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EXECUTIVE SUMMARY

Farmers around Canada, specifically in Manitoba, predominantly utilize vertical grain
aeration in their post-harvest grain storage systems to extend the storage life of the grain. Using
horizontal aeration presents a more energy-efficient alternative to vertical aeration. However,
manufacturers lack the information and theoretical calculations necessary to optimize the design
of horizontal aeration systems. This means that despite its advantages, manufacturers remain

hesitant to adopt horizontal systems due to insufficient data to inform their design.

This project aimed to address this issue on behalf of Dr. Fuji Jian and the grain storage
research group at the University of Manitoba. The project focused on creating a bench-scale
device for testing and measuring air resistance in horizontal grain aeration systems. The device
measures the performance of horizontal airflow through an aeration system that results from
different types of grain and system configurations. Project deliverables included the constructed
and verified device, and preliminary testing and data collection for future Ph.D. research and

eventual industry application.

The project's technical specifications were verified to ensure that the final prototype
would meet the client's demands for a grain bin that could hold a load of grain and measure the
performance of horizontal grain aeration. A structural design was carried out to ensure that the
grain bin could hold a whole load of grain during operation. Other verifications included testing
the radial airflow uniformity, whether vertical airflow is negligible, and adapting the grain bin to
be used with various system configurations. The grain bin was found to satisfy all the criteria
required by the client. The overall project successfully provided a method to measure horizontal

grain aeration performance from the data collected.

There are several recommendations for how to improve this project further. The main
recommendation is to minimize instrumentation in the grain bin. A combination of pitot tubes
and mass flow sensors were used to measure airflow. This combination provides highly detailed
measurements, but the consequence is several disruptions to the airflow. Replacing or reducing
the instrumentation disruption to the airflow would be reduced, producing higher quality results.
Additionally, some operation procedure improvements are recommended to help future

researchers transition to working with pilot-scale prototypes.
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1. INTRODUCTION

In Manitoba, post-harvest grain is loaded into storage bins, often at high temperatures and
moisture levels, creating an environment prone to pests and spoilage. Aeration systems in grain
bins are implemented to counteract this by pushing ambient air through the bulk to cool and dry
it while in storage. This method is known as ambient drying and is commonly done by pushing
the air vertically through the grain mass. Horizontal flow through grain storage bins can be an
alternative to vertical flow. Research shows that the static pressure within the media opposing air
movement can be reduced by 30-60% when the air flows horizontally instead of vertically [1].
Lowering the pressure an aeration system must work against can reduce energy costs and drying
times for farmers. However, there is a lack of available literature for manufacturers on designing
these systems and their optimal function.

Dr. Fuji Jian, P.Eng., is an Associate Professor in the Department of Biosystems
Engineering at the University of Manitoba, whose research focuses on improving the handling
and storage of post-harvest grain. He has been contacted by several industry members seeking
guidance on the design of horizontal aeration systems. Under the instruction of Dr. Jian, this
project produced a bench-scale horizontal flow grain aeration system that can be manipulated to
test its performance under changing parameters. The device was designed to be compatible with

future graduate and doctoral research to address the existing data gaps.

1.1. Grain Aeration and Horizontal Flow Overview

The primary goals of post-harvest grain aeration are to cool and dry the grain once it is
loaded into the bin. Regulating temperature and moisture levels within the grain bulk can prevent
unwanted moisture accumulation, the formation of hot spots, crop spoilage, and the survival of
pests. Farmers may also aim to achieve or maintain a specific moisture level in the crop in
preparation for sale or storing the grain for longer-term purposes [2]. Ambient drying in grain

bins is convenient as it comes at a low energy and capital cost to farmers.

An aeration system must successfully overcome the static pressure resisting the fan to
push air through the grain bulk. This static pressure is the frictional resistance from the airflow

through the grain bulk, air distribution system, and the transitional duct connecting the fan [3].



Many factors influence the static pressure exerted by the grain bulk: the type of crop, porosity,
the shape of the pores within the media, depth of the grain bed, grain moisture content, and

velocity and direction of airflow through the bulk [1].

Studies have shown that airflow direction through the grain bulk can significantly affect
the airflow resistance. Airflow resistance through a grain bulk in the horizontal direction is
generally lower than in the vertical direction, though no singular rule has been developed.
Horizontal airflow resistances are reported as between 0.4-0.7 times that of vertical resistance
[1]. X-ray CT analyses of grain bulks have shown that the area and length of spaces through
which air can travel are 30% to 100% higher in the horizontal direction than in the vertical
direction, depending on the crop type [4]. Figure 1 below shows how air may travel horizontally

through a grain bulk over a length L and a pressure difference of P>-P;.

Figure 1. Potential air travel paths through the grain in the horizontal direction. Adapted from [1]

The hypothetical air streams around the grain kernels shown in Figure 1 have a more
direct path of travel than if they had been oriented vertically. This path can be attributed to the
grain kernels' shape and packing orientation. Kernels will tend to fall with their long axis
horizontally [5], creating a path of greater tortuosity for air travel in the vertical direction as

opposed to the horizontal.

1.2. Existing Research on Horizontal Grain Aeration Systems

While the potential advantages of horizontal flow systems are well-established,
considerably less research has been conducted on the design and performance of systems that

utilize this concept. The few existing studies demonstrate that changing a single parameter



significantly impacts the system's performance. One study evaluating a horizontal flow system
proved that wheat dried radially from the centre when air was pushed into the bulk from a central
column and vented through the bin sides [6]. The results showed that the airflow was distributed
uniformly throughout the radius of the bulk and that a consistent pressure throughout the height
could be achieved given the correct central column height. However, the system proved

ineffective if the column height was too short [6].

In [7], a computational model was developed that accounted for the changes in pore
structure that a grain bulk experiences due to compaction under its weight. Differences in air
velocity up to 84% through the vertical depth were observed using a model of a flat-bottom grain
storage bin equipped with a horizontal flow system [7]. The results suggested that a lack of
effective aeration may occur in the lowest layers of the grain in commercial-sized systems due to

compaction without proper design considerations [7].

A 2024 study investigated horizontal airflow through a 50 cm cube of wheat containing
various levels of dockage [8]. Dockage - any waste or particle in the bulk other than the grain - is
present in all post-harvest grain in some measure. The study found that resistance to horizontal
airflow could be significantly impacted by the presence and distribution of dockage in the grain

bulk [8].

All three of these studies demonstrate the need for continual research and the
improvement of horizontal aeration system designs, given the broad scope of parameters that
influence airflow resistance and the fact that they vary from case to case. The advantages of
horizontal airflow can only be utilized if it is understood how the systems respond to different

variables in a commercial environment.

1.3. Implications and Eventual Client Goals

This capstone project is part of a larger initiative, which aims to provide manufacturers
with usable data to optimize the design of horizontal aeration systems. The results from this
project will be incorporated into future Ph.D. research, with the eventual goal of using the
collected data to build a mathematical model predicting the effects of manipulating different

variables within the system. The project is designed to allow for further testing of different



combinations of fans, transitions, grain types, internal column sizes, inlet surface areas, and
outlet areas. The constructed device will provide the physical measurements used to validate the
Ph.D. student's calculated values from the model and serve as a bench-scale prototype of a future
full-scale testing system. This project is a step towards filling in some observed data gaps and

help guide manufacturers' decision-making.
2. PROBLEM DEFINITION

The client, Dr. Jian, required an airflow measurement system to measure air resistance
when horizontal airflow is applied in a grain bulk using different ventilation systems. The goal of

this design was to produce a device that measures 2D horizontal airflow through the grain.

Project deliverables include the constructed and verified device, which consists of a
functioning measurement system and structural components, a complete bill of materials
(Appendix A), and engineering drawings for the structural components of the design (Appendix

B).

2.1. Design Functions

The design must fulfill the following functions:

e Measure air resistance and airflow when the grain is ventilated using a horizontal flow
ventilation system.

o Ensure that horizontal airflow is achieved through the grain, and vertical airflow is
minimized.

o Ensure that airflow is radially uniform so that the grain is equally ventilated.
e Consist of a metal cylindrical bin on top of a plenum.
e Be approximately 2 meters in diameter to accommodate future testing.

e Use a perforated column as the air inlet in the center of the grain bulk and vent out of the
sides of the bin.

e Support the weight of the grain when full.
o Be able to test different surface areas of perforation on the inlet column.

e Be adjustable for different configurations of fans and transitions.



e Accommodate different sizes of grains ranging from small seeds like canola (1.6 mm in
diameter) to larger seeds like peas (2.5 mm in diameter) and irregular-sized seeds like
corn (7.36 mm x 6.29 mm).

o Take at most 4 hours to reconfigure the ventilation system.
e Allow for efficient loading and unloading of grain without damage to any components.
These functions are essential for the design to meet the client's requirements. Failure to meet

these functions results in the design failing to achieve the client's desired tasks.

2.2. Technical Specifications

The technical specifications of the project are listed in Table 1. Specifications S1.X are
the physical dimensions of the design, specifications S2.X are the physical properties of the
grain, S3.X are the specifications related to the instrumentation utilized in the design, and S4.X

are the airflow properties, and S5.X are specifications for the assembly and testing operations.

TABLE 1. LIST OF TECHNICAL SPECIFICATIONS

Spec.# Definition Criteria Verification Procedure

Physical Size of Structure

S1.1 Height of bin 1470 = 50 mm 4.1
51.2 Diameter of bin 1920 + 50 mm 4.1
S1.3 Height of internal column <610 mm 4.1
S1.4 Diameter of internal column 380 - 500 mm 4.1

Physical Properties of Grain

S2.1 Size of the smallest grain Canola seed 421

$2.2 Load capacity 5000 kg 422

Instrumentation Specifications

Manometer pressure measurement

0-206.8 kP 43
S3.1 range e




TABLE 1. LIST OF TECHNICAL SPECIFICATIONS - CONTINUED

Spec.# Definition Criteria Verification Procedure
Resolution and accuracy of 0.2 kPa; 0.3% of 43
S3.2 manometer measurements full scale at 25°C
Hot wire anemometer velocity 43
S3.3 measurement range 0.10 m/s to 30.0 m/s
0.01 m/s at 0.00 m/s 43
Resolution and accuracy of hot wire  to 9.99 m/s; + (3% of
S3.4 anemometer measurements the reading +0.1) m/s
Mass flow sensor velocity 43
S3.5 measurement range 0 m/s to 100 m/s
Resolution and accuracy of mass flow 0.01 m/s; <3% of 43
S3.6 sensor measurements measured value
110 CFM; 6” S.P; 43
S3.7 Fan specifications 3200 rpm
Airflow Properties
0 m/s through 441
S4.1 Vertical airflow is minimized top of grain
Maximum +10% 442
variation from the
S4.2 Radial airflow uniformity mean

Testing Operations

S5.1 Maximum time for assembly <4 hours 45.1
Accommodates multiple fans and Secure fit; No air 452

S5.2 transitions leakage

S5.3 Frequency of measurements 30 seconds 453

S5.4 Duration of test 15 minutes 453

In Table 1, S1.1 and S1.2 are the fixed values of the bin. Specifications S1.3 and S1.4 are
the physical size of the perforated column used, with the height of the column being determined

according to recommendations from Chelladurai [6]. Based on discussions with the client, the



smallest grain that will be used with the airflow unit is canola, which is why S2.1 was chosen.
S2.2 was chosen based on the bulk density of wheat, which has the highest bulk density of all
potential grains, multiplied by the bin volume with a factor of safety of 1.5 and then rounded to
the nearest hundred. S3.1 to S3.7 represent the specifications of the instrumentation utilized in
the design. These are found in the individual product specification sheets located in Appendix C.
Specifications S4.1 and S4.2 define the requirements for the airflow to be primarily horizontal
and radially uniform. This ensures that the 2D airflow shown in Figure 2 can be used to
determine 3D airflow by projecting it radially. S5.1 to S5.4 are performance specifications

provided by the client that the design must meet.

2.3. Constraints

The project has several constraints and limitations guiding the design and functionality of

the final device. Table 2 shows the descriptions and implications of the constraints.

TABLE 2. LIST OF PROJECT CONSTRAINTS AND LIMITATIONS

Constraint # Description Mitigation Strategy
The project budget is limited to
approximately $5000, with All purchases will be made through and
additional expenses requiring approved by Dr. Jian, the Biosystems office,
Cl approval and/or Agriculture and Agri-Food Canada.
Parts provided include a transition fan
Predetermined connection, a Northern Blower 7993 size 6
components provided centrifugal fan, and an internal cylindrical
c2 by Dr. Jian. perforated column with a lid.
The project is less than The scope of testing is limited to
7 months long, beginning in mid-  accommodate the timeframe. Project
September 2024 progress is tracked with a regularly updated
C3 and ending in March 2025. Gantt chart.




3. DESIGN SOLUTION

There are three major subsystems to the design: (1) a plenum and attached ventilation
subassembly, (2) a perforated bin with an internal column, and (3) an airflow measurement
system. Figure 2 shows the assembly of the three systems and the air travel path through the

device.

Bl Structural
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[l Pitot supports
I Airflow paths

E Grain

Top of Grain Pile

Perforated Outer
Wall

Perforated

]
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1

1
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|
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\ Airflow

Octagonal Plenum

Figure 2. Diagram of testing and measurement system device with color-coded subsystems.

The design functions by moving air from a fan through a transition and into the plenum
base. The plenum is connected to a perforated internal column, which vents the air horizontally
into the bin. Then, the air is ventilated through a perforated exterior wall. The air is forced to
travel horizontally through the grain due to the static air pressure exerted by the grain above the
top of the internal column. A system of thermal mass flow sensors, pitot tubes, and a hot wire
anemometer measure airflow property through the grain bulk. This produces a comprehensive

testing and measurement system.



3.1. Major Subsystems

The three major subsystems and their relevant subassemblies are outlined in detail below.
The systems are intended to be adaptable and scalable for modelling purposes. Material selection
prioritized readily accessible and low-cost options to provide flexibility in future study
applications. Engineering drawings for the systems can be found in Appendix B and a complete

bill of materials is found in Appendix A.

3.1.1. Octagonal Plenum

The first subsystem is the octagonal plenum and attached ventilation subassembly. The
plenum, shown in Figure 3, serves as the structural foundation for the grain bin. It provides a
solid foundation for the bin and contains lateral support for the bin walls. The plenum has the

following specifications:

e Plenum Dimensions: octagonal with a width of 1.98 m and a height of 0.3 m
¢ Lumber frame made from 2”x4” lumber for structural support

e Sheathed with 11 mm (7/16”) plywood and sealed using silicone caulking

e FOS of 8.6, with a design load of 970 Pa and a failure load of 8.3 MPa

The lumber frame provides structural support allowing for the plenum to hold the load of the
grain, and it is sheathed with plywood with all the joints sealed with silicone caulking to prevent
air escaping into the external environment. The plenum has a hole on one side that allows the fan
transition to attach, and a hole on the top surface of it to allow air to move up and into the bin
above. The factor of safety of 8.6 is based on the structural design calculations, the heavy-duty
lumber frame means that the plenum is overdesigned for the load. This is due to the use of 27x4”
lumber since that is a standard size carried by all lumber supply stores which made it readily
available. Using 2”x4” lumber allowed the interior and exterior rings to be easily constructed and
made it simple to seal using plywood and silicone, while also providing structural support for the

internal column and sensor mounts.



(A) (B)

Figure 3. Octagonal plenum with frame exposed (A) and fully assembled (B)

The ventilation subassembly, which includes the fan, transition, and an airflow rate
control, is attached to the exterior of the octagonal plenum to supply aeration for the unit. It
transitions from the fan into the plenum, where the air is forced upward into the internal column
placed inside the grain bulk. The fan selected for the ventilation assembly determines the
pressure generated at specific air flows. The fan is connected to a duct, composed of transitions
to connect the fan to the plenum and with a ball valve, as shown in Figure 4. Adjusting the valve
will control the airflow rate that will flow into the plenum. No instrumentation was installed to

measure airflow before entering the plenum, as it was outside the scope of this project.

10



Figure 4. Image of ventilation subsystem

The valve allows for a convenient way to change the airflow rate and apply different
airflow velocities. Measurements of airflow at different rates can be used to create future fan
charts, which are essential to designing grain aeration systems. This adjustable airflow rate will
optimize future designs and further research into horizontal airflow based on the performance

metrics collected using the measurement subsystem.

3.1.2. Perforated Bin

The second main component is the cylindrical grain bin, shown in Figure 5. The bin is
designed to form a horizontal airflow through the grain when air is supplied. The exterior
perforated wall is the outlet for the grain aeration system, while the internal perforated column
serves as the airflow inlet. Additionally, the outer wall must structurally support the lateral
pressure of the grain applied by the bulk when the bin is filled.

11



Figure 5. Concentric perforated columns and side door.

The outer wall of the bin is built out of 20-gauge metal sheets with 1.57 mm (0.062”)
diameter perforations and 40% open surface area. The outer column has a total height of 1.72 m
and is made of several riveted perforated metal sheets to form a 1.92 m diameter rigid cylinder.
The wall is reinforced with 3.2mm x 6.4mm (1/87x1/4”) steel bars bolted to the plenum to
account for the lateral pressures applied onto the column from the depth of the grain. This
support also holds the outer column firmly in place during testing. Pressure calculations can be
found in Appendix C. Using a perforated outer wall provides complete control over the
configuration of external venting. The exposed perforated surface area is adjustable by affixing

plastic sheeting over any section of the bin wall.

The internal column is a prefabricated perforated column, through which air is supplied
to the grain. For the verification procedures, an inner column with a 380 mm diameter and a
height of 610 mm was selected. The internal column sits above the hole in the top of the plenum,
which is covered by the same perforated sheet metal as the bin wall. This allows internal
columns with different diameters to be used in testing without having to change the size of the
center hole. The column is held in place by the pressure of the grain during testing. Any
perforated surface area outside the diameter of the internal column is covered in plastic to

12



prevent air from entering the bottom of the grain bulk, ensuring the airflow is purely horizontal.
This creates a radially uniform horizontal airflow that travels through the grain bulk until it exits

it through the external perforated column.

Additionally, the internal column has a prefabricated conical lid to enclose it and prevent
grain from entering. It also provides structural support by distributing and supporting the weight
of the grain above the internal column. Adjustments can be made to the column’s exposed
surface area by detaching the lid and placing plastic sheeting inside the column. The lid secures
the plastic from the top while the airflow holds it flush against the column’s interior while in

operation.

Once assembled, the bin can either be filled using a grain auger from the top or filled by
hand. One side door has been placed on the external bin wall to empty the grain inside the bin
into a grain auger after testing is complete. A diamond mesh was installed over the opening to
provide structural support as well as prevent any instrumentation that may have become loose

during operation from entering the auger. The side door assembly is shown in Figure 6.

Figure 6. Side door assembly.

The side door is made of the same perforated metal as the bin walls, sits in a wood frame,
and is held in place by brackets made from galvanized sheet metal. A handle is used to lift and

lower the door, allowing for the bin to be emptied after testing is complete. Finally, a grain

13



discharge chute made of galvanized sheet metal is attached to the base of the door frame. The
discharge chute directs the grain flow so that grain falls into the hopper of the auger, and spillage

can be minimized.

3.1.3. Airflow Measurement System

Airflow velocity is measured as it moves through the internal column before it enters the
grain bulk. Two sets of five thermal mass flow sensors are installed to measure the vertical
velocity through the column. The sensors are aligned horizontally with the pitot tubes and
secured by 3D printed mounts onto vertical support bars. The first set is fixed in the center of the

internal column, while the second set is placed near the column wall.

FS7.0.1L.195 Thermal
Mass Flow Sensors

/ /

2-P0l§ Rotary FS7 Flow Demo
Switches Evaluation Board

—0 il

[ 6V Power Supply }

Figure 7. Flowchart of mass flow sensor system.

Each set of five sensors is connected to a 2-pole rotary switch, which is then connected to
a respective evaluation board. The switches allow one sensor from each set to be transmitting a
signal to the board at a time. The two evaluation boards require an input of 6-9 V, provided by
the power supply shown in Figure 8. The sensors are calibrated to correlate the voltage output to
an airflow velocity. The output is read by an Agilent data acquisition system connected to the
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evaluation boards. A bench calibration was performed on each sensor for a range of 0 m/s to 6.4

m/s. Sensor calibration data and equations are included in Appendix D.

Figure 8. Data acquisition system with from, left to right, enclosure for the evaluation boards,
power supply, and data acquisition system.

Within the grain bulk, two sets of five pitot tubes were used to measure air pressure in a
2D plane. The first set is located after the air enters the grain from the inlet, and the second set is
before the air exits the bin. A custom-built metal frame was made to provide structural support to
the pitot tubes. The frame was built using diamond meshes welded to 9.5 mm (3/8”) square bars
as shown in Figure 9. The 9.5 mm (3/8”) square bars had a FOS of 4.0, full design calculations
can be found in Appendix C. It was decided to overdesign the metal support frame so that
assembly would be easier as any square bars below 9.5 mm (3/8”) become more challenging to

weld due to their smaller size.
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Figure 9. Pitot support frame with pitot tubes installed.

As shown in Figure 9, the pitot tubes are attached to the custom-built metal frame and zip
tied into position. These supports ensure that the pitot tubes stay in place during testing to
prevent errors in the results. The first set of pitot tubes measure the pressure after the air exits the
internal column and are placed 300 mm away from the center of the bin. This placement allows
for an internal column with a diameter of up to 500 mm. The second set of pitot tubes measure
the pressure drop before the air exits the external column and are placed 150 mm from the
external wall to reduce the effect of the instruments on airflow exiting the bin. The pitot tubes are
installed in five layers with 90 mm of vertical spacing, starting from 25 mm above the floor of
the bin. There are five pitot tubes with a 7.9 mm (5/16") diameter and 6.25 m (24-5/8”) insertion
length and five with a 7.9 mm (5/16") diameter and 9.30 m (36-5/8") insertion length.

Pressure readings from the pitot tubes are taken by two digital manometers, so both
values in a single horizontal plane can be read simultaneously. The manometer used was a Reed
R3030. The airflow exiting the grain bulk through the external column is manually measured
outside the bin using a hot wire anemometer. The hot wire anemometer is a Kanomax A301 hot
wire anemometer. The specifications for the equipment of the instrumentation can be found in

Section 2.2 under Table 1.
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3.2. Operation and Data Collection Procedure

A procedure for operating the device and collecting data during testing was developed

and is detailed below. It was designed to comply with this project's time and budget constraints

while considering the device’s future uses and user needs.

TABLE 3. DATA COLLECTION PROCEDURE

Step # Item

Action

1 System

assembly

Place the internal column in the center of the bin above the hole
in the plenum.

Use plastic sheeting to prevent airflow through any undesired
perforated surface area. This includes adjusting the exposed
surface area on the internal column, the external bin wall, and
any perforation on the bin floor not covered by the internal
column.

Connect the fan transition to the plenum through the connection

port in the plenum's side.

2 Grain loading

Load grain into the bin with augers or by hand.

Evenly distribute grain once bin is fully filled.

3 Start test

Adjust valve on transition as required.

Turn on fan.

4 Velocity and
pressure data

recording

Turn on power supply to mass flow sensor evaluation boards and
data acquisition system.

Set mass flow sensor switches to settings A and F, corresponding
to the top sensor in each set. Each set is connected to a channel
in the data acquisition system. The data system will display the
voltage reading from one channel at a time but can switch

between the two instantaneously.
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TABLE 3. DATA COLLECTION PROCEDURE - CONTINUED

Step # Item Action

4 Velocity and e Record following data simultaneously for a single horizontal
pressure data plane. This includes one mass flow sensor from each set, two
recording - pitot tubes, and an exit velocity reading.
continued o Read the voltage from both channels of the data

acquisition system every 30 seconds for 15 minutes.

o Record pressure output measurements every 30
seconds for 15 minutes using two manometers, one
connected to each pitot tube.

o Record outlet air velocity every 30 seconds for 15
minutes using a hot wire anemometer. If the exit
velocity is below the threshold of the anemometer, a
large cone with a gradual contraction can increase the
velocity outside of the bin wall. The average exit

velocity over the area is related by flow continuity.

e Switch manometers to pitot tubes on next horizontal plane. Turn

mass flow sensor switches to next stop, (A and F, B and G, etc.).

e Repeat for all five horizontal planes.

5 End test e Turn off fan.
6 Grain e Open exit door and allow the grain to flow out of the bin under
emptying gravity.

¢ Remove any remaining grain with a vacuum
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The measurement system uses instrumentation that produces five separate outputs values

to be used in analysis. Each instrument is listed in Table 4 in the order which it is passed by air

moving through the system. The respective data type and how that data is obtained is indicated in

the right-hand column.

TABLE 4. SYSTEM OUTPUTS AND OUTPUT DATA TYPES

# Output Data Obtained for Analysis
I Thermal mass flow sensor Output voltage read by data acquisition system
) Thermal mass flow sensor correlated to airflow velocity
3 Pitot tube
Manual pressure readings from a manometer
4 Pitot tube
5 Hot wire anemometer Manual airflow velocity readings

Data is analyzed by converting all velocity measurements to pressure values (outputs 1,

2, and 5). Pressure drops between instruments across each horizontal plane can be compared to

determine the loss experienced from passing through the internal column, grain bulk, or external

column. Pressure drops across the horizontal plane can also be compared to one another to

analyze the vertical uniformity of the airflow and how the airflow is affected by depth. Finally,

data sets can be compared between test treatments with changing input variables to look at the

effect of different ventilation systems.

There are five variables that can be adjusted in the design to obtain and compare output

data. These input variables are listed in the table below. The selected input parameters used in the

scope of this project to test and verify the function of the design are listed accordingly. Tests

were conducted using the procedure outlined in Table 3.
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TABLE 5. SYSTEM INPUTS AND SELECTED INPUT PARAMETERS

# Input

Selected Input Parameters

1 Grain type

Wheat

2 Internal column dimensions

Diameter: 380 mm; Height: 610 mm

3 Percent of internal column
100%
perforated surface area exposed
4 Percent of external column
100%

perforated surface area exposed

5 Fan and transition configuration

Northern Blower 7993 size 6 centrifugal fan,

Transition valves 100% open

The technical specifications in Table 1 indicate the allowable ranges for input parameters

1 and 2 (S1.3, S1.4, and S2.1). The description of each subsystem shows how the design

accommodates changing each input variable. Adjustability for these inputs is a key design

function and is what ensures the device meets the client’s needs and future goals for the project.
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4. VERIFICATION PROCEDURES

The procedures below verify the technical specifications outlined in Table 1. Each
procedure is listed with its corresponding specification. Pass/fail criteria and justifications are

included where necessary.
4.1. Physical Size of Structure (S1.X)

Specifications S1.1, S1.2, S1.3, and S1.4 refer to the physical size of the design. These
specifications were verified by measurement with a measuring tape. The design is considered
adequate if the horizontal air travel path is less than or equal to 130% of the shortest potential
vertical air travel path. This specification is based on the lower limit of the observed horizontal
versus vertical pressure differences described in [1]. Therefore, pass/fail of the criteria is

governed by:

bl el < (51.1-S51.3) %130

S1.1 and S1.2 have a target value of within 5 cm of their specified measurements to
provide a margin for manufacturing variability. S1.3 and S1.4 are measurements of the
prefabricated internal perforated column and are a pass if they comply with the above
constraints. S1.3 is measured from the base of the column to the bottom of the lid. S1.4 is the
external diameter of the column. The following dimensions were obtained from the fully

assembled device:

TABLE 6. S1.1-S1.4 VERIFICATION RESULTS

# Item Target Measured Satisfied (Y/N)
S1.1 Bin height 1470 £ 50 mm 1422 mm Yes
812 Bin diameter 1920 + 50 mm 1960 mm Yes
S1.3 Internal column height 610 mm 610 mm Yes
S1.4 Internal column diameter 380 - 500 mm 380 mm Yes
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Inputting the measured values into EQN (1) yields:

1960 — 380
< (1422-610)%1.30

790 < 1055.6

The equation is satisfied under the given measurements, therefore specifications S1.1-S1.4 pass

their criterion.
4.2. Physical Properties of Grain (S2.X)

Specifications S2.1 and S.2.2 refer to the device's compatibility with the physical

properties of the grains used in its operation.

4.2.1. Size of Smallest Grain (52.1)

The smallest grain size compatible with the device is determined by the perforation size
in the outer bin wall. Availability of off-the-shelf perforated metals limited the minimum
perforation diameter that could be obtained within the timeframe and budget of the project. The
diameter of the perforations in the bin wall are 0.062-inches or approximately 1.57 mm.
Therefore, the design is compatible with any seeds having a minor diameter greater than 1.57

mm.

At the client’s request, the smallest design grain is canola seed and further testing was
performed to determine its compatibility with the design. Variability in the diameter of canola
seeds is expected and can be dependent on where it was purchased from and when. Therefore,
S2.1 was verified based on the size distribution of canola seed available at the time of this project
in the on-campus lab. An initial target of a maximum 15% (by mass) of the seeds falling below
the perforation size was set as the passing criteria. A seed diameter distribution of selected sizes
was determined by performing a sieve analysis, adapted from ASABE standard ANSI/ASAE
S319.5 “Method of Determining and Expressing Fineness of Feed Materials by Sieving [9].” The

test procedure is outlined below:
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Sieve Analysis Procedure for Determining Distribution of Selected Seed Diameters:

Materials and equipment: Canola seed, container, scale with precision to 0.1 grams, Retsch

sieve shaker, Retsch woven wire-cloth sieves (US sizes 10, 12, and 14)

Procedure:

1. A mass of 893.5 grams of canola seed was obtained from the grain storage lab and
weighed.

2. The seeds were transferred to a Retsch sieve shaker equipped with a set of woven wire-
cloth sieves. Sieve sizes 10, 12, and 14 were used, corresponding to aperture sizes of 2.0
mm, 1.70 mm, and 1.18 mm, respectively. (Note that all seeds were greater than 1.18
mm.)

3. The sieves were agitated at a speed of 175 rpm for 10 minutes.

4. The portion of seeds remaining in each sieve were removed and then weighed. Using the

total mass, the proportion of seeds falling in each size range was determined.

The results from the sieve analysis are summarized in the table below.

TABLE 7. SIEVE ANALYSIS DATA

Initial Mass Mass Mass Mass Proportion
>2.0 mm >1.70 mm <1.70 mm <1.70 mm
8935¢g 62¢g 6839¢g 2034 ¢ 0.228

Since there is no sieve aperture size between 1.18 mm and 1.70 mm, the procedure above
overestimates the true proportion of seeds falling below 1.57 mm in diameter. This limited the
confidence with which the initial passing criteria could be verified, as the shape of the seed
distribution below 1.70 mm and the minimum seed diameter were unknown. Assuming that <1%
of the seeds fell below 1.20 mm and that the seed diameters follow a normal population
distribution, the estimated proportion of seeds <1.57 mm was calculated using statistical analysis

as follows:
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At 1.20 mm: p1.20mm = 0.0099, z1 20mm = -2.33
At 1.70 mm: p1.70mm = 0.2296, z1 70mm = -0.74

Therefore, 1.57 mm corresponds to a z value of:

1.70 — 1.57

Z1 57mm = m(—2.33 —(—0.74)) —0.74 = —1.15

This corresponds to a probability of p1.57mm = 0.1251. The verification results are below.

TABLE 8. S2.1 VERIFICATION RESULTS

# Item Target Measured Satisfied (Y/N)
Proportion Proportion
52.1 Size of smallest grain 0.15 0.1251 Yes

The results predict that less than 12.51% of the grain bulk will fall below the 1.57 mm
benchmark, which complies with the initial criteria and S2.1 was considered a pass. However,
due to the limitations of the data collection process and assumptions made, it is acknowledged

that the client may wish to perform additional verification with the device.

4.2.2. Loading Capacity (S2.2)

S2.2 refers to the design's ability to withstand the grain load in the vertical and lateral
directions. S2.2 was verified through calculation in the design stage. The wood plenum must
withstand an estimated 5000 kg design load. The maximum estimated load contains a safety
factor of 1.5 that accounts for expected variations in bulk density when using organic materials
such as grain. The pitot tube supports must also withstand the vertical load of the grain above
them. Further, the maximum estimated lateral pressure of the grain must be less than or equal to

the allowable load of the perforated metal sheet used in the design.

Design calculations of maximum vertical and lateral pressures, and selected material
properties are shown in Appendix C, with the results summarized in the following table. A factor

of safety of 2.5 was set for all the structural components.
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TABLE 9. S2.2 VERIFICATION RESULTS

# Item Maximum Factored Failure Load FOS Satisfied
Design Load (Y/N)
S22 Lateral pressure on 484.48 Pa 130 MPa 268 Yes
bin wall
Vertical load on 968.97 Pa 8.3 MPa 8.4 Yes
plenum
Vertical load on 968.97 Pa 248 MPa 255 Yes

pitot tube supports

All three failure loads are greater than the design loads and S2.2 is satisfied. In the case
of the lateral pressure the factor of safety is significantly higher than the desired factor of safety.
The high safety factor reflects the minimal amount of lateral pressure exerted by the grain

combined with the high strength of steel.

4.3. Instrumentation Specifications (S3.X)

Specifications S3.X define the parameters of the instrumentation implemented in the
design and are provided by the respective manufacturers. S3.1 and S3.2 define the pressure
reading range and resolution of the two manometers used to read the pitot tubes; S3.3 and S3.4
define the velocity measurement range and resolution of the hot wire anemometer; and S3.5 and
S3.6 define the velocity measurement range and resolution of the mass flow sensors. S3.7
defines the fan’s output in CFM and revolution speed at approximately 1293 Pa (6 inWG) of

static pressure.

Calibration and further verification of the instrumentation implemented in the design is
outside the scope of this project and not required for data collection. Parameters provided by the
manufacturer can be found in the product specification sheets included in Appendix C. The
exception to this is the mass flow sensors which were calibrated for the anticipated airflow range

within the system. The calibration procedure is outlined below:

Bench Calibration Procedure for Mass Flow Sensors:
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Materials and equipment: mass flow sensors and 3D printed holders; mount to hold sensors;
desktop fan with variable velocity; Agilent data acquisition system; hot-wire anemometer; power

supply; Benchlink data logger 3 software.

Figure 10. Calibration materials pictured left to right: desktop fan; sensor and 3D printed holder
(pink) on calibration mount under plastic box; power supply.

Procedure:

1. The evaluation boards themselves were calibrated first. Then each sensor and its wires
were labeled to differentiate between them. Sensors were individually installed into their
3D printed holders.

2. To begin calibration, a sensor was mounted to the calibration setup and connected to the
evaluation board. The evaluation board was connected to a data acquisition system and
power supply. Data was recorded on the Benchlink data logger 3 software.

3. The sensor was covered with a plastic box to nullify airflow (Vo=0 m/s), and the
corresponding voltages (Uo) were catalogued and exported with the median voltage value
deduced.

4. The fan was then turned on to full power with a velocity of Vioo = 6.4 m/s (checked using
the hot-wire anemometer). Then the sensor was placed inside the fan to obtain and record
the corresponding voltages and their median (Uioo).

5. Using the hot-wire anemometer to monitor airflow, the fan's speed was lowered until it
reached Vso = 3.2 m/s. The third voltage values were obtained and their median

determined (Uso).
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6. Using the values and equations present in the sensor's manual, a graph was created
illustrating the relationship between the airflow speed and the voltage. A separate

equation was produced for each sensor to calculate airflow velocity from its voltage

reading.

The velocity equations take the form of:

(W Up) (Ut U
- 2

V 1 z
()1

Where U is the measured voltage, n = 0.5, and k is determined by the equation below.

k ==

L n
V 50%

A sample calibration graph is shown below for reference. The full set of calibration graphs and

calculated parameters for the mass flow sensors are included in Appendix D.

U_Anemometer Output (Sensor A Board 1)

0 1 2 3 4 5 6 7 8
Airflow Speed (m/s)

Figure 11. Sample calibration graph for mass flow sensor.

27



4.4. Airflow Properties (S4.X)

Specifications S4.1 and S4.2 refer to measuring and validating the direction and

uniformity airflow through the grain bulk.

4.4.1. Airflow Direction ($4.1)

S4.1 defines the horizontal direction of airflow in the system. S4.1 is considered a pass if
the vertical airflow through the top of the grain bulk is measured as zero relative to the air speed
of the surrounding ambient air. This confirms that any vertical airflow through the grain is
insignificant. The system is designed to create negligible vertical airflow when the bin is filled to
the top with grain. All grain was provided by the client, Dr. Fuji Jian, and at the time of testing,
not enough wheat was available to fill the bin completely. Therefore, testing was performed with

grain filled to a height of 1155 mm.

Airflow was measured using the KANOMAX Anemomaster A0O31 hot wire anemometer
which has a measurement accuracy of + (3% +0.1) m/s. The airflow velocity of the ambient air

was measured to be 0.01 m/s and vertical airflow above the bin was measured to be 0.13 m/s.

TABLE 10. S4.1 VERIFICATION RESULTS

# Item Target Measured Satisfied (Y/N)

S4.1  Vertical airflow 0m/s 0.13 m/s No

S4.1 was not satisfied with a grain depth of 1155 mm, and the results are not conclusive.
To remediate this for subsequent tests, a plastic tarp was placed on the top of the grain bulk to
prevent air from moving upwards and force horizontal airflow. The client was made aware of the

issue and expressed that no further verification was required for this specification.

4.4.2. Airflow Distribution (54.2)

S4.2 defines the radial uniformity of the flow through the bulk. It is verified by
measuring the airflow exit velocity from the perforated bin wall of eight evenly distributed

points. These points were spaced 45° apart around the circumference of the bin and measured
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using a hot wire anemometer. S4.2 is considered a pass if measurements in a radial plane fall

within £10% of the mean. Due to the very low velocity of the air exiting the bin wall, a large

cone with a gradual contraction was used to increase the velocity of the airflow to above the

threshold of the hot wire anemometer. The inlet and outlet areas of the cone were 0.0674 m? and

0.000284 m?, respectively. The measured velocity (V2) and the average exit velocity from the bin

(V1) are related by the equation:

Vi

A,

0.000284
0.0674

*V2

The mean airflow velocity measured was 0.34 m/s and a +10% variation put the target

range at 0.31 — 0.38 m/s. However, two significant outliers were noted in the data with values

approximately two times those of the other six readings. Removing these from the mean resulted

in an average velocity of 0.27 m/s and a target range of 0.24 — 0.30 m/s. The test results are

included in the following table.

TABLE 11. S4.2 VERIFICATION RESULTS

# Item Target Measured Satisfied (Y/N)
S4.2 Radial Point 1 024-030m/s  0.27m/s Yes

Radial Point 2 024-030m/s  0.28 m/s Yes

Radial Point 3 0.24 - 0.30 m/s 0.59 m/s No

Radial Point 4 024-030m/s  0.29m/s Yes

Radial Point 5 024-030m/s  0.24m/s Yes

Radial Point 6 0.24 -0.30 m/s 0.56 m/s No

Radial Point 7 024-030m/s  0.28 m/s Yes

Radial Point 8 024-030m/s  0.25m/s Yes

Six out of eight values fell within the adjusted target range and S4.2 was not completely

satisfied. The presence of instrumentation and structural components within the grain bulk are

likely the cause of the discrepancies.

29



4.5. Testing Operations (S5.X)

Specifications S5.X related to how the user interacts with the device during operation.
This includes the assembly time, changing the fan and transition, and recording data throughout a

test.

4.5.1. Assembly Time (§5.1)

S5.1 is measured by timing how long it takes to assemble the system when input
variables are adjusted. The assembly includes attaching the fan and transition system, adjusting
the exposed surface area percentage of the internal column, and filling the bin with grain. S5.1 is

considered a pass if the assembly time takes less than four hours when the bin starts from empty.

The total assembly time was measured during the testing and verification phase of the
design. Steps 1 and 2 of the data collection procedure in Table 3 (system assembly and grain

loading) were timed with the results recorded below.

TABLE 12. S5.1 VERIFICATION RESULTS

# Item Target Measured Satisfied (Y/N)
S5.1  System assembly time 1.5 hours

Grain loading time 2.25 hours

Total time elapsed <4 hours 3.75 hours Yes

4.5.2. Adjustability for Fans and Transitions (55.2)

S5.2 is defined by the system's compatibility with varying transitions. This specification
is verified by measuring that the fan securely connects to the transition and the transition
connects securely to the plenum without air leakage. S4.5 will be considered a pass for all
transitions if there is a zero reading by the hot wire anemometer relative to the ambient air at the
transition’s connection points. Similarly to S4.1, the values were read by the KANOMAX A031

hot wire anemometer and were rounded to one decimal place.
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TABLE 13. S5.2 VERIFICATION RESULTS

# Item Target Measured Satisfied (Y/N)

S5.2 0m/s 0.01 m/s Yes

The difference between the two measurements rounded to zero and S5.2 was satisfied.

4.5.3. Measurement Frequency and Test Length (85.3, §5.4)

Specifications S5.3 and S5.4 refer to the frequency of pressure and velocity readings
taken from the device during testing. Manual measurement readings and test duration times were
verified through observation of a stopwatch during testing. Further verification or automation of

measurement times are not required for the scope of this project.
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S. SUSTAINABILITY

To ensure the project's success in other areas other than engineering and design, Team 8
conducted a sustainability evaluation of its long-term impact on the community and the
environment. The project was evaluated using Green Project Management (GPM) P5 Impact
Analysis Version 5.0.2 [10] and Triple Bottom Line (TBL) framework [11] which were adopted

by The University of Waterloo’s Engineering Faculty in assessing projects.

Triple Bottom Line recognizes the connection between the planet, people and prosperity
in relation to the project. Green Project Management defines elements, proposed actions,
potential impact for the proposed action scored from 1 (severe negative impact) to 5 (strong
positive impact). Each of the five selected sustainability elements in Table 14 is evaluated using
an impact score, showing the overall change in impact before and after proposed or implemented

sustainability measures.

TABLE 14. GPM SUSTAINABILITY ANALYSIS

Planet Impact 1: Category — Transport (Scored: YES)

Element Local Procurement

Description Local procurement is the practice of purchasing products and services from
local suppliers.

Description Materials used in assembling and testing the prototype are purchased form

Cause local suppliers such as Home Depot, Metal Supermarket, and All Size
Perforating Ltd.

Potential Incorporating locally purchased materials into the project contributes to the

Sustainability economic vitality, reduced carbon footprint as materials are transported

over short distances leading to lower fuel consumption and emissions.

Proposed Future modification made to the project and grains used in testing should
Response be purchased from local suppliers throughout the life span of the project.
Before: 4 After: 5

Impact Scores

Change: 1
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TABLE 14. GPM SUSTAINABILITY ANALYSIS - CONTINUED

Planet Impact 2: Category — Energy (Scored: YES)

Element Energy Consumption

Description Energy consumption is the amount of energy used by the project
throughout its duration. It encompasses all aspects of energy use from
office lighting to the energy required for transportation.

Description Existing grain silos typically require high amount of energy to effectively

Cause dry grains.

Potential The iterated prototype is projected to yield energy savings through reduced

Sustainability power consumption and enhanced grain drying efficiency.

Proposed Future design operating systems modification made to the project should

Response prioritize reduced power consumption as the key element of the

sustainability strategy

Before:3 After: 4

Impact Scores

Change: 1

People Impact 1: Category — Society and Customers (Scored: YES)

Element Customer Health and Safety
Customer health and safety includes the measures taken to ensure the
physical and mental wellbeing of the end users of the project's results. This
Description includes providing information about risks and hazards, proper customer
handling during the project, and adherence to relevant safety standards,
protocols, laws, and regulations.
Description The prototype does not provide any information regarding potential risks
Cause or hazards that come with assembling and using the grain storage bin.
Potential Students collecting data might face pinch hazards, ergonomic hazards that
Sustainability come with loading and unloading 3000kg of grains.
Proposed A manual should be prepared indicating potential hazards, personal
Resi))onse protective equipment's required when loading grains, unloading grains, and

during operation.

Before:1 After: 4

Impact Scores

Change: 3

33



TABLE 14. GPM SUSTAINABILITY ANALYSIS - CONTINUED

People Impact 2: Category - Labor Practices and Decent Work (Scored: YES)

Element Training and Qualifications
Training and qualifications are the process of ensuring that operators have
Descripti the necessary skills to effectively complete their work. It involves
escription e . . } o
= providing instruction, assessing proficiency, monitoring performance, and
offering guidance.
o The grain storage bin uses calibrated mass flow sensors that are sensitive,
Description ; . ;
Cause easy to break and require careful handling, hot wire anemometer and
digital manometer in reading data and a data acquisition system.
. Training on sensor calibration, placement, and data acquisition system
Potential . . .
g connection was provided to team members and the client’s Ph.D. student
Sustainability : .
for effective data collection.
Future students using the grain storage bin in conducting research should
consult with the University of Manitoba Biosystems Engineering
Proposed . na . "
technicians for training on calibration, replacement of the mass flow
Response , -
sensors, usage of hot wire anemometers, digital anemometer and data
acquisition system before conducting their research.
Before:3 After: 4
Impact Scores
Change: 1

Prosperity Impact: Category — Local Economic Impact (Scored: YES)

FElement Indirect Benefits

Indirect benefits are the positive impacts that go beyond the immediate
outcomes of the project and may not always be immediately visible. These
Description benefits can include improved quality of life, increased economic activity
in the local area, and environmental improvements such as cleaner air or

water.
Description The grain storage bin is used to conduct research and collect more data on
Cause horizontal aeration of different grains.

34



TABLE 14. GPM SUSTAINABILITY ANALYSIS - CONTINUED

Potential Data collected is used to show the effectiveness of horizontal grain aeration

Sustainability compared to vertical grain aeration.

Proposed The data collected and research findings are to be shared with local farmers
P to enhance both moisture control and grain quality within grain storage

Response

bins.

Before: 3 After: 4

Impact Scores

Change: 1

The overall lifespan lens project score under Green Project Management indicates an

initial average score evaluation of 2.8 on the existing project, a news average score of 4.2 upon

implementation of proposed responses. The overall change is 1.4, indicating neutral impact

throughout the lifespan of the project.
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6. CONCLUSION

This project developed a functioning horizontal grain aeration testing and measurement
system for use in Ph.D. research at the University of Manitoba. The system was designed to
provide data to support the development of, and verify, computational models of different
horizontal grain aeration systems. The models will predict the effects that changing ventilation
components have on airflow. The system functions by forcing air horizontally through the
system, where pressure and velocity are measured at several key locations in its travel path. Five
measurement layers ensure that sufficient data is recorded. The design is adjustable to allow for

future testing with different grain types and ventilation configurations.

Testing and verification of the device was conducted using wheat, and the results
demonstrated that the system operates as intended. It is compatible with seed sizes greater than
1.57 mm and can withstand the vertical and lateral pressures imposed by the grain bulk. It is
assumed that when full it allows for negligible airflow in the vertical direction, though this could
not be verified at the time of testing. Airflow was primarily uniform radially, but some variability

was observed and attributed to the effect of instrumentation within the device.

These results show that the system provides meaningful data for future studies. Client
feedback confirmed that the results met the project expectations, proving the design’s
effectiveness. With continued testing and refinement, this device will contribute to a better

understanding of horizontal grain aeration systems and help improve grain storage practices.

6.1. Project Limitations

A major limitation in the design is the necessary presence of instrumentation to retrieve
the required data for analysis. Any instrumentation naturally disrupts the airflow path and can
affect the accuracy of the desired measurement. The presence of the mass flow sensors in the
internal column may also disrupt the radial uniformity of the airflow exiting the column and
introduce additional turbulence. For the design stage to proceed, this error had to be assumed
negligible enough to collect acceptable data. While this problem is impossible to avoid
completely, the design attempted to mitigate these effects by providing adequate space between

the pitot tube sets and minimizing the size of their support structure as much as possible. The
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support structure and 3D printed mounts for the mass flow sensors were designed to be thin and
minimally intrusive. However, non-uniformity was still observed in the airflow exiting the bin

wall and thought to be attributed to the presence of the physical objects within the device.

The individual resolutions and accuracies of the instrumentation implemented in the
design limit the precision of the data that can be collected from the system. Each device has its
own associated error and tolerances which compound to produce an error for the overall design.
Devices may react differently to varying external conditions, such as temperature and relative
humidity levels of the air. This means that any results collected from the device should be
considered in conjunction with the air properties at that time. It is also important to consider that
air properties will differ depending on where in the system the data is collected, as the air in the
internal column will respond to the temperature and moisture levels of the grain it interacts with.
The device was constructed and verified in an indoor environment which was assumed to be
relatively stable. However, no additional measures were taken to maintain a controlled
environment within the room. Any effect on the instrumentation from fluctuating environmental

conditions was assumed to be negligible.

Due to the inability to acquire the volume of grain to fill the entire bin, verification tests
had to be completed using a plastic tarp to prevent airflow from travelling vertically through the
system. This presented a challenge in verifying the technical specifications related to airflow
travel path and uniformity. Tests were completed as outlined in the verification procedure
section, however, the specification defining completely horizontal airflow could not be verified

at the time of testing.

Further limitations in the test methodology and results arose from the sieve analysis
performed to assess the device’s compatibility with the canola seed available in the on-campus
lab. The sieve aperture sizes were only available in 1.70 mm and 1.18 mm dimensions which did
not coincide with the 1.57 mm perforation size of the bin wall that defined the specification.
Therefore, the test methodology had to approximate the percentage of canola falling below the
perforation diameter using statistical distribution. This should be held in consideration when

evaluating the results of the test and subsequent passing of the criteria.

Calibrating sensors in the system in which they are to be used is preferred for accuracy

and validity of results. Given the impracticality of and challenges associated with calibrating the
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sensors while enclosed by the internal column, a bench top calibration was performed on all ten
sensors. While they were calibrated for the expected range of velocities they encounter within the
device, the environmental conditions the sensors experience during testing cannot be perfectly
replicated in the lab. In the lab setting, airflow was directed perpendicularly across the sensor
surface in a relatively controlled path. In reality, there is likely turbulent airflow within the
column that creates significantly different airflow patterns. The effect of cross-directional airflow

is unknown and may interfere with the accuracy of the velocity measurements obtained.

6.2. Recommendations

It is recommended that future prototypes of similar testing and measurement systems
consider less intrusive measurement options to reduce the interference of instrumentation on the
airflow. This includes the pitot tubes, pitot tube support structure, and the mass flow sensor
setup. Minimizing any structures within the grain bulk will also ensure that the bulk remains
uniform throughout the bin. To further improve the data collection methods, it is suggested that
the number of manual measurements required be reduced by incorporating automated data
collection systems where possible. Future calibration of the mass flow sensors should be
performed within the device to maximize the reliability of their readings. Incorporating these
recommendations into the design will improve the accuracy of the data and the efficiency with
which it is collected. Additionally, a smaller perforation size for the exterior bin would expand
the range of seed diameters compatible with the device, thus increasing the device’s functionality

and applications.

The next step is to use the constructed device to inform the modelling of horizontal
airflow systems. This involves following the outlined operation procedure to collect data across
different system configurations. The resulting model will help analyze how pressure drops vary
in response to changes in the system design. Other design options may be considered at this point
as the scope of this project was limited to aerating grain only to the height of the inlet. As
research progresses to full-scale testing, designs that address aeration of the entire grain depth

are recommended for modelling and optimization.
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Encouraging more research in this area will provide manufacturers with the necessary
data to develop functional horizontal aeration systems for full-scale grain bins. Additionally,
farmers would feel more confident in adopting systems developed with measurable data,
particularly if the benefits compared to vertical aeration are quantifiable. This project is a step
towards reducing the time and energy demands of grain aeration that farmers currently operate

under, promoting continual growth and innovation within the industry.
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APPENDIX A: BILL OF MATERIALS

The table below shows the cost of different parts of the design that were provided by Dr.

Jian and the tools purchased to aid the completion of our project. The price of parts provided by

the client is unknown, hence indicated with N/A in the cost section. All other parts and materials

were bought by the team with a combination of funding provided by Dr. Mann and AAFC. The

materials are grouped in order of their respective subsystems, then by the subassembly, and

finally by the individual components.

TABLE Al. BILL OF MATERIALS

Size: 6, DES.: 7993
Serial # A42635-2

Item Brand/Manufacturer & Supplier Quantity | Unit Cost Total Cost
Part Number/Model (before tax)
Components for the Plenum Subsystem
Subassembly: Octagonal plenum
Plywood 4-foot x 8-foot x 7/16- Home Depot | 5 $21.22 $106.1
sheets inch Oriented Strand
Board Model # 108771
2x4 Lumber | 2-inch x 4-inch x 10-ft Home Depot | 11 $7.95 $87.45
SPF Select 2Btr Grade
Lumber
Adhesive LePage No More Nails Home Depot | 2 $16.54 $33.08
Wet Grab Construction
Adhesive, White,
Interior/Exterior,
Waterproof, 266 ml
Model # 2073546
Subassembly: Ventilation
Northern CML NORTHERN Dr. Jian 1 N/A N/A
Blower BLOWER INC.
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Transition N/A Dr. Jian 1 N/A N/A
Ball valve N/A Dr. Jian 1 N/A N/A
Components for the Bin Subsystem
Subassembly: External Column and Supports
2'x 10 PM-Steel-1008-Round All Size 10 N/A $1506.75
perforated Hole, 20 (0.036") — Perforating
metal sheets | 063/093 —4'x10' Ltd.
Perforated Metal
(cut into 2°x10’ + freight)
0.5"x 0.125" | 30" of Hot Rolled Flat Metal 16 $2.7612 $44.18
3 ft. steel Bar 0.125" X 0.500" Supermarket
bars HF/125500
Subassembly: Internal Column
Perforated N/A Dr. Jian 1 N/A N/A
column and
lid
Plastic HDG 12 ft. x 14 ft. Light | Home Depot | 1 $22.37 $22.37
sheeting Duty Tarp in Blue (2-
Pack)
Model # KS2LDCB1214
Subassembly: Door
Sheet metal | Zinc-Galvanized Low- McMaster- 1 $53.24 $53.24
for discharge | Carbon Steel Sheet, 24" | Carr
chute, and x 48" x 0.036"
door frame 8943K16
Components for the Measurement Subsystem
Subassembly: Pressure Measurement
Pitot Tube Dwyer Series 160-36 IT™M 5 $270
Stainless Steel Pitot Tube | Instruments
(5/16" dia. X 36"L) Inc. $2614.42
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Pitot Tube Dwyer Series 160-24 IT™M 5 $238

Stainless Steel Pitot Tube | Instruments

(5/16" dia. X 24"L) Inc.
Pitot Tube Hot Rolled Square Bars | Metal 14 $3.6782 $51.49
Support (0.375" X 20") Supermarket
Frame HSQ/375
Pitot Tube Hot Rolled Square Bars | Metal 4 $4.41384 $17.66
Support (0.375" X 24") Supermarket
Frame HSQ/375
Digital REED Dr. Jian, 2 N/A N/A
Manometer Model: R3030/R3100 Minami

Maeda

Hot-wire KANOMAX Dr. Jian 1 N/A N/A
Anemometer | Anemomaster A031
Thermal Innovative Sensor Digi-key 15 $17.39 $260.85
Mass Flow Technology
Sensors FS7.0.1L.195
Mass Flow Innovative Sensor Digi-key 2 $312.33 $624.66
Sensor Technology FS
Boards FLOWMODULE
Electric Box | Carlon6x 6x6D.216 | Home Depot | 1 $39.98 $ 39.98

cu in. Weatherproof

Junction Box with Cover

# E989RRR-V2-UPC
Electric Box | Carlon Nylon cord grip Home Depot | 1 $10.98 $10.98
Cord Grip grey fitting 3/4 in.

# CGC-075-V2
Electric Box | Carlon Nylon cord grip | Home Depot | 1 $6.28 $6.28

Cord Grip

grey fitting 3/8 in.
# CGC-038-V2
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Power BK Precision 1730A DC | Daniel NA N/A
Supply Power Supply Benedet
Data Agilent(/Keysight) Data | Daniel N/A N/A
Acquisition | Acquisition System/Data | Benedet
Unit Logger 34972A
2-Pole MFG: E-Switch / Digi-key $10.91 $21.82
Rotary KC25A9.501NLS
Switch Part # EG5866-ND
Knob Fluted | MFG: Davies Molding, | Digi-key $2.46 $4.92
W/Skirt LLC/ 1105
0.250" Phen | Part # 1722-1048-ND
Subassembly: Uniformity Measurement
Testing and Miscellaneous Materials
Wheat N/A Dr. Jian N/A N/A
Metal mesh | N/A Dale Bourns N/A
for bin door
Wire N/A Daniel N/A
Extensions Benedet,
and Electrical Minami
Connections Maeda $70
Bolts, nuts, washers, Dale Bourns, N/A
rivets, etc. Daniel
Hardware Benedet,
Minami
Maeda
Paulin #8 x 1-inch Flat Home Depot $7.17 $7.17
Head Square Drive
Screws Construction Screws in

Yellow Zinc — 100pcs
Model # 214-630
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Paulin #8 x 2-inch Flat Home Depot $11.98 $11.98
Head Square Drive
Screws Construction Screws in
Yellow Zinc — 100pcs
Model # 214-633
Cutting N/A Metal $18.0 $18.0
Services Supermarket
Total Cost $5613.38
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APPENDIX B: ENGINEERING DRAWINGS

Appendix B contains detailed engineering drawings of different parts contained in the design
of the Horizontal Grain Aeration Testing and Measurement System. This includes drawings for
the:

e Pitot tube support structure
e Plenum
e Side door

e 3D printed sensor mounts
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Pitot Tube Support Structure
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Figure B1. Detailed engineering drawing of the solid square bar-1
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Figure B2. Detailed engineering drawing of the solid square bar-2.
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Figure B3. Detailed engineering drawing of the diamond metal mesh.

49



A4

!

HLDIEM (917 -3V DS

Alquiassy <
) siog aionbg plos
A3y 'ON "OMa s

Alquiassy poddng aqn)
JOJid dwipI4 wWoysnd
1L

[1ayjaboy paplam]
.8/€ X .8/¢€

a2ipnbs aip sipq ||I¥
SSINIWWOD
vo
HddW D4W
‘ddd¥ DNI
LZ-€0-§Z0Z upirdig (93A03HD
LZ-£0-5202 Wis

ilva AWYN

NMYEa

00°0C Xv 1

—— 00 VZ X¥ ——

DNIMYEA 3125 1ON 04
HSINI4

¥2045 auonbsg Z/1 19948 TVIHILYW

‘d3d ONIDNVEII0L
DIE1IWOID 1J¥dEILNI

¥ IYWIDAA 3DV1d 33HHL
T IWWIDEQ 30Y1d OML
* aN3g FHOVW Y INONY
FIYNOILD YL

SSIDNVEIT0L

SIHONI NI 38V SNOISNIWIQ

1Q3HID34S ISIMYIHLO S53TNN

<

NOUYDNddY ‘QANBHOES
51 <IHIH IWVN ANVIWOD LEZSNI>

ASSY LXIN 40 NOISSIWEZ NILUEM FHI INCHLM
FIOHM ¥ SV HO [HVd NI NCILDINDO¥4IN

AMY “<IHIH IWWN ANYIWO D LEISNI-

NO a3asn 40 ALE3dO¥4 101 IHL 5 ONIMTED

SIHL MI QINIYINO D KOILYWHEOINI 3HL
TVUNIOHNOD ONY ASYIIIN4084
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Figure BS5. Detailed engineering drawing of the flat top support bar.

51



v

l

HIDHEM, FLL 3TV 0S
Alquassy Iny
A3 ‘ON "OmC s
Alquiassy poddng aqnj
JOiid w14 woysnd)
Fuu

[D] 2wpyy _oo.m.

;
f

Buipjam Aq apow
2D UOIIUUOD ||V
SINIAWOD D
‘vyo
Widy DIw
Wy s
(Z*E0"§T0Z uoD|fjag T
LZ-£0-520Z WIS NEvag
auve IWYN

ONMTRA 11908 LON 00
HEIN

2o sunnbg 2| peas InMBLYN

i DMIDNYEITOY
HREIWOID L3kdilim

T IWWIDE0 33WI4 BSINL

3 TYWIDI0 3SVM OML

P ONIT  RIYN AVINONY
SIVNOUD vy

SIINYA0L

SIHOMI N EV ENOISNGWEC

CRITIJE IUMETINID SETTND

[4

NOUY Y
4TSV LN

NG Qasn

T .

< BIA MV LN EVG D s

SO AT MR R e

FUAN AT I IR VRN Al

L BT TV LN T T

AT 08 1AL T ST S

T WA YRGS ATAY R T
THANBCMMIO SaY LB ITRIDO e

[v] 10g

poddng doj joi4 .

[9] ysaw |Djow puowpig’

4

Figure B6. Detailed engineering drawing of the full subsystem assembly showing placement of
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Figure B7. Detailed engineering drawing of the plenum base.
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Figure B8. Detailed engineering drawing of the plenum top.
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Figure B9. Detailed engineering drawing of the external ring cuts.
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Figure B10. Detailed engineering drawing of Internal ring cuts.
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Figure B11. Detailed engineering drawing of the vertical supports.
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Figure B12. Detailed Engineering drawing of the Cross Beam Supports.
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Figure B13. Detailed engineering drawings of the full plenum subassembly
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Figure B14. Detailed engineering drawings of the discharge chute on the side door.
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Figure B15. Detailed engineering drawings of the side support on the side door.
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Figure B16. Detailed engineering drawing of 3D printed sensor mount assembly.
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Figure B17. Detailed engineering drawing of 3D printed sensor holder.
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Figure B18. Detailed engineering drawing of 3D printed beam holder.
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APPENDIX C: ADDITIONAL INFORMATION ON SELECTED PARTS AND

MATERIALS

Appendix C contains additional information on selected parts and materials used in the design.

Perforated Bin Design Calculations and Materials

Vertical and lateral design loads were calculated using the Janssen formula [12]. The equation

and calculated loads are shown below.

Janssen Equation

A (D) H P
— skx|—)xH=x*xP =g =x*
—+u - gxp

d . :
d—z = change in pressure with respect to depth

Intermediate (X)

H
X:—4*u*k*(5)

Vertical Pressure (oz)

_ p*xDxg 8
0Z = m)(l—e D )

z = depth of grain of the bin

Lateral Pressure (ox)

ox =k x*xoz
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TABLE C1. RESULTS OBTAINED FROM STRUCTURAL ANALYSIS OF BIN WALL

Parameter Value
Height (H) 1.524 m
Acceleration due to gravity (g) 9.81 m/s?
Diameter (D) 1.924 m
Coefficient of friction (p) 0.25

Vertical Pressure (0z)

968.97 Pa (max)

Lateral Pressure (0x)

484.48 Pa (max)

Bulk Density (p) 770 kg/m’
Intermediate calculation (X) -0.40
Lateral vertical ratio [Janssen’s constant] (k) | 0.5

Lateral Pressure exerted on the Outer column by different of grains

Canola (5000 Kg)

485 Pa

Wheat (5000 Kg)

388 — 486 Pa

Material properties for the selected perforated sheet metal are included in Table C2.

Figure C1 shows the diameter of the perforation, horizontal and vertical distances between the

perforations in inches.
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TABLE C2. PROPERTIES OF PERFORATED SHEET METAL

Tension Tests

Yield Strength (min.) 130 MPa
Elongation (min.) 35%
Tensile Strength (min.) 270 MPa

Chemistry and properties of C1008 CR Steel

Element Percentage Composition per element
Iron (Fe) 99.00 max

Copper (Cu) 0.20 min

Sulfur (S) 0.00 — 0.05

Manganese (Mn) 0.30-0.60

Carbon (C) 0.08-0.13

Phosphorus (P) 0.00 - 0.04
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Figure C1. Dimensions of the perforation on the steel sheet metal.




Pitot Tube Support Desien Calculations and Materials

Calculations for the 3/8™ steel solid square bars used in pitot tube support

Bulk density of wheat (Dw)= 775 kg/m?
Density of steel (Ds) = 7850 kg/m?
Height from the bottom steel bar support to the top of the outer column (H) = 1.8m
Acceleration due to gravity(g) = 9.81 m/sec?
Dimensions of selected steel bar
1. length (L)=0.51m

2. width (w) = 0.375in = 0.009525m
3. height (h) = 0.375in = 0.009525m

Volume of the square steel bar (Vs)

= L*w*h = 0.51*0.009525%0.009525 = 4.62700687x10” m*
Weight of the square steel bar (Ws)

= Ds *Vs*g = 7850%(4.62700687x107)* 9.81= 3.563188589 N
Total weight (Wg) of grain acting on the steel bar

= Dyw* L*w*h *g = 775%0.51*0.009525*0.009525 = 66.478066 N

Moment of inertia of steel (Is)

= (w*h*)/12 = (0.009525*0.009525°)/12 = 6.85928253x10> m*
Assumptions made in calculating for the bending moment

a. square steel bars are welded making it a fixed support
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Figure C3. Diagram of the Shear force diagram (SFD) and Bending Moment diagram indicating
the maximum shear force and bending moment acting on a 0.375in X 0.3751n solid square steel

bar.
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Maximum shear stress acting on steel bar (Vs) =35.020595 N
Maximum bending moment (Mg) = 8.930252 Nm
Distance to the neutral axis (a) =0.004763 m
Maximum Stress acting on the bar (Smax)
= (Mg *a)/ (Is) = (8.930252%0.004763)/ (6.85928253x107%) = 620.1055298 N/m?
Yield Stress of the material (Ys) = 248000000 N/m?
Factor of Safety
= Yield Stress of the material (Ys) / Maximum Stress acting on the bar (Smax)
= (248000000)/ (620.1055298) = 3.999.

With the factor of safety of 3.999, the solid square steel bar selected and used custom-
built metal frame are overdesigned to withstand a vertical pressure exerted by load of grains
weighing 66.478N. the solid square metal steel bars of 3/8” were the chosen due to sizes smaller
than 3/8” being more difficult to weld.
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Fan Specifications

Figure C4. Specifications for Northern Blower fan used for testing.




Mass Flow Sensor Specifications

Figure C5. Manufacturer specifications for iST FS7 thermal mass flow sensors [13].




Pitot Tube Specifications

Figure C6. Manufacturer specifications for Dwyer pitot tubes [14].




Hot Wire Anemometer Specifications

Figure C7. Manufacturer specifications for KANOMAX Anemomaster A031 hot wire
anemometer [15].




Digital Manometer Specifications

Figure C8. Manufacturer specifications for REED R3030 digital manometer [16].




Figure C9. Manufacturer specifications for REED R3030 digital manometer [16].




APPENDIX D: FS7 CALIBRATION CALCULATIONS AND GRAPHS

The graphs in the appendix illustrate the relationship between the voltage values measured by
the mass flow sensors (A, K, C, L, E, F, G, H, I, and J) and their respective calculated air flow
speed values.

(WU - (U U
- 2

v 1 =
(#)-

The above equation is provided by the mass flow sensor’s manual to calculate the air
flow’s velocity when provided with the corresponding voltage. The parameters n and k are
dependent on U0, U50, and U100 which are the voltages at V = 0%, V = 50%, and V = 100%
respectively. The parameter n is provided in the manual while k is calculated using the following
equation which is also provided by the manual.
‘USOD-" 7,

/o —1
T
Y 1
¥ 50%)

k—

Where Vsou is the airflow speed at 50% of its full strength. As shown in the provided
pictures, the equation was divided into smaller parts to prevent errors, and each parameter
was calculated and provided separately.
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U_Anemometer Output (Sensor A Board 1)

4.00
3.50
3.00
= 2.50
%2.00
S 1.50
1.00
0.50
0.00
0 1 3 4 ] 6 7 8
Airflow Speed (m/s)
J42 fx o
A B C D
1 UO 2.41 U50 3.22
2 |n 0.5 U100 3.53
3 |1/n 2
4 |2/n 4
5 |k 0.43S
6 |k*(1/n) 0.192649851614463
7 |U0™(2/n) 33.73402561
8 |k™*(1/n)*U0"(2/n) 6.498855028

Figure D1. Calibration graph and calculated parameters for sensor A.
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U_Anemometer Output (Sensor K Board 1)

A
3.5
3
< 2.5
E 1.5
1
0.5
0
0 1 2 3 4 5 6 7
Airflow Speed (m/s)
H22 vii|> S~
A A B C D
1 U0 2.43 U5s0 3.29
2 n 0.5 U100 3.60
3 |1/n 2
4 |2/n 4
5 |k 0.466
6 |k*(1/n) 0.216877194868465
7 U0™(2/n) 34.86784401
8 |k™(1/n)*U0"(2/n) 7.5620402

Figure D2. Calibration graph and calculated parameters for sensor K.
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4.00
3.50
3.00
E 2.50

Voltage

1.50
1.00
0.50
0.00

U_Anemometer Output (Sensor C Board 1)

0 3 4 5 6 7
Airflow Speed (m/s)
11 Jx
B C D

1 |UO 2.43 U0 3.24
2 n 0.5 U100 3.54
3 (1/n 2

4 2/n 4

5 k 0.435

6 k*(1/n) 0.189043209876543

7 U0 (2/n) 34.86784401

8 |k™(1/n)*U0"(2/n) 6.591529153

Figure D3. Calibration graph and calculated parameters for sensor C.
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4.00
3.50
3.00
> 2.50
2.00

Voltage

1.50
1.00
0.50
0.00

U_Anemometer Output (Sensor L Board 1)

0 1 3 4
Airflow Speed (m/s)
N9 Jx~
A B C

1 U0 2.42 U50 3.25
2 |n 0.5 U100 3.54
3 |1/n 2

4 2/n 4

5 |k 0.449

6 k*(1/n) 0.201795213295974

7 |U0™(2/n) 34.29742096

8 |k*(1/n)*U0"(2/n) 6.921055378

Figure D4. Calibration graph and calculated parameters for sensor L.
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4.00
3.50
3.00
= 2.50

Voltage (V

O © B BN
8 8 8 8 8

U_Anemometer Output (Sensor E Board 1)

0 1 2 3 4 6] 6

Airflow Speed (m/s)

014 v i v Jev

A A B C D

1 U0 2.41 U50 3.25
2 n 0.5 U100 3.50
3 1n 2

4 2/n 4

5 |k 0.458

6 Kk"(1/n) 0.209398364774645

7 |U0~2/n) 33.73402561

8 |k*(1/n)*U0"(2/n) 7.0638498

Figure D5. Calibration graph and calculated parameters for sensor E.
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U_Anemometer Output (Sensor F Board 2)
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Figure D6. Calibration graph and calculated parameters for sensor F.
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U_Anemometer Output (Sensor G Board 2)
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5 |k 0.439

6 k*(1/n) 0.192695578919040

7 [U0*(2/n) 32.08542736

8 |k*(1/n)*U0"(2/n) 6.18272

Figure D7. Calibration graph and calculated parameters for sensor G.
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U_Anemometer Output (Sensor H Board 2)
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Figure D8. Calibration graph and calculated parameters for sensor H.
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U_Anemometer Output (Sensor | Board 2)
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Figure D9. Calibration graph and calculated parameters for sensor 1.
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U_Anemometer Output (SensorJ Board 2)
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Figure D10. Calibration graph and calculated parameters for sensor J.
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