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Abstract—The vertical two-phase cross-flow was studied on the shell side of a horizontal tube bundle.
The section used consists of 5 tubes with 20 mm dia. The tubes are arranged in 10 rows on a square pitch
with a pitch ratio of 1.5 in a rectangular shell. Adiabatic flows of air-water mixtures were tested in a
large superficial velocity range, for liquid (0.001-0.65 m/s) and for gas (0.047-9.3 m/s), respectively. Flow
patterns were established and visual observation together with photographic data and a video-film were
used. These results, existing flow pattern data and flow pattern maps for the cross-flow in tube bundles
were employed to work out a general flow pattern map.
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INTRODUCTION

As opposed to gas-liquid two-phase flow in tubes, which is rather well examined, investigations
concerning the flow on the shell sides are incomplete. Such a case is often met when the phase
change (boiling, condensation) occurs on the shell side of a shell-and-tube heat exchanger.
Then the exchangers play the parts of boilers, steam generators and nuclear reactor coolers. The
hydrodynamics of gas—liquid two-phase flow on the shell side of a heat exchanger was examined
at the NEL Laboratories (Sutherland & Murray 1969; Grant & Murray 1972, 1974; Grant &
Chisholm 1979). Finally, Chisholm collected a great deal of data and presented them in a
monograph (Chisholm 1983).

Although Ishihara et al. (1980) have tackled the problem of calculating the pressure drop,
interest in two-phase flow on the shell side has only become evident recently, e.g. the works by
Schrage et al. (1988) and Dowlati et al. (1990a, b).

Special attention should be paid to the general tendency to refer the methods of calculation for
the pressure drop and gas void fraction, as well as the methods determining the flow patterns for
the flow on the shell side, to two-phase flow in pipes. The reader should be warned, however, that
it is problematic to transfer these dependences simply. For example, for flow in a pipe, according
to the Lockhart & Martinelli (1949) method or the Muller-Steinhagen & Heck method (1986), the
two-phase mixture pressure drops are determined on the basis of the single-phase pressure drops
when either phase flows separately. Single-phase fraction factors are computed for two distinctly
separated regions (laminar and turbulent flows) from the simple dependence

4 =CRe, (1]

where C is constant, n is a power and Re is the Reynolds number. For laminar flow, C = 64,
n = —1; whereas for turbulent flow, C = 0.3164, n = —0.25. A rough analysis of the dependence
{ =f(Re) for tube bundle cross flow (VDI 1977; HEDH 1983) has already shown that this is a
case which is far too complicated and too difficult to be described simply.

If, for the one-phase flow in the staggered arrangement, the exponent in the equation

{ =CRe” 2]

changes monotone from —1 to 0, then for the in-line tube arrangement, particularly in the region
where the Reynolds number occurs the most frequently (Re = 102 to 2.10%), it is difficult to discover
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any regularities. Consequently, it is controversial to apply the regular dependence to the

Lockhart-Martinelli parameter
1 — x\%9 0.5 03
o () G ) :
X P Ha

for cross-flow across a tube bundle, as it is obligatory only when the exponent in [1] is equal to
n = —0.2. In [3], x is the gas mass ratio, p; and p, are the density of the gas and liquid and 74
and #n_ are the dynamic viscosity of the gas and liquid, respectively.

The possible cases of two-phase mixture flow on the shell side are supplemented by the flow
along the tube bundle, which takes place under certain conditions, and also when the shell side
is provided with cross-segmental baffles and longitudinal flow is accomplished in the baffle window.
Investigations on flow patterns in the flow along a tube bundle were conducted by Bergles et al.
(1968), Williams & Peterson (1978), Venkateswararao er al. (1982) and Haquet et al. (1991).
The flow along a tube bundle concerns the flow across a complex geometry cross-section and yet
it is constant and invariable along the channel length. The flow pattern map, worked out by
Venkateswararao et al. (1982) for flow along a tube bundle, which shows good agreement with
various experimental data, can be accepted as satisfactory.

In contrast, for tube bundle cross-flow, whose cross-section may be assumed as a rectangle
with the sides constituting the length of the tube and a gap between the tubes, its surface (in-line
arrangement) and direction (staggered arrangement) can change with great frequency.

Tube bundle cross-flow is also observed in bubble or fluid columns when heat exchanger tube
bundles are introduced into traditionally empty tubes (in which gas bubbles flow through stagnant
or circulating liquid), in order to supply or receive heat energy (Korte et al. 1988; Steiff er al. 1991).
The range of phase velocities in this kind of tube bundle arrangement differs completely from that
in two-phase flow in heat exchangers in the phase change process. By way of analogy to two-phase
flow in a pipe, we observe one-component flow (e.g. water-steam, where velocities are limited by
the heat exchange process) or two-component flow (e.g. water—air where velocities result only from
the quantity of fluxes conveyed to the apparatus).

Recent results on tube or tube bundie vibrations induced by tube bundle two-phase cross-flow
are given by Hara (1984, 1987, 1988), Pettigrew et al. (1988) and Jatzlau (1990). These studies are in
connection with the problem of excitation of tube bundle vibrations and the possibility of damage
occurring which may be dangerous in some applications (nuclear power engineering). So far, all
works on this subject have considered a homogeneous flow model which is imprecise and which,
from the point of view of the hydrodynamics of multiphase flow, should be treated as a first rough
approximation.

The first map for tube bundle cross-flow was presented by Grant & Murray (1972) (figure 1).
The investigations were conducted with a model which was a rectangular shell, in which 39 tubes,
each of dia 19 mm, were placed in a staggered arrangement with a pitch equal to 1.25 tube
diameters. Three segmental baffles give four passes. On the basis of visual observations, three flow
patterns were distinguished: dispersed (spray), bubbly and intermittent flows. In the work by Grant
& Murray (1972) the results were presented in the arrangement proposed by Baker (1954), however,
since the work by Grant (1973) the flow pattern map has commonly been presented in the
coordinate system, as modified by Bell ez al. (1970):

0.5
wh = U <Z~) (4]
L
and
0.33
u:‘L=usL—(p“3:) , [5]

where o is the surface tension. The narrow range of application of the map is remarkable: for liquid
velocities this range (maximum to minimum ratio) is 10, whereas for gas it is 20. Kondo &
Nakajima (1980) studied the narrow range of application of the map proposed by Grant & Murray
(1972) and found that it may not be used to analyze hydrodynamic phenomena occurring in
thermosiphon reboilers. Also, in the case of fluid columns, the range of their work is outside the
range of application of the map presented by Grant & Murray (1972).
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Figure 1. Flow patterns and the flow pattern map for vertical air-water two-phase flow across a tube
bundle proposed by Grant & Murray (1972) (B—bubble, I—intermittent, D—dispersed flows).

Superficial velocities occurring on the coordinate axes should, in the case of tube bundle
cross-flow, be treated as the velocities which have reference to the overall cross-section flow but
not to the region occupied by a given phase at any one moment. The minimum cross-sectional area
between tubes is generally assumed as the cross-section flow.

The map proposed by Grant & Murray (1972) was also used by Pettigrew et al. (1988) after
transposing it into the coordinate system

K = (1 _ e)"’ ( oL >0.4 (ﬂ )o.n -
€ PG y[e

Pc U
ud¥ = , (7
© 7 [dugpa(pL — po)I*

where u is the superficial gas velocity, g is the acceleration of gravity, € is the homogeneous
gas void fraction and d, is the hydraulic diameter, interpreted as a double gap between tubes

d, =2(t — d). [8]

The boundary between bubble and intermittent flow was also determined by Pettigrew et al.
(1988). They propose that, for ¢ = 0.9, the transition from bubble to intermittent flow takes place.
It seems that this value is greatly overestimated. For water—air flow the homogeneous void fraction
¢ = 0.9 corresponds to the gas void fraction determined by the Stomma (1979) method ¢ = 0.7. The
value is considerably overestimated if it concerns two-phase flow in a pipe, where ¢ = 0.50 to 0.52
is generally assumed for the transition boundary from bubbly to intermittent flow.

Jatzlau (1990) presented the results of his own research for a one-component Freon-12 mixture
two-phase flow under high pressure in the arrangement modified by Pettigrew ez al. (1988), and
he found good agreement for the transition between bubble and intermittent flow.

and
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Figure 2. Flow pattern map for vertical upward gas-liquid two-phase flow in a tube proposed by Taitel
et al. (1980); d =20 mm, P = 1 bar, T = 20°C (B—bubble, DB—e¢longated bubble, P—plug, F—frothy,
A—annular, D—dispersed flows).

Many attempts have already been mentioned which attempted to correlate the results of
investigations for tube bundle cross-flow by using methods valid for flow in a pipe. A fact which
encourages this procedure is the successful attempt to adapt a theoretical model of flow pattern
maps proposed by Taitel er al. (1980) (figure 2) for longitudinal flow along a tube bundle
(Venkateswararao et al. 1982).

It seems that it is possible to assume, as an extreme simplification, that tube bundle cross-flow
occurs in a rectangular channel with hydraulic diameter 4, and with velocities concerning the
section between the tubes. In such a situation, the model proposed by Taitel et al. (1980) is worthy
of consideration, but one must take into account the fact that some flow patterns in a pipe do not
appear in tube bundle cross-flow.

The second extreme case, considering rather large dimensions in the channel cross-section, is the
treatment of the entire apparatus as a fluid column free from a tube bundle. Such flow conditions
exist before and behind the tube bundle. A very interesting analysis of such a two-phase flow is
given in the work by Sollychin ez al. (1991), where two-phase flow in a bubble column is analysed,
for the first time, under conditions different from typical bubble columns (liquid is the continuous
phase).

Results of the investigations of two-phase flow patterns concerning tube bundle cross-flow
are presented in table I; data which concern cross-flow in tube bundles of an archaic form (a
single tube, a tube row or a series of single tubes) are also listed. Practically all the investigations
concern a water—air mixture and the majority refer to bubble flow. In figure 3 the results of
the investigations listed in table 1 are compared with the flow pattern map proposed by Grant
& Murray (1972). A significant number of points lie outside the range of the transition lines
proposed by these authors, which compels one to extrapolate the lines—frequently in a perilous
manner.
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Figure 3. Comparison of the data presented in table | with the flow pattern map of Grant & Murray
(1972): (a) bubble flow; (b) intermittent flow; (c¢) dispersed flow.
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Figure 4. Comparison of the data presented in table | with the flow pattern map of Taitel er af. (1980):
(a) bubble flow; (b} intermittent flow: (c) dispersed flow.



VERTICAL TWO-PHASE CROSS-FLOW IN A TUBE BUNDLE 257

The results of the statistical calculations of the agreement between the flow patterns observed
and those plotted on a flow pattern map are presented in tables 2(a) and 2(b). In the case of
the extrapolation of boundary lines in a manner very similar to that applied by Schrage et al.
(1988), nearly 46% of the points show agreement between the observed and plotted flow patterns
[table 2(a)]. In the case of application of the flow pattern map proposed by Grant & Murray (1972)
with some restrictions (restriction to the area tested by these authors), only about 15% of the data
from the total number show agreement, whereas almost 80% of the points appearing in the area
tested by Grant & Murray [in table 2(b) excepting points UN—unknown flow pattern] show
agreement between the observations and the flow pattern map. This distinctly confirms that the
extrapolation of boundary lines outside the tested region is very risky.

In the case of the map proposed by Taitel er al. (1980) (figure 2), after taking into account the
fact that flow patterns DB and B occur as bubble flow pattern, flow patterns P and F occur as
intermittant flow pattern and flow pattern AD occurs as a dispersive flow pattern, the area in which
an intermittent flow pattern occurs [figure 4(b)] is relatively well-mapped. Almost 50% of the points
show agreement between the flow observed and that plotted on the flow pattern map [table 2(c)].

Thus, based on the data presented in table 1, the flow pattern map of Grant & Murray (1972)
(figure 1), for tube bundle cross-flow, is not statistically better than the flow pattern map of Taitel
et al. (1980), for flow in a pipe.

The facts presented above encouraged the present authors to investigate the range of occurrence
of two-phase flow patterns for tube bundle cross-flow.

EXPERIMENTAL APPARATUS

The flow apparatus was designed to allow adiabatic flow experiments with air-water mixtures.
The apparatus is illustrated schematically in figure 5. Air is supplied from a compressed air storage
tank and flows through a pressure regulator and a preselected rotameter to an air—water mixing
chamber. The air flow rate was controlled by a valve located at the inlet of the rotameter and
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Figure 5. Schematic diagram of the experimental apparatus (TS—test section, ES—mixing chamber,
WT—water tank, P—pump, C-—compressor, AR—air rotameters, WR-—water rotameters, VK—
video-camera, BP—bypass, SGT-—strain gauge transducer, IM—inverted manometer, R—regulator,
TR—transient recorder, IBM—personal computer, T-—temperature sensor, P—pressure sensor).
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Figure 6. Test-section assembly.

the air pressure was monitored with a Bourdon gauge. Water stored in a tank was pumped
through rotameters into the mixing chamber at the bottom of the test section. The two-phase
mixture travelled through the mixing chamber and transparent vertical rectangular test section
(150 x 200 mm and 650 mm long) containing the rod bundle and passed through a 100 mm i.d.
nozzle into an open-top separator tank. Air went to the atmosphere and water returned to the
reservoir.

The tube bundle, illustrated in figure 6, consists of 10 rows of 5 tubes, each 200 mm and
20 mm o.d. and arranged in line with a pitch of 30 mm. Air was injected through the inlet nozzle
(100 mm i.d.) or through 5 tubes: 200 mm long and 20 mm o.d. with 60 holes of 2 mm i.d. at the
bottom of the tubes. The 5 tubes were arranged in line on the plane. The clearance of tubes was
equal to the tube gap in the bundles. Water was fed through a bend with 50 mm i.d. The mixing
section consisted of inlet nozzles at the entrance to the test section and a series of 5 wire meshes
as a tranquilization screen. Flow straightners, in the form of slightly divergent, 150 mm long plates,
were located above the screen and 75 mm from the bottom of the tube bundle. The top of the tube
bundle was located approx. 300 mm below the exit nozzle. The air and water temperatures in the
flowmeter and in the reservoir were measured with thermometers based on the electrical
conductivity. The water temperature in the reservoir was adopted as the characteristic temperature
of the air-water mixtures, since the difference in the water temperatures between the reservoir and
the separator was <1°C.
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In order to obtain pressure drop data free of end effects, a differential pressure transducer
(Sensotec model TJE with a range of 0—10 kPa) was connected to the pressure taps located above
the second and below the ninth row, respectively. All pressure-sensing lines were purged free of
air bubbles before each test run and the signals were stored. The pressure drop in the test section
was monitored, using a pressurized air-over-water manometer which was modified so that it could
be inclined from a vertical position for improved accuracy during low pressure drop measurements.

The flow patterns in the tube bundles were identified by means of visual observations and
photographic techniques using a 35 mm still camera and an 8 mm video-camera. The visualization
of flow revealed that the air—water flow was well-mixed before it reached the first row of tubes.

The experiments were conducted at near-atmospheric pressure (101-140 kPa) under the
following conditions:

u = 0.047 to 9.3 m/s,

ug =0.0011 to 0.65m/s,

gr = 1.6 to 650 kg/(m?s),
x = 0.0001 to 0.89

and
¢=10.11 to 0.99;

where gr is the total mixture mass velocity. The temperature of the mixture was about 20-30°C
for all tests. The estimated uncertainty in the flow rate measurements is 2-5%.

Bypassing of the tube bundle inside the shell is usually eliminated by attaching half-tubes to the
shell. Using a suggestion presented by HEDH (1983), a test section without half-tubes exposed to
the flow was built. The very good agreement between the measured values of the frictional pressure
drop for one-phase flow with those calculated by the new methods of Fuji & Shinzato (1980) and
Gaddis & Gnielinski (1985), showed that bypassing did not occur.

PATTERN DEFINITION

Considerable differences exist between the definitions of gas-liquid two-phase flow patterns in
various studies. In many instances, the definitions are not clear and comprehensive. Such a situation
also prevails in the relatively well-tested case of flow in a pipe. The extent of this problem is
mentioned in the works by Nguyen & Spedding (1977) and Spedding & Nguyen (1980), who point
out the inconsistent nomenclature which very often makes comparison of the results of various
authors difficult. They also explain the existing state caused by the occurrence of intermittent flow
patterns.

The fact that flow on the shell side of a cross tube bundle has some common features with the
other better-tested cases of two-phase flow is a reason for making use of those experiments. When
working out the definitions of flow patterns, the following cases (according to their priority) were
considered:

(a) Studies of flow patterns in tube bundle cross-flow which have been carried out
to date and, in particular, the works by Grant & Murray (1972), Kondo &
Nakajima (1980) and Pettigrew er al. (1988).

(b) Comparative works for flow in a pipe (Nguyen & Spedding 1977; Speeding &
Nguyen 1980; Troniewski & Ulbrich 1984b).

(¢) Flow along a tube bundle (Venkateswararao et al. 1982).

(d) Flow in rectangular channels and singularities of the flow with regard to flow
in a pipe (Mishima er al. 1991; Troniewski & Ulbrich 1984a).

(e) Two-phase flow in a large volume which is the shell of the apparatus. This occurs
in the zone before and behind tube bundle (Sollychin et al. 1991).

Because flow pattern identification by means of visual observation is subjective it is essential that
flow patterns should be defined in detail.
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After studying the results cited above and after carrying out visual obserations, using
photographic techniques and a video-camera, for a wide range of gas and liquid volume fluxes with
the setup in figure S (examples of the photographs are shown in figure 7), the following classification
of flow patterns was proposed:

Bubble (B)—Dispersed gas distributed as discrete small bubbles in the continuous
liquid phase, whose diameters are less than the characteristic spacing between the
tubes and generally uniform in size. The shape of the bubble is near eliptical. With
an increase in the gas and liquid velocities, the number of bubbles grows to fill the
entire channel cross-section. Eliptical bubbles are found to change as if they were
pressed against the wall, as the bubble size is larger than the tube clearance. It is very
important that liquid flows as the continuous phase without any local oscillation.
Intermittent (I)—This flow is characterized by an irregular alternating motion of the
liquid and gas. The direction of the liquid flow changes in an erratic and irregular
manner from upflow to downflow and vice versa. Liquid flows downward not only
as a film but also as units of liquid which occupy much of the cross-sectional area.
Gas flows not only as spherically or elliptically capped bubbles but also as large
flattened and irregular bubbles, whose height is several times greater than the tube
diameter and their width is equivalent to the tube clearance.

Dispersed (D)—This flow is characterized by regular dispersed droplets which are
carried out the gas, initially above the tube bundle, and then also between the tubes.
Part of the liquid flows as irregular moving units and this flow pattern is called
intermittent—dispersed (ID), or liquid flow as a thin film, with surface waves occupying
the tube wall or the shell wall [annular-dispersed flow (AD)]. The case where the entire
flux of liquid flows as droplets is possible but is difficult to accomplish.

Figure 8 presents the proposed classification of flow patterns.

2
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Figure 8. Flow patterns in vertical upward flow across a tube bundle.
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The problem of the subjectivity of visual evaluation, discussed by many authors (Drahos &
Cermak 1989; Ulbrich 1989) is often solved by analysis of the changes in the gas volume fraction
over time or indirectly by investigations of the changes over time of parameters such as the pressure
on the wall, the pressure drop, the temperature etc. (Hubbard & Dukler 1966; Drahos & Cermak
1989; Ulbrich 1989; Heck & Buchholz 1988; Hofmann & Gasche 1988).

Researchers in this area seem to have ignored the paradox that in of all the works proposing
a method of objective evaluation of flow patterns, the methods were verified by comparison with
the results of visual observations! It seems that such a procedure, visual observation supplemented
by objective evaluation of a flow pattern is the most preferred when it is possible to apply it and,
particularly, at the stage of laboratory tests.

For the needs of the present paper, the measurements of the two-phase mixture pressure drop
were used as a parameter characterizing the fluctuations of the phase volume fraction. Figure 9
presents the fluctuations of the pressure drop over time for three hydrodynamic conditions,
analogous to the flow patterns presented in figure 7. The nature of the variations of the pressure
drop over time for an intermittent flow pattern differs distinctly from those for other patterns.

Comparing the mean value of the pressure drop AP,¢ and the standard deviation of the pressure
drop s(AP,:) with the hydrostatic pressure drop for an apparatus filled only with liquid, p, gH,
where H is the height between the pressure taps, it is possible to distinguish clearly bubble and
dispersive flow patterns. This way of estimating a flow pattern, when the differential pressure is
normalized by the differential pressure of a static fluid column, was applied by Matsui (1984) and
Tutu (1982) for two-phase flow in a vertical pipe.

RESULTS

On the basis of the classification of flow patterns presented in figure 8, a two-phase flow pattern
in tube bundle cross-flow was visually estimated. The visual observation was supplemented by
fixation of images by means of photographic techniques (figure 7) and a video-camera. In the case
of filming it was possible to re-evaluate a flow pattern, which was very important for cases when
the local velocities exceeded 1 m/s and visual estimation was very difficult. By evaluating the flow
patterns, variations of the pressure drop over time were registered. As has already been mentioned,
the nature of the variations of the pressure (pressure drop) over time is characteristic of a particular
flow pattern (figure 9). By visual estimation of the variations of the pressure drop over time,
exposed on a computer screen, and by defining basic stochastic parameters (the mean value and
the standard deviation normalized by the differential pressure of the static column, the skewness
and the flatness coefficient), they were finally compared with the results from visual observation
of a two-phase flow pattern.
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Figure 10. Observed flow patterns in the tested flow rate range.
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By grading the superficial velocities of the gas and liquid in geometrical progression, equal
distances between particular points were obtained on the flow pattern map (figure 10) whose
coordinate axes are logarithmic.

The gas and liquid velocities are calculated in the minimum shell side cross-section (i.e. in the
gap between the tubes) and although the velocities are maximal, because the phase volume fluxes
concern the overall cross-section in which the mixture flows, they are still called superficial
velocities.

The superficial velocities of air and water were changed in the range u,; = 0.047 to 9.3 m/s and
ug =0.0011 to 0.65 m/s, respectively, to give a large area on the map for which the maximum to
minimum velocity ratio is 125 for air and 400 for water.

DISCUSSION

Figure 11 compares the results of the present authors with the flow pattern map proposed by
Grant & Murray (1972). All points identified as an intermittent flow pattern show agreement with
the flow pattern map [table 3(a)], whereas practically all points identified as a bubbly flow pattern
are situated on the flow pattern map in the region of an intermittent flow pattern. Also, a large
part of the points identified as a dispersed flow pattern lies in the area of an intermittent flow
pattern. Statistically, <50% of the points show agreement between the observed flow pattern (more
precisely, identified since visual observation was supplemented by an analysis of the fluctuation of
the pressure drop) and that plotted according to the flow pattern map proposed by Grant & Murray
(1972), which is an unsatisfactory result. One of the reasons for such relatively low agreement
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Figure 11. Comparison of the data presented in table I with the flow pattern map of Grant & Murray
(1972).

Table 3. Statistical analysis of flow pattern predictions for our data: (a) Grant & Murray (1972); (b) Taitel ez al. (1980)

(a) Data: own, TBH-2PhV-d20-t30-in line (b) Data: own, TBH-2PhV-d20-t30-in line
Flow reg. map: Grant & Murray (1972) Flow reg. map: Taitel et al. (1980)
Exp. flow pattern Exp. flow pattern

No. of data points B I D  Sum No. of data points B I D  Sum

Pred. flow pattern B [Il 0 0 9 Pred. flow pattern B ] 18 68
1 110 17 207 I 84 6 155
D o o0 [ 7 7 D 0 o [ 0] o
UN 0 0 0 0 UN 0 0 0 0
Sum 119 80 24 223 Sum 119 80 24 223

43.0% of data points are predicted correctly 44.8% of data points are predicted correctly
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Figure 12. Comparison of the experimental data with the flow pattern map of Taitel et al. (1980).

may be the problem connected with the extrapolation of the transition lines on the flow pattern
map proposed by Grant & Murray (1972), which was discussed when the flow pattern map was
compared with the literature data (figure 3) and which is a serious drawback of this map (narrow
range of changes of the volume fluxes of both phases).

In figure 12 the results of the present authors are compared with the map of Taitel ez al. (1980),
this was made possible by assuming that two-phase flow occurs in a rectangular channel with a
hydraulic diameter equal to a double gap between the tubes and that flow patterns B and DB are
for flow on the bubble pattern shell side, P and F are for intermittent flow and AD is for dispersive
flow. As before, <50% of the points show agreement between the observed flow pattern and that
plotted on the basis of the flow pattern map.

Since for both flow pattern maps the comparison with our results (figures 11 and 12, table 3)
and with the literature data (figures 3 and 4, table 2) is not satisfactory, we decided to work out
a new flow pattern map. Because of the absence of results for mixtures other than air-water, we
decided to construct flow pattern maps in the most natural coordinate system whose parameters are
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Figure 13. Comparison of the flow pattern maps for vertical upward gas-liquid two-phase flow across
a tube bundle.
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the superficial velocities of both phases. Attempts to include the influence of physical parameters,
such as the gas density pg, the liquid density p;, the gas viscosity g, the liquid viscosity 7, or
the surface tension ¢, upon the position of the transition lines of the flow pattern map for tube
bundle cross-flow were restricted to the corrections determined by Baker (1954), despite the fact
that his work concerned gas-liquid two-phase flow only in a horizontal pipe.

Figure 13 compares, after transformation on the flow pattern map proposed by Taitel et al.
(1980) (since the map was worked out on the basis of theoretical considerations it is regarded as
a standard and is practically a reference point for all the works published after 1980) the flow
pattern maps, quoted in the literature, for vertical tube bundle cross-flow.

The three flow pattern maps proposed by Grant & Murray (1972), Grant & Chisholm (1979)
and Pettigrew et al. (1988) are practically identical and they differ only in the coordinate system
used. The coordinate system used in the work by Grant & Chisholm (1979) is commonly applied,
including the case of horizontal flow (Grant & Murray 1974), whereas Pettigrew et al. (1988)
transposed the map proposed by Grant & Murray (1972) into another system and, in addition,
verified the position of the boundary between bubble and intermittent flow.

For a quite different range of gas and liquid superficial velocities, for which Grant & Murray
found an unstable regime in the laboratory exchanger tested by them, Kondo & Nakajima (1980)
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Figure 16. Comparison of the data presented in table 1 with the proposed flow pattern map.
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Table 4. Statistical analysis of flow pattern predictions with the proposed flow pattern map: (a) our data, (b) data listed in

table 1
(a) Data: own, TBH-2PhV-d20-t30-in line (b) Data: total
Flow reg. map: this paper Flow reg. map: this paper
Exp. flow pattern Exp. flow pattern

No. of data points B I D Sum No. of data points B I D Sum
Pred. flow pattern B 1 0 116 Pred. flow pattern B 22 0 489

I 4 0 8l I 28 6 118

D 0 2 26 D 14 21 60

UN 0 0 0 0 UN 0 0 0 0

Sum 119 80 24 223 Sum 509 127 31 667

96.9% of data points are predicted correctly 86.4% of data points are predicted correctly

conducted experiments and obtained results different from those presented by others. It is
interesting, however, that the flow pattern map proposed by Kondo & Nakajima (1980) is similar
to a certain extent to that presented by Taitel er al. (1980), and the ranges of occurrence of plug
and froth flow patterns are covered quite well. Still further information is supplied by comparison
of the ranges of occurrence of particular flow patterns, which are presented in figure 14. Although
it is impossible to determine their boundaries exactly, it is astonishing to notice the general tendency
that the supplementary data, given by Grant & Murray (1972) and Kondo & Nakajima (1980),
in the sense of the regions of occurrence of particular flow patterns, are of similar shape to on the
map presented by Taitel ez al. (1980).

After analysing the results of our research (figure 10) and including the results of the comparison
of flow pattern maps (figures 13 and 14), we propose the flow pattern map presented in figure 15.

In figures 16 and 17 the results of our experiments are compared with data from the literature
using a general flow regime map. The very good agreement of our data is evident [table 4(a)],
also high agreement with the literature data listed in table 1, estimated as >85% [table 4(b)], is
an objective evaluation of the accuracy of the proposed flow pattern map. It is only proper to point
out that agreement in the range of 85% is very seldom achieved for two-phase flow in a pipe and
a similar result was accepted as satisfactory by McQuillan & Whalley (1983).

In order to propose a general flow regime map, in figure 18(a) the transition lines for bubble
flow are compared with various flow pattern maps presented by:

e Grant & Murray (1972), for tube bundle cross-flow.

Pettigrew et al. (1988), for tube bundle cross-flow, assuming that the boundary
between bubble and intermittent flow appears for a homogeneous gas void
fraction of ¢ =0.9.

o Taitel et al. (1980), Mishima & Ishii (1984) and Barnea (1986), for chosen
theoretical analyses for two-phase flow in a pipe, after assuming that tube bundle
cross-flow occurs in a rectangular channel with a hydraulic diameter equal to
double the gap between the tubes.

e Spedding & Nguyen (1980), for flow in a vertical pipe. These authors treated the
problem of intermittent flow very scrupulously.

The transition lines for dispersive flow are compared in figure 18(b) with various flow pattern
maps:

¢ Hofman & Gasche (1988), for bubbly column flow, where the boundary is not
sharp but is presented as a zone.
Mishima et al. (1991), for vertical flow in a narrow rectangular duct.

e Grant & Murray (1972), for tube bundle cross-flow.

o Taitel et al. (1980), Mishima & Ishii (1984) and Barnea (1986) [as in figure 18(a)].

Although complete agreement is not achieved, and it would be difficult to evaluate this
comparison with respect to quantity, the general course of the boundary lines is maintained.
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Figure 18. Comparison of the predictions of the present work with other flow pattern maps: (a) the
transition to bubble flow; (b) the transition to dispersed flow.

CONCLUSIONS

The flow pattern map, proposed on the basis of our resuits and the analysis of flow pattern maps
cited in the literature, correlates well with the literature data presented in table 1.

One should remember that a tube bundle is usually placed inside a cylindrical shell, whose length
is often close to the dimensions of a channel cross-section with regard to the flow. Thus, these
conditions stray considerably from the situation which takes place in two-phase flow in a pipe.
Frequently, the initial conditions of the flow, before and behind the tube bundles, can exert an
essential influence on the formation of the flow patterns. These factors and the multi-parameter
geometry of tube bundles (pipe diameter, pitch, number of rows, tube bundle arrangement, tube
bundle orientation) still require much further study.
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