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Seaweed (macroalgae) is a marine resource that has a high economic value. Seaweeds are
important commodities as raw material for food or additives and as a source of biomass. One
popular species of seaweed is Sugar kelp (Saccharina latissima) — a brown algae that is native to
the Maine coast and also a commonly farmed species. It is a rich source of fibers, vitamins,
minerals, and antioxidants. Seaweeds are highly perishable due to their high moisture content and
will spoil quickly if not preserved, therefore a common practice is to dry the product to prolong
storage life and to minimize the cost for transportation. A drying method using warm (not hot) air
will extend seaweed shelf life and also retain many of the valuable bioactive components that are
heat and/or UV sensitive. Thus, a controlled drying environment can best retain product and

nutritional value and prevent degradation of the food quality.

A first of a kind drying system with controlled temperature, air flow and exit humidity has
been developed and assembled in the advanced manufacturing center (AMC) at the University of

Maine. The drying system is built within a 40-foot-long shipping container.



Inside the container, the seaweed is suspended from an oval shaped overhead conveyor
system, where it slowly rotates around the length of the chamber. A utility room at one end of the
container houses two parallel propane powered heaters with integral blowers, an exhaust fan and

a control system.

My project is looking at examining the drying time, the temperature and humidity within
the drying process, the drying rate, and energy efficiency of the process. Several experiments were
run during early and late springtime 2020 using wet towels or fresh Sugar kelp in the dryer. The
drying system is equipped with five temperature and humidity sensors which logged data every
0.5 seconds. Examination of the drying runs shows that as air passes through the drying chamber
it decreases in temperature and gains humidity, as expected. It became apparent that partial
recycling of the air was important for achieving high exit humidity and lower energy cost. In early
runs, the data showed that air was short circuiting through the dryer and circumventing the hanging
material being dried. This flaw was partly resolved by adding some sheeting at the top of the
conveyor and partially blocking two ventilation ports. We also noted that the temperature
measurement of the incoming air was being affected by the level of recycle and furnace activity.
It can also be seen that through the duration of the drying work, the exiting air shows a steady

trend of rising temperature and decreasing RH.

Analysis of the energy dynamics for the system shows that more data are needed to
consistently close the energy balance, particularly with respect to metering the propane used,
determining the temperatures of different surfaces of the dryer, the rate of air flow into and out of
the system, as well as weather conditions, insolation rate and orientation to the sun. Estimated
values for these variables suggest that insulating the walls of the container, except on bright sunny

days, will likely be cost effective.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Project Objectives

This research project is focused on designing and studying the performance of a
transportable seaweed dryer in terms of temperature and humidity within the dryer, drying rate,
and efficiency of the process. Historically, most seaweed in the US was collected from the wild.
With its nutritional attributes, interest in seaweed as health food is growing in the US, especially
when coming from clean Maine waters. Meanwhile, technology for farming seaweeds is
developing and increasing numbers of people are interested in starting up seaweed farms compared
to wild harvesting. Farming seaweed results in larger harvests over shorter harvest seasons, and

preservation of the crop becomes a bottleneck in post-harvest processing.

Current drying methods include open air drying and greenhouse drying, both of which are weather
dependent and provide little control over the drying conditions, which can diminish nutritional
properties of the seaweed. Thus, this project seeks to help small scale kelp farmers looking for
quality drying capability. Our dryer is designed to offer good control over the drying conditions,
and since it is transportable, groups of small farms or Coops could potentially share one drying

system.

A prototype drying system with energy optimized temperature, air inflow and recirculation
has been designed and assembled at UMaine. The system is packaged inside a 40-foot shipping
container, in which the seaweed is suspended from an overhead conveyor system that slowly

rotates inside the chamber.



A utility room at one end of the container contains the control system, propane powered
air heaters and ventilation fans, while the other end of the container with the standard doors gives
access to the drying chamber. The system is unique in that it is transportable, it features a hanging
system that prevents the sticky kelp from binding to solid surfaces, and the air flow has controlled
recycle to achieve higher energy efficiency by increasing the air retention time. The controlled
drying environment provides conditions that are not too hot and protected from UV rays, which

helps to retain product and nutritional value and prevents degradation of the food quality.

The main objectives of this study were: Testing the performance of the dryer system and
improving and addressing defects in the design. Developing an Aspen Plus process modeling

software program to simulate the energy flows of the real drying process of the sugar kelp.

1.2 Seaweed

Seaweed (macroalgae or sea vegetable) is a general term that refers to several algae and
marine plants that grow in oceans, seas, and rivers. There are more than 15,000 species of seaweed
around the world [23]. Seaweeds serve many ecological functions and are crucial primary
producers in oceanic aquatic food webs. Most species are classified into different types of seaweed,
including red (Rhodophyta), green (Chlorophyta), and brown (Phaeophyta), based on their
pigmentation [1,5,6,15,19,39,41]. Seaweed has a highly variable composition, which depends on
the species, time of collection, conditions such as water, temperature, light intensity and nutrient
concentration in water” [36] The smallest seaweeds are only a few millimeters or centimeters in
size, while the largest routinely grow to a length of 30 to 50 meters. Seaweeds are important

commodities as raw material for food, food additives or as a source of biomass [2].



Figure 1.1: Sugar Kelp (Saccharina Latissima) grown in the Gulf of Maine. Image adapted
from Gulf of Maine Research Institute website — Maine Growing Kelp.

Seaweed is a rich source of fiber, vitamins, minerals, amino acids, lipids, and antioxidants,
all of which contribute to a healthy diet [3,4]. Freshly harvested seaweeds are highly perishable
due to their high moisture content, especially the brown algae which has a moisture content up to
94% wet basis [8] and will spoil quickly if not preserved Therefore a common practice is to dry
product to prolong storage life and to minimize the cost for transportation. In Asia, the greatest
seaweed consumption is of brown algae (66.5%), followed by red algae (33%) and then green
(5%) algae [7,19]. Many of the brown algae are referred to simply as “Kelp”. Saccharina latissima
is one popular species of brown seaweed that is native to the Maine coast and also a commonly
farmed species, as shown in figure 1.1. “There are three commercially important kelp species in
Maine: sugar kelp (Saccharina latissima), winged kelp (Alaria esculenta), and horsetail kelp
(Laminaria digitata)” [20]. Farmed sugar kelp is grown on submerged horizontal long lines located
in leased sea farms, from September to May, while the harvest season usually starts in April and

continues through June. In the wild, sugar kelp can live for 2 to 4 years [1].



1.3 History of Seaweed, Health Beneficial Effects and Industry Uses

Today there is growing demand to produce more food in a sustainable way because of an
expected increase of the world population to over 9 billion people within the next 40 years.
Seaweeds are considered a promising resource for the sustainable production of food and animal
feed. Historically, edible seaweed has been consumed by coastal populations around the world.
Seaweeds have been a part of Chinese life as a human food since as far back as 2500 years ago
[13,14]. Nowadays, many Asian countries such as China, Japan and Korea are consuming seaweed
as a part of their daily diet [10]. Indonesia and Malaysia, with tropical climates, also consume fresh

seaweeds, especially as salad components [11].

As people migrated from their original countries like China or Japan to settle in new
countries, they brought this tradition of eating seaweeds to their settled countries such as in Europe
and the USA, where the use of seaweed was not as familiar to people. Today, seaweed use has
been growing, and improving seaweed processing has enabled increasing demand for seaweed.
The Seaweed industry has been developed through the past several years in Europe. In France, the
first step was introducing seaweeds in restaurant menus, which added some success to the

European Cuisine [12].

In the US, California, and Hawaii both have a daily human consumption of seaweed,
spurred on by many Japanese restaurant and markets have been opened around these regions. The
seaweed markets are also growing on the east coast of US and Canada, in Maine, New Brunswick,
and Nova Scotia [12]. A new seaweed industry has been born in these areas, and the demand for
seaweed is growing, especially in regions known for clean, fresh waters. Other coastal regions
such as Ireland, Portugal, Chile, and Denmark are showing increasing seaweed consumption in

their daily diet [69].



Seaweeds are known as a rich source of vitamins, minerals, antioxidants, omega-3 fatty
acids and essential trace elements, and raw materials for the pharmaceutical and cosmetics industry
[9]. “The seaweed industry provides a wide variety of products that have an estimated total annual
value of US$ 5.5-6 billion” [12]. The use of seaweed in Asian cuisine is very well known, but

seaweeds are attracting increasing attention elsewhere as a valuable food source.

Nowadays there is a big movement towards studying seaweed and its importance in our
lives. Many studies show that the edible seaweeds provide a good source of protein and large
amounts of vitamins such as A, C, D, E, B1., By, Folic-acid, minerals such as Ca, Mg, Fe, K, P, |
and Zn, antioxidants, lipids, dietary fiber as well as fatty acids [15-18,21,22,24]. Seaweed products
can be consumed as food in different ways: Dried as in sushi, snacks, soups, tea, mustard, pasta,
breads, or can be used either frozen or as a raw product such as in salads and even powder. Recently
seaweed extract has been used as an additive for food or beverages. Many consumers prefer to use
cosmetic products that have natural ingredients because it is safe to use on skin without any side
effects. Therefore, Seaweed is one of the natural resources that has been a part of the cosmetic
industry. Seaweed is rich with bioactivity with compounds such as phenolic compounds,
polysaccharides, pigments, polyunsaturated fatty acids (PUFAS), sterols, proteins, peptides, and
amino acids can be used as active ingredients in cosmetic products. Seaweed has an antimicrobial
property that can be used in cosmetic products to prevent the spoilage of the product by killing the
microorganism and to prolong the shelf life of the product. Microorganisms, especially fungi,

could spoil the product [33].

Significant activity has been noticed applying the use of seaweed in the manufacture of
cosmeceutical products such as anti-wrinkle, skin-whitening, UV protective, anti-inflammatory,

and antiallergic applications [32].



These activities could be beneficial for the manufacture of cosmeceutical products, making
use of polyphenolic compounds such as phlorotannins and flavonoids. Seaweed is a rich source of
phycocolloids such as alginate, agar, and carrageenan. These are high-value seaweed
hydrocolloids, which are used as gelation and thickening agents in different applications such as:
food, paints, toothpaste, stabilizing ice cream, pharmaceutical, and biotechnological applications
[25,34,35]. High attention has been paid to seaweed as a functional source of valuable beneficial
health effects for both prevention and treatment of many diseases. Seaweed can be a part of some
therapeutic activities such as anti-obesity, anti-diabetic, antioxidant, anti-inflammatory,
anticoagulants, antiviral, immunological and anticancer due to their fucoxanthin content, which is
a marine carotenoid that can be found in seaweeds, especially the brown algae (Kelp) [26-29,34-

36,42].

Seaweeds are an excellent nutrient source, containing high amounts of micronutrients like
iodine, iron, zinc. Some studies show that the consumption of these micronutrients is very safe and
important during pregnancy to prevent the micronutrient deficiency and work for development of
the fetus brain [30]. Also, seaweed contains a range of bioactive compounds that perform an
important role in modulating chronic diseases. Seaweeds have a significant role in nutraceutical
industries due to the high content in proteins, vitamins, antioxidant and minerals and it is widely
used in China, Japan, and Korea [31]. Beside all these benefits, seaweed can be used for animal
feed. Some studies have shown that adding some seaweed to cattle feed can reduce methane

emissions and can be useful additives to feed for farmed fish and fishery species [40].

Seaweed has been used in agricultural soil as fertilizer or compost that can improve the
organic content of the soil, thus improving soil quality and reducing the need for industrial
fertilizers [36]. Recently many companies have been focusing on developing and producing an

edible food packaging from seaweed [37].



Nowadays seaweed has great potential as a renewable source of biomass for biofuel products that
will contribute to reducing environmental pollution effects [12, 38]. Ethanol, biodiesel, biogas,
renewable gasoline, diesel, and jet fuels are all form of fuels that can be produced from algae
biomass [44]. Brown seaweed (sugar kelp) is an example of renewable energy source for producing

biofuel [43].

Seaweed aquaculture plays a huge role in reducing the negative impacts of climate change
through CO: sequestration, reduction of agricultural greenhouse gas emissions, and protection of

shores from coastal erosion.

1.4 History of Drying of Seaweed

The technique of water removal from food products is considered one of the oldest
preservation methods that mankind has known over the centuries. Reducing the water content in a
food product to the lowest levels eliminates microbial deterioration and the rates of other

deteriorative reactions are reduced significantly [45].

The dried food market has been growing over the past few years due to increased demand
for processed food that is ready to eat, such as nuts, seeds, popcorn, chips, vegetables, fruits, meat,
fish, and grains. Because vegetables and fruits are seasonally produced and they may not remain
fresh through the year, drying is considered an effective solution to get better post-harvest
processing for increasing the food’s shelf-life. Drying also makes material handling easier by
reducing the weight and minimizing packaging and transport cost, and it enables providing
seasonal products throughout the year. There are many methods of drying, the oldest one that

humans have been using through the ancient time is sun drying.



Open sun drying is a natural method and widely used for drying seaweed, especially in
Asian countries that have very warm weather, and such as Indonesia or Malaysia. Open sun drying
is a simple and low-cost technique [46] and provides a naturally dried seaweed by spreading or
hanging the crops directly in the sun after harvesting. This method has several disadvantages
because it is weather dependent, and takes a long time, which means the drying will not be
sufficient if the drying process is carried out during a rainy, or a dusty day or it may be attacked
by birds, insects, or rodents [47]. So, in some cases the result of this method can provide a poor-
quality product and mold growth on the product may occur due to excessively slow drying. In
addition, drying directly in the sun will cause UV damage for the crops which can result in
bleaching of the desirable bioactive pigments. As a result of this, open sun drying has some

limitations for drying seaweed in Maine.

Another application of solar drying, more advanced than conventional sun drying and
widely use in tropical and subtropical countries such as Malaysia [52], is drying the product while
set in a cabinet that is exposed to the sun and makes use of a solar collector made of glass or plastic.
The advantage is that the product is not exposed directly to the sun, while the energy is still
inexpensive and provides a high-quality product as compared with open air sun drying [49]. A
solar drying system was designed and tested for drying of seaweed by Fudholi et al. [48]. An
experiment was done for a large amount of red seaweed, about 40 kg, by using this type of solar
drying. The system consisted of an auxiliary heater, blower, drying chamber, and double-pass solar
collector. The solar collector array consists of four solar collectors. The bottom and sides of the
collector have been insulated with fiberglass to minimize heat losses. The collector consists of the
glass cover, and the insulated and black-painted aluminum absorber. The average solar radiation

was 500 W/m? and the air flow rate of 0.05 kg/s.



A specific energy consumption was measured as 2.62 kWh/kg [48]. While the solar dryer
can be an improvement to open sun drying, it still cannot be used during cloudy or rainy days, or
at night. Many studies have been investigating how to get the best technique to dry seaweed with

less time, cost, and energy with a high-quality product [55,57,70].

Currently oven drying and freeze drying are very widely used in drying of seaweed
applications [50]. Freeze drying has been used in several applications for preserving food. Freeze
drying involves the removal of moisture from a frozen product without thawing that product [50].
The water can be removed from the material by the process of sublimation. Because of the energy
and capital cost of refrigeration, freeze drying is more expensive compared to many other drying
methods. The freeze-drying method can produce an excellent quality product, but this technique

is more expensive if compared with other techniques.

Microwave drying has been a very successful application in food processing, particularly
for food drying to preserve food materials. Microwave-vacuum drying can reduce drying time and
provides a product with a high quality, and it takes less space compared to oven drying.
Microwave-drying could be a useful alternative to oven-drying. Osmotic dehydration has been
used as an effective method to reduce the moisture content of seaweed [51]. Also, there are some
drying methods that have been applied in the food drying sector such as heat pump drying, or

superheated steam drying [57].

The drying field has been improved and developed by using new drying methods such as
electromagnetic heating-infrared (IR) [53,54], which several studies have shown can improve the
food quality and give shorter drying time compared with conventional heating. It also inhibits
enzyme degradation [55]. Dielectric heating (radio frequency and microwave), and ohmic heating

are other electromagnetic techniques.



Ohmic heating uses electrodes to convert electric energy into heat. The dielectric heating
processes provide a high-quality product at the end of the process, reduce cooking time, and have
efficient energy use [56,70]. Selecting the appropriate drying technique depends on several factors

such as the cost, energy efficiency and the influence of the process on the food quality.

1.5 Effect of Drying Treatments on Nutrient Composition and Properties of Seaweed

Seaweeds have been a highly valued resource due to their rich nutritional composition
including vitamins, minerals, antioxidants, and bioactive components. Freshly harvested seaweed
has a high moisture content about (70-90) % wet basis [50,58], and it will spoil quickly if not
preserved. Drying has been an effective technique to reduce water activity, prolong shelf life,
prevent decomposition, minimize the size of product, and reduce the cost of transportation,
however several studies have reported the method of drying can greatly impact the nutritional
composition of the brown seaweed Sargassum hemiphyllum [50]. Many studies have shown that
drying can have a negative impact on the bioactive, antioxidant, and volatile compounds (that
provide aroma and flavor) found in seaweed, which are a heat sensitive [50]. Also, in addition to
the chemical changes such as color and flavor, physical changes also occur during the drying
process, such as shrinkage, texture, and porosity changes which are important characteristics of
seaweed. Nowadays, consumers are looking for convenient health products that imitate the
properties of the fresh product. It has been a big challenge for food researchers and industry to

produce such high-quality dried products.
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Many drying techniques have been applied to dry seaweed, the oldest one is open air sun drying,
and other methods such as solar drying (SD, using solar heat in a mechanical drying system),
convective drying (CD), Freeze drying (FD), and the new hot air drying (HD) techniques such as
microwave, microwave-vacuum, microwave-air drying for obtaining faster and better drying and
higher sensory quality in comparison with the conventional methods. Open sun drying causes loss
of the nutrition and changes in color if the product is exposed directly to the sun for a long time

due to ultraviolet radiation.

One study showed the effect of oven drying and freeze drying on the nutrition composition
and physicochemical properties of two kind of seaweeds, and the results showed that oven drying
for both seaweeds preserved some nutrients such as protein, crude, fiber, and fat content, but saw

reduction in ash and mineral content [59].

Another study showed that oven drying with a high temperature for a long time may have
a negative impact and on the bioactive compounds nutrients [66]. The effect of high temperature
during the convective air-drying method at 70 °C compared to 40 °C on the shrinkage of the brown
seaweed Saccharina Latissima was found to correlate with the glass transition temperature of the
seaweed [62]. “The material state (glassy or rubbery) can highly influence its shrinkage while
drying and hence, affects the textural properties and shelf-life” [62]. Some studies have reported
that drying at high temperatures will cause a reduction in phytochemical substances such as
phenolic compounds, pigments, together with modifications of the physicochemical and sensory
properties (aroma, flavor) of the seaweed products [60-62]. Other studies have shown that freeze-
drying has better results when compared to conventional technique in reducing the loss of volatile
compounds, minimizing physical damage, enhancing reconstitution characteristics, and reducing

the occurrence of oxidation and thermal reactions in seaweed due to drying [50].
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A study by Hamid et al. [63] showed that freeze drying three different edible seaweeds
(Cladosiphon okamuranus, Saccharina japonica and Osmundea pinnatifida) preserved a very high
concentrations of certain metabolites when compared to the oven dried samples of the same
seaweeds. Additionally, a study by Moreira et al. [64] showed that freeze-dried samples of
Ascophyllum nodosum had higher antioxidant activity and contained more phenolic compounds
than samples subjected to other drying procedures. Although the advantages of the freeze drying
provide a high-quality product, this technique is considered an expensive method and cannot be
used to dry seaweeds at large scale for commercial purposes [66,68]. Finally, a study by Stévant
et al., Badmus et al. [65,66] on microwave- assisted drying is an alternative option which may
offer rapid drying over short time periods and can maintain the green color and other valuable
components of the original seaweed. “Understanding the behavior of the seaweed biomaterial is a
key to developing processing strategies that will maximize the quality of the products to be used

as food ingredients and as raw material for the provision of valuable compounds” [64].

1.6 Seaweed Drying Kinetics

A mathematical model was developed by Sappati [67] to simulate the drying process of
sugar kelps that hang vertically in a hot air convective dryer, and to investigate the influence of air
velocity, humidity, and temperature of the inlet air on the drying time as compared to the
experimental data. The data obtained from that model were used to determine the inlet air condition
for optimizing the energy consumption and the drying period for producing high-quality seaweed
products for consumers. In Sappati’s study a hot air convective dryer was used for the drying

experiments, which had a cross section area of 76.2 x 76.2 cm and bed length of 127 cm [67].
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In this experiment a batch of 28 kelp blades of approximately 63.5 cm height, 15.2 cm
width and 0.2 cm thickness were hung vertically in the dryer at 6 different conditions, consisting
of 3 temperatures (30 °C, 50 °C, and 70 °C) and 2 levels of inlet relative humidity (RH: 25% and
50%) for estimating the drying time. The air velocity inside the dryer was maintained at 1 m/s. For
the modeling analysis, the drying system was assumed to be an adiabatic system, meaning that
there was an assumption of no heat transfer between the chamber and the surrounding area. For
one condition (40 °C, 25% RH), the model predicted that the total drying time needed would be
about 3 hrs., which was confirmed experimentally as it was very close to the drying time obtained
from experimental data of about 3.13 hrs. [67] The mathematical model predicted similar drying
times as compared to the experimental results, although it was most predictive at the drying

conditions of 40 °C and relative humidity of 25%.

1.7 Simulation and Modeling of Seaweed Drying (Energy Balances)

Conservation of energy requires that for a system that is at steady state, energy entering a
system must be equal to energy leaving the system. The seaweed dryer was operated for periods
of time of several hours. Because the temperature control system in the dryer oscillated over a
range of about 12°F, with a period of about 15 — 25 minutes, energy was cyclically accumulating
or depleting in the dryer, but on average an energy balance could be developed over a period of
several temperature oscillations. ASPEN Plus, a chemical engineering process simulation
software, was used to model the energy costs and capacity of the drying process. Input variables
of different ambient air temperature and humidity were assessed for their effects on cost and
throughput. The model considers different modes of operation, such as the set point operating

temperature for the incoming air and the rate of ventilation of the chamber.
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CHAPTER 2

METHODOLOGY

2.1 Parameters for a Seaweed Dryer: Size, Internal Configuration, Unit Mobility, Energy

Sources

A tall shipping container, 40’long x 8’wide x 9’tall was acquired to serve as the drying
environment for the portable dryer. The container was divided into two sections: a larger, 33’ foot
long section in which the seaweed is dried, and a smaller, 7’ long section that houses two furnaces,
two blowers, an exhaust fan, and controls for the drier. The drying section includes duct work to
distribute warm dry air into, and moist air out of, the drying chamber. The seaweed is suspended
from an oval shaped overhead conveyor system, which is designed to slowly rotate around the
length of the chamber at about 3 minutes/revolution. Hangers have been designed that connect to
the conveyor and can each hold several kelp fronds to hang about 7 feet above the floor. A
suspended, clear plastic curtain hangs down along the middle of the conveyor oval, which directs
drying air to flow first through one side of the chamber and then through the next. The utility room
in the container houses two parallel propane powered heaters with integral blowers, an exhaust
fan, louvres on the air intake and recycle ducts, and a control system that operates the burners,
fans, and louvre system to optimize drying properties and energy consumption. Figure 2.1 shows
the overall kelp drying system.In December 2019, the dryer was moved from the Advanced
Manufacturing Center to its current location outside the Process Development Center at Jennens
Hall on the UMaine campus as shown in figure 2.2. Power to the system was installed in January

2020 and propane tanks were installed on the site in February.
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After installing the Propane tanks, it was discovered that the gas meter was leaking, and
so it was removed. The consequence was that for the subsequent experiments, we were not able to

meter the amount of gas consumed.

M!!_

Drying Control

Figure 2.1: Overall kelp dryer model with drying chamber and utility room.

Figure 2.2: The portable kelp dryer to serve the drying process.
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2.2 Dryer Design

2.2.1 The Drying Chamber

The drying system was built within a 40-foot-long shipping container. It is an automated
drying system that is capable of drying kelp in a controlled environment that results in a more
consistent and higher quality product. The seaweed dryer was developed to use warm (but not hot)
air to decrease moisture content of the seaweed and avoids using high drying temperatures which
degrade the food quality. This system with controlled temperature, air flow and exit humidity was

developed and assembled in the advanced manufacturing center (AMC) at the University of Maine.

The dryer was divided into two sections: the large 33°foot long section, called the drying
chamber, where the seaweed (or wet towels in some experiments) were hung by the hangers from

the conveyor as shown in figure 2.3 at the beginning of the drying process.

Conveyor

Kelp Hanger

Temperature and RH

Dividing plastic curtain

Figure 2.3: The drying chamber (from the loading entrance).
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In the dryer chamber an oval track overhead conveyor was designed to hold the seaweed
during the drying process by draping the seaweed from hangers attached with hooks to the
conveyor. During the drying work, the conveyor was slowly rotated to give the seaweed uniform
contact with the flow of warm drying air circulating through the chamber. Figure 2.4 shows the
concept of how the dry air would flow past the seaweed during the conveyor rotation. The
conveyor was controlled by a computer program set in the control panel located in the control
room. A dividing plastic curtain was placed in the middle of the drying chamber to keep the air
circulating through the suspended seaweed during the drying process. The walls and the floor of
the drying chamber were coated with a food quality protective coating to prevent any reaction with

the seaweeds during the drying process.

Exhaust vent Intake vent

Dry air inlet Moist air exit

Figure 2.4: Continuously Figure 2.5: Intake and exhaust vents of duct system
rotating conveyor. on the exterior of container.
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In the drying chamber there were two ducts as shown in figures 2.5 and 2.6.The inlet air
duct delivered the warm drying air through four vents that were located in the duct so that the air
could pass through the suspended seaweeds. The other duct is the outlet or exhaust duct that was
responsible for removing the spent moist air and sending it out of the dryer during the drying
process. In the seaweed dryer there were five sensors detecting temperature and relative humidity
as shown in figure 2.3. One was mounted in the fresh air intake to the furnaces, and the other four
were located in the drying chamber at different locations: two in the inlet and outlet ducts and two
mounted on the walls of the inlet and exit sides of the chamber. These sensors measured the
temperatures and the relative humidity at different locations of the drying chamber. Data from
these sensors were fed into the control panel which enabled us to know the temperature and relative

humidity at each location during the drying process.

Exit Moist Air Duct Exit Moist Air Vent  Inletdry AirDuct et Dry Air Vent

fl

Figure 2.6: The Inlet and exit air ducts suspended from the top of the drying chamber.
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2.2.2 The Control Room

The other section of the dryer was the control room that was designed to fit into the
remaining 7’of the container. It is a small section of the container but was sufficient to house the
two gas furnaces, their integrated blowers, the duct system controls and the exhaust fan for
expelling the moist, used air. This room also hosted the control panel that controlled the
temperature and relative humidity of the dryer during the experimental runs by setting the desired
temperature and relative humidity. Figure 2.7 shows the furnaces and the control panel within the

control room.

The control panel The furnaces

Figure 2.7: The control panel and the heaters in the control room.
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The control panel has a screen called the Screen User Interface (Ul) to monitor the
temperature and relative humidity of the five sensors at different locations in the dryer as shown
in figure 2.8. From this screen we can control and monitor the drying process, if the process was
active the screen will show the status of the system, for example the system and the conveyor will
be an example of the monitor screen in the control panel during the running of the dryer. On the
right side of this screen is the Navigation Bar, which will enable you to move from menu to menu
in the control panel. The current page will be displayed by a light on the function buttons, as shown

in figure 2.8 and figure 2.9 below.

Screen User Navigation Bar

Navigation Bar

Temp and Humidity Monitor
Temperature ('F) Hmm’f
Outside Air 1234 1234
HotAir - Duct 1234 1234
HotAir - Wall 1234 1234
Used Air - ¥Yall 1234 1234
Used Air- Duct 1234 1234

Spstem Ktalus

Process Status:

Conveyer Status:
Conveyer Overload:
Exhaust Status:

Daoar Status:

E-Stop Status: [ tiotacive ]
Average Yall Temp (°F): 123.4) /1K

Blower 1 {Leff) | Blower 2 (Righf)

Blower
- | 00 @@ |P

Figure 2.9: System status screen in the control panel during running the dryer.
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The control room has a small breaker panel that controls the power to the operating
systems. The panel has different breaker switches, such as the main switch to operate the control
room, the drying chamber, furnaces, and the lights in the kelp dryer. Beside this panel there is also
a small power meter to monitor the electric power that is consumed during the drying process, as
shown in figure 2.10. The control room has an emergency switch for safety as shown in figure
2.11. The sensor for temperature and relative humidity of the fresh air is installed in the fresh air
intake duct in the control room. This sensor was located in the utility room to measure the

temperature and RH of the incoming fresh air.

Z ETE. 1 2ol |
8 Electricity meter The main operating panels

u -

11| EMERGENCY

e,
SWITCH

Figure 2.11: The emergency switch.
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2.2.3 The PLC Logic and Data Logging

The PLC is a software program that is programmed inside the control panel to control the
furnaces, the exhaust fan and the conveyor. In addition, a data logger is included to collect and
download the data after the drying process or at the end of each cycle. The logged data obtained
from the PLC showed the temperature and relative humidity behavior of the five sensors at the end
of each cycle and the average temperature of the two walls at the end of each cycle. After
completing each cycle of the drying process, we stopped the system to collect the data from the
data logger using a USB cable from the bottom of the FC LOG port to a laptop computer. After
finishing the data collection, the USB cord from the PLC port was detached from the laptop
computer and the panel was closed. Figure 2.12 shows the PLC and data logger within the control

panel.

Figure 2.12: The control panel and the PLC.
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2.3 Seaweed Handling

Three drying experiments were done using sugar kelp. The first experiment of drying
seaweed was run on May 20, 2020, with sugar kelp kindly supplied by Seth Barker at Maine Fresh
Sea Farms. The fresh seaweed was transferred from the farm to the University of Maine using
several coolers to keep the kelp cool and protect it from deterioration. The last experiment of the
2020 harvest season was done on June 8, 2020, using a new batch of fresh sugar kelp kindly
provided to us by Sarah Redmond of Spring Tide Seaweed Farm. The seaweed was transferred by
coolers to the dryer to start drying process. Figure 2.13 shows the containers used to transport the

kelp from the farm to the dryer.

Figure 2.13: Transfer the kelp from the farm to the dryer.
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After transporting the seaweed from the farm to the dryer location, we started our
experiment by removing the seaweed from the containers and hanging them by the hangers. Figure
2.14 shows the process of hanging the seaweed from its stipes by the hangers. The mass of the wet
seaweed was measured by putting a loaded seaweed hanger in a plastic tote container on an

electronic balance to measure the mass of the wet seaweed before starting the drying process.

Figure 2.15 shows the way to measure the mass of the wet sugar kelp. After recording the
mass, the hanger with its seaweed was moved into the drying chamber and hung up on the conveyor
to start the drying process. Figure 2.16 explains the process of loading wet seaweed in the drying
chamber to be ready for drying. Once all of the hangers were loaded and hung on the conveyor,
the doors of the chamber were closed and the dryer turned on, activating the control system, the

conveyor, furnaces and exhaust blower.

Figure 2.14: Wet sugar kelp laid out to be attached to a custom seaweed hanger.
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The digital balance The container with wet seaweed and hanger

_—— ' — =
Ff-d&:.l *;"%k— —

—

!\ };/ e
ety V) ST

Figure 2.16: Wet kelp in the drying chamber to start the drying process.
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In long running experiments, the drying process was interrupted periodically, about once
per hour or so, to take mass measurements so that the rate of drying could be determined. These
interruptions involved shutting of the furnaces, the fans and the conveyor, opening the doors to the
drying chamber, removing and measuring the mass of ten selected hangers, replacing the hangers

back onto the conveyor, and then closing the doors and re-starting the drying system.

These periodic measurements allowed us to see the progress in the dryer and make
estimates of how much moisture had been removed during the previous drying period. After the
final cycle of drying, we stopped the furnace and opened the chamber doors to measure the mass

of all the dried seaweed as showed in figure 2.17.

This was done in the same manner as the intermediate massing events, except that for the
final measurements, all of the hangers (not just the 10 selected hangers used for the intermediate
measurements) were weighed on the balance. After all these steps the collected dry seaweed was
collected in tote containers and were sent to Food Science department. Figure 2.18 shows the way

of weighing dried seaweed after the drying process.

26



Figure 2.17: The dried seaweed with the hanger in container to weigh them.

Figure 2.18: The dried seaweed collected in tote containers to send to the Food Science
Department.
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2.4 Hanger Types

2.4.1 Regular Clothes Hangers

Because the kelp dryer is a food processing machine with a suspended conveyor, a hanger
system was needed to hang the seaweed from the conveyor. Two kinds of hangers were used in
our experiments. The first kind was a regular clothes hanger. For this kind of hanger, we used
clothes pegs to secure the fronds of kelp during hanging to prevent them from falling off during

drying process. Figure 2.19 shows the regular clothes hangers with pegs.

2.4.2 Custom Seaweed Hangers

The second kind of hangers (custom hanger design) were designed and assembled by the
Advanced Manufacturing Center (AMC) within the University of Maine. The custom hanger was
designed with an upper stainless-steel plate to shield the seaweed from any grease or any other

materials that might fall on kelp while running the conveyor, as shown in figure 2.20.

Underneath this shield, the hangers were constructed with springs tensioning a bottom
clamp bar that would close in the upwards position to clamp the seaweed between the top plate
and the bottom bar. The bottom bar had its compression force adjusted by the spring and an
undulating surface that could clamp onto seaweeds of varying thicknesses, which helped to
prevent the seaweed from falling while in the drying process. The base plate has a capacity to

hold 3 to 5 fronds of kelp depending on the width of the kelp in each hanger.
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A handle was attached to the bottom of the clamp bar to provide a way to open the hanger
to load the kelp. This clamping process is envisioned taking place either on or off the conveyor
system, as the hooks attached to the upper plate allow simple removability of the hanger from the
conveyor system as show in figure 2.20. Parts of hangers were selected to be replaceable and

easily assembled while complying with food safety and minimizing corrosion.

The first testing of these custom hangers was done on May 20, 2020, with ten custom
hangers. At that time most of the hangers that used on our experiments were regular clothes
hangers with just ten custom hangers as preliminary testing for these ten custom hangers. There

were 87 hooks set in the conveyor to fit all these hangers.

Cloth peg Regular clothes hanger

Figure 2.19: The regular clothes hangers with pegs to secure the kelp during drying.
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Figure 2.20: Model of stainless-steel hanger
assembly.

2.5 Seaweeds Drying Process

The first experiment of drying sugar kelp was running on May 20 — 21, 2020 (Seaweed
kindly supplied by Seth Barker at Maine Fresh Sea Farms) hung on 50 hangers from the conveyor.
This first test of the drying system on seaweed also included the testing of a custom hanger design.
Most of the hangers used were regular clothes hangers, but we also tested ten custom manufactured
hangers that were designed to enable more rapid attachment of the seaweed and reduction in the
number of small parts (clothes pegs) used with clothes hangers. This experiment had about 14 kg
of sugar kelp hung up. We were near the end of seaweed season and most of the fronds hung up
were relatively small, with many only 40 — 90 cm long. Thus, the dryer was operating at low
capacity in this run. It ran for a period of 3.72 hours with a temperature set point range of 95 to
100°F (35 — 37.5 °C) and the wet seaweed was dried from 85 % (wet basis) to dryness, which was
not quantified with subsequent oven drying, but was assumed to be close to 10 % (wet basis),
suggesting that up to 13.3 kg of water was removed. The water removal was determined by

weighing the initially wet seaweed and the final dry seaweed after drying.

30



This experiment included four cycles of operation averaging about 0.93 hours each,
between which the dryer operation was interrupted and the mass of ten seaweed hangers (the same
ten that were custom designed to hang seaweed) were measured to determine how much moisture
content remained at the end of each cycle. The operation ran with 80 % air recycle with only one
propane burner and fan working, which was sufficient to keep the dryer warm. The total power
consumed during this run was 1.76 kWh. The weather was most cloudy on May 20 and the outside
air temperature was 81 °F (27.2 °C) with RH about 46%. On May 21 the weather was partly cloudy

and the outside temperature about 66 °F (18.9 °C) with RH 40% (https://weatherspark.com).

The last experiment of the 2020 harvest season was done on June 8 using a new batch of
fresh sugar kelp (kindly provided to us by Sarah Redmond of Spring Tide Seaweed Farm). The
dryer was run with the maximum number of hangers (87) and about 57.9 kg of wet seaweed. The
seaweed used in this experiment had much larger fronds than the previous seaweed experiment,

and most of the fronds were also in better condition than the seaweed used in the May experiment.

The dryer ran for a period about 6 hours with the temperature set to cycle between 95 and
100 °F. The wet seaweed was dried from 87 % (wet basis) to presumed 10% (wet basis), resulting
in about 49 kg of water removed. The water removal was determined by weighing the initially wet
seaweed and the seaweed after drying. This experiment included five cycles, in between each cycle
the dryer was stopped to check the weight of the seaweed, again using the 10 custom hangers to
represent all the seaweed as a whole. The operation ran with 80% air recycle and one propane
burner used to maintain temperature. The total power demand for this experiment was about 1.7
kW. The weather forecast for June 8 was Mostly cloudy- Partly cloudy with outside temperature
about 79 °F (26 °C) and RH 33%. For June 9 the weather forecast was partly cloudy with

temperature 60 °F (15.6 °C) and RH about 58% (http://www.solarelectricityhandbook.com/solar-

irradiance.html).
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In spring and summer of 2021, we ran two more experiments, one by using wet towels and
the other was using wet sugar kelp. The target of running these two experiments was to generate
more data to understand the heat loss behaviors through the walls of the dryer. Since we had
calculated from the previous experiments that there were some heat losses through the wall as well
as some heat gain from the outside, especially during a sunny day. Eleven small battery powered
temperature and relative humidity sensor-data loggers (Easy log — USB) were used in these two
experiments by setting them on the outside of dryers’ walls, ducts and inside the chamber (where

the seaweed were hung).

Also, an IR camera (thermal Camera) was used to take temperature images of the dryer
walls from outside the dryer to monitor the temperature of the dryer walls from outside during

drying process.

2.6 Energy Balance Calculations

Two approaches were taken to developing an energy balance of the seaweed dryer. The
first approach was to use temperature and humidity data collected from drying experiments, mass
data on how much water had been evaporated, the heating and air flow capacities of the furnaces
in the dryer, and heat transfer calculations (conductive, convective and radiation) to estimate heat

loss (or gain from solar energy) through the walls of the dryer.

The second approach was to use ASPEN Plus, a process simulation program that applies
thermodynamic calculations to determining mass and energy balances of material process systems.
ASPEN Plus was used to simulate the ambient air temperature and humidity conditions, the
conditions of the exiting air, and the furnace heating and air movement capacities to determine the

cost of energy and the amount of heat that was lost from the dryer.
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The aim of our study was to find agreement between these two modeling approaches, or,
if no agreement were reached, identify where the energy balance calculations or data collection

were insufficient to fully characterize the system.

2.6.1 Heating and Evaporation Calculations

Applied energy: Energy consumed for heating and drying seaweed. Equation (2.1) was used to
calculate the heat of evaporation, which is later used to calculate the energy loss from the furnace

by subtracting the heat of evaporation from the energy input of the propane burner.

q = myC,AT + m; H, (2.1)

Where:

g: Energy of evaporation (kJ)

m1: mass of seaweed (kg)

Cyp: specific heat capacity of seaweed (kJ/kg °C)

AT: the difference between T1(outside air temperature) and T2 (inside temperature °C)
m>: mass of water evaporated (kg)

Hy: Heat of vaporization (kJ/kg)
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2.6.2 Fan and Air Flow Calculation

2.6.2.1 Mass Balance Results

The mass balance determines how much water we have passing through the system during
the drying process. The mass balance confirms our estimate of how much water we are evaporating
from the dryer, that is, how much moisture is removed from the seaweed. During our drying runs
we would periodically halt the drying process (approximately once per hour) and measure the mass

of a selected group of seaweed hangers.

The percent moisture loss was applied to the entire seaweed contained in the drying
chamber to estimate the total amount of water that was evaporated during this last drying cycle.
On the other side of the mass balance equation, we looked at the air entering and exiting the dryer

and how much humidity was being carried by the air streams.

For this calculation, we estimated the air flow based on the fan curve of the furnaces and
the recycle ratio of the air circulation. Using a psychometric chart and the temperature and relative
humidity data of the air entering and exiting the dryer, we calculated another estimate of the rate

of moisture removal from the dryer.

Results showed that the air flow and seaweed mass measurements were relatively
consistent for later drying cycles, when the seaweed was partly dried, but that the two methods of
calculating water removal deviated significantly for the earliest cycle when the moisture content

of the kelp was still very high.
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2.6.2.2 Energy Balance Results

Convective loss: Energy consumed for heating air. Equation (2.2) was used to calculate the
change in air enthalpy, by subtracting the enthalpy of air coming in from the enthalpy of air coming

out. Enthalpy was determined by considering both the temperature and humidity of the air.

Equation (2.3) is used later to find the energy loss from the air exchange by fan driven
convection. The net mass flow rate of air exchange was determined from the fan curve of the

furnace blower and the degree of recycle.

Where:
AH: The change of air enthalpy (kJ/kg)
H1: Enthalpy of air coming in (kJ/kg)
H>: Enthalpy of air exhaust (kJ/kg)
Epss = mAH (2.3)

Where:

Eioss: Total enthalpy loss from air exchange (kJ)

m: mass of air (kg)
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2.6.3 Heat Loss Through the Walls of Dryer Calculations

Conductive loss: Energy lost through the walls of the dryer Equation (2.4) was used to
calculate the heat loss through the walls of the dryer by conduction. From our observations of the
warm walls and our calculations, it was obvious on cool days that a lot of heat was being lost

through the walls.

We applied normal heat transfer coefficients for convective surface heat transfer on vertical
and horizontal surfaces and estimated the likely loss of heat through the uninsulated steel walls.
The area of the walls was adjusted to account for the corrugations in the steel walls, which

increased the conduction area.

Q=UAT, - Ty) (2-4)

Where:

Q: Heat loss of conduction through the walls of dryer (Watt)

U: Overall heat transfer coefficient (W/m2 °C)

A: surface area of the dryer (m2)

T1: Ambient air temperature (outside temp.) °C

To: Interior air temperature, measured near the walls (inside the dryer) °C

It became apparent through the operation of the dryer that considerable heat losses were caused by
conduction through the dryer walls, and that if insulation were to be added, even at a modest level

of R1 insulation, the energy saving would be substantial.
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2.6.4 Solar Energy Calculations

Solar Energy Gain: Energy from sun radiation landing on the dryer. It was observed that
on a warm sunny day during a May run, the control system that was drying a relatively small and
mostly complete drying load was not detecting a temperature drop after the propane burner was
shut off. This appeared to be because there was enough solar heat being captured to maintain the

drying chamber at its desired set point.

Thus, in some cases, solar gain could offer sufficient energy to conduct the dryer without
burning fuel. Equation (2.5) was used to calculate the net contribution of solar radiation on the

dryer.
Data on solar radiation were available from the websites:

(http://www.solarelectricityhandbook.com/solarirradiance.html) and (https://weatherspark.com),
which reports average horizontal insolation rates considering specific dates, times of the day and
cloud cover. The radiation level for the particular time of day, date and cloud cover was integrated
over time and multiplied by the area of the roof or the south facing wall of the dryer to determine

incoming radiant energy.

The re — radiation of the captured energy was then split between radiation into the dryer
vs. radiation back to the outdoors, depending on the relative temperatures inside and outside of the
dryer. Calculation for the vertical capture of radiation considered the date and angle of the sun that

day,

q=occA, (TH—TH (2.5)
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Where:

qg: net radiation rate.

€: emissivity coefficient of oxidized steel.

o: Stefan — Boltzmann Constant (5.6703E-08) (W/m2 K4)
An: area of the dryer (m?)

Th: Temperature of the wall radiating heat from the sun (K)

T¢: Temperature of cold surrounding (K)

2.6.5 Energy Modeling of The Dryer Using Aspen Plus
2.6.5.1 Aspen Simulation of Seaweed Throughput Prediction and Energy Cost

Several approaches have been developed to model the thermodynamics and drying
dynamics of the kelp drying system. ASPEN Plus, a chemical engineering process simulation
software, was used to model the energy costs and capacity of the drying process. Input variables
of different ambient air temperature and humidity were assessed for their effects on cost and
throughput. The model considers different modes of operation, such as the set point operating

temperature for the incoming air and the rate of ventilation of the chamber.

Figure 2.21 represents the ideal system that we modeled in Aspen Plus. The system starts
with dry air coming in, which is then the split into two streams at a desired flow ratio to create a
desired % relative humidity. After the split, one stream stays dry, the other is completely
humidified. A mixer will then re-mix the two air streams to attain the desired relative humidity for

the incoming air.
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By setting the temperature and varying the split ratio, we can simulate any level of
temperature and relative humidity entering the dryer. The incoming air is then heated up by the
furnace to the drying temperature set point for the drying conditions. The heated air then goes to
the dryer where the seaweeds are suspended from the overhead conveyor. The calculations of the
energy needed to evaporate the water was done inside the dryer. The exit air that coming out of

the dryer that represents the VAPOR stream in our model was assumed to be saturated.
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Figure 2.21: Process flow sheet for calculating energy balance calculations
on differing ambient temperature and humidity conditions.
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2.6.5.2 Furnaces and Fans Effects on Energy Balance

Additional work was done to improve this model, which is shown in Figure 2.22. This
model included: non-saturated air exiting the dryer, air recycle, conductive heat loss and solar
warming. In this round of simulations, we modelled three different possible operating scenarios
for the system: in the first case we ran the model with two burners and two fans (2,2), the second
case was running the model with one burner and with two fans (1,2) and the last case the model
was running with just one fan and one burner (1,1), which was the most common mode of
operation. We again ran the model with different conditions for the ambient air temperature and

humidity to show how these different operating scenarios affected our drying process.
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Figure 2.22: The new simulation that represents of weather effects on the drying process
as well as the interior recycle and unsaturated performance through the dryer.
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2.6.5.3 Weather Effects (Temperature and RH of Ambient Air and Solar Energy)

Most of the energy analysis done during the fall 2020 and into the winter 2021 was focused
on improving an Aspen Plus process modeling software program simulating the energy flows of
the real drying process of the sugar kelp. The initial ASPEN studies had been run with an
assumption of saturated exiting air, relatively fast (2 hour) drying time, full heat capacity from the
heaters (2 furnaces in parallel) and no air recycle. In contrast, our updated model was developed
to be considerably more realistic. It incorporated unsaturated exiting air, slower drying time (>4
hours), considerably less than full furnace capacity (one of two furnaces operating and cycling on
and off roughly half the time), and 80% air recycle. We retained the ability to simulate exterior air

temperatures and humidity.

We also added a solar heating component to study the effect of solar energy on the drying
process as part of our new simulation for the realistic dryer that was affected by solar and gained
some heat through the drying process. The most important improvement to the model was that we
coded into the software several design specifications that would modify internal material and
energy flows until conditions matched those that had been recorded on the seaweed drying runs.
For example, the heated air stream destined for the dryer was split in two, with some air entering
the dryer and some following a bypass stream that circumvented the dryer and recombined with
the spent air exiting the dryer. The dryer is modeled as a flash unit, which results in fully saturated

air leaving the dryer.

By combining this saturated stream with the drying air that circumvented the dryer, the
simulation could fix the ratio of the two air streams to result in the actual temperature and humidity

measured by the sensors in the dryer.
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The design specification adjusted the split ratio between these two streams to achieve the
necessary relative humidity, while a second design specification varied the heat losses from the
dryer to achieve the final recorded temperature of the air exiting the dryer. In this manner we were
able to determine how much heat must have been lost to conduction through the dryer walls. In
the new simulations we set the same temperature and relative humidity of the real outside air that
we collected from the data logged by the dryer’s control system. We are still in the process of
matching more of the simulated process streams to equal those of the collected data to thus develop

a clear map of how the energy flows through the dryer system.

Figure 2.22 shows the new Aspen model that simulated the effects of weather (temperature
and RH of outside air) on the dryer while also matching the ducting configuration and sensor data
of the actual runs (80% recycle, ascending exit Temperature and descending RH < 100%). Figure
2.22 shows the most recent version in which we have added a source of solar energy as a simulation

of the actual dryer to study the effect of solar energy on the drying process.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Design and Assembly of The Dryer

Developing the design of the dryer involved input from seaweed growers, faculty, students
and staff from Food Science, Chemical and Biomedical Engineering, Seagrant and the Advanced

Manufacturing Center at UMaine.

Additional expertise was contributed by contractors hired to assemble the different systems
of the dryer (heating and ventilation systems, conveyor system, control systems, and
instrumentation). Design modifications and improvements to the dryer were made in response to

preliminary runs and analysis of the dryer data.

3.1.1 Temperature

One of the most important design parameters was temperature of the drying process. The
dryer was operated at a temperature of around 100 °F to avoid cooking the seaweed during the

drying process.

A study done by Sappati [67] found that drying at temperature at about 100 °F at low
relative humidity was the optimal solution to achieve drying in a reasonable amount of time while

preserving the bioactive compounds of sugar kelp during drying process.
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3.1.2 Mobile Unit

The plan for the drier was to have it be a mobile unit that would still be large enough to
provide suitable throughput. A mobile unit was desired since it was thought that a small farm
operation would only need to use the drier for a few days per harvest season, which would be

insufficient to justify purchasing a dedicated drying system.

In contrast, a mobile unit could be shared by several farmers, or made available to various
users on a rental basis. Thus, mobility was considered to be desirable. The first plan to design the

kelp dryer was to have the system contained in a mobile tractor trailer.

However, it became apparent that there were some disadvantages to this initial idea. Tractor
trailers are quite high off the ground, and stakeholders thought that this might complicate the

loading and unloading of the kelp.

In addition, having a truck trailer would require road inspections, insurance and a license.
An alternate plan was to make use of a large (40 x 9 x 8 ft) shipping container. The container
would be easy to load and unload from ground level and it was simpler to manage a container in

terms of paperwork and regulations.

It was also decided that to maintain the easy mobility of the system, the heating and
ventilation equipment and control systems would be integrated within the container itself. This
reduced the volume available for the drying chamber, but it was thought that the consolidation of

the system in one container would simplify transport and set up of the system.

44



3.1.3 Avoiding Stickiness of Seaweed

3.1.3.1 Hanger System

Studies done by Sappati [67] and the UMaine AMC found that when sugar kelp starts to
dry, it passes through a stage when sugars seep to the surface of the kelp fronds and the seaweed
becomes extremely sticky. At this time, any surfaces the seaweed touches hold fast to the seaweed
and as it continues to dry it becomes strongly bonded to the surface, making it very difficult to
remove from the dryer and then to clean the surfaces. The seaweed fronds will also stick to each
other, which slows down the drying because of reduced drying surface area and it also made the
fronds difficult to separate. Due to the problem of stickiness, the design team chose to simulate the
method used by seaweed farmers for open air drying, which is to hang the seaweed from an
overhead support rather than letting it rest on a horizontal surface, which is the conventional
approach for most food products. This prompted the development of the hanger system to address

the stickiness issue.

3.1.3.2 Conveyor

Part of the design of the kelp dryer was to have an overhead conveyor from which the
seaweed would be suspended. Because of concerns that the airflow in the container would not be
uniform everywhere, circulating the kelp inside the dryer would give even drying to all of the
seaweed. The asymmetry of the air conditions in the dryer were confirmed during the running the
dryer, as the incoming air on one side was warmer and less humid than the air exiting on the
opposite side of the drying chamber. The conveyor assured that the seaweed fronds would all be
exposed to the same average drying conditions despite the different air flows and zones of the

dryer during the drying process.
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3.1.3.3 Hanger Design

Hanging the seaweed from the conveyor would require some sort of hanger system. It was
expedient and inexpensive to use simple metal clothes hangers suspended from the conveyor,
oriented perpendicular to the conveyor track to accommodate multiple fronds per hanger. When
using clothes hangers, we used conventional clothes pins to secure the frond in place, which
worked effectively but this approach was time consuming while loading and unloading the

hangers.

Although the hangers worked to demonstrate the operation of the dryer, there were several
reasons to develop a custom designed hanger for suspending the seaweeds. Using clothes hangers
and pins was time consuming, and also these hangers and were not made of food handling grade
materials. Since the hangers are suspended beneath the conveyor, there was concern that grease or

dirt from the conveyor system might fall on the seaweed below.

The result was a design of a custom hanger, built of stainless steel and able to load and
unload seaweed more easily than using a clothes hanger. The design is shown in figure 3.1. The
hanger consists of an overhead shielding plate that protects the hanger and its load from any falling
debris and a single spring tensioned clamp that can hold several fronds in place with one fastening.
These hangers worked quite well and facilitated the loading and unloading of kelp. Completion of
the drying unit should include a full set of dedicated hangers (to date we have used only 41 out of

a possible 87 hanger hooks).
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Figure 3.1: Constructed hanger assembled on conveyor track attachment.

We chose not to make a complete complement of the custom hangers because we expected
that with some additional experience, especially in a commercial setting, yet better improvements
could be made to the hangers. For example, it could be that longer hangers, if hung alternatively
between the existing hangers, could support some additional seaweed loading. We feared that
making all of the hangers longer would result in the fronds touching while the conveyor turned its
sharp corner at each end of the conveyor oval, but it could be that every second hanger could have

room to be extended by a few centimeters, enabling perhaps an extra 43 fronds of kelp per load.
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3.1.4 Loading and Unloading

During the running of the dryer, we found that we still might need to come up with a better
idea for the loading and unloading of the seaweed. Through talking with the seaweed growers, we
came up with the hanger approach and design, which works well but will require some practiced
skill of the operator to handle the seaweed quickly. We considered a number of other ideas, as
well. One of the ideas that might have worked was to use a distributed vacuum system that would

suspend the seaweeds from an array of vacuum portals, instead of a mechanical hanging system.

The idea was to have multiple tubes that would each find and suspend the seaweed frond
and just hold it up on the conveyor. This could potentially increase the loading and unloading of
the system. We did find that a suction tube with a soft suction cup worked well to pick up individual
seaweed fronds, but the mechanical aspects of scaling this up to hundreds of fronds per batch was
too complicated. So, suspending the seaweed is an area where we believe that the design could
still be improved. Other options also came to mind. For example, if we wanted to use the dryer for
different types of seaweed that are not so sticky, such as the red seaweeds, then we may be able to

use conventional drying trays suspended from the conveyor, in a sort of stacked basket system.

3.1.5 Solar Energy

We considered a few options for collecting solar heat to help reduce fuel consumption of
the dryer. Using solar collectors to pre-heat the incoming fresh air would reduce the energy costs
of drying the kelp. We decided against using solar collectors that would be separate structures from
the dryer, as this would increase the complexity of setting up the dryer, decreasing the mobility of

the system.
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Solar collectors mounted on the dryer itself seemed to be a better option, the simplest
configuration being to use the container itself as the radiation absorption surface and enclosing the
roof and one or more walls that would be oriented southward with a clear plastic shell, allowing
the sun to heat the air between the surface of the container and the transparent wall. Fans could
then move the warm air to the inlet of the furnace system. While this system would likely have
been effective at capturing solar heat, we were concerned about handling and transporting the
whole system. Encasing the steel container in a thin, fragile, clear shell outside the box would
likely lead to breakage of the shell or even having it blow away in windstorms or while being
transported on the highway. For this prototype model dryer, we decided to simply make use of
solar energy by setting the container in the sun and benefitting from the solar gain captured by the

walls and roof of the container.

3.1.6 Insulation

We also considered insulating the steel container, since the steel walls offer basically zero
insulation. Insulating the inside of the dryer walls would reduce the volume available for drying
and likely complicate meeting washing and hygiene requirements, while insulating the exterior
would add bulk to the container and possibly suffer damage when being transported. We also
realized that insulation is helpful when it is cold outside, but not very helpful if it is a sunny day
since we are counting on capturing some solar heat through the walls of the container. A potential
solution to the issues of protecting the insulation when transporting the container, and also making
use of solar heat when available, would be to develop a large retractable blanket system. This
system could be removed from the exterior, rolled up and stowed inside the drying chamber during

transport.
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Such a blanket system would be deployed when operating the dryer at night or on cloudy
days but retracted on clear sunny days. Our analysis of the heat transfer through the walls suggests
that even a minimal improvement of the wall insulation up to R= 1 would significantly reduce

conductive heat losses.

3.1.7 Heat Pump vs. Furnace

Dryers are typically designed to use either a source of heat, such as a furnace, or a heat
pump, to provide the warm drying air. Building the seaweed dryer using a heat pump would be
more energy efficient but at a cost of higher capital cost than a furnace. Due to the short drying
season for kelps, the energy savings of using a heat pump would probably not be large enough to
pay for the higher capital cost of a heat pump. For this reason, we decided to design the dryer with
furnace system powered by propane. Natural gas would be less expensive, but many locations on
the coast are not yet served by natural gas. For locations where these is natural gas available, the

propane furnaces could be modified to burn this less expensive fuel.

The kelp dryer is equipped with two furnaces that can be run simultaneously or cycled
sequentially. Our initial calculation that we might be able to load up to 500 kg of kelp per drying
batch called for this heating capacity, but according to our experimental trials, the most that we
have been able to hang in the drier is a bit more than 50 kg of wet seaweed. This limit is largely
depending on the size and length of the kelp fronds, and as discussed above, improved hangers
may allow for some additional capacity. As a result of this smaller than expected kelp load, we
have about one tenth of the amount of seaweed of our design case and we do not need the two
furnaces. Perhaps if different crops are dried that could be loaded more densely than the kelp the

capacity of the two furnaces could be put to use.
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3.1.8 Air Flow Velocity

A previous study done by Sappati [67] found that the air moving through a bed of hanging
kelp with speed of one meter per second did not create any problems with stickiness. The fear was
that if the air flowed too fast, then the seaweed would start flapping around like a flag and it would
touch a neighboring frond and they would stick together. Accordingly, we chose to maintain a

target air flow speed of at most one meter per second in the larger dryer system.

We estimated the flow velocity by dividing the dryer volume by the volumetric flow rate
of the furnace fan, giving us a residence time, and then predicting the likely pathway that air would
follow through the dryer. This calculation resulted in an estimated velocity of only about 0.1 m/s,
which was well below the maximum of 1 m/s. While running the dryer we did not have any
problems with the seaweed blowing around and sticking to itself or blowing off the hangers or

anything such outcomes caused by high air velocity.

3.1.9 Recycling Air

The experiments done by Sappati [67] using a drying cabinet with directed air flow found
that the air became saturated very quickly. In fact, the air was picking up so much humidity that
the heat pump used to maintain the conditions in the environmental chamber had trouble keeping

the humidity of the air at the desired set point.

It was not until the seaweed was mostly dry that the drying conditions could be maintained.
As a result of this experience, we were not sure that recycling exhaust air would be needed during

the first stages of the large dryer operation.
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It was thought that at the beginning of a run when all the seaweed was still quite wet, we
would not be recycling, but that later on in the drying process, once the seaweed had mostly dried,
that we would start recycling the exhaust air in order to increase the humidity of the circulating air

before it was exhausted to the outdoors.

What we found in practice was, unlike in the smaller scale drying cabinet, that our seaweed
dryer did not increase the relative humidity very much, even when drying freshly wet kelp, so we

ended up recycling air all the time.

3.1.10 Dryer Control System

The kelp dryer has a control system that uses input data of temperature, relative humidity,
and air pressure inside the drying chamber. See figure 3.2 for a diagram of the control logic. The
system maintains a desired inside average temperature (usually 100°F in our work) within a certain
tolerance range (5°F) and attempts to optimize exhaust RH by increasing or decreasing the recycle

rate.

The recycle turns on and off depending on what the relative humidity is, but as mentioned
above, in most cases the recycle operated at its maximum value of 80%, and used only one furnace

at a time, cycling on and off with the temperature fluctuations, to heat the dryer.
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Figure 3.2: Control flowchart

3.1.11 Volume of The Cabinet and The Dryer
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into two sections: a larger chamber, a 33’ foot long section in which the seaweed is dried, and a
smaller, 7’ long section that houses the two furnaces, the exhaust fan, recycle duct work and the
control systems. The chamber was built with a capacity of 87 hangers for hanging the seaweed.
Each hanger could hold between 3 — 6 kelp fronds, depending on their size, with 4 being the median
number. The hangers are about 2 m above the floor. In some cases, very long fronds more than 2
m long were hung suspended between two hangers. If we compare this system with the cabinet
that Sapatti [67] used to dry seaweed, the cabinet size was built with of the cross-sectional area of

30 x 30 inch and bed length of 50 inches with a capacity of one batch of 28 kelp blades of medium




The cabinet dryer used for preliminary testing had an order of magnitude greater seaweed
density than the drying chamber in the shipping container: 7.3 kg/m? for the cabinet, 0.86 kg/m?
for the container. This provides an explanation as to why the exhaust duct in the cabinet dryer had

more humid exit air, while the shipping container exhaust duct has much lower humidly air.

3.2 Initial Test Run Results

Preliminary runs of the drier had been run using wet towels hanging from regular clothes
hangers. The first run was done on March 9, 2020, with 25 wet towels (238.4g dry weight) hanging
from the conveyor. The outside air temperature was 33 °F (0.6 °C) with relative humidity about
69% and the weather was cloudy to mostly cloudy [1]. The dryer ran for a period of an hour and
half, the towels were dried from a moisture content of about 73% (Wet basis) to 10% (wet basis),

totaling about 23.3 kg of water removed.

The water removal was determined by weighing the initially dry towels, the wet towels,
and the towels after running the dryer. The operation ran with either minimal (20%) or no recycle
of air. The electric power consumed for the 1 % hours was about 2.6 kWh (~1.8 kW), which
included power for the controls, the conveyor, and the fans with minimal recycle. The base load
for lights, control system and conveyor (no fans running) were about 0.3kW, hence, the fans

contribute most of the electricity load.

Two burners were operating through this experiment. Figure 3.3 shows the test of the kelp
dryer with wet towels. A second run was initiated to operate the system with the recycle. This was
done by lowering the temperature set point which, when reached, would initiate the recycle control

algorithm
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A third run was done with an increased number of wet towels (48), with attention paid to
the temperature control (furnaces on/off) and the humidity control (degree of recycle).
Unfortunately, during this experiment the control system suffered a hardware failure, and the
experiment was not completed. The failure of the control system was traced to a single module of
the PLC, which was replaced by the manufacturer. On March 30, 2020, a new PLC module was
installed. Some modifications to the control system included dampening out signal noise, which
appeared to induce the shutdown of the furnaces, and logging the position of the recycle control
louvers. The dryer was run for testing its operation, with no towels in the drying chamber.
Unfortunately work on the dryer was then halted temporarily due to the COVID-19 shut down of
most research activity on campus. In May we were given permission to resume work on campus
with new COVID-19 protocols in place. A new experiment was run with 50 wet towels hanging

from regular clothes hangers on May 12, 2020.

Figure 3.3: The wet towels during testing of kelp dryer.
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The temperature of the outside air was 51 °F (10.6 °C) with relative humidity about 69.8%
and the weather was partly cloudy [1]. The dryer ran for a period of 3.82 hours and the towels were
dried from a moisture content of about 64% (Wet basis) to 32% (wet basis), totaling about 27.5 kg
of water removed. The temperature set point range for the drying was between 80 and 110 °F (26.7
—43.3 °C). The water removal was determined by weighing the initially dry towels, the wet towels,
and the towels after running the dryer. The operation ran with an air recycle rate of 75%, which
helped to raise the humidity of the exhausting air and thus reducing the amount of lost drying
capacity. The electric power consumed was about 0.41 kWh, which included power for the
controls, the conveyor, and the fans. Only one burner and fan were used through this run which
helped to reduce the electricity demand. The drying system is equipped with five temperature and
humidity sensors which logged data every 0.5 seconds. Examination of the drying runs shows that
as air passes through the drying chamber it decreases in temperature and gains humidity, as
expected. It became apparent that partial recycling of the air is important for achieving high exit
humidity and lower energy cost. In early runs, the data showed that air was short circuiting through
the dryer and circumventing the hanging material being dried. This flaw was partly resolved by
adding some metal sheeting at the top of the conveyor and partially blocking two ventilation ports.
We also noted that the temperature measurement of the internal air was being affected by the level
of recycle and furnace activity. It can also be seen that through the duration of the drying work,

the exiting air shows a steady trend of rising temperature and decreasing RH.

Analysis of the energy dynamics for the system shows that more data are needed to
consistently close the energy balance, particularly with respect to metering the propane used, the
rate of air flow into and out of the system, as well as weather conditions, insolation rate and
orientation to the sun. Estimated values for these variables suggest that insulating the walls of the

container, except on bright sunny days, will likely be cost effective.
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3.3 Modifications to Control Logic Simulation and Modeling

During one of our initial runs of the dryer the control system suffered a hardware failure.
A faulty module in the PLC was replaced and reprogrammed with some modifications to the
control system that included dampening out signal noise, which appeared to have induce unwanted

shutdown of the furnaces and logging the position of the recycle control louvers.

3.4 Mass of Water Evaporated Calculation

Table 3.1 presented the data of the water mass that was evaporated from the seaweed during
the drying process of the seaweed experiment that ran on June 17, 2021. The data that were
recorded from the 9 hangers, at each cycle the dryer was stopped to check the moisture content
during the drying process. During this experiment we created an imaginary cycle (0.1), this cycle
represented the amount of moisture that was evaporated during the hanging of the seaweed.
Hanging the seaweed from the hangers took about 2 hours to complete the loading of seaweeds. It
was noticed that at the end of the time required to hang all of the seaweed, some of the hanging

seaweed was notably drier than they had been before being hung up.

During this experiment there were four cycles, on the last cycle (the fourth cycle) the
control system suffered a failure, the last cycle ran just for three minutes from the closing of the
door of the dryer. At the end of the fourth cycle the door of the dryer was opened, and the last
check of water mass was calculated. Because of the failure the drying process did not complete,
and the seaweed drying was completed by exposing it to the sun for five hours. Fig 3.4 shows the
mass of water evaporated from the seaweeds during the drying process. While the fig 3.5 shows

how the drying rate varies with the time during the experiment that was running on June 17,2021.
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No. of Whole mass remaining Water
Cycle time (min) Moisture content
cycle (g) water (g) evaporated (g)
0 0 0.88 41309 36495 0
0.1 120 0.82 26927 22113 14381
1 62 0.73 17927 13113 9000
2 59 0.66 14108 9294 3602
3 60 0.57 11225 6411 2883
4 3 0.46 8834 4020 2391
5 (sun
300 0 4814 0 4020
drying)
Table 3.1: Mass of water evaporated during drying process
Water Mass vs. Drying Time
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Figure 3.4: Water evaporated mass of seaweed during drying process.
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Drying Rate vs. Drying Time
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Figure 3.5: Drying rate of seaweed drying process varies with the time.

Also, another calculation was done on mass balance through the fan system. Table 3.2
shows the method that was used to calculate the mass balance of the fan system by considering the
temperature and relative humidity of both the fresh air temperature (ambient air) and the inside
temperature of the dryer to know how much water was in the air going in and out. For cycle 1, we
believe that the deviation came from natural drying after weighing the seaweed and before running
the dryer (ambient drying occurring), for which the cycle 0.1 in table 3.1 was developed. Towards
the end of the experiment, the later cycles presented in table 3.2 matched the mass balance much

better because the seaweed was partly dried and was not drying as quickly.
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4 1 | 6313 | 983 | 35 | 2391 | 2391 | 680 | 165 | 349 | 485 | 1.39

Table 3.2: Mass balance calculation of the fan system.

3.5 Seaweed Drying Runs

Figure 3.6 (below) shows how the temperatures of different locations in the dryer cycled
through time with the control system seeking to keep the system within the range of 95 — 100°F.
This was done by monitoring the average temperature of the air near two walls of the dryer. One
thermometer was mounted on the wall of the fresh air side of the drying chamber, while the other
was mounted on the used air side of the dryer. The average of these two measurements was used
to trigger the cycling of the furnace to keep the temperature within range. Other measurements of
temperature shown in figure 3.6 were the air temperature of the heated air leaving the furnace, the
air exiting the dryer, and fresh air coming in from outside. This latter measurement was made with
a sensor located directly underneath the furnace intake and appears to have been affected by the
condition of the recycled air. It can be seen that the temperature of the fresh intake air is affected
by the furnace heating cycle. Figure 3.7 shows the relative humidity measurements in these same

five locations of the dryer.
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Comparing figures 3.6 and 3.7, it can be seen the RH level goes down as the temperature
goes up, and vice versa. It can also be seen that through the duration of the drying work, the RH

shows a downward trend as time goes by, which makes sense since the seaweed is losing moisture

over time.
b Fresh Air Temp.
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—— Hot Air Wall Temp.
1 60 1 —— Used Air Wall Temp.

—— Uesd Air Duct Temp.
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Figure 3.6: Graph represents temperature varies with time during June 8 seaweed

experiment.
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Figure 3.7: Graph represents RH varies with time during June 8 seaweed experiment.
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3.6 Seaweed Drying Data

3.6.1 EasylL og USB Data

Fig. 3.8 below shows the data that were obtained from the small loggers (EasyLog USB)
that were set outside of the dryer to test the temperature and relative humidity of the air passing
through the inlet and outlet ducts. Logger 1 represents the temperature of the ambient air in the
inlet duct that records air conditions during the time of drying. The data of logger 1 shows how
the temperature of intake air is relatively constant and was not affected by the recycle system, as
what the case for the data logged by the dryer control the computer. In contrast, the data of logger
11 shows how the temperature of the exhaust air duct was cycling in time with the heating cycles
during the drying of the seaweed. Fig. 3.9 shows how the relative humidity of the inlet and outlet
air varies with the time. Logger 1 shows how the relative humidity of inlet air varies with time and
is relatively constant, while logger 11 shows how the relative humidity of exhaust air, also
representative of the recycled air, cycling with time. Additional data that were obtained from USB
loggers that were set outside the dryer at different locations on the exterior wall of the dryer,
especially on the north and south facing walls of the drying chamber. The data obtained were
recording the temperature and relative humidity of the air in contact with the exterior walls. Fig
3.10 below shows how the loggers 2 and 3 reflect the oscillations of temperature that coincide with
the heating cycles inside the dryer, suggesting that the temperature inside the dryer is affecting the
air temperature immediately outside the dryer. Logger 2 was set in the middle of the south wall
and showed the highest temperature. This was because it was located on the sunny side of the dryer
and also because the interior heating ducts were supplying freshly heated air along this portion of
the wall. In contrast, logger 3, while it was also located on the sunny side of the dryer, was not
positioned near the location of an interior heating duct, and thus the wall, and its adjacent exterior

air, were somewhat cooler.
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This cooler region at the east end of the south wall is also seen in the IR images of the wall

of the dryer, showing that the region served by the heating ducts is demonstrably warmer than the

end of the drying chamber where there were there are no heating ducts. This suggests that the air

circulation inside the dryer is not resulting in uniform mixing of the interior air.

Temperature (°F)

RH %

—— Logger 1 - intake air

110 —— Logger 11 - shade air
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Figure 3.8: The temperature of the intake and exhaust air duct that varies with time.
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Figure 3.9: The relative humidity of the intake and exhaust air duct that varies with time.
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Data loggers 2 and 3 also showed the dramatic effects of sunshine on the temperature of
the air near the exterior dryer walls. In this experiment, the sun was shining brightly up until about
1:00 o’clock, while the skies had become mostly cloudy by 2:00 o’clock. The data that were
recording by loggers 4 and 5, located on the northern wall of the dryer, showed lower temperatures

as showed in fig 3.10.

As expected, the temperature difference between the north and south walls were more
pronounced while the sun was shining, and less so while it was cloudy. The two loggers on the
north wall were also on the side of the dryer where used air was being removed from the dryer, as

opposed to the south side which was receiving freshly heated air.

Thus, the north wall was exposed to the cooler spent air inside the dryer, which resulted in
less heat transfer to the north wall. It can also be seen that the height at which the sensors are
mounted on the exterior wall affects the temperature. On the north wall, Logger 4 was located low

on the wall, while logger 5 was mounted higher up.

Not surprisingly the higher mounted sensor detected warmer temperature, which confirms
the hypothesis that the air in the interior of the drying chamber is not very well mixed, and there
appears to be a temperature gradient from bottom to top inside the dryer. Fig. 3.11 shows how the

relative humidity of these loggers varied with the time of drying process.

It can be seen that in general, the air alongside the exterior dryer walls reflects lower
relative humidity when the wall is warmer, and higher humidity when the wall offers less heat to

the ambient air.
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Figure 3.10: Represents the temperature of four loggers that were set at different locations of
the south and north wall of the dryer that varies with the time.
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Figure 3.11: Represents the Relative humidity of four loggers that were set at different
locations of the south and north wall of the dryer that varies with the time.
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Fig. 3.12 shows results obtained from USB loggers that were set at different locations
inside the drying chamber where the seaweed was hanging. The data obtained from these sensors
showed how the temperature inside the chamber varied with the time of the drying process. Logger
8 was set on the floor of the chamber that showed a very low temperature compared with the other
loggers. This confirms the presence of a vertical stratification of temperature inside the chamber.
Loggers 6 and 7, both located high up in the dryer, reflect a temperature difference of a few degrees
F between them, caused by the absence (logger 6) or presence (logger 7) of direct heating air
supply. Logger six was located about 6 feet from the nearest heating duct, while logger 7 was
within a few feet of two heating duct outlets. Fig. 3.13 shows how the relative humidity of these
loggers varied with the time of drying. As expected, RH and temperature are inversely related as
the heating cycles operate. One exception is the times when the chamber doors were opened to
collect seaweed mass data. A few times during the experiments the drying system was paused, and
the doors of the dryer were opened so that we could measure the mass of the drying seaweed. In
these cases, (occurring at around 12:30, 1:45 and 3:15) the temperature would go down, since the
heating system was turned off and cooler exterior air was allowed into the drying chamber, and
the humidity would also go down, since opening the doors allowed fresh, less humid air to enter
the drying chamber. Logger 9, which was located on the conveyor of the dryer, shows and
interesting pattern that appears to coincide with the rotation of the conveyor. Each rotation of the
conveyor took about 3 minutes, and during each cycle, the seaweed would be exposed at one time
to the freshly heated air entering on the south side of the dryer, and at other times it was exposed
to the cooler, more humid air on the exiting side of the dryer, These short cycles are reflected in
the humidity data shown in figure 3.13, where the short cycle oscillations reflect these rotations
from one side of the dryer to the next. The amplitude of these variations wane as the drying process

progresses since the moisture content of the seaweed is decreasing as the drying process continues.
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Figure 3.12: Represents the temperature of the four loggers that were set at different locations
inside the chamber that varies with the time.
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Figure 3.13: Represents the relative humidity of the four loggers that were set at different
locations inside the chamber that varies with the time.
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3.6.2 Infrared (IR) Camera Data

Data from both the small loggers and the IR camera showed temperature gradients between
the interior and exterior of the dryer that were affected by the heating cycles of the furnace and the

amount of insolation from outside.

Fig. 3.14 shows a comparison between the control system data of the computer, the data of
the small loggers and the data of the IR images during the cloudy time of the day. The “Fresh vent
T” is the air temperature of heated air entering the drying chamber while the “warm wall T”
represents the air temperature in the up-stream side of drying the chamber. This was one of two
sensors used to control the inside temperature at around 100°F. “South wall mid” and “South wall
end” are IR measurements and show that the walls of the dryer are not as warm as the dryer interior,

therefore the dryer is losing heat through the wall.

The “Logger 2”” and “Logger 3” data are measuring the air temperature next to the outside
of the drying wall. These temperatures are lower, respectively, than their IR counterparts,
confirming that there is a temperature gradient descending from the interior air, through the solid

wall, and then on to the exterior air.

These data were collected while the sky was cloudy. Similar data while the sun was shining
as shown in fig. 3.15 showed that the wall and outside air were warmer than shown in fig 3.14,
and thus the temperature gradient flattened out towards the wall, suggesting less heat loss while

the wall was irradiated.

The interior temperature was generally the same regardless of insolation, since the
temperature control system was controlling the temperature to ~ 100°F. Figure 3.16 shows
temperature gradients between the interior and exterior of the dryer during the cloudy and sunny

weather.
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Figure 3.14: Shows simultaneous data from the different sources: the IR camera (South wall
mid, End south wall mid), the control system of the dryer (Fresh vent T, Warm T), and the
small loggers (logger 2, logger 3). These data were collected during cloudy weather.
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Figure 3.15: Shows simultaneous data from the different sources: the IR camera (South wall
mid, End south wall mid), the control system of the dryer (Fresh vent T, Warm T), and the
small loggers (logger 2, logger 3). These data were collected during sunny weather.
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3.7 Aspen Simulation of The Dryer: Input Air, Output Air, Short Circuiting

3.7.1 Aspen Simulation of Seaweed Throughput Prediction and Energy Cost

Results from the ASPEN thermodynamic model showed the response of process
temperature variables (air temperature exiting the heater and the temperature of exhaust air) to the
ambient air temperature and humidity. The model also determined the amount of seaweed
throughput could be sustained at different ambient air conditions and the energy costs of the fan
and heater systems. Results showed that energy costs decreased with increasing ambient air
temperature and decreased air flow, but in some cases high air flow was necessary to maintain a
heated air temperature of no more than 50°C. Fig. 3.17 illustrates these trends for ambient air

entering the drying system at 50% RH.

Other simulations looked at different RH values ranging from 0 to 100% RH in the ambient
air. Trends with higher inlet RH showed decreased seaweed throughput. Fig. 3.18 showed results
from simulations plotting the effects of energy costs in response to RH. The figure showed that
ambient RH increases fuel costs to some degree but mostly impacts the amount of power needed

for the fans, since the higher ambient RH requires the use of more air per kg of seaweed.

The results from the thermodynamic model represented upper limits to the performance of
the system since the model assumes fully saturated air in the exhaust air. Note that in these
simulations shown in figures 3.17 and 3.18, the choice of four potential air flow rates is for
illustrative purposes and do not representative of out built drying system. The furnaces installed in
our dryer did not have the capability of running different fan speeds and had only on/off controls

for the fans.
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3.7.2 Furnaces and Fans Effects on Energy Balance

Seaweed throughput was largely accomplished using either one or two furnaces, with the
two-furnace condition drying nearly twice as much seaweed as the single furnace, shown in fig.
3.19 (A). Each furnace had one fan that operated at a steady rate. Both furnaces could be operated
at the same time, each with their fans running, here referred to as two furnaces, two fans (2,2)
configuration, or one furnace could be operated, giving a one furnace, one fan (1,1) configuration.
It was also possible to run a one furnace, two fans mode (1,2), which involved operating one
furnace with its fan, and also running just the fan in the second furnace. In practice, the (1,2)
configuration was only applied when the heating system was cycling from one furnace to the other:
while one furnace was shutting off and cooling down with its fan running, the other was running
its fan and waiting to be started again. Increasing air throughput by running two fans with only
one furnace (1,2) increased drying capacity above the (1,1) configuration a small amount,
primarily at higher ambient temperature. The two systems with the same number of fans and
furnaces, (2,2) and (1,1), operated at approximately the same temperatures for both the air exiting

the heater as shown in fig. 3.19 (B) and the air exiting the dryer in fig. 3.19 (C).

Conversely, the (1,2) system showed lower temperatures for both the heated air and the
exit air figures 3.19 (B) and (C). These results are consistent with the fact that the simulation model
assumed saturated air at the exit. The (2,2) system gave slightly higher temperatures than the (1,1)
system because the higher air flow rate through the same ductwork resulted in more back pressure
for the two fan systems, and thus less than double the air flow, resulting in slightly higher

temperatures.
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Fuel cost decreases as ambient air temperature increases, and fuel costs on a per kg seaweed
are very similar for the (1,1) and (2,2) systems as in fig. 3.19 (D), while the (1,2) system enjoyed
lower fuel cost, but higher fan cost on a per kg seaweed basis fig. 3.19 (E). Combining the fuel
and power costs for the fans shows that the most economical system on a per kg seaweed basis is
the (1,1) system and the most expensive is the (1,2) system, fig. 3.19 (F). This outcome is a result
of dramatically higher power costs to run two fans. These results need to be verified
experimentally, since the calculations depend heavily on the pressure drop in the system, which is
not yet known, but it was observed that the power meter reading for the entire dryer system

registered significantly more power demand while running two fans instead of one.
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Figure 3.19: Responses of dryer performance (heated and outlet air temperatures, mass
throughput, electricity, fuel, and total energy costs) versus ambient inlet temperature at
50% RH.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

4.1. Conclusions

The main objectives of this study were: Designing and testing the performance of the dryer
system, improving, and addressing defects in the design; developing mass and energy balances to
understand the operation and efficiency of the system, including the use of an Aspen Plus process
modeling program to simulate the energy flows of the real drying process of the sugar kelp. The

results that were obtained from drying runs show that:

e The air temperature and humidity are inversely related.

e Recycling is important to reduce the energy cost and raise exit humidity.

e The temperature measurement of the intake air logged by the control computer was being
affected by the level of recycle and furnace activity.

e Asair passes through the drying chamber, it decreases in temperature and gains humidity,
with the exiting air showing a steady trend of rising temperature and decreasing RH as the
process progresses. Partial recycling of the air achieves higher exit humidity, which
reduces energy losses.

e It became apparent through the operation of the dryer that considerable heat losses were
caused by conduction through the dryer walls, and if insulation were to be added, even at
a modest level of R1 insulation, significant energy savings could be realized.

e It was observed that solar gain could be a significant source of energy, however this benefit

would be diminished if the dryer were to be insulated. Thus, there appears to be a need for
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optimizing the use of insulation. Potential solutions could be removable insulation, such as
perhaps a large insulating blanket that could be rolled back on sunny days.

e Data from both the small loggers and the IR camera showed temperature gradients between
the interior and exterior that were affected by the heating cycles of the furnace and also the
amount of insolation from outside.

e The air flow configuration of the drying chamber is very important for making best use of

the heated air and reducing short circuiting of air through the drying chamber.

Results that we obtained from the thermodynamic model (Aspen Plus Diagram) showed that:

e The outcomes of the process temperature variables (temperature of air exiting the heater
and the temperature of the exhaust air) were affected by the ambient air temperature and
humidity.

e The model also determined the amount of seaweed through put could be sustained at
different ambient air temperature and humidity conditions.

e Energy costs decreased with increasing ambient air temperature and decreased air flow but
in some cases high air flow was necessary to maintain a heated air temperature of no more
than 50 °C.

e Runs with higher inlet RH show decreased seaweed throughput.

e Ambient RH increases fuel cost to some degree but mostly impacts the amount of power
needed for the fans, since the higher ambient RH requires the use of more air per kg of

seaweed.
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4.2. Future Work

While the dryer worked well, and several experiments were run through two seasons of

seaweed harvesting, there remain some needs to be addressed in the future:

Better instrumentation would provide more confidence in mass and energy balance
assessments (metering the propane, temperatures of different surfaces of the dryer,
measuring the air flow into and out of the system).

Modify and improve control logic and user interface to facilitate operations.

Optimizing use of insulation. Develop removable insulation, perhaps a large removable
insulating blanket that could be stored in the drying chamber when not in use or while in
transport.

Improve the design of new hangers to speed up the hanging process and reduce labor.
Run more seaweeds experiments at different times of the harvest season to collect more
variety of ambient conditions data.

Improve and calibrate fluid flow and transport models of the drier.

Improve a model for solar effects on energy balance.
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APPENDICES

Appendix A: Supplemental Data from Aspen Simulations
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Figure A.1: Responses of dryer performance (heated and outlet air temperatures, mass
throughput, electricity, fuel, and total energy costs) versus ambient inlet air temperature at
0% RH.
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Figure A .4: Responses of dryer performance (heated and outlet air temperatures, mass
throughput, electricity, fuel, and total energy costs) versus ambient inlet air temperature at
100% RH.
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Figure A.5: Responses of dryer performance (heated and outlet air temperatures, mass
throughput, electricity, fuel, and total energy costs) versus ambient inlet air temperature at
0% RH.
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Figure A.6: Responses of dryer performance (heated and outlet air temperatures, mass
throughput, electricity, fuel, and total energy costs) versus ambient inlet air temperature at

25% RH.

93



Wet seaweed vs. T(inlet) T(outlet dryer) vs. T(inlet)
40

160
140 35
__.‘EEE 120 30
= 100 -.U:- 25
Q [:T]
@ g0 = 20
2 3
P / =1 —&— Mid flow
g 40 10 —@— High flow- One burner
20 > —@— High flow -Two burners
0
0 0 10 20 30 40
0 10 20 30 40 .
T(inlet) C T(inlet) C
Fuel cost vs. T (inlet) T(outlet) heater vs.
) 70 -
_ ot T(inlet)
%0 60
=0.08
- 3: 50
o 2
20.06 8 40
Y =
© @ 30
@
_§0.04 =
= © 20
%0.02 .
g 10
(¥ )
= 0 10 20 30 40 () 10 20 30 40
T(inlet) °C T(inlet) °C
Total energy vs. T(inlet) Electricity cost vs. T(inlet)

e
-
&%)

0.25

-

M
Q
[

Total energy
o
o [
[ o
Electricity cost $/hr/wet seaweed
g heBr ¢

ca

e

002 H‘—._*—.—.—.
0 0
0 10 | 20 30 40 ) 10 20 30 40
T(inlet) C
( ) T(inlet)

Figure A.7: Responses of dryer performance (heated and outlet air temperatures, mass
throughput, electricity, fuel, and total energy costs) versus ambient inlet air temperature at
75% RH.
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Fuel cost vs. RH
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Figure A.9: Trends of energy costs (Fan electricity, heater fuel and combined) with respect to

ambient air RH at ambient air temperature of 0°C.
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Fuel cost vs. RH
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Figure A.10: Trends of energy costs (Fan electricity, heater fuel and combined) with respect

to ambient air RH at ambient air temperature of 5°C.
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0.1 Fuel cost vs. RH
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Figure A.11: Trends of energy costs (Fan electricity, heater fuel and combined) with respect

to ambient air RH at ambient air temperature of 15°C.
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Figure A.12: Trends of energy costs (Fan electricity, heater fuel and combined) with respect

to ambient air RH at ambient air temperature of 20°C.
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Figure A.13: Trends of energy costs (Fan electricity, heater fuel and combined) with respect

to ambient air RH at ambient air temperature of 25°C.
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Figure A.14: Trends of energy costs (Fan electricity, heater fuel and combined) with respect

to ambient air RH at ambient air temperature of 30°C.
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Appendix B: Kelp Dryer Operations Guide

Machine Startup
Startup Procedure (4 Steps)
Loading

a. Pre-Loading

b. Loading
c. Unloading
Interface

a. Screen User Interface (Ul)
i. System Status
ii. Setup and Start
iii. Temp and Humidity Monitor
iv. Temperature Graph
v. Relative Humidity Graph

b. Procedure

Data Log
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Machine Startup

Start-up Procedure (4 Steps)

STEP 1 — Ensure the loading area is clear of any material from previous cycles.

Any dry materials in the loading area can potentially skew dry times and/or cause a fire hazard.
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STEP 2 — Switch on the main breaker.
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STEP 3 — Switch on emergency burner switch
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STEP 4 — Using the control panel, set your desired default temperatures and humidity
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Interface

a. Screen User Interface (Ul)

The control panel where the Ul screens are located is left of the entryway. The E-Stop is located
on the cabinet below the screen. The Ul screen is what controls the autocycle.

NOTE: Screen values seen on some of the images in this section of manual are placeholders
and not indicative of typical or nominal values.
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i. System Status

Navigation Bar

SrFstem Status

Process Status:

Conveyer Status:
Conveyer Overload:

Exhaust Status:
Cioaor Status:
E-Stop Status:

Average Wall Temp °F):

Blower
Status

Blowwer 1 {Lefh

Q@

Soded

Blowwer 2 (Right

When switching between menus using the navigation bar, your current page is displayed by a

light on an “F#” button.

Number Callout Description
Active — Cvcle in progress
1 Process Status . N - IJ_ SRes
Not Active — Cvele not in progress
Active — Conveyer currently moving

2 Convever Status . ~ . i - L=

s Not Active — Convevor not moving

Overload — Potential jam in the conveyer
3 Conveyor Overload . . . - y
- No Overload — Svstem running normally
Active — Exhaust fan is active
4 Exhaust Status e ) . :
Not Active — Exhaust fan is not active
- Open — Door 13 open
5 Door Status ,.F ; = op
Closed — Door 15 closed
Active — E-Stop 15 enabled, machine function disabled
§ E-Stop Status Not Active — E-5top 15 disabled, machine functions
normally
- Averaoe Wall . L
] Tempuerature Displays average temperature inside the dryer
Displays which blowers are active
2 Blower Status Red light indicates that parficular. furnace 1s on. Blue
licht indicates that particular fan is on.
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ii. Run Setup and Start

Kun Setup

Temp Setpoint (°F3: Use 2
Blowers:

Temp Hysteresis (%)

Dione Drging Time (s): i

Dy Setpaoint (%BEH): 12. Fressure:

Yes 1 H

Exhaust Setpoint (%REH): [ 12 ofl-1|+
Recycle Min (%)
Recycle Max (%)

Sto T
2 Blower Delay (s): 4 P Ezf—'.'aHs-h

'y

StartiStop: ”

i

# Callout Description
. Sets the desired temperature inside the load area. Given in
1 Temp Setpoint .
degrees Fahrenheit.
) Sets the percentage limits for heater/fan on/off.
2 Temp Hysteresis o
Given in percentage.
3 Done Drying Time Sets timer for drying. Given in seconds.
4 Dry Setpoint Sets the desired dryness in the Ioaq area. Given in percent of
relative humidity.
5 Exhaust Setpoint Sets desired exhaust output._G_lven in percent of relative
humidity
6 Recycle Min Sets minimum ratio of recycled air. Given in percentage.
7 Recycle Max Sets maximum ratio of recycled air. Given in percentage.
8 2 Blower Delay Sets desired delay between two blowers. Given in seconds.
9 Use 2 Blowers Option to use two blowers or one blower.
10 Box Pressure Sets pressure in tr_]e load area, elther peutral, slightly
negative or slightly positive.
11 Start/Stop Begins or ends the cycle.
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iii. Temperature and Humidity Monitor

This screen displays the temperatures and relative humidity of each of the five sensor
locations on the dryer. This is displaying typical values seen on the screen.

| emp and Humidity Memiter

= Relative
Ternperature (°F) Hurnidity (%)

Cutside Air 708 471

HotAjr- Duct 724 439

HatAir-all 732 430

Used Air- Wall 736 4390

Used Alr- Duct 441

FToenpn and Sumidity Monitar

Felative

Temperature (°F} Hurmidity (%) (TR

Outside Alr 1234 1234

Hot &ir - Duct 1234 1234

Hot Air - all 1234 1234

Llged Ajr - Wall 1234 1234

Lsed Air- Duct 1234 1234
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iv. Temperature Graph

Graphical method of viewing the temperature of each sensor location.

femperature Fraph

24.5

-4, 8
Ouytside Haot Air | Hot Air [UsedAindsed A

Air Duct
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v. Relative Humidity Graph

Graphical method of view the relative humidity of each sensor location.

[ KRelative Humidity Graph

oo o

Kelative Sumidity Graph

8.8
&H. B
46, B
26,8

B, &
Ouytside Haot Air | Hot Air [UsedAindsed A

Air Duct
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b. Procedure

Koen Satu

L

274 Use 2
Blowers:

—h

Temp Setpaint (°F):;

[ : 1
Temp Hysteresis (%) Yo

Dane Drjing Time (5); B

Diry Setpaint (%REH): 12. Fressure:

Exhaust Setpaint (%RH): |[ 12 n.

Recycle Min (%) 12 StartiStop:
Recycle Max (%): 12

Sto
2 Blower Delay{ i

Once startup procedure is completed and material is properly loaded, press the “start”

=
(123

button in the screen Ul.

In the event an interlock is triggered; for example, the conveyer overload, simply address the
issue and press the reset button located on the control panel.
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Data Logging

To access the data after completing the cycle, use a screwdriver on the side slots to open the
control panel and access the data logger.

M(w’w » FCAOG ) » < Jiy ) e

fle (6 View Tesh Hey

Uaganie * Barwin e Den  Kew foke

& Computer
| Diek (C:
| & Lecal Dek 1) s
" B Dove
EVD B Dove 0 i FRMWARE
- (061

& CONMSS
| oLbDATA

) Dara
M
1PN
TIVAEN
i
1100
i OLDOATA
mnm

ONIGS

& Keem

-

After accessing the data logger, connect a USB to the bottom FC LOG port and to a computer.
Click on the “FC-LOG” drive in file explorer. To customize the settings, select the “TOOL.EXE”
to open configuration settings of the logger. To access data, select the folder labeled “DATA”.
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LED Status Indicators / Diagnostic LEDs

LED
Red (Diagnostic)
Green

(Diagnostic)
Green (RXD)

Description

lon - see [able below

0c!

o | BS2RRS
Groon (TXD) OCOUIS 0
of

Yellow (USB) S

microSH On
(Yellow)™
ot No Access

*Lacated at the top, center, on LEFT face of module.

Red and Green Diagnostic LEDs
LED Cause Sofution

USB Mode - Connecting the Data Logger to a PC

1 Connect USB Type-A connector into PG USB Port.
2 Connect USB Type-B connector into FC-LOG USB Port

S Explorer to browse to removable disk drive labeled “FC-LOG"

4 Double click on “TOOL.exe” to run the configuration ul

y directly from the microSD card.

Normal operation as a mass storage device. This
Green Fast Flashing means the data logger is conne a USB port Normal Operation- no st
a inthe drive.

jon required.

ogger. This means
G T

Check the ERRORS.TXT
icroSD card

g Computee + FCAOGE) +

Tl A Vew Tooh tep

Orgntr ~  Swrewith s Bum  bew folde

bOATA

Red/Green Fast

Configure the Data Logger

The configuration tool is easy to use. As simpleas 1,2, 3.
1. Select the device you want 1o

0!

9
2. Select how you want the logger to trigger
3. Select the locations from which vou wenl {0 log dala.

To access Ihe user manual included with the FC-LOG:
Connect the USB cable to the FC-LOG and to your PC.
Press the Windows key + E to open Windows File Explorer.
In the left pane, click on {he drive labeled FC-LOG

In the right pane, double-click the HELP folder.

To view the user manual, double-click HELP,

To view a tutorial showing how to configure the FC-LOG,

Do e o

1 the main folder click Overview

o

www.plclogger.com

P.2
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FC-L0G USB Data Logger and

Specifications (continued)

Dimensions inch [mm]

i r’@f
1

i S
3
=l

gg mﬂeaeﬂ ==m~ Terminal Block Specifications
Field Wiring N\
Number of Positions
Wire Range
Screw Driver Size (Slotted)
Screw Size by
Screw Torque 0unds w
Description: Battery Type m
Baltery Voltage Rating
Battery Current Ralin,
The FC-LOG is a low cost, user-configurable DIN-rail or side mount data logger. When connected to a PC i \u:sw‘s&
through a USB cable, the FC-LOG appears as a removable drive on the PC. When connected to a 24VDC =
supply or powered by the serial port of a PLC, Ihe FC-LOG will log datz from the PLC and store the data in a Battory Life
standard CSV formatted 2l 0gge S
from the logger and imported into the software of your chol —
microSD card and won't be lost in the event of a power failure. |Comminlcation Standards 0 |
The FC-LOG currently supports DirectNET protocol for most AutomationDirect DirectLOGIC PLCs. It also CUITICA O EIOIOe0 S
orts Modbus protocol for some DirectLOGIC PLCs, Do-more PLCs, CLICK PLCs, Productivity PLCS patfates
and other Modbus devices Cable Required
[Minimum Sample Rate
Log Data File Type Port and Terminal Block
c ible PLCs Specifications
Specifications
Power Specifications
input Voltage (Vin) USB Made
Yl - USB Speed RS-232
Input Current at Vin Wass Storage Memory (RJ12)
Protection Tyge, ge, polarily Current |_//
General Specifications [_/
35mm DIN Rail or
Gneratind To 7 Source of Date and Time RS-232
Aeraing temner Logging Data Trigger [T
Storage Temperature Number of Samples Logged per Trigger l_/
Humidity Creale New Loy File W&(Dmm |
4 o oo gases pemited ENGH1212p0 Log File Name 0001LOG CSV, 0002L0G.C: (Optional)
Vibration 50068-2-6 (Tesl Fo)
Shock RS-485
[t ication Max Length
Weight |_\\
Agency Approvals Modes of Operation iicd
USB Mode (Mass Storage Devics)
removable drive on the computer. The logger files are then available for e
Logging Mode put Powe:
When USB is Terminal Name Signal
V4 200 41
COM Co

*Do not connect if powered with 5V0C.

RI12 Port (RS-232)

Pin Number

1

o || e e o

RY-232 PO

Terminal Name

5V

XD

RXD

RTS

com

Terminal Name

+

COM

Pin Number

Signal

+SVOCIN

EN LS

FC-LOG Insert 1st Edition 9-21-2016

P.1
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Appendix C: Calculations

Table C.1: Mass of seaweed calculations during drying process.

Mass of Seaweed Calclution June 17,2021 |

hanger no|hanger weTgh‘hanger + wet seaweelend cycle 1 |end cycle 2 |end cycle 3 |end cycle 4|wet seaweed (g)lcyc\e 1sw |cyc|e 2 sw |cyc\e 3 sw |cyc\e 4 sw|

hanger 1 1058
hanger 2 1058
hanger 3 1052
hanger 4 1060
hanger 5 1054
hanger 6 1056
hanger 7 1048
hanger 8 1054
hanger 9 1054
sum

1780 g ( the total amount of dried seaweed from the 9 hangers after stopped the dryer and weighed the seaweed)

1740 1488
1698 1440
1762 1498
1788 1534
2096 1790
1828 1604
2210 1906
2102 1788
2010 1674

14722

1294 1264
1312 1232
1350 1254
1382 1268
1578 1436
1442 1328
1690 1522
1578 1442
1456 1318
13082 12064

902 g ( net of dry seaweed from the 9 hangers after sun drying)

1716 g (total dried seaweed from other hangers after dry them by sun # first box)

2196 g ( total dried seaweed from other hangers afer dry them in sun # second box)

1210 682
1182 640
1196 710
1200 728
1334 1042
1252 772
1408 1162
1346 1048
1234 956
11362 7740

430 236

382 254

446 298

474 322

736 524

548 386

858 642

734 524

620 402
5228 3588 2

1.78

206 152
174 124
202 144
208 140
382 280
272 196
474 360
388 292
264 180
570 1868

Two boxes of dried seaweed were dried by sun to complete the drying
Sun drying was done next day after done with the drying process

3912 g ( total dried seaweed from other hangers (first + second) boxes that was dried by sun)

4814 g ( Total dried seaweed for the whole experiment( the 9 hang

0.88 initial moisture content

4.8 kg

41309 g ( total mass of start wet seaweed for the whole experiment)

36495 g ( total water mass that was evaporated at the end of the process)

10.58 Ib

413 kg

36.5 kg

90 Ib

81 1b

Table C.2: Calculation of the mass of water evaporated at each cycle.

No. of cycle Moisture content Whole mass (g) r ining water g Water evaporated g | Water evaporated kg
0 0.88 41309 36495 0 0
1 0.73 17710 12896 23599 24
2 0.66 14108 9294 3602 4
3 0.57 11225 6411 2883 3
4 0.46 8834 4020 2391 2
5 ( sun drying) 0 4814 0 4020 4
36.5

Table C.3: Calculation of the mass of water evaporated at each cycle after adding an

imaginary cycle.

No. of cycle Moisture ¢ Whole mass (g) remaining water g Water evaporated g | Water evaporated kg

0 0.88 41309 36495 0 0

0.1 0.82 26927 22113 14381 14

1 0.73 17927 13113 9000 9

2 0.66 14108 9294 3602 4

3 0.57 11225 6411 2883 3

4 0.46 8834 4020 2391 2

5 ( sun drying) 0 4

365
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Table C.4: Calculation of fan energy by using energy balance.

| 1- Fan Energy Calculation by using Energy

- 6-17-2021 |

Cycle No. Fan opz(:;;ing time Energy of air coming in (kJ/kg) Energy of air coming out (kJ/kg) The difference of energy (KI/kg) Fan Flow Rate CFM
Experiment 1 eycle 1 1 40 80 40 2425.0
Experiment 1 cycle 2 1 43 74 31 2425.0
Experiment 1 cycle 3 1 43 66 23 2425.0
Experiment 1 cycle 4 1 41 62 21 2425.0
otal time of operatin 4.02 166.32 281.7

Flow in and out Air amountat Air mass | Energy loss
FanFl te (m3/h Specific vol 3/k f I Bt
anFlow rate (m3/hr) (m3/hr) each cycle m3 pecific volume (m3/kg) (kg) of the fan(K)) an energy loss (Btu)
4124.15 824.83 841.33 0.87 965.93 38907.7 36879.4
4124.15 824.83 824.83 0.87 945.91 29285.2 27758.5
4124.15 824.83 824.83 0.86 959.10 21915.5 20773.0
4124.15 824.83 824.83 0.86 956.88 20324.1 19264.6
3827.82 104675
Table C.5: Temperatures of different location of the dryer.
T Fresh air T (°F)
n Used air wall T (°F)
Fresh air Temp °F Fresh air T°C Freash air RH % Used air duct Temp °F [Used air duct Temp °(  Used air duct RH % used air wall T°F used air wall T°C
72 2 42 9% 37 42 91 3
79 26 31 100 38 33 94 34
79 26 31 99 37 28 94 34
77 25 32 98 37 25 92 33

Table C.6: Calculation of fan energy by using mass balance.

2- Fan Energy Calculation by using Mass Balance - Seaweed Experiment - 6-17-2021

Cycle No. | Fan operating Time Fresh air T°C Fresh air RH % Used air duct T°C Used air duct RH % g water/ kg (d.a) in g water/ kg (d.a) out | gwater/ kg (d.a) changed
Cycle 1 1 2 42 37 42 6.922 16.69 9.8
Cycle 2 1 26 31 8 3 6.492 1379 13
Cycle 3 1 26 31 37 28 6.492 11.03 4.5
Cycle 4 1 25 32 37 25 6.313 9.83 35
Water evaporated (end) g/hr water changed kg/hr dry air flow rate L/s flow rate CFM 20% full Fraction
23599 23599 2416 586 1242 485 0.39
3602 3602 494 120 254 1.91
2883 2883 635 154 327 1.49
2391 2391 680 165 349 1.39
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Table C.7: Calculation of energy loss.

of Energy loss |

Experiment and cycle No. Operating Time (hr) Energy deliverd Btu/hr Energy input (Btu) Number of burners |T1 °F T2°F T1°C I'I'Z °C water evaporated mass( kgj
cycle 1 0.5 129319.4 64660 1burner 72 91 22' 33 9000
cycle 2 03 129319.4 38796 1 burner 79 94 Zﬂ 34 3602
cycle 3 0.4 129319.4 51728 1 burner 79 94, 26 34 2883
cycle 4 0.6 129319.4 77592 1 burner 77 92| 25 33| 2391
1 i 4 cycles 2 232775
Cp of water KJ/kg.C | Seaweed mass I@Cp d KJ/kg Q Hv KJ/kg | Energy of evaporation (KJ) Energy Btu | Energy effici Heat of Btu/Iff Mass of Propane Ib | Mass of Propane kg
4.186 6.75 3.42 2562 23056443 24324548 376.19 21500 3 14
4.186 6.75 3.42 2564 9233636 9741486 251.10 21500 2 0.8
4.186 6.75 3.42 2564 7390351 7796820 150.73 21500 2 11
4.186 6.75 3.42 2560 6121075 6457735 83.23 21500 4 1.6
11 4.9
Energy input Btu/hr | Btu/gal Propane | Q purchased gal/hr Propane Gallons | Propane Cost $/gal | Propane Cost $/hr |Propane density g/cm3 Propane density |b/ga| Gallons of Propane
129319 91502 1.41 0.71 2.8 4.0 0.49 4.09 0.74
129319 91502 1.41 0.42 2.8 4.0 0.49 4.09 0.44
129319 91502 1.41 0.57 28 4.0 0.49 4.09 0.59
129319 91502 1.41 0.85 2.8 4.0 0.49 4.09 0.88
2.54 2.65

Calculation of specific heat capacity of seaweed
There is another equation to estimate the specific heat capacity of seaweed from the book | Introduction to food engineering)

Cp =0.837+3.349 Xw

Cp

Xw (the water content as a fraction)

0.77

[3@2lspecific heat capacity of seaweed Kifkg K

Table C.8: Calculation of energy loss through the wall without insulation.

Cycle No. Area (m2) used wall temp °C Outside Temp °C convective heat transfer coff. W/m °C Q=h *A*(T2-T1) (watt) Operating time (hr) | Heat loss (Btu/hr) | wall heat loss (Btu)
cycle 1 816 33 22 14.2 12231 1.02 417319 42567
cycle 2 81.6 34 26 14.2 9656 1.0 32946.3 32946
cycle 3 81.6 34 26 14.2 9656 1.0 32946.3 32946
cycle 4 81.6 33 25 14.2 9656 1.0 32946.3 32946
141405

From the update calculation of the energy input

[ 232775 |Btu ( total energy input from the burners)

141405/Btu ( total heat loss from the wall)

Table C.9: Calculation of energy loss through the wall.

If we used an insulation 1

U-value = 1/R

0.746269 Btu/ft2 F hr

1 Btu/ft2 F hr = 5.678 watt/m2 K

[ 0.61] %Energy loss through the wall

U-value waﬂ/mz K or W/m2°C
Cycle No. Area (m2) used wall temp °C_ | Outside Temp °C Overall heat transfer coff. W/m °C Q=h *A*(T2-T1) (watt) Operating time (hr) | Heat loss (Btu/hr) | wall heat loss (Btu)
cycle 1 81.6 33 22 4.237 3803 1 12977.2 13237
cycle 2 81.6 34 26 4.237 2766 1 9438.0 9438
cycle 3 81.6 34 26 4.237 2766 1 9438.0 9438
cycle 4 81.6 33 25 4.237 2766 1 9438.0 9438
41551
C: of energy saving after
Energy input 232775 Btu
Wall heat loss after insulation 41551 Btu
Energy loss from the wall 18 %
Energy Saving after insulation 43 %
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Table C.10: Calculation of energy loss through the wall without insulation.

Net Radiation Loss Rate June 17,2021

q=6 & A (ThA4-Tcrd) Facing Directly South
Horizontal 5.49 kWhr/m2/day
q ( is the heat transfer per time Watt Vertical 2.57 kWhr/m2/day
€ 0.79 emissivity coefficient Ver/Hor 0.47
G 5.6703E-08 ( The Stefan-Boltzman constant)
Th Hot boday absolute temp (K)
Tc Cold surrounding temp (K}

Outside temp (K}  |used air wall temp (K)| These temperatures are the same temperatures there were mentioned in
295.4 306 sheet Fan and Burner converted from C to K
299.3 308
299.3 308
298.2 307
298.05 307.25
Average Temp of the first experiment 298.05 K (Outside temp of the first experiment at June 17,2021)

307.25 K (Used air wall temp of the first experiment at June 17,2021)

Btu % energy loss
Burner energy input 232775
Solar Radiation energy 71623
Total energy input 304398
Fan Energy loss ( convection) 104675 34 %
Wall Energy loss (Conduction) 141405 46 %
missing Energy 58317 19 %

Dryer dimentions

Length 945 cm
Width 243 cm
270 cm
cm2 m2
Area of the roof 229635 229635
Area of one wall 255150 25.515

Calculate the solar radiation depend on weatherspark data

Average horizontal from 11:22 sunny 0.63 kW/m2
to 16:45 mostly cloudy 0.1 kW/m2
Average horizontal 0.365 kW/m2
ratio: vertical/horizontal 047

Average vertical 0.17 kW/m2

Horizontal, facing south

Whr/m2/day J/m2 day w/m2

5490 19764000 352
2570 9252000 165

http://www.solarelectricityhandbook.com/solar-irradiance. html

Th (Horizontal) 333.23K 60.08 °C
Th(Vertical) 31811 K 4496 °C 113F
Horizontal
Q inside Horizontal 153.11 W/m2 0.77 0.44 Inside fraction
Q outside Horizontal 198.82 W/m2
Vertical
Qinside Vertical 59.52 W/m2 0.57 0.36
Q Outside Vertical 105.23 W/m2
Daylength during June 17,2021 15:36:00 hr:min:sec
15.6 hr

4.02 hr ( total running run)
81.6 m2 ( Area of the box ( container))

1.47 kWhr/m2run Total solar radiation (vertically and horizontaly during June 17)
33.69 kWhr/run
14.66 kWhr/run inside 71623 Btu Total solar energy
50019 Btu To calculate the total energy input

Vertical facing south

0.687 kWhr/m2run
17.53 kWhr/run

6.33 kWhr/run inside
21604 Btu
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Appendix D: Comparison between Praveen Cabinet and Tuga Dryer

Praveen Cabinet:

Volume of one blade = 63.5 cm X 15.24 cm X 0.2 cm
Volume of 28 blades = 28 X 193.55 cm?®

Volume of 28 blades = 5419.34 cm?®

Mass of seaweed = 1 g/cm3 X 5419.34 cm?®

Mass of seaweed = 5419.34 g

Volume of the cabinet = 76.2 cm X 76.2 cm X 127 cm
Volume of the cabinet = 737417.9 cm?®

Density of the cabinet = 5419.34/737417.9 = 0.0073 g/cm?®
Density of the cabinet = 7.3 kg/m®

Tuqga Dryer:
Volume of the chamber = 33’ X 8° X 9’ = 2376 ft3 = 67.3 m®
Mass of wet seaweed = 57.9 kg

Density of the chamber = 57.9/ 67.3 = 0.86 kg/m®

From the calculation we can notice that the cabinet has more density than the chamber.
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