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Abstract 
    Enhancement of heat transfer in the reactor bed is one of the most important subjects for developing gas-solid 
chemical heat pumps. We have developed composite reactants combining calcium chloride with expanded 
graphite (EG) and activated carbon fiber (ACF) to promote the reaction between calcium chloride and working 
fluid of methanol and measured variations of effective thermal conductivity as well as volume and void fraction 
during reaction cycles for the beds packed with these composite reactants. Effective thermal conductivity of the 
EG composite bed was larger than 60 % that of untreated calcium chloride bed. Because of the bulky structure of 
expanded graphite, the overall void fraction of EG composite was larger than 0.8 for the bed packed freely without 
compression. When the overall void fraction was reduced below 0.78 by compression, the effective thermal 
conductivity was sharply increased up to 10 times higher than that of untreated calcium chloride bed. On the 
contrary, the effective thermal conductivity of ACF composite bed was slightly smaller than that of calcium 
chloride bed and no remarkable change was brought about by compression. The volume and overall void fraction 
of these composite particle beds varied only slightly with the amount of methanol reacted, while those of calcium 
chloride bed were largely influenced by reaction.  
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INTRODUCTION 
 The final goal of our study is to develop chemical heat pumps for refrigeration or air conditioning 
by utilizing the reaction of calcium chloride with water, methanol, methylamine or ammonia. In order to 
achieve a high performance reactor bed driving the reaction at a rate desired for commercial use, it is 
required that the reactive particles should have high thermal conductivity, large specific area and high 
permeability. To this aim, we have developed two composite reactants combining calcium chloride with 
carbon materials; one is a composite of calcium chloride and expanded graphite and the other is that of 
calcium chloride and activated carbon fiber. These composite reactants are expected to have high 
thermal conductivity without reducing gas permeability because fine grains of calcium chloride are 
deposited inside and outside the carbon matrix. 
 The effective thermal conductivities of these composite particle beds were measured for the case 
where the following forward or backward reaction has been halted or completed,  

  CaCl2 + 2CH3OH = CaCl2·2CH3OH. (1) 
Variations of the bed void fraction with reaction progress, which affect the heat transfer in it, were also 
measured. The thermal conductivity and the void fraction of the composite particle bed are compared to 
those of untreated calcium chloride bed and the effect of carbon material content on heat transfer 
enhancement will be discussed. 
 
PREVIOUS WORKS 
 
Various techniques for enhancing heat transfer and effective thermal conductivity 
 Heat transfer in a bed packed with reactive particles for chemical heat pumps is very poor. The 
effective thermal conductivity of the beds, which depends on the materials used in it and the reaction
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system driving the heat pump, is generally in the range of 0.1 – 0.2 W/(mK). Therefore, enhancement of 
heat transfer in the reactor bed is one of the most important subjects to improve the overall reaction rate, 
and various methods have been developed for this purpose. They can be classified roughly into three 
categories: (a) forming a composite reactant of salt or adsorbent combined with heat transfer promoter 
with high thermal conductivity, (b) insertion of metals or carbon fibers into a bed, (c) integration of 
reactant into a heat exchanger. Some of them are summarized in Table 1 according to the kind of heat 
transfer promoter. 
 

Table 1. Methods for enhancing heat transfer in reactor bed for chemical heat pumps 

Heat transfer promoter Preparation technique Reaction couple 

Simple mixing CaCl2/NH3 [1] 

Impregnation of aqueous solution of salt 
into EG, dehydratation and calcination 

CaCl2/CH3OH [2] 

CaCl2/CH3NH2 [3] 

Impregnation of aqueous solution of salt 
into compressed EG, dehydratation and 
calcination 

CaCl2/CH3NH2 [4] 
MnCl2/NH3 [4, 5] 

CaCl2/NH3 [5]�BaCl2/NH3 [5]

Expanded graphite 

Mixing activated carbon with compressed 
and blocked EG using resin as a binder 

Activated carbon/CO2 [6] 

Impregnation of aqueous solution of salt 
into fiber and dehydrate 

CoCl2/NH3 [7] 

Insertion of carbon fiber brush into bed MgO/H2O [8] 

Carbon fiber 

Formation of an intercalation compound MnCl2/HN3 [9] 

Metal foam (Cu, Ni) Impregnation of a suspension of salt, 
compression and calcination 

Zeolite/H2O [10] 
Activated carbon/CH3OH [10] 

Resin (Polyanilin) Coating particles with resin network Zeolite/H2O [11] 

Aluminum hydroxide Mixing, compression and calcination Zeolite/H2O [12] 

Insertion of fins into bed CaO/H2O [13] Metal fin or tube 

Integration of reactant with heat exchanger 
by coating fin tubes with an adsorbent layer 

Silica gel/H2O [14] 
Zeolite/ H2O [15] 

 
 In method (a), expanded graphite is normally used as a material for promoting heat transfer. The 
common preparation procedure is to impregnate an aqueous solution of inorganic salt into expanded 
graphite particles, dry and calcine to deposit its salt inside the pores of expanded graphite [2]. Using this 
method one can prepare a reactor bed whose effective thermal conductivity is several to 10 times larger 
than that of the bed packed with untreated salt particles [3]. Expanded graphite is a very bulky material, 
and its effective thermal conductivity can be improved remarkably by compression. For example, some 
researchers adopted a method to compress and mold expanded graphite before impregnation of the salt 
solution and attained extremely high thermal conductivity [4, 5]. In case of adsorbents like activated 
carbon that is insoluble in water, resin is used as a binder to bond the adsorbent with expanded graphite 
[6]. 
 As for the examples of method (b), insertion of fins with a small void fraction of 0.01 into a packed 
bed increased its thermal conductivity by 6 times [13] and insertion of carbon fiber brush with volume 
fraction of 0.05 increased it by 4 times [8]. In the study of method (c), it was reported that reactors 
integrated with adsorbent layers packed between fins of heat exchanger were developed and reaction 
cycle time was reduced to almost 1/10 [14, 15].  
 Several values of the effective thermal conductivity, λeff, are plotted against the content or weight 
fraction of heat transfer promoter in composite reactor bed in Fig.1. Although the data in each case were 
obtained for different materials, reaction couples, density, temperature or pressure, the effective thermal 
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conductivity increases remarkably to the weight fraction of heat transfer promoter in the bed. In the 
compressed and molded beds with high content of heat transfer promoter shown by open keys 
have extremely high effective thermal conductivity above 10 W/mK, which is several hundred times 
larger than the original packed bed.  
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Fig.1. Relation between effective thermal conductivity and weight fraction of heat transfer promoter
 
 
Effect of heat transfer enhancement on reaction rate 
 Effects of improvement in the effective thermal conductivity on the overall reaction rate will be 
discussed here using the results of simulation analysis in our previous study. The simulation was 
performed for the CaCl2 and CH3NH2 reaction couple [16]. Kunii-Smith equation for packed bed [17] 
was modified so that it could be extended to a bed packed with composite particles of CaCl2 and 
expanded graphite. The reaction progress was calculated using the effective thermal conductivity 
estimated by the extended Kunii-Smith equation and the rate parameters obtained from experimental 
results. The average reaction rate in the process from X = 0 to X = 0.44 was adopted as a measure to 
evaluate the reaction promoting effect, since 
the reaction in this period progresses relatively 
fast and is applicable to driving chemical heat 
pumps. For each weight fraction of expanded 
graphite, the reaction time required for 
reaching conversion X = 0.44 was obtained 
from the simulated reaction progress, from 
which the moles of CaCl2 reacted with 
CH3NH2 per unit time and unit volume, Nr, 
was obtained as shown in Fig.2. For each bed 
height H, Nr increased with the effective 
thermal conductivity, but the increasing rate 
gradually slows down as the effective thermal 
conductivity becomes larger.  
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ilar results were reported for the 
experiments of the reaction of composite 
reactant of CaCl2 and expanded graphite with 
CH3NH2. When the effective thermal 
conductivity increased from 0.46 to 1.02 
W/mK the output of the reactor increased by 
2.5 times, but when λeff increased to about 30 
W/(mK) the output was only 1.5 times larger 

Fujioka K. et. al.   308

Fig.2. Effect of thermal conductivity on average 
reaction rate simulated for CaCl2/CH3NH2  



 

than that at λeff = 1.02 W/(mK) [4]. It is partly because the heat transfer resistance between the particles 
in the bed and reactor wall becomes a dominant factor for heat transfer as the effective thermal 
conductivity increases. Another cause may be the reduction in permeability, which is brought about by 
the compression of the bed. 
 It should also be noted that the influence of temperature change on reaction rate appears differently 
depending on the working condition as well as the reaction systems. The effect of the temperature 
change on the driving force of the reaction has been examined for several reaction systems under the 
temperature and pressure conditions supposed to be applicable to practical use. Figure 3 shows the ratio 
of ∆P to ∆P0 against temperature change. ∆P0 is the difference between the vapor pressure and the 
equilibrium pressure at the initial temperature of reactor, that is, the original driving force or pressure 
difference, and ∆P is that when the bed temperature has changed by ∆T due to the reaction heat. As 
shown in Fig. 3, there exist large differences in the magnitude of reduction in the driving force 
depending on the reaction system and working condition. 
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Fig.3. Decrease in driving force of reaction, i.e., pressure difference ∆P, 
with change in bed temperature (Ta, Td: set temperature for absorption 
and desorption reactions, Tv, Tc: evaporator and condenser temperatures) 

COMPOSITE REACTANTS PREPARED IN THIS STUDY 
 As mentioned above, various reactants have been developed in order to improve the heat transfer in 
the bed and some of them attained very high thermal conductivity. However, such high thermal 
conductivity does not directly lead to large increase in reaction rate. In addition, a large content of heat 
transfer promoter may not be realistic for a reactor bed of chemical heat pump even if it has extremely 
high thermal conductivity.  
 Hence, we have measured effective thermal conductivity of beds packed with composite reactants 
of CaCl2 and functional carbon materials in order to find a simple and adequate method of heat transfer 
enhancement. 
 
Preparation procedure 
 Two kinds of composite reactants have been prepared using expanded graphite (EG) and activated 
carbon fiber (ACF). Expanded graphite is an extremely bulky material with 0.03 g/cm3 of bulk density. 
The shape of an expanded graphite particle is like a worm with about 200-300 µm in diameter and 1 mm 
in length, having many pores from several to dozen microns separated by thin graphite walls. Activated 
carbon fiber (AD’ALL) is made from a coal-tar pitch. Each fiber is about 10 µm in diameter and several 
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millimeters in length. 
The preparation procedure is common to both composite reactants as follows: 

1. Soak and rinse the carbon material in methanol. 
2. Rinse it with water and mix it in a calcium chloride aqueous solution in a beaker. 
3. Set the beaker in a vacuum desiccator to concentrate the solution. 
4. Generate O2HCaCl 22 ⋅  particles by evaporating the concentrated solution in a drier at 333K for 

30 minutes. 
5. Calcine and dehydrate  particles in an electric furnace at 573K for one hour. O2HCaCl 22 ⋅

The mass ratio of CaCl2 to ACF of the ACF composite is 15:1, 7.5:1, 3.8:1 1.9:1 or 0.9:1. That for 
EG composite is 15:1, which has been confirmed to have the largest specific surface area in our previous 
study [2]. 
 
Structure of composite reactants 
 SEM photographs of composite reactants are shown in Fig.4. In the ACF composite with the mass 
ratio of 15:1, membranous coating CaCl2 is formed on the surface of ACF and lumps of CaCl2 deposited 
between ACF fibers (Fig.4 (a), (b)). Similar aspect has been observed in the ACF composite with mass 
ratio of 7.5:1. Few such lumps of CaCl2 are seen in the ACF composite with the mass ratio of 3.8:1, 1.9:1, 
and 0.9:1, whose surface is covered with fine grains of CaCl2. (Fig.4 (c), (d)). In the EG composite, 
CaCl2 grains have bee deposited in the pores of expanded graphite (Fig.4 (e), (f)). Comparing these SEM 
photographs in Fig.4 with each other, it can be seen that there is a clear difference in the state of CaCl2 
grains in the reactant; in the EG composite aggregates of CaCl2 grains deposited in the pores are 
surrounded by graphite walls and in the ACF composite CaCl2 grains has deposited outside the graphite 
fiber. In the heat transfer experiments, ACF composite with mass ratio of 3.8:1 as well as EG composite 
with that of 15:1 was used for further investigation. 
 
 

(d) (f)

(e)(c)

(b) 

(a) 

MEASUREMENT OF EFFCTIVE THERMAL CONDUCTIVITY 

Fig.4. SEM photographs of ACF composite with mass ratio of 15:1(a, b), ACF composite with 
mass ratio of 1.9:1 (c, d) and EG composite with mass ratio of 15:1 (e, f) 

 
Experimental apparatus and procedure 
 The reactor vessel used for thermal conductivity measurement is shown in Fig. 5. The experimental 
apparatus consists of a gas supply line and two water bathes. The gas supply line was equipped with a 
nitrogen gas-cylinder and a container of liquid methanol. The reactor vessel of pressure glass with 27 
mm in inner diameter and 250 mm in height with a stainless steel flange was connected to the gas supply 
line. Inside the vessel, five thermocouples of 0.5 mm in sheath diameter were placed in such an 
arrangement that the radial distance from the center to each position, r2, was equally spaced.  
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 Samples used for measurement were 
composite reactants and untreated CaCl2 
particles. The amount of initially packed in 
the vessel was 23.1g for EG composite, 
13.9 g for ACF composite and 27.8 g for 
untreated CaCl2. Each sample was kept at 
523 K for 5 hours to remove water and then 
charged into the vessel. The vessel was 
connected to the vacuum line and evacuated. 
Then methanol gas was introduced into the 
vessel to promote the absorption reaction. 
After the absorption reaction was 
completed, the vessel was evacuated while 
it was heated at 373 K to promote 
desorption reaction. The moles of methanol 
reacted with CaCl2 was obtained from the 
difference between the weight of the 
reactive solid and that of initial sample 
packed in the reactor. After the reactor 
vessel was shaken so as to make the packed state u
height was measured. The reactor vessel was 
temperature T1 (273 K) in water bath 1. Then it 
temperature T2 (293 K). From that time on, the
recorded at intervals of two seconds. The gas ph
measurements.  
 
Data reduction 
 The effective thermal diffusivity of bed was 
the bed height is large enough compared with th
where the tips of thermocouples have been pla
direction. Assuming that the heat capacity of the 
in the bed is expressed by 
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Fig. 5. Reactor vessel and configuration of thermo-
couples
niform in the bed and tapped for several times, the bed 
connected to the line again and kept at a constant 
was quickly transferred to water bath 2 at a different 
 outputs of thermocouples and pressure gauge were 
ase in the vessel was nitrogen at 101.3 kPa in all the 

obtained from the unsteady temperature profiles. Since 
e bed radius, the heat transfer in the middle of the bed 
ced can be assumed to take place only in the radial 
gas phase can be neglected, the unsteady heat balance 
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 to η, and then differentiating it with respect to time θ, 
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le with respect to η. Then plotting the former value 
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against the latter one can obtain the effective thermal diffusivity αeff through the relation of Eq. (5) An 
example of such a plot to obtain αeff is shown in Fig. 6. 
 
 
RESULTS AND DISCUSSION 

 
Variations of volume and void fraction 
 In gas-solid reactions, the void fraction of a 
bed changes due to the expansion and contraction 
of reactive solid as it absorbs or desorbs reactive 
gas, which affects the heat transfer in bed. Figure 
7(a) shows the variations of the ratio of bed 
volume Vb to the initial bed volume Vb0 with n 
during the first three reaction cycles. The volume 
of bed packed with CaCl2 particles expanded 
irreversibly in the first absorption reaction; it 
increased about two times as large as the initial 
volume. On the other hand, the volume of the 
ACF composite bed was kept almost constant 
during the first three reaction cycles. The bed 
volume of EG composite increased only slightly 
with the mole ratio, n, of methanol to CaCl2 and 
repeated almost the same path. Corresponding to 
the bed volume, the overall void fraction, ε, also 
varied with n as shown in Fig.7(b). The bed 
volume increased with n but an increase in solid 
content with n causes a decrease in ε. In the 

CaCl2 particle bed ε varied from 0.55 to 0.8, while it varied from 0.8 to 0.91 in the ACF composite bed 
and 0.75 to 0.9 in the EG composite bed. Because of the small changes in bed volume and void fraction, 
it is expected that a steady condition may be kept throughout the reaction for the bed of composite 
reactants.  
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Effective thermal diffusivity and effective thermal conductivity 
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 The effective thermal diffusivity αeff was obtained from the slope of the straight line in the plot of 
left hand side against right hand side of Eq.(5) as shown in Fig.6. Then the effective thermal 
conductivity λeff, was obtained from αeff by using the relation of Eq. (6). The effective thermal 
diffusivities thus obtained are plotted against n, which represents the reactive gas substance reacted with 
CaCl2, in Fig. 8. The effective thermal diffusivity as well as the effective thermal conductivity depends 
on void fraction that varies with n.  Then λeff is plotted against the overall void fraction ε  in Fig. 9. 
 In the experiment, both the ACF and EG composite beds were allowed to expand or contract freely 
in the first three reaction cycles as shown in Fig. 7. After the third reaction cycle was completed, the bed 
was compressed mildly to reduce its volume. αeff and λeff before compression are shown by open keys 
and those after compression are shown by 
closed keys in Figs. 8 and 9. In Fig. 8 αeff 
decreased with increasing n for all samples 
because of the increase in heat capacity of 
the reactive solid with n. The effective 
thermal conductivity of EG composite 
increased up to 10 times larger than 
untreated CaCl2, indicating that the heat 
transfer property of the bed has been 
improved. 
 In Fig. 9 the effective thermal 
conductivity of EG composite bed before 
compression is about 60% as large as that 
of untreated CaCl2. After the compression 
was applied, the effective thermal 
conductivity increased steeply with the 
decrease in ε ; when the overall void 
fraction was reduced to 0.7 from 0.8, λeff 
increased by three times and when he 
overall void fraction was reduced to 0.64 
λeff was nearly five times larger than that at 
ε = 0.8. On the contrary, the effective 
thermal conductivity of ACF composite 
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was lower than that of untreated CaCl2 and no difference was observed in the dependency of λeff on ε 
before and after compression. 
 It is obvious from Fig. 9 that the steep increase in the effective thermal conductivity is not solely 
due to the decrease in the void fraction, since the dependency of λeff on ε changed after compression. 
The following reasoning will be possible: the particles of EG composite are linked to each other forming 
the continuous path of heat flow by the compression. Reduction of the contact resistance between 
particles as well as that between CaCl2 grain and graphite wall may contribute the increase in λeff. On the 
other hand, the compression seems to cause only the decease in void space between particles in the ACF 
composite. Such a difference from EG composite would be due to the structure of ACF composite where 
CaCl2 and carbon fibers are not mixed microscopically. 
 In Fig. 9 the effective thermal conductivity of CaCl2/CH3NH2 obtained in our previous study [3] 
has also been shown. It was obtained so that the simulated time variations of conversion and temperature 
fit the experimental results measured in a thin packed bed reactor. The estimated λeff of EG 
composite/CH3NH2 is a little higher but close to that of the EG composite/CH3OH in this study. It 
indicates that the volume expansion of CaCl2 due to the absorption of reactive gas brought about the 
similar effect on the contact state of particles by compression.  
 
 
CONCLUSIONS 
 Two composite reactants have been developed combining calcium chloride with expanded graphite 
(EG) and activated carbon fiber (ACF) to enhance the heat transfer in a packed bed reactor. The bed 
volume and the overall void fraction of composite particle bed varied only slightly with the amount of 
methanol reacted, while those of noncomposite or untreated calcium chloride bed were largely 
influenced by reaction. The effective thermal conductivity of EG composite bed was larger than about 
60 % that of the untreated calcium chloride bed under free expansion condition. When the overall void 
fraction was reduced to below 0.78 by compression, the effective thermal conductivity of EG composite 
particle bed was sharply increased. The effective thermal conductivity of AFC composite bed was lower 
than the untreated calcium chloride bed and no effect of compression was observed. 
 
 

References 
1 Valkov V., Dodelet J. P. Dllero T., Nikanpour D., Roy J-Fr. Rondequ L.C. A new thermochemical 

material and reactor for space systems // Proc. of Int. Sorption Heat Pump Conf, Shanghai, 2002. Pp. 
438-443. 

2 Hirata Y., Fujioka K and Fujiki S. Preparation of fine particles of calcium chloride with expanded 
graphite for enhancement of diving reaction for chemical heat pumps // J. Chem. Eng. of Japan, 2003. 
Vol. 37. Pp. 827-832 

3 Fujioka K., Sasaki K., Oido K., Hirata Y. Enhancement of heat transfer in calcium chloride reactor 
bed for chemical heat pumps by use of graphite composite particles // Proc. of 5th Minsk Int. Seminar 
“Heat Pipes, Heat Pumps, Refrigerators”, Minsk, Belarus. 2003. 

4 Mauran S., Parades P., L’Haridon F. Heat and mass transfer in consolidated reacting beds for 
thermochemical systems // Heat Recovery Systems & CHP. 1993. Vol. 13.  Pp. 315-319. 

5 Han J.H., Lee K.H. Effective thermal conductivity of graphite-metallic salt complex for chemical 
heat pumps // Journal of Thermophysics and Heat Transfer. 1999. Vol. 13. Pp. 481-488 

6 Goetz V., Guillot A. An open activated carbon/CO2 sorption cooling system // Ind.Eng.Chem.Res. 
2001. Vol. 40. Pp. 2904-2913. 

7 Aidom Z., Ternan M. Salt impregnated carbon fibers as the reactive medium in a chemical heat 
pump: the NH3-CoCl2 system // Applied Thermal Engineering. 2002. Vol. 22, Pp. 1163-1173. 

8 Nakaso K., Anai M., Sasaki Y., Hamada Y., Fukai J. Improvement of heat transfer characteristics in 
a solid-gas thermochemical reactor // 10th APCChE Congress, Kitakyushu, Japan. 2004. 2G-07. 

9 Dellero T., Sarmeo T. D., Touzain Ph. A chemical heat pump using carbon fibers as additive. part I: 
Enhancemenst of thermal conduction // Applied Thermal Engineering, 1999. Vol. 19. Pp. 991-1000. 

10 Guilleminot J.J., Choisier A., Chalefen J.B., Nicolas S., Reymoney J.L. Heat transfer intensification 
in fixed bed adsorbers // Heat Recovery Systems & CHP. 1993. Vol. 13. Pp. 297-300. 

Fujioka K. et. al.   314

11 Hu E.J., Zhu D.S., Sang X.Y., Wang L., Tan Y.K. Enhancement of thermal conductivity by using 
polumer-zeolite in solid adsorption heat pumps // Trans ASME (Journal of Heat Transfer). 1997. Vol. 
119. Pp. 627-629 . 



 

Fujioka K. et. al.   315

12 Pino L., Aristov Y., Cacciola G., Restuccia G. Composite materials based on zeolite 4A for 
adsorption heat pumps // Adsorption. 1996. Vol. 3, Pp. 33-40. 

13 Ogura H., Miyazaki M., Matsuda H., Hasatani M., Yanadori M., Hiramatsu M. Experimental study 
on heat transfer enhancement of the solid reactant particle bed in a chemical heat pump using 
Ca(OH)2/CaO reaction // Kagaku kogaku Ronbunshu, 1991. Vol. 17. Pp. 916-923. 

14 Fujisawa R., Watanabe F., Kobayashi N., Hasatani M. Operating properties of adsorption heat pump 
driven by a fuel cell // Kagaku kogaku Ronbunshu, 2002. Vol. 28.Pp. 247-254. 

15 Freni A., Russo F., Vasta S., Tokarev M., Aristov Yu.I., Restuccia G. An advanced solid sorption 
chiller using sws-1l // Proc. 3rd Int. Conf. on Heat Powered Cycles, Larunaka, Cyprus. 2004. P. 
1214. 

16 Fujioka K., Hirata Y. Effects of thermal conductivity of a reactor bed on the reaction of 
CaCl2/CH3NH2 used for driving chemical heat pump // 30th National Heat Transfer Symposium of 
Japan, Yokohama, Japan, 1993. Vol. 1. Pp139-141. 

17 Kunii D., Smith J.M. Heat transfer characteristics of porous rocks // AIChE J. 1960. Vol. 6. Pp.71-78.  


