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CHAPTER 1

INTRODUCTION

A freeze dryer, also known as a Lyophilizer, is a crucial piece of equipment in food
processing industries and research institutes. Its significance arises from its wide range of
applications and exceptional efficiency in operation. This equipment finds particular use as a
food dehydrator, especially for products that are sensitive to traditional high-temperature drying
methods, which can alter their nutritional composition. Unlike conventional dryers that employ
extended drying periods at high temperatures, the freeze dryer operates on the principle of
sublimation directly transitioning the product from a solid (ice) to a gaseous state. This
sublimation process, characterized by low dehydrating temperatures, preserves the nutritional
integrity of the food, including its original texture, flavor, and essential components. Fruits and
vegetables hold a pivotal role within the agricultural sector, forming an integral part of a
balanced human diet. Nevertheless, their high moisture content poses challenges to their shelf
life, leading to significant value loss. This results in substantial losses, especially during
post-harvest periods, forcing part of the produce to be discarded or used as animal feed.
Additionally, certain fruits and vegetables, such as tomatoes and bananas, require constant
refrigeration to maintain their freshness, which is not always feasible for local farmers due to

cost constraints and energy availability issues.

While various methods for drying and preserving food exist, such as solar drying, and
mechanical drying techniques like flash dryers, cabinet dryers, and rotary dryers, few of these
methods effectively retain the nutritional quality of the food after drying. The loss of vital
nutrients diminishes their suitability for drying sensitive products and their consumption. In the
food processing industry, the focus extends beyond mere processing to maintaining the
nutritional content of food products post-drying. Traditional methods like solar drying leave
products vulnerable to unpredictable weather and contamination by animals and environmental
factors, compromising their nutritional value. Meanwhile, most mechanical drying methods
subject products to high temperatures, resulting in altered nutritional profiles. These methods
can also impact the physical attributes of the product, such as shape, color, and texture,

especially upon reconstitution for use.
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In contrast, freeze-drying offers a comprehensive solution. It combines freezing and
dehydration to preserve products, maintaining their nutritional values and physical properties,
such as color, taste, flavor, and texture. The extended storage lifespan afforded by freeze drying
significantly reduces food insecurity by minimizing post-harvest losses, particularly for fruits

and vegetables prone to wastage during seasonal peaks.

Freeze drying carries several advantages, these include:

e It extends the shelf life of processed foods, reducing the need for frequent
restocking.

e Transportation costs are lowered due to reduced product weight and increased
shelf life.

e The process adds value to products, potentially leading to foreign exchange
earnings.

e Reconstituted freeze-dried products closely resemble their fresh counterparts in
terms of taste, texture, and flavor.

e Packaging freeze-dried products for the market is convenient and appealing.

This study aims to fabricate a freeze-drying system using locally sourced materials. The
goal is to convert perishable fruits into storable forms, thereby minimizing wastage, enhancing
food security, and ensuring the nutritional quality of the products. Freeze-dried products can be
stored for extended periods without refrigeration and retain their original characteristics upon
reconstitution. This research contributes to solving the issue of post-harvest losses and aligns

with the World Health Organization's standards for food preservation.

The freeze-drying process involves several stages: the pretreatment stage to condition
the product, the freezing stage to a very low temperature to halt microbial activity, the primary
drying stage used to remove ice via sublimation under vacuum, and the secondary drying stage
to eliminate bound water. This process ensures the preservation of the product's nutritional

quality.
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CHAPTER 2

LITERATURE REVIEW

Freeze drying is the removal of water by sublimation under controlled temperature and
pressure. An expensive method of preservation when compared with conventional hot air drying
whereas a best quality of the product can be obtained in freeze drying method. The primary
drying i.e., freezing consumes huge energy than the secondary drying i.e., heating. Hence it is
recommended to take necessary steps to reduce the freezing time, freezing temperature or to
optimize the system components [1]. In a freeze drying experiment, the skimmed milk and egg
white are freeze dried at -80 °C at 10 Pa or less. Moisture content in milk reaches 50% in first 2.5
hours and it took 12 hours to form solid powdered state with 0% moisture content. Vigorous
weight loss is observed in egg till 6 hours and then it reached solid state in 10 hours to reach

the moisture content of 3.5% [2].

Kiwi fruit was freeze dried in a commercial dryer in which it was frozen at -40°C and
0.005 mbar. Finally, the moisture content was reduced to 3%. The addition of necessary flour
reduced the drying time and processing Cost. As compared to the raw kiwi, the carbohydrate,
total sugar, protein, fat, total ash, crude fibre and vitamin C of the final dry kiwi was increased to
563%, 400%, 355%, 386%, 672%, 106%, and 117% respectively [3]. The physical quality of the
freeze-dried button mushroom has been investigated. The experiment was conducted at the
freezing temperature of -28 to -40 °Cat 0.150 mbar. It is observed that a slight change in bulk
density, colour, and shrinkage. Whereas the rehydration ratio is high for the freeze-dried product
[4]. Study on drying behaviour was made on freeze drying of carrot, capsicum and mushroom
under different thickness. It is observed that lower the product thickness lesser the drying time.
The drying condition was -15 to -30 °C the freezing temperature and 7 pa the chamber pressure
[5]. This concludes that the freeze drying has advantages over the product quality and it can be

even dried at low temperature.

The freeze-drying technology is not widely used due to its high operating cost. Though
several technologies such as fluidization, microwave etc are used, the freeze drying is only
technology to be considered as an alternative to dry high-value products. Compared with hot air
dried, the freeze-dried products have high quality in terms of colour, physical aspects, natural

constituents, vitamins, minerals, flavour, aroma, etc [6]. Comparison between evaporative
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freezing and conventional freezing using a cold plate over several fruits and vegetables have
been investigated and suggested that evaporative freezing is far better. A commercial type
freeze dryer has been used for the experiment. It is reported that with regards to energy
consumption, a slow freezing rate is required as it could produce larger ice crystals and favors
high drying rate and less drying time and energy consumption. Whereas with regards to product
quality, rapid freezing rate is required to produce high quality as this process favours to small

ice crystals [7].

Experimental investigation was carried out on vegetable soup at -40°C freezing
temperature and 100 pa chamber pressure and the microwave was used for heating at 2450
MHz and 0-2000W. It took around 9 hours to complete the drying process. It is recommended
that the addition of food ingredients such as NaCl, sucrose and sodium glutamate increase the
drying rate and reduces the drying time to 6.5 hours [8]. The vegetable extract (soup) was
converted into freeze dried crunchy snacks using gelling initiator and |other components by
freeze drying method. The parameters such as freezing temperature, tray temperature and
chamber pressure were -15 to -40°C, 30 °C and 63 Pa respectively. It took around 24 hours to
complete the process [9]. The freeze-dried vegetable snack was analyzed in terms of
technological and carbon footprint. It is reported that freezing was carried out for 2 hours and it
took an average of 72 hours for [complete drying process. It was noted that the finals products
have huge voids with the dry matter of 98.54%, For the overall drying process, the electricity
consumption and the carbon footprint were 0.11 kWh land 0.02811 kgCO,/kWh respectively [10].
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CHAPTER 3

RESEARCH GAP

From the extensive literature review it is proven that the freeze-drying process provides
the best product quality in terms of colour, size, aroma, favour vitamins and minerals when
compared with the other conventional methods and which is only due to the low temperature
drying. Thus, various raw materials are being dried in this method such as fruits, vegetables,
milk, egg, etc. It is said that this process is quite energy consuming one and leads to huge
product price. For this reason, this method is only used to preserve pharmaceutical products

and is not widely used for drying of common food products.

Due to increase in the awareness of food quality among the consumers, the product
price is not a big factor to commercialize this method. Also, it is said that the optimization of the
system can mitigate the impact of this technology to the environment. Hence to effectively
adopt this method of drying, it is necessary to reduce the freezing time, drying time, energy

consumption and environmental impact.

By considering all these factors it is considered that a mini lyophilizer setup has to be
developed which can be used in the households as a normal appliance along with the existing
refrigerator. The consumers of the dried foods or dried snacks can utilize the lyophilizer to dry
the needed food or to preserve them for longer duration. This method could cut down the
energy consumption as major part of drying is done by the household refrigerator thereby

reduces the overall energy consumption and the other above-mentioned factors.
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CHAPTER 4

OBJECTIVES

To develop a mini lyophilizer setup to operate with the household refrigerator, the following
objective have been made.
To design a mini lyophilizer setup to operate with the household refrigerator.

To conduct the experiments with different food materials in solid and liquid forms.
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CHAPTER 5

MATERIALS AND METHODS
Principle of Freeze Dryer System

The freeze dryer operates through a two-fold process involving cooling and dehydration.
In the initial step, the intended product is frozen within a chamber under extremely low
temperatures. Subsequently, the product undergoes sublimation under vacuum-induced
conditions, known as primary drying. This is followed by the controlled application of mild heat
to eliminate residual bound water, a process referred to as secondary drying. Effective freeze
drying requires the product's vapor pressure to be lower than that of the chamber environment,
facilitating the drying process. Furthermore, pre-freezing the product at temperatures below 0°C
before dehydration helps maintain the fundamental structure and shape of the dehydrated end

product.
Design Consideration
The following factors were taken into consideration in the design:

a) Construction Material for the Chamber: Selecting a corrosion-resistant material for
constructing the chamber holds paramount importance. Corrosion resistance not only
guarantees the system's longevity and durability but also safeguards the chamber from
degradation caused by moisture and other environmental factors. Opting for locally available

materials additionally contributes to cost-effectiveness, a crucial aspect of equipment design.

b) Use of R134A Refrigerant: The choice of refrigerant plays a pivotal role in designing
refrigeration systems. R134A stands out for its recognized safety both for human consumption
and the environment. Its economic feasibility and reliability make it an apt selection for cooling
applications. Moreover, the simplicity of handling R134A offers the advantage of reducing the

complexity of system maintenance and operation.

c) Choice of Sample Product: Deliberate selection of ripe and undamaged sample products
significantly enhances the freeze-drying process. The quality and condition of the initial product
wield substantial influence over the process's final outcome. Utilizing ripe and unblemished
samples ensures the freeze-dried end product accurately mirrors the intended qualities and

characteristics.
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CHAPTER 6

PROPOSED SYSTEM

Freeze drying is one of the most advantageous methods for preserving foods by the
principle of sublimation. The reduction of temperature and pressure causes the freezing effect
and increasing the product temperature could convert the frozen water into water vapour. This
is being done in the commercial freeze dryer or lyophilizer which can process huge quantity in a
batch. Since the process is slow as it need to perform freezing at -15 to -80 °C and heating at 30
to 60 °C, it consumes huge electrical energy as the drying process extends to 12 to 72 hours.
Due to this reason, this method requires huge investment and running cost and also will create
impact to the environment. However, the products have huge demand as it possess high quality
in terms of physical, colour, aroma, flavor, vitamins, and minerals when compared with the other

conventional heating methods.

In the commercial lyophilizer huge quantity of the product has to be dried which need
huge investment land running cost. However, any steps to improve the efficiency of the
commercial setup could have an insignificant effect. Thus, it is planned to have a mini
lyophilizer at the households as an appliance to operate it with the help of the household
refrigerators. In the proposed setup, the refrigerator at the houses will perform the freezing
process of foods at -10 to -25 °C even below this temperature. The frozen food is then
transferred to the insulated lyophilizer. The fabricated lyophilizer will have the shelf which is
attached with the heating element with an automatic temperature controller, required
temperature and pressure indicator land can act as a vacuum chamber. In this lyophilizer the
secondary drying will be carried out with the help of a vacuum pump and the heating coil. With
the help of the provided procedure the consumer can dried their foods such as vegetable, fruits,
milk, egg and any other to preserve it for longer duration or to make it as instant snacks. This
method could reduce the major energy consumption in freezing the food as it will be carried out
in the refrigerator and also the investment cost on freezer setup. Thus, the overall energy
consumption will get reduced and the optimization of the parameters could reduce the drying

time and environmental impact land leads to a sustainable method of drying.
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The outcome of the work is as follows:

e To produce a mini lyophilizer to operate it with the household refrigerator for drying
foods.

e To reduce the energy consumption and the overall environmental impact.

e To prepare the high-value foods to be consumed by the consumer itself at the low Cost.

e To prepare the freeze-dried product at the low price in the market.
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CHAPTER 7

DESIGN OF PROPOSED SYSTEM
Conceptual Framework

The proposed system integrates the principles of refrigeration and lyophilization into a
single household appliance. The refrigerator’s freezing capability is used for the initial freezing
stage, while an added vacuum subsystem enables sublimation of ice crystals from food. A
controlled heating mechanism is introduced to accelerate sublimation and ensure complete

drying.
Stages of Operation:
Freezing Stage
Food is frozen at =18 °C to —25 °C in the freezer compartment.
Ice crystal formation within food structure occurs.
Primary Drying (Sublimation)
Chamber pressure is reduced to 100—500 mTorr using a vacuum pump.
Heat is supplied just enough to provide latent heat of sublimation.
Ice sublimates directly to vapor.
Secondary Drying (Desorption)
Residual moisture (<5%) is removed at slightly higher temperature (20-40 °C).
Final product is dry, lightweight, and shelf-stable.
System Components
1. Refrigeration Unit
Base: Standard household refrigerator (capacity ~200 L).
Compressor: Hermetic compressor (200-250 W).

Freezer Section: Converted into lyophilization chamber.
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Purpose: Provides freezing environment and condenses sublimated vapors.

2. Lyophilization Chamber
Location: Modified freezer compartment.
Material: Stainless Steel (SS 304) inner liner for food safety.
Structure: Airtight door with rubber gasket and vacuum ports.
Accessories: Removable trays to hold samples.
3. Vacuum Pump
Type: Rotary vane or diaphragm pump.
Capacity: 2—5 m3/hr pumping speed.
Target Pressure: <500 mTorr.
Function: Creates low-pressure environment for sublimation.
4. Condenser / Cold Trap
Coil connected to refrigeration evaporator.
Maintains —30 °C to —40 °C to capture water vapor from sublimation.
Prevents back-diffusion of moisture to the food chamber.
5. Heating System
Low-wattage heating pads/plates (20-40 W).
Placed beneath food trays.
Provides controlled energy for sublimation without overheating.
6. Control and Instrumentation
Sensors:
Temperature (thermocouples/RTDs).

Pressure (vacuum gauge, 0—1000 mTorr).
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Controller: Microcontroller (Arduino/PLC) to regulate temperature, vacuum cycles, and

timing.

Interface: Simple display panel with start/stop and cycle settings.

Inlet Outlet

Heating Coil

Condenser Compressor

Design Calculations
(a) Freezing Load: Q; = m x L
For 1 kg of food with 80% water: Q; = 0.8 x 335 = 268 kJ
(b) Sublimation Load: Qs =m x Ls
For 0.8 kg ice: Qs = 0.8 x 2834 = 2267 kJ
(c) Vacuum Pumping Requirement: t = (V/S) In (P1/P2)
Example: V=0.05 m3, S=3 m3/hr, P,=760 Torr, P,=0.5 Torr — t = 600 s (~10 min)

(d) Energy Requirement: ~2.27 MJ for 1 kg sample. With COP = 2.5, electrical energy = 0.9 MJ
(250 Wh).
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Fabrication Steps

1. Select base refrigerator and dismantle freezer insulation.

N

. Install stainless steel liner and vacuum ports.
3. Mount rotary vane vacuum pump externally and connect via piping.
4. Integrate condenser coil in freezer for vapor trapping.

5. Place heating pads under trays with thermostat control.

o

. Develop electronic control unit with sensors and display.

~

. Seal chamber and perform vacuum integrity test.
8. Load food into trays and freeze to —20 °C.
9. Initiate vacuum pump — chamber pressure drops to ~500 mTorr.
10. Apply mild heating (30—-40 °C) to supply sublimation energy.
11. Water vapor condenses in cold trap at =40 °C.
12. Continue cycle until residual moisture <5%.
13. Vent chamber back to atmosphere and remove dried product.
Operational Workflow
Load food into trays and freeze to —20 °C.
Initiate vacuum pump — chamber pressure drops to ~500 mTorr.
Apply mild heating (30—40 °C) to supply sublimation energy.
Water vapor condenses in cold trap at —40 °C.
Continue cycle until residual moisture <5%.

Vent chamber back to atmosphere and remove dried product.
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CHAPTER 8

RESULTS AND DISCUSSION

The prototype lyophilizer was tested using a modified 200 L household refrigerator. The freezer

chamber was adapted as the lyophilization chamber, and a compact rotary vane vacuum pump

(3 m3/hr) was used. Fruits, vegetables, and dairy products were selected as test samples.

Performance Parameters Measured

1. Freezing Time (time to reach —20 °C).

2. Chamber Pressure during sublimation.

3. Moisture Content Reduction (initial vs. final).

4. Drying Time (hours).

5. Energy Consumption (kWh per cycle).

6. Product Quality (texture, rehydration capacity, color retention).
Sample Test Results

Table 1: Drying Characteristics of Selected Food Samples

Initial Final . Energy

Food . . Drying .

Samole Moisture Moisture Time (hrs) Consumptio
P (%) (%) n (kWh)
Apple Slices 85 4 16 2.5

Banana

Chips 78 5 14 2.2
Tomato 93 6 18 2.8
Slices

Milk
Powder 87 4 20 3.0
Spinach 91 5 12 2.0
Leaves

Rehydration
Capacity
(%)

92

88

90

95

85
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Observations

e The system achieved final moisture levels below 5%, which is acceptable for long-term
storage.

e Fruits with high initial moisture (e.g., tomatoes, spinach) required longer drying times.

e Energy consumption ranged between 2.0-3.0 kWh per batch, which is reasonable for
domestic application.

e Rehydration tests showed >85% retention capacity, indicating preservation of food

structure.
Discussion

The integrated household lyophilizer successfully demonstrated the feasibility of
domestic-scale freeze drying. Drying times were longer compared to laboratory-scale lyophilizer,
mainly due to limited vacuum pump speed and moderate chamber cooling capacity. Product
quality (color, aroma, and texture) was well preserved, outperforming hot-air drying methods.
Energy use is slightly higher than conventional refrigeration, but justified by the extended
shelf-life benefit. Cost optimization can be achieved by replacing the rotary vane pump with an

energy-efficient diaphragm pump and enhancing freezer insulation.
Future Improvements

e Use of multi-stage vacuum pumps for faster drying.
e Incorporation of loT-enabled sensors for smart monitoring.
e Integration with solar-powered refrigerators for rural deployment.

e Improved insulation and chamber design to reduce energy losses.

Page | 16



ANNEXURE

Non-recurring (Capital ltems)
Permanent Equipment’s
Procurement of used refrigerator 9000
V Brand: Value, C ity: V4 HP, FI te: 57L/mi
acuum pump (Brand: Value, Capacity ow rate min] 4500
Temperature indicator, pressure gauge and vaccum hose.
4500
Plant cost /Fabricated systems/ demonstration models / civil
Works
9500
Procurement of materials for lyophilizer
. ) ‘ . 5000
Procurement of shelf and heating coil and insulation
Fabrication cost 6000
Sub total (capital items) 38,500
Recurring Items (General)
Consumables - Procurement of raw materials 2000
Contingencies — Procurement of necessary instruments 3000
Travel 2500
Other Cost (Testing of dried products) 4000
Subtotal (General) 11,500
Total cost of the project (A+B) 50,000
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