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The aim of this study was to observe the suitability of the heat flow meter apparatus for thermal conductivity
and specific heat capacity tests of concrete, as well as to determine specific heat capacity values for 14 different
plasters. In total, two concrete types, five floor screed plasters, two fixing plasters, six wall screed plasters, and
one specialized plaster that had small EPS spheres added into it were tested.

The main novelty value of this research is studying how well heat flow meter apparatus can determine specific
heat capacities of inhomogeneous materials. Also, how precisely thermal conductivity could be measured from

small concrete specimens of interest. The results measured with the most suitable methods were in line with
published values, which indicate that the apparatus was suitable for both tests.

1. Introduction

Thermal conductivity and specific heat capacity are among the most
essential material properties of a building material. Thermal conduc-
tivity describes the ability of a material to conduct heat, and the specific
heat capacity tells how much heat energy is absorbed or released
depending on the temperature difference and mass [1]. These values
are needed, among other uses, in thermal performance calculations.
However, the published values for material properties are usually not
sufficient for more accurate calculations. That is due to the fact that
individual products in a product group, such as plasters, may have
widely varying material properties. As many material properties are
listed generically for whole material groups, values determined from
the actual products are required to achieve a high level of accuracy in
the calculations for a specific case.

There are different kinds of methods to determine thermal con-
ductivity. In the study [2] there is one method presented to determine
thermal conductivity of insulation materials. The aim of this study was
to observe the suitability of the heat flow meter apparatus for thermal
conductivity and specific heat capacity tests of concrete, so it is known
whether or not test results of inhomogeneous materials acquired with
this apparatus are reliable. Also, specific heat capacity values for 14
different plasters were measured to get more accurate material proper-
ties.

Specific heat capacity is usually tested with a calorimeter. One kind
of calorimeter for defining specific heat capacity is used in the study
[3]. However, the use of a heat flow meter apparatus has recently

* Corresponding author.
E-mail address: juha.vinha@tut.fi (J. Vinha).

http://dx.doi.org/10.1016/j.jobe.2016.11.011

become possible as well. This is due to the approval of an American
standard ASTM C1784-13 [4]. The standard describes how to use a
heat flow meter apparatus for measuring thermal storage properties,
i.e. specific heat capacity. Research on the subject is conducted by the
developer of the apparatus, as well as other instances [5-7] and
instructions on how to perform the tests have been given [4,8,9].
Excluding thermal contact resistance is one of the key factors when
measuring thermal conductivity since it greatly impacts the accuracy
and reliability of results [10-12].

2. Material and methods
2.1. Heat flow meter apparatus FOX50

In this study a heat flow meter apparatus FOX50 that runs on
WinTherm50 software was used. The apparatus is developed and
manufactured by an American company LaserComp, Inc. The appara-
tus consists of upper and lower plates, two heat flow meters and
protective casing which is preventing the heat losses. Sample to be
measured is placed between the upper and lower plates. The upper
plate is stationary and the lower plate moves vertically to provide good
contact with the sample and minimize interface resistance [13].

The specimen size in this apparatus is rather small, from 50 to
61 mm in diameter and 0—25 mm thick, and the thermal conductivity
range is from 0.1 to 10 W/(m K) with an absolute thermal conductivity
test accuracy of +3% [13]. The apparatus has been calibrated to four
different ranges of thermal conductivity values and the most suitable
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Nomenclature

c specific heat capacity at a constant pressure (J/(kg K))

d thickness of specimen (m)

diotar thickness of both the rubber sheets and the specimen
together (m)

H amount of heat energy per square meter (J/m?)

Hppn(T) correction factor to remove the effect of the plates (J/
(m” K))

m mass (kg)

q heat flux flowing through the specimen (W/m?)

Q heat energy (J)

Q7, Q> signal values of two separate tests (uV)

Qrequir Heat Flow Meter signal at the final steady-state, lower
plate (uV)

Qri Heat Flow Meter signal value of lower plate (uV)

Quequiz Heat Flow Meter signal at the final steady-state, upper
plate (uV)

Qui Heat Flow Meter signal value of upper plate (uV)

Scal temperature dependent calibration factor (W/(m? pV))

Stcal calibration factor of lower plate (W/ (m? uv))

Svecal calibration factor of upper plate (W/(m? uv))

T temperature (K)

Teal known temperature for calibration (K)

T average test temperature (K)

AT ot temperature difference between external thermocouples
x

X thickness of specimen (m)

bx depth of the groove (mm)

Axy, Axo thicknesses of two separate specimens (m)

A thermal conductivity (W/(m K))

Acal known thermal conductivity for calibration (W/(m K))

Atotal thermal conductivity of both the rubber sheets and the
specimen together (W/(m K))

p material's density (kg/m®)

T time interval (s)

Subscripts

r rubber sheets

cal known thermal properties for calibration

U upper plate

L lower plate

equil value at the final steady-state

file based on material's supposed thermal conductivity ought to be used
[13]; here the calibration file Pyrex 7740 was used.

The procedure to determine thermal conductivity is described in the
European standards SFS-EN 12664 and SFS-EN 12667 [14,15], and
test equipment requirements for the heat flow meter apparatus are
stated in standards SFS EN 1946-1, SFS EN 1946-3 and ISO
8301:1991 [16-18]. The thermal conductivity tests were conducted
at the mean temperature of 10 °C. The temperature difference between
the upper and lower plate should have been 20 K; however, the
difference was greater (26 K) when using external thermocouples,
due to a recommendation of the developer. The thermal conductivities
of concrete specimens were tested to decipher how reliable thermal
conductivity values can be gotten from a small specimen size with
relatively large (16 mm) maximum particle size.

When measuring specific heat capacity, the apparatus is suitable for
building materials such as concrete, wood and insulating materials with
absolute accuracy of +5% [13] and is in accordance with standard
ASTM C1784-13 [4]. Specific heat tests were conducted with plain
specimens and PID coefficient alterations. Test temperatures were
10 °C, 20 °C, 30 °C and 40 °C as instructed by the apparatus developer
[13]. The average result is therefore the value at 25 °C.

2.2. Specimens

There were two types of concrete specimens: C20/25 and C32/40
specimens. Both had maximum particle size of 16 mm and both were in
consistence tolerance class S3. The concrete masses were tested in
laboratory: Concrete C20/25 was a mixture of 249.10 kg of cement
(CEM I 42.5 R/2), 69.30 kg of ash, 503 kg of rock 0-8, 524 kg of rock
0-8/6, 186 kg of rock 3-8, 394 kg of rock 6-16, 200 kg of filling and
128.30 kg of cold water. Water-cement ratio (w/c) was 0.57. Volume
fraction of rock material in concrete C20/25 was 67.91% and mass
fraction 77.75%.

Concrete C32/40 was a mixture of 721.60 kg of cement (CEM I
42.5 R), 204.10 kg of ash, 805 kg of rock 0-8, 734 kg of rock 0-8/6,
238 kg of rock 3-8, 1,114 kg of rock 6-16, 437 kg of filling and
326,3 kg of cold water. Water-cement ratio (w/c) was 0.44. Volume
fraction of rock material in concrete C32/40 was 61.34% and mass
fraction 70.80%.

In addition to concrete tests five floor screed plasters, two fixing
plasters, six wall screed plasters, and one specialized plasters that had
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1-3 mm EPS spheres added into it were also tested in specific heat
capacity tests with heat flow meter apparatus according to standard
ASTM C1784-13 [4]. Floor screed plaster 1 was a mixture of resin-
cement-quartz sand-based powder and water and its maximum particle
size was 3 mm. Floor screed plaster 2 was a mixture of 0.1 kg of water
and 0.57 kg of fiber-polyester-special cement-quartz-based powder
with 1 mm maximum particle size. Water-powder ratio for Floor screed
plaster 2 was 5.70. Floor screed plaster 3 was made of 1.11 kg of fiber-
synthetic resin-aluminate/Portland cement-quartz-based powder and
0.2 kg of water. Powder had 1 mm maximum particle size and water-
powder ratio was 5.55. Floor screed plaster 4 was a mixture of 0.80 kg
of resin-cement-quartz-based powder and 0.2 kg of water. Plaster's
maximum particle size was 0.3 mm and water-powder ratio 4.00. Floor
screed plaster 5 was a mixture of 0.44 kg of resin-special cement-quartz
sand-based powder and 0.1 kg of water. The maximum particle size of
Floor plaster 5 was 0.5 mm and water-powder ratio 4.40.

Fixing plaster 1 was made of polymer-white cement-lightweight
filler-quartz sand-based powder and water and its maximum particle
size was 0.5 mm. Fixing plaster 2 was a mixture of 0.2 kg of water and
0.941 kg of polymer-cement-quartz-based powder which maximum
particle size was 0.5 mm. Plaster O1 was made of water and EPS-
granulate-cement-based powder, which EPS granulate size was 1—
3 mm but maximum rock particle size was unknown.

Wall screed plaster 1 was a mixture of 0.842 kg of polymer-cement-
sand-based powder and 0.2 kg of water and its maximum particle size
was 3 mm. Wall screed plaster 2 was a mixture of water and polymer-
cement-sand-based powder with maximum particle size 2 mm. Wall
screed plaster 3 was a light weight smoothing plaster with maximum
particle size 2 mm. Wall screed plaster 4 was made of 0.15 kg of water
and 0.667 kg of polymer-cement-sand-based powder with maximum
particle size 1.5 mm. Wall screed plaster 5 was a mixture of 0.941 kg of
polymer-cement-limestone-based powder and 0.2 kg of water. Plaster's
maximum particle size was 0.5 mm. Wall screed plaster 6 was a
mixture of 0.645 kg of polymer-cement-limestone-based powder and
0.2 kg of water. Plaster's maximum particle size was 0.2 mm.

More specific product formulations are a trade secret of the plaster
manufacturer. The manufacturing properties of plasters are also
presented in Table 1. Plasters with no exact information about the
batch are made by way of manufacturer's instructions. Ingredients are
weighted with the scale with accuracy of +0.1 g and mixed with a
laboratory mixer.
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Table 1
The manufacturing properties of plasters.

Material Manufacturer's Batch (plaster + Ratio
recommended ratio water)

Plaster FL1 8.00 - -
Plaster FL2 5.714 0.57 kg + 0.1 kg 5.70
Plaster FL3 5.556 1.11kg + 0.2 kg 5.55
Plaster FL4 4.00 0.80 kg + 0.2 kg 4.00
Plaster FL5 4.444 0.44kg + 0.1 kg 4.40
Plaster FIX1  2.31 - -
Plaster FIX2 4.44 0.941 kg + 0.2 kg 4.71
Plaster W1 4.211 0.842 kg + 0.2 kg 4.21
Plaster W2 4.17 - -
Plaster W3 4.00 - -
Plaster W4 4.444 0.667 kg + 0.15 kg 4.45
Plaster W5 4.706 0.941 kg + 0.2 kg 4.71
Plaster W6 3.226 0.645 kg + 0.2 kg 3.23
Plaster O1 - - -

Every concrete and plaster type had thick and thin specimens
tested; the thick specimens were about 20 mm thick and the thin
specimens were about 10 mm thick. All specimens were stored at 23 °C
and relative humidity of 50% RH before tests to reach a steady-state
[14,15]. The steady-state was reached when the change in the mass of
the test specimen over a 24 h period was random and less than the
equivalent of 0.1 kg/m>. However, the eventual water contents were
not measured.

2.3. Equations to determine thermal conductivity

The temperature field in a specimen is considered to be uniform
throughout the whole volume of the specimen when the specimen is
placed between two flat isothermal plates that are at different
temperatures, and a uniform one-dimensional temperature field had
been stabilized [19].

The general principle of the FOX50 apparatus is based on one-
dimensional Fourier law Eq. (1) that shows the relation between the
heat flux flowing through the specimen and thermal conductivity [19].

or AT  Ti-1
4= 6= h R Ty o))
where
q = heat flux flowing through the specimen (W/m?).
A = thermal conductivity (W/(m K)).
T = temperature (K).
d and x = thickness of specimen (m).
T/x = temperature gradient (K/m).

However, before testing a specimen with an unknown thermal
conductivity, the FOX50 apparatus must be calibrated with a material
that has a known thermal conductivity value A.,; at the temperature
Tcqz1- The apparatus has been calibrated temperature dependently with
Perspex for 0.1860-0.1933 W/(m K), Vespel DuPont for 0.374-
0.394 W/(m K), Pyrex 7740 for 1.058—-1.20 W/(m K) and Pyroceram
9606 for 3.710-4.149 W/(m K) [13]. The calibration factors are
characteristic for the apparatus. Calibration factors are determined
from Eq. (2). They are used in actual tests as presented in Eq. (3)
[6,9,20].

Acat*AT (01 — Qo)

Seal =

T (A — Ax) +(Q1+02) @
where
Scatl = temperature dependent calibration factor (W/(m? uV)).
Qz, Q> = signal values of two separate tests (uV).
Axyz, Axo> = thicknesses of two separate specimens (m)

dtext

A est — Oca Tex . e

test [( te r) Q AT;ES, (3)
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Because there are two plates, the apparatus gets two different
thermal conductivity values for the specimen. Final thermal conduc-
tivity is the average value of these two values and is declared at the
average test temperature 7,,, [9,20].

The thermal conductivity tests in this study were conducted in the
following ways: with plain specimens, specimens with rubber sheets,
specimens with external thermocouples and specimens with both
rubber sheets and external thermocouples. The procedure to test plain
specimens follows the above-mentioned equations, whereas the meth-
ods with rubber sheets and external thermocouples use other equations
as well (see Egs. (4) and (5)).

The main reason to use rubber sheets or thermocouples is to
eliminate errors caused by air gaps and poor contact between the
specimen's surfaces and the apparatus' plates. Elastic rubber sheets fill
out the air gaps and smoothens the surface which improves the contact
[21].

In Eq. (4) subscript “total” indicates the result of such a test where
the specimen was tested with the rubber sheets, i.e. thickness and
thermal conductivity of both the rubber sheets and the specimen
together. Subscript “r” indicates the rubber sheets, i.e. d,. is the
thickness of two rubber sheets and A, is the thermal conductivity of
two rubber sheets. These values can be obtained by doing additional
thermal conductivity tests solely with the rubber sheets.

dmtal dr

Atotal r (&)
Another way to improve the accuracy of test results is to use
external thermocouples. Grooves on the specimen surfaces, in which
the ends of thermocouples are placed, should be made along the
diameter line of specimen. The WinTherm50 software uses the follow-

ing Eq. (5) to determine the thermal conductivity of a specimen when
external thermocouples are used [22].

A=

(x = 6x)
A= 8y Q0 —
e TN, 5)
where
&x = depth of the groove (mm).

AT,,; = temperature difference between external thermocouples (K).

2.4. Equations to determine specific heat capacity

The specific heat capacity of a substance is the amount of energy
needed to change the temperature of 1 kg of the substance by 1 °C.
Specific heat capacity at constant pressure is determined by Eq. (6).

_Ltdo__©

P AT T meAT (6)
where

cp = specific heat capacity at a constant pressure (J/(kg K)).

Q = heat energy (J).

m = mass (kg).

T = temperature (K).

The energy fed into the specimen will not cause only an increase in
temperature, but also thermal expansion. However, the expansion of
solid objects and fluids is so meaninglessly small that the expansion
can be disregarded [19,23].

In this study the heat flow meter apparatus was used in specific heat
tests as well. The method follows the American standard ASTM C1784-
13 (2013) [4] and is based on that the amount of heat absorbed by the
specimen can be calculated from the heat flow meter's readings as
shown in Eq. (7). Time interval T depends on the used gain level. In the
tests the constant default gain level value 7 was used which corre-
sponds to + 20,000 microvolts of heat flow meters signals limits [6].
Also the time interval was constant in these thermal conductivity and
specific heat capacity tests.
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H = Z 7 * [Svcar * (Qui — Queguit) + Speat * (Ori — OLequin)]

i=1 7)
where
H = amount of heat energy per square meter (J/m?).
T = time interval (s).
Svecat = calibration factor of upper plate (W/(m? uv)).
Srcal = calibration factor of lower plate (W/(m? uV)).
Qui = Heat Flow Meter signal value of upper plate (uV).
Qri = HFM signal value of lower plate (uV).
Quequit = HFM signal at the final steady-state, upper plate (uV).
Qrequiz = HFM signal at the final steady-state, lower plate (uV).

The heat absorbed by the two plates of the heat flow meter
themselves is included in the calculated sum and needs to be
eliminated from the final results. The energy conservation equation
Eq. (8) shows the heat capacity of the heat flow meters. (These
equations are more extensively described in references [5,6].)

Cpp X +¢p'p'20x

AT (8)
H nsa] L
- P =(E—cpp25x] -; ©
where
cpp = specific heat of the specimen (J/ (m® K)) (p is density (kg/m>)).
cp p’ = specific heat of two the heat flow meters (J/ (m® K)).
x = thickness of the specimen (m).
26x" = thickness of the two heat flow meters (m).
AT = temperature change (K).

The apparatus calculates the material's specific heat capacity from
Eq. (10). Finally, the specific heat capacity at a constant pressure is
calculated from the result by dividing it by the material's density p [8].

_ Hjast — thm (T)sAT

P XeAT 10
where

Hppn(T) = correction factor to remove the effect of the plates (J/ (m? K)).
3. Results

3.1. Thermal conductivity of rubber sheets

The average combined thickness of two rubber sheets by three
separate measurements was 1.55 mm (no deviation, i.e. +0.00 mm)
and the average thermal conductivity was 0.2185 W/(m K) (%
0.0005 mm). The average values were used in determining thermal
conductivities of specimens as described in Eq. (4).

3.2. The thermal conductivity of small concrete specimens

The specimens were conditioned before tests and material humidity
of the tested specimens was 50 (+ 10) % RH. Density of both C20/25
and C32/40 concrete specimens that were used in these tests were
between 2,240 and 2,250 kg/m®, which means that their thermal
conductivity should settle between 1.70-1.73 W/(m K) [24]. For
2,200 kg/m? concrete standard gives the value 1.65W/(mK) for
thermal conductivity and for 2,400 kg/m® concrete 2.00 W/(m K)
[25]. The interpolated standard values for thermal conductivity for
concrete with densities between 2,240 and 2,250 kg/m® are 1,72—
1,74 W/(m K).

When measuring thermal conductivity, the heat flow throw the
specimen is measured by heat flow meters and the temperatures are
measured by sensors attached to upper and lower plates. Individual
test results are presented in Tables 2, 3 and Figs. 1 and 2. One
presented value means the average value of upper and lower plate. In
total ten specimens from concrete C20/25 and 12 from concrete C32/
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40 were tested; both 20 mm thick (“thick#”) specimens and 10 mm
thick specimens were tested (“thin#”). The manufacturer of the
apparatus had suggested using ten specimens when measuring the
thermal conductivity of inhomogeneous materials to decrease error
caused by diverse specimens.

Although test results of plain specimens, specimens with rubber
sheets, and specimens with thermocouples are somewhat in line with
each other, the thermal conductivity values are lower than declared for
concrete. On the other hand, values of specimens with both rubber
sheets and thermocouples were of a correct magnitude. The average
thermal conductivity value for the C20/25 concrete measurement with
rubber sheets and thermocouples is 2,09 W/(m K). However, the
measurement for the specimen “thick1” gives significantly bigger value
than all the other measurements. If that measurement is left out of the
calculations the average thermal conductivity value is 1,75 W/(m K).
For the C32/40 concrete the average value measured also with rubber
sheets and thermocouples is 1,82 W/(m K). These two values are near
to the published values which vary from 1,70 to 1,74 W/(m K).

The main reason why rubber sheets and thermocouples together
gives the best result is that the method eliminates errors caused by air
gaps and poor contact between the specimen's surfaces and the
apparatus' plates. Also when using thermocouples, the real tempera-
ture of the specimen surface is measured. Without thermocouples the
temperature is measured from the apparatus’ plates which is not
exactly the same as the temperature of the specimen.

Please note that the variation in results is caused by inhomogeneous
material and specimens. The specimens were different even to the
naked eye and it was clear that the amount of rock and cement varied
in specimens: some had more large particles on their surface and some
had a few or none. Since the maximum size of aggregate was 16 mm
and specimens were either 10 mm or 20 mm thick, one could assume
that there were not many large particles in the specimen if there were
none to be seen on the surface. And since the thermal conductivity
values of rock and cement are different (granite 2.8 W/m K and cement
0.7-1.0 W/m K), this content variation in specimens causes that the
measured thermal conductivity values vary, too.

3.3. Specific heat capacity of concrete specimens

The results of the specific heat capacity tests of concrete specimens
are presented in Fig. 3. There was different amount of specimens when
defining specific heat capacity because the method is also different
compared to thermal conductivity method and the major aim of this
test was to find out if the heat flow apparatus is also suitable for
measuring specific heat capacity of relatively small specimens made of
inhomogeneous materials. That is why there were four specimens

Table 2
Thermal conductivity values of C20/25 concrete specimens. “Thick#” specimens were
about 20 mm thick and “thin#” 10 mm thick.

Specimen Thermal conductivity [W/(m K)]
Plain With With With rubber
specimen  rubber thermocouples  sheets and

sheets thermocouples

Thickl 1.14 1.25 0.94 5.18

Thick2 0.34 0.66 0.54 1.86

Thick3 0.48 0.69 0.61 1.20

Thick4 0.64 0.86 0.92 1.53

Thick5 0.72 1.12 0.92 1.89

Thick6 0.80 1.16 1.01 1.75

Thick7 0.66 0.84 0.80 1.38

Thin1 0.74 0.88 0.83 1.70

Thin2 0.81 1.07 0.94 2.33

Thin3 0.77 1.03 1.06 211

Average 0.71 0.96 0.86 2.09
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Table 3
Thermal conductivity values of C32/40 concrete specimens. “Thick#” specimens were
about 20 mm thick and “thin#” 10 mm thick.

Specimen Thermal conductivity [W/(m K)]
Plain With ‘With ‘With rubber
specimen  rubber thermocouples sheets and

sheets thermocouples

Thickl 0.72 0.92 0.74 2.34

Thick2 0.59 0.68 0.89 2.08

Thick3 0.50 0.73 0.70 1.68

Thick4 0.41 0.72 0.57 1.86

Thick5 0.75 1.00 0.87 1.84

Thické 0.60 0.82 0.84 1.36

Thick7 0.65 1.06 0.90 1.79

Thick8 0.60 0.75 0.85 1.52

Thinl 0.67 0.95 0.82 191

Thin2 0.54 0.69 0.99 1.16

Thin3 0.99 1.24 0.94 2.41

Thin4 0.84 1.10 1.01 1.91

Average 0.65 0.89 0.84 1.82

6.00 -

Thermal conductivity Az [W/(m-K)]

thickl  thick2 thinl thin3
[ Plain specimen
M With rubber sheets

| With thermocouples

thick3  thick4 thick5 thické

Specimen

thick7 thin2

F1 With rubber sheets and thermocouples

Fig. 1. Thermal conductivity values of C20/25 concrete specimens. “Thick#” specimens
were about 20 mm thick and “thin#” 10 mm thick.

2.50 -

2.00 -

1.00

0.50 -

Thermal conductivity Ao [W/(m-K)]

Ng
N
NE
NE
N
NE
\:
\

0.00 i
thickl thick2 thick3 thick4 thick5 thické thick7 thick8
[ Plain specimen
[N With rubber sheets
B With thermocouples
7 With rubber sheets and thermocouples

thinl thin2 thin3 thin4

Specimen

Fig. 2. Thermal conductivity values of C32/40 concrete specimens. “Thick#” specimens
were about 20 mm thick and “thin#” 10 mm thick.

chosen randomly out of all the same kind of specimens in order to
represent actual measurement where the specimens used in tests
cannot be chosen. In specific heat capacity measurements, the com-
puter is calculating the time used to raise the temperatures to steady
state and recording the cumulative amount of energy entering the
specimen while temperatures are trying to reach the steady state. With
this information the program calculates specific heat capacity value for
the specimen.
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Fig. 3. Specific heat capacity values of concrete specimens in different temperatures.
Presented specific heat capacity values have been divided by density.

The specimens were conditioned before tests and material humidity
of the tested specimens was 50 (+10) % RH. Table 4 shows the
rounded specific heat capacity values for concrete at 25 °C. The last
column in the Table 4 contains the volumetric specific heat capacity
values that have been divided by density (J/(kgK)), whereas the
preceding column has the measured value in J/(m?®K). Accurate
specific heat capacity results of concrete specimens at 25 °C (average
value) range between 715-841 J/(m® K). This is close to published
values which vary from 840 to 1170 J/(m®K) [24]. Specific heat
capacity value 1,000 J/(m®K) is given for all concrete densities in
standard [25]. Even if the densities of different concrete specimens are
quite the same specific heat capacity values can vary because of
inhomogeneous materials. The relatively small specimens contain a
big share of rock which can have a significantly smaller specific heat
capacity value than cement [1,19]. That is one reason why measured
specific heat capacity values are a bit lower than published values. Also,
the values increase quite steadily as the temperature rises.

3.4. Specific heat capacity of plaster specimens

The average results of the specific heat capacity tests of plaster
specimens as the test temperature rises are presented in Fig. 4.

The numerical results of the specific heat capacity tests of plasters
are presented in Table 2. It is noticeable that plasters have similar
values with their kind, i.e. the values of different floor screed plasters
are close to one another and same with fixing plasters and wall screed
plasters. The only clear exception in its group is Plaster W6 but
compared to other wall screed plasters its composition was very fine,
powdery.

Accurate results of plaster specimens range between 820 and
1,370 J/(kg K). In theory, materials with a larger particle size should
get lower specific heat capacity values [1,19]. Here plasters whose
maximum size of aggregate was 1 mm or larger had accurate values of
819-1009 J/(kg K), and those which had under 1 mm had 846-
1,237 J/(kg K) (note: only one below 1,000 J/(kg K)). Published values
are 1,000 J/(kg K) for lighter plasters and 900 J/(kg K) for denser
sandy plasters [24].

Fig. 5 presents the relation between specific heat capacity and the
maximum particle size of plasters.

3.5. Uncertainty of the methods

Uncertainty of the methods can be calculated when the quantities
which are used in calculations of thermal conductivity and specific heat
capacity are known. The manufacturer of the apparatus provided
uncertainty values for measured quantities. Surface temperatures of
samples can be measured within 0.01 °C and heat flux within 0.6 pV.
The thickness of the specimen is determined within +0.025 mm
resolution and the apparatus can maintain temperature difference



T. Ruuska et al.

Table 4
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Specific heat capacity values of concrete at 25 °C. Material humidity was (50 + 10) % RH. The presented values have been rounded but the accurate values have been used in calculations.

Concrete sample Density p [kg/m®]

Specific heat capacity cjat 25 °C [J /(m?® K)]

Specific heat capacity cpat 25 °C [J/(kg K)]

€20/25_sample 1 2260 1.86-10°
C20/25_sample 2 2250 1.60-10°
€20/25_sample 3 2200 1.73-10°
€20/25_sample 4 2260 1.81-10°
(32/40_sample 1 2250 1,89-10°
C32/40_sample 2 2240 1.81-10°
C32/40_sample 3 2240 1.72:10°
C32/40_sample 4 2250 1.81-10°
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800
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800
750
800
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1,300 -
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900 -

700 -

Specific heat capacity c, [J/(kg-K)]

300 T T T T )
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Fig. 4. Specific heat capacity values of plaster specimens in different temperatures.
Presented specific heat capacity values have been divided by density.
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Fig. 5. The relation between specific heat capacity and maximum
plasters. The maximum particle size of plaster O1 was unknown.

particle size of

between the plates with the accuracy of +0.02 °C. The error estimation
for the calibration factor is calculated by manufacturer of the apparatus
and it is 3.27%. With these values manufacturer has calculated thermal
conductivity error estimation which is 3.5%. Overall the given absolute
accuracy for the apparatus is + 5% and reproducibility +2% [13].

4. Conclusions and discussion

In this research, both thermal conductivity and specific heat
capacity tests on concrete were made as well as specific heat capacity
tests on different plasters.

In order to obtain reliable results, it is important to use the correct
and the most suitable measurement method in the thermal conductiv-
ity tests, as can be noted by comparing different methods in Figs. 1 and
2. In these figures three out of four methods give results that are close
to each other but the fourth one gives results of a correct magnitude.
Please note that the variation in results in Figs. 1 and 2 is caused by
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inhomogeneous material and specimens. The apparatus is designed for
testing of relatively small specimens which in case of inhomogeneous
materials might cause problems if the specimens have any imperfec-
tions since these imperfections may become more obvious. Significance
of inhomogeneous of the specimens is accentuated by that the
maximum size of aggregate of concrete here was 16 mm and specimen
thickness bare 10 mm or 20 mm which means that specimens that
happened to have larger particles differ significantly from those that
happened to have none. However, one of the goals of this study was to
examine how well the apparatus could test inhomogeneous materials
and therefore this variation in specimens was not considered to be a too
crucial deficiency but rather an important observation point.

When doing actual thermal conductivity tests with a heat flow meter
apparatus the method should be chosen accurately. This study with the
recommendation of the apparatus manufacturer shows that the best way to
measure the thermal conductivity of tested specimens is to use both the
rubber sheets and thermocouples because it is the best way to eliminate
errors caused by air caps and poor contact between the specimen's surfaces
and the apparatus's plates especially with small specimens with large
maximum particle size. It is recommended to test at least ten specimens
when testing thermal conductivity of inhomogeneous materials and to
consider the test method every time when measuring new material.

Overall, thermal conductivity results were in accordance with pub-
lished values and theory when using both the rubber sheets and
thermocouples. The average thermal conductivity value for the C20/25
concrete measurement without one value which is significantly bigger
than the others is 1,75 W/(m K) and for the C32/40 concrete 1,82 W/
(m K). Published values vary from 1,70 to 1,74 W/(m K) [24,25]. That
indicates that the apparatus is suitable for testing inhomogeneous
materials such as concrete. At the same time, the results vary significantly
between specimens (results of C20/25: 1.20-2.32 (5.18) W/(m K) and
C32/40: 1.16-2.41 W/(m K)) as seen in Figs. 1 and 2 due to that some

Table 5

Specific heat capacity values of plasters at 25 °C. Material humidity was (50 + 10) % RH.
The presented values have been rounded but the accurate values have been used in
calculations.

Material Density p Specific heat Specific heat
[kg/mB] capacity cpat 25 °C capacity cpat 25 °C
[J/(m® K)] [J/(kg K)]

Plaster FL1 2130 1.95-10° 900

Plaster FL2 2070 1.97-10° 950

Plaster FL3 2 000 2.02-10° 1 000

Plaster FL4 1770 1.91.10° 1100

Plaster FL5 1930 2.06:10° 1050

Plaster FIX1 1 240 1.37-10° 1100

Plaster FIX2 1570 1.68-10° 1 050

Plaster W1 1710 1.48-10° 850

Plaster W2 1490 1.25-10° 850

Plaster W3 1180 0.97-10° 800

Plaster W4 1320 1.13-10° 850

Plaster W5 1230 1.04-10° 850

Plaster W6 1520 1.87-10° 1250

Plaster O1 470 0.51-10° 1 050
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specimens have more and some fewer pieces of rock on the surface and
inside them. Thermal conductivity of rock and cement differ from each
other (granite 2.8 W/m K and cement 0.7-1.0 W/m K). The same
inhomogeneity of the specimens explains also why 10 mm and 20 mm
thick specimens’ results have differences between them. Because of this
the reliability of results must be evaluated whenever tests are done.

The main novelty value of this research is that heat flow meter
apparatus can determine specific heat capacities of inhomogeneous
materials well as shown in Table 5 and Fig. 4 if the test method has been
chosen correctly. The measured specific heat capacities comply with the
theory that materials that have a larger particle size should have lower
specific heat capacity values [1,19], as illustrated in Fig. 5. The results also
follow the theory that specific heat capacity should increase steadily as the
temperature rises [1,19], as shown in Fig. 4. However, the values of some
plasters do not rise perfectly steadily. One must bear in mind that the
accuracy of the apparatus is + 5%, so there might be some imprecisions in
the measurements that might explain why the rise is not perfectly steady.

Overall, specific heat capacity results of concrete and plasters were
in accordance with published values and theory. That indicates that the
apparatus is suitable for testing inhomogeneous materials such as
those tested here.

Acknowledgements

The research was conducted as a Master's thesis at Tampere
University of Technology (TUT) in the Department of Civil
Engineering. The research was financed by TUT and Kiilto Oy. The
funding is respectfully appreciated. The authors have no conflict of
interest.

References

[1] J.P. Holman, (etc.)Heat Transfer, 8th edition, McGraw-Hill Book Company, New
York, 1997, pp. 56-59.

A. Hadded, S. Benltoufa, F. Fayala, A. Jemni, Thermo physical characterization of
recycled textile materials used for building insulation (March)J. Build. Eng. 5
(2016) 34-40.

S. Drissi, A. Eddhahak, S. Care, J. Neji, Thermal analysis by DSC of phase change
materials, study of the damage effect (March)J. Build. Eng. 1 (2015) 13-19.
ASTM C1784-13:2013. Standard Test Method for Using a Heat Flow Meter
Apparatus for Measuring Thermal Storage Properties of Phase Change Materials
and Products.

A. Tleoubaev, A. Brzezinski, Thermal Diffusivity and Volumetric Specific Heat
Measurements Using Heat Flow Meter Instruments, in: Proceedings of the 29th
International Thermal Conductivity Conference and the 17th International
Thermal Expansion Symposium, June24-27, 2007, Birmingham, Alabama, USA,

[2]

[31
[4]

[5]

[6

=

[7

=

[8

=

[9]
[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

(18]
[19]
[20]

[21]

[22]

[23]

[24]
[25]

Journal of Building Engineering 9 (2017) 135—-141

2007.

A. Tleoubaev, A. Brzezinski, L. Braga, Accurate Simultaneous Measurements of
Thermal Conductivity and Specific Heat of Rubber, Elastomers, and Other
Materials presented at the 12th Brazilian Rubber Technology Congress, April 22-24
2008, Expocenter Norte, Sao Paulo, Brazil, 2008.

J. Kosny, E. Kossecka, A. Brzezinski, A. Tleoubaev, D. Yarbrough, Dynamic thermal
performance analysis of fiber insulations containing bio-based phase change
materials (PCMs) (September)Energy Build. 52 (2012) 122-131.

LaserComp, Inc., Measurements of the Volumetric Specific Heat Cpp and Enthalpy
of the Phase-Change Materials (PCM) Using the FOX Heat Flow Meter
Instruments. Application Note AN-PCM, 2007-2013. 5 p.

LaserComp, Inc., Theory of the Method. Application Note, 2001-2003. 2 p.

A. Brzezinski, A. Tleoubaev, Proceedings of the 30th Annual Conference on
Thermal Analysis and Applications (NATAS)K.J. Kociba (Ed.)Effects of Interface
Resistance on Measurements of Thermal Conductivity of Composites and Polymers,
B & K Publishing, Pittsburgh, 2002, pp. 512-517.

A. Tleoubaev, A. Brzezinski, Combined Guarded-Hot-Plate and Heat Flow Meter
Method for Absolute Thermal Conductivity Tests Excluding Thermal Contact
Resistance, in: Proceedings of the 27th International Thermal Conductivity
Conference and the 15th International Thermal Expansion Symposium, October26-
29, 2003, Knoxville, TN, 2003.

A. Tleoubaev, A. Brzezinski, Errors of the Heat Flow Meter Method Caused by
Thermal Contact Resistance, in: Proceedings of the 29th International Thermal
Conductivity Conference and the 17th International Thermal Expansion
Symposium, June24-27, 2007, Birmingham, Alabama, USA, 2007.

LaserComp, Inc., FOX50 110°C Instrument Manual. 2002—-2013. 41 p.

SFS-EN 12664:2001. Thermal performance of building materials and products.
Determination of thermal resistance by means of guarded hot plate and heat flow
meter methods. Dry and moist products of medium and low thermal resistance.
SFS-EN 12667:2001. Thermal performance of building materials and products.
Determination of thermal resistance by means of guarded hot plate and heat flow
meter methods. Products of high and medium thermal resistance

SFS EN 1946-1:1999. Thermal performance of building products and components.
Specific criteria for the assessment of laboratories measuring heat transfer
properties. Part 1: Common criteria.

SFS EN 1946-3:1999. Thermal performance of building products and components.
Specific criteria for the assessment of laboratories measuring heat transfer
properties. Part 3: Measurements by heat flow meter method.

ISO 8301:1991. Thermal insulation. Determination of steady-state thermal resis-
tance and related properties. Heat flow meter apparatus.

C.E. Hagentoft, Introduction to Building PhysicsStudentlitteratur. 422 s. ISBN 91-
44-01896-7, 2003.

LaserComp, Inc., Description of the Instrument. Application Note, 2001-2004. 12
p-
LaserComp, Inc., Testing materials with moderate thermal conductivity using FOX
Heat Flow Meter instruments (with help of two thin rubber sheets). Application
Note AN-2RS, 2011-2012. 4 p.

LaserComp, Inc., Testing Samples on the Fox50 Instrument Using External
Thermocouples. Application Note AN-EXTC-FOX50, 2008. 3 p.

H.D. Young, R.A. Freedman, Sears and Zemansky's University Physics, Tenth
edition, Addison-Wesley Series in Physics, 2000, pp. 460-586 (ISBN 0-201-60322-
5).

A.M. Neville, Properties of concrete, Longman, UK, 1995, p. 884.

SFS EN 10456:2007. Building materials and products - Hygrothermal properties -
Tabulated design values and procedures for determining declared and design
thermal values.


http://refhub.elsevier.com/S2352-16)30315-sbref1
http://refhub.elsevier.com/S2352-16)30315-sbref1
http://refhub.elsevier.com/S2352-16)30315-sbref2
http://refhub.elsevier.com/S2352-16)30315-sbref2
http://refhub.elsevier.com/S2352-16)30315-sbref2
http://refhub.elsevier.com/S2352-16)30315-sbref3
http://refhub.elsevier.com/S2352-16)30315-sbref3
http://refhub.elsevier.com/S2352-16)30315-sbref4
http://refhub.elsevier.com/S2352-16)30315-sbref4
http://refhub.elsevier.com/S2352-16)30315-sbref4
http://refhub.elsevier.com/S2352-16)30315-sbref5
http://refhub.elsevier.com/S2352-16)30315-sbref5
http://refhub.elsevier.com/S2352-16)30315-sbref5
http://refhub.elsevier.com/S2352-16)30315-sbref5
http://refhub.elsevier.com/S2352-16)30315-sbref6
http://refhub.elsevier.com/S2352-16)30315-sbref6
http://refhub.elsevier.com/S2352-16)30315-sbref6
http://refhub.elsevier.com/S2352-16)30315-sbref7

	Measuring thermal conductivity and specific heat capacity values of inhomogeneous materials with a heat flow meter apparatus
	Introduction
	Material and methods
	Heat flow meter apparatus FOX50
	Specimens
	Equations to determine thermal conductivity
	Equations to determine specific heat capacity

	Results
	Thermal conductivity of rubber sheets
	The thermal conductivity of small concrete specimens
	Specific heat capacity of concrete specimens
	Specific heat capacity of plaster specimens
	Uncertainty of the methods

	Conclusions and discussion
	Acknowledgements
	References




