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Abstract 

Annular packed bed structures have the potential to overcome limitations of conventional fully packed bed types 

by offering radial distribution of airflow within them to enhance fluid-solid contact during adsorption and also to minimize 

pressure drops. In this paper, Z-annular flow configuration is experimentally investigated to evaluate its potential to 

enhance adsorption. Three typical diametrical ratios (Do/Di) corresponding to 2, 2.35 and 3.08, inferred from literature 

were used to investigate the adsorption performance of the Z-annular flow arrangement and compared with adsorption 

performance of a conventionally configured fully packed bed system of similar dimensions.  

The results showed the Z-annular flow configurations did perform better by achieving bed temperature reductions 

averaging between 4.22-5.47°C than conventional configuration types. Pressure drops were however observed to be 

relatively higher in the Z-annular flow configuration bed types than the conventional fully packed bed type due to the 

endplate in the Z-annular flow configuration impeding the airflow and subsequently causing flow reversal. Overall, the Z-

annular flow configuration was found to have the potential to enhance the adsorption capacity of packed beds however 

further investigation on optimum parameters for this enhancement may be required.  
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Nomenclature  

 𝐴= cross sectional area of the packed bed (m2) 

 
 
𝐶𝑝𝑔

 the specific heat of silica gel (kJ/kg) 

 𝑐𝑝𝑠= the specific heat of air at constant pressure (kJ/kg K) 

 𝑐𝑝𝑤= the specific heat of water content in the bed (kJ/kg K) 

 𝑓𝑠 = dimensionless enhancement factor 

 𝐿= the bed length (m) 

 𝑚𝑔= the air mass flow rate (kg/s) 

 𝑚𝑠=the weight of dry silica gel bed (kg) 

 𝑝= ambient pressure (kPa) 

 𝑝𝑣 = water vapour pressure (kPa) 

 𝑝𝑔 = saturated water vapour pressure (kPa) 

 RH = relative humidity (%) 

 𝑄𝑣=volume flow rate (m3/s) 

 𝑇𝑔𝑖= the air temperature at the bed inlet (K) 

 𝑇𝑝= the bed temperature (K) 

 𝑢𝑜= the superficial air velocity flowing in the bed (m/s) 

 𝑊=the water content of silica gel (kg/kg) 

 

Greek Letters 

 𝜀 =the void fraction of silica gel particle 

 𝜌𝑔= the air density (kg/m3) 

 𝜌𝑠= the dry silica gel density (kg/m3) 

 𝜔𝑖𝑛and 𝜔𝑜𝑢𝑡  = the inlet and outlet humidity ratios(kg/kg) 

 𝜔 is humidity ratio/moisture content (kg/kg) 

 𝜔𝑠= saturated moisture content (kg/kg) 

 𝜃 = temperature, greater than or equal to 0°C (°C). 

Abbreviations  

 Di – Inner Diameter 

 Do – Outer Diameter 

 FPB – Fully Packed Bed 

 LAPB – Large Annulus Packed Bed 

 MAPB – Medium Annulus Packed Bed 

 MTZ – Mass Transfer Zone 

 SAPB - Small Annulus Packed Bed 

 TC – Thermocouple 
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1. Introduction 

 

Packing structure within packed beds impacts on the local fluid, heat, and mass transport, which in turn influences 

macroscopic parameters during adsorption process1. Optimum design of adsorption systems therefore crucially requires 

consideration for the mechanisms of heat and mass transfer, the flow and pressure drop of the fluid through the bed of solid 

particles2. Ineffective fluid-solid contact due to mal-distribution of flow within fully packed beds leads to inefficient 

adsorption process whilst associated high pressure drops results in excessive energy demands from the blower3. Despite 

channelling effects in randomly packed beds, influence of sorption heat for instance on adsorption processes tend to 

dominate conventional fully packed bed configuration4. According to Awad et al5 for adsorption in solid desiccant packed 

beds, reducing the distance travelled by air may improve the operation of the trailing layers and provide more efficient use 

of the whole amount of solid desiccants.  

 Packed beds when configured into annular structure have been found to have the potential to reduce the overall 

pressure drop although this structure also impacts on residence time distribution of flow between the inner circular 

manifold and the outer annular manifold via the annular packing matrix6.  According to Heggs et al6 the crucial features that 

affects the flow characteristics in annular packed bed structures include radial dimensions of the inlet and outlet manifolds, 

axial bed length, surface friction factors associated with the inlet and outlet manifolds, characteristic parameters of the bed 

packing and the flow rate and direction of flow. Here, particles of smaller diameters along with kinetically determined 

adsorption processes can be used as they increase the mass transfer rate creating sharper adsorption fronts offering the 

potential to use smaller equipment7. du Toit8 for instance varied the inner and outer diameters of their annular packed bed 

and  found very little difference between the way in which the porosity (which influences the heat transfer phenomena in 

the bed) varied in the radial direction away from the inner and the outer walls. Kwapinski et al4 designed an annular bed 

where a cooling candle was installed into the cylindrical column to control the temperature in the centre of the bed. The 

channelling was dependent on the ratio between the width of the annular gap and the particle diameter. They expected that 

the annular configuration would show faster breakthrough at the wall than in the core not only by decrease of the thermal 

effect, but also by increase of flow mal-distribution due to the second wall and the very small ratio between width of the 

annular gap and particle diameter. However, they found that although the thermal effects were strongly decreased, 

breakthrough was not faster in the wall region with concentration differences between wall and core region found to be 

very small. They also found that at a ratio of 3 between annular gap width and particle diameter the hardly damped 

oscillations of the radial porosity profile that reach the centre of the annular gap lead to operating conditions closely 

resembling those of plug-flow. Tierney et al7 studied gas movement through an annular packed bed bounded on two sides 

by unobstructed distributors using experiment and CFD codes and found that the amount of skewness depends on the 

direction of flow and is higher for inward flow. Hamed et al9 theoretically and experimentally investigated the transient 

coupled heat and mass transfer in a radial flow activated alumina packed bed using a hollow cylindrical vessel as a desiccant 

dehumidifier and found that the configuration decreases the required power to blow air through the bed. Awad et al5 

theoretically and experimentally investigated a radial flow (annulus) silica gel packed bed dehumidifier using test units of 

hollow cylindrical bed with different values of diameter ratios. For all the units used in the investigations, the total mass of 

dry silica gel in the bed was nearly the same. They found that increase in diameter ratio (Do/Di) increases the pressure drop 

within the bed and raises the bed adsorption capacity for short operational periods.  Yeboah and Darkwa10 found that 

optimum packing structure to ensure uniform flow distribution and residence time can potentially lead to effective fluid-

solid contact during adsorption in a solid desiccant packed bed dehumidifier. A comparison of radial-flow and axial-flow 

packed beds for thermal energy storage carried out by McTigue and White11 shows that radial-flow  stores  typically  achieve  
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lower  pressure  losses,  but  typically  exhibit  steeper  thermal  fronts  which  increases  thermal  and  conductive  losses.  

According to Iranshahi et al12, one of the drawbacks of conventional tubular reactors is unfavourable pressure drop, which 

causes the decline of the reaction rates and conversions. Hence, they proposed a novel radial flow spherical packed bed 

reactor (RF-SPBR) for auto thermal steam reforming of methane although they also assert that utilising radial-flow tubular 

reactors can also resolve the problems with conventional tubular reactors. Heggs et al6 theoretically developed models to 

predict gas flow distribution in annular packed beds based on the basic assumption of uni-radial flow.  The purpose was to 

establish a two-dimensional model for the prediction of flow distribution in annular packed beds for isothermal, steady-

state convective flow, with no chemical reaction or adsorption involved.   From their results, they found that for both the 

normal and reverse Z-annular flow arrangements, the radial flow increases progressively with distance along the bed 

measured from the end at which the gas enters.  Heggs et al3 later experimentally investigated the Z-annular flow 

arrangement using a carbon bed layer and found that the positioning of the main carbon bed layer affects both the total 

pressure drop of the system and also the proportion of the radial pressure drop arising from the bed. They also found good 

agreement between their theoretical model results and their experimental measurements. Kareeri et al13 simulated the Z-

annular flow arrangement using computational fluid dynamics and found good agreement with both theoretical and 

experimental results obtained by Heggs et al6 and Heggs et al3.   

In this present study, the theoretical Heggs et al6 Z-annular flow arrangement is used to experimentally investigate 

its influence on the enhancement of adsorption in a solid desiccant packed bed dehumidification system. Here, the 

experimental performance of a fully packed bed randomly filled with solid desiccants for dehumidification purposes is 

compared to the performance of annulus packed beds designed with this Z-annular flow configuration.  

 

2. Materials and Methods  

 

2.1. Physical Model Description 

 

Figure 1a and 1b, shows 2D geometries of the fully packed bed and the annulus systems comprising of uniform 

copper cylinder with solid desiccant packing. Inlet moist air flows through the packed solid desiccants at Temperature Tin, 

moisture content ωin, velocity Vin, and pressure Pin and exits dehumidified at the outlet at Temperature Tout, moisture content 

ωout, velocity Vout, and pressure Pout. The length of each vessel is designated L and the diameter, D with the inner and outer 

annulus diameters designated Di and Do respectively.  As determined from literature, the annulus packing arrangement 

enhances fluid-solid interaction and also reduces pressure drop across the bed3,7. Three mass transfer zones, equidistance 

from each other, referred to as MTZ1, MTZ2 and MTZ3 respectively are the designated probe points for the insertion of 

thermocouples (TCs).  
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                                      Figure 1a Schematic of the Fully Packed Bed Structure Showing Mass Transfer Zones 

 

                                     Figure 1b Schematic of the Annulus Packed Bed Configuration Showing Mass Transfer Zones 

2.2. Solid Desiccant Selection 

 

Silica gel/silicon dioxide (SiO2) was chosen as the suitable adsorbent for the adsorption of water vapour in this 

investigation. Several studies have shown silica gels is suitable for physical adsorption in dehumidification and cooling 

applications. For instance, Pramuang and Exell14 found that silica gels are very common adsorbent available commercially 

and operate very well between relative humidity values of 50% and 80% making them suitable for dehumidification 

processes. Chang et al15 also found that silica gels are utilized for dehumidification processes in industrial and residential 

applications due to their wide pore surface area, good moisture adsorption capacity and lower regeneration temperature. 

An investigation carried out by Sun and Besant16 also shows that silica gel has very high moisture adsorption capacity and 

may adsorb moisture up to one-third of its dry mass. Yang17 also found silica gel to be the most widely used desiccant due 

its large capacity for water (∼40% by weight) and ease in regeneration at approximately 150°C, compared with 350°C for 

regenerating zeolites another common adsorbent. Ulku and Mobedi18 obtained the highest cooling coefficient of 

performance for cooling systems using silica gel-water working pair than other systems using other common adsorbent-

adsorbate working pairs. 

2.3. Packed Bed System Design and Fabrication 

 

The packed bed shown in Figure 2a is a simple cylindrical vessel with two caps at both ends for the inlet and outlet. 

Inside the vessel are copper meshes (See Figure 2b) designed to hold the silica gel particles in place near the inlet and outlet 

for the fully packed bed and at the outlet for the annulus packed bed. Table 1 shows the packed bed dimensions. On the main 

vessel are the three thermocouple (TC) probes for temperature measurement in the mass transfer zones MTZ 1, MTZ 2 and 

MTZ 3 within the solid desiccant packing (see Figure 2c for schematic of the packed bed).  On the inlet and outlet sections 

are probe points for the measurement of temperature, velocity, pressure and relative humidity.  
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Figure 2a. Copper Packed Bed Vessel with Inlet and Outlet Caps Figure 2b. Packed Bed Showing Mesh Insert 

 

Figure 2c. Schematic Diagram of Packed Bed Vessel 

 

Table 1. Packed Bed Parameters 

Section Parameter Dimensions Units 

Moist Air Inlet Length  

Diameter  

0.15 

0.04 

m  

m 

Packed Bed Outlet Length  

Diameter  

0.15 

0.04 

m  

m 

Packed Bed Vessel Wall  Thickness ~ 1 mm 

Packing Section Length   

Diameter  

0.3  

0.08 

m 

m 

Mesh Screen Diameter  0.08 m 

 

The packed bed is made of copper of thickness 1mm with the inlet and outlets designed as caps to fit on the main 

cylindrical vessel. The cylindrical vessel was fitted with two meshes close to the inlet and outlet to hold the silica gel particles 

in place in order to maintain the 30cm packing length.  Each mesh was held in place by four (4) small screws drilled through 

the walls of the bed. Inserts for the thermocouples were made from three small holes equally spaced apart in a straight line 

on the vessel. Two of these holes were 5cm from the inlet and outlet respectively and one placed exactly on the 15cm mark 

on the vessel. 

The packed bed was first tested empty and then with packed silica gel particles in order to determine the empty 

bed and real velocities respectively.  This was done because the local velocity distribution in the bed is crucial to the overall 

bed performance in terms of pressure drop, residence time distribution, heat and mass transfer coefficient19. For non-

uniform flow distribution, there is less utilization of the adsorbent during adsorption and of desorption fluid during 

regeneration20. According to Lu and Zhao21 the empty bed and real velocities are the two velocities defined for a fluid flowing 

through a porous medium.  In this study, the results for the inlet and outlet velocities of the empty packed bed vessel and 

when fully filled with spherical solid desiccant particles are presented in Tables 2.  
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Table 2 Packed Bed Testing Results 

Packed Bed Inlet Velocity, m/s Average Outlet Velocity, m/s 

Empty Vessel  2.48 1.81 

Fully Packed Bed  2.48 0.1 

 

The mean porosity for the packing was determined using two volumetric cylinders and a scale balance. An amount 

of dry silica gel particles was placed in one of the volumetric cylinders and the volume and weight determined. A known 

quantity of water was then added to the dry particles in the volumetric cylinder and the new mass and volume determined. 

The loose packing density and the particle density were then used to determine the loose packing porosity. Table 3 shows 

the data used to determine the bed porosity.  

Table 3 Loose Packing Porosity Determination Data 

Silica Gel 

Parameter Value Units 

Dry Mass 39.62 g 

Wet Mass 66.38 g 

Dry Volume 50 ml 

Wet Volume 55 ml 

Particle Volume 55-27=28 ml 

Loose Bed Density 39.62/50 = 0.7924 gcc 

Particle Density 39.62/28=1.415  gcc 

Porosity (ε) 1-(0.7924/1.415) =0.44 - 

Water 

Total Volume 73 ml 

Residual Volume 46 ml 

Volume on Silica Gel Particles 73-46=27 ml 

 

2.4. Annulus Section Design and Fabrication   

 

Annulus packing arrangement is found to enhance fluid-solid interaction and also reduce pressure drop across the 

bed5-7.  For this experimental study, cylinderical mesh pipes were designed and fabricated so they can be placed centrally in 

the packed bed. This was to allow the silica gel particles to be packed around them to ensure the radial flow of moist air 

within the bed. The annulus structures were determined within the ranges obtained from literature4-8 and were of outer and 

inner diameter ratios (Do/Di) of 2, 2.35 and 3.08 presented here as LAPB, MAPB and SAPB consistent with large, medium 

and small annulus packed beds respectively.   Figure 3a-b shows the schematic diagram of the inlet and side view 

respectively of the annulus insert.  
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Figure 3a. Schematic of the Inlet of the Annulus Insert  Figure 3b. Schematic of the Side of the Annulus Insert  

 

Figure 3c. Copper Annulus Insert  

 

The annulus inserts are cylindrical mesh pipes made from copper mesh of size 0.08m (See Figure 3c). They were 

capped at one end with a copper plate to ensure the distribution of the moist air is radial within the annulus section, a 

configuration consistent with the Heggs et al6 Z-annular flow arrangement. According to Heggs et al6 the basic assumption 

of the annular flow arrangement of a randomly packed bed is the uni-directionality of the radial flow.  The typical dimensions 

of the packed bed vessel and its accessories are presented in Table 4.  

Table 4 Dimensions of the Fabricated Packed Bed and Its Accessories 

Component Length (cm) Inner Diameter (cm) Outer Diameter (cm) 

Packed Bed Vessel  35 7.8 8 

Large Annulus Section  29 3.6 4 

Medium Annulus Section  28 3 3.4 

Small Annulus Section  28.4 2.3 2.6 

Mesh Screen  - 6.6 7.7 

 

2.5. Experimental Methodology  

 

The experiments began with the preparation of the silica gel particles. This involved sieving to get the particles in 

the appropriate size range, determination of its mass before drying, drying at a maximum temperature of 140°C in an electric 

oven for 4-5 hours and allowing the silica gel particles to cool. The cooled silica gel was then weighed again and finally 

packed in the vessel for adsorption.  For the FPB, the silica gel particles were fully packed in a random manner and held in 

place by the mesh screens. For the annulus arrangement, the annulus inserts were placed centrally in the vessel and the 

silica gel particles randomly packed around them. For each experimental run, the packed bed was insulated with a 20mm 

thick nitrile rubber thermal insulation material.                              

At the interior and the walls of the packed bed temperature measurement were taken using Omega k-type 

thermocouples. The thermocouples were inserted at the three points in the packed bed for the mass transfer zones MTZ1, 

MTZ2 and MTZ3 respectively as shown in Figures 1a and b. These thermocouples were connected to a Yokogawa MV2000 
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Data Logger for temperature measurements typically within the packed beds and on their walls. The schematic of the set-

up is presented in Figure 4a whilst Figure 4b shows an image of the experimental set-up in the laboratory. 

 

Figure 4a Schematic of the Set Up of the Packed Bed for Adsorption 

 

Figure 4b Set Up of the Packed Bed for Adsorption 

  

For inlet and outlet relative humidity and temperature measurements, AZ8829 data loggers were used. The AZ8829 

data recorder measures and records the temperature and relative humidity and features an LCD display of the data. These 

data loggers were inserted in flexible pipes connecting the inlet and outlet of the adsorbing bed.  The collected temperature 

and humidity data were then downloaded by connecting the AZ8829 data loggers to a personal computer (PC) via a docking 

station. Inlet and outlet velocities and corresponding air temperatures were measured using Sentry ST732 Hotwire 

Anemometers. The Sentry ST732 Hotwire Anemometer an air velocity, temperature of air, and non-contact infrared 

temperature measuring instrument combines hot wire and standard thermistor to deliver rapid and precise measurements 

even at low air velocity.  This device also incorporating an LCD panel for data display, was connected directly to the PC for 

data download. 

Yokogawa MV2000 

Thermocouples 

Insulated Packed Bed Vessel Flexible Outlet 

with Sensors 

Flexible Inlet 

with Sensors 
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For pressure measurements, probes were inserted in the inlet and outlet of the packed bed adsorber using the 

QEALY differential pressure meter.  This pressure measurement device incorporates two compartments that connects the 

inlet and outlet pressure probes. An internal transducer connected via wires to the Yokogawa MV2000 Data Logger provided 

signals of the inlet and outlet pressures through electrical pulses. The pressure data obtained in Volts were then converted 

into Pascal’s using a conversion factor.  

The inlet of the packed bed was then connected to a mixing box where moist air was allowed to flow through into 

the respective bed configurations for adsorption.  The data loggers were set to obtain data at 10 seconds interval to enable 

very small changes in the parameters being measured during the adsorption process to be observed.  

3. Results and Discussions  

 

The experiments were repeated several times and consistent results obtained are presented here.  The results cover 

a comparison of the transient performances of the packed bed systems from the onset of adsorption to a relative steady state 

bed temperature for respective systems.  Data was obtained at a sampling interval of 10.00s.  

3.1. Inlet Conditions 

 

The inlet air condition was controlled using an in-house uPvc fabricated moist air mixing box incorporating a 

domestic humidifier and a fan with a 300W heating element.  The inlet temperature and velocity data were obtained using 

the Sentry ST732 Hotwire Anemometer whilst the AZ8829 sensor and data logger was used to collect data on the relative 

humidity and temperature.  There was slight variation in the inlet condition mainly due to the influence of the surrounding 

thermal environment and the inability of the individual humidifier, heater and fan integrated into the mixing box to provide 

a relatively constant output. Regardless, inlet conditions outside the CIBSE22 recommended indoor thermal comfort zone 

were maintained for all the packed bed inlets throughout the experiments. According to Hamed et al23, the inlet conditions 

are crucial as the air inlet humidity has a significant effect on the adsorption rate with vapour generation rate increasing 

gradually with increase in bed temperature and consequently the mass transfer potential.  

Figures 5a-c shows the inlet condition of the packed beds. In Figure 5a, the inlet relative humidity obtained for each 

packed bed was converted to humidity ratio in kg/kg of dry air to give an indication of the amount of moisture present.  To 

determine the inlet moisture content, the saturated vapour pressure over water in kPa was determined using the inlet 

temperature and equation (1) obtained from CIBSE Guide C24. 

log 𝑝𝑔 = 30.59051 − 8.2 log(𝜃 + 273.16) + 2.4804 × 10−3(𝜃 + 273.16) − [3142.31/(𝜃 + 273.16)]         (1) 

The saturated vapour pressure over water  was then used to determine the moisture content in kg/kg of dry air of 

the saturated moist air using equation (2) as presented in CIBSE Guide C24 and Jones25. Here, the dimensionless enhancement 

factor, 𝑓𝑠, value of approximately 1.004 at a barometric pressure of 101.325 kPa and a temperature of 0°C was used25. 

𝜔𝑠 =
0.62197𝑓𝑠𝑝𝑔

101.325−𝑓𝑠𝑝𝑔
                                                                                                                                                 (2) 

The moisture content of the saturated moist air along with the relative humidity obtained from the AZ8829 sensor 

and data logger was then applied to equation (3) to determine the moisture content of unsaturated moist air, kg/kg of dry 

air as outlined in CIBSE Guide C24 and Jones25. 
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𝜔 =
𝑅𝐻×𝜔𝑠

100
                                                                                                                                                                            (3) 

The plot in Figure 5a shows unsteady inlet humidity ratio profiles for the packed beds typically ranging between 

0.0087 to 0.011kg/kg. The variations observed with the inlet conditions were mainly due to the influence of the surrounding 

thermal environment and the inability for the individual humidifier, heater and fan integrated into the mixing box to provide 

a relatively constant output although the heater temperature and the moisture settings from the humidifier were set at 

constant values throughout the experiment. The ambient temperature condition in itself varied only marginally over time 

between experiments.  

For the annulus packed beds, the moist air went through the annulus sections before being impeded by the end 

copper plate due to the Heggs et al6 “Z” arrangement. As more moist air flowed through the annular sections, the end plate 

caused reversed flow which increased the concentration of moisture at the inlet hence the initial dip and subsequent 

increase in the humidity ratios observed at the inlet of the annulus packed beds in Figure 5a. The same condition caused 

relative instabilities in the moisture concentration at the inlet overtime for the annulus packed beds.  For the FPB, it also 

encountered an initial dip and subsequent increase though, that was mainly due to the flow being impeded by the slilca gel 

packing adjacent to the inlet. As the moist air encountered impediments in its path, the concentration of moisture increased 

as a result of moisture build up which overtime made its way through the porous packing for adsorption to take place.   

In Figure 5b, the profiles for the inlet temperature conditions are presented. The heat supplied to the air to increase 

it temperature was generated by the convective heater at the back of the mixing box which was set to a constant heat input 

value. It would be recalled that the moisture added to air was at ambient temperature hence the increase in moisture content 

occurred at relatively constant wet bulb temperature as no enthalpy was added from the humidifier side. The inlet velocities 

on the other hand varied significantly with the packed bed configuration type as shown in Figure 5c. Although for the empty 

bed the fan was able to generate a velocity of about 2.48m/s, the respective packing reduced the inlet velocities significantly. 

For the annulus packed beds, inlet velocity increased with increasing annulus diameter. Here, the flow through the annulus 

section was impeded by the end plate causing a reversal of the moist airflow through the bed.  The packed bed with the 

relatively larger annulus dimension accommodated more moist air allowing radial flow for adsorption to take place with 

only a small amount of the flow reversing from being impeded by the end plate. With a comparatively smaller annulus 

diameter, the influence of the air flow reversal was significant hence limiting the inlet flow velocity. For the FPB, the silica 

gel packing near the inlet impeded the flow which subsequently influenced the inlet velocity.    
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a) Inlet Humidity Ratio b) Inlet Temperature 

 

c) Inlet Velocity 

Figure 5  Packed Bed Inlet Conditions 

 

Averages of the inlet moist air conditions for the packed beds presented in Table 5 shows that the inlet velocity 

decreased with increasing mass of the silica gel particles. For the moisture content, the average values show the conditions 

at the inlet were similar for all packed beds. For the inlet temperature, there was slight variation in values between the 

various packed bed inlets.  The moist air properties shows that the inlet conditions were beyond the recommended thermal 

comfort conditions as outlined in the CIBSE Guide A22. For instance the enthalpy and relative humidity of the moist air at 

each inlet were relatively higher than the recommended comfort levels hence at those conditions the removal of the latent 

heat is vital.  The enthalpy was determined in terms of its specific heat26 for an ideal condition and expressed accordingly in 

equation (4).  

ℎ = 𝑐𝑝𝑇                                                                                                                                                                                                                        (4) 
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Table 5 Packed Bed Average Inlet Moist Air Properties and Condition 

Packed Bed Type FPB LAPB MAPB SAPB Comments 

Temperature, °C 29.56 28.13 27.60 28.34 Directly obtained from sensors 

Velocity, m/s 0.14 0.48 0.44 0.30 

Relative Humidity % 86.63 88.50 93.48 85.32 

Density, kg/m3 1.1311 1.1340 1.1355 1.1364 Enthalpy and Specific Volume 

interpolated linearly using data 

from CIBSE Guide C24 

𝑐𝑝  calculated from equation (7) 

Enthalpy, kJ/kg 82.29 82.54 82.52 79.08 

Specific Heat at Constant Pressure, 𝐜𝐩𝐰, kJ/kg∙K 2.8326 2.9342 2.9877 2.8013 

Specific Volume, m3/kgda 0.8841 0.8818 0.8807 0.8710 

Moisture content of unsaturated moist air 

(kg/kg of dry air) 

0.01008 0.00993 0.01034 0.00962 Moisture content values and 

saturated vapour determined 

from equations 1-3 obtained 

from CIBSE Guide C24  and 

Jones25 

Moisture content of saturated moist air (kg/kg 

of dry air) 

0.8841 0.8818 0.8807 0.8710 

Saturated vapour pressure over water (kPa) 1.85 0.48 0.44 0.30 

 

 

3.2. Heat Transfer in the Packed Beds 

 

The temperature profiles in the packed beds presented in Figures 6a-d shows the packed bed temperatures in the 

mass transfer zones obtained using Omega K-type thermocouples. Physical adsorption fundamentally involves simultaneous 

heat and mass transfer coupled with the equilibrium properties of a packing of solid desiccant of which thermal energy is 

generated as a consequence of the mass transfer27-28. In typical solid desiccant packed beds, air flowing over the bed loses 

part of its moisture content to the particles through transient heat and moisture transfer process which significantly 

determines the packed bed’s adsorption performance29-30.  In this study, temperature measurements were obtained from 

the mass transfer zones signifying heat released as a result of the moisture transferred to the silica gel. The ambient 

temperature measurements in Figures 6a-d provide reference temperatures reflecting the condition of the surrounding 

environment and the baseline to the temperature increase resulting from the adsorption process.  According to Awad et al5 

higher rate of adsorption during the first few minutes, results in the heat generation rate rapidly increasing the bed 

temperature. The temperature reaches a maximum value, and then decreases gradually as the flowing air extracts heat from 

the bed and the adsorption rate also decreases. For a conventional fully packed bed, the water vapour is initially adsorbed 

at the inlet containing active solid desiccants resulting in the adsorbent nearest the inlet becoming saturated with water 

vapour at the condition of the feed gas, with the zone of rapid water adsorption moving inwards and ultimately progressing 

through the entire bed1. 

For the FPB in Figure 6a, the temperature of MTZ1 rose significantly due to the moist air interacting with the silica 

gel particles and releasing the heat of adsorption.  In this zone a maximum temperature of about 57.1°C was recorded.  The 

zone of mass transfer then increased with time in the direction of the moist airflow and this was observed with the 

subsequent increase in temperatures of MTZ2 and MTZ3 respectively, a phenomenon consistent with findings by Nic An 

tSaoir et al31. Here the maximum achieved for MTZ2 was about 45°C and about 40°C for MTZ3 before they both declined to 

relative steady state temperatures.  The trends observed were also consistent with experimental measurements of water 

vapour on silica gel particles carried out by Hamed et al23. They found that the rate of adsorption of water vapour from air 

stream takes its maximum value at the beginning of the adsorption cycle and decreases to a nearly steady-state value. The 
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decline in the bed temperature in MTZ1 was as a result of the particles in the path of the moist air approaching saturation 

hence not releasing further adsorption heat on fluid-solid contact.  

For the annulus packed bed configurations shown in Figures 6b-d, a significant rise in temperature at the 

commencement of the adsorption process was also observed. However due to the Heggs et al6 Z-annular flow arrangement, 

the temperature increase in the zone of mass transfer was counter flow to the inlet airflow direction.  This was due to the 

capped end of the annulus insert impeding the airflow and as more air flowed through the annulus section, turbulent eddies 

were created around the capped end forcing more air to flow radially starting from the end of the bed where the turbulent 

eddies begun.  This phenomenon increased the adsorption rate hence the significant rise in the bed temperature in MTZ3 

for all three annulus packed bed configurations due to the heat of adsorption released.  

  

a)  FPB  b)  SAPB  

  

c) MAPB d)  LAPB  

Figure 6 Packed Bed Temperature 

 

Comparing the annulus packed bed configurations, the temperature increase in respective MTZ3 occurred with 

respect to the total mass of silica gel particles available for adsorption in that zone for each configuration. It must be said 

with caution that, the more silica gel particles were available for the adsorption process, the likelihood a higher amount of 
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heat of adsorption would be released given that effective fluid-solid contact occurred. In this present study, the Heggs et al6 

Z-annular flow configuration fundamentally facilitated the radial distribution of moist airflow within the bed ensuring an 

increase in participation of the silica gel particles in the adsorption process. The sharp decline of the temperature in MTZ3 

also showed the rate at which saturation in those zones were achieved. For the LAPB in Figure 6d, the decline in temperature 

was sharp and fell significantly below the temperatures of its MTZ2 and MTZ1 in that order. In all the mass transfer zones, 

the trend was an initial sharp rise and a relatively steady decline to a relative steady state bed temperature. 

Average temperature values determined shows a general increase in overall bed temperature with increasing bed 

mass (see in Figure 7). The trend shows an initial increase in bed temperature before a steady state condition is reached for 

all packed beds.  For the annulus packed beds, there was slight variation in the average bed temperature increasing with 

decreasing annulus section. From the plots, it was observed that the annulus packed bed configurations effectively had a 

lower overall bed temperature. However, it is not apparent at this stage in the study whether a similar reduction in bed 

temperature would be achieved for fully packed beds with the same mass as the annulus ones presented here. Average 

temperatures of 42.4°C, 36.93°C, 37.51°C and 38.18°C were respectively obtained for the FPB, LAPB, MAPB and SAPB 

configurations. This reflected a temperature reduction of about 5.47°C, 4.89°C and 4.22°C between the FPB and the LAPB, 

MAPB and SAPB configurations respectively. 

 

Figure 7 Average Packed Bed Temperatures 

The heat fluxes from the packed bed and its annulus variations were determined using equation (5) from Kabeel32, 

the average bed temperatures and data from Tables 3,4,5,6 & 7. Table 6 shows material density of the silica gel and its 

specific heat capacity determined from experimental pycnometer measurements and digital scanning calorimetry (DSC) 

measurement respectively. Table 7 on the other hand shows the data for the determination of the bulk density of each 

packed bed configuration. 

𝜌𝑔𝑐𝑝𝜇𝑜(𝑇𝑔𝑖 − 𝑇𝑝)𝑑𝑡 = 𝜌𝑠𝑐𝑝𝑠(1 − 𝜀)𝐿𝑑𝑇𝑝 + 𝑊𝜌𝑠𝑐𝑝𝑤(1 − 𝜀)𝑑𝑇𝑝                                                                                                                  (5) 

Table 6 Experimentally Determined Material Properties of Silica Gel 

Parameter Value Units Comments  

Density of Silica Gel 2320.2 kg/m3 Experimentally determined 

Specific Heat Capacity of Silica Gel, 𝑐𝑝𝑠 1047.243 J/kg Experimental Average 

20

25

30

35

40

45

50

0 1000 2000 3000 4000 5000 6000 7000 8000

T
em

p
er

at
u

re
 °

C

Time, s

FPB SAPB MAPB LAPB



Page 16 of 26 
 

 

Table 7 Packed Volume and Silica Gel Bulk Density 

Packed Bed  Mass of Silica Gel Weight, g Packed Bed Volume, m3 Bulk Density kg/m3 

FPB  1099.00 0.00143 768.53 

LAPB 881.71 0.00113  780.27 

MAPB 903.18 0.00122 740.31 

SAPB  987.90 0.00131 754.12 

 

Figure 8 illustrates the profiles of the heat released from the packed beds determined from equation (5). The general 

trend reveals an initial higher heat output from each packed bed configuration before a steady decline. It is apparent that 

average heat flux density for the SAPB peaked at a higher value than the other packed bed variations.  The explanation here 

may be that the SAPB has relatively more mass of silica gel and its annulus structure enhanced the fluid solid contact which 

generated the heat of adsorption. Contrary to the SAPB, the FPB with the most silica gel mass amongst the packed bed 

variations appears to have comparatively reduced average heat output which can be deduced to be related to the possibility 

of poor distribution of moist airflow within the bed. This situation may be as a result of the mal-distribution of the moist air 

flow within this bed configuration type as opposed to the radial distribution of the moist airflow in the annulus bed type.  

Over the course of the experiment, the average heat flux from the FPB, SAPB, MAPB and LAPB were respectively 2040kW/m2, 

2519 kW/m2, 1684 kW/m2 and 1668 kW/m2. For the annulus bed types the heat output increased with decreasing annulus 

diameter.   

 

Figure 8 Average Heat Output from Packed beds 

In each mass transfer zone, two thermocouples were inserted at varied lengths to as much as possible capture the 

temperature within the zone. Although efforts were made to ensure the thermocouples were within the silica gel particles, 

it was difficult to ensure all lengths of the sensor in the packing were the same. On the basis of possible mal-distribution of 

flow within the packed bed, this could be a potential source of error although several tests carried out gave confidence in 

the results presented.  The ability of the thermocouples to also capture the slight variations in temperature was dependent 

on its type and this potentially affected the precision and accuracy of the results.  The Yokogawa MV2000 that connected the 

thermocouples and the computer for data collection was able to log data at a minimum interval of 5.00s. On testing data 
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sampling between 5.00s and 10.00s, it was found that the results were the same hence not much oscillations were captured 

with the minimum possible sampling interval.   

3.3. Moisture Transfer in the Packed Beds 

 

The mass of the silica gel particles was determined before and after adsorption using a scale balance, see Table 8. The 

conditioning of the silica gel before adsorption involved weighing, drying, cooling under ambient conditions whilst in an air 

tight container to prevent moisture adsorption and then weighing again. After adsorption, the silica gel particles were 

weighed again and the difference in mass before and after adsorption determined. Over the period of study, the FPB 

adsorbed about 164g of moisture, the SAPB about 104.07g of moisture, the MAPB adsorbed about 114.25g of moisture and 

the LAPB about 50.94g of moisture as shown in Table 8. It is important to note that these measurements were obtained after 

the respective packed beds reached a relative steady state temperature condition and their outlet relative humidity was 

beyond the CIBSE22 recommended indoor relative humidity for thermal comfort. As presented in Table 8, the time when the 

packed beds reached steady state temperature increased with increasing mass of silica gel particles. However, it was also 

observed that over the relatively shorter period that the MAPB reached steady state, it adsorbed a somewhat a greater 

amount of moisture than the SAPB which has a larger silica gel mass and took longer to reach its steady state condition.  This 

could be as a result of the fact that with a comparatively smaller annulus dimension than the MAPB, the characteristics of 

the SAPB packing structure was similar to that of a fully packed bed hence a similar moist air flow path for adsorption. A 

snapshot of the equivalent amount of moisture adsorbed after 2000s for all packed beds presented in Table 8 shows that 

the MAPB outperformed all configurations within this time. The MAPB configuration benefits from a relatively smaller 

annulus dimension and relatively larger silica gel mass compared to that of the LAPB. The relatively short period the LAPB 

attained steady state condition also suggests enhanced fluid-solid contact hence saturation within that short period. 

Although overall the mass of silica gel present in the FPB was greater than the annulus type beds, it appears that the radial 

flow of moist air in the annulus configurations increased the adsorption capacity of those beds. It can be inferred that the 

FPB configuration did not enhance the fluid-solid contact required for adsorption hence over the same period for all packed 

beds, the amount of moisture adsorbed was comparatively small.  

Table 8 Mass of Moisture Adsorbed by Silica Gel 

Packed Bed Type FPB LAPB MAPB SAPB 

Silica Gel Mass Before Oven Drying, g 1190.00 996.21 1012.64 1076.60 

Oven Drying Temperature, °C 140 140 140 140 

Oven Drying Time, hrs ~3.5-4 ~3.5-4 ~3.5-4 ~3.5-4 

Silica Gel Mass After Oven Drying, g 1099.00 881.71 903.18 987.90 

Silica Gel Mass After Adsorption, g 1263.00 932.65 1017.43 1091.97 

Total Mass of Moisture Adsorbed, g 164.00 50.94 114.25 104.07 

Experimental Data Sampling Time (10.00s) 8000 2513 2752 3189 

Equivalent Adsorbed Moisture (g) at 2000 Data Sampling Time 43.39 40.54 83.03 65.27 

 

In Figure 9, profiles of the moisture uptake rate by the packed beds are presented. For each of the packed beds 

undergoing adsorption, the rate of moisture transfer is given by the rate of change of the weight of the water content in the 

bed which is also equal to the difference in weight between exit and inlet vapour flow rates32 as presented mathematically 

in equation (6). 
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𝑚𝑠
𝑑𝑊

𝑑𝑡
= 𝑚𝑔(𝜔𝑖𝑛 − 𝜔𝑜𝑢𝑡)                                                                                                                                                                    (6) 

Equation (7) from Lu and Zhao21 for the calculation of the real velocity of the bed was used to determine the air 

mass flow rate, 𝑚𝑔.  

𝑢 =
𝑄𝑣

𝜀𝐴
                                                                                                                                                                                                                       (7)        

The results in Figure 9 shows that the overall moisture uptake rate was significantly higher in the FPB than the 

annulus packed beds over the period of each experiment. For all packed beds, the moisture uptake rate was found to decline 

over time.  This is in line with Awad et al’s5 assertion that higher rates of adsorption are observed during the first few 

minutes which decreases as the bed temperature increases.  Between the annulus packed beds, it was observed that the 

MAPB comparatively had a better moisture uptake rate than the SAPB and LAPB. Between the MAPB and the SAPB in Figure 

(9), it can be observed that at the early stages of the adsorption process, they both had a similar moisture uptake rate before 

it increased momentarily for the SAPB. Subsequently the MAPB’s moisture uptake rate increased showing a comparatively 

better moisture uptake performance overall.  For the LAPB, its moisture uptake rate was comparatively lower in general.  

 

Figure 9 Rate of Moisture Adsorption in Packed Beds 

The performance of the packed bed adsorption systems were further evaluated by the percentage of moisture 

removed, this was determined using the inlet and outlet humidity ratios of the unsaturated moist air applied to equation (8) 

by Bui et al33.  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑚𝑖𝑠𝑡𝑢𝑟𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 =
(𝜔𝑖𝑛−𝜔𝑜𝑢𝑡)

𝜔𝑖𝑛
× 100%                                                                                                                           (8) 

In Figure 10, the percentage of moisture adsorbed by the various packed bed systems over the test periods is 

presented. As can be observed, the moisture adsorption performance was significantly better at the early stages for all 

packed bed configurations which overtime declined. The decline in moisture adsorption performance was observed to be 

sharp for the annulus packed bed configurations and gradual for the fully packed bed. The annulus configuration was 

observed to enhance the radial flow of moisture in the packed beds and hence enhanced the fluid-solid contact for those 

configurations. It can be observed from Figure 10 that the percentage of moisture removed was over time lower for the 

LAPB and SAPB than for the MAPB. Although the SAPB had more mass of silica gel for adsorption, the evaluation shows it 
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had a lower percentage of moisture removed which speaks directly to how that configuration enhances the adsorption 

process.  For the LAPB, the relatively smaller mass of silica gel particles mean vigorous fluid-solid contact hence that 

configuration reaching saturation quickly. Its lower percentage of moisture removed directly correlates with its smaller 

mass of silica gel for the adsorption process. For the SAPB its lower percentage of moisture removed potentially signifies 

the degree of adsorption enhancement achieved with that configuration. Here, although the annulus dimension aids radial 

flow, the comparatively larger amount of randomly packed silica gel present appears to limit effective fluid-solid contact as 

with the SAPB. For the MAPB, the medium annulus dimension allows reasonable enhanced fluid-solid contact with the 

medium amount of silica gel present in this configuration.   For the fully packed bed, although its configuration does not 

enhance the adsorption process as with the annulus structure, the amount of moisture removed was comparatively larger 

and this was mainly due to the mass of silica gel particles available for adsorption, residence time of the fluid and the 

significant length of time it took to reach steady state temperature.   

 

Figure 10 Percentage of Moisture Adsorbed by Silica Gel  

To measure the mass of the silica gel particles, the spirit level on the scale balance used was adjusted to ensure it was 

level before any measurements were carried out. The actual mass of the silica gel was then determined by taring the mass 

of the container to zero on the scale. The accuracy of these results were contingent on the precision in these measurements, 

equipment error, human error and the ability to maintain the required condition for the experiments.  Although precautions 

were taken to minimize these errors, the process of measuring the mass of the silica gel after drying before the adsorption 

process involved transferring the cooled silica gel particles into a container without it being exposed to atmospheric air for 

adsorption to start outside the vessel.  The measurement of the mass of silica gel after the adsorption process also required 

that the particles were transferred into a container without being exposed to atmospheric air so no changes would occur in 

the actual amount of moisture adsorbed. Both scenarios mentioned were difficult to achieve to perfection hence may have 

influenced these results obtained. 

3.4. Bed Outlet Condition 

 

 The outlet temperature and relative humidity values were obtained directly using the AZ8829 sensor and data 

logger. Figures 11a-c presents the outlet conditions for the packed beds. The outlet humidity ratios of the unsaturated moist 

air  were determined in the same way as the inlet humidity ratios using equations (1-3) from CIBSE Guide C24 and Jones25. 
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In Figure 11a, the outlet humidity ratios profiles shows an initial decline from the inlet condition before subsequent rise 

with time. For the FPB, the rise in outlet moisture content was gradual over time as it had a comparatively larger mass of 

silica gel particles and also the random full packing increased the residence time of the fluid in the bed. For the annulus 

packed beds, the radial distribution of the moist airflow increased the fluid-solid contact thereby allowing enhanced 

adsorption process leading to a rather increased saturation rate of the adsorbent. From Figure 11a, it can be observed that 

the outlet moisture content increased with decreasing mass of silica gel. It can also be observed that the outlet moisture 

content increased as the packed beds approached a steady state temperature condition.  

The outlet temperature for the annulus beds followed a similar trend as the average bed interior temperature. At 

the beginning of the adsorption process the outlet temperatures increased significantly to a peak value before steadily 

declining (See Figure 11b). For the FPB, the outlet temperature increased from ambient temperature conditions to about 

30°C before maintaining a relatively steady temperature as the bed temperature also approached steady state temperature.  

Comparatively, over the investigated periods for the respective packed bed configurations, the FPB outlet airflow 

temperature was significantly lower. Contrasting the low outlet temperature with the comparatively higher bed 

temperature goes to suggest that the loose random packing of the FPB significantly limited the airflow through it.   The 

average outlet temperatures were 29.96°C, 32.41°C, 32.53°C and 33.05°C for the FPB, LAPB, MAPB and SAPB configurations 

respectively. 

  

a) Outlet Humidity Ratio b)  Outlet Temperatures 
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c) Outlet Velocity 

Figure 11 Packed Bed Outlet Conditions 

Just like the inlet velocity, the outlet velocity was also measured using the Sentry ST 732 Hotwire Anemometer. For the 

annulus configurations, the outlet velocity initially decreased sharply before steadily rising to a relatively steady state 

condition (see Figure 11c). This initial dip in the outlet velocities appeared to be as a results of an initial low moist air 

pressure subsequently building up behind the annulus end plate with the air forcing its way through the packed silica gel in 

MTZ3 and subsequently the outlet. This was consistent with the fact that the temperatures for the zone of mass transfer 

increased from MTZ3 to MTZ1.  For the FPB, the outlet velocity was relatively steady varying only slightly at some specific 

points. Also, it was comparatively low, reflective of the non-existence of an annular section for radial flow along, with the 

full random packing providing a relatively limited pathway for the airflow to exit the bed. This invariably increased the 

residence time of the moist air in the bed.  The average outlet velocities obtained were 0.02m/s, 0.29m/s, 0.54m/s and 

0.33m/s respectively for the FPB, LAPB, MAPB and SAPB. It can be observed from the average values that the loose random 

packing in all configurations of the packed bed influenced the outlet velocity.  According to Schnitzlein34 and Roblee et al35, 

the packing structure causes local velocity fluctuations which influences fluid-mechanical dispersion in the bed.   

A possible source of error in the measurement of the inlet and outlet relative humidity and temperature was in the use 

of the AZ8829 sensor and data logger. Here, the sensors were installed at the inlet and outlet via flexible connection and 

extension respectively. The possibility of the sensor position being influenced by this arrangement and leading to error was 

likely.  For the Sentry ST732 Hotwire Anemometer, the results obtained was dependent on the position of the sensor and 

the sensitivity of the sensing element in the flow path.   

3.5. Packed Bed Pressure Drop 

 

The packing structure for all the configurations was loose and random. For annular packed beds, du Toit8 found that 

the distortion of the packing by the annulus section does not affect the bed porosity in the radial direction. The spherical 

silica gel particle size used ranged between 4.75-3.35mm and resulted in an average bed porosity of 0.44 as determined in 

Table 3. Pressure data was directly obtained using the QEALY Differential Pressure Meter and the corresponding inlet and 

outlet gauge pressure differences per unit length presented in Figure 12. From the plot, the pressure drop per unit length 

for LAPB and MAPB were similar. That for the SAPB and FPB respectively were comparatively lower in that order.  
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From the profiles, the MAPB and LAPB plots appear superimposed as they both exhibited similar inlet and outlet 

pressure values. The pressure profiles observed were typically oscillations of high frequency and amplitude.  From Table 9, 

the average pressure differential was found to increase with increasing annulus dimension. This was because the annulus 

dimension allowed significant amounts of airflow axially through it, however, the endplate impeded this relatively large 

axial moist airflow causing flow reversal which subsequently reduced the pressure at the outlet. This invariably created a 

large pressure differential for this packed bed configuration. It is to be remembered that the Z-annular flow configuration 

was to ensure radial flow of moist air through the packing, however the determination of the inlet pressure was from the 

inlet axial flow into the bed. The FPB overall had the lowest inlet pressure. For the Z-annular flow packed beds, the inlet 

pressures were found to increase with increasing annulus dimension. The magnitude of the resulting pressure drop however, 

was found to depend on the Do/Di. It is worthy to note that Heggs et al3 also observed that the scale of pressure changes in 

the annular outlet manifold of the Z-annular flow arrangement was almost three times greater when measured 

experimentally than when predicted by the model due to local disturbances at the point of measurement giving rise to 

excessive pressure differences.  

 

Figure 12 Packed Bed Pressure Drop per Unit Length 

Table 9 Packed Bed Pressure Differential 

Packed Bed  Type Average Pressure Difference (Pa) Average Pressure Drop Per Length of Bed (Pa/m) 

FPB  35.47 118.25 

LAPB 38.00 126.65 

MAPB 37.87 126.24 

SAPB  36.97 123.23 

   

3.6. Uncertainty Analysis 

 

In this present experimental study, the fundamental quantities measured were temperature, relative humidity, 

pressure and velocity. Table 10 shows the absolute uncertainty of the fundamental quantities for each measurement device.  

As the measurement devices were digital, the smallest division of measurement was determined as the absolute uncertainty.  

114

119

124

129

134

0 1000 2000 3000 4000 5000 6000 7000 8000

∆
P

/L
, P

a/
m

Time, s

FPB ∆P/L SAPB ∆P/L MAPB ∆P/L LAPB ∆P/L



Page 23 of 26 
 

Table 10 Absolute Uncertainty Values for Fundamental Parameters 

Parameter Measurement Device Absolute Uncertainty Units 

Pressure QEALY Differential Pressure Meter ±0.001 Pa 

Temperature Omega K Type Thermocouples ±0.1 °C 

Relative Humidity AZ 8829 sensor and data logger ±0.1 % 

Outlet Velocity  Sentry ST 732 Hotwire Anemometer ±0.01 m/s 

Mass HENGPING Scale Balance  ±0.01 g 

 

The percentage/relative uncertainty36 was determined from: P𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 =
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒
 ×

100%. The averages of the percentage uncertainty of the measured fundamental quantities are presented on Table 11 for 

each packed bed configuration. Here, the uncertainties found in the measurement of the fundamental quantities was mostly 

inconsequential for the pressure and temperature measurements for all packed bed configuration types. For the FPB, a 

higher percentage of uncertainty in its measurements of relative humidity and velocity was observed. Generally, for the 

outlet velocity measurements in all packed bed configurations, the uncertainty was comparatively higher than in the other 

fundamental quantity measurements.   

Table 11 Average Percentage Uncertainty Temperature Measurement (%) 

 FPB LAPB MAPB SAPB 

Pressure 0.0028 0.0026 0.0026 0.0027 

Temperature 0.12 0.13 0.13 0.13 

Relative Humidity 14.81 0.24 0.26 0.27 

Outlet Velocity 33.33 4.24 1.95 6.07 

 

The mean, the standard deviation and the standard error of the mean for the fundamental quantities were 

determined in Microsoft Excel and presented in Table 12.  As shown, the standard deviation for all the measured quantities 

except relative humidity was relatively low.   

Table 12 Uncertainty Analysis of the Fundamental Properties 

  FPB LAPB MAPB SAPB 

Pressure Mean 35.47 38.00 37.87 36.97 

Standard Deviation 0.46 0.25 0.22 0.31 

Standard Error of the Mean 0.010 0.0056 0.0049 0.0069 

Temperature  Mean 42.20 37.47 38.71 39.18 

Standard Deviation 0.79 1.72 1.99 1.94 

Standard Error of the Mean 0.018 0.038 0.044 0.043 

Relative Humidity Mean 9.16 45.69 43.52 42.67 

Standard Deviation 2.97 9.12 8.99 7.71 

Standard Error of the Mean 0.066 0.20 0.20 0.17 

Outlet Velocity Mean 0.03 0.45 0.52 0.45 

Standard Deviation 6.62872E-16 0.011 0.036 0.014 

Standard Error of the Mean 1.5E-18 0.00025 0.0008 0.00031 
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4. Conclusion 

 

The Heggs et al (1994) Z-annular flow arrangement was used to experimentally investigate its influence on the 

enhancement of the adsorption process in solid desiccant packed bed dehumidification system.  Adsorption performances 

of solid desiccant packed beds with varied dimensions of the Z-annular flow configuration were compared to that of a fully 

packed of similar dimensions. The experimental results show that; 

 The end plate of the Heggs et al6 Z-annular flow arrangement significantly influenced the inlet air conditions of the 

annulus packed beds by impeding the flow and causing reversed flow at the inlet. 

 For the Z annulus arrangements, the zone of mass transfer increased with time and counter flow to the direction of 

the moist airflow. This was as a result of the capped end of the annulus insert impeding the moist airflow and 

creating turbulent eddies around the capped end thereby increasing the adsorption activity in the mass transfer 

zone (MTZ3) adjacent to it.  

 For the FPB maximum temperature increase was observed in MTZ1 whilst for the annulus configurations the 

maximum temperature increase was observed in MTZ3. The Z-annular flow configuration enhanced adsorption and 

also resulted in a decrease in packed bed temperature averaging between 4.22-5.47°C less that of the FPB.  

 The decline in moisture adsorption observed was sharp for the annulus packed bed configurations due to enhanced 

adsorption and gradual for the fully packed bed configuration due to a comparatively large mass of silica gel. 

 The end plate also influenced outlet conditions by initially causing moist air build up which lowered the outlet 

velocity initially before the pressure build up forced the air out causing an increase in the outlet velocity. The build-

up also increased adsorption activities in MTZ3 leading to an increase in outlet moisture content with time. The 

initial increase in adsorption activities in MTZ3 also caused an initial outlet temperature increase which declined 

as MTZ3 approached saturation.   

 The Z-annular flow configuration allowed comparatively large inlet pressure due to unimpeded axial flow of moist 

air from the inlet. However the end plate impeded this flow causing flow reversal which subsequently reduced the 

outlet pressure resulting in significant pressure drops overall.  

Overall, within the limitations of this investigation, the MAPB configuration showed superior enhanced adsorption 

capacity performance, adsorbing more moisture than the other packed beds over similar period when all packed beds were 

at relative steady state temperature.  This suggests that although the the Heggs et al6 Z-annular flow arrangement has the 

potential to enhance the adsorption capacity of packed beds, there is an optimum dimension where optimum adsorption 

enhancement can be attained. We therefore recommend that further investigation be carried out to identify optimum 

parameters for adsorption enhancement using this configuration type. 
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