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Abstract

Seasonal heat stores for waste heat applications or solar assisted district heating systems require thermal insulation in order to min-
imize heat losses. The insulation of these thermal energy stores is exposed to environmental influences. Especially the insulation of buried
tank or pit heat stores may degrade due to increased moisture content caused by penetrating water (vapour). The effective thermal resis-
tance of insulation materials decreases with increasing temperature and moisture content. Hence, thermal losses may become higher than
the design values.

For the insulation of buried heat stores bulk materials are more suitable than sheets. However, the availability of measured data of the
thermal conductivity of bulk insulation at higher temperatures and at elevated moisture contents is poor. Models for the thermal con-
ductivity given in the VDI Heat Atlas and elsewhere have to be modified in order to obtain good agreement between calculated and
measured data of the thermal conductivity of porous materials with partially closed and thus for water inaccessible pores.

This paper gives a detailed description of modelling and measurement of the effective thermal conductivity of porous bulk materials at
temperatures up to 80 �C and moisture contents below free water saturation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Seasonal heat storage offers a great potential for substi-
tuting fossil fuels using waste heat from cogeneration heat
and power plants (CHP) or solar energy for water prepara-
tion and space heating. Large-scale seasonal stores in (solar
assisted) district heating systems have in comparison to
decentralised heating systems lower specific investment
costs and reduced relative thermal losses. Storage dimen-
sions range from some 100 m3 up to more than
10,000 m3. In the majority of demonstration projects the
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heat stores are buried or partially buried for space and
optical reasons. A detailed description of German projects
with seasonal store from the years 1994 to 2006 is given in
[1–4]. An overview about international projects with sea-
sonal heat store can be found in [5,6]. Besides Germany,
Switzerland [7], Denmark [8,9] and Sweden [10] did exten-
sive research on seasonal heat stores.

Whereas, in earlier projects, sheets of rock wool, mineral
wool or polystyrene (EPS or XPS) have been installed at
the walls and on the cover, the more recent stores are insu-
lated with bulk insulation like expanded glass granules
(EGG) or foam glass gravel (FGG). The investigated insu-
lation materials are shown in Fig. 1. Particularly for large
stores installation of bulk material by pouring or by air
injecting is much more cost- and time-effective than mount-
ing insulation sheets or plates. Recent projects like the hot
water tank store in Munich (Germany) will be insulated
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Nomenclature

Latin symbols

a fraction of poorly conductive layers (–)
A area (m2)
b fraction of moistened pores (–)
cp specific heat capacity (J (kg K)�1)
c approximation factor for b(u), model II (–)
crad radiation constant (W m�1 K�4)
d diameter (m)
D diffusion coefficient (m2 s�1)
g acceleration due to gravity (m s�2)
hv latent heat of evaporation (kJ kg�1)
l length (m)
m1, m2 parameter for b(u), model III (–)
p pressure (Pa)
_Q heat flow rate
R gas constant (J (kg K)�1)
T absolute temperature (K)
u (absolute) moisture content (kg m�3)
V volume (m3)
X relative moisture content (–)

Greek symbols

b coefficient of expansion (K�1)
D difference (–)
e emissivity coefficient (–)
g dynamic viscosity (kg (m s)�1)
# Celsius temperature (�C)
k thermal conductivity (W (m K)�1)
l water vapour diffusion resistance factor (–)
m kinematic viscosity (m2 s�1)
q (bulk) density (kg m�3)
r surface tension (N m�1)
rS Boltzmann constant (W m�2 K�4)
/ relative humidity (–)
v empirical factor (–)

W porosity (void fraction) (–)
Ww volume related liquid water content (–)

Subscripts

I, II parallel, serial layer
a air
amb ambient
av average
b bulk
cl closed
diff diffusion
eff effective
exp experimental
fs free saturation
g grain (particle)
max maximum
m mean
meas measured
op open
p pore
pg pore gas
R rated
rad radiation
ref reference
s solid
sat saturation
SP set point
v vapour
w water

Dimensionless numbers

Ra = Gr � Pr Rayleigh number (–)
Gr ¼ g�b�D#�l3

m2 Grashof number (–)
Pr ¼ m�q�c

k Prandtl number (–)
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using expanded glass granules and foam glass gravel (see
[11]). Only the most recent projects have bottom insulation,
which is either made of sheets of foam glass or of com-
pacted foam glass gravel due to the requirements concern-
ing pressure resistance.

Protection from rain and surface water is of importance
when choosing a construction or installation procedure, as
for large stores mounting the installation can take several
days and even weeks. However, moisture penetration from
the inside of the store by diffusion and from the surround-
ing soil by diffusion and convection into the thermal insu-
lation cannot be completely prevented.

Increased moisture content, in particular at the high
operating temperatures of up to 100 �C, results in a
decreased thermal resistance of the insulation and, conse-
quently, in increased thermal losses of the heat store. The
thermal losses measured during operation of the pilot
and research (seasonal) heat stores are in most cases higher
than the simulated values. For these transient simulations
constant values for thermal conductivity according to
DIN 4108 [12] have been used. The assumption of constant
material properties (thermal conductivity of insulation and
of surrounding ground, water vapour resistance index of
liner) leads to wrong results as will be demonstrated in this
paper. Table 1 shows calculated and measured values of
thermal losses of some research and demonstration projects
of solar assisted district heating systems with buried sea-
sonal heat store. Actual thermal losses are 30–50% higher
than the design values. In one case the thermal losses are
even three times higher (see [24]).

There are several reasons that cause the high thermal
losses. Poor stratification causes higher internal losses.



Fig. 1. Bulk insulation materials, expanded glass granules (EGG), expanded perlite (EP), expanded clay (EC) and foam glass gravel (FGG).

Table 1
Comparison of design data and measured values of selected research and demonstration tank stores and pit heat stores

Location/name Country References Date V

(m3)
A

(m2)

_Qmeas

(MWh/a)

_Qmeas= _Qdesign (–) A/V
(1/m)

DTh

(K)

_Q=ðDT � AÞ
(kWh/(K m2 a))

Tank heat stores

Studsvik S [13] 1978 1200 450 n/a. 1.07–1.3 0.38 n/a. n/a.
Lombohov S [13] 1980 10 000 1750 250 3 0.18 n/a. n/a.
Hamburg D [2] 1996 4500 1650 360–430 3.8–4.5 0.37 42 5.7
Friedrichshafen D [2,14] 1996 12 000 2796 320–360 1.5–1.6 0.23 49 2.5
Ilmenau a D [15] 1998 300 262 n/a. 1.2 1.14 n/a. n/a.
Hannover D [2,16] 2000 2750 1135 90–100 1.3–1.4 0.41 33 2.5
Crailsheim D [17] 2005 100 141 n/a. n/a. 1.41 n/a. n/a.
Crailsheim b D [11,18] 2007 480 362 – – 0.75 – –
Munich b D [11,18] 2007 6000 1800 – – 0.30 – –

Pit heat stores

Stuttgart (GW)c D [19] 1985 1050 835 27 <1 0.84 8 0.4
Chemnitz (GW)d D [20] 1997 8000 3375 n/a. 1.4 0.42 n/a. n/a.
Steinfurt (GW)e D [2,21,22] 1999 1500 1147 70–90 n/a. 0.77 26 2.7
Marstal (HW)f DK [23] 2003 10 000 5600 338 n/a. 0.56 22 0.6

n/a, not available.
a Extrapolation of a five month period.
b Construction in 2006/2007.
c 462 h simulation, operation with heat pump, Tav,storage = 16.5 �C.
d Construction in 1996, extrapolation of 8 week data.
e Thermal losses of store including connecting pipes.
f A period of 6 month according to [9].
h Average storage temperature minus average ambient/ground temperature DT = Tm,s � Tm,a.
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Higher thermal losses to the ground resulting from
increased temperature at the bottom region of the store
as a consequence of high return temperatures contribute
furthermore to higher thermal losses. Insufficient knowl-
edge about the boundary conditions (ground water level
and flow) also may contribute to an underestimation of
the thermal losses. However, the main reason may be
moistened insulation. The quality of the envelope with
respect to protection against moisture penetration is often
deficient.
The availability of measured thermal conductivity data
of (bulk) insulation at higher temperatures and at elevated
moisture contents is poor. The objective of this work is to
fill this gap.

2. Material characterisation

Available insulation materials can be divided into inor-
ganic artificial products like expanded glass and foam
glass, which are made of recycled glass (�98%, [25]) and



Table 3
Thermo-physical properties of solid particles

Material Density Thermal
conductivity

Specific
heat
capacity

Insulation References

qs

(kg/m3)
ks

(W/(m K))
cp

(kJ/(kg K))

Glass 2480 1.16 0.8 EGG,
FGG

[12,26,32]a

Clay 2650 3.44 0.6 EC [27]
Perlite 2000 1.30 0.8 EP [12]b

Stone/
sand/
chalk

2700 2.70 0.8 Rock
wool

[12]

PUR/
PIR

1050 0.58 1.3 PUR [31]

Styrol 1050 0.18 1.8 XPS, EPS [31]

a About 98% recycled glass, average value for glass is taken.
b No reliable literature data available.
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inorganic natural products like expanded clay and
expanded perlite. Bims, vermiculite and lava stones also
belong in this group, but are not considered in this work.
Organic materials (natural and artificial) are not consid-
ered, as pressure resistance is not given in the required tem-
perature range. Bulk densities range (q) from 100 kg/m3 to
almost 400 kg/m3, with rated thermal conductivities (kR) in
the range from 0.05 W/(m K) to 0.12 W/(m K) according
to DIN 4108 [12] The grain (particle) size (d) of the inves-
tigated bulk materials is 0–1 mm, 2–4 mm, 4–8 mm or 8–
16 mm for expanded glass, expanded clay and expanded
perlite and 0/20 mm, 0/90 or 10/50 mm for foam glass
gravel (see Table 2).

For a model of the thermal conductivity, knowledge
about the pore fraction and the properties of the solid par-
ticles is required. In the presence of moisture further mate-
rial characteristics like pore structure or hygric properties
have to be considered. The free water saturation content
(ufs) and the moisture storage function (u(/)) are the most
important characteristics. For the above mentioned materi-
als only few publications may be found in the literature
[26,27]. The pore fraction and pore size distribution and
the density of the solid are measured according to the stan-
dards using mercury porosimetry (DIN 66133, [28]) or
helium pycnometry (DIN 66135, [29]), respectively. Both
methods require major effort and expenses. As has been
demonstrated by Faust (see [26]), the results obtained by
simplified experiments show good agreement with mea-
sured results obtained with experimental set-ups according
to DIN specifications. The density and the thermal conduc-
Table 2
Bulk insulation material, grain size (d) and manufacturer information on
density (q) and rated thermal conductivity (kR)

Nr. Material Grain size Density Rated thermal
conductivity

d (mm) q (kg/m3) kR (W/(m K))

Expanded glass

1 EGG type I 2–4 190 0.07
2 EGG type II 2–4 190 0.08
3 EGG type II 4–8 180 0.08
4 EGG type II 8–16 140 0.08

Expanded clay

5 EC type I 4–8 300 0.10
6 EC type I 4–8 325 0.10
7 EC type I 1–4 300 0.08
8 EC type II 0–1 330 n/a.

Expanded perlite

9 EP type I 0–1 90 0.05

Foam glass

10 FGG type I 0–20 150 0.06
10a FGG type I 0–90 150 0.08/0.14
11 GFG type II 10–50 195 0.09
12 GFG type III 10–50 170 0.08

kR: thermal conductivity, dry at 10 �C according to DIN 4108 [12] or
manufacturer data. EGG: expanded glass granules. EC: expanded clay.
EP: expanded perlite. FGG: foam glass gravel. GFG: glass foam gravel.
qgrain(FGG type I) = 200 kg/m3. qgrain(GFG type II) = 225 kg/m3.
tivity of the solid materials, listed in Table 3, are available
in the literature (see [12,26,27,30,31] or [32]).

When modelling the effective thermal conductivity as a
function of the moisture content the fraction of open pores
(accessible for water) and closed pores (non-accessible for
water) is required. The total (or bulk) pore fraction (W)
can be determined using the total (bulk) density (q) and
the density of the solid (qs) according to the following
equation.

W ¼ 1� q
qs

ð1Þ

The macro porosity, which corresponds to the fraction of
the voids between the grains (Wmacro) and the fraction of
closed pores (Wcl) can be measured according to the meth-
od described in [33]:

Wop ¼ W�Wcl ¼ Wmacro þWmicro ð2Þ

The open porosity (Wop) consists of the macro porosity
(Wmacro) and the micro porosity (Wmicro). The micro poros-
ity is the fraction of open and thus for water accessible
pores of the grain.

Wmacro ¼ 1� qmacro

qs

ð3Þ

For a single grain, the porosity can be calculated using the
total porosity (W) and the macro porosity (Wmacro).

Wg ¼
W�Wmacro

1�Wmacro

ð4Þ

SEM photographs of a grain of expanded glass granules
(2–4 mm, type I and 2–4 mm type II) are shown in
Fig. 2. The different pore structure and pore distribution
of the grain is obvious. Graphical analysis of the SEM pic-
tures yield a grain porosity, which is about 2% points lower
than the value obtained by measurements according to [33]
as can be seen in Table 4. By means of mercury porosime-
try (see [26]) yet a slightly higher value was measured.



Fig. 2. Pore structure of porous bulk materials: SEM picture of EGG 2.4 mm type I and EGG 2–4 mm type II embedded in epoxy resin.

Table 4
Total porosity of the grain (Wg) of expanded glass granules (EGG) with different grain diameters, of foam glass gravel (FGG) 0–90 mm and of expanded
clay (EC) 4–8 mm

EGG 2–4 type I EGG 2–4 type II EGG 4–8 type II EGG 8–16 type II FGG 0–90 type I EC 4–8 type I

SEM, see Fig. 2 0.86 0.86 0.86 0.87 0.87 n/a.
Walz [33] 0.88 0.88 0.88 0.89 0.91 0.76
Faust [26] 0.89 n/a. n/a. n/a. n/a. 0.58

Comparison of different sources: SEM picture analysis, mercury porosimetry from Faust [26] and own measurement according to the method suggested by
Walz, see Ref. [33]. n/a.: not available.
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Table 5 lists the mechanical and hygric material properties,
determined as described above in Eqs. (1)–(4).

The free saturation has been determined as the drain
weight according to DIN EN 13755 [34]. In Table 5 the free
saturation water content (ufs) is compared with the maxi-
mum water content (umax) which is defined by Eq. (5):

umax ¼ Wop � qw ð5Þ
Table 5
Grain size (d), measured bulk density (q), bulk or total (W) porosity, open (Wop

porosity (Wmicro) and closed pore porosity (Wg,cl) measured according to Refs
(umax)

Material Grain size
d (mm)

Density
(q) (kg/m3)

Total porosity
W (–)

Open porosity
Wop (–)

M
Wm

Eq. (1) Eq. (2) Eq

Expanded glass

EGG type I 2–4 200 0.92 0.61 0.3
EGG type II 2–4 190 0.93 0.57 0.3
EGG type II 4–8 185 0.93 0.61 0.4
EGG type II 8–16 150 0.94 0.65 0.4

Expanded clay

EC type I 4–8 270 0.90 0.51 0.4
EC type I 4–8 380 0.87 0.54 0.4
EC type I 1–4 340 0.88 0.65 0.6
EC type II 0–1 300 0.89 0.57 0.5

Expanded perlite

EP type I 0–1 100 0.95 0.51 0.4

Foam glass

FGG type I 10–20 155 0.94 0.69 0.6
GFG type II 10–50 195 0.92 0.48 0.4
In Table 5 also the pore structure and pore distribution
of the bulk insulation are compared. Although values of
the total or bulk porosity of the porous materials are
similar, (in the range from 0.87 to 0.95) the fraction of
closed pores differs from 0.25 to 0.44. The maximum
water content varies between 500 and 700 kg/m3 and
the free saturation water content is in a range between
300 and 550 kg/m3.
) and macro porosity (Wmacro) and porosity of the grain consisting of micro
. [33] or [34] as well as free saturation (ufs), and maximum water content

acro porosity

acro (–)
Grain porosity
Wgrain (–)

Free saturation water
content ufs (kg/m3)

Maximum water
content umax

(kg/m3)
. (3) Eq. (4) Ref. [34] Eq. (5)

8 0.88 550 610
8 0.88 515 570
2 0.88 500 610
6 0.89 400 650

5 0.81 300 510
7 0.76 345 540
1 0.69 360 650
4 0.77 360 570

8 0.90 370 510

6 0.83 460 690
6 0.86 150 480



Fig. 3. Model for the calculation of the thermal conductivity of moistened
materials according to Krischer and Kast [36].

Fig. 4. Extended layer model, which takes into account the fraction of
closed and thus by moisture unaffected pores.
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3. Modelling of the effective thermal conductivity

3.1. Modelling concepts

The VDI Heat Atlas [30] distinguishes between three
types of models for the calculation of the thermal conduc-
tivity of porous materials. Type I regards the temperature
and heat flux profile of two particles which are in contact
(unity cell). It is the most complex model in terms of calcu-
lation effort. It has to be solved numerically and is hence
seldom used. A simplification is represented by type III.
Analogue to type I the unity cell is regarded, but instead
of a grid of isotherms and heat flux lines either parallel iso-
therms or heat flux lines are considered. A frequently used
representative is the model developed by Zehner, Bauer
and Schlünder (see [35] for details). It describes the thermal
conductivity very well, if secondary parameters like the
thermal contact resistance or flattening effects are consid-
ered with priority.

However, when calculating the thermal conductivity of
bulk material with porous grains with partially closed
pores as a function of temperature and moisture content,
the best results are achieved using a model based on type
II. The porous material is mapped onto a combination of
serial and parallel layers representing thermal resistances
of the components as proposed by Krischer and Kast
[36]. All primary parameters such as porosity, thermal con-
ductivity of the fluid(s) and of the solid as well as the influ-
ence of radiation, which is a secondary parameter, are
considered.

Convection can be neglected in the present investigation
as, according to Zeitler [37], it only takes place when the
Rayleigh number, defined in Eq. (6), exceeds the critical
number Racrit > 1708:

Ra ¼ Gr � Pr ¼
g � bpg � DT p � d3

p;m

mpg � apg

ð6Þ

Even for coarse-grained materials with mean grain diame-
ters of 12 mm the Rayleigh number remains smaller than
the critical value under the given boundary conditions.

3.2. Modelling of the thermal conductivity of moistened

porous materials

The thermal conductivity of moistened porous materials
can be expressed in terms of an aggregation of serial and
parallel layers consisting of solid (s), liquid water (w),
humid air and dry air (a) see Fig. 3. Other pore gases such
as CO2 may be considered, too. The materials that have
been investigated in the frame of this work have a fraction
of 23–44% of closed pores (see Table 5). It is advantageous
to consider the closed pores as an additional layer as will be
shown later. This leads to a five layer model according to
Fig. 4.

The summation of the serial layers yields the maximum
thermal conductivity.
kI ¼ ð1�WÞ � ks þWw � kw þ b � ðWop �WwÞ � ðkp þ kdiffÞ
þ ð1� bÞ � ðWop �WwÞ � kp þWcl � kp;cl ð7Þ
The minimum thermal conductivity is obtained by adding
the parallel layers, which are weighted with a. The maxi-
mum thermal conductivity in Eq. (8) is weighted accord-
ingly with (1 � a).

kII ¼
1�W

ks

þWw

kw

þ b � ðWop �WwÞ
kp þ kdiff

�

þð1� bÞ � ðWop �WwÞ
kp

þ Wcl

kp;cl

��1

ð8Þ
The addition of the weighted maximum (kI) and minimum
(kII) thermal conductivity results in the effective thermal
conductivity (keff) of the porous medium.

keff ¼
1

1�a
kI
þ a

kII

ð9Þ



Fig. 5. Measured thermal conductivity (keff) of bulk insulation material
(marker) as a function of temperature (#), and model predictions (lines).
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3.3. Modelling the thermal conductivity of dry materials

For dry materials with air as pore gas, the number of
layers in the model is reduced to two: solid with the frac-
tion (1 � W) and air with the fraction (W).

kI ¼ ð1�WÞ � ks þW � kp ð10Þ

and correspondingly

kII ¼
1

1�W
ks
þ W

kp

ð11Þ

The thermal conductivity of the solid can be measured
according to a method proposed in [27] if literature data
are not available. The solid phase of the investigated bulk
materials is, with the exception of perlite, either glass or
clay.

The effective thermal conductivity of the pore (p) con-
sists of a contribution of molecular conduction of the pore
gas (pg) and a contribution due to radiation (rad).

kp ¼ kpg þ krad ð12Þ

In the present materials the pore gas is air. The thermal
conductivity of air can be approximated using a second-or-
der polynomial [36].

ka ¼ 0:0243þ 7:8421 � 10�5#� 2:0755 � 10�8#2 ð13Þ

The effect of the radiation can be considered using Eq. (14).

krad ¼
4 � rs � dm

ð2=eÞ � 1
T 3 ð14Þ

where rs is the blackbody radiation constant, e the coeffi-
cient of emission of the particle surface, T the absolute tem-
perature in K and dm the pore diameter. As the coefficient
of emission is not available in most of the cases, the param-
eters in Eq. (14) are lumped to the radiation constant (crad),
which can be determined from the experiments.

krad ¼ crad � T 3 ð15Þ

Using the Nelder–Mead method [38] the unknown param-
eters a and crad may be identified. The measured thermal
conductivity of the (oven-) dry materials and the corre-
sponding model predictions are plotted in Fig. 5. More de-
tails about the measurement method are given in Section
3.8.

The lowest thermal conductivity could be measured for
expanded perlite with about 0.05 W/(m K) at 20 �C. The
highest value is 0.10 W/(m K) for expanded clay. All inves-
tigated porous bulk materials show a (nearly) linear
increase of the effective thermal conductivity with
temperature.

The resulting fraction of serial layers (a) and the corre-
sponding radiation constant (crad) of the examined insula-
tion materials are compared in Table 6. The higher the
radiation constant, the higher is the slope of thermal con-
ductivity with respect to temperature. However, no direct
agreement occurs between the slope of the best linear fit
and the values of the radiation constant, as is shown in
Table 6.

3.4. Modelling of the influence of moisture as a function of

temperature

In order to model the presence of moisture, the thermal
conductivity of liquid water (kw) and of water saturated air
(ka,sat) in Eqs. (7) and (8) have to be calculated. The ther-
mal conductivity of water can be represented by a third-
order polynomial approach according to [36].

kw ¼ 0:557þ 0:0022#� 1:051 � 10�5#2

þ 1:081 � 10�8#3 ð16Þ

The thermal conductivity of water vapour (v) as a function
of temperature is given by Quast [39]:

kv ¼
1:713 � 10�4 � ð1þ 0:0129 � T Þ �

ffiffiffiffi
T
p

1� 80:95
T

ð17Þ

Ackermann [40] provides an equation for the thermal con-
ductivity of water saturated air with the saturation pressure
psat according to Eq. (33) at an absolute pressure of
pamb = 1 bar.

ka;sat ¼ 0:5 � psat � kv þ ð1� psatÞ � ka þ
1

psat

kv
þ 1�psat

ka

" #
ð18Þ



Table 6
Fraction of serial and thus poor conductive layers (a) and corresponding values of the radiation constant (crad), determined using the Nelder–Mead
iteration method, slope of the linear best fit (dk/d#)

Material Grain size
d (mm)

Density q
(kg/m3)

Fraction of poor
conductive layers a (–)

Radiation constant
crad (10�10 W/(m K4))

Slope dk/d#
(10�3 W/(m K �C))

Expanded glass

EGG type I 2–4 200 0.387 3.1 0.243
EGG type II 2–4 190 0.410 3.0 0.221
EGG type II 4–8 185 0.441 3.9 0.260
EGG type II 8–16 150 0.369 4.2 0.260

Expanded clay

EC type I 4–8 270 0.297 1.0 0.278
EC type I 4–8 380 0.335 2.4 0.367
EC type I 1–4 340 0.431 3.4 0.284
EC type II 0–1 300 0.420 2.2 0.311

Expanded perlite

EP type I 0–1 100 0.925 7.2 0.308

Foam glass

FGG type I 10–20 155 0.424 5.6 0.340
GFG type II 10–50 195 0.152 11.1 0.492
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The fraction of pores filled with liquid water can be esti-
mated using the absolute moisture content (u).

Ww ¼ u=qw ð19Þ
Depending on the temperature, a certain part of the total
amount of water per volume (u) evaporates. Thus, the ac-
tual volume that is occupied by liquid water is reduced.
In the maximum case this can be estimated by

uv;sat ¼ X sat � qa �Wop ð20Þ
with the saturation vapour content (Xsat)

X sat ¼
Ra

Rv

� psat

p � psat

ð21Þ
3.5. Thermal conductivity due to pore diffusion

For the moistened pores, the conductive terms of the
solid ks, of the water kw and of the dry air ka or saturated
air ka,sat are taken into account according to Eqs. (7) and
(8). Additionally, heat transfer due to evaporation at the
warm side of a pore and condensation at the opposite cold
side of the pore occurs. The effective thermal conductivity
due to pore diffusion (kdiff) is modelled introducing an addi-
tional term, which is added to the thermal conductivity of
the pore kp.

kp;op ¼ kp þ kdiff ð22Þ

The term (kdiff) describing the heat transport due to pore
diffusion is expressed in different ways in the literature.
Krischer [36] who developed the original model proposed:

kdiff ¼
Dv

Rv � T
� pamb

pamb � psat

� dpsat

d#
Dhv ð23Þ

In the VDI Heat Atlas ([41], chapter Mg 11) a similar cor-
relation can be found.
kdiff ¼
Dv

R2
vT 2

pamb

pamb � psat

Dh2
v ð24Þ

De Vries [42] suggests the following correlation for the
thermal conductivity due to pore diffusion.

kdiff ¼ Dv �
oqsat

o#
� Dhv ð25Þ

For the temperature dependent parameters, the vapour dif-
fusion coefficient Dv and the saturation vapour pressure
psat, different empirical correlations are suggested in the lit-
erature. While Krischer [36] applied the following empirical
function

Dv ¼ 23:4 � 10�6 T
273

� �2:3

ð26Þ

the VDI Heat Atlas [41] gives

Dv ¼
2:252

pamb

� T
273

� �1:81

ð27Þ

The correlation widely used in soil physics is given in [43]
according to measurements from Schirmer [44].

Dv ¼ 2:31 � 10�5 pamb

pamb þ pv

� T
273

� �1:81

ð28Þ

Schirmer is cited by other authors with different correla-
tions i.e., according to [45] with

Dv ¼ 2:33 � 10�5 p
pamb

� T
273

� �1:81

ð29Þ

or by Krischer [36] with

Dv ¼
22:6 � 10�6

pamb ½bar� �
T

273

� �1:81

ð30Þ

According to Vos (from [46]) the temperature dependence
of Dv can be expressed as
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Dv ¼ ð22:2þ 0:14 � ðT � 273:15ÞÞ � 10�6 ð31Þ

And finally, according to the De Vries [42] approach, Eq.
(25), the vapour diffusion coefficient is

Dv ¼ 2:17 � 10�5 p
pamb

� T
T 0

� �1:81

ð32Þ

The different approaches of the vapour diffusion coefficient
(Dv) are plotted and compared in Fig. 6. Particularly, the
correlation originally suggested by Schirmer (in [43]) devi-
ates at temperatures above 50 �C if pv is equal psat. In Fig. 7
thermal conductivities obtained by the Eqs. (23)–(25) are
plotted as a function of the temperature using the appropri-
ate vapour diffusion coefficients (Eqs. (25), (26) and (32)).
Whereas, the equations according to Krischer and VDI
Heat Altas provide similar results, the De Vries approach
yields significant deviations above 70 �C.

Furthermore, different correlations for the vapour satu-
ration pressure can be found in the literature. According to
Fig. 6. Diffusion coefficient (Dv) of vapour in air as a function of the
temperature (#) according to various authors.

Fig. 7. Effective thermal conductivity (kdiff) due to pore diffusion as a
function of temperature (#), according to Krischer and Kast [36], VDI
Heat Atlas [41] and de Vries [42].
Magnus [47] the saturation pressure can be calculated in a
temperature range from 0 �C to 109.9 �C using

psat ¼ 610:8 � exp
17:08085 � #
234:175þ #

� �
ð33Þ

Using the Antoine correlation (in [48]) results in

ps ¼ 105 � exp 11:6834� 3816:44

319:61þ #

� �
ð34Þ

The VDI Heat Atlas [41] gives the correlation

psat ¼ exp 23:462� 3978:205

233:349þ #

� �
ð35Þ

The results obtained by Eqs. (33)–(35) do not deviate sig-
nificantly. With the correlation originally used by Krischer
(cf. Eq. (33) from [36]) the derivation of the saturation
pressure in Eq. (23) yields

dpsat

d#
¼ 2:44314 � 106

ð234:175þ #Þ2
� exp

17:08085 � #
234:175þ #

� �
ð36Þ

The gas constant of water vapour is Rv = 461.5 J/(kg K)
and the specific heat of evaporation is Dhv = 2260 kJ/kg.

In the following calculations, for the saturation pressure
the correlation according to Magnus, Eq. (33), and for the
diffusion coefficient the correlation from Krischer, Eq. (26),
have been applied.

3.6. Approximation of the fraction of moistened pores

The moistened pores i.e., the pores in which pore diffu-
sion takes place consist of open pores reduced by the water
filled pores. Hence,

Wdiff ¼ b � ðWop �WwÞ ð37Þ
The fraction of the moistened pores is, therefore, a function
of the water content (u).

Between water content zero (dry material) and the free
saturation (ufs), the parameter b can take values between
0 and 1. For free water saturation b becomes 1. If the free
saturation water content (ufs) is equal to the maximum
water content, which applies in the case of open-porous
materials such as mineral wool, no air remains in the pores
of the material. Consequently, the fraction of moistened
pores Wop � Ww and thus Wdiff is zero: no pore diffusion
takes place.

The fraction b has to be determined by iterative curve-
fitting using e.g., the Nelder–Mead algorithm [38]. For
each data set of thermal conductivity as a function of tem-
perature and moisture content (u) the corresponding b
value has to be determined.

For the predictions of b as a function of water content
(u) the following empirical correlation developed by
Krischer [36] is suggested in the VDI Heat Atlas ([41],
chapter Mg 11):

b ¼ 1� 1� u
ufs

� �9

ð38Þ



Fig. 9. Fraction of moistened pores ðb � ðWop �WwÞÞ as a function of
temperature (#) and normalised water content (u/ufs).
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Only a small database is available to prove this correlation
(i.e., in [36]). As b, the fraction of moistened pores, in Eq.
(38) only depends on the free saturation water content,
only one curve is shown in a diagram of b vs. the normal-
ized water content (u/ufs) for all materials. However, the
present measurements indicate that the fraction of pores
(b) in which pore diffusion takes place does not depend
on the free saturation water content only. Therefore, a
more complex correlation may be required.

The development of b as a function of the water content
(u) is similar to the development of the water retention
curve u(/) of porous materials. Thus, already known corre-
lations may be applied. A one-parameter approach (model
II) is given with Eq. (39) from [49] while better results can
be achieved using Eq. (40), suggested in [50].

b ¼ u � c
ufs � ð1� cÞ þ u

ð39Þ

b ¼ exp m1 �
ufs

u
� 1

� �m2
� �

ð40Þ

The comparison of the predictions of the three models and
the experimental data (iteratively determined data b(u) for
expanded glass granules 4–8 mm and expanded clay 4–
8 mm) is shown in Fig. 8. Best agreement between model
prediction and experimental data is obtained using model
III, Eq. (40). The temperature and water content depen-
dency of Wdiff using Eq. (40) is illustrated in Fig. 9 for ex-
panded glass granules 4–8 mm type II.
3.7. Temperature dependence of the closed pore fraction

Per definition, closed pores are not accessible to water.
Due to the decreasing viscosity (g) and surface tension
(r) of water with increasing temperature, the fraction of
not accessible pores is assumed to decrease with increasing
temperature according to the following equation.

Wclð#Þ ¼ v �Wcl;ref �
gð#Þ
gref

� rð#Þ
rref

ð41Þ
Fig. 8. Comparison of model predictions and agreement with experimental res
8 mm type II (EGG: left) and expanded clay 4–8 mm type I (EC: right).
The dynamic viscosity and the surface tension can be
approximated by polynomials according to [43]:

gðT Þ ¼ a0 þ a1 � T þ a2 � T 2 þ a3 � T 3 þ a4 � T 4 ð42Þ
with

a0 = +0.465625
a1 = �0.00538585
a2 = +2.34689 � 10�5

a3 = �4.55704 �10�8

a4 = +3.32314 �10�11

rðT Þ ¼ 0:09429þ 4:530 � 10�6 � T � 2:663 � 10�7 � T 2 ð43Þ

The temperature dependency of viscosity and surface ten-
sion are shown in Fig. 10. The temperature dependence
of the fraction of open and closed pores of expanded glass
granules 4–8 mm type II, calculated with Eq. (41) is addi-
tionally depicted. By setting v in Eq. (41) equal to 0.5, good
agreement between calculated and experimental results can
be achieved.
ults for the fraction of moistened pores (b) for expanded glass granules 4–



Fig. 10. Fraction of open pores (Wopen) and closed and thus for water
inaccessible pores (Wclosed) as a function of temperature (#), temperature
dependency of dynamic viscosity (g) and surface tension (r) of water.
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3.8. Measurements and model validation

The effective thermal conductivities of 11 different bulk
insulation materials (see Section 2) have been measured
in a temperature range between 20 �C and 80 �C for water
contents between 0 and the free saturation water content
(ufs) with a guarded heating plate device according to
DIN 52612 [51] or ASTM C 177 [52], respectively. Two
identical specimens are required for each measurement
with the heating plate device, which has a measurement
area of A = 500 mm � 500 mm with a 200 mm guard ring.
The height of the specimens is 70 mm for most insulation
materials. However, a specimen height of 100 mm has been
chosen for insulation materials with coarse grains such as
foam glass gravel in order to reduce the influence of the
walls. Every specimen is measured in an oven-dry condi-
tion and at least at three different moisture contents. In
order to guarantee mass conservation, the specimens are
packed in stainless steel boxes. The loss of mass due to dif-
fusion through the seam of the box has been determined
Fig. 11. Left hand side: history plot of a typical measurement of the thermal c
at 20 �C, 40 �C, 60 �C and 80 �C. Measured hot plate and cold plate temperatu
next to the hot plate, in a 5 cm layer in the middle of the specimen and in a 1 cm
and the moisture content at selected times.
for each measurement by weighing the specimens before
and after the measurement. During all measurements, the
maximum amount was below 5%, in average the difference
was below 1%. The measured results are reproducible even
though it is difficult to prepare the specimens with identical
degree of compaction and water content.

The measurements of the thermal conductivity of the
dry specimens have been conducted with a temperature dif-
ference of 10 K according to the standard. In order to min-
imize moisture transport during the measurements, a
temperature difference between the heating plate and the
cooling plate of approximately 5 K has been chosen. Nev-
ertheless, there is some moisture transport during the mea-
surement, which the described method does not account
for. However, by means of simulation of coupled heat
and moisture transfer, it can be demonstrated that the
influence may be neglected.

With the commercial tool WUFi, which is based on the
work of Künzel [49] simulations have been conducted. As
boundary conditions measured temperatures of the heating
plate and the cooling plate of a typical measurement have
been used (see Fig. 11). For the simulation of the moisture
transfer, a water vapour diffusion resistance factor of l = 3
has been assumed. Capillary or liquid water transport has
not been considered. Furthermore, the thermal conductiv-
ity of k = 0.08 W/(m K) has been increased linearly with
increasing moisture content to k = 1.0 W/(m K) at satura-
tion water content of u = 500 kg/m3. Temperature-depen-
dent modelling is not implemented.

Significant changes of the water content cannot be
observed. Only at the edges, 1 cm from the hot and cold
plate, respectively, the water content varies significantly.
After about 20–24 h, when steady state is assumed, the
measurement for the target temperature is accomplished.
The heating and the cooling plate are heated to reach the
next target temperature. As the cooling plate is heated fas-
ter than the heating plate, the direction of the moisture
transport turns and thus, the distribution of the moisture
onductivity for a moist specimen (u = 100 kg/m3) with target temperatures
re Thot (exp.), Tcold (exp.) and simulated moisture content u in a 1 cm layer

layer next to the cold plate; right hand side profile plot of the temperature
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content equalizes before the heating plate reaches target
temperature. Consequently, assuming initial moisture con-
tent for all target temperatures will not lead to major
errors.
Table 7
Free saturation water content (ufs) and coefficients m1 and m2 according to Eq

Material Grain size d (mm) Density q (kg/m3) Fre

Expanded glass

EGG type I 2–4 200 550
EGG type II 2–4 190 515
EGG type II 4–8 185 500
EGG type II 8–16 150 400

Expanded clay

EC type I 4–8 270 300
EC type I 4–8 380 345
EC type I 1–4 340 360
EC type II 0–1 300 360

Expanded perlite

EP type I 0–1 100 370

Foam glass

FGG type I 10–20 155 460
GFG type II 10–50 195 150

Fig. 12. Model predictions and measured data for the thermal conductivity (keff

4–8 type I (EC: right) as a function of the temperature (#) with normalised w

Fig. 13. Model predictions for the effective thermal conductivity of expanded g
function of the normalised water content (u/ufs) with temperature (#) as param
The implicitly determined coefficients m1 and m2 are
summarised in Table 7. In Fig. 12, model predictions are
compared with measured results for expanded glass gran-
ules 4–8 mm type II and expanded clay 4–8 mm type I.
. (40)

e saturation ufs (kg/m3) Eq. (40) Eq. (39)

m1 (–) m2 (–) c (–)

�0.0445 1.0334 0.9564
�0.0142 1.1460 0.9842
�0.0355 0.9979 0.9729
�0.1314 0.6659 0.9473

�0.0033 2.9097 0.9662
�0.0560 0.4158 0.9845
�0.0431 0.7240 0.9803
�0.0114 1.4563 0.9763

�0.0248 1.5487 0.9649

�0.0145 1.6873 0.9520
�0.01961 2.3423 0.9292

) of expanded glass granules 4–8 mm type II (EGG: left) and expanded clay
ater content (u/ufs) as parameter.

lass granules 4–8 mm type II (left) and expanded clay 4–8 type I (right) as a
eter.
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Good agreement is obtained in the relevant temperature
range. Nevertheless, there are deviations at 80 �C. At
higher temperatures heat losses from the guarded heating
plate device to the ambient result in a measured value of
the thermal conductivity that is too low.

Above moisture contents of about 50 kg/m3 (corre-
sponding to u/ufs = 0.1 or about 5 vol.%), an exponential
increase of the thermal conductivity with increasing tem-
perature can be recognised. Fig. 13 shows model predic-
tions of the effective thermal conductivity of both
materials as a function of the normalised water content
(u/ufs). For expanded glass granules, the effective thermal
conductivity exceeds the value of 0.08 W/(m K) according
to DIN 4108 (dry, 10 �C) by a factor of five at a tempera-
ture of 60 �C and a moisture content of about 200 kg/m3

(20 vol.%) and at 80 �C even by a factor of 10. A similar
behaviour can be recognised in the case of expanded clay.

4. Conclusions

Published information about the thermal conductivity
of moistened insulation materials is sparse. Especially por-
ous bulk insulation with partially closed pores has not been
considered in previous research activities although it is
increasingly applied for heat storage applications and in
the building sector. Almost no measured data of the ther-
mal conductivity of insulation materials can be found for
higher temperatures. Therefore, measurement results and
modelling approaches of the effective thermal conductivity
of different porous bulk materials suitable for insulation
have been presented in this work. Using the models for
the thermal conductivity, suggested in the VDI Heat Atlas
[30,41] agreement of measured and predicted thermal con-
ductivity as a function of temperature and moisture con-
tent is insufficient. Hence, modifications to the model
developed by Krischer and Kast [36] have been necessary.
The model suggested in this work represents an improve-
ment with respect to the consideration of closed pores
Wcl = f(#) and the enhanced consideration of the fraction
of moistened pores b = f(ufs).

Material properties such as the free water saturation
content and the fraction of open and closed pores, which
represent important input parameters for the modified
model, have been determined for different bulk insulation
materials. By using simplified methods with reasonable
effort, good results could be obtained. With the modified
model for the thermal conductivity, good agreement
between calculated and measured values can be obtained
in the temperature range from 20 �C to 80 �C.

The introduction of a material-specific relation between
the fraction of moistened pores and the water content may
replace the correlation suggested in the VDI Heat Atlas
[30,41] which is using the free saturation content only. A
strong increase of the effective thermal conductivity at
higher temperatures (>60 �C) at already small water con-
tents (<5%) could be detected. It is obvious that the predic-
tion of thermal losses (and thus, the sizing of the insulation
thickness) using the values recommended in DIN 4108 [12]
will result in significant errors. In comparison to manufac-
turer or DIN specifications, which are given for 10 �C, in
real operation the effective thermal conductivity and thus,
the thermal losses can be higher by a factor of 4–10.

Measured thermal losses of buried heat stores with oper-
ating temperatures up to 100 �C may be explained by
increased values of the effective thermal conductivity due
to moistened insulation.

The transient simulation of the coupled heat and mois-
ture transfer becomes increasingly important. The majority
of related publications have their origin in the building sec-
tor (i.e., determination of hygric and thermal performance
of building structure or risk of mould growth). In all pub-
lished papers (i.e., [42,43,49,53–55]) the temperature influ-
ence of the thermal conductivity has not been considered.
In some simulation programmes, the thermal conductivity
is considered to be constant. However, the experimental
and modelling results presented in this paper demonstrate
that the influence of elevated temperatures and moisture
should be considered when conducting heat and moisture
transfer simulations for these conditions.
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[37] M.G. Zeitler, Allgemeingültiges Modell zur Berechnung der Wärme-
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