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Abstract

:

A promising heat storage technique is based on thermochemical materials (TCM). Such materials are often used in closed systems under vacuum conditions, which is demonstrated in several projects in the European H2020 R&D programs. In this type of systems, non-condensable gasses (NCG) may have a significant effect on the reactor performance. This paper considers the potential effects of NCG on vacuum TCM reactor performance in detail. Water is used as working material to study NCG. Both experiments and numerical simulations show that the effect of NCG cannot be neglected. A small amount of NCG in a vacuum setup will significantly reduce the evaporation/condensation rate. It will transform the transport process from convection-based into diffusion-based in case the pressure of NCG at the condenser surface is equal to the pressure difference between the evaporator/condenser. Designing a stable vacuum storage system, puts high demands on leak tightness of the reactors but also on avoiding NCG release originating from TCM and any used material in the reactor (like coatings and glue). Additional free volume in the reactor will help to reach the demands of stable performance over longer working periods but decreases system energy density, being a crucial KPI. With help of our model, the performance of a system can be determined.
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1. Introduction


Compact heat storage is considered as one of the break through technologies, to realise the European ambition of a 40% domestic greenhouse gas emissions reduction below 1990 levels by 2030. A promising principle of heat storage is based on Thermochemical Materials (TCM), to store loss free over a long time with a relatively high energy density. It uses a gas-solid equilibrium reaction, wherein the usually used gas is water [1] or ammonia [2]. In order of magnitude, the initial material energy density can be 5 times higher compared to sensible and latent (i.e., related to phase changes) storage. As this storage method uses a chemical reaction, the energy will be stored as long as the reaction will not occur, in contrast to sensible and latent heat storage.



In general a gas-solid equilibrium reaction of a salt hydrate, can be represented by:


  MX · n H   2   O ( s )  +   Δ r   H  n − m    ⇌ MX  ·  m H   2   O ( s )  + ( n − m ) · H   2   O ( g )  ,  



(1)




wherein MX·nH   2  O(s) is a MX complex with n water molecules. The amount of H   2  O inside salt complex MX is called the loading of the salt. The formation reaction of MX·nH   2  O is exothermic, that is, it produces energy. The enthalpy of the formation reaction is    Δ r   H  n − m    , whereas the endothermic decomposition reaction of MX·nH   2  O has an equal negative enthalpy   −  Δ r   H  n − m    . The equilibrium reaction in Equation (1) implies that the loading of a salt   M X   at a temperature T is determined by the vapor pressure of H   2  O(g).



Based on this heat storage concept several large scale demonstrators have been built in different configurations. Currently, two main types of systems are considered: closed and open system. In case of a closed system both reactive gas and TCM are stored within the system. In case of an open system, the reactive gas is not stored in the system but exchanged externally. Both systems have their specific pros and cons, which are well discussed in several reviews [3,4,5]. In this paper, we focus on closed systems under low pressure conditions filled with K   2  CO   3  . K   2  CO   3   is selected based on an extensive investigation of potential TCM candidates [1]. Potassium carbonate is one of the high potential salts for use-cases including tap water production based on working conditions, safety and costs. In this system the water vapor will be transferred by the absolute pressure difference between the water (evaporator/condenser) and TCM compartment of the reactor. No additional fan or other transport mechanism is present in these systems to transport water vapor. As a consequence any decrease of absolute pressure difference will directly result in a decrease of performance of the reactor. Systems with evaporator/condensors under low pressure/vacuum conditions show that non-condensable gases (NCG) largely influence vapor condensation in such systems, resulting in a significant reduction in the condensation rate as the NCG form a layer at the condenser surface. This will hinder the transport of water vapor to the condensor. As a result the condensation rate drops and the performance of the system decrease significantly. This reduction of performance is extensively reported in the literature [6,7,8,9,10,11,12,13,14,15,16,17] and this is also recognized as a challenge of TCM systems under vacuum conditions [5,18,19,20,21,22,23].



In the TCM literature the previously mentioned papers indicate the issue with NCG but does not translate this to acceptable levels of NCG in TCM systems. In general they mention that NCG should be avoided, what in principle is correct but it is hard to achieve in reality since many potential sources of NCGs are available:




	
Decomposition of the TCM (i.e., HCl by MgCl   2  [24], H   2  S by Na   2  S [25] and CO   2   by impurities in K   2  CO   3   [25]).



	
Adsorbed gases at the surface of the TCM grains (i.e., N   2  , CO   2   and O   2   by zeolite and silica gel [26]).



	
Dissolved gases in water (i.e., N   2  , CO   2   and O   2  ).



	
Leakage from gasses into the setup (especially N   2   and O   2  ).



	
Any other emission source, e.g., stabilizing material, glues, coatings and sealing.








Therefore, the goal of this paper is to address the potential effect of NCGs on vacuum TCM reactor performance, simultaneously considering its geometry and give a tool to calculate acceptable levels of NCG in a TCM system. Therefore, both experiments and modeling/simulations are carried out. Firstly hydration/dehydration experiments are carried out, indicating the effect of NCG on a TCM system. These experiments are used to validate a new developed model that gives a deepen understanding of NCG potential effects on TCM vacuum systems performance.




2. Materials and Methods


2.1. Experimental Setup


A vacuum system is constructed (see Figure 1) to study the effect of NCG on the evaporation/condensation rate. It consists of two vacuum vessels (vessel 1:108 mL and vessel 2:224 mL), wherein the temperature of the walls can be controlled (vessel 1 between −20 and 80    ∘  C; vessel 2 between room temperature and 200    ∘  C). The temperature of vessel 1 is controlled with a thermostat bath with an accuracy of 0.1    ∘  C (Lauda ECO Silver), active cooling and heating of vessel 1 is possible. The temperature of vessel 2 is controlled with a heat resistor with an accuracy of 0.5    ∘  C (heating power of 30 W), only active heating is possible, cooling is by heat losses to the environment. The thermocouple for adjusting the temperature of vessel 2 is located at the bottom of the vessel. This location may result in small deviations between the temperature of thermocouple and the evaporation/condensation surface of the sample as the heat conductivity of water is low (0.6 W/(m·K)).



Before each experiment both vessels are cleaned and dried in the oven at 105    ∘  C to avoid introduction of water or NCG (attached at the surface of the sample holder into the system). Before the start of the experiment both vessels are evacuated for 5 min, using an Edwards RV8 vacuum pump. During the experiments the pump is not connected.



A pressure sensor (P) is placed above vessel 1 (A KOBOLD absolute pressure transmitter with 0.2 mbar accuracy), which measures in the range of 0 and 200 mbar (0.2 mbar accuracy). The tubing (stainless steel tubing, partly flexible) between the vessels is heated (around 45    ∘  C) above the dew point temperature of the water vapor during all experiments. Therefore condensation at the tubing between both vessels can be excluded. The exact dimensions are given in Figure 1. In the case of water transport of 0.5 g/minute (being the highest observed evaporation rate in the experiments), the pressure drop over the entire tubing between vessel 1 and 2 is calculated to be in the order of 0.12 mbar. Consequently, the pressures in vessel 1 and 2 are approximately equal, considering the measurement accuracy of 0.2 mbar. Vessel 2 is placed on a balance with an accuracy of 0.01 g (Mettler Toledo PG2002-S) to follow the evaporation/condensation process.



In this set of experiments two types of NCG are used. The first type are NCG from the atmosphere into water. In this case the composition of NCG is N   2  :O   2  :CO   2   = 0.46:0.26:0.28 (based on Henry’s Law). This type is normally present in low pressure reactors in case the water in the system is not completely degassed The second type is based on the atmosphere, in that case the composition is N   2  :O   2  ; others = 0.78:0.21:0.01. This is only present in the system in case of a small leakage or incomplete evacuation of the TCM reactor.




2.2. Dissolved Non-Condensable Gasses in Water


Other molecules can be dissolved in water, like N   2   and CO   2  . These molecules will be called non-condensable gasses (NCG) in case these will be released in the setup. The amount of NCG can be determined with help of Henry’s Law [27]:


   H  c p   =  c a  / p ,  



(2)




wherein   H  c p    mol·m    − 3   ·Pa    − 1    is the Henry solubility,   c a   is the concentration of a NCG in the aqueous phase and p the partial pressure of that species in the gas phase under equilibrium conditions.   H  c p    is 6.4 × 10    − 6    mol·m    − 3   ·Pa    − 1    for N   2   in water, 3.4 × 10    − 4    mol·m    − 3   ·Pa    − 1    for CO   2   in water and 1.3 × 10    − 5    mol·m    − 3   ·Pa    − 1    for O   2   in water. In the order of 27  μ mol of NCG will be present in 35 mL water in case this water is in equilibrium with the atmosphere (this is 0.6 mL of gas at a pressure of 1 bar), based on Henry’s Law.



During evacuation of the setup part of the NCG will be removed from the water vessel, but not all. In case not all NCG are removed during evacuation of the setup and this amount is fully released from the water into the setup during the hydration/dehydration experiments, a pressure increase in the order of 2 mbar will be observed in the setup. Dissolved NCG in water is therefor a source of NCG which can not be neglected.




2.3. Leakage Rate


As the effect of NCG is studied, the leakage rate of environment into the setup is crucial. in case the leakage rate of the setup is not equal to zero, this is a source of NCG. Therefore, the pressure in the setup is reduced to 2 mbar and a temperature profile is applied on the setup (vessel 1 at 10    ∘  C; vessel 2: 10 h at 40    ∘  C and 4 h at 90    ∘  C for 10 cycles). This temperature profile is applied to study the effect of temperature fluctuations in the setup on the leakage rate. This temperature profile is similar as used in experiment 1. Figure 2 shows a leakage of 0.25 mbar/day and a pressure difference of 0.2 ± 0.2 mbar between the situations where vessel 2 is 40    ∘  C and 90    ∘  C. Based on the ideal gas law, the pressure should increase with 16% as the temperature changes is 16% on Kelvin-scale. In the setup, only vessel 2 is heated, what means that only half of this 16% pressure increase should be observed, which is by approximation the case. Based on this experiment the average leakage rate is determined to be of 0.25 mbar/day (3.3  μ mol/day at 40    ∘  C).



As the two vessels have to be closed with a seal, a variation in leakage rate is observed between experiments. Therefore at the end of each long cyclic experiments, the leakage rate is determined without opening the seal in between.




2.4. Experimental Approach


Three types of experiments are discussed in this paper with their own sub goals, while keeping the overall goal in mind to understand the effect of NCG on the performance of a TCM reactor under vacuum conditions:



Experiment 1: Goal: To screen the potential NCG effect on the vacuum reactor performance in a hydration and dehydration experiment. The first experiment starts with a purified anhydrous K   2  CO   3   composite (produced by Caldic with an after treatment what removed all KHCO   3   content) in vessel 2 and a limited amount of liquid water (35 mL) in vessel 1. The second started with a purified hydrated K   2  CO    3  ·  1.5H   2  O composite (produced by Caldic) in vessel 2 and initially an empty vessel 1. The temperature conditions in both experiments are similar: the temperature of vessel 2 varied between 40 and 90    ∘  C and vessel 1 was kept at 10    ∘  C. The exact hydration/dehydration conditions of K   2  CO   3   are described in more detail in the literature [25]).



Experiment 2: Goal: to determine the NCG effect on the performance of a model reactor system, using water as a well defined evaporation/condensation surface. This experiment uses a single evaporation/condensation run with is repeated five times with each time a well defined amount of NCG between 0 and 78  μ mol NCG. The NCG are added to vessel 2 after evacuating the entire setup. In this experiment, vessel 2 is kept at 26    ∘  C and vessel 1 at 10    ∘  C. The temperatures are selected to mimic the vapor pressures during dehydration of a TCM with a cold source of 10    ∘  C.



Experiment 3: Goal: to determine the effect of a small source of NCG on the performance of a model reactor system using water as a well defined evaporation/condensation surface and a constant supply of NCG (due to leakage) into the system. Within this experiment 15 evaporation/condensation cycles are performed with water in a closed system. The main source of NCG is due to leakage into the system. The leakage rate is stable over a long period of time within our measurement limits. The experiments are performed with a constant temperature of 37    ∘  C in vessel 1. The temperature in vessel 2 was varied between 35    ∘  C and 43    ∘  C. These temperatures are selected as it was not possible to cool vessel 2, without loosing the ability to measure the mass of vessel 2. Therefore a higher temperature is selected to be able to measure the mass variations and perform multiple evaporation/condensation cycles. In this cyclic evaporation/condensation run with water in a closed system, no NCG are present in the setup at the start of the experiment.





3. A Mathematic Model on Evaporation/Condensation with NCG


A numerical model was developed to understand the mass transport of the water vapor and of the NCG in the system. For developing this model, two issues should be investigated: 1. the transport of water vapor and NCG in the pipe; 2. the evaporation/condensation on the interface of the liquid water and the water vapor. In our model, we focus on gas transport under low pressure conditions in a geometry similar to that of the lab-experiments as a TCM vacuum reactor always contain water vapor resulting in a certain pressure depending on the exact working temperatures and active material. Evaporation and condensation is included via the boundary conditions. In this model, only the gaseous phases are considered: meaning that condensing or evaporating water in vessel 1 and 2 take place at the boundaries of the model (see Figure 3).



The description of the mass transport of a multicomponent system depends on the characteristic length scales involved in the problem. At low vacuum conditions (∼10 mbar), the mean free path of a gas molecular can be around dozens of   μ m  . In this paper, the length scale of the experiment set-up is around several mm which is much larger than the mean free path of the gas molecule. Therefore, the gas flow can still be considered as continuum and Navier-Stokes equations are still feasible. Otherwise, the theory of rarefied gas is required, as described in Reference [28]. On the other hand, the challenge of the second issue is a reliable description of the non-equilibrium state over the micro-meter-thick interface between the water and the vapor, because the continuous conditions of the thermodynamic variables such as the temperature and the pressure are not ensured as reported in the literature [29,30,31]. The classical Hertz-Knudsen-Schrage Equation [32,33] has been widely used for the evaporation/condensation process [34,35,36,37]. Moreover, its expression still agrees with a theoretical derivation based on Boltzmann equation for certain choices of the parameters [38,39]. One difficulty of the application of Hertz-Knudsen-Schrage Equation is to identify the evaporation and condensation coefficients, which are not necessarily the same and require dedicated experiments [31,34,40]. A sophisticated model investigating the evaporation/condensation process is not of the scope of this paper. Therefore, Hertz-Knudsen-Schrage Equation with a fitted condensation coefficient is adopted in this paper.



3.1. Mass Transport of the Gases


Mass conservation of a gas mixture is given by:


    ∂ ρ   ∂ t   + ∇ ·  ρ u  = 0 ,  



(3)




where  ρ  (kg/m   3  ) is the total gas density and  u  (m/s) is the velocity field of the mixture. The total density depends on the concentration of the gas components, that is,


  ρ =  c w   M w  +  c  n c g    M  n c g   ,  



(4)




where c (mol/m   3  ) represents the concentration, M (kg/mol) is the molar mass, the subscript w refers to water vapor and   n c g   to NCG. Mass conservation of the NCG is written as


    ∂  c  n c g     ∂ t   + ∇ ·  N  n c g   =  R leak  ,  



(5)




where the flux   N  n c g    in mol/(m    2  ·  s) is the summation of the diffusion and convection fluxes, that is,


   N  n c g   = − D ∇  c  n c g   +  c  n c g   u .  



(6)




with D (m   2  /s) the diffusion coefficient of the non-condensable gas in the water vapor. The source term   R leak   (mol/(m    3  ·  s)) on the right hand side of Equation (5) represents the sources of the NCG, mainly due to the leakage of the system. Leakage in this model is considered as the only source of NCG during the experiment. Moreover, we assume that the NCG does not flow in/out the condensation/evaporation surfaces (inlet/outlet).



The Hertz-Knudsen-Schrage Equation [34] is adopted to describe the evaporation/condensation. In this equation, the mass flux per unit area flowing through the liquid to the vapor    J w  ˙   (kg/(m    2  ·  s)) is related to the states of both two phases,


    J w  ˙  =    M w   2 π R      η e    P l    T l    −  η c    P g    T g     .  



(7)







Here,   P l   and   P g   (Pa) are the water vapor pressures in the liquid and the vapor phases, respectively and   T l   and   T g   (K), the temperatures in the liquid and the vapor, respectively. Moreover, R is the ideal gas constant. The coefficients   η e   and   η c   (-) are the evaporation coefficient and the condensation coefficient, respectively, represent the probabilities of molecular emission from the liquid to the vapor or vica versa and mainly depend on the temperature and the pressure [34]. They have been determined experimentally and reported in the literature [34,38]. Our model assumes that the NCG are not affecting the condensation/evaporation rate directly. As NCG might impact on the water transport from the surface to the vessel, they will indirectly affect the mass flux by changing the   P g   above the condensation/evaporation surface.




3.2. Momentum and Heat Transport


Just at the beginning of the experiments, the system is almost in vacuum and the mixture can not be considered a continuum, because of the large mean free path (±10–1000 mm). However, this low vacuum state quickly disappears as the large pressure difference leads to a very fast flow. Focusing on the later stage of the process, the mixture can be considered as a continuum. Assuming that the water and the NCG are well mixed, the flow velocity and the temperature of the mixture hold for both components. In this case, Navier-Stokes equations are adopted for the mixture


  ρ   ∂ u   ∂ t   + u · ∇ u = ∇ ·  − p I + τ  ,  



(8)




where p is the total pressure of the gas mixture and  τ  is the viscous stress tensor. As the gas mixture has a low viscosity, the mixture is considered as a Newtonian’s fluid and the viscous stress linearly depends on the strain rate:


  τ = 2 μ S −  2 3  μ ∇ · u I ,  



(9)




where  μ  is the viscosity of the mixture and the strain rate tensor is:


  S =  1 2   ∇ u +   ( ∇ u )  T   .  



(10)







At the inlet/outlet, the mass flux has been given through the condensation/evaporation, that is, Equation (7). Furthermore, the energy conservation of the mixture gives


  ρ  C p    ∂ T   ∂ t   + ρ  C p  u · ∇ T + ∇ ·  − k ∇ T  = − p ∇ · u + τ : S ,  



(11)




where the first term on the right hand side is the pressure work and the second term is the viscous dissipation. Applying the ideal gas law to both the water vapor and the NCG, the total pressure is expressed as


  P = (  c w  +  c  n c g   ) R T .  



(12)








3.3. Boundary Conditions


The temperature at the bottom of vessel 1 is fixed at 37    ∘  C and the temperature loading cycle in Experiment 2 is applied to vessel 2 (43 and 35    ∘  C). The temperatures at the walls of the tubing are fixed at 45    ∘  C to avoid condensation at locations other than the bottom of vessel 1 and 2. For the remaining boundaries, non-slip and thermal-isolated conditions are assumed. The properties ( ρ ,   C p  , k, D and  μ ) of dry air are used for the NCG.



The initial conditions and the main parameters in the simulations are listed in Table 1. The leakage rate is set at 2.5 mbar/day at 45    ∘  C, that is,   1.1 ×  10  − 7    mol /  (  m 3  · s )   , based on the leakage rate observed in the experiments. The diffusion coefficient of water vapor in the dry air at 1 bar (   D 0  = 2.8 ×  10  − 5     (  m 2  / s )   ) is adopted considering a pressure dependency (   D w  · p  ( bar )  =  D 0  · 1  ( bar )   ) [41].



In this study,   η c   assumed to be identical to   η e  , that is, the probabilities of a molecular emission from the liquid to the vapor and reversely are the same. Therefore, the next discussion will use as condensation coefficient only. The condensation coefficient can be derived on the basic of the molecular dynamic simulations [38] or obtained through experimental measurements [34]. However, both methods are out of the scope of this paper. Once the values of the condensation coefficients are obtained by fitting the evaporation rate of the first cycle from experiment 3, the coefficients are assumed to be independent from the NCG concentration and to be only dependent on the temperature.



The partial differential equations are solved using COMSOL Multiphysics (version 5.3a, TNO, Eindhoven, The Netherlands).





4. Results


4.1. Experiment 1: Single Condensation Process with Controlled Amount of NCG


To show the effect of NCG on the performance of a TCM system, two cyclic tests are performed: one with anhydrous and one with hydrated K   2  CO   3  . In this experiment, the performance of a TCM system is determined by the hydration/dehydration rate over multiple cycles. To determine this, both samples are hydrated/dehydrated 10 times by changing the temperatures of vessel 2, as schematically indicated in Figure 1. In both experiments no additional evacuation or other treatment of the samples are performed.



4.1.1. Experiment 1A: Cyclic Experiments with Initially Anhydrous K   2  CO   3  


Figure 4 shows the results of the first tests (vessel 1 was filled with 35 ml demi-water, vessel 2 with 21.5 g dehydrated K   2  CO   3   grains) with K   2  CO   3   are given in Figure 4. The temperature, change in mass and pressure during the entire experiment are plotted. The pressure does not exceed the 12 mbar (equilibrium vapor pressure of water of vessel 1) during hydration. During dehydration the pressure does not reach the equilibrium pressure of K   2  CO   3   at 90    ∘  C (78 mbar), as the dehydration rate is lower than the condensation rate. The peaks in the curve in mass change at 0 and 12 h is a result of switching on and off from the heater. The heater interferes with the balance and gives a short offset in the measured mass.



The two main sources of NCG are present in this experiment. Firstly, dissolved NCG in the 35 mL water, what results in a pressure increase of 2 mbar in the setup based on Henry’s Law (Equation (2)). Secondly, the leakage rate is determined during this experiment to be in the order of 4  μ mol/day (0.3 mbar/day).



During dehydration an increase in pressure is observed between each hydration/dehydration cycle. The increase of pressure during dehydration is nonlinear over the cycles. The hydration rate decreases every cycle, resulting in a smaller amount of water reacted with the TCM, what means a decrease of performance of the TCM reactor.




4.1.2. Experiment 1B: Cyclic Experiments with Initially Hydrated K   2  CO   3  


In a second experiment, starting with hydrated K   2  CO   3  , no extra water was added in vessel 1, consequently eliminating one of the sources of NCG of the first experiment. The leakage rate in this experiment is extremely low (0.05 mbar/day), so almost no NCG entered the experiment. The experiment is plotted in Figure 5. As can be seen, all mass curves during hydration/dehydration cycles are overlapping and only a small increase in vapor pressure is observed during hydration. The drop in pressure after 7 h is observed as all water of vessel 1 is hydrated on the TCM. Note that even after 8 cycles, the observed pressure during dehydration is significantly lower than that, of experiment 1A. The difference in observed pressure in the first run is most likely a result of the NCG dissolved in the water in experiment 1A, which was absent in experiment 1B. In addition, the low leakage rate of experiment 1B result in a low increase of pressure over the different cycles in experiment B compared to experiment A. The difference in performance over multiple cycles is significant, what according to us is a result of the different amount of NCG in the setup.





4.2. Experiment 2A: Single Condensation Process with Controlled Amount of NCG


Experiment 1, indicates that NCG may strongly impact on the hydration/dehydration behavior of a TCM in a low pressure reactor. Considering that the K   2  CO   3   material properties may change during the previous experiment, thus its performance, subsequent experiments are carried out using a model system on the well defined water surface instead of the TCM material. Additional experiments on a water system will be performed for a more in depth analysis on the role of NCG. Single evaporation experiments are performed with a constant temperature of 26    ∘  C on the evaporator side (vessel 2) and 10    ∘  C on the condenser side of the setup (vessel 1).



In all cases, demineralised water is used, with no additional pretreatment to remove dissolved gasses.



Experiment 2B: Single Condensation Process without Artificial Added NCG


In the first single condensation experiment, no additional NCG is added to the system. The exact conditions are given in Section 2.4. Figure 6 shows the mass decrease in vessel 2 and pressure in the setup over time during an evaporation experiment without additional NCG. In vessel 2, 35 mL of water was added and in vessel 1 a small amount of water was initially present at the start of the experiment. This water generates the constant water surface whereon water vapor can condensate. Firstly, the mass in vessel 2 decreases almost linearly in time during the experiment. Secondly, an increasing vapor pressure is observed above vessel 1 during the condensation process. At the start of the evaporation/condensation period the pressure increased immediately to 14.8 mbar and increases to 24.6 mbar. Both pressures are in between the equilibrium pressures of vessel 1 and 2. Secondly, a clear periodic variation is observed in the pressure, which also occurs in the mass curve but smoothed out. This is due to the heater control. At the moment vessel 2 is empty, the pressure drops quickly but remains for a long time above the equilibrium pressure expected from vessel 1 as related to the temperature in this vessel. Finally the pressure is almost equal to the equilibrium water vapor pressure based on the temperature of vessel 1.



The increase in pressure during the evaporation/condensation process is not expected in case no NCG are present throughout the entire experiment (case I). In Figure 7 a schematic representation of the evaporation/condensation process is drawn. This represent the situation after opening valve C   2   of Figure 1. Figure 7 represents our thinking model what occurs during condensation/evaporation. The dashed lines represent the pressure of NCG and the solid lines the pressure of water vapor. At that moment, an equilibrium will be settled between the evaporation rate of the gas-liquid surface in vessel 2 and the condensation rate at the gas-liquid surface of vessel 1. This equilibrium will be settled almost instantaneously. We would, therefore, expect a steep pressure increase at opening the valve C   2   and a steep pressure decrease at the moment vessel 2 is empty (case I in Figure 6. As the setup is not completely leak tight, a small amount of NCG will enter the system during the evaporation/condensation experiment. This probably results in a built up of NCG at the condensation surface in vessel 1, what is assumed that the NCG will be carried with the water vapor to this layer. Therefore, a small layer of gas appears at the surface, hindering water transport to the condensation surface and decreasing the condensation rate. As the condensation rate is lower but the evaporation surface is not affected by the NCG, the pressure in the system will slightly increase, till a new equilibrium is reached. This will result in a small increase in pressure over time during an evaporation/condensation experiment (see case II). As the leakage rate is in the order of 0.25 mbar/day and an experiment takes approximately 1.5 h, the average pressure of NCG due to leakage is in the order of 0.02 mbar. The other source of NCG is due to dissolved gasses in the water vessel. Based on Henry’s Law, the amount of NCG dissolved in the water can result in an estimated pressure in the order of 2 mbar on system level, strongly dependent on the degassing procedure before the experiment. Even if only 10% of the initial NCG dissolved in water contributes to such pressure built up, its contribution largely exceeds that of leakage. During the evaporation process, NCG will be released from the water resulting in a continuous increase of NCG at the condensation surface of vessel 1. This again will block the condensation surface, resulting in a decreased condensation rate, causing a higher equilibrium vapor pressure in the system (case III).





4.3. Single Condensation Process with Artificial Added NCG


In Figure 8 and Figure 9a,b, five experiments are summarized with different initial amounts of NCG (given in the legend) in the system whereby the same experimental conditions are used as in Section 4.3. The NCG is air from the atmosphere: mainly N   2   and O   2  . In Figure 9b, the pressure after opening valve C   2   is plotted against the average P    N C G    in the system. We assume the NCG in the system are directly transferred to vessel 1 after opening valve C   2  . An almost linear relation between the measured average vapor pressure and the average initial amount of NCG is observed, fitting with the hypothesis that the NCG will influence the condensation rate and therefore increase the vapor pressure in the system. The evaporation rate (mass decrease) is strongly dependent on the amount of NCG in the system: it decreases rapidly with increasing initial NCG content in the system. At a NCG level of 78  μ mol (average   P  N C G    = 5 mbar) in the setup, the condensation/evaporation process almost immediately stopped, wheras for 39  μ mol of NCG (average   P  N C G    = 2.5 mbar) the process is blocked after 3.5 h. In case the mass transport stops (or decreases to a non-measurable value), the total vapor pressure in the setup is equal to the theoretical water vapor pressure of the evaporation vessel (vessel 2), implying that a high concentration of NCG is located at the condensation surface in vessel 1. From that moment on, the mass transport is dominated by diffusion and not driven by a pressure difference, this process is several orders slower, no mass loss is observed in vessel 2. As there is no pressure difference within the setup, the concentration of NCG at the condensation surface should be equal to the water vapor pressure difference between vessel 1 and 2. In that case, no net condensation will occur at that surface.



The experiments of 0, 8 and 24  μ mol NCG (average   P  N C G    = 0, 0.5 and 1.5 mbar) have almost a linear mass decrease, with a slowly decreasing condensation rate in time. Note that the process is almost immediately stopped at a level of 78  μ mol (i.e., average P    N C G   , with a small loss of mass in the first hour only. The experiment with 39  μ mol of NCG (average   P  N C G    = 2.5 mbar) at the start of the experiment, shows a linear mass decrease initially but the evaporation rate quickly decreases and after 3.5 h no mass transport is observed. Except for the 78  μ mol experiment, all experiments show a pressure increase in time.



Based on this set of experiments, it can be concluded that a small amount of NCG in the current setup can already significantly decrease the condensation rate or even ‘stop’ it (still condensation but extremely slow).




4.4. Experiment 3: Cyclic Condensation/Evaporation with Water


Experiment 3 is performed to measure the impact of leakage of NCG on the performance of a condensation/evaporation system. In this experiment, water evaporates from vessel 1 and condensates in vessel 2, and the reverse. Fifteen cycles are performed, wherein a cycle consists of a full and single evaporation/condensation process in one vessel. Vessel 1 is initially empty and vessel 2 is filled with 10.8 mL demineralized water. Vessel 1 is kept at a temperature of 37    ∘  C and vessel 2 is varied between 35 and 43    ∘  C, respectively for 10 and 2 h. The leakage rate is determined to be of 0.25 mbar/day. In this experiment, the pressure within the system, the mass of vessel 2 and temperature of vessel 1 and 2 are recorded. In Figure 10, the results of the 7th cycle are shown. At the start of the condensation period, the temperature is decreased in 15 min from 43 to 35    ∘  C. The temperature is kept constant within 0.1    ∘  C range during the rest of the condensation period. After 10 h, the evaporation starts and the temperature is increased to 43    ∘  C. As a result of evaporation, the temperature of vessel 2 reaches only a constant temperature of 43    ∘  C only after 1 h. This is a result of a limited power source (30 W) and high evaporation rate resulting in a cooling power of 15 W. At the moment the evaporation process is finished (see the mass curve), the temperature of the vessel increases to a temperature above 43    ∘  C. As the temperature controller overshoots, because of an abrupt deletion of cooling power.



The mass curve indicates that condensation occurs at a constant rate, however the evaporation rate increases in time due to the increasing temperature of the water in vessel 2.



During condensation in vessel 2, the pressure is slowly reaching a pressure close to the water equilibrium pressure 62.6 mbar at 37    ∘  C. During evaporation from vessel 2 to vessel 1, the pressure is increasing in time, similar to the single evaporation experiments. This is a combination of the temperature increase of vessel 2 (both the entire vessel and the evaporation surface). The pressure after 12 h is above the equilibrium pressure of water at 37    ∘  C but still reducing.



15 condensation/evaporation cycles are performed, resulting in mass curves during condensation in vessel 2 shown in Figure 11. The condensation rate decreases each cycle. As the time of condensation is limited to 10 h the condensated mass in vessel 2 eventulally decreases too, as shown Figure 11. This might be due to the leakge rate of 0.25 mbar which will be deeper discussed in the next paragraph.




4.5. Numerical Model of a Condensor/Evaporator with NCG


In this paragraph, the model is validated on the basis of the previous experimental results. Firstly the evaporation rate by different NCG contents is addressed. Secondly, a cyclic evaporation/ condensation experiment is addressed, similar to experiment 3, considering the boundary conditions listed in Table 1. Thirdly, a numerical analysis is made of the effect of experimental parameters on the performance of a low pressure reactor.



4.5.1. Evaporation Rate with NCG


In our model we assume that the evaporation/condensation rate only depends only on the applied temperature and pressure of the gas and liquid phases (see Equation (7)). The evaporation rate in vessel 2 from experiment 2 is plotted against the measured pressure in the system in Figure 12. As can be seen, the numerical results are in well agreement with those of the corresponding experiment 2. Firstly, all curves show a linear relation between the measured pressure and the evaporation rate. Secondly for all experiments, the evaporation rate is zero at a pressure equal to the equilibrium pressure of vessel 2. This fits with Equation (7), which shows that the evaporation rate is dependent on the pressure difference between the liquid and gaseous phases in case of equal temperature of the gaseous and liquid phase and equal   η e   and   η c  . Thirdly, the four experiments with added NCG nicely overlap, whereas the experiment without added NCG, has a significantly higher evaporation rate compared to the other experiments at the same system pressure. A full explanation is lacking at this moment for the difference between the experiments with and without added NCG. As in the other experiments NCG are always present, we accept the assumption that the evaporation/condensation rate depends only on the applied temperature and pressure of the gas and liquid phases.




4.5.2. Constant Leakage as Source of NCG


Firstly, a cyclic evaporation/condensation similar to experiment 3 is modeled. Figure 13 shows the predicted mass of water in vessel 2 at different cycles. In this experiment, the upper limit of evaporated water from vessel 1 is set to 10.8 g (similar to experiment 3) and, if this is exceeded, the evaporation rate is set to zero. It is observed that the condensation rate in vessel 2 decreases with the cycles and, likewise, the evaporation rate.



To clarify the drop in evaporation and condensation rates, Figure 14 shows the calculated pressure distribution along the central axis of vessel 2. The normalized distance equals 1 at the point, where the tube connects to the vessel. Obviously, most NCG appear in vessel 2 during condensation whereas in vessel 1 hardly no NCG are observed. According to the model, the flow leads to an accumulation of NCG in vessel 2. The tube between vessel 1 and 2 acts like a diode, as the high flow speed of water molecules herein prevents NCG to diffuse back to vessel 1. The total pressure level in vessel 2 increases due to the leakage of NCG. The maximum absolute pressure difference between vessel 1 and 2 is determined by the water vapor pressure difference in equilibrium of both vessels (in this case 6.5 mbar). Each pressure increase of NCG, implies a decrease of pressure between the water vapor pressure in the liquid and gaseous phase, reducing the condensation rate (see Equation (7)).



The predicted and measured 8 h averaged condensation rates as a function of the cycle are plotted in Figure 15. Considering the obvious agreement, the model is used to explore hereafter the effects of experimental variables like tube diameter, condensation surface and temperature in the experiment.




4.5.3. The Roles of Experimental System Parameters on the Evaporation/Condensation Rate in a System with NCG


To explore the effects of NCG more profoundly, the diffusion coefficient of the water molecules (D    g a s   ) have been investigated. The parameter set used in Section 4.6 is used, except that a higher leakage rate of   8.75 ×  10  − 6   mol /  (  m 3  · s )    (i.e., 20 mbar at 45    ∘  C in 24 h) was used. This is done, to reduce the simulation time.



In Figure 16, the transient condensation flux rate, which is defined as the condensation rate divided by the water/air surface in vessel 2, is plotted against the pressure of the NCG at the bottom surface of vessel 2 during the condensation period. As shown in Figure 16, there is a sudden decrease in the slope around 6.5 mbar, which is equal to the difference between equilibrium water vapor pressures of vessel 1 and 2.



This indicates two regimes exist during evaporation/condensation. The first regime has a high condensation rate. In this case, the dominating mechanism on the mass transport is the total pressure difference between vessel 1 and 2 (see the total pressure line). The amount of NCG in the system is in this regime relatively low and will not significantly affect the condensation rate. A second regime dominates when the condensation rate drops steeply, that is., in the order of a factor of 1. In this case, the amount of NCG is raised till a level, whereby the total pressure drop over vessel 1 and 2 is not longer the dominating mechanism for mass transport. The pressure of the NCG completely compensates the difference between equilibrium water vapor pressure of vessel 1 and 2 (see the NCG pressure line), consequently fully reducing the total pressure difference. In this regime, diffusion driven by partial pressure differences dominates water transport as well as induces NCG transport to vessel 1.



Because the mass transport of the NCG depends on convection and diffusion, the influence of the diffusion coefficient is investigated. The diffusion coefficient is changed from   4.6 ×  10  − 5     m 2  / s   to   0.46   m 2  / s  , as a sensitivity check. The condensation rate flux and the pressure difference are plotted with respect to the pressure of the NCG at the bottom surface of vessel 2 in Figure 17. When the diffusion coefficient changes two order of magnitude, that is, in the range from   4.6 ×  10  − 5     m 2  / s   to   4.6 ×  10  − 3     m 2  / s  , the performance of the system remains the same until the pressure of the NCG reaches a pressure of 6.5 mbar at the surface.



The so-called condensation coefficient may be sensitive to the diffusion coefficient. The fitting of the condensation coefficient is done in the first cycle when there is only a little amount of the NCG. Figure 17 shows that the diffusion coefficient needs to be as large as   0.46   m 2  / s   with the given experimental conditions so that the diffusion can influence the condensation rate when the pressure of the NCG at the bottom surface of vessel 2 is smaller than 1 mbar. However,   0.46   m 2  / s   is an unreasonable value for the diffusion of the dry air in the water vapor at low-pressure level around 10 mbar as it is 1000 times higher than what is given in literature (4.6 × 10    − 4    m    2  ·  s    − 1    [41]). Therefore, the diffusion coefficient does not have significant influences on the condensation coefficient.





4.6. Design of the System


The pressure driven regime is the most interesting case for closed TCM reactors, because of the much higher condensation/evaporation ratse and therefor higher in/output powers of a TCM heat battery. However, this regime appear to be more sensitive to NCG. In this paragraph, design principles of the reactor system are investigated numerically to explore options to reduce this sensitivity.



Firstly, the dimensions of the system are addressed including: the diameter of the vessels (D), the height of Vessel 2 (H) and the diameter of the tube (  D t  ). A high leakage rate   8.75 ×  10  − 6    mol /  (  m 3  · s )    is used as a starting point similar to the previous paragraph (8 times higher than in the real experiments). The results are plotted in Figure 18. Here, the reference indicates to the simulation with parameters given in Table 1. Changing the dimensions of the vessels does not change the pressure difference as shown in Figure 18a. Moreover, the condensation rate flux (= the condensation rate/the surface area) is shown in Figure 18b. The evaporation/condensation rates normalized by the surface area are not significantly affected by the different geometries. A variation is only observed in the range where the evaporation rate has already decreased by more than 90%, being an undesired situation anyhow for any heat battery system.



As a straight forward measure of the system performance we introduce a way to measure the performance:


  Performance =   C (  P  N C G   )   C (  P  N C G   = 0 )   · 100 % ,  



(13)




where C is the condensation flux rate and P    N C G    the pressure of NCG at the surface of vessel 2 during condensation. In Figure 19, the performance is plotted as a function of the ratio of the NCG pressure at the condensation surface and the equilibrium vapor pressure difference of evaporator and condensor. This graph shows a linear relation between this pressure ratio and the performance of the system. Consequently, the performance can be estimated according to:


  Performance =  1 −   p  NCG , condenser     p  eq  H 2  O , evaporator   −  p  eq  H 2  O , condenser      · 100 % .  



(14)








4.7. Practical Implication


With help of the model and relations described in this paper, it is possible to make a translation from the performance of a TCM reactor on the long term. Equation (14) described the performance decrease as a function of the pressure of NCG at the condensation surface, which is hard to experimentally determine. A first approximation can be used to calculated this value. With help of the overall pressure measurement in a static situation, the total amount of NCG can be measured (p   NCG   = p   measured  − p   w  ). Based on the model, all NCG in the system are located in the condenser vessel. As in vacuum the NCG will follow the ideal gas law, the average NCG pressure can be calculated in the condenser vessel (p    NCG , condenser    = p     N C G   ·   V reactor   V condenser    ). Hereby the   V reactor   and   V condenser   are the free volume in respectively the entire reactor and the condenser. Equation (14) gives the minimal reduction of performance as a result of introduction of NCG in the vacuum reactor. For a more accurate estimation, the model described in this paper can be used.



Based on these assumptions, a simple relation can be formulated to indicate how much NCG per free volume (Q    N C G   ) in the system in time t can be present in a system when a performance drop,   P x  , is observed:


   Q  N C G   =   V condensor   R · T ·  V reactor  · t    1 −   P x   100 %     (  p  eq  H 2  O , evaporator   −  p  eq  H 2  O , condensor   )  .  



(15)







In this equation, the pressure is given in Pa. This equation indicates the leakage rate and its is acceptable limits for a vacuum system.



For example, a system with a reactor of 300 L, with a free volume of 50 L wherein 40 L of the condenser. As K   2  CO   3   is used as TCM and the desired hydration temperature is 40    ∘  C (p    e q u i l i b r i u m    = 0.3 kPa),   p  eq  H 2  O , condensor    = 0.3 kPa and   p  eq  H 2  O , evaporator    = 1.2 kPa (the evaporator is 10    ∘  C). The reactor should work for 30 year and the performance should not drop more than 10%. This results in Q    N C G    of 0.03 nmol/(m   3  s). As only 50 L free volume is present in the reactor, the leakage rate to get to a maximal performance decrease (as result of NCG) of 10% can not be more than 2 pmol/s. This is similar to a pressure increase of no more than 0.7 mbar in 30 year in the system.





5. Conclusions


This paper quantifies the potential effect of NCGs on vacuum TCM reactor performance. With help of both lab experiments and numerical modeling, it is shown that a small amount of NCG in a vacuum setup will significantly reduce or even stop the evaporation/condensation rate, which is in good agreement with current literature.



The system performance is linearly related to the amount of NCG at the condensation surface based on the numerical model, which is validated with experiments on a system with water.



The decrease in performance is related to the water transport process, which is convection based at low NCG content into a diffusion based at high NCG content, whereby the transition point is reached when the NCG pressure at the condenser surface is equal to the difference between the equilibrium water pressure of the evaporator and condenser. The geometry on the other hand is of less importance for the performance as long as the tubing between the condenser/evaporator is wide enough that it will not result in a significant pressure drop over the tubing.
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Figure 1. Schematic overview of the   p T  -mass setup. Both vessels are temperature controlled, the tubing between the vessels is heated to avoid condensation. The symbols represent: P: pressure sensor, D: filling area, C    1 , 2 , 3    valves, B: balance, 1 and 2: vessel 1 and 2. Vessel 1 always water, vessel 2 contains K   2  CO   3   (experiment 1) or water (experiment 2 and 3). The temperature of vessel 1 is controlled with help of a thermostatic bath, the temperature of vessel 2 is controlled with help of a heat resistor. 
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Figure 2. Pressure during leakage test. The period is because the temperature jumps between 40 and 90    ∘  C. The higher pressures are at 90    ∘  C, the lower at 40    ∘  C. 
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Figure 3. A schematic overview of the system used in the mathecial model. In this model no liquid water is present in both vessels, what is transfered in/out of the system by at the bottom of both vessels (inlet/outlet). 
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Figure 4. The temperature, pressure and change in mass of a thermochemical material (TCM) with a mass of vessel 2 initially filled with 21.5 g dehydrated K   2  CO   3   and vessel 1 with water during 10 cycles of dehydration/hydration. The peak at 0 and 12 h in the change in mass curve is a result of the heater which is turned on and off as result of hydration and dehydration. Each run has its own color whereby the color tranforms from black to green by increased run number. The data of this graph is re-used from J. Houben et al. [42]. 
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Figure 5. The temperature, pressure and change in mass of a TCM with mass of vessel 2 initially filled with 21.5 mg hydrated K   2  CO   3   and vessel 1 with water during 10 cycles of dehydration/hydration. The peak at 0, 3 and 6 h in the change in mass curve is a result of the heater which is turned on and off as result of dehydration, hydration and stopped hydration. Each run has its own color whereby the color tranforms from black to green by increased run number. The data of this graph is re-used from J. Houben et al. [42]. 
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Figure 6. Left axis: Mass change of vessel 2 during evaporation (solid line). Right axis: Pressure in setup during mass transport from vessel 2 into 1 (grey line). The equilibrium pressures of vessel 1 and 2 are indicated by the dashed (–) the and dot-dashed (·–) lines respectively. The three dotted (…) lines represents the thinking model (see Figure 7) explaining the pressure increase during the evaporation/condensation: case I ( no non-condensable gases (NCG) are present in the system), case II (only NCG as result of leakage of the setup) and case III (NCG as result of leakage and dissolved NCG). 
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Figure 7. A schematic representation of our thinking model on the pressures of the NCG and water in vessel 1 and 2 during evaporation in vessel 2 and condensation in vessel 1. 
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Figure 8. Mass change of vessel 2 during evaporation. 
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Figure 9. (a) Pressure in setup during mass transport from vessel 2 into 1. (b) The pressure measured in the setup directly after opening the valve between vessel 1 and 2. The dot-dashed line is the equilibrium pressure of vessel 1 and the dashed line is the equilibrium pressure of vessel 2. 
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Figure 10. The pressure (blue), temperature (red) and mass in vessel 2 (black) during the 7th cycle. 
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Figure 11. The mass of vessel 2 during condensation of water. The temperature of vessel 1 and 2 is 37    ∘  C and 35    ∘  C, respectively. 
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Figure 12. The evaporation rate from vessel 2 plotted against the pressure measured in the system. All experiments with some initial NCG are overlapping, the one without initial NCG in the system has a way higher evaporation rate. 
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Figure 13. Mass of the liquid water in Vessel 2 at different cycles during the simulation. 
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Figure 14. Pressure along with the central axis of vessel 2 at the half-time point of each cycle, that is, the condensation period for vessel 2. The point where the normalized distance equals 1 represents the connection of tube and vessel. 
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Figure 15. A comparison of the 8-hour average condensation rate between the experiment and the numerical calculations of experiment 3. 
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Figure 16. Relation of condensation flux rate (  mg / (  m 2  · s )  ) and the pressure of the NCG at the bottom of vessel 2. In this experiment: evaporation in vessel 1 and condensation in vessel 2, with temperatures respectively 35 and 37    ∘  C. At 6.5 mbar a transition is observed between a pressure and diffusion driven mass transport process. On the right axis the pressure difference (Total and NCG) between two vessels during the simulation of a high leakage rate, both at the bottom of the vessels. 






Figure 16. Relation of condensation flux rate (  mg / (  m 2  · s )  ) and the pressure of the NCG at the bottom of vessel 2. In this experiment: evaporation in vessel 1 and condensation in vessel 2, with temperatures respectively 35 and 37    ∘  C. At 6.5 mbar a transition is observed between a pressure and diffusion driven mass transport process. On the right axis the pressure difference (Total and NCG) between two vessels during the simulation of a high leakage rate, both at the bottom of the vessels.
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Figure 17. Effects of the NCG diffusion coefficients on the condensation flux (a) and pressure difference (b) as a function of pressures of non-condensable gas at the condensation surface of vessel 2. 
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Figure 18. Effects of the NCG with different dimensions during the condensation period on the pressure difference (a) and the condenation rate flux (b). H: the height of the vessel, D: thickness of the vessel and   D t  : thickness of the tubing between both vessels. 
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Figure 19. The performance (ratio of condensation flux rate with and without NCG in the vacuum system) plotted against the ratio of the pressure of the NCG at the condensation surface and the water vapor pressure difference between the condensor and evaporator. A combination of different geometries and workingconditions are shown, resulting in one mastercurve. 






Figure 19. The performance (ratio of condensation flux rate with and without NCG in the vacuum system) plotted against the ratio of the pressure of the NCG at the condensation surface and the water vapor pressure difference between the condensor and evaporator. A combination of different geometries and workingconditions are shown, resulting in one mastercurve.
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Table 1. Initial conditions and parameters used in the simulation for experiment 3, which is also shown in Figure 3.   L x   (x = 1, 2 and T) is the length of vessel 1 and 2 and the tube length between vessel 1 and 2, respectively.






Table 1. Initial conditions and parameters used in the simulation for experiment 3, which is also shown in Figure 3.   L x   (x = 1, 2 and T) is the length of vessel 1 and 2 and the tube length between vessel 1 and 2, respectively.





	T    i n i : 1 , 2   
	37    ∘  C



	T    w a l l   
	45    ∘  C



	P    i n i , w   
	61.5 mbar



	R    l e a k   
	   1.09 ×  10  − 7   mol /  (  m 3  · s )    



	  D w   @ 61.5 mbar
	   4.6 ×  10  − 4    m 2  / s   



	   η  e , T    
	(0.975·T − 29.425) × 10    − 4   



	D    1 , 2   
	40.5 mm



	D    t u b e   
	4 mm



	L   1  
	83.9 mm



	L   2  
	173.9 mm



	L   T  
	930 mm
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