FINAL REPORT

Visit of Yuriy Aristov from May 18 to May 29, 2009 within “short term mobility program”
New composite sorbent of water, namely, LiNO3/silica KSK (SWS-9L) was synthesised in the Boreskov Institute of Catalysis (BIC) and supplied to ITAE for further testing. Preliminary analysis showed that this composite can be interesting for adsorptive transformation of heat with temperature potential as low as 65-70 oC. The amount of the dry material was 500 g. According to the program of the visit it was tested via a CAHN 2000 balance to measure kinetics and isobars of water sorption. Additionally, a lab-scale prototype of adsorptive air conditioning unit (AACU) has been used to study its performance under typical operating conditions of AACU. 

1. Measuring water sorption kinetics and isobars

1.1. Experimental. The SWS sample was prepared by impregnating the silica KSK with a saturated solution of LiNO3 at T = 25 oC. Grain size of 0.25 to 0.5 mm was selected. 

The kinetics of water sorption was measured with a constant pressure unit based on a CAHN microbalance. The typical weight of the dry sample was 22-25 mg. Typical experimental run was as follows. The sample was heated up to 150 °C for 5-6 hours and then cooled down to the measuring temperature under continuous pumping (P ( 10-3 mbar). Then the measuring cell was disconnected from the pump and connected to an evaporator maintained at fixed temperature between 1.0 and 41.0 °C. The pressure in the measuring cell was rapidly elevated up to the pressure in the evaporator and then remained constant. The sample mass was increasing due to the water sorption and was measured as a function of time at fixed T and P(H2O) to calculate the amount mt of water sorbed. After the kinetic curve at fixed P(H2O) had been recorded, the evaporator was disconnected from the measuring cell and its temperature was increased to fix the proper pressure for the next kinetic test and so on. The measurements were performed at T = 50 °C. The temperature in the measuring cell was controlled using a thermoregulator with an accuracy of (0.3°C. 

1.2. Kinetics of water sorption. Kinetics of water sorption on SWS-9L was studied by the Isothermal Differential Step method at T = 50 oC and the pressure range 10 – 36 mbar. After a step-wise jump of pressure that took 5 – 10 s, the weight was reaching its equilibrium value for some tens minutes. For the new composite, the dependence of the water uptake on the square root of time turned out to be linear at short times mt/m( = A
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 that is in line with the isothermal Fickian Diffusion (FD) model. The process is faster at higher temperatures. The slope  
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allows the calculation of the diffusion constant kD = 
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 as well as the apparent water diffusivity Dap = A2 Rp2/36, where Rp is the radius of sorbent grains. The effective pore diffusivity De can be calculated according to De = Dap [ + ( -1)K]/. Here  is the porosity of the composite grains ( = 0.43) and K is the local slope of adsorption isotherm K = dw/dc, which can be calculated from the experimental data. The average De-value is close to the Knudsen diffusivity, calculated for a cylindrical pore of diameter dp= 15.0 nm: Dkn=
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= 3.310-6 m2/s. In our opinion, this indicates the Knudsen diffusion as a rate limiting mechanism of water sorption on SWS-9L. This allows the estimation of the specific cooling power SCP that can be obtained in the adsorptive chilling cycle as 0.58 W/kg of the dry adsorbent. Direct measurement of this value confirms this estimations (see Section 2). 

1.3. Isobars of water sorption. Isobars of water sorption are very useful for plotting a 3T cycle of AACU and analysing its performance under typical operating conditions. We selected four temperatures Tev = 10 and 15 oC, Tcond = 35 oC and measure the appropriate three isobars. For the isobars at Te = 10 and 15 oC or P(H2O) = 12.6 and 17.6 mbar we have measured both adsorption and desorption branches, while for P(H2O) = 56.7 mbar only the desorption one. 
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Fig. 1. Isobars of water adsorption and desorption for SWS-9L at P(H2O) = 12.6 mbar. 

The isobars of water adsorption and desorption for SWS-9L at P(H2O) = 12.6 mbar and 17.6 mbar demonstrate a hysteresis, so that the desorption branch is shifted by 5-7 oC to higher temperature. The nature of this hysteresis is unknown and should be a subject of future study. This hysteresis does not affect the AACU performance because only adsorption branch is important. 
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Fig. 2. Isobars of water adsorption and desorption for SWS-9L at P(H2O) = 17.6 mbar. 

Measured isobars allow plotting a 3T cycle of AACU (Fig. 3). For Te = 10 oC, Tc = 30 oC and Tc = 35 oC the desorption starts at the temperature Tdes = 55 oC and finishes at 64 oC. The water exchange in this cycle is 0.16 g/g that theoretically may allow the COP about 0.4-0.6. 

[image: image5]
Fig. 3. Heat transformation cycle plotted for Te = 10 oC, Tc = 30 oC and Tdes = 64 oC. 

2. Study of SWS-9L performance under typical operating conditions of AACU

The aim of this activity is to evaluate the real performance of a composite sorbent of water SWS-9L which was specifically designed for utilization in adsorption machines driven by low temperature heat. Its real performance was measured by testing the sorbent in a single bed adsorption chiller installed at CNR ITAE laboratory (1kW max cooling capacity). With this aim, 348 g of sorbent grains 0.25-0.425 mm in size were embedded inside a compact heat exchanger of a finned flat-tube type. This configuration presents the following peculiarities: a) compactness and low weight, as the heat exchanger is made of aluminium; b) good heat transfer properties due to the high heat transfer area; c) high vapour permeability provided by a granular packaging mode. Fig. 4 shows the test facility which consists of a testing station for providing external heating and cooling energy at the required temperature and the 1 kW adsorption chiller itself. The main component of the chiller is the vacuum chamber where the adsorber is placed. The chamber is connected to an evaporator and a condenser by means of pneumatic vacuum valves (Fig. 4). 
[image: image6.emf]
Fig. 4. The CNR-ITAE test facility with 1kW single bed adsorption chiller 

A data acquisition and control system was specifically realized and interfaced with PC by Labview environment. The system operation is fully-automatic allowing continuous cycling at fixed working conditions. The following durations of the four stages of AACU cycle were selected (in seconds): 10-X-20-(355-X) (total time 385 s) and 10-X-20-(355-X) (total time 600 s). The values of X are displayed in Table 1. 

The measurements were focused on evaluating the effect of the cycle time and, in particular, the durations of desorption and adsorption stages on the cooling COP and the Specific Cooling Power.  Table 1 reports these values for two fixed cycle times (385 and 600 s) measured for the above described adsorber “SWS-9L embedded into finned flat-tube type heat exchanger”. All experiments were carried out by fixing the same inlet temperatures of the external heating/cooling fluids (Tboil = 95 °C, Tev = 10 °C, Tcon = 30 °C). The mentioned desorption temperature 95 °C measured in the boiler was much larger than the actual temperature of the heating fluid at the inlet of the adsorber Tin which depends on the working conditions and varied between 78 and 88 oC (Table 1). For short desorption times which are most optimal for efficient cycle operation, this temperature is close to 78-79 oC, while the maximum temperature in the adsorbent bed is just 70 oC or lesse. Nevertheless, this material exchange sufficient amount of water even under these very unfavorable conditions. Moreover, when we reduced the boiler temperature down to 75 oC, so that the maximum inlet temperature was 69 oC and the maximum bed temperature was only 64.5 oC, both the COP and SCP still were quite reasonable, 0.155 and 193 W/kg, respectively (see the first line in Table 1). These parameters are likely to be improved if the desorption time is reduced.  
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SETTING: Tboiler=75°C Tev=10°C Tcond=30°C 

Test2 22.05.2009 (75-10-30)15-200-20-2606964,479,5129,7220,214950,155193133

SETTING: Tboiler=95°C Tev=10°C Tcond=30°C 

Test6 22.05.2009 (95-10-30)10-80-20-27579,0571,69,4929,5920,13850,137240,8120

Test2 22.05.2009 (95-10-30)10-100-20-25578,7970,859,1929,4820,293850,176317,6170

Test3 22.05.2009 (95-10-30)10-127-20-22882,3874,939,3929,6920,33850,128256155

Test4 22.05.2009 (95-10-30)10-154-20-25184,877,829,4129,720,293850,113217,25150

Test5 22.05.2009 (95-10-30)10-177-20-17886,3779,979,629,6220,023850,086144115

Test1 25.05.2009 (95-10-30)10-100-20-47077,9659,429,5420,146000,186230,32105

Test3 25.05.2009 (95-10-30)10-150-20-42082,1470,179,4329,520,076000,19257133

Test4 25.05.2009 (95-10-30)  lamination valve 10-200-20-3708674,999,1929,520,316000,1639223,7132

Test4 25.05.2009 (95-10-30)  10-200-20-37085,9674,689,2229,5420,326000,16209124

Test6 25.05.2009 (95-10-30)  10-240-20-33088,674,99,129,3820,286000,143200132

Test6 25.05.2009 (95-10-30)  10-285-20-28589,6178,669,2329,3920,166000,13180,38139


Table 1 – experimental conditions and results
Very important finding of these experiments is that for short AC cycles the COP is much more sensitive to the choice of duration of the desorption tdes and adsorption tads stages than the Specific Cooling Power (SCP) (Figs. 5 and 6). Hence, a proper choice of tdes is of supreme importance. We found that the optimal desorption time is 2-3 times shorter that the adsorption, and for optimal ratio tdes/tads both the COP and SCP may be increase almost twice in respect with the case tdes = tads, which has been tested before (Table 1). The sharp dependence COP(tdes) is due to the fact that at tdes < tdes(optimal) adsorbed water can not be completely desorbed. Indeed, if take into consideration that under our experimental conditions the overal tdes = theat + tdes(water) consists of the heating time theat ( 20-30 s and the entierly desorption time tdes(water) ( 70-80 s, one needs at least 100 s for the complete water desorption (at Tin ( 80 oC). The time for the complete adsorption can be estimated as 250-280 s together with the cooling time. Hence, the total cycle time should be about 350-400 s that allows reaching both the high COP and SCP. It is confirmed by the results of Table 1. At longer cycle time it is possible to increase the COP in the expense of SCP. 


[image: image8]
Fig. 5. COP as function of desorption stage duration. 1 - (t = 385 min., 2 - (t = 600 min.

[image: image9]
Fig. 6. SCP as function of desorption stage duration. 1 - (t = 385 min., 2 - (t = 600 min.
The material was partially destroyed during the experiments performed. After sieving we found that app. 80 % of the used material has the grain size smaller than 0.25 mm, means these grains were destroyed due to the cycling (Fig. 7). Hence, the hydrothermal stability of SWS-9L is not sufficient, probably, because of low mechanical properties of the matrix (silica gel) and large change of the molar volume during the hydration and dehydration reaction. Probably, this is especially destructive at short cycle times and fast transformations “salt – hydrate”. 
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Fig. 7. Distributions on the grain size R before (right bar) and after (left bar) cycling: 1 - R > 0.25 mm, 2 – 0.15 mm < R < 0.25 mm, 3 - 0.045 mm < R < 0.15 mm, 4 - R < 0.045 mm. 

Conclusions

1. Kinetics and equilibrium of water sorption on SWS-9L have been measured. 

2. The new composite SWS-9L based on LiNO3 as an active salt ensures a good performance under very low regeneration T < 70 oC. 

3. Its hydrothermal stability has to be improved. 

4. Optimal cycle parameter have been reached at short cycle times (10 min. and less) with the duration of desorption phase 2-3 times longer that that of the adsorption phase. 
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[image: image15.wmf]SWS-9L, 12.6 mbar, ad/desorption
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[image: image16.emf]SWS-9L, 17.6 mbar, ad/desorption
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