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ABSTRACT

This work presents an experimental investigation for effective thermal properties
of open cell ceramic foam (80.13 Al,O3, 17.79 SiO,, 1.57 MgO, and 0.51 Na,0. %
weight),which were measured using the Transient Plane Source (TPS) technique, and
the parameters, which influenced them, and the influence of foam structure. Three
types of pore per inch (ppi) were tested (10, 30 and 50). Three sensors were used,
K5599 (of 60 mmdiameter), K4922 (of 30 mmdiameter) and K5501 (of 13
mmdiameter).The percentage difference between the highest and lowest results for
each sensor and ppi are: for K5501 sensor were 34% in 10 ppi, 15% in 30 ppi and
18% in 50 ppi, for sensor K4922 were 19%, 11% and 13%, respectively, and for
K5599 were 17%, 14% and 16%, respectively. The results show that the sensor
K4922 is the more suitable sensor to test such material especially which has high ppi.
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INTRODUCTION:

here is a plenty of application for open cell ceramic foam. For example,

ceramics were used in the casting industry for filtration of molten metals.

Since the 1960s, the filters made of ceramic materials were used in casting
process, and the interest in these materials starts to increase. Millions of filters were
made to remove inclusions which size down to the micron range. Although the foam
structures were widely applied no established measuring method for determining the
effective thermal conductivity of open cell ceramic foam exists. Many applications
use the cellular ceramics or ceramic foams especially applications included high
temperatures, like liquid metal filtration [1], gas filtration, heat exchanger, porous
burners, and many other applications[2,3,4,5]. This wide range of ceramic foam
applications attributed to its wide range of properties that come from both solid and
fluid components. Properties like high permeability, low density, low specific heat
and high thermal insulation, also cell size, morphology, and degree of interconnect
are important factors that influence potential applications for those materials [2,3,6].
In general, the close cell foams are needed for purpose of insulation, while the open
cell foams are used for fluid transport as filters or catalysts. This wide range of
different properties needs a wide range processing routes to manufacture them. This
led to a variety of production methods. The first and oldest one is Shwartzwalder
method. It was based on replication of polymer foams by applying the ceramic slurry
that is dried in place prior to the polymer template being burnt out and the ceramic
sintered. Ceramic foams manufactured by this method are always open cell, have
relative density between 5-30%, typical compression strength is in the range of for
relative density up to 30%, reticulated foams, burning out the polymer leaves hollow
and damage strut that can reduce the mechanical properties of the final foams
significantly. Despite this, these foams are manufactured in large quantities and used
extensively in filtering molten materials [7,8]. The second is the direct method relies
on making bubbles inside the ceramic slurry by either mechanical agitation or in situ
evolution of gases. This method probably yields to a widest range of cellular
structures and properties, but they are generally less opening than the replicated
foams and the compression strength reach 30MPa for relative density of 30% [8].
The third one is the burn-out fugitive pore relies on incorporation of sacrificial
additive in the form of beads or related materials. Depending on the quantity added, it
has been possible to produce micro-cellular ceramic foams, both from pre ceramic
polymer precursors and conventional ceramic powder slurry, with cell size ranging
from 1-100pum and possessing enhanced mechanical properties [8]. the foams can be
predominantly open or close in nature. The open cell foam is porous material, define
as two phase medium with a bulk matrix as a solid phase and pores containing the
liquid phase. It is either a natural materials, like sand or industrial material, like foam.
The most important property in porous medium is its porosity. It is defined as the
fraction of void space in the material and given by [9] e = V,/Vr. Where, V,, is the
pore volume and V7 is the total volume of the sample. The porosity comes from three
types of spaces inside a cell (pore). The first type is the main hole of the cell. The
second type is strut porosity, where the struts may contain holes inside them. The
latter one is the material's porosity; all materials have micro-holes in their body. The
overall porosity is a result of summation the above three kinds of porosity. There are
many techniques to measure the porosity in literatures [10, 11, 12, 13, 14]. The heat
transfer mechanisms in porous media are thermal radiation between solid elements,
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thermal conduction in solids, thermal conduction in fluid, and thermal convection
from solid to fluid. The effective thermal conductivity is measured as a result of these
mechanisms. All mechanisms take place at the same time because of the very small
area inside the porous media and randomly structure. This work does not include
thermal convection because the pores are very small and there is no fluid flow,
therefore, the rate of convection heat transfer is very small and can be neglected.
Because of this, no direct way to calculate the effective thermal conductivity. The
scientist derive many correlations for it, all of them depend the thermal conductivity
of both solid and fluid parts. The difference between each other is in the assumption
that was based on. Russell [15]proposed a correlation for high porosity foams. He
analyzed the conduction through a solid matrix with cubic cells arranged in-line
assuming a uniform cell-wall thickness and ignoring. When Bhattacharya et.
al.[16]obtained a correlation for foam form a complex array of interconnected strut
with an irregular lump of material intersection of two struts. They assumed in their
model a two dimensional array of hexagonal cell, the lump was taken in account by
considering a circular blob of the material at the intersection. Boomsma and
Poulikakos[17]investigated analytically a geometrical effective thermal conductivity
model of saturated porous metal foam, based on the idealized three-dimensional basic
cell geometry of foam. The foam structure was represented with cylindrical ligaments
which attach to cubic nodes at their centers. Carson et. al. [18] derived a model of
effective thermal conductivity. They divided the porous media into internal porosity
which  has bubbles/pores suspended within a continuous condensed phase (e.g.,
sponges, foams, honeycombs), and external porosity which includes
granular/particulate materials. When, Park et. al. [19] derived a new model of
effective thermal conductivity of composite materials and included micro-balloons.
Petraschet. al. [20]determined the effective thermal conductivity of reticulate porous
ceramics based on the 3D digital representation of their pore-level geometry obtained
by high-resolution multi-scale computer tomography. Also the scientist performed
experiments using many methods to measure the thermal conductivity. Suleiman et.
al. [21]used the transient plane source technique in a cryogenics temperature (88-280
K).They found that, the thermal conductivity value depends on the thermal history of
the ceramic material. When, Hsu and Howell [22] used guarded hot plate in high
temperatures (300-800 K).They found that the effect of natural convection within the
porous plates with heating from below was found to be negligible. The measured
conductivity decreased slightly as the pore size of the Partial Stable Zirconia (PSZ)
increased. Garcia et. al. [23]and Ali et. al. [24] used the laser flash method the
measure the thermal diffusivity, and by available value of density and heat capacity,
they could calculate the thermal conductivity. Garcia et. al. [23]studied two type of
foam with 10% difference in porosity. They found that, the difference in results did
not just by the effect of porosity, but the difference in composition may be important
too. Ali et. al. [24]investigated the highly porous zirconia ceramic. The porosity was
varied from 45 to 75% by adjusting the thermal treatment between750and 1100 °C.
Thermal diffusivity measurements were made with the laser flash technique in order
to determine the thermal conductivity at room temperature. Lo et. al. [25] performed
the experiments using the transient line source in high temperature. The result showed
that, for the ceramic foam with 93.9% and 94.5%porosities have thermal
conductivity values 0f0.085 W /mKand0.055 W /mK, respectively. At 800 °C, the
thermal conductivity values of Al,0; with the porosity of 93.9% and 94.5% are
0.21 W/mKand 0.14 W /mK, respectively, which are several times greater than
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those at room temperature. High porosity, large cell size, and smaller grain size are
responsible for the low conductivity.

The present work studies the effect of foam structure on the effective thermal
conductivity in room temperature. Also, studies the effect of sensor size of the
Transient Plane Source method on it.

Theory of the Hot Disk analyzer:

The TPS system is one of the transient methods which is used to measure thermal
transport properties. To use these methods efficiently, the specimen needs to be in
thermal equilibrium with the environment or the surrounding. Then, a short heating
pulse is given to the specimen. During the time of measurement, the change in
temperature is monitored and a curve plotted as shown (Fig.1). By correlating the
experimental temperature records with the theoretical formulas (Fig.2), the thermal
diffusivity is determined. The TPS method considers three dimensions of heat
diffusion inside the specimen, and it is regarded as an in finite medium [31].

T T Iteration —  «

— Slope — 1

Figure.(1)Measuring data by TPS Figure.(2)Resulting line after curve fitting
technique

The thermal diffusivity is obtained through the curve fitting process. The curve fitting
processis achieved by assume a value for the thermal diffusivity and use it to find the
dimensionless by this expression:

Vat
T= — .. (1)
Where, 7 is the dimensionless time. tis duration of the experiment. ais the sensor's
diameter. After that, the program substitutes the value of the dimensionless time in
the temperature difference equation:

AT(‘[) = WD(T) (2)
(Y (V) /402
Where, D(7) = mg%mﬂ:l% . Z{’;llae( (G) +G) )rae )-Io (Zalzlmz)

P-is the power released from the sensor. Ais the thermal conductivity. mis the number
of the rings of the sensor. k, lare counters. ais a transformation function. The program
repeat this process until equation (2) convert to an equation of a straight line. Then,
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the value of the thermal diffusivity that makes it for a straight line is the value that we
need it. Then, by calculating the slope of the straight line and equalized it with the
coefficient in equation (2), the program finds the thermal conductivity.

As mentioned above, the Hot Disk analyzer is a fully electric device, therefore; it
deals with electrical function like resistance. The device measures the resistance and
converts it to a temperature difference using the following equation:

R(t) = R, [1 +TCR AT(T)] .. (3)
Where, R,is the resistance of the TPS element before the transient recording has been

initiated.T CRis the temperature coefficient resistivity. AT (7)is the properly calculated
mean value of time dependent temperature increase of the TPS element. The program
calculates the heat capacity per unit volume by using:

pC=1/a . (4

Experimental apparatus:

The Hot Disk analyzer is based on supplying constant power to samples in
isothermal condition by the sensor during limited experiment time. The temperature
increase is recorded by the sensor also act as resistance thermometer. The dynamic
features of the temperature increase, reflected in resistance increases of the sensor,
are precisely recorded and analyzed, so that both the thermal conductivity and
thermal diffusivity can be determined from one single transient recording. [26, 27]

Because of fully electrical construction of the Hot Disk device, there is no
interesting thing inside it except the resistance measuring circuit or in other word
Wheatstone bridge circuit. As illustrate in (Fig.3), the circuit contains many types of
resistance.R,is the resistance of wires.Ris a standard resistance with a current rating
that is much higher than I., which is the initial heating current through the arm of the
bridge containing the TPS-element.R,is another known resistance in the side of fix
resistances of Wheatstone bridge. On the opposite side of Wheatstone bridge there
areR, which is the variable resistance and R is the sensor resistance.

A
R, A R,
Al

Power

(Constant Voltage)

Supply

= DVM=* )

TPS Sensor

3

- r
+—+ Time

d At
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Figure (4) Sensor and sample temperature
increase[26, 29] 1.Red line for sensor 2. Blue
line for specimen

Figure.(3) Measuring circuit of
sensor's bridge[28,29,30]
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The Hot Disk device needs to measure the resistance of the sensor each time
performs experiment. This comes from many types and sizes of sensors. Also, in one
sensor the resistance changes through heating. This measured resistance is
transformed to a temperature difference. The sensor always measures the temperature
on its surface, but the temperature distribution appeared to observer is for the
specimen. This is because there is a temperature difference between the sensor and
specimen due to the contact. This temperature difference is illustrated in Fig.4.
Where, the line ais for the sensor and line b is for specimen. The reader can see that
after a while the temperature difference will be constant. This time can be estimated
approximately by:

2

at== ... (5)

Where, t is the time, § is the thickness of sensor.ais thermal diffusivity.

The Hot Disk sensor is contained an electrically conduction material shaped in
double spiral of Nickel which is placed out of thin sheet. Nickel was chosen because
of its high and well-known temperature coefficient of resistivity. It is covered on both
sides with thin foil of electrical insulation. The TPS system can measure from
cryogenics about 30 K to 1000 K and might be extended to 1800 K when using
special types sensors. For this reason, there are two types of insulation. The first is
Kapton, with foil thickness 0f12.5 um or25 um. This makes the total thickness of the
sensor between60and80 um. This insulation covers from cryogenics to 500 K. The
second one is Mica for high temperatures, with foil thickness 0.1 mm, this incereases
the total thickness of the sensor t00.25 mm. [26,28,29,30]. It is not recommended to
use the sensor with mica insulation in experiment performed at temperature less than
500 K due to the low sensivity and accuracy caused by thicker insulation [26]. Three
sizes of Kapton sensors were used in work (K5599, K4922, K5501).
Figure.5illustrates all the types that are in this work.

30mm

1. kK5599 2. K4922 3. K5501

Figure.(5)All sizes of the sensors
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Experimental procedure:
A. Sample preparation:

The open cell ceramic foam sheets are manufactured by Drache Umweltechnik
GmbH Company. The materials components which samples were made of were for
10 ppi samples (69.6 Al,03, 26.22 SiO,, 3.45 MgO, and 0.73 Na,O. %Moll). For 30
ppi is (70.61 Al,03, 26.28 SiO,, 2.75 MgO, and 0.73 Na,O. % Moll).Also for 50 ppi
is (72 Al,O3, 25.63 SiO,, 1.97 MgO, and 0.4 Na,O. % Moll). The specimens were
cut in dimensions 160x160x50 mm. These dimensions were taken, because the
specimen width or diameter must be at least two times the sensor's diameter, also the
thickness should not be less than the sensor's diameter. The specimens were cut with
electric saw designed for cutting foams. After cutting, one of specimen's faces should
be grinded in order not to be scratchy or destroy the sensor and also to increase the
contact area. The grinding process was performed by three levels according to the
roughness of grinding sheet used. The roughness of grinding sheets
is 54 um, 10 um and 3 um. The small one is for finishing the smooth surface of the
specimens. By the process above, were made eight specimens were made in each kind
of these ppi (10, 30 and 50).

B. Procedure of experiments:

The experiment itself is easy to perform, but the whole measurement takes long
time, because the sensor and the specimen need time to return to their equilibrium
state. The time between experiments differs according to the set time of experiment.
There are three parameters should be in their range to accept the measurement and its
results. Also, the user should check the stability of the measurement by continuing
change the number of data point in step of calculation. If it is stable, it must not
change in the amounts of results or a very small variation, it would be acceptable. The
parameters that must stay in their ranges are:

1. Penetration depth (probing depth): is the longest straight distance that the
heating power transfers from the sensor to the specimens in any direction. It is given
by [32,33]:

Ap = 2 /atmax--- ... (6)
Where, t,,,4 1S the time installed for the measurement. This relation shows that to get
an accurate thermal conductivity and diffusivity in easy way, the specimens should be
large [26]. The limit of the penetration depth is the shortest straight distance from the
edge of the sensor to the nearest border of the specimen. It is very important to know
the limits of penetration depth. If the penetration depth is beyond its limits, this
means that the sensor affect with material outside the border of the specimen.
Because outside the specimen is air, may be someone ask that this work deals with
foam and the foam have high amount of air included. The answer is anything inside
the boundaries is a part of the specimen.

2. The dimensionless time: to use many ranges of time in efficient way. The
program converts the time to a dimensionless time. The relation used for this purpose
is EQ. (1). In the derivative, the integral boundaries are from 0 to t. This means that
the dimensionless is not an exact number, but it is a range found to be between (0.33
— 1) [26], and this range is the limit of dimensionless time.
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3. Temperature increase: the increase in the temperature here is only
between the sensor and parts of specimen near the sensor. When the
temperature increases as a function of the dimensionless time, it has also a
range. According to dimensionless time, the temperature increase's range is
between (1 — 3 K). The average increase in the temperature is governed by

Eq. (2).

Results and Discussion

This section discusses and compares the measurements that were performed with
three types of sensors (K5501, K4922 and K5599). There are three parameters that
control each thermal property according to Eqg. (1), (2), and (6). So, it is impossible to
say, for example, that one parameter temperature difference influences on the thermal
conductivity without taking into account the effect of sensor size and the heat flux.
Rearranging Eqg. (3) to include the heat flux by multiplying it with (a/a) and
assuming that the area of heating coil of the sensor is ma?:

—_ 4a
Aeff = F(‘L')T[I/Z D(T) (7)

Where, ¢ is the heat flux, and the same think for thermal diffusivity, it is controlled
by dimensionless time, sensor’s size and the duration of the test (Eq. (1)) or by
maximum time set for test and the probing depth, Eq.(6). Heat capacity is always
determined by both thermal conductivity and diffusivity. By taking a look at graphs
that belong to 10 ppi, Figs.(6, 7) and (8); it is easy to say that the sensor K5501 is not
good to measure this material. This proves that with a material having a void fraction,
it is suitable to use a large sensor with 60 mm in diameter [26]. But, it is very difficult
to say the measurements are good and stable even with this hint from the manual of
the device [26]. The void fraction or the porosity is almost the same for all specimens
in all ppi. So, the porosity has no influence but the pore size or the pore per inch and
the matrix of the foam have effects. It is well known that the heat transfer
mechanisms in this work are radiation between solid elements, conduction in solid
and conduction in air. The 10 ppi has a big pore size and relatively uncomplicated
matrix as compared with 30 and 50 ppi which are making the polished parts big and
little. This means that, for the small sensor K5501, it is difficult to conduct the heat
through the air, so one of the mechanism stops, and this gives unstable measurements.
Also, for the big sensor K5599, the power is relatively small compared with sensor’s
size. But, the big size means high contact area so the measuring is stable more than
the case with K5501. For sensor K4922 that has the medium size with suitable power
make, the measurements are stable more than others. For the graph of thermal
diffusivity, Fig.(7), one can see that the ranges of thermal diffusivity for all sensors
are too high. This is logical with the matrix and the pore size of 10 ppi specimens.
Heat diffused fast, especially for K5501 through these specimens by radiation due to
big amount of air. Table.(1) contains the average values of the measurements’ results
for 10 ppi with all sensors. One can see also that the average values of the thermal
conductivity are quite the same, but this does not mean that the results are good.
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Table.(1)An average values of measuring 10 ppi samples

Sensors Kapton 5501 Kapton 4922 Kapton 5599
Power (W) 0.1 0.5 0.5
Max. time (s) 20 160 360
Heat flux (W/m?) 753.778 757.363 182.976
A(W/mK) 0.507 0.488 0.496
a(mm?/s) 1.579 0.906 1.205
cp(MIMm’K) 0.333 0.545 0.42
Ap (mm) 11.48 24.06 38.86
T 0.813 0.68 0.437
AT (K) 1.406 2.919 1.513
Sensor’s area (m?) 132.665 660.185 2732.585
Sensor’s size (mm) 13 29 59

For 30ppi graphs Figs.(9, 10) and (11), one can see that the measurements are
more stable than 10 ppi. This is because the 30 ppi specimens approach from the
dense materials by their matrix shape. In Fig.9, one can see also that K5501 is still not
good for measuring as compared with others (K4922 and K5599). This returns to the
same reason that for porous material, it is good to use big sensors [66]. In Fig.(10),
one can see that the ranges of thermal diffusivity for all sensors are too high but not
higher than that in 10 ppi. This also returns to the same reason of heat diffusion inside
the specimen by radiation. Also, because the matrix for 30 ppi is more complicated,
the thermal diffusivity is not too high as compared with 10 ppi. This high variation in
thermal diffusivity affects the heat capacity, Fig.11. In table.(2), one finds an average
value of measurements’ results of 30 ppi. For K5501, the thermal conductivity is
higher than others, while the heat flux is not too high. This is also returning to other
parameters, like temperature difference and sensor size. Although a small value of
sensor size, but the small value of temperature difference raises the amount of
thermal conductivity. Also, the indirect effect of the dimensionless time on the
dimensionless function makes it high. For K4922 and K5599, the temperature
difference is quite the same, but the heat flux has a big difference. So, the effect of
sensor size put the thermal conductivity values near from each other. For the thermal
diffusivity, one can say it depends on the dimensionless time and sensor size
according to Eq.(2) or on the probing depth according to Eq.(6). In both cases, it is
clear why K5599 has high thermal conductivity.
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Table (2) An average values of measuring 30 ppi samples

Sensors Kapton 5501 Kapton 4922 Kapton 5599
Power (W) 0.1 0.8 1
Max. time (s) 40 160 360
Heat flux (W/m?) 753.778 1211.782 365.954

AW/mK) 0.504 0.442 0.422

a(mm?s) 0.852 0.836 1.083

¢, (MIMmK) 0.6 0.531 0.392

Ap (mm) 11.668 23.125 40.286

T 0.83 0.628 0.47

AT (K) 1.371 2.98 2.906

Sensor’s area (m?) 132.665 660.185 2732.585
Sensor’s size (mm) 13 29 59

For 50 ppi, Figs.12, 13 and 14, the matrix approaches more from the dense

material. Therefore one sees that the range of measurements' results is small,
especially for both thermal conductivity and diffusivity. For the thermal conductivity,
Fg.12, the measurements of K5501 go far, because these still have high void fraction
and need a big sensor for measuring [66]. The thermal diffusivity, Fig.13 for K5501,
has wide range with low values. This means that the complicated matrix of this type
of filter foam does not allow heat to diffuse deeply inside the specimens, especially
with low power released from the sensor. When, K5599 still has high thermal
diffusivity due to its size and the high power released from it. For heat capacity,
Fig.14, it is logical when with low thermal diffusivity there is high heat capacity and
vice versa. This is because low diffusivity means, a big amount of the power stores
inside the material, and this is the definition of the heat capacity. If one takes a look
on the average values of the measurements’ results, Table.3, he finds it is same
behavior and effect of 30 ppi but with other numbers. For K5501, the temperature
difference is lower than one; this makes the thermal conductivity jump to higher
value.

Table (3)An average values of measuring 50 ppi samples

Sensors Kapton 5501 Kapton 4922 Kapton 5599
Power (W) 0.05 0.75 15
Max. time (s) 40 160 360
Heat flux (W/m?) 376.889 1136.045 548.9308
A(W/mK) 0.53597 0.420821 0.3900964
a(mm?/s) 0.69336 0.732442 1.03295
¢, (MIMmK) 0.777639 0.574942857 0.380542857
Ap (mm) 10.088 21.643 36.307
T 0.6289 0.5497 0.3794
AT (K) 0.640 2.924 2774
Sensor’s area (m?) 132.665 660.185 2732.585
Sensor’s size (mm) 13 29 59

1896



R Te s W[V VIR Y(o] ISR SV AV R A0S Determination of Effective Thermal Properties
of Open Cell Ceramic Foam

CONCLUSION:

This work has reached to the following conclusions:

In the measurement of different sensors and different ppi, the small sensor K5501
shows a stable mean value in all ppi types despite of the big deviation in the
measurements.

The bigger sensors (K4922, K5599) show a drop in mean values with an increase in
the ppi despite that the deviation in their measurements is too small compared with
K5501.

Nomenclatures:

English symbols

a Biggest radius of the sensor (m)
c Heat capacity (J/kgK)
D(7) Dimensionless function (=)
Io Bessel function (—)
m Number of ring of sensor (—)
P Power release from sensor (W)
q Heat flux (W /m?)
R Electrical resistance ()
Ry Initial resistance (Q)
T Temperature (K)
TCR temperature coefficient of resistivity (1/K)
t Time (s)
v, Pore volume (m?)
Vr Total volume (m?)

Greek symbols

a Thermal diffusivity (mm?/s)
Ap Probing depth (mm)
) Sensor thickness (m)
€ Porosity (-)
Aess Effective thermal conductivity (W /mK)
p Density kg/m?3
g Transfer function (-)
T Dimensionless time (—)
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