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ABSTRACT 

Mathematical model of a heat pump assisted batch dryer was developed based on the heat 

and mass balance of refrigerant and drying air. A batch type heat pump assisted dehumidified air 

dryer was fabricated succe~sfully and a medium range of temperatures (30-41 DC) for safe drying 

of heat sensitive crops were achieved. Dehumidification system of the developed heat pump dryer 

maintained the relative humidity of air entering th~ drying chamber below 40%. Specific 

Moisture Extraction Rate for heat pump dryer for drying sweet pepper at 40°C was found more 

(1.1 kglkWh) than hot air dryer (0.93 kglkWh) while operating at 45°C. Thin-layer drying 

experiments under controlled conditions were conducted for green chilli and sweet pepper in heat 

pump dryer at 30, 35 and 40°C and hot air dryer at 45, 55 and 65°C with relative humidities 

ranging from 19-55%. The moisture content of green chilli and sweet pepper slices reduced 

exponentially with drying time. As the temperature increased, the drying curve exhibited a 

steeper slope, thus exhibiting an increase in drying rate. Drying of green chilli and sweet pepper 

took place mainly under falling-rate period. The treated (blanching in solution containing 0.5% 

lye and 0.25% magnesium carbonate at 95°C for 2 minutes) and blanched (steam blanched for 2 

minutes) samples had higher drying rate and took less drying time as compared to control. The 

Page equation was found to be better than Lewis equation to describe the thin- layer drying of 

green chilli and s\ .... eet pepper with higher co-efficient of determination and lower root mean 

square error. The retention of total chlorophyll content, ascorbic acid content and capsaicin 

content was obserVed to be more in heat pump dried samples with higMr ·rehydration_ratiu.. 

Drying air temperature as well as pretreatment both play significant role in influencing the quality 

parameters of dehydrated chilli and sweet pepper. The sensory scores for colour, texture, flavour 

and overall acceptability decreased significantly with increase in drying air temperature from 30 

to 65°C for all the samples. Keeping in view the energy consumption and qual ity attributes of 

dehydrated products. it is proposed to dry green chilli and sweet pepper at 35°C in heat pump 

dr)er. EMC of chilli increased with the increase in the ERH and the sorption isotharns sho\\cd 

the typical sigmoid shaped CUf\·e. Chlorophyll content of both dried chilli and sweet pepper 

decreased with increase in storage period. Quality attributes of treated samples retained well 

during storage in Metall ised Polyester Polyethylene pouches as compared to control samples. 

Key words: Drying. blanching. heat pump dryer, dehydrated chilli, dehydrated sweet pepper. 
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INTRODUCTION 

Chilli (Capsicu,m annuum L.r is a spice-cum-vegetable of commer~ial 

importance. It is the most widely used spice allover the world as a condiment, 

culinary . supplement or as a vegetable ~d virtually an indispensable item in the 

kitchen. The wide popularity of chilli is due to its wide range of shapes and sizes and 

sensory attributes such as colour, pungency, taste and distinctive aroma that generally 

make insipid bulk nutritive flesh and cereal foods more appetizing. Both red and 

green chillies can be used as fresh but dried chillies are also used extensively. 

India is the largest producer and exporter of chilli in the world. Chilli is 

cultivated In an area of9.65 fakh ha (2000-01) with a production of 10.75 lakh tonnes 

(Peter el aI., 2004). Around 97% of the total production of chillies is consumed within 

the country and only 3% is exported (Murthy, 1995). 

Chillies belonging to the Solanacea family are grouped into two categories 

namely sweet pepper and hot pepper. Sweet pepper also called as bell pepper or 

Paprika is the mild or non-pungent variety of chilli or capsicum. Paprika with mild 

pungency is cultivated mainly in European countries, viz. Hungary, Spain, Bulgaria, 

Romania and Poland. Chilli with higher pungency is grown in tropical countries, viz. 

India, China, Pakistan, Nigeria, Malaysia, Japan and Turkey (pruthi, 1993). 

Green . .chillLhas a.deliciouS~aps.icum1lal!our 1n addition toilie hotness, which 

adds zest to various food preparations. The fresh fruit is also used in salads, pickles 

and canned products ( Govindarajan et al., 1987). The, fruit is eaten fresh or 

processed, as unripe (green) Or ripe (red, yellow, orange, white) pepper. Chilli when 

taken with food, stimulates our taste bud, thereby, increases the flow of saliva which 

helps in digestion. When eaten fresh with salads, it being rich in vitamins A and C, 

serve as a good vitamin supplement in addition to its being an appetizer. Green chilli 

is more nutritious than ripe, dried chilli as most of the vitamins are lost during drying. 

Besides, green chilli also contains an anti-cancer compound (pruthi, 1993). The green 

Sweet pepper or Shimla mirch which is not pungent is used as curried vegetable, salad 

and dried ripened paprika is valued chiefly for its brilliant red colour and mild 

flavour. It is one of the richest sources of ascorbic acid. 



The prices of chilli are fluctuating during the year. TheY,deciine during post 

harvest season and increase in the off season. Preservation of these seasonal gluts 

permits seasonal products to become available round the year as well as prevents post 

. harvest losses. As far as preservation of, vegetables is concerned, drying is the most 

widely used method for reducing the water activity of the perishable commodities to 

the safe storage level to prevent microbial infection. The chief benefits of dryi~g . . 
foodstuffs are their prolonged preservation which allows them to be marketed and 

consumed outside their traditional season, and reduction of their mass and volume, 

which makes transportation ~heaper. Among the various dehydration techniques, hot 

air circulation ~round the commodity is commonly used. This techniqu!! is energy 

intensive and characterised by low drying efficiency specially during last phases of 

drying cycle. Dehydrated green pepper is good source of ~itamin C and having anti­

cancerous effect. It can find its use in kitchen, fast food stalls and food industries. 

Dehydrated bell peppers are sold primarily in the form of slices or dices to 

manufacturers of canned stewed tomatoes and dry soup mixes (Somogyi and Luh, 

1988). 

Normally drying is carried out in hot air convection dryers. Selection of proper 

drying conditions is necessary for minimizing thermal stress, over-drying and 

maintenance of relevant compounds (chlorophyll, vitamin C, capsaicin) which 

determine the quality of the dried product (Kim et al., 1982). Drying kinetics and 

parameters are very important for dryer simulation and design. The distinct aromatic 

~udour,-c-otouramt pungency are seldom carried over to the processed products 

(Giridhar et al., 1996). The chemicals responsible for the delicate odours and 

attractive colours of spice-vegetables are highly heat sensitive and are lost during 

dehydration ( Pezzutti and Crapiste, 1997). The retention of naturally coloured 

pigments in thermally processed and ~tored food has been a major challenge in food 

processing. Several attempts have been made to stabilize the colour but with limited 

success (Ihl el al., 1998). Colour plays an important role in assessing product quality. 

The characteristic colour of the dried green chilli or capsicum is considered as one of 

the essential quality indicator. The most common change that occurs during thermal 

processing of green vegetables and spices is the conversion of chlorophyll to 

pheophytins, causing a change of colour from bright green to olive brown (Rocha el 

2 



0/., 1993). Non-enzymatic br9wning and chlorophyll losses during drying contribute I 

substantially to colour loss in dried green chilli. 

Thennal drying often conducted at high temperatures. However many 

agrieultural and food materials (specific crops) are sensitive to high temperatures. 

Dehydrated products usually suffer distinct losses in quality during processing. It is 

reported that the piglJlent and vitamin degradation rate increases as the drying 

temperature increases (Malchev el 0/.,1982). Further conventionally air dried products 

do not rehydrate satisfactorily because of structu~al changes in the product due to 

excessive thennal damage (Holdsworth, 1986). Owing to these quality differences 

compared to other preservation techni~ues, the demand for dried fruits and vegetables 

has been almost static. During last few years, emphasis has been laid on improving 

the rehydration characteristics and quality attributes of hot air dehydrated 

commodities by changing process variables, using pre-drying treatments and low 

temperature processes. 

Thus drying at low temperature to enhance the quality of food products has 

been a grO\ ... ing interest in recent years. High value products, which are extremely 

heat sensitive, are often freeze dried. However, this is an extremely expensive drying 

process (Baker, ) 997). Vacuum drying system is nonnally used for sensitive materials 

that can be damaged or decomposed at high temperatures but it is an energy intensive 

process for maintaining vacuum inside the drying chamber. The dryer has special 

parts, pumps ano hennetical closed circuit and requires frequent inspectioll. The main 
----- -
objective of any drying process is to produce a dried product of desired quality at 

minimum cost and maximum throughput. A drying system that is both energy 

efficient and preserves product quality is desired (Adapa et 0/., 2002). This creates 

challenges for researchers, food industry and dryer manufacturers to develop new 

technologies to process difficult-sensitive materials and to supply final products with 

high quality and improved properties. 

Heat pumps have been known to be energy efficient when used in conjunction 

with drying operations. The principal advantages of heat pump dryers emerge from 

the ability of heat pumps to recover energy from the exhaust as well as their ability to 

control independently the drying air temperature and humidity. Many researchers 

have acknowledged the importance of heat pump dryers in producing a range of 

precise drying conditions to dry a wide range of product~ and improve their quality 
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(Rossi e/ al., 1992; Strommen and Kramer, ! 994; Alves Filho and Strommen, 1996; 

Prasertsan and Saen-saby, 1998a; Chua et al., 2000a; Sosle et al., 2003). Heat 

sensitive food products, requiring low-temperature drying, can take advantage of the 

heat pump drying te~hnology in which the drying temperature can be adjusted. from -

200C to 60°C. With proper control, it is also possible for heat pump dryer to produce 

freeze-drying conditions at atmospheric pressure (Prasertsan and Saen-saby, 1998b) . 
• 

In countries where the level of the air humidity is high, high spoilage rates occur 

during the rainy season when the drying air is very moist. Heat pump dryer can reduce 

product spoilage by maintaining low humidity of drying air through the regulation of 

the latent heat removal at the evaporator. 

The literature available on dehydration of green chilli and sweet pepper is 

meager. Some researchers have studied the effects of pre-treatments and drying 

conditions on drying characteristics and product quality. But the information 

pertaining to the effect of dehumidified air drying at near ambient temperature of 

fruits and vegetables in general and green chilli/sweet pepper in particular and its 

effect on product quality is scarce. 

The main goal of the present investigation was to systematically study the effect 

of heat pump assisted dehumidified air drying of green chilli and sweet pepper on 

drying characteristics, energy consumption and quality of dried products. Therefore, 

the present work was undertaken with the following objectives. 

I. To develop a dehumiQified air dryer using heat pump system 

2. To study the performance of the developed heat pump dryer 

3. To study the 'drying characteristics of green chilli and sweet pepper 

4. To develop mathematical expliessions for green chilli and sweet pepper dried 

in heat pump and hot air dryer 

5. To.compare the quality attributes of dehumidified air dried product with that 

obtained from hot air dryer 

6. To study the storability of dried green chilli and sweet pepper 
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REVIEW OF LITERATURE 

This chapter deals with the review of research work carried out 'by various , 
workers relating to heat pump dryer, drying of chilli and· sweet pepper and effects of 

different pretreatments and drying parameters on drying characteristics and quality of . . 
dried product. 

2.1 Chilli and Sweet pepper 

2.1.1 Composition and quality attributes 

Chillies are important well-known commercial crop used as a condiment, 

culinary supplement or as a vegetable. Chilli was known to Indians about 400 years 

ago, when this crop was first introduced into India by Portuguese towards the end of 

the 15th century. The varieties of chillies (Capsicum annuum) are broadly divided into 

two groups, (1) the long pungent type, including pickling type, used as a spice and (2) 

bell-shaped non-pungent or mild and thick fleshed type, popularly known as'Shimla 

Mirch' or paprika, also known as sweet pepper which is commonly used as a curried 

vegetable (Pruthi, 1993). The composition of chilli and sweet pepper are given in 

Table 2.1. Carbohydrate, protein, fat and fibre are the major components which 

increase rapidly from the green stage to ripe stage. Capsicums are good sources of 

many essential nutrients and included as a therapeutic agent for cancer (Indira and 

Rajan, 1997). One of the paprika' s extremely interesting quality. attributes is its 

content of vitamin C (ascorbic acid) even higher than citrus fruit. The Hungarian 

scientist, Dr. Szent-Gyorgyi, who won the Nobel prize in 1937 for his work on 

vitamin C, found paprika pods to be one of the richest sources of ascorbic acid. 

Capsicum is globally so popular because of its pungent nature due to the 

presence of ' Capsaicin' . Capsicum is generally eaten raw, sliced in salads, also used 

as cooked food. It is commonly used in diet because of their typical colour, pungency 

and distinct aroma. Capsicum also has its anticancerous quality . It has good impact on 

human heart and Ii ver also (Pruthi, 1993). 

Sweet pepper is used for its colouring and flavouring properties. The three 

functionally important cq_mponents in the use of chillies as spice are principally the 

red colour, capsaicinoids- the pungency stimulant and to a lesser degree the 



characteristics sweet aroma of sweet pepper and vegetable capsicums or the pungent 

aroma of chillies. The major red colour in capsicum comes from capsanthin and 

capsorvbin, green colour is from .chlorophyll and the yellow-orange colour is from 

beta-carotene and·violaxanthjn. Scoville heat units measure the heat or pungency of 

capsicum powder. One part per million concentration of capsaicinoids is equal to 15 

Scoville heat units (Scoville, 1912).;fhe nature of pungency has been established as a 

mixture of seven capsaicinoids and they are often called capsaicin after the most 

prevalent one (Hoffman et al., 1983). According to Govindarajan (1985), the group 
• 

paprika contains less than 0.1 % of capsaicinoids, and for the pungent grade, a 

maximum of 0.5%. But the pungency level of chillies varies from 0.1 to 1.4%. The 

pericarp is rich in colour whereas pungency is found in veins or placenta. Generally 

there is a decrease in pungency from chillies to paprika and a parallel increase in 

colour, pigment concentration and increase in size and fleshy nature of pericarp. The 

composition of non-volatile compounds influences mainly the sensory perceived taste, 

while the aroma is affected by volatile compounds (Luning, 1995). Processing 

methods and storage conditions affect the quality of chillies. 

Table 2.1 Composition of chilli and sweet pepper (per lOOg edible portion) 

Chilli Sweet pepper 

Food energy, kcal 40 25 

Moisture, g 87.7 92.8 

Protein,-g 2.0 0.8 

Fat, g 0.2 0.4 

Carbohydrates, g 9.5 5.3 

Fibre, g 1.8 1.2 

Vitamin A, IU 10750 5700 

Thiamine, mg 0.09 0.08 

Riboflavin, mg 0.09 0.05 

Niacin, mg 1.0 0.6 

Vitamin C, mg 190 242 

Vitamin 86, mg 0.28 0.16 

Pantothenic acid. mg 0.06 0.04 

Folacin, Ilg 23 17 

Source: Agriculture Handhoolc. 8, U S. Department of Agriculture • 
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2.1.2 Production and variety 

India is the largest producer and exporter of chilli in the world. Chilli is 

cultivated in an area of9.65 lakh ha (2000-01) with a ~roduction of 10.75 fakh tonnes. 

This contributes 35.5% and 31.6% respectively to the total area and production from 

all spices (Peter et al., 2004). Chilli export from India during 2004-05 were of the 

I order of 1.3 lakh tonnes valued at Rs:480 crares (Indian Food Industry, 2005). 

Arka Mohini, Arka Gaurav, KT-I, KT-2, California wonder and Sharat are 

some of the released varieties of sweet pepper whereas Pusa Jwala, Sindhu, NP-46A, 

K-l, K-2, Suryamukhi, Utkal Ava are popular chilli varieties. 

2.2 Heat Pump Dryer 

Drying is one of the most cost-effective means of preservation of grains, crops 

and foods of all varieties. This technique has been practiced since time immemorial. 

Drying by dehumidification refers to a process in which moisture is removed from a 

solid using heat as the energy input. The mechanism of drying is a complex 

phenomenon involving combined heat and mass transfer and, in most cases, relates to 

a porous medium. It is apparent that drying itself is an energy-intensive process 

because the latent heat to be supplied to the material to evaporate the moisture. 

Drying has found application in a variety of industries such as agricultural, chemical, 

paper, timber, textile and pharmaceuticals, to name a few (Chua et al., 2002b). 

__ For both energy and environmenta.!......:'iew points as well as the global 

requirement to feed the growing population, it is important that the drying technique 

and teChnology be improved to reduce spoilage and ~nhance quality of the product. 

Selection of a particular dryer/drying methods depends on the form of raw material 

and its properties, desired physical form and characteristics of the product, necessary 

operating conditions and operating costs. Presently most of the dehydrated fruits and 

vegetables are produced by hot air drying, which is the simplest among the various 

methods. 

Fruits and vegetables are mainly composed of water, carbohydrates, proteins 

and lipids. Due to modification of chemical and physical bonds of the compounds the 

material becomes viscous and sticky during processing. Conventional dryers have 

limitations in handling such sensitive materials (Alves-Filho, 2002). 
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The retention of naturaJJy coloured pigments in thermally processed and stored. 

foods has been a major challenge in food processing. The most common change that 

occurs during hot air drying of green vegetables and spices is the conversion of 

chlorophyll to pheophytins and loss of aroma. If green vegc;tables and spices can be 

dried at near ambient temperature with an appreciable drying rate, then quality of 

dried product which is heat sensitive may be preserved. It is generally observed that . . 
for high moisture foods, high drying rate under Jow temperature gradient may be 

possible by maintaining a high vapour pressure gradient between the product and 
• 

drying air. Thus drying of fruits and vegetables with near ambient temperature and 

low humidity air could be a better proposition as far as the qualities of the dried 

products are concerned. In a tropical country like India, wherein the relative humidity 

of ambient air is high in most of the regions, a dehumidified air drying system for 

agricultural products is a long felt need. Under tropical humid conditions, near 

ambient temperature drying could be possible with heat pump dryer. 

Since drying is an energy intensive process, by average taking energy up to 

6% of total processing energy, much attention is given to the development of energy­

efficient drying processes. Recently, there has been a significant growth in the 

potential market for heat pump dryers, aided by the impact of new designs under 

development or recently introduced into the market. Heat pumps have been known to 

be energy efficient when used in conjunction with drying operations (Chua el 01., 

2002b). Heat pump is a device implicitly supplying heat mainly iry space heating 

application and heat recovery. Heat pump application in drying has contInuouslY 

received attention since it possesses two-fold beneficial characteristic. Through the 

evaporator. the heat pump recuperates sensible and latent heat from the dryer exhaust. 

hence the energy is recovered. Condensation occurring at the evaporator reduces the 

humidity of the working air. Thus increases the driving force for product drying. It is, 

therefore, anticipated that the heat pump dryer can accelerate the drying process and 

use energy efficiently. Furthermore, heat pump dryer is suitable for temperature­

sensitive products because effective drying can occure at low temperature because of 

low humidity (Prasertsan el 0/., 1996). In production of artificially dried food 

products, direct heated driers operated at. 50 to 90°C and vacuum freeze drying 

operated below -30°C are used. Direct heated dryers have a lower production costs 

than vacuum freeze dryer but with a much lower qualilY of the dried product. Vacuum 
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freeze dryer, on the other side, is so e~pensive that its use is limited. Heat pump 

dryers can be used with considerable lower production costs than vacuum freeze dryer 

but with similar qualities of the dried product (Cardona et al., 2002). 

2.2.1 Components 

Any refrigeration system is a heat pump which extracts heat from a cold body 

and delivers it to a hot body. Thus·there is no difference between cycle of operation of 

heat pump and a refrigerator. The main difference between the two systems is the 

operating temperature. A refrigerator works between cold" body temperature and 

atmospheric temperature whereas the heat pump operates between the hot body 

temperature and atmospheric temperature. 

A heat pump is essentially an air conditioning system operated in reverse. 

Unlike normal air conditioning system, the heat exchanger in focus is the condenser. 

The schematic diagram representing the operation of heat pump is shown in Fig. 2.1. 

The basic components of heat pump system are compressor, condenser evaporator and 

expansion valve (Chua et ai., 2000b). 

Hot Body 

Heat Pump 

Cold Body 

Ql = Heat absorbed from the cold body, Q2 = Heat rejected to the hot body 
TJ = Temperature of cold body, T2 = Temperature of hot body, W p = Work input 

Fig. 2.1 Schematic diagramme of heat pump operation 
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Heat pump dryer (HPD) consist of a heat JIlurnp in a closed loop configuration 

integrated with drying chamber (Fig. 2.2). The principal advantages of heat pump 

dryer is the ability of heat pump to recover energy from the exhaust as well as their 

ability to control independently the drying air temperature and humidity. 

Low enthalpy exhaust air 

~ 

Heat . , 

Work 
Drying 

Heat Pump chamber 

Heat 

Fig. 2.2 Recycling of energy in tbe beat pump dryer 

Heat pump dryer is a co-existence of two engineering systems: the heat pump 

and the dryer. Heat pump assisted-drying provides a controllable drying environment 

(temperature and humidity) for better product quality at low energy consumption 

(cost). [n a conventional hot air dryer, substantial energy (heat) loss is not avoidable 

as the process air at relatively high temperature has to be vented ofT from the dryer. If 

the dryer is equipped with a heat pump, the energy at the dtyer exhaust is recycleo as 

shown in Fig. 2.2. 

2.2.2 Operating principle 

The low pressure working fluid in the evaporator is vaporized by heat drawn 

from the dryer exhaust. The compressor raises the enthalpy of the working fluid and 

discharges it as superheated vapour at high pressure. Heat is removed from the 

working fluid and returned to the process air at the condenser. The working fluid is 

then throttled to the lower pressure line and enters the evaporator to complete the 

cycle. The evaporator and the condenser are, in fact the heat exchangers that recover 

heat and reduce the energy consumption of the drying process (Prasertsan and Saen­

Saby, 1998a). 
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throughput is ensured. Further, the break-even period for initial capital cost can ~ 

significantly reduced through lower operating cost and higher output volume (Chua e( 

al., 2002a). 

In plantation forest industry, preservation and coll'trol of genetic material is 

best achieved by drying at low temperature and low humidity to avoid thermal 

damage which cart be met extremely and reliably by the air of dehumidified. dryer as 

reported by Chen el al. (2002). 

Heat pump dryers have been applied in the production of a diversity of ready­

to-eat foods and dried instant products. Besides being energetically efficient and 

environmentally friendly, the heat pump drying technology provides a wide range of 

drying conditions as required to produce powders with improved characteristics 

(Alves-Filho, 2002). 

2.3.1 Performance of beat pump dryer 

The dryer performance can be defined with respect to its capacity or energy 

effectiveness. Moisture extraction rate (MER) i.e. kilogram of moisture removed per 

hour indicates the dryer capacity or throughput rate. Specific moisture extraction rate 

(SMER) i.e. kilogram of moisture removed per kilowatt-hour defines the effectiveness 

of the energy used in the drying process. The energy efficiency of heat pump is 

defined by the coefficient of perfonnance (COP) which is the ratio of heat rejected at 

the condenser to the work used by the compressor (Chua et al., 2002a) 

Hodgett (1976) demonstrated that an HPD of average SMER of three kglkWh 

would use less primary energy than a steam-heated dryer with a thennal efficiency of 

75% or a direct fired dryer of 58% efficiency. Further the system is energy efficient as 

compared to that of hot air drying. He reported that the thennal efficiency of the 

dryer was very sensitive to process air leakage; thus the dehumidifier HPD was best 

suited to a chamber-type dryer. 

Air mass flow rate was another factor that affected the heat pump dryer 

perfonnance. By changing the air flow rate, the specific moisture extraction rate could 

be either increased (Almeida et al., 1990) or decreased (Pendyala et al. 1990b) 

depending on the range of the air velocity, the HPD configuration and dryer load. The 

inter-dependence of the process air and heat pump working fluid together with the 
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time-dependent property of the process air, resulted in a dynamic behaviour of the 

HPD system and complicated control of the system for overall optimum performance. 

Rossi el af. (1992) compared the performance of an electrical heating dryer 

with and without beat pump assistance for drying onion slices and reported,save in 

drying time by 40.7% and electrical energy saving over 40% in heat pump assisted 

unit for high ambient relative humidiJY and low evaporator temperature. This implied 

the beneficial effect of heat pump dehumidification in humid climate . 

• Aceves-Saborio (1993) presented a comparati ve perfonnance of a closed cycle 

heat pump dryer and a conventional dryer in tenn of relative specific moisture 

extraction rate and indicated that heat pump dryer consumed less energy, except at 

operating conditions that resulted in very little moisture extraction. He observed that 

irrespective to the heat pump dryer configurations, heat pump working fluids and 

drying materials, the specific moisture extraction rates increased as the relative 

humidity of the dryer outlet air increased. It seemed that the heat pump was not so 

attractive if heat recovery was the prime objective and dehumidification ability was 

the real advantage. Disagreement among many workers regarding the perfonnances of 

open system, partially closed system and completely closed system was believed to be 

the effects of different ambient conditions (Prasertsan and Saen-saby, 1998b). 

Economic feasibility is always understood as the main barrier of HPD 

implementations because the high grade energy (electricity) is required while the 

energy actuallYJJsed_in_the_·dzy.ing_process is a low grade one (he.at). The HPD 

application is, therefore, suitable for high value products such as biotechnological 

materials (Strommen and Kramer, 1994). 

Heat pump dryers were studied as an alternative to freeze drying for 

dehydration of lactic acid bacteria. Freeze drying requires energy for freezing the 

product and subliming the ice. Heat pump dryers consume 60-80% less energy 

compared with traditional oil fired dryers and freeze dryers as the heat of vaporization 

is largely recovered (Cardona et ai., 2002). There have been documented successes in 

drying biotechnological products (Strommen and Kramer, 1994). Moreover heat 

pump dryers represent an environmental friendly technology as no exhaust gases are 

produced if the electricity is taken from hydro-electric sources. 
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An open system can also be used and according to mary works, was claimed 

to perfonn better than the close mode dehumidified HPD. In the open system, the heat 

recovery, not the dehumidification, is the main purpose. It is possible that 

condensation does not occur even i~ the closed-dehumidifying system, especially 

during the final stage of drying when the process air enters the evaporator at high 

temperature but low absolute humidity resulted in decreased system perfonnance. The 
• 

system perfonnance depends on many factors such as ambient condition, drying load, 

. air flow rate and HPO configuration Prasertsan et af. (1995) reported that ambient 

conditions have a strong 'influence on the HPD performance. In order to avoid control 

problem due to the ambient fluctuation, he suggested to operate the h~t pump dryer 

as a completely closed system. 

Hesse (1995) described a number of energy efficient electric drying system 

technologies including heat pump dehumidifiers, heat recovery from heated air dryers 

and microwave assisted drying. He proposed that medium temperature (30 to 55°C) 

dehumidifier dryers can dry a wide range of food products using only around 20% of 

the energy used by a fuel tired dryer for the same process and low temperature (I to 

5°C) dehumidified dryers could be a viable alternative to freeze drying with 

comparable or better product quality and lower capital and operating costs. 

Bannister et al. (1995) studied the roles of the evaporator economizer and 

liquid sub-cooler on the heat pump performance and found that specific moisture 

extraction rate of the test system (open cycle heat_pump only) was increased by 50% 

and rate of condensate formation increased by 65% at optimum evaporator air flow 

rate and 25% relative humidity. 

Prasertsan and Saen-saby (I 998b) dried sawn rubber wood and bananas in an 

experimental heat pump dryer. They observed rapid decrease in moisture extraction 

rates and specific moisture extraction rates and relatively constant compressor power 

with drying time both in wood and banana drying. Heat pump drying was reported to 

be having the lowest operating cost compared to electrically-heated hot air dryer and 

direcHired dryer. 

Achariyaviriya et al. (2ooOa) developed mathematical models of a heat pump 

fruit dryer to study the performance and found that simulated results using closed loop 

heat pump dryer were close to~experimental results. The results showed that ambient 
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conditions affected ~ignificantly the performance of the open loop dryer and the 

partially closed loop dryer. Specific air flow rate and drying air temperature affected 

the perfonnance of all heat pump dryers. 
. . 

Regalado et 01. (2000) dried paddy in an experimental radial-flow. circular bin 

dryer with a dehumidifier and found that the system was technically feasible. more 

energy-efficiegt and safer alternative to electrical resistance heaJing in the 

conditioning of ambient air for drying under humid tropical conditions. 

Wang and Chang (2001) designed an experimental closed-loop heat pump 

drying system and evaluated for energy performance while drying shelled corns and 

grain sorghum. They observe<I COP of 6.4 for the heat pump including air-to-air 

thermal transfer and 4.7 excluding air-ta-air thermal transfer. 

Adapa el 01. (2002) studied the performance and ope.rating characteristics of a 

low temperature re-circulating cabinet dryer using a house hold dehumidifier loop for 

alfalfa drying and observed that medium temperatures (30 to 45°C) for safe drying of 

heat sensitive crops were achieved experimentally with relative humidity of at or 

below 30%. 

Carrington et al. (2002) used dynamic modeling for design of batch-mode 

dehumidifier dryer and showed that control limits for the evaporating and condensing 

temperatures must be well matched to maximize the drying speed in the constant rate 

period. He reported that it was important not to place a lower limit of the relative 

-numl<ficy unnecessanly In thera11ing rate period. 

Saensabai and Prasertsan (2003) studied performances of five HPD 

configurations covering. fully open. partially open and fully closed systems with 

external condenser or external cooler and reported that the best operating mode of the 

heat pump dryer depended on both drying rate and ambient condition. They suggested 

the partially open system as the optimum operating mode for high drying rate in the 

tropical climate. 

Teeboonma et al. (2003) considered recycle air ratio. evaporator bypass air 

ratio. air flow rates and drying air temperature as the most important factors for 

examining the optimum conditions of heat pump fruit dryers and minimizing drying 

cost. He developed mathematical models of papaya and mango' glace drying using 

HPD and validated experimentally. He also inveSligated the effects of initial moisture 
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content, cubic size and effective diffqsion co-efficient of products on the optimum 

conditions of HPD. 

2.3.2 Quality of beat pump d.ried product 

In most of the research studies conducted, the common conclusion was that 

the HPD offers products of better quality with reduced energy consumption. This is 

particularly true of food producis that requires precisely controlled drying atmosphere 

(temperature and humidity). Heat sensitive food products, requiring low-temperature 

drying, can take advantage of heat pump drying technology since the drying 

temperature of HPD system can be adjusted from 20 to 60°C with proper control. It is 

also possible for HPD to produce freeze-drying conditions at atmospheric pressure 

(Prasertsan and Saen-saby, 1998b). As far as food drying is concerned, HPD offers an 

alternative to improve product quality through proper regulation of the drying 

condition. 

Besides less energy consumption, Rossi el al. (1992) obtained better quality 

onion slices dried by HPD in comparison to a conventional hot air system. 

Strommen and Kramer (J994) investigated heat pumps in combination with 

fluidized bed driers to achieve good temperature and humidity regulation. They 

observed that by using a temperature programme, including an initial period of freeze 

drying, it is possible to regulate the product's physical properties such as rehydration 

ability, colour and tast~ of dried fish, meat and vegetable products and improved 

biological actiVity ofruled bacterial cells and blomolecTeS/enzymes. 

Alves-Filho and Strommen (J996) conducted extensive research on drying of 

heat sensitive biomaterials such as enzymes, biological active bacteria solutions, 

fruits, cod fish, fish feed and shrimps in fluidized and shelf heat pump dryers and 

observed improvements on survival rate, rehydration, colour and hardness in dried 

samples. 

Vazquez e(al. (1997) described a pilot-scale drying plant comprising a c1osed­

circuit, hot air convection chamber with a beat pump for drying food and forest 

products with lower energy consumption and over a wider range of air speeds, 

temperatures ,and relative humidities than in conventional dryers. The colour and 

texture of grapes dried in the dryer were reported to be qualitatively satisfactory. 

16 



Chua el 01. (2000b) summerised that when the qu.ality of dried food products 

was paramount, heat pump drying offered an attractive option to enhance product 

quality and reduced spoilage through better regulation of the drying conditions. Chua 

el 01. (2001) studied the effect of. time-varying drying air temperature for batch drying 

of banana slices in a two-stage heat pump dryer on drying kinetics and colour of the 

dried products. The results showed that stepping the air temperature up from an initial . . 
value of 20°C to finish drying at 35°C reduced colour degradation in the order of 40% 

. as compared to 23% in case of stepped down temperature profile. Saving in drying 

time up to 180 minu~es was also observed when air temperature was stepped do'wn. 

Preservation and control of genetic material in order to facilitate the 

fertilization process can be best achieved by drying at low temperature and low 

humidity prior to extraction of seeds and poJJen. Chen eJ al. (2002) studied the use of 

a dehumidifier dryer for drying pine cones and pollen catkins and found the system to 

be effective and reliable with increased speed of drying and the quality of the product. 

Alves-Filho (2002) reported that heat pump dryers could be applied in the 

production of a diversity of ready-to-eat foods and dried instant foods being 

energetically efficient, environmentally friendly and providing wide range of drying 

conditions as required to produce powders with improved characteristics. 

Cardona el 01. (2002) studied heat pump dryers as an alternative to freeze 

drying for dehydration of lactic acid bacteria for starter cultures. Results indicated that 

stlitable-combinations-gave products-at -least equal toJreeze drying and nitrog<m_ 

purging gave Significant improvement in activity. 

Sosle el 01. (2003) reported that apple dried in heat pump dryer exhibited 

better rehydration properties and lower water activity than hot air dried samples 

whereas, heat pump dryer assisted drying was more expensive as, much of the energy 

input was rejected at the secondary condenser as excess heat. 

2.4 Drying of Chilli 

Dehydration is one of the oldest methods of food preservation as well as an 

important food processing stage (Lima el 01., 2002). Dehydration of foods is aimed at 

producing a high density product, which when adequately packaged has a long shelf 

life, after which the food can be rapidly reconstituted without substantial loss of 

flavour, taste. 
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Drying of agricultural products under direct sunlight is the traditiolJal way of 

preservation of a large number of fruits and vegetables. In most producing areas, 

weather conditions during harvest are not favourable for complete sun drying of fruits 

and vegetables to safe storage conditions. In add,ition to this, suh drying has many 

disadvantages such as dust, insects, livelihood of microbial cross contamination and 

spoilage ~esulting from rain during drying. All these factors call for ~rtiticial drying of 

agricultural products after harvesting to allow safe storage and retail distribution. Hot 

air drying is one of the usual unit operations in food processing which decreases . 
drying time and is able to substantially preserve quality of the dried product (Maskan 

el a/., 2002) 

To prevent loss of harvested green chillies during seasonal gluts and to assure 

returns to farmers and processors, it is important to preserve them by adopting 

suitable value-adding processing methods. This permits seasonal product to become 

available round the year. In most Asian countries, dehydrated vegetables are 

popularly used as ingredients in soups and are usually included in foods such as 

instant noodles. This means that a large market exists for dehydrated product. Green 

chillies and sweet pepper .have a delicious capsicum flavour in addition to the hotness, 

which adds zest to various food preparations. Both red and green chillies can be used 

as fresh but dried chillies are also used extensively. 

As far as preservation of vegetables is concerned, drying is the most widely 

used method for reducing water activity and microbial infection. Several workers 
- - -----

have described the influence of pre-treatment and drying parameters on the quality of 

dried chjJlj and paprika. Colour plays an important role in assessing product quality. 

Rocha el al. (1993) reported that during thermal processing of green vegetables most 

common change that occurred, was the conversion of chlorophyll to pheophytins, 

causing a change of colour from bright green to olive brown. The retention of 

naturally coloured pigments in thermally processed and stored foods has been a major 

challenge in food processing. Several attempts have been made to stabilize the colour 

but with limited success (Ihl el a/., 1998). 
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2.4.1 Effect of drying parameters _ 

Air velocity and relative humidity were having very little influence on the 

-drying conditions (Mada~ba et al., 1996) and in thin layer drying, resistance to 

moisture movement at the surface is negligible compared to the internal resistance' 

(Henderson and Pabis, 1962). 

Ramesh el al. (200n studied drying of paprika at 60°C and influence of 

various pre-processing steps. He suggested an optimum process of cutting and 

• blanching the product for 3 minutes to facilitate higher retention of vitamin C, 

tocopherol, carotenoids and a higher ASTA value. He concluded that higher air 

velocities and lower relative humidities were desirable for reducing drying time in 

paprika due to relatively high diffusivities. 

Nindo el al. (2003) evaluated five drying methods namely tray drying, spouted 

bed drying, combined microwave and spouted bed drying, refractive window drying 

and freeze drying to add value to green asparagus. He observed that tray dried 

asparagus were least green and retention of ascorbic acid was also least. The colour of 

the freeze dried product deviated the least whereas retention of ascorbic acid was 

highest in refractive window drying. 

Chilli is generally harvested at very high moisture content ranging from 700 to 

800%(d.h.) and dried to very low moisture content of 8-1O%(d.b.} for storage and 4-

5%( d.b.) for grindin~ purposes (Pruthi, 1993; Miaruddin et al., 1995). It is essential to 

dry the chill! In a sUlta61e envIronment 10 produce good-quality (colour and 

pungency) dried product. 

Lantz (1946) reported that slicing and slitting pods reduced the drying time by 

half and that there was no loss of initial colour on drying for 72 hours at 60-75°C. 

Lease and Lease (1962) carried out a more comprehensive study of effects of forced 

air-drying on Carolina hot pepper. Drying of sliced pods was found to have 

considerable advantages over whole pods; drying time was much reduced (50%) and a 

superior initial colour was obtained. The optimum drying temperature for a good 

quality product was found to be 65°C; single layers of succulent whole fruits dried to 

8% moisture content in 12 hours, and in 6 hours when in sliced form. Extended drying 

was considered permissible at 50°C and at 65°C, but at 800 G a lowering of pungency, 

of initial colour and colour-retention properties was encountered. Rama Rao and Ojha 
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(1972) stated that freshly harvested chillies should be dried on the same day in thin 

layers at lower temperatures. Mishra (1972) reported that chillies dried at 60°C turned 

black and lost part of their pungency and glossiness; and recommended a range of 

temperatures, 45-50°C, as. suitable. Drying operations of chillies could be made. 

economical if drying time can be reduced by punching chillies. 

2.4.2 Effect of pre-treatment 

Considering the limitations associated with hot air drying, emphasis has been 

laid on the application of pre-drying treatments as a means to improve drying 

c~aracteristics and minimise adverse structural and quality variations. Pre-treatment 

technique of surfactant impregnation, osmotic concentration and blanching are 

commonly employed within vegetable systems (Mazza, 1983). 

Blanching constitutes a partial cooking process. most commonly in hot water 

or steam. Blanching of vegetable tissue is commonly implemented to denature 

enzymes responsible for undesirable reactions such as enzymatic browning and 

oxidation. Vegetables are typically blanched by subjecting them to steam or hot water 

(70-105°C) for a prescribed time to inactivate enzymes known to reduce quality. The 

effectiveness of this pre-drying treatment is adjudged in terms of the degree of 

enzyme inactivation, namely peroxidase activity in vegetables. Peroxidase, the most 

heat resistant enzyme in many plant-derived foods, is often used as an indicator of 

blanching process adequately (Anthon and Barrett, 2002). Further to promote quality 

enhancenienr,-blanching rs-also-beneficiahn-tenm-ef a reduction in drying_time._ 

removal of intercellular air from the tissues, softening of texture and retention of 

ascorbic acid. 

Alzamora and Chirife (1980) confirmed that moisture transport characteristics 

are dependent on the chemical composition of the blanched food systems. The authors 

reported a reduction in the rate of potato drying due to starch gelatinization, a 

significant enhancement in the drying behaviour of sugar beet, and only a slight 

increase in the drying rate of avocado. Thus it could be concluded that blanching 

rendered a variable influence on drying kinetics, reflecting the dissimilar tissue 

properties within food systems. 
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2.4.3 Drying characteristic 

Drying is a complex thermo physical and biochemical process comprising 

siqlUltaneous heat and mass transfer between the surface of the material and the 

surrounding media, and a transfer of heat -and moisture within the material. The 

transfer of moisture from the interior pores of the material to its surface depends on 

the Structure and the properties of the material. In the initial stages, the moisture 

removal is rapid since the excess moisture on the surface of the products presents a 

wet surface to the drying air. Su~sequently drying depends upon the rate at which the 

moisture within the product moves to the surface by a diffusion process, depending 

upon the material to be dried (Hossain and Bala, 2002). 

Modem methods for designing air drying operations reign the mathematical 

description of food moisture movement during the process, known as drying kinetics . . -

(Hernandez et al., 2000). Among the wide range of mathematical models, thin layer 

drying models have found wide application due to their easy of use. They do not 

remix evaluation of many models parameters as is common in more complex 

representations (Madamba e/ al., 1996). 

Thin layer drying modeling contributes to the understanding of the drying 

characteristics of agricultural materials. Investigators developed theoretical, semi 

theoretical and empirical equations to express and explain the thin-layer drying of 

agricultural products. The theoretical approach concerns with either the diffusion 

- -equations-or-simultaneous-heat and mass-transfer-equations.-The-empiricaLequations 

give satisfactory fit to all experimental data and take less computing time in 

comparison to the theoretical equations. The semi-theoritical equations are analogous 

to Newton's law of cooling which assumes that the drying rate is proportional to the 

difference between actual and equilibrium moisture content. Among these models, the 

theoretical approaches take into account only the internal resistance to moisture 

transfer while the semi-theoritical and empirical approaches consider only the external 

resistance to moisture transfer 'between the product and air. 

Many researchers have proposed numerous mathematical models for thin­

layer drying of agricultural products. 

Lewis (1921) introduced an equation analogous to Newton's law of cooling, of 

the fonn: 
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dM =:;-K(M -M.,,} 
dB 

Integrating Eq. ( 2. I), yields 

M-M . --_.,,"- = A'exp(-KB) 
MfJ, -M.q 

(2.1) 

(2.2) 

Page (1949) proposed the following empirical equation that has been used 

successfully to describe drying behaviour of a variety of biological materials. 

M - M tq . ___ =exp(_KBn ) 

MfJ, - Mtq 

Linear fonn ofEq. (2.3) is: 

In(-ln(MR)] = In(K) + n' In(8) 

where, 

M = Moisture content at time t, %( d.b.) 

MSi;;;:::: Initial moisture content, %(d.b.) 

Meq:::: Equilibrium moisture content, %(d.b.) 

MR :::: Moisture ratio 

K = Drying constant, h- ' 

A', n' = Empirical coefficients 

(2.3) 

(2.4) 

Linear regression ofEq. (2.2) and (2.4) was carried out using the least square's 

technique and the coefficients were detennined. 

Using 'Van Meel's concept (1958) of the characteristic drying· curve, it is 

possible to present the drying rate curves of a given product, obtained under different 

air conditions, by a single nonnalized drying rate curve. This curve can be used to 

generalize data for drying kinetics of chilli and sweet pepper in heat pump and hot air 

dryer. 

Several authors, based on the Van Meet transformation, have used simply the 

initial moisture content (MSi) and the equilibrium moisture content (Meq) to obtain 

moisture ratio MR and initial drying rate (-dMJdO), to normalize the drying rate as 

follows: 

MR (2.5) 
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(2.6) 

where, fdr the dimensionless drying rate. 

The drying process is mainly influenced by internal mechanisms of moisture 

flow caused by diffusion. shrinkage and external mechanisms like drying air 

temperature, velocity and humidity. During drying, heat is transferred to the surface 

of the product, part of it propagates to the interior and the remaining is utilized in 

evaporation of moisture from the surface. Similarly, the moisture from the interior 

diffuses to replace the evaporated moisture at the surface. It is generarty assumed that 

the mechanism of moisture movement during thin layer drying of biological materials 

is governed by diffusion as described by Fick's second law of diffusion (Saravacos, 

1995). 

Hossain and Bala (2002) studied thin layer drying of green chilli under 

overflow-underflow and through flow conditions with air temperature ranging from 

40-55°C, relative humidity ranging from 10-60% and air velocity ranging from 0.1 to 

1.0 m/s. He observed that Page equation described the drying characteristics of chilli 

better than single exponential equation and expressed the parameters of both the 

equations as a function of drying air temperature, relative humidity and air velocity. 

Erenturk-el ol..- (-2004 )-studied-the-.infiuence of air temperature range _of__i()-

80°C, air velocity range of 1.67~3.1 0 mls and air absolute relative humidity range of 

0.005-0.08 kg vapour per kg dry air on the thin-layer drying of rosehip. They fitted six 

mathematical models available in the literature to the experimental data and 

concluded that the logarithmic model represented the drying characteristics better than 

the other equations. 

Lahsasni et ai. (2004) observed that experimental drying curves in thin-layer 

solar drying of prickly pear clad ode showed a falling rate period and drying air 

temperature was the main factor in controlling the drying rate. From the eight 

different drying models studied, the Page model satisfactorily described the solar 

drying curves with an R2 0fO.9995. 
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2.5 Quality of dehydrated chilli 

Selection of proper drying conditions is necessary for minimizing thermal 

stress, over-drying and maintenance of relevant compounds (carotenoids, vitamin C, 

tocopherols, capsaicin), which detennine .the quality of the product (Kim el al., 1982; 

David, 1982). It was reported that drying at low temperature did not alter the 

properties of the product significantly and drying at highs::r temperature drastically 

reduced the vitamin content (Tong and Lund, 1990). 

2.5.1 Rehydration behaviour 

. The tim~ taken to reconstitute a dried vegetable and its appeara~ce are two 

important physical factors that need special attention, when designing, selecting or 

evaluating a given dryin~ process. The ability of food products to reconstitute in piece 

fonn, such as sliced or diced. vegetables, depends primarily ~m the internal structure of 

the dried pieces and the extent to which the water holding components (proteins and 

starch) have been damaged during drying (Brennan et al., 1990). With hot air drying, 

higher drying rate at the initial stage may cause hardening of the product surface and 

result in loss of ability for fast reconstitution. 

Somogyi and Luh (1988) reported a study on the effect of drying methods on 

quality of dehydrated green asparagus in which it was observed that freeze-dried 

green asparagus with hot water blanching was faster in reconstitution and more tender 

in texture than the hot~air dried product. Drying of vegetables with hot air usually 

resUlts m consiaeriilileShnnkage and rormatlonotaensntructure. 

2.5.2 Chlorophyll content 

The colour of green vegetable is contributed primarily by chlorophyll. 

Chlorophyll is a coordination compound between magnesium and the tetrapyrrole 

ring. The stability of the coordination complex is directly related to the stability of the 

green colour of vegetables. The blanching of vegetables help to maintain their green 

colour by inactivating enzymes, such as peroxidases, lipases and lipoxygenases, that 

convert chlorophyll to pheophytins. The replacement by hydrogen of the magnesium 

atom in chlorophyll results in pheophytins, which appear brownish-green. One way to 

help stabilize chlorophyll' in processed vegetables is to maintain an alkaline pH during 

blanching and to reduce the loss of magnesium by maintaining a high concentration of 

magnesium in the environment (Chin and Dudek, 1988). 
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Luhadiya and Kulkarni (1978) investigated the effect of pre-treatment and hot 

air drying on chlorophyll retention and rehydration characteristics of green chilli. 

They reported that the pre-treatment with 2% lye solution, washing and drying at 

60°C gave the best product. 

Giridhar el af. (1996) reported that the distinct aromatic odour, colour and 

pungency were se,ldom carried over to the dehydrated spice-vegetable (chilli, onion, 

garlic, coriander) products. The chemicals responsible for the delicate odours and 

attractive colours of spice-vegetables are highly heat sensitive and are lost during 

dehydration (Pezzuni and Crapiste, 1997). The chlorophyll degradation involves the 

loss' of phytol to fonn chlorophyll ide, loss of Mg2+ to form pheophytin, the loss of 

Mg2
+ and phytol to fornl pheophorbide, and the loss of Mg2+ and carbomethoxy group 

to form pyropheophytin (Von Elbe, 1986). Ahmed el al. (2000) used the colour loss 

during thermal processing as a basis to evaluate the quality of green chilli puree. 

Strahm and Flores (1994) also studied drying and colour kinetics of low-grade 

green asparagus during heated air-drying and observed similar trends. Krokida el al. 

(200 I) reviewed the effect of hot air, vacuum, microwave, freeze and osmotic drying 

on the colour of dehydrated agricultural commodities and stated that the browning of 

fruits and vegetables during drying is due to both enzymatic and non-enzymatic 

browning reactions. Browning is usually a negative quality attribute, but other studies 

show that overall antioxidant properties of certain foods may be enhanced due to 

formation.of melanoid ins during the advance steps of the Maillard reaction (Anese el 

al., 1999a and b). 

2.5.3 Ascorbic acid content 

Ascorbic acid , one of the most labile nutrients in vegetables, is water soluble, 

pH-, light and heat sensitive, readily oxidized and affected by the naturally occurring 

enzyme system, ascorbic acid oxidase (Klein, 1992). Preservation of ascorbic acid in 

vegetables, particularly those which are good sources, is important in preserving food 

quality. Ascorbic acid acts as a chemical reductant due to its quinone-reducing 

capacity and prevent the formation of coloured polymers. 

Important components of vegetables include vitamins, particularly those 

which act as antioxidant. Of the antioxidant compounds, ascorbic acid and p-carotene 

have been identified as potential anticarcinogen as well as antioxidant. The processing 
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and storage condition greatly affect. the antioxidant activity of many processed 

products. Loss of ascorbic acid and carotenoids are also one of the main limiting 

factors of nutritional quality (Kaur and Kapoor, 2001). 

Ascorbic acid is an important nutrient in vegetables. It is more sensitive to 

heat, oxygen and light than most other components in asparagus such as vitamin A, E 

or some phenolic compounds! Ascorbic acid can also act as a synergist with 

tocopherols by regenerating or restoring their antioxidant properties (Yanishlieva­

Maslarova, 200 I). Depending on the type of process, product physical properties and 

the time-temperature regimes used, thermal energy can cause varying degrees of loss 

of vitamin C during drying of green vegetables. Generally, if a process for drying 

vegetables takes place at a low temperature and within a short time, relatively high 

retention of the heat-labile vitamin C is expected (Nindo e/ al., 2003). 

Because vitamin C is relatively unstable to heat, oxygen and light, the 

retention of vitamin C is used often as an indicator of the quality of processed foods. 

If ascorbic acid is retained well, other nutrients also will be retained well (Bender, 

1966). Blanching inactivates ascorbic acid oxidase and stabilizes vitamin C 

(Benterud, 1977). Odland and Eheart (1975) reported that total ascorbic acid was 

more adversely affected by water blanching than by steam blanching and 17 to 25% 

loss of vitamin C was reported due to blanching. 

Vitamin C is highly water soluble and as there is no contact with water most 

of the v1tamin-C- is ret~inee. It- is-alse-ebserved that blanched product- retain higher 

vitamin C because of increased tocopherol which acts as antioxidant during 

blanching. However, by washing much of the vitamin C is lost (Ramesh el al., 200 I). 

Ade-Omowaye el af. (2002) reported that air drying reduced vitamin C to 

approximately 5% of initial concentration while increasing temperature (25-55°C) 

during osmotic dehydration decreased residual vitamin C concentration after osmotic 

dehydration from 20% to 4% of initial value. 

2.5.4 Pungency and flavour 

Pordesimo et af. (2004) observed that drying temperature ranging from 

ambient (27°C) to 85°C and physical state of the pepper 'when dried (whole or cut) did 

not affect the concentration of total capsaicinoids in dried peppers. 
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Luning (1995) described the flavour compounds of fresh and hot air dried bell 

peppers as well as the behaviour of volatile compounds during hot air drying. He 

reported that the levels of glucose. fructose. ascorbic, citric and oxalic acid decreased, 

while the levels of sucrose, malic, ~umaric and cis-aconitic acid increased. HOl air 

drying decreased the intensity of scores of several characteristic fresh aroma 

attributes. In the green and white fruits, mainly 'green' attributes like herbal, grassy. 

green bell pepper and cucumber decreased after drying. 

2.6 Storage Characteristics 

2.6.1. Moisture sorption study 

All food contain water, and it is well recognized that those most susceptible to 

physical and chemical degradations are of high water content. During long term 

. storage of food, important physico-chemical and biological changes take place with a 

strong impact on the nutrient properties. To a large extent these changes depend on 

the moisture content of food. (Hentges et al., ) 991). A hygroscopic food stuff 

contains water in both bound and unbound forms that can influence its structure and 

texture. The unbound water can also affect the stability of the food stuff, by 

determining the extent to which bacteria thrive and degradation reactions occur within 

it. The relationship between water activity and the moister content in food at a 

constant temperature is often expressed as sorption isotherm. For food materials these 

isotherms give information about the sorption mechanism and the interaction of food 

- biopo1-¥mers with water~ The moisture_sorptiol1' isotherms are extremely jmportant in 

modeling the dying process, in design and optimization of drying equipment, in 

predicting shelf-life stability. in calculating moisture changes which may occur during 

storage and in selecting appropriate packaging materials (Gal, 1987). These are also 

used to predict energy requirements and determine proper s torage conditions (Myhara 

et al. 1998). 

If the storage environment has a partial pressure of water vapour above or 

below the vapour pressure of water at the food stuff surface, water is adsorbed or 

desorbed, respectively. Up to water actively of about 0.3 it is considered that water is 

held on polar sites of relatively high energies. This is called the monolayer. The water 

activity in the range of 0.30 to 0.70 is referred to multilayer water. It consists of layers 

of water which are adsorbed o~to the first layer hydrogen bonds. There is a capillary 
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sorption region above a water aftivity of 0.7 and water is relatively free water 

(Lahsasni et ai, 2002). The monolayer moisture content has a signifICant importance 

for the physical and chemical stability of dehydrated materials (Menkov, 2000). 

Thermodynamic properties of food are crucial in the analysisJJfheat and mass 

transfer phenomenon during dehydration. They determine the end point to which food 

must be dehydrated in order,to achieve a stable product with optimal moisture content. 

and yield a figure for the theoretical minimum amount of energy required to remove a 

given amount of water from food. The properties also provide insight into the . 
microstructure associated with the food-water interface (Rizvi, 1986). 

In studying the behavior of food or agricultural commodities during storage 

and processing, it is important to have information on equilibrium moisture constant 

(EMC) which is defined as the moisture content of a hygroscopic material in 

equilibrium with a particular environment (Temperature and RH). The hysteresis 

effect is the difference between desorption and adsorption EMC values for the same 

equilibrium relative humidity (ERH). Sorption isotherms for a food product over the 

full range of water activity form a hysteresis loop in which the desorption curve lies 

above the adsorption curve (Shatadal and Jayas, 1992). 

Kaleemullah and Kailappan (2004) studied the equilibrium moisture contents 

for red chillies using the static method at 25, 35 and 45°C over the range of relative 

humidities from 0.1 15 to 0.865. They found that sorption capacity of chillies 

decreased with an i'ncr~s~in temperature at constant relative humidity._so.!])tion 

isotherms exhibited the phenomenon of hysteresis and Kaleemullah model could be 

used with good predictive accuracy. 

Arslan and Togrul (2005) examined the moisture isotherms of crushed chillies 

at 25, 35 and 45°C and within the range of 0.1 to 0.8 water activity and analysed the 

data to fit different models. They determined the water activities corresponding to the 

monolayer values and found that the isosteric heats of desorption were higher than 

the isosteric heats of adsorption. 

2.6.2 Storage under different conditions 

Gonzalez-Aguilar et af. (2004) stored fresh-cut peppers under modified 

atmospheric packaging (MAP) and vacuum packages at 10 and SoC and observed that 

ascorbic acid did not change apparently at 10°C and highest values were showed 
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during storage at soc. He concluded that storage temperature was a detrimental factor 

that significantly affected ascorbic acid retention. It is reported that. the stability of the 

main carotenoids of paprika during storage is dependent on drying conditions and the 

degradation rate increases as the drying temperature increases. (Malchev e( al., 1982). . . 
Pura Naik el al. (2001) studied the storage behaviour of 'Guntur' and 

'Byadigi' varieties of chillies in high dens.ity polyethylene (HOPE) and metallised 

polyester polyethylene (MPP) and revealed that MPP stored samples retained higher 

colour than HDPE. The discolouration of the red pigments of chillies during storage 
• • 

was greatly influenced by moisture and temperature. The capsaicin content showed a 

decreasing trend irrespective of storage conditions. packages and varieties. 

From the literature reviewed, it was observed that the infonnation available on 

effect of dehumidified air drying of green chilli and sweet pepper at near ambient 

temperature on the drying characteristics and quality aspects is meager. As the 

research work on effect of pretreatment and dehumidified air drying of green chilli on 

product quality is lacking, the present research was undertaken in this direction. 
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THEORITICAL CONSIDERATIONS AND DESIGN 

• This chapter describes the basic definitions. principle of heat pump assisted 
• 

dehumidified air dryer and various processes involved in this system using 

psychrometric chart a~d pressure-enthalpy chart. It also describes the detailed 

mathematical models and design procedure of a heat pump assisted batch type dryer. 

The model takes into account the heat and mass transfer phenomena taking place in 

all components of the system. 

3.1 Basic Definitions 

Dehumidification : Removal of moisture from air 

Isenthalpic process : Constant enthalpy process 

Isentropic process : Reversible adiabatic process during which entropy remains 

constant 

Isothermal process : Constant temperature process 

Refrigerant : Working substance used in a refrigerating system 

Evaporator : Heat exchanger that provides heat transfer surface through 

Condenser 

Compressor 

which heat can pass from the refrigerated space into the 

vaporising refrigerant 

: Heat exchanger that provides heat transfer surface through 

--- -wnich-heat.passesJIQm the condensing refrigerant.to the -- - -_ 
surrounding medium 

: Device which draws refrigerant vapour from the evaporator 

and raises its temperature and pressure and maintains 

continuous flow of the refrigerant through the system 

f)"pansion device : Device which supplies refrigerant to the evaporator after 

reducing its pressure 



3.2 Heat Pump Assisted Dehumidified Air Dryer 

Drying, one of the oldest fonns of food preservation is an energy-intensive 

process. Conventional hot air dryers being simple are widely used for fruit and 

vegetable drying. In these dryers, the exhaust humid air is vented to the atmosphere, 

which results in loss of both the sensible and latent heat of vaporization of its 

moisture content. However, the high dryjng temperature usually causes low quality of 

products due to excess thermal damage and structural changes in the product. Heat 

pump assisted dryers are an alternative method for drying food products with lower , . 
energy consumption, less relative humidity, and lower temperature. 

Heat pump application in drying possesses t\vo-fold beneficial characteristics. 

Through the evaporator, the heat pump recuperates sensible and latent heat from the 

dryer exhaust, hence the energy is recovered. Condensation of moisture occurring at 

the evaporator reduces the humidity of the working air, thus increases the driving 

force for product drying. For specialty crops the optimum drying temperature at 

which no structural damage and nutrient losses occurs lies between 30 to 45°C 

(Adapa et al., 2002). The heat pump drying technology can be used to dry heat 

sensitive food products requiring low temperature drying and in tropical countries 

where the level of air humidity is high. Many researchers have acknowledged the 

importance of heat pump drying in producing a range of precise drying conditions to 

dry a wide range of heat-sensitive products. 

3.2.1 Working pr:in.tiplJL 

A heat pump assisted batch dryer consisting of air and refrigerant circuit is 

modeled for the study as shown in Fig. 3.1. The air cycle on psychrometric chart is 

given in Fig. 3.2. The inlet drying air passes through the drying chamber at point I 

and picks up moisture from the product. The moisture-laden air at point 2 is then 

directed to the evaporator coil. During the dehumidification process from point 2 to 3, 

the air is first cooled sensibly to its dew point. Further cooling results in water being 

condensed from the air. Latent heat of vaporisation is then absorbed by the evaporator 

for boiling of the refrigerant. The recovered heat is "pumped" to the condenser. The 

cooled and dehumidified air then absorbed the heat at internal condenser moving from 

point 3 to I for sensible heating to the desired temperature. 
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In the air circuit the moist hot air leaving the dryer is directed to pass through 
• • 

the evaporator, where dehumidification takes place. The air leaving the evaporator is 

heated in the condenser and then passed to the dryer for drying the product. The 

temperature profile of air and refrigerant in the evaporator and condenser is shown in 

Fig. 3.3. 

The pressure-enthalpy and temperature-entropy diagram of the refrigerant 
• 

cycle is shown in Figs. 3.4 and 3.5. In the refrigerant circuit, the working fluid is 

evaporated (4-1) in the evaporator on gaining both latent and sensible heat from the . 
air, and is then compressed (1-2) to give up heat in the condenser (2-3) to the 

circulating air.. The high- pressure and high-temperature liquid is then expanded (3-4) 

through an expansion device into a mixture of vapour and liquid at [ow pressure and 

tern perature. 

Dryer 

4 
3 Expansion device .. ------- - --- - - - ---~- - - -- - - - --- --- - - ------------ ------ - -

I • 
I I . ,-.. : I J y ---Evaporator-

I ntemaLcondenser 
I --__ m _ _ l r • . 

1 J.. Thermostatically 
... r.- controlled 

compresso~ __ ; ____ ______ _ L _____ -f External condenser + 

Air, ------- Refrigerant 

Fig. 3.1 Schematic diagram of heat pump dryer configuration with air and 
refrigerant circuit 
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3.2.2 Review on mathematical modelling of heat pump dryer 

• 
Heat pump air dehumidifier coupled with a dryer is a complex system since all 

components are interdependent. Jolly et at. (1990) reported a mathematical model of a 

heat pump assisted continuous dryer. 1h is model was' used by Jia el at. (1990) to 

investigate the performance of a heat pump assisted continuous dryer. Clements el al. 

(1993) used the model developed by Jolly e! a/. ( 1990) to predict the performance of a . . 
heat pump assisted continuous dryer. Prasertsan el a/.(1996) developed a detailed 

mathematical model and used the model to simulate the results (Prasertsan et al., 

1997). Achariyaviriya el al. (2000a) had developed an empirical model of heat pump 

dryer to' study. the performance. Teeboonma et al. (2003) developed mathematical 

models for papaya and mango glace drying using heat pump dryer and optimized the 

conditions to minimise annual total cost per unit of evaporated water. Saensabai and 

Prasertsan (2003) studied the effects of component arrangement and ambient and 

drying conditions on the performance of heat pump dryers. 

3.3 Mathematical Models 

The following assumptions are made for modeling of the heat pump assisted 

batch dryer. 

Heal pump unit 

I. The refrigerant at outlet of evaporator and condenser are saturated vapour and 

saturated liquid, respectively. 

2. The compressloTi'and the expansIOn of the refrigerant are IsentropIc and 

isenthalpic processes, respectively. 

3. The tubes connecting the heat pump components are insulated and the 

pressure drop in the pipe system is negligible. 

4. The wall of the component housing is adiabatic. 

5. Heat pump is operated at steady state. 

Dryer unil 

I. The air duct and drying chamber are thermally insulated. 

2. Ambient conditions and specific heat capacity of air are constant. 

3. The dryer is in a steady state condition. 

4. Pressure of air in the system is constant at 1 atm and mass flow rate of 

circulating dry air is constaryt. 
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5. Drying process is under constant rate period and working air in this period 
• I 

follows the constant wet bulb temperature line in the psychrometric chart. 

6. Thennal equilibrium exists between the drying air and product. 

7. The condition of air entering the evaporator is same as that leavtng the dryer 

and air entering the dryer is same as toat leaving the condenser. 

The mathematical model of a heat pump dryer consists of three submodels, . 
namely. drying models, heat pump models and performance models. Heat and mass 

balance of boto refrigerant and air circuits are used for development of mathematical 

models. 

3.3.1 Drying model 

9dr rna (W do - W di) = mp (Mei - Mer)/ 100 

Cpa~, + Wdi (Ofg+cpv(d,) ~ Cpa~o + Wdo (hfg+Cpvldo) 

(3.1 ) 

(3.2) 

During drying. moisture content decreased wito drying time. As moisture 

. contenl of product is a function of dryin~ time (0), it can be predicted from the drying 

equations at a particular time for a given drying air temperature. 

MR = A 'exp (-K9) and K == f(t} (3.3) 

The final moisture content of the product after drying is the desorption 

equilibrium moisture content of the product corresponding to the drying air condition. 

The final moisture content under the given drying air condition can be predicted from 

equilibri.um moisture content equation for the concerned product ~s expressed in the 
---- -

form of BET model. 

RH (3.4) 

where, Mm and C are function of temperature. 

The properties of moist air leaving the drying chamber at different time 

intervals can be calculated using above equations for dynamic modeling of the 

system. 

3.3.2 Heat pump model 

The basic heat pump model includes component models for evaporator, 

compressor. condenser and capillary tube. For given system geometries, bypass factor 
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and conditions of air entering the evaporator, the model can predict the air conditions . 
leaving the condenser to the dryer and performance of the heat pump system. 

Evaporator model 

The mass and energy balance on evaporator can be used for the development 

of mathematical model. 

• 

(3.5) 

(3.6) 

The forced convection heat transfer co-efficient on the air side of a flat finned 

tube coil is calculated by the correlation proposep by Rich (1973). 

O G P -213 R -0.35 ao = .195 a cpam ra ea (3.7) 

(3.8) 

(3.9) 

This correlation is suitable for the range of 118<Ntin<787 fins per metre. 

For forced convection evaporation, the heat transfer co-efficient of refrigerant 

is evaluated by Pierre ' s (1955) correlation. 

a t< = 9.1825 ~ K OA 
( 

Dp' G, J. JO

.

8 

D, . If 
(3.10) 

VxHfj 
KIf = g 

L, 
(3.11 ) 

u == --------:---~ 

A" In(Do~/ ) 
A" I n + -- + - --'---

(3.1 2) 

A/a, 27Ik", L, 

(/ - / ) LMTD ::: dll .0 

· In(ldo - TN- J 
1'0 - Tr• 

(3 .13) 

Qc = Ue ~ (LMTD)e (3.14) 
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Compressor model 

VH = P,y" (_!!_){(~l)n:1 -I} 
3600 n-l P, 

2 ' n = a31 + anT, + a:n T, + a3-lT,(T2 - T,) + a3sT,-(TrT,) + 

a36 T,(:rrT,)2 + a37T,2(T:!-T,) + a38(T2-T,) 

Jrd ~/"N pI] .. N, 
mr = 

240 Vrl 

( 
p ))1" 

1],. =1+I1-n ; 

Condenser model 

Qc = mr (H2 - H3) 

Qc.inl = rna (Cpa + WdiCpv) (~o-leo) 

(3.15) 

(3.16) 

(_3,.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21 ) 

Finally, the energy balance of the heat pump dryer system is given by Eq.(3.22) 

Qc = Qc + V H :::: Qc.mt + Qc.e:<t (3.22) 

The heat transfer co-efficients of the refrigerant side of the condenser for 

__ single.=phase ace_cakulated as follows{~_8..LI)I--__ 

(3.23) 

The air side forced convection heat transfer coefficient is calculated from Eq. 3.7 and 

overall heat transfer co-efficient can be calculated using Eq.(3. ) 2). 

LMTD ;::: (t", - l<o) 
C (T _( ) In riC W 

T -( 
n. co 

(3.24) 

Qc :::: Uc Ac (LMTD)c (3.25) 

Capillary tube model 

In this model, capillary tube is used as the expansion device for pressure 

reduction. The expansion"process is assumed to be isenthalpic, i.e. 
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(3.26) 

The temperature drop in the capillary tube is divided into a number of parts. 

The frictional pressure drop and friction factor of each part is calculated and the 

rcqui·red length of capillary tube is determined ,using Eq. (3.27)· and (3.28) as solved 

by Arora (1981). 

• P 1. VL 2 \lP = r r Ur 

r 2D 
(3.27) 

f. = 0.32 for turbulent flow 
r Re O.2S 

r 

(3 .28) 

Fan power 

The air side pressure drops are calculated using the following equation 

VP := 2/)<»0: 
a D P., 

(3.29) 

The friction factor, fa of air in the evaporator, condenser and air duct is 

determined by the correlations ofTuraga el al. (1988) and ASHARE (1981). Dynamic 

pressure losses in ducts due to change in direction and velocity are also calculated to 

determine fan total pressure. 

Fan power requirement (Eran) = Fan total pressure x Volumetric air flow rate (3.30) 

3.3.3 Performance model 

_- The<1rying and dehumidification performance oflhe system Isevaluated by 

the co-efficient of performance (COP) of the heat pump and the specific moisture 

extraction rate (SMER) and moisture extraction rate (MER) of the dryer. 

COP = Heat delivered in internal condenser 

Power input to compressor 

SMER = Water evaporated from product 
Total energy input 

Water evaporated from product 
MER = ----'-------'----

Drying time 
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3.4 Design of Heat Pump Dryer • 

Design data and assumptions 

I. Required drying air temperature and relative humidity 

2. Amount of material to be dried per batch 

3. Initial and final moisture content of the product 

4. Required drying tim~ 

5. Assumption of bypass factor to be 0.2 for evaporator and condenser coil 

6. Assumption of temperature difference of SoC between refrigerant and heat 
• 

exchanger surface 

7. Fin efficiency of90% is assumed. 

8. Mechanical and motor efficiency of compressor is assumed to be 95 and 85% . 
.... 

respectively. 

Design calculations 

Step I: Calculation of rate of moisture removal from the product during drying 

(3.34) 

Step 2: Calculation of the humidity ratio. specific heat, enthalpy, specific volume and 

wet bulb temperature of drying air using following empirical expressions 
s;tvasb.' 

developed for steam table by Martin (1961) and Steltz a.nclJl. (1958) and as 

shown in an. example solved through MS EXCEL spread sheet by Singh and 

Heldman (2001). 

(3.35) 

where. Xd == (td x 1.8 + 32) - 705.398 (3.36) 

PI.! == RH x p sd (3.37) 

(3.38) 

The wet bulb temperature is assumed to be less than the dry bulb temperature 

of drying air. Saturation vapour pressure at assumed wet bulb temperature is 
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calculated using Carrier equation (Eq. 3.39) and corresponding saturation temperature 
I 

from Eq.(3.40) by successive iteration method to obtain the wet bulb temperature. 

P,~ = 
pJ{155S.56-0.722t •. )+ 101.325(ld -l •. ) 

( ::: 6687.848 _ 273.15 
.' 50. I 0987 - In(p,) -4.655564 In({, + 273. 15) 

I 0.023 \' = (0.0821, + 22.4) x (-+ - - ) 
u • 29 18 

cpam = 1.005 + 1.88Wd, 

(3.39) 

(3.40) 

• (3.41) 

(3.42) 

Step 3: Calculati6h of the heat requirement for drying, mass and volumetric flow rate 

of drying air required 

QJr = m~d x hi'!:" (3.43) 

(3.44) 

(3.45) 

Step 4: Calculation of the humidity ratio and temperature of air at dryer outlet using 

Eqs. (3.1) and (3.2), respectively. 

Step 5: Determination of the partial water vapour pressure of dryer exhaust air and the 

.de1v_point temperatur.e.- - __ 

Partial water vapour pressure of dryer exhaust air is calculated from Wdo using 

Eq. (3.38). Dew point temperature is assumed less than the dry bulb temperature of 

exhaust air. At dew point temperature, Pd is saturated pressure and corresponding 

saturated temperature can be calculated from the assumed value of dew point 

temperature using Eq.(3.40) by iteration till two consecutive readings are 

approximately same. 

Step 6 : Calculation of the humidity ratio, saturated vapour pressure of air in close 

contact with evaporator surface and evaporator surface temperature from the 

bypass factor. 

w = W,,< -BFxWuo 
<S 1-11F 

(3.46). 
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W xl01.325 .... ~s 

P .. - 0.622 + We< 
(3.47) 

Evaporator surface temperature(~) is assumed to be less than the dew point 

tem'perature of exhaust air from dryer and find out the corrected value by successive 

iteration method using Eq. (3.40). 

Step 6: Calculation of the refrigerant temperature inside evaporator and air 

temperature at evaporator outlet. 

Tre = tes -5 (3.48) 

(3.49) 

Step 7: Calculation.. of condenser surface temperature and refrigerant temperature 

inside condenser 

(tdO - BFx t.,,) 
tcs = (1- BF) 

(3.50) 

Trc = lcs + 5 (3.51) 

Step 8: Calculation of saturated suction and delivery pressure corresponding to 

refrigerant temperature inside evaporator and condenser, enthalpy of 

refrigerant at point 1,2,3 and 4 using empirical correlations given by 

Cleland(1988) and as shown in an example solved through MS EXCEL 

spread sheet by Singh and Heldman (200 I). 

- - --------------
exp(a l + °2 1 

T. +a3 p = --'--------"-
. lOOO 

\ ' ,1 =exp(aI9 + °zo ](a'i +ozzT +o,.T 2 +0,.T3
) T,.., +273.15 _ ,, _> r< _" re 

V H is calculated from Eqs. (3.16) and (3.17). 
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Step 9: Calculation of the entttalpy of air at dryer, evaporator and condenser outlet 

using following equation. 

(3.58) 

Step'tO: Calculation of the cooling load on the evaporator and required refrigerant 

flow rate 

mr :::: cooling load / (HI - H4) 

(3.59) 

(3.60) 

Step 11: Calculation of power requirement of compressor using Eq.(3.15) and piston 

displacement using following' equation. 

(3.61) 

Step ]2: Calculation of the . heating load on internal condenser and refrigerant flow 

rate in internal and ex.ternal condenser 

Heating load = ma(~, - hco) 

m r.mtc= Heating load / (H2 - H3) 

mr.t:xtc= mr - mr,inU: 

(3.62) 

(3.63) 

(3.64) 

Step 13: Calculation ofSMER, COP and dryer efficiency 

SMER = m wd 

. E coni!, + E IOn 
(3.65) 

---- ----
COP = Heating load I Ecomp (3.66) 

(3.67) 

Step 14: Calculation of the air side and refrigerant side heat transfer co-efficient for 

evaporator and condenser using empirical Eqs. (3.7), (3.10) and (3.23). 

Calculation of the overall heat transfer co-efficient and LMTD value for 

both evaporator and condenser and determination of the required evaporator 

and condenser finned surface area from equations (3.12), (3.13), (3.14), 

(3.24) and (3.25). 
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Step 15: Calculation of the length of capillary tube required for desired pressure drop , 
using Eqs. (3.27) and (3.28) and determination of the fan total pr(.'ssure and 

required fan power from Eqs. (3.29) and (3.30). 

Step 16: Selection of the compressor, evaporator, condenser, capillary tube and fan of 

proper size and capacity from manufacturer's hand book matching the 

calculated values. 

The above mathematical model of different components of heat pump assisted 

dryer will be helpful for simulation of results and performance evaluation oftbe dryer. 

The design procedure presented for heat pump assisted batch type dryer may be 

adopted within the limitation of the assumptions. 

3.5 Design Data 

Based on the above modeling, design calculations were carried out in MS 

Excel spread sheet and presented in Appendix B'-The summruy of the design data and 

calculated values is given in Table 3.1. 

Table 3.1 Design data and calculated values ofthe heat pump dryer 

Drying air temp 40°C 

Drying air RH 15% 

Amount to ~e dried per batch 4kg 

Initial MC 92% (w.h.) 

Final MC 10% (w.b.) 

Dryingtime -- -t21l ---
By pass factor 0.2 
Volumetric air flow rate 0.0214 m3/s 

Evaporator surface temperature 6.6°C 

Condenser surface temperature 47°C 

Suction pressure 525 kPa 

Delivery pressure 2035 kPa 

Cooling load 0.676 kIts 

Refrigerant flow rate 17 kglh 

Compressor power requirement 165 W 

SMER 1.84 kg/kWh 

COP 4.1 
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CHAPTER IV 

MATERIALS AND METHODS 
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MATERIALS AND METHODS 

This chapter deals with development, fabrication and instrumentation of a . . 
laboratory model dehumidified air dryer using heat pump system and to study its 

performance. The details of the ex~rimental procedure for drying of chilli and sweet 
. . 

pepper, quality analysis and storage of the dehydrated products have also been 

presented. 

4.1 Laboratory Model Dryer 

4.1.1 Development ()f beat pump dryer 

Because of the possibility of providing hermetically closed drying 

environments while dl)'ing with high energy efficiency, a suitably designed heat 

pump dehumidifier would be the best option to provide the required low temperature 

. and low humidity condition. A laboratory model . heat pump dryer with special 

features of variable drying air temperature and mode of operation (open and close) 

was fabricated. The line and schematic diagrammes of the dryer are shown in Figs. 

4.1 and 4.2. The developed dryer consists of dehumidifier unit and the drying 

chamber. The dryer is a closed insulated chamber consisting of a dehumidifier unit 

with evaporator and condenser at its lower portion and a drying chamber at its upper 

portion. The compressor and external condenser are located at the bottom of the 

chamber. 

Dehumidifier unit 

The dehumidifier unit consists of compressor, evaporator, condenser, capillary 

and fan. A reciprocating compressor with a swept volume of 7.8 cc has been used. 

The condenser and evaporator coil provide the required heating and 

cooling/dehumidification operation for the process air in the dryer. In order to 

maintain low relative humidity conditions and prevent air exchange with outside, an 

external condenser has been employed to remove excess heat. 



Drying chamber 

:- - ~ - - - - ~~~-~~~-~~!<:~- - --
I 

Evaporator! 
_ J 

,. .- - - ,- . .... . _.- . 

; ThermostaticallY, ; 
controlled - 0 ------_ J solenoid valve ; ~ __ -_. ___ ._. __ :_-_--

Compressor External condenser 

_ . _. _. _ Refrigerant path -- Airpath 

Fig. 4.1 Line diagramme of the heat pump dryer showing refrigerant and air 
path 

I - Evaporator 

2 _ Compressor 

J _ External condenser 

4 _ Imernal condenser 

5 _ Capillary tube 

t!::: 

8 tb 
lb 
th 
~ 
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o 
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+-

+-
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+-

6 _ Fan 

7 _ Drying tray 

8 - Exhaust air port 

9 _ Damper 

10 _ Inlet air port 

='J 

d 
::!1 
::::!J 

II _ Circulation lim 

12 _ Fan to external condenser 

13 _ Drain pipe 

14, 15 - Solenoid valve 

Fig. 4.2 Schematic diagram oftbe dehumidified air dryer using beat pump 
system 
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The evaporator and condenser are finned tube designs consisting of copper 

pipe~ of9.5 mm external diameter and face dimension of28 cm'X 25 cm. The fins are 

continuous aluminium lamellas O.3mm thick with longitudinal and transverse tube 

spacing of22 mm and 25 mm, respectively. Two heat ~xchangers (each 0.254 m high, 

0.279 m wide and with 0.07 m2 surface area with finned tubes) are installed inside the 

unit across the air path. Another air~cooled heat exchanger is also installed outside the 

air circuit that acts as a secondary condenser. The twd heat exchanger units in the 

machine are adjacent to one another and the arrangement does not allow for 

establishing a by pass between the two coils. Additional valves have also been 

provided to protect and prevent possible damage and liquid return to the compressor. 

A fan with 0.09 m3/s capacity is connected into the dehumidifier. It is used to drive 

the air through the coils. R22 refrigerant is used in the unit. The entire dehumidifier 

unit is located at the bottom of the drying chamber. The walls of the chamber are 

insulated with 3.5 cm thick thennocool insulation. 

Dryer unit 

The design of the dryer includes drying chamber, air circulation system, tray 

and other ancillary components. An insulated drying chamber of 66 cm length, 57 cm 

width and 33 cm height was constructed using aluminium sheets of 1.4 mm thickness. 

The door of the drying chamber was made of two layer glass with air spacing in 

between for insulation and better vision of the drying chamber during operation. 

Rubber strips were used in the door for proper air tight sealing. The air circulation in 

the dryer is provided by an axial flow fan. Four aluminium trays are stacked witlrthe 

help of aluminium angles to support the drying materials. Two air ports, one for inlet 

air to the dehumidifier and the other for exhaust air from the drying chamber were 

made to operate the system in open, partially closed and closed mode. A damper was 

also provided in the air path between the drying chamber and dehumidifier unit. It 

opens for the recirculation mode and remains closed when exhaust port is open. 

Dimensional and other data of the dehumidified air dryer is listed in Table 4 .1. 
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Table 4.1 Dimensions of different components of the heat pump dryer 

Overall dimension of the dryer 

Material of construction 

Evaporator and internal condenser housing 

Drying chamber dimension 

92 cm X 66 cm X 13 7 em 

Outside M.S. sheet and 
Aluminium sheet 
66 em X 57 em X 28 em 

66 cm X 57 cm X 33 cm 

Number of trays . 4 

Compressor and external condenser 66 cm X 57 cm X 31 cm 
housing 
Clearance for air passage 8 em 

Thermocool insulation thickness 3.5 em 

Evaporator face area 28 em X 25 em 

Compressor swept volume and power input 7.8 cc, 470 W 

inside 

Capillary tube Diameter = 0.78 mm , Length =" 3.05 m 

Condenser Fan power 9 W 

Dryer air circulation fan 20 W 

Solenoid valve 8 W 

Refrigerant flow rate 7 lph 

Control system 

Because of the tight requirements for the drying air conditions, precise control 

of the dryer operation is essential. Control devices in the refrigerant circuit enable 

distribution of the refrigerant (on the high pressure side) between the two condensers 

for heating the process air. The temperature of the drying air is controlled by a 

thermostat, which operates the solenoid valve connected to internal condenser line 

and allow the refrigerant to flow. When the desired drying air temperature is 

achieved, the flow of refrigerant to the internal condenser is cut off. Thus the flow is 

diverted through the external condenser. 
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Measuring system 

Temperatures and relative humidities were measured at the entrance and exit 

of the stacked trays and between the condenser and evaporator coils. The relative 

humidity readings. were recorded using digital hygrometer. The thermocouples were 

installed at the entrance and exit of the stacked trays, in the space between the 

condenser and evaporator coils to mS!asure the air temperatures. Thermocouples were 

also mounted on the evaporator and condenser coils for measuring pipe surface 

temperatures. Atmospheric temperatures and relative humidities were also measured . . 
using these instruments. A digital anemometer was used to measure the velocity of 

process air. The mass of moisture condensed at the evaporator and material being 

dried ".as measured using electronic weighing balance. Power consumption was 

measured by a watt meter. A rotameter is connected in the liquid line to measure flow 

rate of refrigerant. The fabricated dehumidified air dryer using heat pump system is 

sho\\n in Figs. 4.3(a) and (b). 

4.1.2 Hot air dryer 

The hot air tray dryer consists of insulated dr) ing chamber with trays, fan, 

electrical heater and digital temperature indicator cum controller to maintain the 

desired drying air temperature (Fig. 4.4). The drying air temperature, relative 

humidity and energy consumption were also measured during the experiment. 

4.2 Performance of Heat Pump Dryer 

In heat pump drying system, COP represents performance of heat pump. 

Moisture extraction rate and specific moisture extraction rate are the dryer 

performance indicator. The dryer was operated using R22 refrigerant to study the 

drying air condition with closed and open mode of operation (Fig. 4.5 (a) and (b». 

The inlet and outlet drying air temperatures and relative humidities, evaporator and 

condenser surface temperatures, suction and delivery pressures were recorded to stud) 

the variation with drying timc. The energy consumption and mass of moisture 

evaporated during drying of chilli were measured to study the performance of the 

dryer. 
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(a) Front v iew 
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- ~ I • 
: ~, 6 • • 
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(b) Side v iew 

Fig. 4.3 Laboratory model heat pump dryer 

Fig. 4.4 Hot air dryer 
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(a) Open air cycle operation 
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(b) Closed air cycle operation 

Fig. 4.5 Open and closed air cycle operation oftbe beat pump dryer 

4.3 Drying Experiment 

~arious experiments were planned to optimize the drying ~jr conditions and 
- --- ---

compare dehumidified air dryer with hot air dryer based on the energy consumption 

and quality of the final dried product. 

4.3.1 Preparation ofsample 

Fresh green chilli and sweet pepper used for the experiment were procured 

from the local market in Bhubaneswar on daily basis. The discoloured, diseased or 

damaged ones were sorted out. These samples were washed properly in running water 

to remove the adhering impurities and spread on a plastic filter tray to drain out 

excess water. 

Green chillies were destalked man.ually and the cups, seeds and stems of sweet 

pepper were separated. These were then sliced into O.Scm thick slices using stainless 

steel knives. The whole and cut slices of green chill i and sweet pepper are shown in 
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figs. 4.6 and 4.7. The samples were divided into three lots, one lot was steam 
• 

blanched, second lot was given required pretreatment and the third one was used as 

control. 

for planching, the cut samples were placed into a stainless ~teel wire mesh 

basket and steam blanched for 2 minutes at 100°C under atmospheric pressure by 

direct steam injection. Blanched samples were immediately cooled in cold water to 

prevent further thermal stress. Some samples were blanched in solution containing 

0.5% lye and 0.25% magnesium carbonate at 95°C for 2 minutes. After treatments, , 
samples were washed in potable water to remove lye adhering to the surface. The 

water adhering on the surfaces of blanched. and treated samples was removed with 

tissue paper prior to drying. Spot test for peroxidase activity was conducted to 

determine adequacy of the steam or water blanching process. 

4.3.2 Drying of sample 

Thin-layer drying experiments under controlled conditioRs were conducted in 

two different types of tray dryer; (I) hot air dryer and (2) dehumidified air dryer. 

Different combinations of air temperature and relative humidity were considered in 

both the dryers. Before starting any experimental run, the instrumentation system was 

checked carefully and the dryers were started I hour before experiments in order to 

reach steady state. After stabilizing the whole system, samples were loaded on to the 

drying trays (Fig. 4.8). Sample of about 2S±2 g was placed evenly as thin layer (at 

single IDectlhiclgle~sl in a_small aluminium wire mesh tray 13cTTI x 3~ of known 

weight (loading density of 2.0 kglm2 for chilli and 3.6 kglm2 for sweet pepper) and 

placed at the centre of the drying tray of the dryer which was also previously loaded 

with same sample. The initial weight of the tray with sample was recorded. The 

aluminium tray was removed from the dryer and weighed regularly at 30 minutes 

interval. As the weighing operation took only a few seconds, no significant 

disturbances were imposed on the steady-state drying operation. When the weight of 

the sample became constant, the experiment was stopped. At the completion of each 

experiment, the final moisture content of dried sample was detennined. All the 

experiments were carried out at 1.5±0.2 mls air velocity. The drying experiments were 

repeated twice to have enough data for statistical analysis. The experimental plan for 

drying parameters and quality attributes are given in Table 4.2. 
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Fig. 4.6 Whole and sliced chilli 

Fig. 4.7 Whole and sliced sweet pepper 

Fig. 4.8 Trays with samples inside the dryer 
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Table 4.2 Experimental plan for drying parameters and quality attri~utes 

Drying parameters 

. 
Design of experiment 

Replications 

Independent variable 

Variety 

Drying method 

Levels 

2 

2 

2 

Drying air temperature HAD 

and relative humidity HPD 

Treatment 3 

Air flow rate 

Tray load 

-- . RephcafiOns 2 

Dependent variable 

Drying characteristics 

Quality attributes 

54 

Values 

• Completely Randomized Design (CRD) 

Chilli 

Sweet pepper 

Hot air dryer (HAD) 

Heat pump dryer (HPD) 

30°C (40%), 35°C (27%), 40°C(19%) 

45°C(55%), 55°C(35%), 65°C(20%} 

Control, Blanched, Treated 

1.5 mls 

2.0 kglrn2(chilli} 

3.6 kg/m2 (sweet pepper) 

Moisture ratio 

Total drying time 

Drying rate 

Drying constant 

Dehydration ratio 

Rehydration ratio 

Total chlorophyll content 

Capsaicin content (chilli) 

Ascorbic acid content (sweet pepper) 



4.3.3 Drying characteristics and equation fitting 

The drying mechanism depends on simultaneous heat and mass transfer 

phenomena and factors d~minating each process determine the drying behaviour of 

the produ"ct. The drying rates were computed from the experimenta1 data and drying 

characteristics curves i.e. Moisture content (d.b.) vs time, drying rate vs moisture 

content(d.b.) were plotted. =rhe single exponential Le\.vis equation and Page's power· 

equation were fitted to the experimental data. Linear regression of these equations 

were carried Ollt using least square method and co-enicicnts were dC1crmined. The 

fining of the equations were evaluated on the basis of co-efficient of determination 

. (R2) and root mean square error (RMSE). 'The drying characteristics curve for green 

chilli and sweet pepper are fined by plotting dimensionless drying rate and moisture 

ratio. 

4.4 Product Quali~' Anal)'sis 

Experiments were planned to evaluate the quality parameters of dehydrated 

green chilli and sweet pepper obtained from different drying conditions in order to 

optimize the drying process. The dried green sweet pepper was analysed for total 

chlorophyll and ascorbic acid content and dried chilli for total chlorophyll and 

capsaicin content as the quality indicator. 

4.4.1 Determination of moisture content 

Tjle moisture content of chilli and sweet pepper was determined by lVacuum 

oven method. Sample of 2 to 5g was taken into a covered dish of predetermined dry 

weight. The dish and cover were placed in the vacuum oven separately and dried for 6 

hOllrs at 70°C under a pressure of not more than 100mm of mercury. After 6 hours. 

the dish was removed from the oven, co,Yered, cooled in desiccator and the final 

",,"eight was taken (ASTA. 1985; Ranganna, 1986). The moisture content of sample 

was calculated as fo llows. 

W',-W'. 
Moislureconlenl, %( wh.) = - ~ x I 00 

W'l-W', 

W' ,= Weight of the empty moisture dish along with its cover 

W'z= Weight of the moisture dish along with the sample 

W' J = Final weight of the dish along with the dried sample 
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4.4.2 Dehydration ratio and Rehydration ratio 

Dehydration ratio was detennined from the drying experiment by measuring 

the initial weight of the sample before drying and final weight of the dried product 

and calculated as follows. 

Mass of Ihe sample before drying 
Dehydration ratio 

Mass of the. dried sample 

The rehydration ratio of the dried chilli was determined by mixing 2g of 

sample with 20ml of distilled water in a beaker. The beaker was left {or 2h at room 

temperature (Yang and Atallah, 1985). The sample was taken out and surface water 

. was removed by blotting paper. The rehydration ratio was' calculated as follows (Kim 

and Toledo, 1987). 

Masso! the rehydrated sample 
Re hydration ratio 

Mass of the dried sample 

4.4.3 Estimation of total chlorophyll content 

The chlorophylls are the essential components for photosynthesis and occur in 

chloroplasts as green pigments in all photosynthetic plant tissues. They are bound 

loosely to proteins but are readily extracted in organic solvents such as acetone or 

ether. 

Representative sample (0.1 to 1 g depending on the product) was taken, ground 

and mixed thoroughly. The sam~ was_extracted with_JW% acetone in a mortar and 

pestle using purified quartz sand. The supernatant liquid was decanted after 

centrifuging at 5000 rpm for 5minutes. The extraction procedure was repeated with 

acetone till the residue is colourless. The volume was made up to 100mi with 80% 

acetone. Absorbance of the solution was taken at 645 and 663nrn in a 

spectrophotometer against the solvent (80% acetone) as blank (Thimmaiah, 1999). 

TOlal chlorophyll content present in the extract (rng chlorophyll per 100g d.b. 

was calc ulated using the following equation. 

T I hi h II gl lOO d b 
_ (20.2 x A"{HS + 8.02 X A"663) X V'x 100 

ota c orop y , m g .. - (') 
W' 1- M x 1000 

100 

where, A" == Absorbance at specific wavelengths 
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Y' -== Final volume of chlorophyll extract in 80% acetone, ml 

W' =: Fresh weight of the tissue extracted, g 

M' = Moisture content of sample used for estimation, o/o(w.h.) 

4.4.4 Estimation orVitamin C (Ascorbic Acid)'content 

The titration method which is used for measurement of ascorbic acid is based on the 

extent to 'which a 2, 6-dichlorophenol indophenol solution is decol~rised by ascorbic acid in 

sample extracts and in standard ascorbic acid solutions. 

Ascorbic acid in sweet pepper was determined according to AOAC official method 

(AOAC, 1995; Ranganna, 1986). Haifa gram of dried sample was blended with 50ml of3% 

metaphosphoric-acetic acid solution (15g of meta phosphoric acid dissolved in a mixture of 

50ml glacial acetic acid and 450ml of water) to extract ascorbic acid. The mixture was 

centrifuged and then supernatant was taken and transferred to a volumetric flask. This was 

rapidly titrated with 2, 6-dichlorophenol indophenol solution until light distinct rose pink 

colo~r persisted for more than 5 s (V'2 ml). Two replicates of each sample were analysed. 

The working standard solution of ascorbic acid (lml = 0.1 mg of ascorbic acid) was also 

titrated against the dye (V' J mt). The ascorbic acid was determined using the following 

formulae. 

Ascorbic acid content (mg of ascorbic acid per I OOg d.b.) 

0.5 x V'zxVolumemade upx 100 

V\ x Aliquot of extract taken for estimation x Weight of sample taken( I _ M') -- - - :q fflO 

where, M" :::: Moisture content of sample used for estimation, %(w.b.) 

4.4.5 Capsaicin content 

Capsaicin is a protoalkaloid which is responsible for the pungency of chilli. 

The phenolic group in capsaicin reduces phosphomolybdic acid to lower acids of 

molybdenum. The resulting component is blue in colour and is read at 650nm. The 

colour intensity is directly proportional to the concentration of capsaicin. 

Dry chilli powder of O.5g was mixed with 10 ml dry acetone in a volumetric 

flask and shaken in a mechanical shaker for 3 h. One ml of the clear supernatant was 

taken into a test tube after centrifuging at 10000 rpm for 10 minutes and evaporated to 

dryness in a hot water bath. The residue was dissolved in 5ml of 0.4% sodium 

hydroxide solution and 3 ml of 3% phosphomolybdic acid was added to it. After 1 
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hour, the solution was fiJtere~ followed by centrifuging at about 5000 rpm for 10-IS 

minutes. Absorbance of the solution was measured at 650nm with the help of 

spectrophotometer. The sample \\lith the highest optical density was considered to be 

containing more cap~aicin and hence more pungent (Thimmaiah. 1999). 
• • 

4.4.6 Sensory evaluation 

Sensory evaluation was carried out by a panel of ten judges of different age 

groups, having different eating habits. Different attributes viz. colour, texture. flavour 

and overall acceptability were rated on the basi9 of a 9-point Hedonic scale (SIS 

1972), ranging from I (most undesirable) to 9 (most desirable). 

4.5 Storage Experiment 

4.5.1 Moisture sorption study 

Fresh and dried slices of both green chilli and sweet' pepper were exposed to 

• seven levels of relative humidities (10.8 to 74.3%) using static method. Various super 

saturated salt solutions of different relative humidities viz. Lithium chloride (10.8%), 

Potassium acetate (21.6%), Magnesium chloride (31.8%), Potassium carbonate 

(43.6%), Sodium nitrite (62.8%), Sodium chloride (74.3%) were taken in glass 

desiccators and placed in an incubator at 35°C constant temperature to provide 

required constant relative humidities. 

Samples of known weight and moisture content were placed in petridishes and 

thesuishes were p-Iaced on a plastic platform inside th!_i1esiccators to 3lvoid direct 

contact between samples and salt solutions. The weight of the samples were taken 

periodically until constant weight. The moisture content of samples were determined. 

All the experiments were replicated two times and the average of two values were 

taken. The equilibrium moisture contents were determined both in desorption and 

absorption conditions at 35°C and isotherms were plotted lIsing the experimental data. 
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Fig. 4.9 Spectrophotometer 

Fig. 4.10 Desiccators "\lith sample inside the incubator 
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4.5.2 Paokaging and storage of dehydrated product 

Dehydrated green chilli and sweet pepper were put in pouches (12 x 10 cm) 

made from Poly Propylene (PP) of 37J.lm and Metallis~d Polyester Polyethylene 

(MPP) of 12J.1m and heat sealed. The ~ealed packs were stored under ambient 

condition (27±5°C, 65±8% RH,) for 6 months. The stored packs were visually 

evaluated for surface colour, texture and mould attack and analysed for rehydration 

ratio, moisture, chlorophyll and ascorbic acid (in case of sweet pepper) or capsaicin 

content (in case of chilli) after J!very 2 months storage interval. 

4.6 Data Analysis 

In order to conduct the experiments in a systematic and efficient manner and 

keeping in view the levels of independent and dependent variables, the experiments 

were planned on two factorial completely randomised design (CRD). Data obtained 

from the experiments were analysed by using computer software 'MS Excel' and . 
'Curve Expert ' . The effects of drying air temperature and pre-treatment on quality of 

the dehydrated product were analysed statistically through two way analysis of 

variance (ANOV A). 
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CHAPTERV 

RESUL TS AND DISCUSSION 



RESULTS AND DISCUSSION 

This chapter deals with the results obtained from ditTerent experiments 

conducted during this investigation. The results were analysed to study the 

performance of heat pump dryer (HPD) as compared to hot air dryer (HAD) based on 

energy consumption. The drying characteristics of green chilli ~nd sweet pepper were 

studied. The effect of drying and storage conditions on quality parameters of the 

dehydrated products were also determined to optimize the drying conditions. 

5.1 Performance of Heat Pump Dryer 

5.1.1 No load condition 

The change in air temperature and relative humidity for heat pump (refrigerant 

flow in the internal condenser) and refrigeration mode (refrigerant flow in the external 

condenser) of operation with recirculation of drying air (closed air circuit) under no 

load condition is shown in Fig. 5.1. Initially, the relative humidity of air decreased 

rapidly due to dehum idification of air at the evaporator surface in both the mode of 

operation. After 20 minutes of operation, the relative humidity of air in refrigeration 

mode increased gradually due to the lowering of drying air temperature and attained a 

constant value of 46%. But in the closed air circuit heat pump mode, the relative 

liUiTIidlty continuedtO decrease ataSlower rate ana attaineda constantValuc'Of 190.4. 

The temperature of air decreased continuously to a constant value of 22°C in 

refrigeration mode, whereas increased to 41°C in heat pump mode of operation. So, 

the drying air temperature and relative humidity in the closed air circuit heat pump 

mode attained a value of 41 °C and 19% from an ambient value of 32°e and 72%, 

respectively under no load condition after 90 minutes of the dryer operation. 

Medium range of temperatures (30-41°C) for safe drying of heat sensitive 

crops were achieved experimentally in the heat pump dryer. Dehumidification system 

of the heat pump dryer maintained the relative humidity of air entering the drying 

chamber below 40%. 



The achieved drying air temperature, relative humid)ty, suction and delivery 

pressure in the heat pump dryer under different operating conditions and mode of 

operation is given in Table 5.1. 
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Fig. 5.1 Variation io drying air temperature and relative humidity 
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~ble 5.1-Achieved {frying air-tempeAture; relative-humidity~ suction and 
delivery pressure in the heat pump dryer under different operating 
conditions 

Achieved drying Suction Delivery 
Refrigerant Mode of Operating air condition 

operation condition Temperature RH 
pressure pressure 

(oq {%} 
(kPa) (kPa) 

Refrigeration Closed air 22 46 138 15~5 

Refrigeration Open air 25 42 151 1720 
R22 

Heat pump Closed air 41 19 [79 1999 

Heat pump Open air 35 43 198 2084 
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The suction and delivery pressure in case of heat pump mode were fOl!nd to be 

179 and 1999 kPa in closed air circuit (with recirculation of drying air) and 198 and 

2084 kPa for open air circuit operation (ambient air entering the dehumidifier unit and 

leaving at dryer outlet without recirculation), respectively. The higher suction 

pressure in open air circuit operation as compared to closed air circuit may be due to 

higher coo,ling load of ambient air on the evaporator leading to superheating of . 
refrigerant vapour and this increases the load on condenser. Both the suction and 

delivery pressure were higher when operated under heat pump mode as compared to 
• 

refrigeration mode which might be due to improper condensation at the internal 

condenser. 

5.1.2 Loaded condition 

Temperature profile 

The temperature profile of dryer inlet and outlet air in closed circuit heat pump 

mode under loaded condition is shown in Fig. 5.2. The initial phase is marked by a 

drop in temperature during the early hours followed by rapid rise between the 2nd and 

lOth hours, after which the temperature was almost stable. Initially the material was 

wet and cool. The decrease in inlet air temperature at the initial stage of drying might 

be due to the uti lization of most of the heat transferred at the evaporator surface for 

dehumidification purpose. The air temperature at the inlet and outlet of the drying 

chamber decreased initially, after which increased and reached an asymptote at 41°C. 

T-he--temperature-varied-between -JS and 4OCCIOL.theJirsf 10 hours duriryg_which 

period almost 40% of the drying took place. Most of the latent heat recovered during 

the early stages of the process was rejected at the secondary condenser. As the drying 

progressed, most of the heat exchanged at the evaporator is sensible heat and the 

temperature of the air entering the drying chamber increased gradually. The results 

were s imilar to the findings ofSosle et al. (2003). 

The exhaust drying air temperature was less than that of the inlet air 

temperature as part of the heat was utilized for raising the temperature of product and 

its associated water. As the product became drier with less water content at the later 

part of drying, the difference between inlet and exhaust drying air temperature 

decreased. 
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Relative humidity profile 

The relative humidity of inlet and exhaust drying air increased initially to 48 

and 61 %, respectively from an initial value of 19% after 2h of drying and decreased 

subsequently. with drying time as product became drier (Fig. 5.3). T,he difference 

between exhaust and inlet air relative humidity was more initially due to loss of water 

from the wet product. The rel~tive humidity of drying air at the exit of the drying 

chamber decreased almost exponentially from an initial value of 61 % down to 25% 

by the end of drying. The initial high moisture content of the material and low . . 
temperature of drying air resulted in higher initial relative humidity of the drying air. 

The air became drier due to the onset of faUing drying rate period as reported by 

Adapa el al. (2002). The ambient relative humidity value ranged from 55-80%. 

The air temperatures at the evaporator outlet were ranged from 15 to 18.5°C. 

The evaporator and condenser surface temperatures were ranged from -16 to -20°C 

and 45 to 49°C, respectively. The variation of these temperatures might be due to 

variation of exhaust and ambient air conditions with drying time. The variation in 

evaporator and condenser surface temperature with drying time is shown in Fig. 5.4. 

5.1.3 Specific moisture extraction rate 

The energy consumption and specific moisture extraction rates (SMER) 

calculated for different drying air temperatures are given in Table 5.2. The SMER 

value increased with increase in drying air temperature due to more drying potential 

of higlrtemperature-air (Fig. 55):-Speeific moisture-extractien -rate for-1leat pUmp--­

dryer for drying sweet pepper at 40°C was found more (1.1 kglkWh) than hot air 

dryer (0.93 kglkWh) while operating at 45°C. This might be due to lesser energy 

requirement and higher drying potential of low relative humidity air in heat pump 

dryer. The heat pump dryer was found to have a specific moisture extraction rate 

between 0.55 and 1.10 kglk Who The SMER generated agrees with works by Adapa el 

o/. (2002). 
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Energy consumption fo~ heat pump dryer for 24 hours of operation was found 

less (4.48-5.05 kWh) than the hot air dryer (5.65-9.6 kWh) white operating under 

different drying conditions. It was also observed that the variation of energy 

requirement (for 24h· of operation) in heat pump dryer at different drying air 

temperatures was not much (at low drying air temperatures) as the compressor was to 

operate for same duration of time leading to almost equal energy consumption and the 
. 

excess heat was rejected at the external condenser. The higher energy requirement at 

65°C in hot air dryer might be due to more time of operation of the heater controlled 

by thcrll1o~ta t to mailltain the high drying air tempera'ture in the drying chamber. 

Table 5.2 Comparison of energy consumption, MER and SMER at different 
temperatures in bot air dryer and heat pump dryer 

Drying air Energy consumption for 
MER SMER 

Dryer temperature 24b of operation 
(kg/h) (kg/kWh) {oq {kWh} 

HPD 30 4.48 0.103 0.55 

35 4.84 0.148 0.74 

40 5.05 0.232 1.10 

HAD 45 5.65 0.218 0.93 

55 8.4 0.37 1.06 

-6 9.u -- -O.6J8 1.,)5-.. 

5.2 Drying Characteristics 

The main aim of this investigation was to determine the effect of drying air 

condition and pre-treatment on total drying lime, drying rate, moisture ratio and 

quality parameters such as chlorophyll, ascorbic acid and capsaicin content. Drying 

experiments were conducted on green chilli and sweet pepper in the fabricated heat 

pump dryer (HPD) at 30. 35 and 40°C and hot air dryer (HAD) at 45, 55 and 65°C. 

The experimental data were fitted to drying equations. 
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5.2.1 Effect of drying air temperature 

Moisture content vs drying time 

Air temperature has Sin important effect on the drying of chilli. Increase in 

drying air temperature was observed to increase the drying rates, which decreased 

total drying times. 

Variation in moisture content with drying time at each of the drying air 

temperatures of 30, 35 and 40°C in HPD and 45, 55 and 65°C in HAD for green chilli 

and sweet pepper control samples are shown in Figs 5.6 through 5.9. From the plot of 

moisture content against drying time, it is clearly evident that drying time decreases 

with increase in drying air temperature from 30 to 65°C. 

It was observed from all the figures that the moisture content of green chilli 

and sweet pepper slices reduced exponentially with drying time. These curves 

followed the general trend of drying curves as reported for many food materials 

(Ahmed and Shivare, 200 I). As the temperature increased, the drying curve exhibited 

a steeper slope, thus exhibiting an increase in drying rate. Total drying time required 

to dehydrate .chilli and sweet pepper under different drying conditions and 

pretreatments are given in Table 5.3. 

The HPD when operated with drying air temperature at 30°C took 34 hours to 

reduce the moisture content of green chilli from 52 I. I to 6%(d.b.) while HAD at 65°C 

took only 5 hours. Heat-puffijHiryi~-chilli-at 30°C took the longest time with 

lower drying rates. Similarly it took 36, 25 and I6h at 30, 35 and 40°C in HPD and 

17, 10 and 6h at 45, 55 and 65°C in HAD, respectively to dry sweet pepper from 

J 452.8 to J 0% m.c.(d.b.). This shows a significant reduction in drying time with 

increase in drying air temperature which is stated by many researchers for different 

agricultural commodities. Similar trends were also observed with treated and 

blanched samples dried in different drying air temperatures (Table 5.3). 

The declining trend of total drying time with increase in temperature is due to 

(i) increase in vapour pressure within the product with increase in temperature which 

results in faster migration of moisture to the surface and (ii) decrease in relative 

humidity of drying air with increase in temperature that enhances the moisture 

removal rate from the product surface. It was also evident from the results thaC for 
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10°C rise in air temperature in heat pump dryer from 30 to 40°C (at lower temperature 

range), the total drying time for chilli reduced drastically by 19 hours. However, this 

re9uction was much less (3 hours only) when air temperatu!e was raised from 5S to 

65°C in HAD (at higher temperature range): It was also evident from the results that 

the increase in air temperature from 30 to 40°C reduced the drying time from 30 to 

I3h ·for treated sample, whereas this reduction was from 32 to 14h in steam blanched 

green chilli samples. Hence, it shows a pronounced reduction in total drying time with 

rise in temperature at lower levels. Case hardening and shrinkage of the slices due (0 

initial higher drying rate at higher temperature may be the reasons for the same. 

Table 5.3 Total time (hours) required to dry up to EMC for both chilli and sweet 
pepper at different temperatures of drying 

Product Sample 

Chilli Control 

Treated 

Blanched 

Sweet pepper Control 

Treated 

Blanched 

30°C 

34 

30 

32 

36 

32 

34 

HPD 

35°C 

24 

22 

22 

25 

22 

23 
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40°C 

15 

13 

14 

16 

14 

15 

45°C 

16 

14 

14 

17 

15 

16 

HAD 

55°C 

8 

7 

7 

10 

9 

10 

65°C 

5 

5 

5 

6 

5 
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Drying rate vs moisture content 

Variation of drying rate as a function of moisture content at different drying 

air temperatures and pretreatments for both chilli and s\yeet pepper samples are shown 

in Figs. 5.10 through 5.13. 

Drying of green chilli and sweet pepper took place mainly under falling-rate 

period. During this period the migration of moisture occurred through the mechanism 

of diffusion. These results are in agreement with the observations of earlier 

researchers (Lahsasni el dl., 2004). As the drying of chilli and sweet pepper slices 

occurred at ~eJatively faster rate, amount of water available at the surface soon 

became inadequate to maintain the supply and the rate rapidly declined to a value 

controlled by liquid diffusion within the slices. These results are in agreement with 

the observations 0 f earl ier researchers. 

The peak drying rates of chilli and sweet pepper for different drying 

conditions is given in Table 5.4 . The peak drying rates of 221.4, 182.1 and 99.8% 

m.c.(d.b.)1h at 465.8, 475.6 and 496.2% m.c.(d.b.) were found while drying chilli at 

65, 55 and 45°C, respectively. Similarly the peak drying rate for sweet pepper was 

found to be 637.3% m.c.(d.b.)1h at a moisture content of 1134.2% d.b. with 65°C 

drying air temperature in HAD as compared to 229.7% m.c.(d.b.)/h at 1337.9% 

m.c.(d.b.) in HPD at 30°C. The drying rate increases considerably with increase in 

drying air temperature. Thus, a higher drying air temperature produced a higher 

drying rate and consequently faster reauctton inmoisture content 

It was noted that by increasing the temperature from 30 to 65°C, the increase 

in peak drying rate was 155.2% m.c.(d.b.)/h for chilli, whereas 407.6% m.c.(d.b.)/h 

for control sample of sweet pepper. 

The final moisture content attained by control samples under different drying 

air temperatures 'Nere ranged from 5.18 to 6.87% d.b. for green chilli, whereas 9.79 to 

10.96% d.b. for sweet pepper with the higher value for lower drying air temperature 

(Table 5.5). The final moisture content was observed to be less at higher drying air 

temperature which might be due to lower relative humidity of drying air at higher 

temperature since the absolute humidity of drying air was maintained relatively 

constant for all the drying experiments. 
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« 
Table S.4 Peak drying rates for chilli and sweet pepper at different 

temperatures of drying 

Drying Chilli Sweet pepper 

Sample Temp M.C. Drying rate M.C: Drying rate 
(0C) {% d.b.} {%m.c.{d.b.}1b {% d.b.} {%m.c.{d.b.)1b 

Control 30 • 488.0 66.2 1337.9 229.7 

35 483.5 75.1 1309.9 285.8 

40 470.3 101.6 1285.5 334.7 

45 496.2 99.8 1288.3 328.9 

55 475.6 182.1 1169.5 566.6 

65 465.8 221.4 1134.2 637.3 

Treated 30 611.3 84.5 1562.3 184.2 

35 588.9 129.4 1547.6 213.5 

40 558.3 190.6 1381.9 545.0 

45 586.1 134.9 1473.3 362.2 

55 539.4 228.3 1315.3 678.2 

65 564.5 356.3 1 t 9 1.5 925.8 

Blanched 30 516.9 63.3 1365.3 284.8 

35 5034.-- 9Q.2 1308.1 '399.3 

40 483.4 130.1 1273.1 469.3 

45 501.9 93.3 1318.9 377.7 

55 462.0 172.9 1222.6 570.2 

65 444.7 207.7 1173.7 668.0 
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Table 5.5 Final moisture contents of both chilli and sweet pepper at differ!!nt 
temperatures of drying 

HAD HPD 
Product . Sample Initial 

30°C 35°C 40°C 45°C 55°C 65°C 

Chilli Control 521.1 6.87 6.1 5.92 5.87 5.60 5.18 

T-reated 653.58 6.27 6.02 5.54 6.01 5.16 4.98 

Blanched 548.51 5.73 5.56 5.27 5.92 5.59 4.92 

Sweet 
Control 1452.79 10.96 10.71 10.59 10.49 10.09 9.79 

pepper 

Treated 1654.38 10.79 10.13 9.02 10.07 9.27 10.12 

Blanched 1507.72 10.99 10.61 10.22 10.51 10.37 9.82 

5.2.2 Effect of pretreatment 

The average initial moisture content of control, treated and blanched samples 

were 521.1, 653.6 and 548.5o/od.b. for green chilli and 1452.8. 1654.4 and 

1507.7%d.b. for sweet pepper samples, respectively. It can be observed from Table 

5.3 that the total drying time required for complete drying of treated and blanched 

samples is less as compared to control. The decrease in total drying time due to 

treatment is more at lower temperature Jevel, but at higher temperature level the 

difference is not significant. 

Variation in drying rate with moisture content in case of pretreated samples for 

chilli and sweet pepper dried at 65 and 40°C is shown in Figs 5.14 through 5.17. The 

peak drying rates were found to be 221.4% m.c.(d.b.)/h at 465.8% m.c.(d.b.), 356.3% 

m.c.(d.b.)/h at 564.5% m.c.(d.b.) and 207.7% m.c.(d.b.)/h at 444.7% m.c.(d.b.) for 

control. treated and blanched chilli samples dried at 65°C, respectively. 

The treated samples had higher drying rates and faster moisture removal due 

to disruption of its matrix and possible loss of soluble solids during blanching, 

resulting in the easier diffusion of moisture from the core of the product (McMinn and 

Magee, 1999). Same results were also obtained by Ahmed and Shivare (200 I) during 

drying of green chilli . Though the treated samples had more drying rates initially at 

higher temperature level of 65°C in hot air dQ'er, the drying rates were more or less 
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same for all the samples at the later part of drying. This might be due to case 

hardening in all the samples at higher drying air temperature limiting the movement 

of moisture from inside. 
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better than Lewis eq'Uation to describe the thin-layer drying of green chilli and· sweet 

pepper. Similar findings were also reported by Hossain and BaJa (2002). 

The .rate constant, K, which is a measure of the drying rat~, significantly 

increased (P=O.05) with the drying air temperature resu1ting in substantial reduction in 

total drying time. Pre-treatment, in general, resulted in enhancing the drying rate as 

indicated by greater values of the rate constant, K (Tables 5.6and 5·7). . 

Table 5.6 Drying parameters of Lewis and Page model for chilli under different 
drying conditions 

Drying Lewis Page 
Sample Dryer Temp 

R2 RM R2 (OC) K A' SE K n' 

Control HPD 30 0.17 1.94 0.74 1.70 0.11 LOO 0.96 

35 0.24 2.08 0.75 1.52 0.14 1.04 0.96 

40 0.43 2.92 0.75 1.82 0.16 1.19 0.94 

HAD 45 0.47 2.90 0.81 1.77 0.15 1.22 0.96 

55 1.03 3.48 0.81 2.20 0.35 L28 0.95 

65 2.11 5.05 0.84 2.73 0.55 1.58 0.96 

Treated HPD 30 0.17 1.55 0.85 1.03 0.12 1.01 0.97 

----35 (}:2-9- 2.18 -0.76 -1.16- '0.18 _j..Q.Q_ 0~94 

40 0.53 2.10 0.80 1.77 0.32 1.08 0.95 

HAD 45 0.52 2.95 0.81 1.94 0.16 1.27 0.95 

55 1.26 4.98 0.81 2.45 0.31 1.49 0.93 

65 1.78 3.35 0.86 2.16 0.66 1.38 0.96 

Blanched HPD 30 0.19 2.19 0.71 2.00 0.09 1.06 0.95 

35 0.35 3.26 0.74 2.15 0.13 1.14 0.95 

40 0.57 3.25 0.75 2.33 0.24 1.16 0.94 

RM 
SE 

0.30 

0.27 

0.34 

0.36 

0.4 

0.42 

0.23 

{L12 

0.28 

0.37 

0.43 

0.39 

0.34 

0.34 

0.32 

HAD 45 0.5.1 3.40 0.73 2.43 0.12 1.29 0.93 0.47 

55 1.16 4.62 0.77 2.57 0.28 1.46 0.91 0.49 

65 2.26 8.29 4 0.83 3.15 0.91 0.22 0.91 0.62 



Table 5.7 Drying parameters of LewiS and Page model for sweet pepper under 
different drying conditions 

Drying Lewis Page 
Sample • Dryer Temp 

R2 RM 
K R2 (0C) K A' SE 0' 

Control HPD 30 • 0.20 1.69 0.78 1.94 0.16 0.99 0.97 

35 0.33 2.10 0.79 1.96 0.22 1.04 0.97 

40 0.64 5.64 0.72 3.H 0.21 1.16 0.93 

HAD 45 0.49 2.94 0.75 2.62 0.20 1.18 0.96 

55 0.94 3.26 0.85 2.02 0.42 1.22 0.97 

65 1.76 4.68 0.87 2.37 0.53 1.54 0.97 

Treated HPD 30 0.23 2.15 0.84 1.59 0.10 1.15 0.98 

35 0.4;2 3.97 0.79 2.31 0.1 J 1.30 0.97 

40 0.74 2.56 0.87 1.85 0.42 1.13 0.97 

HAD 45 0.69 4.46 0.77 3.00 0.21 1.25 0.95 

55 1.29 4.95 0.88 2.16 0.44 1.37 0.98 

65 2.29 5.99 0.85 3.03 0.69 1.54 0.94 

Blanched HPD 30 0.20 1.60 0.82 1.62 0.18 0.96 0.97 

35 0.37 2.4:;-Q.7TL:1 ( 0:25 (T.99 0:95 

40 0.65 3.00 0.82 2.10 0.37 1.08 0.96 

HAD 45 0.51 2.55 0.77 2.39 0.25 1.14 0.96 

55 0.94 4.28 0.79 2.54 0.36 1.23 0.94 

65 2.06 8.13 0.80 3.59 0.51 1.57 0.94 

The Page model can be used to estimate the moisture content of chilli and 

sweet pepper at any time during the drying process at different temperatures with an 

acceptable accuracy. Validation of the selected model was made by comparing the 

computed and measured values of moisture contents in all drying runs as shown in 

Figs. 5.26 and 5.27. It is observed that consistency of fitting the drying data into this 

modei is very good for all the experimental drying air temperatures. 
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.. 

Characteristic drying curve 

The dimensionless drying rate versus moisture ratio are plotted at different 

drying air conditions to represent the characteristic drying curves which are s~own in . 
Figs. 5.28. and 5.29. These figures show that all drying curves obtained with the 

moistijre ratio and dimensionless drying rate for different tested conditions, are fairly 

close together, indic~ting that the effect of variation in different conditions jS'small 

over (he range tested. A polynomial model was found to best fit the dimensionless 

experimental data. Similar results are obtained l1y Lahsasni el al. (2004) for prickly 

/pear cladode. 
! 

\ For chilli 

f dr== 2.6292 MR4 - 4.2634 MR3 + 1.9955 MR2 + 0.5965 MR + 0.0359 (5.1) 

(R2:::: 0.969) 

For sweet pepper 

fdr == 2.2984 MR4 - 3.923 MR3 + 1.8382 MR:! + 0.7782 MR + 0.9069 (5.2) 

where, 

fdr :::: Dimensionless drying rate 

MR = Moisture ratio 

.5.2.4 Comparison between bot air and heat pump dryer 

(R2 == 0.985) 

Drying in heat pump...dryer .atA~ took less time compared to hot air drying 

at 45°C for both green chilJi and sweet pepper. This may be due to the low relative 

humidity of the drying air in heat pump dryer though the drying air temperature is 

less. 

Initially, the drying rate was observed to be more in HPD at 40°C but at the 

later part of drying, it was more in HAD at 45°C (Figs. 5.30 and 5.31) . This indicates 

that the effect of low relative humidity of air in HPD is prominent during the initial 

period of drying when the product is moist. The effect of temperature is observed to 

be prominent at the later part of drying which acts as a driving force for moisture 

diffusion. 
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5.3 Quality Paramett!rs of Dehydrated Product 

5.3.1 Dehydration ratio and rehydration ratio 

The dehydration ratios of control chilli samples were observed to be varied 
, 

from 5.9 to 6.) at all the drying air temperatures and that of sweet pepper ranged from 

[5.0 to 15.4 with the higher values for higher drying air temperatures (Table 5.8) . . 
The dehydration ratio is less in control sample due to higher value' of residual 

moisture content after drying which adds to the weight of the sample. The same effect 

I is also reported by Gupta el 01. (2006) fo'r tomato slices. The dehydration ratios of 

\ treated samples were observe~ to be highest for both chilli and sweet pepper owing to 

higher initial moisture content and removal of outer waxy skin due to lye treatment 

which promotes moisture removal during drying (Figs. 5.32 and 5.33). 

Table 5.S Mean values of debydration ratio for chillj and sweet pepper dried in 

different conditions 

UPD HAD 
Product Sample 

30°C 35°C 40°C 45°C 55°C 65°C 

Chilli Control 5.9 6.0 6.1 6.0 6.0 6.1 

Treated 7.0 7.1 7.2 7.1 7.2 73 

Blanched 6.0 6.1 6.2 6.1 6.3 6.4 

---- -

Sweet pepper Control 15.0 15.1 15.2 15.1 15.3 15.4 

Treated 17.0 17.1 17.2 17.0 17.2 17.3 

Blanched (5.8 (5.8 15.9 15.8 15.9 16.0 
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The rehydration ratios ranged from 3.9 to 4.5 for chilli, whereas 6.5 to 7.2 for 

sweet pepper control samples (Table 5.9). The rehydration ratios were observed to be 

more in heat pump dried product at lower drying air temperature as compared to hot 

air dried product. This might be due to the structural change to the prod~ct at higher 

drying air temperature that inhibit proper reconstitution. The rehydration ratios of 

cOhtrol, treated and blanched defiydrated sweet pepper samples obtained from drying 

at 30°C were observed to be 7.2, 7.5 and 6.3, respectively. The rehydration ratios of 

chilli and sweet pepper were observed to be highest for treated sample and lowest for 

blanched sample at all the drying air temperatures (Figs. 5.34 and 5.35). The elasticity 

of cell walls and swelling power, \\:,hich are important for good rehydration were 

reduced during blanching, hence the lower rehydration ratios of blanched samples. 
~ 

f The results were similar to the findings of Rama and John (2000) for dried 

mushrooms. The higher rehydration ratio of treated sample may be attributed to the 

retention of pore structure due to presence of salt and removal of outer waxy skin due 

to lye treatment which promotes moisture uptake during rehydration. The variation of 

rehydration and dehydration ratios with temperature and treatment were observed to 

be significant at 5% level (Tables 5.13 and 5.14). 

Table 5.9 Mean values of rehydration ratio for chilli and sweet pepper dried in 
different conditions 

Product Sample 
30°C 

Chilli Control 4.5 

Treated 4.8 

Blanched 3.8 

Sweet pepper Control 7.2 

Treated 7.5 

Blanched 6.3 

HPD-~- ~-

35°C 

4.4 

4.6 

3.7 

7.0 

7.3 

6.2 

92 

40°C 

4.2 

4.5 

3.7 

6.9 

7.3 

6.2 

45°C 

4.1 

4.4 

3.5 

6.8 

7.1 

6.0 

55°C 

4.0 

4.2 

3.5 

6.6 

7.0 

5.9 

65°C 

3.9 

4.2 

3.4 

6.5 

6.8 

5.8 
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5.3.2 Total cblor'opbyll content 

Total chlorophyll content of sweet pepper reduced from an initial value of 103 

to 66 mg/I OOg d.b. in hot air dryer at 65°C and to 96 mg/I OOg d.b. in heat pump dryer 

at 30°C (Table 5.10). It was observed that chlorophyll content of final dried product 

decreased with increase in drying air temperature which might be due to the 

temperature sensitivity of the pigment. The investigation by Nindo l!I af. (2003) also 

showed that particles of asparagus tips that were tray dried at 60°C found to be the 

least green. The chlorophyll content of treated samples were observed to be at par 

with control but the blanched samples showed a significant loss of chlorophyll (Figs. 

5.36 and 5.37) which might be due to change of the pigment to an olive green colour 

... _...during steam blanching at higher temperature. Steam blanching alone followed by hot 

air drying produced a pale green product since the heat labile chlorophyll degraded to 

pheophytin a and b due to loss of magnesium ion(Mg ++). Similar observation was 

reported by Rocha el af. (1993) while studying the dehydration of basil leaves. 

The same behaviour was also observed in case of green chilli which showed a 

decrease in total chlorophyll content from an initial value of 79 to 73 mg/IOOg d.b. at 

30°C in HPD and to 45 mg/IOOg d.b. at 65°C in hot air dryer. The chlorophyll 

contents of chilli dried at 65°C were observed to be 45. 44 and 33 mg/lOOg d.b. for 

control, treated and blanched samples, respectively. 

Table 5.10-Mean~values-of total dlloropbyJl co_tent (mgl100g d. b.) for chilli and 
sweet pepper dried in different conditions 

Product Sample 

Chilli Control 

Treated 

Blanched 

Sweet pepper Control 

Treated 

Blanched 

30°C 

73 

72 

63 

96 

95. 

81 

lIPD 

35°C 

71 

71 

60 

93 

92 

79 

94 

40°C 

67 

65 

55 

89 

89 

76 

45°C 

64 

63 

53 

86 

87 

72 

HAD 

55°C 

57 

55 

47 

78 

77 

66 

65°C 

45 

44 

33 

66 

64 

55 
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Drying of both chilli and sweet pepper in hot air dryer at higher temperatures 

reduced considerably the green colour of dried product . Among the various pre­

treatments, blanching in solution containing 0.5% lye and 0.25% magnesium 

carbonate at 95°C for 2 minutes resulted in minimum loss of chlorophyll. Clydesdale 

and Francis (1968) also found that blanching of spinach in a solution of MgC03 

increased the fonnation of chlorophyllides and d~creased the conversion of both 

chlorophyll and chlorophyll ides into pheophytins and pheophorbides, respectively. 

Chin and Dudek (19~8) suggested to maintain an alkaline pH and high concentration 

Qt magnesium in the environment during blanching to stabilize chlorophyll in 

p~ocessed vegetables . 
.". 

;6.3.3 Ascorbic acid content 

The ascorbic acid content of control sweet pepper samples decreased from an 

initial value of (060 to 337 mgllOOg d.b. when dried at 35°C in heat pump dryer and 

to 174 mg/IOOg d.b. in hot air dryer at 65°C (Table 5.11). From Fig 5.38, it was 

observed that the ascorbic acid content of dried green sweet pepper decreased with 

increase in drying air temperature for all the samples because of its temperature 

sensitiveness. The retention of ascorbic acid was highest in heat pump dried samples 

and least in samples dried in HAD at higher temperatures. Nindo et af. (2003) stated 

that heated air inherently exposes products to oxidation, thus reducing the total 

ascorbic acid content of dried asparagus. 

Ascorolc acid content of sweetpepper-sampfes-dried -at 30°C in HPD was­

found less than that obtained at 35°C. This may be due to the long drying time (32-36 

hours) that facilitates the oxidation of ascorbic acid content as reported by Nindo et 

al. (2003) for freeze dried asparagus. Jayaraman and Gupta (1995) also stated that 

slow drying methods like sun drying caused increase in loss of ascorbic acid. The 

combination of short drying time and less temperature drying is important for 

retention of ascorbic acid in dried sweet pepper. 

The ascorbic acid content of control, treated and blanched sweet pepper 

samples obtained from drying at 35°C in HPD were observed to be 337,364 and 459 

mg/l00g d.b., respectively. The retention of ascorbic acid was more ip blanched 

samples as compared to treated and control samples for all the drying air 

temperatures. This may be due to the inactivation of ascorbic acid oxidase durin$ 
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steam blanching'which is responsible for degradation of the vitamin. Vitamin C is 

highly water soluble and as there is no contact with water more amount of vitamin C 

is retained in blanched sample. Blanched products are more stable for ascorbic acid 

losses probably due to low oxygen atmosphere dufing stearn blanching and increased 

tocopherol which acts as anti-oxidant. Similar results were also reported by Ramesh el 

at. (200 I ) .. The ascorbic acid content of treated samples were observed to be less than 

that of blanched samples which might be due to leaching of the water soluble 

vitam ins during treatment. 
J 
1 

Table 5.11 Mean values of ascorbic acid content (mg/lOOg d.b.) for sweet / _ov. pepper dried in different conditions 

HPD HAD 
Product Sample 

30°C 35°C 40°C 45°C 55°C 

Sweet pepper Control 312 337 294 238 216 

Treated 338 364 320 256 232 

Blanched 423 459 387 372 306 

65°C 

174 

198 

217 
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Fig. 5.38 Effect of pre-treatment and drying air temperature on 
ascorbic acid content of dried sweet pepper 
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5.3.4 Capsaicin content 

The capsaicin content of chilli dried under different conditions as estimated in 

tenns of optical density are presented in Table 5.12. The results indicated that the 

capsaicin content of heat pump dried samples were higher than that of hot air.dried 

samples. 

The optical density was observed to be more when dried at 30°C in heat pump 

dryer indicating higher retention of capsaicin content at lower temperature. But there 

is no ap"refiable difference in capsaicin content of chilli dried at higher temperature 

range of 4q to 65°C for all the samples. Pordesimo er af. (2004) also reported that 

drying 7"'m1perature did not affect the concentration of total capsaicinoids in dried 

Jalapeno peppers. The lower value of optical density for treated and blanched samples 

as compared to control· indicated loss of capsaicin during treatment and blanching. 

Capsaicin content was observed to be less in treated samples probably due to the 

leaching loss of alkaloids during treatment. 

Table 5.12 Optical density of capsaicin extract of chilli dried in different 
conditions 

HPD HAD 
Product Sample 

30°C 35°C 40°C 45°C 55°C 

Chilli Control 0.633 0.616 0.583 0.569 0.567 

Treated 0.508 0.486 0.452 0.442 0.439 
---- -----

Blanched 0.584 0.566 0.525 0.5t.r- 0509 

Data analysis 

65°C 

0.564 

0.437 

0.508 

Two way analysis of variance was performed to estimate the variables that 

contributed significantly (P=5%) to the total drying time, dehydration raiio, 

rehydration ratio, total chlorophyll content, capsaicin content and ascorbic acid 

content. The variables considered were drying air temperature and pre-treatment. 

Tables 5.13 and 5.14 show the two way ANOV A results for quality attributes of dried 

chilli and sweet pepper, respectively. It is clear from the Tables that the two factors, 
• 

drying air temperature and pre-treatment are independent in their effects for all the 

quality attributes except that for ascorbic acid of sweet pepper. The calculated F 

values for all the properties are higher than tabular F values indicating significance of 
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the variables at 5% leve). So, drying air temperature as wei) as pretreatment both play 

significant role in influencing the quality parameters of dehydrated chilli and sweet 

pepper. 

Table 5.13 Two way ANOVA for quality attributes of green chilli 

df SS MSS Fea, Ftablc CDm Sem 
5% 

Total drying time 

Treatment ~ 21.555 10.777 9.2385 3.55 0.926 0.311 
J 

Temperature 5 3013.889 602.777 516.666 5 2.77 1.310 0.441 
\ 

I nt!;1'actlon 10 10.444 1.044 0.895ns 2.79 2.269 0.763 

~or 18 21 1. 166 

Dehydration ratio 

Treatment 2 8.986 4.493 367.636 5 3.55 0.094 0.032 

Temperature 5 0.330 0.066 5.400 5 2.77 0.134 0.045 

( nteraction 10 0.053 0.005 0.436ns 2.79 0.232 0.078 

Error 18 0.220 0.012 

Rehydration ratio 

Treatment 2 4.557 2.278 101.271 s 3.55 0.]28 0.043 

Temperature 5 ].234 0.247 10.975 5 2.77 0.182 0.061 

Interaction 10 0.079 0.008 0.353"5 2.79 0.315 0.106 

Error 18 ~.40S- 0012 --
Chlorophyll conteot 

Treatment 2 888 444 115.826 s 3.55 1.679 0.565 

Temperature 5 3362.667 672.533 175.443 s 2.77 2.374 0.799 

Interaction 10 13.333 1.333 0.347"S 2.79 4.113 1.384 

Error 18 69 3.833 

Optical density (for capsaicin cootent) 

Treatment 2 0.102 0.051 3511.030 s 3.55 0.003 0.0011 

Temperature 5 0.023 0.005 322.443 5 2.77 0.005 0.0016 

Interaction 10 0.0002 1.83E-05 1.252"5 2.79 0.008 0.0027 

Error 18 0.0003 1.46E-05 

5 significant ns not significant 
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Table 5.14 Two way ANOVA for quality attributes of green sweet pepper. 

df SS MSS Feal 
Ftab1e 

5~. 
COm Sem 

Total drying time 
• 

Treatment 2 21.555 10.777 9.238 s 3.55 0.795 0.267 

Temperatur~ . 5 3013.889 602.777 516.666 5 2.77 1.125 0.378 

Interaction 10 10.444 1.044 0.89505 2.79 1.949 0.656 

Error 18 21 1.166 

.- .. "--. Dehydration ratio 

Tr~tment 2 23.495 11.747 660.8125 3.55 0.114 0.038 

hem perature 5 0.392 0.078 4.412 s 2.77 0.161 0.054 

Interaction 10 0.037 0.003 0.21205 2.79 0.280 0.094 

Error 18 0.32 0.017 

Rehydration ratio 

Treatment 2 7.635 3.817 171.8 s 3.55 0.127 0.043 

Temperature 5 1.635 0.327 14.725 2.77 0.180 0.060 

Interaction 10 0.044 0.004 0.205 2.79 0.313 0.105 

Error 18 0.4 0.022 

Chlorophyll content 

Treatment 2 1293.056 646.527 192.355 s 3.55 1.572 0.529 

T eniperature._ 5 3424.806 684.961 203.790 s 2'.77 2.223 0.748 

Interaction 10 26.61 I 2.661 0.791"S 2.79 3.851 1296 

Error 18 60.5 3.361 

Ascorbic acid content 

Treatment 2 . 64261.556 32130.777 833.363 s 3.55 5.325 1.792 

Temperature 5 151076.560 30215.311 783.682 s 2.77 7.530 2.535 

Interaction 10 7090.444 709.044 18.390 s 2.41 13.043 4.390 

Error 18 694 38.555 

S significant 05 not significant 
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5.3.6 Sensory attributes 

The mean sensory scores for different quality attributes of dried chilli and 

sweet pepper are presented in Tables 5. I 5 and 5.16. From the organoleptic evaluatjon 

of dried chilli samples for their appearance, it was observed that heat pump dried 

samples at lower temperature were better than hot air dried product. Increase in drying 

air temperature from 30 to 65°C significantly decreased the c(olour score. The scores 

for texture, flavour and overall acceptability also decreased significantly with increase 

in drying air temperature from 30 to 65°C for all the samples. The dehydrated green 

chilti and sweet pepper obtained from different drying conditions and pretreatments 

-'Yare shown in Figs. 5.39 through 5.40 and Figs 5.42 through 5.43, respectively. 

The texture scores of control samples were more, whereas colour, flavour and 

overall acceptability scores were higher for treated samples of chilli as well as sweet 

pepper. Control samples showed uneven pale green patches whereas treated samples 

possessed an attractive shiny appearance with slight wrinkling on the pods. Treated 

samples obtained higher sensory scores followed by control and blanched samples. 

Steam blanching decreased the colour, texture, flavour and overall acceptability 

scores for both chilli and sweet pepper. 

Among the drying methods, HPD produced dried chilli and sweet pepper with 

higher greennesS/chlorophyll content compared to HAD. Chillies dried at higher 

temperatures wer~ comparatively less green. 

Rehydrated chilli and sweet pepper appeared slightly lighter in greenness as 

compared to fresh samples, but the product still looked excellent for use (Fig. 5.41 

and 5.44). 
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Table 5.15 Mean sensory scores for different qQality attributes of dehydrated 
chilli 

Sample Dryer 

Control .HPD 

HAD 

Treated HPD 

HAD 

Blanched HPD 

HAD 

Drying 
Temperature 

• 

30 

35 

40 

45 

55 

65 

30 

35 

40 

45 

55 

65 

30 

35 

40 

45 

S5 

65 

(0C) Colour 

8.1 

7.9 

7.5 

7.0 

6.4 

5.1 

8.6 

8.4 

8.1 

7.6 

7.2 

6.3 

5.5 

5.3 

5.0 

4.6 

4.2 

3.7 

Sensory score 

Texture 

8.0 

7.8 

7.3 

6.8 

6.4 

5.8 

7.7 

7.6 

7.2 

6.6 

6.3 

5.6 

4.5 

4.4 

4.3 

4.0 

3.5 

3.2 

Flavour 

7.9 

7.8 

7.4 

6.8 

5.8 

4.6 

8.3 

8.2 

7.8 

7.1 

6.0 

4.9 

4.5 

4.5 

4.4 

4.2 

3.8 

3.6 

Overall • 
accepta bility 

7.3 

7.2 

6.8 

6.5 

6.1 

5.5 

7.6 

7.5 

7.2 

6.8 

6.3 

5.6 

4.8 

4.7 

4.6 

4.2 

3.9 

3.5 

Each value of sensory score is average of ten observations in 9 point sca le 
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Table 5.16 Mean sensory scores for different quality attributes of debydrated 

Sample 

Control 

_ ... -
",.-- ' 

Treated 

Blanched 

sweet pepper 

Dryer 

HAD 

HPD 

HAD 

HPD 

Drying 
Temperature 

30 

35 

40 

45 

55 

65 

30 

35 

40 

45 

55 

65 

(0C) 

- -
HAD 

HPD 

30 

35 

40 

45 

55 

65 

Colour' 

8.0 

7.8 

7.4 

7.1 

6.3 

5.6 

8.3 

8.1 

7.7 

7.2 

6.8 

6.1 

5.6 

5.5 

5.3 

4.7 

4.1 

3.6 

Sensory score 

Texture 

7.5 

7.4 

7.1 

6.8 

6.7 

6.4 

7.2 

7.2 

6.9 

6.3 

6.2 

5.7 

5.2 

5.2 

4.8 

4.5 

4.1 

3.8 

. 
Flavour 

7.9 . 

7.7 

7.1 

6.0 

5.1 

4.2 

8.1 

7.9 

7.2 

6.2 

5.4 

4.5 

5.0 

4.8 

4.3 

3.9 

3.4 

3.0 

Overall 
acceptability 

7.5 

7.4 

7.1 

6.5 

5.8 

5.2 

7.7 

7.6 

7.3 

6.6 

6.0 

5.2 

5.7 

5.5 

5.0 

4.5 

4.1 

3.6 

-~-

Each value of sensory score is average often observations in 9 point scale 
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Fig. 5.39 Dehydrated green chilli obtained from different temperatures of drying 

Control Treated Blanched 

Fig. 5.40 Dehydrated green chilli obtained from different pretreated 
-- samples-dried-at 352C . 

Fresh Dried 

Fig. 5.41 Fresh, dried and rehydrated green chilli samples 
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Fig. 5.42 Dehydrated green sweet pepper obtained from different 
temperatures of drying 

Control Treated Blanched 

Fig. 5.43 Dehydrated sweet pepper obtained from different 
pretreated samples dried at 35°C 

Dried Rehydrated 

Fig. 5.44 Fresh, dried and rehydrated green sweet pepper samples 
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5.4 Storage Cbaracteristics of Debydrated Product 

5.4.1 Sorption study 

The experimental results for desorption and adsorption EMC of chilli and 

sweet pepper for different water activities at 35°C temperature are shown in Figs. 5.45 

and 5.46. The values for the EMC of chilli increased with the increase in ERH in both . . 
the adsorption and desorption processes at constant temperature of 35°C. Similar 

findings were also reported in case of chilli by Wesley el af. (2000). The sorption 
1 

...; Isotherms of chilli and sweet pepper showed the typical sigmoid shaped curve (Figs . 

../).45 and 5.46) .. 
( 

The equilibrium moisture content increased steadily above 49.2% relative 

humidity for chilli and 47.2% for sweet pepper as indicated by the inflexion point. So, 

8.08% m.c.(d.b.) was observed to be critical for chilli and 12.92% m.c.(d.b.) for sweet 

pepper. Thus, the product when stored at this RH and 35°C will be stable with respect 

to moisture loss or uptake. Above these relative humidity, the sample were moist and 

discoloured. The EMC of chilli at 35°C for adsorption and desorption were observed 

to be 5.13 and 5.32% (d.b.) at 10.8% ERR whereas 14.95 and 15.44% (d.b.) at 74.3% 

ERH, respectively. 

Generally, it is recognised that the product, which equilibriates to 70% RH and 

above is prone to rapid physico-chemical changes in the product. Hence, the moisture 

content.corresponding lo30%RH will be the critical mQisture ~ontent for dried chilli 

and sweet pepper product. At 70% RH, with an EMC of 13.67% (d.b.) for chilli and 

19.01% (d.b.) for sweet pepper, the product turned soft textured and developed mould 

growth. 

The adsorption and desorption isotherms exhibited the phenomenon of 

hysteresis. in which the desorption EMC was higher than adsorption EMC at all the 

equilibrium relative humidities. Kaleemullah and Kailappan (2004) obtained similar 

types of resu lts in case of red chilli. The hysteresis (desorption moisture content 

minus adsorption moisture content) existed over the entire ERH range. The hysteresis 

values started declining ~fter 63% ERH. 

Chilli samples were slightly brownish with few patches of chlorophyll at 

relative humidities higher than 63%, whereas sweet pepper samples turned black at 
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higher ERH. The samples had visible mould growth, musty smell at higher EIUI and 

hence, the samples were discarded. 
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Fig. 5.45 Adsorption and desorption isotherms of chilli at 35°C 
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5.4.2 Effect of storage period 00 quality attributes 

The quality attributes of dehydrated chilli and sweet pepper during storage for 

6 months are presented in Tables 5.17 and 5.18. Moisture content gf samples 

increased during storage due to ingress of atmospheric moisture. The increase in 

moisture content was less in sa01ples stored in Metallised Polyester Polyehtylene 

(MPP) as compared to Poly Propylene (PP). The moisture content of control chilli 

.... Ari.ed samples stored in PP and MPP pouches increased to 11.12 and 8.01% (d.b.), 
. . 

respectively after 6 months of storage. Lower moisture content of samples stored in 

MPP may be due to better moisture barrier property of MPP over PP. The total 

chlorophyll content of both dried chilli and sweet pepper decreased with storage 

period. However. the retention of colour in samples stored in MPP was better than PP 

pouches. No appreciable difference was obtained in case of capsaicin content of chilli 

stored in both the packaging materials. The rehydration ratio of both chilli and sweet 

pepper stored in MPP pouches were bener than that stored in PP pouches. Ascorbic 

acid content of sweet pepper showed a decreasing {rend during storage and its 

retention was observed to be more in samples stored in MPP pouches. 

The treated samples retained higher chlorophyll than control even after 180 

days of storage under ambient conditions. The chlorophyll content of treated chilli 

and sweet pepper dried samples stored in MPP pouches were found to be 61 and 79 

mg!l OO~b. after 6 months of storage which were closer to freshly dried sampl~s. 

The green colour of control sample was faded in some patches during storage. 

whereas light green colour was retained in treated samples. The capsaicin content 

decreased during storage in both the packaging materials. The ascorbic acid content of 

treated sweet pepper dried samples stored in PP and MPP pouches were observed to 

be 285 and 3 13 mg/I ~Og d.b. and for dried control sample 246 and 279 mgl lOOg d.b .. 

respectively after 6 months of storage. The retention of chloroph~ II and ascorbic acid 

content were observed to be more in treated samples as compared to control samples 

in both the packaging materials with less increase in moisture contenl. 

Quality attributes of treated samples retained well during storage in MPP 

pouch as compared to control samples. Therefore, MPP is recommended for safe 

storage of dried chilli and capsicum products. 

108 



Table S.17 Quality attributes of dehydrated chilli during sforage for 6 months 

QuaJity Control Treated 
attributes Storage period, month Storage period, month 

0 2 4 6 0 2 4 6 

Poly propylene 

Moisture 
6.10 7.92 9.64 

content 
11.12 6.02 7.75 9.33 10.87 

Rehydration 
4.40 4.29 4.14 3.99 4.60 4.46 4.30 4.12 

ratio 

'"' CtilorophylJ 71.0 58 48 41.0 71.0 63.0 58.0 50.0 
content 

.,;Capsaicin . 
0.616 0.607 0.581 0.543 0.486 0.464 0.435 0.416 

~ content 

Metallised Polyester Polyethylene 

Moisture 
6.10 6.69 7.35 8.01 6.02 6.58 7.24 7.98 

content 
Rehydration 

4.40 4.33 4.26 4.17 4.60 4.51 4.41 4.35 
ratio 
Chlorophyll 

71.0 65.0 57.0 49.0 71.0 68.0 65.0 61.0 
content 
Capsaicin 

0.616 0.609 0.585 0.546 0.486 0.466 0.436 0.419 content 

Table S.18 Quality attributes of dehydrated sweet pepper during storage 
for 6 months 

Control sample Treated sample 
Quality 

Storage period, month Storage period, month 
attributes 

0 2 4 6· 0 2 4 6 

Poly propylene 
Moisture 

10.71 11.58 12.75 14.54 10.13 11.05 12.49 13.93 content 
Rehydration 

7.00 6.80 6.61 6.39 7.30 7.02 6.76 6.57 ratio 
Chlorophyll 

93.0 77 63 55.0 92.0 86 77 68.0 content 
Asacorbic 

337 299 278 246 364 322 307 285 acid content 

Metallised Polyester Polyethylene 
Moisture 

10.71 11.12 11.96 12.61 10.13 10.86 11.73 12.35 
content 
Rehydration 

7.00 6.88 6.75 6.62 7.30 7.12 6.96 6.82 ratio 
Chlorophyll 

93 .0 86.0 76.0 67.0 92.0 89.0 85.0 79.0 content 
Ascorbic 

337 318 .. 296 279 364 344 329 313 acid content 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 
-- ---- - ----------



" 

SUMMARY. AND CONCLUSIONS 

Chilli (Capsicum aimuum L.) is a spice-cum-vegetable or commercial 

importance. It is the most widely used spice all over the world as a condiment, 

culinary supplement or as a vegetable and virtually an indispensable item in the 

kitchen. The wide popularity of chilli is due to its wide range of shapes and sizes and 

sensory attributes such as colour, pungency. taste and distinctive aroma that generally 

r:;;akc insipid bulk nutritive flesh and cereal foods more· appetizing. Both red and 

green chilli can be used as fresh but dried ~hilli are also used extensively. Sweet 

pepper also called as bell pepper or Paprika is the mild or non-pungent variety of 

chilli or capsicum. The green paprika is used as curried vegetable, salad and is one of 

the richest sources of ascorbic acid. India is the largest producer and exporter of chilli 

in the world. 

Green chilli has a delicious capsicum flavour in addition to the hotness, which 

adds zest to various food preparations. The fresh fruit is also used in salads, pickles 

and canned products. When eaten fresh with salads, it being rich in vitamins A and C, 

serves as a good vitamin supplement in addition to its being an appetizer. Thus green 

chilli is more nutritious than ripe, dried chilli as most of the vitamins are lost during 

drying. Besides, green chilli also contains an anti-cancer compound. 

The prices of cbilli are fluctuating during the year. They decline during post 

harvest season and increase in the off season. Preservation of these seasonal gluts 

permits seasonal products to become available round the year as well as prevents post 

harvest losses. As far as preservation of vegetables is concerned, drying is the most 

widely used method for reducing the water activity of the perishable commodities to 

the safe storage level to prevent microbial infection. Among the various dehydration 

techniques, hot air circulation around the commodity is commonly used. This 

technique is energy intensive and characterised by low drying efficiency specially 

during last phases of drying cycle. Selection of proper drying conditions is necessary 

for minimizing thermal stress, over-drying and maintenance of reievant compounds 

(chlorophyll, vitamin C, capsaicin) which determine the quality ofthe product. 

Thennal drying often conducted at high temperatures. The distinct aromatic 

odour, colour and pungency are seldom carried over to the processed products. The 



chemicals responsible for the delicate odours and attract\ve colours of spice­

vegetables are highly heat sensitive and are lost during dehydration. Further 

conventionally air dried products do not rehydrate satisfactorily because of structural 

changes in the product due to excess~ve thermal damage. So, emphasis has been laid 

on improving the rehydration characteristics and quality attributes of hot air 

dehydrated commodities by changing process variable~, using pre-drying treatments 

and low temperature processes . 

• ,., '--Thus drying at low temperature to enhance the quality of food products ~as 

been a growing interest in recent years. High value products, which are extremely r1 sensiti~e, are often freeze dried. However, this is an extremely expensive drying 

process. A dC)ling system that is both energy efficient ~nd preserves product quality is 

desired. Heat pumps have been known to be energy efficient when used in 

conjunction with drying operations. The principal advantages of heat pump dryers 

emerge from the ability of heat pumps to recover energy from the exhaust as well as 

their ability to control independently the drying air temperature and humidity. Many 

researchers have acknowledged the importance of heat pump dryers in producing a 

range of precise drying conditicns to dry a wide range of products and improve their 

quality. 

The literature available on dehydration of green chilli and sweet pepper is 

meager. Some researchers have studied the effects of pre-treatments and drying 

- carnfitiorrs- on drying characteristi.c.s__and _product quality. But the infonnation 
~ ----

pertaining to the effect of dehumidified air drying at near ambient temperature of 

fruits and vegetables in general and green chilli/sweet pepper in particular and its 

effect on product quality is scarce. 

Therefore, the present work was undertaken with the following objectives. 

I. To develop a dehumidified air dC)'cr using heat pump system 

2. To study the perfonnance of the developed heat pump dryer 

3. To study the drying characteristics of green chilli and sweet pepper 

4. To develop mathematical expressions for green chilli and sweet pepper dried 

in heat pump and hot air dryer 

5. To compare the quality attributes of dehumidified air dried product with that 

obtained from hot ail' dryer 
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6. To study the storability of dried green chilli and sweet pepper 

I 

Mathematical modeling of a heat pump assisted batch dryer has been 

jeveloped based on the heat and mass balance of refrigerant and drying air which is 

useful fOf design of the dryer. A laboratory model heat pump dryer with special 

features of variable drying air temperature and mode of operation was fabricated. The 

developed dryer consists of dehumidifier unit (evaporator, compressor, condenser. 

a.nd expansion device) and drying chamber. The dryer was operated with R22 

refrigerant to study the drying air condition and performance of the dryer. 

Thin-layer drying experiments under controlled conditions were conducted for 

green chilli and sweet peRper in two different types of tray dryers; (1) hot air dryer 
.." 

r '" and (2) heat pump dryer. Different combinations of air temperatures ranging from 30~ 
65°C and relative humidities ranging from ]9-55% were used in both the dryers. 

Fresh green chilli and sweet pepper used for the experiment were procured from the 

local market., sorted and washed properly. Green chillies were destalked manually and 

the cups, seeds and stems of sweet pepper were separated. These were then sliced into 

O.5cm thick slices using stainless steel knives. The samples were divided into three 

lots, one lot was steam blanched for 2 minutes, second lot was given required 

pretreatment (blanching in solution containing 0.5% lye and 0.25% magnesium 

carbonate at 95°C for 2 minutes) and the third one was used as control. The drying 

rates were computed from the experimental data and drying characteristics curves 

were plotted. The single exponential Lewis equation and Page's power equation were 

fitten to ttTe-ex:perimental data. The charactecistjcs..dcying curve fq_r chilli ~nd sweet 

pepper are fitted by plotting dimensionless drying rate and moisture ratio. 

Quality parameters such as rehydration ratio, total chlorophyll content, 

ascorbic acid content (for sweet pepper) and capsaicin content (for chilli) of 

dehydrated green chilli and sweet pepper obtained from different drying conditions 

are analysed in order to optimize the drying process. Colour, texture, flavour and 

overall acceptability of the dehydrated sample were compared through sensor: 

evaluation. 

Fresh and dried green chilli and sweet pepper slices were exposed to seven 

levels of relative humidities (I 0.8'to 74.3%) at 35°C using static method to study the 

sorption behaviour. Dehydrated green chilli and sweet pepper were stored in Poly 
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Propylene (PP) and Metallised Polyester Polyethylene (MPP) pouches under ambient 

condition (27±5°C, 65±8% RH) for 6 months. The quality parameters of the samples 

were analysed after every 2 months interval. 

Results obtained from the present study has been summerised as follows. 

1. A batch type heat pump' assisted dehumidified air dryer was developed 

successfully and a medium range of temperatures (30-4 I 0c) for Safe drying of 
..­, .. 

heat sensitive crops were achieved. Dehumidification ~ystem of the developed 

heat pump dryer maintained the relative humidity of air entering the drying 

,'" chamber below 40%. 

2. The drying air temperature and relative humidity in the closed air circuit heat 

pump mode attained a value of 41°C and t 9% under no load condition after 90 

minutes. of the dryer operation when the corresponding ambient values were 

32°C and 72%. respectively. 

3. The inlet drying air temperature decreased during early hours followed by 

rapid rise between the 2nd and lOth hours, after which the temperature was 

almost stable. The relative humidity of inlet and exhaust drying air increased 

initially and decreased subsequently with drying time as product became drier. 

4. The heat pump dryer was found to have a specific moisture extraction rate 

between 0.55 and LlO kglkWh. Specific Moisture Extraction Rate (SMER) 

for heat pump dryer for drying sweet -pepper-at ItO°C was -found more-( L1 

kg/kWh) than hot air dryer (0.93 kg/k.Wh) while operating at 45°C. 

5. Energy consumption for heat pump dryer for 24 hours of operation was found 

less (4.48-5.05 kWh) than the hot air dryer (5.65-9.6 kWh) while operating 

under different drying conditions_ 

6. The moisture content of green chilli and s\\eet pepper slices reduced 

exponentially with drying time. As the temperature increased, the drying curve 

exhibited a steeper slope, thus exhibiting an increase in drying rate. 

7. The heat pump dryer when operated with drying air temperature at 30°C took 

34 hours to reduce the moisture content of green chilli from 521.1 to 6%(d.b.} 

• while hot &ir dryer at 65°C took only 5 hours. 
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8. It took 36, 25 and 16 hours at 30, 35 and 40°C in heat pump dryer and 17, 10 

and 6 hours at 45, 55 and 65°C in hot air dryer, respectively to dry sweet 

pepper from 1452.8 to 10% m.c.{d.b.) . 

• 
9. Similarly the drying time for chilli were observed to be 34, 24 and 15 hours in 

heat pump dryer at 30, 35 and 40°C and 16,8 and 5 hours i~ hot air dryer at 

45, 55 and 65°C, respectively to reduce the moisture content from 521.1 to 

6%d.b . 

. 10. Substantial reduction in total drying time with rise in temperature at lower 
, . 

levels was observed for both the samples. 

11. Drying of green chilli and sweet pepper took place mainly under falling-rate 

period. Migration of moisture during this period occurred through the 

mechanism of diffusion. The drying rate increased considerably with increase 

in drying air temperature for both the samples. 

12. Total drying time required for complete drying of treated and blanched 

samples was found less as compared to control. 

13. The Page equation was found to be better than Lewis equation to describe the 

thin-layer drying of green chilli and sweet pepper with higher co-efficient of 

detemination and lower root mean square error. 

14.-9FY~ng in...heat pU1D.JUlryer at 40°C- took less time compared to hot air drying 

at 45°C for both green chilli and sweet pepper. The drying rate was observea 

to be more initially in HPD at 40°C but at the later part of drying, it was more 

in HAD at 45°C. 

15. The dehydration ratios of control chilli samples were observed to be varied 

from 5.9 to 6.1 at all the drying air temperatures and that of sweet pepper 

ranged from 15 .0 to 15.4 with the higher values for higher drying aIr 

temperatures. 

16. The rehydration ratios ranged from 3.9 to 4.5 for chilli, whereas 6.5 to 7.2 for 

sweet pepper control samples. The rehydration ratios were observed to be 

more in heat pump dried product at lower drying air temperature as compared 

to hot air dried pr.oduct 
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17. Total chlorophyll content of sweet pepper reduced from an initial value of 103 
• 

to 66 mg/IOOg d.b. in hot air dryer at 65°C and to 96 mg/ I OOg d. b. in heat 

pump dryer at 30°C_ Chlorophyll content of final dried product decreased with 

increase in drying air temperature. 

18. Green chilli showed a decrease in total chlorophyll content from an initial 

valu~ of 79 to 73 mg/l00g d.b. in HPD at 30°C and to 45 f!lgliOOg d.b. at 

65°C in hot air dryer. 

.",..."., 

J 9. The chlorophyll content of treated samples were observed to be at par with 

control but the blanched samples showed a signi ficant loss of chlorophyll. 

20. The retention of ascorbic acid was highest in heat pump dried sweet pepper 

samples and least in samples dried in HAD at higher temperatures. 

21. The retention of ascorbic acid was more in blanched samples as compared to 

treated and control samples for all the drying air temperatures. 

22. Ascorbic acid content of sweet pepper samples dried at 30°C in HPD was 

found less than that obtained at 35°C which may be due to the long drying 

time. 

23. Capsaicin content of heat pump dried samples were observed to be higher than 

that of hot air dried samples. But there is no appreciable difference in 

capsaicin content of chilli dried at higher temperature range of 40 to 65°C for 

all-the-samptes. ____ _ -----
24. Both drying air temperature as well as pretreatment play significant role in 

influencing the quality parameters of dehydrated chilli and sweet pepper. 

25. The mean sensory scores for colour, texture, Oavour and overall acceptability 

decreased significantly with increase in drying air temperature from 30 to 

65°C for all the samples. 

26. Heat pump dryer produced dried chilli and sweet pepper with higher 

greenness/chlorophyll content compared to hot air dryer. 

27. Treated samples obtained higher sensory scores followed by control and . 
blanched samples. 
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28. Keeping in view the ener~y consumption and quality attributes of dehydrated 

products, it is proposed to dry green chilli and sweet pepper at 35°C in heat 

pump dryer. 

29. E\1C of chilli increased with the increase in the ERH in !loth the adsorption 

and desorption processes at constant temperature of 35°C. The sorption 

isotherms of chilli Md sweet pepper showed the typical sigmoid shaped curve . . 
30. Chlorophyll content of both dried chilli and sweet pepper decreased with 

increase in storage period. Quality attributes of treated samples retained well 

during storage in MPP pouch as compared to control samples. Therefore, MPP 

is recommended for safe storage of dried chilli and capsicum products. 

From the above study. it can be concluded that heat pump dryer can be used 

successfully for drying treated green chilli and sweet pepper to safe storage moisture 

content ,vith maximum retention of quality attributes and less energy consumption. 

Dried green chilli and sweet pepper can be stored safely in MPP pouches for 6 

months. 

The research findings of this investigation are expected to help in developing 

commercial model of heat pump dryer. The dehumidified air dryer using heat pump 

system can be used successfully for drying fruits, vegetables, spices, condiments, 

medicinal, aromatic and other high value commodities at near ambient temperature 

for producing better quality dehydrated product. 
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APPENDIX A 

. 
Table A.I Properties ofR22 Refrigerant (Performance based-on -

• , , 

15°C evaporator temperature and 30°C condenser temperature) 

Chemical name 

Chemical formula 

Molecular weight 

Freon 22 (R22) 

Boil ing point (0C) at 10 1.3kPa 

Evaporator pressure at -I SoC (kPa) 

Condensing pressure at 30°C (kPa) 

Freezing point (0C) at 101.3 kPa 

Critical temperature. °C 

Critical pressure. kPa 

Compressor discharge temperature (0C) 

Compression ratio (30°CI-15°C) 

Ch torod i fluoromethane 

• CHelf:! 

86.5 

-40.8 

296.4 

1203.0 

-160.0 

96.1 

4936.1 

55.0 

5.06 

Latent heat of vaporization at - 1 SoC (kJ/kg) 217.7 

Horsepower/ton refrigerant, ideal 1.0 II 

... Refrigerant circulated/ton refrigeration 
-7" (kg/s), ideal _ 

2.1 x IO':! 

r 

Compressor displacement/ton refrigeration 
(m 3/s ) 

Stability (toxic decomposition products) 

Flammability 

Odour 

Evaporator temperature range rC) 
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1.7 x 10~ 

Yes 

None 

Ethereal 

-87 to 10 



. 
fable A.2 Coefficients for empirical equations to calculate thermodynamic 

properties of R22 

Coefficient Value . . Coefficient Value 

al 21.25384 a20 2390.321 

a2 ·2025.4518 a21 1.01859 

a) 248.94 a12 (x 10-4) 5.09433 

aJ 200000 a2l (x 10-6) -14.8464 

as 1170.36 a14 (x 10.7) 
• 

-2.49547 

% 1.68674 a25 (x 10.3) 5.23275 

a7 ( x 10.3) 5.2703 a26 (x 10-6) -5.59394 

as 250027 a21 (x 10"5) 3.45555 

a9 367.265 a28 (x 10.7) -2.31649 

aJO -1.84133 a29 (x 10"7) 5.80303 

all(:\IO·3) -11.4556 aJO (x 10-9) -3.20189 

al.2 155482 a31 1.137423 

au (x 10.3) 2.85446 a32 (x 10.3) -1.50914 

alJ ( x 10" ) 4.0129 a33 (x 10-6) -5.59643 

al ~ ( x 10-6) 13.3612 a34 (x JO-6) -8.74677 

al6 (x 10.8) -8.11617 a35 ( x 10.7) -1.49547 

-a~ x 10'~ 14.1194 a36 Lx 10'8) 5.97029 

als(xIO' IO) -9.53294 a37 
--( x 10.9) 1.41458 

al9 -11 .82344 a38 (x 10-4) -4.52580 

f 
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Table A.3 Coefficients for empirical equations to calculate steam properties 

Coefficient Value • 

bl 7.46908269 

b2 -7.50675994 x 10-3 

b3 -4.6203229 X 10-9 

b4 -1.215470 III x 10-3 

~5 35.15789 

b6 24.592588 

b7 2.1182069 

bs -0.3414474 

b9 0.15741642 

blo -0.031329585 

bll 0.003865828 

bl :! -0.000249018 

bl3 6.8401559 x 10-0 
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APPENDIXC 

Table .C.l Specifications of tbe instruments and equipments u~ed in tbe 
investigation 

SI. 
Instrument Manufacturer Range Uncertainty 

No 
J Digital temperature Electronics India, 0-1200°C ± loC 

indicator and Model-43I E. Cr/AI 
thermocouples • 

2 Hygrometer Barigo. Germany 0-100% ± I% 

" Digital anemometer Vikram Scientific 0.4-30 rnIs ±O. I mts ~ 

Instrument. Calcutta 
Model-AM-420 I 

4 Refrigerant rotameter Eureka lndus£rial 6.6-66Iph ± llph 
Equipments PvL Ltd .. 
Pune, Model-SVS-PG-2 

5 Energymeter Aistrom 0-9999 kWh ±O.l kWh 

6 Refrigerant pressure Wika 0-150 psi ±5 psi 
gauge (suction) 

50-300 psi 
(delivery) 

7 Electronic weighing Anamed O-IOOg ±O.OOlg 
balance Model-Mx730 I A 

8 Spectrophotometer Systronics 0-1 0.001 
Sr. No. 4612 

9 Laboratory Centrifuge Remi, Mumbai 0-9999 RPM ± IORPM 
Model-R8C 

__ 10 Incubator BD Instrumentation O-IOO°C ± loC 
(India). Ambala cant 

II Vacuum oven International Sale 0-760mm Hg ± IOmm llg 
Corporation, New Delhi O-IOO°C ±)OC 

12 Hot air dryer Indian Instruments and 30-90°C ±1°C 
Chemicals, Calcutta 
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· APPENDIXD 

Table D.I Temperature (OC)profiJc at different locations of tbe heat pump dryer 
with drying time 

Drying Ambient Dryer Dryer Evaporator Evaporator Condenser 
Time {h} air inlet air outlet air outlet air surface surface 

0 32.0 4 I.O 41.0 20.5 -) 7 ~9 

2 33.6 35.0 34.0 18.5 -16 47 

4 35.0 36.5 35.0 16.5 -18 45 

6 34.5 38.5 37.5 • 16.0 -19 46 

8 34.0 39.5 38.0 15.0 -17 45 

10 33.0 40.0 39.0 15.5 -19 46 

12 32.0 40.5 39.5 16.0 -18 45 

14 30.0 41.0 40.0 16.5 -20 47 

16 29.0 41.0 40.0 16.0 -19 47 

18 27.0 41.0 40.0 15.5 -18 46 

20 28.5 41.0 40.5 16.5 -20 47 

22 30.5 41.0 40.5 15.0 -17 48 

24 31.0 41.0 40.5 15.0 -19 48 

Table D.2 Relative humidity (%) profile of air at different locations of the heat 
pump dryer with drying time 

Drying Time (b) Ambient air Dryer inlet air Dryer outlet air 

0 12 19 '19 

2 62 48 61 

4 55 44 58 
6 56 42 55 

8 58 40 51 

10 60 38 49 

12 62 36 46 

14 66 33 42 

16 69 31 39 

18 80 29 37 

20 78 26 32 

22 77 24 28 

24 75 21 25 
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APPENDIXE 

Table E.l Variation in moisture content (% d.b.) with drying time in heat pump 
dryer for control chilli samp'le 

30°C 35°C 40°C 

M.C. M.e. M.e. 

Time(h) (%d.b.~ MR Time(h~ (PIod.b.) MR Timc(b} (%d.b.} MR 

0.00 521.12 1.00 0.00 521.12 1.00 0.00 521.12 1.00 

1.00 454.90 0.87 1.00 445.98 0.85 1.00 419.54 0.80 

2.00 410.46 0.78 2.00 385.13 0.74 2.00 345.90 0.66 

3.00 371.07 0.71 3.00 332.23 0.63 3.00 297.91 0.57 

4.00 339.78 0.65 4.00 294.03 0.56 4.00 253.0'+ 0,48 

5.00 312.37 0.59 5.00 256.85 0.49 5.00 215.56 OAI 

6.00 288.15 0.55 6.00 219.97 0.42 6.00 180.98 0.34 

8.00 245.74 0.46 7.00 189.13 0.36 7.00 148.50 0.28 

10.00 206.26 0.39 8.00 165.64 0.31 8.00 121.32 0.22 

12.00 170.52 0.32 9.00 148.90 0.28 9.00 95.51 0.17 

13.00 155.07 0.29 10.00 135.15 0.25 10.00 72.41 0.13 

14.00 141.03 0.26 11 .00 121.88 0.22 11.00 52.73 0.09 

16.00 121.90 0.22 12.00 109.87 0.20 12.00 36.16 0.06 

18.00 106.23 0.19 13.00 99.83 0.18 13.00 23.97 0.04 

20.00 91.42 0.16 14.00 90.20 0.16 14.00 13.92 0.02 

22.00 77.28 0.14 15.00 81.30 0.15 15.00 5.92 0.00 

24.00 63.28 O. t I 16.00 72.51 0.13 

26.00 -51 .04- -0.69 -tS.OO -55:4-t- O;W 

28.00 38.88 0.06 20.00 38.68 0.06 

30.00 27.18 0.04 22.00 22.18 0.03 

32.00 15.61 0.02 24.00 6.10 0.00 

34.00 6.87 0.00 
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Table E.2 Variation in drying rate (%m.c.(d.b.)Ih) with moist~re content in beat 
pump dryer for control chilli sample 

30°C 35°C 40°C 

Mq%d.b.} Drying rate MC{%d.b.} Drying rate MC{Olod.b.} Drying rate 

488.01 66.22 483.55 75.14 470.33 101.58 

432.68 44.43 415.56 60.85 382.72 73.64 

390.77 39.39 358.68 52.90 321.91 47.99 

355.43 31.29 313.13 38.20 275.48 44.88 

326.08 27.42 275.44 37.18 234.30 37.48 

300.26 24.22 238.41 36.88 198.27 34.57 

266.94 21.20 204.55 30.84 J64.74 32.48 

226.00 19.74 177.38 23.49 134.91 27.18 

188.39 17.87 157.27 16.74 108.42 25.80 

162.79 15.44 142.03 13.75 83.96 23.10 

148.05 14.05 128.52 13.27 62.57 19.68 

131.46 9.57 115.88 12.01 44.44 16.57 

114.06 7.83 104.85 10.04 30.06 12.19 

98.82 7.41 95.01 9.62 18.95 10.05 

84.35 7.07 85.75 8.91 9.92 8.01 

70.28 7.00 76.90 8.79 

57. 16 6.12 63.96 8.55 

44.96 6.08 47.05 8.37 

33.03 5.85 30.43 8.25 

2T.3g- 5.78 i<f. 14 ""8.04 

11.24 4.37 
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Table E.3 Variation in moisture content (% d.b.) with drying time in hot air 
dryer for control chilli sample 

Time(h) 45°C 55°C 65°C 

M.C.~%d.b.) MR M.C.{%d.b.} MR M.C.{%d.b.} MR 

0 521.12 1.00 521.12 1.00 521.12 1.00 

0.5 471.20 0.90 430.05 0.82 410.44 0.79 

451.25 0.86 362.11 0.69 317.84 0.61 

2 388.36 0.74 257.49 0.49 160.37 0.30 

3 329.87 0.63 184.27 0.35 53.93 0.09 

4 275.61 0.52 116.18 0.21 16.07 0.02 

5 225.22 0.43· 67.90 0.12 5.18 0.00 

6 183.19 0.34 37.16 0.06 

7 147.25 0.27 11.25 0.01 

8 122.21 0.23 5.60 0.00 

10 72.35 0.13 

12 37.94 0.06 

14 15.71 0.02 

16 5.87 0.00 

Table E.4 Variation in drying rate (%m.c.(d.b.)/h) with moisture content in hot 
air dryer for control chilli sample 

45°C 55°C 65°C 

MC{%d.b.} Drying rate MC{%d.b.~ Drying rate MC{%d.b·2 Drying rate 
496.16 99.83 475.58 182.13 465:78 -:221 .30 

461.22 69.87 396.08 135.88 364.14 185.20 

419.80 62.88 309.80 104.62 239.10 157.47 

359.12 58.49 220.88 73.21 107.15 106.43 

302.74 54.26 150.22 68.09 35.00 37.86 

250.42 50.39 92.04 48.28 10.63 10.89 

204.2 1 42.03 52.53 30.73 

165.22 35.94 24.21 25.91 

134.73 30.49 8.43 5.65 

97.28 24.93 

55. 15 17.20 

26.83 11.12 

10.79 4.92 
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Table E.5 Effect of pre-treatment on drying rate (%m.c.(d.b.)/h) of chilli dried at 
40°C in beat pump dryer 

Control Treated Blancbed 

Mq%d.b.} Drying rate Mq%d.b.} Drying rate MC{%d.b.} Drying rate 

470.33 101.58 558.28 190.60 483.44 130.13 

382.72 73.64 393.58 138.79 360.27 116.21 

321.91 47.99 274.20 99.96 256.04 92.26 

275.48 44.88 196.55 55.36 190.21 39.41 

2]4.30 37.48 148.79 40.15 151.56 37.88 

198.27 34.57 103.07 25.65 1(8.59 28.06 

164.74 32.48 68.25 18.35 93.42 22.28 

134.91 27.18 51.57 15.00 73.44 17.69 

108.42 25.80 38.54 11.05 56.52 16.15 

83.96 23.10 28.10 9.83 41.80 13.30 

62.57 19.68 18.42 9.53 29.96 10.37 

44.44 16.57 9.59 8.1 I 20.56 8.42 

30.06 12. 19 13.21 6.27 

18.95 10.05 7.68 4.80 

9.92 8.01 

Table E.6 Effect of pretreatment on drying rate (%m.c.(d.b.)/h) of chilli dried at 
65°C in hot air dryer 

Control Treated Blancbed ---

MC{%d.b.} Drying rate MC{%d.b.} Drying rate MC{%d.b.} D!Jing rate 

444.67 207.67 564.50 356.33 465.78 221.36 

264.81 152.06 414.55 243.45 364.14 185.20 

127.6 1 122.35 263.90 179.58 239.10 157.47 

40.63 5 1.61 121.20 105.83 107.15 106.43 

9.87 9.90 46.37 43.84 3500 37.86 

14.72 19.47 10.63 10.89 
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Table E.7 Variation in moisture content (% d.b.) with drying time in heat pump 
dryer for control sweet pepper sample 

30°C 35°C 40°C 
M.e. M.e. M.e. 

Time{h} {%d.b.} MR Time{h! {%d.b.! MR Time(hl {%d.b·2 MR 
0.00 1452.80 1.00 0.00 1452.80 1.00 0.00 1452.80 1.00 

1.00 1223.13 0.84 1.00 1166.99 0.8~ 1.00 1118.12 0.77 

2.00 1051.63 0.72 2.00 904.78 0.62 2.00 860.78 0.59 

3.00 899.31 0.62 3.00 735.85 0.50 3.00 679.39 0.46 , . 
4.00 774.22 0.53 ·tOO 596.86 0.41 .. l.00 534.65 0.36 

5.00 .661.92 0.45 5.00 471.35 0.32 5.00 397.92 0.27 

6.00 578.65 0.39 6.00 372.27 0.25 6.00 312.92 0 .21 

8.00 423.73 0.29 7.00 286.75 0.19 7.00 254.92 0.17 

10.00 319.47 0.21 8.00 223.51 0.15 8.00 211. 73 0.14 

12.00 237.47 0.16 9.00 174.98 0.11 9.00 171.18 0.11 

14.00 178.04 0.12 10.00 151.55 0.10 10.00 138.9! 0.09 

16.00 131.64 0.08 11.00 131.82 0.08 12.00 89.32 0.05 

18.00 108.99 0.07 12.00 114.91 0.07 14.00 48.14 0.03 

20.00 92.33 0.06 13.00 102.58 0.06 16.00 10.59 0.00 

22.00 80.02 0.05 15.00 81.09 0.05 

24.00 68.74 0.04 17.00 62.59 0.04 

26.00 57.92 0.03 19.00 47.53 0.03 

28.00 47.74 0.03 21.00 33.61 0.02 

30.00 38.03 0.02 23.00 20.75 0.01 

3TUO 28.56 0.01 -rr.ou- 10.71 0.00 

34.00 19.49 0.01 

36.00 10.96 0.00 
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Table E.8 Variation'in drying rate (%m.c.(d.b.)/h) with moisture content in beat 
pump dryer for control sweet pepper sample 

~O°C 35°C 40°C 

Mq%d.b.} Drying rate MC{%d.b.} Drying rate MC{%d.b.} Drying rate 

1337.96 229.66 1309.89 285.81 1285.46 334.68 

1137.38 171.50 1035.88 262.20 989.45 257.34 

975.47 152.32 820.32 168.93 770.08 181.39 

836.77 125.09 666.36 138.99 607.02 144.74 

718.07 112.31 534.11 125.51 466.28 136.74 

620.28 83.26 421.81 99.09 355.42 84.99 

501.19 77.46 329.51 85.52 283.92 58.01 

371.60 52.13 255.13 63.24 233.32 43.19 

278.47 41.00 199.24 48.53 191.45 40.55 

207.76 29.71 163.26 23.43 155.04 32.27 

154.84 23.20 141.68 19.73 114.11 24.79 

120.31 11.33 123.36 16.91 68.73 20.59 

100.66 8.33 108.74 12.33 29.36 18.78 

86.18 6.16 91.83 10.75 

74.38 5.64 71.84 9.25 

63.33 5.41 55.06 7.53 

52.83 5.09 40.57 6.96 

42.89 4.85 27.18 6.43 

33.30 4.74 15.73 5.02 

. L4_Ol :l 54 - -- --- -
15.23 4.26 
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Table E.9 Variation in moisture content '(% d.b.) with drying time in hot air 
dryer for control sweet pepper sample 

45°C 55°C 65°C 

M.e. • M.e. M.e. • 
Time(h} (%d.b.} MR Time(h} (%d.b.} MR Time(h} (%d.b.} MR 

0.00 1452.80 1.00 0.00 1452.80 1.00 0.00 1452.80 1.00 

1.00 1123.89 0.77 1.00 886.17 0.61 1.00 815.50 0.56 

2.00 905.48 0.62 2.00 540.79 0.37 2.00 320.37 0.22 

3.00 733.98 0.50 3.00 336.61 0.23 3.00 112.89 0.07 
• • 
4.00 567.95 0.39 4.00 168.13 0.11 4.00 43.22 0.02 

5.00 411.54 0.28 5.00 96.81 0.06 5.00 21.60 0.01 

6.00 286.10 0.19 6.00 64.65 0.04 6.00 9.79 0.00 

8.00 188.67 0.12 7.00 40.00 0.02 

10.00 118.84 0.08 8.00 23.24 0.01 

12.00 72.00 0.04 9.00 15.50 0.00 

13.00 54.47 0.03 10.00 10.09 0.00 

14.00 40.89 0.02 

15.00 28.89 0.01 

16.00 18.26 0.01 

17.00 10.50 0.00 

Table E.IO Variation in drying rate (%m.c.(d.b.)/h) with moisture content in hot 
air dryer for control sweet pepper sample 

45°C 55°C 
MC:{%d.Y=Drying rate-· -M~{%d~Drying rate 

1288.34 328.91 1169.48 566.62 

1014.68 218.41 713.48 345.38 

819.73 171.50 438.70 204.18 

650.96 166.03 252.37 168.48 

489.74 156.41 132.47 71.32 

348.82 125.44 80.73 3~.J6 

237.39 48.71 52.33 24.65 

153.76 34.92 31.62 16.76 

95.42 23.42 19.37 7.74 

63.23 17.53 12.80 5.4 1 

47.68 13.58 

34.89 12.00 

23.57 10.63 

14.38 7.76 
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65°C 
MC(%d.b.) Drying rate 

1134.15 637.29 

567.94 

216.63 

78.05 

32.41 

15.69 

495.14 

207.48 

69.67 

2 1.62 

11 .80 
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Table E.ll Effect of pre-treatment on drying rate (%m.c.(d.b.)/b) of sweet 
pepper dried at 40°C in beat pump dryer 

Control Treated Blancbed 

MC{%d.b.} Drying rate MCf%d.b.} Drying rate MC{%d.b.} Drying rate 

1285.46 334.68 1381.89 545.00 1273.06 

989.45 257.34 877.80 463.17 847.20 

770.08 181.39 481.52 329.41 517.82 

607.02 144.74 259.25 115.11 331.77 

466.28 1·36.74 156.12 91.16 243.44 

355.42 84.99 93.39 34.31 178.21 

283:92 58.01 65.74 20.98 13-3.91 

233.32 43.19 48.39 13.73 99.14 

191.45 40.55 36.99 9.06 72.62 

155.04 32.27 28.12 8.68 52.66 

114.11 24.79 19.32 4.47 38.01 

68.73 20.59 11.94 2.91 26.41 

29.36 18.78 15.49 

Table E.12 Effect of pre-treatment on drying rate (%m.c.(d.b.)/h) of sweet 
pepper dried at 65°C in hot air dryer 

Control Treated Blanched 

469.31 

382.41 

276.35 

95.74 

80.93 

49.52 

39.08 

30.46 

22.58 

17.36 

11.93 

5.64 

5.27 

MC{%d.b.} Drying rate MC(%d.b.} Drying rate MC{%d.b.} Drying rate 

1134.15 637.29 1191.47 925.84 1173.69 668.05 
--. 

567.94 495.14 504.23 448.64 588.18 502.98 

216.63 207.48 184.56 190.70 226.29 220.79 

78.05 69.67 63.74 50.93 89.95 51.88 

32.41 21.62 24.20 28.15 47.10 33.82 

15.69 11.80 20.00 20.37 
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APPENDIXF 

Proforma for sensory evaluation 

Profonna for the evaluation of 
--------------~------------

Name of the evaluator: 

Sample code Colour . Texture 

Hedonic Scale 

Expression 

Liked eXfremely 

Liked very much 

Liked moderately 

Liked slightly 

Neither liked nor disliked 

Disliked slightly 

Disliked moderately 

Disliked very much 

Disl iked extremely 
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Date: 

Flavour Overall Remarks 
acceptability (if any) 

Signatur( 

Points to be given 

9 

8 

7 

6 

5 

4 

3 

2 



APPENDIXG 

Table G.I Water activities of saturated salt solutions at various temperatures 

Water activity at temperature (O() of: 

Salt 35 45 55 65 

Lithium chloride 0.108 0.103 0.098 0.094 

Potassium acetate 0.216 0.197 0.182 0.168 

• Magnesium chloride 0.318 0.308 0.300 0.291 

Potassium carbonate 0.436 0.429 0.424 0.418 

Magnesium nitrate 0.515 0.496 0.480 0.465 

Sodium nitrite 0.628 0.599 0.576 0.554 

Sodium chloride 0.743 0.727 0.710 0.696 

Potassium chloride 0.821 0.786 0.764 0.739 

Potassium sulphate 0.961 0.961 0.955 0.952 

Table G.2 Equilibrium moisture content of chilli and sweet pepper 

Salt solution ERR Chilli Sweet pepper 
(%) EMC{% d.b.} EMC {% d.b.} 

Adsorption Desorption Adsorption Desorption 

Lithium chloride 10.8 5.13 5.32 9.63 9.95 

Potassium acetate 21.6 5.66 6.01 10.04 10.52 

Magnesium ch1o-ride 31.8 om- 6.66 1IJ.48 1t.19 

Potassium carbonate 43.6 7.22 8.02 11.89 13. 13 

Magnesium nitrate 51.5 8.53 9.88 14.22 15.73 

Sodium nitrite 62.8 11.54 12.69 16.74 18.23 

Sodium chloride 74.3 14.95 15.44 20.61 2 1.18 




