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Abstract

The use of zeolites as an adsorbent for water or ammonia in heat pumps and cooling systems is an interesting

alternative to the traditional refrigerants. Recently, zeolites are also in discussion as hydrogen storage material. For
all these applications the e�ective thermal conductivity of the zeolites is an important thermophysical property. The
e�ective thermal conductivity le� was measured by using the transient hot-wire method with an accuracy of 25±
15%. The accuracy increases with increasing e�ective thermal conductivity. Hydrogen, argon, helium, nitrogen and

air were used as ®lling gas. The gas pressure was varied in the range of 1 mbar R p R 30 bar and the temperature
in the range of 210 K R T R 570 K. A simple model is proposed to calculate the e�ective thermal conductivity of
the zeolite powder with an accuracy of about230%. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Since a few years zeolites are used as adsorbent in

heat pumps and cooling systems. Recently, zeolites are

also in discussion as hydrogen storage materials. The

hydrogen molecules are forced into the zeolitic cages

under pressure (30 bar) and high temperature (600 K).

After cooling down and depressurization the hydrogen

remains encased in the intercristalline cavities.

Decapsulation of the trapped hydrogen molecules can

be achieved by heating the loaded zeolite. The de-

sorption of hydrogen from zeolites as well as the

adsorption requires a heat supply [1,2]. The e�ective

thermal conductivity le� of the zeolite powders

strongly in¯uences the velocity of adsorbing and de-

sorbing of hydrogen. For both applications, the use of

zeolites as adsorbent in heat pumps and cooling sys-

tems and as hydrogen storage material the e�ective
thermal conductivity and the speci®c heat are import-
ant thermophysical properties. Measurements of the

speci®c heat are given in an earlier work [3].

2. Experimental apparatus and procedure

The measuring principle of the transient hot-wire

method is based on the calculation of the transient
temperature ®eld around a thin wire which is heated
with a constant current [4]. The wire is surrounded by
the sample, whose thermal conductivity is to be

measured. The current is switched on at time t= 0 s.
The heat dissipated in the wire causes a temperature
rise in the wire and in the sample. The temperature

rise in the wire depends on the thermal conductivity of
the sample. For an ideal continuous line source in an
in®nite homogeneous and isotropic medium the tem-

perature rise for large values of t is given by Carslaw
and Jaeger [5].
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(DT is the temperature rise at a radius r from the line
source after a certain time t, To is the initial tempera-
ture, qÇl is the dissipated heat per unit length of the line
source, a is the thermal di�usivity and n is the Euler

constant (ln(n)=0.5772)). By di�erentiation of Eq. (1)
with respect to ln(t ) the thermal conductivity l can be
calculated

l � _q l

4p

�
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The platinum wire (f=0.2 mm, length l= 117 mm) is
used simultaneously for heating and as a resistance

thermometer. The values of d(DT )/d(ln(t )) are
obtained by measuring the voltage change of the heat-
ing wire, which is caused by the temperature dependent

resistance change. The measuring cell, a stainless steel
tube of Vnet=217 ml (Fig. 1), is contained in a press-
ure chamber. The steel tube contains the zeolite pow-

der together with the heating wire and its support. The
tube is closed at both ends with porous steel plates for
gas inlet and outlet. The pressure chamber is tempera-

ture controlled up to 650 K. It is designed for a press-
ure range of 0.01 mbar R p R 50 bar. More details
about the apparatus are given by Kallweit [6].

3. Speci®cations of the zeolites

The zeolite type, the product name, the state of ma-
terial as supplied, the particle size, the porosity and the
density of the zeolites are listed in Table 1. The grain

size distribution was measured with a laser-optical
method. It shows almost a Gaussian-distribution. In
Table 1 the mean diameter of the particles is given.
The porosity of the zeolites was measured by ®lling up

the powder with water. It can be calculated by:

c � Vzeo ÿ Vsludge � VH2O

Vzeo

�3�

Nomenclature

a (m2/s) thermal di�usivity
CA (m) gas speci®c constant in Eq.

(6)

CB (K) gas speci®c constant in Eq.
(6)

d (mm, mm) particle size

k gas speci®c parameter
Kn Knudsen number
l (mm) length of the heating wire

l¯ (m) mean free path of the gas
molecules

DL= 1 m unit length of the resistance
model

p (bar) pressure
po=0.0133 (bar) reference pressure
qÇ l (W/m) heat dissipated per unit

length of the line source
r (m) distance from the heating

wire

t (s) time
T (K) absolute temperature
DT (K) temperature rise of the

heating wire
To (K) initial temperature of the

heating wire
Vnet (ml) net volume of the measur-

ing cell.

Greek symbols
ap ®t parameter
d (mm) mean diameter of the pores

E emissivity
f (mm) diameter of the heating

wire

g accommodation coe�cient
k adiabatic exponent
l, le� (W/m K) thermal conductivity, e�ec-

tive thermal conductivity
lo (W/m K) thermal conductivity of the

®lling gas at p= 1 bar
l1,2,3 (W/m K) thermal conductivity of

path 1, 2 and 3
l¯ (W/m K) pressure dependent thermal

conductivity of the ¯uid

l '̄=l¯+lrad (W/m K) total thermal conductivity
of the gas phase

lrad (W/m K) thermal conductivity by

radiation
ls (W/m K) thermal conductivity of the

pure solid material

n (ln(n )=0.5772) Euler constant
r (kg/m3) density
s=5.67051 (W/m2 K4) Stefan±Boltzmann constant
c porosity.
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(Vzeo is the volume of the dehydrated zeolite powder,

VH2O is the volume of the water and Vsludge is the

volume of the zeolite sludge, which is obtained by ®ll-

ing up the powder with water). For dehydration, the

zeolites were heated up to 600 K at 1 mbar pressure.

For hydration they were spread out for two weeks at

300 K and an air humidity of 50%. The density of the

zeolite powder refers to the completely hydrated zeo-

lites.

4. Results

4.1. The in¯uence of temperature

The e�ective thermal conductivity of zeolite KA was

measured in the temperature range of 210 K R T R
570 K under atmospheric pressure (Fig. 2). At the
beginning of the measurements at 210 K the zeolite

was completely hydrated. The measurements were car-
ried out with increasing temperature. For comparison
the thermal conductivity of air at 1 bar is also shown

in Fig. 2. A linear regression of the measured e�ective
thermal conductivity of zeolite KA yields:

leff � 0:023775 W=m K� �0:00014 W=m K2�T �4�

The maximum deviation between the measured e�ec-

tive thermal conductivity and the regression line is
23%.

4.2. The in¯uence of pressure and ®lling gas

The curves of le� depending on the pressure show a

typical S-shape, see Fig. 3. For elevated pressures
( pr10 bar) see Fig. 3 there is almost no dependence
of le� on pressure. At these pressure, le� is distinctly
a�ected by the thermal conductivity of the ®lling gas:

the e�ective thermal conductivity of the zeolite powder
increases with increasing thermal conductivity of the
®lling gas. At a pressure of 10 bar, the e�ective ther-

mal conductivity of zeolite NaA ®lled with hydrogen is
6 times higher than with argon (the thermal conduc-
tivity of hydrogen is at 473 K about 12 times higher

than the thermal conductivity of argon). With decreas-
ing pressure the mean free path of the ®lling gas mol-
ecules increases and therefore le� decreases

(Smoluchowski e�ect). For low pressures ( p 1 0.001
bar) the heat transport in the zeolite powder is domi-
nated by heat conduction in the pure solid material.

Fig. 1. Schematic diagram of the measuring cell.

Table 1

Speci®cations of the zeolites

Zeolite type Product name Producer Particle size Porosity Density

KA KoÈ strolith 3A a 3.03 mm (powder) 0.65 691 kg/m3

NaA KoÈ strolith 4A a 4.31 mm (powder) 0.65 691 kg/m3

CaA KoÈ strolith 5A a 7.37 mm (powder) 0.65 691 kg/m3

KA 562 b 3.88 mm (spheres) 0.68 691 kg/m3

NaY R 20 A 1216 c 8.47 mm (powder) 0.65 691 kg/m3

Sodalite SOD-1 d 6.18 mm (powder) 0.65 691 kg/m3

a Chemiewerk Bad KoÈ stritz GmbH.
b Grace GmbH.
c Bayer AG.
d Institut fuÈ r Technische Chemie I, UniversitaÈ t Stuttgart.
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Consequently there is only a small in¯uence of the ®ll-

ing gas, except for hydrogen.

4.3. The e�ective thermal conductivity of di�erent
zeolites

Fig. 4 shows a comparison of the e�ective thermal
conductivity of zeolite KA, NaA, Sodalite, CaA and
NaY in the completely dehydrated state. Zeolite KA

was measured as powder and as spheres. The e�ective

thermal conductivity follows the particle size of the

zeolites. Zeolite KA in spheres with the largest particle

size (d = 3.88 mm) gives the highest e�ective thermal

conductivity, zeolite KA in the powdery state with the

smallest particle size (d= 3.0 mm) shows the lowest

e�ective thermal conductivity. With increasing particle

size the mean size of pores in the zeolite bed increases.

For the zeolite spheres the mean free path of the

hydrogen molecules is less than 1/100,000 of the mean

size of a pore. The thermal conductivity of the ®lling

Fig. 3. E�ective thermal conductivity of zeolite NaA with ®lling gas hydrogen, helium, nitrogen and argon.

Fig. 2. Temperature dependence of the e�ective thermal conductivity of zeolite KA at atmospheric pressure.
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gas is therefore nearly independent on the pressure.
The e�ective thermal conductivity of the zeolite

spheres does not decrease with decreasing pressure, see
Fig. 4.
An investigation by Sahnoune and Grenier [7] with

NaX pellets (d= 4 mm) in a helium atmosphere
showed values in the range of le�=0.03±0.213
W/m K.

4.4. The in¯uence of the adsorbed water on the e�ective

thermal conductivity

The e�ective thermal conductivity of zeolite KA was

measured in the completely hydrated state and in the
completely dehydrated state, see Fig. 5. The ®lling gas
was hydrogen. For high pressures ( pr1 bar) the

water molecules encased in the cavities of the zeolite
improve the e�ective thermal conductivity of the zeo-
lite powder up to 30%.

4.5. The in¯uence of the number of storing cycles on the

e�ective thermal conductivity

For practical applications the cycle stability is an im-
portant requirement for the reversible encapsulation

and decapsulation of the gas molecules in the zeolite.
The e�ective thermal conductivity of zeolite NaA was
measured during 50 storing cycles, see Fig. 6. For each

storing cycle, le� of the unloaded zeolite at 3 mbar/
565 K and of the loaded zeolite at 1 bar/315 K was
measured. The e�ective thermal conductivity did not

change. Deviations are within the experimental scatter.

Fig. 7 shows the particle size distribution of zeolite
NaA before and after 50 storing cycles. There is no

systematic change in the particle size distribution. The
average diameter of the particles changes from
d = 4.31 mm to d = 4.23 mm after 50 storing cycles.

This di�erence of 2% is within the measurement error.
The zeolite particles did not decompose after encapsu-
lation of hydrogen molecules in the cavities of the zeo-

lite.

4.6. The in¯uence of graphite powder on the e�ective
thermal conductivity

The e�ective thermal conductivity of zeolite powders
varies between 0.007 W/m K at 1 mbar and 0.41 W/m

K at 30 bar, see Fig. 3. These low values of the e�ec-
tive thermal conductivity require high temperature
gradients to heat up the zeolites. E�orts have been

made to improve the e�ective thermal conductivity of
the zeolites by mixing the zeolite powder with graphite
powder with an e�ective thermal conductivity of 0.88

W/m K (under normal conditions). The graphite pow-
der consists of laminas with an average diameter of
347 mm. Fig. 8 shows the e�ective thermal conductivity
of zeolite KA and the mixture with 10, 20 and 30% by

weight of graphite powder. The density of the pure
zeolite powder and the powder mixtures is kept con-
stant to r=691 kg/m3. For pressures p r0.1 bar the

e�ective thermal conductivity of the zeolite powder is
increased by a factor of 4 for a 30% share of graphite
powder. For lower pressures ( p< 0.01 bar) the in¯u-

ence of the graphite powder is smaller. With increasing

Fig. 4. E�ective thermal conductivity of zeolite powders and pellets (spheres).
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percentage of the graphite powder the porosity of the

powder mixture increases as the density of the mixture

is kept constant and the density of a graphite particle

is bigger than the density of a zeolite particle. With

increasing porosity of the mixture the e�ective thermal

conductivity decreases. With decreasing pressure this

e�ect gets more important, because with decreasing

pressure the e�ective thermal conductivity is more and

more in¯uenced by the heat conduction in the pure

solid material.

5. Theoretical modelling

The e�ective thermal conductivity of a packed bed is

in¯uenced by primary and secondary parameters [8].

Primary parameters are the thermal conductivities of

the two phases (particles, gas) and the porosity of the

system. Secondary parameters describe the heat trans-

fer by radiation, the shape of the particles and the

grain size distribution, the mean diameter of the pores,

the pressure dependence of the thermal conductivity of

Fig. 5. E�ective thermal conductivity of zeolite NaA in the hydrated and in the dehydrated state.

Fig. 6. E�ective thermal conductivity of zeolite NaA in the loaded and in the unloaded state.
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the ®lling gas and the ¯attening of the particles caused

by a mechanical pressure. Some of these primary and

secondary parameters are known or can be measured
directly like the thermal conductivity of the gas, the

porosity, optical properties of the packed bed, the

shape of the particles or the grain size distribution.

Other parameters cannot be measured directly with a

su�cient accuracy. These parameters are the thermal

conductivity of the solid material (in the case of small

particles) and the ¯attening of the particles due to a

mechanical pressure. These parameters can only be
determined by experiment. For this the calculated

values of the e�ective thermal conductivity based on

the model are ®tted to the measured values.

All models concerning the e�ective thermal conduc-

tivity of packed beds can be classi®ed in three types.

In the models of type one the packed bed is rep-

resented by a unit cell. The temperature ®eld in this

Fig. 8. E�ective thermal conductivity of zeolite NaA with 0, 10, 20 and 30 wt% graphite.

Fig. 7. Particle size distribution before and after 50 storing cycles.
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unit cell is calculated. From the temperature distri-

bution the heat ¯ux and the e�ective thermal conduc-

tivity of the probe can be obtained. In the models of

type two the packed bed is represented by a unit cell,
too. The e�ective thermal conductivity of this unit cell

is calculated by assuming various simpli®cations. In
the models of type three the porous system is replaced
by a combination of thermal resistances which are con-

nected in parallel and in series.
The e�ective thermal conductivity of zeolite powders

can be described by a simple model of type two, see

Fig. 9. In analogy to the model by Zehner, Bauer and
SchluÈ nder [9±11] the heat transport is subdivided into
three paths with di�erent relative areas: a pure solid

path (1), a mixed path with a solid and a ¯uid part (2),
and a pure ¯uid path (3). The parameter ap describes
the relative area of the mixed path of the unit cell. The
relative area of the pure ¯uid path is (1ÿap)c, the rela-

tive area of the pure solid path is (1ÿap)(1ÿc ), see
Fig. 9. The thermal conductivity of the ®lling gas l¯ is
given by Kaganer [12] as

lfl � lo

1� 2bKn
�5�

where lo is the thermal conductivity of the ®lling gas

at p= 1 bar, b=2k(2ÿg )/(g(k+1)), with k being the
gas speci®c parameter and Kn=l¯/d the Knudsen num-
ber. The accommodation coe�cient g describes the

e�ectiveness of energy transfer between the gas mol-
ecules and the solid material. The mean free path of
the molecules l¯ is given by Sutherland [13] with

lfl � poCA

p�1� CB=T � : �6�

CA and CB are gas speci®c constants. The heat trans-

Fig. 9. Resistance model for the e�ective thermal conductivity

of zeolite powders.

Fig. 10. Thermal conductivity of path 1, 2 and 3 of the resistance model. Calculated for zeolite KA with ®lling gas hydrogen.
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port by radiation is taken into account by

lrad � 4sT 3d

2=Eÿ 1
�7�

as given by DamkoÈ hler [14]. Thus the thermal conduc-
tivity in the gas phase becomes l 0fl � lfl � lrad.

Assuming a one directional (e.g. vertical) heat ¯ow,
the total heat ¯ow of the unit cell is given by:

_Q � _Q 1 � _Q 2 � _Q 3: �8�

With the relative areas of the three paths and the total
area of the unit cell A= 1 m2, Eq. 8 changes to [15]:

_q � �1ÿ ap��1ÿ c� _q 1 � ap _q 2 � �1ÿ ap�c _q 3 �9�

_q � ��1ÿ ap��1ÿ c�l1� � apl2 � �1ÿ ap�cl3�DTDL �10�

_q � leff
DT
DL

�11�

Fig. 11. Comparison of the measured and calculated e�ective thermal conductivity of zeolite NaA with ®lling gas hydrogen.

Fig. 12. Comparison of the measured and calculated e�ective thermal conductivity of zeolite NaA with ®lling gas argon.
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with

leff � �1ÿ ap��1ÿ c�ls

� 2ap

1=�l 0fl � ls� � 1=l 0fl � 1=ls

��1ÿ ap�cl 0fl: �12�

The values of CA, CB, g, k, k and l¯ are given in [8].

The emissivity E of the zeolite powders was measured

with an infrared camera. For all zeolites the emissivity

is E=0.89. Fig. 10 shows the thermal conductivity of

path 1, 2 and 3 calculated for zeolite KA with the ®ll-

ing gas hydrogen. The thermal conductivity of path 3

(pure ¯uid path) has only a small in¯uence on the

e�ective thermal conductivity. For pressures p R 0.01

bar the e�ective thermal conductivity is strongly in¯u-

Fig. 13. Comparison of the measured and calculated e�ective thermal conductivity of zeolite NaA with ®lling gas nitrogen.

Fig. 14. Comparison of the measured and calculated e�ective thermal conductivity of zeolite NaA with ®lling gas helium.
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enced by the thermal conductivity of path 1 (pure solid
path). For higher pressures pr0.01 bar the e�ective
thermal conductivity is dominated by the thermal con-
ductivity of path 2.

The thermal conductivity of the pure zeolite ls and
the ®t parameter ap has to be determined by ®tting the
theoretical curve (Eq. 12) to the measured values.

Fitting the theoretical curve to measured values in the
pressure range of 1 mbar R p R 30 bar and the tem-
perature range of 210 K R T R 570 K result in

ls=3.3 W/m K. The ®t parameter is found to be
ap=0.992. The e�ective thermal conductivity of zeolite
powders can be calculated with an accuracy of about
230%. Figs. 11±14 give a comparison of the measured

and calculated e�ective thermal conductivity of zeolite
NaA with the ®lling gases hydrogen, argon, nitrogen
and helium at 423 K. The mean deviation of the calcu-

lated values from the measured values is 16.5%. The
temperature dependence of the e�ective thermal con-
ductivity of zeolite KA at 1 bar pressure is described

by this resistance model within an accuracy of about
220%, as shown in Fig. 15.
The in¯uence of pressure and temperature on the

e�ective thermal conductivity is well described by the
model without changing the ®t parameter ap.
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