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Modeling of transport phenomena in materials with porous bed features requires thermophysical
properties, such as porosity, permeability and thermal conductivity be known.

The paper presents experimental data obtained in the course of investigation focused on analysis of
stagnant thermal conductivity of biomass. Experiments were conducted using a custom designed and
constructed experimental setup and implementing original experimental procedure. Results obtained
enabled stagnant thermal conductivity of biomass to be determined for different biomass porosity
values.

Analysis of the experimental data enabled functional dependence of stagnant thermal conductivity
on porosity to be determined, with porosity varied in a range 0.50–0.85. Results obtained indicate that
reduced bed porosity, down to the value of 0.65, causes stagnant thermal conductivity of the bed to be
reduced. Further porosity reduction, below the value of 0.65, results in increased stagnant thermal
conductivity of the bed.

Experimental procedure developed shall be useful for gathering experimental data on different
materials planned to be analyzed when examining transport phenomena occurring during combustion of
biomass bales. In addition, data to be acquired shall be helpful in modeling the transport phenomena
associated with combustion in porous beds.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In terms of sustainable energy development there is a growing
need for using the renewable energy sources. A need for the uti-
lization of this kind of energy sources is dictated by the market, on
one side, as well as by environmental protection, on the other.
With regard to sustainable energy resources, it is necessary to
meet conditions defined by EU in order to reduce the environ-
mental pollution and greenhouse gas emissions as well as to
encourage innovation in this area.

Technically utilizable energy potential of the renewable energy
sources in the Republic of Serbia is very significant and is esti-
mated at around 6 million tons of oil equivalent per annum-of
which 3.3 Mtoe is in the production of biomass, 1.7 Mtoe is the
potential of hydro-power, 0.2 Mtoe is geothermal, 0.2 Mtoe is
wind power and 0.6 Mtoe is solar energy.

The most significant renewable energy source is biomass,
which can be used in several ways. Some of these ways are
2354/þ381 62295553 (cell);
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gasification and pyrolysis that are the process of conversion of
solid fuel to gas [1,2], which is easier to be used in power
production.

Biomass can be used in existing and new installations com-
bined with another type of fuel so-called co-combustion [3]. This
type of energy generation from biomass is most often used in the
existing TPP’s combined with coal as the primary fuel. Problems
occurring are bound mainly with the problem of creating deposits
at heat exchange surfaces.

The most efficient way of using biomass in power production is
combustion [4]. Combustion can be performed in many ways. In
principle, these combustion technologies are the most commonly
used ones:

– grid type combustion,
– fluidized bed combustion,
– pulverized coal combustion.

What technology will be used depends mainly upon physico-
chemical characteristics of the biomass. The fact that the most
efficient way is using biomass in its original form, so that the
energy needed for its preparation for combustion is minimal
should be taken into account.
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Nomenclature

Latin symbols:

d diameter, [m]
l cylinder height [m]
Pr Prandtl number, [Dimensionless]
Q heat transfer, [W]
T temperature, [°C]
SD standard deviation, [%]
U measurement uncertainty, [%]

Greek letters

ε porosity, [Dimensionless]

λ thermal conductivity, [W/(m K)]

Index

eff effective
dis dispersion
f fluid
in inner
o stagnant
out outer
s solid
β thermal expansion coefficient
ν kinematic viscosity
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One of the most popular ways for efficient use of biomass in
combustion is the cigar combustion of baled biomass.

Combustion of biomass bales in cigar burners represents new
and insufficiently explored technology [5,6]. The main feature of
the considered process is the fact that combustion mainly occurs
in the bale, which based upon its properties, is considered to be a
porous bed [7–9]. Modeling of transport phenomena in porous bed
requires thermophysical properties, such as porosity, permeability
and thermal conductivity to be known. On the other hand, lit-
erature data provide scarce information on the parameters men-
tioned [7–10].

All porous media models can be divided into two main cate-
gories: capillary and spheroidal. The simplest porous media model
represents a body containing same size cylindrical pores. The
other model assumes that a body is containing monodisperse
spherical particles [7–11]. However, porous bed of biomass bale
has quite specific structure, preventing either one of the models to
be considered fully appropriate. However, the model based on
cylindrically shaped pores is deemed to be more suitable for the
case examined.

In accordance with that model, porosity of the material is
defined based on the assumption that a cavity is connected to
other cavities via one or more pores (canals). There is also a case
when a cavity is connected to only one pore or is not connected to
other cavities at all. This means that there are certain parts in
porous structure comprised of cavities with no fluid flowing inside
them and other cavities that allow fluid flow (the so-called
“transient” pores). According to Kaviany [12], fluid flow can be
regarded either as a flow through tortuous pores, which is the
assumption made in the capillary flow model, or a flow over a
considered objects i.e. the friction model.

The friction model [12], which is predominantly used to
describe heat transfer phenomena in porous media, assumes that
heat conducted through the media is transferred either in series or
in parallel fashion both through solid and the gas phase. This effect
is more pronounced when there is a gas flow inside the pores of
porous media. The friction model, basically, defines total effective
thermal conductivity (λeff) that takes into account all previously
mentioned heat transfer mechanisms (conduction and convection)
while assuming that heat is transferred trough the porous media
by conduction only [11–13].

The said thermophysical property is highly complex and gen-
erally depends on numerous parameters such as: geometry of
porous media (porosity, number of pores, shape of pores, pore
curvature, the percentage of closed pores etc.), thermal con-
ductivity of solid and gas phase, hydrodynamic properties of gas
phase (velocity, temperature and pressure), flow characteristics
(laminar vs. turbulent flow) etc. Assuming that combustion of
biomass bales results in laminar flow [11–13], effective thermal
conductivity can be divided into stagnant (λo) and dispersion (λdis)
thermal conductivity terms:

λef f ¼ λoþλdis ð1Þ

Dispersion thermal conductivity takes into account phenomena
that occur in porous media as a result of gas flow inside the pores,
caused by external factors [11,12].

In case when there is no gas flow, stagnant thermal con-
ductivity is equal to effective thermal conductivity of porous
media. In such case, conductivity is quantitatively and qualitatively
affected by the following properties of porous media: porosity (ε),
solid phase thermal conductivity (λs) and gas phase thermal con-
ductivity (λf), as well as distribution of pore and solid matrix with
respect to heat flow direction (temperature gradient). If it is
assumed that heat transfer through the porous media is achieved
by simultaneous heat conduction both through pores and the solid
matter, stagnant thermal conductivity can be expressed as [11]:

λo ¼ 1�εð ÞUλsþεUλf ð2Þ

Anotherpossible matrix orientation is based on the assumption
that pore and solid matter are distributed so as to alternate in a
series-like manner in the heat flow direction. In such case, stag-
nant thermal conductivity can be expressed as follows [11]:

1=λo ¼ 1�εð Þ=λsþε=λf ð3Þ

By combining Eqs. (2) and (3) and using a simple mathematical
analysis, it is concluded that stagnant thermal conductivity, under
the assumption of parallel heat transfer mode, is always bigger
than solid phase thermal conductivity, except in case when λs is
greater than λf.

For practical applications described in the literature [11],
another correlation between λs and λf is proposed to be used when
defining stagnant thermal conductivity:

λo ¼ λ1�ε
s Uλεf ð4Þ

This correlation, however, does not provide satisfactory results
when the difference between λs and λf is particularly large (several
orders of magnitude). Applicability of the expression is condi-
tioned not only upon the known λs and λf values, but also upon the
known and preferably regular geometry of the porous media.
Namely, in case of fibrous porous media, if heat is transferred
along the longitudinal axis of the fiber, it is correct to use serial
correlation for stagnant heat transfer coefficient. In other case,
when heat is transferred laterally with respect to the fiber axis,
harmonic correlation is to be used.
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Besides the outlined models there are other, more complex
models, as the Maxwell–Eucken model and Effective Medium
Theory (EMT) equation [14,15], that take into account complex
way of packing the spherical shape pores. Fig. 1 illustrates the
dependence λeff/λs of porosity obtained by using the mentioned
models.

However, problems encountered in practice are commonly not
so precisely defined, meaning that strict implementation of the
above mentioned analysis, may cause incorrect data to be
obtained. For the said reason, the most reliable way to obtain
trustful data is to acquire them through experimental investiga-
tion of stagnant thermal conductivity. It is also important for
experimental data to be based on the largest possible sample
examined in order to maximally reduce the impact of anisotropic
material features on the measurement error. Therefore, experi-
mental setup needs to be robust enough and cylindrical in shape
so as to sustain all tensions and stress forces that come into effect
during biomass compressing, performed in order to achieve por-
osity values required.

In practice there are 2 groups of stationery (steady state)
methods for determining thermal conductivity, and these are axial
and radial methods, which are applied depending on the structure
of the sample. All the methods are based on measuring the tem-
perature gradient in the sample, and the heat flux. Axial methods
are the most widely used, give a satisfactory precision of mea-
surement, and as the heat source flat plate is used, while in radial
methods as the heat source a cylinder is used. Both type of
methods give a satisfactory precision.

Guardede hot plate method is used for determining thermal
conductivity of dielectrics as are glass, ceramics, polymers, insu-
lation, with thermal conductivity below 1 W/(m K) [16]. This
method is used in temperature range 80–800 K with measurement
error of around 2%. Advantages of this method are great
Table 1
Summary of the thermal conductivity measurement techniques.

Measurement method Materials

Guarded hot plate Glass, ceramics, polymers, insulation
Axial heat flow Small specimens with thermal conductivity410 W/(m K)
Cylinder method Wide applications due to simple construction
Heat flow method Polymers and insulation materials with thermal conductivity

o0.3 W/(m K)

Fig. 1. Effective thermal conductivity by five basic models.
applicability and high precision, and drawbacks are long testing
time, and testing only materials with low heat conductivity.

Axial heat flow method was developed long time ago and has
high precision of determining heat conductivity. The method is
widely used only for samples of fine structure in the range 10–
500 W/(m K), at temperatures below 100 K. Its measurement error
is about 0.5–2% [17].

Cylinder method belongs to the group of radial methods. The
advantage of this method is a simple construction of installation.
Therefore it is popular and spread widely [18]. It is used for materials
with thermal conductivity in the range 0.01–200W/(m K), in the
wide range of temperatures at 4–1000 K. Precision of the method is
given as measurement error of 2%.

Heat flow method is similar to the Guardede hot plate method,
with difference that heater (plate) is replaced by heat fluxmeter.
The method is used to determine heat conductivity of materials as
polymers and insulators with thermal conductivity below 0.3 W/
(m K) [19,20].

Overview of methods for determining heat conductivity of
porous layer is given in Table 1.

Experimental method developed by Nozad [21] and later
implemented by Dias [22], is based on determination of effective
thermal conductivity of porous materials through measurement of
heat flow and temperature gradient in the sample. Dias at al. [22]
conducted experimental investigation in order to determine
thermal conductivity of glass balls. Experiments were performed
on a cylindrical sample and rested upon the assumption of axial
heat transfer direction along the sample. In order to reduce radial
heat transfer, experimental apparatus was provided with appro-
priate thermal insulation. Such approach is not suitable to be used
in case of biomass bales due to wide range of porosity values that
need to be examined, as well as the assumption that, in spite of
thermally insulated outer wall of the apparatus used, considerable
radial heat flow still occurs.

Experimental method developed by Ando [23] is based on
similar principle. The author used similar method to determine
thermal conductivity of metal foam, but under unsteady flow
conditions which were achieved by blowing heated air through
the porous sample. This method would also not be suitable for
agricultural biomass sample since the hot medium would cause
changes in composition and even in the mass of sample examined.

Krause [24] proposed a method for determining thermal con-
ductivity of particulate matters based on the laser induced heating
of cylindrically shaped sample and infrared recording of the
resulting temperature profile. This method is also not suitable to
be used for analysis of baled agricultural residues, mainly for the
reasons similar to those mentioned previously [23].

C.C. Chueh et al. [25] analyzed influence of open and closed
pores at thermal conductivity of isotropic porous medium. Tests
were conducted in low range of porosity at 0–0.4 and the conclu-
sion is that porous medium with open pores has somewhat lower
heat conductivity than the porous medium with closed pores. In
both cases the decrease of porosity results in an increase of the
effective thermal conductivity. Narrow range of porosity (0–0.4), in
Conductivity range
(W/(m K))

Temperature range (K) Uncertainty References

o1 80–800 �2% [16]
10–500 o100 0.5–2% [17]
0.01–200 4–1000 �2% [18]
o5 200–500 3–10% [19,20]
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which tests were performed in this work, is the limiting factor for
application of the obtained results to the case of baled biomass.

Table 2 presents a review of past work on experimental
determining heat conductivity of porous layer.

Overview of available literature data leads to conclusion that
not much research has been done in order to examine phenomena
addressed. This implies that custom developed experimental
procedure, providing data to be used for process modeling, would
need to be conducted if reliable data are to be gathered. Besides,
size and structure of biomass bales made of agricultural residues
represent another reason why larger volume samples need to be
used in experiments performed. Analysis of commercially available
installations commonly utilized to determine thermal conductivity
of different materials has indicated that known devices are not
suitable to be used for analysis of oilseed rape bales, which were
the main focus of experimental investigation presented herein.
This is mainly because volume of the sample deemed repre-
sentative of heat transfer phenomena occurring in the bale, would
significantly exceed working volume of any of the commercial
installations. It is for that reason that custom developed experi-
mental procedure and specially designed and constructed
experimental apparatus were used to investigate stagnant thermal
conductivity of biomass bales.

Basic equation used when determining stagnant thermal con-
ductivity is the Fourier Law related equation which states that the
amount of heat transferred through a medium is proportional to
the temperature gradient in the medium. For a cylindrical wall,
this can be expressed as follows:

λo ¼
�� _Q ��= 2πlΔT

� �
ln d2=d1
� � ð5Þ

Where d2 and d1 are the outside and the inside cylinder dia-
meters respectively, _Q is the total amount of heat transferred
through the sample and l is the length of the cylinder. In this
manner, by measuring temperature difference between inner and
outer cylinder walls, as well as the amount of the heat transferred
between these two said walls, the related heat transfer coefficient
is easily determined.
2. Experimental investigation and measurement error

Experimental investigation outlined in this work was per-
formed with the aim to determine stagnant thermal conductivity
of baled agricultural residues, as well as to examine its depen-
dence on several combustion parameters. Measurements per-
formed were expected to provide better understanding of trans-
port phenomena occurring in the porous bed formed by biomass
bales made of agricultural residues. Experimental data were also
intended to be used in combustion process modeling.

Experiments were performed in a custom-made experimental
apparatus, designed in such manner so as to simulate, as much as
possible, real conditions occurring during combustion of bales
made of agricultural residues in semi-industrial facility equipped
with cigar burners [6–9].
Table 2
Summary of previous work.

Sl. no. Author(s) Measurement techniques Parameters

1. Ando et al. (2013) [23] Axial heat flow Heat transfe
2. Krause et al. (2011) [24] Cylinder method Heat transfe
3. Dias et al. (2007) [22] Axial heat flow Heat transfe

Nozad et al. (1985) [21]
4. Chueh et al. (2014) [25] Impact of op

medium
5. Asakuma and Yamamoto (2013) [28] The effect o
Having in mind that agricultural biomass has anisotropic fea-
tures, representative sample needed to be as large as possible so as
to maximally reduce the impact of anisotropic properties, as
mentioned earlier herein above.

Experimental setup (Fig. 2) was designed and constructed so as
to be suitable for determination of stagnant thermal conductivity,
enabling λo to be defined for the range of porosity values that
commonly occur in combustion process under real conditions [7–9].

Experimental installation developed enabled porosity of a
constant mass biomass sample to be varied in preselected range by
changing the volume of working unit (Item no. 4) in the apparatus
constructed. Working unit of the apparatus is large enough to
accommodate 1 kg of biomass sample in its free form, which was
deemed sufficient to reduce impact of anisotropic biomass fea-
tures on the measurement results.

Working unit of the apparatus constructed, indicated as Item
no. 4, enables desired porosity of the oilseed rape sample to be
achieved. This is accomplished by compressing the sample, placed
between a top (Item no. 1) and a bottom (Item no. 2) plate, by the
means of screws (Item no. 5). Central cylinder (item no. 6) acts as a
heat source in the setup. Inner cylinder is positioned on the sup-
porting plate (Item no. 2). The heat source is equipped with
electric heater (Item no. 8) of adjustable power output. Heat is
transferred from the central cylinder to the annular cylinder (Item
No. 4). Surface wall temperatures of inner and annular cylinder are
measured in points indicated as Items no. 7 and no. 9 respectively.
A conical end portion of the inner cylinder enables easier biomass
compression. A thermal insulation layer is provided between the
top plate and the working cylinder in order to prevent thermal
bridge to be formed between the said two components. In this
manner, heat conducted from the inner and to the outer cylinder
through the top plate is minimized. Connection between the
working cylinder and the bottom plate is preferably achieved
through a single-point of contact, since the case in question
involves two spherical shapes of different diameters (i.e. 199 mm
diameter bottom plate and 205 mm diameter working cylinder). In
this manner, heat transfer to the bottom plate is also maximally
reduced. Based on the description provided, it is concluded that
heat transfer between the inner and the outer cylinder is mostly
achieved by heat conduction through the biomass sample.

Temperature measurement openings and position of related
thermocouples are shown in Fig. 2. In order to be able to analyze
uniform temperature distribution along the perimeter of both
inner and outer cylinder, an opening is provided on the opposite
side of each cylinder in locations where temperature measure-
ments were deemed to be the most important with respect to
stagnant thermal conductivity values.

Experimental installation used in stagnant thermal con-
ductivity measurements is presented in Fig. 3. As it was mentioned
earlier, thermal conductivity measurements were based on the
measurement of surface temperatures of outer and inner cylinder,
as well as measurement of ambient temperature required for
determining heat transfer rate from the outer cylinder. This
amount of heat also represents the amount of heat transferred
studied

r coefficients of ceramic foams in forced convective flows
r coefficients of fragile and sensitive materials with non-invasive technique
r coefficients of glass balls

en and closed pore size of the thermal conductivity of an isotropic porous

f porosity on thermal conductivity with the stochastic arrangement of pores
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through the biomass bed. Temperatures were measured using the
thermocouples (T1–T12). Data were acquired via data acquisition
system (Item no. 8). In order to maximally reduce heat losses,
experimental installation was thermally insulated by a
Styropor

s

layer (Item no. 9). Data obtained by measurement of the
surface temperatures of insulated elements showed that the
measured temperatures are the same as ambient temperature,
thereby pointing out that no heat is being transferred through the
insulated elements. Temperature of inner cylinder, which was not
allowed to exceed 100 °C, was controlled by a voltage regulator
(Item no. 7).

Heat transfer rate defined by Eq. (6) represents the amount of
heat transferred from the outer wall of the cylinder to the sur-
rounding environment. Outer cylinder temperature was deter-
mined as the weighted average of measured temperature data,
using the weighting factors attributed to the surface whose tem-
perature was measured.

As seen in Fig. 2, the inner cylinder is not entirely cylindrical in
shape, but comprises a cone-shaped ending. For this reason, length
of the inner cylinder needed to be adjusted by adding together the
length of the inner cylinder, excluding the cone ending, and a
length of hypothetical cylinder whose surface area equals that of
the cone. In that manner, length of the inner cylinder, used in
Eq. (6), was determined to be l¼0.1818 m. Other characteristic
dimensions are shown in Fig. 2.

Stagnant thermal conductivity was determined based on the
heat transfer model that simulates heat transfer through cylind-
rical wall. Measurements of temperature difference between outer
and inner cylinder walls provided input data for the model con-
sidered. In order to simplify procedure for determining stagnant



Table 3
Temperature data used for determining thermal conductivity.

Porosity Temperature, [°C]

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

Styropors 13.10 70.30 70.41 64.72 69.90 20.54 21.66 22.76 23.60 24.52 23.61 62.80
0.84 17.38 58.47 60.88 57.50 60.25 19.44 20.37 21.29 21.75 22.6 21.92 60.75
0.80 16.25 62.35 63.94 59.93 63.43 18.38 19.26 20.14 20.50 21.37 20.86 60.14
0.75 16.53 56.59 58.88 55.97 58.31 18.26 19.19 20.01 20.31 20.89 20.61 59.65
0.71 16.56 60.33 62.00 57.93 61.59 18.38 19.25 20.09 20.49 21.17 20.63 59.92
0.67 19.13 70.23 71.17 66.34 70.83 21.04 21.86 22.69 23.06 23.70 23.15 66.98
0.63 18.23 73.43 74.21 68.84 73.87 20.15 21.10 22.08 22.58 23.38 22.58 67.93
0.59 18.92 76.32 76.71 71.15 76.28 20.86 21.82 22.86 23.41 24.24 23.55 67.84
0.55 16.26 71.55 72.13 66.80 71.58 18.15 19.21 20.34 20.97 21.94 20.77 64.41
0.51 19.51 74.16 74.8 69.49 74.20 21.69 22.63 23.59 24.00 24.80 24.17 69.61

Table 4
Determination of stagnant thermal conductivity.

Porosity Nu α j _Q j λ λkor

[Dimensionless] W
m2Kð Þ

. ih
[W] W

mKð Þ
� ��

W
mKð Þ

� ��

Styropors 62.23571 3.149127 3.48936 0.060650 0.01565
0.84 62.30117 3.277041 3.816919 0.090495 0.07447
0.80 62.60178 3.292854 3.839044 0.081796 0.06578
0.75 60.20605 3.166838 3.170601 0.075692 0.05967
0.71 60.75434 3.195678 3.319538 0.074119 0.0581
0.67 60.30438 3.17201 3.333626 0.063932 0.04791
0.63 61.62075 3.241252 3.662114 0.065501 0.04948
0.59 61.81089 3.251253 3.760245 0.065007 0.04899
0.55 62.95606 3.311489 3.949901 0.071243 0.05522
0.51 62.32851 3.278479 3.958971 0.072021 0.056
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thermal conductivity, assumptions were made that do not sig-
nificantly affect accuracy of the results obtained. First assumption
states that inner and outer wall surface temperatures are equal.
This assumption was deemed justified due to the small wall
thickness and thermal conductivity of the wall material (steel)
which is several order of magnitude higher than thermal con-
ductivity of examined material. In addition, it is assumed that wall
temperature and temperature of the sample that is in direct con-
tact with the wall are equal. By compressing the sample until
reaching desired density i.e. sample porosity, sample material is
pressed strongly against the walls of experimental apparatus. This
provides good contact between examined material and the wall,
thereby reducing thermal resistance and making it justified to
assume that temperatures of the wall and the sample which is in
direct contact with the wall are equal. The characteristic inner and
outer sample surface temperatures were taken to be the mean
inner and outer wall surface temperatures of the corresponding
wall segments. Temperatures T1–T12 were selected during steady
state regime, achieved after approximately 24 h of operation.

Validation of experimental method described above was per-
formed through measurement of thermal conductivity of porous
media characterized by known thermal conductivity. For the said
purpose, expanded polystyrene (hereinafter Styropors) was used
as a reference material, with known thermal conductivity of
λ¼0.045 W/(m K). The specified thermal conductivity of selected
reference material was chosen comparable to the expected ther-
mal conductivity of baled agricultural residues.

Temperatures were measured using K-type thermocouples,
with temperature data collected via data acquisition system.
Measurement uncertainty associated with the entire temperature
measurement set, which includes thermocouple and data acqui-
sition system, equals 2.5%. Bearing in mind that surface tempera-
tures measured on the inner and outer cylinder were averaged,
total measurement error needed to include standard deviation
which, in case of inner cylinder temperature measurement,
equaled maximally 2.36%, while for the outer cylinder temperature
measurement equaled maximally 1.51%. In addition, heat transfer
coefficient indicative of the heat transfer rate from the outer
cylinder wall to the ambient surroundings required five air-related
parameters to be determined: Prandtl number for temperature
distant from the wall, Prandtl number for wall temperature,
thermal conductivity of air, thermal expansion coefficient and
kinematic viscosity. Uncertainties associated with the thermo-
couple measurements were used to determine the measurement
uncertainties for determination of indicated parameters: 0.015%
for Prandtl numbers, 0.27% for thermal conductivity, 0.34% for
thermal expansion coefficient and 0.6% for kinematic viscosity.

Based on expanded individual measurement uncertainties,
calculated from accuracy classes of specific measurement chains,
total expanded measurement uncertainty is defined as:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

Tin
þSD2

inþU2
Tout

þSD2
outþU2

Prf þU2
PrA þUλ1 þUβþUν

q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:52þ2:362þ2:52þ1:512þ 2U0:015ð Þ2þ0:272þ0:342þ0:62

q

¼ 4:56% ð6Þ

Indicated measurement uncertainty does not include uncertainty
introduced while setting up the desired sample porosity value.

Results obtained through measurements of thermal con-
ductivity of Styropors, collected by implementing methodology
described, enabled the corrected value for thermal conductivity of
the baled biomass sample to be determined.
3. Analysis of experimental results

A total of nine experimental campaigns were conducted using
the experimental installation and the methodology described.
Experiments were performed with oilseed rape samples. Additional
measurement campaign was conducted with Styropors sample in
order to validate experimental method employed i.e. to determine
the absolute measurement error of the installation used.

Temperature data collected during the experiments performed,
shown in Table 3, were used to determine stagnant thermal
conductivity.

Results of thermal conductivity calculations, performed in
accordance with methodology described, are presented in Table 4
and Fig. 4. The difference obtained when determining thermal
conductivity of Styropors sample, whose declared conductivity
equals λ¼0.045 W/m K, was adopted to be the absolute mea-
surement error of the experimental installation used. This mea-
surement error was attributed to the effects associated with the



Fig. 4. Functional correlation between stagnant thermal conductivity and porosity
of oilseed rape.

Fig. 5. Analysis of functional correlation between stagnant thermal conductivity
and porosity of oilseed rape.
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thermal bridges and imperfections in the insulation material
installed.

As shown in Fig. 4, stagnant thermal conductivity of oilseed
rape residues decreases with reduced porosity. This trend con-
tinues until porosity is reduced down to 0.65. After that, with a
further reduction in sample porosity, stagnant thermal con-
ductivity begins to increase. Analysis of the most frequently used
porous-bed related heat transfer models, described by Eqs. (2–4),
reveals that all three functional correlations embedded in the
models show that stagnant thermal conductivity increases as a
result of reduced porosity. This statement is valid in cases when
solid phase thermal conductivity is higher than thermal con-
ductivity of the fluid (λs/λf41). In this case, fluid behaves as some
sort of an insulator, causing heat transfer rate to be reduced as a
result of increased amount of fluid i.e. increased porosity. It is
assumed that pores are sufficiently small and that no fluid flow
may be developed between pore walls. The case examined in the
experimental investigation presented herein represents one such
case, since fluid-related thermal conductivity, that is equal to
thermal conductivity of air at its mean temperature of T¼50 °C,
equals λf¼0.026 W/(m K). Matrix composition of the porous bed
was obtained based on the arrangement of oilseed rape stems.
Since stems have ligneous structure, it can be assumed that solid
phase thermal conductivity is approximately equal to wood con-
ductivity, which equals λs¼0.1 W/(m K)[26].

After analyzing the porous structure of the examined sample, it
is concluded that the sample is constructed of open and closed
pores, as defined in the introductory section of the paper. Open
pores, in this case, are located between the stems of the oilseed
rape, while closed pores are formed from cavities in the stems
themselves. In the same time, it is obvious that open pores are
considerably larger in size than closed pores. However, since the
analyzed case refers to the case of stagnant thermal conductivity
(with no external fluid flow), thermal conductivity is equally
affected by both open and closed pores, with only difference seen
in the size of the pores. Therefore, when compressing biomass
sample (and reducing its porosity), the volume of open pores,
located between the plant stems, starts to reduce first. Fluid inside
the pores (in case that there is no external flow), can only flow
inside the pores i.e. between the pore walls surrounding the fluid.
In that manner, heat is transferred by natural convention from one
pore wall to the other, with fluid acting as a heat transfer medium
which increase total heat flow through the porous bed. Reduced
porosity of oilseed rape sample causes open pores to be reduced in
volume, as well as to be split into smaller fragments. As a result,
fluid circulation inside the pores decreases, consequently reducing
the heat transfer between the pore walls. This fact can be used to
explain the results obtained in the experimental investigation
conducted, leading to the conclusion that thermal conductivity
reduces as a result of reduced sample porosity (until porosity
reaches the value of 0.65).

As observed during the experiments performed, further
reduction in sample porosity causes different changes in thermal
conductivity of the sample (Fig. 4). This can be attributed to sig-
nificantly reduced pore volume, causing open pores to become
close in size to the closed pores. This means that the fluid flow
inside the open pores is now prevented, causing the previously
described positive impact on the increased heat transfer rates to
cease. Additional porosity reduction occurs at the expense of
reduced size of open as well as closed pores, meaning that thermal
conductivity continues to increase with further reduction in por-
osity, as described by (3) i.e. (4). Fig. 5 provides detail presentation
of the phenomena addressed (using the known λo models),
observed as a result of reducing effective porosity below the value
of 0.65.
The dotted line seen in the graph represents a linear function
obtained by least-square fitting of experimental data. Using the
model based on the assumption of parallel heat transfer mode
through the porous bed and applying the model to experimental
data obtained, fluid-related thermal conductivity of λf¼0.026 W/
(m K) and solid phase conductivity of λs¼0.0875 W/(m K) are
obtained [27].

λpar ¼ 0:026ϵef f þ0:0875 1�ϵef f
� � ð7Þ

Different results are obtained when harmonic heat transfer
model is used, where fluid related thermal conductivity of
λf¼0.026 W/(m K) and solid phase thermal conductivity of
λs¼0.131 W/(m K) are obtained [27].

λharm ¼ 0:1311�ϵef f U0:026ϵef f ð8Þ
Series model is practically impossible to use when analyzing

the porous bed addressed in the research investigation presented
herein, since it was observed that the model does not correlate
well with experimental data obtained. This was the case even
when fluid and solid thermal conductivity of λf¼0.028 W/(m K)
and λs¼100 W/(m K) were used [27].

1=ϵef f ¼ ϵef f =0:028þ 1�ϵef f
� �

=100 ð9Þ

However, generally speaking, neither one of the models
addressed above is suitable to be used for combustion of oilseed
rape bales, since the packing manner of solid and fluid phase
cannot be considered to be of regular character. For the said rea-
son, fitting of experimental data is preferred.
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Based on the above, it is concluded that the reduced pore
volume, associated with reduced porosity, until porosity reaches
the value of 0.65, occurs at the expense of reduced size of open
pores. After that i.e. when open pores become similar in size to
closed pores, convective heat transfer inside the pores stops to
play an important role in total heat transfer rates, with the stan-
dard models becoming the predominant heat transfer mechan-
isms. Based on the experimental data obtained, two stagnant
thermal conductivity expressions are proposed:

λo ¼ 0:08917�0:06447ϵef f za ϵef f o0:65 ð10Þ

λo ¼ �0:04511þ0:14097ϵef f za ϵef f 40:65 ð11Þ
Experimental data collected during the research investigation

conducted with an aim to determine thermal conductivity of baled
oilseed rape, which were summarized and presented by expres-
sions (10) and (11), provide a solid ground for further investiga-
tions of combustion transport processes.

Character of obtained dependence of thermal conductivity on
porosity can be compared to the dependence obtained by Y. Asa-
kuma and T. Yamamoto [28] for stochastic distribution of pores in
a porous medium. This comparison makes sense only for com-
paring the character of dependence of thermal conductivity on
porosity, but not to compare the concrete values of thermal con-
ductivity, because here are different types of porous layers
involved.

Besides, the collected data may be used quite successfully for
transport process modeling. The experimental procedure devel-
oped is considered suitable for creating a comprehensive database
of thermal conductivity data associated with different species of
biomass feedstock.
4. Conclusion

The paper presents an experimental method developed for
determination of stagnant thermal conductivity of porous bed
constructed of baled agricultural residues. In addition, the paper
also addresses the impact of reduced porosity on thermal con-
ductivity of the bed examined. In order to properly simulate pro-
cesses occurring during combustion of baled agricultural biomass
in cigar burners, sample porosity was varied over a wide range i.e.
from 0.50 to 0.85. The experimental methodology and installation
employed were designed in such manner to be appropriate for the
range of sample porosity values that may happen during com-
bustion conditions encountered in practice. In addition, the fact
that large sample size reduces the error introduced by assumed
isotropic sample structure has also been taken into account.
Experimental installation was designed and constructed so as to
be robust enough to enable both of the said conditions to be met,
enabling sample porosity to be varied from 0.5 to 0.85 and
simulating isotropic sample features. A series of experiments were
performed with oilseed rape residues, with porosities varied over
the indicated range. In addition, control measurement was also
conducted with a material of known thermal conductivity in order
to determine necessary adjustments that needed to be made to the
values measured.

Experiments performed have indicated that stagnant thermal
conductivity decreases with reduced porosity of the sample. This
occurs until porosity is reduced from initial 0.85 down to 0.65.
After this, a further reduction in porosity causes stagnant thermal
conductivity to increase. Reduction in stagnant thermal con-
ductivity recorded for sample porosity interval of 0.85–0.65 can be
attributed to decreased volume of closed pores, reducing fluid
circulation inside the pores and consequently reducing heat
transfer between the pore walls. It is important to mention that
investigation performed rested on the assumption that porous
matrix of oilseed rape bale had isotropic character.

Further reduction in sample porosity i.e. below 0.65 results in
increased thermal conductivity of the sample. This is attributed to
the fact that heat conduction through fluid and gas phase becomes
the predominant heat transfer mode. Experimentally obtained
correlations between stagnant thermal conductivity of porous bed
formed by baled oilseed rape and its porosity (10) and (11) were
and shall be used in future furnace design. In addition, experi-
mental data collected during the investigation performed should
also be used for detailed CFD simulation of baled biomass
combustion.

Own experimental installation was developed and used to
obtain the data base on thermal porosity of baled biomass. Tests
were conducted on a sample of sufficiently large volume so as to
represent real conditions occurring in furnaces with cigar com-
bustion of biomass.

Experimental method developed can be successfully employed
for analysis of any kind of baled agricultural biomass used in
combustion processes.
Acknowledgment

The authors thank the Ministry of Education, Science and
Technological Development, Serbia for enabling funding of the
Projects III 42011 “Development and improvement of technologies
for the energy efficient and environmentally sound use of several
types of agricultural and forest biomass and possible utilization for
cogeneration”, TR33042 “Fluidized bed combustion facility
improvements as a step forward in developing energy efficient and
environmentally sound waste combustion technology in fluidized
bed combustors” and OI 176006 “Geochemical investigations of
sedimentary rocks – fossil fuels and environmental pollutants”.
References

[1] Baruah D, Baruah DC. Modeling of biomass gasification: a review. Renew
Sustain Energy Rev 2014;39:806–15.

[2] Sharma A, Pareek V, Zhang D. Biomass pyrolysis – a review of modelling,
process parameters and catalytic studies. Renew Sustain Energy Rev
2015;50:1081–96.

[3] Sahu SG, Chakraborty N, Sarkar P. Coal-biomass co-combustion: an overview.
Renew Sustain Energy Rev 2014;39:575–86.

[4] Abuelnuor AAA, Wahid MA, Hosseini SE, Saat A, Saqr KM, Sait HH, et al.
Characteristics of biomass in flameless combustion: a review. Renew Sustain
Energy Rev 2014;33:363–70.

[5] Bech N, Wolff L, Germann L. Mathematical Modeling of Straw Bale Combustion
in Cigar Burners. Energ Fuel 1996;10:276–83.

[6] Mladenović R, Erić A, Mladenović M, Repić B, Dakić D. Energy production
facilities of original concept for combustion of soya straw bales. In: Proceed-
ings of the 16th european biomass conference & exhibition-from research to
industry and markets, Valencia, Spain; 2008 Jun 2–6. P. 1260–1270.

[7] Erić A. Thermomechanical processes during baled soya residue combustion in
pushing furnace [PhD thesis] (in Serbian). Faculty of Mechanical Engineering
University of Belgrade; 2010.

[8] Erić A, Dakić D, Nemoda S, Komatina M, Repić B. Experimental method for
determining Forchheimer equation coefficients related to flow of air through
the bales of soy straw. Int J Heat Mass Transf 2011;54:4300–6.

[9] Eric A, Dakic D, Nemoda S, Komatina M, Repic B. Experimental determination
thermo physical characteristics of balled biomass. Energy 2012;45:350–7.

[10] Miltner M, Miltner A, Harasek M, Friedl A. Process simulation and CFD cal-
culations for the development of an innovative baled biomass-fired combus-
tion chamber. Appl Therm Eng 2007;27:1138–43.

[11] Nield DA, Bejan A. Convection in porous media. New York: Springer Science
and Business Media Inc; 2006.

[12] Kaviany M. Principles of heat transfer in porous media. 2nd ed.. New York:
Springer-Verlag; 1999.

[13] Nemoda S, Trimis D, Zivkovic G. Numerical simulation of porous burners and
hole plate surface burners. Therm Sci 2004;8:3–17.

[14] Gong L, Wang Y, Chen X, Zhang R, Zhang H. A novel effective medium theory
for modelling the thermal conductivity of porous materials. Int J Heat Mass
Transf 2014;68:295–8.

http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref1
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref1
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref1
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref2
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref2
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref2
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref2
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref3
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref3
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref3
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref4
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref4
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref4
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref4
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref5
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref5
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref5
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref6
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref7
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref7
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref7
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref8
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref8
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref8
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref8
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref9
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref9
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref10
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref10
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref11
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref11
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref11
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref12
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref12
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref12
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref12


A. Erić et al. / Renewable and Sustainable Energy Reviews 58 (2016) 876–884884
[15] Gong L, Wang Y, Cheng X, Zhang R, Zhang H. Thermal conductivity of highly
porous mullite materials. Int J Heat Mass Transf 2013;67:253–9.

[16] Sanjaya CS, Wee TH, Tamilselvan T. Regression analysis estimation of thermal
conductivity using guarded-hot-plate apparatus. Appl Therm Eng
2011;31:1566–75.

[17] Florez JPM, Mantelli MBH, Nuernberg GGV. Effective thermal conductivity of
sintered porous media: Model and experimental validation. Int J Heat Mass
Transf 2013;66:868–78.

[18] Lele AF, N'Tsoukpoe KE, Osterland T, Kuznik F, Ruck WKL. Thermal con-
ductivity measurement of thermochemical storage materials. Appl Therm Eng
2015;89:916–26.

[19] Buck W, Rudtsch S. "8.Thermal properties" springer handbook of materials
measurement methods. Czichos H, Saito T, Smith L. (Editors). Springer Berlin
Heidelberg; 2006. p. 399–429.

[20] Mahanta NK, Abramson AR. The dual-mode heat flow meter technique: A
versatile method for characterizing thermal conductivity. Int J Heat Mass
Transf 2010;53:5581–6.

[21] Nozad I, Carbonell RG, Whitaker S. Heat conduction in multiphase systems. II.
Experimental method and results for three-phase systems. Chem Eng Sci
1985;40:857–63.
[22] Dias RP, Fernandes CS, Mota M, Teixeira JA, Yelshin A. Permeability and
effective thermal conductivity of bisized porous media. Int. J. Heat Mass Transf
2007;50:1295–301.

[23] Ando K, Hirai H, Sano Y. An accurate experimental determination of interstitial
heat transfer coefficients of ceramic foams using the single blow method.
Open Transp Phenom J 2013;5:7–12.

[24] Krause M, Blum J, Skorov YuV, Trieloff M. Thermal conductivity measurements
of porous dust aggregates: I. Technique, model and first results. Earth and
Planetary Astrophysics, 2011, http://dx.doi.org/10.1016/j.icarus.2011.04.024.

[25] Chueh CC, Bertei A, Pharoah JG, Nicolella C. Effective conductivity in random
porous media with convex and non-convex porosity. Int J Heat Mass Transf
2014;71:183–8.

[26] Milinčić D, Voronjec D. Thermodynamics (in Serbian). 2nd ed.. Belgrade:
Faculty of Mechanical Engineering; 1991.

[27] Ražnjević K. Thermodynamic tables (in Serbian). 2nd ed.. Zagreb: School
Books; 1975.

[28] Asakuma Y, Yamamoto T. Effective thermal conductivity of porous materials
and composites as a function of fundamental structural parameters. Comput
Assist Methods Eng Sci 2013;20:89–98.

http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref13
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref13
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref13
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref14
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref14
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref14
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref14
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref15
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref15
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref15
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref15
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref16
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref16
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref16
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref16
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref17
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref17
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref17
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref17
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref18
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref18
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref18
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref18
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref19
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref19
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref19
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref19
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref20
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref20
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref20
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref20
http://dx.doi.org/10.1016/j.icarus.2011.04.024
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref21
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref21
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref21
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref21
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref22
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref22
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref22
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref22
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref22
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref22
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref23
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref23
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref23
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref23
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref24
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref24
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref24
http://refhub.elsevier.com/S1364-0321(15)01449-5/sbref24

	Determination of thermal conductivity of baled agricultural biomass
	Introduction
	Experimental investigation and measurement error
	Analysis of experimental results
	Conclusion
	Acknowledgment
	References




