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PREFACE

CNME2018 is the eleventh national gathering of a prestigious series of Experimental
Mechanics conferences coordinated by the Scientific Committee of Portuguese Society of
Experimental Mechanics (APAET). This series of conferences is totally devoted to advances
in experimental mechanics, materials, structural integrity and design.

This time, the traditional CNME2018 congress is jointly organized with TEMM2018-The st
Iberic Conference on Theoretical and Experimental Mechanics and Materials, institutionally
sponsored by the University of Porto, the University of Vigo, and the Portuguese Society of
Experimental Mechanics. It is held in Porto/Portugal, from 4 to 7 November 2018

The conference attracted over 80 participants with 124 accepted submissions in English,
Portuguese or Spanish languages, involving 416 authors from Portugal, Spain, Brasil and
other countries from Latin America. The conference themes which address novel and
advanced topics on Theoretical and Experimental Mechanics focused on Automotive,
Locomotive, Aerospace, Civil Engineering and Biomechanics, including Experimental
Techniques and Instrumentation, Computational Mechanics, Composite and Advanced
Materials, Mechanical Design and Maintenance, Civil and Structural Engineering
Applications, Biomedical Applications, and Industrial Engineering and Management, among
other topics.

We believe that the meeting offered our delegates a forum for the discussion and
dissemination of their recent work in assessing the mechanical behaviour of engineering
structures, components and systems, fostered research that integrates theoretical and
experimental mechanics and materials in the design process, and promoted exchange of ideas
and international co-operation among scientists and engineers in this important field of
engineering.

We are particularly indebted to the authors and special guests for their presentations. Each of
the 124 contributions offered opportunities for thorough discussions with the authors. We
acknowledge the excellent contributions of the participants, their innovative ideas and
research directions, their novel modeling and experimental techniques, and their invaluable
critical comments. We are also indebted to the outstanding keynote speakers who highlighted
the conference themes with their contributions and covered the main topics of the conference.
We also take this opportunity to thank the members of the International Scientific Committee
and the reviewers for their time and helpful suggestions, and the local organising committee
for an absolutely superb organization of the meeting in this magnificent city of Porto. To all
of you, we offer our deep gratitude.

J.F. Silva Gomes
Porto / Portugal, November 2018.
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THERMAL CONDUCTIVITY OF CALCIUM SILICATE BOARDS AT
HIGH TEMPERATURES: AN EXPERIMENTAL APPROACH

Thiago Boer de Oliveira"?, Thiago Antonini Alves’, Luis M. R. Mesquita'"”

'Instituto Politécnico de Braganga, Portugal
*Universidade Tecnolégica Federal do Paran4, Brasil
O Email: Imesquita@ipb.pt

ABSTRACT

Thermal conductivity analysis of insulation materials is of great importance for determining
the critical temperature of structures. The magnitude of this thermal property has a significant
influence on the analysis of temperature distribution and heat flow which depends essentially
on the thermal properties of the protection material. The most common method for obtaining
the required fire resistance is through passive fire protection materials, such as the calcium
silicate boards. By using this material, it is possible to slow down the temperature increase on
the structural elements surface during a fire situation. Knowing accurate information about
the effects of high temperatures on thermal conductivity is certainly an important prerequisite
for running a high-performance design involving safety in buildings. Therefore, an
investigation of two different calcium silicate boards has been performed to demonstrate how
the thermal conductivity is highly affected when exposed to high temperatures. A set of
experimental tests is presented. They were conducted in different techniques such as: the
transient plane source (TPS) and the guarded hot plate.

Keywords: Fire resistance, passive fire protection, calcium silicate, thermal conductivity, high
temperatures, transient plane source, guarded hot plate.

1 INTRODUCTION

Recently, several types of calcium silicate-based building material products have been
developed for high-temperature insulation and fire resistive material applications. These fire
protection materials are widely used to prevent the propagation of flames and to keep the
lowest possible temperature in a fire situation, where the temperature can reach values
between 700 and 1000 °C. Such materials normally exhibit a high degree of thermal stability
and when exposed to temperatures on the order of 1000 °C some phenomena occur, such as
the mass loss (10-15 %) and the shrinkage generally less than 2%, [1].

Numerous characteristics of calcium silicate are responsible for the high efficient thermal
performance. A series of endothermic reactions occurs at different temperature intervals,
among them, a dehydration process, which happens in the temperature range between 100 and
250 °C. During this thermophysical phenomenon, most of the energy released by the fire is
destined to evaporate the water molecules (=5%) that are contained in the crystalline
structure, resulting in an increasing of thermal resistance of this material, [2, 3].

However, there is a huge difficulty in fully obtaining of the benefits which this method is able
to provide, owing to the lack of information about the thermal conductivity variation of
protective materials when they are exposed to high temperatures, [4].
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Knowledge of the thermal transport properties of building materials is greatly important
considering the ideal air conditioning inside houses over the range of cold and hot climates.
Furthermore, there is the main influence on the temperature development of compartments
fire. Beyond that, the insulation material is the only material among still and the fire and
consequently it is the principal protection of still. It is well known that when this metal is
exposed to high temperatures, the mechanical properties decrease substantially (= 40%), this
fact evinces the necessity of suitable use of thermal conductivity,

The simplified method contained in Eurocode 3, part 1.2 (CEN 2005b) is widely used to
design security building structure, by determining how the temperature develops in a structure
surrounded by a protection material. The model consists of a simplified resolution of the
differential equation of heat conduction and currently, the method considers that the thermal
properties of the protective materials remain constant regardless the temperature ranges and as
a result it does not represent a real fire situation, [4, 5].

According to [6], the increases of temperature of the protect steel are given by the equation

K,A,/V(T, —Ts) 2
T, = /7 ¢5 At—<e1o—1)ATg ; ATy = 0 = 4T, (1)

Cspsdy (1 + §)

Where, AT represents the temperature evolution, based on normalized fire curves, K is the
thermal conductivity, A is the area, T; and T represents the instantaneous temperature of the
gases and steel, respectively, and ¢ = ¢, ppd,/Csps (%).
Along the years, several European laboratories and researchers have developed experimental
tests using different techniques, such as guarded hot plate, hot-wire and the transient plane
source in order to characterize the thermal conductivity of calcium silicate boards as a
temperature function. According to Salmon, due to the divergences and uncertain results
obtained, the values found could not be certified, [7].Recently, Dale developed researches to
verify the thermal conductivity variation as a temperature function, considering the specific
mass and porosity of the material. The tests were conducted by the transient plane source
technique (TPS). The author also implemented the Russell’s theoretical model and previously
results from other surveys for comparison purposes, [1].

From this perspective, the elaboration of this paper consists in characterizing the thermal
conductivity as a function of temperature, by comparing two experimental techniques.

THE TRANSIENT PLANE SOURCE THEORY

Thermal techniques are typically classified under steady state and transient methods. The hot-
disk is an equipment based on Transient Plane Source theory, which was first developed by
Gustafsson. This technique is capable to measure thermal properties as a function of
temperature, which has been the research focus of several researchers: Gustafsson [8] applied
this technique to determine thermal properties of cecorite 130P, a ceramic material based on
cordierite, Almanza [9] characterized several low density polyethylene foams through TPS
and Rapid K, [9], there are also reports on construction materials approached by [10]. The
materials covered in this work were: extrude polystyrene, PMMA, cecorite 130P, stainless
steel and aluminum.
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Among the various advantages that this device presents comparing with other methods, it is
worth highlighting: the time required to perform the measurements is shorter, the values of
thermal conductivity and thermal diffusivity are reported simultaneously in the results.
Furthermore, this technique encompasses a high measurement range that can be applicable to
measure the thermal conductivity of materials ranging from 0,02-400 W/m”2K, [11, 12].
Figure 1 illustrates a schematic diagram of the components engaged in the hot-disk assembly.

- qln l J Cotmputer
=l
- Hot Di\rk—;
1§
==
=R J\\ - (;D:\ s \\\ Program
{1 )

.

Fig. 1 - Basic layout of the apparatus [13].

This equipment uses a sensor that takes the measurements and at the same time produces the
necessary energy to increase the sample’s temperature. The sensor has a standard electronic
system engraved in a thin layer of metal, and the surfaces are covered by an insulating
material such as Kapton or Mica, [11, 14].

At the beginning, an electric current flow through the sensor which is large enough to raise
the sample’s temperature around 1-2K. As a result, the sensor resistance is modified and then,
a corresponding voltage drops on the sensor. During the recordings of these parameters, for a
certain period of time, which are counted from the beginning of the process it is possible to
obtain accurate information about the heat flow, [10]. This method was recognized and
standardized by ISO-22007-2, which recommends through Table 1 initial experimental
parameters for different types of materials.

Table 1 - Recommendation for initial experimental parameters [15].

Metal Densg Steel | Ceramic | Polymer Insulat.ion

alloy | ceramic material
Thermal conductivity [W/mK] 170 40 14 1,5 0,19 0,028
Thermal diffusivity [mm?/s] 69 11 3,7 0,96 0,11 0,75
Temperature increase [K] 0,3 0,5 1 0,8 1,3 2,5
Probe radius [mm] 15 6,4 6,4 6,4 6,4 15
Specimen thickness [mm] 30 10 10 10 15 30
Specimen diameter [mm] 90 40 40 40 40 90
Measurement time [s] 5 10 10 40 160 160
Power output [W] 4 3 2 0,5 0,25 0,1
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Thus, it is convenient to express the variation of the resistance measured by the sensor as a
function of the temperature increase, as shown by equation (2).

R(t) = Ro(1+ ¥ATy) ) )

Where R, is the initial resistance of nickel, ¥ is the nickel temperature coefficient and AT () is

the temperature variation measured by the sensor expressed in terms of an only variable t,
defined as:

T= (t/@)% with 8 = a?/a 3)

Where t is the measurement time from the start of the transient heating, 0 is the characteristic
time, which depends on the parameters of the sensor and also the sample, a (millimeters) is
the hot-disk radius and finally « is the thermal diffusivity of the sample.

The theoretical expression capable of accurately determining the values of thermal properties
is obtained through the resolution of the thermal conduction problem specifically for the TPS
element. According to Gustafsson, in most cases it is possible to express the raise of
temperature in terms of 1, rearranging the terms regarding this variable the temperature
increment at the can be calculated by (4), [8].

T
- d N
AT (y,z,7) = (4n3/2 aK) 1](7—2* fdy dz

(6-y) +-2Y)

4g2q?

(4)

* Q(y,\ z, t\) expq —

The temperature variation can also be related with the power released by the sensor. However,
there is a mathematical expression for each geometry assumed by the sensor, square or
circular. The equation (5) can be used for this purpose for the disk shape sensor, the
expression for the square sensor is available in [8].

3 (-1
AT (1) = P, (nfak) D(1) (5)

Where P, is the total output power and D(7) is a geometric function given by equation (6).

L = 12 + k2 Ik
D(r) = (m(m+ 1)) f a2 { lz k exp < (47:202)> Lo <W>} do (6)
0 =1 k=1

in which, L, is the modified Bessel function available in [11].
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The probing depth measures how far into the specimen, in the direction of heat flow, the heat
wave has travelled during the total time calculation. Therefore, the test specimen thickness
must be larger or equal to the probing depth. In addition, the probing depth is always close or
slightly less than the sensor diameter, see (7), [10].

Aprop = 24/ Atmax, Lla < Aprop < 2a (7)

One of the main advantages of transient techniques over the steady state technique is that the
effects of the contact resistance can be removed after the software calculation in the analysis
of the experimental data. This enables the achievement of a very accurate data collection of
thermal properties for a wide range of materials.

Thermal conductivity measurements were produced in pairs of insulation materials using a
hotdisk thermal analyzer. Regarding the hotdisk, the cut of the samples was manufactured in a
square form with each size measuring 75 mm due to the limited dimensions of the furnace
holder. The experiments were conducted in the equipment hotdisk 2500S and a furnace in
which allows the tests realization according to the international standard ISO 22007-2. Figure
2 represents the main equipment employed to perform the analyses.

@ (b)

Fig. 2 - Main devices employed. (a) hotdisk equipment and (b) furnace.

It is important to emphasize that this method requires a perfect contact between the sensor and
the surface of the two specimens in order to ensure that there is no external interference in the
measurement, so it is necessary that both samples be of the same material with similar
dimensions, [9]. For the tests conducted under room temperature the sensor encased in
Kapton was selected, whereas, for measurements obtained through the furnace the Mika
sensor was employed because it is more appropriate for high temperatures.

Although the calcium silicate may have a non-homogeneous microscopic structure, in this
paper, it was assumed that the physical properties are independent of the direction considered,
thus, the measurements were obtained through isotropic materials configuration. For each test
performed, the calcium silicate samples were used in pairs with the sensor positioned in the
center. The tests were conducted towards 12 sets of samples, in which individual readings
were collected for each input parameter and desired temperature. Figures 3 and 4 illustrate the
experimental arrangement and the software inputs to perform the measurements.
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~ Sample ID SC-PROMATT-200-S1 16,00mm

Identity
SC-PROMATT-200-S1
Notes

1

Available Probing Depth 16,00 mm

= % Hot Disk 5501 6,403 mm Kapton Sensor
Grey Cable (Max 50 °C)
Sample Temperature 20,0 °C User Value

A TCR 0,004700 K
7~ l: = Mgasure during 160 s with 70 mW
Drift measured
Parameter wizard w
/‘.

Measurement Time 160s -
Heating Power 70 mW
Drift Enable €]

# Tube Furnace @ 60mm Settings
/' RisingT ' Sensor Info 2
sing P \
Insulation Mica
Highest Lowest Increment
700.0°Ci5 | 100.0°CH5 | 100.0 T Cable/Holder  Macor four point probe sensor holde ~
7 Temp steps
2000°C ——  Stability ¥
650°C Acceptable Temperature Variation =02°Ci5-
8] Stability T 30mn 2]
550°C tability Time 2
5000 °C | Sample Stabilisation Timeout 120 min -3+
450 °C Acceptable Sample Variations 1.0CH
: 400.0°C —— PID Regulator: Current Controller Settings ¥
CDILTEIRS = Power Limit: 100,0 % 100,0 % v
3000°C —] -
Ramp: - ¥
250 °C .
End of Sequence: Just set Target Temperature to 0 *C ¥
200.0°C —— [
150 °C
100.0°C —4 7%
Fig. 4 - Configuration for high temperatures.

Although techniques based on the transient regime have grown substantially in recent years,
in Europe, the guarded hot plate remains the most widely used equipment to determine the
thermal conductivity of insulations materials. In principle, the operation of this device
consists of establishing a steady temperature gradient over a known thickness of the specimen
by controlling the heat flow from the hot plate to the cold plate. Normally the steady
techniques require a long time to achieve the stationary state and it is regarded the most
disadvantage comparing with the transient techniques, [13, 16].

In this system, the temperature at each point is independent of time; in addition, the heat flow
is transferred by diffusion in only one direction. Thus, for the longitudinal heat flow without
loss of radial energy, nor generation of energy inside the solid, the Fourier’s law can be
applied to determine the thermal conductivity, see equation (8).

Ql

= A(T, — Ty ®
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Where, T; and T, represent the temperatures of the cold and hot sides of the sample,
respectively, Q is the output energy of the equipment, A and [ denote the area and the
thickness of the sample and finally K is the thermal conductivity.

This technique is widely applied to characterize the fire-resistant materials, in which the value
of thermal conductivity must be within the range of 0,01- 6 [W/mk]; in addition, the samples
may be exposed to extreme temperatures conditions, ranging from the melting point of the
nitrogen (~78 [K]) to the melting point of the steel (~1810) depending on the type and
restrictions of the equipment. A simple representation of the apparatus is provided in Figure 5.
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prmgy e s " p—— §
[ N (I [ (— —\ R
\\ N

0 F E B A C J G
(b)

Fig. 5 - The guarded hot plate, (a) the equipment in use, (b) the scheme of the basic components.

This machine consists of various components such as: the solid sample (A) with the cross-
section area is positioned inside an appropriate holder and placed between the upper electrical
hot plate (B) and the lower thermostated cold plate (C). The hot plate dissipates a constant
electric power P = Ul, this input power flows to the cold plate through the sample as
homogeneously as possible. Thus, the known heat flow leads to a variation of the sample
temperature in which allows the measurement of the thermal conductivity. Two guard heaters,
the guard plate (D) and the guard ring (E) that surround the hot plate are responsible to
establish a unidirectional and uniform heat flow. A push rod (H) can be adjusted from outside
to ensure that the stack remains tightly packed. The working temperature is set by several
thermostat (J) which control the temperature measuring points of the apparatus.

To measure the thermal conductivity of insulation materials by using the guarded hot plate
technique it is recommended to use a sample area of 500 [mm?], however, there are 3 types
of support to apply in case of using smaller dimensions: version A (200x200[mm]), version B
(250x250[mm]) and version C (150x150[mm]). Once this support is being used, it is
important to guarantee that the thickness of the holder be slightly thicker than the specimen.
For this paper the holder applied was type C. Moreover, for materials with insulation
characteristics it is not recommended the use of compensation panels with temperatures
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sensors, the sample surface must be flat and smooth to ensure the suitable contact between the
hot plate and the sample. Additionally, the maximum pressure for insulation material is 1000
[Pa]. Basically, the operation of this machine involves the following 4 steps to execute the
tests as described in Figure 6.

(o) (d)

Fig. 6 - Basis steps to perform the tests. (a) the calibration of the machine, (b) and (c) are
the preparation and insertion of the holder and sample inside the equipment, (d) the
application of the properly pressure to start the test.

Initially, the first task to be made is the calibration of the equipment in the zero coordinate,
this step must be done without the holder and the sample as shown in (a). Then, it is necessary
to take measurements of the mass, area and thickness of the sample (b), because these values
are required in the software interface. The stage (c) consist of the adjustment of the holder in
the properly position, it is worth mentioning that, before going forward and initialize the test
it is crucial make the verification whether the holder’s thickness is slightly thicker than the
specimen in order to obtain the fitting pressure, otherwise, there are several thickness holders
available which can be used as wedge to achieve the acceptable region.

RESULTS AND DISCUSSIONS

Two types of calcium silicate boards, Promatec H based on fire protective construction
boards with cement binder and Promatec 200 light with promaxon binder and resistant to
moisture, were tested under controlled thermal conditions in order to verify the behavior of
thermal conductivity of insulation materials at high temperatures. The samples were provided
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by their manufacturer in a size of 2500 mm x 1200 mm by 15 mm for Promatec 200 and
3000 mm x 1250 mm by 20 mm for Promatec H. The testing samples were cut and prepared
from the original dimensions in function of the test. Table 2 provides some physical
information about these materials.

Fig. 7 - Calcium Silicate samples.

Table 2 - Sample properties provided by the manufacturer.

Material Moisture content (%) Nominal density Phvalue | K (W/mK)
(kg/m®)
Pramatec H 5-10 870 12 0,175
Promatec 200 1-2 835 9 0,189

Table 3 - Thermal properties under room temperature of PROMAT-H provided by hotdisk.

Sample ID Th'c(\(;l/i?g)wity Tha?:gl;sgity Spec.Heat (kJ/kgK)

SC-PROMAT-H-S1 0,229 0,416 0,632
SC-PROMAT-H-S2 0,213 0,426 0,574
SC-PROMAT-H-S3 0,232 0,360 0,743
SC-PROMAT-H-S4 0,218 0,393 0,637
SC-PROMAT-H-S5 0,227 0,368 0,710
SC-PROMAT-H-S6 0,233 0,370 0,725
SC-PROMAT-H-S7 0,222 0,419 0,608
SC-PROMAT-H-S8 0,232 0,474 0,562
SC-PROMAT-H-S9 0,239 0,395 0,696
SC-PROMAT-H-S10 0,254 0,394 0,741
SC-PROMAT-H-S11 0,261 0,412 0,728
SC-PROMAT-H-S12 0,249 0,389 0,736
Average 0,234 0,401 0,674
Standard deviation 0,014 0,030 0,065

Tables 3 and 4 summarize the values of measured thermal properties of calcium silicate
boards provided by hotdisk under ambient conditions. According to these results, the hotdisk
error data indicates a standard deviation < 0,1 for all thermal properties as shown in the

tables below. The oscillation of these results for each specimen are well represented in Figure
8.
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Table 4 - Thermal properties under room temperature of PROMAT-200 provided by hotdisk.

Sample ID Th.Conductivity The.Diffusivity Spec.Heat

(W/mK) (mm?/s) (kJ/kgK)
SC-PROMAT-200-S1 0,266 0,349 0,878
SC-PROMAT-200-S2 0,275 0,539 0,586
SC-PROMAT-200-S3 0,251 0,336 0,858
SC-PROMAT-200-S4 0,248 0,320 0,888
SC-PROMAT-200-S5 0,248 0,318 0,897
SC-PROMAT-200-S6 0,261 0,344 0,870
SC-PROMAT-200-S7 0,263 0,345 0,874
SC-PROMAT-200-S8 0,273 0,347 0,904
SC-PROMAT-200-S9 0,255 0,346 0,849
SC-PROMAT-200-S10 0,262 0,399 0,754
SC-PROMAT-200-S11 0,260 0,347 0,863
SC-PROMAT-200-S12 0,259 0,517 0,576
Average 0,260 0,376 0,816
Standard deviation 0,008 0,071 0,111
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Fig. 8 - Thermal properties of calcium silicate promat H (left) and Promatec 200 (right) under
ambient conditions.

Regarding the guarded hot plate, the range of temperature was not so significant owning to
the limitations of the equipment. By using this technique, thermal conductivity measurements
were performed for a set of 8 specimens of calcium silicate boards, the samples were prepared
nominally with 150 mm by 150 mm due to the size of the holder. Then, the specimens were
submitted in a range of temperature of 10 °C, 23 °C and 50 °C to investigate the behavior of
the thermal conductivity. As it was expected, the results provided in Figure 9 show in
evidence that as the temperature rise the value of thermal conductivity increases.

The hotdisk and a furnace were used simultaneously to run a cycle of tests at the following
temperatures: room temperature (23°C), 100 °C, 200 °C, 300 °C, 400 °C and 500 °C. At each
measurement temperature four readings were collected. According to the international
standard, the input parameters for insulation materials must be low in order to prevent
damages to the sensor due to overheating. Therefore, the sensor was calibrated to release 0,07
W for a measurements time period of 160s. To avoid the sensor and furnace damage all high
temperature tests were done using a nitrogen environment.

Figure 10 presents these results and their comparison with the measured values at ambient
temperature, from the TPS and GHP methods. Also a second cycle for each material was done
after being submitted to elevated temperature, and presented in the graphs with the index
G‘PR,,.
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Fig. 9 - Average measured thermal conductivity for calcium silicate promatec-H (left) and promatec-200 (right).
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Fig. 10 - Average measured thermal conductivity for calcium silicate promatec-H (left) and
promatec-200 (right).

From Figures 9 and 10 it can be verified the thermal conductivity variation with temperature
and a significate decrease between 350 and 400 [°c], for both materials, certainly due to
chemical reactions in this temperature range. This behavior must be reanalyzed performing
more experimental tests in an oxidative atmosphere.

CONCLUSIONS

Transient plane source and guarded hot plate technique were used in the present work to
verify the behavior of thermal conductivity of two insulation materials.

The results of the two methods, guarded hot plate and transient plane source were compared
with the aim to analyze the reliability and to determine which one provides better results to
measure insulation and highly porous materials.

The thermal conductivity of calcium silicate obtained by both technique under ambient
conditions is very similar. The thermal conductivity of calcium silicate boards was observed
to be a function of temperature and it increases with increasing temperatures The elevated
temperature results show that the thermal conductivity vary with temperature in a non-linear
way.
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