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Abstract: This paper reports the results of a study concerned with air–water and air–oil two-phase
flow in channels packed with open-cell metal foams. The research was conducted in horizontal
channel with an internal diameter of 0.02 m and length of 2.61 m. The analysis applied three metal
foams with pore density 20, 30, and 40 PPI and porosity typical for industrial applications, changing
in the range of 92–94%. The experimental data were used to develop a new method for predicting
void fraction in two-phase gas–liquid flow in channels packed with metal foams. A new gas void
fraction calculating method based on drift-flux model was developed. This model gives a correct
representation of changes in the gas void fraction value and good prediction accuracy. The average
relative error in calculating the air void fraction in two-phase flow is less than 13%, and 86% of
experimental points is characterized by an error less than 20%.

Keywords: void fraction calculation method; open-cell metal foam; horizontal gas–liquid flow

1. Introduction

The rapid economic growth and human population development has the cost of very
large and growing environmental pressures and impacts. The rise in natural resource use
such as fossil fuels, ores, minerals, and water is coupled with insecurity for a number
of resources that are strategically important in modern production and consumption
systems. In the modern world, the general concept of effective resource management
forces the search for new design and technological solutions for devices that increase the
efficiency and effectiveness of industrial processes. These devices include a wide group of
apparatuses for heat and mass transfer such as heat exchangers, chemical reactors, solar
panels, accumulators, or refrigeration systems. A well-known method of intensifying the
heat and mass transfer processes is to increase the contact area between the phases by
using fins or, more often, by fulfill the pipes or apparatuses with the porous material [1–4].
However, in flow-through devices such as heat exchangers and column apparatuses,
porous packings can cause high flow resistance and thus increase energy consumption for
pumping the fluid. In this context, metal foams, due to their specific properties, show an
advantage over other porous materials.

Solid open-cell foams are the wide group of multifunctional cellular materials that
can be produced of various materials like minerals, polymers, and metals [5–7]. Due to
well-mastered methods of producing metal foam, it is possible to expand various metal
alloys and obtain materials with a wide variability of physical properties such as thermal
conductivity, thermal and chemical resistance, density (relative), and rigidity [1,7]. The
porosity of metal foam significantly exceeds the porosity of mesh structures or granular
beds and can be as high as 98% with a large specific surface area of several thousand
of m2/m3. The metal foams are used as structural part of compact high-efficiency heat
exchangers and regenerators, catalytic reactors or accumulators [8–12]. These materials
are recognized as valuable for many industrial branches due to high thermal conductivity
and large specific surface area that considerably improve heat transfer (i.e., heat sinks
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production) [13,14]. As components of compact heat exchangers, they effectively dissipate
heat from electronic systems but they can be also used as super light components in aircraft
vehicles or shock-absorbing elements installed in cars’ crumple zones [4,15–19]. Metal
foams are good electrical conductors while foams made of ceramic, glass, and polymers
are known for their thermal insulation properties, so they are used in many industrial
processes related to thermal control [18].

Metal foams are also perfect for filtration and separation of solid particles and liquid
drops [1,2,19]. These include the purification processes of crude oil, fermentation fluids,
hydrocarbons (in synthesis processes), molten sodium, or zinc sulphate solution in the
metallurgical industry. Filters made of nickel alloys and stainless steel are used to remove
uranium fluoride in nuclear power, as well as the textile and paper industry to remove dye
particles and in paper pulp washing processes. Ghidossi et al. [20] used nickel-chromium
foam as filter of solid particles to treat hot gases from fluidized drying of sewage sludge.
In metal foam packed chemical reactors, highly developed interfacial contact area allows
for the use of higher loads of catalysts that improve mass transfer processes in multi-
phase systems [21–25]. Flooding of chemical reactors packed with foams undercounter-
current flow conditions (according to Stemmet et al. [6]) makes one of some few factors
which impose restraints in the use of that type of packing in actual industrial processes.
Research in this area is conducted with the aim to reduce process costs, to optimize and to
intensify chemical processes, and with the aim to replace more conventional packing such
as spherical particles (telleretts) by foams with specific required properties [6,22,24,26,27].
The conducted research mainly covers flows of multi-phase mixtures in packed columns
and catalytic reactors [9,28].

On the other hand, the light weight of foam, which is a consequence of material skeletal
structure, contributes to a significant reduction in the mass of the apparatuses packed with
this type of material. In highly porous metal structures, fluids such as gases or liquids
can be transported relatively freely with low flow resistance. Low pressure losses, more
advantageous hydrodynamic conditions (a higher level of liquid turbulence) combined
with reduction of equipment operating costs (lower pumping costs, slight changes in fluid
properties, density, and viscosity), simplify modeling and control of technological processes
carried out in such equipment. In process and apparatuses design, many parameters such
as phase void fraction, friction factor, pressure drop, heat transfer coefficient, and even
bubble size distribution with respect to single and multiphase flow are necessary to make
reliable engineering calculations. Correct calculation of many of the above-mentioned
quantities requires the knowledge of the void fraction values in the flow.

Insights into the current literature offer a conclusion that relatively little information
on multiphase flows (especially for a non-refrigerant liquid) through channels packed
with metal foams is available with regard to such basic problems as void fraction. The
review of void fraction measurement techniques, experimental databases, and correlations
developed for two-phase gas–liquid flow unfortunately limited only to empty macro- and
microchannels, is presented in works of Pietrzak et al. [29] and Gardenghi et al. [30]. There
are only a few works in the literature that describe the void fraction calculation method
in a two-phase gas–liquid flow through metal foams. These works include those by Hu
et al. [31] and Ji and Xu [32], which, however, describe a specific type of two-phase flow
that is vapor-liquid flow accompanying boiling process in the flow. The thermal and
hydrodynamics processes under single-phase flow conditions through foams are quite
well known and understood, as is the case of two-phase flow of various refrigerants in
the boiling processes (heat transfer, pressure drop) which was undertaken by authors
of [8,10,33,34]. Dyga et al. [35] and Busser et al. [36] were described the hydrodynamics of
gas and liquid flow in channels filled with open-cell metal foams. In turn, Płaczek et al. [37]
evaluated methods originally developed for porous media to predict gas void fraction in
horizontal air–water flow through a channel packed with open-cell steel foam. The verified
calculating methods in most cases turned out to be incapable of predicting the void fraction
with acceptable accuracy.
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Taking into account the literature review, it should be emphasized that most of the
works in this field concern the hydrodynamics of single-phase or two-phase gas–liquid
flow through packed columns, catalytic reactors, as well as cover issues related to the flow
boiling of refrigerants in channels with different geometry.

The literature review shows that most of the research carried out in channels filled
with metal foams concerned two-phase vapor–liquid flows. These studies focused mainly
on heat transfer. However, there is a group of devices, such as catalytic reactors and fuel
cells, in which the liquids do not evaporate. Few works in this area concern mainly the
determination of velocity and pressure profiles and were carried out for low gas flow
velocities of a few cm/s. Most of this research has been done in microchannels or gaps.
On the other hand, no research results concerning the void fraction in the two-phase flow
through conventional channels or apparatuses filled with metal foam were found in the
literature for a wide range of gas and liquid flow parameter changes.

For this reason, the study of the void fraction in the two-phase air–water and air–
oil flows were carried out in channels packed with metal foams with different porosity.
The experimental tests included the determination of the influence of hydrodynamic flow
parameters and foam structure on changes in the value of void fraction and were carried out
for a wide range of gas and liquid velocity changes. Moreover, the well-known methods for
calculating void fraction (originally developed for empty channels and filled with porous
materials) were also verified in order to recognize the possibility to adopt them for flows
through channels packed with open-cell metal foams.

However, the analysis of the data showed that they do not give a high accuracy in
predicting the void fraction of the phases in such specific systems. Finally, a new method
for calculating the void fraction in two-phase gas–liquid flows through metal foams was
developed. This method is based on the assumptions of the Zuber-Findlay drift-flux model.

1.1. Scope of Experiment

The experimental tests involved the flow of gas–liquid (air–water and air–oil) two-
phase mixtures through three channels packed with different types of open-cell aluminum
foam, typical for industrial applications. The research was conducted in a horizontal
channel with an internal diameter of 0.02 m and length of 2.61 m totally fulfilled by foam
(Figure 1). A separate channel was made for each tested foam. The experimental stand
in Figure 1 was used both in the research on the hydrodynamics of the flow and in the
research of heat transfer (present analysis did not include this part of studies).

Figure 1. Experimental setup.
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Air, water, and Velol-9Q machine oil were used to produce the two-phase mixture. The
density, viscosity, and surface tension of oil were equal to: ρo = 859.4 kg/m3, µo = 0.0027 Pas,
σo = 0.046 N/m, respectively. Velol-9Q machine oil was selected for the tests due to its
relatively low viscosity, at the ambient temperature about nine times higher than that of
water, which allowed to reduce the flow resistance and to conduct tests at relatively high
oil flow velocities (νo = 0.006–0.066 m/s). The use of a high viscosity oil would limit the
testing only to deep laminar flow. The properties and flow parameters of all fluids used in
experiment are presented in Table 1.

Table 1. Range of experimental data (multiphase mixture flow).

Mixture Component
Superficial Velocity Mass Flux Density Reynolds Number Inlet Void Fraction

vsi, m/s gi, kg·(m2s) Rei, - ζi, -

air, a 0.031–8.840
0.031–2.550 *

0.039–15.58
0.039–3.11 * 23–13,244 0.207–0.999

0.319–0.998*

water, w 0.006–0.119 5.99–119.49 30–4509 0.001–0.793
oil, o 0.006–0.066 5.40–56.71 3–293 0.002–0.681

Physical properties of fluids at 20 ◦C

Fluid Density, ρi
kg/m3

Viscosity, µi
Pas

Surface tension, σi
N/m

air, a 1.164 1.82·10−5 -
water, w 998.2 1.0·10−3 0.070

oil (Velol-9Q), o 859.4 2.7·10−3 0.046

* applied to air–oil flow.

The foams used in tests had a pore density of 20, 30, and 40 PPI (pores per inch)
according to manufacturer’s specification. The aluminum foam 40 PPI (Al 6101) was
produced by ERG Aerospace Corporation and was available under the product trade name
as DUOCEL® while foams with pore density of 20 PPI (AlSi7Mg) and 30 PPI (AlSi7Mg)
were produced by m-pore GmbH (Figure 2).

Morphological parameters such as porosity ε, diameter of cells dc, and diameter
of pores dp are recognized as better for characterizing foam structure than pore density
(PPI) which is the nominal size of foams declared by their producers. These parameters
were determined based on the analysis of microscopic images of the foam skeleton. The
images were made with a 15-fold magnification using the Inspekt F scanning microscope—
according to the procedure of the Institute of Ferrous Metallurgy No. M4-MET. The
diameter of a circle with the same circumference as the perimeter of the cell/pore (acc.
to [38]) was adopted as the quantity characterizing the cell size/pore. The pore circum-
ference was marked out along the skeleton edge (as shown in Figure 3), while the length
of the line running along the axis of the skeleton fibers forming the cell was assumed as
the cell circumference. The number of microscopic photos taken allowed to determine
the size of more than 100 pores of each of the aluminum foams. On the other hand, the
number of cells selected for measurement was 104 for the 20 PPI foam, 159 for the 30 PPI
foam, and 185 for the 40 PPI foam. Characteristics of the most important morphological
and material properties of foam can be found in Table 2. All examined foams had similar
porosity and different cell and pore sizes, wherein Al 6101 foam (40 PPI) had a different
skeleton structure with many clusters of solid material in the form of large nodes at the
junction of skeleton fibers, which is visible in Figures 2d and 3.
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Figure 2. Microscopic detail of the cellular structure of aluminum alloy foams used in tests: (a,b) block
and foam skeleton of AlSi7Mg—20 PPI, respectively, (c) AlSi7Mg—30 PPI, (d) Al 6101—40 PPI.

Figure 3. Microscopic view of the 30 PPI foam skeleton: (a) A—triangular fiber, B—oval fiber, (b) cell
and pore of aluminum foam.
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Table 2. Characteristics of open-cell aluminum foams.

Pore Density (PPI)/Type of Foam
Cell Diameter, dc Pore Diameter, dp Porosity, ε Thermal Conductivity, kf

m m % W/(m·K)

20 PPI
(AlSi7Mg) 3.45·10−3 1.09·10−3 93.4 150.4

30 PPI
(AlSi7Mg) 2.25·10−3 0.71·10−3 94.3 150.4

40 PPI
(Al 6101) 2.38·10−3 0.82·10−3 92.9 189.4

The porosity of the tested foams ε (one of the main geometric parameters listed in
Table 2) was determined based on measured foam volume Vmf and the skeleton volume Vs.

ε = 1− Vs

Vm f
(1)

The volume of fluid Vf (foam cells) can be replaced by the difference in the volume of
the foam and the skeleton

Vf= Vm f−Vs (2)

To determine the foam porosity, the material samples in the form of a cylinder with
dimensions of φ 0.02 × 0.45 m were used, which were immersed in a calibrated measuring
cylinder filled with water. The increase in water volume was taken as the skeleton volume
Vs. For each of the foams, measurements were carried out using three samples, and the
arithmetic mean of the results obtained for them was taken as the porosity value.

1.2. Measurements Procedure

The main element of the experimental stand (Figure 1) is horizontal channel packed
with metal foam, which is divided into three parts: inlet part with the length of 1.1 m,
measuring section with the length of 1.01 m made of aluminum pipe and outlet part (0.5 m
long) made of transparent organic glass which was used for identification of flow patterns.
At the connection of the measuring and the outlet section of the channel, there is a valve
for void fraction measurement.

The first part of the channel was utilized to stabilize the hydrodynamic flow parame-
ters. It was assumed to be the section of the channel up to the first pressure measurement
point. This point was located at a distance of 1100 mm from the beginning of the channel.
This distance was considered sufficient to get the flow fully stabilized. According to the
authors of the [39,40] in single-phase flow through metal foams, the flow gets stabilized
after a passage of 3–6 times the diameter of the foam cell. Information on the stabilization
length for two-phase flow is missing from the literature. Authors of [31,32,41] conducted
studies of gas–liquid flow through metal foams in channels with total length not exceeding
fifty times the diameter. Air was supply directly from the compressed air system (gauge
pressure in the channel did not exceed 62 kPa), while liquid (water/oil) from separate
supply systems. Water was pump by the impeller pump (LP) from the water tank (LT). The
water flow rate was measured with the use of electronic flow meters Kobold DPM1107G2L
(WF) with the measuring accuracy of 1% (relative uncertainty 4.1%), oil flow rate was
measured with the use of electronic flow meters Kobold KZA 1804R08 with the measuring
accuracy of 2% (relative uncertainty 6%), while the air flow rate was measured with a mass
flow meter at the accuracy of 0.2% (relative uncertainty 1.7%). The measurements of the
temperatures (T) of individual fluids (in the range of 22 to 25 ◦C) was carried out using
a K-type thermocouple system with an accuracy of Ti ± 0.1K (relative uncertainty 0.9%).
The output signals from measuring instruments were connected to the computer-based
data acquisition system (PC).

Besides measurement of void fraction, the experimental tests also included the mea-
surement of pressure drops and the identification of flow patterns. The void fraction was
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measured by the volumetric method (quick-closing valves). In this method, valves are
placed at each side of the test section in which the void fraction is measured. The valves
are closed and opened simultaneously, which may result in an error in the timing of these
valves (usually less than about 20 ms), as well as an error in the measurement of the void
fraction of less than 1% [30]. In this way the air–oil or air–water mixture was retained
in the measuring section with a known volume. Then, the liquid phase retained on the
foam packing was pressed by using compressed air into a measuring cylinder and its
volume was determined. The measurement of the volume of liquid retained in the pipe,
and knowledge of the total volume of the measuring section containing the trapped fluids
made it possible to determine the gas volume RG. Each measurement was made at least
three times, and in the case of highly dynamic flows, such as slug or plug flow, it was
repeated 5–7 times. The adopted procedure required about 400 measurements. The results
obtained from these several measurements were then averaged.

The scope of the experimental tests is described in Table 1, while particular param-
eters were calculated from Equations (3) and (4). The superficial phase velocity νsf was
determined taking into account the porosity of the foam ε using the equation,

vs f = Q f
4

επd2 (3)

where: Qf—volumetric flow rate of phase f (gas or liquid), m3/s; d—channel diameter, m.
The volume fraction of the phases ζf was adopted to be represented by the volumetric

flow rate of this phase in relation to the total liquids rates QT (sum of gas and liquid rates)
the prior to their introduction into the channel

ζ f =
Q f

QG+QL
=

Q f

QT
(4)

where f = L (liquid phase) or f = G (gas phase).
In the transparent part of the measuring channel, observation and identification of

flow patterns combined with measurements of the void fraction were performed. The
identification of flow patterns was carried out based on visual observations and analysis of
camera images and videos captured during the experiments as well as the measurement
of the fluctuation of pressure drop (∆P) in time (τ). Flow patterns were recorded with a
Canon EOS 300D digital camera and video camera. The camera used to take images of the
flow patterns has a shutter speed of 1/4000 s, whereas the video camera shoots films at a
resolution of 1024 × 1024 pixels and a frequency of 1800 Hz.

2. Results and Discussion
2.1. Flow Patterns

The analysis of the void fraction in gas–liquid flow through channel packed with
metal foam cannot be carried out in isolation from the flow patterns that are develop under
specified hydrodynamic conditions. During the tests, a typical gas–liquid flow patterns
for horizontal empty channel were observed. The most frequent pattern observed was
stratified flow but plug flow, semi-slug flow, slug flow, churn flow, and annular flow were
also recorded. The annular flow did not occur in the air–oil flow, due to the lower air mass
flux compared to the case of the air–water flow tests. Flow patterns observed during the
experiments are presented in Figure 4.

The types of flow patterns were determined primarily by the relation of the gas mass
flux gG to the liquid mass flux gL. In stratified flow (Figure 4a), gas flows in the upper
part and liquid moves in the lower part of the channel. The stratified flow occurs for low
liquid and air flow rates. The thickness of liquid layer depends on the flow rate of fluids
introduced into the channel. Stratified flow is characterized by the structure of the interface
which may be smooth or wavy according to the gas flow rate.
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Figure 4. Gas–liquid flow patterns accompanying flow through metal foams: (a) stratified, (b) plug,
(c) slug, (d) churn, (e) annular [35].

As the gas velocity is increased further, the interfacial waves become larger and
can wash to the top of the pipe. The plug flow condition occurs where liquid plugs are
separated by elongated gas bubbles (Figure 4b). The elongated gas bubbles are smaller
than the pipe diameter such that the continuous liquid layer is flowing along the bottom of
the pipe below these elongated bubbles. At even higher gas velocities, the diameter of the
elongated gas bubbles become similar in size to the diameter of the pipe and slug flow occur
(Figure 4c). The liquid slugs separating the elongated gas bubbles can also be described
as high amplitude waves. Due to the high air velocity, considerable waves structures are
formed along the interface between the gas and liquid phases. Local accumulations of
liquid are also noticeable in the channel. In extreme cases, accumulated liquid portions
may even occupy the entire cross-section of the channel.

Churn flow (Figure 4d) occurred when the superficial velocity of water exceeded
0.03 m/s and the air was flowing at a relatively high velocity greater than 1 m/s and has a
similar character as slug flow. Accumulation of liquid accompanied this structure often
closing the entire cross-section of the channel. Gas velocity increase causes a loss of liquid
continuity. Liquid in the form of aerated portions with an irregular shape flows through
channel at high speed, cyclically at intervals of several seconds.

When gas flows at many times greater velocity than that of liquid–annular flow is
formed (Figure 3e). In annular flow, the liquid covers the channel wall with a thin film
layer. Gas creates a core in the central part of the channel. Annular flow was observed at
superficial gas velocity of about 4 m/s (mass flux exceeded 7 kg(m2s)).

The results demonstrate that in the flow through the channels with foam packing, the
gas velocity that is required to generate annular flow is several times smaller than in the
case of flow through the horizontal channels without packing. In empty channels, annular
flow usually occurs for gas velocities of about a dozen m/s. Due to its low viscosity, air
can relatively easily flow through the foam, which decelerates water flow to a considerable
extent, and in turn this increases the interfacial slip that is typical for annular flow. Air–oil
flow tests were carried out with a maximum air velocity of 2.5 m/s which was not sufficient
to form annular flow.

The test results show that the presence of foam in the channel does not contribute to
phase dissipation. Flows, typical for porous media, in which gas flowed in the form of fine
bubbles were not observed. The type of foam had no effect on gas–liquid flow patterns. A
greater variety of flow patterns was observed in the flow of air with oil than in the flow
with water.
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Detailed analysis of flow patterns and flow regime map which describe hydrodynamic
conditions of particular flow patterns occurrence was presented in [35].

2.2. Void Fraction

The analysis of changes in void fraction values in two-phase mixture flow allowed to
state that the gas void fraction (Ra) increases with the increase of the superficial gas velocity
(Figures 5 and 6). At the same time, as illustrated in Figure 5, the increase in the superficial
liquid phase velocity (νsw) contributes to the reduction of the gas volume fraction. The
degree of this reduction can be as high as 50% in relation to the void fraction recorded at the
lowest velocities of the liquid phase. The characteristic course of changes in the Ra values
results from the reduction of free space in the channel available for the gas phase flow. As
a result of increase in liquid stream and thus the volume of liquid, the larger surface area
of the channel wall and the porous packing is wetted and filled by the liquid. Moreover,
with higher liquid streams, the gas bubbles can flow much faster through the foam pores,
which leads to reduction in their dimensions and thus a reduction in the gas void fraction.
Additionally, the value of Ra in a two-phase flow depends on the type of the flow regime
determined by the mutual relations of the inlet liquid and gas streams. Figure 6 compares
the course of changes in void fraction for air–water and air–oil two-phase flow. The air
void fraction in the air–water flow is higher than the corresponding void fraction in the
air–oil flow, but only in the range of low superficial liquid velocities 0.006–0.031 m/s. On
the other hand, for higher superficial liquid velocities in the range of 0.045–0.061 m/s, an
opposite tendency can be observed. The gas void fraction is higher for air–oil flow.

Figure 5. The measured gas void fraction as a function of superficial gas velocity in air–water flow
through Al Si7Mg (30PPI) foam.
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Figure 6. The measured gas void fraction as a function of superficial gas velocity for air–water and
air–oil flow through Al 6101 (40PPI) foam.

As was shown in Figures 5 and 6, for air–water flow with the increase of the superficial
gas velocity, the value of the void fraction increases but has no effect on change in the flow
pattern (νsa < 1 m/s)—there is a stratified flow in the channel (see Figure 7). In the case
of air–water flow, no local increases or decreases in the value of the air void fraction are
observed. A different course of changes in the value of the air void fraction is observed for
air–oil two-phase flow (Figure 6). Figure 6 shows that for the same flow conditions, i.e., the
same superficial gas velocity, the course of changes in the void fraction for the air–water
and air–oil mixture is different. In the case of air–oil flow, the increase in air superficial
velocity contributes to the change in the flow pattern, i.e., from the plug to the stratified
flow, and thus more differentiated values of the gas void fractions can be observed. The
flow pattern transition as a result of an increase in superficial air velocity, which were
observed for air–oil flow, is shown in Figure 8.

Figure 7. Measured gas void fraction in air–oil and air–water mixture in the channel packed with
40PPI Al6101 foam.
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Figure 8. Measured air void fraction in air–oil mixture versus superficial air velocity in channel
packed with 20PPI AlSi7Mg foam.

The influence of the flow patterns on void fraction is particularly noticeable for the flow
with the superficial oil velocity νso = 0.031 m/s as illustrated in Figures 7 and 8. Figure 7
shows the change in the air void fraction as a function of the superficial gas velocity for the
air–oil (full triangles) and air–water (empty triangles) mixture flow. In Figures 7 and 8, the
individual values of void fractions were assigned to the flow patterns observed during the
experiment at given flow conditions. In the air–water system (Figure 7), for air superficial
velocities less than 1.0 m/s, a stratified flow was observed. When gas superficial velocity
was above 1.0 m/s, the stratified flow turned into churn flow. In turn, analyzing the
air–oil curve in Figure 7 for the range of low gas superficial velocities (νsa < 0.25 m/s), a
plug flow is formed in the channel, which corresponds to large values of the gas volume
fraction. When the flow is changed from plug to stratified (νsa > 0.25 m/s), the ratio of air
in two-phase mixture flow decreases significantly and then increases quite rapidly again as
the flow gradually changes from stratified to slug flow. The observed reduction in pressure
drop values recorded during the tests, despite the increase in air superficial velocity, is the
result of the reducing the wetted surface of the channel wall and the foam skeleton with oil.
In a plug flow, oil covers a much larger area of the channel and foam than in a stratified
flow. In the flows with the largest oil streams (which corresponds to νso = 0.045 and
νso = 0.061 m/s)—Figure 8, the churn and slug flow occur. For this flow conditions, in the
entire range of air velocity changes, the air volume fraction uniformly increasing, however,
generally the air void fraction is greater for higher oil streams. A deviation from this trend
was observed only for νso = 0.006 m/s and νsa < 0.60 m/s.

The air due to the low viscosity (at high velocity) flows relatively freely through foam
packing while liquid of higher viscosity such as oil is stopped and accumulated on it. As a
result, the air void fraction (Ra) in the mixture containing the liquid with higher dynamic
viscosity may be over four times lower than the inlet gas volume fraction (ζa), i.e., resulting
from the ratio of the volume flow phases at the inlet to the channel, as shown in Figure 9.
The reason for the large differences between the values of the measured and inlet gas void
fractions is interfacial slip.
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Figure 9. Comparison of measured and inlet gas void fraction for air–oil mixture.

2.3. Evaluation of Model for Calculation of Void Fraction

Due to the lack of methods for calculating the void fraction of the phases in the air–oil
and air–water multiphase flows in horizontal channels filled with metal foams, an analysis
of the possibility of using the models available in the literature, valid for two-phase gas–
liquid systems flowing through channels or columns filled with porous material, was
analyzed. Moreover, taking into account the results of previous analyzes carried out for
the FeCrAlY foam (40 PPI) and the similarity of the flow patterns identified in present
research (stratified flow, slug flow, churn flow) to the typical flow patterns observed in a
gas–liquid two-phase flow in horizontal pipes without packing, the experimental data was
also used to evaluate the validity of models originally developed for gas–liquid flows in
empty channels [37]. In the paper, the models developed for porous media such as the
Larkins and White model [42], Turpin and Huntington [43], Weber [44], Khan et al. [45] Hu
et al. [31], Ji et al. [32], Saada et al. [46], and seven methods for calculating void fraction
developed for gas–liquid systems flowing through empty channels (the Lockhart-Martinelli
model [47], Zuber-Findlay [48], Dix [49], Chisholm [50], GE RAMP model [51], Stomma [52],
and Rouhani [53]) were taken under evaluation. Table 3 describes the methods developed
for calculating of void fraction in porous media, while Table 4 shows well-known methods
for empty channels.

Figure 10 shows the change in the gas void fraction for all analyzed metal foam as a
function of the superficial velocity of gas and liquid (νso = 0.045 m/s) for seven analyzed
methods. Data analysis shows that none of the verified methods developed for empty
channels well-describe the nature of the changes and measured gas void fraction values
(Ra), mainly resulting in significantly overestimated these values. The overestimation
of gas void fraction is due to the different values of the interfacial slip, which in empty
channels has significantly lower values than in packed channels, where the liquid phase
may accumulate on the packing elements. Similar observations were made in relation
to the methods describing the void fraction in porous media for air–oil two-phase flow
(Figure 11) and air–water two-phase flow (Figure 12). Figure 11 shows comparison between
experimental and calculated gas void fraction values for constant superficial oil velocity
νso = 0.044 m/s. Figure 12 shows that calculated gas void fraction values in relation to
experimental ones are significantly overestimated. This is due to the fact that originally
these methods describe gas–liquid flow in column apparatuses with a vertical orientation,
and thus different from the one considered in our own research. Moreover, the diametrically
different geometric structure of the packed bed and the foam causes great problems with
determining the characteristic dimensions such as the hydraulic diameter. In porous media
it is usually a size related to the particle diameter, which is physically non-existent in foams.
The possibility of direct use of models valid for the flow in porous media to describe the
void fraction of the phases in the gas–liquid flow through metal foams is limited due to
the presence of different type of flow patterns in metal foams than in porous media. The
greater variety of flow patterns in metal foams makes the phenomena accompanying the
flows in the cell space of foams more complex than in porous media.
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Table 3. Methods applied for the calculation of the void fraction in the gas–liquid flow through empty channels.

Author Equation

ν2P = νa + νw; ν2P = νa + νo; ζG = νG
νG+νL,

; x =
ρGνG

ρGνG+ρLνL

Stomma [52] RG = 1− ζ2
G−x2

2
[
ln
(

1−x
1−ζG

)
−(ζG−x)

] ; S = νG
νL
≥ 1; RG ≥ x ≥ ζG

Void fraction in upward flow in vertical pipe at low pressure

Lockhart—Martinelli [47] RG = 1

1+0.28( 1−x
x )

0.64
(

ρG
ρL

)0.36( µL
µG

)0.07

Pipe diameter d = (1.49–25.8)·10−3m, Two-phase mixture: of Air–Water, air–Diesel Fuel Oil, Air–Kerosene, Air–Benzene, Air–S.A.E.
40 Oil, ReL = 1.1–39,000, ReG = 7–86,000

Chisholm [50] RG = 1
1+S 1−xρG

x ρL

S =
[

x ρL
ρG

+ (1− x)
]0.5

Circular tube, annular flow, correlation based on an elementary separated flow

Zuber-Findlay [48] νsG
RG

= 1.2ν2P + νdr; Co = 1.2; νdr = 1.53
(

ğσL(ρL−ρG)
ρ2

L

)0.25

Relative movement of gas and liquid in pipe: slug, annular, churn-turbulent bubbly flow, RG > 0.8 annular flow Co = 1.

GE RAMP [51]

RG = νsG
Co(νsG+νsL)+νdr

Co = 1.13 for RG,exp ≤ 0.65

or Co = 1 + 0.13 1−RG,exp
1−0.65 for RG,exp > 0.65

νdr = 2.9
(

ğσL(ρL−ρG)
ρ2

L

)0.25
for RG,exp ≤ 0.65

νdr = 2.9
(

ğσL(ρL−ρG)
ρ2

L

)0.25( 1−RG,exp
1−0.65

)
for RG,exp > 0.65

Numerical calculations were performed by the code MAYU04 that originally analyzes one-dimensional single channel hydraulic
and heat transfer transients in rod bundles. Model was used to resolve the two-phase flow equations. The equations are valid for
co-current and countercurrent flow. The model is suited for Boiling Water Reactor loss-of-coolant accident analysis where pressure

transients are not very severe and subcooled voids are not very important.

Dix [49]
Co = RG

[
1 +

(
1

RG
− 1
)n]

n =
(

ρG
ρL

)0.1

νdr = 2.9
(

σLğ(ρL−ρG)
ρ2

L

)0.25

Glass tube diameter d = 0.018 m

Rouhani [53] Co = 1 + 0.12 (1− x); νdr = (Co − 1)
(

σLğ (ρL−ρG)
ρ2

L

)0.25

Tube diameter: d = 21.9 mm, void fraction in flow boiling, measurement at 109 cm from the pipe, annular flow, heated perimeter O
= 3.77 cm, q/A = 60–120 W/cm2 P = (19–50)·105 Pa,

.
gL = 130–1450 kg/(m2s), steam quality x = 0–12%.

Table 4. Models for calculating the void fraction in the gas–liquid flow through porous media.

Author Method

Khan et al. [45] RG = 1.708
(

ε
1−ε

)0.125
Re0.055

L Re−0.323
G

(
µL
µw

)0.133

Re f =
νs f dsρ f

µ f
;

.
gL = 1− 100;

.
gG = 0.02− 6.5

Column diameter: dc = 0.091 m, column length Lc = 1.0 m, Co-current up-flow: Air–Water flow, Air–Monoethanol amine, Type of
packing: Spheres, Raschig rings, Berl saddles, Cylinders dp = (3.0–12.5)·10−3 m, ε = (0.3–0.69)

Larkins and White [42]

log10RL = −0.774 + 0.525(log10X) − 0.109(log10 X)2

X =
(

∆PL
∆PG

)0.5
0.05 < X < 30

0.357 ≤ ε ≤ 0.52

Column diameter: dc = 50.8 mm and dc = 101.6 mm, Homogenous and heterogeneous flow regime, vertical downward flow:
air–water, air–water (methyl-cellulose), air–water (0.033% soap), air–ethylene glycol, natural gas–kerosene, natural gas–lube oil,
CO2-lube oil. Type of packing: Raschig rings 9.52·10−3 m and 3.17·10−3 m; Cylinders 3.17·10−3 m; Glass beads 3·10−3 m; νsG =

0–8.05 m/s, νsL = 0–0.265 m/s, ReG = 0–6200, ReL = 0–3405.
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Table 4. Cont.

Author Method

Turpin and Huntington [43]
RL = −0.035 + 0.182

( .
gL.
gG

)0.24

( .
gL.
gG

)0.24
= 1− 6

Column diameter: dc = 5·10−2 m, dc = 10·10−2 m, dc = 15·10−2 m, Air–Water flow (Bubble flow, Pulse and Spray flow). Type of
packing: tubular alumina particles: 7.62·10−3 m and 8.23·10−3 m.

Saada [46]
RL = K

(
ReL
ReG

)a
, Re∗G = 0.44Re2

L

(
dp
dc

)0.38

K = 0.48; a = 1.25 for ReG < Re∗G
K = 0.32; a = 0.07 for ReG > Re∗G

Column diameter: dc = 4.52·10−2 m, Lc = 0.40 m, Co-current Air–Water upward flow, (Bubbly, Churn turbulent flow regimes). Type
of packing: Glass ballotini spheres (dp = 5.14·10−4 m, dp = 9.74·10−4 m, dp = 20.64·10−4 m); ε = 34.6%

Figure 10. The gas void fraction in the air–oil flow calculated according to the methods developed
for empty channels.
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Figure 11. Comparison of experimental and calculated (acc. methods for porous media) gas void
fraction values for air–oil two-phase flow (νso = 0.044 m/s)). Applied models: Hu et al. [31],
Ji et al. [32], Khan et al. [45], Saada et al. [46], Turpin et al. [43].

Figure 12. Comparison of experimental and calculated (acc. to selected literature methods) gas void
fraction values for air–water two-phase flow (metal foam packed channel). Applied models: Hu
et al. [31], Ji et al. [32], Khan et al. [45], Saada et al. [46], Turpin et al. [43].

The results of the statistical analysis of the methods for calculating the void fraction in
the air–oil flow through the channels filled with metal foam are presented in Table 5. The
Root Mean Square (RMS) deviations and the relative error (δ(ε)) of the experimental data
with the correlations reported in Tables 3 and 4 were listed in Table 5. The RMS deviation
is estimated from the following equation

RMS =

[
1
n

(
n

∑
i=1

(
xexp − xcalc

xexp

)2
)]0.5

(5)

The evaluation of the methods shows that most of them do not allow to calculate the
volume fraction of the phases with the appropriate accuracy. Unsatisfactory prediction
results were obtained for the methods of calculating the volume fraction of the phases
developed for the flow through granular porous media for which the value of the mean
standard deviation (RMS) significantly exceeds 70% and the relative error value δ(ε) is equal
to 49%. The best approximation compared to the experimental data is provided by the GE
RAMP [51] and Zuber-Findlay [48] methods developed for flows through empty channels.
These methods, in the case of flow through the tested foams, allow the determination of
Ra with an accuracy (RMS) of 36% and 46%, respectively, and with a relative error of 13%
and 19%.
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Table 5. Statistical evaluation of gas void fraction calculation methods.

Type of Foam 20 PPI (AlSi7Mg) 30 PPI (AlSi7Mg) 40 PPI (Al 6101)

Model RMS δ (ε) RMS δ (ε) RMS δ (ε)

Lockhart and Martinelli [47] 1.01 1.01 0.96 0.92 1.11 1.24
Zuber and Findlay [48] 0.46 0.20 0.45 0.19 0.55 0.30

Dix [49] 1.29 1.67 1.24 1.53 1.42 2.04
Chisholm [50] 1.36 1.86 1.30 1.71 1.50 2.27
GE RAMP [51] 0.36 0.13 0.36 0.13 0.42 0.17
Stomma [52] 1.20 1.44 1.14 1.30 1.32 1.74
Rouhani [53] 1.21 1.47 1.16 1.35 1.35 1.84

Larkins and White [42] 1.17 1.37 1.10 1.22 1.26 1.60
Turpin and Huntington [43] 0.77 0.60 0.70 0.49 0.84 0.69

Weber (2 mm) [44] 0.85 0.72 0.85 0.72 0.84 0.71
Weber (5 mm) [44] 0.86 0.73 0.86 0.73 0.85 0.72

2.4. Method for Predicting the Void Fraction

The performed statistical evaluation of the methods for calculating the void fraction
indicated that in the air–oil and air–water two-phase flows through metal foams these
methods do not allow predicting these values with high accuracy. Based on the results of
the statistical analysis and taking into account the similarity of the gas–liquid flow patterns
identified during the tests to the flow patterns forming in empty channels, as well as their
significant influence on the values of void fraction, it was decided to development of a
new calculating method in packed channels based on assumptions right for separated
flow. Evaluation of methods valid for two-phase flows through empty and filled channels
allowed to select the drift-flux model proposed by Zuber and Findlay [48] as the basis for
the development of the method calculating the void fraction in gas–liquid flow through
channel filled with metal foam. According to the model, the gas void fraction (RG) is related
to the parameters defining the flow conditions with the following relations:

νsG
RG

= Coν2P + νdr (6)

where: ν2P is the two-phase mixture mean velocity, Co is the distribution parameter, and
νdr is the mean drift velocity, which represents the difference between the gas velocity
and the mixture mean velocity and is usually considered to be a function of the terminal
rise velocity of a bubble in a stagnant liquid phase. Two-phase mixture mean velocity is
given by

ν2P = νsG + νsL (7)

where: νsG is the superficial gas velocity, νsL is the superficial liquid velocity.
It was shown in [37,54] that Zuber-Findlay model, despite its simplicity, ensures

relatively good agreement of the void fraction predicted values with the experimental
ones, but mainly under flow conditions with small streams of liquid. As the liquid flux
increases, the gas volume fraction calculated by the drift-flux model becomes more and
more overestimated. Moreover, the experimental data show that in the case of flow through
channels with metal foams, the curve of changes in the measured air void fraction as
a function of air superficial velocity becomes “straightened” with the increase of the
liquid flux (Figures 5 and 6), which is not included in the Zuber and Findlay model. For
this reason, while maintaining the original form of the drift-flux model, the distribution
parameter Co and drift velocity (νdr) were subjected to independent modeling.

In the original form of the drift-flux model, and its numerous modifications, it is gen-
erally assumed that for small-diameter channels, the values of the distribution parameter
Co and, above all, νdr depend, among others, on the physical properties of the phases, chan-
nel diameter and flow patterns, but in relation to a specific channel—two-phase mixture
system, they are in fact constant values. The influence of the liquid flux on the course
of changes in the measured void fraction of air observed during the experimental tests
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shows that in the case of two-phase flow through metal foams, the Co constant and the
drift velocity also depend on the quantities describing the flow dynamics.

The distribution parameter Co is described by many researchers with similar relations,
the basis of which is Equation (8), as a result it takes the value of approximately 1.2.

Co = 1.2− 0.2
(

ρG
ρL

)0.5
(8)

This is the reason for some theoretical imperfection of the drift-flux model in estimating
the real average gas velocity (left side of Equation (6)). In the case when the gas void fraction
in the two-phase flow increases to 1, for each Co value differ than 1, this average gas velocity
will not be consistent with the velocity resulting from the gas stream feeding the channel,
(νsG/RG) 6= ν2P = νsG. To avoid this inaccuracy, in the modified drift-flux model, the
distribution parameter Co is given by

Co = 1.2− 0.2x0.5
G (9)

Using the mass fraction of gas (xG) as a variable in Equation (9), the influence of the
flow conditions on the changes of the void fraction of the phases was taken into account.
In this equation, the value of the distribution parameter Co = 1 when xG = 1 (keeping the
Co value close to 1.2 over a wide range of flow parameters changes). With the constant Co
defined in this way, the influence of other quantities describing the flow conditions on the
value of the volumetric fractions must be included in the description of the drift velocity
νdr. In the modified form of the drift-flux model, this quantity is described by the following
relationship

νdr = C
[(

νsL
ν2P

)c1

Rec2
G

][(
σL

ğ(ρL − ρG)

)0.5
d−1

h

][(
ηL
ηw

)(
ρw

ρL

)2
]c3

(10)

where: ğ—acceleration of gravity (m/s2), νsL—superficial liquid velocity m/s, ν2P—two-
phase mixture velocity m/s, σL—liquid surface tension N/m, ρL—liquid density, ρG—gas
density, ρw—water density, µL—liquid dynamic viscosity Pas, µG—gas dynamic viscosity
Pas, µw—water dynamic viscosity Pas, dh—hydraulic diameter m, ReG—dimensionless gas
Reynolds number.

The first part of this equation includes the influence of dynamic flow conditions on the
value of νdr. The drift velocity is also determined by other factors influencing the formation
of specific flow structures in the channel. These can include the surface tension of the liquid,
differences in phase density, phase void fraction in the mixture, or geometric parameters of
the channel. In the newly developed model, the reciprocal of the dimensionless hydraulic
diameter (the second term of Equation (10)) proposed by Kataoka and Ishii [55] was
used to describe the drift velocity. The presented correlation of the drift velocity (values
determined on the basis of experimental data) with the quantities describing the flow
conditions (Figure 13), indicated the necessity to take into account also the viscosity of the
liquid. For this purpose, based on the experience in modeling of frictional pressure drop in
gas–liquid systems, the dimensionless expression ((µL/µw)(ρw/ρL)2) was introduced into
Equation (10). The Reynolds number for gas phase ReG describing the flow was defined by
the equation

ReG =
νsGdhρG

εµG
(11)
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Figure 13. Correlation of drift velocity with gas–liquid flow conditions (stratified flow).

The hydraulic diameter (dh) in Equation (11) is an equivalent value calculated in
relation to the structural parameters of the metal foam, i.e., porosity (ε) and pore diameter
of the foam (dp). The value is calculated from the following equation

dh =
εdp

1− ε
(12)

The constant C and the exponents c1, c2, c3 in Equation (10) were determined on
the basis of statistical calculations carried out independently for stratified and other type
of flow (plug, slug, churn, annular). The analysis of void fraction data showed that the
influence of flow patterns on the void fraction value can be limited to these two groups
of flow patterns. For stratified flow, the determined values of the constant C and the
exponents are as follows

C = 0.14; c1 = 0.75; c2 = 0.85; c3 = 0.33.
For the other types of flow patterns, the following constants can be taken C = 0.01;

c1 = 1.1; c2 = 1.1; c3 = 0.33. The drift velocity equations for the various flow structures are
summarized in the Table 6.

Table 6. Drift velocity νdr in flow through metal foam.

Type of Flow Equation

Stratified flow
νdr =

0.14
[(

νsL
ν2P

)0.75
Re0.85

G

][(
σL

ğ(ρL−ρG)

)0.5
d−1

h

][(
ηL
ηw

)(
ρw
ρL

)2
]0.33

Other type of flows (plug, slug,
churn, annular)

νdr =

0.01
[(

νsL
ν2P

)1.1
Re1.1

G

][(
σL

ğ(ρL−ρG)

)0.5
d−1

h

][(
ηL
ηw

)(
ρw
ρL

)2
]0.33

The liquid void fraction should be determined taking into account the gas void fraction
as a complement to unity

RL = 1− RG (13)

The greatest discrepancies between the air void fraction measured and calculated
according to the developed method were found in the case of calculations carried out for
mixtures with a small mass fraction of air (xG < 0.005), and for flow patterns different than
stratified flow. The new developed method of calculating the volume fractions of phases
can be used to describe the gas–liquid flow through metal foams, ensuring the correct
representation of the course of changes in the volume fraction of air and high accuracy
of determining this value. For example, Figure 14 shows the course of changes in the
void fraction in the air–water flow through 20, 30, and 40 PPI metal foams (the points
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marked on the graph describe the experimental data, while the lines, the void fraction
values predicted according to the model). Comparison of the measured air void fractions
with calculated according to the new model is presented in Figure 15. The average relative
error of prediction of the air void fraction is less than 13%, and 86% of the computational
data is characterized by an error of less than 20%.

Figure 14. Comparison of measured and calculated according to new method values of air void
fraction in air–water mixture flow through metal foam.

Figure 15. Comparison of the measured air void fractions with calculated in acc. to the Equation (6).

3. Conclusions

The results of the experimental tests show that in the gas–liquid flow, the presence of
foam in the channel does not cause phase dispersion. In the channels packed with open-cell
metal foam there are flow patterns typical for horizontal empty channels such as plug,
slug, churn, and stratified flow. However, it has been found that the foam causes greater
interfacial slip than during the flow of the two-phase gas–liquid mixture through the empty
channels. The differences in the foam geometric structure do not affect the value of the
phase void fraction and the type of flow patterns present in the flow. On the other hand, it
was found that the flow patterns significantly influenced the value of void fraction.

The experimental data were used to develop a new method for predicting void fraction
in two-phase gas–liquid flow in channels packed with metal foams. New model was based
on the results covering a wide range of changes in flow parameters (velocity of fluids),
using two liquids with different physical properties and foams with different pore densities
(PPI). This method is based on the assumptions of the Zuber-Findlay drift-flux model. It
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should be emphasized that for the two-phase gas–liquid flow, the proposed model remains
valid in the conditions of gas or liquid disappearance in the flow.

The average relative error for air void fraction prediction in two-phase flow through
metal foam is less than 13%, and 86% of the computational data is characterized by an error
of less than 20%. This model can be used for design of apparatuses packed with metal
foam, in which there is a two-phase gas–liquid flow. Further research will be carried out
using foams with a higher degree of pore packing which significantly increases the contact
area between the phases. These types of foams are often used in catalytic reactors, fuel
cells, and microreactors.

Experimental results presented in the paper complement and extend the current state
of knowledge in relation to hydrodynamic of two-phase gas–liquid flow through horizontal
channel packed with open-cell metal foams.
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Abbreviations

Nomenclature
d internal diameter of pipe (m)
ğ acceleration of gravity (m/s2)
.
gL mass flux (kg/(m2 s))L length, m
νσ superficial velocity (m/s)
R void fraction (-)
Re Reynolds number (-)
T temperature (◦C)
Q volumetric flow rate (m3/s)
x mass fraction (-)
Greek symbol
ζ input void fraction (-)
µ viscosity (Pas)
ϑζ equivalent linear dimension (m)
ρ density (kg/m3)
σ surface tension (N/m)
Subscripts
a air2P two-phase flow
cal calculated value
c column, channel
exp measured value
G gas
i i-phase
L liquid
o oil
p packing
w water
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