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This paper introduces the results of an experimental study on the adsorption and desorption kinetics of a commercially available, open-structured asymmetric plate heat exchanger adapted to act as an adsorber/desorber for the application in adsorption heat transformation processes. In addition, a volumetric large temperature jump (V-LTJ) kinetic setup was applied to measure the adsorption and desorption kinetics of a small-scale adsorbent sample prepared dedicatedly to be representative for the adsorbent domain inside the investigated adsorber plate heat exchanger (APHE). All kinetic results of the small-scale adsorbent sample and the APHE were fitted into exponential forms with a single characteristic time constant (τ) with a coefficient of determination (R2) better than 0.9531. A very good matching between the small-scale and full-scale adsorption kinetic measurements was obtained, with an average relative deviation of 12.3% in the obtained τ-values. In addition, the kinetic data of the small-scale adsorbent sample were utilized for estimating the expected specific instantaneous and moving average powers of the evaporator/condenser heat exchanger. The average relative deviation (ARD) between the moving average specific evaporator powers obtained from the small-scale and the full-scale measurements amounts between 5.4 and 15.1%.
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INTRODUCTION
The adsorber/desorber heat exchanger (Ad-HEx) is the core component of an adsorption system. Realizing highly efficient and durable Ad-HExs is crucial for improving the performance and sustainability of adsorption appliances. Concerning the durability, special care has to be taken regarding the adsorbent material as well as the Ad-HEx construction materials. The cycling stability of the adsorbent material deems to be a crucial requirement for building a sustainable adsorption system. Many adsorbents, which seem highly promising in terms of the adsorption capacity, thermal properties and diffusion characteristics, do suffer from poor hydrothermal cycling (Furukawa et al., 2014). The adsorbent could be in form of loose pellets or consolidated layers, which are mostly produced by dip-coating (Freni et al., 2015a; Oh et al., 2017) or in-situ crystallisation methods (Tatlıer, 1999; Bonaccorsi and Proverbio, 2004; Bonaccorsi et al., 2013). Aside from the mechanical robustness of the adsorbent, the release of some non-desired inert gases could be associated with the dip-coated heat exchangers, upon conducting successive adsorption and desorption processes. It is related to adding some organic binding materials in the coating process of the adsorbents (Freni et al., 2015b). Therefore, the release of non-condensable gases from binder degradation is expected in coated adsorber heat exchangers, leading to a significant reduction of their start of life performance (Sapienza et al., 2016). In-situ crystallization technology has been utilized to produce coating adsorbents without a binder content (Tatlıer, 1999; Bonaccorsi and Proverbio, 2004; Bonaccorsi et al., 2013), however this technology is quite costly and a very limited thickness can only be realized (20–150 microns) (Freni et al., 2015a). To sum up, the adsorbent and its binder system have to be stable. The utilization of loose pellets of adsorbents inside the adsorber heat exchanger is a cheaper alternative to coating or in-situ crystallization. Loose pellets offer a high cycling stability than coatings as well as a high mass transfer area per unit mass.
The construction material of the Ad-HEx has to be highly resistive against corrosion, otherwise inert gases will release out of corrosion reactions resulting in a continuous performance reduction and, on the long term, in destroying the heat exchangers and, consequently, the whole machine (Freni et al., 2015b; Palomba et al., 2017). For small-scale systems dedicated for single and double family houses, where the installation of a vacuum pump for maintenance is not allowed, aluminium has to be avoided as a construction material of the Ad-HEx, as it is subjected to high corrosion rates under pure water vapour, ethanol and methanol atmospheres (Calabrese et al., 2012; Caprì, 2020).
Indeed, the heat transfer characteristics of in-situ crystalized coatings are quite high, leading to high specific power outputs (per kgadsorbent). The limited coating thickness restricts, however, the Coefficient of Performance (COP) and the volumetric storage density (Freni et al., 2015a), if applied as a storage system. On the other hand, making use of loose pellets results in relatively high COP and volumetric storage density with a comparable specific power output (per kgadsorbent) with the binder-coating form, if the pellets’ size and the adsorbent bed thickness are carefully optimized. In (Freni et al., 2007; Gong et al., 2011; Santamaria et al., 2014), it was demonstrated that a layer of loose pellets can provide the same specific power of a coated adsorbent layer. The adsorption dynamics obtained upon conducting adsorption processes on small adsorbent samples in form of monolayer or even multilayers (if n < =4) of adsorbent grains seem to be very promising. Chakraborty et al. (2014) have estimated 5 kW/kg as a specific cooling power of an adsorption chiller having the adsorbent in form of monolayer of loose silica gel pellets.
The adsorbent-adsorbate equilibrium properties, their thermal properties and the mass diffusion characteristics do very much influence the performance of an adsorption appliance. For instance, some MOFs, such as MIL-100 and MIL-101 families, have recently attracted high attention due to their high capacity of water adsorption (Canivet et al., 2014). Graf et al. (2020) have carried out experimental investigations on the dynamics of water adsorption in two different MOFs; namely, MIL-101(Cr) and NH2-MIL-125, and compared them with Siogel, which is characterized by a relatively lower capacity for water adsorption. The study showed that, for the common temperature set 10/30/80°C, MIL-101(Cr) has demonstrated the highest adsorption capacity, but with significantly lower COP (−19%) and volumetric cooling power (−66%) than Siogel. NH2-MIL-125 demonstrated improvement in the COP by 18% compared with Siogel, but with a reduction in the power density by 28%. From the results, they concluded that, the low performance of the two investigated MOFs compared with Siogel are due to the non-matched shape of their isotherms to the specific operating temperatures. Finally, they returned the low efficiency of the MOFs to their lower heat and mass transfer characteristics compared with Siogel.
Concerning the system’s specific power output (SP), adsorber heat exchangers that provide large area for the heat transfer are quite favourable. The finned, flat- and circular-tube heat exchangers attracted, therefore, intensive attention for the application as Ad-HExs, thanks to their relatively large extended heat transfer surface area. Several communications addressed the optimization of the distance between the fins and fin geometry, thickness, and height (Li et al., 2004; Niazmand and Dabzadeh, 2012; Çaǧlar, 2016)However, the effect of the thermal resistance at the fin-root-surface interface on the overall heat transfer coefficient is usually ignored, which should not be the case. Many studies demonstrated that, this interfacial heat transfer resistance governs the heat transfer in the Ad-HEx and, hence, its performance (Hajji & Khalloufi, 1996; Waszkiewicz et al., 2009; Gordeeva et al., 2014; Golparvar et al., 2018). Ilis et al. (2019) investigated numerically the performance of an innovative star-shaped finned tube Ad-HEx. They investigated the effects of the material of construction of their Ad-HEx tube and fins. An almost linear increase of the specific cooling power from 15 to 47 W/kg of silica gel has been reported on upon increasing the aluminium fraction inside the adsorbent coating from zero to 60%. As the SP and the COP are the most important performance indicators of an adsorption appliance, the proper design of the Ad-HEx is a trade-off between the design parameters governing the heat and mass transfer in the adsorbent domain and the thermal capacity of the Ads-HEx (Hong et al., 2015; Bau et al., 2017). In order to achieve a sustainable development, the corrosion potential between some metals (e.g. aluminium) or metal mixtures and the refrigerant (water or ethanol) upon constructing an adsorption system should be taken into account.
So far, the publications dealing with the experimental investigation of small-scale adsorbent samples for predicting the performance of real adsorber heat exchangers showed differences in the adsorption and desorption dynamics of up to a factor of 10 in favour of the small-scale adsorbent samples. Aristov et al. (2012) investigated the adsorption dynamics of small adsorbent samples configured in different layer numbers (n: 1–8) and with different grain sizes. They defined the ratio (S/m), which refers to the heat transfer surface area to the adsorbent dry mass. The ratio (S/m) can be used as a configuration characteristic factor of the adsorbent sample instead of the number of the lose grain layers. From the ratio (S/m) and the average grain size of the sample, the average number of the grain layers composing the sample can be estimated. Although the specific output powers estimated from the experimental data of the investigated samples, if they could be applied in real adsorber heat exchangers, were very promising, the experimental data of the investigated adsorber heat exchangers, which have similar (S/m) and grain size, demonstrated specific output powers 2 to 10 times lower than those estimated from the small samples (Aristov et al., 2012; Aristov, 2020). This quite large difference is returned in (Aristov et al., 2012; Aristov, 2020) to some imperfections in the system components and to some issues related to process organization, such as cycle time, isobaric phase durations, heat and mass recovery and residual air. Beside the attributions reported in (Aristov et al., 2012; Aristov, 2020), those differences in the adsorption dynamics between the small-scale samples and the full-scale adsorbers should be, in addition, dedicatedly investigated from the perspective of the combined heat and mass transfer characteristics prevailing in both small-scale adsorbent sample and the adsorbent domain of the investigated adsorber heat exchanger. Indeed, the equality of S/m ratio between the small-scale adsorbent sample and the investigated adsorber heat exchanger reflects similarity in the heat transfer resistance, however some other aspects should be considered. For example, the fin efficiency of the extended surfaces (fins) shall be accounted for upon estimating the effective surface area. In addition, the vapour transfer area into the adsorbent domain and the interparticle mass transfer resistance of the adsorbate flow through the adsorbent domain of the investigated adsorber heat exchanger should be represented also in the small-scale adsorbent sample. Muttakin et al. (2021) recently presented a comprehensive review of adsorption kinetic models and their application for predicting the adsorption kinetics for various adsorbate-adsorbent pairs. In addition, they discussed in detail the effects of adsorbent particle size and adsorbent layer thickness on adsorption kinetics. Although they reviewed the work of (Aristov et al., 2012; Aristov, 2020), they did not discuss the differences between the full-scale and small-scale adsorption kinetic measurements, reported on in both references.
Dedicatedly designed plate-type heat exchangers made of and brazed with anti-corrosive materials to act as adsorber/desorber heat exchangers has been introduced for the first time by (Dawoud, 2018) and (Mikhaeil et al., 2020). In both references, a plate heat exchanger made of stainless steel and brazed with nickel and dedicatedly designed to act as an adsorber/desorber heat exchanger for the application in adsorption heat transformation processes has been introduced and its dynamic performance has been investigated. The experimental and numerical results demonstrated an enhancement of 310% in the differential water uptake obtained after 300 s of adsorption start compared to extruded aluminium adsorbers, which have been coated with 500 µm of AQSOA-ZO2 (Dawoud, 2007). The extremely reduced volume of the heat transfer fluid (HTF) domain compared to the adsorbent domain, while keeping the uniformity of the temperature distribution over the heat exchanger’s plates are the key design advantages of the introduced APHE (Dawoud, 2018; Mikhaeil et al., 2020), which explain its superior performance. The design of the test frame, in which the small-scale adsorbent grain sample has been tested, has been carried out with a special care to mimic both heat and mass transfer characteristics of the adsorbent domain inside the introduced plate heat exchanger (Mikhaeil et al., 2020).
In this communication, a commercially available, stainless-steel plate heat exchanger produced by Alfa Laval, Sweden, which is basically developed to be applied as a crossflow, gas cooler heat exchanger, has been adapted to work as and adsorber plate heat exchanger (APHE) and is then experimentally investigated in the Laboratory of Sorption Processes (LSP) at OTH Regensburg, Germany. The introduced procedure in (Mikhaeil et al., 2020) is followed to prepare a test frame for the small-scale loose grain sample and to evaluate the matching between the obtained experimental adsorption and desorption kinetic results of the full-scale and small-scale adsorbers. The adsorption and desorption kinetics of the small-scale adsorbent sample are measured in the existing V-LTJ kinetic setup (Dawoud, 2007; Aristov et al., 2008; Dawoud, 2013) at similar operating conditions of the investigated APHE. A slight modification to the introduced thermal response LTJ methodology (Tokarev, 2017), is introduced; namely, to estimate the instantaneous water loading from the measured evaporator or condenser power during adsorption or desorption processes, respectively, rather than carrying out a blind (disconnecting the evaporator from the adsorber) and an active adsorption process and estimate the temporal water uptake from the measured temporal heat of adsorption. The last should be obtained by subtracting the results of the blind experiment from those of the active adsorption experiment (Tokarev, 2017). The results obtained from both small-scale and full-scale investigations at four different operating conditions of adsorption appliances have been compared and discussed in detail. Based on the obtained kinetic results of the small-scale sample, a completely new evaluation methodology has been introduced to estimate the expected evaporator and condenser powers of the full scale adsorber. Such theoretical results have been compared with those obtained upon investigating the full-size APHE.
THE “GLX30” ADSORBER PLATE HEAT EXCHANGER AND ITS TEST SETUP
The GLX30 PHE (AlfaLaval, GLX30)1 is the only, nickel-brazed, stainless steel, open-structured PHE available in the market, which produced by AlfaLaval©, Sweden. Formerly, this heat exchanger was obtainable form AIREC©, Sweden under the trade name “Cross-30” PHEx. The PHE, depicted in Figure 1A, comprises a stack of multi, nickel-brazed plate-pairs made of stainless steel 316L. For the sake of mechanical stability of the GLX30 PHE, two flat and thick endplates are integrated to the stack by brazing. The plates composing the heat exchanger channels are embossed (dimpled) in two different forms and arranged together to form a stack of parallel plate-pairs. The plates have up-and-down dimples with different profiles and heights. Such configuration results in two asymmetric and separated domains and each domain comprises several identical subdomains. The volume ratio between the two asymmetric domains of the GLX30 PHE amounts to 1.91. Each plate-pair of the GLX30 confines a subdomain specified for a liquid HTF flow. Each HTF subdomain (HTF channel), existing inside a plate-pair, has an inlet and an outlet port. Those HTF subdomains compose together the HTF domain of the GLX30 PHE.
[image: Figure 1]FIGURE 1 | The GLX30 adapted as an adsorber heat exchanger (The open sides for vapour flow into/out of the adsorbent domain are covered by a stainless-steel sieve to prevent the loose pellets from falling). (A) Before being filled in with the adsorbent, (B) adapted and filled in with Siogel grains.
The “GLX30” is a crossflow, gas-liquid plate heat exchanger, thus the other domain inside the GLX30 is specified for a gas flow. This means that the GLX30 is not primarily designed to act as an adsorber heat exchanger. However, the open gas domain can be filled in with loose grains of the adsorbent. Using a suitable stainless-steel sieve on each side for preventing the adsorbent grains from falling out, the GLX30 PHE can act as an adsorber heat exchanger. Figure 1B shoe adapted GLX30 PHE to work as an adsorber plate heat exchanger (APHE). The spaces (gaps) existing between the successive plate-pairs are utilized as an adsorbent domain and filled with 842 g of the loose microporous Siogel (Oker Chemie, Germany) in the grain size range of 0.71–1.0 mm. Table 1 illustrates more specifications of the GLX30 PHE.
TABLE 1 | Specifications of the GLX30 PHE.
[image: Table 1]A special test setup has been established to investigate the adsorption and desorption kinetics of the full-scale GLX30 APHE. The setup, depicted schematically in Figure 2, consists mainly of two compartments, the evaporator/condenser unit and adsorber/desorber unit. The evaporator/condenser unit is a double helical tube heat exchanger fixed inside a vacuum tight chamber made of stainless steel and equipped with inlet and outlet ports for the internal double helical tube HEx. Two temperature sensors are mounted on the inlet and outlet ports of the evaporator/condenser unit for measuring the temperature of HTF passing through the internal helical tube heat exchanger. In addition, a flow rate sensor is adapted to measure the volume flow rate of the HTF inside the evaporator/condenser ([image: image]).
[image: Figure 2]FIGURE 2 | Schematic drawing of the test setup.
For an effective evaporation operation, a falling film evaporator concept has been developed and realized inside the evaporator/condenser chamber. The adsorber/desorber unit is another vacuum tight chamber made of stainless steel, in which the adapted APHE (Figure 1B) is mounted. The chamber is equipped with side connection ports for feeding the internally mounted APHE with the HTF. Two temperature sensors are mounted on the connection ports to measure the temperature of the HTF at the inlet and outlet of the APHE. The volume flow rate of the HTF inside the adsorber/desorber loop ([image: image]) is measured by the flow rate sensor.
Both chambers are equipped, at the top part, with vacuum-tight ports, for connecting vacuum pressure transducers (P1 & P2), and 50 mm diameter ports, to which, central vacuum flanges are welded, to enable connecting the two chambers together through a vacuum tight tube having a vacuum gate valve of DN50. Figure 3 illustrates the realized test setup for the APHE in the Laboratory of Sorption Processes (LSP) of OTH-Regensburg, Germany.
[image: Figure 3]FIGURE 3 | Realized test setup for investigating the APHE at the LSP of OTH-Regensburg, Germany.
A dedicated hydraulic setup has been also developed, which comprises two separated hydraulic circuits, a primary and a secondary circuit. The primary circuit feeds the adsorber/desorber heat exchanger, whereas the secondary one feeds the evaporator/condenser heat exchanger. A high precision measuring and control system has been established, which is monitored and interfaced via a specially developed LabVIEW code. Via the LabVIEW code, the desired temperature and flow rate of the HTF on each hydraulic circuit can be realized. The type and accuracy of the individual sensors applied for measuring the pressure of the refrigerant vapour in both vessels and the inlet and outlet temperatures and flow rate of the HTFs passing through the units are listed in Supplementary Table S1. The measurements have been carried out at the following values for evaporator ([image: image]), condenser or adsorption-end ([image: image]) and desorption-end ([image: image]) temperatures; [image: image] = 10 & 15°C, [image: image] = 30 & 35°C, and [image: image] = 90°C.
The water uptake obtained upon conducting LTJ adsorption and desorption processes on the investigated APHE has not been measured explicitly. Instead, the time integration of the instantaneous power of the evaporator or condenser have been applied to estimate the total amount of refrigerant evaporated from the evaporator and adsorbed in the adsorber or the amount water vapour desorbed from the desorber and condensed in the condenser during each adsorption or desorption process, respectively. First, the measurements of the volume flow rate of HTF passing through the evaporator/condenser ([image: image]) and the temperature difference between the HTF’s inlet and outlet of the evaporator/condenser heat exchanger ([image: image] have been utilized to evaluate the instantaneous evaporator/condenser power ([image: image]) according to Eq. 1.
[image: image]
The instantaneous specific (per kg of adsorbent) evaporator/condenser power ([image: image]) is given by Eq. 2.
[image: image]
where [image: image] is the mass of the dry adsorbent filled in the investigated APHE.
The time integration of the instantaneous evaporator/condenser power ([image: image]) results in the total evaporation/condensation energy ([image: image]) up to each time point (t). The integration can be done by implementing the simplest numerical integration method, i.e., the rectangular (midpoint) rule, as following
[image: image]
Where, [image: image] is a counter for the measured points and Δ[image: image] is the measuring time step (1 s).
The water uptake obtained in an adsorption process ([image: image]) is defined in Eq. 4 and in a desorption process ([image: image]) in Eq. 5.
[image: image]
[image: image]
Where, [image: image] is the initial water uptake, which is evaluated from the equilibrium model of the water/Siogel working pair presented in (Frazzica and Freni, 2017), [image: image] is the latent heat of evaporation/condensation at given evaporator/condenser temperature. The following equation (Eq. 6) is used for calculating the [image: image] at given evaporator/condenser temperature ([image: image]).
[image: image]
The specific moving average evaporation/condensation power obtained in an adsorption/desorption process ([image: image]) is calculated as,
[image: image]
The uncertainty analysis of the water uptake estimation, the instantaneous and moving average evaporator and condenser power measurements are presented in the Supplementary Material.
SMALL-SCALE ADSORBENT SAMPLE PREPARATION AND TESTING IN A V-LTJ KINETIC SETUP
The dimensions of the test frame for the small-scale adsorbent sample have been determined according to the described methodology in (Mikhaeil et al., 2020). The mass transfer characteristic length, which is equal to the diffusion path length of the refrigerant vapour from each side of the adsorbent domain up to the symmetrical axis for the mass transfer equals half the width of each plate; namely 58.5 mm. As each adsorbent domain is surrounded by two HTF domains, the heat transfer characteristic length, which equals the height of the adsorbent inside the test frame shall equal to half of the gap between each two successive plate pairs constituting the HTF-domains. Due to the dimple structure of the GLX30, the gap size is not uniform over the plate area. In order to account for the worst case, the maximum gap dimension (6 mm) is considered to estimate the height of the adsorbent volume inside the test frame. Accordingly, the height of the adsorbent volume inside the test frame is estimated to 3 mm.
As the maximum expected differential water uptake from the utilized microporous silica gel (Siogel of Oker Chemie, Germany) under the tested operating conditions does not excess 25 g/100g, the mass of the samples that will be tested in the small-scale sorption kinetics’ setup is limited to 320 mg to guarantee the adsorption or desorption measurements to be carried out under quasi-isobaric (∆p < 2 mbar) conditions (Aristov et al., 2008). Based on this limitation of the sample mass, and accordingly its volume inside the test frame, the width of the sample has been determined to 3 mm. Figure 4A shows the configuration of the test frame and Figure 4B shows the final fabricated test frame filled with Siogel and placed on the sample holder inside the measuring cell of the kinetics’ setup.
[image: Figure 4]FIGURE 4 | Test frame prepared to realize small-scale representative adsorbent sample; (A) test frame construction, (B) final fabricated test frame filled with Siogel and placed on the sample holder of the kinetics’ setup measuring cell.
The test frame, constructed and built out of PEEK (PolyEther Ether Ketone) for its low thermal conductivity and negligible outgassing characteristics, shall also enable the refrigerant vapour (adsorbate) to enter/leave the adsorbent sample placed inside it from a small slot, at which a piece of a stainless-steel sieve is installed to prevent the grains from falling out from the frame. As depicted in Figure 4B, the slot shall be existing in one side of the test frame allowing the refrigerant vapour to diffuse in longitudinal direction through the adsorbent sample. As depicted in Figure 4A, the back side of the test frame is closed as it represents the mass transfer symmetric axis in the middle plan of each adsorbent domain (Mikhaeil et al., 2020). At the downside of the PEEK construction a metal strip (stainless steel substrate) of 0.3 mm thickness is mounted to allow the heat transfer between the sample and the holder surface inside the measuring cell of the kinetic setup. The PEEK test frame and the stainless-steel substrate are sealed together by a special double-sided adhesive film after inserting the adsorbent grains.
The details of the V-LTJ kinetic setup, the experimental procedure and the evaluation of the instantaneous water uptake can be read elsewhere (Dawoud, 2007; Aristov et al., 2008; Dawoud, 2013). The tests have been carried out at the same operating temperatures, under which the full-scale APHE has been tested. The accuracy of the applied individual sensors and the accumulated accuracy are introduced in Supplementary Material.
RESULTS AND DISCUSSION
As mentioned previously, the adsorbent’s representative sample is specifically designed to predict the adsorption and desorption kinetics of the APHE introduced in this study. Therefore, in this section comparisons between the instantaneously measured water uptake of the APHE and its representative sample at different operating conditions, namely adsorption and desorption processes according to the Large Temperature Jump (LTJ) technique at evaporator temperatures of 10 and 15°C, condenser (adsorption-end) temperatures of 30 and 35°C and driving source (desorption end) temperature of 90°C, are presented and discussed. In addition, the instantaneous as well as the moving average evaporator and condenser powers estimated from the adsorption and desorption kinetic results of the small-scale adsorbent sample are compared to the powers obtained from the evaporator/condenser unit, against which the introduced APHE has been experimentally tested at the previously mentioned operating conditions.
Adsorption and Desorption Kinetics
Figure 5 illustrates the adsorption kinetics measurements obtained upon performing adsorption processes on the APHE and the representative adsorbent sample under different sets of operating conditions. As depicted in Figures 5A–D (upper curves), there are small differences in the adsorption kinetics between the APHE and the small-scale adsorbent sample at all applied operating conditions. In general, the adsorption kinetics of the small-scale sample are slightly slower than those obtained from the full-scale APHE. To define a criterion for evaluating the difference in the adsorption kinetics between the APHE and its representative adsorbent sample, the experimental adsorption kinetics data of each are fitted to the exponential form presented in Eq. 8.
[image: image]
where [image: image] is the instantaneous water uptake, [image: image] is the initial water uptake, [image: image] refers to the final or equilibrium differential water uptake ([image: image]), and [image: image] is the characteristic time constant.
[image: Figure 5]FIGURE 5 | Adsorption kinetic (upper) and vapour pressure (lower) curves of the APHE (full-scale measurements) and its representative adsorbent sample (small-scale measurements) at evaporator, condenser/adsorption-end and desorption temperatures of (A) 15/30/90°C, (B) 15/35/90°C, (C) 10/30/90°C, (D) 10/35/90°C.
The exponential curve fittings are depicted also in Figure 5. As shown in the figure, all adsorption kinetic curves of the APHE and its representative adsorbent sample follow the exponential behaviour. Comparison between the adsorption kinetics of both the APHE and its representative adsorbent sample at every set of operating conditions could be made throughout the values of the time constants ([image: image]) of the fitting exponential forms. Table 2 illustrates the values of [image: image] and the coefficient of determination ([image: image]). The relative deviation in the [image: image] value (RD) between the APHE and the representative adsorbent sample at every applied set of operating conditions is used to evaluate the adsorption kinetic deviation of the representative adsorbent sample from the adsorption kinetic of the APHE at every set of operating conditions. The maximum RD value is obtained at operating conditions of 15/30/90°C and amounts to 23.7%, whereas the minimum RD value is 6.4% and obtained at operating conditions of 15/35/90°C. Table 2 shows the RD values obtained at all tested operating conditions. Such results are very promising, as such agreement between small-scale and full-scale adsorption kinetics measurements has not been published before.
TABLE 2 | Time constant of the exponential fitting ([image: image]) and its ([image: image]) value of the adsorption and desorption kinetic data obtained at each set of operating conditions for the APHE (Full-scale) and its representative adsorbent sample (Small-scale).
[image: Table 2]The difference in the adsorption kinetics between the APHE and its representative adsorbent sample can be attributed to the difference in the pressure courses of variation between the water vapour surrounding the APHE and that surrounding the small adsorbent sample in the measuring cell of the V-LTJ kinetic setup, which have been recorded during the experimental processes and depicted also in Figures 5A–D (lower curves). Since the mass of water vapour filling the internal volume of the constant-volume kinetic setup (i.e., the internal volume of the vapour vessel, the measuring cell, and the connection between them) continuously decreases during the adsorption process, the pressure of the water vapour surrounding the investigated sample in the measuring cell decreases with the time of adsorption. The maximum pressure drop is reached at the end of the adsorption process and it is limited here to 2 mbar, as explained in Section 3.
In the adsorption kinetic measurements of the APHE, the time course of pressure variation of the water vapour surrounding the APHE and filling its chamber in the experimental setup is quite similar to that takes place in adsorber chambers of a real adsorption chiller or a heat pump. In other words, the pressure of the vapour surrounding the adsorber drops sharply during the first few seconds and then starts to be recovered and approaches its initial level at the end of the process upon reaching the corresponding equilibrium state. Such behavior has been faced in our lab-scale setup as well as in real adsorption heat pumps and chillers (Sztekler, 2021).
The difference in the adsorption kinetics between the adsorber and the small-scale adsorbent sample is quite small at the condenser temperature of 35°C. This can be attributed to the lower differential water uptake obtained in case of conducting adsorption processes with higher condenser (adsorption-end) temperature, leading to lower drop in the pressure of the vapour surrounding the small-scale adsorbent sample in the measuring cell and accordingly, lower difference in the pressure course between the water vapour surrounding the APHE and that surrounding the small adsorbent sample in measuring cell of the V-LTJ kinetic setup. Indeed, the final differential water uptake of the APHE at 10/30/90°C (12.37 g/100 g) and 15/35/90°C (11.33 g/100 g) is similar, see Figures 5B,C and the pressure drop of the vapour surrounding the small adsorbent sample in the measuring cell at both sets of operating conditions is almost equal (∼1.1 mbar). Indeed, the absolute pressure drop of 1.1 mbar represents 5.85% of the saturation pressure at the evaporator temperature of 15°C (Figure 5B) and 8.94% at the evaporator temperature of 10°C (Figure 5C), which explains the observed slower adsorption kinetics of the small-scale sample at 10°C.
Figure 6 depicts the desorption kinetic data obtained from the experimental investigation of the APHE and its representative adsorbent sample upon performing LTJ desorption processes at different sets of operating conditions. Indeed, the desorption kinetics of the APHE and the small-scale adsorbent sample are remarkably faster if compared with the adsorption kineties. As depicted in Table 2, the APHE demonstrates a faster desorption kinetics by an average factor of 2.85 relative to the adsorption kinetic. In addition, it is obvious that, the desorption kinetics of the small-scale representative sample are higher than those obtained from the full-scale APHE. The relative deviation in the desorption kinetic’s characteristic times between full-scale and small-scale measurements is clearly higher than the RD of the adsorption characteristic times. Strictly speaking the RD amounts to -36.2% in favor of the small-scale sample at the boundary condition 10/35/90°C, which increases to -45.7% at 15/30/90°C.
[image: Figure 6]FIGURE 6 | Desorption kinetic (upper) and vapour pressure (lower) curves of the APHE (full-scale measurements) and its representative adsorbent sample (small-scale measurements) at evaporator, condenser/adsorption-end and desorption temperatures of (A) 15/30/90°C, (B) 15/35/90°C, (C) 10/30/90°C, (D) 10/35/90°C.
The relatively large difference in the desorption kinetics between the APHE and the small-scale adsorbent sample can be attributed to the large difference in the pressure course of variation between the water vapour surrounding the APHE in its test setup and that surrounding the small adsorbent sample in the measuring cell of the V-LTJ kinetic setup, which are illustrated in the bottom diagrams of Figures 6A–D. For instance, at 15/30/90°C, the pressure of the water vapour surrounding the APHE in its test setup reaches to maximum value of 48.5 mbar in the first 110 s from the beginning of the desorption process and then starts to fall. After around 450 s, the pressure becomes equal to the pressure inside the small-scale V-LTJ apparatus. Recalling that the overall time needed for reaching equilibrium under this boundary condition, this means that the pressure of the full-scale apparatus was above that of the small-scale one over 50% of the process time, which explains why the desorption kinetics of the full-scale APHE are slower than those of the small-scale measurements. This is also the case in the other three boundary conditions. As shown in Figures 5A–D (lower diagrams) and Figures 6A–D (lower diagrams), the maximum vapour pressure drop in all conducted adsorption processes on the APHE does not exceed 1 mbar, whereas the maximum vapour pressure jump in the desorption processes exceeds 6 mbar, which explains the deviation in the desorption kinetics, which can’t be considered any more quasi-isobaric.
Indeed, the less efficient condenser performance does negatively influence the desorber kinetics in all full-scale measurements. Nevertheless, the deviation between the desorption small-scale and full-scale results is quite acceptable, as the adsorption time is always longer than the desorption time (in the recent APHE an average factor of 2.85 exists between the adsorption and desorption characteristic times), which means it plays the dominant role in estimating the cycle time of a real adsorption appliance. Considering the obtained very good matching between the adsorber kinetics of better than 24% (in average 12.37%), the introduced methodology to design small-scale samples (Mikhaeil et al., 2020) is quite promising for reducing the time and cost of developing efficient adsorber heat exchangers.
Instantaneous Evaporator and Condenser Powers
As the pressure difference between the water vapour surrounding the APHE in its experimental setup and that surrounding the adsorbent sample in the measuring cell is the cause of the difference in the adsorption and desorption kinetics as well as the final differential water uptake, comparing the APHE with its representative adsorbent sample only from the perspective of the temporal change of the water loading could be misleading. In other words, the success of predicting the performance of a real adsorber heat exchanger using small-scale representative adsorbent sample has to be judged from the perspective of the adsorption system output, such as the evaporator and condenser output powers. Accordingly, comparisons between the instantaneous and moving average specific powers obtained from the evaporator/condenser unit of the full-scale setup and the evaporation and condensation powers estimated from the adsorption and desorption kinetic results of the small-scale adsorbent sample may be more suitable indicators for the ability of a representative small-scale adsorbent sample in predicting the performance of a real adsorber heat exchanger.
Figures 7, 8 present comparisons between the instantaneous specific evaporation and condensation powers obtained from the evaporator/condenser unit of the APHE’s test setup and the instantaneous specific evaporation and condensation power estimated from the kinetic results of the small-scale adsorbent sample tested in the V-LTJ kinetic setup, respectively. The estimated instantaneous specific evaporator and condenser power based on the measured kinetic data of the small adsorbent sample have been estimated according to Eqs. 9, 10, respectively.
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Where, [image: image] and [image: image] are the estimated instantaneous specific evaporator and condenser power based on the measured performance of the small-scale adsorbent sample, respectively, [image: image] is the rate of water vapour adsorption/desorption, [image: image] refers to the latent heat of water evaporation/condnesation at the applied [image: image], and [image: image] is the temperature of the water vapour leaving the desorbing sample in the V-LTJ kinetic setup. The specific heat of the water vapour at constant pressure [image: image] has been assumed constant and equal to 1920 J/(kg∙K).
[image: Figure 7]FIGURE 7 | Instantaneous specific evaporation power of the evaporator/condenser unit (full-scale) and that estimated from the kinetic results of the adsorbent sample (small-scale), at a) 15/30/90°C, b) 15/35/90°C, c) 10/30/90°C, d)10/35/90°C.
[image: Figure 8]FIGURE 8 | Instantaneous specific condensation power of the evaporator/condenser unit (full-scale) and that estimated from the kinetic results of the adsorbent sample (small-scale), at (A) 15/30/90°C, (B) 15/35/90°C, (C) 10/30/90°C, (C) 10/35/90°C.
As shown in Figure 7, at all applied operating conditions, there is a good agreement between the directly obtained evaporation power from the evaporator/condenser unit of the experimental setup built to investigate the APHE and the evaporation power estimated from the adsorption kinetics data of the small-scale adsorbent sample according to Eq. 9.
On the other hand, the condensation power estimated from the desorption kinetic results of the small-scale adsorbent sample at all applied operating conditions do not match very well with the power obtained from the evaporator/condenser unit obtained during the desorption-condensation processes on the investigated APHE (see Figure 8). This can be explained by the large difference in the temporal pressure courses of the water vapour surrounding the APHE and that surrounding the small adsorbent sample in their test setups during all conducted desorption processes. Nevertheless, it is obvious that the condensation energy is quite equal in both test methodologies. In addition, the maximum deviation in the maximum obtainable condenser power is less than 500 W. The plateau observable in the full-scale condenser power measurements has to do with the inlet temperature control of the desorber and condenser HTF loops.
Time-Averaged Evaporator and Condenser Powers
The time-averaged instantaneous specific evaporator and condenser power, which can be alternatively described as the moving average specific evaporator and condenser power is another useful indicator for evaluating the kinetic data of the small-scale measurements. Eq. 11 describes the mathematical formula for estimating the evaporator specific power out of the measured data of the small-scale sample. In other words, such a moving average specific evaporator power at a certain duration point (t) is the average evaporator power achievable, if the time assigned to the adsorption-evaporation process equals that duration (t). The obtained moving average evaporator powers for both full- and small-scale measurements are illustrated in Figure 9 under the four tested operating conditions.
[image: image]
[image: Figure 9]FIGURE 9 | Specific moving average evaporation power of the evaporator/condenser unit (full-scale) and that estimated from the kinetic results of the adsorbent sample (small-scale), at (A) 15/30/90°C, (B) 15/35/90°C, (C) 10/30/90°C, (D) 10/35/90°C.
At the beginning of each tested processes, the driving force for adsorption is at its maximum value. Accordingly, the adsorption kinetics are the fastest and [image: image] increases sharply and reaches to maximum value in just some seconds. Afterwards starts to drop with a slowing rate. For instance, at 15/30/90°C, [image: image] of the full-scale setup reaches 526.5 W/kgdry adsorbent in the first 189 s, then it decreases and reaches 257.4 W/kgdry adsorbent at the time required to reach 80% of the final or equilibrium differential water uptake (Δ[image: image] ([image: image] = 1,297 s). At the same operating condition, i.e., 15/30/90°C, [image: image] estimated from the small-scale sample adsorption kinetic measurements reaches 554.9 W/kgdry adsorbent (5.4% higher than that of full-scale setup) in the first 139 s. [image: image] of the sample reaches 182.2 W/kgdry adsorbent (29.2% less than that of full-scale setup) at the characteristic time [image: image] of 1725 s. Such a new evaluation methodology of the measured kinetic data of the small-scale adsorbent sample are quite effective in determining the adsorption phase duration based on the target specific evaporator power to be realized.
Equation 12 describes the mathematical formulae for estimating the moving average specific condenser power out of the measured desorption kinetic data of the small-scale sample.
[image: image]
Figure 10 illustrates the obtained moving average specific condenser powers of both full- and small-scale measurements under the four sets of operating conditions. As depicted in Figure 10, the condensation powers estimated from the small-scale measurements are higher than those obtained from the full-scale measurements. The average relative deviation (ARD) in the moving specific average power is estimated according to Eq. (13).
[image: image]
[image: Figure 10]FIGURE 10 | Specific moving average condensation power of the evaporator/condenser unit (full-scale) and that estimated from the kinetic results of the adsorbent sample (small-scale), at (A) 15/30/90°C, (B) 15/35/90°C, (C) 10/30/90°C, (D) 10/35/90°C.
Table 3 presents the estimated ARD for both moving average evaporator and condenser powers based on Eq. 13.
TABLE 3 | Average relative deviation ([image: image]) of the moving average specific evaporator and condenser powers between the full-scale and small-scale measurements under the four tested operating conditions.
[image: Table 3]With a maximum ARD of 15.1% in the moving average evaporator power, it is evident again, that a very good matching between full- and small-scale measurements is reached. Contrary to that, the ARD in the moving average specific condenser power between the full- and small-scale measurements ([image: image]) ranges between 24.6 and 28.7%, at the operating conditions of 10/35/90°C and 10/30/90°C, respectively. The reason behind the higher difference in the moving average condensation powers is the large difference in the pressure course of variation between the full- and small-scale test setups, as explained before.
The obtained clear agreements between the adsorption water uptake data (Figure 5), instantaneous specific evaporator power (Figure 7) and the moving average specific evaporator power (Figure 9) between the APHE and its small-scale representative sample at all tested operating conditions implies the strength of the introduced methodology in (Mikhaeil et al., 2020), which has been verified in this work, to utilize the V-LTJ kinetic setup to precisely predict the performance of real adsorber heat exchangers before building them. Of course, special attention must be paid for analyzing the heat and mass transfer characteristics of the adsorbent domain of the adsorber heat exchanger before deciding on the dimensions of its representative test frame as described in (Mikhaeil et al., 2020) and applied in this work. Accordingly, design optimizations can be easily carried out based on the small-scale measurements before stepping to the fabrication and validation development phases, which shall save enormous development time and cost.
CONCLUSION
This study addresses the degree of matching between the adsorption and desorption kinetic measurements between a commercial, open-structured asymmetric plate heat exchanger adapted to act as an adsorber/desorber and a small-scale adsorbent sample prepared dedicatedly to be representative for the adsorbent domain inside the investigated adsorber/desorber plate heat exchanger (APHE) from the perspective of the heat and mass transfer characteristic lengths. To this aim, a special test setup has been established to investigate the adsorption and desorption kinetics of the full-scale APHE. A slight modification in the thermal response (LTJ) methodology (Tokarev, 2017) has been introduced. The adsorption and desorption kinetic investigation of the small-scale representative adsorbent sample has been conducted using a Volumetric Large Temperature Jump (V-LTJ) kinetic setup (Aristov et al., 2008). In addition, the kinetic data of the small-scale adsorbent sample have been utilized for estimating the expected instantaneous and moving average powers of the evaporator/condenser heat exchanger. The obtained small-scale and full-scale results have been compared and the main outcomes are summarized as follows:
1) All kinetic results of the small-scale adsorbent sample and the APHE have been fitted to an exponential form with coefficient of determination (R2) values better than 0.9531.
2) A very good matching between the small-scale and full-scale adsorption kinetic measurements has been obtained, with average relative deviation (RD) in the characteristic time constant of the exponential form ([image: image]) by 12.3%.
3) The APHE demonstrated faster desorption kinetics than its adsorption kinetics by an average factor of 2.85. This is in phase with previous measurements and puts in evidence that the duration of the adsorption phase dominates the cycle time of the related adsorption appliance.
4) The RD in the desorption kinetics’ characteristic time ([image: image]) between the full-scale and the small-scale measurements was clearly higher than the RD of the adsorption characteristic times and amounted to −36.2% and −45.7% in favour of the small-scale sample, at the boundary condition 10/35/90°C and 15/30/90°C, respectively.
5) The relatively large difference in the desorption kinetics between the APHE and the small-scale adsorbent sample was attributed to the large difference in the pressure course of variation between the water vapour surrounding the APHE in its test setup and that surrounding the small adsorbent sample in the measuring cell of the V-LTJ kinetic setup, implying a weak condenser performance of the test setup leading to higher water vapour pressures and, correspondingly, slower desorption kinetics.
6) The instantaneous and moving average specific evaporator power estimated from the adsorption kinetics data of the small-scale adsorbent sample matched very well with the ones obtained directly from the evaporator/condenser unit, against which the APHE has been tested, with an average relative deviation (ARD) between 5.4 and 15.1% for the moving average power.
7) The condenser moving average power estimated from small-scale measurements were higher than those obtained from the full-scale measurements, with an ARD between 24.6 and 28.7%, which is attributed to the weak condenser performance of the full-scale test unit.
Despite the relatively higher deviations of the desorption kinetic data, excellent agreements have been obtained for the adsorption kinetics regarding the temporal water uptake, instantaneous specific evaporator power and the moving average specific evaporator power between the APHE and its small-scale representative sample at all tested operating conditions. This puts in evidence the strength of the introduced methodology to mimic the heat and mass transfer characteristics of the adsorbent domain of a plate-type adsorber heat exchanger by dedicatedly design a test frame for a small-scale adsorbent sample, to be investigated with e.g. the V-LTJ kinetic setup to precisely predict the performance of the real adsorber heat exchangers before building it. Accordingly, design optimizations also concerning the influence of the adsorbent type and grain-size can be easily investigated on the small-scale level before realizing the full-scale heat exchanger, which shall save enormous development time and cost.
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