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Abstract 
This paper presents the results obtained in our investigations on thermophysical properties of a CaCl2 salt formed 
by the reaction with ammonia, methylamine or methanol gas and heat transfer characteristics in a bed packed 
with CaCl2 salt.  Volume and heat capacity of a CaCl2 salt thus prepared were measured by the 
gas-displacement method and the differential scanning calorimetry (DSC), respectively.  A comprehensive 
investigations on literature data as well as our data reveals that the increases in volume and heat capacity of a salt 
are inherent in each substance absorbed in the salt by reaction and they are expressed by the additivity of the 
properties of the unreacted salt to those of the absorbed substance in a condensed phase.  Measurements of 
effective thermal conductivity were performed for a packed bed of CaCl2 salt formed in a slender glass vessel 
equipped with thermocouples.  The effective thermal conductivity was reduced by reaction to less than a half 
that of the initial anhydrous CaCl2 bed.  A model to estimate effective thermal conductivity of a bed packed 
with porous pellets and pellet thermal conductivity is proposed by extending the previous models proposed by 
Kunii and Smith, Okazaki et. al., and Luikov et al.  The equations derived from the model represent 
appropriately the effects of gas pressure, gas thermal conductivity and void fraction on the effective thermal 
conductivity.  In addition, the model expresses well a significant decrease in the pellet thermal conductivity 
due to reaction by taking account of the changes in structure of agglomerated grains in a pellet in terms of 
contact resistance to heat transfer through it. 
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1. INTRODUCTION 

In research and development of chemical heat pumps to upgrade low level thermal energy by 
utilizing reversible gas-solid reactions, characteristics of heat transfer in the reactor must be taken into 
account, since heat transfer plays an important role in promoting the overall reaction rate.   

Reversible gas-solid reactions utilized for driving heat pumps are generally expressed by  
A·mB (solid) + nB(gas) = A·(m+n)B(solid)    (1) 

Absorption or desorption reaction with the gas substance accompanies expansion or contraction of the 
reactive salt.  This also causes variations in thermophysical properties of the salt, such as density, 
heat capacity and thermal conductivity.  Since the overall reaction rate in a packed bed reactor, 
which is ordinarily used as a reactor for gas-solid chemical heat pump, is likely to be controlled by 
heat transfer, knowledge on thermophysical properties of a salt formed or decomposed by reaction and 
heat transfer characteristics in a bed packed with the salt is indispensable for designing a reactor bed 
or analyzing its performance. 
The following studies have been reported concerning the variations of volume and heat capacity of 
reactive salts.  Gillespie and Gerry [1] reported the densities of reactive solids of CaCl2/NH3 and 
BaCl2/NH3 systems, and Mauran et al [2] reported the molar volume of CaCl2·nCH3NH2 (n=2 and 6) 
and MnCl2·nNH3 (n=2 and 6).
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  Oms [3] and Goetz and Marty [4] pointed out that large variations in volume of the reactive salts 
affect the heat transfer properties of the bed in CaCl2/CH3NH2 and MnCl2/NH3systems.  Lourdudoss 
et al. [5] and Marty [6] carried out DSC measurements on heat capacities of CaCl2·nNH3(n=1, 2, 4 and 
8) and MnCl2·nNH3 (n=2 and 6), respectively.  Several attempts have been made to measure the heat 
capacity without using DSC.  For example, Oms [3] determined the heat capacity of 
CaC12·nCH3NH2 (n=2 and 6) by applying the parameter fitting method to the unsteady temperature 
changes measured in a reactor bed.  Mazet and Amouroux [7] and Goetz and Marty [4] mentioned 
that the heat capacity of reactive salt in MnC12/NH3 and CaC12/CH3NH2 systems might be estimated 
by the sum of heat capacity of the salt and that of the reactant in gas state. 
    As for heat transfer in reactor beds, its enhancement has attracted more attention than the study 
of effective thermal conductivity, since it is more directly applicable to improving the reactor 
performance.  For example, Oms [3] and Mauran et al. [2] investigated the effective thermal 
conductivities of the CaCl2/CH3NH2 and MnCl2/NH3 reactor beds in which graphite was mixed to 
promote heat transfer.  Guilleminot [8] reported improvements of thermal conductivity by use of 
consolidated adsorbents of metallic foam and zeolite.  Groll [9], Kanzawa and Arai [10] and Ogura 
et al. [11] studied the effects of inserting metal plates, foams, wires or fins on heat transfer and reactor 
performance. 

In the ordinary operation of gas-solid reaction, porous pellets of solid reactant are used to enhance 
the overall reaction rate, and the structure and dimensions as well as thermophysical properties of the 
porous pellet reactant will change as the reaction proceeds.  In addition, the temperature and pressure 
in the reactor has to be changed in order to reverse the reaction.  These factors must influence not 
only the heat transfer but also the reaction progress in a packed bed reactor that is normally used for a 
gas-solid chemical heat pump.  Without adequate knowledge about these items, it will be impossible 
to develop a high performance reactor based on quantitative analysis. 
    We have been conducting a systematic study on thermophysical properties and heat transfer 
characteristics for CaCl2 packed beds, since CaCl2 is applicable to driving a heat pump by combining 
its reaction with ammonia, methylamine or methanol gas with the phase change of one of theses fluids.  
This paper describes how the volume and heat capacity of a CaCl2 salt as well as the effective thermal 
conductivity of a bed packed with the porous reactive pellets change during reaction and how the 
variations of thermophysical properties and effective thermal conductivity are quantitatively correlated 
and expressed. 
 
2. VOLUME OF REACTIVE SALT  
 
2.1 Expansion/Contraction of Bed Volume 

Volume changes of a bed of CaC12·nNH3 salt formed in a glass vessel are shown in Fig. 1.  In the 
initial absorption reaction (a → b), the bed volume increased by about four times that of anhydrous 
CaC12 bed by absorbing 7.9 moles of ammonia in one mole of calcium chloride.  During the 
following adsorption/desorption reaction cycles (b ↔ c), the volume change becomes fairly small 

Desorption 

Absorption 
Initial 
Absorption 

(c) n=2.1 (b) n=7.9 (a) n=0 

Fig.1 Volume expansion and contraction of the bed of CaCl2·nNH3
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Figure 2 shows the variation of bed volume Vb with n for a CaC12·nCH3OH bed during the first 
three reaction cycles. At the end of the initial 
absorption reaction, the bed volume has expanded to 
about double the initial volume of anhydrous CaC12 
bed, Vb0.  But contraction in the subsequent 
desorption reaction does not follow the same path in 
the initial adsorption and the volume expansion ratio 
Vb/Vb0 is 1.7 when the reaction is completed at n = 0. 
During the subsequent two reaction cycles Vb increased 
slightly as whole. After the third cycle the variation of 
Vb with n follows almost the same path between Vb/Vb0 
= 2 and Vb/Vb0 = 2.5 during adsorption/desorption 
reaction.  Similar variations of the bed volume were 
observed for CaCl2/CH3NH2 reaction system, in which 
the initial expansion was Vb/Vb0 = 4.   

Such a lar
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lume, which may occur during the initial adsorption 
reaction as described above, must be taken into 
account in preparing a reactor bed by packing pellets 
of anhydrous CaCl2 or a solid reactant. 
 

Fig.2 Variation of bed volume of 
aClC 32·nCH OH with n. 
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this method may not be applicable to a highly reactive 
salt because it is difficult to find inert liquids suitable 
for it.  Moreover, a reversible reactive salt is easily 
decomposed to release the absorbed gas when the gas 
pressure becomes lower than the equilibrium pressure 
for the reaction.  To avoid such decomposition, we 
adopted the gas-displacement method to measure the 
volume of reactive salts [12].   

Anhydrous CaCl2 particles of 
Fig.3 Increase in molar volume of 
reactive salts with n. 

s put in a gas-tight vessel, were exposed to a 
reactive gas to prepare a sample salt.  The total 
weight of the vessel was measured to determine the 
amount of the gas substance reacted with CaCl2. 
Then inert gas of N2 or Ar was supplied into the 
vessel, and the total weight of the vessel and the gas 
phase pressure were measured.  The amount of the 
inert gas supplied was obtained from the increase in 
the total weight.  This procedure was repeated to 
obtain a relation between the amount of the inert gas 
and the gas phase pressure, to which the ideal gas 
law was applied to derive the volume of the gas 
phase in the vessel.  Finally, the volume of the 
reactive salt was obtained by subtracting the volume 
of gas phase from the empty vessel volume.  In this 
way, the volume measurements were carried out for 
the CaCl2 salt that had completed the absorption or 
desorption reaction; n=2 or 6 for CaCl2·nCH3NH2, 
n=8 or 2 for CaCl2·nNH3 and n=2 for CaCl2·nCH3OH, 
at room temperature. 
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Fig.4 Increase in molar volume of 
hydrates and ammoniates with n. 

Figure 3 shows how the molar volume of CaCl2 
salt increases with the amount of gas substance 
absorbed in it by reaction.  The increase in the 



 
molar volume is expressed by ∆Vm= Vm(n)−Vm(0), where n denotes the mole of gas substance reacted 
with one mole of CaCl2 and Vm(0) = 50.5 cm3 mol−1 is the molar volume of anhydrous CaC12.  For 
each reaction system ∆Vm(n) increases in proportion to n and expressed by  

nVnVV β=−=∆ )0()( mmm   (2) 
where β = 43.6 x 10−6 m3 mo−1 for CaCl2·nCH3NH2, β = 39.8 x 10−6 m3 mol−1 for CaCl2·nCH3OH and 
β = 19.0 x 10−6 m3 mol−1 for CaCl2·nNH3. 

By analyzing literature data [13], it has been confirmed that the validity of the linear relationship of 
eq. (2) holds for other reaction systems.  Figure 4 shows variations of ∆Vm with n for various 
inorganic hydrates and ammoniates.  The volume of hydrates or ammoniates varies linearly with the 
amount of water or ammonia reacted with the salts, and the increase in volume of the reactive salt does 
not depend on the salt substance but on the amount of the substance absorbed in each salt.  The 
values of β obtained from the slopes of the lines in Figs.4 are 14 x 10−6 m3/mol for hydrates and 19 x 
10−6 m3/mol for ammoniates, respectively.  

The coefficient β in eq. (2) represents the volume occupied by one mole of the gas substance 
absorbed in the salt. Hence it is reasonably presumed that the value of β is close to the molar volume of 
the absorbed substance in a condensed phase. Since the density data in solid state are not complete for 
the substances examined above, β is compared with the molar volume of each substance in liquid state; 
β is 87 % of the liquid molar volume of absorbed substance for CaC12·nCH3NH2, 99% for 
CaC12·nCH3OH, 71% for CaC12·nNH3, and 78 % for CaC12·nH2O.  The values are close to the 
liquid molar volume for methylamine and methanol but less than that for hydrates and ammoniates. 
This is probably due to the smallness in molecular sizes of water and ammonia in comparison with 
methylamine and methanol. In other words, water and ammonia may be more influenced by the 
surrounding atoms constituting the inorganic 
salt than methylamine and methanol are. 
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2.3 Structural Change of CaCl2 Salt 
    Fujioka investigated structural 
deformation of CaCl2·nCH3OH salt by taking 
SEM photographs of the salt completely reacted 
(n=2) or decomposed (n=0) [14].  The 
anhydrous CaCl2 particles, which were used for 
preparing the salts, were agglomerates of fine 
round grains of CaCl2 or porous pellets.  After 
the initial adsorption/desorption reaction, SEM 
photographs showed that some of the adjacent 
grains partly fused to form a network-like 
structure but the rest grains almost reverted to the 
original shape.  As the reaction was repeated, the 
grains in a pellet transformed from round to 
angularly slender.  Such a large change in the 
structure of a grain can be seen in Fig.5, which 
compares the round shape of the initial anhydrous 
CaCl2 grains with angularly slender shape of the 
grain exposed to four reaction cycles.  The length 
of the slender grains was several µm to about ten 
µm.  Such deformation did not progress 
uniformly in a pellet and the degree of deformation 
varied locally even in the same pellet.  But the 
pellet, as a whole, was closely packed with more 
grains with slender shape as the reaction was 
repeated. 

 (b
)

(a)

Fig.5 SEM Photographs of (a) CaCl2 anhydride 
before reaction and (b) CaCl2 salt after having 
completed the fourth desorption in the reaction 
with CH3OH.  
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Fig.6 Variations of void fractions 
ε and εp with n. 

 
2.4 Void Fractions of Bed and Pellet 

The SEM observation mentioned above revealed 
that each CaCl2 salt was a porous pellet composed 
of almost unporous grains.  Therefore, a reactor 
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bed formed by packing such porous pellets should be characterized by two void fractions, i.e., bed 
void fraction εb, and pellet void fraction εp.  The former represents the ratio of vacant volume 
surrounded by the pellets in the bed to the total bed volume and the latter represents the ratio of vacant 
volume in a pellet to its total volume.  The overall void fraction, ε, is expressed by ε =1−Vs/Vb, where 
Vb is the bed volume and Vs is the real volume of 
solid phase.  The bed void fraction is given by 
εb=1−Vp/Vb with pellet volume Vp, and the pellet 
void fraction is given by εp=1−Vs/Vp.  From these 
relations, the following expression holds among the 
three void fractions. 
    (3) 1/()( bbp εεεε −−=

Figure 6 shows how ε and εp in CaCl2 salt beds 
formed in a glass vessel vary with reaction.  The 
glass vessel was shaken sometimes to promote the 
reaction uniformly and then the bed height was 
measured after tapping the vessel several times on a 
stone table.  Such a procedure may allow the bed 
to expand or contract freely during reaction.  
Hence it may be assumed that the bed void fraction 
εb does not change during reaction.  

The keys for porous CaCl2 denote the bed before 
reaction and the other keys denote the bed after 
several reaction cycles were repeated.  At the 
anhydrous state n=0 the void fraction ε  of the bed 
exposed to several reaction cycles is larger than that 
of the unreacted CaCl2 bed, and it decreases with the 
progress of reaction or with increasing n.   Such a 
decrease in ε is due to volume expansion of the salt 
by reaction.  From the measurements of true 
density and pore size distribution of pellets with 
mercury porosimetry, εb=0.476 and εp=0.332 were 
obtained for the unreacted CaCl2 bed.  Using the 
assumption of constant εb, pellet void fraction εp was 
derived from the measured ε.  The pellet void 
fraction decreases considerably with increasing n, as 
shown by the closed key in Fig.6. 
 
3 HEAT CAPACITY OF REACTIVE SALT 
3.1 Increase in Heat Capacity of CaCl2 Salt due 
to Reaction 

Fujioka et al. measured heat capacity of 
CaC12·nCH3NH2, CaC12·nNH3 or 
CaC12·nCH3OH by using DSC [12].  Since the 
salts with n larger than 2 are unstable and decomposed easily in the DSC operation to elevate the 
temperature, the measurements were carried out for the salts with n=1 or 2 by confirming that the DSC 
chart did not show any endothermic peaks indicating the possible desorption reactions.   

Fig. 7 Temperature dependence of 
heat capacity 
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Fig.8 Increase in heat capacity of 
reactive salt with moles n of 
substance reacted with CaCl2.  

Figure 7 shows that heat capacities of anhydrous calcium chloride and reactive salts increase 
slightly with temperature.  The increase in heat capacity is 5 to 7% in the range from 283 K to 323 K, 
and the temperature dependence of the heat capacity is expressed by a straight line. 

Figure 8 shows the linear relationship between the increase in molar heat capacity of the reactive 
salt, ∆Cp = Cp(n) − Cp(0), and n at 293 K.  The increase in heat the capacity can be expressed by the 
following relation,  

∆Cp = Cp(T,n) − Cp(T,0) = γ(T)·n  (4) 
where γ denotes an increase in heat capacity owing to the absorption of one mole of the reactive gas 
substance. 
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Fig.9 Increase in heat capacity of 
hydrates with moles n of H20 reacted 
with salts. 
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Fig.10 Temperature dependence of 
heat capacity increase of hydrates 
and heat capacity of H2O(sold). 

3.2 Additivity Law for Heat Capacity of Reactive 
Salt 

The above-mentioned additivity for heat capacity can 
be generalized by using literature data [15]. Figure 9 
shows the relation between ∆Cp obtained from the 
literature data for hydrates at 250 K and moles of water 
reacted with one mole of the salt, n.  Similarly to the 
results for CaC12 salts, ∆Cp increases in proportion to n, 
and the data can be fitted by a straight line irrespective 
of the kinds of salts. In addition, it has been confirmed 
that the literature data satisfy the linear relation in the 
wide range from T=20K to 250K. 

Lourdudoss et al. [5] and Marty [5] described that the 
heat capacity of the ammoniated salt could be expressed 
as the sum of the heat capacity of inorganic salt and that 
of ammonia in gas phase.  It will, however, be more 
reasonable to consider that the heat capacity of the 

substance absorbed in a reactive solid is much the 
same as that in a condensed phase, since it may not 
behave freely in the confined space in the salt.  

This issue has been investigated for hydrates.  
The values of γ for the hydrates obtained from the 
literature data are plotted together with the specific 
heat capacities of ice in Fig.10.  In the temperature 
range of 20 K to 250 K, γ is almost equ
capacity of water in solid phase or ice.  

In Fig. 11, the values of γ for CaCl2 salts for 
methylamine, methanol and ammonia systems are 
compared with the heat capacity of each substance in 
solid, liquid or gas phase. The heat capacities in liquid 
phase at a given temperature were obtained by 
interpolating the literature data and those in gas phase 
were calculated using the Rihani-Draiswamy equation. 
The heat capacities of solid methylamine, ammonia 
and methanol were estimated by applying 
Neumann-Kop's law.  The law assumes that the heat 
capacity of a solid is equal to the sum of atomic heat 
capacities of its component element and is considered to 
be valid in the range above the Debye temperature where 
the heat capacity of solid hardly changes.  Figure 11 
shows that the value of γ for each CaC12 reactive salt is 
close to the heat capacity of the absorbed substance in 
solid phase.  This is probably due to the situation in 
which the motion of the molecules of absorbed substance 
is strongly bounded by chemical bonding in the salt. 
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4. THERMAL CONDUCTIVITY 
4.1 Measurements of Effective Thermal Conductivity 

Measurements of effective thermal conductivity were 
carried out by using the glass vessel shown in Fig.1.  
Inside of the vessel thermocouples were placed in such 
an arrangement that the squares of the squares of the 
radial distance from the center to each position were 
equally spaced.  Particles used for making packed beds 
were glass beads, pellets of nonporous and porous CaCl2  

Fig.11 Comparison of heat capacity 
of CaCl2 reactive salts with those of 
absorbed substance in solid, liquid 
and gas states and pellets of CaCl2·nCH3NH2, CaCl2·nNH3 and 
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CaCl2·nCH3OH.  Nonporous CaCl2 pellets were prepared by crushing a solid lump of CaCl2, which 
had been made by cooling a molten salt of commercial CaCl2 powder.  To prepare a bed composed 
of reactive pellets, the reaction of CaCl2 with CH3NH2, CH3OH or NH3 was advanced until n reached a 
specified value after the pellets had been exposed to several absorption/desorption reaction cycles.  
Then the vessel containing the pellets of CaCl2 salt was tapped several times to fix the bed in it.  
Hence the bed thus prepared can be regarded as a freely expanding or contracting one as described in 
2.4.  The mean diameters Dp of the sample particles are as follows, Dp=60, 100, 400 and 925 µm for 
glass beads, Dp=175, 400 and 675 µm for nonporous CaCl2 pellets and Dp for the reactive pellets was 
estimated to vary between 300 µm and 400 µm. 

The effective thermal conductivity of the bed was measured by the unsteady method.  The vessel 
of the bed, which was kept at 273K in an ice water bath, was placed suddenly into another water bath 
at 293K.  The effective thermal conductivity was obtained from the time variations of temperature 
distribution in the bed.  The procedure to derive the effective thermal conductivity is described in 
detail in the paper by Fujioka et al. [16]. 

In the measurement accompanied with the step variation of temperature from 273 K to 293 K, the 
gas phase pressure was controlled so that neither adsorption nor desorption reaction took place in the 
bed.  Equilibrium states of the salt are attained at n=2, 4 and 6 for the methylamine system, n=2 for 
the methanol system and n=2, 4, 8 for the ammonia system.  The equilibrium pressure for the 
reactions between n=0 and 2 is so low that n of each reactive salt with  can be kept unchanged 
in the atmosphere of an inert gas.  In the case of n>2, the reaction does not take place in the above 
mentioned temperature range provided that the pressure of reactive gas is kept almost nearly equal to 
the equilibrium pressure, P

2≤n

e.  In this manner the experiments for n>2 was conducted under the 
condition where the reactive salt was kept in one of the equilibrium states during measurement. 

Effects of the amount of gas substance reacted with CaCl2 on λeff were investigated at P=101.3 kPa.  
For CaCl2 anhydride and reactive salts with n 2, measurements were carried out in an atmosphere of 
N

≤
2.  As for the reactive salts with n>2, a certain amount of the reactive gas, which corresponds to the 

equilibrium pressure for each salt, exists in the vessel.  To make a meaningful comparison, a mixture 
of N2, He and Ar gases at 101.3 kPa was introduced into the vessel, whose thermal conductivity was 
adjusted to be equal to the thermal conductivity of N2 at 101.3 kPa.  In addition, in order to 
investigate pressure dependence of effective thermal conductivity, measurements were conducted for 
the bed packed with reactive pellets with , nonporous CaCl2≤n 2 pellets, porous CaCl2 pellets and 
glass beads in the gas phase of inert gas of Ar, He or N2 in the wide range of 5 Pa to 200 kPa. 
 
4.2 Variations of Effective Thermal Conductivity 

Figure 12 shows variations of λeff of CaCl2·nCH3NH2, CaCl2·nCH3OH and CaCl2·nNH3 beds with n 
in the gas phase with the same thermal conductivity of 
N2 at 101.3 kPa, in which λeff of unreacted porous 
CaCl2 bed is plotted for comparison.  λeff of the 
reactive pellets with n=0, which had been prepared 
after exposing to several reaction cycles, was reduced 
to 1/3 ~ 1/2 of that of the unreacted CaCl2.  Generally 
λeff depends on pellet thermal conductivity λp, gas 
thermal conductivity and void fraction.  Since the 
data in Fig.12 were obtained under the same pressure 
and thermal conductivity of gas phase, the difference in 
λeff will be attributed to the remaining two factors, λp 
and the pellet void fraction εp, since the bed void 
fraction εb could be assumed unchanged due to the free 
expansion or contraction of the bed.  

The decrease in pellet void fraction εp with n, which 
has already been shown in Fig. 6, may lead to the 
increase in λeff with n.  However the large decrease in 
λeff of the pellets at n=0 after thorough decomposition 
cannot be explained only by the decrease in εp since εp 
becomes smaller with increasing n.  This suggests 
that the pellet thermal conductivity λp itself is probably decreased with n.
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Fig.12 Variations of effective thermal 
conductivity with the moles n of gas 
substance reacted with CaCl2. 
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Fig.14 Variations of effective thermal 
conductivity with pressure (Porous 
CaCl2 Dp=675µm, and 
CaCl2·nCH3OH(n=0)  Dp=305µm) 

Fig.13 Variations of effective thermal 
conductivity with pressure (Glass 
beads Dp=60µm and nonporous CaCl2 
Dp=178µm) 

 
Variations of λeff with pressure P are shown in Fig.13 for nonporous pellets and in Fig.14 for porous 

pellets.  At the pressure around 101.3 kPa, λeff varies largely depending on the substance in the gas 
phase.  This means that the gas phase gives an appreciable contribution to heat transfer.  λeff 
decreases with decreasing P, and it approaches the same value independent of the gas substance below 
10 Pa. 
 
4.3 Model for Effective Thermal Conductivity  

Fujioka [14] proposed a model to estimate λeff 
by assuming that the bed is composed of an 
elementary cell shown in Fig.15.  The cell 
consists of two adjoining spheres whose contact 
area is specified by angle ψ.  Heat flow is 
assumed to take place in the vertical direction, and 
heat transfers by radiation and convection are 
neglected.  Under these assumptions, heat flow 
through the cell is expressed by the following 
conductive heat transfer; (1) heat transfer through 
the gas phase in the void space, (2) heat transfer 
through the solid and gas phases near the contact 
surface in series and (3) heat transfer through the 
contact surface of the solid.  Denote the part 
associated with mechanism (1) by I and that with 
mechanisms (2) and (3) by II, and the fractional 
area for heat transfer I and II by E and 1-E, 
respectively.  Assuming that the region for part II is a cylinder with the diameter of Dp and the height 
of Dpcosψ and neglecting the volume of contacting part, the volume of the solid sphere (π/6)Dp

3 is 
taken equal to (1-εb) (π/4)Dp

3cosψ when E=0.  Hence, the fractional area of part I is given by, 

Fig.15 Heat transfer model for a packed 
bed 

( )( ) ψε cos12/31 b−−=E  for      (4) )cos3/(21 ψε −>b

where E is set equal to zero when . )cos3/(21 ψε −≤b
By introducing Kennard equation [17] for the pressure dependence of gas conductivity and deriving 

the expression for the heat flux in each part based on the models by Kunii and Smith [18] and Okazaki 
et al. [19], the effective thermal conductivity of bed is expressed by the following equation; 
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where L denotes the mean free path of gas molecules, is the normal gas thermal conductivity 
independent of pressure and  is so called ‘temperature jump distance’ in Kennard equation.  n

o
gλ

Tβ c 
represents the effective number of contact points on a hemisphere for conductive heat transfer, 

 and  denotes the angle indicating the boundary of each contact area.    is 
related to n

o
gp / λλκ = 0δ 0δ

c by . 2/1c0 )/1(cos1 n=− δ
Estimation of effective thermal conductivity of nonporous pellet bed.  Angle ψ can be obtained from 
the extrapolation of the measured λeff to P=0.  In the case of nonporous pellets whose λp is equal to 
the solid thermal conductivity λs, the parameters of nc and  are left unknown in Eq.(5).  They 
were determined so as to minimize the sum of the square
the measured λ

Tβ
s of the deviations of the calculated λ  from 

Fig

s 

eff

eff.  The calculations by Eq.(5) with nc 
and Tβ  thus determined are shown by solid lines in 

.13.  The relations between nc and εb almost 
coincide with the literature data for spherical pellets by 
Ridgway and Tarbuck [20] and that for nonspherical 
pellets by Okazaki et al. [19].  As shown in Fig.13 the 
calculated values are in good agreement with the 
measured λeff over the wide pressure range examined. 
Estimation of pellet thermal conductivity of porou
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pellet.  By using n  thus obtained, the values of λ  and 
Tβ  in Eq.(5) has been determined for porous pellets in 
 same procedure as described above.  The 

calculations by Eq.(5) are shown in Fig. 14 by solid 
lines, and the pellet thermal conductivity λ  determined 
in the procedure is plotted against n in Fig. 16.  It 
should be noted that λ  of the reactive pellets subjected 
to thorough desorption was considerably decreased 
from that of the unreacted CaCl  by repeating 
adsorption and desorption reactions. 
 

c p

the

4. Model for pellet thermal conductivity 
m λeff measured in 

the

s into the 
ex

llet shown in Fig.5.  The model 

p

p

2
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0.4

0.6

0.8

1

n  [-]

λ  
p  

[W
·m

-1
· K

-1
]

Porous CaCl 2
CaCl2·nCH3NH2
CaCl2·nCH3OH

Fig.16 Relation between estimated 
pellet thermal conductivity and the 
moles n of reactive gas substance 
absorbed in one mole of CaCl2.

4
The values of λp, which were derived fro
 gas phase of Ar, He or N2, were almost independent of the 

gas phase substance.  This means that heat mainly flows 
through the solid phase in a pellet.  Further, the SEM 
photographs revealed that the shape and agglomerated state of 
grains in a pellet of reactive salt were considerably different 
from that of the unreacted CaCl2, as shown in Fig.5.  

In order to take account of such structural variation
pression of λp, the unit cell model proposed by Luikov et al. 

[21] has been adopted in this study.  The skeleton of the cell 
indicates the solid part, which is the shadowed portion shown in 
Fig.17.  A pellet is composed of small nonporous grains and 
the cell represents a quarter of a grain.  The contact resistance 
Rc to heat transfer is added to the upper and the lower surfaces 
of the cell in order to take account of the difference in 
contacting conditions of grains or the structural variations of the pe
gives the following expression to λp, 

Fig.17 Unit cell for a pellet 
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where λg denotes the gas thermal conductivity, λs the solid thermal conductivity and x the 
dimensionless thickness of solid skeleton related to εp. 
Thermal conductivity of reactive pellet.  The pellet thermal conductivity λp has been estimated from 
Eq.(6) for reactive and unreacted CaCl2 pellets.  In the estimation, λs of reactive solid was taken 
equal to 2.36 W/mK of the unreacted CaCl2 in spite that the reactive salt is a complex of CaCl2 and the 
absorbed reactive gas.  The ground for this assumption is that the thermal conductivity of gas 
substance in a reactive solid will be close to that of the substance in solid state, as described in the 
sections of molar volume and the heat capacity of a 
reactive salt.  there are few data to validate this 
assumption except for H2O; λs of ice is 2.2 W/mK and 
λgº of H2O vapor is 0.0158 W/mK at 273 K, which is 
close to 0.0156 W/mK λgº for of CH3NH2 and 0.0142 
W/mK for λgº of CH3OH. 
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 CaCl2·nCH3NH2
 CaCl2·nCH3OH

  Eq.(6)

R c=0 m·K·W-1

R c=2 m·K·W-1

Fig.18 Relation between pellet thermal 
conductivity and pellet void fraction 

The relation between estimated λp and εp is shown in 
Fig.18 by solid lines together with λp determined from 
the measured λeff.  Good agreement has been obtained 
by taking Rc=0 mK/W for the unreacted CaCl2 and 
Rc=2 mK/W for the reactive pellets.  The values of Rc 
have been selected so as to take account of the 
difference in grain structures observed in SEM 
photographs.  In the unreacted CaCl2 pellets, contact 
resistance seems to be negligible since the grains are 
partly fused in the pellet.  On the other hand, such 
fusion or consolidation was not observed in the reactive 
pellets.  The contact resistance between reactive 
grains probably has led to a significant decrease in λp.  
This is the reason why λp of reactive solid with n=0 
after thorough decomposition becomes much smaller 
than that of the unreacted CaCl2. 
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4.5 Estimation of Effective Thermal Conductivity.   

Since the parameters in Eq. (5) have been 
determined as described above, it is now possible to 
estimate λeff of a bed packed with CaCl2 salt under 
various conditions.  Figure 19 shows a comparison of 
λeff estimated by Eq. (5) with measured λeff for a bed of 
CaCl2·nCH3NH2.  In this comparison, the condition 
for the gas phase was not the same.  The gas phase 
was nitrogen at 101.3 kPa for , but it was 
methylamine for n>2.  The pressure was adjusted so 
that the reactive salt was kept in an equilibrium state, 
that is, from 12 kPa to 20 kPa for n=4 and about 35 kPa 
for n=6.  n of the sample salt at the equilibrium 
pressure for n=6 was less than 6, since it was difficult 
to prepare a salt fully reacted with methylamine.  As 
shown in Fig.19, agreement of Eq. (5) with the 
measurements is satisfactory.  

2≤n

Fig.19 Comparison of measured and 
estimated thermal conductivities of 
CaCl2·nCH3NH2

 
5. SUMMARY 
 
    The molar volume and heat capacity of CaCl2·nNH3, CaCl2·nCH3NH2 or CaCl2·nCH3OH 
increase proportionally with n.  The variations in these properties are inherent in each substance 
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absorbed in the salt irrespective of the kind of salt and expressed by the additivity of the properties of 
the unreacted salt to those of the absorbed substance in a condensed phase.   

SEM observation revealed that a pellet of CaCl2·nCH3OH was an agglomerate of small grains and 
the shape of a grain transformed from round to angularly slender as the adsorption/desorption reaction 
was repeated.  Bed void fraction and pellet void fraction have been introduced in order to 
characterize heat transfer in a porous pellet bed.  In a freely expanding bed with constant bed void 
fraction, the pellet void fraction was decreased with the progress of adsorption reaction. 

Effective thermal conductivity of a bed of CaCl2 salt was reduced to less than a half that of the 
initial anhydrous CaCl2 bed by reaction, which was presumed to be caused by a decrease in the 
thermal conductivity of the salt itself.  A model to estimate effective thermal conductivity of a bed 
packed with porous pellets and pellet thermal conductivity has been developed by extending the 
previous models proposed by Kunii and Smith, Okazaki et. al., and Luikov et al..  The equations 
derived from the model represent appropriately the effects of gas pressure, gas thermal conductivity 
and void fraction on the effective thermal conductivity.  In addition, the model expresses well the 
significant decrease in the pellet thermal conductivity due to reaction by taking account of the changes 
in structure of agglomerated grains in a pellet in terms of contact resistance to heat transfer through it.  

It is usual that temperature and pressure has to be changed in a reactor when the reaction is reversed 
between the adsorption and desorption reactions.  The model developed in this study will enable one 
to estimate heat transfer properties of a reactor bed that is operated under a condition accompanied 
with large variations of temperature and pressure to drive a chemical heat pump. 
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Nomenclature 
Cp : molar heat capacity [J·mol−1·K−1] 
Dp : particle diameter [m] 
E : portion of heat transfer through gas phase in a packed bed by Eq. (4) [-] 
L   : mean free path [m] 
n   : moles of gas substance reacted with one of salt [mole] 
nc    : contact number [-] 
Rc : contact resistance to heat transfer in a cell of pellet 
V : volume [m3] 
Vb : bed volume [m3] 
Vm : molar volume [m3·mol−1] 
Vp : pellet volume [m3] 
x : portion of solid stem in a cell of pellet [-] 
β : increase in molar volume of salt per one mole of gas reacted with it [m3·mol−1] 
βT : temperature jump distance [-] 
ε : overall void fraction [-]  
ε b : bed void fraction [-] 
εp : pellet void fraction [-] 
γ : increase in heat capacity of salt per one mole of gas reacted with it [J·mol−1·K−1] 
λ : thermal conductivity [W·m−1·K−1] 
λeff : effective thermal conductivity [W·m−1·K−1] 
λgº : thermal conductivity of gas [W·m−1·K−1] 
λp : thermal conductivity of pellet [W·m−1·K−1] 
λs : thermal conductivity of solid phase [W·m−1·K−1] 
Ψ : contact angle of two adjacent grains [radian] 
 
Subscript 
b : bed 
g : gas 
s : solid 
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