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Abstract— Drying is one of the important operations in the industries like pharmaceutical, fine chemical and food industries. It
is always beneficial to dry the product in less time and less area of drying. The drying of the product reduces its weight and
thereby decreases transportation cost and also makes it more durable. Time required for drying and space required for drying
are important factors in the operation. The quality of product after drying has to be uniform. Natural and forced circulation
drying are two commonly used drying methods. Fluidized bed drying has advantage of uniform contact of drying medium with
solid. Solar drying is also used in open and closed drying modes. Also microwave assisted drying has been tried by many
investigators and consequently by industries in specific applications. The present review summarizes research carried out on
drying, its applications and advancements.
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I. INTRODUCTION

Drying normally refers to removal of moisture from the substance. Drying is classified as batch and continuous based on method of
operation. It is classified as direct (direct contact of heat) and indirect (indirect contact of heat) base on method of supplying heat [1].
Batch dryers, vacuum shelf dryers and freeze dryers are few equipment used for drying. Fluids and semi fluids are dried in drum
dryers. For solutions, slurries and pastes, spray dryers are used. Sun drying is commonly used mode of drying. It is low cost and
easy method. The disadvantages are contamination of product, dependence on atmospheric conditions and low rate of drying, non
uniform product. The problem of contamination can be overcome by using closed transparent enclosure. The use of microwave
assisted drying technique is also growing. The need of pure and high quality product with efficient drying methods has led to
various advanced methods of drying. The present review summarizes research on applications and advancements on drying.

1. APPLICATION, ADVANCEMENTS AND RESEARCH ON DRYING

Sander et. al. Investigated drying in a laboratory microwave drier [2]. They approximated experimental data with exponential of
Tomas& Skansi model and neural network model. The drying time can be reduced with some increase in the cost due to intense
heating source like microwave. Application of neural network helps in handling three important aspects such as complexity,
nonlinearity and uncertainty. During microwave drying, overall moisture can be removed unlike other drying methods where
material is dried to equilibrium moisture. They observed that results obtained using the neural network show satisfactory
compliance with experimental values. Adeniyi et.al carried out analysis of a solar dryer box with ray tracing CFD technique
[3].They observed that the maximum temperature in heating chamber reached 320 °K. They observed that it takes time to warm the
box and ambient temperature increases in first three days. They concluded that not very long exposure to sun rays is required to
achieve temperatures high enough for preservation. Keranen carried out research on cylinder drying for increasing its efficiency
[4]. The main purpose of the work was to discover more efficient drying method(s) than the ones in use today. They studied two
drying methods, a typical cylinder drying, normal impingement drying on a fabric (with or without suction from the other side) and
combination of these two methods. They observed that lower paper temperature was indicated in combined drying compared to
cylinder drying. Also drying shrinkage was also reduced in combined drying. Carapelle et.al. carried out studies on vacuum freeze-
drying of frozen wet papers[5].They developed a freeze-drying facility for studying the process by monitoring the various physical
parameters like pressure, sample temperature, heater temperature, water content of the sample and cold panel temperature. They
carried out fifteen vacuum freeze-drying cycles of frozen wet papers. It was observed that only the first few millimetres of ice
sublimed faster when the cold panel temperature decreased. They developed phenomenological model to describe the loss of ice
content in the sample as a function of time. Sampson and Gasbarro carried out case study on drying Firewood in a temporary solar
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kiln[6].They carried out investigation when fire wood was dried (1) in a conventional top-covered pile; (2) in a simple, temporary
solar kiln; and (5) in tree length. They observed that drying rates were the same for firewood piles in all cases. Ubale et.al. carried
out investigation on performance improvisation of conventional grape drying method. They introduced forced air exhaust for this
purpose[7]. According to their investigations, if the drying air velocity is kept constant and more than ambient air, drying rate
increases by 7%. They compared natural convection shade drying with the forced exhaust air by using a turbo ventilator fan of 24”
diameter.

Kumar et.al. used fluidized bed drying for drying of Beetroot (Beta vulgaris L.)[8]. They carried out studies on the effect of inlet
air temperature and velocity on the drying characteristics of beetroot’s (Beta vulgaris L.) pieces in microwave assisted fluidized bed
drying (MAFBD) system. The drying time reduced 2 to 3 times by using MAFBD. According to them, the future research on food
drying will inevitably focus on lower energy costs. In these circumstances, MAFBD is expected to play a meaningful role as an
attractive option for drying fruits and vegetables. Li et.al. carried out case study on utilization of waste heat from process
industries[9]. They used the waste heat for biomass drying. Pine wood chips at 60 wt % moisture were dried and then it was used as
fuel for power station. According to them, superheated steam can combine short drying times, good heat recovery and
environmental protection. But higher capital cost is a significant issue. Selivanovs et.al. presented results of experimental research
on wood chips and sawdust drying in a rotary dryer [10].They created empirical models for the assessment of two dependent
parameters of the drying process. They carried out experimentation in industrial conditions with a rotary dryer for sawdust and a
wood chips furnace for regeneration of flue gases used as drying agent. Two models, a single factor linear model and a multifactor
linear model were used for data processing. Results of their experimental research can be used to propose a number of substantial
improvements in the drying processes and technologies related to improved energy efficiency by using waste products for pellet
production and dryer material in combustion process.

Mulokozi et.al. carried research on solar drying for vitamin A rich foods [11]. In developing countries, deficiencies in iodine, iron,
and vitamin A is a concern. Their focus was to explore improved home-based solar dryers as a means to enhance nutritional quality
of vitamin A-rich foods and consumption of those foods by young children. Sonatakke and Salve carried out review on solar drying
technology [12].According to their studies, disadvantages of sun or natural drying method takes long time for drying and gives poor
product quality. The use of direct drying in closed transparent enclosure can avoid contaminants and the product quality is also
better. The disadvantage of this method is high initial and maintenance cost. The mechanized dryers which are powered by
electricity are better in terms of drying efficiency and product quality. Burubai and Etekpe carried out investigation on the drying
kinetics of African nutmeg and Ogbono kernels in thin-layers [13]. They evaluated various drying constants and coefficients using
non-linear regression methods. They also observed that the temperature dependence of effective moisture diffusivity obeyed the
Arrhenius law. Tenorio et.al. investigated kiln drying of acacia mangium wood[14].They observed that quality parameters (drying
defects) such as twist, crook, cup and board-width shrinkage were not affected by the applied drying schedules. Factors such as
climate, grain pattern and initial and final moisture contents influenced that quality parameters. They concluded that it is necessary
to take into consideration the variables that can directly affect (e.g. distance from pith and drying schedule) moisture content, colour,
warp, split and check before and after drying. Basunia et.al. investigated solar drying of lime [15].Their results indicated that the
drying was faster in solar tunnel dryer (7 days) than the natural open air sun drying (> 30 days). Panchal et.al. reported the design,
construction and testing of a simple solar dryer with roughened surface with solar air heater [16]. They designed the dryer in such a
way that solar radiations did not incident on the agricultural goods.The preheated warm air was used for the drying. They concluded
that the combined squared and V-shaped strip arrangement took less time than else arrangements and it is quite efficient than the
other arrangements.

Singh et.al. performed mathematical modeling to study drying characteristic of apple and potato[17].They observed that time and
temperature have significant effects on the moisture removal. They presented the drying characteristics of apple and potatoes in
terms of moisture behavior as a function of time. They observed the initial high drying rate is followed by low rate with decrease in
moisture content. Coal drying in fluidized bed dryer was studied by Shun et.al. [18]. They developed fluidized bed coal dryer to
overcome the disadvantages of low rank coal with high moisture such as low calorific values, costly transportation, high emissions
of pollutants, and operational problem. They obtained 80-90 percent moisture removal. With increase in temperature and gas
velocity, the drying rate increased. The gas temperature has the limitation that at very high temperature the spontaneous combustion
and gas velocity has to be decided considering energy efficiency. Aboltins and Palabinskis reviewed research in brewer’s spent
grain (BSG) drying process [19]. According to them, drying has been the most effective method of preserving BSG and to prolong
the storage time. Other advantages of drying are reduction in the product volume, and decreases transport and storage
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costs.Ventilation, according to them is efficient drying method for this product. Genc et.al. analyzed spray drying for producing
silk sericin powders[20].They used aqueous sericin solutions as raw material. According to this investigation, moisture content
depended mainly on drying air temperature. Carlsen studied effects of freeze drying on paper [21].They observed that freeze drying
primarily influences paper characteristics such as moisture content, folding endurance, and tearing résistance. Also it affected
mechanical properties of the products but not to the extent that freeze drying should be ruled out as the drying option. Liman et.al.
studied effect of three drying techniques on three different green leafy vegetables (Moringa oleifera, Spinacea oleraceae and
Vernonia amygdalina)[22].The three drying techniques were sun drying at ambient temperature for 4 days, oven drying at 150 °C
for 4 hours, and drying with electrical moisture analyzer stabilized at 70 °C for 1 day. According to them it was not possible to draw
conclusion about best drying method as no definite pattern was followed by all the samples considered in their retention of different
elements when subjected to different drying methods.

Ambrose and Naik carried out curry leaf drying by mechanical drying method[23].According to them removal of water restricts the
growth of microorganisms and hence increases the durability. They used fluidized bed drying. They were able to remove the final
moisture content to 2 to 5 percent during their research. Misha et.al. used CFD simulation to predict the drying uniformity in tray
dryer[24]. Simple and economic design makes tray dryer easy and most sought after alternative. Non uniformity in final moisture
content of the product is a drawback. Mass, momentum, and energy balance equations were solved using CFD for predicting the
temperature, velocity, and pressure profiles. They observed some products experienced high air velocity, product at tray number 1, 7,
8 and 15. Drying can be improved by use of additional baffles and high air velocity, resulting in increase in cost. Kumar carried out
experimental study on forced convection greenhouse papad drying [25]. They investigated the behaviour of heat and mass transfer
phenomenon during greenhouse papad drying under forced convection mode. They used experimental data obtained for forced
convection greenhouse drying of papad to determine the constants in the Nusselt number expression by using the simple linear
regression analysis . Also they evaluated convective and evaporative heat transfer coefficients. These values were 0.759 W/m? °C
and 23.48 W/m? °C respectively. Tsegaye et.al. studied coffee drying methods[26]. According to these studies the drying with thin
layer of coffee bricks provided uniform and better product. Also they observed that coffee dried on mesh wire scored the highest
raw quality mean values. Padmanaban et.al. carried out review on solar dryer performance reaction[27]. According to them it is
possible to reduce product wastage, food poisoning and enhance productivity of the farmers by using solar drying method for
agricultural products. They concluded that though solar dryer need initial investment, considering product quality, taste and nutrition
value these dryers are attractive alternative. Also they are faster, safer, and more efficient than traditional sun drying techniques.

111.CONCLUSIONS

The type of drying or drying technique adopted depends on the product properties such as heat stability and chemical properties.
The sun drying in open space is cheapest but has disadvantages like product contamination, nonuniform product quality and
dependence on atmospheric conditions. The transparent enclosure can solve the problem of contamination of product. Fluidized bed
drying can be used for granular solids. This has advantage of more uniform contact of air and more uniform temperature distribution.
The microwave assisted fluidized bed dryer was very useful for vegetables and fruits. The removal of moisture increases the life of
the product and reduces its weight. This aspect reduces the transportation cost. It can be concluded that proper drying of product can
reduce transportation cost and makes it more durable.
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