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Abstract 
This study deals with the enhancement of heat transfer in a reactor bed for gas-solid reaction of calcium 

chloride with methylamine, which can be utilized for driving a chemical heat pump, by using composite particles 
of calcium chloride and expanded graphite.  Reaction and heat transfer characteristics of the composite particles 
were investigated experimentally with a thin packed bed reactor in the temperature range from 298K to 318K.  
Simulation analysis of the heat transfer in the bed has also been conducted using the measured time variations of 
conversion.  From a comparison of calculated temperature variations with measurements, it has been confirmed 
that the temperature increase in the bed was caused by the adsorption heat as well as by the reaction heat.  The 
effective thermal conductivity of the bed packed with composite particles has been estimated by combining 
simulation analysis with the experimental results.  The effective thermal conductivity thus estimated was ten times 
as large as that of the untreated calcium chloride bed.  It is also shown that the high thermal conductivity of 
composite particles contributes not only to considerable reduction in the temperature increase but also to uniform 
reaction progress in the reactor bed. 
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INTRODUCTION 
    The gas-solid reaction of calcium chloride with methylamine is applicable to driving a chemical heat 
pump for refrigeration or air conditioning using low-level thermal energy below 353 K.  For developing 
highly efficient gas-solid chemical heat pumps, it is indispensable to improve the heat transfer in a 
reactor bed since a large temperature increase or decrease due to low thermal conductivity of the bed 
may cause a significant decrease in the overall reaction rate. 
 
Various methods have been proposed to enhance the heat transfer in a bed; insertion of fins [1]-[3] or 
metallic foam [4] into the bed and preparation of a matrix of reactive salt mixed with an inert material of 
high thermal conductivity or a consolidated porous medium by sintering a mixture of calcium chloride 
and expanded graphite [5]-[7]. In addition, such media must have high permeability for the passage and 
diffusion of reactive gas. It can also be a solution to carry out the reaction in slurry of reactive salts 
suspended in an inert solvent [8]-[10]. 
 
In order to promote the gas-solid reactions for chemical heat pumps, we have developed a method to 
precipitate fine particles of calcium chloride in the small pores of expanded graphite.   We showed that 
the overall rate of reaction with methanol increased nearly double by using the composite particles thus 
prepared [11].  Such an increase is probably due to the unique structure of the composite particles, which 
are endowed not only with high thermal conductivity but also with high surface area and high 
permeability.  In this study, with the purpose of getting more detail information of the heat transfer 
characteristics of composite particle bed, the reaction with methylamine has been conducted and the 
effective thermal conductivity of the composite particle bed is evaluated by combining simulation 
analysis with the experimental results. 



 

2. EXPERIMENTAL 
 
2.1 Samples 

    
Samples used for the experiments were untreated CaCl2 particles (mean diameter is 256 µm) and 
composite particles prepared by the method described in our paper [11].  Figure 1 shows SEM 
photographs of expanded graphite (a), untreated CaCl2 (b), and composite particle (c).  Expanded 
graphite is an extremely fluffy material with 0.03 g/cm3 of bulk density and has many pores with several 
to several dozen microns separated by thin graphite walls.  In composite particles, fine grains of CaCl2 
have been generated in the pores of expanded graphite.  The grains in composite particles are much 
smaller than those in untreated CaCl2 particle as one can see by comparing Fig.1(b) with Fig.1(c).  The 
specific area of composite particles calculated from pore volume measured with a mercury porosimeter 
is 1.7 times as large as that of untreated CaCl2 particles [11].  
  
2.2 Experimental apparatus and initial reactions 
    Figure 2 shows the apparatus and the reactor vessel used for the experiment.  A packed bed of 80mm 
in diameter was formed in cylindrical space bounded by a Teflon ring placed on the bottom plate of the 
reactor vessel, into which thermocouples of 0.25mm in outer diameter were inserted.  The height of the 
packed bed was 2mm or 6mm for untreated CaCl2 particles and 2mm for composite particles.  The top of 
bed was covered with a perforated plate of stainless steel in order to keep the bed height constant when 
the bed expanded due to the absorption reaction. 
 
Calcium chloride reacts with methanol according to the following equations,  

  ,        (1) 232232 NH2CHCaClNH2CHCaCl ⋅=+

 ,   (2) kJ/mol3.46,NHCH4CaClNHCH2NHCH2CaCl r23223232 −=∆⋅=+⋅ H

 ,   (3) kJ/mol7.47,NHCH6CaClNHCH2NHCH4CaCl r23223232 −=∆⋅=+⋅ H

where the products are expressed in a general form of with n=2,4,or 6. 232 NHCHCaCl n⋅

 Methylamine gas was supplied into the reactor vessel to start the absorption reaction.  After the 
absorption reaction was completed, the reactor vessel was evacuated to promote the desorption reaction.  
The equilibrium pressure for the reaction of Eq.1 is so low that the reaction can be regarded as 
irreversible under the experimental condition.  Hence, the moles of methylamine gas reacted with CaCl2, 
n, in , changes from 0 to 6 in the first absorption reaction and then from 6 to 2 in the 
subsequent desorption reaction.  After the first reaction cycle finished, two reaction cycles were 
repeated between n=2 and n=6 before the measurements.  These operations were required for the sake of 
completing the irreversible initial expansion of reactive particles and making the state of reactor bed 
stable. 

232 NHCHCaCl n⋅
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3. SIMULATION ANALYSIS
 
3.1. Basic equations 
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where ∆Hr is the reaction heat per one mole of methylamine, ε the void fraction of bed, Cp the heat 
capacity of reactive solid, and λeff the effective thermal conductivity. 
 
The reaction heat Q∆θ produced during the time 
increment ∆θ was calculated using the measured 
conversion increase ∆X=(dX/dθ)∆θ, and then 
Eq.4 was numerically solved to obtain the bed 
temperature by taking λeff as a parameter.  Due 
to the non-uniform temperature distribution in 
the bed, the reaction does not proceed uniformly 
in the bed, which also makes the conversion 
locally distributed.  In the experiments, however, 
only the average conversion was obtained from 
the mass flow rate of methylamine gas into the 
reactor.  Then the local conversion X(r, z) was 
calculated by taking account of the effect of 
temperature distribution on local reaction rate 
which was assumed to be expressed by the rate 
equation for surface reaction.  The local 
conversion X(r, z) was used for calculating Q, as 
mentioned above.  It should be noted that 
thermophysical properties of CaCl2 reactive 
solid vary with reaction.  The heat capacity Cp 
and the molar density ρ were expressed as 
functions of conversion  X(r,z) using the 
correlation equations reported in our previous 
study [12]. 
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3.2. Verification of simulation model 
   From the measured temperatures in the bed 
without reaction, λeff was evaluated by solving 
Eq.4 with the following boundary condition; the 
temperature measured on the bottom surface of 
the bed Tb(θ), and the temperature on the outer 
surface of the vessel Tout(θ),  
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where the origin of z coordinate is taken on the 
bottom surface of the reactor, zw is the thickness 
of the bottom plate of the reactor vessel, r0 and 
z0 are the radius and height of the reactor vessel 
respectively.  For each experimental condition, 
λeff was determined so that the calculated 
temperature distribution fitted to the measured 
one as closely as possible.  In Fig.3, λeff thus 
obtained are plotted against the bed void 
fraction ε together with the experimental results 
in our previous study [13].  The variations of  
λeff with ε in the present and previous studies are 
fairly in good agreement with each other, 
showing the validity of the simulation model in 
this study. 

Fig. 5. Time variations of temperature and 
conversion of bed (Composite particles, 2mm) 
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4. RESLTS AND DISCUSSION 
 
4.1. Measured time variations of conversion 
and temperature in bed 
    Figure 4 shows a typical example of 
experimental results; time variations of 
conversion (closed keys) and temperature at 
the upper surface of the untreated CaCl2 bed 
(open keys) measured at Tw=308K and gas 
pressure in the reactor P=152kPa.  Figure 5 
shows the variations in the composite particle 
bed under the same experimental condition.  It 
is clear that the reaction in the composite 
particle bed proceeds faster than that in the 
untreated CaCl2 particle bed, but the 
temperature rise in the former bed is small 
although the rate of reaction heat were larger 
due to its larger reaction rate.  Such a feature 
was observed in all experimental results, 
which cannot be reasonably explained if the 
thermal conductivities were considered the 
same in both beds.  It is conjectured that the 
thermal conductivity of the rector bed has 
been considerably improved by using the 
composite particles. 
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4.2. Estimation of the heat generated 
during reaction progress 
    The time variations of temperature 
calculated by the method described in 3.1 are 
shown using solid and doted lines in Figs.4 
and 5.  When only the reaction heat for the 
reaction (2), ∆Hr=46.3 kJ/mol, was taken into 
account of the calculation, the calculated 
temperature was much lower than the 
measured one as shown by the doted line in 
Fig.4.  Since the calculations of bed 
temperature without reaction was in good 
agreement with the measurements as 
descirbed above, the equations and parameters 
used for the calculation is considered adequate 
for the case without reaction.  Therefore, the 
disagreement between two curves in Fig.4 will lead to a possibility that the amount of heat generation 
used for the calculation was not adequate.  In the CaCl2/CH3NH2 reaction system, adsorption of reactive 
gas on the solid surface takes place along with the reaction progress.  Hence, it is reasonable that the bed 
temperature increases not only by the reaction heat but also by the adsorption heat.  Calculations were 
then conducted for the untreated CaCl2 bed by taking the heat produced in the bed Q as a parameter.  The 
value of Q, which gave the closest agreement with the measurements as shown by the dotted line in 
Fig.4, was determined to be 1.7 times as large as the reaction heat ∆Hr.  In other words, the adsorption 
heat of 0.7 times as large as ∆Hr was generated during the absorption process. 
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4.3. Estimation of effective thermal conductivity of composite particles bed 
    Based on the results described above, the temperature in the composite particle bed was calculated by 
substituting 1.7∆Hr for the amount of heat production and taking λeff as a parameter in Eqs.4 and 5.  The 
effective thermal conductivity λeff was obtained by fitting the calculated time variations of the bed 
temperature to the measured variations.  Good agreement was obtained between them when the effective 
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thermal conductivity was set to be ten times as large as that of the untreated CaCl2 bed.  An example of 
calculations is shown in Figure 5 by a solid line. 
 
It is considered that such a large thermal conductivity of the composite particle bed is mainly due to the 
heat flow through the walls of the expanded graphite, in the pores of which fine grains strongly adhere to 
each other.  For the untreated CaCl2 particles, the shape and aggregate state of the grains of CaCl2 
largely changed from the initial state during several reaction cycles, which leads to a significant 
decrease in the thermal conductivity [14].  However, such changes have not been observed for the 
composite particles.  It is another important factor for the high thermal conductivity of the composite 
particle bed. 
 
4.4. Conversion profile in bed 
    Figure 6 shows two-dimensional conversion profiles in CaCl2 bed with 6mm height (Fig.6(a)), CaCl2 
bed with 2mm height (Fig.6(b)) and composite particle bed 2mm height (Fig.6(c)) under the same 
reaction condition of P=152kPa and Tw=308K.  The average conversion in the bed was fixed to Xav=0.4 
in all cases.  In 6mm CaCl2 bed, the reaction progress was so slow that it took about 3x103 seconds to 
reach Xav=0.4.  This is due to the large temperature increase in the bed.  The local conversion in 6mm 
CaCl2 bed was largely different depending on the position.  The conversion reached nearly 0.8 at the 
bottom of bed, while the reaction hardly proceeded at the center of bed.  In 2mm CaCl2 bed, the 
difference in local conversion is not so large as compared with those in 6mm CaCl2 bed.  On the contrary, 
the reaction progress was fast in the composite particle bed.  The reaction time was as short as 3.75x102 
seconds to reach Xav=0.4 and the reaction progress is almost uniform throughout the bed. 
 
5. CONCUSION 
    The heat transfer characteristics in the reactor bed with the untreated CaCl2 particles or the composite 
particles of CaCl2 and expanded graphite have been analyzed by combining simulation calculation with 
experimental results.  It was found that due to the adsorption heat the total heat production during the 
reaction was 1.7 times as large as the amount of heat generated by the exothermic chemical reaction.  
The effective thermal conductivity of the composite particle bed estimated from the measured 
conversion progress was about ten times as large as that of the untreated CaCl2 particles.  Such a large 
increase in the effective thermal conductivity contributes significantly to the promotion of the overall 
reaction as well as to the uniform reaction progress in the bed.  
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Nomenclature 
Cp specific heat  [J mol-1·K-1] 
n moles of methylamine reacted with one mole of CaCl2  [-] 
P pressure of methylamine gas  [Pa] 
Q heat generation  [W·m-3] 
r0 radius of reactor vessel  [m] 
T temperature  [K] 
z0 height of reactor vessel  [m] 

Greek letters 
∆H r  enthalpy  [J·mol-1] 
ε overall void fraction of bed  [-] 
λeff effective thermal conductivity  [W·m-1·K-1] 
θ time  [s] 
ρ X conversion  [-] 
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