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Convective Boiling in Metallic Foam: Experimental
Analysis of the Pressure Loss

B. Madani', F. Topin” and L. Tadrist’

Abstract: The present work deals with the hydraulic characterization of two-
phase flow with phase change in a channel filled with metallic foam. We pro-
vide a general presentation of metallic foams including morphological character-
istics, fabrication processes and industrial applications. The experimental facility,
which consists of a hydrodynamic loop, the test section, measurement devices, and
the data acquisition system, is presented. The Metallic foam sample tested in the
present work is manufactured by SCPS (French manufacturer). N-pentane is used
as a coolant fluid. The mass velocity values lie between 4 and 49 kg/ m’s, while
the heating power in the test section ranges from 0 to 35 W/cm?. The effect of
fluid acceleration on the pressure profiles is demonstrated in the convective boil-
ing regime. The measured pressure profiles are used to locate the thermodynamic
zones inside the test channel. Then, the evolution of the pressure drop versus mass
velocity is established and compared to results obtained from the application of the
homogeneous model to two-phase flow.

Keywords: Two-phase flow, boiling, pressure loss, homogeneous model, multi-
plier parameter.

1 Introduction

Metallic foams are a class of cellular materials elaborated from either liquid or
metallic powder. The foam utilized in this study is obtained by electro-deposition
process. An exhaustive review about processes used to elaborate metallic foam is
given by Curran (2003). As shown in Fig. 1, the geometric structure of metallic
foam is constituted of fluid cells with polyhedron shape. Each cell is delimited by
struts, with roughly triangular hollowed section. The number of pores by inch (PPI)
is generally used by manufacturers to characterize the material pore size.
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Figure 1: Metallic foams for three different ppi.

Initially, metallic foams were used in aeronautic and transportation vehicles due to
their mechanical properties such as strength and choc absorption. Only during the
last decade have the thermal applications begun to be developed. Nowadays, open
cell metallic foams are widely used in heat and mass transfer enhancement such as
in catalyst exchangers.

In the literature, a large number of studies concerning the thermo-hydraulic char-
acterization of metallic foam were carried out in the single-phase regime (liquid
or gas) (Kaviany and Mittal, 1987; Bhattacharya, Calmidi and Mahajan, 2002;
Boomsma and Poulikakos, 2002; Tadrist, Miscevic, Rahli and Topin, 2004; Madani,
Topin, Rigollet and Tadrist, 2007; Mahjoob and Vafai, 2008; Bonnet, Topin and
Tadrist, 2008). There are a few studies on two-phase flow in fibrous media and
metallic foam (Miscevic, Topin and Tadrist, 2002; Topin, Bonnet, Madani and
Tadrist, 2006; Stemmet, Jongmans, Schaaf, Kuster, and Schouten, 2005; Calvo,
Beugre, Crine, Léonard, Marchot, and Toye, 2009). There is also a lot of work deal-
ing with two-phase and boiling in porous media (Lipinski, 1980; Bau and Torrance,
1982; Naik and Dhir,1982; Nakayama, Daikoku and Nakajima, 1982; Fukusako,
Komoriya and Seki, 1986; Kovalev, Solov’yev and Ovodkov, 1987; Chung and
Catton, 1988; Kaviany, 1991; Carey, 1992; Liao and Zhao, 2000; Jamialahmadi,
Miiller-Steinhagen and Izadpanah, 2005). Madani (2007) gives an exhaustive re-
view on boiling in porous media as well as its everyday applications in nature and
in industrial activities.

The hydraulic properties of the foam used in the present work may be found in
Madani, Topin, Rigollet and Tadrist (2007).
2 Experimental Facilities

The experimental set-up is designed to allow the study of the impact of a solid
matrix on the flow and the heat transfer phenomena in either single-phase or boil-
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ing regime. The apparatus (Fig. 2) consists of three main parts: a test section, a
fluid loop and a data acquisition system. The test section is a rectangular channel
containing metallic foam. The foams used in the present study and shown on the
photo in Fig. 3 are manufactured by SCPS (1995, 1998) via electro-deposition and
shaped as plates of 3 to 7 mm thickness. Image analysis was used to determine the
geometric characteristics of this metallic foam. The grade and the average diameter
pore size are 36 PPI (pore per linear inch) and 0.6 mm respectively. Note that the
grade provided by the manufacturer is 40 PPI. However, the porosity given by the
manufacturer, which is equal to 95%, is the same as the one measured in-situ by
weighting. The channel is encapsulated in a PTFE (PolyTetraFluoroEthylene) box,
ensuring both mechanical tightness and thermal insulation.
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Condenser
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pump Tank

Figure 2: Experimental set-up for boiling experiments

The test section shown in Fig. 4-a, is a channel with dimensions 10 mm (W) x
50 mm (L) x 200 mm (H), which contains foam plates that are not soldered to the
heating plates. The test section is heated on both lateral surfaces using electric
heaters. The channel is provided with forty thermocouples (type K) with diameter
equal to 0.5 mm and an approximate sensitivity of 415uV/°C. These thermocou-
ples are placed in the wall and inside the metallic foam along the three vertical
axes: wall temperatures (x=-0.01cm), axial temperatures (x=0.5 cm) and middle
metallic foam sample temperature (x=0.25cm). Notice that the x reference axis is
on the internal side of the channel wall as shown in Fig. 4-b.

Pressure is measured using Sensym pressure transducers which are attached to nee-
dles (d=0.5 mm) and located in the foam and uniformly spaced 10 mm apart along



354 Copyright © 2010 Tech Science Press FDMP, vol.6, no.4, pp.351-367, 2010

200 mm

Figure 3: Plate of SCPS metallic foam made up of copper, with 36 PPI as grade,
95% porosity, D pore=0.7 mm, Dy;,,,=0.178mm.

the central axis (Fig. 4-b). The sensors’ range is from 0 to 1.03 bar and their
sensitivity is about 1.7uV/Pa.

The fluid loop consists of a storage tank, a variable velocity gear pump and a cryo-
stat for the control of the inlet liquid temperature (i.e. n-pentane).
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Figure 4: The test section: (a) Channel dimension, (b) Channel components

The test section is connected downstream to a separator which is used only for
two-phase flow experiments. The liquid flows down by gravity to the weighted
tank, which is used to assess the mass flow rate, and eventually to the storage tank.
The constraint gauge which is the main element of the balance was calibrated in
the range 0 to 3 kg with a sensitivity of 7.5uV/g. The inlet test section flow rate is
monitored using two turbines flowmeters for optimal accuracy over the full range
of experiments. The first flowmeter works between 0.2 1/mn and 2 I/mn with a
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sensitivity of 2.5 V for 11/mn, while the second covers the range from 1l/mn to
40l/mn with a sensitivity equal to 1.2V for 1 I/mn. The measurement of liquid mass
flow rate both upstream the test section and coming to the weighted tank allows the
determination of the exit mass vapor quality.

Note that the heating power and the exit mass quality have also been calculated
using an energy balance. The discrepancy between the calculated and the measured
quantities is less than 2% for heating power and 7% for exit mass quality.

3 Experimental results and discussion
3.1 Pressure loss measurements

The pressure profiles measured along the foam are shown in Fig. 5 for five various
of the flow rate and a constant heating power P= 4228W. The measured exit mass
quality is also reported for each flow rate.

Although twenty sensors are implanted along the channel’s central axis (see in Fig.
4-b), measurements of the pressure are provided at only thirteen locations. This is
due to the fact that the sensors in the omitted positions gave useless responses.

In Fig. 5, we can easily see that the total pressure loss increases with inlet fluid
velocity. On the other hand, all the curves present two distinct parts: the first part
is linear, near the channel entrance, while the second is quadratic, extending to the
channel exit. Notice that the first part of curves presented in Fig. 5 corresponds to
the single-phase (liquid) flow regime and the second to the two-phase flow regime.

The slopes of the five curves in the single—phase zone are nearly identical. This re-
sult is similar than that obtained by Madani (2007) in their single-phase hydraulic
characterization of the present metallic foam samples. In fact, in the [20- 50]
kg/m?’s range of mass velocity with no heating power, the pressure profile slopes
were found identical within the uncertainty of the experiments in the cited work.
The authors used a larger mass velocity range between 6 and 122 kg/m?s to deter-
mine both the inertial and the viscous contributions. The results, which are based
on a parameter estimation method, show the predominance of the inertial charac-
ter of the flow in this type of cellular material. In the second part of the curves,
the pressure gradient increase indicates that the mixture density variation effect is
not negligible here. This density variation is produced by both phase change and
gas compressibility effects. Thus, the mixture velocity should increase from the
inlet to outlet, producing an increasing in pressure gradient. Figure 5 also shows
that the increase in mass velocity increases the pressure profile curvature and so
the pressure gradient. Notice that this last parameter increases rapidly near the exit
channel.
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Figure 5: Local static pressure profiles along the channel for several liquid mass
velocities and heating power P=4228W. The exit mass quality is given for each
mass velocity.

Figure 5 clearly shows that the pressure gradient is less in the single-phase region
than in the two-phase region.

3.2 Convective boiling flow laws

Experimental results for the pressure gradient are given in Fig. 6 for several heating
power values. The pressure gradient increases with both heating power and mass
velocity. This phenomenon may be explained by the fact that for a high heating
power, the boiling regime in the channel is stronger, so that more and more nucleate
sites are activated on both the channel walls and the solid matrix. The generated
bubbles coalesce to form slugs.

For visualisation purposes, a special test section has been set up with one of the
metallic plates replaced by a glass sheet. More details about this device are given in
Topin, Bonnet , Madani and Tadrist (2006). This special facility, which is equipped
with a fast camera, allows taking surface photos of the convective boiling in our
foams. These photos show that the slugs generated by boiling cling to the walls and
obstruct momentarily the matrix pores, resulting in a high pressure at the entrance
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Figure 6: Pressure gradient versus mass velocity for several heating power values:
experimental results.

part of the channel. Moreover, each curve has a maximum point past which, the
curves converge to the single-phase regime curve. At this maximum, the mass
velocity is so high that the applied heat power is fully absorbed to heat up the liquid.
Consequently there is no enough energy to maintain the boiling regime. However,
we note that the starting point of 1000W, 1419W and 1638W curves converge to
the single-phase curve. This means that these points indicate the beginning of the
liquid phase disappearance, or in other words that to the left of these working points
the flow in the channel is a single-phase gas.

3.3 Hpydraulic modelling of convective boiling

In the literature, there are neither experimental results for boiling in metallic foam
nor agreement on a two-phase flow model for porous media. Thus, in order to
compare our experimental results with reference cases, and considering the very
high porosity of the metallic foam which is close to 95%, we decided to compare
them to the results obtained with the homogeneous model for two-phase flow in a
clear tube. Among the advantages offered by this model, the specific velocities of
each phase which are missing in our database, are not requested.
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Recall that the homogeneous model is a set of equations expressing conservation of
mass and momentum. In this model, two-phase flow is considered as a single-phase
flow possessing mean properties. In addition, the vapor and liquid are assumed to
have the same velocity. Consequently, the local two-phase flow configuration is not
taken into account; more details can be found in Herstroni (1982).

In the following formulation, 1D geometric configuration and steady state are as-
sumed. These assumptions are justified by the channel dimensions and the experi-
mental conditions.

Globally for the two-phase flow, the total static pressure loss is the sum of a friction,
an acceleration and gravity term (Eq. 1).

APtotal =AP friction +AP, ucceleration + AP, gravity (1)

In Collier (1972), the expressions for the various components have been obtained
using a simplified one-dimension analysis for the two-phase flow in an inclined
duct. In that analysis, the considered duct is separated by a plane parallel to the
axis into upper vapor and lower liquid parts. The frictional component of the total
pressure drop in this formulation is expressed in terms of the single-phase liquid

pressure gradient (%)Loand the two-phase homogeneous multiplier ¢L20 as given
in Eq.2.

dP , [OP
22y = il 2
(5), -4 (%), ”
For a turbulent flow regime ¢L20 is given by Eq.3.
. . —1/4
¢L20 _ (1 +xPL PG) <1 +x.“L ,UG> 3)
e UG

Where x represents the mass quality, p [kg/m?] the density and u [Ns/m?] the
viscosity.

The single-phase liquid flow pressure drop is determined using Forchheimer’s for-
mula (Eq. 4).

(ff) = aU + BU? 4)
2/ Lo

Both the viscous parameter ¢ [Pa s/m?] and the inertial parameter 3 [kg/m4] have
previously been determined by Madani, Topin, Rigolet and Tadrist (2007) in their
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experimental work about the single-phase flow laws in metallic foams. In the above
equation, U is the superficial velocity [m/s] of the single-phase flow.

The acceleration and gravity components are given by Eqs 5 and 6, respectively.

dp\ _ du _ ,dv __ ,d (1=xvy  *v,

(dz>a_Gdz_G i Y@ i-a) ta ©

dP . .

(%) =pesing =11~ a)p;-+apesing ©)
8

In the above equations, G is the inlet mass velocity [kg/mzs], while u [m/s], V
[m>/kg] and p[kg/m>] stand for the average value of velocity, specific volume and
density of the homogeneous fluid, respectively. The inclinaison of the duct is 6.
The subscript f denotes the liquid phase and g the vapor phase. The void fraction
a is given by Eq.7.

0= —— with§= "% (7)
x+8(1—x)2 us

Py
In this formula § is the slip ratio, uy and u, being the actual velocities of the liquid
and vapor phases, respectively. For the particular case of the homogeneous model,
S is taken equal to unity since u, = uy = u.

As mentioned previously, the facilities used in the present work do not provide
access to mass vapor quality along the channel and that’s why a profile for this
parameter must be adopted and wedged on the exit quality value. Obviously, the
linear profile is the simplest one that we can utilize here. Consider the channel inlet
at the z-axis origin. Then, expression of mass quality function z is given by Eq.8.

Y= Z—3dz
Ldz

Xout (®)

Where x is the mass quality at position z, z4; the beginning position of the two-
phase zone, x,,, the channel exit mass quality and L, the length of the two-phase
zone.

Consider a constant heat flux distribution along the channel walls, an assumption
which is widely used in Heat Transfer Modelling. Equation 9 gives the exit mass
quality of an element (i) located in the two-phase flow zone in terms of position
and heat flux.

o1

—_— 9
GAhiG ©)

Xip1 = Xi + (Zip1 — 21)
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In this expression O [W/m?] is the heat flux, IT [m], A[m?], G [kg/mzs] and hyg
[J/kg] being the perimeter, the straight section of the channel, the mass flux and the
latent heat, respectively. The subscripts i and i+ refer to the inlet and the outlet of
the element considered.

The total pressure drop and its components (friction, acceleration and gravity) ver-
sus position z are illustrated in Fig. 7. The results are obtained for a heating power
P= 1637W, a mass velocity G= 24 kg/m?s, a length of the two-phase flow L=
0.12m and an exit mass quality x=24%.

As expected, the Fig. 7 shows that the friction component dominates the total
pressure drop. In this case, the friction pressure drop along the two-phase zone of
the channel represents 80% of the total pressure drop, the acceleration 18% and the
gravity 2%.
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Figure 7: Total pressure drop and its components (friction, acceleration and gravity)
for heating power P= 1637W, mass velocity G=24 kg/m? and exit mass quality x=
24%.

The plot of two-phase homogeneous multiplier parameter versus mass quality is
given in Fig. 8, which is built using Eq. 3 for the turbulent flow. The ratio §L20 of
the two-phase total pressure drop to the single-phase pressure drop for all boiling
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experimental results are also presented in Fig. 8.

Recall that for these experiments, the boiling power ranges from 5 to 35 (W/cm?)
while the mass velocity is in the range [4-49] (kg/m2s). As we can see, the ex-
perimental points follow well the shape of the multiplier parameter curve and are
globally gathered in a narrow band closer to this curve. On the one hand, this result
confirms the predominance of the friction pressure drop in the expression of the
total pressure drop as shown in Fig. 7. On the other hand, the figure shows that the
friction pressure loss, as given by the model, is overestimated. As can be seen, sev-
eral mass quality values are related to more than one ratio §L20. This fact is due in
particular to the possibility that one mass quality can be obtained for several mass
velocities.
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Figure 8: Homogeneous multiplier parameter versus mass quality compared to ratio
of two- phase total pressure loss to single-phase pressure loss.

The curves shown in Fig. 9 compare the modeling results with experiment, in
terms of total pressure loss along the channel for several heating power values and
a constant mass velocity of 24 kg/m?s. Each curve given by the model presents the
same shape as that given by the experiment.

As shown in Fig. 9 and for a low heating power P=1419W, the model results fit
well the experimental results with a discrepancy smaller than 5%. However, the
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Figure 9: Experimental pressure loss compared to results obtained using homoge-
nous model for several heating power values.

discrepancy between the results given by the model and the experiments is notice-
able, when the heating power is increased. For heating power values of 2226W
and 4225 W, the discrepancies are about 30% and 40% respectively. Note that the
error bars in this figure which are drawn for each experiment point represent the
maximum discrepancy in percentage between the experiment and the model.

The experimental results concerning the pressure loss versus modelling results are
given in Fig. 10 for three heating power values: low (2616W), high (4224W) and
intermediate (3425W). Moreover, the maximum discrepancy between the two re-
sults is also represented in percentage for each point. As we can see in the figure,
the global trend in the modelling results agrees quite well with the experiments. In
particular, the increase of the pressure loss with velocity, followed by a decrease
to reach the single-phase curve (as seen experimentally) is clearly reproduced by
the model. For a low power value (P=2616W), the model fits well the experiments.
The discrepancy is about 2%, for a mass velocity varying in the range 35-50 kg/m?s.
However, for this power and a mass flux less than 30 kg/m?s, the discrepancy be-
tween the two results is higher, about 20%. For the other two heating power values,
there is a systematic discrepancy between experiments and modelling: 20% for P=
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3425 W and 30% for P=4225W.
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Figure 10: Experimental pressure loss versus mass velocity compared to results
given by homogeneous model.

Figure 11 can be used to give a physical explanation to what happens. The figure
provides both pressure loss and vapor mass quality versus mass flux for a heating
power value P=2616W. The modelling results depend strongly on the exit vapor
mass quality. For x values between 18% and 35%, the two-phase flow homogenous
model accurately describes the experimental results. The discrepancy between the
two results doesn’t exceed the experimental uncertainty, which is approximately
2%. However, for x in the range 35% to 80%, the discrepancy between the results
increases from 3% to 20%.

The good fit of experimental and model results for both low heating power and low
mass vapor quality is certainly due to the flow structure which should be bubbly
under these operating conditions. Hence, the assumption of homogeneous mixture
of vapour-liquid seems correct. The relatively high discrepancy between modelling
and experimental results for high heating power values is also due to the flow struc-
ture. The vapour mass quality in this case is up to 35%, which indicates that the
flow structure passes from bubbly to slug pattern. As a consequence the hypothesis
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of homogeneous mixture is not valid. However, the use of the actual mass quality
profile which lacks in this study for the adopted model, is expected to lower the
discrepancy.
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Figure 11: Pressure loss (model and experiment) and mass quality versus mass
velocity for heating power P=2616W.

4 Conclusion

The present study is among the first works on the experimental analysis of convec-
tive boiling flow laws in a channel provided with metallic foam. The objective of
the work is, on the one hand to get a better understanding of convective boiling in
porous media and especially in cellular material and on the other hand to provide
manufacturers of compact heat and mass exchangers with highly demanded refined
data about this type of material.

To obtain a reliable database, special attention was paid to the choice of the various
components of the experimental set up. The inlet liquid flow rate, the heating power
and the inlet liquid temperature are the input data parameters, while the local static
pressure, the distribution of temperature in the channel, and the exit mass quality
constitute the output data.

The distribution of the local static pressure in the test section has been established
for several mass velocities. The measured curves clearly show the effect of the
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acceleration of the fluid due to phase change, and allow the determination of the
boiling front with sufficient accuracy for different working conditions. The flow
laws consist of a set of curves which represent the pressure gradient versus mass
velocity for several heating power values. The results clearly show that the laws
governing flow in a channel provided with metallic foams are very similar to those
for a devoid channel.

The experimental results encouraged us to test models usually considered for two-
phase flow in clear tube using the present database. Only the homogenous model
for two-phase flow in clear tube is considered due to the fact that this model as-
sumes the same velocity for each phase. The results of the comparison show that
this model is relevant only for low heating power values. In this case the discrep-
ancy between modelling and experiments is equal to the measurement uncertainty
magnitude, which is about 2%. Note that the same conclusion has been established
in a previous work only for convective boiling in a sintered fibrous channel (Mis-
cevic, 1997) with porosity smaller than the porosity of metallic foam.
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