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Abstract

A map for the determination of flow pattern for two-phase flow of gas and non-Newtonian liquid in the
vertical pipe has been presented. Our own experimental data confirm applicability of such a map.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the basic problems in multi-phase flow is a possibility to predict a priori the structure of
a multi-phase mixture flow on the basis of known values of the apparent flow velocity and
properties of particular phases and flow geometry (a pipe diameter and the angle of its inclina-
tion).

As one knows, in the case of the two-phase flow of Newtonian liquid—gas mixture in vertical
pipes in the uprising mode, five basic flow structures are distinguished in general. They are shown
in a diagram in Fig. 1. In the case of highly viscous liquids (higher than 100 mPa-s), flow structures
represented in Fig. 2 are observed.

Detailed characteristics and measuring methodology for setting the flow pattern of a two-phase
liquid—gas flow can be found elsewhere, among others in Nicklin and Davidson (1962), Hewitt
and Roberts (1969a,b), Delhaye (1976), Govier and Aziz (1982), Ikeda et al. (1983), McQuillan
et al. (1985), Lee and Kim (1986) and Ulbrich (1986).
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Fig. 1. Basic flow structures in vertical upward flow: B—bubble flow, S—slug flow, F—froth flow, A—annular flow,
D—dispersed flow.

-——

S F A

Fig. 2. Flow structures in highly viscous liquids: B—bubble flow, S—slug flow, F—froth flow, A—annular flow.

The ranges of particular flow structures are illustrated in diagrams called the flow maps. So far,
dozens of such maps have been proposed in the available literature for the two-phase mixture of a
Newtonian liquid and gas flowing in vertical pipes (Golan and Stenning, 1969-1970; Oshinowo
and Charles, 1974; Taitel et al., 1980; Spedding and Ngyuen, 1980; Barnea et al., 1982; Crawford
and Weisman, 1984; Spisak, 1986; Ulbrich (1989)). For instance, Spisak (1986) gives information
on 32 maps for rising flow and 10 maps for down flow of the two-phase mixture. The most
significant data are given in Table 1. On the basis of the analysis of flow maps presented in Table
1, it can be found that most of them have an experimental character. Only the map presented by
Taitel et al. (1980) is based on a semi-theoretical model. It seems that the best description of
experimental data is obtained using the maps proposed by Hewitt and Roberts (1969a,b), Taitel
et al. (1980), Spisak (1986) and a universal map of Ulbrich (1989).

In the case of the two-phase flow of non-Newtonian liquids two maps representing flow of such
mixture but only in horizontal pipes have been proposed (Chhabra and Richardson (1984),
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Table 1
The review of the most significant flow pattern maps for two-phase Newtonian liquid—gas mixture flowing in vertical
pipes

Authors (year) Map coordinates
X y
Govier et al., 1957 UsG/UsL UL
Griffith and Wallis, 1961 Um o
Hewitt and Roberts, 1969a,b Vé - pL U3 * PG
Golan and Stenning, 1969-1970 UsG UsL
i Fr UsG
Oshinowo and Charles, 1974 B —
#L/’#Hzo UsL
( /’L//’HZO’(”L/”Hzo)})
Taitel et al., 1980 UsG UsL
Spedding and Ngyuen, 1980 vsL/UsG ;—b
Barnea et al., 1982 UsG UsL
. G 5 PH,0
Spisak, 1986 B ;’_0 = pg - ﬂ:[];O
Ulbrich, 1989 G, foa PO vsL -y [
UsL Pair  PL PH,0

Dziubinski (1986)). On these maps a classical system of coordinates vs; = f(vsg) was used. In
view of the increasing importance of the two-phase flows of non-Newtonian liquids, this problem
requires intensive research.

The aim of this study was to develop a map of the rising flow of multi-phase mixtures of solid
particles suspended in the non-Newtonian liquid and gas in vertical pipes.

2. Experimental set-up

Experiments were carried out in a set-up for testing multi-phase flow in vertical pipelines shown
in Fig. 3 (Fidos, 2001). Non-Newtonian liquid solutions and suspensions of particles in non-
Newtonian liquids were prepared in tank 1 and pumped by centrifugal pump 5 to a selected
measuring Section 6. The medium flow rate was measured by Cole-Parmer (USA) and ENCO
(Poland) electromagnetic flowmeters 7, 8.

Gas from the central pressure installation through a system of reducers and filters 14, 16 was
supplied to the pipeline through a skew distributor 20—see Fig. 4. The gas flow rate was measured
using a system of rotameters 17 and its pressure by means of manometer 19. The produced two-
phase mixture flew through the flow-stabilising section to get to a selected measuring section.

Measuring sections consisted of glass pipes 50.5, 40.6 and 25.3 mm in diameter. The glass
sections for flow structure observation were 2 m long (the total pipeline length was 5 m).

The type of multi-phase flow in vertical pipes was determined simultaneously by two methods:
a visual observation (plus filming with a video camera) and recording of the readouts of opto-
electronic sensors.

The optoelectronic sensors were located at a distance of 2, 3, 3.5 and 4 m from gas inlet to the
measuring duct. The sensor structure is illustrated in Fig. 5. A concentrated light beam passed
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Fig. 3. Experimental set-up: 1—main tank, 2—blade impeller, 3—d.c. motor, 4—separation trough, 5—centrifugal
pump to press slurry, 6—throttle, 7—electromagnetic flowmeter, 8—flowmeter converter, 9—glass measuring sections,
10—pneumatic valves, 11—pressure drop measuring sensors, 12—compressor, 13—pressure control, 14—oil trap, 15—
air filter, 16—pressure control, 17—precision rotameters system, 18—electromagnetic valve, 19—manometer, 20—air
distributor, 21—rings to install measuring sensors, 22—optoelectronic converters, 23—separation tank, 24—circulating
pump, 25—coils, 26, 27—control valves, 28—pneumatic valve controller, 29—pneumatic valve switch key, 30—
interface board, 31-—computer with a data acquisition card.
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Fig. 4. Gas distributor: 1-—metal pipe segments, 2—metal casing, 3—exchangeable nozzle, 4—rubber seal (o-ring), 5—
packing nut, 6—gas pipe, 7—clamping screw.
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Fig. 5. Construction of optoelectronic sensor: 1—glass sections of the measuring pipeline, 2—ring to install measuring
devices, 3—rubber gasket, 4—half-ring clamps, 5—flanges, 6—clamping screws, 7—longer connector pipe, 8—packing
washer, 9—throttle, 10—screw cup, 11—teflon pad, 12—phototransistor holder (stainless steel pipe), 13—phototran-
sistor BPYP 21, 14—shorter connector pipe, 15—polymethyl methacrylate window, 16—packing washer, 17—lamp
holder.

through a flowing mixture to a phototransistor of a very small diameter (2 mm) located in a rigid
thin metal tube in the pipe axis. After amplification, the signal from the phototransistor was



556 M. Dziubinski et al. | International Journal of Multiphase Flow 30 (2004) 551-563

recorded in a computer data acquisition system. Very slight differences were observed in oscil-
lograms recorded by subsequent optoelectronic sensors.

A basis for determination of the flow structure in the pipe were the readouts of two centrally
placed optoelectronic sensors supported by filming and visual observation in the centre of the pipe
section between the above mentioned sensors (the distance between them was 0.5 m).

Typical runs of “oscillograms” obtained by means of the optoelectronic sensors dependent on
the flow structures are shown in Fig. 6. The disturbed slug flow shown in this figure was a special
case of the slug flow during which the lengths of bubbles of both gas and slurry as well as their
frequencies changed remarkably.

The flow structures being formed were observed for various flow rates of the liquid and gas
phase, different properties of the liquid phase and three pipe diameters. Very good agreement
between visual observations and flow structures determined by the optoelectronic sensors was
obtained.

In the investigations of multi-phase mixtures 5% water solutions of carboxymethylcellulose
(CMC) and suspensions of 2—-17.8wt.% spherical glass particles in CMC solutions were used as a
continuous phase. A disperse species were spherical glass particles of diameters ranging from 70 to
150 um, with the fraction of particles 90 um in diameter being the biggest.

Suspensions of glass particles in non-Newtonian liquid solutions were treated as homogenous
systems. Samples taken during the measurements confirmed with good accuracy the homoge-
neity of slurries used in the experiments. Further in this study, in the case of glass particles flow
in CMC solutions and gas, the flow was assumed to be the two-phase non-Newtonian liquid—gas
flow.

Rheological properties of CMC solutions were determined by means of Bohlin rotary rhe-
ometer model 2CV (Bohlin, England) and Rheotec RC 20 (Haake, Germany), while the rheo-
logical properties of glass particles suspension in the CMC solution were described using a
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Fig. 6. “Digital oscillograms” corresponding to different flow structures.
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capillary rheometer constructed by the authors and equipped with a system for mixture
homogenisation (Kiljanski and Fidos, 1992; Dziubinski and Fidos, 1998).

The range of rheological parameters of the tested CMC solutions and suspensions of spherical
glass particles in CMC solutions—depending on the concentrations of particles and temperatures
of the measurement—was as follows:

0.704 < n < 0.967
0.078Pa-s" < k< 1.19Pa-¢"

3. Results and discussion

Results obtained were compared with the flow maps of two-phase Newtonian liquid—gas
mixtures in vertical pipes proposed in the literature. The theoretical map of Taitel et al. (1980) and
the maps proposed by Spisak (1986) and Ulbrich (1989) were analysed.

Fig. 7a—c show a comparison of the experimentally observed flow structures in vertical pipes of
diameter 25.3, 40.6 and 50.5 mm with the theoretical map presented by Taitel et al. (1980).

The limits of particular flow pattern arecas were determined on the basis of model equations
proposed by the authors for mean parameters of the experimental media.

The point of observation of the flow patterns was the position of the optoelectronic sensor
recording flow structures that occurred in the pipeline on this map. The line of transition from the
slug to froth flow depends on the L./d ratio, where L. is the length of the input segment of the
multi-phase mixture. The value of this ratio is calculated from the model relation given by Taitel
et al. (1980).

Le Um
— =40.6( —=+0.22 1
d (x/gd - ) M

For the experiments, the values of L./d ratio determined for the pipe diameters d equal 25.3,
40.6 and 50.5 mm are 83, 52 and 42, respectively.

As follows from Fig. 7a—c, the theoretical map of Taitel et al. (1980), originally developed and
experimentally verified for the flow of two-phase water-air mixtures, does not describe satisfac-
torily our experimental data. This refers to the bubble and slug flow. The authors gave an
additional criterion of the bubble flow. It has the form

2. 2. 1/4
(M) <436 2)
oL (pL = Pa)

This criterion was used in the investigations carried out in the pipelines 25.3 and 40.6 mm in
diameter and it did not confirm the occurrence of bubble flow. So, in Fig. 7a and b the line of
transition from the bubble to slug flow has not been drawn. In the case of the pipe 50.5 mm in
diameter, this criterion is not satisfied and a model line separating the bubble and slug flow re-
gions on the map can be determined—cf. Fig. 7c.

The reasons of discrepancies between the theoretical map of Taitel et al. (1980) and our
experimental data can be as follows:
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Fig. 7. Comparison of the Taitel et al. (1980) with experimental results obtained (a) in the pipeline 25.3 mm ID, (b) in
the pipeline 40.6 mm ID, (c) in the pipeline 50.5 mm ID.

(a) Differences in the properties of Newtonian liquid-gas mixtures for which the model was devel-

oped and the flow of multi-phase mixtures of glass particles suspended in the non-Newtonian
liquid—gas mixture used in our investigations.
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Fig. 7. (continued)

(b) Model assumptions taken by the authors, while constructing the map. They assumed that the
transition from bubble to slug flow took place at the gas phase contribution equal to 0.25. In
our experiments it occurred for much lower contribution of the gas phase in the mixture,
reaching about 0.18.

The universal map of Ulbrich (1989) fails completely when used for the flow of two-phase non-
Newtonian liquid—gas mixtures, cf. Fig. 8. Most experimental data that refer to bubble, slug and
froth flow, are in the slug flow region on the map. This is probably not the type of liquid but the
range of its viscosity that had the main impact on the lack of agreement between the experimental
data and this map. Ulbrich’s map was developed on the basis of a very extensive range of the
author’s investigations and the data published in the literature. The viscosity of all liquids flowing
through the two-phase mixtures in the data bank did not exceed 46 mPa-s. Viscosities of non-
Newtonian liquids used in our experiments were much higher.

Fig. 9 shows a comparison of our experimental data with generalised Spisak’s map (1986). This
generalisation consisted in a slight displacement of the boundary lines, separating particular flow
patterns on original Spisak’s map. In the original study, the author presented only a graphic form
of the map. The boundary lines of the proposed generalised map that separated the ranges of
different flow patterns, can be easily described by equations given in Table 2. The area concerning
a disturbed slug flow can be easily distinguished on this map. The broken line represents a
boundary between the slug and disturbed slug flow.

Very good agreement of the proposed map with experimental data, reaching about 92%, was
obtained, although the map was prepared on the basis of the map for the two-phase flow of
Newtonian liquid of viscosity exceeding 100 mPa-s—cf. Fig. 9.
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Fig. 9. Comparison of the flow patterns observed in investigations with Spisak’s map (1986). Notation of flow pattern

as in Fig. 1.
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Table 2

Equations describing boundary lines of modified Spisak’s map
Boundary between regions Equation
Bubble-Slug (B-S) y=0.0685-x10
Slug-Disturbed Slug (S-DS) y=0.335.x70%
Disturbed Slug-Froth (DS-F) y =0.556 - x702
Froth-Annular (F-A) y=10.25- x99

It is known that in the case of non-Newtonian liquid, its viscosity depends on the shear rate. An
exact definition of the shear rate is possible only in the simplest flow geometries (a pipe, the space
between coaxial cylinders, the space between the cone and plate) and in the case of one-phase flow
only.

For the flow of a two-phase system, at a stochastic flow of bubbles in the non-Newtonian li-
quid, it is infeasible to define the real shear rate in the liquid, i.e. real viscosity of the liquid and
viscosity of the two-phase system.

To assess viscosity of a non-Newtonian liquid in two-phase flow and to compare its range with
the viscosity of a Newtonian liquid used in Spisak’s map we used the effective viscosity calculated
from Eq. (3)

(o) 3
Hefr = d

Such calculated values of the effective viscosity were used in several works concerning the two-
phase flow of gas and non-Newtonian liquids, among others Farooqi and Richardson (1982),
Heywood (1976) and Farooqi (1981).

The range of effective viscosity in the performed investigations was as presented in Table 3.
Hence, all liquids used in the tests had effective viscosity higher than 100 mPa-s which corresponds
to the conditions of Spisak’s map (1986).

The results presented above confirm the general principle that flow rates of the liquid and gas
phases have a decisive effect on the flow structure being formed (Mandhane et al., 1974; Weisman
et al., 1979; Troniewski and Ulbrich, 1984; Dziubinski, 1992). Liquid viscosity starts to affect
greatly the type of flow structure only for the viscosity that exceeds 100 mPa's. This has been
confirmed by many authors (Mandhane et al., 1974; Weisman et al., 1979; Govier and Aziz, 1982;
Dziubinski, 1992; Fidos, 2001).

Table 3
Effective viscosity of tested experimental media
e [mPacs]
d =253 mm d =40.6 mm d = 50.5 mm

103-436 124-452 138-394
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4. Conclusions

1. During the flow of multi-phase mixtures with non-Newtonian liquids, the same flow structures
are observed as in the case of two-phase Newtonian liquid—gas flow.

2. In the experiments carried out for solid particle concentrations lower than 17.8wt.%, these par-
ticles had no significant effect on the type of flow being formed.

3. The applicability of generalised Spisak’s map (1986) for the three-phase flow of non-Newtonian
liquid—gas—solid particles was fully confirmed for the case when effective liquid viscosity was
higher than 100 mPa-s.

4. It was found that non-Newtonian features of liquids had a negligible effect on the type of the
two-phase flow structure. The most important appeared to be the apparent velocities of liquid
and gas flow. Similar observations were made for the flow of two-phase mixtures of non-New-
tonian liquid—gas in horizontal pipes (Dziubinski, 1992).
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