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Abstract

Two-phase ¯ow patterns and frictional pressure drop in a horizontal micro-rod bundle were
experimentally studied, using air and water. The rod bundle was 23 cm long and consisted of seven 3.17-
mm diameter rods arranged in a rectangular pattern with 3.71-mm pitch. The rod bundle hydraulic
diameter was 1.29 mm. The liquid and gas super®cial velocities in the rod bundle center covered the
0.03±5.0 and 0.02±4.0 m/s ranges, respectively. Six distinct ¯ow patterns were observed: bubbly, plug/
slug, froth, strati®ed±intermittent, annular±intermittent and annular. Complete strati®cation, bundle-
wide or in individual subchannels, did not occur. The frictional pressure drops were strongly ¯ow
pattern-dependent. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Microchannels with hydraulic diameters in the 0:1l±1:0l range, with l � ���������������������������
s=g�rL ÿ rG�

p
representing the Laplace length scale (where s is the surface tension, g is the gravitational
acceleration, and rL and rG are the liquid and gas densities, respectively) are of great current
interest. The application of microchannels in various miniature cooling systems is expected to
grow signi®cantly in the future. Micro-tube bundles can be used as highly e�cient miniature
heat exchangers and have been considered as the design for the target of the proposed
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Accelerator Production of Tritium (APT) system. The objective of the work reported here was
to experimentally investigate the gas±liquid two-phase hydrodynamics in a micro-rod bundle.
The two-phase hydrodynamic and heat transfer characteristics of ¯ow channels with

hydraulic diameters of the order of or smaller than the Laplace length scale, are known to be
signi®cantly di�erent than the characteristics of larger channels. Boiling and two-phase ¯ow in
microchannels have been studied rather extensively in the past. Issues that have been
addressed, include two-phase ¯ow patterns (Suo and Gri�th, 1964; Oya, 1971; Barnea et al.,
1983; Damianides and Westwater, 1988; Fukano and Kariyasaki, 1993; Triplett et al., 1999a)
two-phase pressure drop (Fukano and Kariyasaki, 1993; Inasaka et al., 1989; Ungar and
Cornwell, 1992; Bao et al., 1994; Triplett et al., 1999b), two-phase critical (choked) ¯ow (Amos
and Schrock, 1984; John et al., 1988; Ghiaasiaan et al., 1997; Geng and Ghiaasiaan, 1998), and
subcooled boiling (Peng et al., 1995). These, and other similar studies, generally con®rm that
micro-channels have signi®cantly di�erent characteristics than larger channels.
Two-phase ¯ow in rod bundles is of great interest due to its occurrence in nuclear reactors.

Current best-estimate system codes applied for nuclear reactor safety analysis often use
empirical two-phase ¯ow pattern maps with void fraction and mass ¯ux as parameters
(Pasamehmetoglu et al., 1990; RELAP5 Development Team, 1995; Paulson et al., 1996). Two-
phase frictional pressure drop in rod bundles, furthermore, is commonly calculated in the best-
estimate codes using correlations and methods that are primarily based on experimental data
obtained in tubes. These, and other similar correlations evidently may not be appropriate for
micro-rod bundles.
Horizontal rod bundles are used as fuel channels in CANDU nuclear reactors and their two-

phase hydrodynamic characteristics have been investigated in the past (Aly, 1981; Krishnan
and Kowalski, 1984; Osamusali et al., 1992). Partial strati®cation can readily occur in
horizontal rod bundles and can lead to dry out and critical heat ¯ux. The transition from
intermittent to strati®ed ¯ow pattern has therefore been the focus of the aforementioned
studies. The results of these studies, however, may not be applicable to micro-rod bundles.
Two-phase ¯ow in micro-rod bundles has not been investigated in the past.

2. Experiments

2.1. Apparatus

A schematic of the test loop is displayed in Fig. 1. During experiments, water from the
supply tank B, a 110-l stainless steel tank, ¯ows through the pump D, the heat exchanger E,
the metering valve G, and from there through either valve I (for low liquid ¯ow rates) or valve
J (for high liquid ¯ow rates). Upon leaving the ¯ow meters, water is mixed with air in the air±
water mixer U. The objective of the heat exchanger E is to dispose of the heat generated in the
booster pump D. The supply tank B can be pressurized by compressed air; however, for all
experiments reported here, ambient conditions were maintained on top of the water free
surface. Compressed air from a house line passes through the oil ®lter S and the regulator N,
and prior to entering the air±water mixer U, it ¯ows through a series of ¯ow meters and the
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®lter L. The air±water mixture leaving the test bundle, T, is discharged into the collection tank
P.
The air±water temperature and pressure are measured near the test section inlet by

thermocouple 10 and the absolute pressure transducer 9. The pressure di�erence between the
test section inlet and outlet is measured by the di�erential pressure transducer 11.
The cross-sectional con®guration of the rod bundle is displayed in Fig. 2. The rods form six

inner subchannels (subchannels 1±6), representative of rod bundles with triangular arrays, and
six peripheral subchannels (channels 7±12). The hydraulic diameter of the rod bundle is 1.29
mm.
Without appropriate precautions, a rod bundle's entrance e�ects can be signi®cant due to

their abrupt ¯ow area geometry change. Multiple rod bundles con®gured in series, with two or
more bundles placed upstream of the instrumented rod bundle, in order to eliminate entrance
e�ects, have previously been used (Krishnan and Kowalski, 1984; Osamusali et al., 1992). Due
to the very large pressure drops in micro-rod bundles, however, multi-rod bundles in series are
impractical. Extraordinary precautions were applied in the design of the test bundle ends, in

Fig. 1. The test loop. (B = stainless steel supply tank; D = booster pump; E = heat exchanger; G = metering
valve; N = regulator; P = collection tank; S = compressed-air oil ®lter; T=test section; U = mixer; 1, 2, 5 =
pressure gauges; 3.4 = water rotameters; 5, 6, 7, 8 = air rotameters; 9 = absolute pressure transducer; 10 =

thermocouple; 11 = di�erential pressure transducer.)
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order to minimize its end e�ects. Before entering the test section, the air±water mixture passes
through a short 10.31 mm-inner diameter cylindrical channel; a Te¯on cap with six parallel
holes; an annular ¯ow channel 5.7 mm long with 3.18 mm and 10.64 mm inner and outer
diameters, respectively; and a steel-end cap with 12 holes, each 1.59 mm in diameter. When the
test rod bundle is installed, these 12 small through holes become aligned with the 12 interstitial
subchannels in the rod bundle. The purpose of these components, all of which reside at the
inlet to the test rod bundle, is to minimize the rod bundle entrance e�ects. The test section exit
is similar to its entrance, only in reverse order. Further details can be found in Narrow (1998).
A digital video camera, connected via a parallel port to a personal computer's internal clock,

directly viewed subchannels 11 and 12 and subchannels 5 and 6, which were visible through the
transparent rod in front of them. All experiments were conducted using air and water at room
temperature.

2.2. Calculation of the rod bundle pressure drop

The pressure at rod bundle inlet, Pin, must be calculated using the measured pressure P1 at
the inlet pressure tap (see Fig. 1). This is done by assuming homogeneous and incompressible
¯ow in the four short ¯ow paths and their junctions, which separate the pressure tap from the
test rod bundle and are meant to minimize the test section entrance e�ects. The pressure drop
associated with each short passage is calculated using sudden-contraction and sudden-
expansion approximation with loss coe�cients calculated, following the recommendations of
Lahey and Moody (1993). A similar approach was used for obtaining the channel exit
pressure, Pout, using the measured pressure at the exit pressure tap.
In order to maintain the uncertainty associated with the empirical pressure loss coe�cients

reasonably low, a pressure drop data point was considered reliable only when the sum total of

Fig. 2. The micro-rod bundle cross-section.
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its inlet and exit irreversible pressure losses was smaller than 20% of the test section total
frictional pressure drop, DPf, exp:
The rod bundle inlet pressure, Pin, along with the gas and liquid volumetric mass ¯uxes, are

used as the inlet (initial) conditions for the solution of one-dimensional homogeneous mass and
momentum conservation equations representing the ¯ow in the rod bundle. For each test, by
inserting any speci®c correlations for two-phase ¯ow friction in the aforementioned momentum
equation, and numerically integrating the mass and momentum conservation equations over
the length of the test section, the total frictional pressure drop associated with that correlation
could be obtained.

3. Results

3.1. Flow patterns

Six distinct two-phase ¯ow patterns could be identi®ed in the experiments: bubbly, plug/slug,
froth, strati®ed±intermittent, annular±intermittent, and annular±wavy. Representative
photographs from each ¯ow pattern are depicted in Fig. 3 where ULS and UGS represent the
liquid and gas super®cial velocities. The gas and liquid super®cial velocity ranges over which
the aforementioned ¯ow patterns occurred, are shown in Fig. 4. In all photographs depicting
¯ow patterns, three channels are visible. The inner subchannels 5 and 6 in Fig. 2 are visible
through the transparent rod separating them from the camera. The top and bottom channels
visible in the photographs are the outer channels 11 and 12 in Fig. 2.
The bubbly ¯ow pattern (Fig. 3a) was characterized by distorted air bubbles with dimensions

smaller than the subchannel lateral dimensions. At high gas ¯ow rates (i.e., with high void
fraction), the bubbles predominantly accumulated in the peripheral channels, while the central
channel appeared to include relatively few air plugs. No gravity-induced strati®cation, even
with respect to the apparent bubble population density, could be noticed in the bubbly ¯ow
pattern.
The plug/slug ¯ow patterns, depicted in Fig. 3b, were characterized by elongated bubbles or

large gas plugs, occurring in all subchannels visible in the photographs, without noticeable
strati®cation. The liquid phase is clearly continuous in this ¯ow pattern. Slug and plug ¯ow
patterns could occur in di�erent subchannels simultaneously, therefore the two ¯ow patterns
will not be separately considered.
Froth ¯ow (Fig. 3c), characterized by the absence of a discernible gas±liquid interphase

geometric con®guration, and in most cases by the occurrence of intermittent discontinuities in
both phases, occurred when gas and liquid super®cial velocities were both relatively high. In
froth ¯ow, the inner subchannels (subchannel 5 and 6 in Fig. 2) could support the slug or plug
¯ow patterns.
The strati®ed±intermittent ¯ow pattern (Fig. 3d) is a partially-strati®ed ¯ow pattern, in

which the upper subchannels in the test section support an intermittent (plug or slug) ¯ow
pattern, while some of the bottom subchannels carry essentially single-phase liquid. The two-
phase ¯ow ®eld in micro-rod bundles is evidently sensitive to channel orientation with respect
to gravity. As in larger rod bundles (Aly, 1981; Krishnan and Kowalski, 1984; Osamusali et
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Fig. 3. Representative photographs of ¯ow patterns. (a): bubbly, (b): plug/slug, (c): froth, (d): strati®ed±intermittent,
(e): annular±intermittent, (f): annular.
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al., 1992), partial strati®cation occurs over a wide range of super®cial velocities, and can
evidently lead to dry out and critical heat ¯ux in heated micro-rod bundles.
The occurrence of partial strati®cation in micro-rod bundles is an important distinction

between the micro-rod bundles and single capillaries. Due to the predominance of surface
tension, strati®cation does not occur in single capillaries similar in hydraulic diameter to our
micro rod bundle, and their two-phase ¯ow ®elds are insensitive to orientation with respect to
gravity (Suo and Gri�th, 1964; Damianides and Westwater, 1988; Fukano and Kariyasaki,
1993). The two-phase ¯ow regime transitions leading to the development of the strati®ed±
intermittent ¯ow pattern may thus be crucially important for the design and operation of
heated micro-rod bundles. Complete strati®cation, nevertheless, did not occur in the
experiments with the micro-bundle even at extremely low gas and liquid ¯ow rates.
The annular±intermittent ¯ow pattern, depicted in Fig. 3e, is a partially-separated ¯ow

pattern which has not been reported in single channels. In this ¯ow pattern, the inner
subchannels (subchannels 5 and 6 in Fig. 2) supported an intermittent (slug or plug) or froth

Fig. 4. Flow regimes and ¯ow regime transition lines in the micro-rod bundle, and in the circular and semi-

triangular single channels of Triplett et al. (1999a).
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¯ow pattern, while the ¯ow regime in the outer subchannels (subchannels 11 and 12 in Fig. 2)
was predominantly annular. The annular±wavy ¯ow pattern, represented by Fig. 3f was
characterized by predominantly separated phases in all the channels in the test section and the
occurrence of a liquid ®lm on all rods, as well as on the test section tube inner surfaces.
Surface tension is known to e�ectively suppress the buoyancy e�ect and any signi®cant

interfacial velocity slip, at least in non-separated ¯ow patterns (Fukano and Kariyasaki, 1993).
The gravitational force can be assumed to be insigni®cant in comparison with the surface
tension force when (Bretherton, 1961):

�rL ÿ rG�g
D2

H

s
� 1 �1�

where DH is the channel hydraulic diameter. Criteria for the insigni®cance of buoyancy in
comparison with surface tension, the satisfaction of which leads to the impossibility of ¯ow
strati®cation, and the insensitivity of ¯ow patterns to channel orientation, have also been
proposed by Suo and Gri�th (1964), Barnea et al. (1983) and Brauner and Moalem-Maron
(1992). The inequality represented by Eq. (1), as well as all the latter criteria are satis®ed in our
experiments, as well as other similar studies which have dealt with two-phase ¯ow in single
microchannels (Suo and Gri�th, 1964; Fukano and Kariyasaki, 1993; Inasaka et al., 1989).
The e�ect of channel orientation was generally insigni®cant in the aforementioned experiments
dealing with single microchannels and consequently strati®ed ¯ow was not observed in those
experiments. The occurrence of partially strati®ed (annular±intermittent and strati®ed±
intermittent) ¯ow patterns in the micro-rod bundle, however, is indicative of an important
buoyancy e�ect, suggests dependence on orientation, and indicates that the aforementioned
criteria may not apply to rod bundles.

3.2. Comparison with ¯ow patterns in single microchannels and large rod bundles

Previous investigations have shown that all major two-phase ¯ow patterns commonly
observed in large channels, except for the strati®ed ¯ow pattern, also occur in single
microchannels. The ranges of parameters over which each ¯ow pattern occurs in
microchannels, however, disagree with ¯ow regime maps representing large channels rather
signi®cantly (Triplett et al., 1999a). A comparison between the ¯ow pattern data obtained in
this study and the ¯ow regime map of Mandhane et al. (1974) also showed poor agreement.
The micro-rod bundle ¯ow patterns and their ranges of occurrence, are compared with the

experimental data of Triplett et al. (1999a), representing their 1.1 mm diameter circular and
1.09 mm-hydraulic diameter semi-triangular test sections in Fig. 4, using gas and liquid
super®cial velocities as coordinates. The ¯ow regime maps, representing circular and semi-
triangular single microchannels (Triplett et al., 1999a) are evidently similar, with relatively
minor di�erences with respect to ¯ow regime transition lines representing the establishment of
bubbly ¯ow, and the slug±annular to annular ¯ow transition. Some similarity between the ¯ow
patterns in the micro-rod bundle and the single microchannels can also be observed in Fig. 4.
The three ¯ow regime maps are in fair agreement with respect to the ranges of occurrence of
annular, and churn or froth ¯ow patterns. Furthermore, the range of occurrence of the slug-
annular ¯ow pattern in the single microchannels (a ¯ow pattern represented by annular ¯ow in
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long segments of the channel, and interrupted by large-amplitude solitary waves) coincides with
the range of occurrence of the annular±intermittent ¯ow pattern in the micro-rod bundle, and
the plug/slug and the strati®ed±intermittent ¯ow patterns in the micro-rod bundle are replaced
everywhere with the slug ¯ow pattern in the single microchannels. Thus, the single
microchannel data may be useful for the estimation of ¯ow regime transitions representing the
establishment of the annular, froth, and annular±intermittent ¯ow patterns in small micro-rod
bundles. The conditions leading to the establishment of the crucial partially-strati®ed
(strati®ed±intermittent) ¯ow pattern in the micro-rod bundle, however, can in no way be
deduced from the single microchannel ¯ow patterns.
Aly (1981) and more recently Osamusali et al. (1992) have reported on experiments

addressing air±water two-phase ¯ow patterns in the MR-2 test rig. The MR-2 test rig includes
a transparent horizontal test section with 10.34 cm inner diameter and 2.44 m long, and
contains four 37-rod bundles, each 50 cm long, con®gured in a series. Aly (1981) and
Osamusali et al. (1992) visually identi®ed the ¯ow regimes in their experiments. Osamusali et
al. (1992) also utilized a twin-needle ®ber optic probe for the measurement of the time-
averaged void fraction distributions in their experiments. The ¯ow regime transition data
reported by Aly (1981) and Osamusali et al. (1992) are in disagreement with respect to the
conditions leading to the establishment of the annular ¯ow regime. The experimental ¯ow
regime transition lines of Osamusali et al., however, are reportedly based on a large number
(about 225) of data points obtained with aligned bundles, and will be used for comparison
with our data here. The ¯ow patterns of Osamusali et al. (1992) are compared with our micro-
rod bundle data in Fig. 5. The ¯ow pattern transition lines are evidently di�erent. The
occurrence of strati®ed smooth and strati®ed wavy ¯ow patterns in the larger rod bundle, and
the complete absence of the latter ¯ow patterns in the micro-rod bundle, are the most
signi®cant di�erences between the two ¯ow regime maps.
Krishnan and Kowalski (1984) performed air±water experiments using a test section 50.8

mm in diameter, and containing six horizontal 7-rod bundles with 12.7 mm rods, each 0.6 m
long, and con®gured in series. They focused on the measurement and correlation of void
fractions and the hydrodynamic conditions leading to transition to strati®ed ¯ow. They
correlated the latter transition by empirically adjusting a constant in the mechanistic model of
Taitel and Duckler (1976). In their experiments, transition to strati®ed ¯ow occurred over the
relatively wide 0.3 m/s R UGS R 11 m/s range of gas super®cial velocity, everywhere at ULS,
the liquid super®cial velocity, values which agreed relatively well with the experimental results
of Osamusali et al. (1992). Evidently, bundle-wide ¯ow strati®cation can readily occur in large
rod bundles. In micro-rod bundles, however, complete strati®cation, bundle-wide or in separate
subchannels, may not occur at all.

3.3. Empirical correlations for ¯ow pattern transitions

Empirical ¯ow regime maps using void fraction, a, and the test section mixture mass ¯ux,
GTS, as coordinates in a two-dimensional map provide a simple and convenient method for the
selection of appropriate closure relations needed for the solution of two-phase conservation
equations, and are widely applied in thermal±hydraulic system codes (Pasamehmetoglu et al.,
1990; RELAP5 Development Team, 1995; Paulson et al., 1996). Fig. 6 depicts the ¯ow patterns
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representing the micro-rod bundle data. Everywhere in these ®gures, the void fraction, a, has
been calculated using the homogeneous ¯ow assumption:

a �
 

_mG=rGÿ
_mG=rG

�� ÿ _mL=rL

�! �2�

where _mG and _mL are the gas and liquid mass ¯ow rates, respectively. Triplett et al. (1999b)
showed that the homogeneous ¯ow assumption provided a reasonable estimate of
experimentally measured void fractions in their circular test section, except for churn, wavy±
annular and annular ¯ow patterns. Thus, in view of the e�ective suppression of velocity slip in
well-mixed ¯ow patterns in microchannels by surface tension, the predictions of Eq. (2) may be
realistic, at least for bubbly and slug/plug ¯ow patterns. For the micro-rod bundle, for
a < 0:25, the bubbly to strati®ed±intermittent transition boundary can be represented by:

Fig. 5. Comparison of the ¯ow patterns in the micro-rod bundle with ¯ow patterns in the large horizontal rod

bundle of Osamusali et al. (1992).
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GTS � 1000 kg=m2s �3�
For 0:25 < a < 0:8, the boundary between strati®ed±intermittent and plug/slug ¯ow patterns
follows:

ln GTS � ÿ4:7a� 8:1 �4�
The ¯ow regime transition lines leading to the establishment of wavy±annular and annular
¯ow patterns are not correlated in terms of GTS and a, since the homogeneous ¯ow assumption
is generally inadequate for the latter ¯ow patterns. A reasonable lower limit for the
establishment of the latter ¯ow patterns, nevertheless, can be a � 0:8, for points below the
curve represented by Eq. (4).

3.4. Pressure drop

Typical pressure drop data are provided in Table 1. The experimental pressure drop data
were compared with the predictions of the homogeneous ¯ow model based on McAdams
(1954) correlation for two-phase viscosity, and Friedel's (1979) correlation. The statistical
characteristics of the model-data comparisons can be understood by calculating parameters

Fig. 6. Flow pattern transition lines in the micro-rod bundle.
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xmean and sx, which represent the mean and standard deviation of the following statistic:

x � 100

�
DPf, model ÿ DPf, exp

DPf, model

�
�5�

Table 1
Summary of pressure drop data

ULS (m/s) UGS (m/s) Pin (kPa) DPf, exp (kPa) ULS (m/s) UGS (m/s) Pin (kPa) DPf, exp (kPa)

1.13 0.17 127.3 16.1 0.62 0.13 116.7 5.8

1.13 0.76 132.9 20.5 1.59 0.11 136.3 25.6
1.64 0.86 152.9 39.8 3.35 0.07 202.9 91.6
2.01 0.14 153.9 43 1.22 0.49 134.3 22.6

2.06 2.2 196.5 81.6 1.22 1.14 141.1 29.7
1.64 16.11 236 127.2 1.59 0.23 146.1 34.2
0.17 0.99 114.9 3.3 1.59 1.05 152.8 41.1
0.41 0.43 116.8 4.6 2.43 0.18 177.6 66.1

0.41 1.3 119.9 7.1 2.43 0.59 190.9 78.5
0.62 0.72 122.5 10.4 3.35 0.15 220.8 109.1
0.62 1.28 124.3 12.3 3.35 0.48 234.1 121.4

0.03 0.25 113 0.7 1.5 6.88 143.3 31.3
0.03 0.64 113.7 0.7 2.33 16.03 180.5 69
0.03 1.12 113 0.7 0.62 5.87 177.3 65.1

0.06 0.42 113 1.4 1.22 1.98 234.2 123.2
0.13 0.3 113.7 1.3 0.85 0.15 117 6.3
0.13 0.77 114.3 2 0.85 0.55 122.1 10.2
0.19 0.37 113.6 2 0.85 1.32 124.2 13.2

0.19 1 114.9 2.6 0.13 3.15 115.4 3.2
0.35 0.55 116.9 4.6 0.35 3.01 120.8 8.2
0.46 0.33 117.5 5.2 0.62 2.82 128.8 17.2

0.46 0.95 118.6 7.1 1.59 6.75 152 40.5
0.62 0.59 121.2 9.8 3.35 0.76 210.3 97.2
0.03 0.13 113 0.7 0.06 2.33 108.1 1.3

0.13 0.13 113 0.7 0.19 2.18 115.3 4.5
0.35 0.13 114.2 2.6 0.46 2.03 123.6 10.2
0.46 2.03 123.6 10.2 3.35 3.46 127.9 16.6

1.59 28.08 142.5 30.2 2.43 2.21 163.8 52.6
2.43 2.92 160.3 47.6 4.28 3.3 135.8 25.5
0.03 0.29 113 0.7 0.85 0.02 119.1 8.4
0.13 0.29 113.7 1.3 0.46 0.02 114.9 4

0.35 0.28 115.6 3.3 0.19 0.02 113 1.3
0.62 0.27 118.7 7.2 0.06 0.02 113 0.7
1.22 0.25 131.1 20 0.03 0.04 113 0.7

4.28 0.67 169.7 58.7 0.13 0.04 113 0.7
0.03 0.08 113 0.7 0.35 0.04 115 2.6
0.13 0.08 113 1.4 0.62 0.04 116.7 5.9

0.35 0.08 114.9 2.6 3.35 2.1 127.2 16.7
0.62 0.08 116.7 5.9 1.59 0.2 162.5 51.4
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The results were strongly ¯ow regime-dependent. At very low liquid super®cial velocities, the
data were scattered rather widely, suggesting unsteady and chaotic ¯ow patterns. The data
scatter was particularly large for the annular±intermittent ¯ow regime. Except for plug/slug
and annular±intermittent ¯ow patterns at low ULS, the homogeneous mixture model generally
under predicted the data. The under prediction of annular ¯ow data was particularly
signi®cant. Friedel's correlation (Friedel, 1979) appeared to better compare with the
experimental data. For the data representing low ULS, where wide scatter can be noted,
Friedel's correlation over predicted the data, and it systematically under predicted the data at
high ULS. With the homogeneous ¯ow model, for the entire data set, xmean1ÿ 42% and
sx12:7% were obtained. The correlation of Friedel (1979) predicted the data with xmean166%
and sx111:6%:

4. Concluding remarks

Gas±liquid two-phase ¯ow patterns and frictional pressure drops in a horizontal rod bundle
were experimentally investigated in this work. The rod bundle consisted of 7 rods, 23-cm long
and 3.18-mm in diameter, arranged in a triangular array with a 3.71-mm pitch. The rod bundle
was entirely transparent, allowing for visual identi®cation of ¯ow patterns.
Six distinct ¯ow patterns could be identi®ed in the tests: bubbly, plug/slug, froth, strati®ed±

intermittent, annular±intermittent and annular. In the strati®ed±intermittent ¯ow pattern, the
bottom subchannels supported single-phase liquid ¯ow, while bubbly or plug/slug ¯ow patterns
occurred in one or more of the subchannels near the bundle top. In the annular±intermittent
¯ow pattern, the two-phase ¯ow regime in some subchannels was bubbly or plug/slug, while
other subchannels were in annular ¯ow. The ¯ow regimes and their ranges of occurrence were
di�erent from previously reported experiments representing horizontal large rod bundles. The
major ¯ow regime transition lines were empirically correlated as functions of mass ¯ux and
void fraction, with the latter obtained, assuming homogeneous ¯ow.
The frictional pressure drops were sensitive to the two-phase ¯ow pattern. The data were

compared with the predictions of the homogeneous mixture model, and the empirical
correlation of Friedel (1979). Neither correlation could satisfactorily predict the data over the
entire ¯ow regime map. Except for data representing annular±intermittent and plug/slug ¯ow
patterns at low liquid super®cial velocities, the homogeneous mixture model consistently and
signi®cantly under predicted the frictional pressure drops. The correlation of Friedel (1979)
predicts most of the experimental data typically within a factor of 2, except for data
representing very low liquid super®cial velocities.
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