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EXECUTIVE SUMMARY 

Botanical PaperWorks sought to increase the profitability of their seed bomb product through the 

improvement of their production process. Prairie Roots has accomplished this by redesigning 

three components of the production process: dewatering, forming and drying. The dewatering 

method adds a quality control measure through the addition of a fill line within the standard five-

gallon pail currently used in the process. This fill line represents an 11% increase in the water 

removed from the pulp and facilitates the use of a newly designed forming mold. The new forming 

tool features an elongated spherical cavity to allow for a rolling motion to be applied to the seed 

bombs. The new forming mold increases production rate from 120 to 171 seed bombs per hour. 

Expansion of the forming mold is recommended by implementing an interlocking dovetail feature 

that allows multiple molds to be connected. This will further increase production rate up to 300 

seed bombs per hour. Finally, a bi-level plenum dryer was designed to direct the air flow vertically 

over the seed bombs. The 500 CFM air mover is ducted to two plenums which are situated above 

the seed bomb trays. The new dryer design holds 1250 seed bombs, reduces drying time from 

48 to 36 hours and reduces equipment footprint to 1.79 m2. Prairie Roots recommends increasing 

the air mover capacity to 1800 CFM and adding a third plenum to the dryer. This will increase 

capacity to 1875 seed bombs and further reduce drying time. Through implementation of Prairie 

Roots designs, Botanical PaperWorks can expect to drastically reduce lead time, leading to a 

more profitable product and increased worker satisfaction through reduction of the strain they 

experience.   
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1.  INTRODUCTION  

Botanical PaperWorks is a Winnipeg based company that produces eco-friendly paper products. 

The company’s focus is seed paper, a recycled product with seeds embedded within the sheets. 

They also produce a spherical product called a seed bomb, which is made from the same paper 

pulp recipe. The profitability of these seed bombs is currently limited by the labour-intensive 

manufacturing process that results in a long lead time and a non-uniform product. The current 

manufacturing process is largely performed by hand; an individual portion of pulp is repetitively 

strained to remove excess water and hand rolled between the workers palms achieving the 

compact, spherical shape. Current drying methods make use of a box fan blowing air across a 1-

m by 2.7-m table containing seed bombs. Prairie Roots has redesigned three phases of the 

production process: dewatering, forming and drying. This redesign will not only increase 

production rate, but also reduce worker strain and create a more uniform, standardized product. 

The new design will allow Botanical PaperWorks to reduce their order lead time and achieve 

higher profits on their seed bombs.  

1.1. Client Needs 

Botanical PaperWorks identified six needs for the new production process, presented in order 

from most to least important: 

1. Increased production rate  

2. Alleviated worker strain 

3. Improved drying time 

4. Maintained germination rate  

5. Improved spherical shape 

6. Improved uniformity between seed bombs. 

Given the project constraints of a budget limited to $1000, a maximum allowable lead time of 7 

days and an equipment footprint of 10m2, the team identified the following additional needs: 

7. Fabricated from readily available materials 

8. Physically fits into current workspace 

9. Low financial cost 

1.2. Technical Specifications 

The client needs established a list of technical specifications shown in TABLE I.  
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TABLE I: CURRENT AND TARGET TECHNICAL SPECIFICATIONS 

#  Specification  Goal  Current  Target  Units  

1  Rate of production  Increase rate 120 240  bombs/
hour  

2  Drying time  Decrease time 48 24  hours  

3  Spherical shape Minimize distortion 20 5  %  

4  Size variation of seed 
bombs 

Decrease variation 20 5  %  

5  Mass variation of seed 
bombs 

Decrease variation 20 5  %  

6 Worker strain (qualitative) Decrease Strain in hands, 
back and wrists 

 None -  

7  Implementation cost Target - 1000  CAD 

8  Lead time to order 
components 

Target - 7  days  

9  Germinations per bomb  Maintain 10 10  -  

10  Equipment footprint  Maintain  10 10 m2  

The targets in TABLE I make up the foundation of the final design. 

2. FINAL DESIGN 

The final design consists of four separate phases: dewatering, portioning, forming and drying. 

Details on each phase are presented in the following sections. 

2.1. Dewatering Process 

The dewatering process consists of a conical strainer and a standard five gallon pail with a marked 

line indicating the required water level. A worker strains the pulp by applying hand pressure to the 

supersaturated mixture. Once the water in the pail reaches the fill line, the pulp is at the targeted 

density and forming can begin. 
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Figure 1: Standardized de-watering pail with indication marker [1] 

 

By eliminating the need for repetitive hand straining of each individual portion, the worker strain 

associated with forming is reduced. Furthermore, the new seed bombs have the same density 

and water content, hence, more uniformity across all seed bombs.  

2.1.1. Design Rationale 

To standardize the dewatering process, an ideal density of paper pulp was found. This water to 

paper ratio allowed the pulp to be formed without squeezing out any additional water. This density 

was approximately 0.829 g/cm3. From this density, the total mass of water that must be extracted 

from the pulp is 10.5 kg which correlates to a height of 18.9 cm in a standard five gallon pail. 

Detailed calculations are shown in Appendix A.  

2.1.2. Fabrication 

There are no additional costs due to the fabrication of the standardized de-watering pail because 

it is a simple modification to the original de-watering process. The addition of a line 18.9 cm from 

the bottom of a pail is required around the inside wall of all standardized pails. 

2.2. Portioning Process 

To better portion the pulp into consistent individual seed bombs, a uniform metallic U-channel 

with defined cut lines is used.  This will minimize the variance of size and mass between the seed 
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bombs. Strained pulp will be hand packed into the 1-1/8-inch wide by 1-inch deep galvanized 

steel channel until level with the top edge. The sides of the channel have cut lines every 1-3/8-

inchs to allow for individual portions to be identified. These dimensions allow for portions of pulp 

to maintain the same volume as the current seed bombs.  

A paint scraper serves as the blade used to separate the individual pulp portions. The operator 

must insert the thin-bladed scraper though the cut lines until it reaches the bottom of the channel. 

The result is a single seed bomb’s portion of pulp. Working from end to end, the portions are 

easily removed by hand. 

 

Figure 2: Portioning U-channel with inserted cutting scraper [1] 

Using this portioning method, each seed bomb has a specific volume. This reduces variation in 

the seed bombs and creates a uniform product. Furthermore, by portioning each seed bomb 

ahead of time, the worker does not need to make adjustments when forming them which increases 

the production rate. 

2.2.1. Design Rationale 

A wet seed bomb has an intended diameter of 36-mm and a volume of 24.43-cm3. This volume 

translates into a cube with dimensions 1-1/8-inch x 1-inch x 1-3/8-inch. A blade can be used to 

separate the individual pulp portions to fit these cube dimensions. 

2.2.2. Fabrication 

Slices were cut through the sides of a stock galvanized steel U-channel at intervals of 1-3/8-inch 

using a disk grinder. Metallic burrs were removed, and smooth edges created by hand filing all 

cut edges. A sharp paint scraper was selected for cutting the portions because it had the least 
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cutting resistance against the pulp when tested. The portioning device with portioned pulp is 

shown in Figure 3. 

 

Figure 3: Constructed U-channel and paint scraper for portioning [2] 

As the required materials for this design were already on hand, there were zero additional costs.  

2.3. Forming Process 

The new forming process attempts to mimic the hand rolling that is currently performed by the 

workers. An elongated sphere-shaped mold was developed in which the two mold halves oscillate 

parallel to one another in a circular path to form the spherical shape of the seed bombs.  

The inner cavity allows for a portion of strained pulp to be inserted into the mold and shaped into 

a sphere through manual circular oscillating motions between the mold mates. This is because 

the inner cavity is 80-mm wide and 18-mm deep, the same radius as a bomb. With constant 

contact along the curved side walls of the mold and the rotating end-over-end motion of the pulp 

traveling around the mold, the spherical bomb is easily and quickly formed. Four 8-mm diameter 

drainage holes are placed in the base of the lower mold for any excess water to drain through. 

The forming mold is shown in Figure 4.  
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Figure 4: Elongated sphere forming mold [1] 

The forming mold increases production rate by providing a spherical track for the pulp to roll in. It 

also reduces worker strain as the seed bombs are no longer formed by hand rolling. Furthermore, 

uniformity across all seed bombs is improved with the use of this standard process. 

2.3.1. Design Rationale 

By testing various prototypes (refer to Appendix C), it was determined that a combination of 

compaction and a rolling motion are required for a successful mold.  The disk shaped cavity 

design provided the rolling motion.  The initial prototypes of the disk cavity molds were made with 

a 4mm bump in the center and an 80mm cavity diameter.  Testing confirmed the diameter allowed 

for the desired movement.  Having the central bump on each mold half however did not form the 

desired seed bomb shape.  The next prototype mold used one flat half and one half featuring the 

center bump; this combination resulted in a near-to-desired seed bomb shape and was selected 

to proceed. 

2.3.2. Fabrication 

The mold was 3D printed using poly lactic acid (PLA) material. The amount of PLA material 

required was 347 cm3, leading to a cost of $10 per pair of molds with a manufacturing time of 12 

hours. The final printed mold can be seen in Figure 5. 
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Figure 5: 3D printed elongated sphere mold with formed seed bomb [2] 

2.4. Drying Process 

The final dryer design is a bi-level plenum air distribution dryer with maximum seed bomb holding 

capacity of 1250. Each plenum features 144 air outlets of 3/8-inch diameter. The air outlets are 

spaced 3-inch apart covering the 36-inch by 42-inch underside of the plenum. The exterior and 

interior of the plenum is shown in Figure 6 and Figure 7. 

 

Figure 6: External view of the plenum dryer [1] 

 

Figure 7: Internal view of the plenum dryer [1] 

 

The full dryer features two plenum chambers stacked parallel to one another. The dryer will 

support the seed bomb trays used by the operators during the manufacturing process, thus 

reducing the need for additional handling. The dryer can be easily loaded from either side between 

the vertical supports of the structure. The air is ducted from a 500 CFM low pressure air handler 

to each of the low-profile plenums, directing the air to the seed bombs placed below. The overall 

structure with the plenums is shown in Figure 8. 
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Figure 8: Bi-level plenum air distribution dryer [1] 

 

The main feature of the new dryer design is the vertical air flow. This barrier free air flow 

arrangement standardizes the drying process regardless of seed bomb location and will reduce 

overall drying time by a factor of two. 

2.4.1. Design Rationale 

The plenum design was calculated using the Heat and Mass Transfer Analogy [3]. This calculation 

modelled the holes in the plenum as a series of circular jets impinging on the seed bombs. The 

required evaporation rate to remove the necessary water from the seed bombs in 24 hours was 

calculated to be 0.18 g/m2s. Incorporating a safety factor of two, this was increased to 0.36 g/m2s. 

This evaporation rate translated to an outlet flow rate of approximately 8.47 m/s. Full calculations 

are presented in Appendix D. Various designs were tested using Computational Fluid Dynamics 

to ensure outlet velocity was uniform across the entire plenum. These iterations can be seen in 

Appendix E.  

2.4.2. Fabrication 

The plenum is fabricated with wood due to its resistance to corrosion and inexpensive cost. The 

plenum used 1/4-inch sanded plywood, supported by a 2-inch x 2-inch internal frame. Screws and 

wood glue hold the frame and plywood cladding together with silicone caulking on all edges to 

ensure the plenum is air tight. The upper baffle was constructed using corrugated fiberboard and 

sealed with tape. The exterior and interior of the plenum is shown in Figure 9 and Figure 10. 
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The plenums are placed parallel to one another, supported by vertical 1-inch x 6-inch supports 

and 2-inch x 4-inch horizontal supports. 1/2-inch plywood is placed below each plenum to 

support the trays of seed bombs below. Air is ducted into each plenum via 4-inch flexible 

aluminum ducting connected to a 500 CFM air handler placed nearby. Expandable ductwork 

allows the dryer to be placed on a table top or the floor. Aluminum tape seals all joints between 

fittings limiting air loss. The entire dryer structure and ducting is shown in Figure 11. 

 

Figure 11: Constructed dryer with expandable ducting and air mover 

 

The total cost of the dryer is $297.73, with a detailed cost breakdown outlined in Appendix F.  

  
Figure 9: Exterior of constructed plenum showing upper 

baffle [2] 
Figure 10: Interior of constructed plenum showing outlet 

holes [2] 
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3. TESTING AND COMPARISON TO BASELINE 

To verify that the proposed designs are an improvement over the current manufacturing process, 

the proposed and current methods will be compared. 

3.1. Dewatering 

In order to test the new dewatering standard, baseline data was generated. Dewatering was 

performed using the same methods and materials currently used by Botanical PaperWorks and 

the data compared to the proposed design. It is important to note that the baseline data is not an 

exact number as each worker may perform this step differently as there is no standard.  

TABLE II: COMPARISON OF CURRENT AND PROPOSED DEWATERING METHODS 

 Current Process Proposed Design 

Height of Water Removed ~17 cm 18.9 cm 

 

The proposed design represents an 11% increase in water removal and Prairie Roots anticipates 

this will equate to an 11% increase in the time required to dewater. 

3.2. Portioning 

The U-channel and paint scraper portioning design did not result in fully separated portions of 

pulp. As precise portions are the reason for potential implementation, this design cannot be 

implemented in its current state. Test data for the proposed design could not be achieved as the 

portion boundaries were not well defined. 

3.3. Forming 

Forming using the elongated spherical mold proved to be faster than the current process 

accompanied with reduced worker strain. The bombs produced have ideal curved edges, however 

the top and bottom had flat indentations. Removal of the flat spots was achieved through brief 

hand rolling to the final shape. 

TABLE III: COMPARISON OF CURRENT AND PROPOSED FORMING METHODS 

 Current Process Proposed Design 

Forming Time 23 seconds 15 seconds 

+ 6 second handroll 

Worker Strain Moderate Reduced 
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3.4. Drying 

After initial construction, testing of the dryer led to further modification, as the air did not exit the 

plenum at an acceptable level. To increase airflow, the plenums’ internal height was  reduced 

from 6-inch to 1-1/2-inch using formed corrugated fiberboard. This change reduced the volume of 

air and pressure loss inside of the plenum. Minimizing air flow restrictions was also important, so 

the restrictive front baffle was removed aiding in an increased flowrate into the plenum. The 

shelves which hold the seed bombs for drying below were also moved significantly closer to the 

plenums, leaving only a 2-inch spacing. These modifications allowed for the seed bombs to 

become completely immersed in the exiting air helping contribute to a reduced drying time.  

TABLE IV: COMPARISON OF CURRENT AND PROPOSED DRYING METHODS 

 Current Process Proposed Design 

Drying Time 48 Hours 36 Hours 

Equipment Footprint 2.7 M2 1.59 M2 

 

4. RESULTS 

Straining with an indication marker was a successful design, as the amount of water extracted 

from the pulp is directly related to the amount of water remaining in the pulp. This design was 

easily implemented to the current process and required little training or change to the current 

process. There is only a marginal increase in the amount of time required to perform this step 

since 11% more water is removed.  

The U-channel portioning method was unsuccessful in minimizing variation between seed bombs, 

as consistent portions could not be created. Complete separation between the portions could not 

be achieved, as the neighboring portion could not become fully disconnected, leading to 

volumetric variances. This method also required excessive time for the operator to pack the U-

channel with pulp and cut each portion.  

The elongated sphere forming mold was successful in providing near-to-spherical shaped seed 

bombs, only requiring brief final hand rolling. This design is quicker than the original process and 

allows for future expansion of the design. Worker strain is not eliminated but has been reduced. 

The bi-level plenum air distribution system was a successful design as it reduced the drying time 

of the seed bombs. The constructed device can be easily operated and will provide a consistent 

drying rate to all seed bombs placed within the device. The inexpensive and modular design 
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allows for future vertical expansion of the device or duplicate devices to be built at a low price 

point.  

A summary of the results of the new design are presented in TABLE V. 

TABLE V: SUMMARY OF TESTING RESULTS OF NEW SYSTEM COMPARED TO PREVIOUS AND TARGET VALUES 

#  Specification  Previous Target Actual Units 

1  Rate of production  120 240 171 bombs/hour 

2  Drying time  48 24 36 hours 

3  Spherical shape 20 5 20 % 

4  Size variation of seed 
bombs 

20 5 20 % 

5  Mass variation of seed 
bombs 

20 5 20 % 

6 Worker strain (qualitative) Strain in hands, 
back and wrists 

None Reduced 
strain 

- 

7  Implementation cost - 1000 367.93 CAD 

8  Lead time to order 
components 

- 7 2 days 

9  Germinations per bomb  10 10 - - 

10
  

Equipment footprint  10 10 1.59 m2 

 

5. RECOMMENDATIONS 

Prairie Roots recommends implementing the proposed design with modifications as outlined in 

the following sections. 

5.1. Dewatering Method 

Addition of a mechanical press to apply pressure to the pulp within the conical strainer. This 

addition would reduce the time required to dewater as well as reduce overall worker strain.  
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5.2. Forming Method 

Interlocking forming molds allow for multiple bombs to be formed in unison. This would increase 

production rate and further reduce worker strain through one full body motion as opposed to 

repetitive smaller motions. The interlocking mold is shown in Figure 12. 

 

Figure 12: Six-cavity interlocking mold recommended for implementation [1] 

 

With the bottom mold mounted to a fixed table, pulp will be placed into each individual mold cavity, 

and shaped by the circular oscillating top mold. The device could be scaled up or down depending 

on customer demand. A six-cavity mold was analyzed, and the results presented in TABLE VI. 

TABLE VI: ANALYSIS OF SIX-CAVITY INTERLOCKING MOLD 

Portioning 

Time 

Forming 

Time 

Touch-up 

Time 

Time per bomb Production Rate 

5.82 sec. 10 sec. 6 sec. 
5.82 sec. 

+ 10 sec. / 6 bombs  
+ 6 sec. 

270 bombs/hour 

 

5.3. Drying Method 

The plenum dryer would benefit from a higher output air mover to reduce the drying time. A larger 

fan was identified which produced 1800 CFM, however with the significantly increased cost of 

$300, this may be a future consideration. The higher capacity air mover would also allow for an 

additional plenum to be installed for increased drying capacity. This would increase the seed 
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bomb drying capacity to 1875, which is similar to the current drying table capacity of 1900. A 

representation of the three-level dryer is shown in Figure 13. 

 

Figure 13: Three-level plenum dryer recommended for implementation [1] 

 

6. CONCLUSION 

Prairie Roots’ redesign of the production process was able to improve production rate from 120 

to 171 seed bombs per hour, reduce drying time from 48 to 36 hours and reduce strain on the 

workers. Some modifications are necessary however, to maximize these benefits. Further design 

of the dewatering process and addition of a mechanical press will eliminate worker strain at the 

first phase of the seed bomb production. The interlocking mold proposed by Prairie Roots has the 

potential to increase production rate up to 270 seed bombs per hour while the expanded tri-level 

plenum dryer would increase drying capacity by 50% and further reduce drying time through the 

higher capacity air mover. This combination of tools will allow Botanical PaperWorks to drastically 

reduce their lead time and increase the profit margins on their seed bombs.  
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APPENDIX A – DEWATERING CALCULATIONS 

TABLE A. I: PULP DEWATERING CALCULATIONS ................................................................16 

 

In order to determine the amount of water to remove from the pulp, the mass of the pulp before 

and after dewatering was determined. The mass after dewatering is based on an ideal density of 

pulp extrapolated to one batch of seed bombs. The difference between the supersaturated pulp 

and the ideal pulp is the amount of water to be removed. Results are shown in TABLE A. I.  

 

TABLE A. I: PULP DEWATERING CALCULATIONS 

Mass before straining 15104.6 g 

      

Ideal Density 0.000829 g/mm^3 

Volume, 1 bomb 24429.02 mm^3 

Volume, batch 5496531 mm^3 

Mass after straining 4557.072 g 

      

Mass of water 10547.53 g 

Water Volume 10579.27 cm^3 

      

Height 18.93737 cm/batch 
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APPENDIX B – PORTIONING ITERATIONS 

 

Figure B. I: Portioning attempt with wide metallic scraper .........................................................17 

Figure B. II: Pulp separated via plastic scraper .........................................................................18 

Figure B. III: Sausage stuffer extruder trial ................................................................................18 

 

Attempts at portioning heavily relied upon the success of the dewatering stage directly before it. 

Excess water led to a slurry textured pulp, and since portioning was achieved via cutting methods, 

a well-defined firm portion boundary must be attainable.  

The first design used a baking sheet to hold the pulp within a defined outer boundary and various 

smoothing and cutting tools attempted thereafter. A large metallic scraper was used to level off 

the pulp and remove any excess. However, this displaced the top surface of pulp and was 

disruptive to the goal of uniform thickness (Figure B. I). 

 

Figure B. I: Portioning attempt with wide metallic scraper [2] 

A greased rolling pin was attempted next, however the pulp stuck to the rolling pin and removed 

pieces as it was rolled.  

Attempts at cutting were also tried by using a plastic edged scraper (Figure B. II). Roughly leveling 

the pulp by hand, the plastic scraper would cut the pulp into individual portions. However, since 

the top surface was only roughly hand leveled, the volume of each portion was inconsistent, so 

this method was not used. 
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Figure B. II: Pulp separated via plastic scraper [2] 

The second design used a sausage stuffer extruder to extrude the pulp into a metallic channel in 

which the pulp would then be cut in (Figure B. III). Varying preliminary trials were attempted using 

plastic bottles, which when extruded by hand would extrude a consistent pulp. The sausage 

extruder however operates via an internal piston controlled by an external manual hand crank. As 

the pulp was extruded, the large volume of pulp experienced varying levels of force exerted from 

the piston. This first displaced the water from the pulp, followed by some ideal density pulp and 

lastly very dry pulp which then clogged the extruder and could not be extruded. As the intention 

of the process is to produce a consistent homogeneous pulp, the extruder was not able to provide 

this. 

                         

Figure B. III: Sausage stuffer extruder trial [4], [2] 
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APPENDIX C – FORMING ITERATIONS 

 

Figure C. I: 3D Printed press mold and resulting seed bombs ...................................................19 

Figure C. II: Cake pop mold and resulting seed bombs .............................................................19 

Figure C. III: 3D Printed bi-concave molds ................................................................................20 

Figure C. IV: Near spherical formed bomb ................................................................................20 

Figure C. V: Longitudinal mold ..................................................................................................21 

Figure C. VI: Unsatisfactory formed bomb .................................................................................21 

 

The first design iteration was a forming press (Figure C. I).  Two halves of a die, each containing 

a pair of hemispherical cavities, were 3D printed using PLA polymer. The procedure for using 

the press-mold was to fill the bottom half with pulp, to place the second half on top, and to press 

the die together. The seed bombs formed by this design had an unacceptable surface finish as 

well as a buildup of excess material along their midline. When removing the bombs from the 

mold, they often fell apart.   

A second forming die was also trialed, a cake pop mold made from a pliable polymer (Figure C. 

II).  The soft material improved surface finish but also yielded to the applied pressure and 

formed a flat-bottomed seed bomb.  Excess material was present on the seed bomb midline 

after forming in this mold as well. 

 

Figure C. I: 3D Printed press mold and resulting seed bombs 
[2] 

 

Figure C. II: Cake pop mold and resulting seed bombs [2] 
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A different approach to forming was required.  To mimic the pressure that a pair of cupped 

hands applies to the pulp, the hemispherical cavity shape was expanded into a circular 

biconcave shape that will allow the pulp to move within (Figure C. III).  The two halves of the 

forming die are moved in opposing oscillating motions that rolls the seed bomb sphere in the 

mold.  The rotation, motion, and pressure created in this process resulted in a nearly spherical 

shape (Figure C. IV) that can be hand rolled into a final form with minimal effort from the 

operator.  The room within the cavity also allows for easy removal of the bomb. 

 

Figure C. III: 3D Printed bi-concave molds [2] 

 

Figure C. IV: Near spherical formed bomb [2] 

 

To make a perfect sphere without a finishing roll from the operator, a die was created that changes 

the rotational nature of the circular die into a linear motion. A 36-mm wide by 150-mm long inner 

channel (Figure C. V) allows for a portion of strained pulp to be inserted into the mold and shaped 

into a sphere through manual repetitive lengthwise motions between the upper and lower molds. 

With constant contact along the curved side walls of the mold and the rotating end-over-end 

motion of the pulp traveling along the mold channel, the spherical bomb will easily and quickly 

become formed.  It was found however, that no force was able to be transmitted to the sides of 

the bomb, and a shearing of the pulp occurred rather than compaction (Figure C. VI).  Therefore, 

the longitudinal mold concept was abandoned. 
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Figure C. V: Longitudinal mold [1] 

 

Figure C. VI: Unsatisfactory formed bomb [2] 
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APPENDIX D – DRYING CALCULATIONS  

 

TABLE D I: PLENUM DRYER CALCULATIONS .......................................................................23 

 

According to Incropera et. al, the heat transfer solution for an array of impinging jets may also be 

used to calculate the mass transfer according to the Heat and Mass Transfer Analogy [3]. The 

equations relate the evaporative flux, n”A to Reynold’s number, Re through the following relations: 

 

𝑛𝐴
" = ℎ̅𝑚  (ρ𝐴,𝑠 − ρ𝐴,𝑒 ) = ℎ̅𝑚  × ρ𝐴,𝑠 

(1) 

ℎ̅𝑚  =  
𝐷𝐴𝐵

𝐷
𝑆ℎ̅̅ ̅ 

(2) 

𝑆ℎ̅̅ ̅ = 0.5 × 𝐾 × 𝐺 × 𝑅𝑒
2
3 × 𝑆𝑐0.42 

(3) 

𝐾 = [1 + ( 
𝐻 𝐷⁄

0.6 𝐴𝑟

1
2⁄

⁄
 )

6

]

−0.05

 

(4) 

𝐺 = 2𝐴𝑟

1
2⁄ 1 − 2.2𝐴𝑟

1
2⁄

1 + 0.2(𝐻 𝐷 − 6)𝐴𝑟

1
2⁄

⁄
 

(5) 

𝐴𝑟 =  𝜋𝐷2 4𝑆2⁄  (6) 

 

Where D is the jet diameter, S is the spacing between jets, H is the height from the jets to the 

material, DAB is the binary diffusion coefficient for water in air, ρA,s is the density of saturated air 

and Sc is the Prandtl number equivalent for mass transfer. Using these relations, Reynold’s 

number, and subsequently air velocity, was calculated for the plenum dryer as shown in TABLE 

D I. 
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TABLE D I: PLENUM DRYER CALCULATIONS 

D 0.00793 m 

H 0.3 m 

S 0.0762 m 

vg 39.13   

Dab 2.60E-05   

Sc 0.61   

v 1.59E-05   

Water mass 0.2 kg/bomb 

Surface Area (Top half) 0.001284849 m^2/bomb 

Time 43200 s 

na* 0.003603249 kg/(m^2 s) 

hm 0.140995143   

Sh 43.00351873   

Ar 0.008506018   

K 0.589700433   

G 0.686678285   

Re 4226.355707   

V 8.46870015 m/s 

Footprint 0.9144 m 

Number of holes 144   

Volume flow 0.060230366 m^3/s 

  127.6209185 cfm 

Flow for 2 plenums 255.241837 cfm 
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APPENDIX E – DRYING ITERATIONS 

 

TABLE E.  I: CFD RESULTS OF PLENUM OUTLET VELOCITIES WITHOUT BAFFLES ........24 

TABLE E. II: OUTLET VELOCITY DATA AND CORRESPONDING CFD ANALYSIS OF 

VARIOUS BAFFLE CONFIGURATIONS .........................................................25 

 

CFD was run on various baffle configurations and velocity data was obtained for 15 holes. An 

example of the data obtained is shown in TABLE E.  I. 

 

TABLE E.  I: CFD RESULTS OF PLENUM OUTLET VELOCITIES WITHOUT BAFFLES 

 

 Average 

1 -5.640341519 

2 -5.045536565 

3 -5.269259936 

4 -4.67952319 

5 -3.807761193 

6 -4.737633809 

7 -5.593731703 

8 -5.389381001 

9 -6.030117748 

10 -5.810598708 

11 -6.272074742 

12 -5.331400817 

13 -6.467807314 

14 -4.126726212 

15 -5.590948667 

average -5.42471716 

st. dev 0.71938852 

range 2.66004612 

 

 

Other baffle configurations and the resulting range are shown in TABLE E. II. 
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TABLE E. II: OUTLET VELOCITY DATA AND CORRESPONDING CFD ANALYSIS OF VARIOUS BAFFLE CONFIGURATIONS 

 

Average -5.304474707 

Standard Dev. 0.47774156 

Range 1.792989918 
 

 

Average -5.305120564 

Standard Dev. 0.433807176 

Range 1.68074398 
 

 

Average -5.304856903 

Standard Dev. 0.698996415 

Range 2.25744194 
 

 



    

 

PRAIRIE ROOTS  - 26 -  

Average -5.440645049 

Standard Dev. 0.634305514 

Range 2.266330945 
 

 

Average -5.271978424 

Standard Dev. 0.471844603 

Range 1.883996896 
 

 

Average -5.271978424 

Standard Dev. 0.719473494 

Range 2.28783226 
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APPENDIX F – DETAILED COST BREAKDOWN 

 

TABLE F. I: COSTS FOR 3D PRINTING MOLD PROTOTYPES ..............................................27 

TABLE F. II: COSTS OF MATERIALS USED FOR CONSTRUCTION OF THE BI-LEVEL 

PLENUM DRYER ...............................................................................................27 

 

The cost breakdown of all purchased materials is as follows: 

 

TABLE F. I: COSTS FOR 3D PRINTING MOLD PROTOTYPES 

Quantity  Component Total Cost 

2 Press Forming Mold $20 

2  Oscillating Forming mold half with bump $20 

1 Oscillating Forming mold half without bump $10 

2 Linear Forming mold half $20 

  $70 

 

TABLE F. II: COSTS OF MATERIALS USED FOR CONSTRUCTION OF THE BI-LEVEL PLENUM DRYER 

Quantity  Material Total Cost 

2 1/4-inch sheet of sanded plywood  $64.96 

2  1/2-inch sheet plywood  $58.50 

2  1-inch x 6-inch x 8-foot wood $12.02 

7 2-inch x 4-inch x 8-foot wood $26.95 

2 2-inch x 2-inch x 8-foot wood $6.92 

1 4-inch x 8-foot flexible aluminum ducting $15.42 

1  4-inch ductwork elbow $4.21 

1  4-inch ductwork tee $12.82 

1 3-inch x 10-inch to 4-inch round transition ductwork $5.94 

1  500 CFM air handler  $89.99 

 Total: $297.73 

 




