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Abstract

The research presented in this paper proposes structures of timber frame exterior walls using reed straws as insulation
materials. Having thicknesses of 175 mm and designed for exterior building walls, the proposed structures are composed of
12-mm-thick oriented strand board, 150-mm-thick insulation material with and without air layers, a vapour barrier foil and
12.5-mm-thick gypsum board for the interior face of the wall. The insulation materials used as reference for the proposed
structures are polystyrene and rock wool. Reed straws used as insulation material for the tested wall structures formed
insulation layers of 150 mm thickness in five configurations: 150-mm loose-fill reed straws without air layer and other four
variants with loose-fill reed straws and 100-, 50-, 20- and 10-mm-thick air layers, respectively. The air layer was placed at
the contact with gypsum board for all configurations. The reference structures (rock wool and polystyrene as insulation
materials) followed three of the configurations set-up, namely 150-mm-thick insulation material (rock wool or polystyrene)
only and insulation materials with air layers thicknesses of 100 and 50 mm, respectively. The eleven tested structures were
subjected to thermal conductivity coefficient (1) measurements. The tests were performed on HFM436 Lambda equipment.
The structures were tested for an entire cycle of temperatures varying between — 10 and 30 °C and thus simulating
summer and winter climate conditions. The thermal conductivity coefficient of the exterior walls filled with loose reed
straws as insulation material was recorded between mean values of 0.076 and 0.077 W m~! K™, except the structure with
an air layer of 100 mm, for which a value of 0.120 W m~' K~' was registered.
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List of symbols GB  Gypsum board
A Thermal conductivity (W m~' K1) VB  Vapour barrier
T Temperature (°C) X Air layer thickness

0 Density (kg m™>)
AT  Temperature difference (°C)

T, Mean temperature (°C) Introduction
u Reed moisture content (mass%)

Building energy use accounts for about 40% of the total
Subscripts energy consumption in EU and the USA, and in European
EPS  Polystyrene countries, the building space heating represents the most
RW  Rock wool part of the energy consumption, namely 50% of the pri-
RS Reed straws mary energy demand [1]. In this respect, building insula-
OSB  Oriented strand board tion materials have a major contribution to the reduction in

the heating and cooling energy consumptions of buildings.
Wood houses and timber frame walls filled with various
thermal insulation materials play an important role in
reducing the heating energy consumption level and CO,
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consumption and CO, emissions [2]. Commercial building
insulation materials such as polystyrene (EPS), rock wool
(RW) are used largely nowadays, but have the main
drawback that they negatively affect the environment,
especially due to their long time necessary to biodegrade.

The sustainability concept in building design encour-
aged researches in developing thermal and acoustic insu-
lators using natural materials [3]. Several researchers
focused on using small wood particles or shavings [4-6] in
timber frame wall structures as loose-fill materials. Wood
frame wall system with spruce bark fill material [4] proved
to have low thermal conductivity values between 0.062 and
0.096 W m~' K™'. Other studies investigated the thermal
transmittance of the building walls insulated with straw
bales and reed straws as sustainable materials [7-10],
recording low values of thermal transmittance for consid-
erable thicknesses in the range of 420 to 580 mm and for
the horizontally arrangement of the reed straws in the
structure. Straw bales with a thickness of 50 cm proved to
have low thermal conductivity of 0.067 W m~ ! K™! [10].
Wood frame walls with layers of paper spaced at 3, 5 and
7 mm were investigated for their heat insulation capacity,
and thermal conductivity coefficients between 0.047 and
0.059 W m~' K~' were recorded. Lower thermal con-
ductivity coefficients are obtained for the thinner air layers
in the structure, due to the reduced impact of the convec-
tive heat transmittance [11]. Cellulose loose-fill material
obtained from recycled paper is also studied as heat insu-
lation material [12, 13], in wood frame wall structures
registering low thermal conductivity coefficient values up
t0 0.050 W m~' K~' [12]. Flax and jute are also promising
for this category of materials [14-16].

Thermal conductivity coefficient (1) is one of the
material’s properties that characterize the heat insulation
performance, and it is often used to select the appropriate
material for building envelopes or thermal insulators [17].
Experimental methods of measuring . are based on using
heat flow meters with flux sensors and temperature control
systems [6, 18] and in situ measurements using sensors for
the determination of temperatures and relative humidity
[19-21]. Experimental research is accompanied in several
scientific papers by theoretical analysis using numerical
methods [22] and computational models, such as finite
methods [23-25]. An actual modern non-destructive
method used to analyse the structures is the X-ray com-
puted tomography which allows structure-based thermal
modelling, applied by few researchers to investigate
low-density bark-based panels as promising insulation
materials [26].

This study presents an experimental approach to the
thermal performance of timber frame exterior walls filled
with reed straws as heat insulation materials and the
comparison to similar structures where common insulation
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materials such as rock wool (RW) and polystyrene (EPS)
were used. The thermal conductivity coefficient (1) was
measured on eleven types of wall structures including the
reference ones. The study includes also an investigation on
the influence of the air layer thickness on the thermal
conductivity coefficient values and the variation of 4 as
function of density (p). The experiment was carried out in
laboratory conditions using HFM436 Lambda apparatus
(Netzsch, Selb, Germany) for the measurements.

Experimental
Materials

The core of the experimental exterior walls includes three
types of thermal insulation materials (Fig. 1), namely loose
bulk reed straws (RSs), rock wool (RW) and expanded
polystyrene (EPS). Commercial RW and EPS having
thicknesses of 50 mm were used as reference to compare
the thermal insulation performance of reed straws. RS had
initial moisture content (1) of 11%, bulk density (p) of
79.43 kg m > and a measured thermal conductivity coef-
ficient (1) of 0.054 W m~ ! K~!. The measured mean
diameter of the reed straws was of 5 mm. RW batt (fire-
proof Baudeman Izo 42 Duo-Euroclass A1) with thickness
of 50 mm, density of 30 kg m> and 14 of
0.04 W m~!' K~! and Baudeman EPS 50 mm (fire reaction
class El, water absorption < 2.5%, compressive strength
of 50 kPa), with density of 15kgm > and
2 =0.042 W m~' K' were used for the experimental
structures. The 12-mm-thick oriented strand board (OSB 3)
was used for the exterior face sheet, and commercial 12.5-
mm gypsum board (GB) was used for the interior face
sheet. OSB panels had a density of 600 kg m™ and a
thermal conductivity coefficient (1) of 0.125 W m 'K,
whilst the GB’s density was 680 kg m™ and measured A
was of 0.202 W m~! K~'. An aluminium-based foil (Iso-
flex Alu-PZ produced by S.C. Masterplast Romania S.R.L.)
with a specific mass of 55 g m™2 was used as vapour
barrier (VB).

Experimental Walls

The structures were formed as seen in Fig. 2, where (1) is
the interior face sheet GB, (2) is the vapour barrier (VB),
(3) represents the wall sides made from commercial 18-mm
particleboard. Heat insulation materials (4) used for the
experiment were RS, RW and EPS, respectively. The
exterior face sheet of the experimental walls (5) shown in
Fig. 2 is OSB 3. The wall frames were constituted from the
particleboard sides which were connected with OSB



Experimental thermal characterization of timber frame exterior wall using reed straws as... 2507

Fig. 1 Thermal insulation
materials used for the
experimental exterior walls;
a reed straws; b rock wool;
¢ polystyrene
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Fig. 2 Tested structures of the experimental exterior walls; a without
air layer; b 50-mm air layer; ¢ 100-mm air layer

exterior face sheet by screws and then filled with insulation
materials.

First, the insulation materials were arranged in three
layers, filling the entire interior space of the structure
(Fig. 2a). Further experiments studied the influence of the
thickness of the air layer upon the thermal conductivity
coefficient of the structures. For this purpose, all three
types of insulating materials were arranged inside the
structure in one layer (50 mm thick) and two layers
(100 mm thick), leaving air gaps of 100 mm (Fig. 2¢) and
50 mm thick (Fig. 2b), respectively. Additional structures
using reed straws as insulating materials were formed with
air gaps of 20 mm and 10 mm, respectively. RSs were
arranged in the structure in an uncompressed state. VB foil

and GB interior face sheet were afterwards mounted with
the sides using screws.

Table 1 presents the components of the experimental
walls. Structures from S1 to S6 are considered reference
samples because they use common heat insulation materi-
als and they have low thermal conductivity coefficients
around 0.04 W m~" K™'. Eleven experimental wall struc-
tures with length x width x thickness of
600 x 600 x 174.5 mm were designed and built for
thermal conductivity measurements. Two replicates of each
structure type were made and tested. The mean value of the
thermal conductivity coefficient for each AT was calcu-
lated with the recorded results of the two replicate panels.
The mean value of 4 for each tested structure was calcu-
lated with recorded values of A for the nine temperatures
configurations of the test, according to Table 2. Before
testing, the structures were conditioned for one week to the
experimental environmental conditions.

Methods

The experimental walls were subjected to thermal con-
ductivity coefficient (1) measurements using the hot plate
technique according to ISO 8301:1991 [27] and DIN EN
12667:2001 [28].

The HFM436 Lambda apparatus (Netzsch, Selb, Ger-
many) was used for the test. The plate temperature of this
equipment ranges between — 20 and 70 °C, and the cali-
bration curves are incorporated into the program. Lambda
apparatus is provided with an external cooler, it has 10
programmable data points, and it has maximum specimen
thickness of 200 mm and length x width  of
610 x 610 mm. It measures thermal conductivity ranging
between 0.002 and 1.0 W m~" K~' with an accuracy of 1
to 3%. A Peltier system is used for plate temperature
control. The method is based on the determination of the
heat that passes from the hot plate to the cold plate through
the tested material or structure. The temperatures of the
two plates and the thermal conductivity coefficient which is
calculated based on Fourier’s Law are automatically
recorded by the software of the apparatus. The equipment
was calibrated according to the temperature configuration
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shown in Table 2 before starting the measurement of the
thermal conductivity coefficients.

The experimental walls were installed into the Lambda
apparatus so that the exterior face (OSB 3) was always
placed on the cold plate. Density was introduced as input
data in the apparatus software. The densities of the
experimental walls were calculated as the ratio between
their masses and volumes. The samples were placed
between two heated plates, set at different temperatures,
according to Table 2. The heat flow through the sample is
measured by a calibrated heat flux transducer. After
reaching a thermal equilibrium, the test is done. The
sample centre (250 x 250 mm) is used for the analysis.
The heat flow meter method applied for measurement is a
standardized test technique [27, 28]. A calibration mea-
surement is first taken, and then, the Q-LAB software
displays three graphs that give the operator a visual indi-
cation of test progress: thermal conductivity, AT and mean
temperature.

Results and discussion
Thermal conductivity coefficient

The experiment simulates the outdoor temperature (77),
which varies from negative temperatures (for cold season)
to positive temperatures (for warm and hot seasons) and the
indoor temperature (7), which is a constant at value of
20 °C. Thermal conductivity coefficients were determined
for each AT and each mean temperature Ty,. The mean
values and standard deviations of the measured A for each
structure are presented in Fig. 3. Standard deviations were

Table 1 Components of the experimental walls

Table 2 Temperatures configuration set-up

T%/°C Ty*#/°C AT =T, — T)/°C T =120 /°C
~10 20 30 5

-5 20 25 75

0 20 20 10

5 20 15 125

10 20 10 15

15 20 5 17.5

25 20 -5 225

30 20 - 10 25

35 20 —15 275

*Bottom plate temperature
**Upper plate temperature

calculated for each structure considering all the recorded
values of / for the two replicates and for all AT configu-
rations (entire test cycle). The results show that the lowest
value of the thermal conductivity coefficient A was recor-
ded for three-layer (150 mm thick) RW insulation material
(0.049 W m~" K™"), followed by the wall structure having
three layers of EPS heat insulation material
(0.055 W m~" K™1). All wall structures having RS as heat
insulation material recorded higher values of A than those
of the similar structures with common heat insulation
materials (RW and EPS).

The air layer with a thickness of 100 mm inside the wall
structures favoured the occurrence of other phenomena
such as heat transfer by convection and circulation of
humid air with negative effects on the heat thermal insu-
lation performance of the structure. These phenomena are

Type of insulation Structures Density p/kg m—> Thickness/mm
material - -
Interior face VB Core layer Exterior face
sheet GB - sheet OSB 3
Air EPS RW RS
Polystyrene (EPS) S1 94.85 12.5 0.2 100 50 - - 12
S2 98.80 12.5 0.2 50 100 - - 12
S3 102.75 12.5 0.2 - 150 - - 12
Rock wool (RW) S4 99.14 12.5 0.2 100 - 50 - 12
S5 107.39 12.5 0.2 50 - 100 - 12
S6 115.63 12.5 0.2 - - 150 - 12
Reed straws (RSs) S7 113.29 12.5 0.2 100 - - 50 12
S8 135.68 12.5 0.2 50 - - 100 12
S9 158.07 12.5 0.2 - - - 150 12
S10 149.11 12.5 0.2 20 - - 130 12
S11 153.59 12.5 0.2 10 - - 140 12
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more pronounced in the case of reed structure, where the
initial measured moisture content was of 11% and rise in
temperature during the test led to water evaporation and
increase in humidity in the air layer accompanied by the
occurrence of heat transfer by convection. The result is a
diminished thermal insulation capacity of this structure and
a high mean value of A, namely 0.120 W m~' K~' com-
pared to 0.087 W m~" K~' for S1 (EPS as heat insulation
material) and 0.083 W m~' K™! for S4 (RW as heat
insulation material).

Reducing the thickness of the layer of air to 50 mm had
as a result the improvement in thermal insulation capacity
of all structures as follows: A decreased by 28% for
structures using EPS and RW and 38% for the structure
using reed straws.

It has to be noticed that reducing the layer of air to
20 mm and 10 mm, respectively, in the case of wall
structures with reed straws, the measured thermal con-
ductivity coefficient A remained almost constant around the
value of 0.077 W m~' K™\,

Considering the initial measured values of 4 for RW
(0.04 Wm™'K™"), EPS (0.042Wm 'K") and RS
(0.054 W m! K_l), the performance of the wall struc-
tures proved to be similar to the performance of the insu-
lation material expressed by its A. Thus, knowing the
thermal conductivity coefficients of the thermal insulation
materials the behaviour of the structures is predictable.

The diagrams in Fig. 4 show different values of mea-
sured A for various AT. The diagrams are split into two
parts according to the temperature configuration set-up
shown in Table 2. Thus, AT with values between — 15 and

S3 S4 S5 S6 S7 S8 S9 S10 St
Exterior wall structure type

10 °C corresponds to the summer temperatures, whilst the
values of AT higher than 10 °C correspond to winter sea-
son. As seen in Fig. 4, the thermal conductivity coefficients
have higher values for temperatures corresponding to
summer season (on the left side). It can be explained by the
increase in temperature and occurrence of water evapora-
tion phenomenon along with the increase in humidity
inside the air cavities. Those factors led to the increase in
thermal coefficient values because of the more intense
movement of the humid air and the occurrence of the
convection phenomenon.

The temperature environment conditions at which the
structures are more stable from the thermal insulation point
of view are the negative temperatures, for which the values
of A are closer. The impact of negative temperatures on the
structures causes the probable occurrence of condensation
inside them, and this may favour the slower movement of
the humidity, resulting in less variation of thermal con-
ductivity coefficient.

The 4 measurement protocol of the wall structures was
set to a continuous temperature variation from negative to
positive values so that the structures are subjected to suc-
cessive cooling and heating, leading to variations of ther-
mal conductivity coefficient A. The structures were not
removed from the equipment, passing an entire cycle
during testing period of time.
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Fig. 4 Variation of thermal conductivity coefficient for similar wall structures with tested heat insulation materials: EPS, RW, RS

The influence of the air layer thickness
in the case of reed straws wall structures

The graphical representation of the dependence between
the thermal conductivity coefficient 1 and the thickness of
the air layer for wall structures with reed straws is shown in
Fig. 5. As shown in Fig. 3, the mean values of thermal
conductivity coefficients for this case are in a narrow range
of values between 0.076 and 0.077 W m~' K™' for air
gaps up to 50 mm thicknesses. Analysing the behaviour of
the thermal conductivity coefficient for wall structures with
reed straws (Fig. 5), it can be observed that the narrowest

Fig. 5 Variation of thermal
conductivity coefficient 1
against the thickness of the air
layer for the structures with reed
straws
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Thermal conductivity coefficient

values in the range were recorded for the walls with the air
layer thicknesses of 10 and 20 mm and for the structures
without air gap. Broader values in the range of measured 1
were recorded for air layer thicknesses of 50 mm and
100 mm, respectively. The higher values of /. were recor-
ded for the case when the thermal resistance of the struc-
ture was influenced by the convection heat losses because
of the high temperatures specific to summer conditions and
to the movement of the humid air inside the structure,
namely for the structures with 100 mm air gap. As the
diagram in Fig. 5 shows, these phenomena are more
reduced for the structures where no air gaps or air

10
Air layer thickness/mm

20 50

Poly. (AT = —15°C)-——-Poly. (AT==10°C)— - - Poly. (AT =-5°C)
Poly. (AT = 10°C) — —AT=5°C — .. Poly. (AT = 15°C)
Poly. (AT = 20°C) —— Poly.(AT = 25°C) — - - Poly. (AT = 30°C)
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Z?h;leagaiigtl};Egrzil:]l;;;cnons AT/°C T,/°C T»/°C Polynomial function (4 as a function of air layer thickness x) R?
tft‘iCkFeSS inside the wall 30 -10 20 )= 0.0042x> — 0.0184x + 0.0898 0.77
structure 25 ~5 20 /= 0.0048x% — 0.0214x + 0.0897 0.79
20 0 20 2 = 0.0049x* — 0.0221x + 0.0898 0.79
15 5 20 /= 0.0048x* — 0.0211x + 0.088 0.78
10 10 20 /= 0.0043x> — 0.0176x + 0.0835 0.70
5 15 20 /.= 0.0043x> — 0.0176x + 0.0835 0.70
-5 25 20 /.= 0.009x*> — 0.0444x + 0.1318 0.93
— 10 30 20 /.= 0.0091x> — 0.0443x + 0.1326 0.93
— 15 35 20 4 =0.0101x* — 0.0492x + 0.1405 0.93

thicknesses of 10 and 20 mm are present. The polynomial
curves in Fig. 5 show a minimum point at an air gap of
10 mm. Figure 5 proposes a mathematical model to
approximate the variation trend of A. In fact, the experi-
mental results for A are not very far for air gaps up to
50 mm.

The polynomial variation of 4 as a function of the air
layer thickness (x) of the wall structures filled with reed
straws is shown in Fig. 5, and the equations are given in
Table 3, where the regression R” is between 0.70 and 0.79
for AT in the range between 5 and 30 °C and 0.93 for AT
in the range of — 15 to — 5 °C. The weak fitting R* value
for AT varying from 5 to 30 °C may be explained by
collateral heat transfer phenomena that occurred when
increasing the temperature of the lower plate from negative
to positive values. After calibration, the lower plate
reached a negative temperature of — 10 °C and the water
inside the structure has frozen. With the increase in tem-
perature, the water passed into the liquid phase and later in
vapour phase, creating more numerous freely moving
molecules and conferring internal mobility to water and
vapours into the structure and occurrence of convective
heat transfer in addition to conductive heat transfer,
affecting thus the correlations with the pure conductivity
phenomena.

The influence of the density on the thermal
conductivity coefficient

The densities of the experimental wall structures are shown
in Table 1 and Fig. 6. The highest values of the densities
between 113.29 and 153.59 kg m > were recorded for the
structures filled with reed straws.

Polynomial equations were found to predict the corre-
lation between thermal conductivity coefficient and density
of the structures (Fig. 6). The coefficient of determination
(R?) indicates that the predicted models completely fit for
the structures filled with EPS and RW and the percentage
of variations in the measured A for the wall structures filled
with RS indicates a good fit of the model.

Statistical ANOVA single-factor variance analysis was
performed for the determination of the influence of the air
layer thickness on the thermal conductivity coefficient
value. The statistical analysis includes the mean values
obtained in the experiment. Factors that significantly affect
the thermal conductivity were determined using the
reported p values. The thickness of the air layer was found
to have a highly significant influence on the measured
thermal conductivity at a 95% confidence level (p < 0.05)
in the case of RW and EPS, whilst the air layer thickness in
the case of RS was not statistically significant.

Conclusions

In this study, thermal conductivity of timber frame wall
structures using reed straws as heat insulation materials
was theoretically and experimentally investigated. Two
directions were approached in the research: the first one
was focused on comparing the thermal insulation capacity
of reed straw (RS), as a renewable and natural resource, to
that of common insulation materials such as RW and EPS;
the second one investigated the influence of the wall air
thickness on the performance of the thermal conductivity
coefficient. With respect to the first direction, identical wall
structures with RS, RW and EPS were made, tested and
compared. The experimental results of 4 showed best
thermal performances for RW and EPS structures without
air layer (0.049 and 0.055 W m~' K™', respectively),
compared to similar RS structures (0.077 W m~! Kil).
Thermal conductivity ranged between 0.066 and
0.095 W m~' K~! for reed-filled wall structures. Similar
results were recorded [4] for spruce bark (0.062 and
0.096 W m™! K™Y or for straw bales 50 mm thick [10].
With regard to the second research direction, the present
experimental study shows that with the increase in the air
layer thickness inside RW and EPS structures, 4 increases
by approx. 15% for the thickness of 50 mm and around
60% for the thickness of 100 mm. Similar results as for
RW and EPS structures were presented by other
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Fig. 6 Correlations between thermal conductivity coefficients and densities of the experimental wall structures

researchers [12] in case of using cellulose loose-fill mate-
rial in the wood wall structure (0.050 W m~! K_l).

Less variation of thermal conductivity coefficient during
the entire test cycle was reached by reed wall structures, for
which A was in the range of 0.076 to 0.077 W m~' K~ for
the structures having the thicknesses of the air layer up to
50 mm. Instead, a value of 0.120 W m~! K~! was recor-
ded for the structure with air layer thickness of 100 mm.
The conclusion is that the same thermal performance is
achieved by reed straws when the entire space inside the
structures is filled with this material, or air gaps of 10, 20 or
50 mm thicknesses are left in the structure. The same trend
of good thermal performance when the air gap in the
structure is thinner was observed by other researchers, too
[11]. Lower thermal conductivity coefficients were regis-
tered by reducing the air layer thickness from 7 to 3 mm
between the layers of paper that formed the interior
structure of the wood frame wall. This was explained by
the reduced impact of the convective heat transmittance
that occurred in the air gaps. The ANOVA single-factor
variance analysis performed in the present study shows that
the air gap thickness is highly significant for the thermal
conductivity in the case of RW and EPS, whilst the air
layer thickness in the case of RS is not statistically
significant.
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The present study also shows that the variation of tem-
peratures from negative to positive ones during the test
cycle together with the occurrence of water evaporation
phenomenon along with the increase in humidity inside the
air cavities increases the thermal conductivity coefficient
values because of the more intense movement of the humid
air and convection occurrence, as shown in other studies
[29-31]. This assumption confirms the lower heat insula-
tion performance of all structures having 100 mm air gap
thickness.

Polynomial equations were found to predict the corre-
lation between thermal conductivity coefficient and density
of the structures. The analysis of A values in the case of
reed wall structures had as a result equations of the poly-
nomial functions for the dependence between the thermal
conductivity and the thickness of the air layer. In order to
complete the conclusions of the present study, further
research is planned to provide detailed information on the
heat transfer phenomena inside the structures, by measur-
ing temperature and humidity along the thickness.
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