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Abstract. A laboratory model of a forced circulation desiccant based green pea drying system operating in an

open-loop is constructed and tested. The green pea drying process is divided into two stages involving dehu-

midification by the desiccant bed and green peas drying by dehumidified process air. Removal of moisture from

the process air has been achieved by vertical packed composite desiccant beds. The composite desiccant used are

heat treated clay with CaCl2 being impregnated and clay with additives like horse dung and sawdust, again being

heated, treated and later impregnated with CaCl2. The green peas were dried for a process time of one hour. The

drying was quite sharp during the initial process time of 500 s and from then onwards proceeded at a constant

rate. For the identical bed masses, The performance of heat treated clay-additives based beds in moisture

reduction and enhancement in enthalpy of process air is higher. The experimental study reveals the average heat

content of air entering the dryer is 1.46, 2.46 and 2.38 kJ for heat-treated clay-CaCl2, clay-horse dung-CaCl2 and

clay-sawdust-CaCl2 composite desiccant beds of 700 g mass.
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1. Introduction

In developing countries, people are exploring the best

possible ways of minimizing the post harvest loss of food

products. The post-harvest losses are measured in terms of

qualitative and quantitative losses. The control and mini-

mization of qualitative losses in the form of calorific value,

nutritional content and edibility, strengthens food security

and improves the economy of the farming communities [1].

From the perspective of agricultural food product preser-

vation, temperature and moisture content are the most

important factors affecting the product quality during

storage and aeration. Longer the storage of grains in wet

ambient conditions causes mold growth. The control of

deterioration of grain quality in humid tropical and sub-

tropical countries is a significant task in grain aeration

drying and cooling systems. Drying is a key process in post

harvest technology applied to agricultural crops. Different

drying techniques have been categorized as hot air and

contact drying under atmospheric pressure, vacuum, freeze,

infrared, super heated steam, impingement, solar, micro-

wave and dielectric drying [2]. Energy equivalent to latent

heat of vaporization is required to accomplish the transfer

of moisture from the grains and then away from the grain

surface. The driving force for the drying is the partial vapor

pressure difference between the product surface and the

surrounding process air. The warmer the process air more

will be the moisture removed. Moisture removal from wet

solid products brings about both volume and weight

reduction. Thermal drying is a two stage process that

involves transfer of heat from the surrounding environment

to evaporate the exterior moisture and transfer of internal

moisture to the surface of the solid and followed by its

subsequent evaporation [3].

The common of drying technology suitable for rural

farming areas are open air sun drying or solar drying. The

employment of freely available solar energy for drying

leads to inferior quality and spoilage of farm products. The

traditional open air sun drying takes much of the time to dry

agricultural yield and food products. However, the rea-

sonable control of solar energy in drying is achieved by

employing solar driers. The feasibility of an indirect natural

convection stand alone solar dryer with thermal energy

storage material for fruits and vegetables was investigated

experimentally [4]. The drying process for grapes and green

peas is accelerated by chemical pretreatment and with sand

as thermal storage material. Experimental comparison of

drying characteristics of pretreated green pea samples with*For correspondence
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untreated samples reveals the effect of pretreatments and

drying temperature on drying time and rehydration capacity

of the green pea drying process [5]. Though solar dryers

provide suitable conditions for drying, the main disadvan-

tage is the availability of solar energy during the daytime

only. It is, therefore, advantageous to explore the periods

during off sunshine hours. Continuous drying during day

time and off sun shine hours is required to bring the

moisture content to the desired level. Desiccant based

drying systems provide the flexibility of drying during night

time. The integration of continuous solar dryer with

molecular sieve adsorbent and CaCl2 absorbent for cocoa

beans drying not only improves drying effectiveness but

also reduces the drying time and specific energy con-

sumption. During off sun shine hours, the humidity in the

drying chamber is controlled by employing sorbents. The

drying time as compared to conventional sun drying is

reduced by 25% with molecular sieve solid adsorbent and

by 45% with CaCl2 liquid desiccant as thermal energy

storage material [6].

In hot air driers with recirculation systems, the increase

in relative humidity of process air after passing over the

products decreases the moisture removal ability of process

air. To enhance the prospective of process for drying it is

useful to couple the recirculation driers with heat pumps,

thermal storage materials and desiccants beds, so as to

remove the extra moisture of the process air. The pair of

recirculation dryer and desiccant system improves the

overall drying efficiency of the system [7].

The condition of drying air affects the quality of the

dried product in terms of nutritional loss, texture and color

change. For example, products like mushrooms are sensi-

tive when temperature of drying air is high. Higher tem-

peratures and higher humidity of drying air also affect the

color of drying product. Desiccant based drying systems are

advantageous when drying requires low temperature and

low humidity. The low temperature and low humidity of

solid desiccant drying systems ensures good quality of

wheat grains [8]. The desiccant materials have limited

capacity to take moisture from air. The desiccants require

regeneration for moisture removal. The use of solar and

waste heat for regeneration of desiccants proves to be

economical for drying. The integration of dryer with low

temperature regenerated desiccant bed results in a com-

pound dryer. Thermally regenerated desiccant systems with

dryer are useful in the preservation and aeration of stored

grains below atmospheric temperatures. The bentonite-

CaCl2 composite desiccant aeration system for the preser-

vation of stored grain in humid climates employs solar

energy for regeneration [9]. The experimental and theo-

retical analyses of forced convection desiccant integrated

solar dryer for green peas drying under prevailing hot and

humid atmospheric conditions of Chennai, India demon-

strates the feasibility of drying during off sunshine hours.

The quality of dried products improves and the character-

istics of the desiccant remain stable even after a year [10].

A low temperature desiccant based food drying system with

controlled airflow and temperature consists of rotary silica

gel desiccant dehumidifier and drying chamber. The pro-

duct dried by this method qualitatively reveals the sus-

tainment of color and preservation of vitamin content as

that of fresh vegetables. The drying system developed

achieved higher drying speed than by sun drying [11]. The

numerical simulation of the operational and physical

parameters of the silica gel adsorption unit coupled with

solar collectors and the dryer justifies the economy of

drying apricots. The numerical simulations of theoretical

model predict the temperature and moisture content of

paddy under various aeration conditions. Numerically

simulated results could lead to the development of appro-

priate practical systems for keeping grains not too dry or

wet [12, 13].

The desiccant based systems employ liquid, solid, com-

posite, polymer and bio desiccants in packed, radial, wheel,

fluidized and annular bed configurations [14–17]. Com-

pared to solid desiccants, liquid desiccants require lower

regeneration temperatures and have higher moisture

absorption capacities [18]. The use of solid desiccants

requires higher regeneration temperature and the use of

liquid desiccants requires continuous recirculation. In order

to have the best features of solid and liquid desiccants, the

impregnation of liquid desiccants with solid desiccants

leads to composite desiccants for moisture adsorption. Clay

being the natural material and the impregnation of CaCl2
with clay produces clay based composite desiccants that

have potential application in drying and aeration of food

products [19, 20].

The literature study reveals the use and importance of

desiccant materials in food products preservation and dry-

ing. Implementation of desiccants in a drying system is

becoming an attractive alternative for food grain preser-

vation and drying. Desiccant dehumidification units inte-

grated with drying and aeration systems controls the

process air humidity and reduces the latent load of the

system. The other advantages of desiccant dehumidification

systems such as low initial operating costs, lower drying

time, environmental friendliness, low drying temperatures

and significant potential for energy savings where low

grade solar thermal heat energy is employed for

regeneration.

The above studies show that desiccant assisted drying

systems are one of the best drying method. The current

work deal with laboratory scale grain dryer integrated with

vertical packed clay-CaCl2 and clay-additives-CaCl2 com-

posite desiccants. The main objective is to study the

potential of clay based composite desiccants in drying

green peas agriculture produce in terms of moisture

reduction, enthalpy and drying rate of process air. The

present study identifies locally available natural materials

like transported clay (referred to as clay in short), additives

like sawdust and horse dung in preparation of clay com-

posite desiccants. Experiments are conducted to evaluate

   37 Page 2 of 16 Sådhanå           (2021) 46:37 



the effect of desiccant bed inlet air temperature, relative

humidity and bed mass on dehumidification and grain

drying performance of process air.

2. Methodology

The methodology includes manual preparation of clay and

clay-additives based CaCl2 composite desiccants. Con-

struction and setting the desiccant based system for green

pea (Pisum sativum) drying. The fresh good quality green

peas purchased from a local dairy for drying experiments.

Instrumentation employed for the measurement of prop-

erties of process air, desiccant bed and grain drier

parameters.

2.1 Preparation of clay and clay-additives
composite desiccants

The materials employed for the preparation of clay based

composite desiccants are naturally available transported

clay, additives like sawdust and horse dung and 50%

CaCl2 solution. The liquid desiccant carrier, namely the

transported clay, is available in banks and bed of the lake,

located in Vijayapur district of Karnataka state, India. The

transported clay in the clinker form was collected from

the pot maker. The collected clay is then crushed and

ground to obtain the powdered clay material. It has been

an age old practice in the local region of Vijayapur that

the horse dung is mixed with transported clay while

preparing earthen ware. It is their intuition and experience

that horse dung when added to transported clay imparts

strength and porosity to the earthen wares produced.

Sawdust a residue of saw mill is employed as another

additive. The additives are mixed separately with clay in

the proportion of 20% by weight. The pasty clay and clay-

additives material is obtained by adding required quantity

of water. The green clay and clay additives materials are

manually molded to the spherical shape of 10 mm

diameter. The spherical shaped clay and clay with addi-

tives are dried at room temperature. Subsequently, they

are heat-treated to 500�C.

The heat treatment of clay-additives samples in furnace

is in presence of oxygen. During heat treatment either the

horse dung or sawdust being additives in the clay gets

oxidized. Complete oxidation will induce porosity or will

be retained as carbon in clay samples. The result of the heat

treatment of the clay-additives spherical balls will destroy

the obnoxious character of the horse dung. Additives horse

dung or sawdust will be in the form of carbon in the clay

mixture. The heat treated clay and clay-additives composite

desiccants are then impregnated with CaCl2 liquid desic-

cant of 50% concentration. The higher porosity in clay

additives desiccants helps to retain higher quantity of CaCl2
and thereby enhances dehumidification capacity. Thus the

three composite desiccants namely clay-50% CaCl2,

clay-20% sawdust-50% CaCl2 and clay-20% horse dung-

50% CaCl2 are produced. The manually prepared com-

posite desiccants are finally kept in airtight plastic boxes.

The SEM images were taken under 5000X magnification

for heat-treated clay and clay-additives composite desic-

cants before impregnation and after impregnation are pre-

sented in figures 1(a) to (e). The surface texture of SEM

images reveals an uneven surface comprising long voids.

The scattered white regions of varying sizes (figure 1(c) and

(e)) indicate the dispersion and concentration of sawdust

and horse dung with clay. The dense white patches corre-

sponding to impregnated burnt clay and burnt clay-addi-

tives. Figures 1(b), (d) and (f) reveal the deposition of

CaCl2 layers onto the surface of heat treated clay and clay-

additives composite desiccants.

2.2 Analysis of water uptake by the clay and clay-
additives composite desiccants

In order to ascertain the hygroscopic property of composite

desiccants, few samples of desiccants are picked from the

lot and are exposed to the atmosphere. The photographs of

clay and clay-additive composite desiccant are shown in

figure 2. Visual observation reveals that the surface of the

clay and clay-additives impregnated with CaCl2 desiccant

has become wet. It can be inferred that the transfer of

moisture on to the desiccant surface and into the desiccants

has taken place by convective and diffusive transport. The

test shows the hyperactivity of some desiccants towards

moisture adsorption. On the other hand, there is a time lag

towards adsorptivity of remaining desiccants. The test on

clay and clay-additives desiccants reveals the non-uniform

dehumidification behavior of clay and clay-additives based

composite desiccants. This behavior may influence the heat

and mass transfer characteristics of vertical packed clay

composite desiccant beds.

Further, in order to investigate the relative dehumidifi-

cation potential of clay composite desiccants, tests have

been conducted wherein desiccants are exposed to the

controlled condition of process air. The experiments are

conducted by keeping the desiccant particle in temperature

controlled humidity chamber. The water uptake is calcu-

lated as the difference between by the initial mass of des-

iccant and the mass of the desiccant at a particular time

during adsorption. Figures 3(a) to (d) depict the time

variation of water uptake by desiccants at 45�C and

exposed to humidity conditions of 24%, 34%, 42% and

52%. For the process air relative humidity of 24% and 34%,

the trends for water uptake by desiccants is alike and pro-

ceeds coincidentally with each other. The qualitative

behavior of moisture adsorption by desiccants spans even

after one hour of process. From then onwards, the water

content monotonously increases for clay-additives based

desiccants, whereas for clay based desiccant tending
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towards saturation. For the relative humidity of 42% and

52%, the water content of composite desiccants increases

nearly in equal proportion. The concentration of moisture

shared by the desiccants seems to be nearly the same up to

the process time of half an hour. Beyond that time span, the

water content of composite desiccants is scaled up till near

to the saturation. From the results, it reveals that the burnt

clay-CaCl2 composite desiccant saturated with the water

content. As compared to clay-additives desiccants

attainment of saturation condition is at accelerated rates for

burnt clay-CaCl2 desiccant. As compared to clay composite

desiccant the moisture uptake rate is higher for clay-addi-

tives based composite desiccants and adsorption process

continues till the beds are saturated.

Figure 4 depicts water content of clay and clay additives

composite desiccants with different humidity conditions of

Figure 1. SEM micographs of heat treated (a) clay, (b) clay-50% CaCl2, (c) clay-20% horse dung, (d) clay-20% horse dung-50% CaCl2,

(e) clay-20% sawdust and (f) clay-20% sawdust-50% CaCl2 composite desiccants.
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process air at 45�C such as 24%, 34%, 42% and 52%. For

all the tests the duration of adsorption time is fixed to about

4 hours. From the results, it is observed that at higher rel-

ative humidity, higher will be the water content of clay and

clay-additives based composite desiccants. Irrespective of

process air humidity levels and for identical exposure time,

burnt clay-horse dung-CaCl2 composite desiccant exhibit

higher rates of moisture uptake. Clay-additives composite

desiccants are capable of holding large quantity of water

due to presence of higher mass of CaCl2 into the pores. The

presence of higher mass of CaCl2 is evident from the SEM

images as presented in figures 1(b), (d) and (f) with

impregnated clay-additives desiccants is due to the porous

and uneven surface texture.

2.3 Construction and arrangement
of an experimental set-up

The experimental se-tup consists of mainly the reciprocat-

ing air compressor (1), vertical acrylic tube as a desiccant

bed (3), drying chamber (4) consists trays (T1 and T2) and

instrumentation. The reciprocating air compressor has a

rating of 2.2 kW with a free air delivery up to 15 m3/h. The

vertical acrylic tube has, 0.054 m and 0.05 m as outside

diameter and inside diameter respectively, and length being

0.07 m for containing the desiccants. The schematic of the

experimental set-up is shown in figure 5(a). A perforated

sheet is provided at the bottom end of the tube that enables

to hold the desiccant particles. Prototype drying cabinet of

dimensions 0.43 m 9 0.41 m 9 0.54 m (Length 9 Width 9

Height) is fabricated from 19 mm thick mild steel sheets.

The drying trays are made using wire mesh placed inside

the drying chamber with dimensions of 0.31 9 0.31 m2 to

hold the green pea grains which will be subjected to drying.

The diameter of perforated holes is 0.0003 m and the holes

are arranged at a pitch of 0.007 m along with vertical and

horizontal directions. The distance between the two trays is

0.10 m. The bottom tray (T1) is at a distance of 0.45 m

from the dryer inlet. The distance between the top tray (T2)

and the exit of the dryer is 0.27 m. The air flows vertically

through the grain samples. The drying trays can be easily

removed to load and unload the drying products from the

door, which is provided on the front side of the drying

chamber. At the top of the drying chamber, an air gap of

0.12 m is provided with a GI pipe that exits humid air to the

atmosphere. Manually operated gate and ball valves (V1 to

V10) are provided to regulate the process airflow. The

airflow diagram of the drying system is shown in fig-

ure 5(b) wherein the compressed air is ducted to the drying

chamber through the desiccant bed. The warm dehumidi-

fied air leaving the desiccant bed transfers its sensible heat

to the grains on the trays and finally leaves at the top of

drying cabinet to atmosphere under forced circulation

mode.

Drying experiments are carried out to study the green pea

dryer performance with three vertical packed composite

desiccant beds. (a) Dryer coupled with burnt clay-50%

CaCl2 desiccant bed, (b) dryer coupled with burnt clay-20%

sawdust-50% CaCl2 desiccant bed and (c) dryer coupled

with burnt clay-20% horse dung-50% CaCl2 desiccant bed.

The relative humidity and temperature of process air at

desiccant bed inlet (H1), exit (H2) and dryer exit (H3) were

measured using a Rotronic hygroflex humidity sensor. The

humidity sensor has a 0 to 100% range on relative humidity

and -40 to 85�C range on temperature. The accuracy of the

instrument for RH is ±1% and for temperature, it is

±0.2�C. A microcontroller board (arduino) is employed to

interface the humidity sensors to the computer (5). The

voltage values corresponding to relative humidity and

temperature are written to a text file for every second with

the execution of microcontroller code. K-type (Chromel-

Alumel) thermocouples are used to measure the desiccant

bed temperature at four positions along the axial direction

of the bed. The first thermocouple is located at a distance of

0.06 m from the desiccant bed inlet. The axial distance

between the thermocouples is 0.08 m along the vertical

tube. The temperature inside the drying chamber is mea-

sured using another two K-type thermocouples. Desiccant

bed and dryer temperature measurement locations are

shown by the filled star symbol as shown in figure 5(a). The

temperatures are recorded every 300 s of process. The

pressure drop across orifice meter and through the desiccant

bed and the dryer are measured by water filled U-tube

manometers (M1, M2, and M3). The moisture content of

desiccant bed and green pea grains before and after the

process are measured using an electronic balance of range

0.2 to 300 g with accuracy of 0.01 g. The mass flow rate of

Figure 2. Photographs showing samples of heat treated (a) clay-

50% CaCl2, (b) clay-20% saw dust-50% CaCl2 and (c) clay-20%

horse dung-50% CaCl2 composite desiccants.
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process air is measured using calibrated orifice-meter (2) of

0.01 m diameter and coefficient of discharge as 0.68.

Experimental runs were conducted for 500 g of green pea

with a maximum 750 g of desiccant bed mass. The

uncertainties of the measured parameters are estimated

according to the methods given in references [21, 22] and

are listed in table 1.

2.4 Process air, desiccant bed and grain dryer
performance indices

In estimating the performance parameters, the pipe losses

are neglected. The moisture reduced from the process air by

the desiccant bed mdbð Þ and moisture transported to the

process air from the moist grains mgb

� �
in the dryer is

calculated on a wet basis of process air are given by non

dimensional Eqs. (1) and (2).

mdb ¼
Wai �Wae

Wai

� �
� 100 ð1Þ

mgb ¼
Wae �Wai

Wae

� �
� 100 ð2Þ
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Figure 3. Transient variation of water uptake capacity for heat treated clay-additives-CaCl2 desiccants in adsorption.
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The amount of surface area ðAsf Þ available for the given

volume of bed and porosities ðebÞ for moisture and heat

transfer in the clay and clay-additives composite desiccant

beds [23] are estimated using the following equations

(Eqs. (3) and (4))

Asf ¼
6 1 � ebð Þ

dPð Þ � ðVbÞ ð3Þ

eb ¼ 1 � qb
qd

� �
ð4Þ

Equation (5) represented the absolute enthalpy ðhaÞ
which is a function of humidity ratio and temperature of

process air at desiccant bed inlet and exit [24]. The

instantaneous drying rate (drÞ on dry basis of process air in

drying the grains is computed using Eq. (6). The overall

moisture removed from the grains ðMrÞ is defined as the

Figure 5. Schematic view of (a) desiccant bed coupled with grain dryer and (b) air flow diagram.

Table 1. Uncertainties in the measurement of experimental parameters.

Process air humidity ratio
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oW
oPv

� �2

� oPv

oRH

� �2� xRHð Þ2
� �

þ oPv

oPsat

� �2

� xPsatð Þ2

� �� �s

¼ �1:39%

Process air velocity �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ov
oX

� �2� xXð Þ2
q

¼ �0:40%

Mass of sample � owg

wg
¼ �0:004%
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ratio of reduction in grain mass (G) which is the difference

in the mass of grains before and after the drying process to

the total drying time (td) of 60 minutes is expressed by

Eq. (7).

ha ¼ 1005:22 þ 0:02615Tað ÞTa þ ðWa=1000Þ
� 2500800 þ 1868Tað Þ ð5Þ

dr ¼ Wat �Watþdt

dt
ð6Þ

Mr ¼ G

td
ð7Þ

Table 2 details the experimental parameters for the dryer

with clay-based CaCl2 composite desiccant beds. From

table 2, it is clear that for the same bed masses, the bed

surface area available for moisture transport for clay-ad-

ditives based composite desiccant beds is higher as com-

pared to clay-based composite desiccant beds. The increase

in the surface is due to higher bed volumes per unit mass of

desiccant bed. For the same bed masses, a higher length of

bed that prevails in additive based desiccant beds results in

higher surface area. Higher the bed masses higher will be

the pressure drop through the clay and clay-additives

composite desiccant beds. For the same bed diameter to

length (D/L) ratio of 0.18, the pressure drop through the

vertical packed clay additives beds is 16% lower than

vertical packed clay-based desiccant beds. The porosities

estimated using Eq. (4) for clay-CaCl2, clay-horse dung-

CaCl2 and clay-sawdust-CaCl2 composite desiccant beds

are 0.70, 0.86 and 0.87. The higher bed porosities are

prevailing in clay-additives composite desiccant beds result

in a lower pressure drop. As humid air comes in contact

with the dry desiccant bed and due to vapor pressure dif-

ference, process air transfers its moisture content to clay

and clay additives composite desiccant bed. The dehu-

midification by desiccant releases heat of adsorption that

increases the bed temperature and subsequently raises the

temperature of process air. The warm dehumidified air

exiting the desiccant bed is conveyed into the dryer con-

taining grains on the bottom and top trays. The higher

enthalpy content of air removes more moisture from the

grains contained in the bottom tray. The amount of mois-

ture removed from the grains contained in the bottom tray

is higher than the grains contained in the top tray.

3. Results and discussion

Experiments are conducted to determine the effectiveness

of proposed clay additives composite desiccants for drying

of green pea grains. The experimental runs for differing

desiccant bed mass (300 g to 700 g) are conducted. The

velocity of air at the inlet of desiccant bed was 1.5 m/s. The

Table 2. Experimental conditions and results for dryer coupled with clay and clay-additives-CaCl2 composite desiccant bed.

Type of bed

Composite desiccant bed parameters Grain dryer

Exp

Runs

Bed mass

(g)

D/L

ratio

Surface area

(m2)

Pressure drop (mm of

water column)

Weight gain (%

Wet basis)

Moisture

removed (%

Wet basis)

Tray -

T1

Tray -

T2

Burnt clay-CaCl2 300 0.40 0.045 20 1.31 12.91 10.75 R1

500 0.19 0.085 35 1.82 6.26 4.32 R2

550 0.19 0.094 38 1.18 9.89 3.44 R3

600 0.18 0.097 38 1.68 10.02 6.78 R4

650 0.16 0.112 40 1.63 7.39 5.02 R5

700 0.15 0.117 49 1.28 6.76 8.33 R6

Burnt clay-horse

dung-CaCl2

300 0.23 0.061 22 4.50 9.79 7.23 R7

350 0.21 0.067 28 3.68 7.21 5.18 R8

400 0.18 0.076 31 3.75 10.05 6.59 R9

450 0.16 0.083 38 4.58 9.89 4.80 R10

500 0.15 0.091 40 1.64 11.71 6.66 R11

700 0.10 0.135 48 1.35 10.63 8.69 R12

Burnt clay-sawdust-

CaCl2

300 0.22 0.063 25 2.33 4.66 4.54 R13

350 0.21 0.067 28 3.28 10.54 7.26 R14

400 0.18 0.076 32 2.99 9.72 6.35 R15

450 0.16 0.086 39 3.04 8.83 7.22 R16

500 0.15 0.091 40 2.47 12.05 9.44 R17

700 0.10 0.132 53 2.84 7.35 4.92 R18
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experimental parameters estimated for different runs are

presented in table 2.

3.1 Analysis of process air parameters for heat
treated clay and clay-additives-CaCl2 composite
desiccant beds and grain dryer

Figures 6(a) and (b) show the comparison of transient

variation of air moisture reduction from process air and

enthalpy of process air entering into the dryer. Air moisture

reduction is estimated using Eq. (1) and absolute enthalpy

of air exiting the desiccant bed is calculated using Eq. (5).

For the same bed masses, higher moisture reduction rates

are noted for clay-additives-CaCl2 composite desiccant

beds. For the identical desiccant bed masses of 700 g, bed

length of 0.33 m and 0.50 m are noted for clay-CaCl2 and

clay-additive-CaCl2 composite desiccant beds, respec-

tively. The higher bed length of clay additives desiccant

beds enables more bed surface area for process air dehu-

midification. The higher bed length per unit volume of bed

offers higher residence time for the air to pass through the

interstitial spaces of bed. As presented in figure 6(a) for the

process time below 250 s, moisture reduction increases up

to 60% for clay-additives based desiccant beds. With pro-

gress in process time the desiccant bed water content

increase which in turn progressively decreases moisture

uptake capacity of the bed. The transient variation of

enthalpy of air exiting the desiccant bed and entering into

the dryer is shown in figure 6(b). For the beds having a

higher surface area, higher will be the moisture adsorptiv-

ity. Higher dehumidification potential of additives desic-

cant beds, releases higher heat of adsorption. Due to this the

bed temperature increases and subsequently increases the

temperature of air leaving the desiccant bed.

For the same D/L (bed diameter to bed length) ratio of

0.16, the transient variation of moisture reduction and

enthalpy of air are graphically presented in figures 7(a) and

(b). As compared to clay-based desiccant bed, additive

based desiccant beds show slightly higher adsorptivity. The

peak values of moisture reduction and heat content are

observed within 250 s of process time. From then onwards

the increase in bed water content decreases vapor pressure

difference between the desiccant surface and the
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Figure 6. Transient variation of (a) moisture reduction and

(b) enthalpy of process air for experimental runs R6, R12 and R18.
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Figure 7. Transient variation of (a) moisture reduction and

(b) enthalpy content of process air for experimental runs R5, R10

and R16.
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surrounding air. The increase in vapor pressure on

desiccant surface progressively decreases the adsorption

rate which in turn counteracts the adsorption heat and bed

temperature decreases. Lower adsorptivity with progress in

time reduces the enthalpy of air. From the results of the

same bed masses (figure 6(b)) and similar D/L ratios (fig-

ure 7(b)) it is observed that enthalpy levels of process air

exiting the desiccant bed are higher in clay-additives based

composite desiccants. As compared to D/L ratio, process air

moisture reduction and humidity reduction are high when

identical desiccant bed masses are considered. For the same

bed masses, the numbers of desiccants contained in the

vertical bed are more in clay-additive composite desiccant

beds. The lesser density of additives desiccants enables

higher bed length that enables higher bed surface area for

moisture reduction. The higher number of desiccants for the

same cross-section area of bed yields higher bed

adsorptivity.

The net moisture reduced and net enthalpy added to

process air is functions of desiccant bed inlet and exit air

relative humidity and temperature. The net moisture and

enthalpy transferred are evaluated by using desiccant bed

inlet and exit air humidity ratio and enthalpy. The transient

variation in net moisture content of process air transferred

to the desiccant bed and net enthalpy added to process air

by the desiccant bed in adsorption are illustrated in fig-

ures 8 (a) and (b). The results are compared for the same

D/L ratio of 0.18. During the initial period of adsorption the

higher decrease in net air humidity ratio indicated a higher

potential of clay and clay additives composite desiccant

beds towards moisture adsorption. The adsorption heat

released during the initial period of operation results in

higher heat transferred to process air from the desiccant

beds. With the advancement in time moisture transferred to

the bed and heat transferred to the air decreases.

Process time variation of exit air humidity ratio and

temperature with respect to inlet air humidity ratio and

temperature for desiccant beds and grain dryer are depicted

in figures 9(a) to (f). The process air having average

specific humidity of 4.66, 4.4, 4.32 g of water vapor/kg of

dry air and temperature of 23.02, 21.57, 20.30�C is intro-

duced into the vertical packed burnt clay-CaCl2, burnt clay-

horse dung-CaCl2 and burnt clay-sawdust-CaCl2 composite

desiccant bed mass of 550 g, 400 g and 700 g. The

superficial velocity of air is 1.5 m/s. Within the process

time of 500 s, the process air experiences maximum

reduction in its moisture content. From 500 s onwards, the

process of adsorption weakens and moisture uptake

capacity of bed decreases and subsequently the exit air

humidity ratio nears the bed inlet air humidity ratio. As the

process of adsorption in early stages is high enough to

increase the bed temperatures and subsequently increases

the exit temperatures of air. The effect of the heat of

adsorption is significant within 500 s. The heat of adsorp-

tion which reflects the enthalpy variation before and after

adsorption is calculated using Clausius-Clayperon equation

[25]. The average bed temperatures measured for 550 g

burnt clay-CaCl2, 400 g burnt clay-horse dung-CaCl2 and

700 g burnt clay-sawdust-CaCl2 are 30.48, 31.65 and

31.07�C. The desiccant bed enthalpy variation in terms of

heat adsorption estimated are 28.97, 29.04 and 29.05 kJ/kg

for the respective clay and clay-additives composite des-

iccant bed average temperatures. The average heat content

of air entering the dryer is 1.46, 2.46 and 2.38 kJ for heat-

treated clay-CaCl2, clay-horse dung-CaCl2 and clay-saw-

dust-CaCl2 composite desiccant beds of 700 g mass.

The warm dehumidified air exiting the clay composite

desiccant beds is conveyed into the grain dryer. The warm

dehumidified air comes in contact with the wet grains

which are spread on the trays of the dryer. The heat energy

transferred to grains extracts moisture and then exits the

dryer with higher humidity and lower temperature levels.

Owing to heat of adsorption in the early stage of the pro-

cess, moisture removal from the grains is more significant

in the early stage of drying. The process air after drying

leaves the dryer at higher humidity levels than desiccant
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Figure 8. Variation of net (a) moisture added to bed and

(b) enthalpy added to process air with time for experimental runs:

R4, R9 and R15.
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bed inlet air humidity levels. The temperatures of air

leaving the dryer are lower than the desiccant bed inlet air

temperatures. The total water content removed from the

grains contained on the bottom and top trays are 13.33 g,

16.64 g and 12.27 g for vertical packed 550 g burnt clay-

CaCl2, 400 g burnt clay-horse dung-CaCl2 and 700 g burnt

clay-sawdust- CaCl2 composite desiccants, respectively.

Transient variation of net moisture uptake from grain bed

by drying air and moisture uptake by desiccant bed from

the dehumidified process air is illustrated in figures 10(a),
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(b) and (c). The moisture reduction of air is a function of

desiccant bed inlet air relative humidity, temperature, bed

mass, bed inlet air velocity and atmospheric conditions.

Moisture uptake by air is a function of dryer inlet air

humidity, temperature, mass flow rate, grain initial mois-

ture content. During the initial period of adsorption the

higher percentage of moisture removal by the desiccant bed

results in higher moisture uptake from the grain samples

and subsequently increases the dryer exit air moisture

content. The maximum removal of moisture from the grains

is of short duration (0 to 500 s) wherein grain surface

moisture is likely to be removed. From 500 s onwards,

moisture removal rate is steady wherein grain bound

moisture gets removed. The minimum and maximum

moisture content of air leaving the dryer within 500 s are

57.81% and 33.66% for 550 g bed mass. From 500 s

onwards the moisture content of process air leaving the

desiccant bed and dryer remains steady.

The transient variation of moisture content of air exiting

the bed mass of 400 g burnt clay- horse dung-CaCl2 des-

iccant bed and dryer is graphically presented in fig-

ure 10(b). The maximum reduction and gain in moisture by

process air due to dry desiccant bed and moist grains during

the entire process time are 44.23% and 74.58% for 400 g,

bed masses. Within the period of 500 s, the average values

of reduction and gain of moisture by process air are 23.88%

and 50.34%.

The variation of air moisture content with time due to

dehumidification and humidification by 350 g bed mass

burnt clay-sawdust-CaCl2 desiccant bed and dryer is shown

in figure 10(c). During the initial period of 500 s, the

average moisture content of process air through the desic-

cant bed and dryer are 20.15% and 50.24% for 350 g bed

mass. At the end of the drying process, the dryer exit air

moisture content decreases to a minimum value of 30.91%,

for the respective bed masses of 350 g.

The drying rate for the process air exiting the dryer is

estimated using Eq. (6). The graphical illustration of drying

rate presented in figures 11(a) and (b) show the presence of

three phases namely surface evaporation stage or external

drying (0 to 100 s), migration of moisture within the grains

to the surface or internal drying (100 to 500 s) and constant

rate drying (from 500 s onwards). The surface evaporation

phase and diffusion of moisture within the grains to surface

spans from 0 to 500 s of process time and from then

onwards drying proceeds at steady rate. In the surface

evaporation phase, higher drying rates are noticed. Heat is

transferred to the surface of wet green peas (or undried

green peas, or dampened green peas or moist laden green

peas). The warm dehumidified air easily evaporates the

green pea food product water. The humidity of air increases

at approximately constant enthalpy, neglecting the heat

losses to the surroundings. The removal of moisture from

the grains in first phase is function of circulating air tem-

perature, humidity, flow rate and surface area of the green

peas. In the second phase the drying rate is falling and

progresses with lower evaporation of grain moisture. The

heat transferred to the wet grain is a function of physical

structure of the grain, temperature and moisture content of

grains. The heat transferred to grain sets up internal tem-

perature gradients within the grains and moisture transfer

within the grain to the surface takes place by diffusion and

capillary flow mechanisms. Towards the end of the process

drying rate becomes steady and constant rate drying pre-

vails. In the third phase the constant drying rate is attributed

to progressive decrease in adsorptivity of desiccant beds.
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Figure 10. Time variation of moisture content of process air

exiting the desiccant bed and grain dryer for experimental runs R3

(a), R9 (b) and R14 (c).
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The residual moisture content of grains is evaporated and

carried by the circulating air. The drying rate curve pre-

sented reveals rapid transition from external drying stage to

internal drying stage whereas the transition from external

drying to constant rate drying is gradual.

3.2 Overall moisture removed and characteristics
of dried green pea grains

The mass of green pea grains considered for drying is 250 g

each contained on the bottom and top trays of the dryer.

The initial weight of moist grains before drying and final

weight of dried grains after drying is recorded for esti-

mating the moisture removed during the elapsed drying

period. The mass of water removed from the bottom and

top tray grains are tabulated in table 2. The variation of

total moisture removal rate with bed diameter to length

(D/L) ratio is illustrated in figures 12(a) and (b). For the

same bed masses of 500 g and 700 g the bed diameter to

length ratio obtained is 0.21, 0.15 and 0.16, 0.10 for burnt

clay-CaCl2 and burnt clay-additives-CaCl2 composite des-

iccant beds. With D/L ratio of 0.21 (500 g) and 0.16 (700 g)

for clay-CaCl2 vertical packed beds, the drying rates

obtained are 0.44 g/min and 0.69 g/min. For D/L ratio of

0.15 (500 g) and 0.10 (700 g) of burnt clay-horse dung-

CaCl2 bed, the corresponding drying rates are 0.69 g/min

and 0.81 g/min. With D/L ratio of 0.15 (500 g) and 0.10

(700 g) for burnt clay-sawdust-CaCl2 vertical packed bed,

the drying rates estimated are 0.63 g/min and 0.52 g/min.

The photographs of grains before drying and after drying

are presented in figures 13(a) and (b). The visual exami-

nation of the grains shows the dehydrated surface of the

grains after drying. The dehumidified surface indicates the

removal of moisture from the grains. Change in color of

grains is observed upon drying, but the change is minimal.
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Figure 11. Variation of process air drying rate with respect to similar (a) D/L ratio and (b) desiccant bed masses.
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Figure 12. Overall moisture removed from the grain bed with respect to D/L ratio for (a) 500 g and (b) 700 g desiccant bed masses.
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The smaller change in color indicates the retainment of

nutritional content even after drying. Further to quantify the

characteristics of the investigation of the image was carried

out by image processing. A code written in Matlab for

image processing enables the estimation of texture features

and statistical measures [26].

The parameters are estimated for the images before and

after drying are tabulated in table 3. The percentage

decrease in entropy which characterizes the randomness of

the texture of the input image before drying and after

drying is 1.30. The energy which measures the uniformity

of the texture before drying is 0.1431 and 0.1324 after

Figure 13. Photographs of green pea grains contained in the top and bottom trays of the dryer (a) before drying and (b) after drying.

Table 3. Texture characteristics of green pea grain images before and after drying.

Parameters Before drying After drying

Mean Max:142.16, Min: 76.34 Max:149.59, Min: 89.12

Mode Max:253, Min: 17 Max:231, Min: 14

Median Max:145, Min: 62 Max:151, Min: 81

Standard deviation 47.57 52.01

Entropy 7.57 7.67

Energy 0.1431 0.1324

Contrast 0.1374 0.1343

Correlation 0.9697 0.9757

Homogeneity 0.9360 0.9389
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drying. The intensity of pixels is measured in terms of

contrast. The difference in contrast values before drying

and after drying is 0.005. The texture analysis of parameters

yields a similarity index which is comparative value. The

similarity index of 23.51 indicates the similarity of pro-

cessed images as 77%. The image data in terms of statis-

tical and texture parameters reveals a minimal change of

color, shape and texture before and after drying. The

smaller changes indicate the preservation of dietary and

nutritional content of grains even after moisture removal.

4. Conclusions

The conclusions from the experimental study, involving the

use of clay-based composite desiccants for drying of green

peas are as follows:

1. For the identical conditions of temperature and humidity

of process air the moisture uptake rate is higher for clay-

additives based composite desiccants. For the same

process time and process air conditions, attainment of

saturation condition is at accelerated rate for clay-CaCl2
composite desiccants.

2. Higher bed porosity prevailing in clay-additives-CaCl2
composite desiccant beds lowers the pressure drop

through the vertical packed heat-treated clay-additives-

CaCl2 composite desiccant beds as compared to clay-

CaCl2 composite desiccant bed.

3. For the identical desiccant bed masses and for the given

volume of desiccant bed, the surface area available for

moisture and heat transport is higher in additive based

composite desiccants.

4. The maximum reduction in moisture from process air by

the dry desiccant bed occurs within 500 s of process

time. The corresponding moisture gain by process air

from wet grains as compared to heat-treated clay

desiccant beds, are higher for additives based desiccant

beds.

5. The drying rate curve for process air reveals the presence

of three drying stages namely surface drying (external

drying), diffusion controlled drying (internal drying) and

constant rate drying stage.

6. Image analysis of the green peas after subjecting to

drying shows the potential of low-cost heat treated clay

and clay-additives-CaCl2 composite desiccants for agri-

cultural and food products preservation, drying and

aeration in humid climates.
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List of symbols
Asf Surface area of desiccant bed (m2)

dp Diameter of spherical shaped desiccant (m)

dr Drying rate (g/kg s-1)

dt Time interval (s)

td Total process time (min)

Mr Overall moisture removed (g/min)

D Desiccant bed diameter (m)

G Reduction in grain mass (g)

h Enthalpy of humid air (kJ)

L Desiccant bed length (m)

m Moisture transferred (%)

W Air humidity ratio (g/kg)

w Mass of sample (g)

t Process time (s)

T Temperature (�C)

P Pressure (Pa)

V Volume (m3)

vs Superficial velocity (m/s)

X Manometer deflection (m)

Subscripts
a Air

b Desiccant bed

d Desiccant

i Inlet

e Exit

g Grain

v Vapor

sat Saturation

Greek letters
q Density (kg/m3)

l Viscosity (kg/ms)

e Porosity (%)

Abbreviations
db Desiccant bed

gd Grain bed

RH Relative humidity

CL Clay

HD Horse dung

SD Sawdust
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