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Abstract 
In this study, we evaluated the SrBr2 hydration reaction rate on repeated cycl-
ing. It was estimated that hydrated SrBr2 particles were expanded by hydra-
tion and condensed to form secondary particles; thus, the hydration reaction 
was reduced by repeated cycles. Using volumetric methods, we examined the 
effect of repetition on the reaction rate for 900 cycles during hydration and 
dehydration and analyzed the reaction rate using the unreacted core-shell 
model. From the experimental and calculated results, we confirmed that reac-
tion rate decreased and the sample particles formed secondary particles after 
900 repeated cycles. By analyzing the unreacted core-shell model, we found 
that the coefficient of H2O diffusion in the particles exponentially decreased 
with increasing repeated cycles. The value of the diffusion coefficient after 
900 cycles was five times lower than that of the first cycle. To achieve stable 
repeated hydration cycles, technology to control the formation of secondary 
particles must be investigated. 
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1. Introduction 

Chemical heat pump (CHP) technology utilizes exhaust heat. CHP can reduce 
the mismatch between supply and demand concerning the timing and grade of 
heat. For example, the cooling mode of CHP can generate cooling power for air 
conditioning, whereas the heat upgrading of CHP can increase heat temperature 
over the exhaust heat temperature. The amount of heat produced by CHP is 
higher than that produced by adsorption or absorption heat pumps using chem-
ical reactions. Thus, the high heat density is an advantage in heat storage tech-
nology [1]. 
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One problem affecting the practical application of CHP is the durability of the 
reversible reaction. Previous studies have suggested that the reaction system for 
CHP should be a pair of natural refrigerants (H2O, NH3, or EtOH) and a hy-
dro-oxide (CaO or MgO), a metal chloride (MgCl2, CaCl2), or metal bromide 
(CaBr2, SrBr2) [2] [3]. This reaction system is a gas-solid reaction system. These 
reaction systems undergo side reactions both before and after the reaction and 
chemical and physical changes, such as the expansion and contraction of reac-
tants. Kato et al. studied the repeatability characteristics of the MgO hydration 
system by thermogravimetric analysis using a composite material comprising the 
reactant and expanded graphite [4]. This study revealed that composite materials 
had high durability concerning the repetition of the hydration reaction com-
pared with pure MgO materials [5]. Ogura et al. evaluated the characteristics of 
the CaSO4 hydration reaction on repeated cycling. This study revealed that ten 
repeated cycles had no effect on the reaction rate, but the reaction rate was de-
creased after 550 cycles [6]. The reason for this decrease was that during the 
hydration and dehydration reactions of CaSO4, irreversible chemical side reac-
tions occurred. The change in the crystal structure of the reactants generated 
by side reactions was driven by the temperature conditions, and it was revealed 
the temperature conditions could be adjusted to maintain high reversibility. 
Kito et al. evaluated the heat output, and the repetition characteristics were 
suppressed below 10%. However, physical changes to the reactants occurred 
[7]. Kuwata et al. evaluated the repetition characteristics for the hydration of 
CaCl2 in a plate tube heat exchanger [8]. The decrease in the reaction fraction 
was less than 10% in this reaction system, and reactor modules had a high du-
rability of repetition. They investigated the reason for the decrease of reaction 
fraction, and it was found that the reactants particle were aggregated and re-
moved from the reactor. In addition, the surface area of the reactants in the 
packed beds after the experiment was twice that before the experiment. It was 
revealed that the repetition reaction resulted in reactions and a change in the 
heat transfer characteristics. 

In this study, we considered the SrBr2 hydration reaction system. The SrBr2 
hydration reaction system has a high H2O absorption capacity and a high heat 
storage density. Thus, this system was evaluated for the utilization of solar ener-
gy [9]. Previously, we investigated the hydration reaction characteristics using 
the unreacted core-shell model [10] [11]. And we calculated the activation 
energy of the hydration reaction and particle diffusion coefficient. Previously, 
Michel et al. have reported the characteristics of this system on repeated hydra-
tion/dehydration cycling [12]. The reaction rate was found to decrease over 
several repeated cycles. In this paper, the SrBr2 hydration reaction characteris-
tics over long-term repeated cycles were determined. We examined the effect of 
repetition on reaction rate for 900 cycles during hydration and dehydration by 
volumetric methods and analyzed reaction rate using the un-reacted core-shell 
model. 
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2. Experimental Procedure 

Figure 1 shows a diagram of the experimental apparatus and SrBr2 sample. In 
this experiment, the reaction characteristics were measured by the volumetric 
method. The experimental apparatus consisted of a reactor cell, a vapor tank, an 
evaporator, and a vacuum pump. Valves were connected between each unit. The 
vapor pressure was controlled by the evaporator and the vacuum pumps. The 
vapor tank volume was 13 L. A pressure transducer (CCMT-100D) was set to 
measure the pressure change of the hydration and dehydration sample. The 
reactor cell was connected to the heating/cooling system by a thermostatic bath. 
The sample in the reactor cell was measured with a Pt resistance tem-perature 
sensor. The SrBr2·6H2O sample was obtained from Kanto Chemical, Inc., in Ja-
pan. The SrBr2·6H2O sample was dehydrated at 353 K, and the sample diameter 
was adjusted to 50 to 52 μm. In this experiment, the sample weight of SrBr2 was 
set 10 mg to maintain a tank pressure change of less than 5%. Table 1 shows the 
experimental conditions. In the repeated cycles, SrBr2·6H2O was generated by 
the hydration reaction, and the dehydrated SrBr2 was generated by the vacuum 
pump. When the hydration reaction rate was measured over the repeated cycles, 
the tank vapor pressure was adjusted in order to obtain SrBr2·H2O, and the hy-
dration reaction was analyzed using Equations (1) and (2). 
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Figure 1. Schematic diagram of the experimental apparatus for the volu-
metric method. 
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Table 1. The experimental conditions. 

 
Repetition cycle Measurement of reaction rate 

Hydration Dehydration Hydration Dehydration 

Tank pressure [kPa] 1.3 0.01 1.23 0.6 

Cell temperature [˚C] 40 40 40 40 

Change of hydration number 0 ⇒ 6 6 ⇒ 0 1 ⇒ 6 6 ⇒ 1 

3. Reaction Rate Model 

Solid-gas isothermal reaction models have been investigated using several ma-
thematical models. Figure 2 shows a schematic of the unreacted core-shell mod-
el for the solid-gas hydration reaction. Previously, we evaluated the SrBr2 hydra-
tion reaction rate using the unreacted core-shell model. It has been shown that 
the reaction rate determining step is affected by the particle diameter. In this 
study, we expected the hydration reaction to be preceded by the particle intra-
diffusion rate step. The reaction rate can be written as in Equation (3). 

( ){ }1 3

3 1 1
1 1

e

ss

e

PdX
Rdt R PX
D

γ
ρ −

 
− = = − 

 − −
            (3) 

Equation (3) was obtained by integrating Equation (4). 
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Equation (4) represents a function of the reaction fraction against time. The 
intraparticle diffusion coefficient was identified by numerical analysis of the tem-
poral change of the reaction fraction based on experiment. In previous studies, 
the atomization of reactant particles or the palletization of reactant particles with 
expansion and contraction was caused by the repeated hydration and dehydra-
tion cycles. Thus, for the hydration reaction analysis model, the grain reaction 
model is more appropriate than the unreacted core-shell model. However, it is 
challenging to apply the grain reaction model to the hydration reaction because 
of the effects of diffusion resistance of single particle intradiffusion and the pal-
letization of secondary particles. In this analysis, we assumed that the coefficient 
of intraparticle diffusion was changed with repeated cycling. The change in the 
diffusion resistance of the reactant with repeated cycling was standardized by the 
change in the intraparticle diffusion coefficient. 

4. Experimental Results 

Figure 3 shows the typical pressure variation of hydration with repeated cycles. 
The pressure of the tank decreased with increasing hydration, but the value of 
the pressure change was very small compared to the initial H2O tank pressure. 
As shown in Figure 3, the decreased tank pressure rate changed with repeated 
cycling. The maximum reactant temperature change was 0.2˚C over 900 cycles.  
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Figure 2. Schematic diagram of the unreacted-core shell model for the solid-gas 
hydration reaction. 

 

 
Figure 3. Typical variation in the tank pressure and cell temper-
ature with time and repeated cycles. 

 
The thermal resistance of the reactant was very low. Thus, the thermal resistance 
during repeated cycling was not affected by the hydration rate. Figure 4 shows 
the reaction rate with increasing number of repeated cycles. After 10 cycles, the 
hydration reaction was completed within 50 s. On the other hand, those of 500 
and 900 cycles were completed within 250 and 300 s, respectively. It can be no-
ticed that the time for complete hydration increased. While, the hydration reac-
tion rate decreased with increasing repeat cycle number. Figure 5 shows a typi-
cal f(X) plot reaching Xreact = 0.9 for hydration over repeated cycles. The f(X) plot 
for the intraparticle diffusion rate is fairly linear. The coefficient of intraparticle 
diffusion with repeated cycles was calculated from the slope of the f(X) plots. 
Figure 6 shows the coefficient of intraparticle diffusion with increasing repeated 
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cycles. Table 2 summarizes the coefficients of intraparticle diffusion. From the 
results, we found that the resistance of H2O diffusion increased as the number of 
repeated cycles increased. The value of the coefficient of diffusion after 10 cycles 
was ten times higher than that after 900 cycles. Figure 7 shows a photograph of 
reactor cell after 900 cycles. The particle diameter had increased, and secondary 
particles had formed by condensation with each primary particle. For example, a 
secondary particle with a diameter of 1 mm was formed after repeated cycling 
(before repeated cycling: 42 - 50 μm). Therefore, we estimated that the H2O dif-
fusion resistance of the sample particles increased with increasing generation of 
secondary particles by repeated cycling. 

 

 
Figure 4. Typical variation in the reaction fraction with time 
and repeated cycles. 

 

 
Figure 5. f(X) plots reaching Xreact = 0.9 for a particle di-
ameter of 50 μm. 
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Figure 6. The coefficient of intraparticle diffusion with repeated cycles. 

 

 
Figure 7. Photographs of the SrBr2 sample before and after repeated cycles. 

 
Table 2. The change of coefficient of particle diffusion with repeated cycles. 

Cycle number 3 10 50 100 200 300 500 700 900 [-] 

Deff 9.23 5.49 3.47 3.44 1.65 1.49 0.93 0.67 0.52 ×1012 [m2/s] 

 
In the future, we will evaluate the secondary particle formation step of the hy-

dration reaction and calculate the coefficient of secondary particle diffusion us-
ing the grain model. In addition, we will investigate control technology for the 
prevention of condensation during repeated cycling. 

5. Conclusion 

We evaluated the SrBr2 hydration characteristics with repeated cycles by experi-
ment. From the experimental results, we found that the SrBr2 hydration reaction 
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were analyzed using an unreacted core-shell model. The coefficient of intrapar-
ticle diffusion decreased with increasing repeated cycles as the diffusion resis-
tance in the particles increased. In the future, we will evaluate the formation of 
the secondary particles and investigate control technology for the prevention of 
condensation during repeated cycling. 
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Nomenclature 

f(X) = fraction of Alenius plot       [-] 
Deff = coefficient of diffusion       [m2·s−1]  
n = molecular         [mol] 
P = pressure         [kPa] 

Rs = particle diameter        [m] 
Rg = gas constant         [kJ·K−1·mol−1] 
T = temperature         [K] 
t = time           [s] 
V = volume          [m3] 
X = reaction fraction        [-] 
ρ = density          [kg·m−3] 
γ = reaction rate         [s−1] 
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