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JERZY HAPANOWICZ!, LEON TRONIEWSKI! and STANISEAW WITCZAK!

Flow of two immiscible liquids in horizontal pipes

The results of investigations in flow patterns of two-phase liquid-liquid flows in horizontal pipes with
diameters of 12, 16 and 22 mm have been presented in the paper.

Water and two types of oil, i.e., machine oil, lighter than water, and tar oil, heavier than water, were
investigated. As a result of conducted studies, the observed flow patterns were described, defined and
named, moreover they were also systematized. The ranges of particular flow patterns have been presented

in the form of flow pattern maps.

-

1. Introduction

Compared with the other two-phase systems, one can encounter several va-
rious relations of the physical properties of phases in the liquid-liquid system
which is a mixture of two immiscible liquids. While considering only density and
viscosity of components, one may distinguish mixtures in which one liquid, that
constitutes the continuous phase, at the same time, will be a component of higher,
equal or lower density or viscosity than the other one, i.e., the dispersed phase.

Some difficulties in the description of two-phase liquid-liquid mixture flow
and also its rare occurrence, cause the experimental and theoretical studies on
the subject to be still incomplete.

Investigations of the systems of two-phase liquid flow, as have been hitherto
carried out, concentrated mainly on water-oil mixtures [1-5]. The density of oil,
used in examinations, was less or equal to the density of water, whereas in indu-
strial practice one can encounter flow of the two-phase liquid system where the
more viscous phase is, at the same time, a component of higher density.

A detailed analysis together with a comparison of the results of our studies on
the flow patterns in two-phase liquid-liquid flow are impossible to be presented

1Mechanical Department, Opole Technical University, S. Mikotajczyka 5, 45-233 Opole
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here on account of the limited space of the present paper. However, one may state
that up till now there has been a lack of generally-accepted uniform nomenclature
of flow patterns. The authors of publications on the subject give different names
to the observed flow patterns which makes both the comparison and utilization
of the results of their studies difficult.

The ranges of the occurrence of the determined flow patterns and also the
boundary lines between them are presented in the flow pattern maps, however,
there is a lack of one universal map for the liquid-liquid system. This results from
insufficient knowledge on the parameters directly affecting the formation of the
determined patterns as well as from the absence of uniform names and defini-
tions of particular patterns. Such a state of knowledge on the ranges of two-phase
liquid-liquid flows has determined us to undertake our own studies [6].

2. Experimental investigations

The experimental investigations of two-phase liquid-liquid flow were conduc-
ted for two liquid system utilizing water and two types of oil. The former was
the tar oil with the density of about 1200 kg/m? and with the viscosity of about
40mPa - s at the temperature of 20°C. The latter was the machine oil with the
similar viscosity and density of 915 kg/ m3. The two-phase mixture, formed in a
mixing chamber, flowed through a system of horizontal measuring glass channels
with the diameters of 12, 16 and 22 mm and each was 1.5 m long and then was
divided in a separator. The mixing chamber consisted of two pipes placed concen-
trically one in relation to the other. Oil flowed through the internal pipe (shorter
one) whereas water flowed through the annular cross-section. Each of the me-
asuring channels was equipped with the section stabilizing the flow of the length
of 100 pipe diameters. The formation of two-phase flow patterns was observed
in the light passing through pipe. Pictures of the channel section, which was 40
cm long, were taken. In additional, pressure drops were measured. The results of
measurements of pressure drops will be discussed in another paper.

For the water-tar oil mixture, the range of variations in flow rates was as fol-
lows: (0.5 +22.2) - 1075m?/s for water and (3.9 + 64.7) - 107°m?/s for oil. Such
ranges of variations in flow rates corresponded to the alterations to the superficial
velocity: (0.013 = 1.96)m/s for water and (0.01+0.57)m/s for oil. The oil fraction
varied in the ranges from 1.7% to 93%. For the two-phase systems, water flow was
both laminar and turbulent, whereas oil flow was only laminar. The laminar oil
flow resulted, in the main, from its high viscosity. The temperature of the system
was 20° &= 2°C.

Such ranges of flow rates permitted investigations to be carried out in the
following four cases:

e the continuous phase is characterized by higher density and viscosity than

the dispersed one,

e the continuous phase shows lower density and viscosity than the dispersed

one,
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e the continuous phase indicates higher density and lower viscosity than the
dispersed one,

e the continuous phase reveals lower density and higher viscosity than the
dispersed one.

3. Results of studies and their analysis

On the basis of observations of the variations occurring in two-phase liquid-
-liquid mixture flowing through the installation, some specific flow patterns, for-
med by particular phases, were distinguished, depending, in the main, on .their
flow velocities and fractions.

3.1. Water-tar oil flow

In water-tar oil mixture flow eight flow patterns were distinguished. They are
presented in Fig. 1. Their detailed description is given bellow:

Fig. 1. Flow patterns of water-tar oil mixture. 1 — dispersed oil flow, 2 — drops of oil, 3 — annular and
dispersed oil flow, 4 — stratified flow of both phases, 5 — stratified low and drops of oil, 6 — stratified and
dispersed oil flow, 7 — foam of both phases, 8 — drops of water.

e dispersed oil flow — small particles of oil, flowing through the entire pipe
cross-section, are drifted by water. This type of flow pattern occurs at high
water velocities with low oil fractions. Water is the continuous phase.

e drops of oil — oil forms spherical particles of various sizes, however, they
are not bigger than a half of the pipe diameter. The characteristic of the
flow pattern is such that oil structures flow along the “bottom” of pipe.
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The described pattern occurs at low flow velocities of both phases. Water
constitutes the continuous phase.

e annular and dispersed oil flow — oil forms a film on the pipe walls and at
the same time it flows as a dispersed form in the water stream. The pattern
occurs at the highest flow velocities of both phases. Water is the continuous
phase. It is probable (but not proved in investigations) that wettability of
the pipe material (glass) by oil has significant effect on the formation of this
pattern. :

e stratified flow of both phases — oil and water flow independently of each
other forming layers in the upper and lower parts of pipe. Their thickness
varies according to the phase fractions. The pattern occurs at the mean flow
velocities of both components. Water is the continuous phase in the upper
part of the pipe whereas oil in the lower one.

e stratified flow and drops of oil — on the surface of the layer of oil, flowing
along the “bottom” of channel, oil drops are formed which are at times wa-
shed away by water. The pattern was observed at higher flow velocities than
those for the typically stratified flow and with the similar phase fraction. In
this case two continuous phases are also distinguished.

e stratified and dispersed oil flow — in the upper part of pipe dispersed oil flow
occurs whereas in the lower one oil flows in the form of a layer of variable
thickness depending on the oil fraction. Such a pattern occurs at the mean
flow velocities of both liquids. The two continuous phases are distinguished.
Pure oil occurs in the lower part of pipe and water containing dispersed oil
occurs in the upper one.

e foam of both phases — water and oil form the intensively mixed two-phase
system. At times, the “clusters” of one of the phases may appear. The
pattern occurs at relatively high liquid flow velocities. The water fraction
is higher than the oil one. It is impossible, however, to determine visually
which of the phases is the continuous one.

e drops of water — water drops of various sizes are drifted in the continuous
oil phase. The pattern occurs with the high oil fractions and at its low flow
velocity. In view of opacity of tar oil it is difficult to determine the sizes of
water drops precisely.

3.2. Water-machine oil flow

On the basis of observations of variations occurring in the water-machine oil
flow, as many as 10 flow patterns were distinguished. There are presented in Fig.
2. Their names and detailed description are as follows:

e dispersed water flow — the pattern is identical to dispersed oil flow. Oil
constitutes the continuous phase;

e drops of water — water drops of various sizes flow in the continuous oil phase.
Oil is the continuous phase;
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WATER OIL

Fig. 2. Flow patterns of water-machine oil mixture. 1 — dispersed water flow, 2 — drops of water, 3 —
drops and plugs of water, 4 — dispersed oil flow, 5 — drops of oil, 6 — drops and plugs of oil, 7 — annular
and dispersed oil flow, 8 — stratified flow of two phases, 9 — stratified flow and drops of oil, 10 — stratified
and dispersed oil flow.

e drops and plugs of water — apart from water drops, like in case of drops of
water flow, plugs bigger than a half of the pipe diameter are formed. The
pattern occurs with the water fraction higher than that for drops of water
flow. Oil is the continuous phase;

o dispersed oil flow — the pattern is identical to that for the water-tar oil
system;

e drops of oil — oil drops flow in the continuous water phase. The pattern
occurs with the high water fraction and at low velocities of the phases.
Both the shape and size of an oil drop are the same as in the case of the
water-tar oil mixture;

e drops and plugs of oil — the pattern is analogous to that for water drops and
plugs of water flow, however, with the exchanged “roles” of both phases;

e annular and dispersed oil flow — the pattern is identical to that for the
water-tar oil system;

o stratified flow of two phases — oil and water flow independently of each other
forming layers in the upper and lower parts of pipe. The pattern is identical
to that for the water-tar oil mixture. However, locations of the phases in
pipe are exchanged;
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e stratified flow and drops of oil — the pattern is identical to that for drops
and dispersed oil flow in the water-tar oil system. Locations of the phases
in pipe are exchanged; :

e stratified and dispersed oil flow — the pattern is analogous to stratified and
dispersed oil flow in the water-tar oil system. Only the locations of the
phases in pipe are exchanged.

3.3. Discussion

As results from our experimental investigations the majority of similar flow
patterns occur in both two-phase systems.

In order to systematize the described flow patterns it is proposed to distin-
guish, according to Table 1, dispersed flows both for the water-machine oil and
water-tar oil systems. Although in the case of dispersed water flow one can expect
it only by the analogy, since it is difficult to identify this pattern. Furthermore, it
is proposed to distinguish several groups of flows such as drops of oil and water
flows, stratified and drop flow, stratified flow, stratified and dispersed flow and
annular and dispersed flow for both two-phase system and also flows of drops
and plugs occuring only in the water-oil system lighter than water and foam flow,
which occurs only for the water-tar oil system.

A lack of equivalents of some flow patterns in both two-phase systems re-
sults only from the fact that they were not observed during our investigations.
However, in the generalized systematization of flow patterns for the liquid-liquid
systems one should assume the possibility of occurrence of all proposed and all
known flow patterns in the two-phase mixture.

The ranges of occurrence of particular flow patterns are presented in flow
pattern maps. In view of the fact that the patterns, observed during our studies
of both two-phase systems, differ in their number and in the range of their oc-
currence, after many trials a decision was made to draw two independent flow
pattern maps for these two cases. For both mixtures, the ranges of particular
patterns were plotted depending on the ratio of superficial velocities of oil to wa-
ter, which was presented by the horizontal axis. On the other hand, the vertical
axis represented the superficial velocity of water (it includes the influence of the
channel diameter). Figs 3 and 4 present flow pattern maps for both two-phase
systems. As results from them, flow with small oil particles occurs with small
fractions of that phase and at high water flow velocities. Analogously, dispersed
water flow occurs with the low water fraction in relation to oil which constitutes
the continuous phase. These two ranges are seperated by the area of intermediate
flow patterns.

Although, the presented flow pattern maps do not contain strict boundary
lines, they may be instrumental in the estimation of the possible occurrence of
given patterns in pipes with the diameters from the range 12 + 22 mm when only
flow rates of the phases are known. An advantage of these maps is the fact that
they are valid for a wide range of superficial velocities of both phases, component
fractions and various relations of liquid densities.
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Table 1

Systematics of flow patterns of flowing water-oil mixture in horizontal pipe

RELATION OF DENSITY RELATION OF DENSITY
Pwater < Poil FLOW.PATTERN Pwater > Poil
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Fig. 3. Flow pattern map for water-tar oil mixture. Numbers of flow patterns according to Fig. 1.
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4.

Conclusions

As a result of the analysis of the collected experimental material, it is possible
to draw some general conclusions, namely:

the majority of the observed flow patterns occur in both two-phase systems
irrespective of the ratio of phase density;

in general, one can distinguish 8 groups of flow patterns (according to our
studies), however, flows of drops and plugs occur only in the water-machine
oil system and flow of foam exists only in the water-tar oil mixture;

as results from the analysis of flow pattern maps, the ranges of occurrence
of particular patterns slightly differ with each other;

the dispersed phase tends to form drops and plugs of big sizes together with
the decrease in the velocity of flow (with the increase in the channel diame-
ter). When the flow velocity of the continuous phase increases the dispersed
phase undergoes further dispersion. With the adequate phase fractions, the
system becomes fully homogeneous;

the difference in the ratio of density of both oils in relation to water, in the
main, affects the location of the phases in the channel;

the reason why all the flow patterns do not occur in both two-phase systems
has yet to be explained.

v
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Przeplyw dwéch nie mieszajacych sie cieczy w rurach poziomych

Streszczenie

W pracy przedstawiono wyniki badan dotyczacych struktur przeptywu dwufazowego dwdéch nie mie-
szajacych sie wzajemnie cieczy. Badania prowadzono w poziomych szklanych rurach o érednicy 12, 16 i
22 mm, wykorzystujac jako czynniki robocze wode i dwa rodzaje olejéw: olej maszynowy — 1zejszy od
wody olej smolowy — ciezszy od wody. Lepko$é obu olejéw byta do siebie zblizona. Rezultatem prac
bylo zidentyfikowanie, nazwanie i zdefiniowanie obserwowanych struktur przeptywu, a takze podanie ich
systematyki. W celu okredlenia zakreséw wystepowania poszczegélnych struktur, zaproponowano dwie
odrebne mapy przeptywu. ¢



