ABSTRACT

SMITH, RYAN ANDREW. Harvesting Duckweed by Skimming. (Under the
direction of Jiayang Cheng and John J. Classen.)

Duckweed is a floating aquatic plant that has been used in a variety of
water treatment applications. The plant must be harvested for the chemical
removal from the wastewater to be complete. This project investigated the
suitability of a harvesting system that would collect the plants by skimming them
from the water surface to maintain the crop at a desirable density.

The observation was made that clumps of plants could form, as opposed
to a single layer of individual plants, which affected the skimming of the
duckweed mat. Experiments were performed to find the necessary depth and
slope of the skimmer for clumps to move in at very low flows. The skimmer crest
was rounded and the root length of the plants ranged between 0 and 6 cm. A
depth of approximately 1.5 cm was found to be the minimum depth where clumps
moved into the skimmer consistently. The skimmer slope could be 3° with
clumps still flowing down the skimmer base.

A concept and full-scale prototype were developed. The prototype used a
skimming funnel that floated beneath the duckweed mat. A pumping mechanism
was connected to the funnel that pumped to the bank. A vortex formed over the
funnel orifice during pumping, which moved plants into the funnel and exit pipe.
Flow data was collected at various funnel depths and author-defined vortex

strengths were noted. Using the data, empirical equations were found that could



be used to calculate the needed pumping rate to achieve a desired vortex
strength at a given funnel depth.

Experiments were conducted to evaluate the circulation of the duckweed
mat and thus the ability of a skimmer-based harvester to harvest from all areas of
the water surface. Tracers were placed on the duckweed mat and natural wind
forces and flow forces from the skimmer were applied. The tracers were then
monitored for approximately 2 weeks. Some movement occurred, but there was
no consistent rotation in the plant mat.

It was determined that duckweed could be harvested well using skimmers,
yet the lack of significant circulation of the plants under wind force and flow

forces from the skimmer was a limitation of the prototype.
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CHAPTER 1

INTRODUCTION

Research has been done on the use of duckweed, a plant with a potentially high
protein content, in water treatment. Duckweed is a floating aquatic macrophyte
belonging to the Lemnaceae family, which is divided into 4 genera: Spirodela,
Lemna, Wolffiella, and Wolffia (Figure 1-1). The plant consists of an ovoid frond
and small rootlets, in some species. Plant diameter ranges between 2 and 20
mm and the roots can extend over 5 cm in low nutrient conditions. Native
species exist throughout the world, with the plant typically growing on stagnant
water containing decaying organic matter (Skillicorn et al., 1993). Duckweed is
capable of covering large water surfaces completely, forming a mat and blocking
sunlight from the areas below (Figure 1-2). Holes created in the mat will often
close promptly due to the surface tension of the fluid film between the fronds.
This property can be a useful one for suppressing algal growth. The plant
population grows very quickly and removes nutrients at a higher rate than any
other aquatic macrophyte (Oron et al., 1988). The plant also has a protein
content ranging between 15% and 45%, with a potential value in animal feed
(Landholt, 1987). The properties mentioned along with the ability of duckweed to
grow in a wide range of environments allows many possible applications for the

plant.



ol

Figure 1-1. Members from each of the 4 duckweed genera: Spirodela, Lemna,

Wolffiella, and Wolffia
(Courtesy of Sumate Chaiprapat, doctoral dissertation)

Figure 1-2. Duckweed covering a Iare portion of a pond

Uses For Duckweed

The majority of the work done using duckweed to treat water has been for animal
or human wastewater. This is because the plants can assimilate large amounts
of nitrogen, preferably in the ammonical form, and phosphorus in the
orthophosphate form. Cheng et al. (2002b) reported nitrogen and phosphorus
removal rates as high as 2.11 g/m?/day and 0.59 g/m?/day, respectively in a field

system. As levels of these nutrients decrease, the roots will lengthen and begin



to absorb more of other substances present in the wastewater, possibly to the
point where they contain high levels of toxins and heavy metals. It removed 70-
80% of lead from Pb(NOs), at 5.0 mg/l for 21 days (Nazmul-Gazi et al., 2000).
Duckweed can also accumulate cadmium, selenium, and copper in significant
amounts (Zayed-Adel et al., 1998). By suppressing algal growth, a problem in
many wastewater treatment systems, duckweed reduces the effluent suspended
solids and thus COD (Skillicorn et al, 1993). In addition to the suspended solids
reduction, duckweed may help to reduce COD by aiding in the breakdown of
organics. Korner et al. (1998) found that duckweed does enhance the
breakdown of organics, most likely by providing an oxygenated surface on which
bacteria could grow. They reported a BODs and COD removal of 50 — 95%. For
any type of wastewater, the duckweed must be harvested periodically to

complete the chemical removal.

Growth and Production

It is necessary to have an understanding of the growth and development of
duckweed in order to design a yield optimizing harvesting system. The primary
method of reproduction is vegetative, with the new frond budding from a
reproductive pouch in the mature frond. This asexual reproduction produces a
genetically identical plant. One frond can produce as many as 10 generations
over a period of 10 days to several weeks before dying, according to Skillicorn et

al. (1993). Cheng et al. (2002b) reported a peak growth rate for Lemna minor



8627 of 29 g/m?/day wet weight and 31.9 g/m?day for Spirodela punctata (Cheng

et al., 2002a).

Population growth rate initially increases as the number of plants increases
because there are more plants reproducing, but a point is reached where
crowding causes the growth rate to slow. The growth rate slows during crowding
because the plants begin competing for light and nutrients. Clatworthy and
Harper (1961) described the following 3 effects of the increased crop density: 1)
a fall in the growth rate of the culture, 2) a fall in the average weight of individual
fronds, 3) and an increase in the percentage of dying fronds. They observed that
the number of new fronds was less affected than was the change in size of the
new fronds. Reddy and Debusk (1985) measured specific growth rates of Lemna
minor and Spirodela polyrhiza for all seasons in outdoor tanks. The data showed
a linear region during which maximum growth took place. The region lasted for 1
to 3 weeks for every season for the Lemna and the Spirodela. They found an
optimal crop density of 10-88 g dry wt/m? for Spirodela polyrhiza and 10-120 g
dry wt/m? for Lemna minor. Porath et al. (1985) found the optimal crop density
for Lemna gibba to be 400 g wet wt/m?. Skillicorn et al. (1993) recommended a

crop density of 600 g wet wt/m? for Spirodela.

Culley and Myers (1980) grew a mixture of Spirodela polyrhiza, Spirodela
punctata, Lemna gibba, and Wolffia columbiana. They harvested either 10-35%

of the surface area daily or 50% weekly. They observed a higher yield with the



daily harvests. Debusk and Ryther (1980) found an optimal crop density for
duckweed production, but did not find a difference in production between daily
and weekly harvests. They did recommend that plants be harvested daily,

maintaining high densities, in order to avoid leaving holes in the duckweed mat.

Tucker (1981) grew Lemna minor L. at various densities and analyzed the cell-
wall fraction and crude protein content at each. He noted no visible
morphological differences at the different densities. He explained that duckweed
couldn’t alter its direction of growth as other plants might. For example, if water
hyacinth had experienced crowding, it may have grown up more rather than out
to the sides. This increased upward growth would require an increase in cell-wall
material, which wasn’t observed in the duckweed. There was also no change in
crude protein content in the Lemna. He recommended that the optimum density
for Lemna be based on growth rate alone because there was no change in

nutritive quality provided the plants had sufficient nutrients.

Rejmankova and Rejmanek (1990) attempted to use a mathematical function to
devise an optimal harvesting strategy for duckweed based on estimates of
growth parameters for the plants in their particular environment. Their method
was based on that of Elizarov and Svirezev (1970, 1972), which was expanded
by Swan (1975). The function was to return the optimal harvest fraction for a
system based on the time interval between harvests, the initial biomass, and the

expected intrinsic growth rate of the plants. The intrinsic growth rate was



estimated based on a linear regression of only the photosynthetically active
radiation. This limited the application of the method because other
environmental factors, such as temperature and nutrients, would also affect the
intrinsic growth rate. Until a new regression has been done, it would usually be
more practical to base a harvesting scheme on data from a duckweed system

similar to the system in question, if available.

Harvesting Methods

Much of the harvesting done in research or in working systems has been manual,
often using nets. However on larger ponds, some mechanized harvester has
been needed. Baldwin and Myers (1980) designed a prototype that skimmed
duckweed into a long pipe with a slot along the side. The pipe was suspended
from wooden posts, so that the level of the pipe could be adjusted. A drop box
was connected to the end of the pipe. An engine driven centrifugal pump was
then connected to the drop box. When pumping began from the drop box, flow
occurred in the skimming pipe and duckweed slurry entered the pipe. They
stated that the entire duckweed mat moved towards the skimmer during low
winds, but may be impeded during high winds. The duckweed was pumped onto
a screen that was propped at an angle for dewatering. They pointed out several
places for improvement. They had difficulty adjusting the level of the skimming
pipe. They had difficulty pumping duckweed from the drop box because the

duckweed tended to “bridge,” causing it not to move into the pumping line.



The most well-tested system found was that of the Lemna Corporation, which the
company had used on their large-scale duckweed-based water treatment
systems (Riggle, 1998; Logsdon, 1989). They used a floating plastic grid to keep
the plants from shifting to one side of the pond during wind. They developed a
human-operated floating craft with a perforated conveyor that extended down
into the water. The craft moved across the water surface and the grid, while the
conveyor lifted duckweed onto the boat where it was dumped into a collection

bin.

The Lemna Corporation had another design that didn’t appear to be highly used.
It involved a funnel beneath the duckweed surface that was connected to a pipe
moving to the bank. A pump was connected to the pipe, and during pumping the
plants were to be sucked into the funnel and moved to the bank for dewatering.
Different weights were hung from the funnel to adjust its level. The dewatering

station used an inclined screen, onto which the duckweed slurry was pumped.

The objective of this project was to determine the suitability of a skim-
based duckweed harvesting system. General observations on the skimming
concept were made. Experiments were conducted to determine the necessary
crest depth and slope of a duckweed skimmer. A harvester concept and
prototype were developed. The full-scale prototype was field-tested. During the
testing, information on the necessary pumping rate and duckweed mat circulation

on the pond surface was collected.
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CHAPTER 2

DUCKWEED HARVESTER CONCEPT

2.1 Constraints and Preferred System Characteristics

The following is a list of necessary constraints for the harvesting system:

1) The system had to work with changes in pond depth. Since most
systems would be outdoors, water levels would change due to rainfall,
evaporation, waste additions and irrigation.

2) The system had to work in very corrosive environments. Animal and
human waste lagoons could be very corrosive, as could be some
potential industrial applications.

3) The system had to work with a floating grid divider. On large ponds a
floating grid would be used to divide the pond surface into smaller
cells, preventing the plants from drifting to one side of the pond due to
wind.

4) The system had to work on large and small ponds. A variety of pond
sizes and shapes could be used with duckweed systems.

5) The system had to be able to handle longer root lengths and crop
densities higher than optimal. Root lengths could be insignificant on

human or animal waste systems, but could be longer in industrial

11



6)

7)

applications. It was also possible that plant populations would become
overgrown, but would later need to be harvested.

The system could not leave spots that were never harvested.

The system had to maintain the duckweed mat at a crop density that
would allow for optimal growth. Research was noted in chapter 1 of
this paper that stated that there was an optimal crop density or range
of optimal crop densities for duckweed growth. The system should be
able to maintain a density evenly over the pond, whether the plants are

growing quickly or slowly.

The following is a list of preferred characteristics of the harvesting system:

1)

2)

3)

4)

The system should require minimal human labor. Less human labor
would make frequent harvests more practical, allowing for more
precise crop density control.

The design should be simple. Simplicity would decrease the likelihood
of failures and the need for maintenance.

The system should only use a minimal amount of pond surface area
when not in operation. More surface area for duckweed growth would
result in higher production.

The harvesting system should not damage the plants during
harvesting. Damaging of the plants could result in a decrease in their

nutritional value.

12



5) The system should work at shallow depths. Duckweed systems could

exist in shallow water, for example on wetland cells.

2.2 The Skimming Funnel Concept

It was thought that a group of stationary funnels could be used to skim the
duckweed from a pond surface (Figure 2-1) and that concept was to be
researched. A complete system was devised that appeared able to meet all of
the design constraints and the preferred system characteristics. A floating grid
would be made from PVC pipe. The funnels would be fixed at the grid barrier
intersection points, where each funnel could harvest from 4 surrounding
quadrants (Figure 2-2). The funnels could be floated just beneath the duckweed
surface using cross-shaped supports with floats attached at the end of each arm
of the cross. Pegs would rise vertically from the ends of the support arms in
order to keep each funnel properly aligned with the floating grid barrier (not
shown). A pipe would be connected to the base of each funnel so that the mix of

duckweed and water (slurry) could be pumped to the pond bank for dewatering.

13



Stage 1. System at rest

Water surface

|
Supporting I
float

/| Funnel f
gl Supporting
arm

Stage 2. During pumping

;';‘I.;f -Slurry is moved to

/) the dewatering
e Ti—  station

Figure 2-1. Skimming funnel concept for duckweed harvesting

‘ Floating
grid —

“Funnel

Pipe to
the bank

To dewatering station

Figure 2-2. Two funnels in an overhead view of the duckweed harvesting system

2.3 Pumping the Duckweed Slurry

Choosing a pumping method was a difficult stage of the concept development.

The pump had to be placed on the bank because it was thought that a

submersible pump, with moving parts, would have problems with corrosion or

could become clogged by solid materials in the pond. Most submersible pumps

would also probably shear the duckweed. Another limitation on the pumping

14



method was the fact that air would also have to be pumped with the duckweed
slurry. Figure 2-1, stage 2 shows that in order for the duckweed to enter the
outlet pipe the surface layer had to drain into the funnel, not just the water
beneath the plants. For this type of flow to occur, a significant amount of air had
to be pumped at some point during the harvest (see Chapter 5 for more details).
Large amounts of air could damage most liquid pumps by causing them to
overheat. Peristaltic pumps were considered, but would damage the plants and

couldn’t achieve the flow rates necessary for this task.

The use of a liquid eductor was considered in depth. Eductors, often called
ejectors when moving air, work on the Venturi principle. Figure 2-3 shows a
diagram of the principle. Liquid is pumped through the primary flow line into the
nozzle. The contraction converts the pressure head at the entrance of the nozzle
to velocity head, resulting in a low pressure and high velocity at the nozzle exit.
This low pressure causes flow through the secondary line. The combined
primary and secondary flows are then moved out of the system by the head
remaining at the eductor outlet. This method was to be used with the funnel by
fixing the eductor directly beneath the funnel, with the secondary flow line at the
base of the funnel. A pump would be used on the bank to drive the needed
primary flow, causing enough of a pressure drop at the nozzle to drive the
needed flow into the funnel (funnel flow) and into the secondary line. Enough
head would then remain at the eductor exit to drive the duckweed slurry to the

bank for dewatering. This method required no moving parts in the wastewater,

15



could handle air, and wouldn’t damage the plants. It was determined that a large
primary pump would be needed to handle the potentially high funnel flows and to
be able to drive the combined outlet flow the long distance back to the bank. The
method was abandoned because the high momentum required at the nozzle
entrance would cause too much force for the funnel system to remain stable
while floating, up to 1.4 kN (310 Ibf). There could also have been problems with

duckweed clogging the eductor.

Secondary flow
from the funnel
(duckweed slurry)

Combined exit flow
to the dewatering

station

Primary flow
driven by pump
on the bank

Figure 2-3. An eductor as it would be used with the funnel system
(Image modified from Fox Valve Development Corp)

The method chosen involved the design of a specialized vacuum system. The
design was similar to that of a wet/dry vacuum cleaner, as shown in Figure 2-4.
One pipe would run from the base of the funnel to the bank where it would
connect to the top of a 208 L (55 gal.) drum. A vacuum pump would also be
connected to the top of drum. When the vacuum pump was turned on, removing
air from the drum, the resulting low pressure in the drum would cause flow from
the funnel into the drum. After the harvest was complete, the pump would be

turned off and the duckweed slurry would be allowed to drain from the drum. The

16



drum outlet on the prototype would be opened manually. To prevent liquid from
entering the vacuum pump, a float switch would be installed in the drum. Once
the water level neared the top of the drum, the switch would turn off power to the
pump. A float valve would also be installed at the junction of the vacuum line and
the drum. If the float switch would happen not to work, the valve would block
flow to the vacuum pump when the water level reached the top of the drum. One
vacuum pump could be used for very large systems, with a line running to each
drum. One funnel would harvest at a time. This method required no moving

parts in the wastewater, could handle air, and wouldn’t damage the plants.

Float Drum
valve 1
Float ' ! @=N\ Duckweed slurry
switch—f wa — _2H N3\ _ pulled from the
= k3 2 o\ funnel
. J | B\
Airpulled, f |/ || Low pressure \\
fromthe / f [ | "\\
drum |/ | \-\\
. B
[ \\
Drum \;\\
L 8

| outlet \
Vac'wm pump Dewatering Station
Figure 2-4. Diagram of the vacuum system for duckweed harvesting

2.4 Separating the Excess Water from the Duckweed

Details of a dewatering system were not covered in this project.
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CHAPTER 3

INITIAL TEST OF THE SKIMMING FUNNEL CONCEPT

3.1 Introduction

Before more work was done on the concept it was necessary to do a brief test of
the idea, to see how well duckweed could be skimmed into a funnel. It was
believed that the plants could be skimmed more easily under some crop
conditions than others. It was stated in Chapter 1 that holes created in the mat
would often close promptly due to the surface tension of the fluid film between
the fronds. The belief was that this property could be relied upon as a means of
pulling the duckweed mat towards the funnel, yet under some conditions the mat
might not be pulled towards the funnel very quickly. Many factors can cause
holes not to close or similarly the mat not to move quickly, including algal growth,
insect activities, clumping of the plants due to long roots combined with stirring
by animals or machines, and buildup of debris under the mat. A thick mat will

also tend to close slowly.

3.2 Materials and Methods

Figure 3-1 shows the system designed for the experiments. A circular concrete

tank was used for testing. The inside diameter of the tank was 1.6 m and the

depth was 1.1 m. A 10.2 cm PVC outlet was made 30 cm from the base of the
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outside of the tank and a ball valve was installed. A standard shaped, plastic
funnel was used as the skimming implement. The funnel was attached to the
outlet using 10.2 cm suction hose. The suction hose was kept in place using
vinyl coated steel wire that was anchored to the wall of the tank. The funnel was
sealed to the hose using silicon caulking. A knife was then used to level the rim
of the funnel before it was smoothed with sandpaper. The harvested duckweed
would be collected into a bin placed at the tank outlet. This system could be
used to grow duckweed, harvest it by skimming, and then to examine the

harvested slurry.

Two preliminary, qualitative experiments were conducted to evaluate skimming

as a useful means of harvesting duckweed.

Experiment 1 — Ideal Conditions

The first experiment involved skimming the plants under nearly ideal conditions.
The harvesting tank was filled with diluted swine lagoon water (tap water : lagoon
water = 4:1). The species Lemna gibba was transplanted to the tank from
isolated tanks containing the same nutrient-rich wastewater solution. Because
the necessary nutrients were plentiful, the plants never developed any visible
roots. There were no clumps in the mat, no debris under the mat, no algae, and
the mat was kept as a thin layer covering the entire tank surface. The water level
in the tank was set just below the rim of the funnel and the ball valve at the outlet

was opened. Harvesting was then initiated by submerging part of a long, thin 45-
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L container. The submerged container displaced enough water to raise the level
just above that of the funnel, causing duckweed slurry to flow into the funnel and
out of the tank. This procedure was then repeated 2 more times after replacing

the duckweed.

Experiment 2 — Unfavorable Conditions

The second experiment involved the skimming of duckweed under very
unfavorable conditions. All of the Lemna gibba was removed from the tank and
replaced by an unidentified species of Spirodela, which was obtained from a
nearby pond. The pond was relatively low in nutrients, causing the plant root
length to extend to about 6 cm. There was significant organic debris under the
duckweed mat, significant animal activity in the pond, and some algal growth.
For these reasons, significant clumping had occurred. The harvesting procedure

was then carried out 3 times as in the first experiment.

a. b.
Figure 3-1. a. A drawing of the entire system used to test the skimming concept
b. The skimming funnel surrounded by duckweed
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3.3 Results

The skimming tank worked as expected, with almost no plants trapped in the

suction hose after harvesting.

Experiment 1 — Ideal Conditions

The first set of experiments, involving the ideal skimming conditions, showed
very much promise. With barely enough crest head to cause fluid to enter the
funnel, the duckweed moved in during each test. Slowly, as the plants fell over
the rim of the funnel, adjacent plants continued moving to the rim of the funnel
with no holes forming in the mat. Movement of the plants was seen near the
outside edge of the tank, well beyond the distance in which fluid movement
would be induced by the flow into the funnel. There was no wind during the

experiments.

Experiment 2 — Unfavorable Conditions

The second set of experiments, involving unfavorable skimming conditions, was
much less promising than the first set. It took a crest head of almost 1.5 cm to
allow duckweed to enter the funnel. At smaller crest heads, the long roots of the
plants wrapped around the rim of the funnel, causing bunching to occur at the
skimmer’s edge. Once the momentum of the entering fluid was raised enough to
cause duckweed to enter the funnel, by increasing the crest head, it was seen

that plants that hadn’t been in clumps before the harvest would enter the funnel,
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but the clumps would not. For the most part, the clumps didn’t seem to be
affected significantly by the fluid flow or by the surface tension forces from the
adjacent individual plants. Only the clumps immediately next to the funnel were
moved, but still clogged the area at the rim of the funnel. Holes in the mat

formed around the clumps as the individual plants moved away.

3.4 Discussion

The first set of tests indicated that the surface tension of the fluid film between
the plants could be a significant factor in the movement of plants to the funnel
during skimming. This was concluded because movement of plants near the
outer edge of the tank was observed in the absence of wind and no holes were
formed during the harvests. The tests also showed that, under fairly ideal
conditions, duckweed could be removed from the surface without requiring large
amounts of fluid. It was apparent that under these conditions, a small, standard

funnel could be used as the skimmer.

The second set of tests indicated that surface tension affects could not be relied
upon as a means of moving duckweed to a skimmer in unfavorable conditions.
That force was not enough to pull large clumps of duckweed towards the funnel.
They also showed that a larger crest head is required to move plants with long
roots over the rim of a standard shaped funnel than that required for plants with

short roots. Since the system would sometimes be required to perform under
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less than ideal conditions, surface tension cannot be relied upon as the sole
means of bringing duckweed to the skimmer. The skimmer must be designed to

harvest clumps by some other method.

The immediate future work would be directed towards the design of a more
advanced skimmer that would harvest clumped duckweed without requiring the
input of excessive amounts of water into the skimmer. The work would involve

adjusting the size and shape of the skimmer from that of a standard funnel.
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CHAPTER 4

DUCKWEED MOVEMENT OVER THE FUNNEL

4.1 Introduction

To proceed with the design of the harvester it was necessary to know how
duckweed could move into a specialized funnel. It was desirable to have a
shallow funnel, a funnel with a small downward slope, to minimize the volume of
fluid stored in the funnel that would need to be pumped. That water would need
to be removed before duckweed could enter the orifice at the base of the funnel.
It was unknown how low of a slope clumps could flow over, at the needed crest

head, without stopping on the funnel.

The necessary depth of the funnel rim also had to be known. It was most
important to know the depth needed for clumps to enter the funnel at low flows or
no flow at all, as would be the case when plants are refilling the area over the
funnel after harvesting has taken place. It was assumed that if the clumps could
enter the funnel under low flow conditions, adjacent clumps could also enter
during harvesting with the momentum of the fluid flow. This depth would have a
significant effect on the entrance of clumps into the funnel, the liquid flow rate
into the funnel and thus the design of the pumping mechanism and the length of

the funnel rim.
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4.2 Materials and Methods

A flume-like skimmer was built to help perform the needed experiments. Figure
4-1a shows a drawing of the skimmer. The inlet edge was rounded. A metal flap
was clamped on to the skimmer outlet to allow water storage in the skimmer.
The skimmer was 61 cm (24 in.) wide and the base was 61 cm long. This base
length was assumed to be longer than what would be found on the completely
designed funnel, providing conservative estimates of minimum slope. A cut was
then made in a metal tank and the skimmer was sealed to the tank, at the cut,
using silicon caulking. The skimmer could then be propped at the desired
downward angle. Duckweed and water could be put in the tank and the level
could be raised to the wanted level, filling the skimmer with water and duckweed.
Figure 4-1b shows a picture of the entire system. The clamped-on flap at the
skimmer outlet could then be removed, allowing duckweed slurry to flow into a

collection bin. Figure 4-1c shows the system after several harvests.
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Rounded inlet

Outlet (metal flap not shown)

C.
Figure 4-1. a. A drawing of the skimmer used to examine duckweed movement.
b. The testing system used to examine duckweed movement over the skimmer
before harvesting
c. The testing system used to examine duckweed movement over the skimmer
after several harvests
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Three experiments were done with the system, the first to find the minimum
downward angle of the funnel, the second to find the needed rim depth to allow
clumps to move into the funnel at low flows (tank inflow tests), and the third to
find the depth needed for clumps to move over the funnel at higher flows (tank

outflow tests).

Plants were taken from 2 separate sources for the inflow and outflow tests, but
were from similar growth mediums (well diluted swine wastewater) and were both
transported using a net. The two populations had similar clumps, most of which
were believed to be a result of the transportation method. The root lengths from
each source ranged from 0-6 cm. For all experiments, plants were added until

the surface was covered.

Experiment 1 — Downward Angle

The skimmer was adjusted to downward angles of 10°, 5°, and then 3°.
Duckweed was put in the tank. At each angle, the water level in the tank was
filled up enough to allow clumps to enter the skimmer. Observations were made
on the size of the clumps in and adjacent to the skimmer. The outlet flap was
then opened, allowing the slurry to flow into the collection bin. The movement of
clumps over and adjacent to the skimmer was observed. The flap was closed

when the crest head at the inlet became too low. The plants were carefully
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returned to the tank on the end farthest from the skimmer. Three trials were

performed at each angle.

Experiment 2 — Tank Inflow

The skimmer was set at a 5° downward angle. Plants were put on the tank.
During this experiment, observations of fluid depth over the skimmer rim were
made in several different ways. Initially the water level was below the skimmer
rim, and then water was added slowly while the plant clumps adjacent to the rim
were watched. When a note needed to be made about an occurrence with a
clump, the water inflow was stopped and the height of water over the rim
measured. For example, if a clump was seen stopping at the rim a note was
made and a measurement taken. Notes were taken at levels when previously
stopped clumps could barely make it over the rim, and also at levels were the

clumps could easily flow over the rim.

Experiment 3 — Tank Outflow

The skimmer remained at a 5° downward angle. Plants were put on the tank.
During the tank outflow tests the water level started above the skimmer rim. The
skimmer flap was then opened and the clumps adjacent to the skimmer were
observed. The water level in the tank slowly dropped when the flap was open.
The flap was closed when the adjacent clumps were seen to stop at the rim or
move poorly over the rim. Various starting heights were tested to get a range of

data. Initial and final heights were measured. With some of the higher initial
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levels, duckweed clumps ceased moving to the funnel before clumps began to

stop at the rim.

4.3 Results

The testing system worked as expected.

Experiment 1 — Downward Angle
The clumps moved over the skimmer very well at all 3 angles. One particularly
notable observation was the movement of an oval-shaped clump, approximately

18 cm (7 in) long and 13 cm (5 in) wide, over the skimmer at the 3° angle.

Experiment 2 — Tank Inflow
Figure 4-2 shows the data from the tank inflow tests. Plant clumps began to
enter the skimmer when the rim depth was greater than 1.3 cm. The line for the

design value will be explained in Section 4.4.
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Figure 4-2. Data from the tank inflow experiments on the necessary depth of the
skimmer crest for duckweed to enter without significant fluid flow

Experiment 3 — Tank Outflow
Figure 4-3 shows the data from the tank outflow tests. Plant clumps began to

enter the skimmer when the rim depth was greater than 1 cm.
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Figure 4-3. Data from the tank outflow experiments on the necessary depth of

the skimmer crest for duckweed to enter during flow

4.4 Discussion

These experiments showed that large clumps of duckweed could be skimmed

with a specialized funnel. The rounded edge of the funnel appeared to help the

duckweed to flow at lower rim depths, not catching roots.

The tests to find the minimum downward angle of the funnel side showed that

when the rim depth was low enough to allow clumps to enter the funnel, plant

clumps could move with the liquid flow even at 3°. The slope only needed to be

enough to allow for fluid to flow down the funnel base when the crest depth was

enough for clumps to enter the funnel. The results may differ for a longer
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skimmer base length. It was decided that 5° would be used as the design value
to be conservative and because there was little difference in storage volume

between a 3° and 5° downward angle.

The data from the tank inflow and outflow experiments were as expected. The
depth at which clumps moved freely was higher for the tank inflow experiments
(low flow rate into the skimmer) than for the tank outflow experiments (higher flow
rate into the skimmer). This was because the momentum of the fluid flow into the
skimmer during the higher flow experiments helped to push plants over the rim at
lower depths. A design depth of 1.6 cm was chosen to be conservative. Again,
that depth was based on the needed depth at low flow rates so that plants would
refill the space over the funnel after harvesting. The best depth should be found
experimentally for a given system, but this design value would be useful under

conditions similar to those during the previously described experiments.
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CHAPTER 5

FLOW THEORY IN THE FUNNEL AND OUTLET PIPE

5.1 Fluid Flow in the Skimming Funnel

Weir-controlled Flow Into the Funnel

For duckweed to be harvested, the water at the surface needed to be taken into
the funnel orifice, as opposed to just water beneath the duckweed mat. An
estimate of the flow rate under this condition was necessary so that the correct
pump could be selected. Figure 5-1 shows the assumed flow profile on one side

of the funnel during harvesting.

Water surface

1 2 Funnel side

Flow direction

Figure 5-1. The expected funnel flow profile during harvesting

The weir flow equation was used to estimate the necessary flow rate because the
assumed flow conditions were similar to those in weir flow. The equation could

be derived by integrating dQ = VLdh (Eq. 5-1) over the total head of the weir.
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Where

Q = flow rate at any head h below the surface

L = length of the weir

V = velocity at any head h below the surface
An expression for V could be found by assuming no streamline curvature
between points in sections 1 and 2, negligible velocity at section 1, and

atmospheric pressure at section 2. Bernoulli’'s equation between the two points

would then be as follows:

P4y = V2°/(29) (Eq. 5-2)

Where

P1 = pressure at point in plane 1
v = specific weight of the fluid

g = acceleration due to gravity

Substituting and rearranging, the equation became

Vs, = \(2gh) (Eq. 5-3)
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Substituting again,

dQ = V(2gh)Ldh (Eq. 5-4)

Then integrating from 0 to H, the equation became

Q = 2/3LV(2g)H*? (Eq. 5-5)

Because the equation did not consider viscosity effects, surface tension or the

roughness of the flow structure, a weir discharge coefficient (C) was introduced

as follows:

Q = 2/3CLV(2g)H*? (Eq. 5-6)

Then simplified to

Q. = C,LH*? (Eq. 5-7)

Where

Q. = total flow rate over the weir

Cw = weir flow coefficient (length'?/time)
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In the case of the harvester, Q,, would be the flow rate into the funnel after the
water inside has been pumped away. L would be the combined length of the 4

sides of the funnel rim. H would be the depth of the funnel rim.

Orifice-controlled Flow Out of the Funnel

An estimate of the allowable flow rate through the orifice at the base of the funnel
was needed to make sure that the weir flow rate into the funnel was limiting. If
the maximum flow through the orifice was less than the weir flow rate into the
funnel, then the funnel would not drain and duckweed would not be harvested.
The pumping rate also had to be greater than the weir flow rate for the funnel to
drain. In the situation where orifice flow was limiting, the flow profile in the funnel

would look as shown in Figure 5-2.

Funnel .

1 (Water Surface)

2 (Orifice)

Continued
Convergence

Figure 5-2. The expected flow profile in the funnel when flow through the orifice
was limiting

Fluid pressure would decrease as the flow contracted at the orifice, with
continued convergence further below. An equation for the flow through the

orifice could be derived using Bernoulli’'s between sections 1 and 2, assuming
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atmospheric pressure and zero velocity at section 1, and taking section 2 as the

reference plane. The resulting equation was

z1 = Paly +V2%/(2g) (Eq. 5-8)

Where

z1 = elevation from reference at section 1

P, = gage pressure at section 2

V, = velocity at section 2

Rearranging and substituting into Q = V,A,, the equation was

Q = Ax((z1 — Paly)(29))"? (Eq. 5-9)

Where

Q = flow through the orifice

A, = area of the orifice

Because the equation did not consider viscosity effects or the roughness of the

flow structure, an orifice discharge coefficient (C,) was introduced as follows:
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Qo = CoAx((21 - P2ly)(29)) " (Eq. 5-10)

In the case of the harvester, z; was the depth to the funnel rim plus the depth of

water within the funnel itself.

5.2 Multiphase Flow in the Outlet Pipe

Once the mixture of duckweed, water and air exited through the funnel orifice, it
would move to the low-pressure barrel. The pressure drop from the funnel orifice
to the barrel would be the motive force. It was necessary to estimate the
pressure drop across the pipe needed to drive the desired flow rate of the three-
phase (duckweed, water, air) mixture so that a correct pump and pipe size could
be chosen. The problem was simplified by considering the flow to be two-phase,

a gas-liquid flow, because the density of duckweed was near that of water.

Multiphase Flow Regimes

The two components in a gas-liquid flow can be distributed in an infinite number
of ways, sometimes changing significantly during a process. These
configurations are known as flow regimes. Some factors affecting a flow regime
are the ratio of liquid to gas, heat transfer to or from the pipe, velocity or velocity
ratio of the two components, and orientation of the pipe. Figures 5-3 and 5-4

show some of the common regimes found in horizontal and vertical pipes.
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Figure 5-3. Two-phase flow regimes in horizontal pipes from Rohsenow and
Hartnett (1973)
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Figure 5-4. Two-phase flow regimes for vertical up-flow from Rohsenow and
Hartnett (1973)

Pressure Drop Calculation Methods

The total pressure drop in a pipe consists of 3 components, friction pressure
drop, gravity pressure drop and the acceleration pressure drop. These
components have been estimated for liquid-gas flow using a variety of methods,
which can be labeled either homogeneous or separated flow methods.

Homogeneous methods treat the two phases as one uniform fluid with one
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velocity. Separated flow methods consider the two phases to be moving

separately, yet interacting.

Many empirical correlations have been developed, but none could be applied
generally with much accuracy. None considered the system flow regime, only
the void fraction. Of course the distribution of the 2 phases has a significant
effect on the frictional pressure drop. Another source of inaccuracy with the
general correlations was their failure to consider entrance conditions. Hetsroni
(1982) stated that entrance effects could remain a factor for hundreds of
diameters from the entrance. Some methods were designed for flow in either
horizontal or vertical pipes. Some of those designed for vertical pipes were for
either upward flow of both phases, downward flow of both phases, or phases
flowing in opposite directions. Some were designed for adiabatic or nonadiabatic
pipes. Hetsroni (1982) described several commonly used empirical methods
including Martinelli and Nelson (1948), Lockhart and Martinelli (1949), Chisholm
(1973), and Friedel (1979). A recommendation was also made on which method

to choose based on the viscosity ratio of the two phases and the total mass flux.

Analytical methods have also been tested for systems with known flow regimes.
Much of the work documented on multiphase flow has been in the petroleum
industry, mining, nuclear waste transport, boiling processes and in the design of

airlift pumps.
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Pressure Drop Calculation Method Chosen

It was decided that a homogeneous method would be used to estimate the
needed pressure drop from the funnel to the barrel. Because of the complexity of
the system, including portions of inclined flow, horizontal, and vertical flow,
unknown flow regimes, changing entrance conditions, and varying air and solids
content, it was decided that developing a complex analytical solution would not
be practical. Existing empirical methods would likely not be very accurate and
could not easily be added to a computer model of the entire harvesting system.
The homogeneous method to be described used analytical expressions that were

added to a model of the system.

The Bernoulli Theorem was used to describe the energy balance along the pipe

length under consideration as follows:

Palymut + V42/(2*Q) + 21 — F = Polymu + V22(2*g) + 25 (Eq. 5-11)

Where the subscript 1 denoted the upstream end of the pipe length under

consideration, the subscript 2 denoted the downstream end and

P = combined fluid pressure

Ymuit = Volume-weighted average specific weight of the air-water mixture
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V = combined fluid velocity
g = acceleration due to gravity
z = elevation above a reference plane

F = energy lost due to friction per unit weight of fluid in the system

The equation could be rearranged to show the 3 components of pressure drop as

follows:

P2 — Pt = ymu(V1* = V22)(29) + Ymun(z1 — Z2) = Ymur(F) (Eq. 5-12)

The three terms on the right hand side of the equation show the friction, gravity
and acceleration components on the total pressure drop, respectively. The
friction head loss (F) was the sum of the pipe and bend head loss. The pipe

head loss was found using Darcy’s formula as follows:

Hoipe = f(L/D)V?/(2g) (Eq. 5-13)

Where

Hpipe = pipe head loss

f = friction factor (dimensionless)

L = length of pipe under consideration

D = pipe diameter

42



The friction factor (f) for laminar flow was found as follows:

f = 64/Re (Eq. 5-14)

Where

Re = Reynolds number (dimensionless)

For turbulent flow, the friction factor was found using the Colebrook equation:

f = 0.25/(log10(e/3.7D) + 2.51/(Re %)) (Eq. 5-15)

Where

¢ = roughness factor

The bend head loss was calculated for each bend as follows:

Hpena = K(V?/(29)) (Eq. 5-16)

Where
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K = friction loss factor (dimensionless)

It should also be noted that volume-weighted average viscosity and density were

used in the Reynolds number calculation.
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CHAPTER 6

DEVELOPMENT OF THE DUCKWEED HARVESTING SYSTEM

6.1 Computer Model

Many aspects of the system, related to plant mass balance, fluid flow, and funnel
support, were modeled in a combined computer model. The model was
necessary in the design of the prototype and would also be useful in the design
and operation of similar harvesting systems at other locations. It was done using
the TKSolver iterative solving software (Universal Technical Systems, Inc.
Rockford, IL), which used a sheet for equations (“rules”) and one for the
corresponding variables. The input variables could be changed at any time and
the program would recalculate all output variables. There were also sheets for
plots, functions, and unit conversions among others. Each variable had a display
unit and calculation unit so that the variable could be displayed in any desired
unit, while the calculation units remained consistent throughout the model. The
equations and variables sheets for the model are shown in Appendix C-1 and C-
2, respectively. Appendix C-3 shows the user defined functions created in the
model. The following subsections describe some of the methods used, in the
same general order as in the equations sheet. Figures 6-2 through 6-6 are flow
charts of the computer model. Although they’re presented as separate figures,
each chart contains links to other charts, labeled with the linked chart title. The

charts are titled “Plant Mass Balance”, “Funnel Flow”, “Pipe Flow (1), “Pipe Flow
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(2)” and “Funnel Support”. Included in each figure is a list of the variables used
in the chart. Figure 6-1 is a key of the symbols used in the flow charts. Other

comments are made on the equations and variables sheets in Appendix C.

Start ' Stop '

o= mm mm wmm oy
Read Output /7

Variable 7/ Variable

Process Decision

Ao

Figure 6-1. Symbol key for the following computer model flow charts

Plant Mass Balance
The model made calculations related to the regulation of crop density. The
amount harvested per cycle was found by first entering the distance harvested

out from the funnel crest to find harvest area as follows:

skimmed_area = (rim_length + 2 skim_length)? (Eq. 6-1)

Where

skimmed_area = area of duckweed taken in by funnel during one harvest

rim_length = length of one side of the funnel crest
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skim_length = estimate of the length from the funnel at which duckweed

can be harvested during one harvest

To finish the calculation of the amount harvested per cycle, the harvest area can

then be multiplied by the user-defined crop density as follows:

mass_per_cycle = skimmed_area * crop_density (Eq. 6-2)

Where

mass_per_cycle = mass of duckweed collected during one harvest from

one funnel

crop_density = weight per area of the duckweed mat

The number of harvests needed per day was then found by setting the harvest

rate equal to the growth rate in each funnel’s 4 grid cells as follows:

cycles_per_day = total_growth_rate/mass_per_cycle (Eq. 6-3)

Where

cycles_per_day = number of cycles needed per day to equal the plant

growth rate
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total_growth_rate = mass growth rate in each funnel’s area of harvest

With this method the number of harvests per day could be found by entering the
current growth rate, a set estimate for the distance harvested from the funnel, the
desired crop density, and some system dimensions. Figure 6-2 shows a flow

chart for this portion of the model.
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area_of harvest — total 4-cell harvesting domain of one funnel

cell_length — length of one single cell

cell_size — area of one cell

crop_density — weight per area of the duckweed mat

cycles_per_day — number of cycles needed per day to equal the plant growth rate

lagoon_area — total area on which duckweed is being grown

mass_per_cycle — mass of duckweed collected during one harvest from one
funnel

number_of funnels — estimate of the number of funnels needed for an entire
lagoon

rim_length — length of one side of the funnel crest

skim_length — estimate of the length from the funnel at which duckweed can be
harvested during one harvest

skimmed_area — area of duckweed taken in by funnel during one harvest

specific_growth_rate — the mass growth of duckweed per time per area

total_growth_rate — mass growth rate in each funnel’s area of harvest

Figure 6-2b. Variables for the Plant Mass Balance flow chart

Fluid Flow in the Funnel

Funnel flow calculations were made as described in Section 5.1, including weir
flow and orifice flow. The necessary funnel depth could be entered for a given

duckweed system and the model could be used to decide funnel rim length and
pump size. The funnel rim length could be adjusted to achieve a desired weir

flow rate. The weir flow equation was applied as follows:

un = Cw rim_leng ea qg. 6-
Qfun = Cw * 4 * rim_length * head>? (Eq. 6-4)

Where

Qfun = liquid flow rate into the funnel assuming weir flow

Cw = correction factor for the weir flow equation
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head = depth of water over the funnel crest at rest

The pumping rate could be related to the weir flow rate by examining the funnel
drain time, which was calculated assuming weir flow into the funnel and pump

flow out of the funnel as follows:

drain_time = Vh201/(Qsuc — Qfun) (Eq. 6-5)

Where

drain_time = approximate time until all water has drained from the funnel
Vh201 = volume of water in the funnel at rest, including head

Qsuc = total pumping rate or air flow rate through the vacuum pump

The flow rates could be adjusted until a satisfactory drain time was found. An
example situation might be if the designer wanted the pump size to remain below
1.5 kW. The pump rate could be known and then the weir flow rate could be
adjusted accordingly by changing the funnel rim length and leaving an adequate

funnel drain time.

An error message would appear if orifice flow were limiting flow in the funnel.

The orifice flow rate was calculated as follows:
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Qorf = Co * A * (((head + funnel_drop) — (Porflywat)) *2g)"? (Eq. 6-6)

Where

Qorf = liquid flow into the funnel during the orifice flow condition

Co = correction factor for the orifice flow equation

A = cross sectional area of the pipe from the funnel to the vacuum barrel
funnel_drop = fluid depth over the funnel orifice, not including head

Porf = gage pressure under the orifice during the orifice flow condition
ywat = specific weight of the liquid

g = gravitational acceleration constant
The pressure below the orifice was left as an input so that if orifice flow was
controlling, the pressure could be set lower to raise the orifice flow rate and
ensure that the pump selected could operate against enough head to pull water

through the orifice at a sufficient rate so that weir flow would control.

The air flow rate into the funnel equaled the pumping rate minus the weir flow

rate.

Figure 6-3 shows a flow chart for this portion of the model.
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Co — correction factor for the orifice flow equation

Cw — correction factor for the weir flow equation

drain_time — approximate time until all water has drained from the funnel
head — depth of water over the funnel crest at rest

Porf — gage pressure under the orifice during the orifice flow condition
Qair — airflow rate into the funnel

Qfun — liquid flow rate into the funnel assuming weir flow

Qorf — liquid flow into the funnel during the orifice flow condition

Qsuc - total pumping rate or airflow rate through the vacuum pump
rim_length — length of one side of the funnel crest

Vh201 — volume of water in the funnel at rest, including head

Figure 6-3b. Variables for the Funnel Flow flow chart

Flow in the Funnel Exit Pipe

Flow in the pipe from the funnel to the barrel and barrel to the pump was
modeled as a time series from the moment the funnel cleared until the flow
reached equilibrium. The user-set pumping rate was constant throughout the
series, but the composition of the pumped medium changed. Only
incompressible air moved through the vacuum line and the medium changes took
place between the funnel and the barrel. At rest, air would fill most of the
unsubmerged pipe and water would fill the submerged portion. Because the
model didn’t consider the period when pressure drops in the barrel, with flow
gradually increasing from the funnel, the initial pumping state was with an all-air
region and an all-water region moving at a constant flow rate. At the next instant
a water-air mixed region was introduced at the funnel. As time passed, the
length of the all-air and all-water regions went to zero and the entire pipe from
the funnel to the barrel was filled with a two-phase flow, still moving at the set

constant rate.

55



The location of each phase interface and length of each phase, at a given time,
was found by calculating the velocity of flow and then the distance traveled since

time equaled zero.

The elevation of each phase interface at each time step was estimated by
assuming that the pipe path from the funnel to the vacuum barrel was U-shaped.
The pipe moved vertically down from the funnel, then moved horizontally to the

bank, then move vertically up to the vacuum barrel.

Bend losses in each phase were included by entering the position of each bend

as its distance along the pipe from the funnel orifice.

At each time step, the pressure change was calculated across each fluid region;
and the total pressure change was the sum of that from the three regions. The
pressure at the orifice was an input and remained constant, set to ensure that
orifice flow did not limit flow in the funnel. That lower pressure at the orifice
increased the total pressure drop and the pump head requirement, so that the
selected pump would be able to pull the needed flow through the orifice. For

example, the pressure change in the all-liquid region was calculated as follows:

dPwat = ywat * ((Zwm — Zaw) — (Hwat) — (V2%/2g)) (Eq. 6-7)

Where
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dPwat = total pressure drop in the single-phase liquid region in the pipe
from the funnel to the vacuum barrel at time t

Zwm = elevation of the water/multiphase region junction in the pipe from
the funnel to the vacuum barrel at time t

Zaw = elevation of the air/water region junction in the pipe from the funnel
to the vacuum barrel at time t

Hwat = head loss in the single-phase liquid region in the pipe from the
funnel to the barrel at time t, including pipe and bend losses and entrance
loss at time O

V2 = velocity of flow in the pipe from the funnel to the vacuum barrel,

based on the pumping rate

The total pressure drop at a given time step was calculated as follows:

Pbin — Porf = dPmix + dPwat + dPair (Eq. 6-8)

Where

Pbin = needed pressure in the vacuum barrel at time t

dPmix = total pressure drop in the multiphase region in the pipe from the

funnel to the vacuum barrel at time t
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dPair = total pressure drop in the single-phase air region in the pipe from

the funnel to the vacuum barrel at time t

If the necessary pressure in the vacuum barrel became too low, the pressure
change would need to be decreased to avoid vaporization of the liquid. Appendix
C-4 shows a table of the time series outputs from the model. Figures 6-4 and 6-5

show flow charts for this portion of the model.
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A — cross sectional area of the pipe from the funnel to the vacuum barrel

D — inside diameter of the pipe from the funnel to the vacuum barrel

Int_aw — distance from the funnel orifice of the air/water region junction in the pipe
from the funnel to the vacuum barrel at time t

Int._ wm — distance from the funnel orifice of the water/multiphase region junction in
the pipe from the funnel to the vacuum barrel at time t

L — length of pipe from the funnel to the vacuum barrel

Labove — length of pipe from the funnel to the vacuum barrel that is above the
water surface

Lair — length of the single-phase air region in the pipe from the funnel to the
vacuum barrel at time t

Lhor — length of horizontal, submerged pipe from the funnel to the vacuum barrel
(assuming U shape)

Lmix — length of the multiphase region in the pipe from the funnel to the vacuum
barrel at time t

Lsub — length of submerged pipe from the funnel to the vacuum barrel

Lwat — length of the single-phase water region in the pipe from the funnel to the
vacuum barrel at time t

pipe_depth — depth of horizontal, submerged pipe from the funnel to the vacuum
barrel (assuming U shape)

t — time since the funnel cleared

V, — velocity of flow in the pipe from the funnel to the vacuum barrel

Zaw — elevation of the air/water region junction in the pipe from the funnel to the
vacuum barrel at time t (with respect to Zbin, assuming U shape)

Zwm - elevation of the water/multiphase region junction in the pipe from the funnel
to the vacuum barrel at time t (with respect to Zbin, assuming U shape)

Zbin — elevation of the top of the vacuum barrel (the reference elevation)

Figure 6-4b. Variables for the Pipe Flow (1) flow chart
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yair — specific weight of the air

ywat — specific weight of the liquid

ymix — specific weight of the homogeneous mixture

Bend K values — kbend1, 2, 3, 4, which are bend loss factors

Bend locations — distance from the funnel orifice of the bends in the pipe from the
funnel to the vacuum barrel

dPair — total pressure drop in the single-phase air region in the pipe from the funnel
to the vacuum barrel at time t

dPmix — total pressure drop in the multiphase region in the pipe from the funnel to
the vacuum barrel at time t

dPwat — total pressure drop in the single-phase liquid region in the pipe from the
funnel to the vacuum barrel at time t

Hair — total head loss in the single-phase air region in the pipe from the funnel to
the barrel at time t

Hbend_air — total bend head loss in the single-phase air region at time t

Hbend_mix — total bend head loss in the multiphase region at time t

Hbend_wat — total bend head loss in the single-phase liquid region at time t

Hent — head loss at the funnel orifice

Hmix — total head loss in the multiphase region in the pipe from the funnel to the
barrel at time t

Hpipe_air — total pipe head loss in the single-phase air region at time t

Hpipe_mix — total pipe head loss in the multiphase region at time t

Hpipe_wat — total pipe head loss in the single-phase liquid region at time t

Hwat — head loss in the single-phase liquid region in the pipe from the funnel to the
barrel at time t

Kent — entrance loss factor at the funnel orifice

Pbin — needed pressure in the vacuum barrel at time t

Figure 6-5b. Variables for the Pipe Flow (2) flow chart

Funnel Support System
Several varying forces existed on the funnel system including its weight,
buoyancy, momentum forces on the bend beneath the funnel, and the weight and

buoyancy of any pipe being supported by the funnel system. All of these forces
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changed with flow rate and the air to water ratio of the flow. The general shape

of the system was designed as will be shown in the Section 6.2.

The dimensions of every part were entered into the model so that the volumes
could be calculated. The weights were calculated after entering the density of
the materials used. As will be seen, all parts were submerged except for the

floats, so the buoyancy of all parts except the floats could then be calculated.

The vertical force balance between the total weight and total buoyancy, and the
sum of the moments at a point on the water surface above the funnel orifice were
used to find the needed float buoyancy. Two equations were needed because
the assumption was made that there were 2 different float depths at a given time,
one for the floats on the outlet pipe side of the funnel and another for the floats
on the opposite side. The float depths were different on the 2 sides of the funnel
because forces were applied that would cause the funnel support to tilt. Those
forces were from the outlet pipe supported by the system and the horizontal

component of the force on the bend under the funnel created during pumping.

Key stages in the harvest were chosen to examine the movement of the system.
First when the system was at rest, then when pumping was occurring with only
water, then when the funnel had been cleared with mixed flow being pumped.
Float dimensions could be entered and the model would calculate the float depth

for each of these stages. The model could then be used to size the floats and
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float arms properly so that any system movement would be negligible. Figure 6-

6 shows the flow chart for this portion of the model.
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Awedge — a funnel part area

Dout — outside diameter of the outlet pipe

Fbend_hor_mix — the horizontal force on the bend under the funnel when multiphase fluid is flowing

Fbend_vert_mix — the vertical force on the bend under the funnel when multiphase fluid is flowing

Float dimensions — the dimensions of the funnel floats

Float_buoyancy_cleared_1 — needed total float buoyancy from the floats at the end of the 2 arms near
the outlet pipe when the funnel is cleared and multiphase fluid is being pumped

Float_buoyancy_cleared_2 — needed total float buoyancy from the floats at the end of the 2 arms away
from the outlet pipe when the funnel is cleared and multiphase fluid is being pumped

Float_buoyancy rest 1 — needed total float buoyancy from the floats at the end of the 2 arms near the
outlet pipe when the system is at rest

Float_buoyancy rest 2 — needed total float buoyancy from the floats at the end of the 2 arms away
from the outlet pipe when the system is at rest

Float_buoyancy wat_1 — needed total float buoyancy from the floats at the end of the 2 arms near the
outlet pipe when all water is being pumped

Float_buoyancy wat 2 — needed total float buoyancy from the floats at the end of the 2 arms away
from the outlet pipe when all water is being pumped

Float_depth_cleared 1 — needed total float depth at the end of the 2 arms near the outlet pipe when
the funnel is cleared and multiphase fluid is being pumped

Float_depth_cleared_2 — needed total float depth at the end of the 2 arms away from the outlet pipe
when the funnel is cleared and multiphase fluid is being pumped

Float_depth_rest 1 — needed total float depth at the end of the 2 arms near the outlet pipe when the
system is at rest

Float_depth_rest 2 — needed total float depth at the end of the 2 arms away from the outlet pipe when
the system is at rest

Float_depth_wat 1 — needed total float depth at the end of the 2 arms near the outlet pipe when all
water is being pumped

Float_depth_wat 2 — needed total float depth at the end of the 2 arms away from the outlet pipe when
all water is being pumped

Fsupport_system_cleared — support buoyancy minus the supported weight when the funnel is cleared
and the bend force when multiphase fluid is being pumped

Fsupport_system_rest — support buoyancy minus the supported weight at rest

Fsupport_system_wat — support buoyancy minus the supported weight at rest and the bend force when
only water is being pumped

Larm — the length of the funnel support arms

Lbend — the length of the bend under the funnel

Lsupported_pipe — the length of outlet pipe supported by the funnel support

Part dimensions — the long list of dimensions used to describe the parts of the funnel support system

Support_buoyancy — total buoyancy of everything supported by the funnel support system except the
floats

Vpvc — The volume of all PVC parts used on the funnel support

Vstainless — the volume of all steel parts used on the funnel support and funnel, except the hardware

Wcleared — the length of outlet pipe supported by the funnel support

Wrfloat — weight of one of the funnel floats

Whardware — weight of hardware used on the support (nuts, bolts, etc.)

Wpvc — The weight of all PVC parts used on the funnel support

Wspacer — weight of all of the spacers used

Wstainless — the weight of all steel parts used on the funnel support and funnel, except the hardware

Wsupported_cleared — total weight supported by the funnel support when the funnel is cleared

Wsupported_pipe — the weight of outlet pipe supported by the funnel support

Wsupported_wat — total weight supported by the funnel when the system is at rest

Wwater — weight of water supported by the funnel support when the system is at rest

Figure 6-6b. Variables for the Funnel Support flow chart
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6.2 Final Prototype Decisions

All of the parts on the funnel support system were made from either stainless
steel or PVC. Figures 6-7 through 6-10 are of the prototype. The variable sheet
on Appendix C-2 shows all of the input values used for the prototype design.
Appendix D shows dimensional drawings of the parts with the variable names
from the model. Appendix E of the electronic version of this thesis shows a video

of the harvester in operation.
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Figure 6-7. a. Duckweed harvesting funnel and support system,mupside down
b. Support float assembly at the end of the support arm, upside down
c. Duckweed harvesting funnel, upside down
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Figure 6-8. a. Harvesting funnel in place with the floating grid barier
b. Entire duckweed harvesting system installed on a pond
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b. B, A
Figure 6-9. a. Vacuum pump used to pump the duckweed
b. Inside the vacuum barrel after a harvest, showing the float switch
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Figure 6-10. a. Vacuurﬁ barrel fo colecting dckweed
b. Vacuum barrel, showing the outlet
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Skimming Funnel Size

The downward slope of the funnel was 5°, which was steep enough to get good
plant movement, but shallow enough to reduce the volume of water stored in the
funnel. The rim length was 38 cm (15 in.) on each side. That value was chosen
so that funnel depths up to 2.5 cm (1 in.) could be tested using the pump found.
A weir coefficient of 3.1 ft"?/s was used, which was a commonly used value for

circular risers or standpipes. It was assumed to very conservative here.

Pump Selection

A vacuum pump was used to harvest the plants. Blowers could run at very high
flow rates yet were not capable of providing the necessary pressure drop. Most
vacuum pumps could provide very low pressures, yet could not provide the
needed flow rate. However, a 1.5-kW (2-hp), 3-phase vacuum pump was found
that could provide the needed flow rate without having to go to a very high power.

The pump was a Sogevac SV 40 (Leybold S.A.S, Valencia, France).

Vacuum Batrrel

A 16-gage 208 L (55-gal) drum was used for the vacuum barrel. The barrel was
certified for hazardous waste storage and so was a heavier gage and had a
corrosion-proof inner coating. The lid could be removed and resealed with a
rubber gasket. Steel fittings were welded to the barrel so that the necessary

hoses could be attached. A small hole was also put in the barrel and plugged
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with a rubber stopper so that the vacuum pressure in the barrel could be

released.

Float Switch

A corrosion-proof float switch was installed on the side of the drum. The switch
was wired to a motor starter purchased for the pump and would turn off power to
the pump when the water level in the barrel neared the top. In addition to the
float switch and the plugged hole in the vacuum barrel, a ball valve was also
installed in the pump line to stop flow. It was best to leave the pump running at
zero flow between the harvests because turning the pump on and off too

frequently would damage it.

Floating Grid Barrier

The grid consisted of 4 square cells, each approximately 5m by 5m. A 1.9-cm
(¥2-in) PVC pipe was used for the cells and a 5-cm (2-in) PVC pipe was used to
make a deeper barrier around the grid. It was found that the plants could be
pushed under the smaller pipe and into the adjacent section of the grid when
strong winds blew from across the pond. The deeper barrier was effective at
stopping this. It was believed that if the smaller grid pipe were used over the
entire pond it would have been effective because the wind force would be

absorbed over more grid cells.
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Support Arms

The float arms were made from PVC u-shaped channel. The arms were 152 cm
(5 ft) in length, which was sufficient according to the model output to keep to
funnel level and stable during harvesting. The arms were somewhat flimsy in the
horizontal direction and were later reinforced with 1.9-cm (34-in) stainless steel

angle.

Float Assembly

The float assembly at the end of each arm was made from PVC, not including the
floats. The funnel depth could be changed by adding or subtracting spacers as
shown in Figure 6-7b. The figure also shows grid pegs that rise from the float
assembly to fit around the floating grid and keep the funnel centered at the

intersection of the 4 cells.

Floats
The floats were made with a square cross section so to minimize vertical
movement. They were made of high-density Styrofoam with aluminum sheets on

the top and bottom.
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CHAPTER 7

DATA ON FLOW INTO THE FUNNEL

7.1 Introduction

Section 5.1 described the weir flow equation and stated that it was used to
estimate the necessary pumping rate for the system prototype. The purpose of
this experiment was to collect actual flow data, using the prototype, to see how
well the weir flow equation described flow into the funnel once the funnel had

been emptied and, if necessary, to find a more accurate weir coefficient.

After running the prototype it was found that duckweed could be harvested
without completely emptying the funnel when a strong enough vortex was formed
over the funnel orifice. Another purpose of this experiment was to record flow
rates in the region of vortex formation and to find what flow rate was actually

needed to harvest duckweed.

7.2 Materials and Methods

The prototype harvester and grid were used for the experiment. A square PVC

barrier was made from the same sized pipe as the grid and placed around the

funnel. Duckweed was moved out of the area within the barrier because the

plants interfered with the flow meter to be described. A few plants remained
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within the barrier and were used as tracers to help identify the formation of a
vortex. The suction hose connecting the funnel to the barrel was cut and a
portion of 3-in PVC pipe was added into the flow line. Transducers for an
ultrasonic flow meter were then mounted on the pipe. The data logger used with
the meter was set to take a reading every second. A needle valve in the airflow
line from the barrel to the pump was used to adjust flow rate. A dial vacuum

gage was then mounted on the barrel. Figure 7-1 shows the setup.

b.
Figure 7-1. a. Transducers for measuring flow into the harvesting funnel
b. PVC barrier surrounding the funnel to improve flow rate signal
The funnel was tested at 3 different depths. Depth was measured when the
system was at rest from the top of the funnel to the water surface. Because the

top of the funnel was not perfectly flat, the depth was measured from the center

of all 4 sides and an average was taken.
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The needle valve was initially set so that no vortex formed when the flow came to
equilibrium. At equilibrium flow was recorded by hand from a digital readout
(along with the storage in the data logger), barrel vacuum pressure was recorded
and an observation was made on the type of flow occurring in the funnel
(described below). The needle valve was then opened more to increase flow and
the procedure was repeated. Flow was increased until the point where the funnel
was emptied and weir flow was occurring over the sides of the funnel. The flow
was then decreased again to a level where no vortex formed and then the
gradual increases were repeated. Extra measurements were taken at flows of

interest.

Funnel flow vortex strengths were categorized as follows:

1) None to weak — no plant movement to the funnel or slow movement
towards the funnel without being harvested

2) Medium — vortex formed with plants harvested from some but not all
cells

3) Medium to strong — vortex formed that fluctuated between harvesting
from 4 cells and less than 4 cells

4) Strong — a vortex formed and harvested steadily from all 4 cells, but no

drop in water level (cone) was visible over the orifice
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5) Strong to very strong — a vortex formed and harvested steadily from all 4
cells and a small cone was visible

6) Very strong — a vortex formed and a large cone was visible

7) Cleared — the funnel was nearly emptied and flow over the funnel rim

was limiting

In the Appendix E video of the electronic version of this thesis, the vortex

strength is “strong.”

7.3 Results

Figures 7-3, 7-4 and 7-5 show the plots of flow rate vs. flow type at depths of 1.7
cm, 2.6 cm and 3.6 cm, respectively. The tables in Appendix A also show the

data, and including vacuum pressures.

Figure 7-2 shows a typical flow meter reading from the time the pump was
started until it was stopped. There was a period of false signal and then the
computer began to converge on the equilibrium flow rate. There was also a short
period of constant values after the data logger was stopped. The flow values
shown in Appendix A where found by averaging the values from the converged
portion of the signal. After the averages were taken they were compared to the
flow rates recorded manually in the field to be sure that the signal made sense

and that the logger labels matched the labels on the raw data sheets. When the
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funnel was emptied (cleared), it slowly moved up until the rim was above the
water surface. On those runs there wasn’t enough time for the signal to
converge, so good flow values were not obtained. However, since the flow was
increased slowly, the highest values in the “very strong” vortex region were just
lower than the values at the “cleared” limit. After each time the funnel was
cleared, it was tilted in the water by pushing one of the support arms down in
order to remove any air trapped under the funnel. Air under the funnel would

change the resting depth of the system.

Examining Figures 7-3, 7-4 and 7-5 a more clear definition of each flow type was
seen in the “strong” and above types. This was because it was more difficult to
visually identify the flow types in the field at the lower flows. The more useful
values were at the transitions into the “strong” region and the other regions at
higher flows. A harvester would need to be designed to operate at least in the
“strong” region so that harvesting would occur from all 4 cells. There was a wider
range of flow rates within each flow type at deeper depths. The following table
shows the flows at which the “strong” region began and the upper end of the

“very strong” region was reached at the 3 depths.

Table 7-1. The flow into the funnel at which the “strong” vortex region began and
the “very strong” region ended at each depth

Shallow Medium Deep
m°/min gpm m°/min gpm m°/min gpm
Strong 0.19 50 0.27 71 0.31 83
Upper End Very | 55 59 0.36 96 0.55 144
Strong
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Depth Change Adjustments

The weir flow equation would best fit the upper end of the “very strong” region at
each depth, which was approaching the “cleared” limit. It was assumed that
there was slight movement of the funnel in the vertical direction because it was
floating and the force on the system changed when pumping started. There was
less water weight in the funnel, a mixture of air and water in the exit pipe, and a
force was exerted as the fluid moved through the elbow beneath the funnel. This
depth change was estimated and the weir flow curve was then compared to the
adjusted values. Depth change was estimated by simulating the force on the
system using the computer model. The funnel depth on the model was set to the
measured resting depth, the weir flow coefficient was adjusted until the predicted
funnel flow equaled the measured flow rate, then the pumping flow rate was
adjusted so that the predicted funnel drain time was 10 seconds. Ten seconds
was selected to simulate a slow-draining funnel, which would be the case around
the transition from “strong vortex” to “cleared” funnel. The model used the user-
defined pumping rate and the calculated weir flow rate to calculate the air content
of the mixed flow. The equation calculating the weight of water in the funnel
during the “cleared” condition assumed that the depth of water in the funnel was
Y2 the funnel rim depth. The length of suction hose supported by the funnel
support was set to 0.91 m (3 ft). This method approximated the actual force on
the support by adjusting the weight of water in the funnel, equaling the measured
funnel flow rate and estimating the air content of the flow during a slow draining

funnel condition. The model could then balance the force in the vertical direction
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and estimate the float depth during the cleared condition for the 2 arms on the
exit pipe side of the funnel and the two on the opposite side. A depth change
was calculated by subtracting the model cleared float depth from the model
resting float depth for both sides and the average was used. The average depth

changes and adjusted funnel depths are shown in the following table.

Table 7-2. Funnel depth changes during pumping and new adjusted depths
calculated by the computer model

Shallow Medium Deep
Depth Change 0.31 cm 0.34 cm 0.37 cm
Adjusted Depth 1.4 cm 2.3cm 3.2cm

Fit of the Weir Flow Equation

Figure 7-6 shows a graph of several weir flow curves with the “very strong”
region flow data at unadjusted depth values and at adjusted depth values.

Ideally one of the curves would have passed closely above the highest data point
at each depth, but none did. The weir flow coefficient of 2.1 appeared to fit most

closely.

Linear Trends Found

A strong linear correlation was found after comparing the upper most points of
the “very strong” region for each depth. The lowest points of the “strong” region
also changed linearly with depth. Figure 7-7 shows the plots with the trend lines
and R? values. The adjusted-depth values are also shown in the figure and are
linear. The trends found were as follows, with flow rate in m*/min and funnel

depth in cm:
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Lowest “Strong” Vortex Flow

flow rate = 0.0675 (funnel depth) + 0.0796 (Eq. 7-1)

Unadjusted Highest “Very Strong” Vortex Flow

flow rate = 0.1686 (funnel depth) - 0.0667 (Eq. 7-2)

Adjusted Highest “Very Strong” Vortex Flow

flow rate = 0.1778 (funnel depth) - 0.0316 (Eq. 7-3)

Depth changes were estimated for the “strong” region points using the model as
described previously. In this case, however, the calculation for depth change
when pumping all water was used because of the expected low air content at the
lower flow end of the strong region. The model predicted a depth increase of
less than 0.2 cm and factoring in a small amount of air content in the flow would
reduce the depth change to an even smaller value. Vertical movement in that

region was then assumed negligible.
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Figure 7-3. Vortex flow into the skimming funnel at the 1.7 cm resting depth
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Figure 7-4. Vortex flow into the skimming funnel at the 2.6 cm resting depth
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Figure 7-5. Vortex flow into the skimming funnel at the 3.6 cm resting depth
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7.4 Discussion

Fit of the Weir Flow Equation

The weir flow curve did not fit the data very closely. There were many
approximations, as discussed, in the funnel depth adjustments, which may have
had some effect on the accuracy of the weir flow approximation. The main
source of inaccuracy was likely in the weir flow equation itself. The equation did
not consider viscosity effects, surface tension, or the roughness of the flow
structure in detail. The assumption that the fluid pressure moving over the weir
went to zero was also inaccurate here. Weirs are more often used for flow
measurement at greater heads because the mentioned factors become more
significant at shallower funnel depths, decreasing the accuracy of the equation.
A weir flow coefficient of around 70 m"?/min (2.1 ft"?/s) appeared to fit the data
most closely, yet would significantly underestimate or overestimate the “cleared”
limit in many cases. The equation could possibly be used for a rough flow

estimate as it was in the design of the prototype.

Linear Trends Found

The linear trends shown in Figure 7-7 would be very helpful in designing a
system with funnels similar to the prototype funnel. The unadjusted trend at the
high flow values of the “very strong” region could replace the weir flow equation
in the computer model when used for the prototype. The resting funnel depth

could be entered for the “head” variable and the predicted flow would fit the
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measured data without having to estimate any depth change. In that case the
predicted flow would be just below the flow rate needed to empty the funnel. The
depth-adjusted trend could be applied on a funnel with a different support
system, acting as a more general equation. For example if the funnel were fixed,

the adjusted trend would predict flow more accurately than the unadjusted.

The most useful of the linear equations would be the one defining the transition
into the “strong” vortex region because that is the minimum flow requirement per
funnel for duckweed to be harvested. That equation could be applied to the
prototype or to a fixed funnel because the vertical movement at that vortex

strength was estimated to be negligible.
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CHAPTER 8

PLANT CIRCULATION AND COLLECTION WITHIN THE GRID CELLS

8.1 Introduction

Constraints were imposed on the design such that the system could not leave
spots that were never harvested and that it had to be able to maintain a crop
density near an optimal level. Because the system designed was stationary, all
plants had to be moved to the funnel under some force. It was expected that the
plants would need to move in a pattern with some rotation, as opposed to only a
translation of the mat towards the funnel. External forces on the plant mat in a
typical system would be weather related, from the flow of water at the funnel and
from the floating grid. The internal force would be from the surface tension of the
fluid film between the plants, which would close holes created in the mat. It was
thought that any differences in mat composition between spots or plant
attachment to the grid could cause some rotational circulation, if one spot was to
move more easily than another, even during the application of a translational

external force.

Two experiments were performed to view the movement of the plant mat in an
actual field system. No harvesting took place during the first experiment and
plants were harvested during the second. The purpose of the first experiment

was to see the circulation of the plants without the effects of the harvester. The
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general information gained may have been useful for research on other
harvesting concepts. A small amount of information on the weight of duckweed

removed during a harvest was also attained in the second experiment.

8.2 Materials and Methods

Experiment 1 — Plant Circulation Without Harvesting

The plants within the grid were harvested manually to a density of approximately
1000 g/m?, which was a thin mat appearing to be a single plant layer. Pink and
orange colored table tennis balls, used as tracers, were labeled and placed in
positions within the grid as shown in Figure 8-1. An initial picture of the system
was taken once the plants were in place and then daily for the duration of the
experiment. Hourly wind and rain data was downloaded from a weather station

located approximately 100 meters from the pond throughout the experiment.
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Figure 8-1. Labels and positions of the table tennis balls used as tracers in the
plant circulation experiments
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Experiment 2 — Plant Circulation With Harvesting

The plants within the grid were harvested manually to a density of approximately
1000 g/m?, which was a thin mat appearing to be a single plant layer. Table
tennis balls were again labeled and placed in positions as shown in Figure 8-1.
Plants were harvested from the 4 cells at approximately 20 g/m?/day using the
harvester. For each day of harvesting the number of harvest cycles and the total
wet weight of plants harvested was recorded. The plants were weighed by
placing a screen at the outlet of the drum during emptying, then allowing excess
water to drain and then weighing using a hanging scale. For any balls collected,
their label and the date of collection would be noted. Pictures were taken of the
cells each day before the first harvest cycle and after the last cycle. Hourly wind
and rain data was downloaded from a weather station located approximately 100

meters from the pond throughout the experiment.

8.3 Results

Experiment 1 — Plant Circulation Without Harvesting

Figures 8-2 shows the photographs taken of the cells with labels including time
and date of the picture. Appendix B shows the weather data collected including:
date, time, rainfall, wind speed and direction at 10m and wind speed and

direction at 2m. The experiment lasted for 8 days.
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The pictures where examined by looking at the cells and noting any significant
movements. The weather conditions at those significant times were then studied
to find any trends or inconsistencies. All of the weather data was then studied to
evaluate the rarity of the conditions during significant ball movements. The 10m
wind data was used because the wind at that height was less obstructed by the
ground and surrounding buildings and would likely match the 10m conditions at

the pond.

Uneven shifting of the plants during higher wind and uneven settling after wind
was observed throughout the experiment. A clear example of this occurred
beginning on 10/24 at around 6:00. The wind was coming from the northeast
and the speed was greater than 2 m/s until around 19:00 on 10/25 when the
speed decreased and a direction change took place. Wind was then coming
from the west with lower speed at the time of the picture on 10/26 (15:35).
Comparing the pictures from 10/23 to 10/25, an uneven shifting could be seen in
the cells. The shifting was less dramatic in cells 3 and 4 than in cells 1 and 2
because they had more wind protection from the bank. The uneven settling that
took place on 10/26 could be viewed easily by comparing the initial picture on
10/23 with the picture on 10/26 and seeing that the balls were not in the same
place. The fact that the balls were not in their same relative positions through the

shifting showed that some rotation was taking place.
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A more dramatic event took place between the pictures on 10/29 and 10/30. The
weather data starting early on 10/29 showed high winds from the northeast until
around 20:00 when the wind shifted abruptly to northerly while maintaining a
speed above 2 m/s. The wind remained from the north for several hours and
gradually returned to northeasterly, still maintaining a high speed above 2 m/s.
At 7:00 on 10/30 the winds again shifted to northerly abruptly while maintaining a
speed above 2 m/s. The wind then continued from the north until the time of the
picture on 10/30. Looking at the rest of the weather data it was seen that when
the wind speed was above 2 m/s, the direction tended to remain fairly steady.
Most direction changes took place during a period of low wind speed. During the
previously described event, the wind direction changed at speeds above 2 m/s.
The direction changes also lasted for more than 2 hours each time. Comparing
the pictures from 10/29 and 10/30 there appeared to be a clockwise rotation of
the plants within each cell. This may have been a result of the gradual change
from northern wind to northeasterly wind. There was also some rainfall between
the times of the two pictures, which was assumed to act in the direction of the

wind as an additional force on the plants.

Experiment 2 — Plant Circulation With Harvesting

Figure 8-3 shows the photographs taken of the cells with labels including time,
date, and harvest information. The weather data for this experiment is also
shown in Appendix B. Data on the number of harvest cycles and the total weight

harvested is shown in Table 8-1.
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The experiment ended prematurely after 5 days when the table tennis balls were
blown away from the duckweed during very high wind (>7 m/s). It was assumed
that the wind didn’t separate the balls from the plants before the final day
because there didn’t appear to be any unusual movements of the balls before

that time.

Flow at the funnel consisted of the harvesting of plants under very strong vortex
flow, then a weak flow out of the funnel after the pump flow was stopped yet the
vacuum in the barrel was not released, then another harvest, then a strong
discharge of water from the funnel after the vacuum in the barrel was released.
Sometimes holes in the mat were created around the funnel during harvesting
and other times not. The plants always moved towards the funnel from all 4
cells. Holes were always created during discharges from the funnel, with larger
holes when the vacuum in the barrel was released. The pictures after harvests

were taken after the plants settled back around the funnel.

The pictures were examined for wind effects again and also for the effects of flow
at the funnel. Funnel effects were seen by comparing the before and after
harvest pictures. The balls were not close enough to be affected by the funnel
until 11/6. Balls 3.1 and 2.8 moved closer when comparing the pictures on 11/6.

Balls 1.4 and 1.5 also had significant movement at that time, possibly caused by
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the funnel discharge after the vacuum in the barrel was released. The balls were

then blown away on 11/7.

The wind effects were seen again as they were in the previous experiment.
Uneven shifting of the plants was observed throughout the experiment. A
significant movement took place between 11/1 and 11/3, including an unusual
movement by ball 1.1. The peak 10m-wind speed during that time was 5.4 m/s
and the ball may have been separated from the plants, but because the rest of
the balls appeared fairly in order the results were still used. The wind speed
remained above 2 m/s from 11/1 at 13:00 with random, large directional changes
between northerly and westerly. On 11/2 at 18:00 the wind speed began to drop,
allowing for some settling, and then eventually a period of northeasterly wind
before the picture was taken on 11/3. The ball movement appeared fairly
random, with no obvious rotation pattern. The most significant movement was in

cell 3, which was upwind during the majority of the period between the 2 pictures.

It should also be noted that there was a period, starting on 11/5 at 16:00 and
finishing on 11/5 at 23:00, where the wind speed remained above 2 m/s and the
direction made a rotation from 78° to 195°. But, comparing the photos from 11/5

and 11/6 no clear rotational pattern was seen, only more uneven shifting.

Data was also taken on the weight of duckweed collected on each harvesting day

during this experiment. Table 8-1 shows the data and a calculation of the weight
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harvested per harvesting cycle. Harvesting at a rate of 20 g/m?day meant
harvesting approximately 1.8 kg/day (4 Ib/day) from the 4 cells. The harvesting
cycle time varied between 5 s and 10 s after vortex formation, depending on the
movement of plants into the funnel. If a hole was created so that mostly water
was being collected, the pump flow was stopped shortly after. One cycle ended
every time the pump flow was stopped. The average weight harvested per cycle

was 0.7 kg (1.5 Ib).

Table 8-1. Data on the total weight of duckweed harvested from four grid cells

Wet Weight Wet Weight

D Harvested From 4 # Harvesting Harvested per
ate
Cells Cycles Cycle

kg Ib kg Ib

11/1/02 1.1 2.5 2 0.6 1.3
11/3/02 4.0 8.8 6 0.7 1.5
11/4/02 2.4 5.3 3 0.8 1.8
11/6/02 4.0 8.8 6 0.7 1.5
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8.4 Discussion

The table tennis balls did have small movements consistently, mostly due to
uneven shifting and settling caused by the wind conditions. The most significant
rotation took place between 10/29 and 10/30 when the wind direction slowly
rotated, with high speed, always from across the pond. That occurrence showed
potential for a system that could stir the plants using some above-surface force.
However, another slow wind direction rotation took place on 11/5 and did not
have a significant effect. The wind during that occurrence did not move from
across the pond during much of the rotation and so the force caused by the wind
may have been less. Overall it did not appear that the weather could be relied
upon to mix the mat very well. This conclusion was reinforced when considering
that the floating grid was designed to prevent the creation of holes by wind, which
it did not always do during these experiments. Even less mat rotation would be

expected with a better-designed grid.

Harvesting did not have a significant effect on the rotation of the mat except in

the area near the funnel.

The data on weight of plants collected per harvest cycle showed that small
amounts of plants could be harvested and a skimming system could maintain a
desired crop density with precision. Harvesting systems that collect larger

portions of the plant population with less frequency would result in more variation
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in crop density between harvests. Variation in the weight of plants collected per
cycle was the result of the natural non-uniformity of the mat, causing small
differences in harvest time, and also changes in mat density around the funnel as

a result of wind-caused mat shifts.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

9.1 Conclusions

Much useful information was gained on the skimming of duckweed during the

previously described research.

General Observations on Plant Movement into a Funnel During Skimming

Plant movement would vary under different mat conditions. When the root
lengths were short and the duckweed mat was maintained as a single layer, the
plants could be moved into the funnel with minimal force and just enough funnel
crest head to allow fluid flow over the funnel rim. Under those conditions the
plants could also be moved to the funnel continuously, without the creation of

holes around the funnel.

When the root lengths were longer, the crop density was much greater than
optimal, or debris floated under the duckweed mat, the plants tended not to move
into the funnel as well. Plant clumps moved towards the funnel at a slower rate
than individual plants, causing holes to form in the duckweed mat during
harvesting. However, those holes did close slowly after the harvest was
complete. Greater funnel depths were required under those conditions for the

plants to slowly enter the area over the funnel after harvesting.
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Required Funnel Slope and Funnel Depth for Sufficient Plant Movement into the
Funnel

A skimmer with a rounded edge was attached to the side of a tank and used to
find the required skimmer slope and crest depth. The plants used during the test
were grown on low-nutrient medium and had root lengths ranging between 0 and
6 cm and clumps existed in the mat. The downward slope was tested as low as
3° where the plant clumps moved down the skimmer base very well when the
crest depth was enough for the clumps to enter the funnel. So, the slope only

needed to be enough to allow for fluid to flow down the funnel base.

Minimum funnel depth should be based on the ability of plants to move over the
funnel at very low flows, as would be the case after a harvest when plants would
slowly refill the area over the funnel. Figure 4-2 shows data collected on the
minimum crest depth required for duckweed clumps to flow over the rim of the
experimental skimmer. A conservative minimum depth of 1.6 cm was used in the
development of the prototype. The data could be applied for other skimming
systems used under similar, clumpy mat conditions. When it is known on a given
pond that significant clumps will never form, a shallower funnel depth could be
used. However, if there is a chance that clumps could form under some adverse

circumstances, then the harvester should be designed to handle them.
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Fluid Flow into the Funnel

Duckweed could be harvested very well through a vortex created over the funnel
orifice. Vortex strength varied with flow rate into the funnel, controlled by the
pumping flow rate. The necessary flow rate to achieve a desired vortex strength
varied with funnel depth, with lower flow rates required at shallower depths.
Figure 7-7 shows that a linear trend existed between flow rate and funnel depth
for 2 important vortex strengths defined by the author. The author’s definition of
each vortex strength was given in Section 7.2. One linear trend existed among
the data between the low end of the “strong” vortex region and another at the
high end of the “very strong” region. A pump should be selected to drive flow

somewhere between these 2 points for each funnel.

The range of flow rates within each vortex strength also increased with depth, as
shown when comparing Figures 7-3 through 7-5. If a funnel system was
designed for a given pond where multiple funnels were being pumped at one
time, either in-line or with multiple lines, the flow rate would vary between
funnels. If each of the funnels were to be operated at the same vortex strength,
then depths would need to be selected accordingly. For Example, the “strong”
vortex region is fairly narrow at a 1.7 cm funnel depth and wider at the 2.6 cm
resting depth. If the differences in flow were too different between funnels to
operate at the same vortex strength at the 1.7 cm depth, the depths could be
increased to 2.6 cm where both funnels might still be able to operate in the

“strong” vortex region.
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Plant Circulation Within the Grid Cells

The duckweed plants needed to circulate within their grid cells in order to avoid
the existence of never-harvested spots. The plants did not circulate very
consistently as a result of wind force or harvesting. Most likely, the prototype
concept would need to be altered in some way for this design constraint to be

met.

9.2 Recommendations For Future Research

The funnel could possibly be optimized to create a vortex at lower flow rates,

allowing harvesting to occur using a smaller pump.

The problem with poor circulation of the duckweed mat would need to be
addressed for a skimming system similar to the prototype to be effective. Either
the plants need to be moved using some other method, the funnels need to

move, or there needs to be more funnels (or similar skimming implement).

The system should be tested for a longer period of time with data collection
including growth rate, crop density, and weight of plants collected per harvest
cycle. Attempts should be made at adjusting the harvest schedule and timing to

match the measured growth rate, while monitoring any changes in crop density.
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