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ABSTRACT: In this article numerical simulation of the performance of novel hybrid stationary packed solid desiccant
bed designs for drying of gases is presented. Each of the proposed hybrid packed bed is comprised of a mixture of solid
desiccants of different types having both fixed and varying particle diameter distribution along the vertical axial
direction. Typically in the beds of this type, the time taken for the bed saturation is heavily related to the input
condition of the gases. Also the adsorption isotherm curves of different desiccant types have a strong effect on the exit
conditions of the gases dried using these beds. In order to simulate the transport phenomena associated with the packed
solid desiccant bed application an in-house CFD code using finite volume method is developed. This code has the
capability to model the simultaneous heat conduction and moisture diffusion taking place in the bed during the gas
transport. The numerical results of the base model design are validated against the experimental data available in the
literature. The predicted exit temperature and moisture content of the gas are in good agreement with the literature data.
Further, the validated model is used to simulate for several other novel packed bed designs the coupled heat and mass
transfer in the adsorption and desorption phases under wide operating conditions. The results of interest include the
assessment of improvement in performance of drying of gases in terms of pressure dew point, relative humidity at exit
and the prediction of the desorption phenomena for the regeneration of the beds for next cycle of operation. Finally, the
paper summarizes the benefits of various designs and highlights the optimum design.
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l. INTRODUCTION

The stationary fixed desiccant bed is filled with solid desiccant particles as shown in Fig-1. The moist wet air is
supplied to the bed and dry hot air exits at the outlet during the adsorption process. During the adsorption process the
water-vapor in the process air is got transferred from the process air flow stream to the desiccant pore-surfaces due to
differential partial vapor pressure between the flow stream and desiccant pores and this phenomena of moisture transfer
( mass transfer ), the direction is inversed during the desorption process of the regeneration phase and by which the
desiccant bed gets regenerated for the next adsorption phase. As the moisture vapor pressure on the surface of the
desiccant particle is heavily influenced by the actual desiccant particle temperature and the moisture content present on
the desiccant, the adsorption heat energy released to desiccant particle is dependent on the mass transfer rate from
process air stream to desiccant pores, which is heavily depended due to the moisture partial pressure on the desiccant
particle surface.
1. RELATED WORK

This phenomena of both adsorption and desorption in the fixed solid desiccant bed have to be treated as a coupled
transient sensible and latent heat and moisture (mass) transfer phenomena, which are numerically simulated [1, 2] and
experimentally measured the performance of the beds [3 & 4]. This adsorption and desorption phenomena is analyzed
for rotary desiccant wheel application as well [5-7].
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A novel hybrid packed beds [8] are proposed to enhance the adsorption and desorption phenomena during the drying
application. The hybrid desiccant beds [9 & 10] show the capability to achieve a very low dew point temperature for
the drying applications.
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Fig. 1. Hybrid stationary packed solid desiccant beds

An innovative concept of novel hybrid solid desiccant packed bed is proposed in comparison with conventional silica
gel and molecular sieves beds for performance prediction and comparative purpose as shown in Figure 1.
e Conventional silica gel (SG) desiccant bed
e Conventional molecular sieves (MS) desiccant bed
e Hybrid bed having 50% of bed at bottom filled with Silica gel and remaining 50% of bed filled with
molecular sieves desiccant

1. MATHEMATICAL MODELLING OF ADSORPTION AND DESOPTION PENOMENA

The governing equations are derived [3, 4] based on the conservation of moisture and conservation of energy in the air
and in the desiccant.

The moisture conservation of the process air and regeneration air in the stationary solid desiccant packed bed is given
as below in equation (1)
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Similarly, moisture conservation in desiccant for the stationary solid desiccant packed bed is given as below in
equation (2)
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Sensible and latest heat energy conservation in the process and regeneration air of stationary solid desiccant packed bed
is given as below in equation (3)
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Sensible and latest heat energy conservation in the desiccant for the solid desiccant packed bed is given as below in
equation (4)
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The initial and boundary conditions are referred from literature [2] to compare the numerical results [2 & 3].

IV.  NUMERICAL MODELLING AND METHODOLOGY OF SOLVING GOVERNING
EQUATIONS

The governing equations ( partial differential equations) are discretized under implicit scheme by using finite volume
method to get set of linear algebraic equations and then these set of linear algebraic equations are solved with the
boundary conditions and input conditions using the CFD code developed in FORTRAN 95 using Guass-Siedel iterative
method, as shown in the flow chart given in Figure 2.
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Fig. 2. Numerical modelling and methodology of solving governing equations

V. VALIDATION

The numerically simulated and predicted result of present model is compared with numerical results [1 & 2] and
experimental results [3] from literature.

The numerical results of present model show a good agreement with experimental data for the moisture content and
exit air temperature of process air during adsorption, as shown in Figure 3.
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Fig. 3. Validation of numerical results with experimental results

VI. RESULTS AND DISCUSSION

The temperature of air and moisture content for the packed bed across the length for the various inlet moisture content
from 5 to 20 g/kg are predicted by numerical model, as shown in Figure 4. It is evident that the temperature of process
air is directly depending on the moisture content removal capacity, which is in turn related to the moisture content of

process air at inlet.
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The corresponding moisture removal (MRC) capacity and relative moisture removal (RMRE) efficiency are plotted for
the for the packed bed sections across the length for the various inlet moisture content from 5 to 20 gms/kg, as shown
in Figure 4. It is seen that MRC is directly depending on the moisture content of process air at inlet, however, the
RMRE is inversely proposal to inlet moisture content.
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Fig. 5. Parametric simulation for calculation of RMRE and MRC for different inlet moisture and temperature

In Figure 5, is shown the relative humidity (RH) in % for the packed bed sections across the length, as the moisture
removal capacity (MRC) is very aggressive and strong within the shorter length of bed at the inlet section, and hence
the relative humidity ( RH) drop is very significant ( that is from 56% at inlet, it is dried and reduced to as low as 1%
within 50% of the bed length from the inlet), hence in order to visualize the further reduction of moisture contents, a
logarithmic scale is used for Y-axis in the relative humidity (RH) plots, a lowest value of 0.4% can be seen in this plot
very clearly for both the MS bed and hybrid bed having 50% SG from the bottom of the bed and remaining 50% MS
descants filled.
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Fig. 6. Performance (RH) of hybrid stationary packed solid desiccant beds for 10 g/kg

For the plots of dew point temperature (DPT) values achieved over the packed bed length, a conventional linear scale is
used. A it can be seen in Figure 7, that a lowest value of DPT of about — 39.3°C using the hybrid bed ( 50% : 50% of
SG :MS), is shown in Figure 8 and Table-2, however,, the conventional MS bed gives a DPT of about -38.82°C.
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Fig. 7. Performance (DPT) of hybrid stationary packed solid desiccant beds for 10 gms/kg
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Fig 8: Performance (DPT) of hybrid packed bed

Table 2 : DPT Performance of the hybrid desiccant bed

Highest achieved Dew Point Temperature (°C )

Inlet Moisture 100%:0 % 50%:50 % 0%:100 %
=SG:MS =SG:MS =SG:MS
10 g/kg -17.23 -39.08 -38.82
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VIL. CONCLUSION

The numerical simulation model shows a very good agreement with experimental data from literature. The effect on
moisture content and temperature of air at output are predicted under the various input moisture contents and
temperatures.

The effect on moisture content and DPT of air at output are predicted under different moisture contents and
temperatures of process air at input for the conventional Silica gel (SG), conventional molecular sieves (MS) beds and
hybrid bed.

Hybrid bed with 50% of bed length with SG desiccant at the bottom and remaining 50% of bed length with MS
desiccant is superior than the entirely MS bed, by which the cost of hybrid bed can be lower than this MS bed at the
same time without compromising the performance.

As a future scope this simulation is to be used to predict the performance of hybrid desiccant beds for the drying and
dhimmification applications.
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DEFINITIONS/ABBREVIATIONS

Db Diameter of the packed bed (m) Le Lewis number

Dp Diameter of the solid desiccant partickgm) Nusselt number

Cp Specific heat capacity at constant pressure (kJ/kg K) pressure (Pa)

DK Knudsen diffusivity coefficient (m2/sp, Atmospheric pressure (Pa)

DO Ordinary or molecular diffusivity coqugient (m2/s) heat of adsorption in J/kg desiccant

DS Surface diffusivity coefficient (m2/s) Pore radius of the desiccant particle (m)
k Thermal conductivity (W/m K) RH Relative humidity (%)

Ky Convective mass transfer coefficient (g/m?2 s) Sherwood number

h Convective heat transfer coefficient (IaN/mZK) Temperature (K)

L Length of the packed bed (m) t Time
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u Velocity (m/s) Subscripts
W Adsorption in kg water vapour/kg desccant initial state
w Humidity ratio, kg water vapour/kg diy air air
z axial direction S Solid desiccant
Greek symbols p process air
p density (kg/m3) r regeneration air
€ porosity
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