and liquid superficial
velocities in vertical co-current upward flow under nearly adiabatic conditions.
From UFXCT technique phase distributions and bubble sizes were obtained with
high temporal and spatial resolution. Therefore, an enhanced data processing
procedure was developed to increase the reliability of the image data. The data is
available as a benchmark data set at the Rossendorf Data Repository (RODARE)
[30,31].

In this paper, we exemplarily analyzed flow conditions for the cases of varying

liquid superficial velocities and fixed gas superficial velocity ofjg =0.0368 m's™. In

case of baffle-shaped flow constriction, sectional views of the time-averaged gas
holdup revealed the change of gas accumulation from upstream to downstream
position with increasing liquid superficial velocity. In case of ring-shaped flow
constriction less gas accumulation was found. However, the bubble size

distribution as well as the mean bubble diameter showed similar trends along the
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test section pipe for both flow constrictions. Eventually, lateral bubble velocity
fields for the baffle-shaped flow constriction revealed clear lateral movement of
the bubbles downstream of the constriction towards the obstructed side of the
test section pipe in case of lower liquid superficial velocity. In contrast, nearly no
lateral movement was found in this area, but directly upstream of the constriction

in case of higher liquid superficial velocity.
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6 Nomenclature

Latin letters

a offset for calculation of 5*

B single identified Bubble

D and d diameter (mm)

f image frequency per scanning plane
F cross-correlation function

H frequency of occurrence (%/mm)
j superficial velocity (m-s™)

Landl length (mm)

Am plane distance map (mm)

N total number

R radius (mm)
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At time shift (ms)

u velocity (m-s™)

w pixel weights

x,y space coordinates (mm)

z relative measurement height (mm)

Greek letters

I3 gas holdup (%)

. mean value of Gaussian distribution function fitted to gas holdup
" histogram

U attenuation coefficient in (mm™)

Hy mean value of Gaussian distribution

Super- and subscripts

ax axial

b bubble identifier
B bubble

bin binarized data set

gasand g | gaseous phase

Id identifier data set

i,j space coordinates (pixel)
k time coordinate (ms)

lat lateral

ligand1 liquid phase

low and up | scanning plane identifier

ref reference pixel
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tp

two-phase flow data set
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