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Abstract

Wildfires can be caused by natural phenomena like lightning or can be man-made.

This fire can spread rapidly destroying forests and urban wildlands. One of the main causes

for the spread of wildfires is embers or firebrands. The small and lightweight embers are

capable of travelling long distances. When these embers land and accumulate on flammable

surfaces they ignite them causing injury, death and financial losses. These losses can be

reduced by residents living near forest fire prone areas if they are made aware of the

destructive effects of embers and if safety precautions are followed. This project presents a

laboratory scale prototype of a simulator capable of projecting simulated ember materials

onto a model house. The goal of projecting these simulated embers is to determine areas in

and around the house where there is a chance for embers to accumulate. This gives an idea to

residents to keep these areas free from materials that can catch fire. The simulator discussed

in this report uses a centrifugal blower of 440 CFM to shower ember materials on a house

whose dimensions are scaled down to 6 ft x 3 ft x 6 ft (l x w x h). Thermocol, paper and

woollen balls are tested as fake ember materials. It is found that the range and height covered

by woollen balls are more than the other two. The average horizontal and vertical distances

covered by the woollen balls when the blower was inclined at 45° is found to be 12 ft and 6 ft

respectively. In the prototype, the ember materials are fed from a storage tank mounted to the

blower output using a feeding mechanism. This ember simulator is mounted on a chassis,

which is driven by four DC motors. Two of the motors have integrated encoder modules. The

readings from these encoders were used to make the chassis move in a straight line. As a

result, the prototype simulator is able to project ember materials on a model house while

moving in a straight line.
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Chapter 1

Introduction

1.1. Background

In this project, the design of a lab-scale prototype of a wildfire ember simulator is

discussed. Wildfire is an uncontrolled fire that can burn in forests, grasslands, savannas and

other ecosystems [1]. They are not limited to a particular continent or environment and often

occur in rural areas. Wildfires can burn in vegetation located both in and above the soil. The

cause of a wildfire can be a natural occurrence—such as a lightning strike—or a human-made

spark [2-5]. From 1959 to 2015, wildfires have burned 1.96 Mha per year in Canada and the

annual area burned is trending upward [2]. In BC, 868,203 hectares of land was burned by

1,610 wildfires from April 1, 2021 to September 30, 2021. Around 35% of these wildfires

were man-made and 60% were acts of nature and the cause of the remaining 5% is unknown

[6].

The weather conditions and environment determine how much a wildfire can grow.

The main reason for the spread of wildfire are fire embers. Forest fires create embers, which

are small firebrands, pieces of superheated wood and other material. They can travel a large

distance from their source with the help of wind as they are lightweight. These embers are

capable of causing fire if they land on flammable materials like dry or dead plants or on

flammable infrastructure and ignite them. If the forest fire is huge, it can generate thousands

of such embers, also known as an ember storm.

Buildings and homes that lie within the path of a wildfire are destroyed, which not

only cause financial losses but also expose hazardous materials posing threat to human

health. The 2017 British Columbia fires spread to 1.2 million hectares [6, 7]. The losses
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resulting from forest fires are reported in [8]. The financial damage because of the 2003

Kelowna wildfires in British Columbia was $252 million. It was about $864.67 million in the

2011 Slave Lake wildfires Alberta. The 2016 Horse River Wildfire in northeastern Alberta

reported $3.84 billion in damages, which is the costliest natural disaster in Canadian history.

Reference [9] reported fire statistics for 2019/20 in Australia where the total burned area was

18 Mha with 3,113 houses lost. According to [10], there were 85 fatalities and around 19,000

structures destroyed in the 2018 Campfire in the USA. From [11], it is known that as many as

90% of homes and buildings were damaged or destroyed because of fires started by embers.

Therefore, it is important to draw attention towards the effects caused by flying embers.

1.2  FireSmart BC

The British Columbia (BC) FireSmart Committee, composed of a group of agencies,

directs a FireSmart program [12]. The goal of FireSmart in BC is to come up with plans that

help support wildfire preparedness, prevention and mitigation in BC. In order to

communicate the risks caused by ember ignition, FireSmart BC planned to design a portable

wildfire ember simulator. This simulator would project a substance onto a house. This

substance, the ember simulant, would have the same dimensions and weight as a wildfire

ember and would be such that it can be easily spotted. Additionally, the selected fake ember

material should be such that it can be easily washed away or collected from the experimented

field after the demonstration. The aim of designing this simulator would be to create an

ember storm using the ember simulant, project it on a house and observe places where it

could possibly accumulate and cause a fire. This will help raise awareness to individual

property owners near wildfire prone areas about maintaining their property to reduce the risk

of wildfire spread.
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1.3 Dimensions of the Model House

According to the residential development standards A3 and B6 for street setbacks, the

distance from a residential house to street ranges from 2 m to 9 m (~30 ft) and the maximum

height of a building according to standards A4 and B7 can be 9 m (~30 ft) [13, 14]. So, the

fake embers projected from the simulator should be able to cover a horizontal and vertical

distance of around 30 ft. For the prototype designed and discussed in this report the model

house as shown in Fig. 1.1. has dimensions that are scaled down by a factor of 5. That is, the

height of the house and distance of the house from the blower prototype is 6 ft. The prototype

will be showering the simulated ember across 3 ft width of the house. This distance can be

increased or decreased depending on the width of the house.

Fig. 1.1. Model house dimensions
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1.4 Characteristics of Embers

The size and mass of firebrands created in wildfires have been studied and similar

results have been produced in laboratories. Reference [15] determined the size of firebrands

from the holes that were generated in a trampoline wall by firebrands during the Angora Fire

in California. The trampoline wall was 9.8 m from an affected house which had a distance of

less than 1 mile downwind from the area of forest fire. The holes in this wall had an area less

than 50 mm2. Additionally, upon inspection of 212 locations, it was found that the majority of

the holes had an area of less than 40 mm2. This shows that such small firebrands are also

capable of causing fire. More than 90% of the firebrands measured in the fires generated in

the Bastrop County Complex Fire site in Texas had an area less than 50 mm2 and more than

85% were less than 5 mm2 [16]. Reference [17] reported approximately 80% of the total

firebrands had a cross sectional area around 50 mm2 to 200 mm2 having a mass range of

10-20 mg. Reference [18] found that cylindrical firebrands had diameters ranging from 1 to 6

mm and the majority of the firebrands weighed between 5 mg and 20 mg.

In laboratory-scale experiments, [19] reported that 83% of the collected firebrands

produced by burning 2.6 m Douglas fir trees had surface area of less than 1000 mm2 and

mass less than 0.3 g with largest mass in the range of 2.1 g to 2.3 g. Later, in a similar work

performed by [20] with Korean pine, it was observed that a large percentage of the firebrands

had a mass of less than 0.3 g and a majority of them had a surface area of less than 1000

mm2. In another study, [21] used the National Institute of Standards and Technology (NIST)

Dragon to determine the characteristics of embers produced from the Ponderosa pine trees.

The cylindrical embers had diameters from 8-12.5 mm, length of around 50 mm and weighed

less than 0.2 g.
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1.5  Objectives of this Project

The objectives of this project are:

1) Select a material to be used as the ember simulant.

2) Design an ember projecting mechanism.

3) Mount the projecting mechanism on a chassis that can move in a straight line.

4) Create an ember storm and project ember simulants on a scaled down model house.

1.6  Organization of the Report

This report is organized as follows:

Chapter 1 gives an overview of the project specifying the goals to be accomplished.

Chapter 2 reviews various ember simulators reported in literature and proposes a design

suitable for the project under consideration.

Chapter 3 provides information about the tests performed using two ember blowing

mechanisms to select the fake ember. It also presents the results of height achieved by the

selected ember material and blowing mechanism.

Chapter 4 describes the mechanism used to carry the blowing apparatus.

Chapter 5 concludes the report with some remarks and suggestions to improve the design.
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Chapter 2

Ember Simulator

2.1. Ember Simulator Design

As discussed in Chapter 1 embers are a great threat and are one of the major factors

contributing to the spread of wildfire. Hence, it is important to test the effects of embers and

to scope its impact on the natural and urban environment. To do the same, several firebrand

simulators have been designed. These simulators have many applications from studying

characteristics of ember to studying the role of ember in igniting different materials used in

building houses. These simulators are capable of producing fire embers of different sizes and

in some studies [21-23] these simulators were used to study sizes of embers created by

different types of trees. To study its impact on urban wildland, the ember simulators were also

used on model houses and parts of model houses [22, 24, 25]. The model houses designed for

these studies followed constructional codes and regulations mandated in wildfire prone areas

so as to study the intrusion of firebrands in these model houses.

The aim of this project is to study the accumulation of embers on houses and its

surrounding area specifically in wildfire prone regions. To do this, there is no need to create

actual embers and risk starting fires. Non-flammable materials having the same

characteristics like mass, dimensions can be used to demonstrate this. Although the ember

simulators designed so far can only create actual embers unlike the aim of this project, their

designs can be studied in order to develop a mechanism that shoots the fake embers. This is

because even if it is planned not to create actual embers, the characteristics of the embers to
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be projected are the same as that of actual embers. To study how the embers are projected, the

design of some popular ember simulators are discussed below.

In [21], a firebrand generator was developed as shown in Fig. 2.1. under the National

Institute of Standards and Technology (NIST). The NIST Dragon produces firebrands of

different sizes as in an actual wildfire. The generator consists of a blower connected to a

vertical pipe. This vertical pipe can be disassembled to load wood pieces on a wire mesh

surface. The loaded wood pieces are burnt using two propane burners. A line for these

burners is made below the wire mesh. When the wood pieces are loaded, another vertical pipe

is mounted which acts as an outlet for the firebrand generator. This pipe allows the generated

firebrand to be projected in the desired direction. Once the top section of the vertical pipe is

properly mounted, the blower and the burners are turned on. The air generated by the blower

pushes the firebrands out through the pipe. The projected firebrands were collected by 157

rectangular pans placed in front of the firebrand over a distance of 1130 cm.

In [22] another firebrand generator for small scale testing in a laboratory called the

NIST Baby Dragon is reported. Similar to the NIST Dragon, the Baby Dragon too has a

blower to generate firebrands. In addition to that, a wind tunnel is used to generate different

wind speeds upto 10 m/s. The generated firebrands enter the wind tunnel and are pushed by

the air produced by the axial fan. The aim of designing this simulator was to test the firebrand

penetration into vents protected by screens. This design as compared to the NIST Dragon

allows generation of different wind speeds, which is an important parameter in ember storm

generation. Along with this, it also allows to load the feed used to generate firebrand

continuously as opposed to the NIST Dragon where this was not possible.
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Fig. 2.1. Schematic of firebrand generator by Manzello [22]

Reference [23] designed a similar firebrand generator as shown in Fig. 2.2. This

mechanism was designed to solve the issue of reverse ember flow in the NIST Baby Dragon
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that would scatter firebrands in the laboratory making it dangerous for people using the

generator. To address this, the authors added a splitter in the pipe that connected the wind

tunnel. This design eliminated the use of a blower to generate the embers. Moreover, a

significant reduction in the reverse ember flow was observed. The maximum wind speed

observed was around 21 m/s. This wind speed was generated and varied by the axial fan in

the wind tunnel. This is achieved by flaps present at the tip of the splitter which can be bolted

on different heights. These flaps control the amount of air that passes through the generator,

hence, controlling the wind speed inside the generator.

Fig. 2.2. Schematic of Ember Simulator by Sharifian [23]

2.2. Prototype Design

A blower fan is a common component in the simulators described above. The most

important parameter of a blower fan is the air flow capacity of a fan. The amount of air a fan

can displace per unit time is the air flow capacity of that fan. It is commonly expressed as

cubic feet per minute (CFM). To define the parameters of the fan to be used for the prototype
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to be designed, it is crucial to know the distance and height that is to be covered by the

projected ember materials.

The maximum air flow capacity of a fan is given by,

Q = v*A ….(m3/s) (2.1)

where Q is the maximum airflow capacity, v is the velocity of air and A is the area of cross

section of the blower outlet. The ember material will be projected with the velocity of air

produced at the outlet. That is, the initial velocity of ember simulant is the same as the outlet

blower velocity. Since, the height and range to be covered by the ember material is known, its

projectile motion can be analyzed and the initial velocity can be estimated. This value of

velocity can then be used to calculate the air flow capacity of the blower fan to be used. It is

well known that the trajectory of a two dimensional projectile is a parabola. However in the

analysis of a two dimensional projectile, several parameters like air resistance, mass of the

object in projectile, constant acceleration due to gravity, etc. are not considered and their

effects have been previously studied and analyzed [26-30].

Reference [31] used an analytical approach to investigate the projectile motion of a

spherical object in a medium with quadratic drag force. The table below from [31] shows a

comparison of analytical formulae used to calculate parameters of a projectile motion with

and without drag force. In the Table 2.1, R is the drag force, m is the mass of the object, g is

acceleration due to gravity, k is the proportionality constant for calculating the drag force, v is

the initial velocity, h is the maximum height of ascent, θ is the angle of projection, l is the

range, va is the velocity in the x-direction and t is the motion time.
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Table 2.1. Comparison of Analytical Formulae of Projectile Motion [31]

No drag (R = 0) Quadratic drag force (R = mgkv2) SI Unit

m

s

m/s

m

The constant k is given by,

(2.2)

where, ρa is the density of air (1.225 kg/m3), and cd and S are the drag coefficient and the area

of cross section of the object in projectile respectively. From section 1.4, the mass of ember is

known to be less than 0.2 g with a cross-sectional area of around 50 mm2. For calculating k,

let the mass of a spherical ember simulant of diameter 1 cm be 0.1 g.

Substituting, h = 1.82 m, g = 9.81m/s2, cd (sphere) = 0.5, S = 78 mm2 = 7.8 x 10-5 m2 , θ = 45o

and m = 0.1 g = 0.0001 kg in (2.2), the value of k is found to be

k = 0.02441 s2/m2

Now, the initial velocity calculated from the Table 2.1. as shown in (2.3) is,

(2.3)

v = 13.72 m/s
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The initial velocity in the x-direction and the motion time are calculated to be va = 3.88 m/s

and t = 1.21 s from Table 2.1. So, the expected range of the object is,

l = va* t (2.4)

= 4.72 m (~15 ft)

The maximum air flow capacity of the blower needed to achieve the maximum height and

range can be calculated from (2.1), where the diameter of the blower outlet is assumed to be

4”, i.e area of cross section, A = 0.0081 m2

Q = v*A

Q = 0.1112 m3/s ≈ 235 CFM

From the above calculations, it is estimated that a blower of around 235 CFM should

set spherical ember simulants of 0.1 g mass with 1 cm diameter in a projectile that covers a

range of around 15 ft and a maximum height of 6 ft.

2.3  Prototype Blower Specifications

Centrifugal fans are capable of generating relatively high pressures. The air enters the

impeller axially and is discharged outside in a centrifugal direction, hence they are called

centrifugal fans. The design of a basic centrifugal fan is as shown in Fig. 2.3. The air is

sucked in by the impeller via the inlet. The impeller moves the axially entered air through the

blades. Generally, centrifugal fans have three types of blades - forward blades, backward

blades and radial blades. The impeller is mounted in a casing with an outlet from a scroll

casing 90 degrees from the inlet. As a result, the air leaves the outlet radially [32].
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Fig. 2.3. Parts of a Centrifugal Fan [32]

Table 2.2. Specifications of the SPX Johnson Centrifugal Pump

Specifications

Length 150 mm

Width 257 mm

Height 290 mm

Inlet Diameter 150 mm

Outlet Diameter 130 mm

Maximum air flow capacity 440 ft3/m

Voltage 12 V DC

Power rating 250 W

Fig. 2.4. SPX Johnson Blower- Flange and Flex Mount [34]
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To test the calculations, a centrifugal fan - SPX Johnson Centrifugal Pump was used

as shown in Fig. 2.4. The specifications of the fan are shown in Table 2.2. The dimensions of

the fan are 150 mm x 257 mm x 290 mm (l x w x h) [34]. It is a 12 V DC fan with a power

rating of 250 W and consumes a peak current of around 20 A. The inlet diameter is 152.4 mm

(6”) and the outlet diameter is 101.6 mm (4”). The maximum air flow capacity is 440 CFM.

The air flow capacity of the fan can be controlled by changing the voltage supplied to the

blower.

To check the height and range achieved by the blower a woollen/cloth ball was used.

This spherical cloth ball had a diameter of 1cm and weighed about 0.1 g. The blower was

inclined at an angle of 45 deg. The blower was turned on by a DC supply whose voltage was

slowly increased. The wind speed produced by the blower was measured using an

anemometer. The wind speed increased as the blower voltage was increased and it was

observed that at 6.8 V the blower produced a wind speed of 13.7 m/s. The cloth ball was

dropped manually directly in front of the blower outlet and this was repeated 10 times to get

the average distance covered by the balls. As expected, the ember materials were set in a

projectile motion. The distance covered by these materials was measured manually and is

shown in  Fig. 2.5. below:
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Fig. 2.5. Scatter plot of range at 6.8 V blower voltage

The average distance covered by the cloth balls was 6’4” which is less than the

calculated range value. The prototype is planned to project ember materials 6 ft from the

model house and the height achieved by the materials should be 6 ft. To check this, the

blower was kept 6 ft from a wall and was turned on by supplying 6.8 V to produce a wind

speed of 13.7 m/s. The cloth balls were dropped in front of the blower outlet and the point of

contacts on the wall were marked. The vertical distance from the ground to these points were

measured. The 10 readings observed are shown in Fig. 2.6. below. The average height

measured from the ground is around 2’10”, which is not desirable. It is important to note that

this height measured is not the maximum height of the projectile, rather it is the height that is

achieved when the prototype is placed 6 ft away from the wall.
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Fig. 2.6. Scatter plot of height at 6.8 V blower voltage

To rectify this, the blower voltage was increased to 12 V in order to increase the air

speed at the outlet of the blower and the same experiment was performed again. The wind

speed was measured with an anemometer which produced a reading of 21 m/s. Again with

the same setup, the cloth balls were dropped in front of the blower and the range covered and

the vertical distance when the blower was kept 6 ft away from a wall were measured. The 10

readings of each of these tests are shown in Fig. 2.7. and Fig. 2.8. below:
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Fig. 2.7. Scatter plot of range at 12 V blower voltage

Fig. 2.8. Scatter plot of height at 12 V blower voltage

From the plots shown in Fig. 8 and 9, the average range covered is observed to be

around 11’ and the average height produced by the blower when kept 6’ from the wall is

17



6’4”. With these results, we can conclude that the blower is capable of projecting the ember

materials to the estimated height of 6 ft when placed at a distance of 6 ft.

The readings in the above tests were of cloth balls manually dropped at the blower

outlet. In the next chapter, the design of the ember simulator is presented. Moreover, tests

carried out to select ember material and the range and height achieved by different materials

are discussed.
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Chapter 3

Selecting Ember Simulant and Prototype Design

3.1  Selecting Ember Simulant

From Chapter 1, the size of embers observed in different studies was around 50 mm2

with weight less than 0.2 g. The ember material to be used as a simulant too should have

these characteristics. Keeping these parameters in mind, three materials were decided to be

tested- styrofoam/thermocol balls, paper balls and wool/cloth balls. Their characteristics are

listed in Table 3.1. Out of these materials, even though thermocol is a non-biodegradable

material and paper is a flammable material, they were decided to be experimented with

because of some of the properties they possess. Thermocol balls when projected follow a

random and unpredicted trajectory, quite similar to embers. As for paper balls, they are

available readily and an alternative like non-flammable or flame retardant paper can be used

instead of a normal paper. Wool balls on the other hand are lightweight, can be made of

various sizes, biodegradable, and non-flammable but costs more as compared to the other

two. There are advantages and disadvantages of using these materials.

Table 3.1. Characteristics of Ember Simulant

Non-flammable Biodegradable Easy-to-collect Cost

Styrofoam No No Yes Inexpensive

Paper No Yes Yes Inexpensive

Wool Yes Yes Yes Expensive

Having said that, all of the above discussed materials can be easily used for

simulating an ember shower in a lab environment similar to [35]. The results and

observations of tests conducted with each material are discussed in the section below. The
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following tests will help in selecting the ember material for the prototype and in determining

the maximum range covered by each tested ember material.

3.2  Setup for selecting ember simulant

The prototype to be designed should be able to project the ember materials discussed

above. To address the problem statement, the setup discussed below was implemented. This

setup has similar implementation as the previously reported ember simulators. The basic idea

of the prototype is that the ember materials will be dropped by a feeding mechanism in the

path of the blower’s outlet. This will project the ember materials in a trajectory covering a

range. For selecting the ember material, distance covered by different testing materials is

important because in the final implementation the simulator should be able to shower the

ember materials from the road. The angle of the blower mechanism can then be adjusted to

target different portions of the house. Different experimental setups designed to select the

ember material are described below.

3.2.1  First Prototype

Fig. 3.1. Blower with Plumbing PVC Tee outlet and Feeding Mechanism
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The first test was performed by connecting a 10.16 cm (4”) diameter plumbing tee

joint to the outlet of the blower as shown in Fig. 3.1. A tee joint was used so as to input

ember materials through the top inlet of the tee joint. This setup was experimented with three

types of ember materials - styrofoam, paper and cloth balls. The ember materials were fed to

the blower by a feeding mechanism. The feeding mechanism as shown in Fig. 3.1. contains a

storage tank where ember materials to be projected are stored. This storage tank is mounted

on the same structure as the blower. The storage tank as shown in Fig. 3.1. was designed to

allow all ember material to pass through without creating a blockade. A pipe was connected

from the outlet of the tank to the outlet of the blower. If the storage tank is loaded before

turning on the blower, it was found that ember balls accumulate at the outlet of the blower. In

the future, a valve controlled mechanism can be designed to open and close the pipe. So, the

storage tank was loaded after turning on the blower. The blower was inclined at an angle of

45 degrees and turned on by supplying a voltage of 12 V. At first, the wind speed produced

by the blower was measured using an anemometer. The digital anemometer was placed at the

output of the blower. The measured wind speed was measured as 17.4 m/s. The ember balls

were then dropped one by one and the distance covered was measured manually. This was

done by marking the spot where the ember landed and then measuring the distance from the

blower to that spot using a measuring tape. 30 trials of thermocol, paper and cloth balls each

were taken. The average, standard deviation and variance of the distance covered by different

ember materials is given below in Table 3.2. A scatter plot of the measured distance versus

the sample number is shown in Fig. 3.2.

The scatter plot shows the distance covered by each material projected by the

prototype. For instance, the average distance achieved with thermocol balls is 4’06” and the

21



plot shows that the distance covered by the thermocol balls has high variation. But, the

average distance covered by these balls is too small. Even though randomness is preferred,

the range in which the results are produced should be predictable. In case of thermocol balls,

some balls fell 1’05” from the projected position while some covered around 8ft. On the other

hand, cloth balls have a variance of 3’02” and the average distance covered is 11’07”, which

is more than thermocol balls. Moreover, it is observed that most of the balls crossed more

than 9” of distance from the blower. So, the randomness achieved with cloth balls falls in a

certain range which allows to scale the randomness from 9” to 15”. The standard deviation of

the distance achieved by using paper balls is 1’05”, i.e as compared to the other two ember

materials paper balls produce consistent results and there is almost no randomness as

compared to thermocol and cloth balls. From the plot, most of the paper balls lie around 10 ft

which is an undesirable feature.

Table 3.2. Average, standard deviation and variance of distance covered by ember materials

(Prototype 1)

Ember Material Average distance Standard Deviation Variance

Thermocol 4’06” 2’04” 5’04”

Paper 10’02” 1’05” 1’08”

Cloth 11’07” 1’08” 3’02”

22



Fig. 3.2. Scatter plot of distance covered by ember materials

3.2.2  Second Prototype

From [25], the velocity can be increased by decreasing the outlet dimension. To

achieve this, the structure shown in Fig. 3.3. was designed. This structure was connected to

the outlet of the blower. The dimensions of the duct attached to the blower outlet are as

shown in the same Fig. 3.3. The outlet diameter was decreased from 10.16 cm as

implemented in the first test to 7.5 cm. The rest of the setup was kept the same.
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Fig. 3.3. Blower with reduced blower outlet dimensions

Table 3.3. Average, standard deviation and variance of distance covered by ember materials

(Prototype 2)

Ember Material Average distance Standard Deviation Variance

Thermocol 8’05” 2’09” 7’10”

Paper 12’10” 1’07” 2’09”

Cloth 12’05” 2’05” 6’02”
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Fig. 3.4. Scatter plot of distance covered by ember materials

Similar to the previous test, the blower was inclined to an angle of 45 degrees. The

wind speed produced by the blower was measured using an anemometer after turning the

blower on by supplying 12 V. Upon placing the digital anemometer at the output of the newly

designed output duct, a slight increase in the readings was observed. The measured wind

speed was 19.2 m/s. On decreasing the duct size, the air loss at the feeding hole increased

significantly. The wind speed measured at the feeding hole was 12.2 m/s. The ember balls

were dropped into the feeding mechanism and the distance covered was measured manually.

The same method was used to measure the distance covered by the ember materials. Again,

30 samples of thermocol, paper and cloth balls were taken and the average, standard

deviation and variance of the distance covered by different ember materials was calculated

and is shown in Table 3.3. The scatter plot of the measured distance versus the sample

number is shown in Fig 3.4.
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From Table 3.4. and Fig. 3.4., the average distance covered by the thermocol balls is

8’05”. As compared to the first test, the average distance covered by the thermocol balls has

increased significantly. The plot shows a large number of samples around 8’05” and very few

above 11’. That is, we can assume that the peak distance that can be achieved with thermocol

balls is around 8’05”. On the other hand, even though cloth balls have a variance of 6’02”,

the average distance covered is 12’05” which is more than thermocol balls. So, the

randomness similar to thermocol balls is achieved and it is observed that it covers a greater

distance than thermocol balls. Paper balls seem to produce consistent results as compared to

the other two ember materials and for most samples covered a distance between 10’ to 15’.

From the results, cloth balls showed promising results and are a good choice for the final

simulator. The unpredictable nature of cloth ball’s projectile, ease of acquisition, availability

of variable sizes and color concludes that it is a good solution for selecting the fake ember as

its parameters are quite similar to actual embers.

3.3  Determining Height

For each trial the range covered by the same ember material is different. So, the

maximum height of the projectile will also be different. In order to calculate the vertical

distance, the blower apparatus was placed 6 ft from a wall. Similar to the above experiment,

the blower was inclined at an angle of 45deg and was turned on by supplying 12 V. The

readings were then noted by marking the point of contact on the wall and measuring the

height from the ground using a measuring tape. This experiment was conducted only on cloth

balls as it was finalized as the ember material to be used for the prototype.
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Fig. 3.5. Scatter plot of vertical distance covered by ember materials

Table 3.4. Average, standard deviation and variance of vertical distance

Average height Standard Deviation Variance

6’01” 0’06” 0’04”

Fig. 3.5. shows the scatter plot of vertical height of cloth balls measured from 30

trials. The cloth balls as shown in Fig. 3.5. and Table 3.4. collide at an average distance of

6’01” on the wall from the ground. As discussed in Chapter 2, the maximum height of the

model house to be designed is 6 ft. For this model house, this blower apparatus will be able to

project ember cloth balls on the roof of the house. By this experiment we can also conclude

that the selected ember material is a good choice as a simulant for the prototype.
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Chapter 4

Chassis of the Robot

4.1  Mechanism for carrying the blower

The blower apparatus is expected to automatically project the ember cloth balls across

the width of the house. The implemented mechanism, an autonomous robot, is discussed

below.

In this robot, a chassis is designed upon which the blower is mounted. This chassis is

driven by DC motors and carries the weight of the blower and the storage tank loaded with

the ember materials. The distance to be travelled by the robot, equal to the width of the house,

can be input and the robot can travel in a straight line throwing the ember materials as it

moves in front of the house. A prototype of this mechanism is implemented in this project

and the components used to design this structure are discussed below.

4.2 Construction of the Chassis

The blower is mounted on a rectangular chassis of dimensions 50 cm x 20 cm. The

length of the base of the blower is 15 cm. So, the width of the chassis was kept 20 cm as the

blower is kept along the width of the blower. The chassis houses the blower, the feeding

mechanism, the microcontroller and a switch which is easily accessible to turn off the chassis

for safety. The chassis is driven by four wheels of 10 cm diameter which are run by four

motors whose speed is reduced by gears. To house these components, the length of the

chassis is kept at 50 cm. This setup is shown in Fig. 4.1. Cold rolled steel channels are used

28



to build this rectangular structure. The channels used are available in the Vex Robotics kit

[36]. To drive this chassis four DC motors are used.

Fig. 4.1. Schematic of the prototype chassis

The total weight of the robot including the blower, channels used for the chassis,

feeding mechanism and other components is 6.2 kg. To calculate the torque of the motor, the

worst case scenario the robot can be in is considered. That is, it is assumed that the robot is

on a slope. The slope that the robot can climb upto was decided to be α = 30 degrees.

The robot should move slowly so as to drop the ember particles on every part of the house. It

is assumed that the speed of the robot is v = 0.01 m/s (1 cm/s). And, the robot should achieve
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this speed in 1 s which defines the acceleration as a = 0.01 m/s2. From [37], the total force(F)

needed to overcome gravity ignoring friction is given by (4.1),

F = m*a + m*g*sin(α) …(N) (4.1)

where m is the total mass of the robot and g is acceleration due to gravity.

In this report, the force due to friction is also considered to calculate the total force. The

coefficient of friction μ for vex wheels made of hard plastic on dry concrete floor is assumed

to be 0.3 [38] and is given by,

F = m*a + m*g*sin(α) + μ*m*g*cos(α) ...(N) (4.2)

= (6.2)(0.01) + (6.2)(9.81)sin(30) + (0.3)(6.2)(9.81)(0.86) = 46.16 N

The required total torque (T) of four motors that can drive the chassis can be calculated as

T = r*F …(N-m) (4.2)

= 0.05 x 46.16 = 2.30 N-m.

That is, each motor needs a torque of T/4 = 0.57 N-m.

The mechanical power needed for the motors to carry the robot is given by(4.3),

P = F*v …(W) (4.3)

= 46.16 x 0.01 = 0.46 W.

In this prototype, the Vex 393 DC motors are used from the vex kit. Out of the four

motors used, two motors with an integrated encoder module are used. One encoder motor is

mounted on each side of the robot. The encoders are used to keep track of the position of the

robot. Also, the encoded motors used on each side will help drive the robot in a straight line.

This can be achieved by implementing a control algorithm. The specifications of the vex DC

motors are shown in the Table 4.1. below. The vex 393 motors are rated for 7.2 V with a stall

torque of 1.67 N-m and a stall current of 4.8 A.

The angular speed (ω) of the 0.1 m wheels when connected to the motors is,

ω = 2*pi*(RPM)/60 = 10.47rad/s (4.4)
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So, the velocity of the robot would be,

v = r*ω (4.5)

= 0.05 x 10.47 = 0.52 m/s.

It is clear that the motors cannot be used as is since the robot would move quickly and would

not shower the ember simulant thoroughly on the house. To decrease the speed of the robot

gears were used. The setup shown in Fig. 4.2. was used to decrease the speed which uses a 12

teeth gear linked to a 60 teeth gear and another 12 teeth gear linked to a 84 teeth gear. The

resulting gear ratio then becomes,

Gear ratio = (60/12) * (84/12) = 35:1 (4.6)

As a result, the speed is reduced to around 3 rpm, i.e, around 0.015 m/s which is desirable.

The encoder produces a reading of around 95/rotation of the wheel. That is, for

Circumference of the wheel = 2*pi*0.05 = 0.314m (4.7)

The encoder produces 95 readings per rotation of the wheel. So to travel 0.91m(3ft) distance,

which is the width of the house, the motors should run till the encoder count is 277.

Table 4.1. Specifications of Vex 393 Motors*

Rated Voltage 7.2 V

Stall Current 4.8 A

Stall Torque 1.67 N-m

Free Speed 100 RPM

Free Current 0.37 A

*Note: Datasheet of Vex 393 can be found in Appendix A.
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Fig. 4.2. Gear arrangement of the chassis

This gear arrangement was done for all four chassis motors. Fig. 4.3, shows an image

of the front, side and top view of the lab-scale ember simulator prototype without the feeding

mechanism.

Fig. 4.3 (a). Front view of the lab-scale ember      Fig. 4.3 (b). Side view of the lab-scale
simulator prototype simulator prototype
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Fig. 4.3 (c). Top view of the lab-scale ember simulator prototype

4.3 Motor Driver

These motors were controlled by the Arduino Mega 2560 microcontroller via the

L298N motor drivers. A motor driver is a current amplifier that converts low-current signals

from the microcontroller to a proportionally higher current that drives the motor. It can also

be used to control the direction in which a motor rotates. This is achieved by an H-bridge

circuit as shown in Fig. 4.4. An H-bridge circuit is a simple circuit that allows the load, in this

case a motor, to run in clockwise or anti-clockwise direction based on the switches turned-on.

As shown in Fig. 4.4., the H-bridge comprises four NPN transistors with four diodes for

reverse protection. When Q1 and Q4 are turned on while Q2 and Q3 are turned off, +Vcc is

connected to motor terminal A and GND is connected to motor terminal B which causes the

motor to rotate in one direction. And, when Q2 and Q3 are turned on while Q1 and Q4 are

off, the motor terminals A and B are connected to GND and +Vcc respectively, which rotates

the motor in the opposite direction. An L298N motor driver is capable of driving two motors.
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For controlling four motors two drivers were used. The pinout diagram and specifications of

the motor driver are shown in Table 4.2. and Table 4.3. respectively.

Table 4.2. Pinout of L298N**

Pin Name Description

IN1 & IN2 Control direction of motor A

IN3 & IN4 Control direction of motor B

ENA Enables PWM signal for Motor A

ENB Enables PWM signal for Motor B

OUT 1 & OUT 2 Output Pins of Motor A

OUT 3 & OUT 4 Output Pins of Motor B

12 V Input Voltage to the Chassis Motors

5 V Power supply for logic switching in L298N

GND Ground Pin

Table 4.3. Specifications of L298N** Motor Driver.

Parameter Rating

Driver Voltage 5-35 V

Driver Current 2 A

Logic Voltage 5 V

Logic Current 0-36 mA

Maximum Power 25 W

**Note: Datasheet of motor driver L298N can be found in Appendix B.
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Fig. 4.4. Basic H-bridge

As shown in the pinout, a motor can be controlled from three pins by the

microcontroller. Two pins INx (x = 1 or 3) and INy (y = 2 or 4) control the direction in which

the motor rotates. For example, if a motor is connected on PORT 1 of the motor controller, it

rotates in clockwise direction when IN1 = HIGH and IN2 = LOW. When IN1 = LOW and

IN2 = HIGH, then the motor will rotate anti-clockwise. To control the speed at which a motor

rotates, the ENx pin can be used. When the ENz (z = A or B) pin is shorted with a jumper on

the motor controller, the motor runs at full speed. When not shorted, this pin can be

connected to a PWM pin of the arduino mega microcontroller and the speed of the motor can

be controlled by passing a pulse width modulated signal from the microcontroller.
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Fig 4.5. Motor connections to the microcontroller

4.4 Microcontroller

To control the chassis, an arduino mega microcontroller is used. Arduino is an

open-source electronics platform that can be used to interface components easily and code

them using the open source Arduino software called the Arduino Integrated Development

Environment (IDE). The arduino mega has an atmega2560 chip with 54 digital input/output

pins out of which 13 pins can be used to generate PWM signals, four ports or 8 pins for

(Universal Asynchronous Receiver Transmitter) UART communication, SDA and SCL pins

for I2C (Inter Integrated Circuit Communication) and MISO, MOSI pins for SPI (Serial

Peripheral Interface) communication. Additionally, it is also capable of reading analog
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signals and has 16 pins dedicated to do that. The microcontroller works on a 16 MHz crystal

oscillator and can be powered using a power jack and a USB connection on board [39].

Fig. 4.6. Flowchart of code with no feedback.

The arduino microcontroller in this project is used to control the motors and read

inputs from the switches to start and stop the chassis. The motors were connected to the

microcontroller as shown in Fig. 4.5. and the code as shown in flowchart Fig. 4.6. was

uploaded to the arduino board. In Fig. 4.5., A1, A2, B1, B2, C1, C2, and D1, D2 are motor

terminals. As expected with no feedback in this control system, the chassis did not move in a

straight line. The results are discussed later in this chapter. The blower is expected to shower

the ember materials through the whole width of the house. With no feedback system, it failed

to do so and deviated from its course. To correct this, a sensor can be added which will

provide necessary feedback to the microcontroller about the robot’s position. For this, two

motors with an integrated encoder module were used. On rotation, the encoder module will

produce pulses which will be read by the arduino. It will then supply the speed signals

according to the encoder readings. The encoders are connected to the arduino on the I2C port,

i.e, the SDA (Serial Data) and SCL (Serial Clock) pins.
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4.5 Inter-Integrated Circuit (I2C) Communication

I2C is a serial communication protocol where the data is transferred bit by bit along a

single wire, the Serial Data (SDA) line. It is a synchronized form of communication where

the data transfer is sampled by the Serial clock (SCL) signal shared by the master and slave

device. This clock signal is controlled by the master device. The data in this form of

communication is transferred in messages which are broken in frames of data. A message is

represented as shown in Fig. 4.7. by frames like: Start bit, an address frame of 7 or 10 bits,

Read/Write bit, Acknowledgement/No-Acknowledgement bit between each Data frame of 8

bits and finally the stop bit [40].

Fig. 4.7. I2C Message Transfer [40]

The start and stop bits as the name suggests denotes the start and end of the protocol.

The address is a 7 or 10 bit unique sequence given to each slave device in order to

communicate to that device. To specify whether the master is reading or writing from the

slave device, the read/write bit is used. In I2C communication, at a time 8 bits of data can be

transferred. After the address and the data frames the acknowledgment/no-acknowledgment

bit (ACK/NACK) bit denotes whether the transfer of these frames was successful or not.

After the acknowledgement bit is successfully received the next data frame can be transferred
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in the same message. After all the data frames have been sent, the stop bit is sent to the slave

device to halt the transmission of data.

It is an effective form of communication with only two wires. The integrated encoder

module in the motor communicates with the arduino using the I2C communication protocol.

The encoder module of the second motor is daisy chained to the microcontroller through the

other motor. The encoder readings are used to drive the chassis carrying the blower in a

straight line.

Fig. 4.8 (a). shows the encoder readings (scaled value of ticks) of both the motors

which shows the gap between the two readings is increasing. This gap is the error shown in

Fig. 4.8 (b). This error is the difference between the two encoder modules of the motors. The

error can be a result of a number of reasons like uneven surface, which may cause the wheel

to not be in proper contact with the ground; motors not performing in an identical manner; the

weight of mechanisms on the chassis could be loaded on one side of the robot which could

also be a cause for the error. Initially, the encoder modules were just used to take readings

and no feedback loop was implemented. As it can be seen from Fig. 4.8 (b)., the error is

growing continuously when the robot was run for a total distance of three feet. To reduce this

error, it is important to implement a control algorithm.
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Fig. 4.8 (a). Encoder Readings of both the motors with no control algorithm

Fig. 4.8 (b). Calculated Error with no control algorithm
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4.6 Implementing the Proportional Control Algorithm

The encoded motors are used on each side of the chassis. So when the chassis is

driven the motors produce readings for each side. The input from the encoders are read from

the I2CEncoder library [41] and the wire library provided by Arduino for I2C

communication. After declaring the motor control pins as output pins the motors are initially

run on constant speed and the readings from the encoder are read by the microcontroller. In

order to move in a straight line, the readings from both the encoders should be the same. This

is the main idea of applying any control algorithm. If the robot deviates from its path, the

encoder readings of the motor will differ. The difference between the readings is called the

error. This error can be removed by giving speed signals proportional to error. To minimize

this error, the speed of motor A is decreased by some value and the speed of motor B will be

increased by the same value. In this case, the error can be positive or negative, i.e., if the

encoder readings of motor A are greater than motor B then the error will be positive else it

will be negative. Depending on the error produced, it is scaled to generate a value by the

proportional constant, Kp. Hence, the speed of motor B will be increased proportionally by

Kp*error and the speed of motor A will be decreased by the same value. The constant Kp in

this experiment was found by trial-error method. It was found that Kp = 5 produced desirable

results which is discussed below. The implementation of this algorithm is shown by the

flowchart Fig. 4.9.

The results are attached below in Fig. 4.10 (a). and Fig. 4.10 (b). Fig. 4.10 (a). shows

435 samples of the motor encoder readings (scaled value of ticks). The difference between

the speed can be seen decreasing after around 375 samples where the error too can be seen

oscillating between 3 and 4 in Fig. 4.10 (b). This decrease in difference is because of the
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change in the speed proportional to the error produced. This decrease in error causes the robot

to move in a straight line.

Fig. 4.9. Flowchart of code with Proportional Control algorithm
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Fig. 4.10 (a). Encoder Readings from the two motors

Fig. 4.10 (b). Integer Error value over 435 samples
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Chapter 5

Conclusions

5.1  Summary of the work done

In this report, a prototype of an ember simulator is discussed. This prototype is

capable of projecting ember simulants onto a model house of height 6 ft and 3 ft wide when

placed 6 ft away. The ember simulant selected is non-flammable, biodegradable and can be

collected using a vacuum cleaner. All conditions set by FireSmart for the selection of fake

ember material are met by using c;oth balls. These balls are available in variable sizes similar

to actual embers which helps make the simulation close to the actual forest fires. A

centrifugal blower was used to project these ember materials. The selected centrifugal blower

with four inch outlet and 440 CFM was able to propel the ember material on the model house.

The feeding mechanism designed could feed the embers to the blower outlet. The angle of the

blower mechanism can be changed manually and the same structure of the feeding

mechanism can be used when the blower is inclined at different angles. This apparatus is

mounted on a rectangular chassis which is run by four DC motors out of which two have

encoded motors. The motors were controlled by the arduino microcontroller through the

L298N motor driver. The readings of the encoded motors are read by the arduino

microcontroller using I2C communication. To ensure the motors move in a straight line, a

proportional control algorithm was applied. The difference in the encoder readings produced

an error and the speed of the motors were controlled by passing signals proportional to the

error produced. As a result, the robot was able to project ember material on the wall of the

model house of height 6 ft and width 3 ft and was driven 6 ft apart from the house. The robot

was able to drive itself along a straight line.
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5.2  Future Scope

Although the selected ember material meets all conditions set by FireSmart a potential

issue related to collecting the ember materials is predicted. When the ember materials are

projected on a real house, the surroundings of the house will have leaves, dust, pebbles of

weight and dimensions similar to the embers. These materials will also be sucked by the

vacuum cleaner and for the next use, this batch of ember materials should be segregated

before using in order to avoid damage to the house to be tested.

In the designed prototype, only one blower is used to project the ember materials on

the house. There can be multiple setups like the one discussed in this report used

simultaneously to project ember materials on a house. Moreover, to increase the range of the

ember materials projected, two blowers can be connected such that they have one output.

This experiment can help in increasing the range and height of the projectile of the ember

materials and reduce the cost of expensive high CFM blowers.

The prototype reported in this work was experimented in a laboratory. The projectile

followed by a projected ember simulant was not affected by the external environment. But in

real life weather can have a significant effect on the trajectory of the light ember materials. In

the best case scenario, the direction of the wind can be in the same direction of the ember that

is being projected. But, the direction of wind different than that will account as a worst case

scenario, which could cause the embers to completely miss the target house. To solve this

problem, high CFM blowers can be used and the trajectory of few ember materials can be

tested.
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