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Abstract

:

This study is the second part of the theoretical study of “Modeling and Simulation of a Two-Stage Air-Cooled Adsorption Chiller with Heat Recovery”, which is based on developing a theoretical model for a two-stage adsorption chiller with an activated carbon/methanol pair. The following models were conducted numerically using MATLAB. The model was based on 10th order differential equations; six of them were used to predict bed, evaporator and condenser temperatures, while the other four equations were used to calculate adsorption isotherm and adsorption kinetics. In this second part, bed heat exchangers and evaporator and condenser heat exchangers are studied by varying the parametric design of a chiller. This includes but is not limited to activated carbon mass inside a single bed, overall heat transfer coefficient for the bed and evaporator and the mass flow rates of all components comprising the chiller. The optimum values increased the COP from 0.35 to 0.4, while the cooling capacity was slightly changed. The COP is 95% of a Carnot cycle working at hot water temperatures as low as 60 °C, and 90% at hot water temperatures as high as 90 °C. It was found that the simulation model results for the two-stage air-cooled chiller agreed well with the experimental data in terms of cooling capacity (6.7 kW for the model against 6.14 kW for the experimental result at 30 °C cooling water temperature). The model optimized the adsorption/desorption time, switching time and heat recovery time to maximize both cooling capacity and COP. Moreover, the model is used to study the effect of activated carbon mass, size of beds and mass flow rates of cooling, heating, chiller and condenser on both cooling capacity and COP.
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1. Introduction


The work in this paper is conducted to continue the research work submitted for applied science [1], for the modeling and simulation of a two-stage adsorption chiller with heat recovery.



Since the 1980s, due to projected energy shortages, many researchers have investigated the performance and operation of adsorption in air conditioning, freezing and heat pump applications for solar energy because of the near coincidence of peak of cooling load and available solar load [2,3,4,5,6,7,8,9]. The subject was handled experimentally and mathematically from basic fundamentals, number of stages, working pairs, mass and heat recovery and cycle time optimization, in addition to many parametric studies for chiller components, such as adsorption bed and heat exchangers [10]. Dynamic modeling for optimizing the half-cycle time of adsorption at a different solar intensity was presented and showed remarkable improvements in cooling capacity [11]. Two of the pioneering researchers were (Sakoda and Suzuki, 1983) who carried out many fundamental experiments on the solar-powered adsorption cooling system. A simple model that takes into account both adsorption properties and apparatus characteristics was used to interpret experimental results. The heat and mass transfer were also interpreted by this model. They studied quantitatively the effect of regeneration temperature on the cooling performance [12]. Parametric analysis studied a two-stage adsorption chiller using reheat demonstrating the effect of the overall thermal conductance and adsorbent mass on system performance [13,14,15]. Bed and heat exchanger configurations to reduce heat-transfer resistance and improve performance were reviewed for a single-stage and a multistage adsorption chiller [16,17,18]. Finally, Ahmad, R.M. Rezk and Raya. K. Aldadah studied, using MATLAB, the performance of a silica gel adsorption chiller at different operating and physical conditions [19]. A parametric study of the influence of many system parameters on the performance is accomplished and discussed [19]. Many studies showed that system performance (cooling capacity and COP) is strongly affected by the number of transfer units of an adsorber/desorber, and the number of transfer units of a condenser is the least sensitive parameter [20,21]. Some researchers studied the effect of particle diameter and adsorbent bed thickness on bed thermal conductivity and how this lead to a dramatic improvement in specific cooling power (SCP) [22]. The performance of three different solar cooling systems is examined by a solar electrical, a solar thermal and a hybrid solar electrical–thermal cooling system for different regional climates [22,23]. The performance of silica gel/water adsorption chiller for the Jordan climate was evaluated experimentally and theoretically against ambient temperature, global solar radiation, relative humidity, wind speed and temperatures of the solar adsorption system at different locations of the experimental setup [24,25].



The novelty of this work includes the enhancement of the performance of a transient models’ medium capacity for an air-cooled adsorption chiller that could work at near-ambient temperature and a humidity higher than any other chillers ever built (up to 50 °C) by applying mass and heat recovery and optimizing for operating conditions and cyclic time. The results of the models will be used for predicting the cooling capacity of larger sizes and different operating conditions.




2. Physical and Mathematical Models


2.1. Physical Model


The two-stage chiller is composed of four beds, two stages (desorption/adsorption), an evaporator, a condenser, circulating pipes and valves and pressure- and temperature-monitoring instruments. In a two-stage adsorption chiller, the evaporating pressure is divided into two consecutive temperature lifts to exploit low-heat source temperature by introducing four beds. This configuration makes it possible to run the chiller at high ambient temperature ranges (up to 50 °C) and hot water temperatures as low as 60 °C to produce chilled water as low as 7 °C. A schematic for the two-stage adsorption chiller is shown in Figure 1. The working principles of this chiller were discussed in part I of this study.



Modes of Operation for Two-Stage Adsorption Chiller


Table 1 shows the operation modes for the two-stage chiller with mass and heat recovery. The two-stage chiller with mass and heat recovery has six modes, Modes A, B, C, D, E and F.





2.2. Mathematical Model


Assumptions for the model and energy balance during the operation, switching time and heat recovery were discussed in Part I of this study. The governing equations during the operation are briefly mentioned hereafter.



For G1 and G4: Adsorption



The energy balance equation is:


    d  d t    {   (   M  a c   ∗ C  p  a c   +  M  a c   ∗ C  p m  ∗  x  a d s   +  M  A l   ∗ C  p  A l   +  M  c u   ∗ C  p  c u    )   T  a d s    }  =     M  a c   ∗  Q  s t   ∗   d  x  a d s     d t   −  M  a c   ∗ C  p m  ∗ (  T  a d s   −  T  e v a   ) ∗   d  x  a d s     d t   + M  c w  ∗  C  p w   ∗  (   T  c i   −  T  c o    )    



(1)







The outlet temperature of the cooling water is calculated by log mean temperature difference (LMTD):


   T  c o   =  T  a d s   +  (   T  c i   −  T  a d s    )  ∗ e x p  {  −  (   U b  ∗  A b   )  /  (   M  c w   ∗ C  p w   )   }   



(2)







For G2 and G3: desorption



The energy balance equation is:


    d  d t    {   (   M  a c   ∗ C  p  a c   +  M  a c   ∗ C  p m  ∗  x  d e s   +  M  A l   ∗ C  p  A l   +  M  c u   ∗ C  p  c u    )   T  d e s    }  =     M  a c   ∗  Q  s t   ∗   d  x  d e s     d t   + M  c w  ∗  C  p w   ∗  (   T  h i   −  T  h o    )    



(3)







The outlet temperature of the heating water is calculated by LMTD:


   T  h o   =  T  d e s   +  (   T  h i   −  T  d e s    )  ∗ e x p  {  −  (   U b  ∗  A b   )  /  (   M  h w   ∗ C  p w   )   }   



(4)







For the evaporator:


    d  d t    {   (   M  e m    ( t )  ∗ C  p m  +  M  e v a   ∗ C  p  e v a    )   T  e v a    }  = −  M  a c   ∗  h  f g   ∗   d  x  a d s     d t      −  M  a c   ∗ C  p m  ∗  (   T  c o n   −  T  e v a    )  ∗   d  x  d e s     d t   +  M  c h w   ∗  C  p w   ∗  (   T  c h i   −  T  c h o    )    



(5)







The outlet temperature of the chilled water is calculated by LMTD:


   T  c h o   =  T  e v a   +  (   T  c h i   −  T  e v a    )  ∗ e x p  {  −  (   U  e v a   ∗  A  e v a    )  /  (   M  c h w   ∗ C  p w   )   }   



(6)







For the condenser:


       d  d t    {   (   M  c m   ∗ C  p m          +    M  c o n   ∗ C  p  c o n   )  T  c o n   }        = −  M  a c   ∗  h  f g   ∗   d  x  d e s     d t   −  M  a c   ∗ C  p m  ∗  (   T  d e s   −  T  c o n    )  ∗   d  x  d e s     d t   +  M  c o n   ∗  C  p w          ∗  (   T  c o n i   −  T  c o n o    )       



(7)







The outlet temperature of the condenser water is calculated by LMTD:


   T  c o n o   =  T  c o n   +  (   T  c o n i   −  T  c o n    )  ∗ e x p  {  −  (   U  c o n   ∗  A  c o n    )  /  (   M  c o n   ∗ C  p w   )   }   



(8)







For cooling capacity and COP:


  C C =  M  c h w   ∗  C  p w   ∗   ∫  0  T c    (   T  c h i   −  T  c h o    )  d t  



(9)






  C O P =  M  c h w   ∗  C  p w   ∗     ∫  0  T c    (   T  c h i   −  T  c h o    )  d t    M  h w   ∗  C  p w     ∫  0  T c    (   T  h i   −  T  h o    )    d t    



(10)






  C O  P  c a r n o t   =  [   [    T ¯   d e s   −   T ¯   c o n    ]  /   T ¯   d e s    ]  ∗  [    T ¯   e v a   /  [    T ¯   a d s   −   T ¯   e v a    ]   ]   



(11)









3. Results and Discussion


In this study, the bed heat exchangers and evaporator and condenser heat exchangers are studied by varying the parametric design of the chiller. This includes but is not limited to activated carbon mass inside a single bed, the overall heat transfer coefficient for the bed and evaporator and the mass flow rates of all components comprising the chiller. The optimum values are determined by designs that give maximum cooling capacity and maximum COP.



3.1. Effect of the Mass of Activated Carbon


Figure 2 shows that as the mass of activated carbon increases, the cooling capacity and COP increases, taking into account that a larger bed size is required. The cooling capacity and COP increase with the increasing activated carbon mass in the adsorption/desorption bed, since with increased mass, more methanol is adsorbed in the beds, and as a result, more cooling capacity is obtained. Moreover, more activated carbon mass required more heat input, and therefore, the COP was no further improved, as shown at a mass of 50 kg.




3.2. Effect of Evaporator Overall Heat Transfer Coefficient


Figure 3 shows the effect of the evaporator’s overall heat transfer coefficient value on the chiller average cooling capacity COP. Both the chiller’s average cooling capacity and COP decrease with the evaporator’s increasing overall heat transfer coefficient.




3.3. Effect of Bed’s Overall Heat Transfer Coefficient


Figure 4 shows the effect of the bed’s overall heat transfer coefficient value on the chiller average cooling capacity and COP.



It can be seen that both the cooling capacity and COP increase with the overall heat transfer coefficient of the adsorption/desorption bed since the increase in the overall heat transfer coefficient means a more steady heat exchange to heat and cool water, leading to a higher cooling capacity and COP. It is very clear that the rate of change for cooling capacity and COP is small when the overall heat transfer coefficient is greater than 3 kW/m2·°C.




3.4. Effect of Chilled Water Mass Flow Rate


Figure 5 shows the effect of chiller flow rate on chiller average cooling capacity and COP.



Figure 5 shows that the higher the mass flow rate of chilled water, the higher the cooling capacity and COP. The mass flow rate of chilled water can control the chiller outlet temperature, as shown in Figure 6. Therefore, to compare between chillers, the chilled water inlet temperature must be the same.




3.5. Effect of Cooling Water Mass Flow Rate


Figure 7 shows the effect of the cooling water flow rate on the chiller’s average cooling capacity and COP.



For this chiller, it is shown that the cooling water mass flow rate of 1 kg/s is the optimum, and so there is no need to increase it during the chiller operation.




3.6. Effect of Hot Water Mass Flow Rate


Figure 8 shows the effect of hot water flow rate on the chiller’s average cooling capacity and COP, while Figure 9 shows the effect of hot water flow rate on the hot water outlet temperature. The optimum hot water mass flow rate is 1.5 kg/s, which gives a maximum average cooling capacity of around 8 kW and a maximum COP of 0.26.



For this chiller, it is shown that the hot water mass flow rate of 1.5 kg/s is optimal, and it gives the maximum COP, while the cooling capacity is slightly influenced.




3.7. Effect of Condenser Water Mass Flow Rate


Figure 10 shows the effect of condenser water flow rate on the chiller average cooling capacity and COP, while Figure 11 shows the effect of condenser water flow rate on the condenser outlet temperature.




3.8. Effect of Cooling Water Inlet Temperature


The influence of varying cooling temperature is studied by changing the inlet temperature of the cooling water. The cooling water is important factor for both condensation and adsorption process. Figure 12 shows the effect of changing inlet cooling water temperature on cooling capacity and COP for two stage chiller without heat recovery cycle while Figure 13 shows the same effect for chiller with heat recovery scheme.




3.9. Comparison with Carnot Cycle COP


Carnot cycle COP was used to evaluate the model results.



The chiller allows for running at optimum parameters for cycle time, switching time, heat recovery time, mass flow rates and activated carbon mass and optimum heat transfer coefficients for beds and evaporator heat exchangers. These results are compared with a Carnot cycle COP at different operating conditions, as shown in Table 2. All results are at nominal operating chiller conditions except hot water inlet temperature; the chiller without heat recovery mode operated at a very low COP when compared with the Carnot COP, while the heat recovery mode results are very close to the Carnot COP, as shown in the last column of Table 2.




3.10. Model Results at Optimum Parametric Values


The optimum values obtained from the parametric study are used to calculate the average cooling capacity and COP. The optimum values are shown in Appendix C.




3.11. Preliminary Study for the Extension of the Models for Larger Chiller Capacity


The models are used for the preliminary design of a larger capacity and different operating conditions. The size of the chiller was increased from 6.8 kW to 13.7 kW by increasing the area and mass flow rates for the beds, evaporator and condenser.



Figure 14 shows the average cooling capacity for the chiller when area and mass flow rates for the beds, evaporator and condenser are doubled.





4. Conclusions


	
The dynamic model could predict all sizes for the two-stage chiller using an activated carbon/methanol pair, and easily could be adapted for any working pairs at variable operating conditions.



	
The two-stage chiller could be operated by using low-grade waste heat at low COP or at a high temperature heat source with moderate to high COP.



	
The proposed model could predict the COP for any chiller size with 90–95% of a Carnot cycle chiller working the same as an operating chiller at temperatures as low as 60 °C with heat recovery between beds.



	
The model is a useful tool to predict the effect of the changing of mass of activated carbon mass and the heat transfer coefficient of beds, evaporator and condenser.



	
The model is a useful tool to predict the effect of the flow rate of cooling and heating water in addition to the effect of chiller and condenser flow rates on chiller cooling capacity and COP.



	
The model is a useful tool to predict the effect of inlet temperature of cooling and heating water on chiller cooling capacity and COP.



	
The two-stage air-cooled adsorption chiller has a significant market potential, and the model used in this study could be used as a base for prototype scaling or series production.







Subscript




	ac
	activated carbon



	ad
	adsorption



	Al
	Aluminum



	b
	bed



	ci
	cooling inlet



	co
	cooling outlet



	cw
	cold water



	chw
	chilled water



	conw
	condenser water



	con
	condenser



	des
	desorption



	eva
	evaporator



	fg
	vaporization



	g
	gas



	hw
	hot water



	i
	inlet



	o
	outlet



	recw
	recalculated water



	s
	solid



	sat
	saturation



	st
	storage
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Figure A1. Flow chart for the simulation. 






Figure A1. Flow chart for the simulation.
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Figure A2. Flow chart for the simulation, Continue. 






Figure A2. Flow chart for the simulation, Continue.
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Table A1. Parameters Used in Simulation.






Table A1. Parameters Used in Simulation.





	Symbol
	Value
	Unit





	Abed
	4.5
	m2



	Aeva
	3
	m2



	Acon
	3
	m2



	Ubed
	3
	kW/m2·°C



	Ueva
	2
	kW/m2·°C



	Ucon
	4
	kW/m2·°C



	Cpeva
	0.65
	kJ/kg·°C



	Cpcon
	0.65
	kJ/kg·°C



	Cpw
	4.18
	kJ/kg·°C



	Cpac
	1
	kJ/kg·°C



	Cpm
	2.6
	kJ/kg·°C



	ρ (activated carbon)
	2000
	Kg/m3



	kac (activated carbon)
	0.63
	W/m·k



	Meva
	20
	kg



	Mcon
	30
	kg



	hfg
	1200
	kJ·kg−1



	Mac
	40
	kg



	Meva,m
	20 at time = 0
	kg



	Mcon,m
	5
	kg



	(E/R) Methanol
	978
	K



	(15 Dso/R) Methanol
	7.35 × 10−2
	S−1



	xo
	0.284
	kg·kg−1



	n
	1.39
	Non Dimensional



	K
	10.21
	Non Dimensional



	R1
	260
	Non Dimensional



	Q
	4.666
	Non Dimensional



	A
	20.84
	Non Dimensional



	B
	4696
	Non Dimensional
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Table A2. Chiller Nominal Operating Conditions.






Table A2. Chiller Nominal Operating Conditions.





	Symbol
	Value
	Unit





	Thi
	95
	°C



	Tci
	30
	°C



	Tconi
	30
	°C



	Tchi
	15
	°C



	Mchw
	2
	kg·s−1



	Mcw
	1
	kg·s−1



	Mhw
	1.5
	kg·s−1



	Mconw
	2
	kg·s−1



	Mrecw
	1
	kg·s−1



	Adsorption time
	300
	s



	Desorption time
	300
	s



	Switching time
	50
	s



	Heat recovery time
	30
	s
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Table A3. Chiller Optimum Parametric Conditions.






Table A3. Chiller Optimum Parametric Conditions.





	Symbol
	Value
	Unit





	Thi
	95
	°C



	Ub
	3
	kW/m2·°C



	Ueva
	1
	kW/m2·°C



	Tchi
	15
	°C



	Mchw
	3
	kg·s−1



	Mcw
	1
	kg·s−1



	Mhw
	1.5
	kg·s−1



	Mconw
	2
	kg·s−1



	Mrecw
	1
	kg·s−1



	Adsorption time
	300
	s



	Desorption time
	300
	s



	Switching time
	50
	s



	Heat recovery time
	30
	s
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Table A4. Nomenclature.






Table A4. Nomenclature.





	Symbol
	Description
	Unit





	Abed
	Bed area
	(m2)



	Aeva
	Evaporator area
	(m2)



	Acon
	Condenser area
	(m2)



	Cp
	Specific heat capacity
	(kJ/kg·°C)



	CC
	Cooling Capacity
	(kW)



	COP
	Coefficient of Performance
	(Cooling capacity/input power)



	Dso
	Surface specific heat
	(m2·s−1)



	Ea
	Activation energy
	(kJ)



	hfg
	Latent heat of vaporization
	(kJ·kg−1)



	H
	Enthalpy
	(kJ·kg−1)



	K
	Constant in D-A equation
	Non dimensional



	Meva
	Evaporator mass
	(kg)



	Mcon
	Condenser mass
	(kg)



	Mac
	Mass of activated carbon in each bed
	(kg)



	Meva,m
	Mass of methanol in evaporator at t = 0
	(kg)



	Mcon,m
	Mass of methanol in condenser
	(kg)



	N
	Constant in D-A equation
	Non dimensional



	P
	Pressure
	(Bar)



	Qst
	Adsorption heat
	(kJ·kg−1)



	R
	Universal gas constant
	(kJ/mol·K)



	T
	Temperature
	(°C)



	T
	Time
	(S)



	Ubed
	Bed overall heat transfer coefficient
	(kW/m2·°C)



	Ueva
	Evaporator overall heat transfer coefficient
	(kW/m2·°C)



	Ucon
	Condenser overall heat transfer coefficient
	(kW/m2·°C)



	X
	Methanol concentration
	(kg·kg−1)



	xo
	Maximum methanol concentration
	(kg·kg−1)



	x*
	Equilibrium methanol concentration
	(kg·kg−1)
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Figure 1. Schematic for two-stage adsorption chiller. 






Figure 1. Schematic for two-stage adsorption chiller.



[image: Applsci 12 05156 g001]







[image: Applsci 12 05156 g002 550] 





Figure 2. Effect of activated carbon mass on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 3. Effect of evaporator’s overall heat transfer coefficient on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 4. Effect of bed’s overall heat transfer coefficient on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 5. Effect of chiller flow rate on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 6. Effect of chiller flow rate on chiller outlet temperature (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 7. Effect of cooling water flow rate on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 8. Effect of hot water flow rate on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 9. Effect of hot water flow rate on hot water outlet temperature (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 10. Effect of condenser water flow rate on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B). 






Figure 10. Effect of condenser water flow rate on chiller average cooling capacity and COP (results are at chiller nominal operating conditions, shown in Appendix B).



[image: Applsci 12 05156 g010]







[image: Applsci 12 05156 g011 550] 





Figure 11. Effect of condenser water flow rate on condenser outlet temperature (results are at chiller nominal operating conditions, shown in Appendix B). 
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Figure 12. Effect of cooling water inlet temperature on chiller average cooling capacity and COP without heat recovery (results are at optimum parametric values, shown in Appendix B). 
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Figure 13. Effect of cooling water inlet temperature on chiller average cooling capacity and COP with heat recovery (results are at optimum parametric values, shown in Appendix B). 
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Figure 14. Average cooling capacity for double-sized chiller (results are at chiller nominal operating conditions, shown in Appendix B). 
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Table 1. Operation modes for the two-stage chiller with mass and heat recovery.
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	Mode
	A
	B
	C
	D
	E
	F





	G1
	Adsorption
	Heat Recovery
	Pre-Heating
	Desorption
	Heat Recovery
	Pre-Cooling



	G2
	Desorption
	Heat Recovery
	Pre-Cooling
	Adsorption
	Heat Recovery
	Pre-Heating



	G3
	Desorption
	Heat Recovery
	Pre-Cooling
	Adsorption
	Heat Recovery
	Pre-Heating



	G4
	Adsorption
	Heat Recovery
	Pre-Heating
	Desorption
	Heat Recovery
	Pre-Cooling
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Table 2. Carnot cycle COP at different heating source input temperature.
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	Inlet Hot Temperature °C
	Carnot Cycle COP
	Model COP

without Heat Recovery
	Model COP

with Heat Recovery
	(HR Model COP/

Carnot COP) × 100%





	60
	0.42
	0.14
	0.4
	95



	80
	0.423
	0.16
	0.37
	88



	100
	0.406
	0.17
	0.36
	89



	120
	0.39
	0.17
	0.35
	90
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