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Abstract

The paper presents possibilities of the application of open-cell metal foams in the construction of process
equipment. The article also describes results of own experimental studies on hydrodynamic and thermal
phenomena occurring during fluid flow through channels packed with aluminium alloy foams. The collected
experimental data enabled to determine, among others, pressure drops and the heat transfer coefhicient, and
to indicate main gas—liquid flow patterns.
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Streszczenie

W artykule przedstawiono mozliwosci wykorzystania otwartokomorkowych pian metalowych w budowie
aparatury przemyslowej. Opisano wyniki wlasnych badan doswiadczalnych dotyczacych zjawisk hydro-
dynamicznych i cieplnych zachodzacych podezas przeplywu plynu przez kanaly wypelnione pianami ze
stopéw aluminium. Zebrane dane eksperymentalne pozwolily okresli¢ m.in. warto$ci oporéw przeplywu
i wspolezynnika wnikania ciepla oraz wskaza¢ podstawowe struktury przeptywu gaz—ciecz.

Stowa kluczowe: otwartokomérkowa piana aluminiowa, przeplyw gaz-ciecz, opory przeplywu, struktury przeplywu,
whnikanie ciepla




1. Introduction

In the recent several years, there has been an increased interest in metal foams and their
applications in the flow equipment. Open-cell metal foams are highly porous materials, in
which metal has a form of a three-dimensional skeleton that forms relatively large and empty
cells as adjacent polyhedral bodies. Such a structure gives the foams very high porosity, usually
over 90%. High porosity and many “windows” joining individual cells allow fluid flow in the
cellular space, which reduces energy costs of pumping the fluids through these materials.
Moreover, open-cell foams have a high specific surface area, which in combination with
low pressure drops makes them perceived more and more often as an alternative for other
types of structural packing used in the construction of heat exchangers and mass exchangers.
A relatively high thermal conductivity and a continuous skeleton structure that causes no
heat resistance, which occurs at the interfaces of structural packing, makes foam applicable
as specific fins on the external heat exchanging surface in thermal engineering. Technology
allows for the production of foams from a wide spectrum of metal alloys. Foams are available
that are made of materials that allow for their application in difficult working conditions, such
as a high temperature or a chemically aggressive environment.

1.1. Metal foams in construction of process equipment

The literature presents information on the application of open-cell metal foam in
the construction of compact heat-exchangers [3, 11], thermal storage [18, 20] and heat
regenerators [2, 21], as well as chemical reactors [ 10, 19] including catalytic reactors [7, 13].
Moreover, foams can be used in evaporators of cooling equipment [6, 8] and solar collectors
[22], as well as in column equipment [12, 15].

Studies on heat transfer in equipment filled with metal foams usually show significant
(2 to 4 times) increase in the heat transfer coefficient in comparison with classic pipe and
plate equipment not containing components increasing the heat transfer. According to
Boomsm et al. [1] and Wang et al. [22], there may even be a 10-fold increase in the heat
transfer coefficient. The authors of the paper [1] believe that an increased head transfer rate
compensates increase in the demand of fluid pumping energy. As a result, heat exchangers
with metal foams have greater heat transfer efficiency by up to 50% compared to plate heat
exchangers. Metal foam heat exchangers also have a very good ratio of heat transfer rate to
mass and volume of the exchanger. As reported by Ozmat et al. [11], it is possible to gain heat
flux of up to 5000 kW/m?.

As assessed by Youchison et al. [24], the structure of a foam skeleton provides relatively
low pressure drops and a high heat transfer rate in comparison with sintered packed bed.
Whereas Wang et al. [21] report better calorific effect of a foam exchanger in comparison
with analogical equipment with copper mesh packing.

Quite different conclusions were drawn by the authors of the papers [ 14, 16]. Their studies
involved a comparison of the heat transfer in tubular heat exchangers with heat transfer surface
developed using metal foam and traditional fins. According to Sertkay et al. [16], the heat



transfer rate in the exchanger with intertubular spaces filled with metal foam is approx. 2 times
lower than for lamellar fins. Similarly, Ribeiro and Barbosa [14] believe that exchangers with
finned radiators have better thermohydraulic parameters.

Research works pay a lot of attention to foam applications in the flow boiling processes
[6, 17]. Presence of foam temperature of the heating surface and shifts departure from
nucleate boiling towards much higher heat flux [17,23]. Hu et al. [6] report that heat transfer
coeflicient recorded during the flow of boiling coolant through a flat channel filled with metal
foam is 1.5-2.6 higher than for boiling on flat surface (channel without packing). Even a higher
difference (24 higher for the foam) occurs for boiling in pipes. At the same time, the authors
of the paper [6] highlight the fact that presence of metal foam causes a significant increase in
agent pressure drops, which contributes to a decrease in the cooling system efficiency.

An increase in heat transfer rate may be achieved using foam as packing of tubes of solar
collectors. As stated by Wang et al. [22], the greater the heat transfer rate is as a result of flow
disturbances in a boundary layer, the more intense the fluid mixing in the entire tube volume
and an increased effective thermal conductivity due to foam in the pipe.

Available literature data indicate that despite an increasing number of research works,
there are still difficulties in the determination of process effects obtained by the application of
foams in the process equipment. There are numerous doubts or even contradictions regarding
basic issues of heat transfers and flow hydrodynamic through cellular space of the foams.
This is especially true for processes involving two-phase gas-liquid mixtures. So far, there
has not been sufficient identification of the effect of flow conditions and foam geometrical
parameters on pressure drops and changes in phase void fractions. There is no information
on the flow pattern occurring during two-phase flow through metal foams and conditions of
their formation.

Due to numerous gaps in knowledge, it was decided to conduct own experimental research
on the effect of flow conditions, fluid properties and foam skeleton geometric parameters on
the hydrodynamic and thermal phenomena in single- and two-phase gas-liquid flow through
open-cell metal foams.

2. Scope and execution of experiments

The studies were conducted using three foams from aluminium alloys (Fig. 1) — two of
AlSi7Mg alloy and one of Al 6101. The foams had similar porosity ¢ and a skeleton shape,
but different geometric dimensions of the cells. Similarity of some foam parameters was
necessary in order to clearly determine the effect of cell size on the thermal and flow processes
occurring in the cellular space. Pore density was treated as a distinguishing factor of individual
foams, which according to the foam manufacturers, was 20 and 30 PPI for AISi7Mg foams
and 40 PPI for Al 6101 foam. For metal foams, a term pore is used to indicate the “window”
connecting adjacent cells (Fig. 1d). Pore and cell sizes were determined graphically based on
microscopic image analysis of the foam skeleton. The images were taken at a 15x zoom with
a scanning microscope. Per suggestions of the authors of the paper [9], equivalent diameter
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was taken a cell size d_of value equal to diameter of the circle of circumference equal cell
circumference. An equivalent diameter of the pore was defined analogically dp. Equivalent
values were determined as averages from measurements of over one hundred cells and pores.
The selected foam parameters are summarised in Table 1.

g g
Fig. 1. Foams used in experiments: a) foam 20 PPI, b) foam 30 PP, c) foam 40 PP],
d) microscopic image

An immediate purpose of the experimental studies was to measure pressure drops and
changes in the temperatures of the fluid pumped through a channel filled with foams. For two-
phase flows, void fractions of phases were measured and flow patterns were identified. Air, water
and machine oil Velol-9Q were used as working liquids. The most important in terms of research
subject, oil properties at 20°C were: viscosity 1 ;= 0.0086 Pa-s, density p = 859.8 kg/m?, specific
heat ¢ = 1848.8 ]/ (kg K), thermal conductivity k = 0.128 W/(m-K).

Table 1. Specification of tested foams

(1,:?121;) ¢[-] k [W/(m-K)] d.10° [m] 410" [m]
(Azl(s)il;ll\)/ig) 09336 1504 3452 1.094
( Aigigﬁg) 0.9435 189.4 2255 0712
(:106111(;11) 09292 189.4 2386 0.824

The measurements were conducted using an experimental stand, of which the main
component was a horizontal channel with an internal diameter of 0.02 m, fully packed with
aluminium foams (for each type of foam an independent channel was made). In the central



part of the channel, there was a measurement section of 1.27 m in length, where pressure
drops and changes in the temperatures of the fluids and the channel wall were measured.
The measurement section was preceded by a flow stabilising section. Downstream of the
measurement section, there was an outlet section made of plexiglass, which despite the
presence of packing, allowed for the observations of two-phase flow patterns occurring in
the channel. A measurement section of the channel was heated externally on the length
of 1.18 m, using a resistance heater coiled around the channel. In the heated part of the
channel, the metal foam was glued to the external surface of the channel using a thermally
conductive epoxy-aluminium adhesive. The measurement section was insulated with
mineral wool. A diagram of the test stand with the location of the measurement instruments
is presented in Figure 2, while the real view of the measurement section is presented in
Figure 3.

The test stand was supplied with air from a pneumatic unit. Water (demineralised)
was pumped using a multi-stage impeller pump, while oil — gear pump. Fluid streams were
measured using various types of flow-meters of a high accuracy class. For air stream, due to
high pressure drops and related changes in the air density, mass flow metres were used.

The pressure drop was measured as the difference of pressures between channel
points 1 m apart from each other. The measurements were conducted using a set of
five piezoresistive differential pressure sensors with a total measurement range of
0-150.000 Pa. For the determination of the air density, excess pressure in the channel was
also measured. Phase void fractions were measured using the so-called trapping method.
At the same time, using pneumatically controlled diaphragm valves, the inlet and outlet
of the measurement section were closed. The trapped in the channel liquid volume in
relation to volume of channel measurement section corresponded to the liquid fraction in
the gas—liquid mixture.

| measurement section

channel and foam

A
@ — temperature measurement AT — autotransformer RV - reducing valve s % V_TP
F — filter S — separation _\ v
® — pressure measurement FA — air flowmeter TL - liquid tank liquid - e
FL - liquid flowmeter VP — pneumatic valve S F PL
@ — pressure drop measurement HC — heater VE — electromagnetiv valve P i /
HI — thermal insulation VT — throttle valve R

PC — data acqusition system CV — check valve
PL —liquid pump

Fig. 2. Diagram of test stand




Temperatures of fluids and channel walls were measured using K-type thermocouples
of 1 mm in diameter. Temperatures of the fluid and the wall were measured at four points
along the channel (cross-section I, I, I1I and IV in Fig. 2). In each of the four cross-sections,
8 thermocouples were places. Measuring tips of five of them were inside the channel at
different distances from its axis (in the vertical plane). Tips of three thermocouples were
placed in the channel wall at distance of 0.5 mm from the internal channel surface.

The measurements were conducted for a relatively wide range of changes in the fluid
velocities in order to obtain both laminar and turbulent flow. Fluids superficial velocity w
was taken as a value characterising flow conditions. This velocity shall be understood as the
average velocity of fluid through empty measurement channel neglecting the presence of the
foam and a second fluid for a gas-liquid flow.

The measurements were conducted for adiabatic and nonadiabatic flow. In the latter case,
the power of channel heating heaters was set at a level ensuring fluid temperature increase by
atleast 10 K.

W\
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Fig. 3. Measurement section of test stand

Table 2. Experimental conditions

phase, f w; [m/s] Cf -] t [°C]
, 0.028-9.88

air, a (0.028-2.39) 0.313-0.998 21-95

water, w 0.0030:279 0.002-0.988 24-88

(0.006-0.061)

0.003-0.167

(0.006-0.061) 0.002-0.988 19-93

oil, ol

* velocity range in brackets is for two-phase flow

3. Results of flow hydrodynamics and heat transfer

The measured single-phase flow pressure drops increase exponentially with the increase of
fluid velocity. Figure 2 presents an example of such behaviour for pressure drops for water. For
all three fluids, the lowest pressure drops were recorded for flow through foam 20 PPI, while



the greatest were observed for flow through foam 40 PPI. Foam 20 PPI has the largest cells,
which makes it less resistant to flow than foams with smaller cells. Despite the fact that cell
size of foam 40 PP1 s slightly greater than for foam 30 PPI, pressure drops on foam 40 PPI are
significantly higher than for flow through foam 30 PPI. This is due to the lower porosity and
numerous local deformation of foam 40 PPI skeleton.

Pressure drop on tested foams can be described using Forchheimer equation,

AP M
EZI—g-wf+pf-Bw;, (1)
where:
K - foam permeability, m?,
B - foam inertial coefficient.

This equation is commonly used to describe flow through granular porous media, for
which K and [ are material specific constants. As shown in the paper [S], metal foams have
various permeability and inertial coeflicients, depending on the properties of fluids pumped
through them. Due to this fact, applicability of the Forchheimer equation for fluid flow
through metal foams is limited.
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Fig. 4. Water pressure drop

A characteristic value for the single-phase through metal foams may be friction factor A. It
was concluded that this factor may be used as a generalised value that correctly describes the
pressure drop on various foams, if its value is determined, allowing for geometric parameters
of the foams. The value of the friction factor was determined based on the measured pressure
drops and Darcy-Weisbach equation with hydraulic diameter d,, adopted to be of equivalent
value, determined based on two mutually independent parameters characterising foam
geometry — porosity ¢ and pore diameter dp,

(2)




Analysis of change in the friction factor as a function of Reynolds number are given by the
equation,

w,-d, p
Ref:—f P (3)

enables determination of nature of the flow through individual foams. Form low Reynolds
number range, the friction factor decreases linearly (Fig. 5), which indicates that flow is
laminar. For flow of both liquids, as well as for air, the flow is laminar when Re_does not exceed
a value of approx. 150. A clear departure of the curve of friction factor from linearity, when
Re > 150, prove loss of flow stability and intensification of flow disturbances with increase in
Re, It shall be noted that for Reynolds number below approx. 1300, a slope of the curve of
changes in the friction factor is clearly greater than for Re > 1300. It may be assumed that for
Re = 150-1300 the flow has a transient Forchheimer nature. As indicated by the current state
of knowledge, in the Forccheimer flow range, departures from the laminar flow are small. As
the fluid velocity increases, the flow becomes more and more unstable and to a great extent
exhibits features of the turbulent flow (Re > 1300).

1000
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©  water
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Fig. 5. Changes in friction factor as a function of Reynolds for flow of air, water and oil

The nature of changes in the two-phase flow pressure drop (AP/AL )Zf is presented in
Figure 6 as shown by the example of air-water flow through foam 40 PPI. Two-phase flow
pressure drops are determined by phase velocity and they increase monotonically with
increasing velocity, both for air w_and water w .

The only departure is a sudden decrease in the value of pressure drops observed for a series
of points for water flow with a velocity of 0.061 m/s. Apparently, the ungrounded decrease in
the flow pressure drops despite the fact that the increase in air velocity is related to a change
in the flow pattern — from plug flow to stratified flow.
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Fig. 6. Character of changes of pressure drops in air-water flow, with pressure drop reduction effect

Air-water flow occurred mainly as a stratified flow. For small streams of air introduced into
the channel, a plug flow was also observed. For air-oil flow, apart from stratified and plug flow,
semislug and slug flow patterns were also observed. The greater variety of air-oil flow patterns
results in more irregular curve of changes in a pressure drop for this flow, especially for flows
with relatively high oil velocity, when semislug and slug flow were observed in the channel.

1.0
air-oil
foam 20 PPI
0.84
0.6
S
w
0.4 * Wy =0.061 m/s
A wy=0.045m/s
02+ * Wy —0.031 m/s
" Wy =0.017 m/s
® w,=0.006 m/s
0.0 T T T T
0 0.5 1 1.5 2 2.5
w, m/s

@

Fig. 7. Effect of phase velocity and flow pattern on value of air void fraction, in flow with oil

Flow patterns also strongly affect values of void fractions of the phases. As shown in Fig. 7,
when the type of the flow changes, there is a step change in the air void fraction.

The types of flow patterns formed in the channel packed with open-cell metal foam are
determined by mutual relations of fluid velocity and their properties. There was no effect
of foam geometric parameters on gas-liquid flow patterns found. In the analogical flow
conditions, i.e. at the same phase velocity and fractions, identical flow patterns were observed
for all of the foams (for a specific mixture of gas and liquid). It is also worth noting that foam




does not cause greater phase dispersion than flow through an empty channel. Flow patterns in
the channels packed with foam correspond to flow patterns occurring for a two-phase mixture
flow through empty channels.

The heat transfer analysis was based on changes measured in the temperatures of the fluid
and channel walls at the flow route, and heat balance in the heated part of the measurement
section of the channel.

In the single-phase flow, in order to increase the fluid temperature from a value at the
beginning of the heated channel section (cross-section I in Fig. 2) to a temperature at the
section outlet (cross-section IV), a heat transfer rate Qis required,

Qs =Gy (i =ifa) (4)
where:
Gf — fluid mass flow,
iryiy, — fluid enthalpy at the beginning and end of the measurement section.
In the two phase flow, heat transferred between the heated channel and air-liquid mixture

has a value equal to the total of heat transfer rates to both fluids,

Qur=Q,+Q.,L=w,o0l (%)

Value of fluid enthalpies was determined for average temperatures in the considered
channel cross-sections (I and IV). For air enthalpy, a steam contained in the air was taken
into account. Air humidity was measured upstream of the measurement channel. For the two-
phase air-water flow, due to the need of accounting for latent heat of water vaporisation, air
enthalpy was calculated for the assumed saturated state.

The calculated heat transfer rate and Newton equation allow for the determination of heat
transfer coefficient from the channel wall to the fluid o, (a, ,in two-phase flow),

Qep
Cron=—"7= -\ (6)
Fo(&-7),
where:
F. — internal surface area of wall of the heated channel section.

b
Due to the changing temperatures of the fluid and the wall at the flow path, value of

expression (?b —?f ) was determined by approximate integration of differences of these
m
temperatures,
1 LIV

(6-5), = J(E-5)a @

ILI

Temperatures of the wall #, and the fluid ?f were assumed as average values from all the
thermocouples located in the wall (12 pcs) and inside the channel (20 pcs) located at four
equidistant channel lengths (Figure 2 — cross-sections I, IL, IIl and IV).



For all three fluids, the heat transfer coefficient in the single-phase flow shows a similar
dependency on the flow conditions and parameters of the foam in the channel. Figure 8
presents an example of such behaviour of o recorded for the heating of water. The heat transfer
coeflicient increases with the increase of the fluid velocity. Moreover, for the same water
velocity, o has different values for channels packed with different foams. This is probably
due to differences in the foam structures and their thermal conductivity. The lowest values of
the heat transfer coeflicient were reported for flow through foam 30 PPI. Taking into account
foam specific surface area, which next to channel internal surface area, is a “component” of
heat transfer surface, coefficient 0, in flow through foam 30 PPI shall value greater than for
flow through foam 20 PPI, which having larger cells, have a lower specific surface area. The
behaviour observed in the studies is opposite. It shows that in the channels packed with foam,
heat transfer occurs to a large extent between the channel wall and the fluid.
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Fig. 8. Heat transfer coefficient for water flow through channels packed with various aluminium foams

The transfer coefficient for flow through foam 40 PPI has intermediate values — between
values corresponding to flow through foams 20 and 30 PPL The foam 40 PPI is geometrically
similar to foam 30 PPI (similar cell and pore sizes), but it has significantly higher thermal
conductivity of the skeleton k_equal 189 W/(m-K), while k = 150.4 W/(mK) for foams
20 PPIand 30 PPI Taking into consideration the fact that part of the heat is transferred from
wall to foam and then through it to the fluid, various values of thermal conductivity of the foam
skeleton undoubtedly have an effect on obtaining higher values of the heat transfer coefficient
for flow through foam 40 PPI, in comparison to foam 30 PPL Results of heat conduction in
the foam-fluid system are described in the paper [4].

The value of the heat transfer coefficient for the two-phase flow is greater than for the
single-phase flow. For all the cases of the flow, i.e. both for air-water flow and air-oil flow
through all three foams, the heat transfer rate increases with an increase in the velocity of
each phase. However, liquid has greater effect on the value of a, ;as shown in Figure 9. Ten-
fold increase in water velocity (from 0.006 to 0.061 m/s) causes approx. two-fold increase




of heat transfer coeflicient. While multiple increases in the air velocity causes only a small

(several percent) increase in the value of - Analogical behaviour in changes of heat transfer

coeflicient was observed for the air-oil flow.
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Fig. 9. Heat transfer coeflicient for air-water flow for various fluid velocities

Under the conditions of changing flow patterns, some departures from the tendency of an
increase in the heat transfer coeflicient with an increase in the fluid velocities can be observed.
However, the impact of patterns on the heat transfer rate is not as pronounced as for pressure
drops and phase fractions and it points out only for air-water flow, when flow pattern changes
from plug to stratified one. Under the same conditions, the greater pressure drop reduction
effects were observed for the two-phase flow and step changes of void fraction of phases.

Just as for the single-phase flow, the highest values of heat transfer coefficient a., were
reported for flow through foam 20 PPI and the lowest for flow through foam 30 PPL

4. Summary

Open-cell metal foam may be used in the construction of various process equipment.
There are high expectations regarding the application of foams in heat and mass exchangers,
where they can be used as structural packing. In such application, it is necessary to identify
factors determining pressure drops and the heat transfer in the space packed with metal foams.
Results of own experimental results in that scope indicate that fluid pressure drops through
channels packed with aluminium alloy foams depend on fluid velocity and fluid properties,
foam porosity, cell size and shape of the cellular skeleton.

Foam geometric parameters to a smaller extent affect the heat transfer rate. Nevertheless,
the heat transfer coefficient for heating the fluids in channels packed with foams under the
same flow conditions has different values depending on the foam the fluid is pumped through.



These differences are as high as 20% (under conditions of the executed tests). Moreover, an
effect of the foam skeleton thermal conductivity on the heat transfer between the fluid and
the wall channel can be also observed.

Two-phase flow pressure drops depend mainly on flow hydrodynamic conditions, including
flow patterns. In the channels filled with aluminium foams, flow patterns typical for empty
channels occur. The following four basic flow patterns may be distinguished among the patterns
observed in the studies: plug, semislug, slug and stratified flow patterns. The type of the formed
flow patterns is determined solely by flow conditions (velocities, properties and void fractions of
phases). There was no effect of foam geometric parameters on the flow patterns found.

Changes in the flow patterns are often accompanied by sudden, reaching dozens of
percents, changes of values of (AP/AP) ” and € The effect of the flow patterns on value of the
heat transfer coeflicient in the two-phase gas—liquid flow is less pronounced.
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