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Statistical analysis of Taylor bubble formation in a capillary pipe
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An experimental study of the Taylor regime in a pipe with an inner diameter of 2mm has been carried out.

A method for studying the Taylor regime in a capillary pipe using automatic image analysis to measure the main

characteristics of bubbles has been developed and applied for the first time. The dependences of the gas bubble and

liquid slug lengths on the gas and liquid velocities are studied. It was found that in the region of the stable Taylor

regime, the standard deviation of the bubble sizes is close to the accuracy of the research method. The dispersion

of the bubble size distribution increases near the regime boundary. It is shown that, based on the statistical analysis

of a large amount of data, it can be concluded that there is a coalescence and fragmentation of bubbles.
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During the last two decades, the use of microreactors

became one of the important methods for intensifying

processes in chemical and processing industries [1] due

to the heat and mass transfer efficiency that is at present

important for the chemical production. The potential of

using microreactors was demonstrated in many applications

like mixing [2], separation [3], reactions [4] and chemical

analysis [5]. In mini−channels, the piston flow regime, or

the Taylor flow regime, is one of the main flow modes

taking place in a wide range of gas and liquid flow

rates [6]. In the Taylor regime, the flow consists of long

bubbles separated by liquid slugs. The Taylor bubbles are

enveloped with thin liquid films and have lengths exceeding

the channel effective diameter. Fundamental data on this

flow regime have been obtained for channels of different

geometry. In some cases, information on the regime stability

is also needed. In the pharmaceutical industry, Taylor

bubbles are used to obtain small medicine doses, while

in the chemical industry they are used in high−precision

certain−ratio mixing, nanoparticle synthesis [7], and in

catalyzed gas−liquid reactions [8]. In such cases, the bubble

size deviations should be predictable and controllable. In

this study, the statistical analysis of the Taylor bubble lengths

was performed based on a great amount of experimental

data by using the automatic algorithm.

For the Taylor regime investigation, an operating bench

was developed and assembled (Fig. 1). For visualization, a
glass pipe 2mm in inner diameter and 12 cm in length was

used. The liquid (water Milli-Qr) was supplied using a

syringe liquid pump Cole-Parmerr; the gas (nitrogen) was

fed from the cylinder, its flow rate was set by flow rate

controller Bronkhorstr. The flow meter signal processing,

as well as the gas flow rate control, was performed

using the National Instrumentsr analog−digital converter.

The operating fluid purity was controlled by measuring

the liquid surface tension with tensiometer KRUSS K100.

The two−phase flow in the pipe was visualized with a

high−speed camera Vision Research Phantomr v.7.0 with

the framerate of 1000 fps. The camera covered the pipe

section 29mm long with the spatial resolution of 40 px/mm.

The superficial gas velocity USG defined as the gas flow rate

divided by the pipe cross section was 0.1 to 0.6m/s, that of

liquid (USL) was 0.05 to 0.3m/s.

For processing the data acquired by visualization of

bubbles in the Taylor flow regime, and for obtaining

necessary quantitative characteristics, a Matlabr algorithm

was developed. The automatic image analysis technique

gave a good account of itself in processing images in

mini— and micro-systems [9], as well as in studying the

dynamics of the bubble growth in boiling [10]. To the

program code input, images recorded in the experiment

by high−speed camera Phantomr are fed. Then the

images are analyzed, and regions corresponding to gas

bubbles and liquid slugs are determined. After that, analysis

of the bubbles is performed (their positions, sizes and

other parameters are determined). The same analysis is

performed for the next frame. Thus, time evolution of

each bubble is analyzed, which enables determination of

the bubble velocities. Finally, data on size and velocity are

fixed for each bubble. The same analysis is performed for

liquid slugs. The measurement accuracy is governed by the

ambiguity of determining the gas−liquid phase interface that

is 1 px or 0.025mm.

Fig. 1 presents a typical processed image. Each bubble

is numbered, and the program monitors their evolution in

time. For each bubble, its length and the liquid slug length

are also given. For each gas and liquid flow rate, 3000

frames have been analyzed. For each frame, the program

records in a file the bubble sizes, velocities and liquid slug

lengths, etc.

62



Statistical analysis of Taylor bubble formation in a capillary pipe 63

N2

Q, ml/min

50%

1

2
3

4

5

6

7

8

9

10

11

12

1 2 3 4 5 6 7

0.44 mm 0.89 mm 0.49 mm 0.98 mm0.44 mm 0.44 mm

2.40 mm 4.18 mm2.31 mm 2.36 mm 4.36 mm4.18 mm 2.31 mm

Figure 1. Experimental bench for studying the two−phase flow in a circular channel and a case of data processing with the developed

algorithm. 1 — T-joint, 2 — operating section, 3 — syringe fluid pump, 4 — water tank Milli-Q, 5 — nitrogen cylinder, 6 — flow rate

controller, 7 — vent to the atmosphere, 8 — pressure gauge, 9 — light source, 10 — lens, 11 — high−speed camera, 12 — image

processed with the automatic algorithm.

Fig. 2 presents the bubble length distribution depending

on the superficial gas and liquid velocities. At low

superficial velocities of liquid and gas (USL = 0.1m/s,

USG = 0.1m/s), the bubble lengths differ insignificantly. For

instance, the mean bubble length 〈Lb〉 is 1.92mm, while

the standard deviation σ is 0.03mm and is comparable

with the measurement accuracy (at the sampling size

of 2674 bubbles). When the superficial liquid velocity

increases to USL = 0.2m/s, the mean bubble size decreases

to 1.52mm, while the standard deviation remains invariant

(at the sampling size of 364 bubbles). When the superficial

gas velocity increases to USG = 0.2m/s (USL = 0.1m/s), the
mean length 〈Lb〉 increases to 2.61mm, while standard

deviation σ increases by 2.5 times to 0.07mm (at the

sampling size of 210 bubbles). Further increase in the gas

velocity (USG = 0.3m/s) and approaching the Taylor regime

boundaries gives rise to the bubble coalescence. In this case,

the bubbles in the channel (about 90% of all the bubbles)
exhibit a certain characteristic size and also sizes multiple to

the characteristic one because of the coalescence of several

bubbles. In this case, more informative is not mean length

〈Lb〉 = 4.02mm, but median length Lb = 3.64mm. In the

presence of coalescence, the standard deviation increases to

1.18mm (at the sampling size of 178 bubbles), however,

this value appears to be 0.13mm if bubbles formed by

coalescence are excluded.

With further increase in the gas velocity, transient

regimes are observed: fractions of coalescing and primary

bubbles become comparable, the probability of the cascade

coalescence increases significantly, and sizes of the observed
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Figure 2. Bubble length distributions depending on the reduced gas and liquid velocities.
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Figure 3. a — gas bubble and liquid slug lengths versus superficial gas velocity at USL = 0.1m/s. b — gas bubble velocity versus the

mixture velocity at USL = 0.1m/s.

bubbles may differ by 10 times. The minimal bubble sizes

for different gas velocities USG are shown in Fig. 3, a. A

gradual rise in the minimal bubble size is observed in the

velocity range of 0.1−0.5m/s, and a sharp drop takes place

at 0.6m/s. Evidently, the decrease in the minimal size is

connected with fragmentation of long bubbles that have

been formed due to the cascade coalescence.

Fig. 3, a presents the dependence of lengths of gas

bubbles Lb and liquid slugs Ls on the superficial gas velocity

USG . It is clearly seen that the bubble size increases with
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increasing superficial gas velocity. The increase retains

its gradual character up to the gas velocity of 0.5m/s.

As a result of the coalescence, multiple−size bubbles

are periodically observed, but they do not significantly

contribute to the flow structure. A sharper increase in

the mean bubble size takes place at higher superficial gas

velocities. This is caused by a considerable increase in the

coalescence probability, which is confirmed by the analysis

of the bubble length distribution. In the figure, the solid line

represents the correlation [11]: Lb = (1 + 0.57USG/USL)D.

Experimental data lie somewhat lower than the presented

dependence. Only one point is unsettled, just that where the

coalescence significantly affects the bubble size distribution.

Fig. 3, b presents the bubble velocity dependence on the

mixture velocity Um defined as a sum of the superficial

gas and liquid velocities. One can see that the bubble

size monotonically increases with increasing superficial gas

velocity. The effect of parameters of the interphase distri-

bution in the flow is governed by the distribution parameter

C . The bubble velocity in horizontal pipes is defined

as product Ub = CUm . Fig. 3, b clearly demonstrates the

agreement between the experimental data with correlations

for C = 1.4 [12] and 1.34 [13].

In conclusion, we have developed and assembled an oper-

ating bench for studying the Taylor flow regime in a circular

pipe 2mm in diameter equipped with a T-joint. To process

experimental data acquired from visualization and to obtain

quantitative characteristics, there was developed and applied

for the first time an algorithm analyzing time evolution of

the bubbles and liquid slugs and also allowing determination

of their sizes and velocities in the capillary pipe. It has

been shown that bubble lengths at low superficial velocities

of gas (USG = 0.1m/s) and liquid (USL = 0.1m/s) slightly

differ from the mean value, while the standard deviation

is comparable with the research method accuracy. The

growth of liquid velocity does not lead to an increase in

the absolute value of the bubble size spread but decreases

their mean size. The increase in the superficial gas velocity

results in a significant increase in the bubble size deviation

from the mean value. For instance, the superficial gas

velocity increase to USG = 0.2m/s causes the 2.5 times

increase in the standard deviation. When the gas velocity

increases and gas approaches the Taylor regime boundaries,

the bubble coalescence is observed. This results in arising

of multiple peaks in the bubble size distribution and in a

sharp (by an order of magnitude) growth of the standard

deviation. Besides, in this case the mean bubble size differs

considerably from the median value. For instance, at the

gas velocity USG = 0.3m/s and liquid velocity USL = 0.1m/s

these sizes differ by about 10%. If the gas velocity

increases even more, a transient regime occurs in which no

distinguishable bubble size is observed, while the minimal

and maximal size may differ 10 times, which is due to both

the cascade coalescence and fragmentation of bubbles.
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