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ABSTRACT 
 

The traditionally common method employed in many developing nations for drying 
agricultural produce is open sun drying. But this technique presents several risks such as 
microbial contamination, degradation of quality, and potential losses due to animal 
interference. Heat pump drying has recently been found to be an effective drying technique for 
drying industries because drying parameters can be easily controlled and it preserves the 
quality of the dried products. Furthermore, combining a heat pump dryer with a thermal energy 
storage system appears to be a viable option for all-weather drying. In this study a solar-assisted 
heat pump dryer with thermal energy storage having a closed loop air circulation (vacuum 
condition) has been developed and tested for drying bitter gourd. This process allows the same 
sir to circulate and thus reduces the chance of the loss of aromatic properties of the drying 
product. The heat pump consists of a compressor, condenser and a heater, thus reducing the 
difficulty in the construction of heat pump. The thermal energy storage we used here is the 
PCM white paraffin wax having a melting point of 50°C. Key parameters such as drying 
efficiency, drying rate, specific moisture extraction rate (SMER) and product quality are 
analysed to evaluate the efficiency of the integrated system. Experiment results show that the 
developed dryer preserved nutrients such as energy, protein, carbohydrates, fat, ash, moisture 
and vitamin C. In 7 hours of the drying process, the moisture content was reduced from 91.9% 
to 12%. 
 
Keywords: PCM, Specific Moisture Extraction Ratio (SMER), heat pump, vacuum, 
carbohydrates. 
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CHAPTER 1

INTRODUCTION

Agricultural products are generally very sensitive to temperature. The drying of these
products therefore requires the use of adequate drying techniques or methods to retain most
of the nutrients that the product possesses when subjected to the drying operations. Open sun

drying, for example, which is one of the commonly adopted drying methods in most rural
areas in India, has proven to be ineffective in retaining the nutritional properties of dried
products. To preserve the nutritional properties of dried products, new methods such as
fluidized bed drying, freeze-drying, spouted bed drying, air-drying, and vacuum drying have
been developed.

While traditional dryers have been effective in maintaining the quality of dried goods to meet
consumer preferences for retaining nutritional value, they do come with drawbacks, such as
high energy usage. So, because of these issues, the introduction of heat pump dryers has
emerged as a viable solution. These dryers are known for their energy efficiency, high
performance coefficient, effective drying, temperature control, shorter drying durations, and
minimal loss of product quality. Additionally, heat pump dryers offer versatility, operating
across a broad range of temperatures and humidity levels, ideal for drying heat-sensitive
agricultural products under optimal conditions.

To optimize the efficiency of heat pump dryers, many researchers are employing solar energy
as an additional heat source for heat pump dryers because it is one of the most commonly
accessible natural energies and renewable sources. As a result, incorporating solar energy into
heat pump dryers is regarded as a realistic option. Around the world, many studies have been
reported on the combined use of heat pump dryers and solar energy for drying agricultural
products in order to optimize their drying and thermal performances; the system is named as
solar-assisted heat pump dryer (SAHPD). For drying coriander, there has been a SAHPD
developed and according to the findings, this technology significantly reduced the drying
time down to 25% and energy consumption down to 12% and increased the coefficient of
performance up to 2.32 and the specific moisture extraction rate up to 20%. The study
demonstrated that SAHPDs use little energy and are more thermally efficient. Furthermore,
compared to products dried using, for instance, conventional hot air dryers, the products dried
using solar-assisted heat pump dryer systems had greater color and aroma properties. To dry
banana chips there has been a solar heat pump dryer with infrared assistance. Four
operational modes were used to test the performance of the proposed dryer: solar-infrared-
assisted heat pump drying mode, solar-assisted heat pump drying mode, infrared-assisted heat
pump drying mode, and heat pump drying mode. The findings demonstrate that the greatest
moisture extraction rate was achieved by the solar assisted heat pump drying. The same
authors have also conducted another study comparing the performance of a heat pump dryer
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alone and a solar-assisted heat pump dryer to dry banana chips at a constant air flow rate. The
results show that the solar-assisted heat pump dryer has higher energy and efficiencies.

The product we used to dry her is the bitter gourd (Momordica charantia). India comes as the
largest producer of the bitter gourd producing more than half of the bitter gourd in the world.
The need for the study of drying bitter gourd and the design of such a dryer comes here. The
quantity of bitter gourd being wasted is large and thus there must be method to preserve these
for the non-season. The implementation of solar assisted Heat pump dryer with a thermal
storage system is a better method than the conventional sun drying method as it doesn’t loose
any nutritional values.

The interest in solar-assisted heat pump dryers is growing worldwide, driven by
advancements in their design and manufacturing. However, there is still room for
improvement, especially in utilizing these dryers effectively during cloudy periods with
intermittent solar energy. Researchers propose hybrid SAHPDs that incorporate various
options such as solar, coulomb force, radiofrequency, biomass, ultrasonic, or waste heat
recovery. Unfortunately, there are limited studies on integrating thermal storage systems to
enhance SAHPD performance. As a result, the primary objective of this study is to address
this research gap by investigating a novel SAHPD that incorporates a thermal energy storage
system utilizing white paraffin wax as the storage material. In this study, the dryer is tested
for drying bitter gourd (Momordica charantia). The evaluation of thermal performance will
encompass several crucial parameters, including the analysis of moisture content, drying rate,
moisture extraction rate, coefficient of performance, and drying efficiency. These factors play
a significant role in determining the effectiveness of the drying process and the overall
performance of the SAHPD system.

In addition to the thermal aspects, the study will delve into the proximate and mineral

analyses of both fresh, machine dried and sun-dried bitter gourd. Vitamin C and B6 are also
examined in this study. These analyses will provide insights into the changes in nutrient
composition that occur during the drying process. By assessing the nutritional changes in
bitter gourd resulting from the drying process, the study will contribute valuable information
regarding the impact of the proposed SAHPD system on the overall nutritional quality of the
dried product. Overall, this study is aimed at filling the knowledge gap surrounding the
drying of bitter gourd using SAHPDs in the specific climatic conditions of India. It seeks to
provide a thorough understanding of the thermal performance, and nutritional implications
associated with the proposed SAHPD system. By conducting a comprehensive investigation,
this research is aimed at contributing to the advancement of drying technologies for bitter
gourd and potentially paving the way for its commercial application in India and other
regions with similar climatic conditions.
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CHAPTER 2

LITERATURE REVIEW

Hasan, M. U., Malik, A. U., Ali, S., Imtiaz, A., Munir, A., Amjad, W., & Anwar, R. [1] Fresh
fruits and vegetables, due to their high moisture content, are prone to rapid deterioration if
not handled properly. Existing storage methods like refrigeration and controlled atmospheres

are costly, requiring continuous energy throughout the supply chain. Therefore, there's a push
for the adoption of drying techniques, which not only reduce postharvest losses but also
simplify storage, transportation, and ensure year-round availability. However, traditional
drying methods like sun or open-air drying are slow and may result in inferior quality
products due to contamination. To address these challenges, various advanced drying
techniques such as solar, microwave, vacuum, infrared, freeze, oven drying, and hybrid

technologies have been developed worldwide, effectively used for different fruits and
vegetables. This paper primarily aims to review crop-specific operations, assessing their
impact on quality, efficiency, cost-effectiveness, and nutrient retention capabilities.

Vijayan, S., Arjunan, T., & Kumar, A. [2] A solar dryer with indirect forced convection,
incorporating a porous sensible heat storage medium, was developed and tested for drying
bitter gourd. The study investigated the impact of porous thermal storage and air mass flow
rate on the system's performance. The experimental setup comprised a blower, a 2 m2 solar
flat plate collector with corrugated absorber plate, and a drying chamber. Pebbles were used
as the thermal storage medium placed beneath the corrugated absorber plate within the air
passage. Various airflow rates were tested, and different drying models were employed to
analyze the drying behaviour of sliced bitter gourd. The result showed that the initial
moisture content of bitter gourd (91% w.b) was reduced to 9% (w.b) in 7 hours in the
proposed drying system, compared to 10 hours for open sun drying. Also the maximum
specific moisture extraction rate was 0.215 kg/kWh at an air mass flow rate of 0.0636 kg/s,
with a corresponding specific energy consumption of 4.44 kWh/kg. The collector and drying
efficiencies of the system were 22% and 19%, respectively.

Hazra, P., Hazra, S., Acharya, B., Dutta, S., Saha, S., Mahapatra, P., Pradeepkumar, P., Pal,
H., Chattopadhyay, A., Chakraborty, I., Jambhulkar, S., Chatterjee, S., & Ghosh, S. K. [3]
Bitter gourd (Momordica charantia L.), a tropical vegetable with both culinary and medicinal
uses, is renowned for its anti-diabetic properties attributed to charantin, a specific
cucurbitane-type triterpenoid found in its unripe fruits. This study aimed to assess the
diversity in nutrient (β-carotene and ascorbic acid) and nutraceutical (chlorophyll, total
phenols, phenolic acids, flavonoids, radical scavenging activities, and charantin) content
among mature but unripe fruits of five distinct genotypes. It also aimed to investigate the
association between these contents and various morphological traits (such as leaf color,
tendril character, sex form, fruit color, fruit shape, tubercle character, fruit length, fruit girth,
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and fruit weight) using heat mapping and regression modeling to identify key influencing
factors. The study revealed significant differences among genotypes for most morphological
traits, nutritional, and nutraceutical contents. Overall, the study underscores the effectiveness
of integrating morphological traits with nutrient and nutraceutical contents to develop bitter
gourd genotypes with enhanced functional properties.

Loemba, A. B. T., Kichonge, B., & Kivevele, T. [4] This study investigates a new solar-
assisted heat pump dryer incorporating a soapstone thermal energy storage system. The
dryer's performance is analyzed experimentally across three operational modes: mode 1 with
daytime thermal energy storage, mode 2 without nighttime thermal energy storage, and mode
3 without daytime thermal energy storage. Experiments focus on drying 500g of Cavendish
banana, examining thermal efficiency, economic viability, and nutritional content. Consistent
results from three repetitions demonstrate a substantial reduction in initial sample moisture
content from 74.4% to 9.6% over varying drying durations: 270 minutes for mode 1, 390
minutes for mode 2, and 360 minutes for mode 3.

Kumar, M. A., Kumaresan, G., & Rajakarunakaran, S [5] The herbal industry faces
challenges in processing herbal leaves, which are typically dried using methods like
convection, chemical, vacuum, and microwave drying. However, these methods often result
in the loss of phytochemicals, nutrients, and color. This study proposes the design and
development of a closed-loop heat pump dryer for experiments, focusing on Moringa leaves
as the herbal sample. The dryer introduces vacuum conditions, and the Moisture Removal
Rate (MRR) is calculated accordingly. Experiments are conducted at vacuum pressures of 0.9
and 0.8 bar, with air velocities of 1.1 m/s and 1.4 m/s, respectively. The study evaluates
various periods under temperature transients and finds that the moisture removal rate
significantly increases under low pressure with high temperature and velocity.

Loemba, A. B. T., Kichonge, B., Selemani, J. R., & Kivevele, T. [6] Open sun drying is a
widely used method in many developing countries for drying agricultural products, but it
exposes them to risks like microbial contamination, quality loss, and animal interference.
Heat pump drying has emerged as an effective alternative in drying industries due to its
controllable parameters and preservation of product quality. Combining a heat pump dryer
with thermal energy storage offers a promising solution for year-round drying. In this study, a
novel solar-assisted heat pump dryer with thermal energy storage was developed and tested
for drying Moringa Oleifera leaves. The efficiency of the dryer was evaluated through
thermal performance and proximate analyses.
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CHAPTER 3

METHODOLOGY

The methodology for the experimental study of a vacuum solar dryer (VSD) using a phase
change material (PCM) involves a structured and systematic approach to evaluate the thermal
efficiency, drying characteristics and overall efficiency of the integrated system. The main

steps of the method are as follows:

 Selection of Solar Dryer Configuration: Choosing a suitable configuration for the
vacuum solar dryer by considering factors such as size, shape and design information
comes out as the first step. We have come up with a method that will be able to
construct the Heat pump dryer in an easier method than the already existing method.
The system comprises of a solar collector, thermal storage tank, drying chamber,
compressor, condenser and a heater.

 Selection of Heat Pump Technology: In selecting heat pump technology, it's crucial to
consider the current market offerings, which often involve complex systems reliant on
polluting refrigerants like freon. However, opting for a simpler design that utilizes air
from the chamber itself as the working fluid offers significant advantages. This
streamlined system comprises a compressor, condenser with cooling water circulation,
and a heater to warm the chilled air from the condenser. By reusing the same air, not
only does it improve efficiency and simplicity in design, but it also eliminates the
need for changing refrigerants, addressing environmental concerns while enhancing
aromaticity.

 Identification of PCM: Going through different literatures and journals we came to a
conclusion that the White Paraffin Wax having a melting point of 53°C and latent heat
of 168 kJ/kg comes out to be the most effective one in our case.

Fig 1. Vacuum Solar Dryer CAD Model

Chamber
Heat Pump System

PCM Storage System

Collector
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 Design: The design of the Vacuum Solar Dryer (VSD) is a system that uses solar
energy to facilitate the drying of various products in a low-pressure environment. The
main components of the design are a solar collector, a heat pump system and a drying
chamber. The solar collector collects solar radiation and transforms it into heat, which
is then used in the drying process. The vacuum dryer maintains a constant temperature
inside the chamber by the help of sensors. Also the system regains the aromaticity by
circulating the same air from the chamber again and again. Phase Change Material
(PCM) is integrated into the system to efficiently store and release thermal energy,
promoting continuous drying even during limited sunlight also to maintain a constant
temperature inside chamber. Temperature and humidity sensors are strategically
placed to monitor and optimize drying conditions. The goal of the overall design is to
create an energy efficient, quality efficient, economic system suitable for various
applications in the agricultural, food, medical industry.

 Integration of PCM within VSD: Plan and implement PCM integration into the
vacuum solar drying system, ensuring proper placement and compatibility with the
drying process. Install sensors to measure temperature and humidity at critical points
in the system.

 Experimental Setup: Place the test device in a place with sufficient sunlight. Also
place the product to be dried which is bitter gourd. Calibrate all instruments, including
temperature and humidity sensors, to ensure accurate and reliable data collection.

 Key Parameters: Determine and document operating parameters such as temperatures
at collector, PCM, and chamber in and out. Also calculate the weight being lost in
equal intervals of time.

 Documentation: The Vacuum Sun Dryer (VSD) documentation provides a concise but
comprehensive overview of system design, integration and test results. It details the
specifications of the solar collector, drying chamber and highlights the inclusion of
phase change material (PCM) to improve thermal efficiency. The documentation
describes key operating parameters, including vacuum levels and drying temperatures,
and presents system tests focusing on drying efficiency, rates and temperature profiles.
Through careful data analysis, the documentation provides valuable information about
Solar integrated Heat pump dryer on performance, laying the groundwork for further
optimization and possible real-world applications in sustainable drying technologies.
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CHAPTER 4

MATERIALS AND METHODS

4.1. BASIC DESIGN PARAMETERS

The amount of moisture to be removed from the bitter gourd (Momordica charantia) during
the drying process:

𝑀 =
𝑊(𝑀𝑖 − 𝑀𝑓)

100 −𝑀𝑓

Mi is the initial moisture content; Mf is the estimated final moisture content; W is the mass of
bitter gourd to be dried.

Mi= 91%; Mf = 12%; W = 0.5kg

𝑀 =
0.5(91 − 12)

100 − 12
= 0.448𝑘𝑔

The energy required to remove the moisture content:

𝐸 𝐾𝐽 = 𝑊𝐶𝑝𝑚 𝑇2 − 𝑇1 + 𝐼𝑉𝑀

W is the mass of the product to be dried (kg); Cpm is the specific heat of the product; M is the
amount of moisture to be removed (kg), T2 is the estimated temperature of drying air; T1 is
the ambient air; Iv is the latent heat of vaporization of water (kJ/kg).

W = 0.5kg; Cpm= 3.7 kJ/kg°C; M = 0.444kg; Iv= 2260 kJ/kg ;T2= 50°C; T1= 27°C

𝐸 𝐾𝐽 = 0.5 ∗ 3.7 ∗ 50 − 27 + 2260 ∗ 0.448 = 1055.03𝑘𝐽

The energy required per hour:

𝑄 𝐾𝐽 =
𝐸(𝐾𝐽)

𝐷𝑟𝑦𝑖𝑛𝑔 𝑡𝑖𝑚𝑒

E = 1055.03kJ; Drying time = 7hrs.

𝑄 𝐾𝐽 =
1055.03

7
= 150.71𝑘𝐽
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The heat pump used in this system must have the capacity to supply this energy required per
hour (Q).

Angle of tilt of solar collector:

𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝑡𝑖𝑙𝑡 = Latitude °N + 15

Latitude °N = 10.06 °N;

𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝑡𝑖𝑙𝑡 = 10.06 + 15 = 25.06

The efficiency of the solar collector:

𝜂 =
𝑄

𝐼𝑥𝐴
𝑥100%

with

I = solar radiation

Solar Irradiance for a day on an average = 5.5kwh

For approximate 1hr, Solar Irradiance = 5.5/24 = 0.229 kwh

where Q (kJ) is the energy required to remove the moisture content and A is the area of the
collector.

Q = 150.71 kJ/hr; A = 0.27 m2

𝜂 =
150.71

0.229 ∗ 0.27 ∗ 3600
∗ 100 = 67.7%

The mass of PCM storage energy system required:

𝑚 =
𝑄

𝐶𝑝(𝑇2 − 𝑇1)

where Q (kJ) is the energy required to remove the moisture content, Cp is the specific heat of
the white paraffin wax, T2 is the estimated temperature of drying air, T1 is the ambient air.

Q = 150.71 kJ/hr; Cp= 2.14 kJ/kg°C; T2= 50°C; T1= 27°C
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𝑚 =
150.71

2.14(50 − 27)
= 3.06𝑘𝑔

The area of the drying chamber (Ad) was estimated using:

𝐴𝑑 =
𝑉𝑏
𝐸𝑏

With

𝑉𝑏 =
𝑀𝑏

𝜌𝑏

Vb is the bulk volume; Mb is the mass of bitter gourd, and ρb is the bulk density; 𝐸𝑏 is the

thickness of sliced bitter gourd.

ρb= 600kg/m3; Mb= 0.448 kg; 𝐸𝑏= 3mm

𝑉𝑏 =
0.25

600
= 4.1 ∗ 10−4𝑚3

𝐴𝑑 =
4.1 ∗ 10−4

3 ∗ 10−3
= 0.13𝑚2

4.2 EXPERIMENTAL SETUP

The experimental setup was established at Mar Athanasius College of Engineering in
Kothamangalam, Kerala, India in accordance with the methodology described. The study was
being done at Kanjirappally, India. A schematic diagram of the solar dryer, presented in
Figure 2, depicts the configuration of the solar-assisted heat pump dryer grated with a thermal
energy storage (TES) system. The main components of this integrated system comprise the
drying chamber, the heat pump, the solar collector, and the thermal energy storage system
that employs PCM white paraffin wax as the storage medium. The thermal energy storage
system efficiently captures and stores solar energy in the soapstone medium through the
mechanism of sensible heat. The stored energy is subsequently utilized to preheat the air
entering the storage system before it reaches the heat pump’s condenser. In summary, the

decision to incorporate paraffin wax as the storage material in the system is aimed at
achieving energy optimization and overall efficiency improvements. By capitalizing on the
advantageous thermal properties of paraffin wax, the system can effectively store and utilize
solar energy, resulting in enhanced energy efficiency and improved performance during the
drying process.
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(a) (b)

Fig 2 . Vacuum Solar Dryer (a) side view (b) front view

Each component of the dryer was built step-by-step and independently. 1.5 cm plywood
sheets were used to construct the drying chamber, which has an area of 990 cm2. In the upper

part of the drying chamber, a ventilation is provided which can be opened as well as closed.
A fan is also provided at the top to suck out the moisture air quickly. It applies the theory of
convection between natural wind and air to accelerate and transform any parallel airflow into
vertical so as to improve the indoor ventilation and effectively remove indoor soot, Odor,
moisture, dust, etc. Two trays were being placed inside the chamber. The trays were made
with steel grill mesh to allow hot air from the drying chamber to circulate. The heat pump

system consists of the compressor, condenser and a heater.

(a). Solar collector (b). fan (c). PCM storage tank (d). Drying chamber (e). compressor
(f).condenser (g). Heater (h). open-close valve

Fig 3. Schematic diagram of Vacuum Solar drying system with PCM
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The solar collector has been placed at the bottom with the thermal storage system at the top.
A fan is being connected between the solar collector to circulate the hot air. Also, the PCM is
being kept at the top inside a stainless-steel box having dimensions of 11cm width and length
and a height of 5cm. The solar collector was made with a glass of 5 mm thick having 90cm
length, and 33.5 cm wide. An aluminium sheet painted black and 0.6mm thick has been
positioned at the bottom of the glass to allow the best capture of solar radiation. The chamber

was built with a 5mm thick plywood which was chosen on the basis of the availability of the
product. Also, the same plywood is used for the frame of the solar collector. The frame of the
solar collector was also painted black. The compressor used was of a 1200 Watts 150 psi air
compressor and the heater used was an 800 Watts hair dryer. The PCM used in here is the
white paraffin wax having a melting point of 50°C and a latent heat of 2.1 kJ/kg. It was
stored on a steel box of dimensions 11x8 cm base and a height of 5cm height. Table 1 shows

the instruments used for the measurements and these are the parts only for taking the readings.

Table 1. Measurement instruments

Instruments Parameters Range
Temperature Controller

Sensor
Temperature -50 – 110°C

Temperature Humidity
Control Module

Temperature and
Humidity

Temperature: -40 – 120°C
Humidity: 0 – 100%

4.3 EXPERIMENTAL PROCEDURE

The experiment on drying the bitter gourd were conducted on the solar dryer with the PCM
thermal storage system. The main aim of our experiment is to find out the efficiency, drying
rate as well as the nutritional quality of the bitter guard being dried in this dryer. In this study
the bitter gourd was purchased from the local market and once purchased they are carefully
cleaned in water and then cut into sizes at the range of 3 mm before being put onto trays

placed in the drying chamber. Initially the dryer was heated up to so that the drying of the
bitter gourd could start effectively and fast. The mass of the bitter gourd was 500g. The initial
moisture content of the bitter gourd was found using the nutritional test and was found to be
92%. All the experiments were conducted to find out the performance of the dryer. Also, the
mineral and vitamin analysis of the sun dried, machine dried and the fresh bitter gourd is
being found out. The working of the dryer is being explained in the figure 4.
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Fig 4. Process flow diagram

As the process flow says the collector gets hot being placed at the sun and a maximum of
68°C was found in the collector. This would help the PCM to melt storing the energy inside
the PCM. This energy can be used to be released when the temperature inside the chamber
gets lower than the depicted. A temperature sensor is kept at the tray to note the temperature
of the tray and when it goes above 50 °C the heater stops. Again, if the temperature inside the
chamber increases the fan blowing between the collector is stopped and thus being able to
reduce the heat passing over to the chamber. The heater starts working once the heat in the
tray reduces to 48°C. Once the relative humidity has reduced to a certain value and the value
doesn’t change, then the compressor is started and the further drying is done through the
compressor. The liquid used here for the condensing of the air is cooled water having a
temperature of almost 3°C. The dryer is then stopped when the relative humidity has lowered
to certain constant value.

The fan circulates the
air inside the solar

collector and heats the
PCM storage tank.

The PCM melts and
gives the heat to the
chamber through

convection

The heater at the side
heats the chamber
along with the

collector and PCM.

The evaporation takes
place inside the
chamber on the

product.

The heater increases
the temperature and

the fan at top
circulates the air.

The valve at top opens
when the humidity
increases to a
maximum.

The condensed air is
passed to the chamber
and stopped when RH

reaches 18%.

The compressor is
turned on and the air is

circulated to the
condenser.

The valve again closes
and repeats this until
the relative humidity
reaches to 28%.
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4.4 PERFORMANCE ANALYSIS

Drying Rate: The drying rate is being calculated using:

𝐷𝑅 =
𝑀𝐶𝑡+𝑑𝑡 + 𝑀𝐶𝑡
𝐷𝑟𝑦𝑖𝑛𝑔 𝑇𝑖𝑚𝑒

𝑀𝐶𝑡+𝑑𝑡 is the moisture content at time t+dt and the 𝑀𝐶𝑡 is the moisture content at time t. The

Drying rate of the dryer throughout the drying rime is depicted in the figure 6 in results and
discussions.

Specific Moisture Extraction Rate (SMER): In the drying process, the specific moisture
extraction rate represents the efficiency of energy or effectiveness of energy used in the

drying process. It is being found using:

𝑆𝑀𝐸𝑅 =
𝑀𝑤

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

Here the 𝑀𝑤 is the amount of moisture to be removed and the Total energy consumed is in

kwh

Total Energy consumed is:

Compressor working for 1.5 hrs consumes 1.8 kwh

Heater working for 2.5 hr consumes 2 kwh

Energy from collector is 0.432 kwh

Total Energy Consumed = 1.8+2+0.432 = 4.232 kwh

𝑆𝑀𝐸𝑅 =
0.448

4.232
= 0.105 𝑘𝑔/𝑘𝑤ℎ

Dryer Efficiency: The drying efficiency is calculated using:

𝜂 =
𝐼𝑣𝑀𝑤 +𝑊𝐶𝑝(𝑇2 − 𝑇1)

𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝐼𝑣 is the latent heat of vaporization of water; 𝑀𝑤 is the mass of water removed (kg);

𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 consumed is the total energy consumed by the whole dryer (kWh).

𝐼𝑣 = 2260 𝑘𝐽/𝑘𝑔 ; 𝑀𝑤 = 0.448𝑘𝑔 ; 𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 4.232 𝑘𝑤ℎ ;𝑊 = 0.5 𝑘𝑔 ;𝐶𝑝 = 3.7 𝑘𝐽/𝑘𝑔 ;

𝑇2 − 𝑇1 = 23°C.

𝜂 =
1055.03/3600

4.232
∗ 100 = 6.92%
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 PERFORMANCE ANALYSIS

The performance was assessed by drying 500 g of bitter gourd with an initial moisture
content of 91% (wet basis) in order to have an idea on the performance of the whole dryer.
The drying process was ended when the final moisture content reached to 12%. Along with
the solar dryer the bitter gourd was also dried in direct sun to compare the drying time as well
as the nutritional quality of the bitter gourd. This section discusses various aspects such as the
drying temperature, relative humidity, moisture content and dryer efficiency to find the
performance of the dryer.

Fig 5. Variation of moisture and time

The figures 5 and 6 show the variations of the moisture content as well as the drying rate with
respect to the time. As shown in the figure 5 the final moisture content of 12% was obtained
when drying 500g of bitter gourd using the vacuum solar dryer with Phase Change Material

during the daytime after the drying time of 420 minutes. On the other hand, the drying time
that took for drying 500g of bitter gourd in the direct sun was 13 sunshine hours. Thus, using
the vacuum solar dryer has reduced the drying time to 360 minutes when compared to direct
sun drying. Thus, the vacuum dryer has proven to be a time saving device in drying the bitter
gourd. The average drying temperature and humidity in the drying chamber are the main

factors that are observed to have an impact on the reduction of moisture content during the
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drying process. The dryer’s inlet temperature rises with time, causing the drying rate to grow
initially until it reaches a maximum value, after that, the moisture loss from the product
causes the drying rate to start decreasing.

Fig 6. Variation of drying rate and time.

Fig 7. Variation of relative humidity and time

The average drying rate achieved in this study for drying 500g of bitter gourd were 0.21% per
minutes. The findings provide favourable outcomes when compared with the previous studies.
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The solar energy from the collector was found out to be 0.432 kwh on an average day in the
month of April at Kothamangalam, Kerala. It was found out using the Solar Irradiance map
and it depicted a total of 5.5 kwh on an average day. The drying was started at the time of 10
am when there was a temperature of 27°C and a humidity of 62% at the outside.

The figure 7 shows the variation of the relative humidity with respect to the drying time. The
relative humidity reduces to a certain value at the first time and almost remains a constant. At
this time the valve at the top is opened and the atmospheric air being allowed to enter. At this
stage the relative humidity reduces. This is what the dip in the graph shows. This is being
repeated up to a certain level that the relative humidity remains constant for a long time. At
this point the relative humidity doesn’t decrease and thus we will start the compressor. At this
point the compressor compresses the air from chamber up to a pressure of 25 psi and is being
allowed to condense inside the condenser. We have passed iced water almost having a
temperature of 3°C to condense the air from the dryer.

Fig 8. Variation of temperature in PCM and tray inside chamber

The above figure 8 shows the variation of the temperature in PCM and the tray inside the
chamber when the PCM was fully melted. All the heat sources were cut down in this
experiment to find out how much time the temp was remained constant in the tray so that the
product will not be rotten or decomposed for a short period of time even when the current
source is lost. Thus, the implementation of paraffin wax as a phase change material (PCM)
has led to a significant reduction in temperature fluctuation within the chamber. The PCM
absorbs heat and reaches temperature up to around 54°C. Using the sensor, we can ensure the
temperature in the chamber doesn't increase above 50°C. With a mass of 1.5kg and a melting
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point of 50°C, the PCM demonstrated remarkable importance in maintaining a constant
temperature for an extended duration of approximately 43 minutes post-power supply
cessation by supplying the absorbed heat from the collector. This highlights the importance of
incorporation of PCM in our solar dryer.

The Specific moisture extraction rate (SMER) is found to be the 0.102 kg/kwh which remains
to be in the range of the research paper findings. The SMER is the effectiveness of the energy
used in the drying and thus it is a major factor to know the value of SMER in a dryer. The
SMER of our Vacuum Solar dryer with the PCM has proven to have a property as close to
that of the conventional Solar heat pump dryers. Also, the dryer’s efficiency is being found
out and the value that we received is 6.92%. It is lower than the conventional Solar heat
pump dryers which has got an average thermal efficiency of 12-18%.

5.2 PROXIMATE AND VITAMIN RESULTS

The nutritional content of the bitter gourd was found on the sun dried, machine dried and the
fresh bitter gourd. It was done on Interfield Laboratories, Kochi, Kerala. The energy, vitamin
C, moisture, protein, carbohydrates, fat and ash were found for the fresh, sun dried as well as
the machine dried bitter gourd. From the results we get we were able to understand that the
machine dried products depicted better quality than the sun-dried product.

Fig 9. Moisture, protein and carbohydrates value in bitter gourd.

The nutritional values of the machine dried bitter gourd show us that the usage of such

machine dried products would be able to preserve the drying products in high quality without
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losing its nutritional value. The findings revealed that carbohydrates, which are the main
energy source in the human body were shown to have the highest proportion of all nutrients
evaluated in dried bitter gourd with a value of 67.8 g/100g when dried in machine. Due to
water evaporation, the moisture content of dried bitter gourd was lower than that of fresh
bitter gourd. The final moisture content value was 12% for the machine dried bitter gourd and
was 9% for the sun dried. The moisture content of food products indicates its freshness and

shelf life. Foods having a higher moisture content are more sensitive to microbial harm and
have a shorter shelf life, which can lead to decomposition.

Fig 10. Fat and ash value in bitter gourd

In comparison with the fresh bitter gourd as well as the sun-dried bitter gourd the protein
content of the machine dried bitter gourd comes out to be more than the other two. The

protein content of the machine dried comes out to be 14g/100g, 12g/100g for the sun dried as
well as 2g/100g for the fresh bitter gourd. Also as depicted above the moisture content of the
fresh bitter gourd comes out to be 92%, 12% for the machine dried as well as 9% for the sun
dried. The figure 9 shows the moisture, protein and the carbohydrates content in the 3
products on a bar graph.

In comparison to the fresh bitter gourd the fat value comes to be 0.23 g/100g, 1.54 g/100g for

the machine dried and 1.11 g/100g for the sun dried. The ash content for the sun dried,
machine dried and the fresh bitter gourd is found to be 0.73 g/100g, 10.44 g/100g, 12 g/100g
respectively. This rise could be attributable to moisture loss, which tend to increase the
nutritional values. The figure 10 shows the bar graph for the fat and ash content in the 3
products.
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Fig 11. Vitamin C value in bitter gourd

Fig 12. Energy value in bitter gourd

The Vitamin C which is an essential nutrient in the human being is being said to be consumed
by the people daily. The amount of Vitamin C in the product is shown in the figure 11. The
quantity of the Vitamin C in the fresh bitter gourd is less than 5mg/100g which is thus cannot
be found in the exact amount in the lab as the limit is 5mg/100g. For the machine dried bitter
gourd, the vitamin C content is found to be the 173 mg/100g where as in the sun dried the
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content of vitamin C was 31.3 mg/100g. This is what is being shown in the figure 11. It is
thus being clear that the nutritional value of the bitter gourd is not lost in a larger amount
when it is dried in the machine.

Energy concentration, which comes to be the main content factor in the food quality check
has been found in here also. The energy concentration in the machine dried came out to show
the maximum value of 336 kcal/100g. Also, the sun-dried bitter gourd has showed an energy
value of 296 kcal/100g which was just 31 kcal/100g for the fresh bitter gourd.

From all the above readings we are now being able to conclude that the Vacuum solar dried
bitter gourd has got to preserves the nutritional content of the product even after being dried.
The usage of the PCM inside the chamber is a great source of energy provider that could keep
the temperature inside to an almost time of 43- minutes which would help the product to not
loose its vital nutritional components when the current energy source is lost at night. Thus,
the system is great method to be used even when the current is lost. The usage of the solar
collector is providing the free energy source on to the dryer making it more environmental as
well as sustainable. Even though the drying efficiency of the dryer has been low when
compared with the existing system the dryers SMER has shown a value of 0.102 kg/kwh
which comes in the range of the existing solar dryers which are mainly having an SMER
value in the range of 0.1-0.2 kg/kwh. The proximate analysis shown in here also depicts that
the dryer provides high quality nutritional valued products when dried and thus exists the
importance of our dryer.

From another research we came to know that the moisture content in a canvendish banana is
around 74.4%(initial) to 9.6%(final dried) and specific heat capacity as 2.5kj/kg°C .So we are
planning to make a journal which shows the comparison between bitter gourd and Cavendish
banana by conducting the experiment once again. The purpose of this comparison is to know

that if we place any vegetable having some specific moisture we can find how the dryer
works and what change do we have to do to get more efficiency.
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CHAPTER 6

CONCLUSIONS

In conclusion the dryer we have constructed has depicted better quality in the dried bitter
gourd we have dried and stays better in all the nutritional qualities of the product. The bitter
gourd took 15 sunshine hours to dry while the dryer took only 7 hrs of drying with a drying

rate of 0.21% per minutes at an average. The moisture content of the bitter gourd which was
92 % at the initial has been reduced to 12% in the Vacuum Solar dryer while it has reduced to
9% in the sundried. The SMER of the dryer was found to be 0.102 kg/kwh which has come to
be near to the SMER of the conventional Solar Heat pump dryers. The SMER provides the
idea on the effectiveness of the energy used in the drying system and is thus an important
parameter to be shown. The efficiency of the Vacuum Solar dryer with PCM has been got as

6.92% which is lower than the conventional solar heat pump dryers where the thermal
efficiency comes to be in the range of 12 -18% and this is mainly due to the higher usage of
the heater. In case if we had reduced the usage of the heater the value would have been gone
higher. To do this we have to adopt the method of the solar heat pumps where they use the
same refrigerant liquid and then used the expansion valve and evaporator along with the
compressor as well as the condenser. This will help in reducing the power consumption and

thus increases the efficiency. The implementation of paraffin wax as a phase change material
(PCM) has proven effective in sustaining a consistent temperature within the chamber even
after the cessation of heat supply from the collector. Initially targeting a mass of 3.2kg based
on a 50°C melting point, adjustments were made to optimize performance, with 1.5kg
ultimately yielding the desired results. Through experimentation, it became evident that the
PCM successfully retained heat, extending the maintenance of chamber temperature for an

impressive duration of approximately 43 minutes post-power supply cessation. This outcome
underscores the viability and efficiency of PCM utilization in temperature regulation systems,
highlighting its potential for broader applications in various fields. The best method we could
do in here is to use a phase change material having lower melting point and a higher latent
heat. This would solve the melting problem of the PCM when placed in large amount.

Even though the power consumption of the newly designed Vacuum Solar Dryer has been

high the quality of the dried product was not lost and thus is a good technology for the drying
industry. The small change in the design, such as the implementation of the evaporator and
expansion valve could help in the removal of the heater from the system and thus improve the
efficiency of the dryer. Also, the selection of a PCM material having a melting point lower
and a latent heat higher would also help to improve the overall efficiency of the dryer.
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