Thermal Enhancement of Solid Desiccant Packed Bed Dehumidifier Under Forced Convection in Subsonic Flow Regime
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A theoretical study on an alternative technique of extensively filling sections of packed beds for thermal enhancement has been carried out. Three packed beds of solid desiccants with different configurations but similar material properties were used for this investigation. The beds were modelled and simulated under forced convection in subsonic flow regime using porous media model with energy and transport equations solved under local thermal equilibrium conditions in ANSYS Fluent. The results show that the presence of clear fluid sections within porous media significantly reduces the overall bed temperature. It is also observed that narrowing the clear fluid sections between porous inserts impacts on the bed flow behaviour and thermal enhancement although it is found to cause considerable pressure drop. 
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Nomenclature

· 
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·  –specific heat capacity (J/kg-K)
·  – particle diameter (m)
· – total fluid energy (J)
· – total solid medium energy (J)
·  -convective heat transfer coefficient (W / m2K )
· - the fluid-side local heat transfer coefficient (W / m2K )
·  – effective thermal conductivity of the medium
·  – fluid thermal conductivity (W/m K)
· - solid thermal conductivity (W/m K)
· L – length of the bed (m)
·  – pressure drop (Pa)
·  – static pressure (Pa)
·  – total pressure (Pa)
·  – Operating pressure (Pa)
· n - the local coordinate normal to the wall
· qrad - the radiative heat flux (W/m2)
· R - the universal gas constant
· Re - Reynolds number
· - fluid enthalpy source term
· T - the temperature (K)
· Tf - the local fluid temperature (K)
· Tw - the wall surface temperature (K)
·  – velocity (m/s)
Greek Letters 
· ε – porosity of the medium
· -particle emissivity (dimensionless)
·  -Stefan-Boltzmann constant (5.67 x −8 W/ m2K4)
· – fluid density
· – solid medium density
·  is the density of the particle
· μ  - the molecular viscosity of the fluid
· 
· γ - the ratio of specific heats 
·  - Tortuosity, characteristic of pore structure
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introduction

A major portion of the energy used in dehumidification by physical adsorption takes place during regeneration and subsequent cooling of the solid desiccant to reduce it surface vapour pressure. Physical adsorption of water vapour by solid desiccants is spontaneous and exothermic releasing the heat of adsorption. This heat released significantly increases the surface vapour pressure of the solid desiccant particles and for packed beds the bed temperature, resulting in a reduced bed adsorption capacity. The reduced bed adsorption capacity leads to a change in the exit process airstream humidity ratio and also the cooling load requirement of the packed bed dehumidification system. As a consequence, a higher regeneration temperature is then required for desorption as the heat of adsorption released does not make the adsorption process isothermal 1-6.
Packed beds are the simplest of the solid desiccant dehumidification system configurations. They are typically cylindrical vessels with adsorbent particles in a fixed and closely but randomly packed arrangement for fluid-solid contact 7. Hence local velocity distribution within them are crucial to their overall performance in terms of pressure drop, residence time distribution, heat and mass transfer 8, 9. The heat and mass transfer are critical processes and occur simultaneously under the influence of temperature gradient existing radially in the beds. Adsorption fundamentally involves the simultaneous heat and mass transfer coupled with the equilibrium properties of the solid desiccant of which thermal energy is generated as a consequence of the mass transfer 10, 11.

In-situ management of the heat transfer within packed beds has been extensively studied and it is seen as a means of improving the adsorption process. Several authors including Rady et al 2, Meljac et al 12, Rady 13 and Ramzy et al 14 have used a number of approaches including the investigation and testing of packed beds with a small tube to particle diameter ratio aimed at dissipating the heat via the walls of the bed, the embedding of cooling coils within the adsorbent beds to remove the heat and the integration with inert particles such as phase change materials (PCMs) to act as heat sinks. Though some levels of success were achieved significant limitations were also encountered. For instance the melting of the PCM when the packed bed temperature started increasing, the increased level of channelling (wall) effects when the tube to particle diameter ratio is small and the increased pressure drop when other elements were introduced in the bed.

With the limitations associated with the in-situ heat transfer management approaches cited above, it is necessary that other options are explored to identify possible efficient alternatives to enhancing packed bed heat transfer. A cylindrical vessel packed with solid desiccant particles typically represents a simple case of a pipe with porous media insert 15. Several studies 16 - 21 have shown that partially ﬁlling a duct with porous media enhances the heat transfer per unit pressure gradient with the Nusselt number increase an indicator of thermal enhancement. For a partially filled duct with porous media, forced convection is found to potentially enhance the heat transfer rate with the pressure drop much less than that of a duct fully filled with porous media19, 20.  Forced convection greatly augments the heat transfer process due to the presence of the particles with the local and average heat transfer coefficients increasing with increasing Reynolds number, particle diameter and particle thermal conductivity 23.  The variation in fluid velocity about the mean velocity in porous media causes thermal dispersion, the heat spreading phenomenon comprised of both molecular diffusion and spatial velocity deviations from the average Darcy velocities at the pore scale. This is a very important characteristic of the flow in porous media and one of the main reasons for the enhanced heat transfer 24 -28.  

Usually for adsorption packed beds, extensive filling is carried out in order to maximise the fluid-solid interaction for the adsorption process to be effective. From the perspective of thermal enhancement, this is found to block the fluid particles channelling through the small gap formed between the wall and the porous core interface 17. Mahmoudi and Karimi 19 found that once a tube is fully filled with porous media the temperature difference between the two phases reaches its maximum value with the temperature difference between the solid and fluid phases independent of Darcy number. Here an increasing Darcy number is shown to lead to lower values of Nusselt number 21. However, generally for porous inserts, boundary conditions at the interface between the porous domain and adjacent clear fluid is crucial regarding heat and mass transport and also in the development of accurate porous media models 29,30.  

The level of fluid–solid interaction required for effective water vapour adsorption in dehumidification packed beds makes the partial filling approach cited above not feasible as an enhancement technique. This is because in most of the studies the approach was largely characteristic of the undesirable wall effect which implies low fluid-solid contact in those local areas 9. To this end, and on the basis of the crucial heat and mass transport condition at the interface between porous domain and adjacent clear fluid section, we investigate an alternative technique of extensively filling sections of packed beds and its capacity to thermally enhance the heat transfer process. In the present study, we approach this investigation by using three solid desiccant packed beds of different configurations. Two of the beds are segmented to create clear fluid sections where the influence of the domain interface and clear fluid sections can be observed whilst the other bed is fully packed to act as a control model. Each of the segmented beds has two clear fluid sections. The clear fluid sections of one bed are formed into a narrow throat and that for the other formed into a uniform throat of similar diameter as the porous insert. This is to enable the investigation of the influence of the clear fluid section diameter and the general bed configuration on thermal enhancement and airflow dynamics. A porous media model with the energy equation solved under local thermal equilibrium in ANSYS Fluent is used. For simplicity, water vapour adsorption to indicate dehumidification is ignored with only the thermal effects and airflow dynamics through the beds considered. 

Physical Models  
Description
The three packed beds are described as fully packed bed, uniform throat bed and narrow throat bed.  2D wire frame geometry of three packed bed models sketched using Rhinoceros 5  is  shown in Figures 1, 2 and 3. The beds were designed to have packed sections of porous media diameter 8cm. The inlets and outlets diameters are 4cm respectively.  Each bed has an inlet and outlet length of 15cm connected to reducers of angle 158.20° to the horizontal.  

The fully packed in Figure 1 has a total length of 85cm, 45 cm of which is the total length of the porous media insert. 

	Figure 1 Physical models of the fully packed bed 
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Figure 2 shows the physical model of the uniform throat bed having a total length of 105cm. It also has 3 porous inserts 10cm apart. The diameter of the porous inserts and the clear fluid sections are 8cm. The thicknesses of the porous inserts are 15cm each.  The inlet and outlet are each 15cm long with respective diameters of 4cm. 

	Figure 2 Physical models of  the Segmented Packed Bed with Uniform Throat Diameter
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Figure 3 shows the physical model of the narrow throat bed having a total length 125cm. It has 3 porous inserts each of thickness 15cm and diameter 8cm.  Each clear fluid section between porous inserts has a diameter of 4cm and horizontal length of 10cm connected to reducers of angle 158.20° to the horizontal. Each reducer has an inclined length of about 5.39cm and horizontal length of 5cm making the total clear fluid distance between porous inserts 20cm. 
	Figure 3 Physical models of  the Segmented Packed Bed with Narrow Throat Diameter
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Mathematical Models
Porous Media Model 

ANSYS Fluent defines the inertial resistance (C2) in the porous media in units of 1/m as:            (1)
The permeability coefficient (α) in m2 is determined by:           (2)
The viscous coefficient therefore becomes         (3)
The pressure drop is determined from the Ergun equation as follows:  
       (4)
In porous media ANSYS Fluent solves standard energy transport equations with modifications to the conduction flux and transport terms only. The thermal equilibrium model applies an effective conductivity term as follows: 
      (5)
For the thermal equilibrium model, ANSYS Fluent computes the effective thermal conductivity in the porous media as follows:   
      (6)
Porous Media Volumetric Sources  

ANSYS Fluent allows the specification of the following volumetric sources in the porous zone
For mass sources             (7)
For momentum source          (8)
The energy source        (9)
       (10)
Boundary Conditions

The mass flow rate entering a fluid cell adjacent to a velocity inlet boundary is computed in ANSYS Fluent as:
     (11)

The estimation of the inlet distributions for k and ε terms was obtained from the turbulent intensity, I and characteristic length scale, L 27:         (12)

The turbulent intensity I is the average root mean square velocity divided by a reference mean flow velocity  linked to the turbulent kinetic energy k 27by:  
     (13)
      (14)

Turbulent length scale, . Hydraulic diameter Dh was determined from 
ANSYS Fluent defines turbulence intensity, as the ratio of the root-mean-square of the velocity fluctuations, to the mean flow velocity,  28. 
         (15)

For compressible fluid with constant cp ANSYS Fluent defines the total pressure as:
     (16)
	
Where the Mach number (M) for compressible flows is:                (17)

And the speed of sound:                    (18)

For compressible flows, ANSYS Fluent applies isentropic relations for an ideal gas to relate total pressure, static pressure,, and velocity at a pressure inlet boundary. The density at the inlet plane is defined by the ideal gas law in the form 28.

     (19)

However in this study, due to the low Mach numbers for the flow, the fluid was treated as an incompressible flow. 
At the walls the thickness, material type and temperature were specified.  By specifying a fixed temperature condition at the wall, ANSYS Fluent computes the heat flux to the wall from a fluid cell as:

       (20)

For laminar flows, ANSYS Fluent computes the fluid side heat transfer at walls using Fourier’s law in its discrete form:

      (21)

Methodology 
Decomposition And Meshing 

The physical models were generated in Rhinoceros 5 and imported into ANSYS Workbench Design Modeler as 3D solid models which were then decomposed to generate the porous sections and clear fluid sections (See Figure 4).  The generated models were then automatically meshed in ANSYS R15.0 Workbench Meshing platform where relevant sections and bodies were named for recognition by the ANSYS Fluent solver. 
	Figure 4 Decomposed 3D Geometry Models

	a) Fully packed bed                                               
	b) Uniform throat bed                                 
	c) Narrow throat bed
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Materials 

   The packed bed vessels were of copper of thickness 0.001m. The packing material was silica gel with constant porosity of 0.63. The fluid flowing through the beds was air. Tables 1, 2 and 3 present their thermal properties. 

      
	Table 1 Thermal Properties of  silica-gel (solid)

	Property               
	Units
	Value

	Density
	kg/m3    
	670   

	Specific Heat Capacity
	J/kg-k   
	880  

	Thermal Conductivity   
	W/m-k    
	0.198      



	Table 2 Thermal Properties of  copper (solid)

	Property               
	Units
	Value

	Density
	kg/m3    
	8978

	Specific Heat Capacity
	J/kg-k   
	381

	Thermal Conductivity   
	W/m-k    
	387.60001   



	Table 3 Thermal Properties of  air (fluid)

	Property
	Units
	Value

	Density
	kg/m3    
	1.225        

	Specific Heat Capacity
	J/kg-k   
	1006.43      

	Thermal Conductivity   
	W/m-k    
	0.0242       

	Viscosity
	kg/m-s     
	1.7894e-05   

	Molecular Weight
	kg/kgmol   
	28.966       

	Thermal Expansion Coefficient
	1/k        
	0




Simulation Method
[bookmark: _GoBack]
   The three packed beds with the same porosity and thermophysical properties were modelled and simulated using the porous media model in ANSYS Fluent R15.0.The principal aim was to determine the thermal enhancement capacity of extensively filling sections of a packed bed and also the configuration that best augments the heat transfer process as a result of the influence of the porous media domain interface and its adjacent clear fluid section.  The solver used was the density based coupled implicit solver which solves the governing equations of continuity, momentum and energy coupled together 26. The heat transfer in the porous media was solved under thermal equilibrium conditions and the gradients evaluated using the Least Squares Cell Based method where Fluent assumes the solution varies linearly.  
The boundary conditions were empirically determined using relevant governing equations. At the porous inserts, constant mass and momentum sinks and energy source were included, determined from Equations (7) to (10).  A realizable k-ε model was used with standard wall conditions. Turbulent kinetic and dissipation rates were calculated for the velocity inlet and pressure outlet boundaries. Acceleration due to gravity was in the y-direction. The solution was then initialized from the inlet conditions. The number of time steps for the simulation was 2000 and for the transient calculation it was saved after every 5 times steps which were equivalent to a time of 0.025s.

Results and Discussion

The simulation involved forced convection of air at 300K and 5m/s through the silica gel beds of constant porosity 0.63. The Mach number determined for the flow using Equation (17) was 0.083505 hence making the flow regime subsonic. The results presented provide a perspective of the transient performance of the beds and their general flow dynamics particularly focused on their porous media inserts. Some static contour and vector plots are also presented to provide a visual perspective of the results at time 1.00e+01s. On the x-axis of the graphs presented, t(s) created through expressions in ANSYS CFD Post represents the time in seconds. On the y-axis are the variables of interest for the study.
Thermal Enhancement

The energy source in the model caused the porous media to generate heat which was transferred out of the system, invariably making the process exothermic. From the background it is established that the value of the dimensionless Nusselt Number indicates the degree of thermal enhancement of the packed beds. In ANSYS Fluent28 the surface heat transfer coefficient which is used in the calculation of the surface Nusselt number is determined using the heat transferred out of the porous media, wall temperature and a reference temperature typically a default software value. Negative surface heat transfer coefficient was obtained from the simulation. The local thermal equilibrium approach required all the simulation boundary conditions to be at the same temperature; hence the negative values generated for the surface heat transfer coefficient can only be attributed to the direction of heat transfer or non-uniform wall temperature during the simulation31. Overall, the negative surface heat transfer coefficient values leading to the negative surface Nusselt numbers appears to give credence to Moffat’s31 argument on invariant descriptors of the convection process and whether conventionally defined heat transfer descriptors and their accuracies have the capacity to handle present problems. Due to the relationship between the surface Nusselt number and the surface heat transfer coefficient their characteristic plots were similar (See Figures 5 and 6).
	Figure 5 Plots of Surface Heat Transfer Coefficient
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   For the three configurations, the fully packed and uniform throat beds show steady decline of the Nusselt number from the beginning of the simulation till the end. For the uniform throat bed, the plot shows lower Nusselt number values for the porous media inserts in the flow direction.  The narrow throat diameter on the other hand exhibited relatively constant Nusselt number values for all three porous inserts. If the negative sign is seen as a matter of sign convention and not representing lower values then it can be safely said that narrowing the clear fluid sections thermally enhances the bed.  
	Figure 6 Plots of Nusselt Number
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Wall Heat Flux

The plots in Figure 7 show the wall heat flux for the three bed configurations. Common to all of them is the general steady decline of the heat flux for the porous media walls and the negative wall heat flux indicating the direction of heat flow or heat being released from the beds. For the fully packed bed the wall heat flux decreases significantly more than the other two bed configurations. For the uniform throat bed, the decline of the wall heat flux increased from the first porous insert to the third. In the narrow throat bed, the decline for the first and second porous inserts was similar and significantly higher than for the third porous insert. For both the uniform and narrow throat beds, the decline occurred between 240-380Wm-2. 
	Figure  7  Plots of Wall Surface Heat Flux
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Porous Media Temperature

The porous media temperature for all three beds show steady rise with time. From Figure 8, it is evident that over the same period the fully packed bed achieves the highest temperature in this case a little over 350K whilst the bed temperature for the other two averaged around 318K. The critical difference between the three beds in terms of their porous inserts are the fact that with the narrow and uniform throat beds, the porous media are separated by roughly 0.1m clear fluid sections creating three porous media inserts of 0.15m thickness totalling up to 0.45m thickness per bed equivalent to that of the fully packed bed. From the plots, it can be seen that there is roughly over 30K bed temperature difference between the fully packed bed and the segmented beds. 
	Figure 8  Plots of Porous Media Temperature
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     For the uniform throat bed, the plots show slightly higher temperatures for the second and third porous media insert than the first. A closer look also reveals an overall slightly higher temperature for the second porous insert to the rest. For the narrow throat bed, the situation is somewhat different. The plot shows that the temperature for the third porous insert is significantly higher than the first and second porous inserts. Between the two segmented beds, the plots on an average show a slightly higher bed temperature for the narrow throat bed than the uniform throat bed. Between the fully packed and segmented beds, it is obvious that having clear fluid sections adjacent to the porous media domain significantly reduces the overall bed temperature under similar conditions. 
Effective Thermal Conductivity 

Under local thermal equilibrium, ANSYS Fluent computes the effective thermal conductivity in the porous medium, as the volume average of the fluid conductivity and the solid conductivity (See Equation (6)). In this study, the same porosity and packing material were used for the three beds making it convenient to evaluate the influence of the different bed configurations on their thermal performances. Figure 9 shows the maximum effective thermal conductivity value to be slightly higher for the uniform throat bed and least for the fully packed bed.  In the fully packed bed, the values gradually increase with few dips and maximum peaks around 6.6s and 10s. For the uniform throat bed, there were significant variations exhibited by the three porous inserts. Here the second porous insert appears to show effective thermal conductivity values at three peaks at around 1.8s, 3.4s and 5s. Subsequent peaks in this value were exhibited by the first porous insert at around 2.2s, 4.2s and4.8s. For this bed, the effective thermal conductivity was significantly lower in the third porous insert overall. At the end of the simulation, the plots show the values for all three porous inserts to be around 27 Wm-1K-1.
	Figure 9 Plots of Effective Thermal Conductivity
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      For the narrow throat bed, there were numerous peaks and troughs for the effective thermal conductivities for the three porous inserts. Overall it appears that slightly higher values were recorded for the first and third porous inserts than for the second. At the end of the simulation, the effective thermal conductivity values for the narrow throat bed were between 18-20Wm-1K-1 significantly lower than that of the uniform throat bed but similar to the fully packed bed. These results obviously reflect the airflow distribution within the various bed configurations. It is apparent that the fluid-solid contact within the uniform throat bed appears to be more than the other two beds. Using the maximum and minimum values of the effective thermal conductivity as indicator of the level of fluid-solid contact, it appears from the results that in the fully packed bed the interaction is lower than the other two. This then suggests that the high bed temperature registered for the fully packed bed may be largely due to conduction between the solid desiccant particles.  
The static contour plots for the three packed bed configurations shown in Figure 10 also provides a perspective of the flow distribution within the beds at time 1.00e+01s. For all three configurations, the static contour plots show higher values of effective thermal conductivity mainly in the core of the beds.  For the fully packed bed, the effective thermal conductivity is shown to increase with the direction of the airflow. For the narrow throat bed the maximum values are shown in the first porous insert. For the uniform throat bed, the contours also show maximum values in the first porous insert. 
	Figure 10  Contours of Effective Thermal Conductivity in the Y-Plane

	Fully Packed Bed
	Uniform Throat Bed
	Narrow Throat Bed
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Total Pressure Distribution

The pressure within the three bed configurations all increased sharply at the beginning of the simulation and started a steady decline after about 0.3s (See Figure 11). For the fully packed bed, the plot shows a constant decline after the initial sharp pressure increase from 0Pa. For both the uniform and narrow throat beds, although they also exhibit constant decline, their trends show significant peaks and troughs. For the uniform throat bed, the first and third porous inserts show maximum drop in pressure over time. For the narrow throat bed the pressure drop was significantly higher than the other two. It generally picks up a similar trend as the uniform throat bed however in this case over time; the first and second porous inserts exhibit significantly higher pressure drop than the third.  
	Figure 11 Plots of Porous Media Pressure
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     From the static contour plots of total pressure at time 1.00e+01s shown in Figure 12, significant pressure build up occurs between the inlet and the porous insert for all three bed configurations due to the sudden expansion and the forced flow to the porous media. For the fully packed and the uniform throat beds, the contour plots show a gradual decline in pressure with flow. For the narrow throat bed on the other hand, it can be seen that the pressure builds up again at the narrow clear fluid sections.  This is fundamentally due to the sudden expansion and contraction of the sections with the porous media also impeding the air flow.
	Figure 12  Contours of  Total Pressure in the Y-Plane

	Fully Packed Bed
	Uniform Throat Bed
	Narrow Throat Bed
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Velocity Distribution

All three bed configurations were initialized at an inlet velocity of 5ms-1. The plots in Figure 13 show very different porous media velocity for the three beds principally influenced by their configurations. Common to all the three configurations is a significant rise in velocity of the airflow through the porous media.  For the fully packed bed the velocity steadily increase to about 5.9ms-1 in 4s until it steadily declines to the initialized velocity of 5ms-1. For the uniform throat bed, the trend is generally similar for all its porous inserts. Here, the velocity significantly peaks for all three porous inserts between 1 and 1.6s. For the narrow throat bed on the other hand, the plot shows a different outcome over time. Here the velocity in the porous media initially increases at the beginning of the simulation and then steadily declines to lower values. For the three porous media inserts for this configuration, the third porous insert seems to show slightly higher velocity with the second porous media insert showing a slightly lower velocity than the rest.    
	Figure 13 Plots of Porous Media Velocity

	[image: C://Users/zx06482/.cfx/CFX_TEMP_18132/Chart001.png]
	[image: C://Users/zx06482/.cfx/CFX_TEMP_30140/Chart003.png]
	[image: C://Users/zx06482/.cfx/CFX_TEMP_21692/Chart002.png]



     The static velocity vectors of the three bed configurations in Figure 14 provide a perspective of the flow dynamics within the beds at time 1.00e+01s. The plots clearly show the distinction in the flow behaviour within the three configurations at that time. The fully packed and uniform throat beds for instance shows relatively high average static outlet velocity of slightly over 6ms-1. Whilst for the narrow throat bed a high static inlet velocity slightly over 5ms-1 can be observed on the vector plot with a relatively low outlet static velocity of about 4ms-1 recorded. The velocity distribution within the beds is also different for the three configurations.  For the fully packed bed, an average static velocity between 3 and 4ms-1 can be observed in the porous section. For the uniform throat bed, the averages are slightly lower overall with the second porous insert showing slightly higher average than the first and third. The narrow throat bed on the other hand shows significant increase in velocity in the clear fluid sections unlike the uniform throat bed. This is due to the sudden contraction of the flow after it has left the porous media and its encounter with the next porous media. 




	Figure 14 Vectors of Velocity Magnitude in the Y-Plane

	Fully Packed Bed
	Uniform Throat Bed
	Narrow Throat Bed
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Conclusion
An alternative technique of extensively filling sections of packed beds for thermal enhancement was carried out using three packed beds of different configurations. The theoretical model was simulated under forced convection in subsonic flow regime. The investigation was to determine the effectiveness of this approach and the bed configuration that best enhances the heat transfer process as a result of the influence of the porous media domain interface and its adjacent clear fluid section. From the results; the following major observations were made:
· Due to the heat generated by the porous media, negative surface Nusselt numbers indicating the direction of heat transfer was observed.  Larger negative surface Nusselt numbers were observed for the narrow throat bed. Hence if the negative sign is seen as a matter of sign convention and not representing lower values then it can be safely concluded that narrowing the clear fluid sections considerably enhances the bed thermally.  
· Segmenting the packed bed to generate clear fluid sections adjacent to the porous media domain was observed to significantly reduce the overall bed temperature compared to a fully packed bed with the same amount of packing and bed properties. 
· The dimensions of the clear fluid sections influence the reduction in bed temperature and other flow conditions.  The clear fluid section generally increased the pressure drop across the bed and narrowing it increased it further.
· The velocity distributions within the beds were significantly influenced by the bed configurations with the sudden contraction and expansion in the narrow throat bed reducing the overall velocity in the porous media.  
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