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Abstract

As Euler-Euler CFD simulations of bubbly flows suffer from uncertainties due to the many underpinning models, there
is an obvious need of accurate experimental data for validation. With this in mind, a new bubbly flow test rig was
built to be operated with and without liquid co-flow, with bubble size as uniform as possible in the range 4-7 mm, and
with a very even horizontal bubble distribution. We designed the gas sparging system such that we can also produce
an essentially bi-modal bubble size distribution. The column consists of two square sections to allow for studying the
mixing of two originally separated bubbly flows with either the same or a different bubble size. The bubbles are produced
from 2 x 196 needles, bubble sizes are determined with high-speed imaging and with a simple acoustical method, overall
volume fractions in the column by means of air chamber pressure measurements. Overall volume fractions are presented
as a function of gas and liquid flow rates, with slip velocity mostly increasing with increasing void fraction. First results
are obtained on (a) producing bi-model bubble size distributions and the pertinent volume fractions in the column, and

(b) flow patterns in the case of unequal aeration.
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Bubble column design, Multi-needle sparger, Bubble formation, Bi-modal bubble size, Gas hold-up, Mixing

1. Introduction

Gas-liquid flows are widely encountered in the process
and (bio)chemical industries in e.g., bubble columns, air-
lift reactors and aerated stirred vessels. Companies are in-
terested in a reliable computational fluid dynamics (CFD)
technique to explore the effects of e.g. operating condi-
tions, gas sparger design, bubble size, and column or vessel
geometry. Given the usually high volume fractions of gas
in such industrial gas-liquid systems, computational sim-
ulations are often of the Reynolds Averaged Navier-Stokes
(RANS) based Euler-Euler type rooted in mutually inter-
penetrating two fluid modelling.

Such simulations exploit various, often complex, mod-
els for the liquid-bubble interaction forces (drag, lift, vir-
tual mass), for the lateral dispersion of the bubbles, and for
the turbulent-flow conditions. Sometimes bubble induced
turbulence is taken into account [1], in other cases it is
ignored. In most, or all, of these models, bubble size is an
important parameter [1, 2, 3]. Usually, a single bubble di-
ameter has to be specified in such simulations, or the sim-
ulations have to be extended with complex and complicat-
ing population balance models (to deal with dynamic real-
life bubble size distributions) such as the MUSIG model
[4, 5]. And all the above models comprise many model
parameters the disputable values of which add to the un-
certainty of the simulation results. Many researchers have

*Corresponding author

Preprint submitted to Elsevier

contributed to the development of improved models and
have presented and compared results obtained by various
codes exploiting various models [3, 6, 7, 8,9, 10, 11, 12, 13].
The review by Dhotre et al. [14] is about large eddy simu-
lations of dispersed bubbly flows which suffer from similar
modelling issues.

Even recent authors have stressed [1, 15, 16] that there
is a need of accurate and reliable experimental data for val-
idating such multiphase (Euler-Euler) CFD simulations.
We now have constructed a bubbly flow test rig allowing
for the acquisition, for validation purposes, of precise ex-
perimental data under meticulously described conditions
amenable for reproduction in CFD simulations. The idea
is to create bubbly flows with and without liquid co-flow,
with a bubble size as uniform as possible, and with a very
even bubble distribution across the horizontal cross-section
at the base of the column. This mimics computational sim-
ulations with a single bubble size and an even gas supply
over the cross-section of the column bottom. The advan-
tage of these features when common to experiments and
simulations is that it disentangles the effects of bubble size
distribution and uneven gas sparging from effects due to
liquid-bubble interaction forces and two-phase flow turbu-
lence. This way, we avoid (in a non-coalescing system) the
need of population balances.

Additionally, we designed the gas sparging system such
that we can also produce an essentially bi-modal bubble
size distribution homogeneously distributed over the col-
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umn base, with no coalescence taking place. In the latter
case, a very simple population balance may suffice.

Furthermore, the column is rectangular (facilitating
optical accessibility) and consists of two square sections,
each with its own gas and liquid supply system, while the
two bubbly flows (with the same or a different bubble size)
may mix from a certain distance above the gas distribu-
tors. The latter feature may allow for validating interac-
tion and lateral mixing of different bubbly flows, e.g. such
as in inhomogeneously aerated bubble columns [17], and
for studying the dynamics of self-organizing vortical struc-
tures [18, 19]. Just a few studies have been performed on
(lateral) mixing of bubbly flows [20, 21, 22, 23, 24], but
in most cases the bubbles were small and/or the mono-
dispersity was poor.

In designing our test rig, we made use of results re-
ported in our recent paper [25] on bubble formation from a
single needle with and without liquid co-flow. In addition,
we were guided by the design of previously reported bub-
ble columns [21, 24, 26, 27, 28] (see Table 1). Compared to
these earlier designs, we produce larger bubbles which may
be industrially more relevant, at least in aqueous systems
(in organic liquids, bubbles are usually smaller). Another
feature of using larger bubbles is that the rise velocity of
individual gas bubbles in the range 4-7 mm is rather con-
stant, viz. 23.5-24.5 cm/s [29]. As a result, bubbles with
a slightly deviating size may still rise at more or less the
same speed as the bubbles with the nominally uniform size
as predicted by our correlation.

This paper describes the design and performance of
the novel Limerick Bubble Rig ("LimBuRig’) as well as
the first experimental findings. The main characteristics
of LimBuRig are as follows:

- A transparent bubbly flow channel of size 400x200x2400
mm.

- Superficial gas velocity Usg up to 0.0625 m/s.

- Superficial liquid velocity Uy up to 0.5 m/s.

- Void fractions up to 25 % in the absence of co-flowing
liquid.

- Accurate needle spargers capable of producing either a
uniform or a bi-modal bubble size distribution.

- Lateral mixing of two parallel bubbly flows with different
Usg and/or Uy.

The structure of this paper is as follows. A detailed
description of the test rig is presented in Sec. 2. Sec. 3
introduces the experimental techniques used: high-speed
imaging and acoustic measurements for determining bub-
ble sizes, and gas chamber pressure measurements with
the view of overall void fractions in the column. The
performance of the bubble sparger is analyzed in Sec. 4,
while overall void fraction data for uniformly aerated con-
ditions - acquired by both the above gas chamber pressure
measurements and more common bed expansion measure-
ments - are discussed in Sec. 5. In Sec. 6, first results
are reported for cases of bi-disperse bubble size distribu-
tions as well as for uneven aeration conditions. Finally, we
present our conclusions and future plans.

2640 mm

Figure 1: (Color online) Schematic drawing of the test setup where
two parallel bubbly streams of air/water flow are mixed in the test
channel after the trailing edge of a splitter plate. Both inlets - Left
(L) and Right (R) - are seeded with bubbles from two separated
(1,2) air chambers (four in total), denoted by chamber L1,R1 (red),
and R2,L2 (black). The top of the channel is a free surface and
overflowing water is collected and recirculated. «: void fraction;
Usg: superficial gas velocity; U : superficial liquid velocity; Ug: gas
velocity; U;: liquid velocity; H: level height; dp: bubble diameter;
Q: gas flow rate; X: split ratio.

2. Description of the test rig

2.1. Geometry and dimensions

Fig. 1 shows a schematic drawing of the test facility
named LimBuRig, which stands for Limerick Bubble Rig.

It shows two compartments in the lower column section
creating two separate bubbly flows, which start interacting
downstream of the trailing edge of a splitter plate, with
variable superficial gas velocities left (L) and right (R) —
denoted by Uy, 1. and Uy r — and variable liquid velocities
left and right s, and Ug r. The superficial gas and
liquid velocities are defined as the volumetric flow rates to
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Table 1: Dimensions and characteristics, operating conditions and characteristics of similar bubbly flow columns.

Facility Dimension Usimaz Usgmaz Oumaz  Sparger type Liquid flow
] m/s [mjs (%]
Present 0.4x0.2x2.4 0.5 0.0625 25 Needle Co-current
Drahos et al. [30] 20.14x4.2 0.126 33 Perforated plate Batch
Groen et al. [18] 20.152x1.52 0.07 30 Perforated plate Batch
# 0.23x1.87

Mudde et al. [31] 20.15x2.0 0.094 55 Needle Batch
Sharaf et al. [32] 20.127x2.0 0.17 35 Perf. plate & Spider Batch

Lau et al. [33] 0.20x0.03x1.0 0.03 8.3 Needle Batch
Alméras et al. [17] 0.15%0.3x1.0 0.03 15 Needle Batch
Lance and Bataille [27] 0.45x0.45x2.0 1.2 5 Needle Co-current
Pjontek et al. [34] 20.102x1.8 0.9 0.15 35 Porous tube Co-current
Magaud et al. [35] 0.3x0.1x4.0 0.125 0.07 18 Spider Co-current
Krepper et al. [36] 0.1x0.02x1.45 0.02 8.5 Porous tube Batch

Lau et al. [37] 20.14x1.5 0.108 30 Perforated plate Batch
Medjiade et al. [38] 20.102x2.4 0.175 25 Perforated plate Batch
Simonnet et al. [39] 0.1x0.1x1.0 0.1 0.08 35 Needle Co-current
Letzel et al. [40] 20.15%x1.22 0.4 65 Perforated plate Batch
Thorat et al. [41] 20.385%3.2 0.3 33 Perforated plate Batch
Twente Water Tunnel[26, 42]  0.45x0.45x2 0.9 0.008 10 Needle islands Co/counter-current
Roig et al. [21] 0.4x0.4x2 1 5 Porous tube Co-current
De Tournemine and Roig [24] 0.3x0.15x3.1 1.3 0.1 25 Needle Co-current
Besagni et al. [43] 2 0.24x5.3 -0.09 0.2 26 Spider Co/counter-current

an inlet compartment (at standard pressure) divided by
its cross-sectional area (200x200 mm).

The height of the flow channel above the trailing edge
of the splitter plate is 2470 mm and a free surface is created
on top of the flow channel with symmetric overflow to all
sides. The width of the channel is 400 mm and the depth
(not shown) is 200 mm. Bubbles are formed by a needle
sparger, which is further discussed in Sec. 2.2, 170 mm
below the trailing edge of the splitter plate. Fig. 2a shows
a 3D CAD drawing of the test facility. The test section
(No. 12) is made of 15 mm thickness polycarbonate sheet
and access ports are drilled every 200 mm in the sides of
the flow channel to facilitate installation of measurement
probes.

Two centrifugal pumps (No. 1) with variable speed
drive are installed to provide constant circulation of wa-
ter at a liquid flow rate up to 0.02 m3/s = 72 m3/h. Two
DN100 Krohne Eletromagnetic flowmeters (No. 2) are in-
stalled to measure the liquid flow rates. The flow rate can
be further adjusted by manual operation of the butterfly
valves (No. 3). Flow reversal is prevented through instal-
lation of swing check valves (No. 4).

Two stainless steel expanders (No. 5) to enlarge DN100
to DN300 are connected to the inlet (No. 7) and a blanking
flange with bore-through fittings (No. 6) is mounted to the
secondary DN100 inlet of the expanders to connect the air
supply for the needle spargers.

Corner vanes are installed in the bend (No. 8) with a
mutual spacing of 50 mm to reduce large turbulent flow
structures. The cross-sectional area of the vertical duct is

600 x 400 mm with a splitter plate (No. 11) in the middle
to create two separate channels of 300 x 400 mm.

A stainless steel calming chamber (No. 9) of height
600 mm is equipped with two polycarbonate honeycombs
in each channel of 100 mm thickness and 23 mm cell size.

A stainless steel contraction (No. 10) of height 700
mm was installed to reduce the cross-sectional area (con-
traction ratio is 3) to meet the size of the inlet of the test
channel. The outlet of the contraction is 400 x 200 mm,
resulting in two square flow channels of 200 x 200 mm.

A fiberglass vessel (No. 13) of 686 x 510 x 510 mm
is used as overflow vessel. A 200 mm high 200 mm x 400
mm extension of the flow channel was made out of 10 mm
plastic sheet and fitted in the center of the vessel in order
to create a free surface (No. 14) on top of the test channel
and well above the outlet pipe. Water is recirculated to
the 2000 L buffer vessel (No. 17) via a 150 mm drain pipe
(No. 16), while air is vented by the air outlet (No. 15).

The buffer vessel is equipped with two DN100 connec-
tions (not visible in Fig. 2a) and connected to the pump
inlets. Filtered tap water (Everpure Claris Ultra 2000-
XXL filter) was stored in this vessel and was refreshed at
least once per month.

2.2.  Air sparging

An overview of some needle spargers used by others is
given in Tab. 2. In these cases a large amount of needles
was required in order to create a bubbly flow with a uni-
form bubble size distribution. Fig. 2b,2c show an assembly
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Figure 2: (a) Assembly of the test rig. 1) pumps; 2) electromagnetic flow meters; 3) butterfly valves; 4) wafer swing check valves; 5) expanders;
6) air supply connections; 7) inlet; 8) bend; 9) calming chamber; 10) contraction; 11) splitter plate; 12) test channel; 13) overflow vessel; 14)
free surface; 15) air vent; 16) return pipe; 17) buffer vessel; L) Left side inlet; R) Right side inlet. (b) Assembly of the spargers (only left
sparger shown for clarity). 18) grid holder; 19) @ 1.55 mm i.d. needles; 20) perforated grid; 21) flexible tubes (only a few flexible tubes are
drawn for clarity); 22) air chambers; 22) distributor caps; 24) inserted capillaries; 25) air supply tubes (9.5 mm o.d.); 26) probe/drain tubes
(6.4 mm o.d.). (c) Close up photograph of a perforated needle grid. The small red circles mark the small boreholes to mount the needles; the
large blue circles (2 13 mm) mark the openings for the water flow.

and a close-up photograph of one of the two spargers we diameter needles, which are rather large (compared to the

constructed, which we will discuss below. study of De Tournemine and Roig [24]), to facilitate the
formation of (almost) uniformly sized bubbles in the range
2.2.1. Perforated needle grid 4 - 7 mm in volume equivalent diameter.
Based on our previous study of bubble formation from In each compartment (left and right), a perforated grid
a single nozzle [25], we decided to install 1.55 mm inner ~ (No. 20) comprises 14x14 (=196) straight cut stainless
4

Page 4 of 20



Table 2: Needle dimensions and flow rates for previously reported needle spargers. d;: inner diameter and L length in mm.

Facility No. of Needle size @,
needles d; x L [mm] [cm3 /]
Present 2x196 1.55x75 0.6 -12.6
De Tournemine and Roig [24] 2x576 0.33x800 0-14.5
Poorte and Biesheuvel [26] (9%x69) 621  0.5x50 0-27
Mudde et al. [31] 559 0.8%200 1-3
Alméras et al. [17] 1800 0.2 0.125-0.75
Lau et al. [33] 20 1.0 1.5-9
Simonnet et al. [39] 133 0.44x180 0-6

steel needles of 1.55%2.05x75 mm (No. 19), in a square
array at a spacing of 14.4 mm (marked red in Fig. 2c).
By doing so, we compromised between the number of nee-
dles (construction feasibility) and needle flow rate (pres-
sure drop, single bubble detachment). Air is supplied to
each needle by 1.69x3.18x800 mm polyurethane tubes (No.
21). In between each set of 4 needles, a 13 mm borehole
(see blue dashed circles) allows for water flowing through
the grid into the column. These needle grids are kept in
place by a flanged grid holder (No. 18) and the open area
for the water flow amounts to 64 %.

Based on an experimental and numerical study of Rana
et al. [44, 45], the bubble formation of the neighboring noz-
zle is assumed to have a negligible effect on the bubble for-
mation as the nozzle-to-nozzle distance is quite large (14.4
mm) compared to the bubbles formed and coalescence be-
tween two nozzles is very unlikely.

Fig. 1 and 2b show that the two compartments left and
right each contain two identical air chambers (No. 22),
which are indicated by L1,L2 (Left) and R1,R2 (Right).
The needles in a grid (196) are fed from two air cham-
bers, such that two neighbouring nozzles are always con-
nected to a different chamber. This is explained in Fig.
3. Hereby, we create the option of producing a homoge-
neously distributed bi-disperse bubble mixture by supply-
ing a different gas flow rate to each chamber — which is
different than in the facility of Poorte and Biesheuvel [26]
and De Tournemine and Roig [24].

2.2.2. Air chambers

The body of such an air chamber (No. 22) is made
out of @ 63 mm plastic pipe with a length of 225 mm and
98 tubes are connected to the top of each chamber using
special made distributor caps with 98 perforations (No.
23).

For a proper functioning of a distributor, where the
flow has to be equally distributed over 98 streams, it is
important that the pressure drop characteristics (e.g. di-
ameter, length) over each of those outlets is similar. There-
fore, small capillaries of 0.46x1.59x 50 mm were inserted in
the polyurethane tubes (indicated by No. 24). These cap-
illaries increase the pressure drop in order to allow lower
flow rates without the occurrence of weeping (or gas mald-
istribution [46]) for the following reasons: (1) to improve

the gas distribution across the 98 needles per chamber to
ensure that every needle receives the same flow rate (see
also Appendix A.1) and emits bubbles at a similar rate
and (2) to increase the pressure ratio PR, which is defined
in Muilwijk and Van den Akker [25] as a ratio of the sur-
face tension pressure to the pressure drop over the nozzle,
to operate under constant flow condition and therefore,
reducing the weep point.

Two Bronkhorst EL-FLOW F202AV mass flow con-
trollers, with accuracy ratings of + 0.5 % of the reading
+ 0.5 % of the full scale of 150 L/min, are installed to
regulate the gas flow for each compartment, denoted by
Q1 and Qg in Fig.1. Each regulated air flow is then fur-
ther divided over two streams and air is supplied to the
chambers by 6.35x9.5 mm x5.4 m polyurethane tubes (No.
25) which are connected to the bottom of the air cham-
bers. The flow rate to each chamber )., is measured by
rotameters and the gas flow rate per needle, @, is then
calculated from the gas flow rate to an air chamber divided
by 98 needle outlets.

Under normal operation, the regulated air flows are
equally divided over two chambers (split ratio X= 50%,
see Fig. 1), whereas the split ratio can be further adjusted
by manual gate valves in order create a bi-disperse bubble
size distribution (X # 50%).

The pressures in all four chamber P.; are continuously
monitored by digital (Honeywell ABPDANTO05PGAAS)
pressure sensors, with an accuracy rating of 0.25 % of the
full scale (345 mbar), which are connected to the bottom
of the pressurized chambers by smaller 3.18x6.35 mmx3 m
polyurethane tubes (No. 26). In addition, this tubes may
act as a drain of the pressurized chambers in case weeping
has occurred and water has penetrated the needles and
entered the chambers.

3. Experimental techniques

3.1. Measurements of bubble formation rates and diame-
ters

In order to assess the performance of the sparger and
to obtain the bubble size distribution, bubble formation
rates of the (multi-needle) gas sparger are measured as
function of superficial gas velocity Usg,, and liquid co-flow
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Figure 3: Layout of the needles in the grid (a) and the connections
to a corresponding distributor (b). The & 13 mm holes for the wa-
ter flow are not shown. The colored needle positions denote the
connections to one air chamber, whereas the gray needle positions
(not numbered) are connected to the other air chamber (which is
not shown). The different colors are drawn as a guide for the eye.
Only the colored upper halves (a,b) are numbered as the connection
pattern is rotationally symmetric.

velocity Uy, by high-speed imaging analysis and acoustic
measurements.

The average bubble equivalent diameter can be derived
from the needle gas flow rate @,,, and the measured bubble
formation rate fp, according to:

dy = (i‘j:)”a (1)

Typical photographs of the bubble formation on the sparger
are given in Fig. 4 for three different air and water flow
rates. Images of the bubble formation were recorded with a
IDT X-Stream XS-4 camera (using a 0.75-5x microscopic
video zoom lens assembly) at a resolution of 512 x 512 pix
and at a rate of 200-400 Hz for 10 seconds, while the col-
umn was illuminated with a continuous LED light from the
left. Bubble formation rates are obtained by monitoring
pixel intensities in the vicinity of orifice outlets (» 5 pix
left and ~ 10 pix above nozzle outlets), where we observe
cyclic patterns of highly reflective bubble interfaces pass-

ing through the monitored pixels. In each set of images,
up to 30 needle outlets could be monitored simultaneously.

For the acoustic measurements, one of the pressure sen-
sors (connected to chamber L1) was removed and a water-
proof microphone (Micronic, Primo EM121, @ 8 mm with
2-stage pre-amplifier) was connected to the probe tube
(No. 26 in Fig. 2b). The microphone response signal (in
Volts) was recorded for 30 s at a rate of 20 kHz. The signal
was divided in eleven blocks of 5 s, with an overlap of 50
%, and multiplied with the Hanning function. The Fast
Fourier Transforms were computed for these blocks and
averaged in the frequency domain to obtain the bubble
formation rate. This procedure was repeated for several
gas flow rates as shown in Fig. 5.

3.2. Bed expansion measurements

For the bed expansion experiments, the column was
filled with a fixed amount of water while the superficial
gas velocity was kept at a value >0.01 m/s. The superfi-
cial gas velocity was varied in the range 0.004-0.0625 m/s
and the water level height H (above the needle outlets)
was measured as a function of the superficial gas velocity
Usq by means of a measuring tape with an accuracy of + 2
mm at low superficial gas velocities and + 2 cm at high su-
perficial gas velocities. The gas hold-up «y, obtained from
the bed expansion measurements, was then calculated ac-
cording to: Hon

— g
=5 (2)
where Hj is the liquid height at zero aeration. This pro-
cedure was repeated for various liquid loadings (Hp).

ap

3.8. Chamber pressure measurements

In order to measure the overall gas hold-up in the bub-
ble column, we postulate that the gauge pressure in each
air chamber P, is the summation of the hydrostatic pres-
sure Py, the Laplace pressure APpp and the distributor
pressure drop APy ;. The needle outlet pressure P, can
then be described by:

Pyo=Pep —APgch = Py + APpp (3)
where m
APrp s — (4)
dn
and
P = puwg(H - dp) x (1 - ) (5)

where o is the surface tension of water/air, d,, the noz-
zle diameter, dp the bubble diameter, g the gravitational
constant, p,, the water density, H the height of the free
surface above the nozzle outlets and « the void fraction.
Chamber pressures P, were recorded simultaneously with
the bed height H as a function of the gas flow rate setting
and the void fraction «;, can then be calculated according

to:
P., - AP, - AP,
ap = 1— ch d,ch LP (6)
pwg(H —dy)
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(a) Usg = 0.38 cm/s,
Qn = 0.77 cm? /s,
Ug =0m/s

(b) Usg = 2.5 cm/s,
Qn = 5.1 cm3/s,
Ug =0m/s.

| L
(c) Usg = 2.5 cm/s,
Qn = 5.1 cm?3/s,
Ug = 0.3m/s.

Figure 4: Photographs of the sparger taken with a high-speed camera. Illumination is from the left. The corresponding videos can be found

in the Supplementary Material.
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Figure 5: Fast Fourier transforms of the microphone response signal
for various @,. The signals are acquired from air chamber L1. @
in cm?/s.

The distributor pressure drops APy ., were measured
as a function of the gas flow rate and shown in Fig. A.13
in Appendix A.1. Both H and AP, (varying with gas flow
rate) are required for Eq. (6). In spite of the need of
these two parameters, Eq. (6) is very useful to calculate
a when the bed expansion method cannot be used (for
bubble columns with co-flowing liquid), or when Hy could
not be determined.

4. Sparger performance

4.1. Bubble formation from a single submerged needle

Due to the use of small capillaries inserted in the air
supply tubes, a constant gas flow rate condition is imposed.
We carried out a new series of experiments in the single
needle test setup described in Ref. [25] (where bubbles
were formed under a constant pressure condition) but now
with a similar capillary restriction inserted.

Bubble formation rates, without liquid co-flow, were
measured using a microphone connected to the pressur-
ized chamber and the gas flow rate @Q,, (corrected for the
density change due to hydrostatic pressure) was varied in
the range 0.01-4.0 cm?/s.

Fig. 6a shows the resulting bubble diameter as a func-
tion of the needle gas flow rate. The imposed constant flow
condition results in smaller bubbles at low/intermediate
flow rates as compared to the prediction of Muilwijk and
Van den Akker [25].

The weep point drastically reduced, as compared to our
previous study [25], to a flow rate well below a critical flow
rate, where bubbles detach with a constant volume [47]. In
this quasi-static flow regime, when buoyancy (g py gd3) and
surface tension (od,) are in equilibrium, the theoretical
bubble size of bubbles formed on a 1.55 mm inner diameter
needle is 4.1 mm, which agrees very well with our findings.

We also compared our data to the correlation proposed
by Gaddis and Vogelpohl [48]. We observe good agreement
at low/high flow rates, although their model slightly un-
derestimates the bubble size at intermediate flow rates.

4.2. Bubble formation without liquid co-flow using the multi-
needle gas sparger

Fig. 6b shows bubble diameters formed from the multi-
needle sparger as a function of @,, (bottom axis) and Us,
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(top axis). Q, was varied in the range 0.75 - 5.7 cm®/s
(at gas sparger level pressure) and the resulting bubble
diameter is in the range 4.5-7 mm. The left sparger (filled
markers) and right sparger (open symbols) show almost
identical behavior indicating a good similarity between the
spargers of the left and right compartment.

For low gas flow rates, the diameter of bubbles formed
from the multi-needle sparger (black markers) agree very
well with those formed from a single submerged needle
(grey squares). For higher gas flow rates, slightly larger
bubbles were formed from the single submerged needle.
Bubble-bubble interactions between the growing and de-
parting bubble (Period-2 bubbling [49, 25]) may be dif-
ferent for bubble formation at a single submerged needle,

whereas bubble-bubble interactions in the multi-needle sparger

are governed by more complex mechanisms due to bubbles
formed at neighboring needles.

The variation of bubble diameters of bubbles formed
from the multi-needle sparger (with a common manifold
for each group of 98 needles) is also slightly higher com-
pared to bubbles formed from a single submerged needle.
Small variations in the capillary diameters lead to varia-
tions in the individual nozzle flow rate with a variation
in d; as a result. Some needles stopped forming bubbles
at @, ~ 0.75 cm®/s and lower gas flow rates could not
be measured without the occurrence of weeping in proba-
bly the most narrow capillaries (see Appendix A.1) which
receive the lowest flow rates.

At gas flow rates above 6.5 cm? /s (Us, >0.03 m/s), the
bubble formation rate could not be obtained as: (1) co-
alescence occurred at the nozzle and no single (separate)
bubbles were formed and (2) large turbulent eddies in the
liquid flow of the bubble column disturbed the bubble for-
mation process and the uniform bubble size distribution is
compromised.

The bubble diameters measured using a microphone
connected to a pressurized chamber feeding multiple (98)
needles (L1, black triangles) agree very well with the bub-
ble diameters obtained from the high-speed camera (cir-
cles). The broadness of the peak in the spectrum of the
microphone response signal (Fig. 5) may indicate the
spreading in bubble formation rates (and bubble size dis-
tribution), but more experiments are required to quantify
this effect. At higher flow rates Q,,, the peak becomes less

Figure 6: (a) Bubble diameter as a function of the needle gas flow
rate for bubbles formed under constant flow conditions from a single
submerged 1.55 mm i.d. needle. Results compared with the corre-
lation found in Muilwijk and Van den Akker [25] (dotted line) for
bubble formation under constant supply pressure. (b) Bubble diam-
eters as a function of the gas flow rate per needle (bottom axis) and
superficial gas velocity (top axis) for the multi-needle sparger. (c)
Bubble diameter as function of the liquid co-flow velocity (Uy;) for a
needle gas flow rate of 4.1 cm®/s and Usg = 0.025 m/s. Filled mark-
ers denote measurements taken on the left sparger (L); open markers
denote measurements taken on the right sparger (R). Triangles show
the measurements taken (on air chamber L1) with the microphone.
The present model equation, Eq. (7), is given by the dashed lines.

Page 8 of 20



distinct and eventually disappears as a result of the tran-
sition from the formation of single bubbles to coalescence
occurring at the needle outlet.

4.3. Bubble formation with liquid co-flow using the multi-
needle gas sparger

Fig. 6¢ shows the bubble diameter as function of lig-
uid co-flow velocity. The gas flow per needle (corrected
for the change in density) is fixed at a value of 4.1 cm3/s
(Usg =0.025 m/s) and the liquid velocity is increased in
steps of »# 0.05 m/s. Error bars are shown at + one stan-
dard deviation from the mean value.

The bubble diameter decreases with increasing liquid
co-flow velocity as a result of increasing drag force and
bubble entrainment. Coalescence was not observed as the
gas flow rate per nozzle is still within the regime for single
bubble formation in the absence of co-flow. An increase
of the liquid co-flow reduces interaction between the grow-
ing and departing bubble and transition to coalescence is
delayed to higher gas flow rates. More experiments are re-
quired in order to find the transition to bubble formation
with coalescence in the presence of liquid co-flow.

4.4. Discussion of a model equation for the bubble diame-
ter
The model equation proposed in Ref. [25] was adjusted
for bubble formation under constant flow condition and
fitted to the data shown in Fig. 6b,c. We find that the
bubble diameter can be very well described by:

14
db:[o.ogs L +((6l'3ﬁ) 1.26Fr3/5) ] (7)

dn, Ugn 0
where,
2
Bo=Pw9% ®)
o
U2
Fr :agfl’n (9)

Uy is the linear needle gas velocity, 4Q,,/(7d2), and U,
the liquid co-flow velocity and Bo = 0.32.

Due to the inserted capillaries imposing a constant flow
condition in the present study, the above correlation dif-
fers from the correlation we found in our previous paper
[25] when bubbles were formed under constant pressure
conditions with weeping emerging at lower flow rates.

Eq. (7) is fitted for nozzle gas flow rates up to 5.7 cm? /s
and liquid co-flow velocities up to 0.4 m/s and plotted
along with the data shown in Fig. 6 (dashed lines).

In case of no co-flow, coalescence starts occurring at
a nozzle gas flow rate of » 5.7 cm®/s (U, » 0.03 m/s),
while the occurrence of coalescence is significantly delayed
in the presence of co-flowing liquid due to the entrainment
of preceding bubbles. Therefore, we expect Eq. (7) to
work sufficiently well for higher gas flow rates with liquid
co-flow.

Table 3: Overview of bed expansion experiments. BSD: bubble size
distribution: (U)niform or (B)imodal. Measured chamber pressure
P.p,: yes/no. The identifier in the most left column (series A-D)
reflects which series were carried out with the same batch of water.

Series  H, 8 Hy/p BSD P,
(10 m] [m/(m/s)] [10°m/s] [U/B] y/n
Al 808+1 4.42+0.04 18.3+£0.2 U vy
A2 1277+1 6.57+0.05 19.4+0.1 U vy
A3 1274+1 6.62+0.04 19.2+0.1 B y
B1 1605+1 8.47+0.06  19.0+0.1 U v
C1 958+1 4.88+0.05 19.6+0.2 U n
C2 17511 8.61+0.07 20.3+0.2 U n
D 1427+1 7.00£0.04 20.4+0.1 U n

More experiments may be required to test the validity
of the model beyond the calibrated range and for different
liquid properties (surfactants, water salinity).

It should be noted that, due to limited optical access
to the needles in the center of the column, the nozzles at
the outskirts of the grid were more accessible for visual
inspection and results of the high-speed imaging may be
biased towards the bubble formation rates at the column
walls.

The position in the distributor/sparger (see Fig. 3)
may influence the bubble formation rate due to a non-
homogeneous pressure in the air chamber. In addition,
as the Laplace pressure 40/d,, (~ 1.8 mbar) is not negli-
gible compared to the distributor pressure drop AP, (»
2-50 mbar), the pressure in the air chamber may start to
resonate with the bubble formation rate from the multi-
needle sparger. At low flow rates, this may lead to slightly
larger bubbles as compared to bubbles formed at strictly
constant flow rate conditions.

It may be concluded that, considering the error sources
described above, the gas spargers work very well and we
are able to accomplish almost equal flow rate through all
needles and to arrive at a uniform bubble size. The ter-
minal bubble rise velocity for individual bubbles in the
size range 4-7 mm is in the range 0.235-0.245 m/s, for
both clean and contaminated water [29], as also given by
the parametrized equation given by Park et al. [50]. Even
when (for higher air flow rates) the actual bubble diam-
eters deviate from the valued predicted by Eq. (7), their
rise velocities may still be very similar.

5. Void fraction at uniform aeration

The overall gas fraction as a function of the superficial
gas velocity (gas hold-up curve) is an important charac-
teristic of a bubble column as the gas hold-up curve sum-
marizes the complexity of the bubble column fluid dynam-
ics [51]. The void fraction can be estimated by using the
drift-flux model, where o depends on Us, Uy, and the slip
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Figure 7: (a) Bed height, for various values of Hp, and (b) void fraction as function of superficial gas velocity. (c) Bubble swarm velocity
divided by the bubble terminal rise velocity, see Eq. (11), as function of void fraction aj.

velocity Us:

Us

Uy=—2 (10a)
«a

U = Usi (10b)
l-«

Us :Ug -U (10C)

where U, is the gas velocity and U; the liquid velocity. The
slip velocity Uy is a function of the terminal rise velocity
of an isolated bubble U; and a function of « to account for
the presence of other bubbles:

Us =Uif(a) (11)

The overall gas fraction was obtained by two different
methods, viz. bed expansion measurements and chamber
pressure measurements (both discussed in Sec. 3), and the
results are compared and discussed in this section. For
the future, we plan to measure local void fractions, local
bubble velocities and interfacial area data with the help of
dual-tip optical fibre probes.

5.1. By bed expansion measurements

Fig. 7a shows bed height as function of superficial gas
velocity for various values of Hy. We observe a linear in-
crease in bed height for low gas velocities up to a critical
gas velocity, after which a change in the slope of H oc-
curs which corresponds to the transition of homogeneous
to heterogeneous bubbly flow. The value of Hy, the liquid
height at zero aeration, could not be measured directly as
a superficial gas velocity of at least 0.004 m/s must be
maintained to prevent weeping. An equation in the form
of:

H = Hy + AU, (12)

10

was fitted to the homogeneous regime with a uniform bub-
ble size distribution (Usq < 0.03 m/s, see Sec. 4) to obtain
Hy (crossing of the dashed line and the y—axis) and the
bed expansion coefficient 4 in m/(m/s) for each set of ex-
periments. The coefficients of determination R? are >99.94
% for all series. The results are summarized in Tab. 3.

The overall gas hold up is then calculated using Eq.
(2). Fig. 7b shows that the bed height curves collapse to
a fairly similar curve when the void fraction Eq. (13) is
plotted against the superficial gas velocity. The present
results show that our bed expansion experiments are very
repeatable and similar gas holdup curves were found for
different values of Hy, performed with different batches of
tap water. We did not find a significant influence of the
aspect ratio, e.g. Hp, on the gas holdup curves.

A model equation for the void fraction follows from the
observation of linear bed expansion at low superficial gas
velocities. Combining Eq. (12) and Eq. (2) yields:

Usg

o= ————
Ho/ﬂ+Usg

(13)

and we find Ho/B =0.195 +0.007 m/s for the series shown
in Tab. 3. We see that Eq. (13), dotted line, shows very
good agreement with our data up to Usg = 0.03 m/s and
works reasonably well up to Usg =0.05 m/s.

The slip velocity Uy is then calculated according to U =
Usg/aw, where ay, is the experimental data given in Fig.
7b. Fig. 7c shows U, normalized by the (almost constant)
terminal rise velocity U; (=0.24 m/s) as a function of the
void fraction a; - see Eq. (11). We see that the non-
dimensional slip velocity f(«) starts at a value in the range
0.78-0.9 and then increases to level off for void fractions
in the range 10-15 %. Beyond ap= 20%, we observe an
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increase in swarm velocities, which indicates the transition
to a more heterogeneous regime for which Eq. (12) does
not hold any longer. Large gradients in the bubble velocity
were observed (fast rising in the centre, downward at the
sides) and the drift-flux model is not valid in this regime.
Combining Eq. (10), (11) and (13), using Ugy=0, we
find:
Us _Ho/B 1
Ui

0 (14
where Hy/B ~ 0.82U;, which is given by the dotted line in
Fig. 7c.

As many authors report a decreasing slip velocity with
increasing « due to hindrance effects, f(a) < 1in Eq. (11),
Simonnet et al. [39], McClure et al. [52] report that there
is still no agreement on how to account for the drag force
experienced by bubbles in a swarm. More experiments
concerning local gas fractions, bubble velocities and lig-
uid velocities are required to validate/develop a model for
the drag correction factor for a bubble in a swarm as was
attempted by McClure et al. [52].

We emphasize that our bubbles in the range 4-7 mm are
very uniform in size, particularly for lower void fractions,
very uniformly distributed and with an almost constant
terminal velocity. This may result in a very calm and
organized flow with virtually no bubbles pushing aside and
passing each other. The reduction in mutual hindrance
when increasing void fractions might be the result of an
internal reshuffling of the bubble swarm structure.

l1-«

5.2. By chamber pressure measurements

Void fractions can also be found by using Eq. (6) for
which we need air chamber pressure measurements (see
Appendix A.2) and measured liquid level heights H (as
shown in Fig. 7a). These void fractions are denoted by
ap.

5.2.1. Without liquid co-flow

Fig. 8a shows a parity plot, where the void fraction o,
is compared with the void fraction obtained by bed expan-
sion measurements a;p. We found that both methods agree
very well for a large range of void fractions. Both methods
may deviate from the actual void fraction. First, the bed
expansion height can not be obtained with an accuracy of
less than + 2 mm (for low flow rates) and Hy could not be
determined without the approximation of linear bed ex-
pansion Eq. (12). Second, the plausibility of Eq. (6) is
sensitive to the accuracy of the pressure sensors, the va-
lidity of ignoring the fluctuating Laplace pressure (due to
growing and detaching bubbles), wall friction forces and
the validity of Eq. (A.1) as gas compressibility may be-
come important for higher values of Hy.

The bed expansion cannot be measured when the lig-
uid surface rises as high as the column height, as the lig-
uid loading Hy will change due to the overflowing liquid.
Fig. 8b shows the void fraction «a) as a function of su-
perficial gas velocity as found from only chamber pressure
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Figure 8: (a) Parity plot of the void fraction obtained by bed ex-
pansion measurements (Eq. (13), horizontal axis) and pressure mea-
surements (Eq. (6), vertical axis) for a partially loaded column (H
smaller than column height). See the legend in Fig. 7 for clarification
of the symbols. Data only available when P.;, and H measured si-
multaneously (see Tab. 3). (b) Void fraction ap, Eq. (6), as function
of superficial gas velocity. Bed height is fixed as the column is filled
up to the free surface. Eq. (13) is given by the dashed line, using
Hy/B of series Bl (see Tab. 3). (c) Void fraction oy, as function of
superficial liquid velocity. The dashed line shows the calculated void
fraction by the drift-flux model. Usg =0.025 m/s.
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measurements in series B2 (see Fig. A.14a) when water
height equals column height and bed expansion could not
be measured. The void fraction as a function of U, for a
fully loaded column (fixed H, free overflow at the top of
the column) is very well described by our Eq. (13) up to
Usg=0.05 m/s.

5.2.2. With liquid co-flow

In case of liquid co-flow, bed bed expansion measure-
ments cannot be performed either. Fig. 8c shows the
measured void fraction, again from chamber pressure mea-
surements only (series B3, see Fig. A.14b), as a function
of superficial liquid velocity while the superficial gas ve-
locity was kept constant at a value of 0.025 m/s. We as-
sumed that the discharge height (the excess height above
the column height due to the overflowing liquid), linearly
increased up to 4 cm at a superficial liquid velocity of 0.4
m/s. The void fraction «, (black bullets) are calculated
using this discharge height correction for H.

The void fraction is calculated using Eq. (10) and Eq.
(14), which yields:

ae— Uw (15)

Usg + Usl + HO/ﬁ

The model prediction for the void fraction in the pres-
ence of liquid co-flow is shown as a dashed line in Fig.
8c and agrees very well with the measured void fraction.
However, more experiments with different methods (e.g.
optical bubble probes) are required to validate the model
as the chamber pressure sensors may not be sufficiently
sensitive and accurate to measure small pressure differ-
ences to resolve low void fractions. Also, the crude ap-
proximation made for the discharge height to correct H
has a significant effect on the void fraction derived using
Eq. (6), as a change of 4 cm water in hydrostatic pres-
sure results in a difference of » 1% in the calculated void
fraction.

5.3. Literature comparison

An extensive overview of gas hold-up measurements is
given by Gandhi and Joshi [53]. A very large spread in the
measured void fractions as function of Uy, was found by
different researchers, resulting in many different empirical
correlations to describe the void fraction as function of
superficial gas and liquid velocities, column geometries,
gas sparger types and fluid properties.

Fig. 9 shows a comparison of our proposed correlation
for the overall gas holdup (dashed line) with a selection of
some relevant reported gas holdup curves. The inserted
figure shows a close up for U, up to 0.025 m/s.

The influence of the sparger type on the gas hold-up is
clearly illustrated by the studies of Mudde et al. [31], Dra-
hos et al. [30], Groen et al. [18], Besagni et al. [43], Sharaf
et al. [32], Pjontek et al. [34]. Fine spargers (needle sparg-
ers, perforated plate with small hole diameters), produc-
ing small and uniform bubbles, stabilize the homogeneous
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bubbly flow regime with a high gas hold-up as a result.
Coarse spargers (spider spargers, perforated plate with
large hole diameters) produce a much lower gas hold-up
due to (1) the initially poor homogeneous distribution of
bubbles and/or (2) the formation of a non-uniform primary
distribution of bubble sizes, leading to rapid breakup and
coalescence of bubbles and an advanced transition to tur-
bulent bubbly flow (with coherent vortical structures in
the liquid phase).

The column diameter (see Groen et al. [18], porous
plate sparger) is found to have a negligible effect on the
gas hold-up.

Mudde et al. [31], Sharaf et al. [32] also report on the
water type used. Mudde et al. [31] showed that a transi-
tion to turbulent bubbly flow was observed at a gas hold-
up of 35% when fresh tap water (3 hours old) was used,
whereas a gas hold-up of 55 % could be obtained in the
homogeneous regime when aged tap water (3 weeks old)
was used. For both cases, the increased gas hold-up is
due to lower bubble rise velocities in contaminated water,
although, this effect is minimal when a coarse sparger is
used (see data of Sharaf et al. [32]).

In the study of Lau et al. [33], no significant differ-
ence was found for different values for the unaerated liquid
height. The lower gas hold-up values may be a result of
the confined bubble column dimensions leading to faster
bubble rise velocities and a lower gas hold-up.

We find very good agreement of our results (dashed
line) with the studies of Alméras et al. [17], Van Gils
[42] (needle spargers, d, = 3 mm) and Besagni et al. [43]
(perforated plate sparger). For higher Uy, we find lower
gas hold-ups than Mudde et al. [31] (3.5< dp <5.0 mm),
which may be due to the larger, faster rising bubbles in
the present study (4.5< dp <7 mm).

It should be noted that void fractions measured using
an optical probe (Ref. [39, 34, 17, 31, 18]) may underesti-
mate the gas fraction, especially for small bubbles at low
Usg. This may explain some irregularities in the reported
gas hold-up curves.

While overall our void fraction data fall amidst all data
reported by many authors, an attractive feature of our
data is that they have been obtained with bubbles in the
range 4-7 mm which are very uniform in size, particularly
for lower void fractions, very uniformly distributed and
with an almost constant terminal velocity. This turns our
data very suitable for validating Euler-Euler simulations
performed for a single bubble size as input parameter.

6. Non-uniform aeration cases

6.1. Formation of a bi-modal size distribution

For the formation of a bi-disperse bubble size mixture,
the distribution of gas flow between a set of chambers
(R1/R2 and L1/L2) was altered by adjusting the split ra-
tio X (see Fig. 1). Partially closing the gate valves for
the air supply lines of chamber R1 and L1 results in less
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Figure 9: Comparison of gas holdup curves with previously reported data. PP: Porous plate; PT: Porous tube; SS: Spider sparger; N: Needle

sparger.

flow to chamber R1 and L1 and more flow to chambers R2
and L2, hence a lower chamber pressure for chamber R1,
L1 and a higher chamber pressure for chamber R2,L.2 (see
also series A3 in Fig. A.14a) and we derived the split ratio
from the rotameter readings. The values of X are limited
by the lowest possible flow rate of # 5 L/min per chamber
(Qn ~ 0.75 cm?3/s) to prevent weeping and water entering
the air chambers.

Bi-modal bubble formation rates (see Fig. 10a,c) were
measured corresponding to bubbles formed from chambers
R2, L2 (higher chamber flow rate) and chamber R1,L1
(lower chamber flow rate), while operating at a split ratio
of X ~ 38 %. Figs. 10b,d show the resulting bubble di-
ameter as calculated using Eq. (1). At low gas flow rates
(top row), a clear bi-modality was observed in the bubble
formation rates with a slight bi-modality in d; as a result.
At high gas flow rates (bottom row) bubbles from both
chambers (R1, R2) were formed at an almost similar for-
mation rate, while a clear bimodal bubble size distribution
was obtained due to the differences in @,, for chamber R1
and R2.

Fig. 11 shows the bubble diameters as function of su-
perficial gas velocity. We are able to create a mixture of
bubbles with a sharp bimodal size distribution. The larger
bubbles are formed from chambers L2, R2 (receiving more
gas flow rate) and the smaller bubbles are formed from
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chamber L1, L2 (receiving less gas flow rate). Bubbles
formed from air chamber R2 and L2 are in the range 4.7-
6.6 mm, whereas bubbles formed from chamber R1 and L1
are in the range 4.6-5.7 mm. The somewhat larger spread-
ing in the calculated bubble diameter at low flow rates is
due to the propagation of inaccuracy in rotameter read-
ings (to calculate X and Q,,) as the bubble formation rate
distributions were found to be very narrow.

At high needle gas flow rates, the bubble diameter is a
function of gas flow rate, whereas at low gas flow rates, (in
the quasi-static flow regime) bubbles detach with a critical
constant diameter (see also Fig. 6a). Therefore, bubble
diameters from R1 vs. R2 and from L1 vs. L2 hardly
differ at low flow rates. Thus, applying a split ratio in the
surface tension controlled regime will only alter the bubble
formation rate and not the resulting bubble diameter.

The ratio of the bubble size from R2/L2 to the bubble
size from R1/L1 is 1.15 maximum. Note that in the perti-
nent bubble size range all bubbles move more or less with
the same velocity, i.e. bubble speed is irrespective of bub-
ble size [29]. This may explain why in Fig. 7 the aerated
liquid heights for Series A2 and A3 are almost identical
and the volume fractions for these Series in Fig. 8a also
coincide.

Eq. (7) can be used to predict bi-modalities for other
operating conditions (X, Usg s, Us,s). While the bi-modality
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Figure 10: Histograms of the bubble formation rates (left) and bub-
ble diameters at gas sparger level (right) at unequal gas distribution
between a pair of chambers R1/R2. Top: Usg =0.005 m/s; bottom:
Usg =0.022 m/s. X ~ 38%.

is subtle (no difference in bed expansion characteristics was
found for the case of a bi-modal size distribution, see se-
ries A2, A3 in Fig. 7) in the absence of co-flowing liquid, a
different sparger design (different nozzle diameter for each
chamber) would be needed to obtain bubbles with a larger
difference in bubble size.

6.2. Mixing patterns at unequal aeration

The column was filled with an amount of water such
that Hy = 113 cm. Images of the flow channel were cap-
tured on a Sony IMX258 (3.59 mm lens) at a resolution
of 540 x 960 pix at a frame rate of 120 Hz for various
settings of the gas flow rates on the left and right side of
the column, while the column was illuminated by a 20W
continuous LED light. Images, slightly contrast enhanced
and sharpened, are averaged over a period of 0.2 s (24 im-
ages) to obtain bubble streaks. Videos of the embedded
images can be found in the Supplementary Material.

Fig. 12 shows the obtained bubble streaks for four
different settings of the gas flow rates. The difference in
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Figure 11: Bubble diameters for bubbles formed at unequal gas dis-
tribution between a pair of chambers as function of the superficial
gas velocity Usg. Qr1/Qr2 ® Qr1/QRr2 ~ 0.6, hence, X ~ 38%. A bi-
modal bubble formation rate/bubble size distribution was found and
the mean (symbol) and standard deviation (error bars) are shown
for both modes. The flow rates per needle are calculated using the
individual chamber flow rates divided by 98 needles.

superficial gas fraction is increasing from the left to the
right.

Equal gas flow rates were supplied to both sides in Fig.
12a, where we found that the bubbles on the left side of
the column seem to move slightly faster. A correction of
+1.5 % of the setpoint for both mass flow controllers was
sufficient to balance the superficial gas velocities of the left
and right side of the column and the velocity profile in Fig.
12b appears to be symmetric.

Applying a factor 1.5 and 2.5 difference in the super-
ficial gas velocities left and right (left higher) results in a
very different flow behavior as shown by the bubble streaks
in Fig. 12c,d respectively. In both cases, the higher gas
flow rate left entrains liquid and bubbles from the right,
creating a buoyancy driven upward flow with a large vor-
tex and with bubbles moving downward at the far right
side as a result.

Currently, we are developing a type of bubble image
velocimetry technique correlating high-resolution images
of larger sections of the column to study flow patters in-
cluding vortical flow structures.

7. Conclusions

A new bubbly flow test rig (“LimBuRig”) was built
with the view of collecting accurate experimental under
precisely documented conditions for the purpose of vali-
dating Euler-Euler CFD simulations of bubbly flows. The

Page 14 of 20



(a) Usg =0.625-0.625 cm/s

(b) Usg =0.606-0.644 cm/s

(c) Usy =0.938-0.625 cm/s (d) Usg =1.563-0.625 cm/s

Figure 12: Bubble streaks for four different gas flow rate settings. The numbers are the superficial gas velocity for the left and right side of
the column respectively. Bubble streaks are obtained by averaging a series of 24 images (0.2 s @ 120 Hz). Illumination is from the right,

giving some shadow in the lower left part.

rectangular column consists of two square sections, each
with its own gas and liquid supply and the bubbles being
produced from 4x98 needles, evenly distributed across the
bottom of these two square sections. The column is able
to

e operate with and without liquid co-flow;

e produce bubbles of an almost uniform size in the
range 4-7 mm which all rise with the same terminal
velocity [29];

e produce bubbles with an essentially bi-modal size
distribution within the range 4-7 mm, the ratio of the
two mean bubble diameters being maximum 1.15;

e create a very uniformly aerated bubbly flow in the
entire column for varying water heights;

e create two separate bubbly flows, from the two square
sections, with different gas and liquid flow rates and
with the same or different bubble sizes, with the view
of studying their interaction and mixing,

To get all needles bubbling and bubbling at the same
formation rate, we had to insert additional restrictions in
the supply lines to the needles, with the view of creating
extra pressure drop. As a result, the correlation for dimen-
sionless bubble size as a function of Bond and Froude num-
bers had to be modified slightly (compared to the single
needle data reported previously [25]). Bubble formation
rates were measured by both high-speed imaging and a
simple acoustical method. The clear peaks in the acoustic
spectra coincide with the bubbling rates found by image
analysis. This confirms our previous conclusion [25] that
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using a (low cost) microphone is an elegant way of mea-
suring bubble formation rates.

Overall volume fractions in the column were deter-
mined by means of bed expansion as well as air cham-
ber pressure measurements. While the two methods gave
very similar results, the latter is also applicable when bed
expansion cannot be measured in the case of e.g. liquid
co-flow. In the absence of liquid co-flow, we were able to
create a homogeneous bubbly flow up to an overall gas vol-
ume fraction of ~ 20 %. We found overall volume fraction
without liquid co-flow to increase almost linearly with in-
creasing air flow rate over a substantial range of gas flow
rates, while at a specific air flow rate it decreased in a non-
linear way with increasing liquid flow rate. We found slip
velocity to increase with increasing void fraction.

In a series producing bi-modal bubble size distribu-
tions in the range 4-7 mm, the ratio of the two bubble
sizes was 1.15 maximum. We hardly found a difference in
overall bubbling performance as a result of such bi-modal
distributions. Finally, we presented visual observations of
overall flow patterns in the case of unequal aeration of the
left and right parts of the column, for the time being in
the absence of liquid co-flow.
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Figure A.13: Measured distributor pressure drops as function of gas
flow rate per chamber for the four chambers. The variation between
the four chambers is due to the grouping of the capillaries by their
orifice constant. Under normal operation (equal gas supply to all
chambers, X=50%), the flow rate per chamber Q.j ranges up to 75
L/min (vertical dashed line) at a maximum superficial gas velocity
Usg = 0.0625 m/s.

Appendix A. Chamber pressure measurements

Appendiz A.1. Pressure measurements for Eq. (3)

Table A.4: Fitting coefficients in Eq. A.1.

Chamber 1073q 1073b c

Qon [y ][] b
< 75 L/min

R1 4.89+£0.03  570+2

R2 4.49+0.05 569+3

L1 4.19+0.06 566+3

L2 3.82+0.05 517+3

> 75 L/min

R1 13.2+0.4 -875+£57 61.9+2.4
R2 12.4+0.3 -815+56  59.1+2.4
L1 11.6+0.3 -734+46  55.8+2.0
L2 9.70+0.24 -518+40 44.5+1.8

In order to minimize the variation in pressure drop
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characteristics between the 98 outlets of a distributor, the
392 (4x98) capillaries, see Sec. 2.2.2, were sorted in four
categories according their orifice constant Q;/AP;, i=1..392.
A gas flow rate was fixed at 11.6 cm®/s and the capillaries
were sorted in groups of 98 by their pressure drop in the
following categories: 46-48, 52-54, 54-56 and 56-58 mbar,
which are installed in the chambers L2, L1, R2, R1 respec-
tively. In this way, the gas distribution from a chamber to
its outlets is optimized. As a result, each distributor has
a slightly different pressure drop characteristic.

Fig. A.13 plots the pressure drop across the distributor
APy as a function of the gas flow rate through an air
chamber Q.p, while the needle outlets were at atmospheric
pressure (empty column). The distributor pressure drop
(capillary + flexible tube + needle) for each chamber can
be very well approximated by a combination of a laminar
~ Q¢n and turbulent ~ Qih contribution to the pressure
drop:

APy, = achQ%, + benQen + con (A1)

A second order polynomial, Eq. (A.1), was fitted for
the chamber pressures for chamber flow rates in the range
of 0-75 L/min (capillary Re < 2000) for normal operation
(all pressurized chambers equally used) and ¢, was forced
to 0. In case one of the chambers is set to a reduced
flow rate, the other chamber receives a higher flow rate,
possibly beyond 75 L /min, for which a polynomial is fitted
with c.p # 0.

The values of acp, bep, and cep, given in Tab. A.4, are
obtained by minimization of the square residuals and the
coefficient of determination (R?) is 99.98% or higher for all
four chambers. Egs. (A.1), for each chamber ch, also serve
as a reference for proper functioning of the distributors,
where deviant pressure drops characteristics will be found
when needles are blocked (in case of weeping).

Appendiz A.2. Chamber pressure measurements to deter-
mine the void fraction using Eq. (6)

Fig. A.14a shows recorded chamber pressures, for the
four chambers (L1,L2,R1,R2), as function of the gas flow
rate (bottom axis) and superficial gas velocity (top axis)
without liquid co-flow (series A1-A3, B1-B2).

For the series A1, A2, B1, the chamber pressures in-
crease quadratically with increasing gas flow rates due to
the pressure drops over the distributors and for these se-
ries, Pr1 > Pro > P11 > Prs which is in accordance with
the distributor pressure drop curves shown in Fig. A.13.

For series A3, a split ratio X of ~ 38 % was applied
and the air chambers L2, R2 show a higher pressure than
L1, R1, which indicate higher flow rates to L2, R2, than
to chamber L1, R1 (to create a bi-disperse bubble size
distribution).

The needle outlet pressure, Eq. (3), see dashed lines
Fig. A.l4a, is constant for each of the series A1-A3 and
B1, which confirms that Hj is independent of Uy,. The
difference in P,, between series Al, A2, and B1 is due to
the difference in unaerated liquid level height H.
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Figure A.14: Chamber pressures as function of (a) the gas flow rate
per compartment (Qs = Qr = Qr) in the absence of liquid co-flow
and (b) as a function of the superficial liquid velocity Uy for Qs = 60
L/min (Usg = 0.025 m/s). The dashed lines show the needle outlet
pressure Ppo, as given by Eq. (3). The colors refer to the series
A1-A3,B1-3 as in Fig. 7 and/or Fig. 8a,b,c.
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Chamber pressures obtained with a fully loaded col-
umn (H equals column height) are given by series B2 in
Fig. A.14a. At low gas flow rates, chamber pressures de-
crease with increasing gas flow rate due to the increasing
void fraction (and decreasing H(1 - «)), while at higher
flow rates, chamber pressures increase again as distribu-
tor pressure drops AP, ., increase quadratically with the
gas flow rate. The needle outlet pressure P,, decreases
monotonically with increasing gas flow rate, indicating a
monotonic increase of the void fraction (decrease of liquid
head due to the overflowing liquid).

Fig. A.14b shows recorded chamber pressures as a
function of the superficial liquid velocity Ug. Qs was set
at 60 L/min (Usy = 0.025 m/s) and Uy was in the range
0-0.4 m/s. As the gas flow rate was kept constant, the
distributor pressure drop AP; was constant.

Both the chamber pressures (symbols) and the needle
outlet pressure (Eq. (3, dashed line) increases with in-
creasing co-flow velocity, resulting in a higher hydrostatic
pressure and a lower void fraction for increasing Ug;.
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Journal Pre-proof

Newly designed bubbly flow rig with liquid co-flow for experimental validation of CFD
Precise needle sparger for creating a mono- or bi-disperse bubble size distribution
A new correlation for overall gas hold-up in a rectangular (40 x 20 cm) bubble column

Unequal lateral distribution of gas/liquid to study (buoyancy driven) mixing patterns
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